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The tremendous diversity of the human immune repertoire, fundamental for the defense against highly
heterogeneous pathogens, is based on the ingenious mechanism of immune gene rearrangements. Rearranged
immune genes encoding the immunoglobulins and T-cell receptors and thus determining each lymphocyte’s
antigen specificity are very valuable molecular markers for tracing malignant or physiological lymphocytes. One of
their most significant applications is tracking residual leukemic cells in patients with lymphoid malignancies. This so
called ‘minimal residual disease’ (MRD) has been shown to be the most important prognostic factor across various

leukemia subtypes and has therefore been given enormous attention.
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| 1. Immunoglobulin and T-Cell Receptor Rearrangements

The remarkable ability of the human immune system to recognize and eradicate the enormous number of various
antigens is based on the immune receptors & the surface of T-lymphocytes is covered with the T-cell receptors
(TR; TRaB or TRyd) and B-lymphocytes produce secreted or surface-bound immunoglobulins (IG). The
tremendous diversity of the immune receptor variable domains is crucial for the specific molecular recognition of
virtually any antigen 2. Such a high degree of diversity is generated by combination of a limited number of gene
segments. During this so-called somatic recombination, a DNA sequence that is unique for each lymphocyte is
produced 2. Hence, each lymphocyte bears many copies of the antigen receptor with a unique variable region that

determines its antigen specificity.

1.1. Structure of the Inmune Receptors

Both surface-bound and secreted immunoglobulins consist of two heavy chains (IGH) and two light chains (IGk or
IGA), which are connected by a disulphide bond. The IGH gene complex consists of V (“variable”) segments at the
5-end, which are followed by a group of D (“diversity”) segments and 6 short J (“joining”) segments. The gene
segments for the constant (C) part of the heavy chain are localized at the 3'-end of the gene complex and are
responsible for the immunoglobulin class determination. IG light chains are either encoded by a kappa (/IGK) or by
a lambda (IGL) rearrangement. The structure of these complexes resembles the structure of the IGH

rearrangements but is composed of less V and J segments and does not contain any D segments.
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TR molecules are also composed of two chains, connected by a disulphide bond. The “classical” type of TR
contains (TRa) and (TRP) chains, whereas the “alternative” type contains (TRy) and (TRd) chains 4B, The
variable domains of TR3 and TRd contain all three types of gene segments (V, D, and J). TRa and TRy chains lack
D segments, similarly to immunoglobulin light chains. The gene complex for TRd is localized within the gene
complex for TRa (between the V and J segments). Any V-J rearrangement of the TRA gene segments therefore
results in the loss of TRD gene segments, which means that complete TRA and TRD gene rearrangements can

never be present on a single allele simultaneously (with the exception of combined TRDV-TRAJ rearrangements
(1,

1.2. Somatic (V-D-J) Recombination

Somatic recombination occurs in immature lymphocytes in primary lymphoid organs (bone marrow for B-
lymphocytes, thymus for T lymphocytes). V, D, and J gene segments of IG and TR genes are rearranged and a
DNA sequence, which is unique for each lymphocyte, is produced. V-D-J recombination of IGH and TRB genes is a
two-step process starting with a D-J recombination followed by a V-D recombination. The recombination of the
TRD locus starts with D-D recombination and continues with V-D and D-J recombinations. Genes for Igk, IgA, TRa,
and TRy are produced by a one-step V-J recombination. During each recombination a random number of gene
segments is excised and the remaining segments are joined together. This gives rise to tens of millions of possible

combinations of V, (D) and J segments.

This process occurs in parallel on both chromosomes. As soon as a productive rearrangement is formed, it is
transcribed into mRNA. At that point, the recombination process on the second chromosome is stopped and

therefore only one type of antigen receptor is produced by each lymphocyte (allelic exclusion) [,

1.3. Junctional Diversity

The joining of V, D, and J gene segments is a very imprecise procedure: the ends of germline segments that are
being joined are cleaved randomly . Moreover, the enzyme terminal deoxynucleotidyl transferase randomly adds
so called “non-templated nucleotides” (N-bases) at the junctions between the gene segments that are joined

together.

These sequence-altering processes further and vastly increase the diversity of antigen receptors and their ability to

recognize virtually all possible antigens.

1.4. Affinity Maturation

Naive B-cells express unmutated IG genes, but after the recognition of antigen by B-lymphocytes in secondary
lymphoid organs (lymph nodes), an enzyme called activation-induced cytidine deaminase introduces somatic
hypermutations around the productively rearranged V(D)J junction and cells with higher affinity for the antigen are
favoured BILYIL This event, called affinity maturation, enables the production of immune receptors with very high

affinity to the certain antigen 121,
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1.5. Rearrangement Process during Lymphocyte Development

The regulation of the V(D)J recombination in B- and T-cells is accomplished by different accessibility of IG and TR
gene due to cell-type specific chromatin structures 13141 The IGH D-J joining starts in the ‘common lymphoid
progenitor’ stage and IGH V-D-J, IGK and IGL rearrangements are initiated in the pro-B cell compartment.
Rearrangement of the IGK locus either leads to IgH/k expression or is followed by IGK deletion and IGL
rearrangement, potentially leading to IgH/A expression. The successful assembly of IG genes plays a crucial role in
guiding B-cell development: B-cells lacking the capacity to rearrange their IG genes are arrested in pro-B cell

stage, but the introduction of a rearranged IgH transgene allows the cells to progress to a pre-B cell stage 1[261[17]
[18][19][20][21]

