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Abstract

To provide a sensitive and generally applicable method to de-
tect clonal cells in acute lymphoblastic leukemias (ALL), we
have designed a new strategy based on the polymerase chain
reaction (PCR) amplification of the T cell receptor ¥é gene
rearrangements found in most T and B lineage ALLs. PCR
allows rapid sequencing of variable-(diversity)-joining (V-[D}-
J) junctions from tumor DNA and construction of anti-junc-
tional oligonucleotides (AJOs) used as probes to detect clonal
cells in the same patient. We have defined oligonucleotides
suitable for all T cell receptor (TCR) rearrangements involving
functional Vv segments. Oligonucleotides corresponding to
preferential TCRS rearrangements in T and B lineage ALLs
were also used. By analysis of the nucleotide sequence of 52
V+-V~ junctions from 30 cases of B and T ALLs, we demon-
strate that V-J junctional sequences are clone specific in both
lineages and at all stages of differentiation examined despite
the frequent presence of the recently described P nucleotides.
Experiments performed with TCRyé AJOs on DNA from
tumor cells and polyclonal T cells show that AJOs can be used
to differentiate clonal cells from polyclonal T cells, distinguish
between different T cell clones, and detect residual clonal pop-
ulations at 1074/105 dilution. AJOs were also used to detect
residual disease in samples from patients in clinical and mor-
phological complete remission. Finally, rearrangement pat-
terns were studied by classical Southern analysis in selected
cases at both presentation and subsequent relapse showing
absence of clonal evolution in most cases. V-(D)-J nucleotide
sequences of rearrangements with an identical pattern of rear-
rangement at presentation and relapse were identical in all
cases analyzed. We therefore describe a new, specific, and
clinically useful strategy for the detection of minor clonal pop-
ulations applicable in the majority of cases of ALL. (J. Clin.
Invest. 1990. 86:2125-2135.) Key words: acute leukemias o
minimal residual disease « T cell receptor genes * polymerase
chain reaction « molecular medicine
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Introduction

The detection of minimal residual disease (MRD)' in the lym-
phoid malignancies is of fundamental importance, both in the
clinical management of patients, and in order to improve our
understanding of the mechanisms whereby the immune sys-
tem deals with low numbers of tumor cells. Improved tech-
niques will allow better assessment of complete remission after
chemotherapy, earlier detection of relapse, and improved anal-
ysis of the role of immune modulators in apparent complete
remission. In addition, the use of autologous bone marrow
transplantation is, at least theoretically, dependent on the
reinfusion of bone marrow that is free of disease. Currently
available methods are limited either by their sensitivity or
specificity and improved techniques are clearly required (1).

The demonstration of immunoglobin or T cell receptor 8
gene rearrangements has provided useful markers of clonality
in lymphoid malignancies (2), but their detection by Southern
blot analysis is in general limited to 1-5%. The recent develop-
ment of the polymerase chain reaction (PCR) (3) has allowed
detection of a much lower level of tumor infiltration in certain
hematological malignancies. This technique has been used to
amplify and detect specific chromosomal translocations with a
level of sensitivity of detection of ~ 1 in 10°. It has thus been
possible to detect residual clonal cells in those cases of predom-
inantly low grade follicular, non-Hodgkin lymphomas that
demonstrate a t(14;18) (4) and to detect low levels of t(9;22)
RNA from cases of chronic myeloid leukemia or t (9;22) posi-
tive acute lymphoblastic leukemia (ALL) in apparent com-
plete remission (5).

The majority of lymphoid malignancies are not however,
associated with a chromosomal translocation that has been
characterized at the molecular level or that is suitable for PCR
amplification. In contrast, the vast majority of these neo-
plasms are associated with clonal rearrangements of their anti-
gen receptor genes, the structures and patterns of rearrange-
ment of which have been extensively studied. We have under-
taken to develop a system of PCR amplification of such clonal
markers that would be useable in the majority of cases of ALL.
In the germline state these genes exist as discontinuous V (vari-
able), J (joining), and in some cases, D (diversity) segments
(Fig. 14). During early lymphoid differentiation these gene
segments rearrange to generate antigen receptor diversity by
two main mechanisms (6): (a) combinatorial diversity due to
random recombination of segments and (b) junctional diver-
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1. Abbreviations used in this paper: AJO, antijunctional oligonucleo-
tides; ALL, acute Lymphoblastic leukemia; D, diversity segment; J,
joining segment; MRD, minimal residual disease; PCR, polymerase
chain reaction; TCR, T cell receptor; V, variable segment.
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Figure 1. In vitro amplification of TCR+y rearrangements. (14) Sche-
matic representation of the TCRy and TCRa/é loci. V, variable seg-
ments; J, joining segments; D, diversity segments. (/B) Junctional
diversity. 1: germline configuration. 7, heptamer; 9, nonamer from
the recognition sequences. 2: Schematic representation of the ran-
dom deletions and additions occuring during rearrangements. For
simplicity, P nucleotides (34) are not included in this schema. 3: ac-
tual configuration and strategy of PCR amplification. Oligonucleo-
tides a and d are used as amplimers. Oligonucleotide b is used as a
probe to verify the specificity of amplification and as primer for se-
quencing; oligonucleotide c is the AJO. A representative Vvy2-Jy2 re-
arrangement occuring in a T ALL (case 72) is shown. Note extensive
nucleotide deletion of the Jy segment. (1C) Representative experi-
ments of PCR amplification with the rearranged Vv segment indi-
cated at the top of the lanes: 1, T7; 2, T42; 3, T7; 4, T41; 5, B30; 6,
T37 (V9-IP); 7, B25; 8, B23; 9, T28; 10, T2; 11, T42; 12, T19; 13,
T14; 14, T13; 15, T21 (V8-JP1). Primers corresponding to the rear-
ranged V segment were used in the PCR reaction. The Jy1/2 primer
was used in all cases with the exception of T37 (JP primer used) and
T21 (JP1/2 used).

