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CHAPTER 1.1

IMMUNOBICLOGY OF ACUTE LYMPHOBLASTIC LEUKEMIA*

Jacques J.M. van Dengen’, Tomasz Szczepariskil-2, and Henk J. Adriaansen3

1Department of Immunology. Erasmus MC, University Medical Center Rotterdam,
Rotterdam, The Netherlands
ZDepartment of Pediatric Hematolcgy and Chemotherapy, Silesian Medical Academy, Zabrze, Poland
3Department of Clinical, Chemical and Hematological Laboratory, Gelre Hospital, Apeldoorn, The
Nethertands

IMMUNOPHENOTYPE CF ACUTE LYMPHOBLASTIC LEUKEMIA

The cells in acute lymphoblastic leukemias (ALL) are generally regarded as
malignant counterparts of immature lymphoid cells.’® Immunophenotyping enables
the determination of the differentiation stage of normal and abnormal populations
and subpopulations. Therefore, it allows identification and classification of ALL.6.7
Using immunophenotyping it is possible to discriminate at [east seven different ALL
subtypes.2478 As has been drawn in Figure 1, these concern four types of B-line-
age ALL and at least three types of T-ALL.

Immunophenotypic characteristics of precursor-B-ALL

The immunophenotypes of B-lineage ALL are summarized in Table 1. All four
forms of precursor-B-ALL (pro-B-ALL, common ALL, pre-B-ALL and transitional pre-
B-ALL) are positive for terminal deoxynucleotidyl transferase (TdT). The B-lineage
ALL types are positive for HLA-DR, CD18, CyCD79, and for CD22. CD79 is com-
pletely B-cell specific.?-10 Except for a small part of the pre-B-ALL, expression of the
CD79-antigen in precursor-B-ALL is restricted to the cytoplasm.®-1¢ CD10, pre-B
Cylgu, and Smigu are important markers for discrimination between the four sub-
types of B-lineage ALL (see Table 1 and Figure 1). An example of flow cytometric
immunophenotyping of a common ALL is given in Figure 2. For the diagnosis of pre-
B-ALL, expression of pre-B Cylgu is a prerequisite: at least 10% to 20% of the ALL
cells should express this marker.”- 1112 In about 5% of pre-B-ALL, faint expression of
the Igu-CD79 complex without normal lg light chains is seen on the surface mem-
brane (pre-B complex).'® These ALL have been defined as transitional pre-B-ALL.12

The distribution of the immunophenotypic subgroups in ALL is age-related.

~Adapted from Chapter 6 ‘Immunobiology of Leukemia’ in Henderson E£.5., Lister T.A. 13
and Greaves M.F. (eds.,) Leukemia, 7th edition, Philadelphia, WB Saunders Company,
2002; 85-129
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Figure 3 summarizes the ALL subgroups in childhood.'# In infants, pro-B-ALL pre-
dominates, whereas in young children {one to six years old), high frequencies of
CD10™ precursor-B-ALL (i.e., common ALL and pre-B-ALL) are found. Figure 3 illus-
trates that the relatively high incidence of ALL during early childhood mainly con-
cerns CD10™ precursor-B-ALL. It has been proposed that altered patterns of infec-
tion due to an improved socioceconomic situation and hygiene may partly explain this
high incidence in the developed countries.’®

ey

e —-—----f.}\ gﬁyln
: 3 ey
pra-pra-B-col! pre-B-call transitional  intermodiato  matura Uell)  post-follicular  Imminocyte piasma cell
HLA-DR HLA-DR pre-B-cell  B-lymphocyte B-lymphocyte  B-lymphocyte HLA-DR {HLA-DR}
CDas) (Co34) HLA-DR HLA-DR HLA-DR HLA-DR co19 cD38
7 cD1¢ co19 CD1g CC19/Chz2  Cp18/Ch22 cog Ccozz CD13s
@ cnz2 Ch22 cDz2 coz0 cD20 ‘&%{3? co22 (Co20)
pFQ»B.cQ” CD10 CD10 CcD10 coar cD37 Ecm‘uﬁa) CD20 (037}
HLA-DR (CD20} {CD20} (Cozo) Smig-C078  Smig-CD79 cDs7 (CD138)
Coga pre-B complex  (GD5/CD6) coie Smig-CD78  Smig-C079

(D23} (Co38)

iymphck:l\
proganttor coll.
HLA-DR
Coa4
(CD117) maturg thymecyle  helper / activated helper /
cD7 Inducor  inducer T-lymphocyte feytotac
cDe T-ymphocyte (com prot,
NK cell
Co7
(CD2}
oe)
CD16
CDE6
e pom— {CD57)
- al=id ALCEIEnTE {HLA-DR)
cos “common” thy Moty : o
(o) (C0%)
cD7
&)
CD5  mature thymoeyte eytotoxic / acthvated eytotoxic /
co1 co? SUPPRressor  supprossor THymphocyts
Co4/CO8 cbe  Tymphooyte co7
{TCR.CD3) CDs co7 co2
(€D10) Cche chb2 CcDs
TCR-CD3 cos CcDa
CcCs TCR-CD3
TCR-CD3 (CD16/C0B6/CD57)
(CD18/CD56/C57) HLA-DR
cozs
Figure 1,

Hypothetical scheme of lymphoid differentiaticn, The expression of relevant immunologic markers is indi-
cated for each differentiation stage; markers in parentheses are not always expressed. The bars repre-
sent the various types of leukemias and non-Hodgkin lymphomas (NHL) and indicate where these malig-
nancies can be located according to their maturation arrest. Abbreviations used: AITL. = angicim-
munobiastic T-cell lymphoma, ALCL = anaplastic large cell lymphoma (of T-cell type), ALL = acute lym-
phoblastic leukemia, ATLL = adult T-cell leukemia lymphoma, AUL = acute undifferentiated leukemia, CLL
= chronic lymphocytic leukemia, CTCL = cutaneous T-cell lymphoma, CTLL = cutangous T-cell leukemia
lymphoma (mycosis fungoides/Sézary syndrome), DLBCL = diffuse large B-cell lymphoma, ETTL -
enteropathy-type T-cel! lymphoma, HCL = hairy cell leukemia, HTLV = human T-cell leukemiz virus, LGL
= large granular lymphocyte, MALT = mucosa asscciated tissue lymphoma, NHL = non-Hodgkin's lym-
phoma, PLL = prolymphocytic leukemia (see reference?).
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Table 1. Immunophenotypic characteristics of precursor-B-ALL.

Markers pro-B-ALL common ALL pre-B-ALL transiticnal-pre-B-ALLZ
TdT ++ ++ ++ ++
cDh10 — ++ ++ ++
CcD19 ++ L ++ ++
cD20 — + + +
cDz2 ++ ++ ++ ++
CyCD79 ++ ++ ++ ++
Pre-B Cylgu — m ++ ++
SmVpre-B/AS — — — ++
Smig-CD79 — — — ++
CD34 +

+
+
+

HLA-DR ++ +p ++ ++

a. approximately 5% of pre-B-ALL patients have a ‘transitional pre-B-ALL", defined by both pre-B Cylgu

and surface membrane expression of the pre-B-cell complex (pre-B Smigp-CD79) without expression
of mature x or & lg light chains, 12

—, <10% of the leukemias is positive; +, 25-75% of the leukemias is positive; ++, >75% of the leukemias
is positive.

Immunophenotypic characteristics of T-ALL

Virtually all T-ALL are positive for TdT, CD2, CD7, and CyCD3.2476 Markers,
which can be used for additional characterization, concern CD1, surface membrane
CD3 (SmCD3), CD4, CD5, and CD8.47-8.17 |n fact, using only CD1 and SmCD3 at
ieast three types of T-ALL can be recognized, i.e. immature T-ALL (CD1-/SmCD3"),
common thymocytic (cortical) T-ALL (CD17/SmCD3~ ©™ ¥), and mature T-ALL (CD1-

< common ALL,

S8C

CDI4{My 10)-PE
cD10(J5)-PE ]
Smigh-PE

CD18{Leou-12)-FITC TdT(hTdT-6)-FITC CylgM-FITC

Figure 2.

Flow cytometric immunophenotyping of menonuclear blood cells from a precursor-B-ALL patient at diag-
nesis. The CD19/CD34, CD1G/TdT and Cylguw/Smigu doubte immunofluorescence stainings were ana-
lyzed within the indicated FSC/SSC gated cell population. The precursor-B-ALL celis expressed CD19,
CD10, CD34 on the cell surface and TdT intracellularly but they did not produce Igp protein. Such
immunophenctype is typical for common ALL.
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Figure 3.

Age-related distribution of immunophenotypic subgroups in childhood ALL in the Netheriands {1986-
1891), according to the Dutch Childhood Leukemia Study Group. (Adapted from. Coebergh JWW et al.).’4

Tabie 2. immunophenotypic characteristics of T-ALL.

immature T-ALL common thymocytic T-ALL mature T-ALL

Markers prothymocytic immature SmCD3- SmCD3-
(pre-T-ALL) thymocytic

TdT ++ ++ ++

++ ++
CD1 — — ++ b —
cD2 + ++ e ++ ++
CyCD3 ++ ++ ++ ++ ++
SmCD3 — — — o+ ++
CD4-/CD8g- ++ + —_ —_ —_
CD4+/CDS- — + + ¥ .
CD4-/CD8™* — + + + £
Cch4a*/CDhgt — — + + +
cDs —_ ++ A+t +4 det
CD7 ++ ++ ++ ++ ++
TCRaf — — — 60%-70%
TCRyd — — — 30%-40%
HLA-DR + -—

-, <10% of the leukemias is positive; £, 10-25% of the leukemias is positive; +, 25-75% of the leukemias
is positive; ++, >75% of the leukemias is positive.
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/SmCD3*) (Table 2; see Figure 1).47 The immature T-ALLs either concern the rarely
occurring prothymocytic T-ALL (pro-T-ALL) or the immature thymocytic T-ALL (pre-
T-ALL).4"® The common thymocytic T-ALL can be divided further in SmCD3" and
SmCD3* types (Table 2). The distinction between SmCD3~ T-ALL and SmCD3* T-
ALL is used widely; SmCD3 expression is found in approximately 35% of all T-ALL."®
The CD3 antigen on the cell surface membrane is associated with TCR molecuies.
Approximately 65% of T-ALL is SmCD3-, approximately 20% is TCRaf™, and
approximately 15% is TCRy5%.12 SmCD3* T-ALL could be further characterized with
the monocional antibodies specific to particular V8, Vy, or V8 gene segments.20.21
Immunophenotypic classification of T-ALL gives significant prognostic information.
The most immature T-ALL (CD1/SmCD37) is associated with unfavorable outcome,
while CD1* (and/or CD4%/CD8™) coertical T-ALL is a distinct subgroup with an excel-
lent prognosis under intensive high-risk treatment.22-24 Within SmCD3* T-ALL,
eveni-free survival is significantly better in TCRy&* T-ALL when compared to
TCRap™ T-ALL.25

Burkitt's Leukemia/Lymphoma (B-ALL)

French-American-British classification of ALL includes morphological type L3,
which corresponds immunophenotypically to B-ALL. Only rare cases of ALL-L3 have
immunophenotype of T-ALL.28 B-ALL is characterized by bright surface expression
of IgM and negativity for TdT and CD34. Many cases are also CD10 positive. B-ALL
comprises 2% to 3% of pediatric and aduit ALL.2” Based on its similar morphology,
the presence of characteristic chromosomal aberrations involving C-MYC gene and
clinical behavior, B-ALL is currently perceived as leukemic form of Burkitt's lym-
phoma.

Cross-lineage marker expression in ALL

The expression of myeloid markers in ALL cells has been defined as cross-line-
age marker expression.282% This mainly concerns expression of CD13, CD14,
CD15, CD33 and/or CD65 antigens in up to one third of precursor-B-ALL and T-ALL
patients.28-30 Such observations have been interpreted as lineage infidelity or line-
age promiscuity. Terms such as hybrid acute leukemia, mixed lineage leukemia,
biphenotypic acute leukemia, and biclonal acute leukemia have been used fo
describe acute leukemia with cross-lineage marker expression.3! It has been sug-
gested that these leukemias exhibit aberrant gene expression, but coexpression of
lymphoid and myeloid genes may also occur in normal immature cells.3! There are
only a few lineage-specific antigens, i.e. CD79 and lg molecules in B-ceils, CD3 and
TCR molecules in T-celis and MPO in myeloid cells.9.10.17,32
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Applications of Immunophenotyping of ALL

Immunophenotyping is useful for discrimination among ALL, acute myeloid
leukemia, and acute undifferentiated leukemia, which is the most important step for
initial selection of the effective treatment strategy.24 Furthermore, immunopheno-
typic subclassification of ALL is clinically relevant, particularly the distinction between
precursor-B-ALL and T-ALL. T-lineage immunophenotype of ALL is more frequently
associated with several high-risk features when compared with precursor-B-ALL.
Inciusion of T-ALL patients into more intensive treatment protocols or even estab-
lishment of T-ALL phenotype-specific freatment regimens has been associated with
significantly improved long-term survival.33

Detailed immunophenotyping ¢an also be used for identification of ALL sub-
groups with poor prognosis, such as pro-B ALL and immature (CD1/CD37)
T-ALL.822 Myeloid marker expression in adult ALL was traditionally associated with
poor prognOSEs.3-28 In childhood ALL ihis correlation was not clear, because of con-
flicting data that were attributed to differences in treatment protocols.&28:29 With the
current intensive treatment protocols, myeloid antigen expression lacks prognostic
significance both in adult and pediatric ALL 30.34-38

Several studies indicate that particular chromesome aberrations are associated
with specific immunophenotypes. The t(4;11) is seen in pro-B-ALL with cross-lineage
expression of the myeloid markers CD15 and CD65 and ectopic expression of the
NG2 antigen , i.e., human homologue of the rat chondroitin sulfate proteoglycan.37-
39 Hyperdiploidy especially occurs in CD10™ precursor-B-ALL40, and t(1;19) seems
to be restricted to CD10%/CD19+/CD34" precursor-B-ALL, especially pre-B-ALL. 4142
The t(12;21) occurring in more than 25% of pediatric precursor-B-ALL is character-
istically CD66¢ negative, CDS negative or partly positive, CD20 negative or partly
positive, and frequently positive for myeloid antigens CD13, CD33, or both 4343 The
most frequent aberration in aduit ALL, i.e., 1(9;22), is significantly linked with CD25
and CD66¢ positivity.*6-47

Finally, immunoiogic marker analysis can be used in ALL patients to study the
effectiveness of treatment by monitoring bone marrow and blood samples for ihe
occurrence of ‘minimal residual disease’ (see Chapter 1.2).

IMMUNOGENCTYPIC CHARACTERISTICS OF ALL

Lymphopoiesis results in the continuous production of mature B lymphocytes
and T lymphocytes, which together form the antigen-specific immune system.#6-50
Both types of lymphocytes express unigue receptors on their cell membrane that
allow the specific recognition of antigens.#9-50 The antigen-specific receptors are dif-
ferent on each lymphocyte, but each singie lymphocyte or lymphocyte cions
expresses thousands (approximately 10%) of receptors with the same antigen speci-
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ficity. Surface membrane-bound Ig molecules (Smig) represent the antigen-specific
receptors of B-lymphocyles, whereas TCR molecules exhibit this function in T-tym-
phocytes 50,51

Rearrangement and expression of Ig and TCR genes

The immune system encounters millions of different antigens and antigenic epi-
topes. The ability to recognize specifically these antigens is based on the enormous
diversity (at least 109) of antigen-specific receptors. If the entire repertoire of Ig and
TCR molecules were to be encoded by separate genes, they would occupy a large
part of the human genome. instead, a limited number of gene segmentis is able to
code for the receptor diversity owing to the fact that combinzations of gene segments
are made, which are different in each lymphocyte or lymphocyte clone 484952

immunogliobulin molecules and their encoding genes

tg molecules consist of two Ig heavy (IgH) chains and two lg light chains, held
together by disulfide bonds. The Ig class or subclass is determined by the isotype of
the involved IgH chain and is independent of the Ig light chain. Each B-lymphocyte
or B-lymphocyte clone expresses only one type of Ig light chain (Igk or ig), where-
as multiple igH chains can be expressed.? The majority of B-lymphocytes in periph-
eral blood express IgM and IgD on the cell membrane, whereas a minarity express-
es IgG or IgA. In lymph nodes and other lymphoid tissues, higher frequencies of 1gG-
and/or IgA-bearing lymphocytes are present. Smlg molecules are closely associated
with a disulfide-iinked heterodimer, which consists of the CD79a protein chain (pre-

Figure 4.
Schematic diagram of Smlg and TCR molecules on the surface membrane of a B lymphocyte and T lym-
phocyte, respectively. Smig molecules are closely associated with disulfide-linked CD79 protein chains,

whereas TCR molecules are associated with CD3 protein chzains. V and C: variable and constant domains
of lg or TCR chains.
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Schematic diagram of the human Ig gene complexes. The /GH gene complex consists of at least 40 func-
tional VH gene segments, 27 DH gene segments, & functional JH gene segments, and several CH gene
segments, which together encede the various IgH class and subclass constant domains. Most CH gene
segments are preceded by a switch gene(s), which plays a role in IgH (sub)class switch. The /GK gene
complex consists of approximately 35 functional Vi gene segments, five Jx gene segments, and a single
Ck gene segment. The Kde {kappa-deleting element) plays a role in the deletion of the Jk-Cx or Cx gene
regions in B-cells, which rearrange their /GL genes. The /GL gene complex consists of approximately 30
Vi gene segments and four functional Ci genes, all of which are preceded by a Ji gene segment.
Pseudogenes (y) are indicated as open symbols.

viously mb1 or Iga) and the CD79b chain (previously B29 or Igp). In the Smlg-CD79
complex, the CD79 protein chains mediate the transmembrane signal transduction
(Figure 4).51

The lg protein chains are composed of one variable domain, which is involved in
antigen recognition, and one constant domain in case of Ig light chains or three to
four constant domains in case of IgH chains (Figure 4). Each domain of an [g chain
is encoded by a separate exon (Figure 5). The variable domain of an IgH chain is
encoded by an exon, which consists of a combination of a V (variable), a D (diversi-
ty) and a J (joining) gene segment. A combination of a V and a J gene segment
encodes the variable domain of an Ig light chain.'9-0 During B-cell differentiation,
combinations of the available V, D, and J gene segments are made through a
process of gene rearrangement.52:93 The constant domains of the Ig chains are
encoded by C (constant) gene segments, depending on the isotype of the Ig chain
(Figure 5),54-57

T-cell receptor molecules and their encoding genes
TCR molecules consist of two chains, which are generally disulfide-linked. Two
types of TCR have been recognized: the ‘classical’ TCR, which consists of a TCRa
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and a TCRp chain (TCRap) and the ‘alternative’ TCR, which is composed of a TCRy
and a TCR$ chain (TCRy3).194% The majority of mature T-lymphocytes (85 to 98%)
in peripheral blood and most lymphoid tissues express TCR«p; a minority (2% to
15%) expresses TCRy3.19 Both types of TCR molecules are closely associated with
the CD3 protein chains, which together form the TCR-CD3 complex {Figure 4). After
antigen recognition by the TCR molecule, transmembrane signal transduction is
mediated via the CD3 protein chains.5!

Each TCR chain consists of twc domains: a variable domain and a constant
domain. Analogous to the Ig chains, the variable domain of a TCR chain is encoded
by a combination of the available V and J gene segments in case of TCRa and TCRy
chains, or by a combination of the available V, D, and J gene segments in case of
TCRPB and TCRS chains.'949 The constant domains of the TCR chains are encoded
by C gene segments: one C gene segment for the constant domain of the TCRa
chain and one for the TCRS chain, and two C gene segments are availabie for the
constant domains of the TCRpB and TCRy chains (Figure 6).57-60

Gene rearrangement: V-{D-}J joining
During early B- and T-cell differentiation, the germline V, (D,) and J gene seg-

TCRA and TCARD gene complex (# 14911)
Va Va Va V

Vo Van Vil SRec

BB
e
>

A sz

s

TCRE gene compiex {(# 7q35)
VB VP VB VB VP WBn DBt JpT Cp1 Dp2 JR2 Gp2 VB

1234506 1234667

TCRG gene complex (# 7p14-15)
WY W2 V3 Vrd W5 oV B yWeByVy7 VB

Figure 8.

Schematic diagram of the four human TCR genes. The TCRA gene complex consists of >50 Vo gene seg-
ments, a remarkably long stretch of 61 functional Jo gene segments, and one Ca gene segment. The
major part of the TCRD gene complex is located between the Vo and Jo gene segments and consists of
eight V3, three D3, and four J§ gene segments and cne C§ gene segment. The 3rRec and yJo gene seg-
ments play a role in TCRD gene deletions, which precede TCRA gene rearrangements in developing T-
celis. The TCRB gene complex consists of 85 VB gene segments and two CB gene segments, both of
which are preceded by one DB and six or seven JB gene segments. The TCRG gene complex consists of
a restricted number of Vy gene segments (six functicnal Vy gene segments and ning pseudogene seg-
ments) and two Cy gene segments, each preceded by two Jy1 or three Jy2 gene segments. Pseudogenes
(v} are indicated with open symbols.
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ments of the ig and TCR gene complexes rearrange, and each lymphocyte thereby
obtains a specific combination of V-(D-)J segments.48.48.52 An example of an /GH
gene rearrangement is illustrated in Figure 7: one of the J gene segmenits is joined
to one of the D gene segments, and subsequently a V to D-J joining occurs, thereby
deleting all intervening sequences. After the process of rearrangement, the gene is
transcribed into a precursor mRNA, which is transformed into mature mRNA by splic-
ing and eliminating all noncoding intervening sequences. Comparable rearrange-
ment and transcription processes occur in the other Ig and TCR gene complexes.

The gene rearrangement processes are mediated by a recombinase enzyme
system, which probably contains several components, including the protein products
of the so-called recombinase activating genes (RAG-7 and RAG-2).6162 The recom-
binase complex recognizes specific recombination signal sequences (RSS), which
are well conserved during evolution and consist of a palindromic heptamer and non-
amer sequence, separated by spacer regions of 12 or 23 base pairs.5% Complete
RS88§, starting with the heptamer, border the 3 side of V gene segments, both sides
of D gene segments and the 5 side of J gene segments.5® A gene rearrangement
first involves a back-to-back fusion of the heptamer-nonamer RSS. This is followed
by deletion of these RSS and all intervening sequences in the form of a circular exci-
sion product and by joining of the two gene segments (Figure 8).63

germiine /GH genes

JH s Cu

7

rearranged /GH genes

+ RNA splicing

mature {GH mRNA

Figure 7.

Schematic diagram of human /GH gene rearrangement. In this example DA3 is first joined to Jn4, followed
by VH4 to DH3-Jn4 Joining, thereby deleting ali intervening sequences. The rearranged gene complex can
be transcribed into precursor mRNA, which will be transformed into mature mRNA by splicing out all non-
coding intervening sequences.
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Figure 8.

Schematic diagram of the role of heptamer-nonamer recombination signal sequences (RSS) during gene
rearrangement. The downstream RSS of DH3 and upstream RSS of JH4 fuse back to back, followed by
DH3-JH4 joining and deletion of the intervening sequences in the form of a circular excision product. The
presented RSS are not the exact RSS of the D3 and J14 gene segments, but represent the consensus
heptamer-nonamer RSS, which are well conserved in lg and TCR genes.

Secondary gene rearrangements

lg and TCR gene rearrangements are complex processes in which the joining of
the gene segments is imprecise.*® Because of the triplet reading frame of DNA
sequences, approximately two out of three joinings will be out-of-frame; that is, an
mRNA is produced that cannot be transcribed into a complete protein.*® The high
frequency of out-of-frame rearrangements and the generation of stop cedons at the
joining sites may explain why most B-cells have rearranged both IGH zlleles and why
most T-cells have biallelic rearrangements of their TCRB and TCRG genes 52,84

In addition to the biallelic rearrangements, secondary gene rearrangements
appear to occur that are assumed to rescue precurser B- and T-ceils with nonpro-
ductive Ig or TCR genes. Three types of secondary rearrangements can occur,
dependent on the involved Ig or TCR gene complex and the type of preexisting
rearrangement (Table 3). DH-JH replacements in B-cells replace preexisting Dh-JH
complexes by joining an upstrearn Dy gene segment to a downstream JH gene seg-
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Table 3. Occurrence of secondary rearrangements in Ig and TCR genes,

lg genes TCR genes
IGH 1GK fGL TCRA TCRB TCRG TCRD
D-J replacement + - - - (+) _ (+)
V-J replacement - + {+) + - + .
V replacement + - - - + (+) _

+, replacement reperted fo occur; (+), replacement can potentially occur, but not (yet) reported;
-, replacement not fikely to occur.

ment (Figure 9).85 D-J replacements can also potentially occur in TCRE and TCRD
genes. In a comparable way, V-J replacements replace & preexisting V-J compiex in
TCRA, TCRG, and g light chain genes.®® Both types of replacements can occur
repeatedly on the same Ig or TCR allele as long as germline V, (D,) and J gene seg-
menis are available (Table 3).

The third type of secondary rearrangement cancerns V replacement in complete
V(D)J complexes.67.68 The V gene segment of the V(D)J complex is replaced by a
new upstream V gene segment (Figure 8). This process is mediated via an intermnal
heptamer RSS in the 37 part of the V gene segments in /GH, TCRB, and TCRG
genes, but this heptamer RSS is not present in V gene segments of Ig light chain,
TCRA, and TCRD genes.®7-89 So far, V replacements have especially been
observed in /GH genes and have also been reporied to occur in TCRE genes (Table
3.

Secondary rearrangements have been found to replace not only preexisting non-
productive rearrangements but also productive rearrangements, such as productive
Vo-Jo rearrangements. This suggests that secondary rearrangements not oniy res-
cue precursor-B- and T-cells from nonproductive rearrangements but are also
involved in selection processes, such as thymic selection of the T-cell repertoire.86

Repeitoire of ig and TCR molecules

The enormous diversity of antigen-specific receptors of lymphocytes is mediated
by the described rearrangements of the gene segments that code for the variable
domains of Ig and TCR molecules. The extent of the potential primary repertoire of
antigen-specific receptors is based on the combinatorial diversity (i.e. the number of
possible V-D-J combinations) and the junctional diversity (i.e. diversity due o impre-
cise joining of the V, D, and J gene segments).48:49

The so-called combinatorial diversity can be calculated from the possible combi-
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DH-J+ replacement

VHT  VHE  VHE  VhHd

VH replacement
VH1 VH2 WVH3  V-D-J JH s Cu.

3

Figure 9.

Examples of secondary gene rearrangements in /GH genes.

(A} DH-JH replacement: an upstream DH gene segment rezrranges to a downstream JH gene segment,
thereby replacing the preexisting D=-JH rearrangement.

(B} VH replacement: the VH gene segment in a complete V-D-JH rearrangement is repiaced by an
upstream VH gene segment via a rearrangement process, which is mediated via heptamer RSS (indicat-
ed as: 7) within the Vi gene segments.

nations of the available V, D, and J gene segments per gene complex and the pair-
ing of two different protein chains per antigen-receptor melecule, i.e. IgH with igx or
Igh, TCRa with TCRB, and TCRy with TCR5.484° For example, the /GH gene com-
plex contains at least 40 functional Vi gene segments, 25 functional DH gene seg-
ments, and & functional JH gene segments, resulting in at least 6000 possible VH-DH-
JH combinations.”%-72 Together with the V-J combinations of the /GK and /GL genes,
a potential combinatorial diversity of more than 2 x 105 can be ebtained. A compa-
rable diversity can be obtained for the TCRap molecules (Table 4). However, the
combinatorial diversity of TCRyS molecules is less extensive due to the limited num-
ber of V,(D,) and J gene segments in the encoding gene complexes. Nevertheless,
because of multiple D& gene usage, a combinatorial repertoire of potentially more
than 5000 TCRy3 molecules can be produced.

The calculations in Table 4 are based on the assumption that the available func-
tional V, D, and J gene segments are used randomly. This is not always the case.
For instance, fetal B-cells use a restricted set of VH gene segments, related to Jr
proximity.”374 TCRaB™ cells tend to use JB2 gene segments more frequently than
JB1 gene segments.” Peripheral TCRy8* T-lymphocytes exhibit preferential usage
of Vy9-Jy1.2 and V§2-J81 gene segments.”577 However, it might well be that the
whole potential combinaiorial repertoire is present but that particular receptor speci-
ficities dominate due to clonal selection and expansion.”8
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Table 4. Estimation of the potential primary repertoire of human Ig and TCR molecules.®

lg molecules TCRap molecules TCRy3 molecules
IgH Igk gt TCRa TCRB TCRy TCRS
Number of functional
gene segments:
WV gene segments 40-46 34-37 30-33 45 44-47 6 B
D gene segments 25k - - - 2b - 30
J gene segments 8 5 4 50 13 5 4
Combinatorial diversity >2 x 108 >2 3 108 >5000
Junctional giversity i £ * + ++ ++ bt
ESTIMATION OF >1072 >1012 >1012

TOTAL REPERTOIRE

a. Based on the international IMGT (ImMunoGeneTics) Database.57

b.In TCRD gene rearrangements, multiple D segments might be used; this implies that the number of
junctions can vary from one to four. In /{GH and TCRE gene rearrangements, oniy cne D gene segment
is generally used.

The junctional diversity of Ig and TCR genes is based on deletion of germline
nucleotides by trimming the ends of the rearranging gene segments as well as by
insertion of nucleotides between the joined gene segments. Insertion of nucleotides
(N region insertion) at the junction sites is mediated by TdT, which is able to add
nucleotides to 3° ends of DNA breakpoints without need for a template.”9:80 The
junctional regions of Ig and TCR genes encode for the so-called third complemen-
tarily determining region (CDR3), which contributes considerably to the antigen
recognition site of the variable protein domains. Therefore N-region insertion drasti-
cally increases the diversity of antigen receptors, especially when multiple junction
sites occur in a junctional region, such as in /GH, TCRB, and especizally TCRD genes
{Table 4). The random insertion and deletion of nucleotides at the junction sites of V,
{D,) and J gene segments make the junctional regions into ‘fingerprint-like’
sequences, which are most probably different in each lymphocyte (Figure 10).

Absence or decreased TdT activity during Ig or TCR gene rearrangements leads
to the absence of N-region insertion, as is found in fetal thymocytes and B-cell pre-
cursors in fetal liver.81-83 Also rearranged Ig light chain genes in mature B-cells vir-
tually lack N-region insertion, 484984 suggesting that the Ig light chain genes
rearrange in the absence of TdT activity. This is in contrast to the junctional regions
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A junctional
region
Vyl J132.3

5 a

3

‘-__—_-——'
Germline Vvl sequence Junctienal region Germiine Jy1.3/2.3 sequence
ACTGTG ccAcDTGGe%%EGG GAATTAT TATAAGAAACTST
DD Ws  ACTGTGCCAGCT CTTTTA L ¥
4 V2 ACTGTGCCACCTGGGACG CACCTACTC TAAGAAACTCT 23
HZ1  Vy3  ACTGTGCCACCTGGGACAGG TCCATT ATTATTATAAGAAACTCT 23
HZ2 Vy4  ACTGTGCCACCTGGGATG AGGECCCCECACACCA ATBAGAAACTCT 2.3
AV W3  ACTGTGCCAGCCTGGG [eelela] GAATTATTATAAGAAACTCT 23
BP  vy4  ACTGTGGCACCTGGG COTCCCCTAAAA TATAAGAAACTCT  Jy2.3
JB V2 ACTGTGCCACCTGGG c GAATTATTATAAGAAACTCT Jr1.3
EP1 w8  ACTGTGCCACCTEGGA CTCAGGECCUNG TAAGAAACTCT 123
EP?  Vy8  ACTGTGCCACCTGGGA AAAGAGGOTAACAGGGTTT TTATTATAAGAAACTCT  Jy23
MA1 VW8  ACTGTGCCACCTGGGA CTTCCGAGT AATTATTATAAGAAACTCT 2.3
MAZ2 Vy8  ACTGTGCCACCTGGGA TTATTATAAGAAACTCT Jr23
SA1 W8 ACTGTGCCACCTGGEGACG AATGTA ATAAGAAACTCT 23
SA2 W8  ACTGTGCCACCTGGGATA CCCe ATTATAAGAAACTCT 23
JR Vyd  ACTGTGCCACCTGGRATGEGE ACTACAACTA ATTATAAGAAACTCT H23
JM1 Vya ACTGETGCC TCTGAACAATCCAAACAAGACCACG GAATTATTATAAGAAACTCT 23
JM2 V48 ACTGTGCCACCTGGGAT GGA AATTATTATAAGAAACTCT  Jv23
B Juncticnal
V51 region J51

5 " Dsos 2

Germline V&1 sequence junctional region Germline J31 sequence

CTCTTGGGEGAACT ACACCGATAAACT
DD CTCTTGGGGAA ACTTCAACCCGRGGACCATTCATAGCAACCACCCTCTACGGEEG CACCGATAAACT
1J CTCTTGGGEGAACT GAATTCATTGTACGGGGG CGATAAACT
HZ1 CTCTTGGGGAACT ATTCGGTCCCTACCGATAACTGGGGGATACGTGTGEAGTA ACACCGATAAACT
HZz CTCTTGGGGAAC CTGTEAGTAGGGTCTCRCCCETACTGGGGGTSTT CACCGATAAACT
AV CTCTTGGGGEA TAAACCTCCCCEGCCAGAGAGCTACT GGBACGATEGGE COGATAAACT
=l CTCTTGGG AACOGCAACCTTCCCCA AR TTACT SGEGEEALCTT ACACCGATAAACT
JB CTCTTGGGGAACT AAAGAGGGTGGGGGCCCCET ACACCGATAAALT
EF CTCTTGGGGAACT ACGGT ACACCGATAAACT
MA1 CTCTTGGGGA TCAAGGAGGAAGAACTTAATGGCCEGGGGOAOTATAGTCACCTGOAA ACACCGATAAACT
MAZ CTCTTGGGGA GEGATACTTCCCCE ACACCGATAAACT
SA CTCTTGGGGA CCTTATCTCTCATACAAACTCGGGGATACGCGETG AACT
JR1 CTCTTGRGGAA TEGAGTAGTTTCCCCTTGGCTRGGAAGGOTAAG ACT
JR2 CTCTTGGGGAA GGAGETCCGTTACTEEGGGATACTGAGGT TAAACT
JM CTCTTGGEE CCrACCCCTACTGATGGGGEAGCET ACACCGATAAACT

Figure 10.

{A) Schematic diagram of the Vyl gene segment joined to the Jvy1.3/2.3 gene segment via a junctional
region. PCR-mediated amplification of the jeined TCRG gene segments and subsequent sequencing of
the junctional region in the obtained PCR preducts can be performed, The presented junctional region
sequences are derived from T-ALL patients and illustrate the deletion of nucleotides from the germline
sequences as well as the size and composition of the junctional regions.

(B) Schematic diagram of the V31 gene segment joined to the J31 gene segment via a junctional region.
TCRD junctional regions may contain one, two, or three D3 gene segments. The presented TCRD junc-
tional region sequences are derived from the same T-ALL patients as in panel A and illustrate that dele-
tion and insertion of nucleotides are more extensive than in the case of TCRE junctions. DJ gene seg-
ments and inserted nuclectides are indicated by capital letters and small capital letters, respectively.



28 CHAPTER 1.1

of postnatally rearranged TCR genes, ali of which contain N regions. This discrep-
ancy in N-region diversity between ig and TCR genes is in line with the fact that
Smig*/TdT™ immature B-cells are extremely rare, whereas TCR*/TdT™ T-cells occur
in a great amount in the thymus.® Apparently TdT activity decreases early during B-
cell differentiation (after /GH gene rearrangement), whereas TdT is expressed
throughout thymic T-cell differentiation.

Rearrangement and expression of Ig and TCR genes during lymphoid
differentiation

lg and TCR gene rearrangements start early during iymphoid differentiation and
occur in @ hierarchical order. One of the earliest events during normal B-cell differ-
entiation are incomplete DH-JH rearrangements, which are aiready found in
CD347/CD19/CD10*  precursor cells.8585 Most of the more mature
CD34%/CD19*/CD10™* B-lineage precursors contain at least one DH-JH rearranged
allele and frequently also complete VH-(DH-)JH rearrangements. 8687, JGH gene
rearrangements are followed by recombination in the /GK locus. If the laiter
rearrangements are nonfunctional, the /GL genes will rearrange.*$:52 Generally, IGL
gene rearrangements occur after or coincide with /GK gene deletions.8882 All IGK
gene deletions are mediated via rearrangement of the so-called kappa deleting ele-
ment (Kde), which is located downstream of the Cx gene segment (Figure 5).90.91
Kde rearranges o a heptamer RSS in the Jk-Cx intron, thereby deleting the Cx gene
segment, or {0 a Vi gene segment, thereby deleting a large part of the /GK gene,
including the Jk and Cx gene segments.90.92 Functional rearrangement of /GH and
Ig light chain genes results in Smig* B-lymphocytes.

During T-cell differentiation, TCRD genes rearrange followed by TCRG gene
rearrangements, which might result in TCRy8™ T-lymphocytes if the rearrangements
are functional. TCRap™ T-lymphocytes most probably develop via a separate differ-
entiation lineage with TCRB gene rearrangements prior to TCRA gene rearrange-
ments.52 TCRA rearrangements are preceded by deletion of the TCRD genes
because the major part of the TCRD gene complex is located between the Va and
Jo. gene segments®9.93-95 and is flanked by the so-called SREC and wJa gene seg-
ments (Figure 6).98.97 TCRD gene deletion is mediated via rearrangement of the
SREC and yJa gene segments. 829687 These rearrangement and deletion process-
es in the TCRA/D locus probably play a crucial role in the divergence of the TCRy$
and TCRaf differentiation pathways.? it is not yet clear in which differentiation stage
this divergence occurs, but it is remarkable that virtually all TCRaef™ T-lymphocytes
have rearranged TCRG genes and that most TCRyd™ T-lymphocytes have
rearranged TCRB genes (Figure 11).21.52

The Smlg-CD79 complex (Figure 4) is expressed on B-cells as soon as func-
tional /GH and lg light chain gene rearrangements are compileted. However in the
pre-B-cell differentiation stage, the result of functional /GH gene rearrangement can
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be seen, i.e. the weak cytoplasmic expression of Igu heavy chain (pre-B-Cylgu).11.98
In a part of the pre-B-cells also, a weak membrane expression of the so-calied pre-
B-cell complex (pre-B-Smigu-CD78) can be found.'3:3" This pre-B-cell complex con-
sists of CD79 and Igu protein chains and a pseudo g light ¢hain, which is derived
from nonrearranging Igi-like gene segments.®9 The precise function of this tran-
siently expressed pre-B-cell complex is still unclear, but it is assumed that it plays a
role in the regulation of early B-cell development.®?

Surface membrane expression of TCR-CD3 complexes depends on the func-
tional rearrangement of TCRD and TCRG genes or TCRB and TCRA genes.

pre-pre-B-cell pre-B-cell immature B-cell mature B-cell piasma cell

Cycn7g CyCD79 Smig-CD79 Smig-CD79 Cylg
pre-B-Cylgu.
{pre-B complex)
IGL genes rearranged (in Igar cells)l
pro-B-cell - -
(CyCD79) IGK genes rearranged {Cx deleted in most Igi+ ceils)1

TEH genes rearranged T~ 1GH ciass switch may oceur]

ymphoid
precurser ¢ell
‘alternative’ T-lymphocyte

TCRy:s-C03
prothymocyte
(CyCD3) .

mature thymocyte helper / inducer
({CyCD3) Tlymphocyte
. . TCRap-CL3 TCRag-CO3
immature common
thymaocyte thymocyte Q
CyCD3 CyCD3
(pre-T complox) (pre-T compaiex mature thymocyte suppressor /
O (TCR-Co3) (CyCL3) cytetexic T-lymphocyte
TCRaB-CD3 TCRap-CO3
NK-celt
TCRD genes rearmnged o TCRD genes dsleted (in most TCRap™* celis)|
TCRG? TCRG2Z genes rearranged}

TCAEB genes rearranged: D-J~V-D-J (alse in many TCRy5+ cells) I

TCRA genes rearranged (in TCRap+ eells)]

Figure 11.

Hypothetical diagram of Ig and TCR gene rearrangements during lymphoid differentiation. The ordered
rearrangement of Ig and TCR genes is indicated with bars. The expression of nuclear TdT, cytoplasmic
CD3 (CyCD3), cytoplasmic CD79 (CyCD79), pre-B-lg molecules {pre-8-Cylgp and pre-B Smigu-CD79),
pre-T complex, and the mature Smig-CD79 and TCR-CD3 antigen receptor complexes are indicated per
differentiation stage.
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Analogous to the pre-B-cell complex, the so-called pre-T-cell complex is weakly
expressed on the surface membrane of immature thymocytes of the TCRup differ-
entiation fineage.'°C in addition to CD3 and TCRp protein chains, this pre-T-cell com-
plex contains a second TCR chain.100

DETECTION OF CLCNAL IG AND TCR GENE REARRANGEMENTS

Rearrangements in Ig and TCR genes result in relocation and joining of gene
segments with simultaneous deletion of the intervening gene segments. In principle,
these rearrangements are assumed to be identical in all cells of a particular
leukemia, because leukemias are clonal cell proliferations. The deletion-relocation-
joining processes can be studied by Southern blotting and PCR-based techniques.
Southern blotting allows detection of deletion and relocation of gene segments
based on changes in distances between cleavage sites of restriction enzymes in the
DNA. PCR analysis of ig and TCR gene rearrangements is based on the (selective)
ampiification of junctional regions of rearranged lg or TCR gene segments. Such
amplification is possible only when the Ig or TCR gene segments are juxtaposed
through rearrangement, as the distance between these gene segments in germiine
configuration is far oo large for PCR amplification. It should be noted that cionality
studies by Scuthemn blotting take advantage of the combinzatoriat diversity, i.e., the
relocation of gene segmenis, whereas clonality studies by PCR-based methods
employ mainly the juncticnal diversity of Ig and TCR gene rearrangements.

Southern blotting

In Southern blot studies the DNA samples are digested with restriction
enzymes.'07 The obtained DNA fragments (restriction fragments) are size-separat-
ed by agar electrophoresis, transferred (blotted) onto a nitrocellulose or nylon mem-
brane, and immobilized.'9" This membrane is incubated with a radiolabeled DNA
probe that hybridizes to complementary sequences of lg and TCR genes.?
Unbound probe is washed away, and the location of the probe and thereby the size
of the recognized restriction fragments can be detected by autoradiography or by
phosphorimaging. If appropriate combinations of restriction enzymes and DNA
probes are used, the detected restriction fragments of rearranged lg or TCR genes
will differ from those of germiine genes.52.94.102,103

Figure 12 illustrates various aspects of Southern blot analysis of /GH genes: the
germline restriction map of the Ju-Cu region with an appropriate JH probe (IGHJ6),
the separation of restriction fragments in an agarose gel and the autoradiographic
resuits of hybridization with the radiclabeled IGHJ6 probe.52.102

Optimaily designed Ig/TCR probes recognize sequences just downstream of the
rearranging gené segments and should be used in combination with at least two dif-
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Figure 12.

Southern blot analysis of /GH genes.

{A) Restriction map of Js-Cyu region. The position of the relevant EcoRi (E}, Hindlll {H}, BamHI (B), and
Bglll (Bg) restriction sites are indicated. Also the location of the switch region (Sp) is indicated. The solid
bar represents the JH probe (IGHJE).

{B} Ethidium bromide-stained agarose gel with size-separated Bgil restriction fragments of control DNA
and four different B-cell chronic lymphocytic leukemia (B-CLL) DNA samples. The two outer [anes contain
size markers {feft: Hindlll digested 3, DNA; right: EcoRI/Hindlll digested 4 DNA}. The DNA fragments were
blotted to & nylon filter.

(C} X-ray film after exposure to the nylon filter, which was hybridized to the 32P-radiclabeled IGHJ6 probe.
The size of the germline band (G) and the position of the size markers are indicated. The two conirol lanes
contain the 3.9 kb germline band, whereas each of the four B-CLL lanes show two clonally rearranged
bands, due to biallelic IGH gene rearrangements,
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ferent restriction enzyme digests, which result in germline restriction fragments that
are not affected by polymerphisms and which are smaller than or the size of 10 kb.
The latter is important for prevention of comigration of germline and/or rearranged
bands.52.103-107

Because Ig and TCR gene rearrangements in ALL are identical, the (identical)
restriction fragments give rise 1o a clearly visible rearranged band, which is different
from the germline band.52 Furthermore, two rearranged bands of comparable densi-
ty will be visible if the clonal ceil pepulation has rearranged both ig or TCR alleles
(Figure 12). in contrast to clonal cell populations, reactive (polyclonal} lymphoid cell
proiiferations contain many different ig and TCR gene rearrangements that are
detectable as a characterisiic background pattern or smear of muitiple faint
rearranged bands. Thus, Southern blot analysis of Ig and TCR genes allows dis-
crimination between clonal rearrangements and polycional rearrangements.52.64
Leukemic cell popuiations can be detected with a sensitivity of approximately 5%,
whereas the detection limit is 10% to 15% if a clonal cell population has to be iden-
tified within a background of polyclonal, reactive celis.

PCR analysis

The PCR technique allows the selective amplification of a particular DNA region
while it is still incorporated in the total genomic DNA.108.10% Knowledge of the pre-
cise nucleotide sequences, which flank the target DNA region, is a prerequisite for
the PCR technigue. Based on this information, two synthetic oligonucleotides are
prepared that can hybridize to the flanking sequences of opposite strands (primer
annealing), after the DNA has been denatured to single-stranded DNA.108.108 The
two oligenucieotides serve as primers for the Tag polymerase-mediated DNA syn-
thesis (primer extension), which proceeds across the target DNA region using this
region as template (Figure 13). The PCR process involves temperature-regulated
cycles of DNA denaturation (84°C), primer annealing (55-65°C), and primer exten-
sion (72°C). Because the PCR product of one primer can serve as a template for the
other primer in subsequent cycles, each successive PCR cycie essentially doubles
the number of PCR products (Figure 13). Continuation of the PCR procedure for 20-
30 cycles theoretically results in 220-220 times amplification of the target DNA
region. In principle, the PCR technique can amplify target DNA sequences up to 10
kb, but preferably the PCR target should not be longer than 2 kb in routinely per-
formed PCR analyses. 09110 The PCR primers for amplification of junctional regions
are designed at opposite sides of the junctional region, generally within a distance of
less than 500 bp.

Because most PCR studies on lg and TCR gene rearrangements in leukemias
are performed at the DNA level, the primers are complementary to exon and/or intron
sequences of V, D, and/or J gene segments, depending on the type and complete-
ness of the rearrangement. 113 Also, mRNA of complete V-(D-)J-C transcripts can
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be used as target for the PCR technigue after the mRNA has been transcribed into
complementary (C)DNA by use of reverse franscriptase (RT-PCR). Such studies
generally use V exon primers in combination with a single C exon primer.114-116 } jg
obvious that the choice of primers depends on the type of Ig or TCR gene and the
type of rearranged gene segments. It may be possible to design general or consen-
sus primers, which recognize virtually all V or J gene segments of a particular Ig or
TCR gene complex; family-specific primers, which recognize famities of V or J gene
segments; or even member-specific primers, which recognize individual V or J gene
segments. 111-113,117

It should be noted that the ig and TCR genes not only contain functional V, (D),
and J gene segments but also nonfunctional (pseudo) gene segments. Such seg-
ments ¢an be involved in gene rearrangements, provided they are flanked by a prop-
er R8S. Table 5 summarizes the estimated number of gene segments and families
of the three ig genes and four TCR genes.

Complete /GH, TCRG, and TCRD gene rearrangements can be analyzed rela-
tively easily with the PCR technique, because the /GH gene complex contains only
seven VH families and six functional Jn gene segments and because the TCRG and
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Figure 13.

Schematic diagram of PCR.

(A) Temperature-regulated PCR cycle in which double-stranded DNA is heat denatured at 94°C, followed
by primer annealing at 80°C, and primer extension by Taq polymerase at 72°C. In the first PCR cycle, syn-
thesis of the naw DNA proceeds across the target DNA, resulting in long PCR products.

{B) In subsequent cycles, the PCR products of the previous cycle(s) can serve as template, resulting in
short PCR products. Each PCR cycle essentially doubles the number of PCR products.

{C) Temperature cycle for denaturation, primer annealing, and primer extension. Each cycie takes 5to 10
minutes, depending on the size of the PCR product (i.e., the duration of primer extension).



34 CHAPTER 1.1

Table 5. Estimated number of human V, D, and J gene segments that can be potentially involved
in ig or TCR gene rearrangements.?

Gene segment {GH IGK IGL TCRA TCRB TCRG TCRD
V (family) ~70 (7) ~B0 (7) ~40 (11) ~60(32)  ~65(30) g (4) 7b
D (family) 25 (7) - - - 2 - 3

J {family) 6 5 5¢ 61° 13 5 (3) 4

a. The estimated numbers include non-functional (pseudo} gene segments with functional RSS. which
allow rearrangement; orphan genes are excluded. The calculations are based on the international IMGT
(ImMunoGeneTics) Database57 and complete genomic sequences of /GH, TCRB, and /GL.56.60.71

b. These numbers include the non-functional 3Rec gene segment {TCRD locus) and the yJa gene seg-
ment (TCRA locus).

c. Two of the seven Ji gene segments (JA4 and J).5) have never been cbserved in /GL gene rearrange-
ments, probably because of their inefficient RSS {Ttmkaya et al., unpublished results).

TCRD genes contain a limited number of V and J gene segments (Table 4 and Figure
6).54.94.118.11¢ This implies that only a restricted number of oligonucleoctide primers is
needed.120.121 in principle, PCR analysis of /IGK, IGL, TCRA and TCRB gene
rearrangements is also possible, but it requires more primers, especially for the
many different V and J gene segments in TCRA and TCREB gene complexes (Figure
8). RT-PCR analysis of TCRA and TCRBE V-(D-}J-C transcripts stil requires many dif-
ferent Vo or VB primers, although these can be used in combination with a single Ca
or Cp primer.114-116

One disadvantage of ig or TCR gene analysis by PCR-based techniques, as
compared with Southern blot analysis, is that the detectability of (clonal) rearrange-
ments is limited by the choice of primers, raising the possibility of false-negative
results. A more essential drawback is the risk of false-positive results owing to the
fact that not only clonzlly rearranged Ig and TCR genes but also ig and TCR
rearrangementis from normal, polyclonal cells are amplified.

Analysis of PCR-amplified ig and TCR gene rearrangement products
PCR-mediated detection of clonal Ig and TCR gene rearrangements is relatively
easy if the percentage of leukemic celis is high (e.g., greater than 90%). In such cell
samples, the background of Ig and TCR gene rearrangements in normal polyclonal
cells generally does not hamper the PCR studies of leukemic cells. This is illustrat-
ed in Figure t4, which shows that PCR products of comparable clonal TCRD
rearrangemenis in different T-ALLs are clearly different frcm each other, based on
differences in the size of their junctional regions (compare with Figure 10).112 If many
normal polycional B- or T-celis are present in the cell sample, many polycional PCR
products will also be present. Discrimination between clonal (leukemia-derived) PCR
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Figure 14,

V31-J51 PCR products in cases of T-ALL with monoallelic or biallelic V§1-J31 rearrangements. The PCR
products were separated in a polyacrylamide gel, resulting in optimal size separation, The positions of the
size markers are indicated in the left margin. The differences in size of the PCR products (115-155 bp)
are due to differences in size of the junctional regions {see Figure 10B},

products and polycional (normal) PCR products with standard gel electrophoresis is
hampered by the fact that the clonal PCR products have to be identified as a domi-
nant band within a background of multiple weaker bands of slightly different sizes,
representing polyclonal PCR products.’? Because junctional regions are ‘finger-
print-like’ sequences that differ between lymphocytes or lymphocyte clones, it is
assumed that they represent specific markers for each individual leukemig 111117
Thus, strategies should be followed that employ the junctional regions of amplified
rearranged ig and TCR genes as PCR targets for discrimination between polyclonat
and clonal cell populations. Methods that have been successfully applied to solve
this background problem include direct sequencing of PCR products,’22 single-
strand conformation polymorphism analysis,’2® denaturing gradient gel elec-
trophoresis, 124 heteroduplex analysis (Figure 15),125 temperature gradient gel elec-

trophoresis, 128 high resolution radioactive fingerprinting,’® and fluorescent gene
scanning analysis. 27

g and TCR gene rearrangements in B-lineage ALL

Based on their immunoghenotypic characteristics, precursor-B-ALL are general-
ly regarded as clonal malignant counterparts of normal precursor-B-cells. in line with
this assumption, our studies indicate that more than 95% of precursor-B-ALL have
{GH gene rearrangements and that most of them contain /GK gene rearrangements
{30%) or deletions (50%); even 20% of precursor-B-ALL cases have /GL gene
rearrangements (Table 6).64.103.128 Deletions in the /GK genes are predominantly
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Figure 15.

(A} Heteroduplex analysis of Vi-Jy1.3/2.3 PCR products from several T-ALL and precursor-B-ALL
patients in a non-denaturing €% polyacrylamide gel. Follewing denaturation and renaturation of PCR
products, the presence of homoduplexes in samples 86-130, 96-134A, 96-134B, and 96-136 proves the
monoclonal character of these samples. The smear of heteroduplexes that is seen in 96-137 is indicative
of a polyclonal cell population. The additional bands that are seen in samples 96-130, 96-134A, and 96-
134B represent clonal heteroduplexes, resulting from renaturation of single-stranded fragments derived
from biailelic rearrangements. The twe homoduplexes from these biailefic rearrangements are easily seen
in 86-134A and 96-134B {bone marrow and peripheral blood sampies, respectively, from the same
patient), but nct in 96-130 owing to comigration,

{B) Heteroduplex PCR analysis of /GH in precursor-B-ALL patient. Malignant lymphoblasts at diagnosis
contained a moncclonal VH1-JH gene rearrangement. Dilution of the diagnesis bone marrow DNA into
poiyclonal MNC DNA derived from healthy blood donors showed a sensitivity threshold of approximately
1%. he = hetercduplexes; ho = homoduplexes; Mw marker = 100-bp molecular weight marker.

mediated via the Kde sequence, which implies that /GK gene deletions can be iden-
tified as Kde rearrangements, which cccur on one ailele or both alieles in 20% and
30% of precursor-B-ALL cases, respectively.?0% Cross-lineage TCR gene rearrange-
ments occur in high frequency in precursor-B-ALL cases: TCRB, TCRG, and TCRD
gene rearrangements and/or deletions are found in 35%, 60%, and 90% of cases,
respectively.129.130

Several studies have shown that newly diagnosed precursor-B-ALL are fre-
quently oligoclonal because they contain muitiple /GH gene rearrangements (30% to
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40% of cases) and even multile /GK gene rearrangements (5% to 10% cf
cases).’28.131 These multiple lg gene rearrangements can result from both continu-
ing rearrangement processes (e.g., continuing VH to Dr-JH joining) and from sec-
ondary rearrangements (e.g., DH-JH replacements, VH-JH replacements, and Vi-Jx
replacements), which result in one or more subclongs.131-138

Comparative studies between cell samples taken at diagnosis and at relapse
revealed that the ongoing rearrangements and secondary rearrangements can
cause changes in the Ig and TCR gene configuration at the time of relapse.134.136-
132 Such changes are particulardy prevalent in cases of precursor-B-ALL that already
contain subciones at diagnosis. 137

TCR and Ig gene rearrangements in T-ALL

The immunophenotype of T-ALL is fully comparable to those of cortical thymo-
cytes. Subclassification of T-ALL into CD3-, TCRy3™, and TCRop™ subgrcups also
reveals major differences in TCR gene rearrangement patterns.'9.84 Although the
frequency of TCR gene rearrangements in the total group of T-ALL is very high,
approximately 10% of CD3™ T-ALL still have all TCR genes in germline configura-
tion;19.64 this mainly concerns immature CD1/CD3" T-ALL of the prothymocytic/pre-
T-ALL subgroup (see Table 2). The TCRD gernes in CD3 T-ALL are rearranged in
most cases (approximately 80%) and contain biallelic deletions in approximately
10% of cases.'9.94 As expected, all TCRy8™ T-ALL have TCRG and TCRD gene
rearrangements and the majority (approximately 85%) also contain TCREB gene
rearrangements.21.94.112 Al TCRap* T-ALL contain TCRB and TCRG gene
rearrangements and have at least one deleted TCRD zallele { = TCRA rearrange-
ment); the second TCRD allele is also deleted in two-third of cases.54%4 Cross-line-

Table 6. Frequencies of detectable Ig and TCR gene rearrangements and deletions in ALL.

IGH 1GK IGL TCRB TCRG TCRD
R D R D R R R R D
Precursor-B-ALL 6% 3% 30%2 50%2 20% 35% 60% 55% 35%
T-ALL
CD3" 20% 0% 0% 0% 85% 90% 80% 10%
TCRy8™ 50% 0% 0% 0% 95% 160% 100% 0%
TCRap™ <5% 0% 0% 0% 100% 100% 35% 65%

a. A total of ~60% of precursor-B-AlLL have IGK gene rearrangements and/or deletions.'0?
R, at least one allele rearranged; D, both allzles deleted.
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Figure 16,

Southern blot analysis of /GH genes in precursor-B-ALL.

{A) Analysis at diagnosis with the restriction enzyme Bgill and the IGHJE probe (see Figure 12}. Multiple
rearranged bands are present in each precursor-B-ALL lane. In patient SL, this is due to trisomy 14, but
in alf other cases subclone formation {bicionality or cligoclonality} is the cause.

{B) Comparative analysis of DNA samples of patient peripheral blood at diagnosis and relapse with Bglll
and BamHI/HindIll digests and the [GHJE probe. Multipie rearranged bands of different density are pres-
ent in both digests at diagnosis. However, at relapse only two rearranged bands are present, which prob-
ably have the same size as two faint rearranged bands at diagnosis.

age kg gene rearrangements occur at low frequency in T-ALL (approximately 20%)
and involve virtually only /GH genes (Table 6).84.140

Comparative studies at diagnosis and at relapse revealed that continuing and
secondary TCR rearrangements could aiso occur in 40% to 50% of T-ALL
patients.’37-139 Nevertheless, TCR oligocionality is rarely seen at diagnosis in T-ALL
cases, 8137 except for a few CD3" cases that showed a faint band of $rec-yJa
rearrangements normally involved in TCRD gene deletions.82 Detailed studies of
these T-ALL cases revealed that the detected Srec-wJa rearrangements were fully
polyclonal but were derived from otherwise monoclonal T-ALL. 41
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Analysis of ALL at diagnosis and subseguent relapse

Analysis of Ig and/or TCR gene rearrangement patterns at diagnosis and subse-
quent relapse can prove whether the recurrence of an ALL represents a relapse or
a secondary malignancy. Southern blot analysis has been considered the gold stan-
dard for the comparison of the Ig/TCR gene rearrangement patterns between diag-
nosis and recurrence of a lymphoid malignancy (Figure 16).137 Currently, compara-
tive junctional region analysis can be easily performed by mixing the PCR products
of both disease stages and evaluating them by hetercduplex methad. In case of
relapsed leukemia, mixing will result in a single homoduplex band upon heterodupiex
analysis, whereas in case of a secondary malignancy two distinct homoduplexes as
well as two heteroduplexes will be found (Figure 17). These heteroduplexes result
from cross-renaturation of single-strand molecules of the two different malignant cell
populations. Finally, when only nonidentical clonal PCR products at diagnosis and at
relapse are detected with mixed hetercduplex PCR analyses, direct sequencing of
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Figure 17.

Comparzative heteroduplex analysis of Vi3-Ju PCR products in three precurser-B-ALL patients at diagno-
sis and at leukemia relapse. In two patients (0128 and 3510), identical clonal VH3-Ju PCR products were
found at both leukemia phases (identical size of homoduplexes and no hetercduplex formation after mix-
ing and subsequent denaturation/renaturation;. In patient 2308 monocional homodupiexss found at diag-
nosis and at relapse slightly differed in size. Mixing of the VH3-J1 PCR products followed by heteroduplex
PCR analysis demonstrated clear heteroduplex formation, proving that these VH3-Jx gene rearrange-
ments had different junctional regions.
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clonal PCR products can be performed fo exclude clonal evolution due to ongoing
rearrangements; e.g. different Vi to DH-JH rearrangements but with an identical pre-
existing DH-JH rearrangement.
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ABSTRACT

Because of developments in diagnosis of hemopoietic malignant diseases dur-
ing the past twe decades, routine and reliable identification of very low numbers of
malignant cells, known as minimal residual disease (MRD), is now possible. Several
large-scale studies have shown that monitoring of MRD in hemopoietic malignant
disease predicts clinical outcome. In acute lymphoblastic leukemia, MRD detection
is useful for evaluating early response to treatment and consequently for improving
stratification, including treatment reduction. In acute promyelocytic leukemia and
chronic myeloid leukemia, MRD information at specific time points enables effective
early treatment intervention. MRD monitoring is also possible in other leukemia sub-
types, but in these disorders the clinical value of MRD detection is not yet known,.

INTRODUCTION

Modern treatment protocols lead to complete remission in a high proportion of
patients with acute leukemia, but many of these patients relapse. Clearly, not all
clonogenic malignant cells are killed, aithough the patients are classified as being in
complete remission according to clinical and morphological criteria {Figure 1). For
hemopoietic malignant disease to be detected with morphological techniques, malig-
nant cells must make up at least 1-5% of the total cells. Consequently, morphology
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provides limited information about the effectiveness of treatment because only
patients with a very poor prognosis (not achieving remission) can be identified. [n
patients who achieve remission, morphology cannot discriminate between patients
with a high or low risk of relapse. Therefore, more sensitive techniques are needed
to detect small numbers of malignant cells during and after treatment — detection of
minimal residual disease (MRD).

Reliable technigues to detect MRD should have the following features:

- sensitivity of at least 10-2 {one malignant cell within 102 normal cells), but

sensitivities of 10~* to 10-° are preferred;

- ability to discriminate between malignant and normal cells, without false-

positive results;

- stable leukemia-specific markers — it should not give false-negative results

because the MRD targets are lost during the course of disease;

- reproducibility between laboratories - this is essential for multicenter treat

ment protocols;

- easy standardization and rapid coliection of results;

a method of quantifying MRD.

MRD detection technigues can be used for more accurate stratification of thera-
py in hemopoietic malignant disease. This stratification inciudes treatment intensifi-
cation in patients at high risk of relapse and reduction in low-risk patients, who are
being overireated.

detection limit of

1024 cytomorpnalogy

10714 N narly relapse /- /Ja;miapsn /_
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Figure 1.

Diagram of the frequencies of leukemic celis in peripheral blood or bone marrow of patients with acute
leukemta, during and after chemotherapy, and during development of relapse. The detection limit of mor-
phologic techniques, as well as the detection limit of flow ¢ytometric immunophenctyping and PCR tech-
niques are indicated. !, induction treatment; C, consolidation treatment; il, re-induction treatment,
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TECHNIQUES AND TARGETS FOR MRD MONITORING

During the past 15 years, several methods of MRD detection have been devel-
oped and evaluated. These include conventional cytogenetics, cell-culiure systems,
fluorescent in situ hybridization, Southern blotting, immunophenotyping, and poly-
merase chain reaction (PCR) technigues. Most of these techniques are not suitable
for clinical MRD detection because of limited sensitivity, specificity, or applicability.
However, current multiparameter flow-cytometric immunophenotyping and PCR-
based approaches for MRD monitoring can reach sensitivities of 10-3 to 106 and
are quantitative, sufficiently specific, and broadly applicable. Flow-cytometric MRD
detection is based on the occurrence of leukemia-associated immunophenotypes,
such as aberrant, unusual, or ectopic antigen expression. PCR techniques can be
used to detect tumor-specific sequences, such as junctional regions of rearranged
immunoglobutin and T-cell receptor (TCR) genes, or breakpoint fusion regions of
chromosome aberrations.

Principles of MRD monitoring by flow-cytometric immunophenctyping

Acute and chronic leukemias can be regarded as malignant counterparts of cells
in immature and more mature stages of hemopoiesis, respectively (Figure 2).
Consequently, the presence of normal hemopoietic cells limits the detection of
leukemic cells.’-2 Nevertheless, immunophenotypic MRD detection is possible in
many hemopoietic malignant disorders, because the cells express aberrant or
unusual aniigens, or have clonai patterns of immunoglobuiin or TCR protein expres-

Figure 2.

Immunoflucrescence staining of terminal deoxynuclectidyl transferase (TdT) in the nucieus of ALL cells,
representing a typical marker of immature lymphoid biast cells.
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sion.

Aberrant or unusual immunophenotypes are the result of cross-lineage antigen
expression, maturational asynchronous expressicn of antigens, antigen overexpres-
sion, absence of antigen expression, and/or ectopic antigen expression (Figure 3).12
Such leukemia-associated immunophenotypes can be identified in the majority of
acute leukemias, but they are rare in maiure hemopoietic malignant diseases.
Asynchronous antigen expression occurs when two or more antigens not present at
the same time during normal differentiation are coexpressed. In cross-lineage anti-
gen expression, typical myeioid antigens are expressed on lymphoid cells or vice
versa and B-lineage antigens on T-lineage cells or vice versa.!2 Ectopic antigen
expression refers to the presence of particular antigens on ceiis outside their normal
sites of production or homing areas, or to the expression of antigens that are nor-
mally expressed only on non-hemopoietic cells. Examples are the combined expres-
sion of terminal deoxynucleotidyl transferase (TdT) and a T-cell marker outside the
thymus on T-lineage acute lymphoblastic leukemia {ALL) blasts, and the expression

A B C D
patient CA patient HP patient RG patient RA
u
wr & 5 &
T E | o o~
N ® 2 B
O 2
2l 2 = &l
< gl 3 5
- 3 = i Gy R ol g
CD34 (8312)-FITC CO34 (8G12)-FTC D34 (8G12)-FITC CO15 (MMA)-FITC
=1 E E3 E4
o patient MP N patient MP o patient MP 0 patient MP
St diagnosis | ¢ complete remission | S follow-up (3 mo) | S rel Dse (16 mo)
3 £ ' g 3
= = & &1
- =t o =1
e o Jusg joud
ar. o Qr =2
< <
é % T 75%

<033

7)-PE

Figure 3.

(Top panel) Flow cytometric MRD monitoring showing examples of aberrant or unusual antigen expres-
sion patterns in four AML patients at diagnosis. (A) Crogs-lineage expression of the B-lineage marker
CD19 on CD34-positive myeloid blast cells. (B) Asynchronous expression of the more mature marker
CD56 on CD34-positive myeleid blast celis, (C) Lack of CD34 expression on CD117 weakly-positive non-
monocytic blast cells. (D) Overexpression of CD34 in a subset of AML blasts.

{Lower panel} Flow cytometric MRD monitoring in one AML patient. (E,) 70% of CD33-positive AML
blasts at diagnosis showed aberrant lack of HLA-DR expression as well ag lack of CD34, CD15, CD14,
and CD11b expression {detected with a cocktail of antibodies used with a third fluorochrome). Two foliow-
up samples show the persistence of moderate MRD levels (0.9% and 0.4%) at the time of first complete
rernissicn (E.) and ning months after diagnosis (E5). respectively. At relapse (16 manths after diagnosis)
75% of AML biasts showed the aberrant immunophenotype again (E,).
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of the NG2 antigen in a subset of ALL and acute myeloid leukemias (AML) with MLL
gene rearrangements, respectively. Since ALL blasts frequently display compiex
aberrant immunophenotypic features, they fall into so-called ‘empty spaces’ outside
the multiparameter flow-cytometric dot plot templates of normal lymphoid cells in nor-
mal bone marrow and peripheral blood.34

Clonal immunoglobulin molecules are expressed by most chronic B-cell
leukemias and B-cell lymphomas, and can be identified by single immunoglobulin
light chain expression, i.e. immunoglobufin k or immunoglobuiin  (Tabte 1). Clonal
TCRaf molecuie expression is detectable with antibodies against the variable (V)
domains of TCRf chains, which together cover 85-75% of TCRap-pasitive cells, and
consequently aliow detection of monotypic VB domain expression in most TCRaf-
positive T-cell malignant disorders.57 Antibodies against the variable domains of
TCRy and TCRS chaing might contribute fo clonality assessment of suspect TCRyS-
positive T-cell proliferations, but their sensitivity is imited because of the limited num-
ber of vy and & variable domains.8

Cne pitfall of immunophenotypic MRD detection is that patterns of antigen
expression can change during the course of disease. This is a particular character-
istic of acute leukemias and may affect up to two-thirds of patients.® 10 Frequently,
leukocyte antigens are involved, which are not essential for MRD detection. In fact,
at least one leukemia-associated antigen combination is retained by leukemic cells
at relapse in more than 80% of patients.'0.11 Nevertheless, preferably two leukemia-
associated antigen combinations per patient should be used for immunophenotypic
MRD monitoring, in order to prevent false-negative results.

Immuneglobulin and TCR gene rearrangements as patient-specific
fingerprints’

During early differentiation of B and T-cells, the germline variable (V), diversity
(D) and joining (J) gene segments of the immunoglobulin and TCR gene complexes
rearrange. Each lymphocyte gets a specific combination of V-(D-)J segments that
codes for the variable domains of immunogiobulin or TCR molecules. The random
insertion and deletion of nucleotides at the junction sites of V, (D,) and J gene seg-
ments make the junctional regions of immunoglobulin and TCR genes into finger-
print-like sequences, which probably differ in each lymphocyte and thus also in each
malignant iymphoid disease. Therefore, junctional regions can be used as leukemia-
specific targets for PCR analysis of MRD. Such targets can be identified at initial
diagnosis in > 95% of patients with lymphoid malignant disease and in about 10% of
patients with AML (Table 1) by using various PCR primer sets (Figure 4). The PCR
products need to be analyzed for their clonal origin, e.g. by heteroduplex analysis or
by gene scanning, to confirm that they are derived from the malignant ceils and not
from contaminating normat cells with similar immunoglobulin or TCR gene
rearrangements.'2 Subsequently, the precise nucleotide sequence of the junctional
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Table 1. Application of MRD technigues in hemopoigtic malignancies.@

Disease Flow cytometric immunophenotyping PCR or RT-PCR analysis
category (sensitivity) (sensitivity)
Aberrant Igr/lgh distribution Junctional regions Chromosome
immunophenotypes  or TCR-V analysis of Ig/TCR genes aberrations
{10°3-10%) (1072-1p-3)b (103105} (104-10-8)¢

Precursor-B-ALL

- children 80-90% NA ~95% 40-50%
- adults 70-80% NA ~90% 35-45%
T-ALL
- children >05% 30-35%d >95% 10-25%
~ adults >95% ? ~80% 5-10%
Chronic B-cell rare (<5%) >95% >85% rare {<5%)
leukemias
Chronic T-cell rare (5-10%) 60-65%° ~95% rare (<5%)
leukemias
B-cell lymphomas rare (<5%) >95% 70-80%° 25-30%
T-cell lymphomas 20-25%° 50-60%< ~95% 10-15%
AML 70-90% NA ~10% 10-30%"
CML NA NA NA >95%

a. The percentages Indicate the applicability of the MRD techniques per category of hemopoietic malignancies; J.J.M.
van Dongen, unpublished results. NA = not appticable.

b. Sensitivity can be improved to 102 in triple labelings with specific markers like BCL2, cytoplasmic CD3, or ALK pro-
teins. :

¢. Only concern chromosome aberrations with fusion genes because of their detectability at the DNA level or RNA level,
such as t{14;18) with the BCL2-/GH fusion in some B-cell lymphomas, and t(2:5) with the NPM-ALK fusion gene in
some T-cell lymphomas.

d. Based cn the expression of TCRef molecules {20% of cases) or TCRyd melecules {~10% of cases); this information
is not avaifable for adult ALL.

e. Antibedies to TCR-V recognize 65% 10 70% of TCRef molecules and most TCRyS molecules.

f. Somatic mutations hamper primer annealing in some patients with B-CLL or B-cell lymphomas.

g. Mainly based on T-ALL-like immunophenotype in T-lymphoblastic lymphoma and NPM-ALK expression in ~50% of
large cell anaplastic lymphemas of T-cell lingage.

h. Frequency of PCR-detectable chromosome aberrations {with fusion genes) is age dependent: ~30% in childhood AML;
~20% in acult AML (<8C years); ~10% in elderly AML (>80 years); see also Table 2.

Abbreviations: B-ALL. B-cell lineage acute lymphoblastic leukaemia, T-ALL, T-cell lineage acute Iymphoblastic

leukaermia; AML, acute myeloid leukaemia, CML, chronic myeloid leukaemia: Ig, immunoglobulin; PCR, pelymerase

chain reaction; RT-PCR, reverse transcriptase PCR; TCR, T-cell receptor.
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100 bp junctional
region
Va2 D&3

- } . -
V32 primer / \ D33 primer

/ -4 TCCAGGG -2 l
3'GACGTCCCCGTTTICACGGTAAAGATCTAGATG 5

SCGCGTCGACCAAACAGTGCCTGTGTCAATAGG 3

V32-D33 PCR products

hybridization with junctional region probe {CTGTGATCCAGGGTCGGEGA)

Figure 4.