TR loci rearrange in a highly ordered way. D-D and V-D rearrangements of the TRD locus begin in a pro-T (DN1)
stage, followed by D-J rearrangements of the TRD and V-J rearrangements of the TRG locus in pre/pro-T (DN2)
stage [2223], This is either followed by TRyd expression or by TRB rearrangement in the pre-T (DN3) stage (D-J
rearrangement). The TRB rearrangement is completed in a pre-T (DN4) stage (V-D-J rearrangements) 24, Lastly,
TRA locus rearranges in a double-positive stage 23123 which is potentially followed by TRaf expression. Because
the TRD locus is nested in the TRA locus (between TRAV and TRAJ gene segments), rearrangement of the TRA
locus leads to the deletion of TRD genes. This mechanism ensures that a single cell can either express a TRaf3 or
TRyd, but not both.

| 2. IGITR Rearrangements in Leukemia

2.1. Leukemic Clones & Oligoclonality

The entire set of antigen receptors with different antigen specificities in one individual is called the immune
repertoire. In humans it is believed to be 1011-1012 or higher (28] Thanks to the above-described recombination
process, each newly developed B- or T-lymphocyte carries a uniquely rearranged junctional region sequence

coding its antigen receptors.

Lymphoid malignancies are clonal diseases. It is therefore commonly believed that all their cells are descendants
of a single malignantly transformed B- or T-lymphocyte and that the entire malignant clone carries identical IG/TR

V(D)J rearrangement(s). Consequently, the junctional region is considered as a ‘DNA fingerprint’ of each particular
clone [,

Despite the generally accepted monoclonal origin of acute lymphoblastic leukemia (ALL), already early studies
using PCR and Southern blotting reported that up to 40% of the B-cell precursor ALL cases are oligoclonal at
diagnosis with up to 9 leukemic rearrangements per patient [281291[801311(32] ‘More recently, highly sensitive modern
technigues employing next-generation IG/TR sequencing provided evidence that the percentage of patients with

oligoclonal IG/TR profiles and also the degree of oligoclonality might be considerably higher B3134] |nterestingly,
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oligoclonality at diagnosis is present in 27% of T-ALL patients harboring a cross-lineage IGH rearrangement 22,
but TR oligoclonality in T-ALL is rather rare 27,

An oligoclonal IG/TR rearrangements profile is a consequence of continuing rearrangement and secondary
rearrangement processes via the active recombinase machinery in these immature lymphoid malignancies [,
Besides, up to a quarter of CLL patients harbor multiple dominant productive IGH rearrangements [B€E71. Only one
third of these cases exhibit two clonal populations with distinct immunophenotypes 28 but each productive IGH

rearrangement corresponds to a different B-cell clone also in immunophenotypically monoclonal cases 22,
2.2. IGITR Rearrangement Profiles in Leukemias

Leukemic transformation leads to a cell differentiation arrest, which has direct impact on the IG/TR gene
rearrangement configuration. Therefore, rearrangements in leukemic cells differ from the physiological repertoire

and distinct rearrangement profiles can be identified according to age at diagnosis and genetic aberrations [2241]
[42],

B-cell precursor ALL results from a leukemic transformation of a lymphoid precursor at an early stage of B-cell
differentiation and it is therefore not surprising that over 80% of both adult and pediatric cases carry an IGH
rearrangement and around 40% of them carry an IGK rearrangement 43144 As might be expected following the
same logic, over 90% of T-ALL cases harbor a TRB rearrangement 22, over 80% a TRG and almost 70% (adults)
or 40% (children) a TRD rearrangement (43144 Exceptionally, however, there are also ALL cases with all IG/TR loci

in germline configuration—those are most probably derived from very immature progenitor cells.

Although cross-lineage rearrangements have not been detected in human thymocytes and their frequency in B-
cells is very low (<0.5%) 481471 these so-called illegitimate rearrangements have been identified in leukemic cells
besides the lineage-consistent rearrangements: IGH rearrangements in 22% of T-ALL cases 23 and TR
rearrangements in 80-90% of patients with B-ALL 481491 Cross-lineage rearrangements in B-ALL have several
special characteristics, compared to regular rearrangements: TRB rearrangements contain particularly the most
downstream Vb gene segments and solely the Jb2 segment, TRG rearrangements involve Jg1 segments in 70% of
cases, and 80% of TRD rearrangements are represented by incomplete Vd2-Dd3 or Dd2-Dd3 junctions, which are
rare in T-cells [448I50151]52] TRB rearrangements are virtually absent in pro-B-ALL and in infants, and patients
with complete TRB gene rearrangements show a more mature IG/TR profile (higher frequency of IGK, TRG, and
Vd2-Ja rearrangements) (23, Remarkably, the frequency of cross-lineage Vd2-Dd3 rearrangements significantly
decreases with age at diagnosis, while cross-lineage TRG rearrangements are rarely found in patients below 2
years of age 278U |n T-ALL, the cross-lineage IGH rearrangements are rather immature, as they are
characterized by a high frequency of incomplete D-J rearrangements and frequent usage of most downstream
Dh6-19 and Dh7-27 and most upstream Jh1 and Jh2 gene segments [33. Cross-lineage rearrangements are rare in
mature B- and T-cell malignancies, probably due to the absence of recombinase activity 245356 This
corresponds with the reported decreasing incidence of cross-lineage TRG rearrangements in more mature B-ALLs:
pro-B (57%), common (47%), pre-B (42%), and mature-B (0%) ALL 4. Also, in more mature T-ALLs with biallelic