sity due to imprecise V-(D)-J joining and random addition of
nongermline encoded nucleotides by the TdT enzyme to form
the so-called N regions (Fig. 1 B). We reasoned that if such
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random junctional sequences are clone-specific markers, a
strategy based on PCR amplification of rearrangements by V
and J primers followed by detection with specific antijunc-
tional oligonucleotides (AJOs) could be useful for the detec-
tion of minor clonal lymphoid populations. Analysis of acute
lymphoid leukemias for the detection of minimal residual dis-
ease is well adapted to this strategy. Enriched populations of
blast cells can be obtained at presentation in the majority of
cases, thus allowing the construction of a clone-specific probe
that recognizes the junctional sequence and would be able, at
least in theory, to distinguish this sequence from those periph-
eral T cells using the same V-J combination. This probe is then
used on samples obtained during the evolution of the disease.
Although this strategy is theoretically adaptable to all rear-
ranging genes, some limitations restrict the choice of genes to
be studied. Rearrangements of immunoglobin or TCR genes
occur in almost all lymphoid neoplasms but the Ig heavy and
light chain and the TCR« and 8 chain genes do not represent
ideal targets for PCR amplification, since the large number of
variable and joining segments that undergo rearrangement
(reviewed in reference 7) make the assignment of V and J
segment utilization and the development of suitable oligonu-
cleotide primers a practical problem. Consensus primers di-
rected against framework sequences shared by many rearrang-
ing segments as amplimers can be used to overcome this prob-
lem but, at least for the genes we have tested (i.e., TCRy and
TCRGJ), this leads to a decrease of sensitivity of detection when
clonal cells are mixed with polyclonal cells (see below).

The TCRy and & genes are, in contrast, ideal targets for
PCR based detection of minimal residual disease, since they
are characterized by a limited germline encoded repertoire and
by extensive junctional diversity (8) (Fig. 1 4). TCR+~ contains
15 V segments, only 10 of which have been shown to undergo
rearrangement. These rearranging V segments can be subdi-
vided into those belonging to the VI family (Vy2,3,4,5,8) and
the V4II (V49), VyIII (Vy10), and VIV (Vy11) families
(9-14). The highest levels of homology exist between V2 and
Vv4, V43 and V«S5, since they represent recent duplication
events (14). Of the 5 J segments (9, 15-17), two highly homol-
ogous segments (Jy1 and Jv2) are used in the vast majority of
T and B lineage ALLs (11). The nucleotide sequences of all
these V and J segments are known (see Table II for reference).
The TcRé locus is also well characterized. To date, 6 V,3 D, 3
J segments, and 1 constant region have been described
(18-22). The TcRé genes are localized on chromosome 14
(band q11) and are situated within the TcRa gene between the
V and J regions (19, 21-24). TCR« rearrangement is therefore
associated with TCRé deletion on that allele. Due to the lim-
ited combinatorial diversity of TCRy4é genes, V and J segment
utilization and the choice of amplification primers can be de-
termined from the pattern of DNA restriction fragments ob-
served on Southern blot analysis using a limited number of
probes and restriction endonuclease digests (12). In contrast to
the limited germline encoded diversity, extensive junctional
diversity has been demonstrated in TCRy and TCRé rear-
rangements by analysis of thymocyte and peripheral T cell
libraries (25-27). TCR+4é junctional sequences are therefore
theoretically suitable to detection by sequence-specific probes.
Finally, it is now well established that TCR+é genes are rear-
ranged (or in the case of TCRé deleted) not only in almost all
cases of T ALL, but also in a considerable proportion of ALLs
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Table I. TCR Gamma Junctional Nucleotide Sequences

First allele Second allele
Case Stage* A% delV Junction? del)* \% delV Junction* delJ
bp bp bp bp
T cell acute leukemias
T2 I V4 0 CTAGGGTT 3 V2 3 TGG 12
T39 I V8 8 CGCGGGTCTTCG 10 V8 5 TTA 4
(relapse) V4 0 CCTTTCGGAGGGATGAGGTATGGGGG 6 V8 5 TTA 4
T7 11 V8 3 G 8 Vil 12 CGAATATA 8
T10 11 V4 5 TTAAG 4 V9 3 A 5
Ti12 II V2 3 3 V4 4 ATT 2
Ti3 11 V2 6 TGGGAA 7 VIO 8 GAGCC 0
Ti4 II V4 3 CTC 2 Vio 8 GTATGGGTGT 19
T24 I V4 4 CGAAATC 0 V4 0 GGGGGGTC 0
T28 I V8 4 GGC 3 V3 3  GTGG 4
T32 II Vit 0 GTITGGA 4 V4 2 ATTTTAGGG 7
T36 11 V2 0 CAGGGG 6 R
T41 II \'A) 3  CGACGATTT 1 Vil 8 AGGTTGGGG 12
T42 11 V8 10 ACAGA 8 V4 0 CTTTGTTTCGG 8
T44 I V2 0 CCGGGCT 6 yV7
Ti18 111 V2 0 CCAGTTTGCTATGAGGA 10 Vil 8 GATGGAG 10
T26 I V4 4 CGACTACG 12 G
T25 111 V2 0 GTT 1 V4 2 TGG 7
T19 Y6 \'A) 1 CC 0 V8§
T21 v V2! 4 GGGG 8 V8§ 14 GGG 8
T31 vd A% 3 TT 6 V8 5 GGCGC 5
T37 o V9! 0 4 G
TiS af Vs 3 GCCCCGGG 10 V8 0 AGAT 3
T38 af V4 20 CAGAATGGC 0 V8 0 AAACCCAATATTAAGA 7
T40 af V5 9 ATTGTTAC 9 V8 2 TC 6
B lineage acute leukemias
B23 111 V9 1 CCCGCGGAA 17 V9 0 CTGGTATGATGAGGG 10
B25 111 V9 3  ACCCTGTCGG 22 V9 0 AGAGG 12
B30 11 V2 0 CAGGAG 4 G
B35 11 A\’ 9 CTGGGAGTAATTC 0 G
B7 nyiv.- vo 0 CAGG 11 G
B21 v V9 10 TCCC 5 G
B29 v V2 0 CCCG 12 G