PCR target for MRD detection in a patient with precursor-B-ALL with a V$2-D33 rearrangement. The
specificity of the junctional region is based on the deletion of six nucleotides and the random insertion of
seven nuclectides (top panel). This sequence information was used to design a patient-gpecific junction-
al region probe. DNA from the ALL cells was diluted into DNA from normal blood moncnuciear cells (MNC)
and analyzed by PCR with V&2 and D33 primers. PCR products were size-separated on an agarose gel
(middle panel}, biotted onto a nylon membrane, and hybridized with the junctional region probe (inserted
nucleotides are underiined) (lower panel). In all diluticn steps and in the mononuclear cells, V32-D33 PCR
products were found, but only the first five dilution steps showed leukemia-derived PCR products, i.e. a
sensitivity of 10~ was reached.

regions should be determined. This sequence information allows the design of junc-
tionat region-specific oligonucleotides. These oligonuclectides can be used to detect
malignant cells among normal lymphoid ceils during follow-up of patients in two dif-
ferent ways. One uses the oligonucleotides as patient-specific junctional region
probes in hybridization experiments to detect PCR products derived from the malig-
nant cells {Figure 4). Alternatively, the junctional-region-specific aligonucieotide can
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be used as a primer to specificaily amplify the rearrangements of the malignant
clone.’2

During B-cell differentiation, immunoglobulin gene rearrangements can undergo
further rearrangement, or might be subjected to somatic hypermutation processes.
These events may modify PCR targets for MRD during the disease course and
potentially generate false-negative results — this should be taken into account in the
design of PCR strategies o detect MRD in ALL as well as for follicular B-cell malig-
nant diseases.

Breakpoint fusion regions of chromosome aberrations as leukemia-specific
markers

An advantage of using chromosome aberrations as tumor-specific PCR targets
for MRD detection is their stability during the disease course. However, many hemo-
poietic malignant diseases do not have specific chromosome aberrations that can be
detected by PCR (Table 1).

Chromosome aberrations can be used as targets only if the PCR primers are
chosen at opposite sides of the breakpoint fusion region, preferably within a distance
of < 2 kb. However, only in a few hemopoietic malignant diseases the breakpoints
cluster in a small area, enabling PCR-mediated amplification of breakpoint fusion
sequences at the DNA level. This is the case in {(14:18) in follicular-cell lymphoma,
where most breakpoints are clustered in a few small regions of the BCL2 gene,
which are next to one of the JH gene segments of the immuncglobulin heavy-chain
locus. Other examples include T-ALL-associated aberrations involving the TAL7Y
gene (Table 2). The nucleolide sequences of breakpoint fusion regions differ
between patients; therefore, these regions are unique patient-specific MRD-PCR tar-
gets, which can be reliably identified by use of patient-specific oligonuciectide
probes.

In most translocations, the breakpoints of different patients are spread over one
or more introns, which makes identification of breakpoint fusion regions at the DNA
level laborious and time-consuming. However, several malignant diseases with chro-
mosome aberrations have tumor-specific fusion genes, which are transcribed into
fusion-gene mRNA molecules that are similar in individual patients despite distinct
breakpoints at the DNA leve! (Figure 5).7° The most frequently occurring fusion
genes in acute leukemias are summarized in Table 2.13.14 Other examples include
BCR-ABL transcripts in the case of chronic myeloid leukemia (CML) and NPM-ALK
transcripts in anaplastic large-cell lymphoma with t(2;5). Bepending on the type of
chromosome aberration, sensitivities of 1072 to 10" can be reached with PCR.13
However, because of this high sensitivity, cross-contamination of reverse transcrip-
tase PCR (RT-PCR) products between patients’ samples is a major pitfall in PCR-
mediated MRD detection studies. Such cross-contamination is difficult to recognize,
since leukemia-specific fusion-gene RT-PCR products are not patient-specific.
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Table 2. Chromosome aberrations with fusion genes as PCR targets for MRD detection in acute
leukemias.?

Disease category Target Frequency of applicability®

Aberration (MRNA or DNA tevel)

children adults
Precursor-B-ALL
1(1;19}(q23:p13) E2A-PBX1 (MRNA) 5-8% 3-4%
1(4;11)(q21:923) MLL-AF4 (MRNA) 3-5%¢ 3-4%
1(9:22)(¢34:911) BCR-ABL (mRNA) 5-8% 25-40%
11q23 aberrations MLL fusion genes (mMRNA) 5-6% <5%
1(12:21)(p13:922) TEL-AMLT (mRNA) 25-30% 1-3%
TOTAL: 40-50% 35-45%
T-ALL
TAL7 deletion SIL-TALT (DNA or mRNA) 10-25% 5-10%
AML
(8:21){(g22;922) AMLT-ETO (mRNA} 10-15% 2-5%
Y(15:17)(q23,q21)¢ PML-RARA (mRNA} 8-10% 1-3%
inv{16)(p13g22) CBFB-MYHTT {mRNA) 5-8% 2-5%
11923 aberrations MLL fusion genes (MRNA} 15-20% 3-7%
TOTAL: 35-40% 10-20%¢

. Detection limit of PCR analysis of chromosome aberrations is 10~ to 10~5,

. Represent frequencies within the precursor-B-ALL, T-ALL, and AML groups.

. Ininfant ALL, the freguency of t(4:11) can be as high ag 70%.

. Mainly concern adult AML patients <80 years old. [n AML patients >60 years the total frequency of
PCR-detectable fusion genes is <10%.

e. In southern Eurcpean regions the frequency of 1(15:17) with PML-RARA is essentially higher than in

northern European regions.

B-ALL, B-cell lineage acute iymphoblastic leukaemia; T-ALL, T-celi lineage acute lymphoblastic

leukaemia; AML, acute myeloid leukaemia; PCR, polymerase chain reaction; MRD, minimal residual dis-

ease.

a0 oo

Quantification of MRD by use of PCR analysis

Whereas immunophenoctyping gives direct quantitative information, MRD quan-
tification by PCR analysis is a complex process. First, the isolated DNA or RNA must
be of good quality and have potentiai to be amplified. Furthermore, minor variations
in RT efficiency, primer annealing, and primer extension may lead to major variations
at the end of PCR, i.e. after 30—-33 PCR cycles. The difficulty of quantifying MRD in
follow-up samples can be partly overcome by comparison with serial dilutions of
leukemic-cell DNA or RNA from diagnosis into DNA or RNA of normal mononuciear
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Figure 5,

RT-FPCR analysis of BCR-ABL fusion gene transcripts for MRD detection. (A} Schematic diagram of the
exonfintron structure of the BCR and ABL genes invoived in £{8:22)(q34;q911). The centromeric (¢en) and
telomeric (tel) orientation, exon numbering, and relevant breakpoint regions are indicated. The old nomen-
clature for BCR exon 1 and ABL exons 2 and 3 is alse shown. (B} Schematic diagrams of the BCR-ABL
p190 type fusion gene transcripts. The numbers under the fusion gene transcript refer to the first (57
nuclectide of the involved exon, except when the last (3') nucleotide of the upstream gene is indicated.
The arrows indicate the relative position of the primers, the numbers refer to the 5' nuclectide position of
each primer. The outer primers A and B (BCR-g1-A and ABL-a3-B) are used for first round amplification
and the internal primers C and D {BCR-e1-C and ABL-a3-D) are used for the nested RT-PCR reaction.
Primer E Is the so-called 'shifted” primer used exclusively to confirm the positive resuits obtained with
A<>B primers. See reference 73 for detail of development of primers (C) Agarose gel electrophoresis of
first round amplification of serially diluted leukemic cells derived from a patient with precursor-B-ALL. In
the first round, RT-PCR products can be detected down to 1877 to 102 dilution mixtures. {D) Agarose gel
electrophoresis of a nested RT-PCR reaction of the same serially diluted samples. (E) Agarose ge!
electrophoresis of a control RT-PCR amplification using primers for the constitutively expressed ABL
gene.



Minimal residual disease in leukemia patients 59

cells. This diluticn series is run in parallel with the follow-up samples to estimate the
tumor load in each follow-up sample semiquantitaiively by comparison of the
hybridization signals.2 A more precise, but laborious, guantification method is based
on limiting dilution of MRD-positive follow-up samples.'® To make this assay reliable,
replicate experiments need to bé done o find out the amount of MRD. Another less
tedious strategy for quantification is ‘compeiitive PCR’, which uses an internal stan-
dard that is coamplified with the target. This technique compares the PCR signai of
the leukemia-specific target with that of known concentrations of an internal standard
(the competitor).’®

Recently, 2 new technology has become available, ‘real-time guantitative PCR’
(RQ-PCR). In contrast to PCR endpoint guantification techniques, RQ-PCR permits
accurate quantification during the exponential phase of PCR amplification. This
method has a very large dynamic detection range over five orders of magnitude,
thereby eliminating the need for serial dilutions of follow-up samples. Also, the quan-
titative data are quickly available since post-PCR processing is not necessary.
Therefore, RQ-PCR is suitable for the quantitative detection of MRD, by use of junc-
tional regions of immunoglobulin and TCR gene rearrangements, or breakpoint
fusion regions of chromosome aberrations as PCR targets (Figure 6).17.18

CLINICAL VALUE OF MRD MONITORING IN HEMOPOIETIC MALIGNANT
DISEASES

MRD monitoring in ALL for assessment of early treatment response

Several studies, mainly in children and based on immunoglobulin/TCR gene
rearrangements as FCR targefs for monitoring MRD, have shown that the most
important application of MRD monitoring in ALL is to assess initial responses to cyto-
toxic therapy.'9-22 | ow amounts or absence of MRD in bone marrow after induction
therapy seem fo predict good outcome, and the risk of relapse is proportional to the
level of MRD.19-22 Multivariate analyses showed that the level of MRD after induc-
tion therapy is the most powerful prognostic factor, independent of other clinically rel-
evant risk factors, such as age, blast count, immunophenotype, presence of chro-
mosome aberrations at diagnosis, and response to prednisone.20-22 The results from
the large prospective MRD study of the international BFM Study Group showed that
information on the kinetics of the decrease in tumor load after induction treatment
and before consolidation treatment, is more useful than analyzing MRD at one time
point (Figure 7).22 it makes distinctions between patients at low risk, with no MRD at
both time points (5-year relapse rate of 2%); patients at high risk, with intermediate
(10-3) or high (21072) MRD at both time points (5-year relapse rate of 80%); and
patients at intermediate risk (5-year relapse rate of 22%). The low-risk group is of
substantial size {about 45%), similar to the frequency of survivors of childhood ALL
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{A} Schematic representation of ViII-Kde rearrangement as MRD-PCR target in a patient with precursor-
B-ALL treated with the International BFM Study Group treatment protocol. The junctional region sequence
of this rearrangement had a deletion of 18 germline nucleotides and a2 random insertion of nine
nucleotides. Sequences and positions of the germiine Vxlll and Kde primers are indicated as well as the
patient-specific TagMan probe (with juncticnal region nucleotides underlined), which was used for RQ-
PCR znalysis (see ref.1” for details). {B) MRD kinetics during the follow-up of the patient measured by
RQ-PCR using the Vxlll-Kde gene rearrangament. Based on high MRD levels during the first two time
points this patient was classified into MRD-based high-risk group {see Figure 7). Although the patient
achieved an MRD-negative status during treatment, he relapsed after cessation of maintenance treat-
ment. D, diagnosis; |, induction treatment; C, consolidation treatment; Il, re-induction treatment; CR, com-
plete remissicn; R, relapse.

in the 1870s, before treatment intensification was introduced. This group might par-
ticularly profit from treatment reduction. On the cther hand, the high-risk group is
larger than any previously identified high-risk group in chifdhood ALL (about 15%)
and has an unusually high 5-year relapse rate of 80%. This group might benefit from
further intensification of treatment, including bone-marrow transplantation during first
remission or new treatment approaches.

Results from MRD studies based on flow-cytometric immunophenotyping were
similar. in a large series of studies in pediatric patients with ALL, Coustan-Smith and
colleagues2® showed that patients with high amounts of MRD (210-2) at the end of
induction phase (8 weeks) or moderate to high levels of MRD (>10-3) at week 14 of
continuation therapy, had particularly poor outcome. Mcreover, detectable MRD lev-
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Relapse-free survival of the three MRD-based risk groups of children treated for ALL according to proto-
cols of the International BFM Study Greup. The three risk groups were defined by combined MRD infor-
mation at the end of induction treatment (fime point 1) and before consolidation treatment {time point 2}.22
Patients in the low-risk group have ne MRD at both time points (43% of patients), patients in the high-risk
group have MRD degrees of =10-3 at both time points (15% of patients). and the remaining patients form
the MRD-based intermediate-risk group (43% of patients).

els (210™%) at each consecutive time point were associated with a higher relapse
rate. Thus, flow cytometric MRD monitoring also provides independent prognostic
information in children with ALL. Ciudad and colleagues?* showed that flow cyto-
metric detection of MRD was associated with refapse not just in childhood ALL, but
also in adult ALL .

Continuous MRD monitoring in ALL throughout chemaotherapy has shown that
steady decrease of MRD levels is associated with a2 favorable prognosis, whereas
persistently high or steadily increasing MRD levels generally lead to clinical
relapse.20-24 This information is of limited clinical value when compared with assess-
ment of early treatment response, but might be advantageous for high-risk patients
1o evaluate the effectiveness of bone marrow transplantation or alternative treatment
approaches. For example, no detectable MRD before bone marrow transplantation
seems to be a prerequisite for a successful outcome in childhood ALL patients.25

MRD detection in CML for pest-bone marrow transplantation monitoring

In virtually ali {>95%) CML patients, MRD monitoring can be performed by RT-
PCR detection of BCR-ABL fusion transcripts (Tabie 1 and Figure 5). The most rel-
evant clinical application of MRD in CML is the assessment of treatment response
after bone marrow transplantation, because virtually all patients on chemotherapy,
interferon-c. therapy, and the novel STI-571 therapy, remain RT-PCR positive. 16.26.27
After bone marrow transplantation, the vast majority of patients are PCR pasitive dur-
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ing the first 6-9 months, and in vitro experiments have shown that some BCR-ABL-
positive ceils keep their clonogenic potential. Negative PCR results within 1 year of
bone marrow transplantation indicate that disease has been cured, while patients
with positive PCR results more than 1 year after bone marrow iransplantation have
a significantly greater risk of relapse.® The group of high-risk patients could be iden-
tified with serial quantitative PCR analyses, which generally show increasing MRD
levels several months before hematological or cytogenetic relapse. Patients who
stay in remission generally have decreasing or persistently low MRD levels, but
some patients test positive for BCR-ABL mRNA up to 10 years after allogeneic bone
marrow transplantation.2® Quantitative MRD studies in CML have enabled the defi-
nition of molecular relapse after allogeneic bone marrow transplantation. It is equiv-
alent to rising or persistently high MRD levels (BCR-ABL/ABL ratio of > 0.02%) in two
consecutive specimens more than 4 months after bone marrow transplantation.29
Quantitative MRD analysis has also been used for monitoring the response to
immunotherapy, i.e. donor lymphocyte infusions for patients relapsing after allo-
geneic bone marrow fransplantation.30 Preliminary data indicate that such
immunotherapy is more effective when given at the cytogenetic or molecular relapse
phase, when the burden of disease is low. In responders, this early treatment can
lead to sustained negative PCR results.30

MRD detection in APL as example of continuous monitoring for treatment
titration

Current acute promyelocytic leukemia (APL) treatment protocols combine all-
frans-retinoic acid (ATRA) with consolidation chemotherapy. Most patients achieve
clinical remission, but 20-30% relapse. MRD studies in APL are based on RT-PCR
monitoring of PML-RARA fusion mRNA associated with t(15;17), which is present in
about 80% of APL patients. The results from several retrospective and prospective
RT-PCR studies in APL patients, showed variable MRD levels during chemaotherapy.
To get clinically relevant information, continuous prospective MRD monitoring is
required during the first 6—12 months after consolidation treatment. Reappearance
of detectable MRD in this time characlerizes patients at increased risk of relapse and
generally precedes hematological relapse at a median time of 2-3 months. This
information helped to define molecular relapse in APL, which is manifested by con-
version from negative to positive RT-PCR resuits in two successive bone marrow
samplings during follow-up.31 Patients treated at the time of molecular relapse have
much better 2-year event-free survival rates compared with patients treated at the
tfime of hematological relapse (92% versus 44%).32

Relevance of MRD detection in non-APL subtypes of AML
PCR targets for MRD investigation in AML subtypes other than APL are only
available in less than 20% of patients (Table 2). Therefore, the only MRD technique
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available for the vast majority of AML patients is flow cytometric immunophenotyp-
ing (Table 1). Multiparameter flow cytometry studies indicate that persistence and/or
increase of cells with leukemia-associated immunophenotypes precede hematologi-
cal relapse (Figure 3). This suggests that continuous MRD monitoring in AML could
be beneficial. However, three studies showed a strong prognostic association
between MRD levels at the end of induction treatment and the risk of AML relapse.
This is consistent with the estimation of early treatment response.33-3% San Miguel
and colleagues®* showed that the level of MRD detected both after induction and
intensification therapy, is associated with the risk of relapse, as well as with multidrug
resistance at diagnosis. In a more recent study involving 126 patients with AML,
early flow cytometric MRD analysis after induction therapy was used to identify dif-
ferent risk groups. Such information can contribute to post-induction treatment strat-
ification.®® The three-year cumulative frequency of relapse was 84% for high-risk
patients (MRD > 10-2), 45% for the intermediate-risk group, and 14% for the low-risk
group (MRD < 10-3). High MRD levels were also indicative of a poor prognosis when
APL and other AMLs were analyzed separately. Adverse cytogenetic subtypes,
necessity for two or more chemotherapy cycles to induce complete remission, and
high leukocyte counts at diagnosis, were all associated with high MRD levels.
Moreover, multivariate analysis showed that the MRD level was the most powerful
independent prognostic factor, followed by cytogenetics, and the number of cycles
required to achieve complete remission.36

The clinical value of the RT-PCR-based MRD studies in AML patients with either
t(8;21) or inv(18) is not certain. These chromosome aberrations are present in a
small subset of AML patients (10-20%) with a fairly good prognosis. Also, several
RT-PCR studies suggest that AML7-ETO or CBFB-MYH11 fusion transcripts are
detectabte in the bone marrow and peripheral blood of patients in long-term remis-
sion, while other research shows that the transcripts disappear in individuals in com-
piete remission.3740 Preliminary results from several semi-quantitative RT-PCR
and/or RQ-PCR studies indicate that a gradual reduction of fusion mRNA levels or a
change from positive to negative PCR results during the course of disease, is asso-
ciated with durable clinical remission. In contrast, persistently high MRD levels dur-
ing treatment are associated with hematological relapse.41

MRD detection in chronic B-lineage malignant diseases

MRD maonitoring is possible in virtually all mature lymphoid malignant diseases
through PCR analysis of immunoglobulin/TCR gene rearrangements and, to lesser
extent, by immunophenotyping (Table 1). The detection of MRD might be particular-
ly valuable in more aggressive disorders, which can be cured with intensive treat-
ment approaches including bone marrow transplantation,42.43

MRD data in B-CLL are preliminary, mostly retrospective, and lack obvious clin-
ical value. it is clear that MRD kinetics in B-CLL differs depending on the freatment
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protocol 42 Nevertheless, patients with high-risk B-CLL might profit from more pre-
cise treatment monitoring.

MRD detection might be particularly important in high and intermediate-grade
lymphomas, where circulating lymphoma cells are frequentiy found in bone marrow
and peripheral blood. The vast majority of ciinical studies have concentrated on fol-
licular tymphomas with t(14;18) using the BCL2-/GH fusion gene as a DNA target for
MRD-PCR analysis. Some studies showed that no detectable MRD during cytotoxic
treatment is associated with longer relapse-free survival*® In contrast, others
showed that there are circulating t(14;18)-positive cells in patients in long-term clini-
cal remission after therapy for localized foilicular lymphoma or even in healthy indi-
viduals. 4948 These data imply that positive results in sensitive BCL2-/GH PCR stud-
ies should be interpreted with caution. Further investigations and standardization
between [aboratories are needed to establish guantitative criteria for molecular
remission in follicular lymphoma, so that MRD informaticn may be used in clinical
decision making.

Patients with mantle-cell lymphoma continuously tested positive for MRD in bone
marrow and/cr peripheral biood during chemotherapy when /GH gene rearrange-
ments and BCL7-IGH fusion genes are used as DNA targets. In the majority of
patients, MRD levels varied betwsen 1072 and 1073, indicating significant resistance
to conventional chemotherapy regimens. 4’

CONCLUSIONS

Reliable quantitative PCR and immunophenotyping techniques are available for
MRD detection in patients with hemopoietic malignant diseases. Each MRD tech-
nique has its advantages and disadvantages, which have to be weighed up careful-
ly before making an appropriate choice for each disease category. False-positive and
false-negative results should be prevented and the MRD detection technigues
should be sufficiently sensitive. These requirements can generally be met with PCR
analysis of chromosome aberrations, if adequate precautionary measures are taken
to prevent cross-contamination of PCR products. PCR analysis of juncticnal regions
of immuneoglobulin/TCR gene rearrangements can be used in all categories of lym-
phoid malignant disease, and are highly sensitive. However, the ongoing and sec-
ondary rearrangements in ALL as well as continuing somatic hypermutation in a sub-
set of mature B-lineage malignant diseases, poses a risk for false-negative results.
Flow cytometric immunophenotyping is less sensitive than PCR-based MRD iech-
niques. However, this sensitivity can still be satisfactory for obtaining clinically rele-
vant information in some disease categories. Particularly in AML, immuncphenotyp-
ing is the only MRD detection technique available for the majority of patients.

Even when highly sensitive MRD detection techniques give negative results,
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there may still be malignant cells present. Each MRD test only screens 10% to 10°
cells, which is a tiny fraction of the total number of hemopoietic cells in a human
body. In addition, the distribution of low numbers of malignant lymphoid celis
throughout the body may nof be heomogeneous, so the cell sample may not be rep-
resentative.

Finally, the clinical impact of MRD detection in different hemopoietic diseases is
not the same. In ALL, the main application of MRD information is the evaluation of
early treatment response, with precise measurement of tumor-load reduction during
remission induction therapy. In contrast, in CML and APL, MRD levels have to be
monitored over a period of time before the information is clinically useful — it can then
be used for attuning treatment. By analyzing MRD in CML and APL, patients at high
risk of relapse can be identified at an early stage, when the tumor load is low
(molecuiar relapse) and when restarting treatment is more effective. This might also
apply in other subtypes of AML and mature lymphoeid malignant diseases. However,
further studies are required to fuily define the disease-specific ‘'MRD windows’ (iime-
span and minimal sensitivity) for obtaining clinically relevant MRD information in
AML, chronic lymphocytic leukemias, and malignant lymphemas. Furthermore, MRD
detection techniques can be applied for several other specific aims, like detection of
minimal central nervous system involvement in ALL, early diagnosis of leukemia and
lymphoma in patients with unexplained cytopenias, improved staging of lymphomas,
and the detection of malignant cells in autologous stem-cell grafts.
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CHAPTER 2.1

JUNCTIONAL REGIONS OF REARRANGED IMMUNOGLOBULIN
AND T-CELL RECEPTOR GENES AS LEUKEMIA-SPECIFIC
‘FINGERPRINTS’

The variable domains of the immunoglobulin (ig) and T-celt receptor (TCR) mol-
ecules are involved in antigen recognition and constitute the enormous antigen-spe-
cific receptor diversity of the immune system. Each variable domain is encoded by
two or more gene segments, which are joined to each other via gene rearrangement
processes during early lymphoid differentiation.’2 The combinations of variable (V),
diversity (D), and joining (J) gene segments and the combination of two protein
chains with different variable domains per antigen-receptor molecule determines the
so-called combinatorial diversity. The repertoire of ig and TCR molecules is further
extended by the so-called junctional diversity, which is based on deletion of germiine
nucleotides by trimming the ends of the rearranging gene segments and by random
insertion of nucleotides between the joined gene segments.’2

Consequently, the junctional regions of rearranged |g and TCR genes are unigue
“fingerprint-like” sequences, which are assumed to be different in each lymphoid cell
and thus also in each lymphoid malignancy.3# Therefore, junctional regions can be
used as tumor-specific targets for PCR-based detection of minimal residual disease
(MRD).57 For this application, the various clonal Ig and/or TCR gene rearrange-
ments have to be identified in each lymphoid malignancy at diagnosis by use of
selected PCR primer sets and distinguished from polyclonai rearrangements derived
from normal lymphocytes. For that purpose, we applied a modified heteroduplex
PCR technigue, which generated results largely comparable to Southern blotting,
which is considered as gold standard for Ig/TCR clonality assessment (see Chapters
2.2, 2.4 and 2.8).

This chapter presents PCR-based strategies for detection and identification of
lineage-specific and cross-lineage 1g/TCR gene rearrangements as molecular tar-
gets for MRD moritoring in acute lymphoblastic leukemia {ALL). Firstly, we devel-
oped a PCR approach for the detection of clonat incomplete DH-JH gene rearrange-
ments (see Chapters 2.3 and 2.7), since previous PCR studies in precursor-B-ALL
employing Vr-JH primer sets showed generally lower frequencies of /GH gene
rearrangements as compared fo Southern blot analyses.®19 Because /GH gene
rearrangements in precursor-B-ALL are frequently oligoclonal and thus potentially
unstable during the disease course,!! we evaluated the occurence of cross-lineage
TCR gene rearrangement patterns (see Chapter 2.4). We also developed a multiplex
PCR approach for identification and characterization of cross-lineage V62-Jo gene
rearrangements in precursor-B-ALL patients (see Chapter 2.5).
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In T-ALL, we focused on the comprehensive characterization of TCR gamma
gene rearrangements as principal MRD targets (see Chapter 2.6) in addition to pre-
viously characterized TCR delta gene rearrangements.’2 Immunobiology and MRD
applicability of cross-lineage /GH gene rearrangements in T-ALL were the subjects
of another study (see Chapter 2.7).

We also thoroughly characterized g and TCR gene rearrangerments in adult ALL
patients and compared them to rearrangement patterns in chiidhood ALL patients
(see Chapter 2.8). Particuiarly in precursor-B-ALL, we and others showed that the
gene rearrangement patterns seem to be age-related.’® Finally, information on Ig
and TCR gene rearrangement patterns in ALL provides insight in immunobiclogical
aspects of normal lymphopoiesis as well as in oncogenetic processes in early lym-
phoid precursors (reviewed in Chapter 2.9).
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CHAPTER 2.2

HETERODUPLEX PCR ANALYSIS OF REARRANGED T-CELL
RECEPTOR GENES FOR CLONALITY ASSESSMENT IN
SUSPECT T-CELL PROLIFERATIONS™
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ingrid L.M. Wolvers-Tettero, and Jacques J.M. van Dengen

Department of Immunology, Erasmus MC, University Medical Center Rotterdam,
Rotterdamn, The Netherfands

ABSTRACT

Molecular analysis of T-celi receptor {TCR) genes is frequently used to prove or
exclude cionality and thereby support the diagnosis of suspect T-cell proliferations.
PCR techniques are more and more being used for molecular clonality studies. The
main disadvantage of the PCR-based detection of clonal TCR gene rearrangements,
is the risk of false-positive results due to ‘background’ amplification of similar
rearrangements in polyclonal reactive T lymphocytes. Therefore, PCR-based cional-
ity assessment should include analyses that discern between PCR products derived
from monoclonal and polyclonal cell populations. One such method is heteroduplex
analysis, in which homo- and heteroduplexes resuiting from denaturation (at 84°C)
and renaturation (at lower temperatures) of PCR products, are separated in non-
denaturing polyacrylamide gels based on their conformation. After
denaturation/renaturation, PCR products of clonally rearranged TCR genes give rise
to homoduplexes, whereas in case of polyclonal cells heteroduplexes with hetero-
geneous junctions are formed.

We studied heteroduplex PCR analysis of TCR gene rearrangements with
respect to the time and temperature of renaturation and the size of the PCR prod-
ucts. Variation in time did not have much influence, but higher renaturation temper-
atures (>30°C) clearly showed better duplex formation. Nevertheless, distinction
between monoclonal and polyclonal samples was found to be more reliable at a
renaturation temperature of 4°C, using relatively short PCR products. To determine
the sensitivity of heteroduplex analysis with renaturation at 4°C, (c)DNA of T-cell
malignancies with proven clonal rearrangements was serially diluted in (c)DNA of

*Leukemia 1997; 11: 2192-2199 75
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polyclonal mononuctear peripheral blood cells and amplified using V and C primers
(TCRB genes) or V and J primers (TCRG and TCRD genes). Clenal TCRE and
TCRD gene rearrangements could be detected with 2 sensitivity of at least 5%,
whereas the sensitivity for TCRG genes was somewhat lower (10-15%). The latter
could be improved by use of Vy member primers instead of Vy family primers.

We conclude from our results that heteroduplex PCR analysis of TCR gene
rearrangementis is a simple, rapid and cheap alternative to Southern blot analysis for
detection of clonally rearranged TCR genes.

INTROBUCTION

Acute lymphoblasiic leukemias can easily be diagnosed by routine cytemorpho-
logic examination and/cr by immunophenotyping. The latfer is based on homoge-
nous expression of particular atypical leukemia-specific marker combinations, includ-
ing the expression of terminal deoxynucleotidyl transferase (TdT).13
immunophenotypic diagnosis of the more mature leukemias and lymphomas is gen-
erally more complex. in case of mature B-ceil proliferations, single immunoglobulin
{lg) light chain (i.e. Igx or Igk) expression as determined by immunophenotyping, is
indicative of the presence of a clonal B-cell population.4® However, clonality of sus-
pect mature (TdT-negative) T-cell proliferations is difficult to establish by
immunophenotyping, because of the absence of tumor-specific markers. As lym-
phoid leukemias and lymphomas can be considered as malignant counterparts of
normal T-cells in their various differentiation stages,®” most T-cell malignancies con-
tain rearranged T-cell receptor (TCR) genes. Similar 10 other neoplasms, T-cell
malignancies are derived from a single malignantly transformed cell, implying that
the TCR gene rearrangements within all the malignant cells are identical. Molecular
analysis of TCR genes is therefore generally performed to prove or exclude clonali-
ty.8-12 So far, this mainly concerned Southern blot analysis, which is a reliable
method, if proper probe/restriction enzyme combinations are used.’0'! Because
Southern blot analysis of TCR genes is time-consuming and igbor-intensive, PCR
techniques are frequently being used as alternatives.

Although PCR techniques can be sensitive and fast, there are two major draw-
backs in diagnostic clonality studies of TCR genes. Firstly, the possibility of identify-
ing clonal rearrangements by PCR is limited by the ¢hoice of primers. Incomplete V-
D or D-J rearrangements (in case of TCRB and TCRD genes) will remain undetect-
ed if only V and J primers are used. Furthermore, rearrangements involving particu-
lar V gene segments (for the TCRB genes) might remain undetected when only con-
sensus primers are used, The second more important drawback is the risk of false-
positive results due to ‘background’ amplification of similar rearrangements in poly-
clonal, reactive T lymphocytes. The latter implies that PCR analysis is not sufficient
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for clonality assessment, unless it is followed by analyses that discern between PCR
products derived from polyclonal and monoclonal T-cell populations. Methods that
have been applied to solve this PCR ‘background problem’ include: direct sequenc-
ing of the PCR products,13.14 single-strand conformation poilymorphism (SSCP)-
based analysis, 1€ denaturing gradient ge! electrophoresis (DGGE),17-20 heterodu-
plex analysis, 2123 temperature gradient gel electrophoresis (TGGE), 24 and gene
scanning analysis.2528 From these techniques, heteroduplex analysis is probably
the simplest, fastest, and cheapest method for analysis of PCR products of
rearranged TCR genes,

In heteroduplex analysis, PCR products are denatured at high temperature and
subsequently renatured to induce hemeo- or heteroduplex formation. Originally the
heteroduplex technique was designed for mutation detection in genetic diseases.
However, it has been shown in several reporis that it can also be applied for analy-
sis of PCR products from TCR gene rearrangements.21-23 Usage of heteroduplex
analysis enables discrimination between PCR products derived from monoclona!
and polyclonal lymphoid cell populations, based on the presence of homoduplexes
{(PCR products with identical junctional regions) or a smear of heteroduplexes
(derived from PCR products with heterogeneous junctional regions), respectively
{Figure 1). In this report heteroduplex analysis of rearranged TCR genes is studied
with respect to time and temperature of renaturation and the size of the PCR prod-
ucts in order to further optimize the applicability of this technique and to determine
its sensitivity for clonality assessment in suspect T-cell proliferations.

MATERIALS AND METHODS

Cell samples

Cell samples were obtained from several TCRy3™* T-cell acute lymphoblastic leukemias (T-ALL) and
TCRafp™ T-cell large granular lymphocyte (T-LGL} proiiferations, containing >90% of malignant cells at ini-
tial diagnosis. Clonality of the T-cells was proven with Scuthern biot analysis of TCR genes.’0
Mononuciear cells (MNC) were isolated from peripheral blood (PB) or bone marrow (BM) by Ficoll-Pague
(density: 1.077 g/ml: Pharmacia, Uppsala, Sweden) density centrifugation. The cell samples were frozen
and stored in iguid nitrogen.

DNA isolation, RNA isolation, and reverse transcriptase (RT) reaction

DNA was isolated from frozen MNC as described previously.’? Total RNA was isolated essentially
according 10 the method of Chemezynski.2® ¢DNA was prepared from mRNA as described before,20using
oligo(dT) and AMV reverse transcriptase.

(RT-)PCR ampiification

PCR was essentially performed as described previously ! In each 100 pl PCR reaction 0.1-1 ug DNA
sample, 12.5 pmol of 5" and 3° oligonuciectide primers, and 1 U Tag polymerase (Perkin-Eimer Cetus,
Norwalk, CT, USA) were used, The oligonucleotides used for amplification of TCRG and TCRD gene
rearrangements were publishad before. 2 For TCRB RT-PCR amplification cDNA (5 pl out of 20 ul RT
regction volume) was amplified in 100 pl reaction mixtures, containing 12.5 pmol of 5 and 3’ primers and
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Schematic diagram of the hetercduplex analysis technigue. in order to discern between PCR products
derived from monocclonal and polyclonal lymphoid cell populations, the junctional region heterogeneity of
PCR products of rearranged ig or TCR genes can be studied by heteroduplex analysis. In heteroduplex
analysis PCR products are heat-denatured and subsequently rapidly cocled fo induce duplex (homo- or
heteroduplex) formation. In celi samples which consist of clonal lymphoid celis, the PCR products of
rearranged lg or TCR genes give rise to homoduplexes after denaturation and renaturation, whereas in
samples which contain polycional lymphoid cell populations the single-strand PCR fragments will mamly
form heteroduplexes upon renaturation (left part). In case of admixture of monoclional cells in a polyclon-
al background, both hetero- and homeduplexes are formed. Because of differences in conformation,
homo- and heteroduplexes ¢an be separated from each other by electrophoresis in non-denaturing poly-
acrylamide gels. Homoduplexes with perfectly matching junctional regions migrate more rapidly through
the gel than hetercduplex moiecules with less perfectly matching junctional regions. The latter form a
background smear of slower migrating fragments (right part).

1 U Taq polymerase. An RT-PCR procedure with a single Cf primer in combination with 30 VP family-spe-
cific framework 3 (FR3) primers was set up, in order to avoid differences in primer annealing to the mem-
bers of the 25 well-defined VB families when using a consensus Vp primer.®2 The VB family-specific
primers as well as the CB primer used for this TCRB RT-PCR were adapted from Gorski et al.33 All
oligenucleotides were synthesized on an ABI 392 DNA synthesizer (Applied Biosystems, Foster City, CA,
USA) using the solid-phase phosphotriester method. PCR conditions were 1 min at 94°C, 1 min at 55° to
85°C, and 2 min at 72°C for 30 to 40 cycles using a Perkin-Elmer thermal cycler {Perkin-Elmer Cetus}.
After the last cycle an additional step of 7 min at 72°C was performed for final extension. RT-PCR condi-
tions were 1 min at 94°C, 1 min at 65°C, and 2 min at 72°C for 35 cycles, also follewed by a final exten-
sion step (7 min, 72°C).

Heterodupiex analysis

For heteroduplex analysis, the PCR or RT-PCR products were denatured at 84°C for § min, after the
final cycle of amplification, and subsequently cooled (to a lower temperature) to induce duplex forration.
This renaturation step was performed at different temperatures {range 4-40°C) for different time periods
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(range 15-60 min). After duplex formation the hetero- and/or homoduplexes were immediately loaded on
6% nen-denaturing polyacrylamide gels in 0.5 x Tris-Boric acid-EDTA (TBE) buffer, run at room tempera-
ture, and visualized by ethidium bromide staining. Pstl-digested lambda DNA was used as a size marker,

RESULTS

Influence of renaturation time and temperature on duplex formation

To find the optimal conditions for renaturation in heteroduplex analysis, the influ-
ence of both time and temperature of renaturation was studied for PCR products of
rearranged TCR genes. For this purpose we used DNA from a TCRy3* T-ALL patient
with biallelic \Viy8-Jv2.3 rearrangements. As both TCRG gene rearrangements in this
patient invalve the same gene segments, PCR amplification with Vy! and Jvy1.3/2.3
primers?2 resulted in almost identical PCR products of around 450 bp. The two prod-
ucts only differed in their junctional regions. The heterogeneity was characterized by
a 13 bp-size difference and a difference in nucleotide composition. Upon denatura-
tion and renaturation of these PCR products, four double-strand fragments were
formed. These included two homoduplexes, representing the two PCR amplified
rearranged alleies, and two distinct heteroduplex molecuies resulting from renatura-
tion of single-strand fragments of the PCR products from the twa different alleles
(Figure 2).

Following PCR ampiification with Vyl and Jy1.3/2.3 specific primers, heterodu-
plex analysis was performed at variable renaturation temperatures to compare the
degree of duplex formation on polyacrylamide gels. When renaturation was per-
formed for one hour at relatively high temperatures (30°C or 40°C) the two homodu-
plexes and the two slower migrating heteroduplexes were clearly detectable (Figure
2). After renaturation at room temperature {22°C), duplex formation was not com-
piete, as slow-migrating single-strand products were also visible. At renaturation
temperatures of 10°C or 4°C, single-strand fragments were even more clearly pres-
ent in parallel with a lower intensity of the duplex band (Figure 2). This is probably
due to the slower renaturation process at these lower temperatures. Analysis of bial-
lelic Vy8-Jy2.3 rearrangements (11 nucliectides size difference) from a second
TCRy8™ T-ALL patient revealed a similar pattern of duplex bands and single-strand
products. Analysis of bialielic V§1-J481 PCR products (around 450 bp, with a size dif-
ference of 33 nucleotides) in the latter patient sample also showed a comparable
effect of temperature on duplex formation. Interestingly, in all cases the singte-strand
fragments showed different migration patterns at the different renaturation tempera-
tures, suggesting that the conformation of single-strand DNA products is also tem-
perature-dependent.

To test the effect of renaturation time on duplex formation, several different
TCRG and TCRD gene rearrangements were amplified and subsequently denatured
and renatured for different time periods (15-60 min.). However, in contrast to the dif-
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Analysis of the influence of the renaturation temper-
ature on duplex formation of (biallefic) TCRG PCR
468 - products from T-ALL DNA. After amplification of the
clonal TCRG rearrangements with Vi and Jvy1.3/2.3
448 - primers, PCR products were denatured for 5 min at
94°C and renatured for 1 h at the indicated renatu-
ration temperatures. Electrophoresis was performed
in 6% non-denaturing polyacrylamide gels, using
Pstl-digested lambda DNA as size marker. As a
389~ result twe homo- and two heteroduplexes can be
identified. At higher temperatures (>30°C) the renat-
uration process is {almost) complete, whereas upon
264 - renaturation at lower temperatures single-strand
247 - fragments can still be identified as more retarded

fragments. ss, single-strand fragments; he, het-
Vil - Jy1.3/2.3 eroduplexes (of ¢lonal origin; ho, homoduplexes.

ferences observed upon variation in renaturation temperature, differences in time of
renaturation (at a given temperature) did not have much effect on duplex formation
(data not shown). rrespective of the type of PCR product and the renaturation tem-
peratures, maximum levels of homo- and heteroduplexes were generally observed
after 30 to 45 min of renaturation. Duplex formation was only slightly lower after 15
min of reannealing. This illustrates that the degree of duplex formation is largely
dependent on renaturation temperature rather than duration of the renaturation
process. To guarantee optimal renaturation, we used renaturation times of one hour
in all further experiments.

Influence of renaturation temperature and size of the PCR product on
clonality assessment

Although the above-mentioned results clearly indicate that duplex formation is
more optimal at higher renaturation temperatures, we wanted to know whether the
discussed denaturation/renaturation strategy can effectively be applied to discern
between monoclonal and poiyclonal cell populations. For this we took 100%, 20%,
and 0% dilutions of T-ALL DNA in polyclonal MNC DNA, PCR amplified the D&2-J81
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rearrangement, and subsequently performed heteroduplex analysis with renaturation
at either 40°C or 4°C for one hour. After renaturation the samples were kept on ice
until loading of the gel, using ice-cold loading buffer. The polyacrylamide gels were
run at room temperature.

The D§2-J81 rearrangement was amplified using a J31 primer in combination
with either one of two distinct D82 primers. The proximal primer, D32, is located rel-
atively close to the D82 gene segment, resulting in a PCR product of around 240
nucleotides, whereas the distal primer {D32up) lies far more upstream of the D32
gene segment (and even upstream of the D31 gene segment), giving rise to a2 much
larger PCR product of around 800 bp. These two different D32 primers were
employed to see whether the size of the PCR praduct might be an important deter-
minant for reliabie clonality assessment as well. Amplification with the D82up and
J&1 primers, followed by denaturation and renaturation at 40°C, resulted in clear
homoduplex bands of the expected size in the 100% and 20% leukemic samples, but
a band of comparable size was also observed in the healthy control MNC sample
(Figure 3A). When renaturation was performed at 4°C, the intensity of the homodu-
plex bands in the 100% and 20% samples was slightly lower (Figure 3A), as was
expected from the above described temperature experiments. Most importantly how-
ever, no homoduplexes were found in the control sample at this low renaturation
temperature. The problem of detecting a ‘false-positive’ homoduplex band in the
non-leukemic control sample could also largely be resolved when the more proximal
D32 primer was used for D82-J81 amplification (Figure 3B). Nevertheless, using this
smaller PCR product, a faint homoduplex band could still be detected within a back-
ground smear in the potyclonal control sample. The ‘false-positive’ homoduplex band
again entirely disappeared when renaturation was performed at 4°C (Figure 3B).
Similar results were obtained with VB-CB RT-PCR products of even smaller size
{around 200 bp), where renaturation at 40°C resulted in faint homoduplex bands that
disappeared when reannealing was performed at 4°C (data not shown). These
experiments showed that larger PCR products gave rise 1o sironger false-positive
homoduplex-like bands at 40°C renaturation, whereas renaturation at 4°C never
gave false-positive results.

Sensitivity of heteroduplex analysis for clonality detection

The above data suggested that a reliable distinction between monoclonal and
polyclonal samples by heteroduplex PCR analysis requires renaturation at a low
temperature (4°C). However, the initial experiments clearly indicated that duplex for-
mation is less optimal at lower temperatures, suggesting that the sensitivity of the
heteroduplex technique would be lowered by performing renaturation at 4°C. We
therefore performed dilution experiments for several targets to study the sensitivity
of detection of clona! homoduplexes upon renaturation at 4°C.

Firstly, sensitivity of clonality detection was determined for several frequently
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Figure 3.

Clonality assessment via heteroduplex analysis of TCR junctional regions. T-ALL DNA was serially dilut-
ed (100%, 20%, and 0%} in polyclonal MNC DNA. The clonal TCRD rearranged gene was subsequently
PCR amplified using either D82up and J&71 primers {A) or D32 and J&1 primers (8). The resulting PCR
products were subjected to heteroduplex analysis; denaturation {5 min, 94°C) was followed by renatura-
tion for 1 h at 40°C or 4°C. Samples were run in 6% non-denaturing polyacrylamide gels. FPstl-digested
lambda DNA was used as size marker. in case of the large PCR products (A} & homoduplex-like band
was visible in the polycional control sampie after renaturation at 40°C, but not at 4°C. Although less clear-
ly. this band was also visible upen renaturation of smaller PCR products (B) at 40°, but again disappeared
upen renaturation at 4°C. The single-strand fragments as visible in panel (B) (4°C) are not visible in panel
(A) due to the slow mobility of the larger single-strand fragments. ss, single-strand fragments: he, (smear
of) heteroduplexes; ho, homoduplexes.

occurring TCRG and TCRD gene rearrangements. Heteroduplex analysis of V§1-J31
and D3&2-J31 amplified products, using serial dilutions of several TCRy8™ T-ALL,
yielded clear homoduglex bands in samples containing only 5% tumor cells {Figure



Heteroduplex PCR analysis of TCR gene rearrangements 83

4A and 4B). Occasionally faint homeduplex bands were even observed in 1% dilu-
tions. Homoduplexes were never found when using polycional DNA, VyH{Vy9)-
Jy1.3/2.3 homoduplexes could also be detected with a sensitivity of around 5%
(Figure 5B). However, clonality detection of Vyl-Jy1.3/2.3 rearrangements by het-
eroduplex analysis tumed out to be more difficulf, resulting in a sensitivity of around
10% (Figure 5A). This limited sensitivity can probably be explained by the fact that
all rearrangements involving members of the Vyl family are amplified when using a
Vyl family-specific oligonuclectide primer. We therefore determined the detection
limit using Vvl member-specific primers to amplify TCRG rearrangements. This
resulted in improved detection of homoduplexes with a sensitivity of at least 5%,
which is at least two-fold better than in the case of the consensus Vyl family primer
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Figure 4.

Sensitivity of heteroduplex analysis for clonality detection of TCRD rearranged gene products. T-ALL DNA
was serially diluted in polyclonal MNC DNA. The clonal V31-J31 and D32-J31 rearrangements in this DNA
sample were amplified with specific primer sets, i.e. either V31 (A) or D32 (B) primers in combination with
a J&1 primer. The resulting PCR products were subjected to heteroduplex analysis (5 min, 84°C; 1 h 4°C)
prior to electrophoresis in 6% non-denaturing polyacrylamide gels. In both panels clonal homoduglexes
could be detected with a sensitivity of 1-5%. ss, single-strand fragments; he, (smear of) heteroduplexes;
ho, homoduplexes,
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(Figure 5A).

PCR analysis of TCRG and TCRD genes can easily be performed at the DNA
level because of the relatively limited number of V, (D), and J gene segments. As the
high number of VB and JB gene segments would require many different primer com-
binations, analysis of TCRB genes is often performed via RT-PCR with V[ family-
specific primers and a single Cp primer. Using this RT-PCR procedure, TCRB anaiy-
sis was performed on several T-LGL proliferations as well as TCRap™* T-ALL.
Subseguently, cDNA from clonal VP2, V7, and VB23 positive [ymphoproliferations
was serially diluted in polyclonal MNC cDNA and the PCR products were subjected
to heteroduplex analysis with renaturation at 4°C. Homoduplexes were clearly visi-
ble in the 5% dilutions, whereas in the 1% dilutions a faint homoduplex could still be
detected (Figure 6). in the polyclonai cODNA lane only a smear of hetérodupiexes was
seen.
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Figure 5.

Sensitivity of heteroduplex analysis for clonality detecticn of TCRG rearranged gene products. T-ALL DNA
was serially dituted in polyclonal MNC DNA, The clonal Vy8-Jv/2.3 and Vy9-Jv2.3 rearrangements in this
DNA sample were amplified with a family-specific V primer (Vyl) or 2 member-specific V primer (Vy8) in
combination with a Jy1.3/2.3 primer (A) and a Vyll primer in combination with a Jy1.3/2.3 primer (B). The
resulting PCR products were subjected {o heteroduplex analysis {5 min, 84°C; 1 h 4°C} before elec-
trophoresis in 8% non-denaturing polyacrylamide gels. Clonal Vil-Jy2.3 homoduplexes could be detect-
ed with a sensitivity of 1-5%. Sensitivity of detection of clonal Vvl-Jy1.3/2.3 duplexes was similar, provid-
ed that member-specific Viy primers were used. ss, single-strand fragments; he, (smear ¢f) heteroduplex-
&s; ho, homoduplexes.
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Sensitivity of heteroduplex analysis for clonality detection of TCRB rearranged gene products. T-LGL
cDNA was serially diluted in polyclonal MNC ¢DNA. After reverse transcription, the clonal VB-JB
rearrangement in this sample was amplified with specific primers, i.e. a family-specific V primer (V323) in
combination with a CB primer. The resulting PCR preducts were subjected to hetercduplex analysis (5
min, 94°C; 1 k 4°C) before electrophoresis in 8% non-denaturing polyacrylamide gels. Clonal hamodu-
plexes could be detected with a sensitivity of 1-5%. ss, single-strand fragments; he, {(smear of) heterodu-
plexes; hg, homoduplexes.

DISCUSSION

Southern biot analysis has long been the only reliable method for clonality
assessment in suspect lymphoproliferations, but over the iast years several PCR-
based methods have been devised as an alternative. One of the main difficuities of
PCR-based clonality detection is discrimination between monocional and polyclonal
PCR products. This problem can be solved by further analyzing the PCR products in
various ways, ranging from high resoclution polyacrylamide gel electrophoresis (fin-
gerprinting) and gene scanning2®-28 to DGGE17-20 and heteroduplex analysis.21-23

In heteroduplex analysis hetero- and homoduplexes, resulting from denaturation
and renaturation of PCR products, are separated in non-denaturing peolyacrylamide
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Calculated frequencies of clonal homoduplexes within the total pool of hetero- and homoduplexes, assum-
ing that duplex formation is a fully random process as it seems ¢ be at 4°C. The seven curves illustrate
that the frequency of normal polyclonal T-cells within the non-tumor ceil fraction (0%. 1%, 5%, 10%. 25%,
50%, and 100%) drastically influences clonal homoduplex fermation, since the frequency of clonal horned-
uplexes progressively decreases with the increase in the polyclonal T-cell frequency, The percentage of
clonal homoduplexes being formed by renaturation: of single strand fragments, was calculated accerding
to the formula H = M/(M+{100-M}.P/100) x M/(M+{100-M).P/100) x 100%, in which H is the percentage of
homoduplexes, M is the percentage of monoclonal T-cells, and P is the percentage of polyclonal T-cells
in the non-tumor fraction.

gels based on their conformation. The presence of clear homoduplex bands or a
smear of heteroduplexes enables discrimination between monoclonality and poly-
clonality, respectively (Figure 1). Therefore, heterodupiex analysis seems to be a
simple, rapid and cheap technique of PCR product analysis, which can be introduced
easily in most diagnostic laboratories, as no radioactive substrates are involved and
no expensive equipment other than ordinary laboratory tools is required.

The number of clonal homodupiexes that is formed upon renaturation of dena-
tured PCR products is related to the percentage of cional T-cells in the analyzed
sample (Figure 7). However, based on the assumption that random pairing occurs
between single-strand fragments of clonal and poiyclonal T lymphocytes, the pres-
ence of polyclonal T-cells in the same cell sample will lead to the formation of het-
eroduplexes. The more polyclonal T-celis are present in the sampie, the less homod-
uplexes (derived from menocional T-cells) are formed (Figure 7). Therefore, the sen-
sifivity of heteroduplex PCR anaiysis for identification of clonal T-cell populations
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between polycional T-celis is dependent on the detectability of (renatured) homodu-
plexes amongst heteroduplexas. To optimize the heteroduplex technique for clonali-
fy assessment in suspect T-cell proliferations further, we studied several assay
parameters, like the time and temperature of renaturation and the size of the ana-
lyzed PCR products.

The temperature at which the denatured fragments renature rather than the time
used for renaturation appeared o be an impartant determinant in duplex formation.
Duplex formation is more optimal at higher renaturation temperatures (4G°C) but
clonality analysis appears 1o be more reliable at lower temperatures (4°C), especial-
ly in case of small suspect cell populations. This is caused by the presence of a faint,
somewhat fuzzy homoduplex band in polyclonal conirol samples at 40°C, which is
absent when renaturation is performed at 4°C. We assume that the higher movement
of molecules at higher temperatures (e.g. 40°C) supports the non-random formation
of ‘non-clonal’ homoduplexes due to preferential pairing of ‘matching’ polyciona! sin-
gle-strand molecules. As a result many non-clonal homoduplexes with Gaussian size
distribution are present at this high temperature, causing the fuzzy homoduplex band
in polyclonal control samples (Figs. 3A and 3B). This problem of ‘false-positive’
homoduplex bands is more prominent in case of larger PCR products (=600 bp) than
in case of smaller (<250 bp) PCR products, in which the contribution of the junction-
al region is relatively high. It is our assumption that for large PCR products, in which
the contribution of the junctional region nucleotides to the entire size of the PCR
product is reiatively small, the resolution of the PAGE system was not sufficient to
discern between homoduplexes of identical size derived from clonal cells and differ-
ently-sized non-clonal homoduplexes derived from polyclonal cells. Furthermore,
large heteroduplex molecules with a few non-matching nucleoctides will differ only
slightly from homoduplexes in their mobility rate, since differences in electrophoretic
mobility between heteroduplexes and homoduplexes progressively decrease when
the PCR products become larger.

Heteroduplex analysis of TCR genes is thus a reliable technigue for clonality
assessment in suspect T-cell proliferations, provided that the appropriate conditions
are used, i.e. PCR products of preferably 150-250 bp and renaturation at 4°C.
Analysis of serial dilutions of tumor DNA in polyclonal contrel DNA, revealed sensi-
tivities of 1-5% for PCR products of TCRD gene rearrangements and also for RT-
PCR products of TCRB franscripts. in case of VylI{\Vv8)-Jy1.3/2.3 rearrangements a
sensitivity of 5% was achieved as well, but Vyl-Jy1.3/2.3 rearrangements showed
sensitivities of only around 10%. This reduced sensitivity is probabiy caused by the
high background of these rearrangements, as they frequently occur in normal
TCRap* T-cells (Figure 7). Use of Vv member-specific primers instead of a Vvl fam-
ily-specific primer can help to improve the sensitivity to at least 5% (Figure SA). The
less optimal duplex formation at 4°C could partly be compensated by prolonged
renaturation (24 or even 48 hours), without formation of false homoduplex bands in
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polyclonal control samples (data not shown). Increasing the renaturation time exten-
sively may thus help to improve the sensitivity of heteroduplex analysis, which seems
especially important for TCRG gene rearrangements. A detection limit of 1-5% for
most TCR gene rearrangements is similar to or @ven better than Southern blot analy-
sis. Moreover, the sensitivities that we reach under conditions that guarantee reliable
clonality assessment, are largely comparabie to those mentioned by other authors
who used serial dilutions in polyclonal MNC DNA and performed high resolution non-
denaturing PAGE?4 or DGGE.17-20

Sensitivities of around 5% are clinically relevant for initial diagnosis, but they are
certainly not sufficient for detection of minimal residual disease (MRD) in ALL
patients which requires sensitivities of 104 to 10%.3% It has been suggested that sen-
sitivities of 102 to 103 as deterrnined by PCR might be predictive for slow remission
upon chemotherapy,3% but such sensitivities cannot easily be reached via heterodu-
plex analysis of PCR products, unless most of the polycional T-cells are depleted
before DNA or RNA extraction. Nevertheless, heteroduplex PCR analysis of TCR
gene rearrangements is sufficiently sensitive for monitoring patients with chronic
T-cell leukemias as well as patients with oligocional T-cell proliferations in order to
predict the possible outgrowth of a dominant cell popuiation.

Heteroduplex analysis of rearranged TCR gene products can be a valuable
technigue in several other appiications as well. Proof or exclusion of the common
clonal origin of two distinct lymphoproliferations in one patient can be obtained upon
analysis of homo- and heteroduplexes after mixing PCR products of the two sam-
ples. Another application involves direct sequencing of homoduplex bands of PCR
amplified rearranged TCR genes which obviates the need for cloning in order o
sequence their junctional regions for MRD studies. Furthermore, heteroduplex analy-
sis can also be employed for studying the diversity of the TCR reperteire in immune
responses during infections or in zutcimmune disorders, as has already been report-
ed for the TCRB and TCRG genes.2%22 However, this application suffers from a few
technical limitations. Firstly, the heteroduplex method is more qualitative than quan-
titative; secondly, scarcity of material or iow frequencies of T lymphocytes in the stud-
ied celi sample may give rise 1o a kind of pseudo-oligoclonaiity or even pseudo-mon-
oclonality, which does not reflect the actuat heterogeneity.

We conclude from our data that the described PCR procedure of TCR gene
amplification foilowed by denaturation of the resulting PCR products and renatura-
tion at 4°C serves to assess clonality in suspect T-cell proliferations. This is espe-
cially the case when relatively short PCR products (150-250 bp) are analyzed.
Heterodupiex analysis of PCR products is a simple, rapid, and cheap alternative to
Southern blot analysis for TCR gene clonality assessment. Moreover, heteroduplex
analysis may even be superior to other methods like fingerprinting, DGGE, and gene
scanning, since no expensive equipment is needed, no radioactivity is involved, and
different conditions do not seem to be required for all different TCR gene primer
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combinations. Our current resuits suggest that this procedure is not only useful for
TCR gene analysis, but might also be applied for clonality assessment in suspect
B-ceil proiiferations via analysis of /GH, IGK, and /GL genes. However, one should
be aware that PCR studies of rearranged Ig genes in mature {post)follicular B-cells
might be hampered by the occurrence of somatic mutations.
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ABSTRACT

The IGH gene configuration was investigated in 97 chiidhood precursor-B-ALL
patients at initial diagnosis. Rearrangements were found by Southern blotting in all
but three patients (97%) and in 30 cases (31%) we observed oligoclonal /GH gene
rearrangements. Heteroduplex PCR analysis revealed at least one clonal PCR prod-
uct in all Southern blot-positive cases. In 88 patients (92%) complete V(D))
rearrangements were found, while incomplete D#-JH rearrangements occurred in
only 21 patients (22%). in 5% of cases the DH-JH rearrangements were the sole /IGH
gene rearrangements Sequence analysis of the 31 identified incomplete rearrange-
ments revealed preferential usage of segments from the Dn2, DH3 and DH7 families
(78%). While DH2 and DH3 gene rearrangements occur frequently in normal B-cells
and B-cell-precursors, the relatively frequent usage of DH7-27 (18%) in precursor-B-
ALL patients is suggestive of leukemic transformation during prenatal lymphopoiesis.
Among Jd gene segments in the incomplete DH-JH rearrangements, the JH6 seg-
ment was significantly overrepresented (61%). This observation together with the
predominant usage of the most upstream DH genes indicates that many of the iden-
tified clonal DH-JH gene rearrangements in precursor-B-ALL probably represent sec-
ondary recombinations, having deleted pre-existing DH-JH joinings.

The patients with incomplete Dr-JH gene rearrangements were frequently char-

*Leukemia 2001; 15: 1415-1423 o3
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acterized by hyperdipleid karyotype with additional copies of chromosome 14 and/or
by /GH cligoclonaiity. The presence of incomplete Dr-JK joinings was also signifi-
cantly associated with a less mature immunogenotype: overrepresentation of VHE-1
gene segment usage, absence of biallelic TCRD deletions, and low frequency of
TCRG gene rearrangements. This immature immunogenotype of precursor-B-ALL
with incomplete /GH gene rearrangements was not associated with more aggressive
disease.

INTRODUCTION

DH-JH joinings are assumed to be the first steps in the recombination process of
the immunoglobulin heavy chain ({GH) locus and represent one of the earliest events
in B-cell development (reviewed in Ref. 1). DH-JH joinings halimark the differentiation
of common lymphoid precursors into the B-cell lineage and are aiready found in
CD34*/CD19-/CD10* precursor cells.?® Most of the more mature
CD347/CD19%/CD10™* B-lineage precursors contain at least one DH-JH rearranged
allele and frequently also complete VH-(DH-)JH rearrangements, 34

Based on their immunophenotype, precursor-B acute lymphoblastic ieukemias
(ALL) are generally regarded as clona! malignant counterparts of normal
L£H34+/CD19%/CDB10™ B-lineage precursors in the bone marrow. in line with this
assumption, Southern blot studies have shown that >95% of precursor-B-ALL have
{GH gene rearrangements, that most of them contain immunoglobulin {Ig) kappa light
chain gene rearrangements (60%), and that even 20% of precursor-B-ALL have g
lambda light chain gene rearrangements.5% Newly diagnosed childhood precursor-
B-ALL are frequently oligocional and contain multiple /GH gene rearrangements
(30% to 40% of cases).®® These multiple /GH gene rearrangements are caused by
continuing rearrangement processes (e.g. continuing Vi to DH-JH joining) as well as
secondary rearrangements (e.g. Du-JH repiacements, VH replacemenis), which
result in one or more subclones.9-13

PCR studies in precursor-B-ALL employing Vr-JH primer sets showed generally
lower frequencies of IGH gene rearrangements as compared to Southern blot analy-
ses. 1418 This was assumed to be caused in large by the presence of incomplete Dh-
JH rearrangements. Two limited studies indeed revealed clonal DH-J4 rearrange-
ments in a total of 14 out of 19 precursor-B-ALL patients (74%) with biallelic
rearrangements in Southern blotting but no clonal Vr-(Dr-)JH rearrangements by
PCR.16-1° However, no systematic investigations have been published on the fre-
quency and types of ¢lonal Dr-JH rearrangements in a random group of precursor-
B-ALL patients. Most published data on Du-JH rearrangements in precursor-B-ALL
have in fact been obtained indirectly from the sequences of cional VH-{(DH-)JH join-
ings.?5-20 This limited information about DH-JH rearrangements is partly caused by



Dr-Ju gene rearrangements in pediatric precursor-B-ALL 85

the fact that the complete sequence of the Du region was published only recent-
y.21.22

In this study we aimed at a thorough analysis of DH-JH rearrangements in child-
hood precursor-B-ALL patients using combined Southern blot and heteroduplex
PCR analyses. We first determined the precise frequency of clonal Dr-JH rearrange-
ments in a non-selected series of 87 children with precursor-B-ALL. Secondly, we
correlated the presence of clonal incomplete DH-JH joinings with several immunobi-
ological and clinical features of these patients. Finally, we critically assessed the
potential application of clonal DH-JH rearrangements as PCR targets for monitoring
of minimal residual disease (MRD).

MATERIALS AND METHODS

Patients

Peripheral blood (PB) or bone marrow (BM) samples from 97 precurser-B-ALL patients were
obtained at initial diagnosis. The age distribution ranged from 3 months to 190 months. Four children (4%)
were infants (age <1 year). The diagnosis of precursor-B-ALL was made according to FAB and standard
immunophenotypic criteria.2®-25 Immunclogical marker anzalysis of the precursor-B-ALL revealed that four
(4%) were pro-B-ALL, 64 (66%) were common ALL, and 29 (30%} were pre-B-ALL. The status of chro-
mosome 14 was based on routine cytogenetics as available in the Dutch Childhood Leukemia Study
Group {DCLSG) database. Moest patients (91 out of 97) were treated according to the DCLSG ALL-8 treat-
ment protocols 26

Southern blot analysis

Mononuclear celis (MNC) were separated from PB or BM samples by Ficoll-Pague centrifugation
(density 1.077 gicm?; Pharmacia, Uppsala, Sweden). DNA was isolated from MNC, digested, and blotted
to nylon membranes as described previously.2” IGH gene rearrangements were studied by use of the 32P
labeled IGHJ6 probe (DAKO, Carpinteria, CA, USA) in Bgili and BamHU/Hindill digests.? In 88 patients
the configuration of the T-cell receptor (TCR) genes was established as previously reported .28

PCR amplification and heteroduplex analysis of PCR products

PCR was essentially performed as described previously.2931 In each 50ul PCR reaction 50 ng DNA
sample, 6.3 pmol of the §” and 3" oligonucieotide primers, and 0.5 U AmpliTaq Gold polymerase (Applied
Biosystems, Foster City, CA, USA) were used. The sequences of the 12 oligonucleotides used for ampli-
fication of complete Vh-Ju and incomplete Dh-JH gene rearrangements (Figure 1} were published
before 3233 |n addition 91 patienis were tested with a special VHB-J+ primer combination to identify
patients with V+8-1 gene rearrangements.32 PCR conditions were pre-zctivation of the enzyme for 10 min
at 94°C, followed by 35 cycles of 45 s at 92°C, 90 s at 60°C, and 2 min at 72°C using a Perkin-Elmer 480
thermal cycler (Applied Biosystems). After the last cycle an additional extension step of 10 min at 72°C
was performed. Appropriate positive and negative controls were included in all experiments.®!

In order to distinguish between polyclonal and monoclonal rearrangements, heteroduplex analysis of
the obtained PCR products was performed as described previously.3* In short, the PCR products were
denatured at 94°C for 5 min to obtain single-stranded PCR products. Subsequently the single-stranded
produets were cooled to 4°C for 60 min to induce random renaturation {duplex formation).?* In case of
monoclonal gene rearrangements homoduplexes are formed (identical junctional regions), whereas het-
eroduplexes are found in case of polyclonal gene rearrangements (heterogeneous junctional regions}.
The duplexes obtained were immediately loaded on 6% nen-denaturing pelyacrylamide gels in 0.5 x Tris-
Borate-EDTA (TBE} buffer, run at room temperature, and visualized by ethidium bromide staining in order
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to discriminate between the presence of rapidly migrating homoduplex bands or slowly migrating het-
ercduplexes smears; the remaining single-strand molecules migrate very slowly {Figure 2).

Segquence analysis of /GH gene rearrangements

Sequence analysis concerned both Vi-Jr and Dr-JH gene rearrangements in all patients in whom at
least one clonal incomplate DH-JH rearrangement was found by heterodupiex analysis. When heterodu-
plex PCR analysis revealed more than two ¢lonal bands i.e. either two homoduplexes, or an additional
upper band resulting from extension to downsiream JH segments, or a DH7-27-J11 germline band accom-
panying a DH7-27-JH rearrangement, homodupiexes were excised from the polyacrylamide gel and elut-
ed as described before.32 The eiuted PCR products were either directly sequenced or subjected to sec-
ond step PCR with the same primer pair to increase the amount of template for sequence analysis.
Sequencing was performed using the dye-terminator cycle sequencing kit with AmpliTag DNA polymerase
FS on an ABI 377 sequencer (Applied Biosystems) as described before.33 Vi, DH, and Ju segmenis were
identified using DNAPLOT software {W. Muller, H-H. Althaus, University of Cologne, Germany) by search-
ing for homology with all known human germline VH, DH, and JH sequences obtained from the VBASE
directory of human g genes (hitp://www.mrc-cpe.cam.ac.uk/imt-doc/).3%

Statistical analysis

Statistical analyses using the x2 test or Fisher's exacl test on a 2 x 2 table were performed for com-
parison of patient and disease characteristics (age, sex, white blood count at diagnosis, immunopheno-
type, DNA ploidy, the presence of cross-lineage TCR gene rearrangements, steroid response) between
precursor-B-ALL patients with DH-JH gene rearrangements (Du-JH-positive group) vs. patients without DH-

JH gene rearrangements (Dr-JH-negative group). A value of p < 0,05 was regarded to be statistically sig-
nificant.
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P

region

A

-

¥

$

VH-FR1 JH-CONSENsUS

primer primer
s 3 3 g
V17 TCTGGGGCTEAGGTGAAGAA COAGTCGCAGAGGAGTCCA

VHZ  ACCTTGAAGGAGTCTGETCCT

V3 GGGGGTCCCTGAGACTCTC

Vha/6 GCCCAGGACTEGTGAACGC

V5  CTGGTGCAGTCTGGAGCAG %
Ve  GTACAGCTGCAGCAGTCAGGT

$ -

D+ family primers
é 5 3

Dl ACT)CCAGGAGGCCCCAGAGTIATICA
M2 CAGCAGCTGGGCTOAGAGTCETETS

D3 CCTCCTCMAVCIGETCAGCCO(CTGEAGAT
DHe  CCCAGGACGCAGCACCIVGICTGTCAA
DH5  ACCCAGCCTCCTGCTGACCAGAS

DHE  CAGGCCCCCCANG)AACCAG(T/G)GATIT
Dv7  GGGCTGGGGTCTCCCACETGTITT

Figure 1.
Schematic diagrams of Vi-Dr-JH and De-JH junctional regions with primers for PCR analysis. The

sequence, approximate position and orientation (5 — 3°) of the VH family specific framework 1{Va-FR1)
and DH family specific primers as well as of the JH-consensus primer are indicated 32.32
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Event-free survival (EFS) was defined as the time from diagnosis to induction failure, relapse, death
in remission, or the occurrence of a second tumor. For patients event-free alive at the latest follow-up time
point (censored observations} EFS was calculated till this latest follow-up. Patients who did not achieve
remigsion, were included in the analysis and considered as treatment failures with EFS of { days. Survival
curves and standard errors were calculated according to the Kaplan-Meier method.

RESULTS

Southern blot configuration of IGH genes

Clonal /GH gene rearrangements were demonstrated by Southemn blot analysis
in 94 out of 97 precursor-B-ALL patients (97%). [n the other three patients monocal-
lelic (two cases) or biallelic (one patient) /GH deletions were assumed based on the
percentages of leukemic biasts and the reiative density of rearranged and germiine
bands. Biallelic rearrangements were found in 85 out of 97 patients (88%), in eight
patients the second /GH allele was deleted (8%). and only in a single patient the sec-
ond allele was in germline configuration. in 13 patients three and in two patients four
IGH gene rearrangements with Scuthemn blot bands of identical density were found
suggesting trisomy and tetrasomy 14, respectively. [n 30 out of 97 precursor-B-ALL
patients (31%) the presence of rearranged bands of different densities or additiona!
weak bands suggested oligoclonality.

Complete Vi-{Du-)JH and incomplete DH-JK rearrangements

Detailed heteroduplex PCR analysis of the /GH locus in the §7 precursor-B-ALL
patients was based on 12 primer combinations (Figure 1) theoretically covering the
majority of complete VH-(DH-)JH joinings and all incomplete Du-Ji rearrangements.
With this approach at least one clonal PCR product was demonstrated in all 84
patients with Southern blot detectable /GH gene rearrangements. However, in only
43 patients (46%) the number of clonal PCR products exactly matched the number
of Southern blot bands. In 45 patients (48%) the number of clonal homoduplexes
was lower as compared to the number of rearrangements in Southern blot analysis.
This concerned 29 patients with monoclonal /GH rearrangements and 16 patients
with oligocional IGH gene rearrangements. In contrast, in six patients (6%) the num-
ber of clonai homoduplexes exceeded the number of rearrangements in Southern
blot analysis. Five of these six patients were considered to have monoclonal {GH
gene rearrangements based on Southern blotting, which indicates that the addition-
al clonal PCR products most probably represented minor subclones, not detectable
by Southern biotting.

Clonal complete VH-{DH-)JH rearrangements were found in 88 patients (92%) as
exemplified in Figure 2, while incomplete Du-du rearrangements were demonstrated
in only 21 patients (22%) (exempiified in Figure 3 for the most frequently observed
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Dx-Jr couplings). In only five patients (5%} the incomplete DH-JH joinings were the
sole /GH rearrangements. Hence, 16 patients had both complete and incomplete
IGH gene rearrangements.

Usage of DH gene segments in incomplete DH-Jk gene rearrangements

in 21 patients with clonal DH-JH rearrangements we identified a total of 31 DH-Ju
joinings, including five of the Du-Dr-JH type. The frequencies of the different DH fam-
ily members found among the 36 identified DH sequences are summarized in Table
1. Usage of gene segments from the Drn2 and DH3 families was most prominent
(36% and 33%, respectively), with the Dx2-2 and DH3-9 gene segments being used
most frequently (each comprising 19% of all identified DH sequences) (Table 1 and
Figure 3). The single member of the DH7 family (DR7-27) is located most proximal to
the JH cluster and was also found in seven DH-JH Joinings (18%). Three rearrange-
ments (8%) contained DH segments of the DH1 family, whereas a single rearrange-
ment utilized the DHB-13 gene segment (Table 1). Taken together, 26 of the 36
rearranged DH segments (72%) belonged to the more upstream part of the Dr region
(Table 1).

The sizes of the Du-JH junctional regions ranged from 0 to maximaily 43

Precursor-B-ALL. patients
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Figure 2.