*T-ALL: I, CD3—CD4—-CD8—CD1—; II, CD3— and at least one of the CD4, CD8, CD1 molecules expressed; III, CD3+ heterodimer (af or
v6) not determined; ap, cells expressing the CD3-TCRag; v3, cells expressing the CD3-TCR+v4. B cell ALLs. III, CD19+CD10+CD20—; 1V,
CD19+CD10+CD20+. For a more detailed phenotype see references 28, 30, and 32. *Jy1 or Jy2 segments were used in all cases unless
stated otherwise. § Including N and P nucleotides (34). P nucleotides are underlined. " Rearranged to JP1; rearranged to JP (see Fig. 1). 'R,
rearrangement not assigned; G, germinal configuration. Del V, number of nucleotides deleted from the 3’ part of the V segment; del J, number

of nucleotides deleted from the 5’ part of the J segment.

of B lineage, implying that diagnostic tools based on these
rearrangements are of general interest in ALL. TCRy genes are
rearranged on at least one allele in 40-70% of cases of B lineage
ALL including common CD10+ ALL. TCRé genes are rear-
ranged or deleted in 90% of T ALL and in 70-100% of B
lineage ALL (28-30).

We have previously shown in a preliminary report (31) that
PCR amplification of a particular TCR+y rearrangement (i.e.,
Vv9-Jv) in two cases of ALL, followed by cloning and se-
quencing of the V-J junction, allowed the construction of an
antijunctional oligonucleotide (AJO) and its use to detect
clonal cells at a 10~° dilution into germline DNA. However,

the Vv9 segment analyzed in this study is the sole member of
the V4II subgroup representing only 10% of rearrangements in
ALLs according to our experience. It therefore remained to
demonstrate that this strategy would be generally applicable in
all TCR«y rearrangements, particularly in those cases undergo-
ing rearrangements involving the highly homogenous
members of the VI family.

In this study, we have analyzed the V-(D)-J junctions from
a series of T and B lineage ALLs using PCR amplification and
direct nucleotide sequencing. We show that a strategy based on
AJOs is generally applicable to all cases of T and B lineage
ALLs undergoing TCRy rearrangement and those T-ALL
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cases undergoing the preferential Vé1-J61 rearrangement (30).
We also report that the method can be rendered more rapid by
using double-stranded sequence analysis. Finally, we demon-
strate the general specificity sensitivity and clinical applicabil-
ity of the use of AJO’s for the detection of clonal lymphoid
populations.

Methods

Cells. DNA from 23 cases of T-ALL and 7 cases of B lineage ALL were
analyzed (Table I). All cases were defined by standard morphological
criteria, with all T-ALLs expressing the CD7 antigen and the B lineage
cases the CD19 molecule. Full immunophenotypic characterization
has been described elsewhere (28, 30, 32), where relevant patient num-
bers correspond to those in previous publications. Polyclonal T cells
were obtained by density gradient centrifugation on Ficoll Hypaque
and classical sheep red blood cell rosetting.

Southern analysis of TCRvd rearrangements. Southern blots and
study of rearrangements were performed using Jy and Jé probes on
Bam HI, Hind III, Eco RI, and Kpn I digests (30). Analysis of Vy
rearrangements was performed as previously described (11) using Jy
and specific Vy probes, and the V and J segments involved determined
from the patterns obtained.

PCR amplification. PCR amplification of 1 ug DNA was per-
formed for 35 cycles, using the strategy previously described (33), using
V and J primers specific for the segments shown to be involved on
Southern blot analysis (Table II). As use of Jy1 vs. Jy2 is sometimes

Table I1. Oligonucleotides

difficult to define (28) and as the nucleotide sequences of these seg-
ments are nearly identical, a common oligonucleotide (J¥2S2) has
been used as primer. A common JyP1/2 oligonucleotide has been used
for JP1 and JP2 rearrangements. The quantity of oligonucleotide used
for amplification of presentation DNA was 10 pm each and for detec-
tion of minimal residual disease was 30-40 pm, since we have found
that the lower concentration is more specific but insufficiently sensi-
tive for the detection of rare events (data not shown). Polyclonal T cell
control DNA was included to exclude the possibility that use of the
slightly higher concentration of oligonucleotides led to nonspecific
false positive responses. The temperature of annealing corresponded to
the lower temperature of the two oligonucleotides used (55-57°C).
After amplification, samples were analyzed by 6% PAGE and ethidium
bromide staining and by dot blot hybridization with 3?P-labeled probes
as previously described (33). In all cases the specificity of amplification
was confirmed by verification of the Vy/V$ segment involved both by
using V+y/V3é specific internal primer prefaced by T in Table II as
sequencing primers, and directly from the Vy/Vé sequence data ob-
tained. Separation of biallelic rearrangements on PAGE was per-
formed by excision of the ethidium bromide-stained band and direct
reamplification of 25% of the excised gel block for 15 cycles.