Heteroduplex PCR analysis in 17 precursor-B-ALL patients to distinguish between polyclonal and mono-
clonal IGH gene rearrangements. Using the VH3-Jr primer combination clenal homoduplexes were found
in the majority (16/17) of the presented precursor-B-ALL patients. ho, position of homodupiexes; he. het-
eroduplexes; ss, single strand PCR products.
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Table 1. Usage of different DH families and gene segments in incompiete DH-Ju gene
rearrangements in childhood precursor-B-ALL

New family name? Qld family name? Number and frequency Segments used
of rearrangements

Dr1 DM 3 {8%) Dui-1: 2
DH1-7: 1

DH2 DLR 13 (36%) DH2-2: 7
DH2-8: 3
Du2-15: 2
DH2-21: 1

DH3 DXP 12 (33%) De3-3: 3
DH3-2: 7
Du3-10: 2

DH4 DA 0 -

DnS DK 0 -

DH& DN 1(3%) DHB-13: 1

Dw7 DQ52 7 (18%) DH7-27: 7

a. The new nomenclature is derived from Corbett et al.2", whereas the old nomenclature is according to
Ichihara et al.*?
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Figure 3.
Heteroduplex PCR-based detection of incomplete Drn-JH gene rearrangernents in several precursor-B-

ALL patients. As illustrated, the usage of gene segments from the DH2, DH3, and D+7 families was most
prominent.



100 CHAPTER 2.3

nucleotides with an average of 8.1 nucleotides. Seven out of 31 Dh-JH junctions
(23%) in six patients did not show any randomly inserted N-region nucieotides.

Usage of Ju gene segments in incomplete DH-Ju gene rearrangements

The frequencies of different Ju gene segments in the 31 Du-JH gene rearrange-
ments are summarized in Table 2. Remarkably, the JHE gene segment was found in
more than 60% of the joinings. followed by Jr4 and Ju5, each occurring in 16% of
cases. The JH3 gene segment was found in two Dr-JH gene rearrangements (7%),
while the two most upstream JH1 and JHu2 genes were not utilized in the 31 analyzed
ncomplete DH-Ju joinings.

Sequences of complete Vu-{Du}-Ju gene rearrangements in precursor-B-ALL
patients with incompiete Dr-Ju gene rearrangements

A fotal of 27 VH-(Dr)-JH sequences were identified in the 18 precursor-B-ALL
patients showing both complete VA-Jx and incomplete DH-JH gene rearrangements.
This series of 16 patients included 10 oligoclonal patients. Remarkably, the most
downstream VH6-1 gene segment was found most frequently, i.e. in 10 sequences
(37%), while 12 different VH gene segments were used in the remaining 17
sequences. Because of the unexpectedly high frequency of the VHB-1 gene segment
in the Dr-JH-positive group, we also performed a VHE-JH specific PCR analysis (see
ref. 32) on 70 patients of the Dr-JH-negative group and found that the VHB-1 gene
segment was utilized in cnly 11% of IGH rearrangements in the Dh-JH-negative
group, which is significantly less than in the Dr-Jr-positive group {p < 0.01).
Table 2. Usage of Ju gene segments in complete and incomplete /GH gene rearrangements in

kuman BM precursor-B-cells, PB B-lymphocytes, precursor-B-ALL, and in cross-lineage
IGH gene rearrangements in T-ALL.

JH segment  Human BM Human PB Precursor-B-ALL Precursor-B-ALL T-ALL
precursor-B-cells B lymphocytes VH-DH-JHE DH-JH VH-DH-JH and

VH-DH-JH3 VH-DH-JHP DH-Jud

(n=863} (n=111) {n=68) {n=31) {n=39)}
JH1 0% 1% 2% 0% 13%
JH2 4% 0% 2% 0% 15%
JH3 14% 9% 11% 7% (2) 10%
Jr4 32% 53% 32% 16% (5) 33%
JH5 17% 15% 22% 16% (5) 8%
JHB 33% 22% 32% §1% (19) 21%

a.Raaphorst et al 43
b. Yamada et al.37

c. Steenbergen et al.1?
d. Szezepariski et al 32



Du-Jdr gene rearrangements in pediatric precursor-8-ALL 101

Sequence analysis helped to establish the relationship between VH-(DH}-JH and
DH-JH gene rearrangements in the DH-JH-positive group. In four of the ten oligoclion-
al patients and also in three monoclonal patients 2 common D-J stem was identified
in VH-(DH)-JH and DH-JH joinings indicating ongoing VH to DH-JH joining (see exam-
pies in Table 3}. in another four of the ten oligoclonal patients the Vi-(DH)-JH and Dh-
JH sequences were not related, which might be caused by secondary rearrange-
ments, which replaced pre-exisiing rearrangements. In the last two patients, the
oligoclonality was based on the presence of two rearranged bands of different den-
sity on Southern blot analysis; in one of the two patients the identified sequences
were not related and in the other patient the type of relation could not be established
because one of the IGH rearrangements remained unidentified.

{GH gene configuration and chromosome 14 status in precursor-B-ALL
patients with incomplete DH-JH gene rearrangements as compared to
DH-Ju-negative patients

Based on Southern biot analysis, 10 of the 21 precursor-B-ALL patients with
incomplete Dr-JH rearrangements were classified as oligoclonal (48%), which is
markedly higher than in the DH-JH-negative group (19 of 76 patients, 25%). In addi-
tion, five DH-JH-positive patients {24%) were assumed fo have trisomy 14 and one
patient probably had tetrasomy 14, based on the presence of three or four
rearranged bands of equal density on Southern biot analysis. Although these fre-
guencies are higher than in the Dr-Jr-negative group, the differences did not reach
statistical significance. However, patients with monocional biallelic IGH gene
rearrangements were significantly underrepresented in the Ds-Ju-positive group
(24% vs. 59% in the Dr-Jr-negative group, p < 0.01).

Cytogenetic analysis revealed the presence of additional copies of chromosome
14 in 23 out of 83 patients {28%) with conclusive cytogenetic data (Table 4). Trisomy
14 and tetrasomy 14 were demonstrated in nine and one of 18 DH-JH-positive
patients with conclusive cytogenetic data (56%) as compared to 12 and one out of
65 Dr-JH-negative cases (20%, p < 0.01). The presence of additional copies of chro-
mosome 14 was correctly anticipated by Southern biot data in seven of the 23
patients. Nine patients showed monoclonal biallelic /GH rearrangements, which
might indicate that the additional copies of chromosome 14 in these cases charac-
terized minor subclones. In the remaining seven patients the Southern blot based
IGH configuration was oligoclonal. interestingly, two of these oligocional cases were
classified as biclonal based on the presence of two rearranged bands of different
densities in Southern blotting. In both patients two clona!l VH-(DH)-JH rearrangements
were demonstrated by heteroduplex PCR analysis. This suggests that trisomy 14 in
these patients resulted from duplication of a chromosome 14 with an existing
rearranged /GH gene. In another two oligoclonal patients and in at least three mono-
clonal cases with trisomy 14, the sequence analysis revealed identical DH-JH stems



Table 3. Examples of junctional region sequences of /IGH gene rearrangements in patients with incomplete DH-JH recombinatlions and
oligoclonal IGH gene configuration due to ongoing Vi to DH-JH Jolnings.

VH gene N-region VH/DH gene N-region Dh gene N-region Jd gene
Patient 5498
DH2-2 (-1} AAG (-7) Du&-13 (0) CGGGGATG (-6) Jusb
VHB-1 (-6) GAGGGAGGG  (-14) DH2-2 (-1} AAG (-7) Du6-13 (0 CGGGGATG (-8} JHBbL
DH3-3 (-5) CCTAATCCCTCTTATAC (-7) DW1-7 (0) CCACGAGA {-8) JHBb
VH5-51 (+2) GG (-5) DH3-3 (-5} CCTAATCCCTCTTATAC (-7) DHi-7 (0) CCACGAGA (-6) Judb
Palient 5565
DH3-10 (-6) GG {-10) Ju6b
VHE-1 (-1) CGGG (-6) Dr3-10 (-8) GG {-10) Jubb
VH1-3 (0) AGGGAC (-6) DH3-10 (-8) GG (-10} Jndb
VHB-1 (-1} GG (0) Du3-16 (-4) CTCCCTCAGACGCTCCAAA (-6) Jndb
Palient 5696
DH2-2 (-3) TTGAAGTGACGGTATTAC-
GACCTCGCCTAGGCTTCCCCGT  {-4) Jubb
DH2-2 (-7) TGCCCCTCCGAGGTTCTCTTT-
GACCTCGCCTAGGCTTCCCCGT  (-4) Jubb
VH1-3 (0} TGTAC (-4) DH2-2 (-7} TGCCCCTCCGAGGTTCTCTTT-
GACCTCGCCTAGGCTTCCCCGT (-4) Juéb
DH2-2 (-4) CGACGCTTG (-10) Ju6c
VH3-11 (-1)  CTCCCATCAGAGTA (-13yDH2-2 (-4} CGACGCTTG {-10) Jugc

0l

£¢C Y3 LdYHD
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in at least two of the rearrangements. Apparently, in these patients the chromosome
duplication developed after the incomplete Dr-JH recombination, but before ongoing
VH to Dr-JH joining. Finally, in two oligoclonal cases the sequences of /GH
rearrangements were completely unrelated, which is indicative of duplication of chro-
mosome 14 as a very early event preceding recombination in the /GH locus.

TCR gene configuration in precursor-B-ALL patients with incomplete DH-JH
gene rearrangements as compared to Du-Ju-negative patients

Cross-lineage TCR gene rearrangements were found in 66 of 88 (86%) DH-Jk-
negative patients and in 17 of 19 (90%) of Dr-Jr-positive patients. However, detailed
TCR gene rearrangements patterns significantly differed between the two groups.
TCR gamma (TCRG) gene rearrangements were observed in only two DH-JH-posi-
tive patients (11%) as compared to 49 Dn-Jr-negative patients (71%, p < 0.01).
Although the recombination in TCR alpha/delta locus occurred with similar frequen-
cies in both groups {approximately 90% of patients), it rarely concerned TCR delfa
{TCRD) deletions in the DH-JH-positive group: monoallelic deletions in two patients
{11%) and no biallelic deletions. This was in striking confrast (p < 0.01) fo the Da-Jk-
negative group, where monoallelic and biallelic deletions were found in 15 (28%) and
21 patients (30%), respectively. Finally, TCR beta (TCRB) gene rearrangements
were slightly less prevalent in the Dr-Jr-positive group (4/19 patients, 21% vs. 26/69
DH-JH-negative patients, 38%; not significant) and exclusively concerned monoallel-
ic incomplete DB-JB2 rearrangements. in striking contrast, TCRB gene rearrange-
ments were biallelic in 50% (13/26) of Dh-JH-negative patients, while compiete VB-
JB2 joinings were found in 88% (18/26) of patients.

Clinical and laberatery characteristics of Du-Jr-positive patients

Clinical and laboratory characteristics of Dh-JH-positive vs. Dh-JH-negative
patients are summarized in Tabie 4. The two patient groups showed similar age and
sex distribution. The only significant clinical difference concermed the frequency of
infant ALL, which comprised 14% (three cases) of DH-JH-positive precursor-B-AlLL
as compared to 1% (one case)} of DH-JH-negative patients (p <0.05). However, owing
1o the low frequency of infant ALL this difference should be interpreted with caution.
Both Du-Ju-positive and Dr-JH-negative groups showed similar distribution of pre-
cursor-B8 immunophenotypes. Sirikingly, cytogenetic and DNA index analyses
demonstrated a stafistically significant overrepresentation of patients with hyper-
diploidy =50 chromosomes and increased DNA index (1.16) in the DH-JH-positive
group (40-50% as compared to 20% in Dr-JH-negative patients; p < 0.01}. The strat-
ification into the three treatment risk groups was comparable between the DH-JH-
positive and the Dr-JH-negative patients. Both groups shawed similar early treat-
ment response to prednisone. Finally, the presence of incomplete DH-JH rearrange-
ments influenced neither the event-free survival nor the overall survival (Figure 4).
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Table 4. Clinical and laboratory characteristics of DH-JH positive and Du-Jn negative subgroups of
precursor-B-AlLL.

Parameters Dr-JH positive group (n = 21) DH-JH negative group {n = 76}
Age b b
<1 year 3 (14%) 1 (1%)
1 -5 years 13 (62%) 42 (55%)
5—10 years 1 (5%) 23 (30%)
> 10 years 4 (19%) 10 (14%)
Gender

Boys 12 (57%) 42 (55%)
Giris 9 {43%) 34 (45%)
Treatment group®

SRG 6 (29%) 21 (30%)
MRG 12 {57%) 43 (61%)
HRG 3 (14%) 6 (9%)
Steroid response

good 20 (95%) 72 (85%)
poor 1 (5%) 2 (3%)
not determined C 2 (3%}
Immunophenolype

pro-B ALL 2 (10%) 2 (3%)
common ALL 14 (67%) 50 (65%)
pre-B ALL 5 (24%) 24 (32%)
Cytogenetics

diploid 1 (5%) 14 {18%)
hypodiploid (< 46 chr) 0 4 {5%)
hyperdiploid (47-50 chr.) 2 (10%) 6 (8%)
hyperdiploid (> 50 ¢chr) 11 {52%) 15 (209%)P
pseudodiploid 4 (19%) 19 (25%)
not determined 3 (14%) 18 (23%)
DNA index

<1.00 o 0

1.00 7 (33%) 51 (67%)
>1.00 and < 1.16 4 (19%) 5 (7%)
>1.16 and < 1.60 9 (43%)° 12 (16%)P
>1.60 o 1 (1%)
not deterrined 1 (5%} 7 (9%)
Chromosome 14 status

monosomy 0 1 {1%)
normal 8 (38%)° 51 (67%)P
trisomy 9 (43%)P 12 (16%)P
tetrasomy 1 (5%) 1 (1%}
net determined 3 (14%)} 11 (14%)
6-year refapse-free survival 81% £ 11% (8) 64% + 6% (25)

(No. of relapses)?

a. These data exclusively concern 91 patients treated with DCLSG ALL-8 treatment proteco!
b. Parameters statistically significantly different between the DH-JH positive and the Dr-JH negative subgroups
of precursor-B-ALL {p < 0.05).
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Figure 4.
Event-free survival of the Dr-JH positive vs. Dr-Ju negative patients treated with DCLSG ALL-8
chemotherapy protocols.

DISCUSSION

The frequency and molecular characteristics of incomplete Dh-JH gene
rearrangements were investigated in precursor-B-ALL patients. Using seven DH fam-
ily specific primer combinations, covering theoretically all incomplete recombina-
fions, we identified clonal DH-JH gene rearrangements in 21 of 97 patients (22%).
Dr-JH joinings were the sole clonal /GH rearrangements in only 5% of patients. At
first sight, this might suggest that the final oncogenic event in precursor-B-ALL rarely
concerns early-B progenitors, characterized by the exclusive presence of incomplete
IGH gene rearrangements. However, the continuing rearrangement processes in
ALL can easily change the original ig gene configuration present at the time of the
oncogenic transformation.3¢ This probably also explains the relatively low frequency
of incomplete Du-Jr gene rearrangements on the second /GH allele (18% of cases
with biallelic /GH rearrangements).

We observed non-random DH gene segment usage in incomplete DH-JH gene
rearrangements with predominance of three families, i. e. DH2, DH3, and DK7, com-
prising 36%, 33% and 19%, respectively (Table 1). Gene segments of the DH2 and
DH3 families are known to be preferentially utilized in complete VH-DH-JH joinings in
normal and malignant B-cells and B-cell precursors.20.37.38 |n contrast, the seg-
ments of the DHS and DH6 families, accounting for 10-15% of identified DH genes in
the third /GH complementarity-determining regions (HCDRS3) in B-lineage cells, were
virtually absent in incompiete DH-JH gene rearrangements in precursor-B-ALL.
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Another striking finding was the frequent usage of the DH7-27gene (19%), which is
located immediately upstream to JH gene complex. This single member of the DH7
family is rarely (approximatety 1%) identified in HCDR3 of normal and malignant B-
celis and B-cell precursors,?5-20.37.38 while DH7-27gene rearrangements are pre-
dominantly (approximately 40%) found in fetal B-lineage cells.3940 This finding
together with the frequent lack of N-nucleotide insertions in Du-JH junctions supports
the hypothesis that a significant proporticn of childhood precursor-B-ALL originates
in utero. 4142

Concerning the JK gene usage, we observed a striking predominance of the
most downstream JHE segment, which was found in 61% of clonal DH-JH gene
rearrangements. This is twice as much as reported for HCBR3 in normal and malig-
nant B-lineage-celis (Table 2).19-37.43 This observation together with the finding of
predeminant usage of DH genes from the more upstream part of the DH region (78%)
suggests that most DH-JH gene rearrangements in precursor-B-ALL actually repre-
sent secondary recombinations deleting pre-existing DH-JH joinings.

The patients with incomplete DH-JH gene rearrangements were frequently char-
acterized by hyperdiploid karyotype (52%) with additional copies of chromosome 14
{56%) and/or by /GH oligoclonality (52%). Combined cytogenetic, Southern blot and
PCR data revealed a complex relationship between the hyperdiploidy 14, /GH gene
configuration, and subclone formation. In our series, additional copies of chromo-
some 14 were found in 28% of precursor-B-ALL patients, which is in line with previ-
ously published cytogenetic data.** Sequence analysis showed that this type of
chromosomal aberration might occur befere /GH gene rearrangements, but more fre-
guently paraliels ongoing VH to DH-JH joining or might even affect cells with an end-
stage (stable) IGH configuration. Although it is difficuit to expiain how the presence
of DH-JH rearrangements is related to trisomy 14, it suggests that having extra copies
of chromosome 14 freezes the ALL cells in 2 more immature immunogenotypic
stage. In this coniext it was striking to cbserve that hyperdiploidy of chromosome 14
was inversely associated with TCRD gene deletions, which are regarded as a more
mature immunogenotypic feature. The association between Dr-JH gene rearrange-
menis and /GH oligocionality is obviously explained by the presence of ongoing and
secondary recombination events. The presence of incomplete DH-JH joinings was
aiso significantly associated with a less mature immuncgenotype as refiected by
overrepresentation of the most downstream VHG-1 gene segment, the virtual
absence of monoallelic TCRD deletions, the full absence of biallelic TCRD deietions,
low frequency of TCRG gene rearrangements, the absence of complete VB-JB
rearrangements, and the absence of biallelic TCRB rearrangements. However, these
distinct immature immunogenotypic features of precursor-B-ALL with clonal incom-
plete IGH gene rearrangements were not associated with more aggressive disease
(Figure 4). The frequency of high-risk features at diagnosis, early treatment
response, as well as long-term event-free survival, did not significantly differ between
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Dr-Jr-negative and Du-JH-positive patients (Table 4). Thus, the presence of clonal
incomplete /GH gene rearrangements has no direct clinical implications, although
associated with immunobiologicat features of immature B-cell differentiation stages.

In this study, we demonstrated that clonal Vi-(Du-)JH gene rearrangements can
be easily identified in the vast majority of precursor-B-ALL patients and can serve as
PCR targets for MRD monitoring (Figure 2). However, in almost half of the cases the
number of clonal PCR products was lower than the number of rearrangements in
Southern blot analysis, including 29 monoclonal cases with an undetectable second
allele. Our PCR analyses correctly assigned 105 alleles in 67 patients with mono-
clonal bialielic /GH rearrangements, which gives an overall sensitivity of 78%.
Although chromosome translocations nvolving the /GH geng might occur, the
recombinations undetectable by PCR most probably represent unidentified
VH-(DH-)}JH gene rearrangements. Particularly the newly discovered VH pseudo-
genes might be involved in these rearrangements since many of them contain prop-
er recombination signal sequences, while they frequently lack framework one
sequences, which are recognized by the currently used Ve family-specific primers.22

Since the types of preferential Dh-JH gene rearrangements have now been iden-
tified, it would be relatively easy to screen precursor-B-ALL patients for the presence
of incomplete /GH gene rearrangements and apply them as PCR targets for MRD
monitoring, particularly in patients without detectabie clonal complete VH-(DH-)JH
joinings. Three primer combinations (DH2, DH3, and DH7 in combination with a JH
consensus primer) can identify 89% of incomplete DH-JH rearrangements in precur-
sor-B-ALL (Figure 3) and result in clonal PCR products in all patients without VH-JH
rearrangements. However, it should be noted that incomplete DH-JH gene rearrange-
ments are associated with /GH oligoclonality in at least 52% of patients. Moreover,
in one third of patients with clonal DH-JH gene rearrangements we found evidence
for continuing VH to Dr-Jr recombination aiready at diagnosis (Table 3). /GH-based
MRD detection in such patients is still possible and could rely on so-called common
DH-JH stems, which are preserved in different VH-(D#-)JH joinings. Such an approach
is feasible with the currently used real-time quantitative PCR approaches for MRD
detection based on TagMan technology.#5-48 In some cases this strategy might be
hampered by the lack of N-nucleotide insertions, which concerns 20-30% of IGH
gene rearrangements in precursor-B-ALL.15 DH-JH stems in rearrangements involv-
ing the most downstream JH6 gene segment (i.e. 60% of all incomplete joinings)
could be perceived as “end-stage” rearrangements, which probably are stable
throughout the disease course. This is not the case with the Dr-JH rearrangements
involving upstream Jx gene segments, which might be subjected to Dr-Ji replace-
ments. We found evidence for such secondary (replacement) rearrangement pat-
terns in 20% of patients at diagnosis. If they occur during the disease course, they
might lead to false-negative MRD-results. In conclusion, incompiete Dr-JH gene
rearrangements can be perceived as a supplementary MRD-PCR target, particular-
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ly usefui for patients, whe do not have other leukemia-specific targets, such as com-
plete VH-(DH-)JH joinings, |g kappa deleting element (Kde) rearrangements, and
cross-lineage TCRG and TCRD gene rearrangements or in whom the other MRD-
PCR targets are not suitable because of insufficient sensitivity.
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ABSTRACT

A large series of 202 childhood precursor-B-cell acute lymphoblastic leukemia
{ALL) patients was analyzed by Southern blotting (SB) for cross-lineage rearrange-
ments and/or deletions in the T-cell receptor TCRB, TCRG, and TCRD loci. In 93%
(187/201) of the precursor-B-ALL patients one or more genes were rearranged
and/or deleted. TCRB gene rearrangements were found in 35% (69/196), TCRG
gene rearrangements in 59% (113/182), TCRD gene rearrangements in 55%
(112/202), and isclated monoalielic or biallelic deletions of TCRD loci in 34%
(68/202) of the cases.

TCRE gene rearrangements involved exclusively the JB2 locus with complete
V(D)JB2 joinings in 53% of gene rearrangements and incomplete DB-JB2 gene
rearrangements in 33%. TCRG gene rearrangements frequently occurred on both
alleles {65% of cases) and in approximately 70% concerned rearrangements to Jy1
gene segments. Most rearranged TCRD alieles (80%) represented incompiete V32-
D83 or D&2-D33 gene rearrangements, while the remaining TCRD gene rearrange-
ments remained unidentified.

*Leukemnia 1999; 13: 196-205 113
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Subsequently, we evaluated, whether heteroduplex PCR analysis of rearranged
TCRG and TCRD genes can be used for reliable identification of PCR targets for
detection of minimal residual disease (MRD). The concordance between SB and het-
eroduplex PCR analysis for detection of the various types of clenal TCRG and TCRD
gene rearrangements ranged between 78% and 87%. The discrepancies could be
assigned to the presence of ‘atypical’ TCRD gene rearrangements or transiocations
only detecable by SB, but also to efficient PCR-based detection of rearrangements
derived from smali subclones, which are difficult to detect with SB. indications for
oligoclonality were observed in 38% and 30% of patients with TCRG and TCRD
gene rearrangements, respectively, which is comparable to the frequency of oligo-
clonality in /GH iocus.

Based on the combined data it was possible to reduce the broad panel of six
TCRD and 12 TCRG primer combinations for MRD studies to two TCRD combina-
tions (V82-D383 and D§2-043) and six TCRG combinations {(Vyl, Vyll, V¢V family-
specific primers with Jy1.1/2.1 and Jy1.3/2.3 primers) resulting in the detection of
80% and 97% of all TCRD and TCRG gene rearrangements, respectively. Finally,
the heteroduplex PCR data indicate that MRD monitoring with TCRG andjor TCRD
targets is possible in approximately 80% of childhood precursor-B-ALL patients;
~55% of patients even have two TCRG and/or TCRD targets.

INTRODUCTION

The enormous diversity of immunoglobulin (Ig) and T-cell receptor (TCR) mole-
cules is generaied during B and T-cell differentiation by a series of ordered
rearrangements of variable (V), diversity (D), and joining (J) gene segments.?.2
Initially, g and TCR gene rearrangements were regarded as B-lineage and T-lineage
specific markers, respectively. However, the finding of cross-lineage expression of
lineage-specific’ immunoclogical markers and cross-lineage Ig and TCR gens
rearrangements has disputed this view.2:3

Cross-lineage rearrangements of lg heavy-chain (/GH) genes have been
observed in 10-15% of T acute lymphoblastic leukemia (T-ALL) and in ~5% of mature
T-cell leukemias and lymphomas, but cross-lineage rearrangements of Ig light chain
genes in malignant T-cell proliferations are rare (<1%).4" On the other hand, TCR
beta (TCRB), TCR gamma (TCRG), and TCR delta (TCRD) gene rearrangements
and/or deietions have been found in ~30%, ~50%, and ~80% of precursor-B-ALL,
respectively.5-13 However, only a few limited studies have described the configura-
tion of all three TCR genes in precursor-B-ALL.57.10.11 The detection of rearrange-
ments in the TCR alpha (TCRA) locus by Southern blotting (SB) and PCR is difficuit
due to the long stretch of Ja gene segments (about 85 kb) (Figure 1), but the occur-
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TCRA and TCRD gene complex {# 1411}

Vo Va Vo Va Vo Van V&1 5Rec o Jo Ca

12 31423

TCAB gene complex (# 7935)
VB VB VB VB VR VBn DBl JBT CB1 Dp2 Jp2  CP2 VB

123450 1234567

TCRG gene complex (# 7p14-15)
vVl Wy2 W3 Wrd WE W BwWB W T Wa wYYA V9 y V10w VB wVe 11 Vvl Jyt Gyl Jy2 Cy2

Figure 1.

Schematic diagram of the four human TCR genes. The TCRA gene complex consists of 50 V gene seg-
ments, a remarkably long stretch of 61 functional J gene segments, and one C gene segment. The major
part of the TCRD gene compiex is located between the Vo and Jo gene segments and consists of eight
V, three D, and four J gene segments and one C gene segment. The drec and yJa gene segments play
a role in TCRD gene deletions, which precede TCRA gene rearrangements in developing T-cells. The
TCRE gene complex consists of 85 V gene segments and two C gene segments, both of which are pre-
ceded by one D and six or seven J gene segments. The TCRG gene complex consists of a restricted num-
per of V gene segments (six functional V gene segments and nine pseudogene segments) and two C
gene segments, each preceded by two Jy1 or three Jy2 gene segments. Pseudo genes (y) are indicated
with open symbols.

rence of TCRA gene rearrangements in precursor-B-AlLL can be deduced from
TCRD gene deletions. Therefore, whenever TCRD gene deletions are detected,
rearrangements in the TCRA locus can be aniicipated.

Junctionai regions of rearranged Ig and TCR genes in lymphoid malignancies
can be regarded as clonal ‘tumor-specific’ markers, because they arise during the
recombination of different V, (D), and J gene segments by deletion and random
insertion of nucleotides at the junctions of the gene segmenis.” Hence, each junc-
fional region of rearranged 1g and TCR genes is different in each leukemia and lym-
phoma. Therefore, the polymerase chain reaction (PCR) has been used for ampiifi-
cation of the “tumor-specific’ junctional regions of cross-lineage rearranged TCRG
and TCRD genes to detect minimal residual disease (MRD) in precursor-B-ALL.14-17

The aims of our study were firstly to determine the precise frequency of cross-
lineage TCR gene rearrangements in a large series of childhood precursor-B-ALL
and fo evaluate the occurrence of preferential TCR gene rearrangemenis and the
occurrence of oligoclonality at the TCR gene level. Secondly, based on SB data we
estimated the number of precursor-B-ALL patients with identifiabie cross-lineage
TCR gene rearrangements, which can be used for PCR-mediated MRD detection.
Thirdly, we wished to evaluate whether heteroduplex aralysis of PCR products can
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be used for reliable identification of rearranged TCRG and TCRD genes as
molecular targets for MRD monitoring, because heteroduplex PCR analysis was
shown to be a rapid, cheap, non-radioactive, and easy aliernative approach for
detection of clonal Ig and TCR gene rearrangements with a sensitivity of 1-5%.18-
21The configuration of the TCRB, TCRG, and/or TCRD genes was analyzed by SB
in 202 well-characterized cases of precursor-B-ALL and the results were compared
with previously published childhood precursor-B-ALL cases. In addition, 62 precur-
sor-B-ALL patients were subjected to detailed heteroduplex PCR analysis of the
TCRG and TCRD gene lcci.

MATERIALS AND METHODS

Cell samples

Bone marrow (BM) or peripheral biood (PB) sampies from 202 children with precursor-B-ALL were
obtained at initial diagnosis. The age distribution was from 2 months until 16 years and & months (mean
5 years and 8 months). Twenty-five children were younger than 2 years and eight of them were infants
(age <1 year). The diagnosis of ALL was made according to the FAB classification®? and was always con-
firmed by the laboratory of the Dutch Childhood Leukemia Study Group.

Manonugclear cells (MNC) were isolated from PB or BM samples by Ficoll-Paque centrifugation (den-
sity 1.077 gicm3; Pharmacia, Uppsala, Sweden). The freshly obtained MNC samples were subjected to a
detailed immunophenotyping according to standard pretocols.2325 Remaining MNC were stored in liguid
nitrogen. A leukemia was considered to be a precursor-B-ALL if the malignant cells were positive for ter-
minal decxynucleotidyl fransferase (TdT), CD18 and HLA-DR (pro-B-ALL}, for TdT, CD10, CD18 and
HLA-DR (common ALL), or for TdT, CD10, CD19, HLA-DR and cytoplasmic |g heavy-chain p (Cylgu) (pre-
B-ALL). Immunoicgical marker analysis of the precursor-B-ALL revealed that eight were pro-B-ALL, 135
were common ALL, and 59 were pre-B-ALL.

Southern blot analysis

DNA was isolated from fresh or frozen MNC fractions as described previously.2 Fifteen micrograms
of DNA were digested with the appropriate restriction enzymes (Pharmacia), size-separated in 0.7%
agarose gels and transferred to Nytran-13N nylon membranes (Schleicher and Schuell, Dassel, Germany}
as described.® Incomplete and complete TCRB gene rearrangements were detected with TCRBD1U,
TCRBD1, TCRBJ1, TCRBD2U, TCRBD2, TCRBJ2, and TCRBC probes (DAKQO Corporation, Carpinteria,
CA, USA) in EcoRI and HindlIl digests.4” TCRG gene rearrangements were analyzed with the Jy1.2 probe
in Bgl digests and the Jy1.3 and Jy2.1 probes in EcoRI digests.226.27 The configuration of the TCRD
genes was anaiyzed with the TCRDJT probe in Bgill, EcoRl, and Hindlll digests and in 102 cases addi-
ficnally with TCRDV1, TCRDV2, TCRDV3, TCRDRE, TCRDD1. TCRDD3, TCRDJZ2, TCRDJ3, TCRDC,
and TCRAPJ probes (DAKO Corperation).1?

PCR ampiification

Sixty-two precursor-B-ALL patients were subjected to detailed PCR study of TCRG and TCRD gene
loci. PCR was essentially performed as deseribed previously. 132829 |y each 100 ul PCR reaction 0.1 ug
DNA sample, 12.5 pmoi of the 5 and 3" oligonucleotide primers, and 1 U Tag polymerase (PE
Biosystems, Foster City, CA, USA) were used. The sequences of the majority of oligenucleotides used for
amplification of TCRG and TCRD gene rearrangements were published before.’32% Some primers were
newly designed during the BIOMED-1 Concerted Action */nvestigation of minimal residual disease in acute
leukemia: international standardization and clinical evaluation”3 All primers were synthesized on an ABI
392 DNA synthesizer (PE Biosystems) using the solid-phase phosphotriester method. PCR conditions
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Tabie 1. Frequencies of cross-lineage TCR gene rearrangements in childhood precursor-B-ALL .2

Precursor-B-ALL TCR gene rearrangements and/or deletions
TCR TCRE TCRG TCRD
G/IG R/G or RIR R/G or R/R

RIG, RiR or D/R D/G or D/D

Pro-B-AlLL 25% 0% 13% 38% 25%

(2/8) (0/8) (1/8) (3/8) (2/8)

Common ALL 2% 40% 63% 81% 32%
(3/134) (51/129) (79/125) (83/135) (43/135)

Pre-B-ALL 15% 31% 56% 44% 39%
{9/59) (18/59) (33/5%) (26/59) (23/59)

Tetal 7% 35% 59% 55% 34%
(44/201) (89/198) (113/192) (1124202) (68/202)

a. Number of patients with germline or rearranged cross-lineage TCR genes per total group of precursor-
B-ALL patients in parentheses.

G, allele in germiine configuration; R, rearranged aliele; D, deletion of the C3 gene segment,

were; initial denaturation step of 3 min at 92°C followed by 45 s at 82°C, 80 s at 60°C, and 2 min at 72°C
for 35 cycles using a PE Biosystems thermal cycler. After the last cycle an additional extension step of 10
min at 72°C was performed. Appropriate positive and negative controls were included.3®

Heterodupiex analysis of PCR products

For heteroduplex analysis, the PCR products were denatured at 84°C for 5 min after the final cycle
of amplification and subsequently cooled 10 4°C for 60 min to induce duplex formation,1® Afterwards the
duplexes were immediately loaded on 6% non-denaturing polyacrylamide gels in 0.5 x Tris-Boric acid-
EDTA (TBE) buffer, run at room termperature, and visualized by ethidium bromide staining.'® Pstl-digest-
ed lambda DNA or a 100-bp DNA ladder (Promega Corporation, Madison, W1, USA) were used as size
markers.

Both SB and heteroduplex analysis of PCR products were performed in parallel in a double-blind
manner. Concordance hetwgen the two methods was calculated assuming that the following gene con-
figurations concerned the same alleles: rearranged band in SB = presence of clonal homeduplex after
PCR; germiine band and/or deletion in SB = no clonal PCR product.

RESULTS

SB analysis of TCRB gene rearrangements
DNA samples from 198 precursor-B-ALL at diagnosis were examined for the
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Table 2. Allelic frequencies of TCRB gene rearrangements in 196 childhood precursor-B-ALL
patients as detected by SB analysis.

TCRB gene configuration Pro-B-ALL Common ALL Pre-B-ALL Total group of
(No. of alleles) (n=16) (n=260)2 {n=118) precursor-B-ALL
(n=394)2

Germline alleles 16 (100%) 184 (71%) 94 (80%) 294 (75%)

Rearranged alleles 0 76 (29%) 24 (20%) 100 (25%)

Number of rearrangements®? 0 7gb 27b 1088

TCRB1T region: VB- DB1, 0 0 0 0

DB1- JB1, andior VB- JB1

TCRB2 region: VB- Dp2 0 3 (4%) 2 (7%) 5 {5%])
Dp1- D2 0 2 (3%) 0 2 {2%)
V- Jp2 0 43 (54%) 14 (52%) 57 (53%)
Dp1- Jp2 0 12 (15%) 5{19%) 17 (16%)
Dp2- Jp2 0 16 (20%) 2 {7%) 18 (17%)
Unidentifiedto B2 0 3 (4%) 4 (15%) 7 (7%)

a. The number of indicated alleles includes two precursor-B-ALL patients showing three menocional
rearrangements, most probably as a resuit of trisomy 7.

b. The number of rearrangements is higher than the number of rearranged alleles, beczuse of the inci-
dental o¢currence of subclones in these patients.

presence of rearranged TCRB genes by SB (Figure 2A). [n all eight pro-B-ALL no
TCRB gene rearrangements were detected. In common ALL and pre-B-ALL, TCRE
gene rearrangements were detected in 40% (51/129) and 31% (18/59), respectively
(Table 1). The allelic frequencies of TCRB gene rearrangements are summarized in
Table 2. Germiine configuration was found in 75% (294/394) of the TCREB alleles. No
rearrangements were detected with the TCRBD1 and JB1 probes; only rearrange-
ments in the TCRB2 locus were observed. The majority concerned complete
V(D)JB2 rearrangements (53%) or incomplete DB-JB2 rearrangements (33%) (Table

2). In six patients (3%), SB analysis revealed weak bands, most probably derived
from subclones.

SB analysis of TCRG gene rearrangements

Diagnosis DNA samples from 192 precursor-B-ALL patients were analyzed by
SEB for the presence of rearranged TCRG genes (Figure 2B). We detected TCRG
gene rearrangements in 59% (113/182) of precursor-B-ALL; this finding concerned
monoallelic rearrangements in 35% (39/113) and biallelic rearrangements in 5%
(74/113). The distribution of the TCRG gene rearrangements in the three precursor-
B-ALL subgroups was 13% (1/8) in pro-B-ALL, 63% (79/125) in common ALL, and
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Tabie 3. Allelic frequencies of TCRG gene rearrangements in childhood precursor-B-ALL.2

TCRG gene configuration Total group (n=1982) Subgroup of 62 patients
analyzed by SB
Analyzed by PCR Analyzed by combined
SB/PCRP
Germline alieles 196 (51%) - 88 (55%)
Deleted alleles 1 (<1%) - 0
Rearranged alleles 187 (48%) 84 56 (45%)
Number of rearrangements 187 84 56
invelving Jy1.1/2.1 58 (30%) 17 (20%) 12 (21%;)
Vyl-Jy1.1/2.1 37 (20%) 15 (18%) 10 (18%)
Vll-Jy1.1/2.1 12 {8%) 1 (1%]) 1 (2%
Vylli-Jy1.1/2.1 0 00
VylV-Jy1,1/2.1 5 (3%) 1 {(1%) 1 {2%)
not identified to Jy1.1/2.1 2 (%) 00
Involving Jy1.2 1 (< 1%) 1 {(1%) 1 (2%)
Involving Jv1.3/2.3 130 (70%) 66 (79%) 43 (77%)
Vyl-Jv1.3/2.3 93 (50%) A7 (96%) 31 (55%)
Vyll-Jy1.3/12.3 29 (16%) 15 (18%) (18%)
Vylll-Jy1.3/2.3 1 (< 1%) g 0
VylV-dy1.3/2.3 8 (3%) 4 (5%) 3 (B%)
not identified to Jy1.3/2.3 1 (<1%) 00

a. Since frequencies of particular TCRG gene rearrangements are slightly different in the group studied
by heteroduplex PCR analysis from the total group anatyzed by SB, both groups are described sepa-
rately.

b. Excluding weak gene rearrangements, probably derived from subclones,

56% (33/59) in pre-B-ALL (Table 1). The allelic frequencies of TCRG gene
rearrangements are summarized in Table 3. TCRG genes in germline configuration
were found in 51% of alleles. Rearrangements to Jy1.3 or Jy2.3 gene segments pre-
dominated, comprising 70% of recombinations, while Jy1.1 or Jy2.1 gene rearrange-
ments were found in the vast majority of the remaining cases. Whenever SB aliowed
a refiable discrimination between Jy1 and Jy2 gene rearrangements (Figure 1) (172
of the 187 rearranged alleles), we found that approximately 70% of the TCRG gene
rearrangements occurred to Jy1 gene segments.

V gene segments of the Vvl family were used most frequently (70%), followed by
Vyll (Vy8) (22%) and VylV (Vy11) (6%). In up to 10% of ali patients {19/192), i.e. 17%
{19/113) of patients with TCRG gene rearrangements, either multiple bands of het-
erogeneous densities or weak bands in addition to germline bands were found sug-
gesting oligoclonality in the TCRG locus (Figure 3).
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Table 4. Allelic frequencies of TCRD gene rearrangements or deletions in childhood
precursor-B-ALL as detected by SB analysis.

TCRD gene cenfiguration Pro-B-ALL Common ALL Pre-B-ALL Total group of
{no. of alleles) (n=16) (n=273)? (n=119)8 precursor-B-ALL
(n=408)2

Germline configuration 8§ (50%) 47 {17%) 31 (26%) 86 (21%)
TCRD gene rearrangements 3 (19%) 121 (44%) 38 (32%) 162 (40%)
TCRD gene deletion 5 (31%) 105 (38%) 50 (42%) 160 (39%)
Number of rearrangements® 3 131 47 181

V&2-D33 3 (100%) 92 (70%) 27 (57%) 122 (67%)

D32-D33 0 15 (11%) 8 (17%) 23 (13%)

otherd 0 24 (18%) 12 (26%) 36 (20%)

a. The number of indicated alleies includes four precursor-B-ALL patients showing three menoclonal
rearrangements, most probably as & result of trisomy 14.

b. Based on rearrangements of V32 or D32 gene segments in the absence of the C3 gene region, we
assurme that in 35% (36/102) of these TCRD gene deletions a V32 or D32 gene segment rearranged to
a Jo gene segment. A Vo-Ju rearrangement was assumed in 60% {61/102) based on the fact that no
hybridization signal was obtaired when all TCRD and yJa probes were used for hybridization.

¢. The number of rearrangements is higher than the number of rearranged alleles, because of the occur-
rence of subclones.

d. Rearranged TCRD bands in the presence of the C5 gene segment are prcbably caused either by
rearrangements of Vo gene segments to the D33-J81 locus or by translocations or other chromosomal
aberrations in the TCRD locus.

SB analysis of TCRD gene rearrangements

DNA samples from 202 precursor-B-ALL were analyzed for the presence of
TCRD gene rearrangements and/or deletions (Figure 2C). In the total group of pre-
cursor-B-ALL patients menoalielic or biallelic TCRD gene rearrangemenis were
found in 55% (112/202) and moneallelic or biailelic TCRD gene deletions in the
absence of TCRD rearrangements were found in 34% (68/202), equally distributed
over the three different precursor-B-ALL subgroups (Table 1). The allelic frequencies
of germline TCRD genes (21%), TCRD gene rearrangements (40%), and deletions
(39%) are summarized in Table 4. in 67% of rearranged alleles 2 V82-D33 rearrange-
ment and in 13% a D32-D33 rearrangement was found. The remaining TCRD gene
rearrangements detected by use of the J§1 probe could not be identified precisely.
They are probably caused either by rearrangements of a Vo gene segment to the
D&3-J31 region or by transiocations or other chromosomal aberrations in the TCRD
locus.

In addition, 102 patients were subjected to detailed SB TCRD analysis with mul-
tiple V3, D3, J&, probes as well as C3, 8rec, and yJo probes. Rearrangements of V3
or D& gene segments in the absence of the C3 gene region allowed us to conclude
that in 36% (36/102) of the TCRD gene deletions a V32 or D82 gene segment most
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Figure 2.

SB analysis of TCR genes in several precursor-B-ALL patients. Control DNA and DNA from precursor-B-
ALL patients were digested with the appropriate restriction enzymes, size-separated and blotted onto
nylon membrane filters, which were hybridized with 2P-labelad probes. {A) TCRB gene analyses using
EcoRl with the TCRBD2U probe. (B) TCRG gene analyses using EcoRI with the Jy1.3 probe. (C) TCRD
gene analyses using Bg/ll with the TCRDV2 probe. The germline bands (G) and several TCR gene
rearrangements are indicated.

likely rearranged to a Ja gene segment (Figure 2C). Furthermore, we assume that
in the majority of TCRD gene deletions (80%) a Vo-Jo gene rearrangement
occurred, because upon hybridization with all TCRD and yJo probes no hybridiza-
tion signal was observed. In four precursor-B-ALL patienis (five alleles) a unique
hybridization patiern was found in which V& (except for the V33 probe), Srec, and
D31 probes resulied in germline hybridization signals, whereas all Jé. C§, and the
wJo probes showed no hybridization signal, indicating deletion of these DNA gene
segments. Therefore, it cannot be excluded that potential targets for rearrangements
are present within the D&2-D383 region or that chromosome aberrations in the
TCRD{A locus are present. in four patients three TCRD gene rearrangements of
identical intensity were found suggesting trisomy 14 (Table 4 and Figure 4). Inup fo
7% (15/202) of precursor-B-ALL patients, i.e. 13% (15/112) of cases with TCRD

gene rearrangements, the presence of additional weak SB bands suggested cligo-
clonality.
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Figure 3.

Clonality assessment via S8 analysis and heteroduplex PCR analysis of TCRG genes.

(A) DNA from precursor-B-ALL patients was digested with EcoR1. The filier was hybridized with the 32P-
labeled Jy1.3 probe. In two patients (5566 and 3575) multiple rearranged bands of different densities were
found reflecting TCRG oligoclonality. (B) Heteroduplex PCR analysis with four family specific V primers in
combination with Jy1.1/2.1, Jy1.2, and Jy1.3/2.3 primers. Five clonal PCR products were found in patient
5566 sample, and three in patient 5575. There was no obvious difference in the intensity of homoduplex-

es between true ‘allelic’ rearrangements (patient 5531} and recombinations derived from subclones
{patient 5575}

Comparison of SB and heteroduplex PCR analysis of TCRG and TCRD

DNA-based PCR amplification was simultaneously performed with SE analysis
in & double-blind manner for TCRG and TCRD genes in 62 cases. Heteroduplex
PCR analysis of TCRG with 12 primer pair combinations (four Vy family-specific
primers with Jy1.1/2.1, Jy1.2, and Jy1.3/2.3 primers) revealed all except one allelic
gene rearrangements detected by the SB technique. In seven cases with TCRG
gene rearrangements estimated as monocallelic based on SB, two homoduplexes
were found, indicating the presence of two rearrangements of the same gene seg-
ments. Furthermore, with the same primer combinations we were able to amplify 10
minor TCR gene rearrangements, demonsirated by SB analysis as weak bands
{Figure 3). They were visualized as 12 homoduplexes of intensities equal to products
derived from monoallelic gene rearrangements. Finally, nine rearrangements were
detected exclusively by heteroduplex PCR analysis (six rearrangements to Jy1.1/2.1,
two Vyll-Jy1.3/2.3, and one VylV-Jy1.3/2.3 recombination). Overall, combined SB
and PCR data indicate the presence of minor subclones of TCRG gene rearrange-
menis in up to 26% (16/62) of childhood precursor-B-ALL patients, i.e. 38% (16/42)
of the patients with TCRG gene rearrangements.

Using six primer pair combinations for heteroduplex PCR analysis of TCRD
(Va1-J81, V562-481. V53-J51, V52-D83, D32-D33, D§2-J51) we have not found any
clonal PCR products of rearrangements to the J&1 segment. Moreover, samples
shown by 8B to contain clonal V32-D&3 gene rearrangements revealed moncclonal
homoduplexes in all but four cases (Figure 4). In those four patients heteroduplex
PCR analysis showed an oligoclonal paftern of the V32-D§3 joining. All samples
found by SB to contain clonal D32-D33 recombinations were also monocional in het-
eroduplex PCR analysis (Figure 4). This also concerned weak SB bands, probably
derived from subclones. In cases, when ‘atypical’ rearrangements to D§3/J81 locus
were detected with SB {the sizes of clonal bands could not be assigned to a partic-
ular V3-J3 joining) we did not find any clonal PCR products with the applied primer
sets. Based on combined SB and PCR data there was an evidence for oligoclonali-
ty in TCRD gene locus in up to 21% of precursor-B-ALL patients (13/62), i.e. 30%
{13/43) of the patients with TCRD gene rearrangements. The overall concordance
between SB and heteroduplex PCR analysis for detection of clonal TCRG and TCRD
gene rearrangements ranged from 78 to 87%.
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Figure 4.

Clonaiity assessment via SB analysis and heteroduglex PCR analysis of TCRD genes.

(A} DNA from precursor-B-ALL patienis was digested with Bgill and E£coRl. The filter was nybridized with
the 32P-labeled TCRDJ1 probe. Based on SB band intensity and sizes 'triallelic’ TCRD rearrangement
was assumed in patients 5324 (two times V52-D33, and single 032-D&3) and 5380 (two times D&2-D&3,
and single V52-Da3), and biallelic in patients 5135 {V32-D33 and 7-D33/J31) and 5399 (V52-D33 and D§2-
D53), respectively. (B) Heteroduplex PCR analysis with V&2 and D32 primers in ¢combination with & D33

primer showed fully concordan{ results with SB analysis. ss, singie-strand fragments; he, heteroduplexes:
ho, homodupiexes; Mw marker, 100-bp melecular weight rmarker.
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Combinations of cross-lineage TCR gene rearrangements based on SB
analysis

The different combinations of cross-lineage TCR gene rearrangements in our
fotal group of precursor-B-ALL are summarized in Table 5. Twenty-seven percent of
ali precursor-B-ALL patients had simultaneously rearranged and/or deleted TCRB,
TCRG, and TCRD genes. These combined rearrangements were not found in eight
pro-B-ALL patients, whereas in common ALL and pre-B-ALL 30% and 25% of cases
had ali three TCR genes rearranged or deleted.

Twenty-six percent of all precursor-B-ALL cases showed TCRD gene rearrange-
ments and/or deletions, with germline TCRB and TCRG genes. in confrast, TCRB
and/or TCRG gene rearrangements without TCRD gene rearrangemenis and/or
deletions were observed in only 4% of cases. Similarly, 32% of all precursor-B-ALL
cases had a rearranged TCRG gene with a germline TCRB gene, while only 8%
showed TCRB gene rearrangements without TCRG gene rearrangements. These
data indicate that TCRD gene rearrangements and/or deletions occur most fre-
quently and that virtually all TCRE and TCRG rearrangements coincide with TCRD
gene rearrangements and/or deletions.

Table 5. Combination of TCR gene rearrangements as detected by SB analysis in childhood precursor-8-ALL
from our data and data reviewed from the literature.

Cross-lineage TCR gene rearrangements and/or deletions

References G anty 3 only y only & only B+y onlyp+é  onlyyt+d Pyt d

Hara? (n=29) 10% (3} 0% Q) 0% (0) 34%(10} 0% (0) 3% (1) 24% (7) 28% (8)
DyerS (n=12) 0% (0) 0%{(0) 0% (0) 25% (3y 0%(0) 8% (1) 17% (2} 50% (6)
Felix10 {n=52) 15% (8) 4% {2) 0% (0) 25%(13) 0% (0) 6% (3) 29%(158) 21% (11)
Fey! (n=7} 0% (0) 0%{0) 0% (0 43% (3) 0%(0) 14% (1) 29% (2) 14% (1)

This study (n=192) 7% (14) 2% (3) 2% (4) 26%{50) 0%{(0) 6% (12) 30% (57) 27% (52}

Total group of 9%(25) 2% (5} 1% (4) 27%(79) 0% (0) 6% {18) 28%(B3) 27% {78)
precursor-B-ALL
(n=292)

G, germline configuration; B, TCRB gene rearrangement; v, TCRG gene rearrangement; 8, TCRD gene rearrangement
and/or deletion
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DISCUSSION

We investigated a large group of 202 precursor-B-ALL patients for the configu-
ration of their cross-lineage TCR gene rearrangements. Rearrangements andfor
deletions of the TCRB, TCRG and TCRD genes were found in 35%, 58% and 85%,
respectively. Most TCRB gene rearrangements (53%) were monoallelic complete
V(D}B2 rearrangements, TCRG genes most frequenily (~70%) contained
rearrangements 1o the Jy1 gene segments, and 80% of TCRD gene rearrangements
represented incomplete V32-D33 or D82-D&3 rearrangements, which is in agreement
with previously published data.>-12 Qur earlier literature review on cross-lineage TCR
gene configuration in childhood precursor-B-ALL.% suggested that TCRE gene
rearrangements occur in 33% of precursor-B-ALL, TCRG gene rearrangements in
44%, and TCRD gene rearrangements and deletions in 57% and 26%, respectively.
These percentages of TCR gene rearrangements and/or deletions are ail lower than
in the current study of childhoed precursor-B-ALL (Tabie 1). This difference is prob-
ably due 1o the extended panels of TCR DNA probes and restriction enzymes used
for this study.21327 |g and TCR gene rearrangements can be missed when only one
DNA probe is used in combination with & single restriction enzyme, especially when
this results in large germline restriction fragments. Furthermore, especially the use
of upsiream and downstream Df3 probes has given more detailed insight in the con-
figuration of the TCRB locus. We found a significantly higher frequency of incomplete
TCRB gene rearrangements (42% of all TCRB gene rearrangements) than reported
previously (Table 2).5.7.10.71 This is most probably owing to the usage of the four dif-
ferent DB probes, which aliow identification of incomplete V-Df, B-DB, and D-Jj
gene rearrangements.

Four other research groups analyzed and compared all three cross-lineage TCR
genes in a total number of 100 cases.57:10.11 Combining these published data and
the data presented here show that TCRD gene rearrangements and/or deletions
occurred in the majority of cases (~90%) and that 27% of childhood precursor-B-ALL
had TCRD gene rearrangements and/or deletions with germline TCRG and TCRB
genes (Table 5). in contrast, TCRG and/or TCRB gene rearrangements without
TCRD gene rearrangements and/or deletions were found in only 3% (9/252) of cases
(Table 5). Similarly, 28% (87/292) of precursor-B-ALL cases had rearranged TCRG
genes with germiine TCRB genes, while only 8% (23/282) showed TCREB gene
rearrangements without TCRG gene rearrangements (Table 5). Apparently in pre-
cursor-8-ALL, similarly to the hierarchy during early T-cell development, rearrange-
ments in the TCRD locus occur first, followed by TCRG gene rearrangements, and
subsequently by TCRB gene rearrangements.

The frequencies of cross-lineage TCR gene rearrangements seem to be related
1o the maturation stages of B-celis. The frequency of TCR gene rearrangements is
lower in immature precursor-B-ALL {pro-B-ALL) as compared to CD10™" precursor-
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B-ALL {common ALL and pre-B ALL) (Table 1) and if present, rearrangements exclu-
sively concern a single locus in pro-B-ALL. When comparing our common ALL and
pre-B-ALL subgroups, it is striking that in the ‘mature’ (Cylgu™) pre-B-ALL group a
higher frequency of patients have all TCR genes in germline configuration (15% in
pre-B-ALL vs 2% in common ALL; Table 1). Moreover, cross-lineage TCR gene
rearrangements are rare (<5%]} in mature B-cell malignancies, such as chronic lym-
phogytic leukemias (CLL) or non-Hodgkin's lymphomas (NHL)8:31.32

The occurrence of cross-lineage TCR gene rearrangements in precursor-B-ALL
can be explained in several ways. Based on the fact that cross-lineage TCR gene
rearrangements seem to be rare in normal precursor-B-cells, TCR geng rearrange-
ments may only occur in early precursor cells and the occurrence of TCR gene
rearrangements in precursor-8-cells may stop their further differentiation and matu-
ration.® As a consequence, similarly to cortical thymocytes in the thymus, a large
fraction of proliferating, immature BM precursor-B-celis without functional IGH
rearrangement and/or with cross-lineage gene rearrangements undergo apoptosis
unless they become neoplastic.®33.34 However, this would imply that oncogenic
transformation preferentially affects precursor-B-cells with cross-lineage TCR gene
rearrangements. An alternative explanation could be that cross-lineage TCR gene
rearrangements in precursor-8-ALL result from the continuing activity of the V(D)J
recombinase system after the malignant transformation and maturation arrest.3 We
favor the latter hypothesis, since this would explain the low frequency of cross-line-
age TCR gene rearrangements in normal precursor-B-cells and in mature B-cell
malignancies. From our data it is also apparent that common ALL is a seemingly dis-
tinct subentity with a highly active recombination machinery and accessible Ig and
TCR genes. In very immature B-cells (pro-B-ALL) and more mature B-cells {pre-B-
ALL, B-CLL, and B-NHL) the V(D)J recombinase is less active and the mature B-cell
malignancies have already passed the lineage commitment point so that TCR genes
are not accessible any more and rearrangements are no longer possible.

Owing to their enormous diversity, junctional regions of rearranged ig and TCR
genes represent ideal PCR targets for the detection of MRD.14:17.35 |n precursor-B-
ALL, this especially concerns junctional regions of IGH, IGK, TCRG and TCRD
genes.® For this purpose the precise configuration of the gene rearrangements (i.e.
the V(D), and J gene segmenis) has to be identified at diagnosis. We determined the
frequency of precursor-B-ALL, which have an identifiable fype of TCRG (59%) and/or
TCRD (49%} gene rearrangement and found that in at least 79% (158/202) of pre-
cursor-B-ALL one or more rearranged TCRG and/or TCRD genes can be used as
targets for PCR-mediated MRD detection. In 55% of patients even two TCRG and/or
TCRD targets were present.

Comparative SB and heteroduplex PCR analysis of TCRG and TCRD in 62
patients showed concordance of approximately 80% between the two techniques.
One explanation for the discrepancies is the efficient PCR detection of rearrange-
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ments derived from small subclones, which are difficult do detect by SB. Secondly,
15 rearrangements to the D33/J81 region as detected by SB could not be assigned
to a pariicular V5-J3 joining based on the sizes of clonal bands. In those cases no
clonal PCR products were found with the TCRD applied primer sets. These
rearrangements probably reflect Vu-Jé1 rearrangements or translocations into the
TCRD locus. Furthermore, four precursor-B-ALL patients with seemingly ‘clonal V82-
D33 bands’ on SB analysis revealed an oligoclonal pattern by heteroduplex PCR
analysis.

Based on combined SB/PCR data and on reports from the iiterature the fre-
quency of cross-lineage TCR oligoclonality in precursor-B-ALL can be estimated to
be ~20%. This seems to be significantly lower as compared to /GH, where multipie
rearranged /GH gene bands, generally differing in density, were found in 30-40% of
patients.3541 However, when focusing on the group of patients with TCRG and
TCRD rearrangements, the frequency of oligocionality is comparable to /GH gene.
Taking into account IGH oligocionality and the relative instability of /GH rearrange-
ments, 38384243 TCR gene rearrangements seem to be at least equally suitable
MRD-PCR targets. The stability of the leukemia-specific TCR gene juncticnal
regions is reasonably high as found in studies of ALL patients at diagnosis and
relapse, which showed that in 80-20% of leukemias at ieast cne rearranged TCR
allele remained stable 374445

Heteroduplex PCR analysis appeared to be a valuable method for the identifica-
tion of TCRG and TCRD MRD-PCR targets. This method is more rapid and less
expensive than SB analysis and requires only smali amounts of DNA. Heteroduplex
PCR data indicate that MRD monitoring is possible using TCRG and TCRD targets
in approximately 80% of childhood precursor-B-ALL patients. Nevertheless, reliable
guantitative molecular technigues such as TagMan technoiogy are needed to distin-
guish between rearrangements from major and minor subclones. 48

Our study indicates that cross-lineage TCR gene rearrangements and/or dele-
tions in childhood precursor-B-ALL occur at high frequency, in a hierarchical order,
and are incomplete in a large number of cases (TCRB and TCRD genes). In at least
79% of precursor-B-ALL one or more of the TCRG and TCRD gene rearrangements
can be identified arnd can be used as targets for PCR-mediated MRD detection.
Based on the combined data it is also possible to reduce the broad panel of six
TCRD and 12 TCRG primer combinations to two TCRD combinations (V82-D33 and
D&2-D33) and six TCRG combinations (Vyl, V¥, VyiV family specific primers with
Jyt.1/2.1 and Jy1.3/2.3 primers) resulting in the detection of 80% and 97% of all
TCRD and TCRG gene rearrangements, respectively.
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ABSTRACT

This study aimed at identification and detailed immunaobiological characterization
of V32-Ja gene rearrangements in precursor-B-ALL. We developed a multiplex het-
eroduplex PCR assay wit 61 Jo primers and analyzed 338 childhood precursor-B-
ALL, of which 153 cases were also studied by Southern blotting.

A total of 158 clonal V32-Ja gene rearrangements were identified in 141 of the
339 patients (41%). The combined PCR/Scuthem blot studies in the subgroup of 153
patients showed that among 70 cases containing V32-Ja rearrangements, 39 (55%)
showed monoclonal and 31 (44%) showed oligoclonal rearrangement patterns.
Based on sequence analysis, preferential usage of the Ju29 gene segment was
found in 85 of the 158 V&2-Ja sequences (54%). The remaining 73 sequences used
26 other Ja segments, which included two additional clusters, one involving the most
upstream Jo. segments, i.e. Jadd to JuB1 (23%), and the second cluster located
around the Ju8 gene segment (8%). The stability of V32-Ja joinings analyzed at
relapse in 42 patients was excellent for mongoclonal rearrangements (88% stable) as
compared to oligoclonal V§2-Ja rearrangements (only 40% stable). Finally, real-time
quantitative (RQ)-PCR experiments revealed that V32-Jo rearrangements can be
used as patient-specific targets for detection of minimal residual disease (MRD} with
reproducible sensitivities of at least 10~* in most cases. Using RQ-PCR, we demon-

*Submitted 133
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stratec that V52-Jo. rearrangements were detectable in normal bone marrow and
peripheral blocd samples, albeit at very low levels (generally below 10-3). in conclu-
sion, monoclonal V&2-Ja gene rearrangements might serve as principal MRD-PCR
targets in ~25% of precursor-B-ALL.

INTRODUCTION

Current diagnostics in hematopoietic malignancies frequently employs poly-
merase chain reaction (PCR)-based techniques for detection of low levels of malig-
nant cells, known as minimal residual disease (MRD)." In childhood acute lym-
phoblastic leukemia (ALL), MRD information has high prognostic value, as was
shown by several large multi-center prospective studies.2® MRD studies can pre-
cisely assess the early response fo induction treatment and thereby contribute to an
improved definition of remission in ALL. Conseguently, MRD detection is currently
being incorporated into stratification of treatment protocols.”-8

In childhood ALL, defection of MRD most frequently relies on patient-specific
junctional regions of immunoglobulin (lg) and T-cell receptor {TCR) gene rearrange-
ments, mainly concerning ig heavy chain (/GH) gene, Ig kappa deleting element
(IGK-Kde), TCR gamma (TCRG) gene and TCR delta (TCRD) gene.?"! These
Ig/TCR gene rearrangements can be identified at initial diagnosis in approximately
95% of ALL patients, comprising at least two sufficiently sensitive targets (£10-4) for
real-time quantitative (RQ)-PCR based MRD detection in approximately 80% of
patients.® Thus, in 20-25% of ALL cases, the Ig/TCR MRD-PCR targets need stili to
be optimized. For instance, TCRG gene rearrangemenis are potentially less sensk
tive markers owing to the limited number of different Vy and Jy gene segments and
the frequent occurrence of TCRG gene rearrangements in polyclonal T-celis in bone
marrow (BM) follow-up samples.!? [n fact, in not more than half of the TCRG gene
rearrangements in precursor-B-ALL patients, a maximal sensitivity of 10~ couid be
reached in RQ-PCR experiments.'® Moreover, in approximately 15% of precursor-B-
ALL patients, cligoclonal /GH gene rearrangements are the only available MRD tar-
gets.? In such patients all oligoclonal targets should be monitored to prevent false
negative results, which is costly and time consuming.'* In addition, substantiai
expansions of normal precursor-B-cells with polyclonal /IGH gene rearrangements in
regenerating BM zafter cessation of maintenance therapy might affect the sensitivity
of MRD detection using Ig gene rearrangements as PCR targets.' Therefore, par-
ticularly precursor-B-ALL patients might profit from the introduction of new MRD-
PCR targets.

V§2-Jo gene rearrangements might be atiractive new MRD-PCR targets, but
have not yet been evaluated for this purpose. Several earlier studies indicated that
TCRD gene deletions with rearrangements in the Ja locus occur frequently in pre-
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cursor-B-ALL (Figure 1).1621 Qur detailed Southern blot study indicated that at least
40% of TCRD alleles in precursor-B-ALL are deleted, which might be largely due to
V32-Jo gene rearrangements.2! Therefore, we developed a multiplex PCR strategy
for easy identification and characterization of clonal V32-Ja gene rearrangements in
a large series (n = 339) of precursor-B-ALL patients. In a subset of patients, we
assessed the stability of these rearrangements at relapse of ALL. We aiso investi-
gated the presence of the most frequent V32-Jo. rearrangements in normal lymphoid
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Figure 1.

{A) Consecutive rearrangements in the TCRD/A locus invalving the V52 gene segment, which are char-
acteristic for precursor-B-ALL. The main pathway concemns consecutive V52-D33 — V52-Jo recombina-
tions. D32-D33 and D&2-Ju gene rearrangements can also occur albeit at much lower frequencies. Solid
boxes below the gene segments represent the probes used for Southemn blet hybridization.

(B} Southern blot analysis with TCRDVZ probe in 10 precursor-B-ALL patients. V52-D33 and/ior V§2-Ja29
gene rearrangements in patients 5602, 5675, 5683, and 5696 are monoglonal. The presence of several
rearranged bands of different densities in patients 5515, 5647, 5662, and 5698 is consistent with oligo-
clonality. Both V32 alleles in patient 5670 are deleted, while patient 5565 has both V32 alleles in germline
cenfiguration.
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tissues. Finally, we evaluated the sensitivity of V32-Ja rearrangement as RQ-PCR
targets for MRD menitoring.

PATIENTS, MATERIALS AND METHODS

Patients

BM or peripheral blood {PB) samples from 339 children with precursor-B-ALL were obtained at initial
diagnosis. The age distribution ranged from 1.5 months until 15.9 years. The diagnosis of precursor-B-
ALL was made according to FAB and standard immunophenotypic criteria.?223 Immunological marker
analysis of the precursor-B-ALL revealed that 12 were pro-B-ALL, 226 were common ALL, and 101 were
pre-B-ALL.

Southern blot analysis

Menonuclear ceils (MNC) were isolated from BM or PB samples by Ficoll-Pague centrifugation (den-
sity 1.077 g/em3; Pharmacia, Uppsala, Sweden). DNA was isolated from fresh or frozen MNC fractions
as described previously.2425 Fifteen micrograms of DNA were digested with the appropriate restriction
enzymes (Pharmacia), size-separated in 0.7% agarose gels and transferred to Nytran-13N nylon mem-
branes (Schieicher and Schuell, Dassel, Germany) as described.2* The configuration of the TCRD genes
was analyzed with the TCRDJ1 and TCRDV2 probes {DAKO Corporation, Carpinteria, CA, USA) in Bgfll,
EcoRl, or Hindlll digests.2®

Primer design and heteroduplex PCR analysis

V52 and D32 primers have been developed by the BIOMED-2 Concerted Acticn BMH4-CT98-3936
“PCR-based clonality studies for early diagnosis of lymphoproliferative disorders™ {Van Dongen et al. sub-
mitted for publication). Based on the available nucleotide sequence of the human 3’ terminal end of the
TCRA/D locus (EMBL accession no. M9408127), 61 Ja primers were designed compatible to the V32
primer, using OLIGO 6.0 software (Dr. W. Rychlik; Molecular Biology Insights, Inc., Cascade, CO, USA)
and appiying previously describe¢ guidelines (Table 11.11 Oligonucleotide Jo primers of 17 to 23 bp were
positioned 111 to 162 bp downstream of the invalved recormbination signal sequence (RSS). Secondary
structures such as primer dimers and hairpins were avoided, and the melting temperature (Tm) was 68°C
+ 3°C. The 61 Ju primers were subsequently checked for absence of “cross™-dimer formation, using the
OLIGO 6.0 software. This aliowed as to design seven V32-Jo multiplex PCR tubes (Table 2).

The multiplex V82-Ja PCR analyses were performed in all 339 patients, essentially as described pre-
viously.2322 [n each 50 wl PCR reaction 100 ng DNA sample, 10 pmol of the 5° and 3’ oligonucleotide
primers, and 1 U AmpliTaq Gold polymerase (PE Biosystems, Foster City, CA) were used. PCR conditions
were: initial denaturation for 10 min at 94°C, followed by 35 cycles of 45 sec at 82°C, 90 sec at 60°C, and
2 min at 72°C using a Perkin-Elmer 480 thermal cycler {PE Biosystemns}. After the last cycle an addition-
al extension step of 10 min at 72°C was performed. Appropriate positive and negative controls were
included in all experiments.'

Additionally, the presence of clonal V§2-D83 and D62-D33 gene rearrangements was tested using
our classical monoplex approach.” Multiplex D32-Jo PCR was performed in 11 patients, pre-selected
based on Southern biot and PCR information (i.e.. germiine V32 allele with deleted D33/J81 area and the
absence of cional V82-Ju rearrangements).

For heteroduplex analysis, the PCR products were denatured at 94°C for 5 min after the final cycle
of amplification and subsequently cooled to 4°C for 60 min to induce duplex formation.3¢ Afterwards the
duplexes were immediately loaded on 6% non-denaturing pelyacrylamide gels in 0.5 x Tris-borate-EDTA



Vé2-Ja gene rearrangements in precursor-B-ALL 137

(TBE) buffer, run at room temperature, and visualized by ethidium bromide staining (Figure 1%.3% A 100-
bp DNA ladder (Promega Corporation, Madison, W1, USA) was used as size marker.

Comparative heteroduplex analysis of PCR products

Comparative heteroduplex analysis of V82-Ja PCR products at diagnosis and relapse concerned 42
relapsed precursor-B-ALL, which contained Vé2-Jo rearrangements at diagnosis. The relapse samples of
these patients were at first analyzed in monoplex PCR with those primer combinations, which showed
clonal PCR products at diagnosis. When the clonal PCR product was also found at relapse, its identity
was subsequently compared with the PCR product found at diagnosis by means of mixed heteroduplex
analysis, 1.e. mixing of the diagnosis and relapse PCR products followed by heteroduplex analysis (Figure
2).14.31 When clonal PCR products found at diagnosis were undetectable at relapse, the relapse sample
was analyzed with all 7 V§2-Jo multiplex tubes.

Sequence analysis of V82-Ju gene rearrangements

Direct sequencing of V52-Ju rearrangements was performed with the V32 primer using the dye-ter-
minator cycle sequencing kit with AmpliTag DNA polymerase FS on an ABI 377 sequencer (PE
Biosystems) as previously described.’® When heteroduplex PCR analysis revealed more than two clonal
bands i.e. two homoduplexes, or an additional upper band resulting from extension o downstream Je
segments, homoduplexes and/or heteroduplexes were excised from the polyacrylamide gel, eluted and
directly sequenced as described before.? Also clonal PCR products discordant between diagnosis and
relapse of precursor-B-ALL as found by mixed heteroduplex analysis, were subseguently sequenced and
the sequences were evaluated for the presence of cormmon V32-D§3 stems. Jo gene segments were
identified by comparison to germiine sequences as previously described.?? For alignments of D82 and
D33 segments in Vé2-Ju junctional regicns, it was required to have at least 4 and 5 consecutive match-
ing nucleotides, respectively.33

RQ-PCR-based detection of clonal V&2-Ja gene rearrangements

RQ-PCR-based detection of clonal V§2-Jo gene rearrangements relied on allele specific oligonu-
cleotide (ASO) primer approach as described previously.’2.34 The germline TagMan probe (5-AGACC-
CTTCATCTCTCTCTGATGGTGCAAGTA-2Y and forward primer (5-TGCAAAGAACCTGGCTGTACT-
TAA-3") were designed in the V32 gene segment, The ASQO primers were positioned at the juncticnal
regions, preferably covering the D33-Jc., and sometimes aisc the Vd2-Dd3 junction (Table 3). A standard
annealing temperature of 60°C was used. To determine the efficiency of amplification and sensitivity of the
PCR target, diagnestic DNA was diluted in 10-fold steps into control MNC DNA, from 1077 down to 1075,
The serizl dilutions of diagnostic DNA were subjected to RQ-PCR analysis together with negative controls
{H,0 and control MNC DNA). Serial dilutions of diagnostic samples were analyzed in tripliczte. To correct
for the quantity and quality (amplifiability) of DNA, RQ-PCR analysis of the albumin gene was used.35

Non-specific amplification was defined as any amplification observed in control MNC DNA. The
reproducible sensitivity of a primers/probe combination was defined as the maximal 10-fold dilution step
with a maximal difference in cycle threshold (Co) value of 1.5 between the duplicate of the involved dilu-
tion samples and with a maximal C value of 40 cycles."33¢ The standard curve within this reproducible
range should have a correlation coefficient of at least 0.95 for precise quantification. Furthermore, the C4
values of the reproducible sensitivity had to be at least three cycles lower than the C. values of control
MNC DNA (tested in two- to six-fold). In case non-specific amplification was observed, the maximal sen-
sitivity was defined as the maximal 10-fold dilution of the diagnostic sample giving a reproducible C. value
and with the highest C atleast 1 cycle lower than the lowest C+ of non-specific amplification. If non-spe-
cific ampiification was not abserved, the maximal sensitivity was defined as the maximal 10-fold dilution
of the diagnostic sample giving specific but non-reproducible amplification.12.26
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Table 1. Primers developed fer PCR and sequence analysis of Vé2-Jo and D&2-Ja gene
rearrangements.

Primer code

Size of primer (bp}

Position in bp2

Sequence (5 = 37)

Jol

Jo2

Jo3

Jod

Jos

Job

Ja7?

Ja8

Jog

Ja10
Ja 1
Jo12
Ja13
Ja14
Jatd
Joib
Jat7
Ja18
Jo19
Ja20
Ja21
Ja22
Ja23
Jo24
Ja25
Ja26
Ja27
Ja28
Ja29
Ja30
Ja31
Ja32
Ja33
Jo34
Ja35
Ja36
Ja37
Jo38
Ja39
Jad0
Jod1
Jod2
Jad3

18
18
20
21
23
23
18
23
23
22
21
22
22
22
20
20
21
21
21
23
20
21
21
20
23
18
21
19
21
18
23
19
21
20
19
20
23
22
18
20
18
20
18

153
166
160
151
129
160
131
113
169
123
139
151
120
120
133
150
144
124
162
169
153
146
163
167
115
141
162
157
146
153
125
129
157
146
159
125
148
107
127
120
120
124
124

GGGACCCAGAAATCAGAA
CTACAGCAAGCCTCACCA
GAGCCCACAGAGGAAAATAC
CCCCAAGTTTGCTATAGATCA
TTCATCATCTAAGAAAGCAGAGT
GATGGAATAGATCACAACACAAA
AGAGGCTCTCCAGCACAG
ATATATGCCCAATATTGAGGATA
TTTAACTGGCAGACAAAACTATG
TTCTTCCACTTATTGTCACCAG
ATGAGGATAACACGCAATACA
TCCAGCTCATTTTGCATTATAC
TTACGGTCTGAGAGAAGACAAC
GCAGTAAGTTTAGTGGGTCTCA
ATTTGGTCACCTGTGCAATA,
AACATTTGGCAGTCCACTTA
GACATTAATTTGGGCCAATAC
CTCCCCTTTTAATTTCTCCAC
CTCCCATCAGAAAGCAATTAC
TGGGAAAGCTCTTAGAATTTAGT
GACCCAAAATGCAAAATAAA
CTCAGGCCCATTAAGTTACAT
TCCCCCTCTCTAAACATTCTT
GGCTTCCTTTCAGATGTGTT
AGTTTTCCTCTTGGAGATAATCA
GACTCCTGGCCTCAAGAC
ATTAATAAAGAGCCCAACCAG
GCAAAGAAAACACCACCTG
GGCAAAAGCATTCTAGGTACA
GCCACCCACATGTCTTAG
ATTAAATCTCCACTAACTTCACG
TGCIGTCGCTTCCTACTTG
GCAGGCTGACTTGTTCTTAAA
CAACAAGGAGCAAAACTTCA
ACTGGAAAATGGGTIGTSTG
CTGTCTGGGATGTGAGAACT
TTTGGTTAGAAGTTGAGACAGAG
AGGAGGCAGTTICTGAGATATT
GCTCAGTGCTACGGCTTC
CCTCAAACATGAACACCAAC
AACAGGTCCCATTGGATT
TTGCCCAGAGTGACAAAGTA
GAAACTGCCCAGAACAGC
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Primer code Size of primer (bp)

Position in bp?

Sequence (5 —3')

Jodd
Jads
JadB
Jad7
Ja48
Jad9
Ja50
Ja51
Jub2
Jas3
Jobd
Jud5
Ju56
Jua57
Jad8
Ju59
JaB0
JuB1

21
21
19
18
19
19
17
19
17
18
21
21
21
21
1€
20
12
23

127
148
144
128
114
111
154
143
18
130
136
152
142
143
163
149
120
135

TCTGCAGTATCCCCTGTTTTA
ATGAGCCAAGGTTTAGAAATG
CCAAAGGAGGACAACTCAA
TCCCAGCCAGAAAAAGTT
TCCCCAGAATCTIATGCAG
GCAGTITAAAGGGTTIGCT
CAACCACGATGCCATCT
GGATTIATGCTGCCACTGA
GGGGAAGGGAGCAAAAG
ACCTGACACTGGGGTGAC
GAGGGGCAAGTAATTAAATCA
AGTATACGTCCCTCAAGGAGA
AGGAGATTCGGTTATCTTTCA
GGACCTGGGTTATAAAACAGA
GACTTGAATGTGGCAGAGA
ATCAAATCCTCAGGGAGAAG
CTGATTGCCAGGTGTTAGG
GTTTGTTAAGGCACATTAGAATC

a. The position of the 5" end of the primer is indicated downstream relative {0 the RSS of the involved Ju

gene segments.

RQ-PCR-based detection of polyclonal Vé2-Ja gene rearrangements in normal cell samples
Normal tissue samples tested for the presence of V32-Ja gene rearrangements included rnormal PB,
E-rosette™ PB-cells (T-cells), E-rosette” PB-celis (B-cells, NK-cells and monocytes), normal BM, sorted
BM B-cells and B-cell precursors, tonsils, lymph nodes, thymuses, and post-chemaotherapy regenerating
BM samples, which are known to contain high frequencies of normal precursor-B-cells.’>37 Whenever
possible, at least two different samples were tested per category, each sample in triplicate. To analyze the
presence of V52-Jo gene rearrangements in normal tissue samples, the above-described germline

Table 2. Composition of the multipiex tubes for detection of V32-Jo gene rearrangements,

Tube code

Tube composition

V§2-Jo Tube 1
V52-Joe Tube 2
Va2-Jo Tube 3
V§2-Jo Tube 4
Vé2-Jo Tube 5
V§2-Jo Tube 6
V32-Jo Tube 7

V32 + Jal, JuB, Ju7, Ju22, Ju26, Judl, Jusd, Ju57

Va2 + Jo2, Ja3, Jub, JoB, Jat1, Jal12, Jal3, Jal1d

Va2 + Jud, Jo10, Je14, Ja20, Jo23, Ja29, Jad2, Jad8

V32 + Ju9, Ju18, Ja35, Jad7, Ja38, Jad1, Jad?, Jas51, Jus8, Jabl
Va2 + Ja15, Ju18, Ja28, Ja34, Jo38, Jad3, Jadd, Juds, Jadb

Va2 + Jal7, Ja21, Ja24, Ja25, Je27, Jodl, Jud2, Jul3, Jo3g

V82 + Ja30, Jed?, Jud0, Jab2, Jus3, Juss, JabB, Jusg, Jub1
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Figure 2.

{A) Schematic diagram of the V32 gene segment joined to the J&29 gene segment via a junctionai region.
The presented V32-Ja29 junctional region sequences are derived from precursor-B-ALL patients and
illustrate the deletion of nuclectides from the germline sequences as well as the size and composition of
the junctional regions. D3 gene segments and inserted nuclectides are indicated by capitai letters and
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GIGCCTATGACACT

GTGCCTETGAC
GTGCC

GIGUCTET
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GTGLC
GTGCCTGETGA
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GTGCCTGTEA
GTGCCTETGACA
GTGCCTGTG
GTGECCTETGACACC
GTGCCTGT
GTECCTETG
GTGCCTG
GTGCCTETGACA
GTGCCTGTGACACC

M
5199
5354

5378

Germling D33 sequence

Germiine Ja28 sequence

ACTCERGGATACG GEAATTCAGGAAACACAGGTGTTET
COACTTTITACTGEGBGACCCOTAAAR AGGAAACACACCTCTTST
CTAARACGGGC GAATTCAGGAAACACACCTCTTGT
TCACTGGGGEACTTA GARTTCAGGAAACACACCTCTTGT
TCTGEEGGEGECCEEEE GGAAACACACCTCTTGT
CCCCTCTTATCG TTCAGGAAACACACCTCTTGT
GETCAGGGGATACGGATACGETETT TTCAGGAAACACACCTCTIGT
TCCGAGCGATAGGGE AACACACCTCTTGT
GGEETGOGEGACCCECEEAG TTCAGGAAACACACCTCTTET
TTCTGGGGATCAAC TGT
CeTTGEEEGETECTT ATTCAGGAAACACACCTCTTET
GARBACTTACTG GGG GATACE CCCTGLTAAGT GOAAACACACCTCTIGT
CTAGGEEEATACAGECAC TTCAGGAAACACACCTCTTGT
[cletelelelc] CACCTCTTGT
GaCTTCCoeCCCCTGEGEGCTTE  GAATTCAGGAAMACACACCTCTTGT
TTGCTACTGGREGATECGGES TTCAGGAAAGACACCTCTTGT
GGGGCTACTEGEGEGATACGSTCGE AGGAAACACACCTCTTGET
c N T O O nom N D
n © o 9 — M ~N 2 & O
+ & O W v w O @ @
[ie] L0 [T IR TR Fs N W oW

5393

small capital letters, respectively.

{8) Multiplex heteroduplex PCR analysis with V52 in combination with a Ji primers (mix 3) showed clon-
al V&2-ja homoduplexes (ho) in all patients tested. Sequence analysis (see part A) showed that all these
rearrangements involved the Jo29 gene segment. The presence of heteroduplexes (he) in patients 5199,

Va2-Jo mix3

5504, and 5608 indicated the presence of double V§2-Ju29 rearrangements.
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TagMan probe and forward primer, positicned in the V32 gene, were used together with a reverse Jo
primer, Based on the frequencies of particular V§2-Ju gene rearrangements in precursor-B-ALL {see
below), Ja9, Ja28, Ju58, and Job1 primers were tested (Table 1). To determine the efficiency of amplifi-
cation and sensitivity of the PCR target, diagnostic DNA from the precursor-B-ALL containing particular
V32-Ja gene rearrangement was diiuted in 10-feld steps (1077 down to 10-8) into DNA from the cell ling
CEM, known to have deleted both TCRD allzles. To correct for the quantity and quality {amplifiability) of
DNA, RQ-PCR analysis of the albumin gene was used.33

RESULTS

Clonal TCRD gene rearrangements in precurser-B-ALL

Southern biot analysis with two TCRD probes (TCRDJ1 and TCRDVZ probes)
was performed in 153 patients. Based on the combined Southern biot and PCR
results, clonal V382 gene rearrangements were found in 77% (117/153) of precursor-
B-ALL patients. Clonal V52-D&3 rearrangements were detected in 38% (80/153) of
patients. In an additional 7% (11/153) of cases Southern blot indicated the presence
of a clonal V32-D33 recombination, which turned out to be oligo/polyclonal by PCR
analysis.238 V52-Ja rearrangements were found in 46% (70/153) of patients and
combined Southern blot/PCR data showed that 56% (38/70) of these V&2-Ja joinings
were monoclonal. The vast majority (78%) of monoclonal V32-Jo rearrangements
were monoallelic. A significant proportion (44%; 31/70} of V§2-Jo joinings were
oligonoclenal. Oligoclonality was assumed either when the Southern blot revealed
presence of rearranged bands of different densities (13 patlients; Figure 1B) or when
the number of clonal V82-Jo and V32-D383 homoduplexes exceeded the number of
V32 rearrangements in Southern blot analysis (18 patients).

Clonal D&2-D83 rearrangements were detected in 10% (15/153) of patients.
Monoclonal Dé2-Jo gene rearrangements were found in only 3 of the 11 patients with
a germline V32 allele but a deleted D33/J31 region. This indicates that D32-Ja
rearrangements are rare (~2%) in childhood precursor-B-ALL.

Spectrum of V82-Ja gene rearrangements in precursor-B-ALL

In the total group of 33§ patients studied with our multiplex PCR strategy, a total
of 158 clonal V32-Ja gene rearrangements were detected in 141 cases (42%). The
sequence analysis of clonal V§2-Ja PCR products revealed that 26 different Ju seg-
ments were used (Figure 3). Surprisingly, the Ju29 gene segment was present in
54% (85/158) of all clonal V82-Ju joinings (Figures 2 and 3). Tegether with Jo30 and
Ja31 genes they formed a first cluster comprising 59% of V§2-Ja gene rearrange-
ments. A second cluster frequently involved in V§2-Ja recombination concerned the
Jo segments most proximal to the TCRD locus. Altogether, 10 of the most upstream
Jo genes were found in 23% (36/158) of V82-Ja joinings, with Ja48, JaS4, Jab8, and



Table 3. RQ-PCR analysis of V52-Ju gene rearrangements for sensitive detectlon of MRD in precursor-B-ALL patlents.

Patient  V82-Ju  Junctional region®  ASO sequence 5'53b T(°C)* Reproducible  Maximat! Mon-specific Cy 10°t
rearrangement sensitivity®  sensitivity  amplification® diluticn
5161 V82-Ju29 2124(D83)T TTCCTTGTCCCCAGTACCCC 60 103 104 5/6 283
5172 V82-Ju29 3M56/3 CCTGAATAAGGGTCGGGGT 80 106 1075 - 25.0
5236  V62-Ju29 1130(Da3)/s AGCCATCTTTAGGAATTCTCGAIC 60 10~ 104 - 276
H462 Vi2-Ju29 3/15(Da3)/11 GTFCCCCTATCCCTCGGAGTC 60 1074 10-6 116 259
6338 V82-Ju29 3/16(D53)/8 AAGAGGTGTGTTTCCCCCGTAT 60 10-2 102 6/6 30.5
6395  Va2-Jub4  3/21(D82, D630  GTTTATAGTTGCTACCTCCACTATTCTCCIAT 60 104 10-5 - 23.9
6403  V82-Ju29 922{D33)3 GGTGTGTTTCCTGAATCCTCGT 60 10~ 105 /6 235
6436  VE2-Ju28 4114112 TGTGTCCCTAACGGTCGAAT 60 104 10°5 1/6 23.5
6439 V§2-Jud8 3/25(D53Y15 AAAGGTTAATTTCTCATCGGGAGTAT 60 104 105 - 25,2
6464  V3§2-Ju56 3H3r21 GTCAGCCCCTGGACAGTAAGTC 80 105 10°5 - 255
6527 V52-Ju29 0120418 GTCCCGTAAGAAACCCTCTCG 60 104 105 - 25.7
6571 V82-Ju29 H1U{D&E3YE TGTTTCCTGGGAGTATCCTCGT 60 10-3 1073 - 30.7
6615  V52-Ju29 5/13(D53)12 AAAGACAAGAGGTGTGTCGGT 60 104 105 - 234
6673 V82-Ju29 0/28(D33)0 TGTTTCCTGAATTCCGAGGAT 60 104 10°5 - 23.5
6687  V52-jub58 3/M18(D&3)/3 TGGTTTCTTCCCACTATICCCTGA 60 1073 104 i/6 29.2

a. Sequences of the junctional region were aligned wilh the 3' end of the V52 germline sequence and the 5' end of {he Ja germline sequences. The number of
5'-deleted, inserted, and 3'-deleled nucleoctides as well as the presence of D32 and 83 segments are indicated.

h. The nucleotides of the ASO primer that overlap with the D83 segment are underlined.

¢. Temperature of annealing and extension during the RQ-PCR reaclion.

d. The reproducible sensitivity of a primers/probe combination was defined as the dilulion step wilh a maximal difference in G value of 1.5 between the dupli-
cale dilution samples and with a maximal C value of 40 cycles.

e. Nonspacificity refers to amplification of normal MNC DNA. The number of positive wells per total number of wells is shown.

vl
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JuB1 genes used most frequently (Figure 3). The third and most downstream clus-
ter was located around the Ja9 segment and comprised 8% (12/158) of V§2-Ju gene
rearrangements. In line with these results, the three identified D3&2-Jo gene
rearrangements contained the Ja8, Ju29, and Ja58 gene segments, respectively.

Characteristics of clonal V82-Jua gene rearrangements in precurser-B-ALL

The vast majority of V82-Ju gene rearrangements (78%, 122 of 156 fully
sequenced clonal PCR products) contained a part of the D83 gene segment (9
nucleotides on average, range 5-13 nucleotides). In striking contrast, remnants of the
D32 gene segment were found in only 7% (11/156) of the V32-Ju sequences. Overall
sizes of the V§2-Ju junctional regions were extensive with 18.8 nucleotides on aver-
age (range 0-47). The sizes of the V52-D33 and Da3-Ja junctions were comparable:
5.9 nuclectides on average {range 0-26). The 3" deletions of the V32 gene segment
{(mean 4.4, range 0-43 nucleotides) were comparable to the 5 deletions in the Ju
gene segments (mean 5.9, range 0-33 nucleotides).

Stability of Vé2-Ja gene rearrangements in monoclonal and oligeclonal pre-
cursor-B-ALL patients at relapse

A total of 55 clonal V32-da gene rearrangements in 42 precursor-B-ALL patients
were subjected io comparative heteroduplex PCR analysis at diagnosis and relapse:

60

Frequency (%)

6159575553514947454341393735333129272523211917151311 9 75 3 1

| E—

Ja gene segments (n=158)

Figure 3.
Bar diagram surnmarizing the usage of particular Ju segments in V52-Jo gene rearrangements in pre-
cursor-B-ALL.



144 CHAPTER 2.5

33 of the 55 rearrangements were found to be stable (60%). In 27 patients (84%) at
least one V82-Ju rearrangement was preserved at relapse. The stability of the Va2-
Jo. gene rearrangements was markedly different between monoclonal and oligoclon-
al patients; i.e. at least one rearrangement was preserved in 86% (18/21) and 43%
(9721} of patients, respectively. The significant difference between monocional and
oligocional rearrangements was even more pronounced at the allelic level, with 21
of 24 monocional V32-Jo gene rearrangements being stable {88%) as compared o
only 12 of 31 oligoclonal rearrangements (38%).

Owing to clonal evolution phenomena, 22 V82-Ju rearrangements were lost in 18
patients. In 13 patients, this concerned either “regression” of (sub)clonal rearrange-
ments to germline configuration or disappearance (deletion) of the V52-Ja joinings,
probably owing to secondary Va-Ja recombinations. In five patients, new Vé2-Ja
gene rearrangements were detected at relapse. In one of these five patients, the
V§2-Ja23 sequence at diagnosis and the V82-Ju28 sequence at relapse shared a
common V§2-D&3 stem confirming their origin from a common (prejleukemic pro-
genitor cell with a V32-D33 rearrangement. [n the remaining four cases, the junc-
ticnal regions of the V§2-Ja gene rearrangements at diagnosis and at relapse were
completely different suggesting that the presumed leukemic progenitor probably had
germline TCRD genes.

V32-Ju gene rearrangements as MRD-PCR targets in precursor-B-ALL patients

V82-Jo gene rearrangements were tested as MRD-PCR targets in TagMan-
based RQ-PCR assays employing a germline V82 forward primer and a germiine
V&2 TagMan probe together with patient-specific reverse primers located 1n the V§2-
Jo junctional regions (Table 3). In 11 of 15 patients (73%), a reproducible sensitivity
of 10* was achieved at the routine annealing temperature of 60°C, i.e. no optimiza-
tion was necessary. In all except two patients the maximal sensitivity was &t least
10~4. Repeated background ampiification in normal MNC was found in only two
cases (Table 3).

V62-Ja gene rearrangements in normal lymphoid tissues

Using RQ-PCR assays with a germline V82 forward primer and TagMan probe
and one of four reverse germiine Ja primers (Ja61, Ju58, Jo28, and Ju8), accord-
ing to the most frequent V32-da gene rearrangements in precursor-B-ALL, we
demonstrated that such preferential Jo usage is not characteristic for normal lym-
phoid tissues. Relatively high levels of V52-Jo58 and V82-JaB1 gene rearrange-
ments (1073 to 1072) were only found in thymus samples (Table 4). Ten-fold lower
levels (10~ to 10-3) were repeatediy detected in PB, particularly in a fraction of E-
rosette selected T-cells. Lower frequencies of V§2-Ja58 and V§2-JuB1 gene
rearrangements were detected in normal BM, lymph nodes, and tonsiis {generaily
<10™%). V52-Ja29 gene rearrangements were consistently found in the thymus sam-
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Table 4. V32-Ja rearrangements in normal lymphoid tissues as compared with precursor-B8-ALL.

VE2-Jab1 V32-Ja58 Vi2Z-Jo29 V52-Jo8

Precursor-B-ALL 4.4% 3.8% 53.8% 6.3%
(% of V52-Ju: positive patients)

CD19*/CD10*+/CD20" sorted normal - - - _
BM B-cell precursors (n = 1)@

CD19*/CD10*/CD20* sorted normal - - + -
BM B-cell precursors (n = 1)@

CD19™/CD10-/CD20* sorted normal - - - -
BM B-cells (n = 1)

Regenerating BM (n = 3)P *
Normal BM (n = 3) H+
Normal PB (n = 2) +
E-rosette™ PB MNC {n = 1)
E-rosette” PB MNC (n = 1) -
Tonsil {n = 2)

Lymph node {n = 3)
Thymus {n = 3) ++ 4+

oW+
+

Eow o Eowow
H W H 1
| ]

a. Normal BM was stained with CD10, €D20, and CD19 monoclonal antibedies and the indicated cell
populations were sorted using a Becton Dickinson Diva flow cytometer.

b. Regenerating BM after cessation of chemotherapy is known to contain high frequencies of precursor-
B-cells (5-30%)1537

Symbols:; ++, V32-Ja levels > 102 +, V62-Ju levels between 10 and 103; #, V52-Jo leveis between
105 and 10%; -, V&2-Ju levels < 10°% or undetectable.

ples at very low levels of ~1075. Incidental positivity at similarly low levels was also
found in PB, BM, and tonsils. In contrast, V52-Ja@ gene rearrangements were virtu-
ally undetectable in all tested normal lymphoid tissues, including the thymus (Table
4). Overall, these RQ-PCR data indicate that V$2-Jo gene rearrangements in normal
tymphoid tissues are restricted to T-cell compartment and the prevalence of particu-
lar Jo segments in V82-Ja gene rearrangements is mainly determined by the prox-
imity to the TCRD locus.

DISCUSSION

The results of our study indicate that the V52 gene segment is a ‘hot spot’ for
V(D)J recombination in precursor-B-ALL. This single gene segment is involved in
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various gene rearrangements in 75 to 80% of patients. In 39% of cases, V52-D33
joinings were found, which are known to be the most prevalent TCRD gene
rearrangements in precursor-B-ALL.21.28.39 In 42% of patients our combined
Southern biot and PCR analyses confirmed the presence of V82 rearrangements to
various Jo segments. The junctional regions of most (78%) V§2-Ju gene rearrange-
ments contained the D33 segment, which indicates that recombination to Joa was
preceded by a V52-D83 rearrangement (Figure 1). The D82 segment is another
gene, which is reported to be involved in TCRD/A gene rearrangements in precur-
sor-B-ALL.719.26 However, D32-D&3 gene rearrangements were found in only approx-
imately 10% of precursor-B-ALL patients, which is in line with literature data.19.21,26
Parts of the D32 gene segments were found in 7% of V32-Jo junctional regicns,
which is in striking contrast to the frequent detection of D33 segments. Clonal D32-
Jo. gene rearrangements occur even more seldom, since we were able t¢ show clon-
al Dé2-Jo PCR products in only 3 patients (2%), who were pre-selected based on
Southern blot data. Thus V&2, D32, D33, and several Ja genes are preferentially
involved in recombinations in the TCRD/A locus in precursor-B-ALL, with the main
pathway being V§2-D83 — V82-Ja29 (Figure 1). The next step might concern sec-
ondary Va-Ja rearrangements, deleting the whole TCRD locus as well as pre-exist-
ing V82-Ja joinings.1921 An explanation for the limited number of gene segments
involved in the V62 gene rearrangements is differential accessibility of gene seg-
ments within the TCRD locus in precursor-B-ALL. Some TCRD regions, particularly
V&1 and all J§ genes, seem to be fully closed for the persistent activity of the V(D)J
recombinase in precursor-B-ALL, because rearrangements involving these gene
segments were reported only anecdotally.*? On the other hand, there might be addi-
tional factors related o the oncogenic process such as over-expressed transcription
regulators, which might influence selection of particular gene segments, i.e. V52,
B83, or Ju29.

The spectrum of V52-Jo gene rearrangements in precursor-B-ALL is clearly not
random. The single gene segment Ja22 was found in 54% of all V&2-Ju joinings.
Such non-random usage of Jo gene segments was previously suggested by
Southem blot data but was never confirmed at the PCR and sequence level.17.18
The remaining Vé2-Jo sequences contained 25 different Ja segments, most of them
betonging fo two additional clusters. The first cluster involved gene segments locat-
ed most proximally to the TCRD locus, with Ja61, Ja58, JaS4, and Ju4d8 gene seg-
ments used most frequently. Altogether, 23% of V52-Ja gene rearrangements
involved Jo gene segments in this proximal cluster. The second cluster was located
around the Jo@ gene segment and accounted for 8% of V82-Ju joinings. The prefer-
ential usage of Ja29 might be related to the fact that the RSS of Ja28 is fully identi-
cal to the consensus RSS. However, no preferential usage was found for the cther
Jo gene segments with a full consensus RSS, i.e. Ja15 and Ju34. Apparently, a
combination of several factors determines the preferential usage of several Jo gene
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segments, such as: (1)}, proximity to the TCRD locus (e.g. for JaB1, Jub8, Jab4, and
Jo4a8)41+43; (2), leukemia-associated differential accessibility, potentially related to
specific transcription factors; and (3), presence of consensus RSS.

Vé2-Ja gene rearrangements can also occur at low levels in normal ivmphoid tis-
sues (Table 4). They are relatively frequent in the thymus, where they represent cne
of the TCRD deletion pathways for commitment to the TCRaB lineage.**3 Similarly
to our previously published data,*® the majority of V32-Jo gene rearrangements in
the thymus involved the most proximal Ja genes (in our study represented by Ju58
and Ju61) and the frequency of such recombinations ranged from 10 to 102, The
same type of rearrangements were also detectable in other lymphoid tissues includ-
ing PB-MNC, BM, lymph nodes, and tonsils but at generally more than 10-fold lower
levels as compared to the thymus (i.e. < 10-%). Such difference in frequency of V52-
Jo gene rearrangementis between the thymus and PB was suggested before based
on qualitative PCR data.*? In striking contrast, V§2-Ja29 and V52-Ju8 joinings were
virtually undetectable in normal lymphoid tissues {Table 4). This suggests that the
preferential usage of the Ja8 and Jul28 clusters in the V32-Joa rearrangements of
precursor-B-ALL (Figure 3) is a leukemia-specific characteristic.

Our multiplex PCR strategy can easily identify clonal V82-Jo gene rearrange-
ments, which can be applied as PCR targets for MRD mgonitoring. In fact, based on
the limited number of Ja segments involved in the V32-Ja gene rearrangements in
precursor-B-ALL, the multiplex strategy can be further simplified. The junctional
regions of V82-Ja joinings are extensive, containing approximately 19 nucleotides on
average. Therefore, it should be relatively easy fo design optimal patient-specific
oligonucleotides reaching sensitivities of at least 107%, which is required for recogni-
tion of the MRD-based low-risk patients.3® Our prefiminary results in 15 patients
showed that in 11 of these cases V3§2-Jua gene rearrangements were sufficiently sen-
sitive and specific MRD-PCR targets, without need for any assay optimization. This
is in striking contrast to TCRG gene rearrangements, which fail as MRD-PCR targets
in approximatety 60% of precursor-B-ALL due to their limited specificity and/or sen-
sitivity.!® Another advantage of V&2-Ja gene rearrangements as MRD-PCR targets
is the extremely low background of polycional V82-Ja joinings in normal BM and PB,
irrespective of the treatment phase.

The major disadvantage of V32-Jo gene rearrangements is their potential insta-
bility owing to different clonal evolution phenomena with secondary rearrangements
causing oligoclonality. Approximately 45% of V82-Ja joinings in precursor-B-ALL are
oligoclonal. Comparative studies on /IGH, IGK-Kde, and TCRD gene rearrangements
at diagnosis and relapse reported & much lower stabiiity for the oligocional
rearrangements as compared to monoclonal gene rearrangements. 43644 This is
also the case for V32-Ja gene rearrangements, where 87% of monoclenal
rearrangements were preserved as compared to only 40% of the oligocional
rearrangements. Oligoclonal Vé2-Ja gene rearrangements usually reflect ongoing
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V§2-D33 to Ju joinings. In fact, small V82-Ju subclones with a common V§2-D&3
stem were reported in the vast majority of precursor-B-ALL with clonal V52-D33 gene
rearrangements.?® Monoclonal V52-Ja gene rearrangements as confirmed by com-
bined Southermn blot and PCR strategy, are excellent MRD-PCR targets that are
equally valuable to monoclonal /GH and TCRD gene rearrangements. The usage of
oligoclonal V82-Ju gene rearrangements as MRD-PCR targets is not recommended
owing to their low stability. When the applied MRD-PCR strategy does not include
Southern blotting, Vé2-Ja gene rearrangements can only be used as supplementary
MRD-PCR targets in exceptional cases.

[n conclusion, V82-Jo gene rearrangements are frequent cross-lineage recom-
binations in TCRD/A locus of precursor-B-ALL, which is in striking contrast to their
infrequent occurrence in normal B-cells and B-cell precursors. The spectrum of V§2-
Ja gene rearrangements in precursor-B-ALL is not random with preferential usage of
Ju29 gene segment. The extensive junctional regions, the low background in normal
BM and PB, and the good stability (87%) of monoclonal rearrangements are the fea-
tures that favor the usage of monoclonal V82-Ja gene rearrangements as principal
MRD-PCR targets in approximately 25% of precursor-B-ALL.
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ABSTRACT

The T-cell receptor gamma (TCRG) gene configuration was established in a
large series of 126 T-cell acute lymphoblastic leukemia (T-ALL) patients using com-
bined Southern blotting (SB) and heteroduplex PCR analyses. The vast majority of
T-ALL (96%) dispiayed cional TCRG gene rearrangements, with biallelic recombina-
tion in 91% of patients. A small immature subgroup of CD3™ T-ALL (n = 5} had both
TCRG genes in germline configuration, three of them having also germline TCRD
genes. In five patients (4%) combined SB and PCR results indicated oligoclonality.
In five rearrangements detected by SB, the Vy gene segment could not be identified
suggesting illegitimate recombination. Altogether, 83% of TCRG gene rearrange-
ments involved either the most upstream Vy2 gene (including four cases with inter-
stitial deletion of 170 bp in Vy2) and/or the most downstream Jy2.3 segment, which
can be perceived as ‘end-stage’ recombinations.

Comparative analysis of the TCRG gene configuration in the major immunophe-
notypic subgroups indicated that TCRy8™ T-ALL display a less mature immunogeno-
type as compared to TCRaf™ and most CD3- cases. This was reflected by a signif-
icantly increased usage of the more downstream Vy genes and the upstream Jy1
segments. Comparison between adult and pediatric T-ALL patients did not show any
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obvious differences in TCRG gene configuration.

The high frequency, easy deteciability, rare oligocionality, and frequent ‘end-
stage’ recombinations make TCRG gene rearrangements principal targets for PCR-
based detection of minimal residual disease (MRD) in T-ALL. We propose a simple
heteroduplex PCR strategy, applying five primer combinations, which results in the
detection of approximately 95% of ali clonal TCRG gene rearrangements in T-ALL.
This approach enables identification of at least one TCRG target for MRD monitor-
ing in 85% of patients, and even two targets in 84% of T-ALL.

INTRODUCTION

Nowadays, T-cell receptor gamma {TCRG) gene rearrangements are frequently
utilized as clonality markers and as PCR targets for the detection of minimal resid-
ual disease (MRD) in lymphoproliferative disorders. The latter application is particu-
larly relevant in acute lymphoblastic leukemia (ALL), since TCRG gene rearrange-
ments occur in the vast majority of T-ALL and in approximately 60% of precursor-B-
ALL patients.’.2 Several retrospective studies and recently also two large prospec-
tive MRD studies successiully employed TCRG gene rearrangements as leukemia-
specific PCR targets.3-7

The frequencies and patterns of TCRG gene rearrangements in T-ALL were
addressed by several Southern blot (SB)-based studies.®1Z Biallelic rearrangements
were found in the vast majority of patients and preferential usage of the Jy2 gene
complex was strongly suggested.”'2 There was some indication on differential \Vy
gene utilization in CD3™ versus CD3™ negative T-ALL subsets, but such observations
were generally based on limited numbers of patients.!! Currently, PCR-based
methodologies are more frequently applied for the detection of clonal TCRG gene
rearrangements. However, the vast majority of PCR-based studies on TCRG genes
in T-ALL, were based either on small or restricted patient groups or on limited primer
combinations.'3-17 Therefore, we performed extensive heteroduplex PCR analysis of
TCRG gene rearrangements in a large group of 126 T-ALL patients. The majority of
patient samples were also studied in parallel by SB as a reference technique. Based
on the combined SB and heteroduplex PCR results, we were able to determine the
presence of oligoclonality and illegitimate recombinations as well as to compare
TCRG gene rearrangement patterns between childhood and adult T-ALL patients,
and to compare between different immunophenotypic subgroups of T-ALL.
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MATERIALS AND METHODS

Patient description

Peripheral blcod (PB) or bone marrow {BM) samples from 126 T-ALL patients (90 children and 38
adults) were obtained at inftial diagnosis. 1618 Mononuclear cells (MNC) were isolated from PB or BM sam-
ples by Ficoll-Paque centrifugation (density 1.077 g/cm?; Pharmacia, Uppsala, Sweden) and subjected to
detailed immunophenotyping according to standard protocols, 1920 To analyze sufficient numbers of CD3™
T-ALL (especially TCRy8™ T-ALL) T-ALL cell samples were selected based on their CD3/TCR
immunophenotype resulting in 64 CD3- T-ALL (51% of the total series), 33 TCRap™ T-ALL (26%), and 29
TCRy&™ T-ALL {23%). In an entirely random series of T-ALL this immuncphenotype distribution would
approximate 70%, 20%, and 10%. respectively.2!

Southern blot analysis

3B analysis was performed in 117 of the 126 patients. DNA was isolated from frozen MNC, digest-
ed, and blotted to nylon membranes as described previously.22 The TCRG gene configuration was stud-
ied using the TCRGJ13 probe (DAKD Corpoeration, Carpinteria, CA, USA) in £coRl digests together with
either the TCRGJ21 probe (DAKQ) in Pstl digests or a combination of the Jv2.1 probe in EcoRl digests
and the Jy1.2 probe in Bgili digests.’228 The information on the SB configuration of TCRG genes was
reported before for 70 T-ALL patients.'21817

PCR amplification and heteroduplex analysis of PCR products

All patient samples were subjested to detailed PCR analysis, which was essentially performed as
described previously. 1824 In each 50ul PCR reaction 50 ng DNA sample, 6.3 pmol of the 57 and 3" oligonu-
cleotide primers, and 0.5 U AmpliTag Gold polymerase (PE Biosystems, Foster City, CA, USA) were used.
The sequences of the oligonucleotides used for amplification of TCRG gene rearrangements (four Vy fam-
ily-specific primers, six Vyl member-specific primers, and three Jy primers) were published before.2* PCR
conditions were: initial denaturation for 10 min at 94°C, followed by 35 cycles of 45 s at 94°C, 90 s at 60°C,
and 2 min at 72°C using a Perkin-Elmer 480 thermal cycler (FE Biosystems). After the last cycle an addi-
tional extension step of 10 min at 72°C was performed. Appropriate positive and negative contrels were
included in all experiments.2* The results of PCR analysis of TCRG gene rearrangements in 22 adult T-
ALL patients were reported before.® All ather 104 T-ALL patients were newly analyzed for this study.

For heteroduplex analysis, the PCR products were denatured at 94°C for 5 min after the final cycle
of amplification and subsequently coofed to 4°C for 80 min to induce duplex formation.25 Afterwards the
duplexes were immediately loaded on 6% non-denaturing polyacrylamide gels in 0.5 x Tris-borate-EDTA
{TBE) buffer, run at room temperature, and visualized by ethidium bromide staining.25 A 100-bp DNA lad-
der (Promega Corporation, Madison, WI|, USA) was used as size marker.

Sequence analysis of TCRG gene rearrangements

When assignment for Vy and/or Jy gene segments was not possible in particular rearrangements
based cn combined SB and PCR information, clonal PCR products as found by heteroduplex analysis
were sequenced directly. Sequencing was perforrmed using the dye-terminator cycle sequencing kit with
AmpliTag® DNA polymerase FS on an AB! 377 sequencer (PE Biosystems) as previously described. 28 vy
and Jy gene segments were identified by comparison to germiine TCRG sequences as described
before 27

Statistical analysis

Statistical analysis using the x2 test on a 2 x 2 table was performed to compare the frequencies of
particular TCRG gene rearrangements between childhood and adult T-ALL patients, and between differ-
ent immunephenotypic subgroups of T-ALL. A value of p < 0.05 was regarded to be statistically signifi-
cant.
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RESULTS

Spectrum of TCRG gene rearrangements in T-ALL

Based on the combined SB and heteroduplex PCR analyses, we were able o
determine the TCRG gene configuration in a large group of 126 T-ALL patients in
detail (Table 1}. In the vast majority of cases (115 patients; 91%) both TCRG alleles
were rearranged (Figure 1). in one of these patients three rearranged bands of com-
parable density were found by SB, strongly suggesting trisomy 7. In five patients
(4%) both TCRG alleles were in germiine configuration, suggesting an immunogeno-
typically very immature T-ALL. Monoallelic rearrangements were found in six
patients (5%), with the second allele in germiine configuration in three cases and
deleted in the other three cases. In oniy five patients (4%) did combined SB and PCR
data indicate the presence of minor subclones as identified by additional TCRG gene
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Figure 1.

Southern blot analysis of the TCRG gene configuration in ten: of the studied T-ALL patients. Hybridization
of Pstl digests with the TCRGJ21 probe and EcoRl digests with the TCRGJ13 probe revealed biallelic
rearrangements in all ten cases. In two patients (T178 and T192) SB indicated the presence of a trun-
cated Vv2 segment, which was subsequently confirmed by heteroduplex PCR analysis. In patient T015

the rearrangement of the yVy7 gene to Jv2.3 segment is virtually indistinguishable from the germiing Jy2.3
band derived from the other allele.
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Table 1. TCRG gene rearrangement patterns in chiidhood versus adult T-ALL patients.

Childhood T-ALL Adult T-ALL Total T-ALL
{90 patients: 180 alleles) (36 patients; 73 alleles)® (126 patients; 253 alleles)®

Germline alieles 6 (3%) 7 (10%) 13 (5%)
Deleted alleles 2 (1%) 1 (1%) 3 (1%)
Rearranged alleles 172 (96%) B85 (89%) 237 (84%)
iyl Vy2 44 (26%) 18 {28%) 62 (26%)
Vy3 16 (9%) 4 (8%) 20 (8%)
Vvd 24 (14%) 10 (16%) 34 (14%)
VY5 9 (5%) 3 (5%) 12 (5%)
W7 4 (2% 1 (%) 5 (2%)
V48 30 (17%) 12 (19%) 42 (18%)
Vyll Vy8 22 (13%) 4 (6%) 26 (11%)
Walll WwWyi0 12 (7%) 6 (9% 18 (8%)
Wyl w11 7 (4%) 5 (9%) 13 (5%)
Not identified 4 (2%) 1 {2%) 5 {2%)
Jy1 Jy1.1 7 (4%) 7 (11%) 14 (6%)
Jy12 1 (1%) 1 {29%) 2 (1%)
Jy1.3 14 (8%) 8 {9%) 20 {(8%)
B2 Jv2.1 19 (11%) 3 {(5%) 22 (9%)
Jy2.3 131 (76%) 48 (75%) 172 (76%)

a. In a single adult T-ALL patient three rearranged bands of comparable density were found on SB
analysis, suggesting trisomy 7.

rearrangements, demonstrating that oligoclonality in TCRG genes is rare in T-ALL.

Analysis of Vv gene segment usage revealed the utilization of the most upstream
Vy2 segment (Figure 2) in 62 (26%) rearrangements. [nterestingly, in four patients
the Vy2-Jv2.3 rearrangement contained an interstitial deletion of approximately 170
bp (Figure 1). Two other members of the Vyl family were also frequently used, i.e.
the Vy4 and the Vy8 gene segments on 34 (14%) and 42 (18%) alleles, respective-
ly. Altogether, the Vyl family segments were involved in 175 (73%) rearrangemenis.
The single members of the other three families were identified in 57 joinings, with the
Vy8 (Vyll) gene used most frequently (26 reamrangements; 11%). In five rearrange-
ments detected by SB the Vy segment could not be identified, which suggests that
in these cases an illegitimate recombination might have occurred, e.g. a chromoso-
mal translocation inveolving the TCRG locus.

Analysis of Jy gene utilization showed a preferential usage of the most down-
siream Jy2.3 segment (Figure 2), which was identified in 179 (76%) rearrangements.
The other gene segment of the second Jv cluster, i.e. the Jy2.1 gene, was identified
in 22 rearrangements (9%). Recombination to the first Jv cluster was found on 36
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Figure 2.

QOrganization of the human TCRG locus on chromosome 7p14-p15. The TCRG locus consists of two con-
stant region gene segments {Cy) preceded by two or three joining gene segments (Jy) and at least 14 vari-
able gene segments (Vy) located upstream of the two Jy-Cy regions. Six Vy gene segments are function-
al {solid blocks), three pseudogenes ¢an rearrange to Jy gene segments (shaded bliocks), whereas the
other pseudogenes {open blocks) have no functional recombination signal sequences. Nine upstream Vy
gene segments belong to family |, whereas families 1l, Il and IV each consist of a single gene segment
assigned as Vy8, Vy10 and Vy11, respectively. Five joining segments have been identified: 3 Jy1 segments
i.e. Jy1.1, Jy1.2 and Jy1.3 upstream of Cy1 and 2 Jy2 segments i.e. Jy2.1 and Jy2.3 upstream of Cy2.

alleles {15%) with Jy1.1 and Jy1.3 segments used most frequently on 14 {6%) and
20 (8%) alleles, respeclively. Rearrangements involving the Jy1.2 gene segment
were identified in only two patients; both joinings concerned the Vv gene coupling.
One of these Vy2-Jy1.2 rearrangemenis conizined a canonical junctional region
based on the absence of N-nucleotide insertion and with a deletion of three overlap-
ping homologous nucleotides, which is preferentially expressed by normal peripher-
al blood TCRy8™ cells.?8 In contrast, the junctional region of the other Vy8-Jy1.2
rearrangement contained 11 inserted N-nucleotides.

TCRG gene rearrangements in adult versus pediatric patienis

TCRG gene rearrangement patterns were compared between adult and pediatric
patients (Table 1). This analysis revealed that the TCRG configuration was largely
comparable between these two patient groups. Although in adult patients the TCRG
alleles were more frequently in germline configuration {11% vs. 4% in pediatric ALL},
frequently involved the Jy1 segments (22% vs. 13%), and used the Vv9 gene seg-
ment less frequently (6% vs. 13%), these findings did not reach statistical signifi-
cance.

TCRG gene rearrangements In different immunophenotypic subsets

Analysis of TCRG gene rearrangements in the three major immunophenotypic T-
ALL groups revezled largely comparable configuration patterns (Table 2).
Nevertheless, several discrete differences were observed. Firstly, within the CD3"
group there was a small subset with TCRG genes in germline configuration (5
patients), whereas all CD3™ leukemias displayed at least a monoalielic rearrange-
ment. Secondly, TCRy8™ T-ALL displayed several distinct characteristics. This
immunophenotypic subset was characterized by preferential usage of the V8 (Vi)
gene, which was found in 22% of rearrangements, as compared to 8% in the non-
TCRy3™ T-ALL group {p < 0.01). This was still significant when TCRy3™ T-ALL was
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independently compared to TCRaf™ and CD3~ T-ALL (p < 0.05). Altogether, the
three most downstream Vy members were slightly overrepresented in TCRy8* T-ALL
(36% versus 20% in non-TCRy8™ T-ALL; p < 0.05). Morecver, the Jv segments of the
upstream Jyt cluster, particularly the Jy1.3 gene, were more frequently used in
TCRy8™ T-ALL (28%), when compared to non-TCRyd T-ALL (11%; p < 0.01).

DISCUSSICN

We studied the TCRG gene configuration in a large series of 126 T-ALL patients.
Based on the combined SB and PCR results, we were able to establish several char-

Table 2. TCRG gene rearrangement patterns in major immunophenotypic subsets of T-ALL

CD3- T-ALL
(64 patients; 129 alleles)

TCRy3™ T-ALL
(22 patients: 53 alleles)

TCRep* T-ALL
(33 patients; 66 zlleles)

Germline alleles 10 (8%) 3 (5%) ¢
Deleted alieles 2 (2%) 1 (2%) G
Rearranged alleles 117 ($1%) 54 (93%) 66 {100%)
iyl V2 37 (32%)— 10 (19%) 15 (22%)
Vy3 g (8%) 6 (11%) 5 {(8%)
Vv 15 (13%) 77% 8 (15%) |62% 1M1 (17%) | 77%
W5 5 {4%) 3 (8%) 4 (8%)
w7 2 (2%) 0 3 {(4%)
Vv8 23 (20%)— 6 (11%) 13 {20%
Wl Vy9 10 {9%) 12 (22%) 4 (%) —
wylll w10 7 (6%) ]20% 4 (7%) 36%P° 7 (19%)  21%
Vylv w11 B (5%) 4 (T%) — 3 [@4%) —
Not identified 3 (3%) 1 (2%) 1 (2%)
Jyt Jy1.1 3 (3%) 6 (11%) — 5 (8%)
1.2 2 (2%) ]10% b 28%P 0 ]16%
Jy1.3 6 (5%) 9 (17%) — 5 (8%)
Jy2 Jy2.1 9 (8%) ]90% 3 (6%) —72% 10 {(15%)— 84%
Jy2.3 97 (83%) 36 (67%) — 48 70%)]

a. In a single adult CD3- T-ALL patient three rearranged bands of comparable density were found on SB

analysis. suggesting trisomy 7.

b. Gene segments significantly overrgpresented in TCRG gene rearrangements of TCRyd" T-ALL as

compared to non-TCRy3 T-ALL.
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acteristics of TCRG genes in T-ALL, which were also suggested in previous
molecular studies.810 Firstly, we found TCRG gene rearrangements in 96% of
patients, involving both aileles in most cases. Nevertheless, we could identify a small
subset of five CD3~ T-ALL with both TCRG genes in germline configuration. They
most probably are immunogenotypically very immature leukemias, because three of
these patients also had germline T-cell receptor delta (TCRD) genes. Secondly, we
confirmed the earlier observation of preferential usage of Jy segments from the
downstream Jy2 cluster (85% of rearrangements), particularly of the Jy2.3 gene
segment {76%).722% In addition, we showed preferential usage of the Vy2 segment,
which was present in more than a quarter of all joinings. Together, rearrangements
concerning this most upstream Vy2 gene segment and/or the most downstream
Jv2.3 gene were found on 83% of rearranged alleles and can be perceived as ‘end-
stage’ recombination events. Moreover, four of the Vy2-Jy2.3 joinings contained an
interstitial deletion of approximately 170 bp in the Vy2 gene segment, most probably
resulting from rearrangement to a recombination signal sequence within the Vy2
gene.30

We could also demonstrate that TCRG oligoclonality is a rare phenomenon in T-
ALL, oceurring in less than 5% of patients. The TCRG gene rearrangement patterns
in T-ALL are strikingly different from the cross-lineage TCRG gene rearrangements
in precursor-B-ALL. The latter involve Jv1 segments in approximately 70% of alieles
and show oligocionality in 38% of precursor-B-ALL patients with TCRG gene
rearrangements.2 This on one hand might reflect differences in accessibility of the
TCRG locus to V(D}J recombinase activity between T-ALL and precursor-B-ALL. On
the other hand, iineage promiscuity of TCRG rearrangements in precursor-B-ALL
and lack of lineage-specific enhancement might favor the usage of more proximal
gene segments. The rare occurrence of TCRG oligocionality in T-ALL might indicate
that the malignant transformation occurred in thymocytes with completed TCRG
gene rearrangement processes. in contrast, the more frequent TCRG gene oligo-
clonality in precursor-B-ALL is one of the indicators that such cross-lineage recom-
binations are post-oncogenic events.2:31

Comparative immunogenotypic analysis of pediatric and adult T-ALL subgroups
showed largely similar TCRG gene rearrangement patterns. This confirms our previ-
ous cbservation and is in striking contrast to precursor-B-AlLL, where immunoglobu-
lin and TCR gene rearrangement patterns are clearly less mature in adults than in
children.6

Comparison of TCRG gene configurations between the three major immunophe-
notypic T-ALL subgroups revealed limited but significant differences. The TCRyd™
subgroup was distinct from non-TCRy3 cases with respect to a more frequent usage
of the more downstream Vy segments (with a striking preference for Vy8) and the
more upstream Jy1 segments (particutarly Jy1.3). This might reflect the rapid cessa-
tion of TCRG gene accessibility to V(D)J recombinase activity as soon as a func-
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tional TCRG gene rearrangement has been achieved. This is in line with a previous
hypothesis that TCRy8™ T-ALL should be regarded as cells that branched off T-celt
development at an early stage of completion of TCRD and TCRG gene rearrange-
ment processes, while the recombinase activity is still retained.17.2131 Retained
V(D)J activity is for instance reflected by the frequent occurrence of complete VB-J3
and cross-lineage /GH gene rearrangements, detectable in 60% and 50% of TCRy8™
T-ALL patients, respectively.’”-32 We could not confirm the previous observation of
Hara et al."! suggesting that in CD3" T-ALL. Vy genes more proximal to Jy are more
frequently rearranged, whereas CD3™ T-ALL show a high frequency of rearrange-
ments involving Vv genes more distal from Jy. We believe that this might be a bias
owing fo the relatively small group of T-ALL (24 cases) studied.

Our study also aimed at establishment of an optimal PCR strategy for identifica-
tion of clonal TCRG gene rearrangements as molecular targets for MRD monitoring
in T-ALL patients. Using five principal Vy-Jy primer combinations (Table 3), we found
94% of clonal TCRG gene rearrangements. These five primer combinations detect-
ed at least one rearrangement in all but one T-ALL patient with rearranged TCRG
genes. Therefore, we routinely apply this set of primers on new diagnostic T-ALL
samples. With three supplementary Vy-Jy primer combinations (Table 3}, an addi-
tional 3% of clonal rearrangements were detected. This set may be reserved for T-
ALL cases negative with the first set of primers, while SB analysis can be fimited to
rare cases with questionable PCR results.

Occurrence of TCRG gene rearrangements in virtually all patients, easy
detectability of these rearrangements, and rare oligoclonality make TCRG genes
principal molecular targets for MRD monitoring in T-ALL, particularly when TCRD

Table 3. PCR primer combinations for optimal detection of TCRG gene rearrangements as
molecular targets for MRD monitering in T-ALL.

PCR primer combination Relative frequency of
TCRG gene rearrangements

Principal combinations

Vyl-Jv1.3/2.3 60%
Vyl-dy1.1/2.1 13%
Vyll-Jy1.3/12.3 10%
Vylll-Jy1.3/2.3 7%
VylV-Jy1.3/2.3 4%
Il Supplementary combinations
Vyll-Jy1.2 1%
Vylil-Jy1.1/2.1 1%

VV-Jy1.1/2.1 1%




162 CHAPTER 2.6

genes are deleted. The only potential disadvaniage is a decreased sensitivity of
patient-specific PCR owing to competition with TCRG gene rearrangements in nor-
mal T-cells. Nevertheless, in the extensive study of the BIOMED-1 Concerted Action,
86% of TCRG targets reached a sensitivity of at least 10~%, which is a prerequisite
for reliable identification of MRD-based risk groups.”-24 Moreover, the ‘end-stage’
character of most TCRG gene rearrangements in T-ALL probably results in stability
during the disease course. This was also suggested by several studies comparing
TCRG gene configuration at diagnosis and at relapse of T-ALL.7-33-37 |nterestingly,
a single study by Taylor et al.37 described a so-called clonal regression in two T-ALL
patients with biallelic TCRG gene rearrangements at diagnosis and both alleles in
germline configuration at relapse. This observation was not confirmed by other stud-
ies, which showed that clonal evolution of TCRG genes is a rare event in T-ALL, and
if clonal evolution occurred, this mainky concerned ‘non-end-stage’ rearrangements
resuiting in ongoing recombination of more upstream Vy and more downstream Jy
segments.7-33.34.36

In conclusion, we could determine the TCRG gene configuration in a large group
of T-ALL patients, showing biallelic gene rearrangements in the vast majority of
cases. Analysis of different immunophenotypic subsets showed that TCRvd" T-ALL
are characterized by & less mature TCRG gene configuration when compared to
CD3" and TCRuf™ cases. Since the majority of TCRG gene rearrangements in T-
ALL represent ‘end-stage’ recombinations, they presumably are relatively stable
molecular MRD targets. Based on our study, we propose a rapid and easy het-
eroduplex PCR strategy enabling identification of approximately 95% of clonal TCRG
gene rearrangements with only five primer combinations, resulting in at [east one
MRD-PCR target in 95% of T-ALL patients and two PCR targets in 84% of cases.
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CHAPTER 2.7
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ABSTRACT

Rearranged /GH genes were detected by Southern blotting in 22% of 118 cases
of T-cell acute lymphoblastic leukemia (ALL) and involved monoallelic and biallelic
rearrangements in 69% (18/28) and 31% (B8/26) of these cases, respectively, (GH
gene rearrangements were found in 19% (13/69) of CD3" T-ALL and in 50% of
TCRy8" T-ALL (12/24), whereas only a single TCRaf™ T-ALL (1/25) displayed a
monoallelic /GH gene rearrangement. The association with the T-cell receptor {TCR)
phenotype was further supported by the striking relationship between /GH and TCR
delta (TCRD) gene rearrangements, i.e., 32% of T-ALL (23/72) with monoallelic or
biallelic TCRD gene rearrangements had /GH gene rearrangements, whereas oniy 1
of 26 T-ALL with bialielic TCRD gene deletions contained a monocallelic /GH gene
rearrangement.

Heteroduplex polymerase chain reaction (PCR) analysis with VH and Dr family-
specific primers in combination with a JH consensus primer revealed a total of 39
clonal products, representing 7 (18%) VH-(DH-}JH joinings and 32 (82%) DH-JH
rearrangements. Whereas the usage of VH gene segments was seemingly random,
preferential usage of Dn6-19 (45%) and DwW7-27 (21%) gene segments was
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observed. Although the Jh4 and JHB gene segmenis were used most frequently
(33% and 21%, respectively}, a significant proportion of joinings {28%) used the most
upstream Ju1 and JHZ2 gene segments, which are rarely used in precursor-B-ALL
and normal B-cells (1% 10 4%). In conclusion, the high frequency of incomplete Di-
JH rearrangements, the frequent usage of the more downstream DHE-19 and DH7-27
gene segments, and the most upstream JH1 and JH2 gene segments suggests a pre-
dominance of immature /GH rearrangements in immature (non-TCRap™) T-ALL as a
result of continuing V(D)J recombinase activity. More mature of-lineage T-ALL with
bizllelic TCRD gene deletions apparently have switched off their recombination
machinery and are less prone to cross-lineage /GH gene rearrangements. The com-
bined resuits indicate that /GH gene rearrangements in T-ALL are post-oncogenic
processes, which are absent in T-ALL with deleted TCRD genes and completed TCR
alpha (TCRA) gene rearrangements.

INTRODUCTION

When rearranged immunoglobulin (Ig) and T-cell receptor (TCR) genes were
found to be useful clonal ieukemia-specific markers, they were initially considered to
be lineage-specific.!2 However, the recognition of "abnormal” TCR gene rearrange-
ments in precursor-B-acute lymphoblastic leukemia (ALL) and in some mature B-cell
malignancies together with the finding of rearranged Ig heavy chain (/{GH) genes in
some T-ALL raised the question of lineage infidelity or promiscuity.23 TCR gene
rearrangements in precursor-B-ALL were observed in 60% to 80% of patients, indi-
cating that these recombinations should rather be regarded as an ubiquitously occur-
ring (cross-lineage) phenomenon in this type of B-cell malignancy.47 In a recent
study on 202 precursor-B-ALL patients, we even found cross-lineage TCR gene
rearrangements in 93% of the patients.8 The occurrence of cross-lineage rearranged
TCR genes is related to the maturation stage, being significantly lower in immature
CD10~ precursor-B-ALL as compared with CD10* precursor-8-ALL.%9 Analogous to
the hierarchical order during early T-cell development, rearrangements and/or dele-
fions in the TCR delta (TCRD) locus occur most frequently (89% of patients), fol-
lowed by TCR gamma (TCRG) (59%) and TCR beta (TCRB) (35%) gene rearrange-
ments.*6.8 Furthermore, most TCRB gene rearrangements are restricted to the Jp2
locus, the majority of TCRG gene rearrangements involve the Jyi gene segments,
and a striking predominance of incomplete V82-Da3 and D562-D&3 rearrangements in
the TCRD locus is observed.41

In contrast to the high frequency of cross-lineage TCR gene recombinations in
precursor-B-ALL, /GH gene rearrangements in T-ALL are relatively rare. In a meta-
analysis of previously reported small patient groups, the prevalence of rearranged
/GH genes was estimated at 10% to 15% of lymphobiastic T-cell malignancies.™ All
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early studies were exclusively based on Scuthern blotting (SB} and at that fime, the
configuration of /GH diversity (D) regions was not compietely known. Therefore, it
was not possible to reliably discem between incomplete Dr-J+ and compiete VH-(DH-)JH
gene rearrangements and to identify cross-lineage /GH gene rearrangement pat-
terns, which are characteristic for T-ALL.71.12 The only consistent finding was, that a
significant proportion of /GH rearrangements in human leukemic T-cells invelved the
DH7-27 (DQ52) gene segment, which is located immediately upstream of the Ju
region (Figure 1).13.14

7o study cross-lineage /GH gene rearrangements in T-ALL in detail, we analyzed
a large group of 118 T-ALL patients by Southern blotling to determine the precise
incidence of rearranged /GH genes. Heteroduplex polymerase chain reaction (PCR)
analysis and subsequent sequencing were applied to identify the rearranged /GH
gene segments as well as the junctional regions of the rearrangements. In addition
to VH family-specific primers and a JH consensus primer, we designed a new set of

DH family-specific primers to detect and identify all complete VH-JH and incomplete
Dr-JH gene rearrangements.

140323
cy8 el oy Cad v G2 Gy Cc Co2 eantremane
s‘l 5 o 5 - 1 i HEQ v S I3 -
N oo @ e - =
) 595 el - -
ER%ad 3 PR g % I e
olomoric 3 5ZE 3 33z % 3% k3 £z D sogmenta
R NN ol RNl B |l mimtm R
10 kb

10 kb

Figure 1.

Schematic representation of the hurman /GH iocus on chromosome 14g32.3. The /GH gene complex con-
sists of numerous (>120) V gene segments, 27 D gene segments, 6 functional J gene segments, and C
gene segments for the constant domains of the various IgH classes and subclasses, mast of which are
preceded by switch sequences (5).#3:?5.52.5% pgeudogenes are represented as open bars, The 27 DH

gene segments are grouped in seven families based on sequence homology. Members of the same DH
family are depicted with the same shading pattern.
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MATERIALS AND METHODS

Cell samples

Peripheral blood {PB) or bone marrow {(BM) samples frem 118 T-ALL patients (84 children and 34
adults) were obtained at initial diagnosis.” % Mononuclear cells {MNC) were isolated from PB or BM sam-
ples by Ficoll-Pague centrifugation {density 1.077 g/cm?; Pharmacia, Uppsala, Sweden) and subjected to
detailed immunophenotyping according to standard protocols. 1617 To analyze sufficient numbers of CD3™
T-ALL (especially TCRy3*T-ALL) we selected T-ALL cell samples based on their CD3/TCR immunophe-
notype, resulting in 69 CD3-T-ALL {58% of the total series}, 25 TCRap*T-ALL (21%), and 24 TCRy3*7-
ALL {20%). In an entirely random series of T-ALL this immunophenotype distribution would approximate-
ly be 70%, 20%, and 10%, respectively.’® Although in two CD3*T-ALL cases no information about TCR
protein expression was available, they were included into the TCRy3*T-ALL group based on the Southern
blot finding of biallelic TCRD rearrangements in both cases.

Southern blot anaiysis

DNA was isolated from fresh or frozen MNC fractions as described previousiy.? Fifteen micrograms
of DNA was digested with the appropriate restriction enzymes (Pharmacia), size-separated in 0.7%
agarose gels, and transferred t¢ Nytran-13N nylon membranes (Schleicher and Schuell, Dassel,
Germany) as described.2'? /IGH gene configuration was anaiyzed in the 118 T-ALL patients with the
IGHJS probe (DAKO Corporation, Carpinteria, CA) in Bgill, BamH|/Hindlll, EcoRI andfor Hindill digests.?0
The configuration of the TCRD genes was analyzed in 101 out of 118 patients with the TCRDVZ,
TCRDD2, TCRDJ1, TCRDJZ, TCRDJ3, TCRDRE, and TCRAPJ probes {DAKO Corperation) in Bglll,
EcoRl, and Hindlll digasts.’s

Primer design and heteroduplex PCR anaiysis

PCR was essentiaily performed as described previously.”9 In each 50p PCR reaction 50 ng DNA
sample, 6.3 pmol of the 5" and 3’ cligonuclectide primers, and 0.5 U AmpliTag Gold polymerase (PE
Biosystems, Foster City, CA) were used. The seguences of the cligonuclectides used for amplification of
complete VH-JH gene rearrangements (6 /GH framewark-1 VH-family specific primers, and 1 JH consen-
sus primer) were puplished before.2'22 Based on recently published data of germline DNA D-region
sequences of the human /GH locus?® (EMBL accession no. X97051; for the detailed organization of the
{GH D-region see Figure 1), 7 family-specific DH primers were designed using OLIGO 6.0 software (Dr.
W, Rychlik; Molecular Biology Insights, Inc., Plymouth, MN) applying previously described guidelines
(Table 1).24 Qligonucleotide primers of 22 to 24 bp were positioned at least 50 bp upstream of the
involved recombination signal sequence (RSS8). Secondary structures such as primer dimers and hairpins
were aveided, and the melting temperature (Tm) was 68°C £ 3°C. All primers were synthesized on an AB1
392 DNA synthesizer (PE Biosystems} using the sclid-phase phosphoetriester method.

PCR conditions were: initial denaturation for 3 minutes at 92°C, followed by 35 cycles of 45 seconds
at 92°C, 90 seconds at 80°C, and 2 minutes at 72°C using a Perkin-Elmer 480 thermal cycier (PE
Biosystems). After the last cycle, an addifional extension step of 10 minutes at 72°C was performed.
Appropriate positive and negative controls were included in all experiments.?3

Heteroduplex analysis of PCR products included denaturation at 94°C for 5 minutes after the final
cycle of amplification and subsequent renaturation at 4°C for 80 minutes to induce duplex formation.25
Afterwards the duplexes were immediately loaded on 6% nondenaturing polyacrylamide gels in 0.5 x Tris-
Boric acid-EDTA {TBE) buffer, run at room temperature, and visualized by ethidium bromide staining.25 A
100-bp DNA ladder (Promega Corporation, Madison, Wl) was used as size marker.

Sequence analysis of /GH gene rearrangements

PCR products found to be clonal by heteroduplex analysis were directly sequenced except for cases
in which heteroduplex PCR analysis showed more than two clonal bands, i.e., sither two homoduplexes,
or an additional upper band resulting from extension to downstream Jw segments, or a DH7-27-J11
germline band accompanying a DH7-27-JH rearrangement. In such cases homoduplexes were excised
from the polyacrylamide gel and eluted as described before.26.27 The eluted PCR products were either
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Table 1. Forward primers developed for PCR and sequence analysis of incomplete Dn-Ju gene
rearrangements.

Primer code  Size of primer (bp}  Position in bp? Sequence (5" — 37)

DH1 22 -79 A(C/TYCCAGGAGGCCCCAGAGC(ATICA
DH2 24 187 CAGCACTGGGCTCAGAGTCCTCTC

DH3 24 -109 CCTCCTC(A/C)GGTCAGCCC(CIT)GGACAT
D4 24 -128 CCCAGGACGCAGCACC(A/GICTGTCAA
DH5 23 245 ACCCAGCCTCCTGCTGACCAGAG

DH6 22 144 CAGGCCCCCCAAG)AACCAG(TIG)G(ATIT
DH7 24 -181 GGGCTGGEGTCTCCCACGTGTTTT

a.The position of the 5" end of the primer is indicated upstream () relative to the 3° RSS of the involved
DH gene segment.

directly sequenced or subjected to second step PCR with the same primer pair to increase the amount of
template for sequence analysis. Sequencing was performed using the dye-terminator cycle sequencing
kit with AmpliTag DNA polymerase FS on an ABI 377 sequencer {PE Biosystems). Briefly, 50-200 ng of
PCR product and 3.2 pmel primer were used in a 15 ul reaction volume. The ¢ycling protocol was 96°C
for 30 seconds followed by 60°C for 4 minutes for a total of 25 cycles. Each PCR product was sequenced
in two directions.

interpretation of sequence data

VH, DH, and JH segments were identified using DNAPLOT software (W. Miller, H-H. Althaus,
University of Cologne, Germany) by searching for homology with all known human germiine VH, DH, and
JH sequences obtained from the VBASE directory of human Ig genes (http:/fwww.mrg-cpe.cam.ac.uk/imt-
doc/)28. For alignments of D segments in Va-Dr-JH or DH-DH-JH rearrangements, it was required to have
at least 10 consecutive matching nucleotides.2? Palindremic {P-region) nuclectides (maximally 2) gener-
ated during the joining process were recognized as being palindromic to the juxtaposed nucleotides of an
untrimmed rearranged gene segment.2¥ Extensive N-regions {nucleotides that cannot be assigned to V,
D, J gene segments or P-regions) were analyzed in more detail by comparing them to the most recent
update of GenBank using the BLAST sequence similarity-searching tool (Naticnai Center for
Biotechnology Information; hitp//iwww.ncbi.nim nih.gov/ BLAST/).30

RESULTS

Southern blot analysis of /GH gene rearrangements in T-ALL

IGH gene rearrangements were found in 22% (26/118) of T-ALL patients, and
were equally distributed between different age groups, i.e., 23% (19/84) of children
and 21% (7/34) of adults. In the majority of cases this concerned monoailelic
rearrangements (69% [18/26]), and in 31% (B8/26) biallelic rearrangements were
observed. In 2 of these patients, SB analysis revealed weak bands, most probably
derived from subclones. Cross-lineage /GH gene rearrangements were found in 19%
(13/69) of CD3~ T-ALL and in 50% of TCRy3™ T-ALL (12/24), whereas only a single
TCRap* T-ALL (4% [1/25]) displayed a rearranged /GH gene on one allele,
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Figure 2.

Heteroduplex PCR analysis of DH7-27-JH cross-lineage rearrangements in T-ALL. Subsequent to agarose
gel electrophoresis samples containing PCR products were subjected to heteraduplex PCR analysis, sep-
arated in a 6% polyacrylamide gel, and visualized by ethidium bromide staining. Based on the size of clon-
al PCR products DH7-27-JH rearrangements (~250 bp) were identified in T-ALL patients T003, T038,
T042, TO62, T150, and T184 as well as in a T-cell prolymphocytic leukemia (T-PLL}. In addition te homod-
uplexes resulting from DK7-27-JH rearrangement, the germline DH7-27-Jn{ and DH7-27-JH2 homodu-
plexes were consistently present, except for cases with biallelic /GH rearrangements and a very high
tumour load (i.e., patient T150). To obtain a clonal sequence of DH7-27-JH rearrangements, homoduplex-
es of the correct size were excised from the polyacrylamide gel, eluted, and sequenced, ss = single strand
DNA.

IGH gene rearrangements coincide with TCRD gene rearrangements

Because CD3~ T-ALL theoretically represent precursor stages of both TCRap™
and TCRyd™ T-ALL, we analyzed the configuration of the TCRD genes in 57 CD3~
T-ALL cases and used it as an additional marker for further subdivision of this
group.’318 The TCRD gene configuration of each allele can potentially pass three
consecutive stages: germline, rearrangement, and deletion.'5-18 Except for 1 case,
all /GH gene rearrangements were found in patients with at least one TCRD gene
rearrangement; in this single CD3~ T-ALL a monoalielic /GH gene rearrangement
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Table 2. Usage of different Du families in (in)complete cross-lineage IGH gene rearrangements in

T-ALL.
New family name@ Cld family name® No. (freguency) Segments used
of rearrangements

DH1 cM 7 (18%) Dr1-7: 2
DH1-20: 2

DH1-26: 3

D2 DLR 1 (3%} DH2-2: 1
DH3 DXP 1 (3%) DH3-22: 1
Dn4 DA 2 (5%} Dnd-4: 1
DH4-23: 1

DHS DK 1 (3%} DH5-18: 1
Dré DN 18 (47%) DHB-6: 1
DHE-18: 17

Dr7 DQ52 8 (21%) DH7-27: g

a. The new nomenclature is derived from Corbett et al. 23 whereas the old nomenclature is according to
Ichihara et al.>!

was observed in combination with deletion of both TCRD alleles,

Based on the above-described results, we analyzed the association of cross-lin-
eage /GH gene rearrangements and TCRD gene configuration for 101 of the 118 T-
ALLs. Rearrangements in the /GH locus appeared to be almost exclusively associ-
ated with TCRD gene rearrangements. They were evenly distributed between cases
with 1 rearranged and 1 germline TCRD allele (1 of 3 cases [33%]), cases with bial-
lelic TCRD rearrangements {15 of 47 cases [32%]) and cases with 1 rearranged and
1 deleted TCRD allele (7 of 22 cases [32%]). Remarkably, only 1 of 26 cases with
bialielically deleted TCRD genes (4%) displayed a cross-lineage /GH gene
rearrangement.

Taking these data together, cross-lineage /GH gene rearrangements occurred in
only 5% (2/38) of aB-lineage T-ALL, i.e., either TCRap™ T-ALL (n = 25) or CD3™
T-ALL with biallelic TCRD deletion {n = 13).

Complete VH-(DH-)J= and incomplete Dr-Ja rearrangements

Detailed PCR anaiysis of the /GH locus in the 26 patients with Southern blot doc-
umented /GH gene rearrangements was based on 13 primer combinations covering
the vast majority of complete Vr~(Dr-}JH joinings and potentially ail incomplete Dxu-
JH rearrangements. Heteroduplex PCR analysis revealed a total of 39 clonal homod-
uplexes, reflecting seven (18%) complete Vr-(DH)-JH joinings and 32 {(82%) incom-
plete DH-JH rearrangements. Complete VH-(DH)-JH rearrangements were found in 4
CD3~ T-ALL and 2 TCRy8™* T-ALL patients, with 1 TCRyd™ T-ALL showing biallelic
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VH-(DH-)JH joinings. Heteroduplex PCR analysis for incomplete DH7-27-JH
rearrangements is shown in Figure 2.

Sequence analysis confirmed monoclonality in 7 complete VH-(Dx-)JH rearrange-
ments, which involved 7 different gene segments from 4 families: VH1-3, VH1-69,
VH3-13, VH3-23, VH3-33, VH4-4, and VHB-1. None of the rearrangements was poten-
tially functional. Six sequences were out-of-frame joinings, whereas the single
rearrangement with an in-frame VH-JH contained a stop codon in the junctional
region.

Du6-18 and DH7-27 are preferentially used in IGH gene rearrangements in
T-ALL

Sequence analysis of the junctional regions of complete VH-(DH-)JH recombina-
ticns aliowed identification of a D segment in 5 of 7 joinings. Moreover, 1 incomplete
rearrangement was of the DH-DH-Ju type. The frequencies of different DH family
members found among the 38 identified DH sequences in the complete and incom-
plete cross-lineage /IGH gene rearrangements are summarized in Table 2. Usage of
the DH6 family was most prominent (47%), with the DHE-18 gene segment being
preferentially used (45% of all identified DH sequences; Table 3). The second most
frequently used DH segment was DH7-27 (21%). Seven rearrangements (18%) con-
tained DH segments of the DH1 family, whereas 5 other rearrangements used vari-
ous segments of the remaining 4 D families (Table 2). Taken together, only 5 of the
38 rearranged DH segments belonged 1o the most upstream part of the DH region,
whereas all other 33 DH gene segments (87%) belonged to the most downstream
part of the DH region (Table 2). No relationship beiween age and Dn gene segment
usage was observed.

The sizes of the DH-JH junctional regions ranged from G to maximally 32
nucieotides, with an average of 7.6 nucleotides. Three of 37 Du-JH junctions (8%) did
not have any randomly inserted N-region nuclectides. P-nuclestides, indicating the
absence of deletion, were present in 7 Dr-Jr joinings (19%).

Table 3.  Junctional region sequences of cligocional IGH gene rearrangements in a T-ALL patient (T061) illus-
trating the ongoing recombination process.

No  Upstream N- and P-nucleotides? DnB-19 N- and P-nuclectides® Ji gene

VH segment segments

1. - - GGGTATAGCAGTGGCTGGT (-2 TITICTTCTA {(-6) JHEC

2. VK103 (0} TAGT {-2) GTATAGCAGTGGCTGGT (-2) TTTICTICTA (-8) Jnéc

3. VH3-33(-1) TAAGGGTGTGATG- (-11) TGGCTGGTAC  (9) GAGGCTGGCAGGGGGA  («14) Jngb
TGTTTTGTGGA

a. Underlined nuclectides represent P-nucleotides.
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Table 4. Usage of different JH gene segments in incomplete and complete cross-lineage /GH gene
rearrangements in T-ALL as compared with precursor-B-ALL, human BM precurser-B-
cells, and PB B lymphogytes.?