Sequences analysis. Direct double-stranded sequencing was per-
formed as previously described (33) using 20-30 ng V+-specific inter-
nal primers (TVy in Table II) 5' labeled with 32P. In selected cases
sequencing was performed after cloning of amplified products into
M13 blunted, using 5’ kinased oligonucleotides. Sequencing was per-
formed by the sequenase method using Vy and Jy1/2 internal primers
and 35S-ATP. All sequences were performed on at least two occasions
from separate PCR reactions.

Germline
Melting sequence
Name o* temperature Nucleotide sequence (reference No.)
Jy282 U 57° CCTGTGACAACAAGTGTTGT 9,15
Jpl/2 U 57° CCAGGTGAAGTTACTATGAG 17
JyP U 59° TTGTTCCGGGACCAAATACC 17
Vy2 D 57° GAAGGAAGTAACGGCTACAT 10
V43 D 63° GTGTCCACCGCAAGGGATGT 10
Vv4 D 61° ATGACTCCTACACCTCCAGC 10, 14
Vv5 D 60° GTCT! CCAACT CAAAGGATGTG 14
Vv8 D 63° CCTGTAGAAAATGCCGTCTACAC 10
V+9.2 D 59° GAAAGGAATCTGGCATTCCG 9,13
Vy10 D 61° GCAGCATGGGTAAGACAAGC 12
Vyll D 58° GATTGCTCAGGTGGGAAGAC 11
TVy2$ U 53¢ TCAATCTCAAGTTGTTCCTT 10
TVy3 D 59° GAGGTGGAGCTGGATATTGA 10
TVy4.1 U 53¢ GTGCTTCCATAAGTATCATA 10, 14
TV~yS D 59° GGATATTGATACTACGAAATCTAA 14
TV48 D 53° GGGAAGAGCCTTAAATTTAT 10
TVy9 8] 64° GGTAGCTATGTCCTGTTTCTCTAC 9,13
TVy10.2 D 59° AACTCTCACTTCAATCCTTACC 12
TVy11.2 D 59° CACTTCCACTTCCACTTTGAAA 11
Jél U 61° AGTCACACGGGTTCCTTTTCC 25
Vil D 57° AAAGTGGTCGCTATTCTGTC 25
TVél.1 D 66° AAAGCAGCGAAATCCGTCGCCTTA 25
Vé2 D 55° CAAGGTGACATTGATATTGC 22
TVé2 D 64° ACTTGCACCATCAGAGAGAGATGA 22
Dé3-EcoRI U 68° GTTGTCTCCTCCTGAGGCATGGG 21

* Orientation by reference to transcription. U, Upstream; D, downstream. * The list of references is not exhaustive; *Oligonucleotides prefaced
with a T were used as probes for hybridization and/or sequencing as was J¥2S2 in selected cases. All others were used as PCR primers.
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Oligonucleotide synthesis was performed according to standard
methods.

Results

All TCR~ rearrangements can be PCR amplified. The final
aim of this study was to provide a highly sensitive and specific
strategy for the detection of clonal ALL cells. In the prelimi-
nary series of experiments previously mentioned (31), we had
shown that sensitivity of detection of a particular clonal V-J
rearrangement was lowered when clonal DNA was mixed with
polyclonal T cell DNA. This result was interpreted as indicat-
ing competitive use of primers and/or polymerase by irrele-
vant amplifiable rearrangements. This was confirmed by fur-
ther experiments using mixtures of two clonal DNAs whose
rearrangements used the same V+y-Jy combination. The level
of sensitivity of detection of the clone recognized by the anti-
junctional oligonucleotide correlated inversely with the per-
centage of irrelevant TCRy rearrangements using the same
V-J combination. The levels of detection on dilution into
germline DNA and into 10% polyclonal T cell DNA were
comparable, however, suggesting that the presence of low
numbers of T cells as in bone marrow aspirate would not be
too deleterious (data not shown).

We therefore undertook to develop a strategy in which the
amplification would be as specific as possible for one of the
two alleles, in order to maximize the sensitivity of detection of
clonal cells by specific AJO probes. Anti-V segment amplifica-
tion oligonucleotides were therefore selected in order to exploit
differences in nucleotide sequence between Vv segments near
their 3’ ends. The V and J segments involved in rearrangement
had previously been determined from Southern blotting and
probing with Jg and Jd probes (11, 28, 32, and data not
shown). In some cases the efficacy of amplification was unsat-
isfactory and new primers were designed. The location of the
primers eventually used, as well as the references describing
the germline V+y sequences are shown in Table II. As we have
previously demonstrated, the nucleotide sequences of
Vv4/V~y2 and Vy3/VyS5 are > 98% homologous (14). It was
therefore not possible to construct highly specific primers for
those Vv segments.