JH segment T-ALL (n=39) Precursor-B-ALL Human BM Human PB
precursor-B-cells B lymphocytes

JH1 13% (5) 2% 0% 1%
Jr2 15% (8) 2% 4% 0%
Ju3 10% (4) 1% 14% 9%
Jnd 33% (13) 32% 32% 53%
JH5 8% (3) 22% 17% 15%
Jné 21% (8) 32% 33% 22%

a. The B-lineage data were obtained in comparable PCR-based studies by Steenbergen et al.®7 for pre-
cursor-B-ALL, by Raaphorst et al.28 for human BM precursor-B-cells and by Yamada et al.23 for human
blood B lymphocyies.,

Usage of JH gene segments in cross-lineage /GH gene rearrangements

The frequencies of different JH gene segments in /GH gene rearrangements in
T-ALL are summarized in Table 4. The Jhé4 gene segment was found most frequent-
ly in approximately one third of joinings, followed by JHG in 20% of cases. The
remaining 4 JH segments were almost equally used, sach comprising 10% to 15%
of the rearrangements.

Cligocionality in cross-lineage /GH gene rearrangements in T-ALL

SB analysis and heteroduplex PCR analysis showed fully concordant results in
20 of 26 cases with cross-lineage /GH gene rearrangements in T-ALL. In 1 case with
a single rearranged band on SB, we were not able to amplify the clonal rearrange-
ment with the applied primer sets. In the remaining 5 cases the number of clonal
PCR-detected homoduplexes was higher than the number of rearranged bands in
$B, which may suggest the presence of minor subclones undetectable by S8, In 1
of these seemingly oligoclonal cases the identified incomplete and complete
rearrangements (1 and 2 in Table 3) shared the same DH-JH fragment suggesting
ongoing VH to DH-JH joining. In 4 other patients, the detected rearrangements were
not related in their used gene segments. This may reflect secondary Dx-JH joining,
with concomitant deletion of a pre-existing DH-JH rearrangement.

Based on the combined SB/PCR results, we found evidence for /IGH oligoclonal-
ity at diagnosis in 27% (7/26) of T-ALL patients with this type of cross-lineage recom-
bination. This includes the above-mentioned 5 cases with the higher number of PCR-
detected homoduplexes than the number of rearranged bands in SB and 2 addition-

al PCR-positive cases with weak bands on SB analysis, apparently derived from sub-
clones.20
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DISCUSSION

We investigated a large group of 118 T-ALL patients for the presence of cross-
lineage /GH gene rearrangements, Based on SBE zanalysis we identified such
rearrangements in 22% of T-ALL, which is slightly higher than previously report-
ed. 112 The vast majority (82%) of /GH gene rearrangements in T-ALL concerned
incomplete Du-JH joinings. However, complete VH-{DR-)JH recombinations were also
documented in our group of T-ALL patients. The usage of VH gene segments was
seemingly random and not limited fo the ones most proximal to the Ju cluster
Nevertheless, 6 of 7 involved VH gene segments were derived from the proximal 3’
portion of the /GH locus, a pattern that is seen in first trimester fetal Vr-(DH)-JH
rearrangements.3 None of the seven VH-(DH-}JH rearrangements was potentially
functional. To our knowledge this is the first extensive evidence for the occurrence of
clonal complete /GH gene rearrangements in T-ALL. They were previously reported
in a single case of T-lymphoblastic non-Hodgkin's lymphoma, which is the lym-
phomatous counterpart of T-ALL.32

In both the Vi-{DH-)JH and DH-JH rearrangements we found a strikingly prefer-
ential usage of the more downstream DH gene segments (87% of identified DH
sequences), especially DHE-18 (45%) and DH7-27 (21%). The DH&-19 gene segment
is one of the gene segments that were recently discovered thanks to complete
sequencing of the DH region.2® Retrospective analysis of nearly 900 /GH junctionai
regions of B-lineage cells showed DK6-18 involvement in approximately 5% of the
rearrangements, which is significantly higher than would be expecied on a random
basis.Z3 The same holds true for 8 other DH segments, but 6 of them were not found
in our T-ALL patients. The preferential usage of DHE-19 could not be explained by a
more optimal RSS at the 3’ end in comparison to other DH segments, either. Further
studies are needed to define whether this gene segment is also preferentially
rearranged in precursor-B-cells or whether this finding only relates to the cross-line-
age phenomenon in T-ALL. In contrast fo DH6-19, earlier reports indicated that the
DH7-27 gene segment is involved in a significant proportion of /GH gene rearrange-
ments in T-ALL.13.14 Interestingly, we also found this gene segment in a cross-line-
age IGH gene rearrangement of a TCRaf™ T-prolymphocytic leukemia (Figure 2).
The Du7-27 gene segment is also preferentially used by fetal B-cells but is rarely
observed in adult BM and PB.33-3% |n the analysis of nearly 900 /GH junctional
regions of B-lineage cells, DH7-27 was found in only 0.5% of the rearrangements. 2
Since Du7-27 consists of only 11 nucleotides, it is more difficult to identify this gene
segment in a juncticnal region after moderate trimming during V{D)J recombination,
if stringent assignment criteria are used.

The analysis of JH segment usage revealed a more frequent use of JH4 and JHB
gene segments, which is also the case in normal and leukemic B-lineage cells (Table
4).35-37 However, in our T-ALL group a significant proportion of joinings involved the
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most upstream Jut and JH2 gene segments (28%), which are rarely used by B-lym-
phocytes (~1%) and B-cell precursors (3% to 4%).3537 In conclusion, the high fre-
quency of incomplete Dh-JH rearrangements togsther with the frequent usage of the
more downstream DH gene segments and the most upstream JH1 and JHZ gene seg-
ments suggest a predominance of the most immature /GH rearrangements in T-ALL.
This particular Du-JH rearrangement pattern appears to be nonrandom and is not
comparable with any known stage of B-cell ontogeny or B-cell differentiation.3’

Since the types of preferential /{GH gene rearrangements have now been identi-
fied, it would be relatively easy to screen T-AlLL patients for the presence of cross-
lineage /GH gene rearrangements and apply them as PCR targets for monitoring of
minimal residual disease (MRD) in T-ALL. Three primer combinations (DH1, DHE,
and DHY in combination with 2 Jx consensus primer) can identify 85% of incomplete
Dr-JH rearrangements in T-ALL. However, we observed oligoclonality in the /GH
locus in 27% of T-ALL patients with rearranged /GH genes. In 1 case, we found evi-
dence for continuing VH to DH-JH recombination, whereas VH replacements have
been described previously during disease progression of a T-lymphoblastic iym-
phoma.32 Secondary rearrangements via continuing VH to Dr-JH joining, VH gene
replacements, and de novo /GH gene rearrangements have been reported for pre-
cursor-B-ALL.2%40 These processes may lead to the emergence of clones with sec-
ondary /GH rearrangements. in a previous study, we compared the /GH gene
rearrangement patterns between diagnosis and relapse in 40 ALL patients and found
that at least one major /GH rearrangement was stable in most cases.! Therefore,
cross-lineage IGH gene rearrangements might be useful as supplementary MRD
target in addition to leukemia-specific TCRG and TCRD gene rearrangements, and
TAL1 gene deletions.2442

Cross-lineage /GH gene rearrangements occurred most frequently in TCRy3™ T-
ALL (50% of patients) and in 20% of CD3~ T-ALL, but we found them in & single case
of TCRafB™ T-ALL (4%). Moreover, there was a striking association between the
presence of rearranged TCRD genes and the occurrence of /GH recombination. A
similar association was previously found for cross-lineage gene rearrangements in
acute myeloid leukemia, suggesting that TCRD and IGH genes are concomitantly
accessible for V(D3J recombinase in early hematopoietic precursors. %S Furthermore,
in the genotypically most mature T-ALL subgroup with biallelic TCRD gene deletions,
an IGH gene rearrangement was observed in only 1 of 25 cases. Because /GH gene
rearrangements are also rare in mature T-celi malignancies (~5%),11 this suggests
that the /GH locus may be accessible to V(D)J recombinase activity only in cells at
earlier stages of T-cell differentiztion. In this context, TCRyd™ T-ALL should be
regarded as cells that branched off T-celi development at an early stage of comple-
tion of TCRD and TCRG gene rearrangement processes, when the recombinase
activity is still retained.8
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Incomplete DH-JH rearrangements are one of the earliest events during normal
B-cell development and are already found in CD34*/CD19-/CD10™* precursor
cells. 445 Most of the more mature CD34+/CD18*/CD107 B-lineage precursors con-
tain at least 1 Dr-JH rearranged allele and frequently also complete VH-(Dr-)JH
rearrangements.*>46 One could therefore speculate that cross-lineage /GH gene
rearrangements in T-ALL might reflect malignant transformation of a2 thymocyte
derived from a CD34%/CD1¢/CD10™ precursor cell with rearranged /GH genes.
This idea may be supporied by a murine model, in which /GH rearrangements were
only found at an intermediate stage of thymocyte development.” Nevertheless, this
phenomenon was not observed in normal human thymocytes.44 Furthermore, the
absence of D-J-Cp transcripts in fetal human thymocytes depleted of CD34™*- and/or
CD19™-bearing cells suggest that Dx-JH rearrangements in humans may be restrict-
ed to normal B-lineage differentiation.*443 |t has also been suggested, that IGH gene
rearrangements in T-cell-precursors may be an aberrant event directing cells into
apoptotic pathway, unless they become immortalized by malignant transformation.?
An zlternative explanation could be that cross-lineage /GH gene rearrangements in
T-ALL are postoncogenic events resulting from the ongoing activity of the common
B- and T-cell V(D)J recombinase system on accessible gene loci.349.50 We favor the
last hypothesis, because this would explain the virtual absence of IGH gene
rearrangements in normal thymocytes and mature T-cell malignancies on the one
hand and the presence of /GH oligocionality and secondary VH-(Dh-)JH rearrange-
ments in T-ALL on the other hand.#! The virtual absence of /GH gene rearrange-
ments in of-lineage T-ALL with biallelic TCRD gene deletions suggests that the
recombination system is not active in this more mature type of T-ALL. Apparently, the
recombinational activity is switched off as soon as the rearrangement and deletion
processes in the TCRA/TCRD locus are completed.
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ABSTRACT

In order to gain insight into immunoglobulin (Ig) and T-cell receptor (TCR) gene
rearrangements in adult acute lymphoblastic leukemia (ALL), we studied 48 adult
patients: 26 with precursor-B-ALL and 22 with T-ALL. Southern blotting {SB) with
multiple DNA probes for the /GH, IGK, TCRB, TCRG, TCRD and TALT loci revealed
rearrangement patterns largely comparable to pediatric ALL, but several differences
were found for precursor-B-ALL patfients. Firstly, adult patients showed a lower level
of cligoclonaiity in the /GH gene locus (five out of 26 patients; 19%) despite a com-
parable incidence of IGH gene rearrangements (24 out of 26 patients; 92%).
Secondly, all detected /GK gene deletions (n = 12) concerned rearrangements of the
kappa deleting element (Kde) to Vx gene segments, which represent two thirds of
the Kde rearrangements in pediatric precursor-B-ALL and only half of the Kde
rearrangements in mature B-cell leukemias. Thirdly, a striking predominance of

*Leukemia 1998; 12: 1081-1088 183
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immature D52-D33 cross-lineage recombinations was observed (seven out of 16
TCRD rearrangements; 44%}, whereas more mature V32-D33 gene rearrangements
occurred less frequently {six out of 16 TCRD rearrangements; 38% versus >70% in
pediatric precursor-B-ALL). Together these data suggest that the I1g/TCR genotype
of precursor-B-ALL is more immature and more stzble in adults than in chifdren.

We also evaluated whether heteroduplex analysis of poiymerase chain reaction
{(PCR) products of rearranged ig and TCR genes can be used for identification of
molecular targets for minimal residual disease (MRD) detection. Using five of the
major gene targets (/GH, IGK, TCRG, TCRD and TAL1 deletion), we compared the
SB data and heteroduplex PCR results. High concordance between the two methods
ranging from $6 to 100% was found for /GK, TCRG, and TAL1 genes. The concor-
dance was lower for /GH (70%) and TCRD genes (80%), which may be explained by
incomplete or ‘atypical’ rearrangements or by translocations detectable only by SB.
Finally, the heteroduplex PCR data indicate, that MRD menitoring is possible in
almost 90% of adult precursor-B-AlLL and >95% of adult T-ALL patients.

INTRODUCTION

Recent advances in molecular biclogical and c¢ytogenetic analysis of acute lym-
phoblastic leukemia (ALL) have revealed great heterogeneity within the disease’.2
Based on the biological features of the leukemic clone, it is possible to predict the
clinical aggressiveness of the malignant process and {o select a treatment strategy
in several subtypes.

In contrast to pediatric ALL with long-term event-free survival in more than 70%
of patients, adult ALL is not associated with such a favorable prognosis.34 Some fac-
tors respensible for this difference have been characterized, namely advanced age
and hyperieukocytosis ai presentation, higher frequency of more immature B or T lin-
eage phenctypes, lack of TEL gene rearrangéements, and the relatively high fre-
quency of the Ph' transioccation t(9;22), that is found in 30% of adult precursor-B-
ALL patients.3-2 So far, information about the immunogenotype of adult ALL is sparse
and usually is derived from studies involving both adult and childhood patients.2.6.7
This information is determined by analyzing the configuration of immunoglobuiin (Ig)
and T-cell receptor (TCR) genes, generally by means of Southern blotting (SB).8

SB of Ig and TCR gene rearrangements is a very reliable technique for clonality
assessment in suspect lymphoproliferations, with a sensitivity of 1-5%.% It is consid-
ered to be the gold standard for this type of diagnostics.®19 However, SB is time-
consuming, laborious and relatively expensive, limiting its applicability to specialized
molecular laboratories. During the last decade polymerase chain reaction {PCR)
techniques have proven to be exiremely useful in molecular diagnostics. PCR analy-
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sis is also successfully applied for clonality assessment based on the analysis of Ig
and TCR gene recombinations.1-14 However, due to the sensitivity of PCR methods,
gene rearrangements in normal lymphocytes are also amplified, generally resuiting
in PCR products detectable in agarose or polyacrylamide gels. In order {o distinguish
between monoclonality and polyclonality, additional analysis of PCR products is nec-
essary by means of denaturing gradient gel electrophoresis, fingerprinting technigue,
gene scanning analysis, or direct sequencing; these technigues require special
equipment and/or radioactivity facilities.1>1¢ Heteroduplex analysis of PCR-ampli-
fied junctional regions of Ig and TCR genes was found o be a cheap, non-radioac-
tive, and easy alternative approach leading to reliable detection of clonal lymphoid
cell populations in a polycional background.20-22

In order to determine the configuration of the Ig and TCR genes in adult ALL, we
performed SB analysis on a series of 48 cases with an extensive set of DNA probes.
Using the SB resulis as a reference, heteroduplex PCR analysis was evaluated for
clonality assessment in this series of adult ALL. This PCR approach is especially
important for rapid and easy identification of Ig and TCR gene rearrangements as
PCR targets for sensitive monitoring of minimal residual disease (MRD).23-25

MATERIALS AND METHODS

Cell samples

Cell samples were obtained from 48 newly identified adult ALL patients enrolled in the HOVON-18
study in four centers (University Hospital Rotterdarmn, Free University Hospital Amsterdam, University
Hospital Leuven and University Hospital Utrecht). This concemed 15 female patients and 33 male patients
with a mean age of 33 years (range: 15-61 years). The precursor-B or T lineage of the ALL samples was
determined by flow cytometric immunophenotyping, based on standard criteria, using a wide panel of
monoclonal antibodies.26:27 Mononuclear cells (MNC) were isclated from peripheral biood (PB) or bone
marrow (BM) by Ficoll-Pague (density: 1.077 g/ml; Pharmacia, Uppsala, Sweden) density centrifugation.
Some of the celi samples were frozen and stored in liquid nitrogen.

Southern biot analysis

DNA was isolated from fresh or frozen MNC fractions as described previously.® Fifteen micrograms
of DNA were digested with the appropriate restriction enzymes (Pharmacia), size-separated in 0.7%
agarose gels and transferred to Nytran-13N nylon membranes (Schleicher and Schueli, Dassel, Germany)
as described.® Ig heavy chain (JGH) and Ig kappa light chain (/GK) gene configurations were analyzed
with the IGHJB, IGKJS, IGKC and IGKDE probes (DAKQ Corporation, Carpinteria, CA, USA) in Bgfll and
BamHI/HindIll digests.2829 Incomplete and complete TCR beta (TCRB) gene rearrangements were
detected with TCRBD1U, TCRBD1, TCRBJ1, TCRBD2U, TCRBD2, TCRBJ2 and TCRBC probes
(Langerak et al, manuscript in preparation, DAKO Corperation) in EcoRl and Hindll digests. TCR gamma
(TCRG) gene rearrangements were analyzed with the Jy1.2 probe in Bgill digests and the Jy1.3 and Jy2.1
prebes in EcoRI digests.3.30.31 The configuration of the TCR delta (TCRD) genes was analyzed with the
TCRDV2, TCRDD2, TCRDJ1, TCRDJ2, TCRDJ3, TCRORE, and TCRAPJ probes (DAKO Corporation) in
Bglll, EcoRl, and Hindill digests.?? The TALT gene was screened by means of the SILDB probe in Baill,
Hindlll, and EcoRl digests.33
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PCR amplification

PCR was essentially performed as described previousty.3* In each 100p! PCR reaction 0.1 pg DNA
sample, 12.5 pmel of the 5" and 3 oligonuclectide primers, and 1 U Tag polymerase (Perkin-Elmer Cetus,
Norwalk, CT, USA)} were used. The seguences of the majority of cligonucleatides used for amplification of
iGH, IGK (kappa deleting element; Kde), TCRG, TCRD, and TAL{ gene rearrangements were published
before.?33537 Some of the primers were newly designed during the BIOMED-1 Concerted Action
‘Investigation of minimal residual disease in acute leukemia: infernational standardization and clinicaf
evaluation’ (Pongers-Wiliemse et al., manuscript in preparation). All primers were synthesized on an ABI
392 DNA synthesizer (Applied Biosysterns, Foster City, CA, USA) using the solid-phase phosphotriester
method. PCR conditions were 1 min at 84°C, 1 min at 55° to 60°C, and 2 min at 72°C for 30 to 35 cycles
using a Perkin-Eimer thermal cycler (Perkin-Elmer Cetus). After the last cycle an additional extension step
of 7 min at 72°C was performed. Appropriate positive and negative controls were included.
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Figure 1.

{A) SB analysis of the /GH genes in several adult precursor-B-ALL and one T-ALL. Contrgl DNA and DNA
from ALL samples were digested with Bglll, size separated, and blotted onto nylon membrane filters,
which were hybridized with the 32Pdabeled IGHJS probe. The sizes (in kb) of the molecular weight mark-
erare indicated. In all presented precursor-B-ALL cases at least one /GH gene rearrangement was detect-
ed, while the single T-ALL case (96-116) revealed germline configuration. In one precursor-B-ALL patient
(86-117) three rearranged bands of comparable density were demonstrated, suggesting trisomy 14. (B}
Heteroduplex PCR analysis for three patients showing the results with VH family primers for the three most
commoenly used VH families and a JH consensus primer, Samples showing positivity on an agarose gel
were subsequently subjected to heteroduplex PCR analysis. In patients 96-118 and 96-126 one ¢lonal
VH3-JH homodupiex was found whereas SB showed biallelic rearrangements. In patient 96-128 the
monoclonal VH3-JH homodupliex corresponded to the moncallelic rearrangement as detected by SB.
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Heteroduplex analysis of PCR products

For heteroduplex analysis, the PCR products were denatured at 94°C for 5 min after the final cycle
of amplification and subsequently cooled to 4°C for 60 min. to induce duplex formation.22 After duplex for-
rmation the hetero- and/or homoduplexes were immediately loaded on 6% non-denaturing pelyacrylamide
gels in 0.5 x Tris-Boric acid-EDTA (TBE) buffer, run at room temperature, and visualized by ethidium bre-
mide staining. Pstl-digested lambda DNA was used as a size marker. Both SB and heteroduplex analysis
of PCR products were performed in parallel in a double-blind manner. Concerdance between the two
methods was caiculated assuming that the following gene configurations concerned the same alleles:
rearranged band in SB = presence of clonal homoduplex in PCR; germline band and/or deietion in SB =
nc clonal PCR product.

RESULTS

Patients

A total of 48 adult ALL patients enrolled in the HOVON-18 study were analyzed
for ig and TCR gene rearrangements as well as for the presence of TAL7 gene dele-
tion. This concerned 26 precursor-B-ALL and 22 T-ALL.

SB analysis of /GH gene rearrangements

DNA samples from 47 adult ALL patients were examined for the presence of IGH
gene rearrangements (Figure 1). In the total group of 28 precursor-B-ALL patients,
{GH gene recombination was detected in 24 cases (92%)(Table 1), while the remain-
ing two cases revealed a germline configuration. In four precursor-B-ALL patients
(15%) more than fwo rearrangements were found. Obvious differences in density of
two or more rearranged bands, suggesting the presence of subclones, were
observed in five precursor-B-ALL patients (19%). In one patient three rearranged

Table 1. Frequencies of lg, TCR, and TALT gene rearrangements in adult ALL as detected by SB

analysis.
Type of gene rearrangement Precursor-B-ALL (n = 26)2 T-ALL (n = 22)
1GH 24 (92%) 5 (24%)P
1GK (Jx) 4 (15%) 0b
IGK (Kde) 9 (35%) 0b
TCRB 7 O(27T%) 18 (B2%)
TCRG 15 (58%) 19 (86%)
TCRD 12 (46%}) 15 (68%)
TAL17 deletion 0 2 (2%)

a. Excluding patients with weak gene rearrangements only, probably derived from subciones.
b. One T-ALL patient was not analyzed by SB with /GH and /GK probes, because of an insufficient
amount of DNA.
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bands of comparabie density were demonstrated (Figure 1), suggesting trisomy 14
but cytogenetic analysis was inconclusive. Additionally, /GH gene rearrangements
on one or even both alleles were found in five of the 21 tested T-ALL patients (24%
of cases) (Table 1).

SB analysis of JGK gene rearrangements

46% (12 out of 26) of precursor-B-ALL patients contained rearranged /GK genes.
Four patients (15%) demonstrated Vx to Jx rearrangements {Table 1). The deletion-
al Kde rearrangements (n = 12) exclusively involved Vk genes and were found in
nine patients {35%) (Table 1). No deletional rearrangements of Kde to the recombi-
nation signal sequence in the Jx-Cx intron (intron RSS) were found.2® /GK gene
rearrangements were not detected in any of the 21 T-ALL patients studied (Table 1).

SB analysis of TCREB gene rearrangements

Using our well-defined TCRBD1U, TCRBD1, TCRBJ1, TCRBD2U, TCRBD2Z,
TCRBJZ, and TCRBC probes, it was possible to distinguish between complete Vp-
JB and incomplete DB-JB rearrangements in the B1 and P2 regions.

Table 2. Allelic frequencies of particular TCRE gene rearrangements in adult ALL as detected by

S5 analysis.
TCRE gene configuration Precursor-B-ALL T-ALL
(n = 26 patients, 52 alleles) (n = 22 patients, 44 alleles)
Germline 42 (81%) 11 (25%)
Rearranged 10 (19%) 33 (75%)
Number of rearrangements? 142 412
TCRE1 region:
VR-DR1 0 0
DB1-JB1 0 4 (10%;)
VE-Jp1 0 6 (15%)
Unidentified to p1 0 1 (2%)
TCREB2 region:
VB-Dp2 0 0
Dpi-DR2 0 0
VE-Jp2 5 (36%) 19 {46%)
Dp1-JB2 1 (7%} 2 {5%)
Dp2-Jp2 1 (7%} B (15%)
Unidentified to 32 7 (50%) 3(7%)

a. The number of rearrangements is higher than the number of rearranged alleles, because of the ingi-
dental cceurrence of rearrangements in the 81 region as well as the 82 region of the same allele and/or
because of subclones,
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Eighteen T-ALL patients (82%) had rearranged TCRB genes (Table 1). Allelic
frequencies of the different types of TCRB recombinations are summarized in
Tabie 2. Predominance of TCRB2 rearrangements was characteristic for T-ALL
(TCRB2/TCRB1 ratio’ of 2.7:1). More than half (61%) of the detected TCRB
rearrangements in T-ALL concerned complete VB-JB recombinations (Table 2).

Cross-lineage TCRB gene rearrangemenis were found in seven (27%) precur-
sor-B-ALL {Table 1). These were all restricted to the TCRBZ locus; no rearrange-
ments were detected with the TCRBT region probes (Tabie 2).

SB analysis of TCRG gene rearrangements

Eighty six percent (19 out of 22 cases) of T-ALL patients were found to have
rearranged TCRG genes (Table 1), predominantly on both alieles (77%). In the vast
majority V gene segments of the Vyl family were found fo be rearranged to Jy1.3 or
Jy2.3 gene segments (Figure 2 and Table 3). Only two T-ALL patients were found 1o
have rearrangements to Jy1.1 or Jy2.1 gene segments, while in a single case a clon-

Table 3. Allelic frequencies of particular TCRG gene rearrangements in adult ALL as detected by

SB analysis.
TCRG gene configuration Precursor-B-ALL T-ALL
{n = 26 patients, 52 alleles) (n = 22 patients, 45 alieles)®
Germling 28 (54%) 7 {168%)
Deletion 2 (4%) 1(2%)
Rearrangements 22 (42%) 37 (82%)
Number of rearrangements 23b 37
Involving Jy1.1/2.1 3 (13%) 2 (5%)
Involving Jy1.2 0 1 {3%)¢
Involving Jv1.3/2.3 20 (87%) 34 (92%)
Vyl: Wy2/4-Jv1.3/12.3 5 (22%) 14 (38%)
Vy3-Jy1.3/2.3 3 (13%) 3 (8%)
Vv5-Jy1.3/2.3 2 (9% 1(3%)
V7-Jv1.3/2.3 1 {4%) 0
Vy8-Jy1.3/2.3 0 8 (22%)
Vyll-Jv1.3/2.3 7 (30%) 2 (5%)
Vylll-Jy1.3/2.3 0 5 (14%)
VylV-Jy1.3/2.3 2 (9%) 0
Unidentified to Jy1.3/2.3 0 1(3%)

a. The number of indicated alleles is 45 instead of 44, because one T-ALL patient showed three mono
clonal rearrangements, most probably as a result of trisomy 7.

b. Inclugding one weak rearrangement, probably derived from & subclone.

c. One T-ALL patient showed a monoclonal Vy9-Jvy1.2 rearrangement, typical for peripheral biood T-cells,
but rarely found in T-ALL cells.
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al Vy8-Jy1.2 rearrangement was discovered. In one patient three rearranged bands
of comparable density were demonstrated, suggesting trisomy 7. Allelic frequencies
of TCRG gene rearrangements are shown in detail in Table 3.

Cross-lineage TCRG recombinations were discovered in 58% of precursor-B-
ALL (Tatle 1), and in two patients this was associated with TCRG gene deletion on
one allele. Similarly to T-ALL, rearrangements fo Jv1.3 or Jy2.3 gene segmenis pre-
dominated, being demonstrated in 15 patients on 19 alleles, while Jy1.1 or Jy2.1
rearrangements were found on only three alleles (Table 3).

SB analysis of TCRD gene rearrangements

TCRD gene rearrangements and/or deletions were observed in 21 out of 22 T-
ALL patients studied. In 15 patients (68%) a rearranged TCRD gene was found on
at least one allele (Figure 3 and Table 1). TCRD deletion of at least one allele
cccurred in 12 patients. Only one T-ALL patient had both TCRD alleles in germline
configuration. This patient also had germline TCRB and TCRG genes. Precise fre-
guencies of different TCRD gene rearrangements are summarized in Table 4.

fn 12 out of 26 patients (46%) with precursor-B-ALL TCRD rearrangements were
found (Table 1). In 13 patients (50%) TCRD genes were deleted on one or both alle-
les. All SB identifiabie TCRD rearrangements were incomplete V§2-D33 or D§2-D33
recombinations (Table 4). In three precursor-B-ALL patients (12%) weak rearranged

Table 4. Allelic frequencies of particular TCRD gene rearrangements in aduit ALL as detected by

SB analysis.
TCRD gene configuration Precursor-B-ALL T-ALL
(n = 26 patients, 52 alleles) (n = 22 patients, 44 alleles)
Germline 21 (40%) 3 (7T%)
Deletion 18 {35%) 17 {39%)
Rearrangement 13 {25%) 24 (54%)
Number of rearrangements 1628 24
V32-D&3 & (38%) 0
D52-Da3 T (44%) 1 (4%)
V§1-J81 0 9 (38%;)
D32-J51 0 4 (17%)
VE2-131 0 1 (4%)
V§3-Ja1 0 1 {4%)
V36-J52 0 1 (4%)
Unidentified to J31 3 (19%) 7 (29%)

a. Including weak rearrangements (one V32-Dé3 and two unicdentified rearrangements) most probably
derived from subclones.
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bands were observed suggesting the presence of subclones in these cases (Figure
4}. Thirty-one percenti of precursor-B-ALL patients were found to have the TCRD
genes in germline configuration on both alleles.

S8 analysis of TAL7 gene rearrangements

All ALL patients were tested for the presence of TALT rearrangements using the
SILDB probe. A typical type 1 TALT deletion, resulting from fusicn of sildb and tal1db
breakpoints was discovered in two T-ALL patients (Table 1). Both TCRD alleles were
deleted in these two cases. No other TALT gene rearrangements were found.

Comparison of $B and heteroduplex PCR analysis of lg, TCR, and TALY
genes

DNA-based PCR amplification was simultaneously performed in a doubie blind
manner for several of the Ig and TCR genes studied by SB analysis. Clonal VH-JH
rearrangements were found by heteroduplex PCR analysis in 17 out of 25 analyzed
precursor-B-ALL patients and in a single T-ALL patient (Figure 1). In contrast to 49
rearranged alleles found by classical SB, heteroduplex PCR analysis revealed 27
monocclonal products assumed to be derived from those alleles (Table 5). Using Vx
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Figure 2.

Clonality assessment via SB analysis and hetercduplex PCR analysis of TCRG genes.

{A) DNA from a T-ALL patient was digested with EcoRI. The filter was hybridized with the 32P-labeled
Jv1.3 probe and two rearrangements were found: Vv2/4 to Jy1.3 or J42.3 and Vy8 1o Jy1.3 or J42.3. (B}
Heteroduplex PCR analysis with a family-specific V primer (Vvl) in combination with a Jv1.3/2.3 primer
showed two clonal Vyl-Jy1.3/2.3 homoduplexes as well as two heteroduplexes of clonal origin. {€ and D}
Further analysis with member-specific primers revealed two rearrangements: Vyd-Jy1.3/2.3 and Vy8-

Jy1.3/2.3, identical tc those detected by SB. ss, single-strand fragments; he, heteroduplexes; ho, homod-
uplexes.
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Figure 3.

Clonality assessment via SB analysis and heteroduplex PCR analysis of TCRD genes.

(A) DNA from a T-ALL patient was digested with Bgfll and Hindlll. The filter was hybridized with the 32P-
labeled TCRDJ1 probe and bialielic V31-J31 rearrangements were found. (B} Heteroduplex PCR analy-
sis with a V81 primer in combination with a J31 primer showed two clonal V51-J31 homoduplexes as weli

as (comigrating) heteroduplexes of clonal origin. $s, single-strand fragments; he, heteroduplexes; ho.
homoduplexes.

family-specific primers and a Kde primer it was possible to amplify Vi-Kde
rearrangements in the eight precursor-B-ALL patients, which were also detected by
means of SB. In contrast to 12 rearranged alleles found by SB, heterodupiex PCR
analysis resulted in clonal products in 10 out of these 12 alleles (Table 5). PCR
analysis of the TCRG genes revealed all except one rearrangement detected by the
8B technique as well as three additional recombinations, ail of them involving Jv1.1
or Jv2.1 gene segments (Table 5). Except for the presumed V53-J51, V§6-J52 and
ten unidentified rearrangements to J&1, all DNA samples that were found to contain
clonal TCRD rearrangements with SB also revealed clonal PCR products (Figure 3
and Table 5). However, in contrast to the SB results, two precursor-B-ALL patients
were found to have an oligoclonal pattern of V82-Dé3 rearrangements by heterodu-
plex PCR analysis (as exemplified in Figure 4). In concordance with the SB resulits,
TAL1 deletion PCR products were observed in both T-ALL patients (Table 5).
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Table 5. Comparison of results obtained by SB analysis and heteroduplex PCR analysis.®

Gene (segment) Rearrangements Rearrangements Concordance
detected by SB analysis detected by heteroduplex between the two
PCR analysis technigues
IGH 49 (57) 27P 71% (65%)
IGK (Kde) 12 10 98%
TCRG 58 (60) 62 94% (96%)
TCRD 37 (40) 28t 91% (90%)
TALT 2 2 100%

a. Concordance between SB analysis and heteroduplex PCR analysis was calculated assuming that the
following gene configurations concemned the same alleles: rearranged band in SB = presence of
¢lonal (homoduplex) PCR product; germline band and/or deletion in SB = no clonal PCR product.
The numbers and percentages in brackets express congordance between the two methods when weak
rearranged SB bands (most prebably derived from subclones) were included.

b. including one precursor-B-ALL patient with a single PCR product of fow intensity.

¢. Including two precursor-B-ALL patients with oligocional V52-D33 rearrangements in heteroduplex PCR

analysis.

DISCUSSION

The samples of leukemic cells from 48 adult ALL patients were analyzed for the
configuration of ig and TCR genes. Based on 3B results /GH gene recombinations
were detected in 92% of precursor-B-ALL patients, most of them (~80%) having two
rearranged alleles. This is comparable to childhood ALL.3%:32 Germline /GH genes
were found in two patients, probably reflecting malignant transformation of a very
early B-cell precursor. Multiple rearranged bands were found in only 19% of cases,
which is essentially lower than the 30-45% observed in childhood ALL.*#40 Similarly
to childhood precursor-B-ALL, /GK gene rearrangements were found in 46% of adult
patients.2® However, Kde rearrangements to intron RSS were not found in any of our
adult ALL cases, although they comprise 31% of Kde rearrangements in childhood
precursor-B-ALL and 54% of Kde rearrangements in chronic B-cell leukemias.29.37
These differences in ig gene rearrangement pattens might reflect biological differ-
ences between adult and childhood ALL, with adult precursor-B-ALL showing ten-
dency towards a more immature and stabie genotype.

Analysis of TCR gene rearrangements in adult ALL revealed configurations com-
parable to those previously discovered for childhood ALL patients.25.4142
Nevertheless, several discrepancies were found considering cross-lineage TCRD
gene rearrangements in precursor-B-ALL. First of all, complete germline TCR gene
patterns were found in 19% of adult precursor-B-ALL patients, which was mainly
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caused by a lower incidence of TCRD deletions (35%) as compared to childhood
ALL (45%).32 In addition, incomplete D82-D§3 rearrangements occurred most fre-
quently, comprising approximately 45% of the TCRD recombinations, followed by the
more mature V32-Da3 rearrangements (38%). The latter rearrangement was found
to be dominant in childhood precursor-B-ALL, comprising >70% of the rearrange-
ments, while D§2-D83 occurred in only 10% of the TCRD gene rearrange-
ments.324344 Furthermore, heteroduplex PCR analysis demonstrated that three out
of six V32-D33 rearrangements were derived from minor subclones. This phenome-
non was previously reported in some cases of pediatric ALL.#445 Taken together,
these data suggest that adult ALL has a more immature genotype as compared 1o
pediatric ALL.

Southern blotiing is considered to be the gold standard for clonality diagnostics.
However, this technique is faborious, time consuming, reiatively expensive, and
requires large amounts of high quality DNA. This generally limits the applicability of
the method to more specialized laboratories. PCR techniques offer good alterna-
tives, as they are more rapid, less expensive, and require only smail amounts of
DNA. However, due to the enormous sensitivity, false-positive results might be
obtained, if monoclonal PCR products cannot be distinguished from the background
signals resulting from similar gene rearrangements in normal polyclonal iympho-
cytes. Heterodupiex analysis of PCR products was shown to be an effective proce-
dure for such discrimination between monoclonal and polyclonal rearrangements. 22
Comparison of SB anaiysis and heteroduplex PCR analysis of /IGK (Kde), TCRG,
TCRD, and TALT gene rearrangements showed a high concordance (>90%)
between the two technigues. In four cases (two Vk-Kde, one presumed V53-J81, and
one presumed V§B-J32 recombination} no clonal PCR products were obtained
repeatedly. Unusual gene recombinations resulting in restriction fragments of com-
parable size on $B and/or extensive deletions of nucleotides in junctional regions
might explain these negative PCR results. Ten rearrangements to J§1 as detected by
SB could not be assigned to a particular V3-J3 joining based on the sizes of clonal
bands.32 In those cases no clonal products were found with the applied TCRD primer
sefs. These rearrangements might therefore reflect Va-J81 rearrangements or
translocations into the TCRD locus. in contrast, three additional rearrangements to
Jy1.1/2.1 were detected with the heteroduplex PCR technique as compared o SB
analysis. These additional positive PCR results may be the consequence of the low
sensitivity of the currently used Jy2.1 SB probe. Furthermore, in two precursor-B-ALL
patients with ‘clonal V32-D33 bands’ on SB analysis, heteroduplex PCR analysis
revealed an oligoclonal pattern. Homodupiexes representing VH-JH rearrangements
were found on cnly 27 alleles in contrast to 49 clonal bands detected by SB with the
IGH.J6 probe. The overall concordance between SB and heteroduplex PCR analysis
for IGH reached only 71%. Rearrangements not identified by PCR may inciude
incomplete DH-JH recombinations or translocations to the JH region.#® The overall
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resulis indicate that heterodupiex PCR analysis is an effective, rapid, and reliable
approach for Ig and TCR gene rearrangement studies in ALL. However, particular
rearrangements like biallelic TCRD deletions or atypical rearrangements {e.g. Va-
J&1, incomplete DH-JH rearrangements or translocations) can only be detected by
conventional SB analysis, unless many additional sets of PCR primers are used. An
additional advantage of heteroduplex PCR analysis is that excised homoduplex
bands can be successfully used for direct eycle sequencing, as was demonstrated
by Beishuizen et al.37 for Vk-Kde rearrangements.

Based on clonal Ig and TCR gene rearrangements identified at diagnosis, it is
possible to monitor MRD by use of PCR analysis in most adult ALL patients
(Table 8). Heteroduplex PCR analysis revealed at least one patient-specific MRD-
PCR target in 85% of T-ALL and almost 80% of precursor-B-ALL. Monitering with two
MRD-PCR targets would be possible for > 75% of precursor-B-ALL cases and 86%
of T-ALL cases.

in conclusion, our data indicate a largely comparable pattern of ig and TCR gene
rearrangements between adult ALL and pediatric patients. However, the lower fre-

Table 6. Frequencies of ig and TCR gene rearrangements in adult ALL, which can be used for
PCR-based MRD detection.®

lg and TCR gene rearrangements Precursor-B-ALL T-ALL
IGH:

VH-JH 58%0 6%
IGK:

Vk-Kde 31% 0%

intron-Kdeg 0% 0%
TCRG:

Vy=Jv 62% 91%
TCRD:

V32-Da3 or D52-D33 35% 5 %

D082-J51 or V3-D3-J31 0% 41%

total TCRD 35% 46%
TALT deletion 0% 9%
at least one PCR target 88% 95%
at least two PCR targets 7% 28%
at least three PCR targets 58% 50%

a. Weak rearranged bands as detected by SB and oligoclonal rearrangements as detected by heroduplex
PCR analysis were excluded. This exclusion mainly concerned TCRD gene rearrangements (Va2-D33
rearrangements) in precursor-B-ALL.

b. One precursor-B-ALL patient and six T-ALL patients were not analyzed by Vu-JH PCR because of an
insufficient amount of DNA,
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quency of aligoclonal /GH gene rearrangements, the absence of intron RSS-Kde
rearrangements, the higher frequency of germline TCRD genes and incomplete D82-
D33 rearrangements, and the lower frequency of TCRD deletions were characteris-
tic for adult precursor-B-ALL patients as compared to childhood precursor-B-ALL,
suggesting a more immature genotype in adults. Furthermore, our results show that
the genotype of malignant cells can be studied reliably by means of both SB and het-
eroduplex PCR analysis, because these techniques give highly comparable results
in ALL. Finaliy, identification of clenally rearranged ig and/or TCR genes as
molecular targets for PCR-based MRD monitoring is possible in almost 90% of pre-
cursor-B-ALL and 85% of T-ALL in adults.
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ABSTRACT

immunoglobulin (1g) and T-cell receptor (TCR) genes are rearranged in virtually
all acute lymphoblastic leukemia (ALL) cases. However, the recombination patterns
display several unusual features as compared to normal lymphoid counterparts.
Cross-lineage gene rearrangements occur in more than 90% of precursor-B-ALL and
in ~20% of T-ALL, whereas they are rare in normal lymphocytes. Approximately 25-
30% of the ig and TCR gene rearrangements at diagnosis are cligoclonal, and can
undergo continuing or secondary recombination evenis during the disease course.
Based on our extensive molecular studies we hypothesize that the unusual ig and
TCR gene rearrangements in ALL occur as an early postoncogenic event resulting
from the continuing V(D)}J recombinase activity on accessible gene loci. This hypoth-
esis is on the one hand supported by the virtual absence of cross-lineage gene
rearrangements in normal lymphocytes and mature iymphoid malignancies and on
the other hand by the presence of oligoclonality and secondary Ig and TCR gene
rearrangements in ALL.

INTRODUCTION

Acute lymphoblastic leukemia {(ALL) is 2 malignancy of immature lymphoid cells.
Leukemic lymphoblasts are considered as the malignant counterparts of normal
bone marrow B-cell precursors and thymic T-cell precursors that have undergone

*Curr Top Microbiol immunol 1999; 246: 205-215 201
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malignant transformation resulling in precursor-B-ALL and T-ALL, respectively. The
oncogenic events block further differentiation, freezing the cell in a particular stage
of the development, and subsequently enable uncontrolied proliferation. In virtually
all ALL cases leukemic cells contain rearranged immunoglobulin (lg) and/or T-cell
receptor (TCR) genes.!2 This is probably related to the fact that Ig and TCR gene
rearrangements take place very early during lymphoid differentiation i.e. before sur-
face expression of the pan-B-cell marker CD12 in B-cell progenitors and in
CD34*/CD1a™ thymocytes, respectively.3# In exceptional ALL cases, most probably
derived from very immature progenitor cells, the Ig and TCR gene loci are preserved
in germline configuration.

In contrast to normal lymphoid development, Ig and TCR gene rearrangements
in ALL have several unusual characteristics. Owing 1o the observation of cross-line-
age TCR gene rearrangements in precursor-B-ALL and in some mature B-celi malig-
nancies together with the finding of rearranged |g heavy chain (/{GH) genes in some
T-ALL, Ig and TCR gene rearrangements cannot be regarded as specific markers for
B-lineage and T-lineage, respectively.® In contrast, cross-lineage gene rearrange-
ments are not observed in normal human thymocytes, whereas their frequency in
normal B-cells is very low (below 0.5%).%% Other unusual characteristics of Ig and
TCR gene rearrangements in ALLL as compared to their normal counterparts are the
overrepresentation of particular rearrangement types, e.g. the restriction o certain
gene segments, the usage of pseudogenes, the presence of ‘end-stage’ rearrange-
ments, and the occurrence of asynchronous combinations of gene rearrange-
ments. 1,27

Since a leukemic clone originates from a single malignantly transformed lym-
phoid cell, all lymphoblasts in principle have identiczally rearranged Ig and TCR genes
i.e. monoclonal gene rearrangements. However, in a substantial preportion of ALL
there is evidence of oligoclonality. Subclones frequently show junctional region
sequences related to the major clone, reflecting a continuing rearrangement
process. Ongoing recombinations may also result in changes of leukemia-specific
rearrangements at relapse of the disease.® 1!

The occurrence of unusual gene rearrangements in ALL can be explained in sev-
eral ways. it could be that cross-lineage gene rearrangements occur in early [ym-
phoid progenitors [eading to a stop in further differentiation and maturation. As a con-
sequence, a large fraction of such proliferating, immature lymphoid precursor cells
without functional lineage-specific rearrangements and/or with cross-lineage gene
rearrangements would normally undergo apoptosis unless they become neoplastic.
An alternative explanation could be that unusual and cross-lineage gene rearrange-
ments in ALL represent posioncogenic events resulting from the ongoing activity of
the common B and T-cell V(D)J recombinase system on gene loci, which are acces-
sible at the stage of maturational arrest and initial proliferation. Secondary and ongo-
ing rearrangements would then take place during the proliferative phase as well.
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Here we present the resulis of our extensive studies on Ig and TCR gene
rearrangements patterns in ALL, which in our opinion favor the hypothesis of unusu-
al gene recornbination in ALL as a predominantly postoncogenic event.

RESULTS AND DISCUSSION

Lineage-specific Gene Rearrangements in ALL

During the [ast years we performed detailed analysis of lg and TCR gene
rearrangements in 340 ALL patients at diagnosis (Table 1).1:12-18 in virtually all pre-
cursor-B-ALL. cases (>$5%) Southern blot analysis revealed clonal /GH gene
rearrangements. in a significant proportion of these patients (~40%) obvious differ-
ences in density of two or more rearranged bands were found, reflecting oligoclon-
ality at the /GH locus.'2 Since PCR analysis is more sensitive than Southern blotting,
one can expect that /GH oligoclonality might in fact even concern a larger fraction of
precursor-B-ALL cases. Figure 1 illustrates a case with multiple clonal IGH gene
rearrangements at diagnosis as detected by heteroduplex PCR analysis.”
Furthermore, PCR studies have already shown that the vast majority of /GH gene
rearrangements were not functional, and that Dr-DH-JH fusions could be identified in
~20% of patients.18.19

Ig light chain gene rearrangements were found in 80% of cases (Table 1).
Rearrangements of the Ig kappa light chain (JGK) gene occur more frequently than
in the Ig lambda light chain (/GL) gene locus and often concern deletional rearrange-
ments to the kappa deleting element (Kde).20 In contrast to normal B-cells we
observed an unusually high frequency of /GK deletional rearrangements compared
to IGK and /GL gene rearrangement frequencies. Oligoclonality of /GK gene
rearrangements was observed in <10% of precursor-B-ALL patients.'2 Interestingly,

Table 1. Relative frequencies of ig and TCR gene rearrangements in ALL.2

1GH IGK IGL TCRB TCRG TCRE
R D R D R D
Precursor-B-ALL  95% 3% 30% 30% 20% 30% 60% 55% 35%
(chiidren)
T-ALL 20% 0% 0% 0% 0% 90% 95% 0%  25%
Total ALL 85% 2% 25% 25% 15% 45% 65% 80% 35%

a. Gene configurations as determined by interpretation of Southern blot results: R, rearrangement of at
least one allele; D, deletion on both alieles or one allele deleted and the other in germline configuration.
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Figure 1.

{(A) Heteroduplex PCR analysis of bone marrow DNA from a precursor-B-ALL patient at diagnosis (Dx)
and at relapse {(Re) using six VH family-specific primers together with a Ju consensus primer. The resuits
illustrate oligoclonality both at diagnosis (five IGH gene rearrangements) and at relapse (three /GH gene
rearrangements). None of the rearrangements was identical between diagnosis and relapse. ss, single-
strand fragments; ho, homoduplexes; C, positive control; M, 100 bp molecular weight marker.

{B) Fluorescent sequencing of clonal PCR products at diagnosis and relapse showed that two different
rearrangements shared an identical DH8-13-JH6b junctional region, thereby proving the clonal relaticnship
between the diagnosis and relapse cell samples.

a significant proportion (~20%) of /GL gene rearrangements in precursor-B-ALL
involves the non-functional J-CA8 gene region (Tumkaya et al., submitted for publi-
cation).

Analysis of a small group of adult precursor-B-ALL patients revealed several
intriguing differences as compared to childhood patients.2! Firstly, we observed a
lower level of IGH oligoclonality (~20% versus ~40% in children) despite a compa-
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rable incidence of /GH gene rearrangements. Secondly, all detected /GK gene dele-
tions concerned rearrangements of the Kde to Vk gene segments, which represent
two thirds of the Kde rearrangements in pediatric precursor-B-ALL and only half of
the Kde rearrangements in mature B-cell leukemias.20.27

TCR gene rearrangements occur in more than 85% of T-ALL cases (Table 1).
The TCR delta (TCRD) locus first undergoes rearrangement in normal thymocyte
development and likewise is the most frequently rearranged gene in T-ALL (~95%).
In contrast to frequent subclone formation in Ig genes in precursor-B-ALL, this phe-
nomenon is rarely observed for TCR gene rearrangements in T-ALL (Langerak et al.,
unpublished data).

Interestingly, in several T-ALL patients an atypical TCR gamma (TCRG) gernie
rearrangement was demonstrated showing an interstitial deletion of ~170 bp of the
downstream part of the Vy2 gene segment.22

Cross-lineage TCR Gene Rearrangements in Precursor-B-ALL

Our analysis of a large group of 202 pediatric precursor-B-ALL patients revealed
TCR beta {TCRB), TCRG, and TCRD gene rearrangements in 35%, 59%, and 89%
of cases, respectively (Table 1).75 In total, in 93% of the precursor-B-ALL cases one
or more TCR genes were rearranged andfor deleted, indicating that cross-lineage
TCR gene rearrangements are ubiquitously present in malignant B-lineage iym-
phoblasts. However, the spectrum of cross-lineage TCR gene rearrangements in
precursor-B-ALL is very limited (Table 2). TCRE gene rearrangements are restricted
1o the JB2 region. This is in contrast 1o normal T-cells and T-ALL, which employ both
JB1 and JB2 gene regions. TCRG gene rearrangements in precursor-B-ALL most

Table 2. Unusual TCR gene rearrangements in precursor-B-ALL as compared to normal T-cells

and T-ALL.

Precursor-B-ALL Normal T-lymphocytes/T-ALL

TCRB genes exclusively to JB2:
VB-Jp2: 53% both to J31 and JP2
Dp-JB2: 35%

TCRG genes Vy-Jy1.3: 40% TCRaf™* T-cells:  mainly to Jy1.3/2.3
Vy-Jv2.3: 28% TCRy8™ T-cells : mainly Vyll-Jy1.2
Vy-Jv1.1: 27% T-ALL blasts: mainly to Jy1.3/2.3

TCRD genes V52-D§3: 40-70% TCRap™ T-cells/T-ALL: mainly biallelic deletion
052-D33: 10-40% TCRy5™ T-cells: mainly V§2-J31

TCRy3™ T-ALL: mainly V&1-J81
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frequently (~70%} concern rearrangements to Jy1 region gene segments. Curiously,
80% of TCRD gene rearrangements represent incomplete V52-D83 or D§2-D&3 join-
ings, whereas compiete rearrangements to the J51 gene segment, characteristic for
normal T-cells and T-ALL blasts (particularly TCRy8™ 23) have never been reported
in precursor-B-ALL. Apparently, only certain parts of the TCRB and TCRD genes are
accessible for continuing activity of the V(D)J recombinase in precursor-B-ALL.
Using a transgenic mouse model, Lauzurica et al.24 showed that V-D to J recombi-
nation in human TCRD genes is controlled by the TCRD enhancer, whereas
rearrangements to the D83 gene segment are controlled by a separate mechanism.
It seems highly probable that in precursor-B-ALL TCRD gene rearrangements are
restricted to those that are independent of the TCRD enhancer. Furthermore, V32
and D&2 gene segments in precursor-B-ALL can further underge rearrangements to
Jo. gene segments and the majority of TCRD gene deletions reflect secondary V-
Jo. rearrangements 615

The analysis of combinations of cross-lineage TCR gene rearrangements in pre-
cursor-B-ALL patients showed that TCRD gene rearrangements and/or deletions
occurred in the majority of cases (~80%) and that 27% of childhood precursor-B-ALL
had TCRD gene rearrangements and/or deletions with germline TCRG and TCRB
genes.!® This implies that the hierarchy of cross-lineage TCR gene events is similar
to early T-cell development, where rearrangements in the TCRD locus occur first, fol-
lowed by TCRG, and subsequently by TCRB gene rearrangements. Nevertheless, in
a few cases we found rearranged TCRB genes with TCRD and TCRG loci in
germline configuration. Furthermore, the frequencies of cross-lineage TCR gene
rearrangements seem to be related fo the maturation stages of malignant B-cells.
The frequency of TCR gene rearrangements is lower in immature precursor-B-ALL
(pro-B-ALL) as compared o CD10™ precursor-B-ALL {common ALL and pre-B-ALL).
When comparing common ALL and pre-B-ALL subgroups, it is striking that in the
‘mature’ {Cylgu™) pre-B-ALL group a higher frequency of patients have their TCR
genes in germline configuration (15% versus 2% in common ALL). TCR gene
rearrangements are still present in the most mature precursor-B-AlL subgroup with
simultaneous cytoplasmic and membrane Igu expression (transitional-pre-B-ALL).
However, in mature B-cell malignancies cross-lineage TCR gene rearrangements
are rare (<5%).%.2%

Based on combined Southern blotting and hetercduplex PCR analysis we
showed oligocionality in 38% and 30% of precursor-B-ALL patients with TCRG and
TCRD gene rearrangements, respectively, which is comparable {o the frequency of
oligoclonality found in the /GH locus.!®

In adult precursor-B-Al L a striking predominance of immature D32-D&3 cross-
lineage recombinations was observed (44%), whereas the more mature V32-Da3
gene rearrangements occurred less frequently (38%). This is in contrast to the high
frequency (>70%) of the more mature V32-D33 gene rearrangements in childhood
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precursor-B-ALL. Together with the characteristic /GH and IGK gene rearrangement
patterns this suggests that the Ig and TCR genotype of precursor-B-ALL in adults is
less mature than in children.2!

Cross-Lineage /GH Gene Rearrangements in T-ALL

In confrast {o the frequent cross-lineage TCR gene rearrangements in precursor-
B-ALL, /GH gene rearrangements in T-ALL occur in ~20% of patients (18% of CD3-
T-ALL, 50% of TCRy8* T-ALL, and only 4% of TCRaf™). Using heteroduplex PCR
analysis we found a high frequency (~80%) of incomplete DH-JH rearrangements as
well as preferential usage of DHE-18 and the most downstream DE7-27 gene seg-
ment together with the maost upstream JH1 and JH2 gene segmenis. We have not
found VH gene restriction in the complete VH-JH recombinations, which comprised
18% of cross-lineage /GH gene rearrangements in T-ALL patients. Furthermore,
oligeclonality in the /GH locus was found in 27% of T-ALL patients with rearranged
IGH genes (Szczepariski et al., submitted for publication). Cross-lineage /GH gene
rearrangements are rare in mature T-ceil malignancies and g fight chain gene
rearrangements have only been reported anecdotally in malignant T lymphoblasts.

Secondary and Ongoing Gene Rearrangements in ALL

Another striking feature of Ig and TCR gene rearrangements in ALL is the occur-
rence of secondary recombination events. Secondary rearrangements via continuing
VH to Dr-JH joining, VH gene replacements, and ‘de nove’ /GH gene rearrangements
have frequently been reported for precursor-B-ALL (Figure 1).26.27 Southern blot
comparison between /GH configuration at diagnosis and at relapse provided evi-
dence for clonal changes in 40% of precursor-B-ALL cases.® A few limited PCR stud-
ies estimated the frequency of /GH clonal evolution at ~30% of cases.?28

Recently, we found evidence for continuing VH to DH-JH recombination in T-ALL,
while VH replacement has been described previously during disease progression of
a T-lymphoblastic lymphoma.2®

Based on Southern blot analysis, differences in TCRB, TCRG, and TCRD gene
rearrangements between diagnosis and relapse were found in 30%, 2C%, and 10%
of T-ALL, respectively.8 Limited PCR studies estimated the frequency of TCRG and
TCRD clonal evolution at 10-40% of T-ALL cases.'011 Interestingly, we demonstrat-
ed in several T-ALL cases ongoing, potyclonal 8ReC-yJa gene rearrangements with-
in otherwise monocdional leukemic popuiations.30

Cross-lineage TCRGE and TCRD gene rearrangement patterns in precursor-B-
ALL were found discordant between diagnosis and relapse in 30-50% of cases by
Southern blotting. However, in a few cases seemingly clonal V§2-D383 rearrange-
ments appeared to be oligoclonal upon PCR analysis. %21 Moreover, ongoing V&2-
D33 to Jo recembination was demonstrated in the vast majerity of V32-D33-positive
precursor-B-ALL.® Finally, in a few precursor-B-ALL cases with clonal TCRG
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rearrangements at diagnosis the disease recurred with TCRG genes in germline
configuration (clonal regression).8.10

CONCLUSIONS

ALL blasts display a variety of characteristic gene rearrangements. The majority
of lineage-specific rearrangements probably reflect the gene configuration status of
the lymphoid precursor cell that was fransformed at a particular stage of differentia-
tion. Cross-lineage gene rearrangements that are found in ALL could potentiaily be
acquired before malignant transformation as well. However, then one would expect
them to occur in normal lymphocytes at much higher frequencies. Since the majori-
ty of cross-lineage gene rearrangements are monoclonal and not oligocional, they
should have occurred early after malignant transformation. The rare occurrence of
cross-lineage gene rearrangements in TCRaf™ fineage T-ALL as well as in mature
B-cell and T-cell malignancies can be explained by the absence of recombinase
activity in these more mature types of lymphoid malignancies. Oligoclonality at diag-
nosis, clonal regression, ongoing and secondary recombination are unequivocally
later postoncogenic events. Taken together, we hypothesize that the unusual gene
rearrangements in ALL are caused by post-transformation continuing activity of the
V(D)J recombinase enzyme system on accessible gene loci.
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CHAPTER 3.1

CLONAL EVOLUTION OF IMMUNOGLOBULIN AND T-CELL
RECEPTOR GENE REARRANGEMENTS BETWEEN DIAGNOSIS
AND RELAPSE OF ACUTE LYMPHOBLASTIC LEUKEMIA

The initial enthusiasm after establishing PCR strategies for detection of minimal
residual disease (MRD) in acute lymphoblastic feukemia {ALL} based on
immunoglobulin (Ig) and T-cell receptor (TCR) gene rearrangements was challenged
by the description of clonal evolution phenomena. Ig and TCR gene rearrangements
in precursor-B-ALL and T-Al.L might be prone to subclone formation due to continu-
ing rearrangements or secondary rearrangements mediated via the continuously
active recombinase enzyme system in these immature lymphoid malignancies
{reviewed In Chapter 2.9). Especially the /GH gene rearrangements are known to
change during the disease course, resulting in different rearrangement patterns
between diagnosis and relapse. In fact, at diagnosis multiple /GH gene rearrange-
ments are already found in 30 to 40% of precursor-B-ALL, indicating the presence of
biclonality or oligoclonality.? Such oligoclonality usually reflects continuing or sec-
ondary /GH gene rearrangements, representing VA to DH-JH rearrangemenis or VH
replacements, respectively.2.3 The problem of oligoclonality at diagnosis is the uncer-
tainty which clone is going to emerge at relapse and should be monitored with MRD-
PCR analysis. Changes in /GH gene rearrangement patterns at relapse were shown
to occur at high frequency in childhood precursor-B-ALL, particularly when subclone
formation is already present at diagnosis.*>

TCR gene oligocionality is rarely seen at diagnosis in T-ALL (see Chapter 2.6).4.8
In contrast, combined Southern blot and PCR data show that the frequency of oligo-
clonality in cross-lineage TCR gene rearrangements of precursor-B-ALL is approxi-
mately 20%, which is slightly less than in the /GH gene (see Chapter 2.4). Initiaily,
subclone formation at diagnosis was thought to be less frequent for the TCRD gene
complex, as suggested by Southern blotting.” However, PCR heteroduplex analysis
and sequencing have shown that V32-D&3 and D§2-D§3 rearrangements in newly
diagnosed precursor-B-ALL are oligoclonal in 30 to 40% of cases (see Chapters 2.4
and 2.8).8 Again, frequent TCR oligoclonality in precursor-B-ALL might be associat-
ed with further clonal evolution and loss of particular rearrangements at relapse. 459
For instance, oligoclonal V§2-D33 rearrangements are prone to continuing
rearrangements, particularly to Jo gene segments with concomitant deletion of the
C3 exons.8.10

False-negative results due to clonal evolution are a major drawback of using
lg/TCR gene rearrangements as PCR targets for MRD detection. In order to mini-
mize false-negative results, detailed studies have been performed on the stability of

213
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different Ig and TCR gene rearrangements between diagnosis and reiapse in large
series of childhood precursor-B-ALL and T-ALL patients (see Chapters 3.2 and 3.3).
Based on the comparative information, it is possibie to define optimal strategies for
MRD-PCR target selection. Furthermore, using a stepwise molecular approach, itis
possible to identify rare cases of frue secondary ALL, which can be distinguished
from presumabiy late ALL reiapses (Chapter 3.4). Finally, based on preserved iden-
tical Ig/TCR gene rearrangements, moiecular analyses can identify cases among
presumably secondary acute myeloid leukemias, which actually represent unusuai
phenotypic shifts of initial ALL (Chapters 3.2 and 3.5).
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ABSTRACT

Immunoglobulin (Ig} and T-cell receptor (TCR) gene rearrangements are excel-
lent patient-specific polymerase chain reaction (PCR) targets for detection of mini-
mal residual disease (MRD} in acute lymphoblastic leukemia (ALL), but they might
be unstable during the disease course. Therefore, we performed detailed molecular
studies in 96 childhood precursor-B-ALL at diagnosis and at relapse (n = 81) or at
presumably secondary acute myeloid 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 stability was found for
[GK-Kde rearrangements (20%), followed by TCRG (75%), IGH (64%), and incom-
plete TCRD rearrangements (63%). Combined Southern blot and PCR data for /GH,
IGK-Kde, and TCRD genes showed significant differences in stability at relapse
between monoclonai and cligoclonal rearrangements: 89% versus 40%, respective-
ly.

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 four
patients with secondary acute myeloid leukemia with germiine Ig/TCR genes. In five
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other patients additional analyses proved the clonal relationship between both dis-
ease stages. Finally, in one patient ali Ig/TCR gene rearrangements were complete-
ly different 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 enabie successful detection of
relapse in most (95%) of childhood precursor-B-ALL.

INTRODUCTION

Several large prospective studies have clearly demonstrated the high prognostic
vaiue of minimal residual disease (MRD) monitoring in childhood acute lymphoblas-
tic leukemia (ALL)."* Based on the sensitive measurement of early response to
cytotoxic tregtment, it Is currently possible to identify not only patients at high risk for
relapse but also a group of low-risk patients with an excellent relapse-free survival of
more than 95% .4 Hence, MRD information provides a new definition of remission in
childhood ALL, which justifies incorporation of MRD data in current treatment proto-
cols to refine risk assignment.5

Most MRD studies in pediatric precursor-B-ALL applied immunoglobulin (ig)
and/or T-cell receptor (TCR) gene rearrangements as polymerase chain reaction
(PCR) targets for MRD detection. They can easily be identified in most patients at
diagnosis with limited sets of PCR primers.®7 Moreover, using these molecular tar-
gets, sensitivities of 104 to 10-° (one malignant cell within 104 to 108 normal cells)
can be obtained routinely.” With the advent of novel real-time guantitative (RQ) PCR
techniques, Ig/TCR based MRD techniques are now also quantitative 811 However,
it is also known that Ig and TCR gene rearrangements might change during the dis-
ease course, owing to secondary rearrangement processes mediated via ongoing
activity of the V(D)J recombinase enzyme system (reviewed by Szczepariski et al.2).
This might iead to loss of the PCR target and consequently to false-negative MRD
results. Such changes were most frequently described for Ig heavy chain genes
{IGH) and to lesser extent for TCR genes and were found particularly in cases of pre-
cursor-B-ALL that already contained subclones at diagnosis.'3-18

Although the presence of clonal evoiution phenomena is widely acknowledged,
its actual impact on the effectiveness of MRD monitoring has not been defined. So
far, studies assessing the stability of Ig and TCR gene rearrangements at diagnosis
and relapse of ALL either did not compare junctional region sequences or were [im-
ited to particular gene loci.'®18 Therefore we studied the stability of the currently
used Ig/TCR rearrangements (/GH, ig kappa light chain {({GK), TCR gamma (TCRG)
and TCR delta (TCRD) gene rearrangements) in a large series of 96 childhood pre-
cursor-B-ALL patients. This information is essential for reliable selection of MRD-
PCR targets with minimal chance of false-negative results.
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PATIENTS, MATERIALS, AND METHODS

Patients

Bone marrow or peripheral blood samples from 96 childhood precursor-B-ALL patients were obtained
at initial diagnosis and at relapse (91 patients) or at presumably secondary acute myeloid leukemia (AML)
(5 patients). The age distribution ranged from 1 month to 183 months. Eight children (8%) were infants
(age < 1 year). The diagnosis of precursor-B-ALL was made according to French-American-British and
standard immunophenotypic criteria.*2! Immunological marker analysis of the precursor-B-ALL revealed
that six {6%) were pro-B-ALL, 59 (61%) were common ALL, and 31 (32%) were pre-B-ALL. Seven patients
were studied at two subsequent leukemia relapses. Cell samples of 52 patients were obtained from the
cell bank of the Dutch Childhood Leukemia Study Group.

Comparative immuncphenotypic analysis revealed intralineage switches in 21% {18 of 88) of pre-
cursor-B-ALL patients with available detailed immunophenctypic data at reiapse, which is slightly higher
than reported previously.®

The rationale, methodology, and pitfalis of the stepwise molecular comparison of the Ig/TCR gene
rearrangements between diagnosis and relapse of precursor-B-ALL were previously exernplified in the
case report of patient 5488, also included in these series.2® A small subgroup of patients (n = 21) was
studied before by comparative Southern blotting and PCR analysis of k-deleting element (Kde) rearrange-
ments at diagnosis and relapse.?

Comparative Scuthern blot analysis

Mononuclear cells were separated from bone marrow or peripheral biood samples by Ficoll-Pague
centrifugation (density 1.077 g.’cm3: Pharmacia, Uppsala, Sweden). DNA was isolated from frozen
mononuclear cells, digested with the Egfil enzyme, and blotted to nylon membranes as described previ-
ously.?S IGH and /GK gene configurations were analyzed with the IGHJS, IGKJS, IGKC and IGKDE probes
(DAKO, Carpinteria, CA) 2827 The configuration of the TCRD genes was analyzed with the TCRDJ1 probe
(DAKO).2 The diagnosis and relapse samples of the 96 patients were always run in parallel lanes (Figure
1), except for 6 patients who were exclusively analyzed at diagnosis because of insufficient amounts of
DNA from relapse samples. The Southern blot configuration of the Ig and/or TCR genes in 73 patients at
diagnosis and in 30 patients at relapse has been reported previously.53

PCR amplification and comparztive heteroduplex analysis of PCR products

Independent of Southern blotting, PCR analysis could be performed on both diagnosis and relapse
samples in 89 patients, essentially as described previously.”<° Four patients with a secondary AML and
three precursor-B-ALL patients with insufficient remaining DNA at diagnosis were not analyzed. [n each
50ul PCR reaction 50 ng DNA sample, 6.3 pM of the 5" and 3’ oligonucleotide primers, and 0.5 U
AmpliTag Gold polymerase (PE Biosysterns, Foster City, CA) were used. The sequences of the 25
oligonucleotide primer pairs used for amplification of /GH (5 Vu family-specific framework 1 primers, and
7 DH family-specific primers with consensus JH primer), IGK-Kde {4 Vk family-specific primers and intron
recombination signal sequence [RSS] primer with Kde primer), TCRG (6 Vy-Jy primer combinations most
frequently used in precursor-B-ALL), and TCRD gene rearrangements (V&2-D33 and D§2-D&3 primer
pairs) were previously published.™?03" PCR conditions were as follows: initial denaturation for 10 minutes
at 84°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 (FE Biosystems). After the {ast cycle an additional extension step of 10
minutes at 72°C was performed. Appropriate positive and negative controls were included in all experi-
ments.”

For heteroduplex analysis, the PCR products were denatured at 94°C for 5 minutes after the final
cycle of ampiification and subsequently cooled to 4°C for 0 minutes to induce duplex formaticn 22
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Figure 1.

Comparative Southern blot analysis of /GH gene configuration in six precursor-8-ALL patients.
Monoclonal patients 5438 and 52860 (patient with trisomy 14) show identical gene rearrangements at diag-
nosis and at relapse. In monecclonal patient 5117, one allele at relapse is deleted and another one is pre-
served. Patient 5257 demonstrates biallelic /GH deletion at both disease stages. Oligocional patient 4810
and monoclonal patient 5282 (the upper weak band in the diagnosis lane is derived from previous
hybridization) show completely changed /GH gene rearrangement patterns. While sequence analysis has
proven a clonal relationship between diagnosis and relapse in patient 4910, patient 5282 most likely rep-
resents a secondary ALL.

Figure 2.

Examples of comparative heteroduplex PCR analysis. (A) Comparative heteroduplex analysis of (GH
gene rearrangements. Moncclonal homoduplexes (ho) in patients 5766, 6335, and 6124 found at diag-
nosis 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) formaticn, 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 het-
eroduplex PCR analysis demonstrated clear heteroduplex formation, proving that these Vi4-Ju gene
rearrangements had different junctional regicns; {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 menoallelic and biallelic rearrangements, respectively, had stable V32-D33
rearrangements. In contrast, V82-D33 joinings at diagnosis in patients 5171 and 5514 are oligoclonal,
while in both cases two monoclonal V32-D33 rearrangements were found at relapse.
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Afterwards the duplexes were immediately loaded on 6% nondenaturing polyacrylamide gels in 0.5 x Trig-
borate-EDTA buffer, run at room temperature, and visualized by ethidium bromide staining.3?

Relapse samples were at first analyzed with those primer combinations, which showed c¢lonal PCR
products at diagnosis. When the clonal PCR product was also found at relapse, its identity was subse-
quently compared with the PCR product found at diagnosis by means of mixed heteroduplex analysis, i.e.
mixing of the diagnosis and relapse PCR products foliowed by heteroduplex analysis (Figure 2).2% When
clonal PCR products found at diagnosis were undetectable at relapse, the relapse sample was then ana-
lyzed with additional primer combinations for the involved gene loci.

Sequence analysis of ig/TCR gene rearrangements

Clonal PCR products discordant between diagnosis and relapse of precursor-B-ALL as found by
mixed heteroduplex analysis were directly sequenced. Sequencing was performed using the dye-termi-
nator cycle sequencing kit with AmpliTag DNA polymerase FS on an ABI 377 sequencer (PE Biosysterns)
as previously described.3! Vi, Dy, and Ji segments were identified using DNAPLOT software (W. Miller,
H-H. Aithaus, University of Cologne, Germany) by searching for homology with all known human germline
VH, DH, and JH sequences abtained from the VBASE directory of human g genes {hitp://www.mrc-
cpe.cam.ac.ukimt-doc/). ¥ Vy and Jy gene segments were identified by comparison to germiine TCRG
sequences as previously described.*

Statistical analysis

Statistical analysis using the x2 test on a 2 x 2 table was performed to compare the frequencies of
particular Ig/TCR gene rearrangements between different precursor-B-ALL patient subgroups. Pearsen
correlation ceefficient was calculated to test an association between variables. P values less than or equal
to 0.05 were considered to be statistically significant.

RESULTS

Southern blot configuration of Ig and TCR genes in refapsed ALL patients
The configuration of IGH, /GK, and TCRD genes was established with multiple
Southern blot probes. This concerned all 96 patients 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 diagnosis.®27 Only two immunogenotypic features were more
prevalent in ALL at relapse. The TCRD gene configuration at relapse was charac-
terized by significantly less frequent V§2-D33 and D82-D33 rearrangements and
more frequent TCRD deletions (p<0.05), which reflects ongoing deletional
rearrangements. Secondly, the frequency of /IGH and TCRD oligocionality at relapse
was slightly less frequent, but this difference was only significant for TCRD (p<0.05).
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Table 1. Comparison of Ig and TCR gene rearrangement patterns based on Southern blotting.