The Vv and Jv primers were used to PCR amplify presen-
tation DNA from over 50 TCR~y rearrangements in 31 cases of
T and B lineage ALL, most of them being performed on DNA
with distinct rearrangements on each TCRy alleles. It was
possible to amplify rearrangements involving all Vv segments
known to be capable of producing a functional protein (Vv2,
3,4,5, 8,9, 10, and 11) and rearrangements using Jy1, Jy2,
JP, and JP1 (Fig. 1 C). An amplification oligonucleotide that
recognized both Jy1 and Jy2 was used in cases using this
segment. In all but those cases with Vy2-Jy/Vy4-Jv configura-
tion, specific amplification was obtained. A representative set
of experiments analyzed by polyacrylamide gel electrophoresis
is shown in Fig. 1 C. Note that, as we have previously de-
scribed for V41-J81 rearrangements (33), PCR amplification of
rearrangements involving the same V-J combination on both
alleles leads to formation of large fragments probably corre-
sponding to heterodimers (Fig. 1 C, lanes 7 and &), although
this has not been proven.

The V~-Jv junctional sequences are clone specific. The va-
lidity of this approach for the detection of clonal cells is based

on the assumption that junctional sequences are clone specific.
Such specificity is to be expected if deletions and/or additions
of nucleotides occur at random during V-(D)-J recombination.
This is clearly the case for TCR$ gene rearrangements in leu-
kemic T cells ([33] and Fig. 3) and has been suggested to be
true for TCRy gene rearrangements in a small number of
established cell lines (reviewed in reference 13) and fresh ALL
cells (11).

To analyze a more representative set of TCR+y rearrange-
ments, we sequenced 52 Vy-Jy junctions after PCR amplifi-
cation of various B and T lineage leukemia DNAs obtained at
presentation. Four TCR+y rearrangements observed in relaps-
ing patients (T31, T39, and T41) were also sequenced. These
results will be discussed below. Nucleotide sequences are
shown in Table I. Major junctional diversity was observed in
the great majority of the 52 TCR+ rearrangements. Nucleotide
deletion of the 3’ part of Vy segments ranged from 0 to 20
(mean 3.92SD 4.3). Deletions of the 5' part of Jy seemed to be
more extensive, ranging from 0 to 22 (mean 6.6+SD 4.9)
(Table I). There was no correlation between the number of
nucleotides deleted from the V and the J segments. In 16/52
rearranged alleles no deletion of the V segment was observed.
Putative P nucleotides (34) were noted in 8 of these cases (see
Discussion). The same pattern was observed for all cases, there
being no deletion in the 5’ end of the J segment (Table I).
Addition of nongermline encoded nucleotides (N regions)
were noted in all but two cases. The number of added nucleo-
tides ranged from O to 17 (mean+SD, 5.9+3.9). The nucleo-
tide composition of N regions was highly variable with a GC
content of 55.1% (P nucleotides excluded from the calcula-
tion). No differences in the extent of deletion/addition or in
the GC content of N regions were observed between junctional
sequences involving different Vv segments. There was no dif-
ference in the GC content of in-frame and out-of-frame rear-
rangements.

The number of nucleotide deletions/additions was no dif-
ferent when T and B lineage ALLs were compared, nor was
there any difference between immature (CD3—) and mature
(CD3+) T-ALLs. In contrast, comparison of CD3+af and vé
expressing cases showed a lower number of added nucleotides
in the latter group (Table I). Approximately one-third (36%) of
rearrangements were in-frame and free of stop codons and
were considered as potentially functional. All junctional se-
quences were unique.

These data show that, although they are less extensive than
Vé1-J61 junctions (33), TCR«y junctional sequences can be
considered as highly variable clone-specific markers in uncul-
tured ALL cells irrespective of cell lineage and stage of differ-
entiation.

Antijunctional TCRy or TCR6 oligonucleotides allow spe-
cific detection of clonal cells. We then undertook to determine
whether oligonucleotides directed against junctional sequences
(AJO) could specifically detect clonal cells.

We first verified that AJO were able to recognize their
corresponding targets after PCR amplification. 21 AJO were
synthesized and used as described in Methods. As expected,
specific hybridization was observed in each case (Fig. 2 and
data not shown).

We next examined the reactivity of AJO against PCR am-
plified DNA from various purified polyclonal T cell samples.
These samples demonstrate extensive junctional diversity, at
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ﬁ;s TGTGCCACCTGGGACGGG CAGGGG TTATAAGAAACTCTT T3hs1 T2 0 T31 '137 738 tides not individualized).
b - The sequences of the
AJOs are underlined. (¢
d and d) Similar experi-
Vo N D&1 N D&2 N Jsl ments performed with
T2 TGTGCTCTTGGGGAACT TACGATA  CTTCCTAC  CTCTTCGAACT GGG cearaaaczc V81 and J31 amplimers
T10 TGTGCTCTTGGGGAACT TTCGC _GGGGG TGGTTTG GATAAACTC (as previously descﬁm
T31.1 TGTGCTCTTGGG ACAT CTTCCTAC GGGG ACT ATAC TACGT ACACCGATAAACTC
T37  TGTGCTCITGGGGAACT GGGGG acacccaraaacze  [33]) and TVl or AJOs
T38 TGTGCTCTTGGGG TACCATTTAAACCTCT ACTGGGGGAT GTCC TAAACTC (T3l T2 T]O and T37)
V31 TGTGCTCTTGGGGAACTcacagtg... (23)..acaaaaacc Jé1ggtttttgg. ... (12)....tgctgtgACACCGATAAACTC as prObes' H’ con-

trol HL60 cell line; Tpc,
polyclonal T cells. Note that DNA from T31 samples both at presentation (left) and at relapse (right) hybridize with the aT31 Vé1 AJO (T31
V&1 panel).
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Table I1I. Detection of Minimal Residual Disease in Clinical Samples with AJOs