Random precursor-B-ALL Relapsed precursor-B-ALL, Precursor-B-ALL
at diagnosis? at diagnosis® at relapse
IGH
Germline 0 0 0
RIG 1%  {1/97) 2%  (292) 5%  (4/85)
R/R 88% (3%/97) 88%  (81/92) 85% (72/85)
R/D 8%  (8/S7) 7% (6/92) 7%  (6/85)
D/G 2% (2190 1% (1/92) 1% (1/85)
D/D 1%  (1/97) 1% (1792) 2%  (2/85)
Oligoclonal 36% (35/97) 42%  (38/92)C 28% {24/85)
|GK-Kde
Germline 50% (55/111) 51%  (47/92) 49%  (42/86)
R/G 28% {31/111) 21%  (19/92) 23% (20/86)
R/R 23% {(25/111) 28%  (26/92) 28% (24/86)
Oligoclonat Not Determined 3% (3/92) 1%  (1/86)
TCRG
Germling 41% (79/192) 38%  (35/91) 41% {37/91)
R/G or R/IR 59% (1137192} 62%  (56/91) 59% {54/21}
TCRD
Germline 1% (22/202) 8% (7/91) 12% (10/85)
RIG 15%  (30/202) 1% (10/91) 8%  (7/85)
R/R 23% (47/202) 24%  (22/91) 12% {10/85)"
R/D 17% (35/202) 20% (18/21) 22% (19/85)
D/G 5%  {11/202) 4%  (4/91) 5%  (4/85)
D/D 28% (57/202) 33%  (30/91) 41% (35/89)
Oligocionat 21%  {13/62) 26%  (24/91) 12% (10/85)™

-

not significant

**p<0.05

a. The frequencies of particular Ig/TCR gene rearran%ements in the random precursor-B-ALL group at
diagnosis are derived from our previous studies.e'2 46

b. Including one patient with phenotypic switch to AML at relapse

c. The frequency of /GH oligoclonality was significantly higher in infant ALL compared with noninfantALL

{75% versus 38%, p < 0.05)

The configuration of Ig/TCR genes compared between two subsequent relapses
in the seven patients analyzed showed evidence for clonal evolution in only two
cases (concerning one or two gene rearrangements), while in five of the seven cases
we observed some changes in gene rearrangement patterns between diagnosis and
first relapse.

Southern blot analysis in four out of five patients with a presumed secondary
AML demonstrated the complete absence of clonal Ig/TCR gene rearrangements
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Figure 3.
S, Ig/TCR gene rearrangement stability in five precursor-B-ALL patients sub-
£ 28 8 8 jected to comparative heteroduplex PCR analysis at diagnosis and at pre-

sumably secondary AML. All 1g/TCR gene rearrangements identified at
diagnosis in patients 3797, 4522, 5407, and 5985 were lost, which is in line
with secondary AML. In contrast several /GH and /GK gene rearrangements
in patient 3991 were preserved, suggesting a phenotypic shift from ALL to
AML. Black squares represent monoclonal rearrangements; gray squares,
bicleral/oligoclonal rearrangements; white squares, oligoclonal/poiycional
rearrangements. All squares above the line represent stable MRD-PCR tar-
gets, while all squares below the line represent Ig/TCR gene rearrange-
ments lost owing to clonal evolution. VH indicates Vh-Jr gene rearrange-
ments; DH, DH-JH gene rearrangements; Vi, Vk-Jk gene rearangements;
Vy, Vy-Jv gene rearrangements; J8, rearrangements to J31-D383 regicn
detected by Southern blot analysis.

preserved

lost

{Figure 3), which is in line with the AML diagnosis. However, in one patient {3981)
three clonal Southern blot bands were preserved in the AML clone, and the
sequence identity was confirmed by comparative PCR analysis for two VH-JH gene
rearrangements. Apparently the original ALL clone underwent a phenotypic switch 1o
AML. This patient was included in our further comparative diagnosis-relapse analy-
ses despite the phenotypic shift, whiie the other four patients were excluded.

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

A total of 362 clonal PCR products of different Ig/TCR gene rearrangements
were identified at diagnosis in 87 (88%) of 82 patients, with an average of four tar-
gets per patient. In one patient no clonal gene rearrangements were detected by
PCR, while Southern blotting showed & single weak rearranged /GH band, identical
between the diagnosis and relapse sample. The second patient had an infant ALL
and was fully oligoclona!l at diagnosis, which precluded identification of clonal 1g/TCR
markers for PCR-based MRD monitoring. Generally, /GH oligocionality at diagnosis
was more prevalent in infant ALL patients (6 of 8 cases), compared with the non-
infant precursor-B-ALL cases (32 of 84 cases), p<0.05.

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

A total of 256 (71%) of 362 clonat 1g/TCR gene rearrangements identified with
heteroduplex PCR anaiysis at diagnosis in 87 patients were preserved at relapse.
This concerned 89 (64%) of 155 /GH, 54 (90%) of 80 IGK-Kde, 65 (75%) of 87
TCRG, and 38 {63%) of 60 TCRD gene rearrangements (Table 2). In three addition-
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Table 2. Stability of MRD-PCR targets in patients with monecclonal and oligocional lg and TCR
gene configuration

STABILITY OF MRD-PCR TARGETS

STABILITY IN PATIENTS (all / 1)

monoclonal  oligoclonal total moneclonal oligocional total
IGH
VH=JH 88% 47% 69% 81% / 98% 37% /1 73% 63% / 88%
(n=87) (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% [ 76% 52% / 88%
(n=74) (n=81) (n=155) (n=42) {n=33) (n=75}
IGK-Kde
Vx-Kde 95% 40% 91% 94% / 97% 33% / 66% 88% / 94%
{n =39} (n =5} (n=44)
Infron-Kde  86% 0% 87% 92% / 92% 0% 85% / 85%
{n=15} (n=185)
all* 95% 40% 90% 95% / 85% 33% / 66% 88% / 93%
(n = 55) (n=5) (n = 80) (n=37) (n=3) (n = 40)
iCRG
Vy-Jy ND ND 75% ND ND 64% / 83%
{n =87) (n =53)
TCRD
D32-D33 100% 14% 83% 100% 14% [ 14% 60% / 60%
(n=19) {n=T7) {n=18)
V32-D53 81% % B3% 75% 1 80% 20% / 50% 59% / T1%
(n=27) (n = 16) {n=43)
all = 86% 26% 63% 80% / 88% 14% / 36% 56% / 69%
(n=37) {n=23) {n =60) (n =25) (n=14) (n =39)

w

e

ND not done

including one Vk-intronRSS rearrangement
including one V33-J81 rearrangement

al patients, Southern blot analysis provided conclusive information about stability of

gene rearrangement patterns.8.1°

ln 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 patients 2665 and 4501 studied exclusively by Southem blotting)
at least half of the targets remained stable during the disease course (Figure 4B). In
another ten patients (including patient 3991 with AML at relapse; Figure 3) most



224 CHAPTER 3.2

pd
3697
3837
3960
4563
4697
4711
ATTB
477
457G
4873
4882
4204
5014
5138
5223
6248
E257
5346
5351
5331
£438
65449
5472
5513
5520
EE5T
5725
5756
6766
5024
5864
5842
6091
6124
6403

presenved

M D™ M~ @ & W = w1 om > T N T = R o ™ el -— - o W M
B &R EZT I F B T2 z = Y22 EREEZRE R EIT B L I
- ¥ R W @ & b D W E DB N~R DD T 222 d 8 v 3w wn B K KD S 2 F B
O N N Y vt w T O OT Y T T T T WL WL oW EE oy oW W owm W oW o W owm B W@

DH-Jit preserved

lost

D O o m [~ - ] € = =

C:58828858 gzggzgk
N M 0 2w w0 T w Wow W w

=

&

g =

g

g

L

=5

e

b

:

]

{ost

Figure 4.

Ig/TCR gene rearrangement stability patterns in 87 precursor-B-ALL patients subjected to comparative
heteroduplex PCR analysis at diagnosis and at relapse. Black squares represent monoclonal rearrange-
ments; gray squares, biclonaifoligocional rearrangements; white squares, oligoclonal/polyclonal
rearrangements detectable as weak Southern blot bands. All squares above the upper line represent sta-
ble MRD-PCR targets, while ali squares below the lower line represent Ig/TCR gene rearrangements lost
owing to clonal evolution. VH squares between the two lines have common Dr-JK stems shared by differ-
ent /GH rearrangements at diagnosis and at relapse. (A) 35 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 4780 was not included in our evaluation of MRD-PCR target stability because the detected IGH
and TCRG gene rearrangements at diagnosis were oligoclonal. VH indicates VH-JH gene rearrangements;
Dn, DH-Ju gene rearrangements; Vi, Vi-Kde gene rearrangements; ix, intronRSS-Kde gene rearrange-
ments; Vy, Vy-Jy gene rearrangements; V8, V82-D33 gene rearrangements; D3, D32-D33 gene rearrange-
ments.
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MRD-PCR targets were absent at relapse but at least one rearrangement was com-
mon for both diagnosis and relapse samples (Figure 4C). Consequently, at least one
MRD-PCR target was preserved at reiapse in 84 (93%) of 20 patients with available
clonat MRD-PCR targets at diagnosis. In the remaining six patients all clonal mark-
ers found at diagnosis seemed to be lost. However, in three of these six cases the
clonal relationship between diagnosis and relapse was confirmed by the identifica-
fion of a common DH-JH stem shared by respective VH-JH gene rearrangements. In
another two cases additional analyses®5-38 showed at both disease stages identical
DNA sequences of Vk-Jk (case 5771) and chimeric MLL-AF4 fusion genes (case
5978), respectively (data not shown). Finally, in one patient (case 5282) there was
no evidence for a common origin of diagnosis and relapse clones (Figures 1 and 4C),
Because all ariginal monoclonal rearrangements were iost in this case atrelapse, we
believe that this is in fact a secondary ALL.

Stability of MRD targets is not related to age, blood cell counts, or remission
duration

Stability of MRD-PCR targets did not significantly correlate with age or white
bicod cell count at diagnosis or with remission duration, i.e. time span between diag-
nosis and relapse.

IGH gene rearrangements

Clonal /IGH gene rearrangements were detected by PCR in 75 of the 90 studied
childhood precursor-B-ALL patients. [n 66 cases (88%) at least one /GH MRD-PCR
target was preserved af relapse. In 12 additional patients PCR analysis did not result
in identification of clonal /IGH rearrangements, while Southern blot data suggested
the preservation of at least ene target in all 12 patients (fully identical /GH configu-
ration in 9 cases). In three patients deletions of Jd region were identified by Southern
blofting both at diagnosis and at relapse of ALL. The Southern blot results of these
15 patients were not used for calculating the stability of the /GH PCR targets.

The stability of the /GH PCR targets was markedly different between oligocional
and monoclonal patients; i.e. at least one MRD-PCR target was preserved in 76%
and 98% of patients, respectively (Table 2). This significant difference was even
more pronounced at the MRD-PCR target level, with 63 (85%) of 74 monoclonal IGH
gene rearrangements being stable compared with only 36 (44%) of 85 oligoclonal
rearrangements. Taking into account the type of /GH gene rearrangement, complete
VH-JH recombinations were characterized by a higher stability compared with incom-
plete Dh-JH rearrangements, with 69% vs. 43% of targets preserved, respectively.

IGK deletional rearrangements
A total of 60 /GK deletional rearrangements were detected in 40 childhood pre-
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cursor-B-AlLL patients at diagnosis: 44 Vk-Kde, 15 infron-Kde and one rarely occur-
ring Vx-intron RSS recombination. At least one of the rearrangements was pre-
served in 37 cases (93%). In fact, /GK-Kde recombinations represented the most
stable MRD-PCR tfargets, with 90% of all targets preserved. Most (55 of 60) Kde
rearrangements were monocional and highly stable (52 targets preserved; 95%),
while only two of five oligoclonal /GK-Kde targets were found at relapse. No signifi-
cant difference in stability was found between Vk-Kde and intron-Kde rearrange-
ments.

TCRG gene rearrangements

A total of 87 TCRG gene rearrangements were detected in 53 precursor-B-ALL
patients at diagnosis and in 44 cases (83%) at least one MRD-PCR target was pre-
served at relapse. Because accurate oligoclonality detection in TCRG locus is rather
complex, even by Southern blotting,37 we didn't evaluate whether there were any dif-
ferences in MRD-PCR target stability between monocional and oligoclonal patients.

TCRD gene rearrangements

A fotal of 60 clonal TCRD gene rearrangements (43 V§2-D&3, 16 D&2-D&3, and
1 V83-J81) were identified by PCR in 38 precursor-B-ALL patients. At least one of
the clonal rearrangements was preserved in 27 (69%]) of 39 cases. Once again we
observed striking differences in stability between monoclonal and oligoclonal
patients; i.e. at least one target was preserved in 88% and 36% of patients, respec-
tively (Table 2). Only 26% of oligoclonai targets were preserved compared with 86%
of monoclonal targets. Maoreover, in 10 patients Southern blot data suggested the
presence of a clonally rearranged band corresponding to V82-D33 rearrangements,
while heteroduplex PCR analysis of these rearrangements showed oligocionality or
even polyclonality.

Patterns of clonal evolution in precursor-B-ALL patients with unstable
targets

Based on combined Southern biot, PCR, and sequence anaiysis it was possible
to follow the patterns of clonal evolution ieading to disappearance of rearrange-
ments, which were originally present at diagnosis.

Cilonal evolution in /GH locus

Owing to clenal evelution phenomena, 62 /IGH targets in 36 patients were lost.
We could determine the exact patterns of clonal evolution in 8 patients with mono-
clonal /GH gene rearrangements and in 26 patients with an oligoclonal rearrange-
ment pattern.

In seven patients (two monoclonal and five cligoclonal) Southern biot rearrange-
ment patterns between diagnosis and relapse were identical while PCR analyses
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showed disappearance of a single rearrangement. This might be explained by the
disappearance of minor subclones undetectable by Southem blotting. In three
patients with monocional IGH configuration one of the rearrangements was changed
both in Southern blotting and PCR, while seguence comparison showed VH replace-
ment with a preserved Viu-N-Du-N-Ju junction. In another two monoclonal patients
we observed clonal “regression” of one of the rearrangements to germline. Finally in
a single patient (5282) both monoclonal /GH rearrangements were replaced by two
new unrelated rearrangements; this patient was suspected of having developed a
secondary ALL (Figure 4C).

In 11 oligoclonal patients, the /GH configuration at relapse was monoclonal,
which is suggestive of clonal selection during the treatment. In another 10 oligoclon-
al patients, /GH was also oligoclonal at relapse with several rearrangements lost and
with emergence of new (sub)clones. Sequence comparison was fully completed in
12 oligoclonal patients with changes at relapse, indicating ongoing VH to DH-JH join-
ings with preservation of common Dr-JH stems in five patients and possibly second-
ary rearrangements in five other cases. in the remaining two oligoclonal patients, the
IGH sequences were unrelated and suggestive of the development of diagnosis and
relapse clones from a common clonal progenitor via independent secondary
rearrangemsnis.

Clonal evolution in TCRG locus

Clonal evolution of TCRG gene rearrangements was observed in 19 patients
leading to loss of 22 MRD-PCR targets. In 9 patients this concerned “regression” of
clonal rearrangements most probably to germiine configuration. In five patients the
new rearrangements at relapse contained upstream Vy and downstream Jy seg-
ments compared with the Vy-Jy rearrangements at diagnosis, which is suggestive of
ongoing recombination with Vy-Jy replacement. In the remaining five patients the
sequence comparison of Vy-Jv rearrangements at diagnosis and at relapse exclud-
ed secondary rearrangements and indicated the emergence of a clone related fo the
initial {pre)leukemic clone but different from the predominant clone at diagnosis.

Clonal evolution in TCRD locus

Clonal evolution in the TCRD locus resulted in the loss of 22 MRD-PCR targets
in 17 patients (5 monoclonal and 12 oligoclonal cases). In 6 patients (including four
patients with monoclonal V§2-D33 rearrangements) ongoing deletions were
abserved. In contrast, in 8 patients (including cne patient with monoclonal V§2-D33)
the rearrangement pattern “regressed” to germiine configuration. Finally, in the
remaining 3 cases new rearrangements were found at relapse, including one V§2-
D3&3 joining and two unidentified rearrangements to the D3§3-481 region. interestingly,
5 out of 10 cases with oligo/polyclonai V82-D53 rearrangements at diagnosis had a
monoclonal TCRD configuration at relapse with a single V§2-Da3 joining. In the
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remaining five patients, ongoing TCRD deletion was assumed in two cases, two
patients demonstrated “regression” to germline configuration, and only a single
patient preserved the oligo/polyclonal V82-D53 rearrangement pattern at relapse.

DISCUSSION

Our comparative Southern blot, PCR, and sequencing analyses of childhood pre-
cursor-B-ALL at diagnosis and relapse have provided detailed insight in the stability
and changes of Ig and TCR gene rearrangements during the disease course. This
information is essential for reliable application of ig/TCR gene rearrangements as
MRD-PCR targets in childhood ALL., However, one shouid be cautious with extrape-
lating these data to adolescent or adult precursor-B-ALL pafients, because the
immunogenotype of adult precursor-B-ALL has more immature features.2®

The Ig/TCR gene rearrangement patterns at diagnosis in relapsed patients
appeared to be comparabie to those in & random series of newly diagnosed pediatric
precursor-B-ALL, implying that the various Ig/TCR gene characteristics at diagnosis
have no prognostic vaiue. This is in contrast to the previously reported strong pre-
dictive value of the V52-D§3 gene rearrangement or the overall clonal diversity.38:3¢
The overall ig/TCR gene configuration patterns at relapse were largely comparable
to those at diagnosis but were characterized by less oligocionality and more frequent
TCRD gene deletions. These two differences fit with the concept of ongoing clonal
selection and continuing rearrangements.

The detailed molecular analyses proved the clonal relationship between diagno-
sis and relapse in 88 of 89 childhood precursor-B-ALL with identified MRD-PCR
markers at diagnosis. In only one patient (5282) were the Ig/TCR gene rearrange-
ment patierns at diagnosis and relapse completely different with unrelated junction-
al region sequences (Figures 1 and 4C). Consequently, the presumed ALL relapse
in this child (3.5 years after diagnosis) might in fact represent a secondary leukemia.
This single patient confirms previous observations that ALL rarely occurs as second
malignancy after previous cytotoxic treatment.9 This is in contrast to secondary
AML, which affects approximately 4% of children treated for ALL with cytotoxic regi-
mens containing topoisomerase I inhibitors.*! We indeed proved the presence of
secondary AML, with germline ig/TCR genes in four (4%) of the $6 patients (Figure
3). However, in a fifth patient we dermonstrated the clonal relationship between the
precursor-B-ALL at diagnosis and the presumed secondary AML, which in fact rep-
resented a phenotypic switch.

The comparison of Ig/TCR gene rearrangement patterns between diagnosis and
relapse showed marked heterogeneity in the occurrence of clonal evolution phe-
nomena. In 40% of patients all PCR-identified clonal Ig/TCR rearrangements were
present at relapse (Figure 4A), and in ancther 42% of cases, at least half of the iden-
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tified gene rearrangements remained stable at relapse (Figure 4B). Extrems clonal
evolution with differential outgrowth of subclones characterized the remaining 18%
of cases (Figure 4C), in whom most or even all clonal Ig/TCR gene rearrangaments
identified at diagnosis were lost during disease course. Interestingly, in contrast to
the frequent occurrence of clonal evolution between diagnesis and relapse, we did
not observe major clonal instability of Ig/TCR genes between two consecutive
relapses (7 cases), which is in ling with previous observations.14

Previous studies suggested that the risk of changes in Ig/TCR rearrangement
patterns increases with time.542 We did not find a significant correlation between
remission duration and target stability in this extensive study. This is in line with the
report that clonal selection processes can aiready occur in early treatment phases
and the reporis on clonal identity between diagnosis and very late relapse of pre-
cursor-B-ALL 4345

in this extensive molecular study, we wished to identify the factors associated
with the occurrence of clonal evolution and therefore the increased risk of false-neg-
ative MRD-PCR resuits. |t is entirely clear from our study that discrimination between
monoclonality versus oligoclonality at diagnosis is the most powerful predictor of
clonal evolution during the ALL disease course. All other variables, such as age,
white blood cell count, and immunophenoctype at diagnosis, failed to identify patients
prone o clonal evolution of their ig/TCR gene rearrangements. Monoclonal MRD-
PCR targets were characterized by high stability, with 89% of all targets detectable
at relapse. In contrast, only 40% of the oligocional MRD-PCR targets were preserved
at refapse. Therefore, it is prebably important to discriminate between monoclonal
and oligocional 1g/TCR rearrangements, which requires a combined Southern biot
and PCR approach. Southern blotting is particularly informative for detection of
oligoclonality in /GH and /GK gene rearrangements, whereas heteroduplex PCR
analysis in combination with Southern biotting is informative for detection of oligo-
clonal TCRD gene rearrangements. Southern blotting needs more DNA and is more
labor intensive and time consuming than PCR techniques. However, with a single
Bgfll restriction enzyme digestion it is possible to detect oligocionality in /GH, IGK,
and TCRD loci.26-28 Judging clonality solely from the number of PCR products per
gene would result in marked underestimation of oligoclonality; e.g. at least one third
of the oligoclonal IGH targets (29 of 85, including 15 lost MRD-PCR markers) would
have been classified as monoclonal.

The herein presented detailed comparison of ig/TCR gene rearrangement pat-
tems provides important information for appropriate selection of PCR targets for
MRD monitering. it is already accepted that preferably two MRD-PCR targets shouid
be used per patient. Furthermore, our data show that monoclonal targets should be
chosen as first option. As previously suggested, monocional Kde rearrangements
were characterized by the best stability (85%), owing to their end-stage charac-
ter.?430 In addition, approximately 85% of monoclonal /GH and TCRD gene
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rearrangements remained stable at relapse {Table 2). In monoclonal VH-JH
rearrangements, it is particularly attractive to position the patient-specific
primers/probes at the VH-Du part of the junctional region, which is a preferred strat-
egy in current RQ-PCR based strategies.® 1" Identification of preferably two mono-
clonal MRD-PCR targets (/GH, IGK, and/or TCRD) was possible in 67 (77%) of 87
patients. When applying these monoclonal targets, the detection of relapse would
have been possible in 65 patients, but false-negative resulis would have been
obtained in two patients: cne with presumably secondary ALL and an infant case
characterized by extensive clonal 1g/TCR evolution. The second choice for target
selection should concern oligocional /GH gene rearrangements. Although these
rearrangements are particularly prone to ongoing and secondary recombination
processes, they are the sole MRD-PCR targets in approximately 10% of childhood
orecursor-B-ALL patients.*® In case of oligocional /GH targets, the patient-specific
primers/probes should preferably be positioned at the D-N-J junctions. Moreover, all
identified clonal DH-JH stems should be followed because restriction to two targets
would increase the risk of false-negative MRD results. In our series this approach
could have been used in additional 17 (20%) of 87 patients with available MRD-PCR
targets and should have resulted in detection of relapse in 15 cases (false negativi-
ty in patients 2308 and 5878 with secondary /GH gene rearrangements). Finally, suc-
cessiul MRD detection in the remaining three patients could have been accom-
plished by usage of TCRG gene rearrangements, which were sole MRD-PCR targets
in these patients. One could argue for the preferred usage of TCRG gene rearrange-
ments instead of oligoclonal /GH targets. However, in at least two of our patients
{4910, 5661) usage of common DH-JH stems would have been superior to Vy-Jy tar-
gets (Figure 4C). More importantly, TCRG gene rearrangements are generally less
sensitive markers in RQ-PCR analyses, owing to their limited combinatorial diversi-
ty and the abundance of polycional Vy-Jy joinings in normal T-cells in postinduction
follow-up samples.4” Finally, our study clearly shows that oligoclonal V§2-D§3 and
D&2-D33 rearrangements should not be used as MRD-PCR targets, because most
of them (about 75%) would be modified through clonal evoiution processes. The
Southern blot and PCR-based strategy for MRD-PCR target selection (priority order:
two monoclonal IGH, /GK, and/or TCRD targets, followed by DH-JH stems of oligo-
clonal /GH rearrangements, followed by TCRG targets with full exclusion of oligo-
clonal /IGK and TCRD targets) would enable successful detection of relapse in 83
(95%) of 87 patients with the currently available MRD-PCR targets (Figure 5).

The above-presented strategy is based on combined Southern blot and PCR
analyses for discrimination between monoclonal and oligoclonal Ig/TCR gene con-
figuration. However, many MRD-PCR laboratories do not routinely perform Southern
bictting, implying that they will underestimate the occurrence of oligoclonality in /GH
(44% of patients in this series), TCRD (36%) and /GK (8%) genes. In an exclusively
PCR-based strategy for MRD farget selection, Kde rearrangements should be cho-
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sen as first option. When applying all available Kde targets the detection of relapse
would have been possible in 37 patients in our series (43%), but false-negative
results would have been obtained in two patients. The second choice for target
selection should concern /GH gene rearrangements. Using all identified /GH gene
rearrangements with patient-specific oligonucleotides positioned at the DH-JH stems
should have resulted in detection of relapse in 43 cases (49%), with faise-negative
results in two patients. If the design of Dr-Jr cligonucleotides is not successful, one
might decide to design VH-DH-JH oligonucleotides supplemented with the usage of
PCR-based monoclonal TCRD targets. Finally, successful MRD detection in the
remaining three patients could have been accomplished by usage of TCRG gene
rearrangements (Figure 5). Similarly to the combined Southern blot/PCR-based
approach, the exclusively PCR-based approach would enable successful detection
of relapse in 85% of patients. Thus, the lack of Southern blot information for dis-
crimination between monoclonal and oligocional PCR targets might be compensat-

MRD-PCR target
detection and identification

v v

Only heteroduplex PCR of
IGK, IGH, TCRD, and TCAG

Southern blotting and
hetzroduplex PCR
of IGH, IGK, TCRD and TCRG

always try to seject l
two MRD-PCR targets

at least one IGK target
(succesful in 40-45% of cases)

at least one monecional IGH,
IGK, andfor TORD target
(succesful in 75% of cases)

Figure 5.
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&d by monitoring of a higher number of /GH and TCRD targets (Figure 5).

Both described strategies for selection of MRD-PCR targets have their advan-
tages and limitations, which should be carefully weighed in the context of the facili-
ties and experience of each MRD-PCR laboratory. Nevertheless, each strategy
would enable successful detection of relapse in 95% of patients. If one assumes that
the actual relapse rate in childhood precursor-B-ALL is 25% to 30%, the current
g/ TCR-based MRD-PCR methodology should be “effective” in 87% to 88% of cases
with identifiable MRD-PCR targets at diagnosis.
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COMPARATIVE ANALYSIS OF T-CELL RECEPTOR GENE
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ABSTRACT

Twenty-eight children with T-ALL were subjected to detailed analyses of T-cell
receptor (TCR) and TALT genes at diagnosis and relapse using combined Southern
biotting and PCR.

A total of 120 clonal TCR and TAL7 gene rearrangements were identified at diag-
nosis; in each patient at least two PCR targets for minimal residual disease (MRD)
detection were found. In 18 patients (62%) all rearrangements and in 9 patients
(35%) most (260%) rearrangements identified at diagnosis were preserved at
relapse. In one T-ALL patient three clonal rearrangements were lost and only one
rearrangement was preserved at relapse. Finally, two patients displayed completely
different TCR gene rearrangement sequences between diagnosis and relapse and
the rearrangement patterns were highly suggestive of secondary ALL. Strikingly,
both patients experienced very late T-ALL recurrences, 6 and 10 years from diagno-
sis, respectively. This is in striking contrast to the remaining 26 patients, who
relapsed within 37 months from diagnosis.

Ninety-five (86%) of 111 clonal rearrangements identified at diagnosis in true
relapsed T-ALL were preserved at relapse. The best stability was found for the
TCRD gene rearrangements and SIL-TALT fusion genes (both 100%). Vv-Jy gene
rearrangements identified in all 26 patients were generally stable targets (42/49,

*Submitted 237
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86%). Finally, the stability of TCRB gene rearrangements approximated 80% (35/44).
Based on the stability of TCR gene rearrangements and their sensitivity as MRD-
PCR targets, we propose a stepwise strategy for PCR target selection (TCRD + SIL-
TAL1 —» TCRB — TCRG), which would enable successful detection of MRD in all
{100%) T-ALL patients.

INTRODUCTION

Detection of low levels of malignant cells, known as minimal residual disease
(MRD), is becoming a routine fool in diagnostics and management of various
hematopoietic malignancies.! MRD information is particularly valuable for childhood
ALL patients as shown by several large multi-center prospective studies.2® MRD
information on early response to induction treatment contributes 1o an improved def-
inition of remission in ALL, and therefore is currently being incorporated into stratifi-
cation of treatment protocols.”8 MRD monitoring is particularly attractive in T-ALL
patients, because it can be performed by analysis of peripheral blood without the
need for repetitive traumatic bone marrow punctures.®

In childhood ALL detection of MRD most frequently relies on patient-specific
junctional regions of immunoglobulin (Ig) and T-cell recepior (TCR) gene rearrange-
ments (reviewed in 3). These leukemia-specific fingerprints’ can be identified in vir-
tually all ALL patients and they enable routine MRD detection with sensitivities of
10~* to 1075 (i.e. one malignant cell in the background of 104 to 105 normal celis).
Clonal Ig and TCR gene rearrangements are easily identified with molecular biology
techniques including Southern blot, polymerase chain reaction (PCR) and sequenc-
ing methods, and the results are reproducible between laboratories as proven by
international standardization.¥ With the advent of real-ime quantitative PCR (RQ-
PCR) analysis of Ig and TCR gene junctionai regions, precise quantification of MRD
levels is routinely achievable.-19

One of the most important pitfalls of MRD detection using 1g/TCR gene
rearrangements is clonal evolution caused by the persistent activity of the V(D)J
recombinase machinery in leukemic blasts (reviewed in 16). Ongoing or secondary
rearrangements might lead to the loss of MRD-PCR targets and consequently to
false negative results. Such clonal selection processes might even occur early dur-
ing induction treatment hampering reliable stratification into MRD-based risk
groups.’” Our extensive study in precursor-B-ALL patients showed differences in
Ig/TCR gene rearrangement patiterns between diagnosis and relapse in 62% of
patients.’® However, based on the stability of the individual Ig and TCR gene
rearrangements, we proposed a stepwise strategy for selection of PCR targets
enabling successful detection of MRD in the vast majerity (85%) of precursor-B-ALL
patients.



TCR genes at diagnosis and relapse of T-ALL 239

Although the presence of clonal evolution phenomena has also been reported in
T-ALL, the studies comparing the TCR gene rearrangement patterns at diagnosis
and relapse in T-ALL either did not compare junctional region sequences or were
limited to TCR gamma (TCRG) and/or TCR delta (TCRD) gene loci. 1822 Therefore
we studied the stability of the TCR gene rearrangements currently used for MRD
monitoring in T-ALL, i.e. TCR beta (TCRB), TCRG, TCRD gene rearrangements and
SIL-TALT gene fusion in a series of 28 T-ALL patients. This information forms the
basis for reliable selection of MRD-PCR targets in T-ALL patients with minimal
chance of false-negative MRD resulits.

PATIENTS, MATERIALS, AND METHODS

Patients

Bone marrow, peripheral blood samples or lymph node biopsy from 28 T-ALL patients were obtained
at initial diagnosis and at relapse. The age distribution ranged from 2 years until 15.9 years. The diagno-
sis of T-ALL was made according to FAB and standard immunophenotypic criteria.23.24
Immunophenotyping of the T-ALL revealed that 18 (64%) were CD3" T-ALL. 8 (29%) were TCRap™ T-
ALL, and 2 (7%} were TCRy3* T-ALL. Three patients were studied at two subsequent leukemia relapses.

The rationale, methodology and pitfalis of the stepwise molecular comparison of the 1g/TCR gene
rearrangements between diagnosis and relapse of precursor-B-ALL were described in detall previously.Z3

Comparative Southern blot analysis

Mcnonuclear cells (MNC) were separated from bong marrow or peripheral blood samples by Ficoll-
Pagque centrifugation (density 1.077 gicm®; Pharmacia, Uppsala, Sweden). DNA was isolated from frozen
MNC, digested with the appropriate restriction enzymes, and blotted to nylon membranes as described
previously.Z® TCRB gene rearrangements were detected with TCRBJ1, TCRBJ2, and TCRBC probes
{DAKO Corporation, Carpinteria, CA, USA) in £coR| and Hindlll digests.2” The configuration of the TCRD
genes was analyzed with the TCRDJ1 probe (DAKO) in EcoRI and Hindlll digests.2® The TCRG gene con-
figuration was studied using the TCRGJ13 probe (DAKQ) in £coRlI digests together with either the
TCRGJ21 probe {DAKQ) in Psti digests or a combination of the Jy2.1 probe in EcoR| digests and the Jy1.2
probe in Bgil digests.29.3 The diagnosis and relapse samples of the 28 patients were always run in par-
allel lanes. The Southem blot configuration of the TCR genes in 14 patients at diagnosis and in 10 patients
at relapse has been reported previousty 19.27.28.31

PCR ampiification and comparative hetercduplex analysis of PCR products

PCR analysis was perfermed on both diagnesis and relapse samples in all patients as described pre-
viously. 1932 The sequences of the oligonuclectides used for amplification of TCRG (four Vy family-specif-
ic forward primers, six Vyl member-specific forward primers, and three reverse Jy primers), TCRD (Vé1-
J§1, V§2-J81, V53-J51, D32-J51, V52-D83 and D32-D33 primer pairs) and SIL-TALT gene rearrangements
were published before.!0 In each 50 pl PCR reaction 50 ng DNA sample, 6.3 pmot of the forward and
reverse primers, and 0.5 U AmpliTag Gold polymerase (PE Biosystems, Foster City, CA, USA) were used.
PCR conditicns were: initial denaturation for 10 min at 94°C, followed by 40 cycles of 45 sec at 92°C, 90
sec at 80°C, and 2 min at 72°C using a2 Perkin-Elmer 480 thermal cycler (PE Biosystems). After the last
cycle an additional extension step of 10 min at 72°C was performed. Appropriate positive and negative
controls were included in all experiments.1?
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Identification of clonal TCRE gene rearrangements was based on multiplex strategy using 23 VB, 2
DB, and 13 Jp primers as developed by BIOMED-2 Concerted Action “PCR-based clonality studies for
early diagnosis of lymphoproliferative disorders” {\Van Dongen et al. submitted for publication}.

For hetercduplex analysis, the PCR products were denatured at 94°C for 5 min after the final cygle
of amplification and subsequently cooled to 4°C for 80 min to induce duplex formation.33 Afterwards the
duplexes were immediately loaded on §% non-denaturing polyacrylamide gels in 0.5 x Tris-borate-EDTA
(TBE) buffer, run at room temperature, and visualized by ethidium bromide staining.33 For identificatior: of
gene segments invelved in clonal TCRB gene rearrangements, hormoduplexes of appropriate size were
excised from the polyacrylamide gel and eluted as described previously.3*3% The eluted PCR products
were directly sequenced either with DB or multiplex VB primers {an Dongen et al. submitted for publica-
tion}.

Relapse samples were at first analyzed with those primer combinations, which showed clonal PCR
products at diagnosis. When the clonal PCR product was also found at relapse, its identity was subse-
quently compared with the PCR product found at diagnosis by means of mixed heteroduplex analysis, i.e.
mixing of the diagnosis and relapse PCR products followed by heterodupiex analysis (Figure 1).18.25
When clonal PCR products found at diagnosis were undetectable at relapse, the relapse sample was then
analyzed with additional primer combinations for the involved gene loci.

Sequence analysis of Ig/TCR gene rearrangements

Clonal PCR products discordant between diagnosis and relapse of precursor-B-ALL as found by
mixed heteroduplex analysis were directly sequenced. Sequencing was performed using the dye-termi-
nator cycle sequencing kit with AmpliTag DNA polymerase FS on an ABI 377 sequencer (PE Biosystems)
as described before35 VP, DB, and JB segments were identified using DNAPLOT software (W. Miller, M-
H. Althaus, University of Cologne, Germany)} by searching for homology with all known human germling
VB, DB, and JB sequences obtained from the IMGT directory of human TCR genes
(httpz/imgt.cnusc.fr8104).368 vy, V3, D3, Jy, and J& gene segments were identified by comparison to
germiine TCRG and TCRD sequences as described before 37

Figure 1.

Examples of comparative heteroduplex PCR analysis. {A) Comparative heteroduplex PCR analysis of
TCRD gene rearrangements. Monoclonal homeduplexes (ho) in patients §329, 6584, and 6787 found at
diagnosis and at relapse were of the same size. Mixing of the PCR products of these disease phases fol-
lowed by heteroduplex PCR analysis demonstrated no heteroduplex (he) formation, proving that these
gene rearrangements had identical junctional regions. (B) Comparative heteroduplex PCR analysis of
TCRG gene rearrangements showed identical rearrangements at diagnosis and relapse in patients 4643
and 6328. In patients 3025 and 6953 monoclonal homoduplexes found at diagnosis and at relapse slight-
ly differed in size. Mixing of the Vy-Jy PCR products followed by heteroduplex PCR analysis demonstrat-
ed clear heteroduplex formation, proving that these Vy-Jy gene rearrangements had different junctional
regions. {C) Comparative heteroduptex PCR analysis of TCRB gene rearrangements. Patients 5370, and
5550 with mono and biallelic rearrangements, respectively, had stable VB-JB rearrangements. In contrast,
in patient 5598 with presumed secondary T-ALL, monoclonal DB1-J531.2 homoduplexes found at diagno-
sis and at relapse had different junctional regions confirmed by heteroduplex formation after mixing of the
PCR products. {D) Comparative heteroduplex PCR analysis of DB2-J32.7 gene rearrangements. Patients
3288 and 4564 with monoallelic rearrangements had stable DR2-J32.7 rearrangements between diagno-
sis and relapse. In patient 5598 with presumed secondary T-ALL, DB2-JB2.7 joinings at diagnosis and
relapse were different as shown by mixed heteroduplex analysis. Patient 3810 was negative for Dp2-Jp2.7
rearrangement at diagnosis but had identical D32-Jp2.7 rearrangements in two subsequent relapse sam-
ples.
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Statistical analysis

Statistical analysis using the x2 test on a 2 X 2 table was performed fo compare the frequencies of
clonal evelution between different immunophenotypic subgroups of T-ALL. A value of p < 0.05 was regard-
ed to be statistically significant.

RESULTS

PCR detectability of TCR gene rearrangements in relapsed T-ALL patients

A total of 120 clonal PCR products of different TCR gene rearrangements and
SIL-TALT fusion gene were identified at diagnosis in the 28 T-ALL patients with an
average of 4.3 per patient and a range from two to six rearrangements per patient.
Consequently, in each T-ALL patient at least two MRD-PCR targets were available.

TCR gene rearrangement patierns in two patients suspected of a secondary
T-ALL

Within the studied T-ALL group, two patients (3025 and 5598) displayed com-
pletely different TCR gene rearrangement sequences between diagnosis and pre-
sumed relapse (3 and & rearrangements lost, respectively) and the rearrangement
patterns were highly suggestive of a secondary ALL (Table 1}. Moreover, the emer-
gence of a new chromosome aberration, i.e. t(10;14)}, at relapse in patient 5598 indi-
cated the development of a secondary malignancy. Both patients experienced very

Table 1. TCR gene rearrangement patterns in the two T-ALL patients suspected of secondary

T-ALL.
Patient 3025 Patient 5598
Diagnosis Relapse Diagnosis Relapse
TCRE R-Vp7.9-Jp2.5 R-Dp2-JB2.7 R-VB2.2-Jp2.7 R-VB20.1-Jp1.2
G R - not identified to J32 R-Dp1-J4p1.2 R-VB&.1 - Jp1.1
R-Vp6.3-Jp1.2 R-Dpz-Jp2.7 Rn - Dp1 —JB1.2
R - not identified to JB1 Rn - Dp2 -Jg2.7
TCRG R-Vy2-Jv23 R-W7-J072.3 R-Vv10- Jy2.3 R-Vy2-0v2.3
R-Vvd - 2.3 R-WVyd-Jy23 R-Vy11-Jy2.3 R-Vvd - y2.3
TCRD D R - V51 - J31 R - V&1 - Ja1 R -7 t{10;14)
D R-D§2 - D33 D G

G, allele in germline cenfiguration; R, rearranged allel; D, deletion of the G gene segment; Ry, rearrange-
ment using the same gene segments but with different junctional region as compared to rearrangement
at diagnosis
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late relapses at 6 and 10 years from initial diagnosis, respectively. This is in striking
contrast to the remaining 26 patients, who relapsed within 37 months from diagnosis
{mean: 14 months). Therefore, we concluded that these two patients developed a
secondary T-ALL, and consequently they were excluded from further calculations on
the stability of the rearrangements.

Stability of gene rearrangements in T-ALL patients at relapse

A total of 95 (86%) of 111 clonal TCR and S/IL-TAL7 gene rearrangements iden-
tified with hetercduplex PCR analysis at diagnosis in 26 T-ALL patients were pre-
served at relapse (Figure 1). This concerned 17 of 17 (100%) TCRD, 42 of 49 {86%)
TCRG, 35 of 44 (80%) TCRB gene rearrangements and a single SIL-TALT fusion
gene (Table 2).

In 16 patients all TCR gene rearrangements identified at diagnosis were pre-
served at relapse (Figure 2A). In 9 cases some fargets (ranging from one to 40%)
were lost during the disease course (Figure 2B). Finally, in one patient (6853) only
one TCRB rearrangement was common for both the diagnosis and relapse samples,
whereas the other three TCR gene rearrangemenis were zbsent at relapse.
Consequently, at least one rearrangement was preserved at relapse in all 26 T-ALL
patients.

Clonal evolution was ohserved in seven of 18 patients with CD3~ T-ALL (44%]),
two of eight patients with TCRaf™ T-ALL (25%) and one of two TCRy8* T-ALL
(50%). CD3" group can be further subdivided based on TCRD gene configuration.
Clonal evolution was more frequent in T-ALL with biallelic TCRD delgtions (two of
three cases; 67%) as compared with five of 13 T-ALL with at least one TCRD gene
rearrangement (38%), but this difference did not reach statistical significance.

It should be noted that in the eight TCRaf™ T-ALL at ieast one TCRB rearrange-
ment (in six patients all TCRB rearrangements) remained stable and that also in the
two TCRy$™ T-ALL no changes were observed in the TCRG or TCRD gene
rearrangements. Apparently, at least the expressed TCR alleles were not subjected
to continuing rearrangements.

Stability and patierns of clonal evolution of particular gene rearrangements
in T-ALL patients

Based on combined Southern blot, PCR, and sequence analysis, it was possible
to follow the patterns of clonal evolution leading to the disappearance of rearrange-
ments, which were originally present at diagnosis.

TCRD gene rearrangements

A total of 17 clonal TCRD gene rearrangements (10 V31-J81, 4 D82-J81, 1 V32-
J31, 1 V53-J81 and 1 V52-D33) were identified by PCR in 13 T-ALL patients. All clon-
al rearrangements were preserved at relapse. In four additiona! patients PCR analy-



244 CHAPTER 2.3

A [ oY = T SO Y o T R S o Y o S = o T, o BN o> S . NN (= B J S =

B & M~ 20 o AN N T w @ N oo @ o

=T S~ TR = B B S Y S v B To S -+ R = T = 5 | P O
o B o B - A B (B "~ N '~ ST » Y+ B V= B T+ i« S T~ B L+ B £

3 7

=

:

[

144

[+

3

o

B 82333 L£E8E 8 3F B
& @ m @ = & & B ]
- T Y- S - B = T - = T -1

=

&

=

z

@

&N

&

=)

=%

=)

2 E

& 3

ow

—

@

o
| —

Figure 2.

TCR gene rearrangernent stability patterns in 26 T-ALL patients subjected to comparative heteroduplex
PCR analysis at diagnosis and relapse. Black squares represent comgplete rearrangements, while gray
squares reflect incomplete rearrangements. Al squares above the (upper) line represent stable MRD-
PCR targets, while all squares below the {lower) line represent TCR gene rearrangements lost owing to
clonal evolution. B squares between the two iines have common D-JB stems shared by different TCRE
rearrangements at diagnosis and at relapse. (A) 16 patients with all rearrangements identified at diagno-
sis preserved at relapse, (B) 2 cases with some TCR gene rearrangements {ranging from one to 40%)
lost during the disease course and cone patient (6853) with the majerity of clonal markers absent at
relapse.

Abbreviations: B, TCRB gene rearrangements; 3, TCRD gene rearrangements; v, Vy-Jy gene rearrange-
ments; T, SIL-TAL? fusion gene.

sis did not result in identification of clonal TCRD rearrangements, while Southern blot
data showed rearrangements to the D33/J51 region, which could not be assigned to
a particular V3-J8 joining based on the size of the clonal bands. Identically
rearranged bands, most probably representing Vo-Jd1 rearrangements or transioca-
tions into the TCRD locus, were also present in these four patients at relapse.



TCR genes &t diagnosis and relapse of T-ALL 245

Table 2. Stability of MRD-PCR targets in 26 T-ALL patients.

STABILITY OF STABILITY
MRD-PCR TARGETS IN PATIENTS
All targets preserved At least one target
preserved

TCRB

VE-Jp T9%  (23/29) 74% (17/23) 78% (18/23)
Dp-JB 80% (12/15) 75% (9712} 83% (10M12)
all TCRB 80%  (35/44) 76% (19/25) 92% (23/25)
TCRG

Vy-Jy 86%  (42/49) 81%  (21/26) 89% (23/26)
TCRD

V&-J& or V3-Dd 100%  (13/13) 100%  (12/12) 100% (12M12)
D52-131 or D32-D33 100% (4/4) 100% (3/3) 100% (3/3)
all TCRD 100% {1717 100%  (13/13) 100% (13/13)
SIL-TALT 100% (/1) 100% (1) 100% (111}

Clonal evolution in TCRG locus

A total of 48 TCRG gene rearrangements were detected in 26 T-ALL patients at
diagnosis and in 23 cases (89%) at least one TCRG gene rearrangement was pre-
served at relapse. Clonal evolution of TCRG gene rearrangements was observed in
5 patients leading to loss of 7 MRD-PCR targets. In two patients (5775, 6584) this
concerned “regression” of clonal rearrangements most probably to germline config-
uration. In one patient (4643) Southern biot data indicated the deletion of a second
allele. In one patient (4584) the new rearrangements at relapse contained upstream
Vy and downstream Jy segments as compared to the Vv-Jy rearrangements at diag-
nosis, which is suggestive of ongoing recombination with Viy-Jy replacement. Finaliy,
in the fifth patient (8953) the sequence comparisan of Vy-Jy rearrangements at diag-
nosis and at relapse excluded secondary rearrangements and indicated the emer-
gence of a clone related to the initial (pre)leukemic cione but different from the pre-
dominant clone at diagnosis.

Clonal evolution in TCRB locus

A total of 44 TCRB gene rearrangements were detected in 25 T-ALL patients at
diagnosis and in 23 cases (92%) at least one MRD-PCR target was preserved at
relapse. Clonal evolution of TCRB gene rearrangements was observed in 6 patients
leading to loss of 9 MRD-PCR targets. In two patients (3288 and 6329) combined
Southern blot and PCR information showed that subclones found at diagnosis dis-
appeared at relapse. In one patient (6090), the configuration at relapse reflected
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angeing VB to DB2-Jp2 jeining, deleting the V(-JB1 rearrangement present at diag-
nosis {Figure 3). In two patients (3810 and 6953), the sequences of the VB-JB
rearrangements contained common DB-Jf stems, which confirms their origin from a
common (pre)leukemic progenitor with such DB-JP rearrangement (Figure 3). Finally,
in one TCRy3" T-ALL patient (5158), the sequences of the TCRB gene rearrange-
ments at diagnosis and at relapse were completely different but the TCRG and
TCRD rearrangements were identical suggesting that the presumed leukemic pro-
genitor probably had germline TCRE genes.

An additional example of clonal evolution in the TCRB genes was found at
relapse of patient 5598. Two of the oligoclonal rearrangements at relapse (V20.1-
JB1.2 and DB1-Jp1.2} contained identical DB1-JB1.2 junctions, which is consistent
with ongoing V(3 to DB-JB loining.

DISCUSSION

When compared to precursor-B-ALL, T-ALL are generally characterized by more
high-risk clinical features at presentation and by a more aggressive clinical course.38
This is aiso clearly visicle in the MRD kinetics during the first year of freatment. The
frequency of MRD-positive patients and the MRD levels are generally higher in T-
ALL than in precursor-B-ALL, reflecting the more frequent occurrence of resistant
disease in T-ALL.® This more aggressive disease kinetics is also associated with
shorter progression free survival in T-ALL patients.59 In fact, the vast majority of T-
ALL relapses occur within the first 2 to 3 years from diagnosis.*940

Surprisingly, two patients in our study with very iate T-ALL relapses (6 and 10
years from inilial diagnosis, respectively} showed fully changed TCR gene configu-
rations, very much suggestive of a secondary leukemia (Table 1). This was in strik-
ing contrast to the other 26 patients, which showed moderate-to-high stability of iden-
iified MRD-PCR targets. The only alternative explanation for so different TCR gene
rearrangement patterns would be the emergence of clones at diagnosis and relapse
from a comron progenitor with all TCR genes in germline configuration. The sec-
ondary character of one of the two T-ALL was further supported by the finding of a
novel genetic aberration at relapse.

Secondary ALL are rare, comprising only 5-10% of secondary leukemias and
secondary T-ALL was previously described only anecdotally and never in associa-
tion with a primary T-ALL #1-43 |n fact, our hypothesis that & proportion of very late
T-ALL recurrences represent secondary T-ALLs has never been put forward previ-
ously. In contrast, Lo Nigro and colleagues?? studied TCRD and TCRG gene config-
urations in two T-ALL patients relapsing 72 and 77 months from diagnosis and found
in both patients at least one identical clonal TCR gene rearrangement at diagnosis
and at relapse. Therefore, it would be of great importance to study more patients with
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Figure 3,

Examples of clonal evolution in TCRB locus. {A) On one TCRB allele in patient 3810, the V320.1-J32.3
rearrangement at diagnosis and the VB4.1-JB2.3 rearrangement at relapse had identical DB-JB2.3 junc-
tions. The DB2-Jp2.1 rearrangement at diagnosis and the D2-J32.7 rearrangement at both relapses were
not refated. This indicates the origin of clones at diagnosis and at relapses from a2 common (pre)leukemic
clone with a D3-JB2.3 rearrangement on one allele and a second TCRB allele in germiine configuration.
(B) In patlent 6953, the VB29-J581.3 rearrangement at diagnesis and the V312.4-J81.3 rearrangement at
relapse had identical DB1-J31.3 junctions. On the same allele, the DB2-J32.1 rearrangement identified at
diagnosis was preserved at relapse. This indicates the origin of clones at diagnosis and at relapses form
a common (prejieukemic clone with double DB1-JB1.3 and DB2-JB2.1 rearrangements on one allele. The
second allele at diagnosis was in germline configuration. {€) Example of complex secondary rearrange-
ment and ongeing Vf to JB joining in patient 6320. At diagnesis, two rearrangements were found on one
allele: VB7.4-J31.6 and DB2-JB2.3. Ongeing rearrangement of the VB6.5 segment, located immediately
upstream to the VE7.4 segment, to DP2 resulted in a new VBB.5-JB2.3 rearrangement with a preserved
DB2-Jp2.3 stem at relapse, The configuration on the second TCRB allele {Dp1-Jp2.2 rearrangement) was
identical at diagnosis and relapse.
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very late T-ALL recurrences 10 address the question of secondary T-ALL in this
group. In fact, such patients might have an inherited predisposition for T-ALL
development,

Our comparative Southern blot, PCR, and sequencing analyses of T-ALL at diag-
nosis and relapse have provided detailed insight in the stability and changes of TCR
and S/L-TAL7 gene rearrangements during the disease course. This information is
essential for reliable application of such clonal rearrangements as PCR fargets in
MRD studies in T-ALL. Cur previous study in a large group of precursor-B-ALL
patients demonstrated extreme clonal evolution in approximately 20% of patients,
with all MRD-PCR targets lost in 7% of patients.’® in contrast, the loss of virtuaily all
MRD-PCR targets was observed in oniy cne T-ALL patient, in whom one of the four
clonal TCR gene rearrangements was still present at relapse. Alsc the proportion of
patients with all MRD-PCR targets preserved at relapse was markedly higher in T-
ALL (62%) compared with precursor-B-ALL (40%).

DNA breakpoints of chromosome aberrations are ideal targets for MRD detec-
tion, since they are linked to the oncogenic process and are therefore stabie through-
out the disease course.*® However, such aberrations, namely TALT deletion with
SIL-TALT gene fusion, can be identified in only 10-25% of T-ALL patients.#748 Only
one T-ALL case in our study group had a TALT deletion with an identical breakpoint
sequence at diagnosis and at relapse.

Analyzing the stability of particular MRD-PCR targets, TCRD gene rearrange-
ments were unifermly preserved at relapse in all T-ALL patients. Recombination of
the TCRD Iocus is one of the presumably earliest events in T-cell development in the
thymus. Oncogenic transformation in T-ALL, i.e. malignant proliferation of thymo-
cytes, usually (in 95% of patients) occurs when TCRD gene rearrangement is com-
pleted on at least one allele.28 The TCRD gene rearrangements might be potential-
ly lost during the disease course via ongoing recombination in the TCRA locus,
thereby deleting the TCRD genes.#® Such clonal evolution at relapse has indeed
been described in fwo patients, associated in one case with a phenotypic shiit from
CD3" T-ALL to TCRaB™ T-ALL.21.22 Nevertheless, in concordance with our study, the
vast majority of previcusly described T-ALL patients analyzed at diagnosis and
relapse showed a fully stable TCRD configuration.9.21.22

In contrast to TCRD gene rearrangements, which are detectable in only half of
the T-ALL patients, TCRG gene rearrangements are present in more than 85% of T-
ALL patients3'! and accordingly could be identified in all patients in our study. In 81%
of patients, the TCRG gene configuration was fully identical between diagnosis and
relapse, and in 89% of patients at least one TCRG rearrangement was preserved.
Such high stability might be anticipated from the finding that most of the TCRG gene
recombinations are end-stage rearrangements involving either the most upstream
Vy2 or the most downstream Jv2.3 gene segments.31 Nevertheless, in a subgroup of
patients we and others20 observed clonal “regressions” to a less mature configura-
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tion, which in fact represented the outgrowth of different subclone at relapse. In these
cases (patients 5775, 6584 and 6953), the ancogenic event most probably cccurred
before the TCRG gene rearrangement. Another potential disadvantage of using
TCRG junctions as MRD-PCR targets might be their iimited sensitivity owing to the
abundant background of polyclonal TCRG gene rearrangements in normal
T-cells.15:50 The currently used RQ-PCR techniques aim at sensitivities of <104, but
in approximately one-third of TCRG gene rearrangements in T-ALL such sensitivity
cannot easily be reached.s

The development of multiplex approaches for detection of TCRB gene
rearrangements, resulted in an additional PCR target for MRD detection (Van
Dongen et al. submitted for publication). Clonai TCREB gene rearrangements were
identified in all except one patient in our series. Although their general stability (80%)
was inferior to TCRG and TCRD gene rearrangements, at least one TCRB PCR tar-
get was preserved at relapse in 92% of patients. Particularly, complete VB-Jp
rearrangements are attractive MRD PCR targets because of their extensive junc-
tional regions, which guarantee good sensitivities in RQ-PCR analysis in virtually ali
patients (Briggemann et al, submitted for publication). Mowever, we observed sev-
eral examples of clonal evolution phenomena owing to continuing rearrangements
as well as resulting from the selection of drug-resistant subclones with partly related
or unrelated TCRE genes (Figure 3). in patients with extreme clonal evolution, the
TCRE gene rearrangements might represent post-oncogenic events (see Figure 3),
which might be related 1o the observation that TCRB gene rearrangements occur rel-
atively late during T-cell differentiation.

Based on the comparative analysis of the TCR gene configuration at diagnesis
and relapse of T-ALL, we propose a stepwise sirategy for MRD-PCR target selec-
tion. In precursor-B-ALL, the molecular approach for MRD-PCR target identification
significantly profits from Southern blot information, which distinguishes a subgroup of
precursor-B-ALL pailents with oligoclonal and generally unsiable 1g/TCR gene
rearrangements.’ in contrast, the strategy developed for T-ALL can be exclusively
based on PCR data, since TCR oligocicnalily is rare in T-ALL patients. in our study
at ieast one MRD-PCR target was preserved in all patients, but we recommend that
two MRD-PCR targets should be used per patient. TCRD and S/L-TALT gene
rearrangements are highly stable targets and should be selected as the first choice
(Figure 4). TCRB gene rearrangements are slightly mcre stable at the patient level
than TCRG gene rearrangements {see Table 2} and therefore should be selected as
the second choice. Ideally, patient-specific oligonucleotides should be positioned on
Dp-JB junctions to prevent false negative resulls owing to ongoing VP to DB-JB
rearrangements. Finally, TCRG gene rearrangements have & fair stability but are
less sensitive RQ-PCR targets and should therefore be selected as third-choice
MRD-PCR targets. In our study group, such stepwise strategy (TCRD + SIL-TAL1 —
TCRB — TCRG) would enable successful detection of MRD in all T-ALL patients.
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MRD-PCR target
detection and identification

oniy hetercduplex PCR of
TCRB, TCRD, TCRG, and SIL-TALY

always try to select
two MRD-PCR targets

at least one TCRD or SIL-TALT target
{succesful in 50% of all patients)

if not at least one PCR
target (50% of cases)

&dd one or two TCRB targets
with the focus on DB-JpB stems

if not yet succesful
(25% of cases)

l try to add TCRG targets J

Figure 4.
Flow diagram for the stepwise selection of PCR targets for MRD detection in T-ALL.
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ABSTRACT

Background

Discrimination between late relapse of acute lymphoblastic leukemia (ALL) and
secondary ALL might be clinically important, because the former might still respond
favorably to chemotherapy and/or bone marrow transplantation, whereas secondary
ALL is associated with poor prognosis.

Procedure

We present a pre-B-ALL patient in whom disease recurred two years after com-
pletion of treatment. Differences in cytomorphology and immunophenotyping raised
a suspicion of secondary ALL. We performed detailed molecular studies of
immunaglobulin and T-cell receptor genes for discrimination between relapsed and
secondary ALL.

Results

Southemn blot analysis showed an cligoclonal immunoglobulin heavy chain (IGH)
gene configuration at diagnosis and a monoclonal configuration at relapse. The size
of one of the rearranged bands at relapse was identical to one of the faint rearranged

“Med Pediatr Oncol 2001; 36: 352-358 255



256 CHAPTER 3.4

bands at diagnosis. However, heteroduplex PCR analysis demonstrated that none of
the clonal IGH gene rearrangements at diagnosis and at relapse was fully identical.
Sequencing of several clonal PCR products revealed an identical Dr6-13<«»>JH6b
junction shared by two different rearrangements at diagnosis and one rearrangement
at reiapse, thereby proving the cional relationship beiween diagnosis and late
relapse in this patient.

Conclusions

We propose a stepwise molecular approach for discrimination between relapsed
and secondary ALL based on the rapid and cheap heteroduplex PCR technique,
including mixing of ¢lonal (homoduplex) PCR products identified at diagnosis and at
relapse. Direct sequencing and comparative sequence analysis of /GH gene
rearrangements at diagnosis and at relapse should be regarded as an ultimate stan-
dard, but can be limited to the rare cases, in which no identical ¢lonal PCR products
at aiagnosis and at relapse were detected with the mixed heteroduplex PCR znaly-
ses.

INTRODUCTION

Despite major progress in the treatment of childhecod acute lymphoblastic
leukemia (ALL), approximately 25-30% of patients relapse after successful remission
induction.2 In a proportion of cases there are obvious cytomorphological,
immunoghenotypic and/or cytogenetic differences between diagnosis and relapse of
ALL 35 Detailed Southern blot (SB) analysis of clonal immunoglobulin (Ig) and T-cell
receptor (TCR) gene rearrangements, showed one or more changes in the
rearrangement patterns between diagnosis and relapse of ALL in approximately 70%
of patients.5 However, in 75% to 90% of ALLs at least one major Ig heavy chain
(/GH), TCR gamma (TCRG), or TCR delta (TCRD) gene rearrangement remained
present at relapse.® Subsequent PCR-based studies of cional Ig and TCR junction-
al regions demonstrated that the vast majority of changes between diagnosis and
relapse resulted from ongoing rearrangements.”-10 In more than 80% of studied ALL
cases, the junctional V-{D)-J sequences of at least one rearrangement were identi-
cal at diagnosis and at relapse.®10 Thus, in 5-10% of cases no clonal relationship
could be assessed between the leukemic cione at diagnosis and during recurrence
of the disease, suggesting that in fact a secondary ALL might have emerged.

Secondary acute leukemias comprise a subsiantial proportion of secondary
malignancies as a side effect of intensive chemotherapy. In more than 0% of cases
this concerns treatmentrelated acute myeloid leukemia (AML) characterized by an
aggressive clinical course, the presence of MLL gene rearrangements, and an unfa-
vorable outcome.™ Prior usage of topoisomerase [l inhibitor and/or alkylating agents
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is significantly associated with the development of treatment-related AML.1%.12
Secondary ALL occurs less frequently, comprising only 5-10% of secondary
leukemias. In several secondary ALL the presence of the t(4;11) transiocation was
demonstrated and the outcome was found to be generally unfavorable. 3
Discrimination between late relapse of ALL, usually still favorably responding to
treatment, and secondary ALL might thus be of clinical importance.

Here, we present an ALL patient in whom disease recurred two years after treat-
ment cessation. Based on differences in cytomorphology and immunophenotyping,
secondary ALL was strongly suspected. However with a stepwise molecular diag-
nostic procedure for discrimination between relapsed and secondary ALL, we were
able 1o show the clonal relationship between the leukemic cells at diagnosis and at
relapse.

MATERIALS AND METHODS

Case report

A 10-year-old child was admitted to the Beatrix Children’s Hospital in Groningen with the suspicion
of acute leukemia. Cytomorphology of FAB-L1 and immunophenotype (CD19*/CD22*/CD{0*/TdT*/
/HLA-DR*/CD34* with 36% of blasts expressing Cylgp) were compatible with pre-B-ALL. Based on the
estimated leukemic cell mass at diagnosis, and the absence of the t(9;22) translocation and MLL gene
rearrangements, the patient was stratified into the standard-risk treatment group of the Dutch Childhood
Leukemia Study Group (DCLSG) ALL-8 protocol, which has a BFM (Berlin-Frankfurt-Munster) back-
bone.™ Complete clinical remission was successfully induced and the patient received full standard-risk
chemotherapy. Two years after treatment cessation, the child was readmitted to the hospital and relapse
of ALL was assumed. However, the morphology of lymphoblasts differed from diagnosis (FAB-L2) and all
cells co-expressed the CDS antigen, whereas the expression of CD34 was lost. Virtually ali TGT cells
{(>98%) were now expressing Cylgu. Both the morphological and the immunolegical changes raised a sus-
picion of secondary ALL.

Southern blot analysis

Mononuclear cells (MNC) were isolated from bone marrow (BM} samples by Ficoll-Paque centrifu-
gation (density 1.077 g/em3; Pharmacia, Uppsala, Sweden). DNA was isolated from fresh or frazen MNC
fractions as described previcusly.'® Fifteen micrograms of DNA was digested with the appropriate restric-
tion enzymes (Pharmacia), size-separated in 0.7% agarose gels and transferred to Nytran-13N nylon
membranes (Schleicher and Schuell, Dassel, Germany) as described.*® IGH and Ig kappa light chain
{IGK) gene configurations were analyzed with the IGHJS, IGKJ5, IGKC and IGKDE probes {DAKO
Corporation, Carpinteria, CA) in Bglll and BamHI/Hindlll digests, whereas the Ig lambda light chain (/GL)
gene configuration was analyzed with the IGLC3 probe in EcoRI/Hind!ll digest.'™*2 The configuration of
the TCRD genes was analyzed with the TCRDJ1 probe in Sgill, EcoRl, and Hindlll digests (DAKO).2C
incomplete and complete TCRB gene rearrangements were detected with the TCRBD1U, TCRBD1,
TCRBJ1, TCRBD2U, TCRED2, TCRBJ2, and TCRBC probes (DAKO) in £coRl and Hindlll digests.2!
TCRG gene rearrangements were analyzed with the Jy1.2 probe in Bgfll digests and the TCRGJ13 and
Jy2.1 probes in EcoRl digests,?2<3
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PCR amplification and heteroduplex analysis of PCR products

PCR was essentially performed as described previously.2*2% [n each 50ul PCR reaction 50 ng DNA
sample, 6.2 pmol of the 5™ and 3" eligonuclectide primers, and 0.5 U AmpliTag Gold ™ polymerase (PE
Biosystems, Foster City, CA) were used. The sequences of the ofigonucleotides used for amplification of
complete VH-J4 and incomplete DH-JH gene rearrangements were published hefore. 227 PCR conditions
ware: initial denaturation for 10 min at 34°C, followed by 35 cycles of 45 sec at 92°C, 90 sec at 60°C, and
2 min at 72°C using a Perkin-Elmer 480 thermal cycler (PE Biosystems). After the last cycle, an addition-
al extension step of 10 min at 72°C was performed. Appropriate positive and negative controls were
included in all experments 2%

For heteroduglex analysis, the PCR products were denatured at 94°C for 5 min after the final cydle
of amplification and subsequently cooled to 4°C for 60 min to induce dupiex formation.Z® Afterwards, the
duplexes were immediately loaded on 6% non-denaturing polyacrylamide gels in 0.5 x Tris-borate-EDTA
{TBE) buffer, run at room temperature, and visualized by ethidium bromide staining.2® A 100-bp DNA tad-
der (Promega Corporation, Madison, WI) was used as size marker. Usage of heteroduplex analysis
enables discrimination between PCR products derived from monoclonal and polyclonal lymphoid cell pop-
ulations, based on the presence of homoduplexes (PCR products with identical junctional regions) cr a
smear of heteroduplexes (derived from PCR products with heterogeneous junctional regions), respec-
tively.

Sequence analysis of /GH gene rearrangements

Clonal PCR products as found by heteroduplex analysis were directly sequenced. Sequencing was
performed using the dye-terminator cycle sequencing kit with AmpliTag®™ DNA polymerase FS on an ABI
377 sequencer (PE Biosystems) as described before.2” Vi, Du, and JH segments were identified using
DNAPLOT software (W, Malier, H-H. Althaus, University of Cologne, Germany) by searching for homolo-
gy with all known human germline VH, DH, and JH sequences cobtained from the VBASE directory of
human Ig genes {htto:/fwww.mrc-cpe.cam.ac.ukfimt-doc/) 2°

RESULTS

Southern blot (SB) analysis

SB analysis at diagnosis revealed an oligoclonal pattern in the /GH gene locus
with two major rearrangements and four to five mincr rearrangements (Figure 1),
whereas the /GK and /GL genes were in germiine configuration. SB analysis of the
TCRD locus revealed a strong germiine band as well as two weak subclonal
rearranged bands (V§2-D383 and D§2-D33 rearrangements). The TCRG and TCRB
genes were in germline configuration.

At relapse, SB analysis of /GH revealed a2 monoclonal pattern with two strong
non-germline bands of equal intensity, corresponding to biallelic rearrangements
{Figure 1). The size of one of the rearranged bands was identical to one of the minor
rearrangements at diagnosis. The TCRD genes were now in germline configuration.

Heteroduplex PCR analysis
Detailed heterodupiex PCR analysis of the /GH locus was performed with thir-
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Figure 1.

Southern blot analysis of the /GH gene in patient 5488. Control DNA and patient's DNA isclated from diag-
nesis (D) and relapse (R) BM samples were digested with Bgifil and BamMI/Hindlll restriction enzymes,
size separated, and biotted onto nylon membrane filters, which were hybridized with the 32P-labeled
IGHJS probe.?” At diagnosis multiple bands of different densities were found, reflecting /GH oligoclonali-
ty. In contrast, the relapse sample displayed a monoclonal pattern with biallelic /GH gene rearrangements.
Based con the germline sequence and the restriction map of the /GH locus,3? rearrangements found by
direct sequencing were assigned to corresponding bands on the Scuthern blot. The asterisk indicates the
comigration of a faint rearranged band corresponding to the incomplete DH2-2+DH8-13<JHEBL
rearangement with a major non-identified rearranged band in the BamHI/Hindlil digest.

teen primer combinations (six /(GH framework-1 VH family-specific primers and seven
family-specific DH primers in combination with one JH consensus primer). At diagno-
sis, monoclonal homoduplexes were found with the following primer combinations:
VH5-JR, VHB-JH, DH2-JH, and DH3-JK, whereas the Vi1-Ju, VH3-JH and VH4-JH PCR
products were seemingly oligocional {Figure 2A). At relapse, monoclonal homodu-
plexes were found with both the VH2-JH and VHB-JH primer combinations. The VHE-
JH monoclonal products at diagnosis and at relapse slightly differed in size. When
mixed together and subjected to denaturation and renaturation they formed a het-

ercduplex band, confirming that the VH6-JH PCR products at diagnosis and relapse
were not identical (Figure 2B).

Sequence analysis

Four monoclonal PCR preducts found at diagnosis and two monocional PCR
products found at relapse were sequenced resulting in identification of the involved



Table 1. Junctional region sequences of different IGH gene rearrangements found in patient 5498 at diagnosis and at relapse of ALL.2

Disease stage VH gene N-REGICN VH/DH gene N-REGION DH gene N-REGION Jrgene  Reading frame
segment segment segment segment
Diagnosis Dr2-2 (1) AAG (-7} DuB-13(0) CGGGGATG  {-6) JuGb  Not applicable
VHB-1 (-6) GAGGGAGGG (-14) Du2-2 (-1} AAG (-7) DHB-13 (0) CGGGGATG  (-8).JH8b (+)
Cn3-3 (-5) CCTAATCCCTCTTATAC (-7) Dnt-7 (0) CCACGAGA (-6} Jusb  Not applicable
VHE-51 (-2} GG (-5} DH3-3 (-5) CCTAATCCCTCTTATAC (-7} Dui1-7 (0) CCACGAGA  (-6)Jutb (+
Relapse VH2-70 (-2) CCGCCG {-10) Dn6-13 (0} CGGGGATG  (-6) Jusb {-)
VHS-1 () ACGG (-1) DH2-8 {-6) CCACCCCC (-7)JHBb (+}

& Numbers in parentheses indicate the extent of nucleotide defetion by trimming of the 5' and 3’ part of the involved gene segments.

0%e
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Figure 2.

(A} Heteroduplex PCR analysis of /GH gene rearrangements at diagnosis and at relapse of the ALL clone
in patient 5498. Several clonal PCR products were found at diagnosis, confirming /GH oligoclonality,
whereas the relapse sample revealed two major VH-JH gene rearrangements.

(B} Heteroduplex PCR analysis of VH6-J+ PCR products. Monoclonal homoduplexes (ho) found at diag-
nosis and at relapse slightly differed in size. Mixing of the VH6-JH PCR products followed by heteroduplex
PCR analysis demenstrated clear heteroduplex (he) formation, proving that these VH6-JH gene rearrange-
ments had different junctional regions. (ss) = single strands.

gene segments and the junctional regions (Table 1). The four sequences at diagno-
sis were found fo be derived from two different incomplete rearrangement stems:
DH2-263DHB-13«>JHEb and DH3-3«DH1-7JHBb, illustrating ongoing VH to D-J
joining. The junctional region of the DH8-13<JH6h stem was also preserved in the
VH2-70-DH6-13«+JH6b rearrangement at relapse. The sequence of the VHG-
1¢»Du2-8>JHED gene rearrangement found at relapse did not have any relationship
with the sequences found at diagnosis, also not with the VHB-1+DH2-265DH6-
13<+Jubb rearrangement at diagnosis (Table 1).

Functionality of IGH gene rearrangements and its correlation with
immunophenotype

Based on the sequenced clonal /GH gene rearrangements at diagnosis and at
relapse and the availability of the complete sequence of the human /GH locus,30 the
sizes of restriction fragments containing the respective rearrangements were calcu-
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lated (Figure 1). At diagnosis the incomplete DH3-3<>DH1-7<>JH8b rearrangement
corresponded to a major rearranged band, whereas the DH2-2«3DHB-13«JHBb and
VHB-1DH2-266DH6-13<JH6b rearrangements represented faint bands.

Based on the SB rearranged band density, the in-frame Vr6-1<DHZ2-2¢5DH6-
13<JHBb rearrangement was largely contributing to Cylgu expression found in 36%
of leukemic cells at diagnosis. whereas the functional (in-frame) Vu5-51<>Dw3-
3eDH1-7«>»JHBb rearrangement (expected size of 1.3 kb in Bg/ll and 8.0 kb in
BamH|/Hindiil) was not visible in the SB analyses, implying that this rearrangement
was derived from a minor subcione (<5%). The two rearranged bands at relapse had
sizes corresponding with the out-of-frame VH2-70-DrH6-13<JHBb and the in-frame
VHB-1<>DHZ2-8<JHBb rearrangements. The latter was consistent with the finding that
virtually all biasts at relapse were expressing Cylgu. Curiously, the functional VHB-
1«<>JHGb rearrangements at diagnosis and at relapse were completely different
{Table 1).