Clinical sample TCRy AJO TCRé AJO

No.* Sample Time* V level* Result Level! Result
T19 a cytapheresis 1 mo V510~ Pos (1073) 1073 Pos (107%)

b PB 26 mo V510~ Neg 10°3 Neg

c BM 26 mo V510~ Neg 10°° Neg
T38 a PB 12 mo V8 <1074 Pos (107!) 1074 Neg

b BM 12 mo V8 <1074 Pos (107") 107* Neg
T2 a BM 34 mo V21074 Neg 107* Neg
T10 a PB 38 mo V9 1074 Neg 10°3 Neg

b BM 38 mo V9 107* Neg 1073 Neg
T31 a cytapheresis 1 mo V8 10~* Neg 1074 Neg

PB, peripheral blood; BM, bone marrow. In all cases DNA was extracted from Ficoll purified mononuclear cells.

* PB and BM film examina-

tion indicated a complete remission at the time of studies in all cases. # From the start of therapy; ¢ level of sensitivity assesed by dilution anal-

ysis into 1/0.1 HL60/Polyclonal T cell DNA (see Methods and Fig. 3).

rearrangements involving a V-J combination identical to that
of the tested AJO probe. Hybridization experiments for three
TCRYy and four TCRé AJO are presented in Fig. 3, demon-
strating the specificity of these probes. i

Sensitivity of detection and demonstration of malignant
cells in clinical samples. We next examined the sensitivity of
detection by AJO in dilution experiments analyzed simulta-
neously with clinical DNA samples obtained at distinct stages
during disease evolution in five patient with ALL (Table III).

As a reasonable approximation of bone marrow T cell content,
we performed dilutions of clonal DNA into a mixture of HL60
(myeloid cell line) and polyclonal T cell DNAs at a ratio of
10:1. One TCRy and one TCRé AJO was used in all cases in
order to determine the reproductibility of the level of sensitiv-
ity of detection and to exclude false positives.

Representative experiments are shown in Fig. 4 and Table
I11. In all cases the sensitivity was in the 107%/107° range. Sam-
ples included blood, bone marrow and, in cases T19 and T31,

TCRy TCRS
v T19 v T19%
T19
T38p T38p
T38 V8 0 -1 -2 -3 -4 -5 -6 vi
O HIPEe @ al
T2p
T2 i
Figure 4. Sensitivity of detection by AJO of minimal
T10p disease in clinical samples. DNA from tumor cells
T10 obtained at presentation (quoted as ‘case number’ p)
> N ; }? was diluted into a 10:1 mixture of HL60/polyclonal
B T cell DNA at various dilutions (10:1 to 10:5 or 10:6)
and amplified and further analyzed with DNA sam-
ples obtained during the evolution of the disease
T31 = (samples marked q, b, or ¢, see Table III for defini-

tion). Dot blots were hybridized with AJO directed
against the corresponding TCR+yé rearrangements.
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peripheral blood mononuclear cells containing occasional
stem cells obtained by leukapheresis during postchemotherapy
regeneration. For two patients (T10 and T19), longitudinal
studies were performed including at least one sample obtained
in apparent complete remission. In two cases (T19a, T38a, b;
Fig. 4), positive hybridization with the corresponding AJO
probe was observed, strongly suggesting the presence of resid-
ual malignant cells. Both positive clinical samples were taken
early in remission. One of these patients (T38) relapsed soon
afterwards. It is noteworthy that a subsequent sample taken
from patient T19 two years later was negative with no evidence
of disease at a 1073 dilution. Two of three negative samples
were taken later on in remission. In four of the five cases,
similar results were found with both AJOs. There was how-
ever, a discrepancy in the results with the two AJOs in T38 (see
below). It is noteworthy that some discrepancies in the evalua-
tion of the number of malignant cells (in the range of one log
dilution) were observed, showing that quantification should be
considered as only approximate.

Limitations of AJO use for the detection of MRD. The use
of AJO in detecting minimal residual disease assumes that an
identical rearrangement(s) exists in all malignant cells and that
no alteration of rearrangement patterns occurs between pre-
sentation and subsequent relapses. To test this hypothesis,
nine cases of B (two cases, B13 and B5, not shown in Table I)
or T lineage ALLs (seven cases, T14, 26, 31, 41, 38, 39, see
Table I) were studied at presentation and at first relapse. 14
TCR« and 12 TCRG alleles were analyzed (excluding germline
alleles). In 2 instances, alterations were observed. In 1 case
(T39) the TCR~y genotype was Vy8/V~8 at presentation and
V+8/V~y4 at the first relapse. In another case (T38) a partial
V41-J61 rearrangement was detected at presentation but com-
plete deletion of this allele was demonstrated at relapse. This
explains why the anti-TCR Vé1 AJO failed to detect MRD
while the anti-Vy8 AJO was positive (see above).

Of those cases with an identical pattern of rearrangement
on Southern blotting at presentation and relapse, 13 alleles
(10, 38) were amplified and shown to have identically sized
V-(D)-J junction by PAGE. Sequence analysis of 4 of these
rearrangements (T31 Vél [2 alleles], T31 V~8, T41 Vyl11)
confirmed identical sequences (not shown).

Discussion

In this paper we show that AJOs, which recognize TCRyé
V-(D)-J junctions, provide sensitive and specific clonal probes
that can be used in the majority of cases of ALL of both T and
B cell lineage. We had previously shown in preliminary exper-
iments (31) that it was possible to amplify a particular TCRy
rearrangement and, by cloning the V-J junctions, construct an
AJO that could detect residual clonal cells. There was, how-
ever, a discrepancy in the level of sensitivity of detection on
dilution of clonal DNA into germline DNA and into polyclo-
nal DNA. An additional disadvantage was that cloning of am-
plified products before sequencing can be relatively time con-
suming. It remained to demonstrate that TCRy junctional
sequences in the majority of cases are sufficiently clone specific
in ALL, to determine whether our strategy could be used in
other TCR«Yé rearrangements, and finally to test the clinical
applicability of our procedure.

By analysis of a large number of clonal neoplastic cells, we
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showed here that TCRy V-J junctional sequences are indeed
clone specific. We have previously shown that direct sequenc-
ing of TCRé rearrangements in ALL is feasible (33). In this
study we analyzed over 50 TCRy alleles using the same strat-
egy. The quality of sequence data obtained varied considerably
depending on the Vv segment amplified, but this did not ap-
pear to correlate with the quantity or quality of amplification
as assessed by PAGE. Direct sequencing results were most
satisfactory with V49 and V+2 rearrangements. In contrast, it
was not possible to directly sequence Vvy4 rearrangements for
reasons that are not clear. This may relate to the fact that
during this series of experiments we demonstrated a polymor-
phism at position 392 in the numbering system of Le Franc et
al. (10) (5/10 C:5/10 T), which was situated in the center of the
TV+4 oligonucleotide used as a sequencing primer. However,
resisting of this priming oligonucleotide did not improve the
quality of double-stranded sequence analysis. The advantages
of double-stranded sequencing include its rapidity and the fact
that any misincorporation of nucleotides, which occurs during
PCR amplification, will not be detected since large numbers of
sequences are read simultaneously, only a small proportion of
which will contain the misincorporated sequence; this is not
the case with sequence analysis after cloning of amplified prod-
ucts. We have found a high rate of misincorporation on sin-
gle-stranded sequencing of cloned PCR products (11/2837;
0.4%). Disadvantages of double-stranded sequencing include
the fact that the quality of sequence obtained tends to be infe-
rior, enough internal sequence must be available to enable the
use of an internal primer, and in the majority of cases 3P is
required for labeling.

Analysis of the TCR« junctional sequences showed consid-
erable heterogeneity, with no two clones demonstrating the
same sequence. Comparison with TCRé junctional regions
demonstrated, as expected, much less complexity due to the
absence of any D segments and, on average, less numerous
nongermline encoded nucleotide additions. As has previously
been shown in cell lines, the N region additions were slightly
GC rich. Comparison of the TCRy N regions in TCRvyé and
TCRap expressing cases showed more extensive N regions in
the latter cases, suggesting that these rearrangements may
occur at a stage in lymphoid development when the TdT en-
zyme is more active. It has recently been observed by Lafaille
et al. (34) that recurrent mono- or dinucleotides (also named P
nucleotides, P standing for palindrome) occur frequently in
V-(D)-J junctions of rearranging genes. These nucleotides
form a palindrome with the immediately adjacent germline-
encoded nucleotides and are only observed if the correspond-
ing gene segment appears in its full sequence in the coding
joint. It was proposed that such nucleotides are due to a sin-
gle-strand dinucleotide cleavage of the 5' end of the rearrang-
ing segment followed by the joining to the 3’ end of the other
strand. One or two P nucleotides are observed in the junctional
sequence if no subsequent deletion occurs (resulting in two P
nucleotides) or if the deletion is limited to a single nucleotide
(resulting in one P nucleotide). Examination of our data con-
firm these observations. Putative P nucleotides are observed in
a number of cases for which the rearranging gene segment (V
or J) appears in its full germline sequence (15/23 alleles). Note
however that the overall random nature of the junctional se-
quences is not greatly alterated by this phenomenon (Table I).

Having demonstrated that TCR«y and § junctional regions
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are highly clone specific, we then used AJOs to distinguish
amplified clonal DNA from other clones using the same V and
J segments and from polyclonal T cells. These AJOs were also
capable of detecting clonal cells at a 107*-10~° dilution in the
presence of 10% polyclonal T cells. Since the initial quantity of
DNA was 1 ug, this represents detection at the 1 to 10 cell level
and is not therefore surprising if there is a one log variability in
the level of sensitivity between experiments. The sensitivities
of detection on amplification of TCRy and TCRé were com-
parable, as one would expect. Analysis of clinical samples al-
lowed us to demonstrate residual disease in two of five cases in
apparent complete remission. While these clinical data are
obviously preliminary, they do suggest that larger longitudinal
studies of patients with ALL will provide much useful infor-
mation on the evolution of this disease.