DISCUSSION

SB analysis is considered to be the gold standard for detection of clonal Ig and
TCR gene rearrangements.1® This technique has also been used in a large compar-
ative study of leukemia-specific molecular markers between diagnosis and recur-
rence of ALL.S The finding of identically rearranged bands at diagnosis and at
relapse, however, only reflects usage of identical gene segments, but does not nec-
essarily imply identical junctional regions. For reliable proof of clonal identity, the
identically sized rearranged bands should represent major gene rearrangements and
preferably this should be found for multiple ig and TCR gene ioci. This is particular-
ly important for patients with oligoclonai ig and TCR gene rearrangements. When the
only indication for clonal relationship is based on the identity of a single band, com-
parative analysis of junctional regions is mandatory, like in our patient with a sub-
clone at diagnosis, which seemed to result in a major rearrangement at relapse.
Such comparative junctionai region analyses can be performed with the current
PCR-based methods.

Using multiple primer combinations followed by heteroduplex PCR analysis, we
were able to detect several clonal /GH gene rearrangements af diagnosis and two at
relapse, but only the Vu€-JH primer combination resulted in clonal PCR products
both at diagnosis and at relapse. However, the VHE-JH homoduplex PCR products
slightly differed in size, whereas denaturation and renaturation of the mixed PCR
products resulted in obvious heterodupiex formation (Figure 2B), confirming a differ-
ence in the junctional regions of the Vu6«>JH gene rearrangements. Indeed in both
rearrangements the same VH6-1 and JnBb gene segments were found, but the junc-
tional regions were completely different (Tabie 1). These two different VH8-1<=JHBb
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gene rearrangements gave rise to identical bands in the diagnosis and relapse sam-
ples on SB analysis. Only after sequencing of several clonal PCR products, an iden-
tical DHB-13«>JHBb junction stem shared by two rearrangements at diagnosis and
one at relapse was observed (Figure 3), finally confirming the clonal relationship
between the diagnosis and late relapse of ALL, and excluding secondary malignan-
cy. Thus comparative sequence analysis of different /GH gene rearrangements at
diagnosis and at relapse should be regarded as an ullimate standard for the dis-
crimination between the relapse of ALL and a secondary leukemia.

Coincidentally, the two distinct VH8-1<>JHBh gene rearrangements both encod-
ed for functional Cylgu chains. The fact that the VHE-1-JHBD rearrangement was
only present as a minor rearrangement at diagnosis (Figure 1), explains that the
Cylgu expression was found in only one-third of the leukemic blasts at diagnosis.
The functional VH8-1<JH8b gene rearrangement at reiapse characterized the total
monocional population, which indeed uniformly expressed Cylgu. As explained
above, the VH8-16-J146b gene rearrangements at diagnosis and at relapse were
derived from different chromosomes. This means that although both disease stages
were classified as pre-B-ALL, the expressed Cylgu protein chains were different. The
finding of 2 pre-B-ALL phenotype at diagnosis and at relapse is therefore pure coin-
cidence and illustrates that the absence of an immunophenotypic shift does not nec-
essarily mean that the leukemic cells at diagnosis and at relapse are identical.

Clonal evolution in the /GH gene lacus in our patient clearly demonstrates the pit-
falls of using /GH gene rearrangements as PCR targets for minimal residual disease
(MRD) monitoring. Frequent /{GH oligoclonality at diagnosis (at least 40% of precur-
sor-B-ALL cases) as well as ongoing and secondary gene rearrangements may
hamper MRD detection resulting in false-negativity.”-31-3% Therefore, the initial large-
scale prospective MRD studies in childhood precursor-B-ALL included more stable
although less frequently occurring TCR and /GK deletional element gene rearrange-
ments.343% Nevertheless, in 10-15% of precursor-B-ALL cases, including our
patient, /GH gene rearrangements would be the only available PCR targets for MRD
monitoring.38-37 Based on the common DHB-13«>JH6b junction stem in our patient,
we performed real-fime quantitative PCR (RQ-PCR) analysis.3¥40 This RQ-PCR

S50 bp
commen stam:  DHEG-1 JHER
e

B i :

Figure 3.
Schematic representation of different /GH gene rearrangements at diagnosis (D) and at relapse (R) with
the common DHB-13-JHGb stem,



264 CHAPTER 3.4

analysis revealed that the common junction stem, which was preserved at relapse
could in principal have been used as RQ-FCR target for MRD monitoring (data not
shown). This information is particularly important for patients with oligoclonal /GH
gene rearrangements. Cur findings also confirm the need to use at least iwo inde-
pendent molecular MRD targets,* since in our patient the second common Dr1-
7<>JHEDb junction stem found at diagnosis was not present at relapse.

Using & stepwise molecular approach, we were able to prove the clonal relation-
ship between diagnosis and late relapse of ALL, thereby exciuding the possibility of
secondary leukemia. Such discrimination is relevant for tailoring the treatment strat-
egy and intensity. We also demonstrated the usefulness of mixed heteroduplex PCR
analysis for rapid discrimination between identical or different clonal PCR products
at diagnosis and at relapse. This technique was aiready proven to be a rapid and
cheap alternative for the more laborious and time-consuming SB analysis to identify
clonal ig and TCR gene rearrangements.283¢ Direct sequencing can be limited to
those cases, in which non-identical cional PCR products at diagnosis and at relapse
are detected with mixed heteroduplex PCR analyses.
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ABSTRACT

Background

Malignant hematopoietic proliferations might severely hamper the course of
acute lymphoblastic leukemia (ALL) in patients with an otherwise good prognosis. It
is important to distinguish whether such neoplastic proliferations represent an ALL
relapse or secondary treatment-reiated malignancies.

Procedure

We present a precursor-8-ALL patient in whom maintenance treatment of ALL
was complicated by an isolated ALL relapse in the brain, nodular lymphoprolifera-
tions in liver, and an isolated myelo-monocytic leukemia cutis. All these hemato-
oncolegic malignancies occurred in the background of an iatrogenic immunodefi-
ciency

Resulis and conclusions

Using a stepwise molecular approach, we were able to demonstrate that the liver
infiltrates were Epstein-Barr virus (EBV)-positive, contained monoclonal mature B-
cells with immunoglobulin heavy chain gene (/GH) gene rearrangements unrelated
to the primary ALL, and thus represented a true secondary Non-Hodgkin's iym-
phoma (NHL). In contrast, the skin infiltrates consisted of myelo-monocytic cells with
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clonal /GH and T-cell receptor gamma gene rearrangements, identical to the pre-
cursor-B-ALL blasts at diagnosis. Thus, the disease course of the precursor-B-ALL
patient was complicated by two different isolated extramedullary relapses and a sec-
ondary EBV* B-NHL.

INTRODUCTION

Among acute hemato-oncologic complications of childhood acute lymphoblastic
leukemia (ALL) relapse of the disease is the most frequent problem. Despite signifi-
cant progress in treatment of ALL in last decades 25-30% of ALL patients relapse
and most children with an early relapse die of disease progression,’2 Another seri-
ous malignant side-effect of ALL treatment is acute myelogenous [eukemia (AML)
affecting approximately 4% of ALL patients.3 Most of these AML are secondary
malignancies with translocations involving MLL gene on chromosome 11923, partic-
ularly developed after treatment with topoisomerase |l inhibitors, such as
epipodophyllotoxins or alkylating agents.3 Nevertheless, detailed molecular analyses
of immunoglobulin (lg) and T-cell receptor (TCR) gene rearrangements revealed that
a subset of presumed secondary AML represent in fact a phenotypic shift of the
same leukemic clone. %3

Epstein-Barr virus (EBV) related lymphoproliferative disorders and EBV-related
non-Hodgkin’s lymphomas (NHL) are rare acute complications of ALL treatment.®-12
These disorders usually are associated with profound and prolonged immunosup-
pression such as in patients with severe combined immunodeficiency, recipients of
organ or bone marrow transplants, and AIDS patients.13.14

Here we present a child with precursor-B-ALL who suffered from several con-
secutive acute hemato-oncologic complications, namely isolated central nervous
system involvement, multiple liver fumors, and skin infiifrations. The application of
various molecular techniques could discriminate between ALL relapse and freat-
ment-related secondary malignancies.

MATERIALS AND METHODS

Case report

An eleven-year-old, previously healthy girl (patient 4687} was admitted to the University Hospital in
Nijmegen with a suspicion of acute leukemia. On physical examination she presented with generalized
lymphadencpathy and proeminent hepatosplencmegaly. More than 80% of bone marrow nucleated cells
and peripheral blocd leukocytes (WBC of 220 x 109/1) were lymphoblasts of FAB-L1 maorphology and com-
mon-ALL immunophenotype (CD19%/CD10*/TdT*/Cylgu). Cytogenetic analysis of leukemic biasts
revealed a normal 46XX karyotype. The treatment was started according to the Dutch Childhood
Leukemia Study Group (DCLSG) ALL-7 protocol.’>® The response to steroid treatment was goed and
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cytomorphological remission was successfully induced already after two weeks. Further induction as well
as consolidation treatment was well tolerated.

During maintenance treatment she developed several periods of absolute neutrepenia and hypogam-
maglobulinemia complicated by protracted infections. A year after initial diagnosis the child presented with
headache, hesitant speech, and wordfinding difficulties, subsequently combined with periods of visual hal-
luginations, confusion and vomiting without nausea. Neurclogical examination revealed a fronto-temporal
dysfunction and a slight left-sided hearing disturbance. Ophtalmological and otolaryngological examina-
tions were normal. Lumbar puncture provided clear cerebrospinal fluid {CSF) with a normal cell count and
slightly elevated protein concentration. Cytomorphelogy and immunophenotyging of CSF cells revealed
only normal lymphocytes and macrophages. Since the neurolegical symptoms persisted despite empiric
broad-spectrum anti-bacterial/anti-mycotic treatment and computed tomography revealed multiple brain
lesions a small brain cortex biopsy was performed. Histomorphology showed patchy necrosis and perivas-
cular cuffs of infiltrating leukemic lymphoblasts. This was consistent with the isolated central nervous sys-
tem ALL relapse. Taking into account the persistent iatrogenic immune deficiency the child was not
exposed to an intensive systemic re-induction therapy. Instead cranial irradiation was administered o a
total dose of 30 Gy combined with monthly intravenous L-asparaginase and intrathecal methotrexate
injections in addition to the normal maintenance therapy, The neurological symptoms gradually resolved
and follow-up by computed tomography scan demensirated disappearance of the cerebral lesions.

After subsequent two months, the child presented with the bouts of fever, while abdominal ultra-
sonography showed multiple liver lesions with a diameter of 2 — 5 cm. The ¢pen liver biopsy procedure
showed multiple round gray-yellowish tumors in both liver lobes. A good representative biopsy was
obtained. The bacteriologic and mycological cultures were negative. Histopathelogic investigation showed
several areas of liver necrosis, surrounded by polymorphous lymphoid infiltration. Immuncphenotyping
revealed a mixed population of both T and B-cells, and the staining pattern for immunoglobulin light chains
was poiyclonal. The overall picture was very much suggestive of polymorphic B-cell lymphorna, which is
typically associated with Epstein-Barr virus (re-linfection in the background of immuncdeficiency. Since
the follow-up ultrasonography showed a steady increase of liver lesions, the whole liver was irradiated to
a total dose of 21 Gy. Radiotherapy was well tolerated by the child and follow-up ultrasound investigation
showed cemplete resolution of the lesions.

Three months later the girl presented with multiple slightly elevated red-bluish skin lesions on the
arms. The nodules were neither pruritic ncr tender. The sections of the skin bicpsy showed small nodular
profiferations of cells with monocytic/histiocytic morphology infiltrating the dermis and subcutaneous fat,
extending to periadnexal regions. Immunohistochemistry showed that the infiltrating cells were strongly
positive for CD14 and CD68, and negative for B-cell, T-cell, and epithelial markers. The histomorpholog-
ical picture was strongly suggestive of an aleukemic leukemia cutis of myelomonocytic subtype (AML-M4}.

Very shortly after the appearance of the skin lesions, the patient developed severe bronchopneumc-
nia, which progressed to overt cardio-respiratory insufficiency and child's death. The autopsy showed
extensive necrotizing pneumonia with the presence of Aspergillus fumigatus and Pneumocystis carinii.
Aspergillus infection was widely disseminated into heart, brain and large blood vessels. Remarkably, bone
marrow, central nervous system and liver did not show any macroscopic or microscopic evidence for the
persistence of malignant cells,

Southern blot analysis of ig and TCR gene rearrangements

Mononuclear cells (MNC} were isclated from bone marrow (BM) sample at diagnosis by Ficoll-Pagque
centrifugation (density 1.077 g/cm?; Pharmacia, Uppsala, Sweden). DNA was isolated from frozen MNC
and from snap-frozen tissue samples (liver and skin biopsies) after homogenization with a tissue grinder
(Tarmson, Zoetermeer, The Netherlands) as described previously.!” Unfortunately, there was no material
available for molecular analysis of the central nervous system infiltrate. Fifteen ug of DNA was digested
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with the appropriate restriction enzymes {Pharmacia), size-separated in 0.7% agarose gels and trans-
ferred to Nytran-13N nylon membranes (Schieicher and Schuell, Dassel, Germany) as described.'” For
comparative analysis the diagnosis and biopsy-derived DNA samples were run in paraile! lanes (Figure
1}. Ig heavy chain ({GH) and Ig kappa light chain (/{GK) gene configurations were analyzed with the IGHJ8,
IGKJS, IGKC and IGKDE probes {DAKO Corporation, Carpinteria, CA) in Bglll, Xbal and Bamt1/Hindll|
digests, whereas the Ig lambda light ¢chain {/GL) gene configuration was analyzed with the IGLC3 probe
in EcoRI/Hindll] digest."2% The configuration of the TCR delta (TCRD) genes was analyzed with the V&2,
TCRDJ1, J52, TCRDC4 probes in Bgill, EcoRt, and Hindlll digests (DAKO).2" TCR beta {TCRE) gene
rearrangements were detected with the TCRBJ1, TCRBJZ, and TCRBC probes {DAKQ) in EcoRI and
Hindill digests 2 TCR gamma {TCRG) gene rearrangements were analyzed with the Jy1.2 probe in Bgfll
digests and the TCRGJ13 and Jv2.1 probes in EcoRl digests.2*2*

Southern blot based detection of EBV genome
The presence of clonal EBV DNA was analyzed with a 32P tabeled Xhol probe. This probe is a 1.9
kb fragment, which recognizes unique EBV-DNA sequences, adjacent to the repeat sequence at each ter-

minus.?526 The DNA isolated from BM at diagnosis and from the liver and skin biopsies was analyzed with
this probe in BamBRI/HindIl digests.
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Figure 1.

Southern biot analysis of the /GH genes in patient 4687. Control DNA and patient's DNA isolated from BM
at diagnosis as well as from liver and skin biopsies were digested with Xbal and BamB/Hindill restriction
enzymes, size separated, and blotted onto nylon membrane filters, which were hybridized with the 32P-
labeled IGHJG probe.'® At diagnosis as well as in the skin biopsy two bands of identical size were found,
reflecting identical, monocional /GH gene rearrangements. In contrast, the liver biopsy displayed &
germline band with two faint /GH gene rearrangements of different sizes as compared to EM at diagnosis
and the skin infiltrate. This fits with a presence of a minor clonal population in an otherwise polyclonal
EBV-related lymphoproliferation. Based on the germiine sequence and the restriction map of the /IGH

locus,3* rearrangements found by direct sequencing could be assigned to the corresponding bands in the
Southern blot.
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PCR amplification and heterodupiex analysis of PCR products

PCR was essentially performed as described previously.®"® In each 50ul PCR reaction 50 ng DNA
sample, 6.3 pmol of the 3" and 3" oligonucleotide primers, and 0.5 U AmpliTag Gold polymerase (PE
Biosystems. Foster City, CA) were used. The sequences of the oligonucleotides used for ampiification of
complete VH-JH and incomplete DH-JH as well as Vy-Jy gene rearrangements were published before. 2829
PCR conditions were: initial denaturation for 10 min at 94°C, followed by 35 cycles of 45 sec at 82°C, 90
sec at 60°C, and 2 min at 72°C using a Perkin-Elmer 480 thermal cycler (PE Biosystems), After the last
cycle an additional extension step of 1¢ min at 72°C was performed. Appropriate positive and negative
controls were included in afl experiments.2®

For heteroduplex analysis, the PCR products were denatured at 94°C for 5 min after the final cycle
of amplification and subsequently ooled to 4°C for 60 min to induce dupiex formation.®® Afterwards the
duplexes were immediately loaded on 6% non-denaturing polyacrylamide gels in 0.5 x Tris-horate-EDTA
(TBE) buffer, run at room temperature, and visualized by ethidium bromide staining.3® A 100-bp DNA lad-
der (Promega Corporation, Madison, USA) was used as size marker. Usage of heterodupiex analysis
enables discrimination between PCR products derived from monoclonal and polycional lymphoid cell pop-
ulations, based on the presence of homoduplexes (PCR products with identical junctional regions) or a
smear of heteroduplexes (derived from PCR products with hetercgeneous junctional regions), respec-
tively.

When a particular primer combination detected clonal PCR products in two different DNA samples,
their identity was subsequently compared by means of mixed heteroduplex analysis, i.e. mixing of the
PCR products foliowed by heteroduplex analysis (Figure 2),%7

Seguence anzlysis of IGH gene rearrangements

Clonal PCR products as found by heteroduplex analysis were directly sequenced. Sequencing was
performed using the dye-terminator cycle sequencing kit with AmpliTag DNA polymerase FS on an AB!
377 sequencer (PE Biosystems) as described before.32 v, Dy, and Ju segments were identified using
DNAPLOT software (W. Miller, H-H. Althaus, University of Cologne, Germany} by searching for hemolo-
gy with all known human germline VH, DH, and JH sequences obtained from the VBASE directory of
hurnan Ig genes {http/Avww.mre-cpe.cam.ac.ukiimt-doc/).3% Based on the germline sequence and the
restriction map of the /GH locus,> rearrangements found by direct sequencing were assigned to corre-
sponding bands on the Southern blot as described previously.®! Vy and Jy gene segments were identified
by comparison to germline TCRG sequences as described before.3®

RESULTS

Southern blot analysis

Southern blot analysis at diagnosis of ALL demonstrated a monoclonal pattern in
the /GH gene locus with two major rearrangements (Figure 1), whereas the /GK and
{GL genes were in germiine configuration. Southern blot analysis of the TCRD locus
revealed a strong germline band and a rearranged band of similar density; the size
of this rearranged band did not correspond to any of the well-established TCRD gene
rearrangements.2’ The TCRG locus showed two rearranged bands with the Jy2.1
probe most probably reflecting biallelic rearrangements. The TCRB genes were in
germline configuration.
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Figure 2.

Heteroduplex PCR analysis of /GH and TCRG gene rearrangements in BM at diagnosis of ALL as well as
in liver and skin biopsies from patient 4687. In diagnesis BM and in the monocytic skin infiitrate identical
clonal PCR products of two VH3-JH rearrangements and two Vyl-Jy1.1/2.1 were found. Mixing of these
PCR products followed by heteroduplex PCR analysis (as exemplified for Vyl-Jy1.1/2.1 rearrangements)
demonstrated no additional heteroduplex formation, thereby proving that these gene rearrangements had
identical junctional regions. In contrast, PCR analysis of /GH rearrangements in liver proliferation showed
clonal Vu5-JH and DHZ-JH joinings, not present in the ALL clone. No cional TCRG gene rearrangements

were demonstrated In the liver biopsy. Abbreviations: ss, singie strands; he, heteroduplexes; ho, homod-
uplexes.

In the liver biopsy two rearranged /GH gene bands and one rearranged /GK gene
band were found, which differed completely from the pattern at diagnosis, while their
density suggested a minor clonal component among otherwise polyclonal cells
(Figure 1). Ali TCR genes were in germline configuration.

Curiously, the configuration of the Ig and TCR genes in the skin monocytic infil-
trate was identical to the pattern identified at diagnosis, except for the presence of a
monoallelic Jx rearrangement; the size of this /GK band was different from the one
identified in the liver biopsy.

DNA samples from the diagnosis BM as well as from the liver and skin biopsies
were examined for the presence of EBV genome. In the diagnosis and the skin biop-
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sy cell sampies no EBV genome was found, whereas the liver cell sample showed a
clonal EBV-DNA band.

Hetercdupiex PCR analysis

Detailed heteroduplex PCR analysis of the /GH locus was performed with twelve
primer combinations (five IGH framework-1 Vr-family specific primers and seven
family-specific DH primers in combination with one JH consensus primer). In diagno-
sis BM as well as in the skin biopsy, two monoclonal homoduplexes were found with
the VH3-JH primer combination (Figure 2). When samples from both disease stages
were mixed together and subjected to denaturation and renaturation they did not
form any additional heteroduplex band, confirming that the Vu3-Jn PCR products at
diagnosis and at skin relapse were identical (Figure 2B). Similarly, identical biatielic
Vyl-dy1.1/2.1 gene rearrangements were characteristic both for ALL at diagnosis and
for the skin infiltrate.

In contrast, heteroduplex analysis of PCR products derived from the liver biopsy
did not disclose any of the clonal PCR products found at diagnosis, while it showed
monoclonal homoduplexes with the VH5-Jr and DH2-JH primer combinations.

Sequence analysis

Two monoclonal /GH PCR products found at diagnosis and two monoclonal PCR
products found in liver biopsy sample were sequenced resulting in identification of
the involved gene segments and the junctional regions. In the two /GH sequences at
diagnosis (VH3-13<DHZ2-2¢>DHB-13Jr4b and VH3-74DHB-19«>Jr4b) the junc-
tional regions were completely unrelated to those found in liver biopsy {VH5-
51<»JnH6b and DH2-21<JH4b). The sequences of the VH3 gene segments in the Vh-
DH-JH rearrangements at diagnosis were 100% concordant with the germline, but the
in-frame sequence of the VH5-51<JHGb gene rearrangement derived from the liver
turnor contained 6% somatic mutations.

Based on the sequenced clonal /GH gene rearrangements at diagnosis and at
relapse and the availability of the complete sequence of the human /GH locus,?* the
predicted sizes of restriction fragments containing the respective rearrangements
were calculated (Figure 1), which confirmed the full concordance of Southern biot
and PCR results.

The sequence anaiysis of TCRG gene rearrangements at diagnosis revealed
clonal Vy3-Jy1.1 and Vy8-Jy1.1 gene rearrangements.

DISCUSSION

We present an unusually complicated course of ALL in a child with initially high
tumor mass but with an excellent response to the induction treatment and rapid
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achievement of complete remission. Therefore, the early isolated cerebral reiapse
was highly unexpected, particularly because repetitive normal findings in cere-
brospinal fluid. One might speculate that the iatrogenic immunodeficiency during the
maintenance freatment hampered the clearance of residual ALL cells from the cen-
tral nervous system. Shortly before the child died from a heavily disseminated
Aspergillus infection and Pneumocystis carinii pneumonia, she presented with an
aleukemic leukemia cutis of AML-M4 type. Using detailed molecular studies,®? we
clearly proved that this was not a secondary malignancy, since we demonstrated
identical /GH and TCRG gene rearrangements in BM at diagnosis of ALL and in the
skin infiltrate. It is not clear whether this unusual skin relapse is induced by the
immunodeficiency status.

EBV-related lymphoproliferative disorders are usually associated with congenital
or acquired immuncdeficiencies. Seven well-documented cases of such an acute
hemato-oncologic complication were described in patients receiving ALL treatment.®-
" They were uniformly associated with (re)-activation of EBV infection, usually in the
background of profound treatment-related immunodeficiency. The EBV-positive [ym-
phaoproliferation in our patient contained a monoclonal B-cell component in an other-
wise polymorphous tumor. The sequences of the clonal /GH gene rearrangements in
the liver infiltrates were completely different from those found in the ALL clone.
Moreover, the high frequency of somatic mutations in the VH gene seguences were
compatible with a mature B-cell lymphoprotiferation in contrast to the unmutated /GH
genes in the precursor-8-ALL.3% Consequently, the EBV-related polymorphic Non-
Hodgkin's lymphoma represented a true secondary malignancy, unrelated to the pre-
ceding precursor-B-ALL.

In conclusion, the iatrogenic immuncdeficiency status in a girl with ALL resulted
in an unusually complex and fatal disease course with an early isolated central nerv-
ous system relapse, an EBV-related B-cell lymphoma in the liver, an isolated
leukemia relapse in the skin with AML-M4 immunophenotype, and life-threatening
disseminated infections.
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CHAPTER 4.1

SPECIFIC APPLICATIONS OF PCR-BASED DETECTION OF
MINIMAL RESIDUAL DISEASE IN ACUTE LYMPHOBLASTIC
LEUKEMIA

Several minimal residual disease (MRD) studies used immunoglobulin {Ig) and
T-cell receptor (TCR) gene rearrangements as PCR targets, and demonstrated that
evaluation of early treatment response has high predictive value for clinical outcome
in childhood acute lymphoblastic leukemia (ALL).=® Therefore, MRD monitoring is
currently being applied for treatment stratification in several front-line ALL treatment
protocols. MRD information can also be relevant for specific ALL subsets, which are
characterized by common features, like age, immunophenotype, or the presence of
particular chromosomal aberrations. One such specific patient group that might prof-
it from MRD-based treatment modification is infant ALL. Chapter 4.2 exemplifies how
currently available MRD technigues can provide insight into treatment effectiveness
in infant ALL.

In addition {0 the “classical” application of MRD-PCR techniques for evaluation
of the kinetics of ALL cell disappearance, PCR studies can he applied for many other
purposes (Table 1). For instance, 1g/TCR gene rearrangements can be used as clon-
ality markers for confirmation or exclusion of the common origin of two phenotypically
different malignancies (see Chapters 3.5 and 4.3).

Early diagnosis of ALL in patients with smoldering leukemia

Another specific application of MRD-PCR techniques is the early diagnosis of
ALL in cases of 'smoldering’ leukemia, i.e. in patients with initially hypoplastic bone
marrow with less than 25% of lymphoblasts, who subsequently developed overt ALL.
A few case reports demonstrated the presence of identical clonal cell populations
during the hypoplastic phase, the subsequent recovery phase, and the overt
leukemia phase using patient-specific ig/TCR gene rearrangements as PCR tar-
gets.*> In contrast, monoclonal gene rearrangements could not be detected in
patients with idiopathic hypoplastic anemia.5

Assessment of central nervous system involvement in ALL

MRD-PCR techniques can also be used for detection of central nervous system
(CNS) involvernent in ALL patients. One possibility is to screen for TdT* or CD34%
cells, which normally are not found in cerebrospinal fluid (CSF); conseguently, their
presence in CSF provides evidence for meningea! leukemic infiltration.® Monitoring
of MRD in CSF samples of more than one hundred patients with a TdT™ malignan-
cy during a 5-year follow-up pericd showed the development of avert CNS involve-
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Table 1. Application of MRD-PCR technology using ig/TCR gene rearrangements as targets.

Classical applications of PCR-based MRD detection in ALL

-  MRD based risk-group classification of ALL patients according to the Kinetics of leukemia cell
decrease (front-line treatment and relapse treatment);

- evaluation of added value of individual treatment blocks, particulady in high-risk patients:

- evaluation of treatment effectiveness in specific ALL subtypes, such as infart ALL and T-ALL;

- evaluation of the pre-transplant MRD levels and assessment of the effectiveness of post-transpiant
immunotherapy;

Specific applications of PCR-based MRD detection in ALL

- assessment of common origin of two phenctypically different malignancies;

- early diagnosis of ALL in patients with smoldering leukemia, i.e. patients initially presenting with aplas-
tic bene marrow with low percentages of lymphoblasts;

- assessment of CNS involvement at diagnosis and monitoring of CSF during follew-up for prediction of
CNS leukemia;

- detection of bone marrow involvement during ‘isolated’ extrameduilary relapse of ALL

- evaluation of testicular biopsies, 2.9. at the end of treatment or evaluation of the contralateral testis in
case of testicular relapse;

- evaluation of autologous stemn cell transplants, before and after purging;

- evaluation of cord blood and later blood samples for the presence of transplacentally-migrated mater-
nal ALL cells;

- evaluaticn of Guthrie cards and blood samples of monozygetic twins in case of ALL diagnosis (early
diagnosis of ALL in the second twin and proving of the clonal relationship between the ALL cells of
both twins).

ment in 70% of the patients with repeated finding of TdT™ cells in CSF, despite nor-
mal cell morphology.? Cn the other hand, patients with CSF pleocytosis or “suspi-
cious™ morphoiogy but TdT negativity (probably indicative of aclivated lymphocytes)
had no evidence of subsequent CNS disease®7 Also patient-specific TCRD
rearrangements have been used as a MRD-PCR farget for detection of CNS
involvement in childhood precursor-B-ALL.8 identical rearrangements were found
bath in bone marrow and CSF in 43% of the analyzed patients, which confirms the
clinical assumption that asymptomatic CNS involvement occurs much more fre-
guently than diagnosed on the basis of classical cytomorphological criteria,®
Moreover, preliminary data indicate that the molecular finding of MRD in CSF during
ALL treatment as assessed via patient-specific Ig/TCR gene rearrangements is
inevitably associated with subsequent CNS relapse.®

Detection of bone marrow involvement during ‘isolated’ extrameduliary
refapse of ALL

MRD techniques can be also employed for detection of bone marrow involve-
ment during ‘isclated’ extramedullary relapse of ALL (e.g. in CNS or testis). Such
sub-microscopic bone marrow involvement is confirmed in most of ALL patients with
isolated extramedullary relapse.’0-12 This is in concordance with the clinical obser-
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vation that full systemic reinduction therapy is required in these patients to prevent
hematological relapse. Nevertheless, some ALL patients with isolated CNS relapse
did not have detectable MRD levels in BM, 1013

Evaluaticn of testicular biopsies for the presence of leukemic infiltration

MRD positivity of histologically normal end-of-treatment testicular biopsies was
shown to be followed by overt testicular relapse.™ Moreover, PCR-based MRD
assays at the time of a unilateral testicular relapse allowed reliable exclusion of
occult leukemic blasts in the histologically normal contralateral testis. 14Nevertheless,
in some patients testicular relapse did occur despite MRD negativity in festicular
biopsies. 14

Evaluation of autologous stem cell franspiants, before and after purging

Another attractive application of MRD detection is the evaluation of autologous
stem cell grafts for contamination with leukemic blasts. Autclogous purged stem cell
transplantation following intensified chemotherapy is currently being evaluated as
new treatment modality in high-risk ALL patients in second complete remission, who
do not have a maiched related donor, PCR studies showed that MRD-positivity of the
autologous bone marrow graft before purging was the most predictive factor of treat-
ment failure in ALL, regardless of a seemingly successful purging procedure (MRD-
negative graft).’5 In fact, the remission duration after autologous stem cell trans-
plantation significantly correlated with MRD levels before the purging procedure. On
the other hand, infusion of MRD-negative purged grafts in patients with MRD-nega-
tive pre-transplantation bone marrow was associated with durable clinical remis-
sion.18

Evatuation of cord bloed and later blood samples for the presence of
transplacental ALL cells

Finally, we used PCR-based MRD studies for assessing the disappearance of
transplacentally-migrated maternal ALL blasts from the blood of a newborn child (see
Chapter 4.4). Transplacental migration of leukemic cells has also been observed in
monozygotic twins with monochorionic placenta, developing ALL at different ages
(reviewed by MF Greaves'’). The finding of identical DNA sequences of 1g/TCR
gene rearrangements and identical translocation breakpoints has proven the prena-
tat origin of ALL in one of the twins with subseguent transplacental dissemination to
the second twin. Using MRD-PCR technigues, it is also possible to detect or exclude
the presence of ALL clone in the unaffected monozygotic twin of the ALL patient.18
Extensive MRD-PCR analyses of Guthrie cards of childhood ALL patients showed
the presence of clenotypic ALL sequences already at birth in the vast majority cof
cases, confirming in utero origin of childhood ALL.17-1¢
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CHAPTER 4.2

INTENSIFIED THERAPY FOR INFANTS WITH ACUTE
LYMPHOBLASTIC LEUKEMIA*

Results from the Dana-Farber Cancer Institute Consortium
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and Jacques J. M. van Dongen’
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We read with great interest the report by Silverman et al.! summarizing treatment
outcome in 23 infants treated with Dana-Farber Cancer Institute Consortium proto-
cols. Intensified multidrug therapy resulied in significantly improved long term, event
free survival in 54% + 11% of infants. This included at least three patients with MLL
gene rearrangements, which are known to be associated with multidrug-resistant
disease.

The authors describe two infants in whom the blasts at the time of recurrence dif-
fered phenotypically from those at diagnosis. They considered the possibility of sec-
ondary leukemia, but also speculated about recurrence of the leukemia with a phe-
notypic shift. In our opinion, the latter explanation appears most probable. In acute
lymphoblastic leukemia (ALL) occurring in infants, particularly in cases with MLL
gene rearrangements, leukemogenesis affects early progenitor celis. in such
patients cross-lineage expression of myeloid antigens such as CD13, CD15, CD33,
and CD65 frequently is observed,? in a minority of cases even biphenotypic acute
leukemia has been diagnosed based on simultaneous expression of lineage specif-
ic antigens.® Using clone specific markers such as clonal immunoglobulin (Ig} and T-
cell receptor (TCR) gene rearrangements, it is possible to distinguish between recur-
rence and secondary, therapy-related leukemia. We previously described a pre-B-
ALL patient who developed acute myeioid leukemia 17 months after diagnosis, sug-
gesting the development of secondary leukemia. However, the g and TCR gene
rearrangement pattern was identical between diagnosis and recurrence, implying
cytomorphologic and immunophenotypic evolution of the same clone.*

In contrast to previous reports,? Silverman et al.’ clearly showed that infant ALL
in principle can be cured. However, 50% of patients still recur. This implies that

*Cancer 1998; 83: 1055-1057 289
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analysis of specimens at diagnosis is not sufficient for predicting treatment response
and that more insight is needed into /n vivo effectiveness of treatment during the fol-
low-up. This is possible with the currently available standardized techniques for the
detection of minimal residual disease (MRD).%> To exemplify this strategy we show
the monitoring of MRD in a 10-month-old infant with common-ALL using a patient
specific oligonucleotide probe to the junctional region of an /GK gene rearrangement
(Figure 1).8 Despite cytomorphologic remission at the end of induction therapy, we
still could detect low levels of malignant celis. The recurrence 14 month after diag-
nosis was predicted 3 months earlier with molecular MRD analysis. We believe that
such prospective MRD monitoring can be used for the assessment of treatment
response and can be applied toward individualization of therapy to improve the out-
come of infant leukemia further.

junctional

region

ViVl Kde

VkVll primer -8 GAA -4 Kde primer

| }

5 ATCCTGTGGAAGCTAATGATACT 3 3 CACGGACTTCCCAGATACTTCCC 5

o o O o O O O ™ w W oW P~
[m] ~— — ~ had — -~ - = x ) - O [ap) <
& i &
& k- &

dot blot hybridization with junctional region probe (GAGTAAGAATGAACCCTAGTGGO)

Figure 1.

VkVII and Kde primers were used for polymerase chain reaction {(PCR} amplification of bone marrow DNA
samples at diagnosis (D) as well as during follow-up. The PCR products were spotted onto a nylon mem-
brane, which was hybridized with the 32P-labeled junctional region probe. Tenfold dilution series of diag-
nosis DNA revealed a sensitivity of 10~* (one acute lymphoblastic feukemia cell between 10% normal
cells). During follow-up the bong marrow became negative after Week 15, but at Week 47 PCR positivity
was found again (i.e. 3 months before clinical relapse [R]). bp: base pairs; MNC: DNA from normal
mononuclear cells.
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ABSTRACT

A 12-year-old giri presented with & CD33* precursor B-acute lymphoblastic
leukemia (ALL) and seemed to respond well to ALL treatment. However, 2 weeks
after diagnosis her leukocyte count rose rapidly with a predominance of myeloid
blasts with M5b morphology and CD19% myeloid immuncphenctype. Acute myeloid
leukemnia (AML} treatment was started and remission was achieved after one course
of chemotherapy; the AML treatment was continued for 6 months. Two months after
cessation of chemotherapy, the patient developed a bone marrow relapse, this time
with an undifferentiated blast morphology and a precursor B immunophenotype.

Molecular analysis of the immunoglobulin and T-cell receptor genes showed sev-
eral clonal gene rearrangements at diagnosis: two /GH, two {GK and two TCRD gene
rearrangements. All rearrangements were aiso detected during the AML phase of the
disease, suggesting a phenotypic shift of the same leukemia. At relapse, 8 months
later, all rearrangements were preserved except for one TCRD (V52-D33) rearrange-
ment.

The first phenotypic shift in the genotypically stable leukemia was remarkably
fast. The most probable explanation for our observations is an oncogenic eventin an
undifferentiated hematopoetic progenitor clone, with a highly versatile phenotype.

“Br J Haematol 2001; 113: 757-762 263



294 CHAPTER 4.3
INTRODUCTION

In contrast (o the vast majority of normal lymphoblasts, a significant proportion of
acute lymphobiastic leukemias (ALLs) co-express myeloid antigens, such as CD13,
CD14, CD15, CD33, CD65 and/or CD66¢c at diagnosis.-® Also, several acute
myetloid ieukemias {AMLs) co-express lymphoid antigens such as CD2, CD4, CD7
and CD19.4° Rarely, acute leukemias co-express several antigens from two differ-
entiation lineages; if so, the diagnosis of acute biphenotypic leukemia is assumed.®

Interlineage switch of acute leukemia at relapse usually concerns a switch from
ALL to AML and has been reported to occur in 5-7% of cases.”8 Such phenotype
switches generally occur late in the course of the disease and are most frequently
assumed to represent therapy-induced secondary malignancies. However, in rare
cases analysis of immunoglobulin (Ig) and T-cell receptor (TCR) gene rearrange-
ments have suggested that both malignancies were derived from the same stem cell
clone.® In contrast, an early lineage switch during induction chemotherapy is an
extremely rare event. Such an early phenotypic switch might be the result of aber-
rant differentiation of the malignant clonogenic cells or seleciion of a minor subfrac-
tion from a mixed population as the result of selective killing by chemotherapy.

We present the clinical course and the immunophenotypic and immunogenotyp-
ic investigations in a case of childhood ALL showing an early phenotypic switch and
a second later switch.

PATIENT AND METHODS

Clinical course

A 12-year-old girl presented with a history of tiredness and easy bruising. Her hemoglobin was 6.77
g/dl, platelets were 45 x 109/ and the leukocyte count was 15 x 109/ (with 18% blasts). Her bane mar-
row {(BM) contained 6% lymphoblasts with a precursor-B-ALL phenotype and cross-lineage expression
of CD33 and dimCD13 (Table 1)(Figure 1A). Her cerebrospinal fluid was free of blast cells. Cytogenetic
analysis of BM did not show any abnormalities. She was started on the non-high—risk ALL-9 protocol of
the Dutch Childhcod Leukemia Study Group (DCLSG).

Her initial chemotherapy consisted of dexamethasone, vincristin and intrathecal triple therapy, She
responded well to this freatment in the first week and was discharged from the hospital on day 7. Two
weeks after diagnosis, a rapidly rising leukocyte count (62 x 109/1) was found with the ré-emergence of
84% blast cells in her blood, but this time with a different morphology (Figure 1B). BM cytomorphology
revealed 65% blast cells with a phenotypic switch to AML (Table 1). Cytogenetic analysis again showed
a normal karyctype. Her treatment was accordingly changed to the Medical Research Council (MRC) AML
12/DCLSG ANLL 97 protocol and after one induction course she attained remission. She received a total
of two ADE courses (cytosine-arabinoside/etoposide/daunorubicin), one MACE (cytosine-
arabinoside/etoposide/amsacrine) and one MidAc course (high-dose cytosine-arabinoside/mitoxantrone).
Treatment was electively stopped after § months.

The patient developed a BM relapse 8 months after the initial diagnosis. This time, the morphology
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Figure 1.

Morphology of blast cells at initial diagnosis (A}, 2 weeks later (B), and at relapse {C). (Magnification x
4000).

of the blast cells was undifferentiated (Figure 1C), while the immunophenotype was of precursor-B-line-
age {common ALL) (Table 1). Cytogenetic investigation revealed a 48, XX, del (9} (p21) [9]/ 46, XX [23];
i.e. a mosaicism of normal cells and cells with a deletion of the short arm of chromosome 9. This deletion
is seen in ALL-L1 and ALL-L2.

The patient was started on the DCLSG AlL-relapse protocol. Reinduction was with vincristin, dex-~
amethasone, L-asparaginase, VM-26 and cytosine-arabinoside. After 6 weeks, her BM was again in
remission. Six weeks after the newly attained remission, she was transplanted with CD34 selected
(CliniMACS, Miltenyi Biotech GmbH, Bergisch Gladbach, Germany) blood stem cells from her father (one
HLA-B locus mismatch). Conditioning was with etoposide (cumulative dose 700 mg/m2), cyclophos-
phamide (cumulative dose 120 mg/kg} and total body irradiation (2 x 6 Gy). Anti-thymocyte globulin was
used as serotherapy. She engrafted in 21 days (neutrophil count > 8.5 x 109/1) ang chimerism studies
showed full donor chimerism. Cyclosporin A, used as graft-versus-host disease (GvHD) prophylaxis, was
rapidly tapered. There was no sign of GvHD. She died in complete remission from liver failure of unknown
cause 10 months after her allogeneic transplant.

immunophenotypic analysis

Immunophenotypic studies at diagnosis and relapse were performed on lysed whole BM or blood
samples by triple staining with directly conjugated monoclonal antibodies, as described previoushy.'0.11
The specificity and source of the monocional antibodies used in this study are summarized in Table 1.

Measurements were performed on a FACScan flow cytometer (Becton Dickinson, San Jose, CA,
USA). Fer data acquisitior, CELLQUEST software was used with the PAINT-A-Gate PRO pregram for data
analysis (Becton Dickinson). The percentage of positivity for the various monoclonal antibodies was deter-
mined after gating of the blast populations as defined by their forward scatter ang sideward scatter char-
acteristics.

Southern blot anaiysis of Ig and TCR gene rearrangements
DNA was isolated from frozen mononuclear ¢ell fractions as described previously.’2 Fifteen micro-
grams of DNA was digested with the appropriate restriction enzymes, size-separatad in 0.7% agarose
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gels and transferred to Nytran-13N nylon membranes as described.1® Ig heavy chain {/GH) and Ig kappa
tight chain (/GK) gene configurations were analyzed after hybridization with the IGHJB, 1GKJS, IGKC, and
IGKDE probes in Bgfit digests.’*1% The ¢onfiguration of the TCR delta (TCRD) geneas was analyzed with
the TCRDJ1 and TCRVD2 probes in Bgitl and EcoRl digests.16

Table 1. Morphological, cytochemical, immunophenotypic and immunocgenotypic characteristics
at different disease phases.

Diagnrosis AML (day 14) Relapse (day 245)
Cytomorphology (FAB) ALL-L1 AML-MSb AUL
Blast percentage in 96 85 30
bone marrow
Cytochemistry
Periodic-acid -Schiff (PAS) negative negative negative
Peroxidase negative negative negative
Alpha naphtyl-acetate esterase  weak positive, positive  spots positive diffuse
Alpha naphtyl-acetate esterase not done inhibited not done
+NaF
Immunophenotype (% positivity within the gated blast cell population)
TET(HTATE)? 91 0 81
CD34 (HPCA-2)P 93 98 85
HLA-DR (anti-HLA-DR)P 95 98 91
CD10 (J5)° 88 0 81
CD19 (Leu-12)P 93 91 83
CyCD79a (HM47)° g7 0 78
CD22 {Leu-14)? 96 0 82
CD13 (My-7)¢ 92 (dim) 87 (dim) 82 (dim)
CDi4 (RMO52)° not done 96 0
CD15 (Leu-M1)P 0 19 0
CD33 (D3HLB0.251)° 86 99 79
cDs5 (Vimz)d 0 24 0
MPO (MPO-7)¢ 0 5 0
Immuncgenotype
IGH gene R/R R/IR RIR
IGK gene Vicl-Jw/Vil-Jx Vick-Jw/Vicl-Jic Vl-Js/Vrl-Jx
(+2 x intronRS8-Kde)  (+2 x intronRSS-Kde)  (+2 x intronRSS-Kde)
TCRD gene VE3-I81/Vve2-Dé3 V3§3-J81/vE2-D33 V53-J81/D

a. Supertechs, Bethesda, MD, USA

b. Becton Dickinson, San Jose, CA, USA

c. Coulter/lmmunotech, Westbrook, ME, USA
d. Caltag, San Francisco, CA, USA

e. DAKO, Glostrup, Denmark

R, rearranged allele; D, deleted allele
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Polymerase chain reaction (PCR) heteroduplex analysis of Ig and TCR gene rearrangements

PCR was essentially performed as described previousiv.'7 In each 50ul PCR reaction, a 50 ng DNA
sample, 6.3 pmol of the 5" and 3" oligonu¢leotide primers, and 0.5 U of AmpliTag Gold polymerase (PE
Biosystems, Foster City, CA, USA) were used. The sequences of the oligonucleotides used for amplifica-
tion of IGK and TCRD gene rearrangements have been published.8 For heteroduplex analysis, the PCR
products were denatured at 34°C for 5 min after the final cycle of amplification and subsequently cooled
to 4°C for 80 min to induce duplex formation.1?

RESULTS

Cytomerphelogical and immuncphenotypic characterization

Cytomorphology and immunophenotyping at diagnosis showed an ALL with a
CD10-positive precursor-B-ALL phenotype with co-expression of two myeloid mark-
ers (CD33 and CD13¢IM), Two weeks later, an acute leukemia of monocytic cell type
could be seen with a-naphthyl-acetate-esterase positivity inhibited by sodium fluo-
ride; this was supported by positivity for CD13 (dim), CD14 and CD33, but negativi-
ty for TdT and the B-cell markers CD10, CD22 and CD7%a; only CD1% was
expressed. At relapse, the morphology was undifferentiated and the originai CD10-
positive precursor-B-ALL phenotype had reappeared again (Table 1).
Morphologically, the size of the blast cells (twice the size of an erythrocyte) in com-
bination with a low nucleus/cytoplasm ratio, several large nucieoli and the absence
of granuiation and negative peroxidase reactivity, were suggestive of an undifferen-
tiated phenotype.

Iimmunogenetic characterization of the disease phases

Southern blot analysis at diagnesis revealed monoclonal /GH gene rearrange-
ments on both alieles. Also, in the /GK locus two monoclonal rearrangements were
observed that both concerned Vk-Jk recombinations coupled to intron R8S to Kappa
deleting element {Kde) recombinations on the same allele (Figure 2A). Southern blot
analysis of the TCRD locus revealed a strong rearranged band corresponding to a
V53-J81 recombination as well as a weak subclonal V&2-D33 rearrangement.

At the AML phase and at relapse, Southern blot analysis of /GH and IGK
revealed exactly the same rearrangements (Figure 2A). The TCRD gene rearrange-
ments of the AML phase were identical to initial diagnosis, but at relapse the sub-
clonal V32-D33 rearrangement was lost while the V33-J31 rearrangement was pre-
served.

Based on the Southern blot information, PCR heteroduplex analysis was per-
formed with V33-J81, V82-D33, Vx-Jx and intron RSS-Kde primer combinations. At
all three disease phases, monoclonal V§3-J31 homoduplexes of equal size were
found. When mixed together and subjected to denaturation and renaturation, they
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Figure 2.

(A} Southem blot analysis of the /GK gene. Control DNA and patient DNA at diagnosis {ALL D), AML
phase (AML) and relapse (ALL R) were digested with the Bglll restriction enzyme, size separated and
blotted onto nylon membrane filters, which were hybridized with the 32P-abelled IGKDE prabe. In all

three disease phases, an identical monoclonal pattern with biallelic /GK gene rearrangements was iden-
tified.

(B} Heteroduplex PCR analysis of V33-J81, V62-D83 and intron RSS-Kde PCR products. Monoclonal
homoduplexes (ho) found at three disease phases were of the same size. Mixing of the PCR products of
these disease phases followed by heteroduplex PCR analysis demonstrated no heteroduplex (he) forma-

tion, proving that these gene rearrangements had identical junctional regions. ss, remaining single strand
fragments.

did not form any additional (heteroduplex) bands, confirming that the PCR products
at diagnosis, at the AML phase and at relapse were identical (Figure 2B). Similarly,
identical V§2-D&3 homoduplexes were found at initial diagnosis and at AML phase,
while repeated PCR anaiysis did not reveal clonal V32-D83 PCR products at the
Al L/acute undifferentiated leukemia (AUL) relapse. Finally, two Vid-Jx and two
intron RSS-Kde homoduplexes were found by PCR analysis, representing biallelic
rearrangements that were identical at all three disease phases (Figure 2B).

DISCUSSION

We describe a patient with three different phases of acute leukemia. A remark-
ably early switch was observed from a precursor—B-ALL, initially responding to stan-
dard ALL therapy, to AML5b 2 weeks after diagnosis. This switch was apparent both
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morphologically and immunophenotypically. After completion of AML treatment, a
relapse occurred. This third phase of the disease was morphologically AUL but had
immunophenofypic characteristics of precursor-B-ALL.

Biallelic IGH and /IGK gene rearrangements were found at diagnosis. Also, two
TCRD gene rearrangements were detected, a V§3-J61 and a V32-Da3 rearrange-
ment, the latter being derived from a subclone. The finding of a complete V§3-J51
gene rearrangement was unusual for precursor-B-ALL, because complete TCRD
gene rearrangements are characteristic of T-lineage ALL and are rarely observed in
precursor-B-ALL.1820 1g/TCR gene rearrangements, including complete TCRD
rearrangements, can be found in AML, albeit with iow frequency (5-15%) and usual-
ly concerning single loci.21-22 Multipie Ig gene rearrangements particularly involving
the /IGK gene are almost exclusively observed in precursor-B-ALL. All identified Ig
and TCR gene rearrangements were stable throughout the disease course, except
for the subclonal V82-Da3 rearrangement, which was lost at relapse. These immuno-
genetic results prove the clonal refationship between the three disease phases in this
leukemia patient.

Sensitivity to chemotherapy was remarkably good at ali three stages of the dis-
ease. There was no apparent development of drug resistance and, even at the time
of relapse, conventional Al L-type chemotherapy was sufficient to obtain remission
again.

Two patients with a similar early ALL to AML switch have been described previ-
ously but without any proof for clonal relationship.23-24 There may be several mech-
anisms to explain the described phenomenon of phenotypic switch in a leukemic
clone. Clearly, a 2-week period is too short for therapy-induced secondary leukemia.
However, chemotherapy might have selected a therapy-insensitive myeloid sub-
clone, which represented a minerity in the larger population of leukemic celis with a
different (lymphoid) phenotype. Such a shift in lineage predominance rather than a
true phenotypic change has been described previously in two infants with congenital
leukemia.25-28 Both patients had biphenotypic leukemias at diagnosis, with lymphoid
and myeloid blasts sharing the same MLL gene abnormality and /GH gene
rearrangemeant in the two disease phases. This is in confrast to our case, in which
there was no cytomorphological and immunophenotypic evidence for the presence
of phenotypically bicional leukemia at diagnosis. An alternative explanation for the
early phenotype switch would be reprogramming of a malignant pluripotent stem cell,
capable of both lymphoid and myeloid differentiation.

The dynamics of the phenotype switch in our patient - especially apparent in the
first episode - is puzzling. Within days, chemotherapy was capable of killing the lym-
phoid leukemic cells, while the leukemic stem cell could change its program into a
different (myeloid) direction, resistant to the chemotherapy used in that phase. The
second shift, with the same immunogenactype, may have been the initial phenotype
or alternatively a third phenotype.
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We conclude that this case illustrates the rare potential of leukemic clones to
adapt to chemotherapy by changing phenotype. This phenotype switch did not, how-
ever, lead to clinically apparent multidrug resistance. Cases like our patient may pro-
vide more insight into adaptive mechanisms in the behavior of ieukemias.
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ABSTRACT

A 3B6-week pregnant woman was diagnosed with acute lymphoblastic leukemia.
Delivery was initiated prematurely, and a healthy child was born. Cord blood and
peripheral blood samples from the neonate (obtained at 6 weeks, 3 months and 6
months) were analyzed for the presence of minimal residual disease by polymerase
chain reaction analysis of a leukemia-specific /{GH gene rearrangement and the £2A-
PBX1 fusion gene transcript. [n the cord blood sample, a tumor load of = 4 x 10-4
was found, whereas all later blood samples were negative. Our data indicate that the
maternal leukemic cells did not engrafi in the neonate.

INTRODUCTION

It has become widely accepted that the placenta is not an absolute barrier, but
that single cells can pass from mother to child and vice versa.!-® Recently, Catlin ef
al* reported transplacental transmission of a maternal natural killer cell lymphoma
and subsequent engraftment of these cells in the fetus, with fatal consequences for
the infant. In addition, direct evidence has been obtained for intraplacental metasta-
sis of (prejleukemic cells between monozygotic twins who developed concordant
acute lymphoblastic leukemia (ALL.) several years after birth.S The clonal origin of the
twin leukemias was proved by the presence of exactly the same clonotypic fusion

*Br J Haematol 2001; 114: 104-106 303
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sequence of a chromosome aberration and an identically rearranged /GH zallele.

Reports of patients with ALL during pregnancy are rare. In most cases reported
so far, chemotherapy was given during pregnancy and a heaithy child was born.67
We report the presence of matemnal ALL cells in cord blood (CB) of a neonate, born
1o @ mother who was diagnosed with ALL during late pregnancy.

MATERIALS AND METHODS

Case report

A previcusly healthy pregnant woman at 36 weeks' gestation presented with symptoms of abdomi-
nal pain, extensive night sweating and nose bleeding. She was referred to the St Antonius Hospital
(Nieuwegein, The Netherlands) and diagnosed with ALL of pre-B-ALL immunophenotype (TdT™, CD10™,
CD19*, CD22™, cytoplasmic CD78*, HLA-DR™, and cytoplasmic Igu™) with 90% blast cells in her periph-
eral blood (PB). Before the start of the cytotoxic treatment, delivery was initiated prematurely, and a
healthy female child (2.72 kg) was born. No abnormalities were found upon physical examinaticn of the
newborn, and her PB was normal by routine biochemical and cytomorphological analyses. The child
developed normally, was released from the hospital 3 weeks after birth and has continued to do well for
30 months.

A CB sample was taken, and PB samples were obtained from the newborn at 6 weeks, 3 months and
6 months after birth. Mononuclear cells (MNCs) were obtained by Ficoll density centrifugation and used
for molecular investigations.

Molecular analysis of blood samples from the newborn using Ig/TCR gene rearrangements as
targets

To detect clonal immunogiobulin (Ig) and T-cell receptor (TCR) gene rearrangements in the maternal
ALL cells, DNA was extracted from MNCs obtained at diagnosis. Polymerase chain reaction (PCR) analy-
sis was performed using 26 different primer combinations to detect rearrangements of the IGH, /GK,
TCRD, and TCRG gene loci.® PCR products were denaturated and renatured (80 min at 4°C) for het-
eroduplex anatysis to confirm the clonality of the detected rearrangements. Monocionat rearrangements
were subjected to direct sequence analysis of the junctional regions.?

The tumor load in the CB and PB samples from the child were analyzed by dot blotting followed by
hybridization with a patient-specific junctional region probed® and by real-time quantitative PCR {RQ-
PCR) analysis as described previously.'? Tenfold serial dilutions of ALL DNA inte DNA from normal MNCs
(101 = 10%) were made to define the sensitivity of the two PCR techniques and for assessment of the
tumor {oad.

Molecular analysis of blood samples from the newborn using fusicn gene transcripts as PCR
target

RNA was extracted from maternal MNCs at diagnosis, and cDNA was prepared. Reverse transcrip-
tion (RT)-PCR was performed to detect the most ccmmon chromosome aberrations in ALL."T RNA sam-
ples from CB and PB MNCs from the child were analyzed by a nested RT-PCR approach using £24 and
PBX1 primers as described previcusiy.! To check for the integrity of the RNA samples, an ABL RT-PCR
was performed, In addition, RQ-PCR analysis was performed for the £24-PBX 1 fusion transcript. The for-
ward primer (5'-GAC TCC TAC AGT GCT TCC CTG TTT AT-3") and TagMan probe (AGC CCA GGA GGA
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GGA ACC CAC AGA) were positioned in exon 13 of the £24 gene and the reverse primer (5-CGC TAA
CAG CAT GTT GTC CAG-3") was positicned in excn 2 of the PBXT gene. Tenfold serial dilutions of ALL
RNA into HL-60 RNA (10-1 - 10-%) were made to define the sensitivity of the two PCR techniques and for
assessment of the tumor load.

RESULTS

PCR heteroduplex analysis and subsequent sequencing revealed two clonal IGH
gene rearrangements, of which a VH3-11-JHGc¢ rearrangement was selected for this
study. A junctional region-specific probe was developed for PCR dot-blot analysis
reaching a sensitivity of 10-5 (Figure 1). Analysis of the CB sample showed the pres-
ence of maternal leukemic cells, with an estimated tumor ioad of 1073, The PB sam-
ples taken at 6 weeks and 3 months were negative (Figure 1). RQ-PCR analysis of
the Vu3-11-JHBc rearrangement resulted in a sensitivity of 10, The calculated
tumor ioad of the CB sample was 5 x 10~%, whereas the later neonatal PB sampies
were negative.

junctional
9abe region
VH3 JH
5' il 3!

VH3 primer JH primer

i -1 GGCAAAACCACCTTCCATA -17 l

5 GGGGGTCCCTGAGACTCTC 37 3 CCAGTGGCAGAGGAGTCCA S
child
o
mother _ 38 g 2
, o S 2 % 8
_ L % T2 e R F O T E 2 E
ce222e222 88 sq
@@ 6 o - )
D@e o - ®

dot biot hybridization with junctional region probe (GGCAAAACCACCTTCCATACTC)

Figure 1.

Dot-blot hybridization after PCR amplification of the VH3-11-JrBc target. The PCR products obtained were
hybridized with the patient-specific probe as indicated. This technique reached a sensitivity of 10-5. The
CB MNCs were clearly positive, with an estimated tumor load of 10-® based on comparison of the
hybridization signals with those of the dilution series. The samples obtained from the child at 6 weeks and
3 months of age were negative.
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RT-PCR analysis of the diagnosis sample identified the E2A-PBX7 fusion tran-
script, characteristic for {{1;18) and in line with the pre-B-ALL immunophenotype. Via
nested RT-PCR analysis, £2A-PBXT fusion transcripts were found in the CB sam-
ple, whereas all neonatal PB samples were negative. RQ-PCR analysis of the £2A-
PBX1 fusion gene transcript resulted in 2 sensitivity of 5 x 1075, The relative tumor
load of the CB sample was 3 x 1074, whereas all PB samples were negafive,

DISCUSSION

This is the first report on the presence of maternal ALL cells in the CB sample of
2 neonate. The occurrence of maternal leukemic cells in the CB sample and in the
child’s PB samples was determined by analysis of a donal /GH rearrangement and
E2A-PBX1 fusion gene transcripts via classical PCR approaches 8911 as well as via
the recently developed RQ-PCR technigue.? Fully concordant results were obtained
with the four different minimal residual disease (MRD) PCR techniques, and accu-
rate quantification of the leukemic load (=~ 4 x 10~%) was achieved by the RQ-PCR
analyses.

Formally, we cannot exclude the possibility that the CB sample has been con-
taminated with 2 minor amount of maternal PB during sampling, but we fock ali nec-
essary precautions o obiain uncontaminated CB. However, it is fair to assume that
the matemal leukemic cells passed the placental barrier, like normal maternal leu-
cocytes’ 3 and natural killer cell lymphoma cells.* Consequently, we conclude that
these maternal leukemic cells did not engraft in the fetus: within 6 weeks after birth,
the leukemic cells became undetectable and were probably eliminated by the
immune system.
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ABSTRACT

Immunogtobulin (lg) and T-cell receptor (TCR) gene rearrangements are
assumed to be unique ‘fingerprint-like’ sequences for each acute lymphoblastic
leukemia (ALL). Various clonal Ig/TCR gene rearrangements can be identified at
diagnosis in virtuaily ail childhood ALL patients, representing molecular targets for
detection of minimal residual disease (MRD) during follow-up analysis. The usage of
at least two MRD-PCR targets per patient generally ensures high sensitivity {(1:10%
normal cells) and prevents false-negative results owing to ongoing or secondary
rearrangements.

MRD monitoring in childhood ALL employing Ig/TCR gene rearrangements as
PCR targets has significant prognostic value. This is particularly powerful for evalu-
ation of early treatment response and consequently can be used for improved ther-
apy stratification. Prolonged continuous MRD menitoring might be important for
patients at interrediate or high risk of relapse. MRD monitoring in second complete
remission identifies patients with excellent drug sensitivity and predicts outcome
after stem celi transplantation.

*Best Pract Res Clin Haematel 2002; 15: 37-57 311
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INTRODUCTION

Modern treatment protocols induce compiete remission in virtually all (>85%)
children with acute lymphoblastic feukemia (ALL), but approximately 20-30% of
these patients relapse.? Apparently, chemotherapy regimens are not capable of
killing all clonogenic malignant cells in these patients although they reached com-
plete remission according to clinical and morphological criteria. The detection limit of
morphological techniques in ALL is not lower than 1-5% of malignant lymphoblasts
between normal bone marrow (BM) cells. Therefore, it was postulated that more sen-
sitive techniques would discern cases at high risk of relapse from patients with excel-
lent prognosis. in childhood ALL defection of malignant cells at low frequencies dur-
ing and after treaiment, i.e. detection of minimal residual disease (MRD), most fre-
guently relies on patient-specific immunoglobulin (Ig) and T-cell receptor (TCR) gene
rearrangements as molecular markers for investigation.

JUNCTIONAL REGIONS OF IG/TCR GENE REARRANGEMENTS AS PCR
TARGETS FOR MRD DETECTION

Buring early B- and T-cell differentiation the germline variable (V), diversity (D),
and joining (J) gene segments of the lg and TCR gene complexes rearrange, and
each lymphocyte thereby obtains a particular combination of V-(D-)J segments.24
Moreover, deletion of germiine nuclectides by trimming the ends of the rearranging
gene segments as weli as insertion of nuclectides hetween the joined gene seg-
ments by terminal deoxynucleotidyl transferase (TdT) creates an enormous junc-
tional diversity (Figure 1). Therefore, the junctionai regions of rearranged Ig and TCR
genes are unique ‘fingerprint-like’ sequences that are assumed to be different in
each lymphoid precursor cell. Consequently, the junctional region can be considered
as a '‘DNA-fingerprint of each particular ALL because ALL cells are clonal lymphoid
precursor proliferations (Figure 1).4% Several early studies have shown that junc-
tional regions indeed can be used as tumor-specific targets for MRD monitoring.5-8
For this purpose, the various Ig and/or TCR gene rearrangements have 1o be identi-
fied in each leukemia patient at initial diagnosis.

identification of juncticnal regions of lg and TCR gene rearrangements as
MRD targets

To identify leukemia-specific junctional region sequences precisely, clonal ig and
TCR gene rearrangements should first be amplified by PCR analysis, followed by
sequencing of the PCR product obtained. PCR amplification is possible only when
the Ig or TCR gene segments are juxtaposed through rearrangement, as the dis-
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junctional
Vi region Kde

5142
5257
5346
5500
6229
6364
6429
7092
71027
71028

b 3

Germline Vk3-20 sequence junctional region Germline Kde sequence
TGICAGCAGTATGGTAGCTCACCTCS IGGAGCCCTAGTGECABCCGCAGEGCGACTCC
TGTCAGCAGT CCCGAAGGGA AGGGCGACTCCT
TGTCAGCAGTATGGTAGCTCACCTCC GGTTCCCAA CAGGGCGACTCCT
TGTCAGCAGTATGGTAGCTCACCT ACCGAGAGA AGCCCTAGTGGCAGCCCAGGGCGACTCCT
TGTCAGCAGTATGGTAGCTCACCTCC TCCCC CCCTAGTGGCAGCCCAGGGCGACTCCT
TGTCAGCAGTATGGTAGCTCACT CATCCCCGAGG GCCCTAGTGGCAGCCCAGGGCGACTCCT
TGTCAGCAGTATGGTAGCTCACCTCC cc GCCCTAGTGGLAGCCCAGGGCGACTCCT
TGTCAGCAGTATGGTAGCTCACT cTC GGLAGLCCAGGGCGACTCCT
TGTCAGCAGTATGGTAGCTCACC GGG CCTAGTGGCAGCCCAGGGCGACTCCT
TGTCAGCAGTATGGTAGCTCACCTCC GAGCCCTAGTGGCAGCCCAGGGCGAGTCCT
TGTCAGCAGTATGGTAGCTCACCTCC Al AGCCCAGGGCGACTCCT

Junctional
region
VH Dr JH
o

Germline VH6-1 sequence junctional region Germline J4 sequences
CIGTGCAAGAGA ATTACTACTACTACTACGGTATGGACGTCTEE
ACAACTGGTICGACTCCTGG
ACTACTITGACTACTSG
ATGCTTITIGATATCTGG
3963 CTGTGCAA TAT CTACTTTGACTACTGG
51614 CTGTGCAAGAG GACGAMCAGTAACTEC CTACTACTACTACGGTATGGACGTCTGG
51818 CTGTGCAAGAG CCTCTCTCCACTEGGATGEGEGE CTACTGG
5161C {-31) <G CCTGG
5260 CTGETGCA CEETAGTACCAGCTRCCCATACCATTTTTGGAGTGRTTAGGECGACTEGE  ACTACGGTATGGACGTCTGE
5357 CTGTGCAAGAG GACTTTGG ATGCTTTTGATATCTGG
55861 CTGTGCAAGAG CAGCAGCTCGGLCSE CTTTGACTACTGG
55655 CTGTGCAAGAG GEGTATTATGATTACGTTTGGGGGAGTTATCGTTACTCCCTCAGACGCTCAM TTTGACTACTGG
55658 CTGTGCAAGAG CEGGCTATGGTTCAGGGAGTTATGG CTACTACGGTATGGACGTCTGG
5582 CTGTGCAAGAG GGETEGGAGCTACTA GACTACTGG
5584 CTGTGCAAGAGA TCCOGGCAGCTCOTTT TGCTITTGATATCTGG
5602 CTGTGCAAGAGA GATAGTATAGCAGCTCGT ACAACTGGTTCGACTCCTGG
5670 CTGTGCAAG GGTAGCTAAAC CTTTGACTACTGG
Figure 1.

JHE
JHS
JH4
JH3

JH4
JHE
JHd
JHS
JHB
JH3
Jrd
Jr4
JHE
JHa
JH3
JHE
JHd

{A) Schematic diagram of the Vi3-20 gene segment joined to the Kde gene segment via a junctional
region. PCR-mediated amplification of the joined /GK gene segments and subsequent sequencing of the
junctional region in the PCR products obtained can be performed. The junctional region sequences pre-
sented are derived from precursor-B-ALL patients and illustrate the deletion of nucleotides from the
germling sequences as well as the size and composition of the junctional regions.
{B) Schematic diagram of the VHE-1 gene segment joined to one of the JH gene segments via a junction-
al region, /GH junctional regions may contain cne, or rarely, two DH gene segments. The /GH juncticnal
region sequences presented illustrate that deletion and insertion of nucleotides are more extensive than
in the case of IGK-Kde junctions. DH gene segmenis and inserted nucleotides are indicated by capital let-
ters and small capital letters, respectively.
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tance between these gene segmenis in germiine configuration is far too large for
PCR amplification. Because most PCR studies on Ig and TCR gene rearrangements
in ALL are performed at the DNA level, the primers are complementary to exon
and/or intron sequences of V, D and/or J gene segments, depending on the type and
completeness of the rearrangement®88 Ig heavy chain (/GH), TCR gamma
(TCRG), and TCR delta (TCRD) gene rearrangements can be analyzed relatively
easily with the PCR technique because the /GH gene complex contains only seven
VH families, seven D families, and six functional JH gene segments (recognized by
five VH family-specific and seven DH family-specific primers in combination with one
consensus JH primer) and because the TCRE and TCRD genes contain a limited
number of V, (D), and J gene segments.5-9-1 This implies that only a restricted num-
ber of oligonucleotide primers are needed.’.12 Also PCR analysis of ig kappa (/GK),
lg lambda {/IGL), TCR alfa (TCRA) and TCR beta (TCRB) gene rearrangements is
possible, but this requires more primers, especially for the many different V and J
gene segments in TCRA and TCRB gene complexes.

The detection of (clonal) Ig/TCR gene rearrangements by PCR analysis is limit-
ed by the choice of primers, raising the possibility of false-negative results. A more
essential drawback is the risk of false-positive results owing to the fact that not only
clonally rearranged Ig and TCR genes are amplified but also ig and TCR rearrange-
menis from normal, polyclonal ceils, which have rearranged the same gene seg-
menis. Discrimination between clonal (leukemia-derived) and polyclonal {reactive
and normal lymphoid cell-derived) PCR products is virtually impossible by means of
standard agarose ge! electrophoresis. Therefore, PCR-amplified rearranged gene
products need additional analysis for distinction between polyclonal and monoclonal
PCR products. Methods that have been successiully applied for this purpose include
direct sequencing of PCR products,’3 single strand conformation polymorphism
analysis,* denaturing gradient gel electrophoresis,’® heteroduplex analysis,18.17
temperature gradient gel electrophoresis,'® high-resolution radioactive fingerprint-
ing'® and fluorescent gene scanning analysis.2® Of these, heteroduplex analysis is
probably the simplest, fastest and most cost-effective. In the heteroduplex analysis,
the double-strand PCR products are denatured at 84°C and subsequently renatured
at 4°C to induce homoduplex formation {duplexes with identical, clonal junctions) or
hateroduplex formation (duplexes with different junctional regions).’7 Homoduplexes
and heteroduplexes are subsequently separated from each cther by polyacrylamide
gel electrophoresis, which clearly discriminates between the presence of rapidly
migrating homoduplex bands or siowly migrating heteroduplex smears.?

g and TCR gene rearrangements in precursor-B-ALL

Based on their immunophenotypic characteristics, precursor-B-ALL are general-
ly regarded as clonal malignant counterparts of normal precursor-B-cells. In line with
this assumption, our studies indicate that >95% of childhood precursor-B-ALL have
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IGH gene rearrangements and that most of them contain /GK gene rearrangements
(30%) or deletions (50%); even 20% of precursor-B-ALL cases have /GL gene
rearrangements (Table 1).2%24 The vast majority of /GH gene rearrangements rep-
resent complete VH-(DH)-JH joining, while incomplete DH-JH rearrangements could
be identified in 22% of patients, being the scle IGH gene rearrangements in only 5%
of patients.’ Deletions in the /GK genes are predominantly mediated via the /GK
deleting element (Kde) sequence, which implies that /GK gene deletions can be
identified as Kde rearrangements. Kde rearranges either to a heptamer recombina-
tion sighal sequence (RSS) in the Jx-Cx Intron, thereby deleting the Cx gene seg-
ment, or {0 a Vi gene segment, thereby deleting a large part of the /GK gene, includ-
ing the Ji and Cx gene segments, or very rarely to one of the RSS flanking Jx gene
segments.2926 JGK-Kde rearrangements occur on one allele or both alleles in 20%
and 30% of precursor-B-ALL cases, respectively.2?

Cross-lineage TCR gene rearrangements occur at high frequency in childhood
precursor-B-ALL: TCRB, TCRG and TCRD gene rearrangements and/or deletions
are found in 35%, 60% and 80% of cases, respectively.27.28 However, the spectrum
of cross-lineage TCR gene rearrangements in precursor-B-ALL is very limited. TCRB
gene rearrangements are restricted to the JB2 region. This is in contrast to normal

Table 1. Frequencies of identifiable Ig and TCR gene rearrangements as MRD-PCR targets in
childhood ALL.®

Gene Rearrangement type Precursor-B-ALL T-ALL
1GH VH-JH 93% 5%
DH-JH 20% 23%
total IGH 98% 23%
1GK Vi-Kde 45% 0%
intron R8S-Kde 25% 0%
total /GK-Kde 50% C%
TCRG Vyedy 55% 95%
TCRD Va-J31 or D3-J31 <1% S0%
V$2-D&3 or D32-D33 40% 5%
Total TCRD 40% 55%
At least one PCR target >95%0 >95%P
At least two PCR targets ~90%P ~80%P
At least three PCR targets ~B5% ~50%

a, The indicated frequencies refer solely to the presence of PCR-detectable rearrangements.

b. When a high sensitivity of £ 104 is included as an extra criterion, the frequency of at least one sensi-
tive PCR target drops to 85-90% and the freguency of at least twe sensitive PCR targets drops to
approximately 80%.
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T-cells and T-ALL, which employ both Jp1 and Jp2 gene regions. TCRG gene
rearrangements in childhood precursor-B-ALL most frequently (~70%) concern
rearrangements to Jy1 region gene segments. Curiously, 80% of TCRD gene
rearrangements represent incomplete V32-D83 or D52-D83 joinings, whereas com-
plete rearrangements to the J&1 gene segment, characteristic for normat T-cells and
T-ALL biasts (particularly TCRy3%)2® have been reported in precursor-B-ALL oniy
anecdotally.30 Furthermore, V32-D83 rearrangements are prone to continuing
rearrangements, particulardy to Jo gene segments with concomitant deletion of the
C§ exons and subsequent Va-Ja recombination.®1.32 in fact, 40% of TCRD gene
deletions in childhcod precursor-B-ALL result from a V§2-Ja réecombination, while
the remaining 60% of C3 deletions are caused most probably by Va-Ja rearrange-
ments.?® Interestingly, the cccurrence of cross-lineage TCR gene rearrangements
seems to be age-dependent.33.34 For example, the incidence of incomplete V52-D33
gene rearrangements significantly decreases with patient age, while TCRG gene
rearrangements are rarely found in patients below 2 years of age 3334

Junctional regions of /IGH, IGK (especially /GK-Kde), TCRG, and TCRD gene
rearrangements are convenient MRD-PCR {argets because they can be identified wit
only a limited number of PCR primer sets..12 Moreover, the vast majority (>95%) of
precursor-B-ALL patients can be monitored by application of junctional regions of
IGH, IGK, TCRG and/or TCRD gene rearrangements (Table 1).28.35

TCR and lg gene rearrangements in T-ALL

The immunophenotype of T-ALL is comparable to those of cortical thymocytes.
Subclassification of T-ALL into CD3~, TCRy8™, and TCRaf™ subgroups reveals
major differences in TCR gene rearrangement patterns.21.36 Although the frequency
of TCR gene rearrangements in the total group of T-ALL is very high, approximately
10% of CD3~ T-ALL still have all TCR genes in germline configuration;2'3® this con-
cerns mainly immature CD1=/CD3~ T-ALL of the prothymocytic/pre-T-ALL subgroup.
The TCRD genes in CD3~ T-ALL are rearranged in most cases (approximately 80%)
and contain biallelic deletions in approximately 10% of cases.®3 As expected, all
TCRy8* T-ALL have TCRG and TCRD gene rearrangements and the vast majority
(approximately 95%) also contain TCRB gene rearrangements.®.2% All TCRaf™ T-
ALL contain TCRB and TCRG gene rearrangements and have &t least one deleted
TCRD aliele (TCRA rearrangement); the second TCRD allele is also deleted in two
third of cases.%21 Analysis of the TCRG gene configuration in T-ALL showed that
TCRy8™ T-ALL display & less mature TCRG immunogenotype as compared to
TCRap* and most CD3~ cases.3” This is reflected by significantly more frequent
usage of the more downstream Vy genes and the upstream Jy1 segments in TCRy8™
T-ALL.29.37 Despite the described immunobiological differences between the T-ALL
subsets, in virtually all childhood T-ALL (>85%) TCRG andfor TCRD junctional
regions are potentially suitable targets for MRD monitoring (Table 1).9.37
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Cross-lineage ig gene rearrangements occur at relatively low frequency in T-ALL
(approximately 20%) and involve virtually only /GH genes (Table 1).27 Interestingly,
cross-lineage /GH gene rearrangements occur more frequently in CD3— T-ALL
(approximately 20%) and TCRv8™ T-ALL {approximately 50%) than in TCRap™* T-
ALL (<5%).38

Heterodupiex PCR analysis showed a high frequency (approximately 80%) of
incomplete Dn-JH rearrangements as well as preferential usage of Dug-12 and the
most downstrearmn Du7-27 gene segment together with the most upstream JH1 and
JHZ gene segments. Complete VA-Jn recombinations comprised only 18% of cross-
lineage IGH gene rearrangements in T-ALL patients.36

Applicability of the junctional regions of Ig/TCR gene rearrangements for MRD
analysis

The homoduplex PCR products can be used for direct sequencing of the junc-
tional regions of the clonal Ig/TCR gene rearrangements. This sequence information
allows the design of juncticnal region-specific cligonucieotides. These oligonu-
cleotides can be applied for detection of malignant cells among normal lympheid
cells in two different ways. One possibility is the use of the oligonucleotides as
patient-specific junctional region probes in hybridization experiments to detect PCR
products derived from the malignant celis. The other possibility is to use the junc-
tional region-specific oligonuclectide as primer in a PCR to amplify the rearrange-
ments of the malignant clone specifically.

Sensitivity of MRD monitoring by PCR analysis of junctional regicns
Theoretically the detection limit of the PCR technique is approximately 10~ if a
DNA segment is used as PCR target.® This detection fimit can indeed be reached,
but generally varies between 10~* and 10 53240 The sensitivity of MRD-PCR
analysis of junctional regions is dependent on the type of rearrangement and on the
‘background’ of normal lymphoid cells with comparable lg or TCR gene rearrange-
ments. Junctional regions of complete V-D-J rearrangements are extensive, where-
as junctional regions of V-J rearrangements are generaily three to four times small-
er. Normal cells can contain the same rearranged gene segments as the leukemic
cells. For instance, V81-J51 rearrangements frequently occur in T-ALL, but also in a
small fraction (0.1-2%) of normal peripheral blood (PB) T-cells; Vyi-Jy1.3 and Vyl-
Jv2.3 joinings comprise 50-80% TCRG gene rearrangements in ALL, but are also
found in a large fraction (70-20%) of normal PB T-cells. This might significantly influ-
ence sensitivity levels, particularly taking into account the abundance of polyclonal
Vy-Jv joinings in normal T-cells in post-induction follow-up samples.*! Therefore,
MRD-PCR analysis of long V§1-J81 junctional regions in PB samples is generally
more sensitive (10% to 1078) than MRD-PCR analysis of short Vy-Jv junctional
regions (10-3 to 1075).12 Similarly, substantial expansions of normal precursor-8-
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cells with polyclonal /GH gene rearrangements in regenerating BM after cessation of
maintenance therapy may affect sensitivity of MRD detection using Ig gene
rearrangements as PCR targets.4243

lg/TCR gene rearrangements can be identified at diagnosis in more than 95% of
patients, and at least two targels per patient are available for 80% of childhood
ALL.40 However, as explained above, not all I[g/TCR targets can reach a sensitivity
of <10-%. Preliminary resuits of first 500 childhood ALL patients treated with current
BFM (Berlin-Frankfurt-MUnster) Study Group treatment protocol indicate that it is
generally possible to identify two sensitive MRD targets (<10~%) in approximately
80% of patients (T. Flohr et al., unpublished results).

Quantification of MRD levels detected by PCR analysis of junctional regions
MRD quantification by PCR analysis of I[g/TCR gene rearrangements is a com-
plex process, which is essential for reliable disease monitoring. First, the quality and
amplifiability of isolated DNA should be ensured. Second, minor variations in primer
annealing and primer extension may lead to major variations after 30-35 PCR cycles.
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dot blot hybridization with junctional region probe (CAATTTCCCCGTAGCCCTAGT)

Figure 2.

A Vxll-Kde rearrangement of a precursor-B-ALL as sensitive MRD-PCR target. The patient-specific junc-
tional region probe was designed according to the junctional region sequence with deletion of five
nucleotides and insertion of only three nucleotides. Tenfold dilutions were made from DNA of the leukemic
cells into DNA from mononuclear cells. PCR analysis with Vxlil and Kde primers was performed on the
dilution samples. The PCR products were bictted in duplicate on a nylon membrane and hybridized with
the junctional region probe. This specific MRD-PCR target reached a sensitivity of 107% without back-
ground signals, despite the relatively short junctional region.
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The disadvantages of PCR end-point quantification might (partly) be overcome by
using serizal dilutions of DNA isclated from the leukemic cell sample at diagnosis into
DNA of normal mononuclear cells (Figure 2).12 The same dilution series of diagno-
sis DNA is generally used to determine the tumor ioad in a follow-up sample in a
semi-quantitative manner by comparison of the hybridization signals. This approach
gives an indication of the tumor burden in the follow-up sample. A more precise but
also more laborious quantification method is based on limiting dilution of MRD posi-
tive remission sampies. 4445 To make this assay reliable, it is necessary to perform
replicate experiments to determine the level of MRD positivity. Ancther less tedious
strategy for quantitative PCR uses an internal standard that is co-amplified with the
target of interest. Quantification by competitive PCR is performed by comparing the
PCR signal of the specific target DNA with that of known concentrations of an inter-
nal standard, the competitor.46

Recently, 2 novel technology has become available, the ‘real-time’ quantitative
PCR (RQ-PCR).4748 in contrast to the above-described PCR end-point quantifica-
tion techniques, RQ-PCR permits accurate guantification during exponential PCR
amplification. The first available RQ-PCR fechnique was based on TagMan technol-
ogy (Figure 3). This assay exploits the 53" nuclease activity of the Tag polymerase
to detect and gquantify specific PCR products as the reaction proceeds.*® Upon
amplification, an internal target-specific TagMan probe (hydrelysis probe) conjugat-
ed with a reporter and a quencher dye is degraded, resulting in emission of a fluo-
rescent signal by the reporter dye that accumulates during the consecutive PCR
cycles, Because of the real-time detection, the method has a very large dynamic
detection range over five orders of magnitude, thereby eliminating the need for per-
forming serial diluticns of follow-up samples (Figure 3). Quantitative data can be
obtained in a short period of time because post-PCR processing is not necessary,
Several groups have shown that RQ-PCR via the TagMan technology can be used
for the quantitative detection of MRD in childhood ALL using junctional regions of
Ig/TCR gene rearrangements as leukemia-specific PCR targets.50-52 Another type of
RQ-PCR technology exploits hybridization probes via fluorescence reseonance ener-
gy transfer (FRET) technology, which is usually performed using rapid-cycle RQ-
PCR (LightCycler) technology. This method requires two hybridization prebes com-
plementary to neighboring sequences, one labeled with & fluorescent dye at the 3
end and the other carrying a fluorochrome at the 5’ end. One dye is & donor fluo-
rochrome, whereas the other fluorochrome (acceptor) emits light if it is positioned
close to the donor dye. Fluorescence is measurad during each annealing step, when
both probes hybridize to adjacent target sequences on the same strand.47-53 Also in
this hybridization probe-based RQ-PCR analysis, the fluorescent signal is exponen-
tially increasing during the consecutive cycles, in line with the amount of PCR pred-
uct formed. A third possibility for RQ-PCR is detection of SYBR green | (DNA-inter-
calating dye) fluorescence during PCR employing patient-specific primers (Figure
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4).47:54 The SYBR Green | dye binds to the minor groove of double-stranded DNA,
which greatly enhances its fluorescence. During the consecutive PCR cycles, the
amount of double-stranded PCR product will increase, and therefore more SYBR
Green | dye can bind to DNA and emit its fluorescence. Maximal SYBR Green | dye
binding will occur at the end of each elongation phase. This approach is most cost-
effective and is sufficiently sensitive for MRD detection.3* Several studies are in
progress to assess whether SYBR green I-based detection of PCR products ensures
satisfactory specificity; the first results look very promising (T. Flohr et al., unpub-
lished resulis).

Oligocionality and stability of Ig and TCR gene rearrangements

Ig and TCR gene rearrangements in precursor-B-ALL and T-ALL might be prone
to subclone formation owing to continuing rearrangements or secondary rearrange-
ments mediated via the active recombinase enzyme system in these immature lym-
phoid malignancies (reviewed in ref. 55). Several studies have shown that newly
diagnosed childhcod precursor-B-ALL are frequently oligoclonal becauss they con-
tain multiple /GH gene rearrangements (30% to 40% of cases) and even multiple
IGK gene rearrangements (5% to 10% of cases).2356 These multiple Ig gene
rearrangements can result from both centinuing rearrangement processes {e.g., con-
tinuing VM to Dr-J joining) as well as secondary rearrangements (e.g., Du-Ju
replacements, Vu-Ju replacements, and Vx-Jx replacements), which result in one or
more subclones.56-58 |GH gene rearrangement patterns might even differ between
BM and PB in the same patient.5® Furthermore, oligoclonality in the /GH locus is also
found in 27% of T-ALL patients with rearranged /GH genes.36

The problem of oligoclonality at diagnosis is the uncertainty as to which cione is
going to emerge at relapse and which shouid therefore be meonitored with MRD-PCR
techniques. Secondary and ongoing /GH gene rearrangements might also occur in
the time period between diagnosis and relapse, resulting in loss of leukemia-specif-
ic MRD targets.55:60 These continuing or secondary /GH gene rearrangements in
ALL frequently represent VH to Dx-JH rearrangements or VH replacements, respec-
tively.38:57 During these two types of rearrangements the Du-J junctional region
remains unaffected, leading to the concept of designing the primers around the rel-

Figure 3.

Real-time quantitative PCR analysis by use of the TagMan technique. (A} The TagMan probe contains a
reporter dye (R) and a guencher dye (Q), which prevents emission of the reporter dye as long as the
reporter dye and the quencher dye are closely linked. During the extension phase of each PCR cycle, the
annealed TagMan probe is hydrolyzed by the 553’ exonuciease activity of the Tag polymerase, thereby
separating the reporter dye from the guencher dye. This results in a fluorescent signal (delta R}, which
further increases during each subsequent PCR cycle.

(BY Example of an RQ-PCR analysis using the TagMan approach. Tenfold dilutions of a diagnostic sam-
ple in normal mononuclear cell DNA were analyzed using an /GH rearrangement and a junctional region-
specific primer.
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atively stable Dr-JH region in order to prevent false-negative PCR results.>?

TCR gene oligocionality is rarely seen at diagnosis in T-ALL.21-37.60 However,
combined Southern blet and PCR data show that the frequency of oligoclonality in
the cross-iineage TCR gene rearrangements of precursor-B-ALL is approximately
20%, which is slightly less than in the /GH gene.28 Initially, subcione formation at
diagnosis was thought to be less frequent for the TCRD gene complex, as suggest-
ed by Southern blotting.® However, heteroduplex PCR analysis and sequencing
have shown that V32-D33 and D52-D383 rearrangements in newly diagnosed precur-
sor-B-ALL are oligoclonal in 30-40% of cases.28:33.81 V52083 rearrangements are
also prone to continuing rearrangements, particularly to Ja gene segments with con-
comitant deletion of the C§ exons 3261

Monoclonal MRD-PCR targets in childhood precursor-B-ALL are characterized
by high stability, with approximately 90% of all targets detectable at relapse. In con-
trast, only 40% of the oligoclonal MRD-PCR targets are preserved at relapse
(T. Szczepanski et al., unpublished observations). Therefore, it is probably important
fo discriminate between monoclonal and oligoclonal 1g/TCR rearrangements; this
requires a combined Southern blot and PCR approach. Southem blotting is particu-
larly informative for detection of oligoclonality in /GH and /GK gene rearrange-
ments,2123 whereas heteroduplex PCR analysis in combination with Southem blot-
ting is informative for detection of oligoclonal TCRD gene rearrangements.28.81

False-negative resuits due fo clonal evolution are 2 major drawback of using
Ig/TCR gene rearrangements as PCR targets for MRD detection. Changes in /IGH
gene rearrangement patterns at relapse occur at high frequency in childhood pre-
cursor-B-ALL, particularly when subclone formation is already present at diagno-
5i8.90 Changes in TCRG and TCRD gene rearrangements at relapse are found in
both precursor-B-ALL and T-ALL, but generally concern only ong allele 58:80.62 at
present, the /GK-Kde gene rearrangements are considered to be the most stable
MRD-PCR targets, probably because they are rarely oligoclonal and represent end-
stage rearrangements, which do not allow continuing or secondary rearrangements
{Van der Velden et al., unpublished observations). The risk of changes in rearrange-
ment patterns was suggested to increase with time (i.e. with remission duration).50
However, clonal selection processes can occur already during early treatment phas-
es,6% whereas clonal identity was frequently reported between diagnosis and very
late relapse of precursor-B-ALL.84 Moreover, in relapse patients further clonal evo-

Figure 4.

RQ-PCR based MRD analysis using the Light Cycler technology and SYBR green | detection format. (A)
Schematic representation of the allele-specific oligonucleotide (ASO) PCR strategy. For TCRG gene
rearrangement, first-round PCR was performed using the Vvl family-specific primer and the Jy1.3/2.3 con-
sensus primer. An inngr Vyl member-specific primer (Vv4-3") and an ASO were used for ASO-PCR. (B}
ASO-PCR results after 25 PCR cycles at 62°C, including five initial touch-down cycles with a decrease in
temperature of 1°C per c¢ycle from 67°C to 82°C on a block thermocycier and gel electrophoresis. (C}
Amplification profile. (D) Meiting curve analysis. {(E) Calibration graph (see reference 54 for details).
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lution is generally not observed at second or third relapse.32:80 Despite the high fre-
guency of immunogenotypic changes in childhood ALL at relapse, at least one
rearranged /GH, TCRG and/or TCRD aliele remains stable in 75-80% of precursor-
B-ALL and in 90% of T-ALL.58.60.62.85 More importantly, in most ALL patients at least
two suitable PCR-targets are available (Tabie 1). Therefore, it is now generally
accepted that MRD-PCR studies should preferably employ at least two Ig/TCR tar-
gets per patient. Such approach should result in @ major reduction of false-negative
MRD results.

CLINICAL VALUE OF MRD IN CHILDHOGD ALL

Assessment of early treatment response

The initial retrospective and small prospective studies with relatively short follow-
up indicated that the detection of MRD in ALL in childhood has potent clinicai value,
although the resuits of these clinical studies were not fully concordant 8.48.66-79 This
was attributed fo differences in MRD methods and pariicularly differences in sensi-
tivities of MRD monitoring as well as to differences in intensity of cytotoxic treatment
protocols. Several recent large prospective studies confirmed the clinical value of
MRD monitoring, justifying incorporation of the MRD information to refine risk assign-
ment in current childhood ALL freatment protocols.83.80-84

The most significant application of MRD monitoring in childhood ALL is the esti-
mation of the initial response to chemotherapy. Traditionally, good clinical response
with blast count in PB less than 1000/ul after a week of single agent steroid therapy
or absence of circulating blasts after 7 days of multi-agent induction chemotherapy
were found to be important prognostic factors.®> As a logical continuation of these
clinical findings, low levels or absence of MRD after completion of induction therapy
seems 1o predict good oufcome, as found by PCR-based MRD stud-
ies.69.88.72.77.78,80.62 Meta-analysis of published MRD studies showed that approxi-
mately 50% of children with ALL are MRD positive at the end of induction treatment
and approximately 45% of these MRD-positive patients will ultimately relapse.86 The
risk of relapse is proportional to the detected MRD levels.857277.80 The level of
MRD-PCR positivity after induction therapy is the most powerful prognostic factor.
Multivariate analyses showed that this prognostic value is independent of other clin-
ically relevant risk factors, including age, blast count at diagnosis, immunophenotype
at diagnosis, presence of chromosome aberrations, response o prednisone, and
classicai clinical risk group assignmenti, provided that accurate MRD quantification
on adeqguate BM samples is performed.85.80.82

The meaning of MRD positivity differs in cytogenetic subgroup of ALL.
Philadelphia-positive (Ph™*) ALL with 1(9;22) is characterized by high drug-resistance
and a very poor prognosis.8? This leukemia subtype is also associated with an
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increased percentage of MRD positive patients and increased MRD levels at the end
of induction treatment.8 Chemotherapy can lower the degree of MRD by only 2 to 3
logs in most Ph™ ALL patients, which is not enough for prolonged hematologicat
remission. Nevertheless, in some patients with favorable prognostic features (e.g.,
low initial leukocyte count or good prednisone response) the disease can be con-
trolled with intensive chemotherapy.87 MRD monitoring might identify this small drug-
sensitive subgroup of Ph™ patients. However, due to the poor prognosis of ALL with
£(9;22) and the very low frequency of complete cure in this patient group, this hypoth-
esis should be confirmed by large multi-center studies. The same holds frue for other
cytogenetic ALL subgroups with increased risk of relapse — as, for instance, precur-
sor-B-ALL with t(4;11). It is possible to identify 2 small subgroup of {(4;11)-positive
patients with rapid achievement of molecular remission after intensive chemothera-
py and/or allogeneic BM transplantation (BMT) and persistent PCR-negativity in
long-term complete remission.8¢ Therefore, prospective MRD monitoring can be
used for assessment of freatment response and can be applied for individualization
of therapy in order further fo improve the cutcome of high-risk t{4;11) positive
leukemia, including infant ALL patients.®0 MRD studies in patients with the prognos-
tically favorabie TEL-AMLT aberration suggest that the MRD levels at the end of
induction therapy are generally below the threshold associated with bad outcome.®?
Nevertheless, using quantitative MRD anaiysis of early freatment response, it is pos-
sible to identify the subgroup of TEL-AML7T positive patients at high risk of leukemia
relapse.®1

The results from the large prospective MRD study of the International BFM Study
Group (I-BFM-SG) indicated that analysis of MRD at a single time point is not suffi-
cient for recognition of patients with poor progrosis as well as patients with good
prognosis.5% in contrast, combined information on the kinetics of tumor load
decrease at the end of induction treatment and before consolidation treatment
appeared to be highly informative. This combined MRD information distinguishes
patienis at low-risk with MRD negativity at both time points (5-year relapse rate of
2%); patients at high risk with an intermediate (10-3) or high (=10-2) degree of MRD
at both time points (5-year relapse rate of 80%}); and the remaining patients at inter-
mediate risk (5-yvear relapse rate of 22%) (Figure 5).5% The MRD-based low-risk
patients make up a group of a substantia! size {(approximately 45%), comparable to
the frequency of survivors of childhood ALL before treatment intensification was
introduced.92 Within the MRD-based low-risk group, half of the patients have already
low (£10™%) or undetectable MRD levels after two weeks of treatment.83 This group
might particularly profit from treatment reduction. On the other hand, the group of
patients at MRD-based high risk is larger than any previously identified high-risk
group (approximately 15%) and has an unprecedented high 5-year relapse rate of
80%. This group might benefit from further intensification of treatment protocols
including BMT during first remission or novel treatment modalities - for instance the
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Figure 5.

Relapse-free survival of the three MRD-based risk groups of children treated for ALL according to proto-
cols of the International BFM Study Group. The three risk groups were defined by combined MRD infor-
mation at the end of induction treatment (time point 1) and before consolidation treatment (time peint 2).5
Patients in the jow-risk group have MRD negativity at both time points (43% of patients), patients in the
high-risk group have MRD degrees of 210~ at both time points (15% of patients), and the remaining
patients form the MRD-based intermediate-risk group {43% of patients).

inclusion of antibodies conjugated with immunotoxins or tyrosine kinase inhibitors. It
is important to bear in mind that optimal time-points and sensitivities for determina-
tion of early treatment response (‘MRD window’) should be determined as per ALL
treatment protocol. Modifications in chemotherapy regimens and the corresponding
BM sarpling time points might result in the loss of ¢linical significance of MRD infor-
mation if the MRD window is not simultaneously adjusted.®®

The predictive value of MRD monitoring is particularly clear after first
relapse.”3%4 This can be perceived as assessment of early treatment response after
second induction treatment. The BFM group demonstrated the high prognostic value
of MRD detection at day 42 of the ALL-REZ treatment protocol. Patients with MRD
levels below 10-2 had a probability of relapse-free survival of 88%, whereas MRD
levels > 10-2 were uniformly predictive of dismal outcome (probability of relapse-free
survival of 0%).94

The MRD data from a single study suggest slower kinetics of leukemia clearance
in T-ALL as compared to precursor-B-ALL patients.”® Virtually all (16 of 17) patients
were found 1o be MRD-positive at the end of induction treatment, while a iater time
point at the beginning of maintenance treatment carried the most significant prog-
nostic information. All but one (seven of eight) MRD-positive patients at this /afe time
point subsequently relapsed, while alt eight MRD-negative patients remained in con-
tinuous complete remission.”® This is in contrast to the MRD study of the I-BFM-SG,
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which showed that PCR-based measurement of eary treatment response at two
consecutive time points after induction treatment and before consolidation treatment
resuits in highly prognostic MRD information: ~25% low-risk patients with 0% relaps-
es, ~50% intermediate-risk patients with 25% relapses, and ~25% high-risk patients
with 100% relapses (M. J. Willemse et al., unpublished observations).

The value of continuous MRD monitoring in childhood ALL

Continuous MRD manitoring in childhood ALL has shown that a steady decrease
of MRD levels to negative PCR results during treatment is associated with favorable
prognosis,’! whereas persistence of high MRD levels or a steady increase of MRD
levels generally leads to clinical relapse.65-67.62.78 Therefore, persisting MRD levels
during treatment can be regarded as the best indicator of resistance to treatment.
PCR-based MRD monitoring was shown to be able to select the group of ‘poor-
responders’ with early relapse during maintenance treatment.46.85.80.82 Sequential
sampling generally shows positive MRD-PCR results prior o clinical relapse.
However, the time span between the re-appearance of MRD positivity and overt
hematological relapse might be too short for earlier implementation of re-induction
treatment.89 Real false-negative results might be obtained due to continuing or sec-
ondary ig or TCR gene rearrangements (clonal evolution). Such false-negative
results can generally be prevented by using two Ig/TCR fargets per patient (see
above).8>

Low [evels of MRD after therapy might be associated with late development of
relapse, but absence of MRD at the end of treatment is not sufficient to assure that
the patient is cured.65.70.78 Despite the high sensitivity of most MRD techniques, it
should be noted that MRD negativity does not exclude the presence of leukemic cells
in the patient because each MRD test only screens a minor fraction of all BM and PB
leukocytes. Curiously, one report claims that multiple PCR analyses (testing a high-
er number of cells) gave evidence for residual leukemia at very low levels in ~20%
(15/17) of patients remaining in long-term clinical remission.”> In 7 out of these 15
patients this PCR result was confirmed in a blast colony assay. So far these data
have not been confirmed by other investigators, even by using extremely sensitive
10-fold PCR analyses (sensitivities: 1076 to 10-7).85 In contrast, large prospective
studies showed 0 to 10% of patients being positive at the end of treatment, with the
majority of these MRD positive patients relapsing later on.65-78

The value of MRD monitoring in childhood ALL patients undergeing BMT
MRD monitoring is particularly informative for ALL patients undergoing BMT,
High levels of MRD positivity (10-2 to 10-3) before allogeneic BMT are invariably
associated with relapse after transplantation, while 2-year eventfree survival in
patients with low-level MRD positivity (10-2 to 10-5) approximated 35%.95 This is
particularly true for patients receiving T-cell-depleted grafis, while a strong graft-ver-
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sus-leukemia effect associated with non-depleted grafts might even overcome high
levels of MRD positivity in selected cases.®8 In contrast, MRD-negativity before allo-
geneic transplantation significantly correlated with better outcome and a 2-year
event-free survival of 73%.95 Therefore, patients with a high MRD burden prior to
BMT might be offered alternative treatment (e.g. further cyloreduction before BMT,
intensified conditioning, and/or early post-BMT immunotherapy) in order to improve
their generally poor outcome. 957

MRD-PCR positivity in ALL patients after BMT is suggestive of impending
relapse.®® This is true both for high-risk patients transplanted in first remission and
patients subjected to BMT in second remission after leukemia relapse. MRD was
shown to occur in post-BMT sampies in 88% of patients who subsequently relapsed,
while only 22% of patients in long-term complete remission showed MRD at any time
after BMT, mostly at low levels.®® The patients with persistent MRD positivity after
BMT may be candidates for early treatment with immunotherapy, including donor
lymphocyte infusions to increase graft-versus leukemia effects. 98

Potential usage of peripheral biood for MRD monitoring in childhood ALL

One of the serious limitations of continuous MRD monitoring is the need of mul-
tiple fraumatic BM aspirations. Replacement of BM sampling by PB sampling has
been a topic of debate in MRD studies for the last 15 years. The data from a single
PCR study showed 11.7 difference between BM and PB during induction treatment
of precursor-B-ALL patients.®? This implies that MRD technigues need to be at least
tenfold more sensitive (i.e. <10°5), when PB sampies are monitored.®® The differ-
ence between BM and PB might be lower in Ph* precursor-B-ALL, most probably
because of a generally higher degree of MRD as compared to cther ALL subtypes.
Undoubtedly, the differences in MRD levels between BM and PB are additionally
influenced by the degree of dilution of BM aspirates with PB. This is suggested by
the finding of 4.1-fold greater mean MRD level in the trephine BM biopsies as com-
pared to the BM aspirates.’®C Nevertheless, more information is needed to decide
whether or not, and to what extent, the more traumatic BM sampling can be replaced
by PB sampling.

SUMMARY

Antigen receptor gene rearrangements are reliable patient-specific targets for
PCR-based MRD monitoring in childhood ALL. Such Ig/TCR rearrangements can be
identified at diagnosis in more than 85% of patients through relatively easy and cost-
effective approaches such as heteroduplex PCR analysis or fluorescent gene scan-
ning. This should result in MRD-PCR targets, which are at least two orders of mag-
nitude more sensitive than conventional cytomorphological techniques. Usage of at
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least two sensitive targets per patient (available for approximately 80% of ALL) is
strongly advised io prevent false-negative results cwing tc target loss via secondary
or ongoing recombination throughout the course of the disease. With currently avail-
able RQ-PCR methods, MRD manitoring via Ig/TCR gene rearrangements is quan-
titative and highly reproducible between |aboratories.

Several studies have demonstrated that MRD monitoring in chiidhood ALL apply-
ing Ig/TCR gene rearrangements as PCR targets significantly predicts clinical out-
come. This is particularly useful for evaluation of early treatment response, which
distinguishes high-risk patients with poor prognosis from low-risk patients with excel-
lent prognosis. Similarly, high MRD positivity before stem cell transplantation is
strongly prognostic of relapse after transplantation. Prolonged continuous MRD
monitoring might be important for patients at high risk of relapse and for patients at
intermediate risk of relapse, i.e. patients with a relatively siow early response to treat-
ment.

As detection of MRD has proven to be of clinical importance, it is currently being
incorporated into stratification of childhood ALL treatment protocols. Further studies
should prove whether MRD-based individualization of therapy improves treatment
outcome in high-risk ALL patients and prevents unnecessary ireatment-related toxi-
city in low-risk ALL patients.
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PRACTICE POINTS

- junctional regions of Ig and TCR gene rearrangements are ‘fingerprint-like’
sequences which are unique for each acute lymphoblastic leukemia. They can
therefore be used as PCR targets for sensitive detection of low frequencies of
leukemic cells, i.e. minimal residual disease (MRD)

- it is possible to identify clonal immunogiobulin and T-cell receplor gene
rearrangements in virtually all childhood precursor-B-ALL and T-ALL patients

- using immunogiobulin and T-cell receptor gene rearrangements, it is possible to
monitor quantitatively minimal residual disease with high specificity and high sen-
sitivity, at least 100-foid more sensitive than with routine morphology
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- MRD monitoring in childhood ALL employing Ig/TCR gene rearrangemenis as
PCR targets has significant predictive value superior to that of other clinically rel-
evant prognostic factors

- evaluation of early treaiment response via MRD monitoring resuits in an unprece-
dentedly accurate MRD-based risk group classification which can be used for
treatment stratification in childhood ALL

- prolonged continuous MRD monitoring might be important for patients at inter-
mediate risk or high risk of relapse for assessment of [ong-term respense 1o more
aggressive treatment

- MRD monitoring in second complete remission identifies patients with excellent
drug-sensitivity and predicts outcome after stem cell fransplantation

RESEARCH AGENDA

- for a subgroup of childhood ALL patients there is still the requirement to identify
new sensitive MRD-PCR targets. This might be accomplished by further charac-
terization of 1g/TCR gene rearrangement patterns with subsequent identification
of new PCR targets

- further standardization of RQ-PCR techniques should provide rapid and quantita-
tive MRD information, which is essential for clinical decision-making.

- ongoing prospective multi-center studies should answer the question: does MRD-
based intensification of ALL treatment improve the outcome in MRD-based high-
risk ALL patients?

- future treatment protocols should show whether less intensive chemotherapy in
MRD-based low-risk ALL patients (40 = 45% of childhood ALL) decreases treat-
ment-related toxicity and does not result in an increase in the rate of relapse
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CHAPTER 5.2

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

Several studies have proven that minimal residual disease (MRD) monitoring in
acute lymphoblastic leukemia (ALL) patients has significant prognostic value, which
can be used for improved therapy stratification. At present such clinically relevant
MRD information can be obtained with three different techniques (reviewed in
ref. 1-3):

- flow cytometric immunophenotyping using aberrant or “leukemia-associated” phe-
notypes;

- PCR technigues using chromosome aberrations that result in fusion gene tran-
scripts or aberrant expression of transcripts;

- PCR techniques using patient-specific junctional regions of rearranged
immunoglobulin (Ig) and T-cell receptor (TCR) genes.

The characteristics of the three currently used MRD techniques in ALL are sum-
marized in Table 1. Each of the three MRD techniques has specific advantages and
disadvantages, which should be weighed zgainst each other when plannings are
made for large-scale clinical MRD studies. Particularly, the required sensitivity and
the applicability will play an important role, because these two characteristics deter-
mine which patients can actually be monitored.

Flow cytometric MRD detection

The immunophenaotypic “targets” in flow cytometric MRD detection mainly con-
cern aberrant or “leukemiz-associated” immunophenotypes, which are rare (or
sometimes absent) in normal bone marrow (BM) and peripheral bicod (PB)
(reviewed in ref. 24). Current triple and quadruple labelings allow detection of such
leukemia-associated phenotypes in the majority (60-98%) of precursor-B-ALL and in
virtually ali T-ALL.3-8 Immunophenotypic shifts during the disease course do occur,
although their reported frequency is variable, mainly because different definitions are
used for phenotypic shifts.2® Nevertheless, most groups agree that preferably two
different leukemia-associated phenotypes should be monitored per patient to prevent
false-negative results.2.4

The sensitivity of flow cytometric MRD detection remains unclear. Flow cytomet-
ric evaluation of 108 cells is technically not a problem, but detection of 50 to 100
malignant precursor-B-cells between 10,000 to 50,000 normal precursor-B-cells in
BM is not easy, particularly in regenerating BM during or after therapy.10 However,
this is essential to reach sensitivities of 10%. Some experienced centers claim that
a detection limit of 10~% can be reached routinely in virtually all ALL patients, but
other centers agree that the detection limit varies between 10-2 and 10~ for most

337



Table 1. Characteristics of the technigues currently employed for MRD detection in ALL.

8¢E

Flow cytometric
immunephenotyping

PCR analysis of chromosome
aberrations {mainly detection
of fusion gene transcripts)

PCR analysis of tg/TCR
genes (junctional region
specific approach)

Sensitivity 103104
Applicability

- Precursor-B-AlLL 60-98%

- T-ALL 90-95%

- applicable for most patients
- relatively cheap
- rapid: 1-2 days

Advantages

- limited sensitivity

- need for preferably iwo
aberrant immunophenotypes
per patient, because of chance
of immunophenctypic shifts

Disadvantages

10-4-10-6

40-45%*
156-35%**

relatively easy and cheap

sensitive and leukemia-specific

stable target during disease course

- rapid: 2-3 days

- suitable for monitoring of uniform patient
groups (e.g., Ph* ALL)

i

useful in only a minority of patients

- cross-contamination of PCR products
leading to false-positive resulls
(even at diagnosis)

10-4-10°5

90-95%
90-95%

- applicable for virtually all patients
if IGH, IGK-Kde, TCRG, and
TCRD gene rearrangements are
used as targets

- sensitive and palient-specific

- rapid during follow-up: 2-3 days
{if junctional regicn is identified
and if RQ-PCR is used)

&S I LAVYHD

- time-consuming at diagnosis:
identification of the junctional
regions and sensitivity testing

- relatively expensive

- need fer preferably two PCR
targets per patient, because
of chance of clonal evolution

* In childhood ALL this particularly concerns t{12;29){TEL-AMLT} and in adult ALL particularly t{9;22){BCR-ABL)
“* This mainly concerns del(1){p32 p32) with SIL-TALT fusion and t(5,14) with aberrant HOX71L.2 expression, together occurring in 25-35% of childhocd

T-ALL and in 15-20% of adult ALL.11.12
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precursor-B-ALL, while in virtually all T-ALL a detection limit of 10~* can indeed be
reached, because of their specific thymocytic phenotype.

PCR analysis of chromosome aberrations

Structural chromosome aberrations are ideal leukemia-specific PCR targets,
which remain stable during the disease course and can reach excellent sensitivities
of 10 to 10-6. In ALL, these PCR targets mainly concern fusion gene transcripts
(e.g. TEL-AMLT, BCR-ABL, and SIL-TALY) or aberranily expressed specific tran-
scripts (e.g., HOXT1L2 and WTT), which can be detected via reverse transcriptase
(RT) PCR analysis.3.1%-13

Two main disadvantages limit the application of chromosome aberrations as
MRD-PCR targets: applicability in only a minority of ALL patients and the chance of
false-positive resulis via cross-contamination of PCR preducts.

PCR analysis of lg and TCR gene rearrangements

The junctional regions of rearranged Ig and TCR genes are fingerprint-ike
sequences, which differ in length and composition per lymphocyte or lymphocyte
clone and consequently also per each lymphoid malignancy, such as ALL.™ These
patient-specific MRD-PCR fargets can be detected in the vast majority of precursor-
B-ALL and T-ALL (Table 2) and generally reach sensitivities of 10~ to 10-5.1.15-17

These high sensttivities require the precise identification of the junctional region
sequences of ig and TCR genes in each ALL, because these sequences are need-

Table 2. Freguencies and stability of MRD-PCR targets in childhood precursor-8-ALL.

PCR target Frequency™ Menoclonality Stability at relapse™
at diagnosis at diagnosis™

monoclonal oligoclonal total
1GH 95% 6C-70% 85% 44% 54%
- VH-JH 95% 88% 47% 89%
- DH-JH 20% 57% 38% 43%
IGK-Kde 50% 90% 85% 40% 90%
- Vk-Kde 45% 95% 40% 91%
- intron-Kde 25% 86% 0 87%
TCRG (Vy=Jy) 55% 60-65% NT NT 75%
TCRD 40% 60% 86% 26% 83%
-V32-D53 35% 81% 31% 63%
-D§2-D33 7% 100% 14% 63%

" see ref1517
** see ref20
NT nct tested
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ed o design patient-specific oligonucleotides. Subseguently, sensitivity testing has
1o be performed via serial dilution of DNA obtained at diagnesis in order to assess
whether the required sensitivity can indeed be reached.

if only sensitivities of 1072 to 10-3 are required, it is possible to skip the sequenc-
ing of the junctional regions and focus on differences in length of the junctional
regions, which can be evaluated by PCR product length assessment via fluorescent
GeneScanning. An internal competitor containing the same type of rearrangement
can be used for quantification of the Ig/TCR gene target.1®

The main disadvantage of using Ig/TCR gene rearrangements as MRD-PCR tar-
gets in ALL is the occurrence of continuing rearrangements during the disease
course as has been identified by comparing the Ig/TCR gene rearrangement pat-
terns at diagnosis and relapse.'9.20 Such changes in rearrangement patterns will
lead o false-negative PCR results.

In precurscor-B-ALL, changes at relapse were particularly observed in patients
with more than one leukemic subclone (oligoclonality) at diagnosis.20 The occur-
rence of subclones differs per type of Ig/TCR gene rearrangement and consequent-
ly aiso the stability differs per type of rearrangement (Table 2). For example, /GK
gene rearrangements involving the so-called kappa deleting element (Kde) are more
stable than /IGH, TCRG, and TCRD gene reamrangements.20

[n T-ALL, the changes in TCR gene rearrangement patterns at relapse are more
limited, probably related to the fact that T-ALL rarely contains cligoclonal TCR gene
rearrangement patterns.’8.19 Nevertheless, it is now generally accepted that prefer-
ably two ig/TCR gene targets should be used for reliable and sensitive MRD detec-
tion in ALL patients.

Real-time quantitative PCR techniques

PCR-based MRD methodologies are increasingly achievable thanks fo the
development of real-time quantitative (RQ-) PCR techniques (reviewed in ref. 21).

Fusion gene transcripts from chromosome aberrations or aberrantly expressed
transcripts are excellent RQ-PCR targets for the detection of MRD in ALL.22.23 Copy
numbers of the relevant transcript in BM or PB follow-up samples can be caiculated
via a dilution curve of known amounts of plasmids containing the fusion gene
sequences, A standardized approach has been developed for the most frequent
fusion gene transcripts in ALL via the Europe Against Cancer program 24

Several studies have proven that RQ-PCR can be effectively used for quantita-
tive detection of MRD using junctional regions of Ig and TCR gene rearrangements
as PCR targets. Uniform approaches with a junctional region-specific primer in com-
bination with a germiine TagMan probe and primer have been developed for the clas-
sical 1g/TCR targets: IGH, /GK-Kde, TCRG and TCRD.25-28 Introduction of new
MRD-PCR tzrgets like TCRB gene rearrangements is currently a subject of an
European BIOMED-2 Concerted Action.28
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PROGNCSTIC VALUE OF MRD DETECTION IN ALL

Early retrospective and small prospective studies with relatively short follow-up
indicated that the detection of MRD in childhood ALL predicts treatment outcome,
although the results of these clinical studies were not fully concordant (reviewed in
ref. 1). This was atiributed to differences in sensitivities of MRD monitoring as well as
1o differences in intensity of cytotoxic treatment protocols. Several recent large-scale
prospective studies confirmed the clinical value of MRD manitoring, justifying incor-

poration of MRD information in current childhood ALL treaiment protocols to refine
risk assignment.5.8,30-33

Significance of MRD detection during front-line treatment of childhood ALL
The most significant application of MRD monitoring for front-line treatment of ALL
is the evaluation of the initial response to cytotoxic therapy. Low levels or absence of
MRD in BM after completion of induction therapy appears to predict good out-
come.58.30-34 Depending on the treatment protocol and the end-of-induction sam-
pling time point, MRD-negativity is associated with overall relapse rates of only
2-10% (Figure 1 and Table 3)%.8:30-33 Moreover, sensitive MRD detection during the
induction phase seems capabile of identifying 20% of childhood ALL patients with a
very rapid leukemia clearance and long-term relapse-free survival.35 On the other
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Figure 1.

{A) Relapse-free survival of the three MRD-based risk groups of children treated for ALL according to pro-
tocols of the International BFM Study Group. The three risk groups were defined by combined MRD infor-
mation at the end of induction treatment and before consolidation treatment (see®® for detaiis). (B)
Relapse-free survival according to the qualitative (presence or absence) and guantitative detection of
MRD after the completion of induction therapy in EORTC trial 58881 (with courtesy to Dr. H. Cave and
Prof. E. Vilmer).32.36
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Figure 2.

(A} Probability of event-free survival according to the MRD levels after the second block of the ALL-REZ
BFM freatment protocols {with courtesy to Dr. C. Eckert and Prof. G. Henze).33 (B} Probabiiity of event-

free survival after allogeneic BMT acgording to the MRD levels in pre-BMT BM samples (with courtesy to
Dr, P. Bader).42

hand, several studies proved that high MRD levels at the end of induction treatment
are associated with high relapse rates of 70-100% (Figure 1 and Table 3).5.830.32.38
Statistical analyses have shown that the MRD siatus after induction therapy is the
most significant prognostic factor, independent of other clinically relevant risk factors,
such as age, blast count, immunophenotype, presence of chromosome aberrations
at diagnosis, and response to prednisone.30.32.37

Clinical value of MRD during treatment of relapsed ALL

The predictive value of MRD monitoring is particularly clear after ALL relapse, as
shown by the BFM group.38 This can be perceived as assessment of early treatment
response after second induction treatment. Low MRD levels (<10-3) were associat-
ed with a probability of relapse-free survival of 86%, whereas MRD levels 2103 were
uniformly predictive of dismal outcome (probability of relapse-free survival of 0%; see
Figure 2).38 Apparently, MRD information also has a high predictive value in relapsed

ALL. However, the patient numbers are still small and the results need further con-
firmation.38

Clinical value of MRD detection before bone marrow transplantation in
childhood ALL

MRD monitoring was shown 1o be very informative for ALL patients undergoing
bone marrow transplantation (BMT).39-42 |n patients receiving T-cell depleted grafts,
high levels of MRD-PCR positivity (10-2 to 10-3) before allogeneic BMT were invari-
ably associated with relapse after transplantation.39.42.43 The 2-year event-free sur-
vival in patients with low level of MRD positivity (10~ to 10-5) was 35 to 50%, irre-
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spective of graft manipulation.39.42.43 |t has been suggested that significant graft-ver-
sus-host disease associated with non-depleted grafts might overcome MRD positiv-
ity, even high MRD levels. 4243 In contrast, MRD-negativity before allogeneic trans-
plantation significantly correlated with better outcome and 2-year event-free survival
higher than 70% (Figure 2).3%43 Therefore, patients with a high MRD burden prior to
BMT might be offered alternative treatment (e.g. further cytoreduction before BMT,
intensified conditioning, and/or early post-BMT immunotherapy) in order to improve
their generally poor outcome.3¢.41

Clinical value of MRD detection in adult ALL

The preliminary results of MRD studies in adult ALL showed molecular response
to chemotherapy similar to childhood ALL, but with higher frequencies of persistent
MRD positivity in aduits.#445 Not only the frequencies of MRD positivity, but also the
MRD levels in adult patients were significantly higher than in comparably treated chil-
dren, which is consistent with a higher in-vivo drug-resistance of adult ALL 4445 A
single prospective MRD study n {(9:22) negative adult precursor-B-ALL patients
demonsirated the strong predictive value of MRD information at all investigated time
points within two years of treatment, particularly 3-5 months after remission induction
and beyond.46

Recognition of MRD-based risk groups

The results of the large prospective MRD studies in childhood ALL indicate that
MRD analysis at a single time point gives highly significant prognostic information,
but a single time peint is not sufficiently precise for defining MRD-based low-risk and
high-risk groups.5.8:30-32 Depending on the MRD study, the end-of-induction MRD
status either identifies only patients at low risk of relapse30-31 or more frequently
identifies exclusively high-risk patients (Table 3).3237 In contrast, information on the
kinetics of tumor load decrease, e.g., at the end of induction treatment and before
consolidation treatment, appeared to be highly reliable for the recognition of all clin-
ically relevant risk groups.30-33 As shown by the International BFM Study Group {i-
BFM-SG), this combined MRD information distinguished patients at low-risk with
MRD negativity at both time points (5-year relapse rate of 2%); patients at high risk
with intermediate (10-3) or high (=102) MRD levels at both time points (5-year
relapse rate of 84%); and the remaining patients at intermediate risk (5-year relapse
rate of 24%) (Figure 1).30 The group of MRD-based high-risk patients was larger
than any previously identified high-risk group (approximately 15%) and had an
unprecedentedly high 5-year relapse rate of 84%. On the other hand, the MRD-
based low-risk patients made up a group of a substantial size (approximately 45%),
comparable to the frequency of survivors of childhood ALL in the 1970s before treat-
ment intensification was introduced.4? Such a precise MRD-based risk stratification
has not yet been demaonstrated for adult ALL.
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CAN WE COMPARE THE MRD RESULTS OF DIFFERENT CLINICAL ALL
TRIALS?

The prognostic value of MRD detection during the early freatment phases of
childhood and adult ALL has been established. In fact, every published study has
confirmed the high prognostic value of MRD data obtained at the end of induction
treatment.5.8.30-32 Nevertheless, the reported large-scale MRD studies show remark-
able differences in the meaning of MRD level information at the end of induction
(Table 3). Aiso the MRD-based risk groups are defined differently, resulting in differ-
ent distributions of the patients over the risk groups and different relapse rates
(Table 3).

The major differences in risk group definition and corresponding relapse rates
might be related to the type of treatment protocol, the timing of the follow-up sam-
ples, or the applied MRD technique (e.g., sensitivity and/or stability of the applied tar-
gets). Consequently, it will be impossible to extrapolate data from one clinical treat-
ment protocol to ancther. This implies that for each treatment protocol the “MRD win-
dow” has to be defined precisely: sampling time points versus required sensitivity. in
practice, this means that MRD-based treatment intervention should always be
designed according to eariier-obtained MRD results from the same treatment proto-
col.

HOW TO TRANSLATE MRD INFORMATION INTO NEW CLINICAL TREATMENT
PROTOCOLS?

When MRD information from existing treatment protocols is franslated into new
clinical treatment protocols, several MRD-related aspects will influence the imple-
mentation of the new protocol:

- MRD-based stratification can oniy be introduced in the protocol affer the actual

MRD measurements, i.e., 6 to 13 weeks after start of treatment.

- The treatment blocks before the MRD sampling time points cannot be changed,
because this wouid directly change the prognostic value of the MRD resuits.

- Preferably at least two early MRD sampling time points shouid be used, because
this results in @ more accurate definition of MRD-based risk groups.

MRD-based high-risk and low-risk patients

Protocol Committees will choose for specific MRD-based aims in new protocols,
depending on the results of the preceding clinical MRD studies (Table 3). MRD-
based high-risk patients (with relapse rates of 75 to 100%) might profit from further
treatment intensification including stem cell transplantation or new treatment modal-
ities. For example, this was a logical choice for the ongoing MRD-based BFM-AIEOP
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and EQORTC studies (Figure 1).

MRD-based low-risk patients (with relapse rates 0-2%) represent a group of sub-
stantial size in childhood ALL and might profit from treatment de-intensification, e.g.,
reduction of re-intensification freatment, as aimed for by the current 8FM-AIEOQP pro-
tocol (M. Schrappe, personal communication). It should be emphasized that truly
iow-risk patients can only be identified if the applied MRD technique is sufficiently
sensitive (£104).

MRD-based intermediate-risk patients

The group of MRD-based intermediate-risk patients (relapse rate of 20 to 30%)
comprises ALL patients, who are MRD-positive at the end of induction treatment and
are MRD-negative or positive at low levels (i.e. £10~%) before consolidation treat-
ment.20.33 This group can have a substantial size and would need further treatment
intensification, but this would imply that ~75% of patients in this group are overtreat-
ed. The I-BFM-8G has shown that MRD information at later time points {e.g. at one
year) has added value for the MRD-based intermediate-risk patients: MRD-positive
patients (generally with low MRD levels) have a high chance of relapse (65%),
whereas MRD-negative patients have a low chance of relapse (~10%).30

The vast majority of relapses (~90%) in the MRD-based intermediate-risk group
occur after one year of treatment (see Figure 14).30.33 Consequently, the MRD infor-
mation at one year can potentially be used for treatment modification in MRD-posi-
tive intermediate-risk patients only.

MRD-based stratification of relapsed ALL patients

As suggested by the results of BFM study group,38 there is a subset of relapsed
ALL patients with a goed molecular response {o re-induction chemotherapy. For such
patients, BMT might not be required, which should be proven in a prospective treat-
ment trial.

MRD-based stratification of ALL patients undergoing BMT

Based on available data,®®-42 MRD information should play an important role in
the clinical BMT setting. It is generally accepted that BMT should be performed with-
in the first half a year of remission, but patients with high MRD levels (10-3) at this
time point are at very high risk of relapse post BMT. Future prospective trials should
answer the question, whether further pre-transplant tumor load reduction can be
achieved with intensified chemotherapy or post-transplant immunotherapy and
whether this would improve post-BMT survival,
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CHOICE OF MRD TECHNIQUES

The three different MRD techniques differ in their sensitivity and applicability.
Consequently, the choice of MRD techniques is dependent on the requirements of
the clirical MRD study and vice-versa the applied MRD technique determines the
possibilities for MRD-based treatment intervention (see Table 3).

If only high-risk patients need to be identified, GeneScanning of Ig/TCR gene
rearrangements and flow cytometric MRD detection are well-suited (cheap and
rapid) methods. If the clinical MRD study is focusing on the recognition of high-risk
and low-risk patients within a specific subgroup of ALL, a sensitive MRD technique
can be selected for that specific subgroup. For example, flow cytometry in case of a
clinical MRD study in T-ALL or RT-PCR analysis of BCR-ABL fusion gene transcripts
in case of a clinical MRD study focusing on Ph™ ALL.

Usage of different MRD techniques for different patients within the same treat-
ment protocol should be avoided, uniess full proof is provided that the obtained MRD
results are fulfy identical, as has been demonstrated for RO-PCR analysis of patient-
specific 1g/TCR gene rearrangements and TEL-AMLT transcripts. 48 Small single-
center studies showed that results of MRD detection by flow cytometry and quanti-
tative PCR of patient-specific Ig/TCR gene rearrangements are largely compara-
ble.49.50 However, differences have been found in follow-up samples with low MRD
levels (around 10™%), which are essential for recognition of low-risk patients.49.50
These discrepancies are probably caused by differences in celi sample processing,
sensitivity, and expressicn of MRD resuits. So, harmonization of these topics is
essential before MRD datz obtained with different techniques become interchange-
able.

Thus far, RQ-PCR detection of patient-specific Ig/TCR gene rearrangements is
the most broadly applicable (> 90%) and sufficiently sensitive (< 10~%) MRD tech-
nique in ALL, which has proven to be realizable in multi-center clinical MRD stud-
ies.30.33.38 This probably explains why most European MRD studies in ALL use RQ-
PCR analysis of lg/TCR genes.

CONCLUSIONS

Sensitive and guantitative MRD detection has proven o be dlinically relevant in
childhood ALL patients. Particularly the evaluation of early treatment response has
high prognostic value, because this allows identification of low-risk and high-risk
patients, which may profit from treatment reduction or treatment intensification,
respectively. Also the pre-BMT MRD status has predictive value for post-BMT
relapse-free survival. Comparable results are currentiy being obtained in adult ALL
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MRD studies, albeit that the relative sizes of the MRD-based risk groups differ from
those in childhood ALL.

Although the prognostic value of MRD has been established, the reported MRD
studies show remarkable differences in MRD-based risk group definition and the cor-
responding relapse-free survival rates. This might be related to the type of treatment
protocol, the fiming of the follow-up samples, or the applied MRD technigue (partic-
ularly its sensitivity). Conseqguently, the precise prognostic value of MRD information
has to be assessed carefully for each freatment protocol before MRD-based inter-
vention can be implemented. Furthermore, standardization of MRD techniques and
quality control of MRD results are essential for multi-center clinical MRD studies that
aim for MRD-based treatment intervention.
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bone marrow transplantation
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immunoglobulin lambda light chain gene
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SUMMARY

Acute lymphoblastic leukemia (ALL) represents the most frequent malignancy in
childhood. Last decades brought enormous progress in ALL treatment and in the
understanding of ALL biology (see Chapter 1.1), but still 20 10 30% of children suffer
from relapse and many of them will ultimately die of disease progression. The cur-
rently used cytomorphological {microscopic) techniques can only detect 1 to 5% of
malignant cells, which is not sufficiently sensitive for identification of patients who are
prone to relapse and who might be rescued by treatment intensification. During the
past 15 years several approaches have been developed for detection of much lower
numbers of malignant cells, i.e. for detection of minimal residual disease (MRD) in
various hematopaoietic malignancies (see Chapter 1.2). Monitoring of MRD with sen-
sitivities of 10~* to 10-® (i.e. one malignant cell within the background of 10% to 108
normal cells) has significantly higher prognostic value than conventional cytomor-
phological technigues and other clinical parameters at diagnosis and is therefore cur-
rently implemented info clinical practice in several hematopeietic malignancies,
including ALL.

In childhood ALL, detection of MRD most frequently relies on patient-specific
immunoglobulin (ig) and T-cell receptor (TCR) gene rearrangements as molecular
markers for PCR studies. The junctional regions of rearranged Ig and TCR genes are
unique “fingerprint-like” sequences, which are assurmed to be different in each lym-
phoid cell and thus also in each lymphoid malignancy. They can be easily identified
and characterized for instance by using heteroduplex PCR analysis (see Chapter
2.2} and direct sequencing.

This thesis aimed at detailed evaluation of ig and TCR gene rearrangemenis in
ALL with regard to the following aspects:

- characterization of Ig/TCR gene rearrangements patterns in precursor-B-
ALL and T-ALL;

- immunobiological differences between malignant and normal lympheid cells;

- stability of clonal Ig/TCR gene rearrangements at relapse of ALL;

- applicability of Ig/TCR gene rearrangements as PCR targets for detection of
MRD.

Virtually all precursor-B-ALL (96%) have rearranged |g heavy chain (/GH) genes.
In most cases (80-80%) this concerns complete VH-DH-JH rearrangements on at
least one allele. Incomplete DH-JH rearrangements could be identified in 22% of
patients, being the sole /GH gene rearrangements in only 5% of patients (see
Chapter 2.3). Most precursor-B-ALL contain |g kappa (/GK) light chain gene
rearrangements (30%) or deletions (50%); 20% of precursor-B-ALL cases even have
lg lambda (IGL) gene rearrangements. Deletions in the /GK genes are predominant-
ly mediated via the /GK deleting element (Kde) sequence. Such Kde rearrangements
occur in 50% of precursor-B-ALL cases.
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Cross-lineage TCR gene rearrangements occur at high frequency in childhood
precursor-B-ALL: TCR beta (TCRB), TCR gamma (TCRG), and TCR delta (TCRD)
gene rearrangements and/or deletions were found in 35%, 60%, and 20% of cases,
respectively (see Chapter 2.4). Moreover, in approximately 40% of childhood pre-
cursor-8-ALL patients V62-Jo. gene rearrangements could be identified, which might
serve as principal MRD-PCR targets in approximately 25% of precursor-B-ALL (see
Chapter 2.5). Interestingly, the occurrence of cross-lineage TCR gene rearrange-
ments seems to be age-dependent. For example, the incidence of incomplete TCRD
gene rearrangements significantly decreases with the age of the patient, while TCRG
gene rearrangements are rarely found in patients below 2 years of age. Alltogether,
analysis of ig and TCR gene rearrangement patterns suggests that the Ig and TCR
genotype of adult precursor-B-ALL is less mature than in childhood precursor-B-ALL
{see Chapter 2.8).

Analysis of the TCRG gene configuration in T-ALL showed that TCRyd™ T-ALL
display a less mature TCRG immunogenotype as compared to TCRef™ and most
CD3" cases. This is reflected by significantly higher usage of the more downstream
Vv genes and the more upstream Jyt segments in TCRy8* T-ALL (see Chapter 2.6).
Despite immunobiological differences between the T-ALL subsets, in virtually all
childhood T-ALL (>95%) TCRG and/or TCRD junctional regions are potentially suit-
able targets for MRD monitoring. Cross-lineage 1g gene rearrangements occur at rel-
atively low frequency in T-ALL (approximately 20%) and almost exclusively invalve
IGH genes. Interestingly, cross-lineage /GH gene rearrangements occur more fre-
quently in CD3~ T-ALL (approximately 20%) and TCRyd™ T-ALL {approximately 50%)
than in TCRofp* T-ALL (<5%). Heteroduplex PCR analysis showed 2 high frequency
{(approximately 80%) of incomplete DH-JH rearrangements as well as preferential
usage of DHB-19 and the most downstream DH7-27 gene segment together with the
most upstream Ju1 and JH2 gene segments (see Chapter 2.7).

lg and TCR gene rearrangements in precursor-B-ALL and T-ALL might be prone
to continuing rearrangements or secondary rearrangements mediated via the active
recombinase enzyme system, resulting in subclone formation in these immature
lymphoid malignancies (reviewed in Chapter 2.9). This might lead fo loss of ig/TCR
gene rearrangements during the disease course and thereby to false-negative MRD
results. Chapier 3 contains several reports on detailed compearative analysis of ig
and TCR gene rearrangements at diagnosis and relapse of precursor-B-ALL and T-
ALL. Despite the high frequency of immunogenotypic changes in childhood ALL at
relapse, at least one rearranged /GH, /GK-Kde, TCRG and/or TCRD allele remained
stable in > 90% of precursor-B-ALL and in > 95% of T-ALL. Based on these data, we
proposed strategies for MRD-PCR target selection in order to minimize the risk of
false-negative results (Chapter 3).

In childhood ALL, MRD monitering is particuiarly powerful for evaluation of early
response during the first months of freatment and consequently allows identification
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of low-risk and high-risk patients, who may profit from treatment reduction or treat-
ment intensification, respectively (see Chapters 5.1 and 5.2). MRD monitoring at
later time points might be important for patients at intermediate or high risk of
relapse. MRD information is therefore highly valuable in ALL subgroups with
increased risk of relapse such as infant ALL (see Chapter 4.2) or ${9;22)-positive
ALL. MRD monitoring after relapse can identify patients with a good therapy
response, who probably do not need bone marrow transplantation (BMT} but who
might be cured with cytotoxic treatment. Also the MRD status before BMT has pre-
dictive value for post-BMT relapse-free survival. Moreover, techniques for MRD
detection can be further applied for several specific purposes, e.g., detection of cen-
trai nervous system involvement, assessment of the commaon clonal origin of two
phenotypically different malignancies, early detection of smoldering feukemia in
patients with aplastic bone marrow, detection of residual leukemic cells in autologous
stem celi grafis, etc. (see Chapters 4.1, 4.3 and 4.4).

In conclusion, Ig and/or TCR gene rearrangements can be identifled at diagno-
sis in more than 95% of patients, comprising at least two MRD targets per patient in
90% of childhood ALL. Moreover, when knowledge about clonal evolution is
employed in the process of MRD-PCR target selection, MRD monitoring should
enable successful detection of relapse in the majority of patients. Nevertheless, two
sensitive (<10-%) Ig/TCR targets, required for recognition of low risk patients, are only
avallable in approximately 80% of patients. Thus, future studies should focus on
improvement of currently available MRD-PCR targets and introduction of new sensi-
tive MRD markers, such as TCRB gene rearrangements in precursor-B-ALL and T-
ALL and DNA breakpeint fusion regions of MLL gene rearrangements in infant ALL.

The results of our studies contribute to the immunobiological knowledge of Ig and
TCR gene rearrangements in ALL, which is essential for performing reliabie PCR-
based MRD studies in ALL patients. Careful assessment of the prognostic value of
MRD information in each treatment protocol will enable MRD-based treatment inter-
vention with treatment intensification and freatment reduction (see Chapter 5.2). The
uitimate goal i1s to improve overall outcome in childhood ALL with concomitant
increase of quality of life and reduction of long-term sequelae.
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SAMENVATTING

Acute lymfatische leukernie (ALL) is de meest voorkomende maligniteit op de
kinderleeftijd. De afgelopen jaren is een enorme vooruitgang geboekt in de behan-
deling van ALL en in het begrip rondom de biclogie van ALL (zie Hoofdstuk 1).
Desondanks krijgt 20 & 30% van de kinderen met ALL een recidief, van wie uitein-
delijk een groot deel zal overlijden aan de ziekte, Met de huidige cytomorfologische
{microscopische) technieken kan slechts 1 fot 5% maligne cellen worden gede-
tecteerd, wat niet voldoende gevoelig is voor het herkennen van patiénten die een
grote kans hebben op het krijgen van een recidief en die mogelijk zouden kunnen
worden genezen met een intensievere behandeling. De afgelopen 15 jaar zin
diverse technieken ontwikkeld voor de detectie van zeer kleine aantallen maligne
cellen bij patiénten met een hematopoietische maligniteit, d.w.z. de detectie van
“minimale restziekte™ ofwel “minimal residual disease” (MRD) (zie Hoofdstuk 1.2).
Het vervoigen van MRD met gevoeligheden tussen 10~% en 1075 (d.w.z. één maligne
cel tussen 10*-10% normale cellen) heeft een zeer grote prognostische waarde
vergeleken met conventionele cytomorfologische technieken en andere klinische
parameters bij diagnose. Daarom wordt MRD diagnostiek op dit moment geimple-
menteerd in therapieprotocollen voor verschillende typen hematopoietische malig-
niteiten, waaronder ALL.

Detectie van MRD bij kinderen met ALL is meestal gebaseerd op patiént-speci-
fieke immunoglobuline {lg) en T-celreceptor (TCR) genherschikkingen, die worden
gebruikt als moleculaire markers voor PCR studies. De “junctional regions” van her-
schikte Ig en TCR genen zijn unieke sequenties ("DNA vingerafdruk™), waarvan
wordt verondersteld dat ze verschillend zijn in elke lymfatische cel en dus ook in elke
lymfatische maligniteit. Deze junctional regions kunnen op eenvoudige wijze worden
geldentificeerd en gekarakteriseerd door bijvoorbeeld heteroduplex PCR analyse
(zie Hoofdstuk 2.2) en direct sequencen.

Het onderzoek in dit proefschrift was gericht op gedetailleerde analyse van Ig en
TCR genherschikkingen bij ALL met speciale aandacht voor:

- karakterisering van de lg/TCR genherschikkingspatronen bij precursor-B-ALL en T-
ALL;

- immunobiologische verschillen fussen maligne en normale tymfatische cellen;

- stabiliteit van Ig/TCR genherschikkingen bij recidieven van ALL;

- toepashaarheid van Ig/TCR genherschikkingen als PCR targets voor MRD diag-
nostiek.

Vrijwel alle precursor-B-ALL patiénten (96%) hebben herschikie g zware keten
(/GH) genen in hun leukemiecellen. In de meeste gevallen (80-20%) betreft dit com-
plete VH-DH-JH herschikkingen op tenminste één allel. Incomplete DH-JH her-
schikkingen konden worden geidentificeerd in 22% van de leukemieén en waren de
enige /GH genherschikkingen bij 5% van de leukemie&n (zie Hoofdstuk 2.3). De
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meestie precursor-B-ALL bevaiten Ig kappa (/GK) lichte keten genherschikkingen
(30%) of deleties (50%); 20% van de precursor-B-ALL hebben zelfs Ig lambda (/GL)
genherschikkingen. Deleties in de /GK genen worden voornamelijk gemedieerd via
het IGK deletie element (Kde). Dergelijke /GK-Kde herschikkingen komen voor bij
50% van de precursor-B-ALL.

“Cross-lineage” TCR genherschikkingen komen zeer frequent voor in kinder pre-
cursor-B-ALL: TCR beéta (TCRB), TCR gamma (TCRG) en TCR delta (TCRD) gen-
herschikkingen en/of deleties werden gevonden bij respectievelijk 35%, 60% en 90%
van de patiénten (zie Hoofdstuk 2.4). Tevens worden bij ongeveer 40% van de pre-
cursor-B-ALL op de kinderleeftijd V82-Jo genherschikkingen geidentificeerd, die bij
ongeveer 25% van de precursor-B-ALL het meest belangrijke MRD-PCR target vor-
men (zie Hoofdstuk 2.5). Het voorkomen van cross-lineage TCR genherschikkingen
lijkt bovendien gerelateerd te zijn aan de leefiijd. De incidentie van incomplete TCRD
genherschikkingen daalt bijvoorbeeld significant met de leeftijd van de patiént, terwijl
TCRG genherschikkingen nauwelijks worden gevonden bij voorioper-B-AlL patién-
ten jonger dan 2 jaar. Analyse van Ig en TCR genherschikkingspatronen suggereert
in alle cpzichten dat het Ig en TCR genotype van precursor-B-ALL bij velwassenen
minder rijp is dan bij kinder precursor-B-ALL (zie Hoofdstuk 2.8).

Analyse van de TCRG genconfiguratie bij T-ALL liet zien dat TCRy&™ T-ALL een
minder rijp TCRG immunogenotype vertonen vergeleken met TCRafp™ T-ALL en de
meeste CD3™ T-ALL. Dit blijkt uit een significant groter gebruik van de meer down-
stream gelegen Vy genen en de meer upstream gelegen Jy1 segmenten in TCRy§™
T-ALL (zie Hoofdstuk 2.6). Ondanks de immunobiologische verschillen tussen de
drie T-ALL subgroepen, zijn TCRG en/of TCRD junctional regions bij vrijwel alle
kinder T-ALL patiénten (>95%) bruikbare targets voor MRD monitoring.
Cross-lineage ig genherschikkingen komen in relatief lage frequentie voor bij T-ALL
(ongeveer 20%) en betreffen met name /GH genen. Interessant is daarbij dat cross-
lineage /GH genherschikkingen frequenter voorkomen bij CD3™ T-ALL (ongeveer
20%) en TCRy3"™ T-ALL (ongeveer 50%) dan bij TCRaf™ T-ALL (<5%).
Heteroduplex PCR analyse toonde een hoge frequentie (ongeveer 80%) van incom-
plete DR-JH herschikkingen aan en tevens een preferentieel gebruik van DH6-19 en
het meest downstreamn gelegen Dr7-27 gensegment samen met de meest upstream
gelegen JH1 en JHZ gensegmenten (zie Hoofdstuk 2.7).

Ig en TCR genherschikkingen bij precursor-B-ALL en T-ALL kunnen gevoelig zijn
voor doorgaande herschikkingen of secundaire herschikkingen, die gemedieerd wor-
den via het actieve recombinase enzymsysteem en resulteren in het ontstaan van
subklonen (samengevat in Hoofdstuk 2.9). Dit kan leiden tof een verlies van lg/TCR
genherschikkingen gedurende het ziekieproces en op deze wijze resulteren in vals-
negatieve MRD resultaten. Hoofdstuk 3 bevat verscheidene studies over vergelij-
kende analyses van Ig en TCR genherschikkingen bij diagnose en recidief van pre-
cursor-B-ALL en T-ALL patiénten. Ondanks de hoge frequentie van immunogeno-
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typische veranderingen in kinder ALL bij recidief blijit tenminste één herschikt /GH,
IGK-Kde, TCRG en/of TCRD allel stabiel in >80% van de precursor-B-ALL en >95%
van T-ALL. Op basis van deze data hebben we strategieén voorgesteld voor de
selectie van MRD-PCR targets om de kans op vals-negative resultaten te mini-
maliseren (Hoofdstuk 3).

Bij ALL op de kinderleeftijd is MRD monitoring vooral belangrijk voor de evalu-
atie van de vroege therapierespons tiidens de eerste maanden van de behandeling,
waarbij het mogelijk is om laag-risico en hoog-risico groepen te definiéren, die
profijt kunnen hebben van respeciieveiijk een reductie of intensivering van de behan-
deling (zie Hoofstukken 5.1 en 5.2}. MRD monitoring op latere tijdstippen kan belan-
grijk ziin voor patiénten met een intermediair of hoog risico op het krijgen van een
recidief. MRD onderzoek blijkt bijzonder waardevol te zijn bij hoog-risico ALL sub-
groepen, zoals ALL bi] zuigelingen (zie Hoofdstuk 4.2) en t(9;22)-positieve ALL.
MRD monitoring bij kinderen met een recidief kan patiénten herkennen met een
hoge gevoeligheid voor medicijnen, die waarschijnlijk geen beenmergiransplantatie
(BMT) nodig hebben, maar kunnen worden genezen met een cytotoxische behan-
deling. Daarnaast heeft de MRD status voor BMT voorspeilende waarde vaor de
recidief-vrije overleving na BMT. Tenslotte kunnen MRD technieken worden
toegepast voor verschillende specifieke doeleinden, zoals aantonen van uitbreiding
naar het centrale zenuwstelsel, vaststellen of uitsluiten van de gemeenschappelijke
klonale atkomst van twee fenotypisch verschillende maligniteiten, vroege detectie
van sluimerende leukemie bij patiénten met aplastisch beenmerg, detectie van
resterende leukemiecellen in autologe stamceltransplantaten, ete. (zie Hoofdstukken
4.1,43en44).

Concluderend kan worden gesteld dat Ig enfof TCR genherschikkingen bij diag-
nose kunnen worden geidentificeerd bij meer dan 85% van de patiénten, waarbij in
90% van de kinder ALL tenminste twee MRD targets per patiént worden gevonden.
Indien bovendien kennis over Klonale evolutie wordt gebruikt tijdens het proces van
MRD-PCR target selectie, zal MRD monitoring de succesvolle detectie van recidi-
vering mogeliilk maken in de meerderheid van de patiénten. Desondanks zijn twee
gevoelige (£10~%) [g/TCR targets, die noodzakelijk zijn voor de herkenning van laag-
risico patiénten, slechts beschikbaar in ongeveer 80% van de patiénten. Daarom
zouden vervoigstudies gericht moeten zijn op het verbeteren van de huidig beschik-
bare MRD-PCR targets en de introductie van nieuwe gevoelige MRD-PCR targets,
zoals TCRB genherschikkingen in precursor-B-ALL en T-ALL en DNA breukpunt
fusiegen gebieden van MLL genherschikkingen in ALL bij zuigelingen.

De resultaten van onze studies dragen bij aan de immunobiologische kennis van
lg en TCR genherschikkingen in ALL, die essentieel is voor het uitvoeren van
betrouwbare PCR-gebaseerde MRD studies bij ALL patiénten. Zorgvuldige
becordeling van de prognostische waarde van MRD informatie voor ieder behande-
lingsprotocol zal MRD-gebaseerde behandelingsinterventie mogelijk maken met
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zowel intensivering als reductie van behandeling (zie Hoofdstuk 5.2). Het uitein-
delijke doel is om de kans op genezing van kinderen met ALL te verhogen, parallel
aan een verbetering van de kwaliteit van leven en een reductie van de lange
termijn effecten.
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