The choice of the rearrangement to be used as the clonal
marker in our strategy may depend of the number of polyclo-
nal T cells present in the samples. We initially showed that the
presence of irrelevant amplifiable rearrangements leads to a
diminution in the level of sensitivity of detection of TCRy
rearrangements (31). Experiments performed during this study
suggest that this is due to consumption of reagents. In order to
minimize this problem, it was important to develop a strategy
that was as allele specific as possible. Using a bank of 11 oligo-
nucleotides as amplification primers and 8 internal V seg-
ment-specific probes and sequencing primers, it was possible
to specifically amplify all rearrangements other than those
cases that demonstrated V42 or Vy4 rearrangements, since
these two genes are greater than 98% homologous (14). The
use of a V-specific amplification procedure minimizes the de-
crease of sensitivity due to contaminating polyclonal T cells.
We show that the presence of 10% polyclonal DNA leads how-
ever to a minimal decrease, suggesting that the numbers of T
lymphocytes found in remission bone marrow are unlikely to
be a major problem. It does, however, limit the use of this
TCR«y amplification for the analysis of peripheral blood sam-
ples, although the small amount of DNA required means that
the majority of polyclonal T cells could be removed by SRBC
rosetting in all B lineage ALLs and in the few cases of CD2-
T-ALLs before analysis. If removing of polyclonal T cells is not
practicable, it is preferable to use probes against V-D-J TCRé
sequences. The theoretical advantage of using this system is
the fact that the majority of peripheral blood T cells (af ex-
pressing) have deleted TCRé usually on both alleles (35). Bial-
lelic deletions are observed in only 25% of either B or T ALLs
(30). We have shown that TCRé rearrangements involving the
predominant V51-J41 rearrangement occurring in T-ALLs can
be amplified. PCR amplification of TCRé can also be used in
B lineage ALL since the predominant rearrangement in these
cases involves V§2-Dé3 (11/22 rearranged alleles, unpublished
observations). They can be PCR amplified using, for example,
the oligonucleotides shown in Table II. An alternative strategy
for B lineage cases suggested by Yamada et al. (36) would be to
use primers for the CDR3 region of the immunoglobulins.
This has been shown to detect 1/10* in HL60 DNA but the
sensitivity in polyclonal B cell DNA was not analyzed.

A potential problem of PCR amplification-based strategies
for the detection of minimal residual disease lies in the possi-
bility of false positive results due to contamination of samples
by amplified products (37). The allele-specific nature of the
amplifications and the clone-specific AJOs used in the strategy

described here will limit false positives to those samples con-
taminated with the patients own presentation DNA or ampli-
fied products, although contamination with a different patient
sample undergoing rearrangement with the same V and J seg-
ments will lead to a diminution of sensitivity due to “compe-
tition” for oligonucleotides. To minimize these problems we
feel that, in addition to all the general precautions necessary to
avoid contamination (37), patients should, if possible, be ana-
lyzed with two separate AJOs.

A limitation specific to AJO-based strategies is the possibil-
ity of alteration in the rearrangement pattern, either due to
emergence of a subclone or to clonal evolution in the predomi-
nant blast population. In certain cases coexistence of minor
populations have been observed even at presentation by
Southern blotting (38), limiting the use of AJOs for these
clones in these cases. We have demonstrated alteration in
~ 10% of TCR+$ alleles in this study, which is similar to the
incidence of clonal evolution of immunoglobulin heavy and
light chains reported by Wright et al. (39). No patient, how-
ever, demonstrated evolution of more than one allele, suggest-
ing that false negatives due to clonal evolution are unlikely if
more than one AJO is used.

An alternative strategy based on the use of PCR amplifica-
tion of TCRy or TCRJ junctional regions has been briefly
reported by Tyko et al. (40). It is similar to that described here
in that the presentation DNA is amplified, albeit using con-
sensus primers, and sequenced after cloning of the amplified
products. The junctional region of the TCRy rearrangement is
then used as a target for a second “clone-specific”’ amplifica-
tion using a junctional-specific amplification oligonucleotide
with the 3’ end of the oligonucleotide directed to the N nu-
cleotides. These amplified fragments were then analyzed with
Vv, but not clone-specific probes. This strategy has the theo-
retical advantage of only amplifying the clonal rearrangement.
To verify that the fragments amplified are indeed those of the
original clone, it would be preferable to be able to construct an
additional internal AJO clone-specific probe that does not
overlap with the amplification antijunctional oligonucleotide.
This is possible with the extensive junctional diversity of com-
plete V-D-J TCRGé rearrangements, as found predominantly in
T lineage but not in B lineage ALL. It’s use for TCR«y rear-
rangements is however limited by the more restricted nature of
these junctions, as shown here. Moreover, the highly AT-rich
nature of the 5’ end of TCR+y J1/2 segments, as found in the
vast majority of TCR+y rearrangements, means that the tem-
perature of these antijunctional oligonucleotides will be low.
Since all specificity in this strategy must occur at the time of
amplification, the disparity of the temperatures of the anti-V
and antijunctional oligonucleotides will limit specificity. We
have found that the use of this strategy is associated with non-
specific amplification of polyclonal T cells in all but highly
stringent conditions of amplification, and feel that this limits
the use of this method in practice.

In practical terms, the method which we described here
takes ~ 11 d for the first step (obtaining the specific AJO).
This includes Southern blot analysis of presentation DNA (8
d), initial PCR amplification (1 d), and direct sequencing (2 d).
This estimate depends on the availability of commercially
manufactured oligonucleotides, and is obviously minimized if
oligonucleotides are synthesized and purified in the labora-
tory. Specific AJOs can be synthesized once and stored for
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subsequent use for the same patient during follow-up. Testing
of clinical samples (i.e., amplification of remission DNA) takes
only a few hours.

Our strategy could be shortened at several stages. Firstly,
PCR based assignment of V and J segments will obviate the
need for Southern blot analysis. Secondly, the use of unchar-
acterized, labeled, amplified presentation DNA fragments
could be used as clone-specific probes as recently shown for the
Vé61-J61 rearrangement by Hansen-Hagge et al. (41). These
modifications of the use of AJOs may render our strategy use-
able in less specialized clinical laboratories, allowing the longi-
tudinal study of large numbers of patients in order to assess the
prognostic significance of low levels of persistent clonality.
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