TRD deletions and completed TRA rearrangements the IGH gene rearrangements are virtually absent 2. In
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contrast to CLL, a mature B-cell malignancy, high incidence of non-coding/out-of-frame rearrangements was

observed in ALL, suggesting that antigen selection pressure does not play a crucial role in ALL BZ,

In CLL, so called stereotyped B-cell receptors are a common phenomenon. Their complementarity-determining
region 3 (CDR3) sequences are closely similar (share structural features like V-gene, length, amino acid
composition) among unrelated cases, suggesting that stimulation by (auto)antigens may play a role in CLL
pathogenesis B8, The IGH/IGKIIGL repertoires in CLL are biased and differ from repertoires in normal B-cells
[6OI[61][62[63]  Additionally, certain V-segments (IGHV3-21 and IGHV1-69) are associated with poor outcome B,
Furthermore, presence of somatic mutations in variable heavy chain genes defines two CLL subtypes associated
with a different clinical course. About half of CLL cases have more than 98% identity to the closest germline V-gene

(“unmutated”), which corresponds to inferior outcome compared to patients with “mutated” CLL (less than 98%
identity) [641(65],

2.3. Stability and Sensitivity of IGITR Rearrangements as MRD Targets

Since IG/TR rearrangements are not directly related to the oncogenic process, they may vanish over time due to
the outgrowth of subclones or ongoing and secondary rearrangements in leukemic blasts with active IG/TR
recombination machinery. This might lead to an underestimation of MRD level if a rearrangement is only present in
a small subclone, or even a false-negative MRD result if the rearrangement is fully lost during the disease course.
It has therefore been recommended to use at least two leukemia-specific rearrangements to detect MRD in ALL to

lower the risk of obtaining a false negative result (€8],

Studies comparing the rearrangement profiles at diagnosis and during the disease course or at relapse are almost
exclusively focusing on pediatric patients. It has been shown that oligoclonality at diagnosis is the most powerful
predictor of ongoing clonal evolution in ALL: particularly in childhood BCP-ALL, significant differences in stability
were observed between monoclonal and oligoclonal rearrangements: 89% of monoclonal vs. 40% of oligoclonal
rearrangements are preserved at relapse 4. In this study, roughly 85% of monoclonal IGH and TRD
rearrangements remained stable between diagnosis and relapse. Among monoclonal IGK-Kde rearrangements the
percentage of stable targets is even higher (95%), probably due to their end-stage character €8 A study
comparing IG/TR profiles at diagnosis and relapse of B-ALL employing high throughput IG/TR sequencing
confirmed that the overall stability of IG/TR rearrangements is rather low in (27% of clonal rearrangements were
preserved), but also showed that the stability of large clones is way higher (84%) [d. At relapse, the general
characteristics of the IG/TR gene profiles are comparable to those at diagnosis but exhibit a lower degree of
oligoclonality and more frequent TRD gene deletions, which fits with the hypothesis of ongoing clonal selection and
continuing rearrangements 7. In T-ALL, the IG/TR rearrangements profiles at diagnosis and relapse are more
stable: 97% and 86% of TR rearrangements are preserved at relapse in adult and childhood T-ALL, respectively
79 TRD rearrangements are the most stable ones (100% of rearrangements preserved at relapse), followed by
TRG (89%) and TRB rearrangements (82%) 79,

Besides different stability during the disease course, IG/ITR MRD targets also vary in sensitivity of the derived real-

time quantitative polymerase chain reaction (RQ-PCR) assays. The sensitivity is primarily determined by the
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combinatorial and junctional diversity of the CDR3 regions. Therefore, RQ-PCR assays based on rearrangements
from IG/TR loci that contain more V/D/J gene segments in their germline sequence (higher combinatorial diversity)
generally have higher sensitivity. Similarly, complete rearrangements that contain D-segments (IGH, TRB, TRD V-
D-J rearrangements) provide higher sensitivity than complete rearrangements without a D-segment (TRG, IGK
rearrangements) and incomplete rearrangements. For example, complete IGH rearrangements represent the most
sensitive group of targets, usually reaching the sensitivity of 107 43, Also, complete TRB rearrangements provide
decent sensitivity thanks to their extensive junctional regions 9. The lower combinatorial diversity in incomplete
TRB rearrangements provides an explanation for slightly lower sensitivities in this group of targets B2l In contrast,
the sensitivity of TRG targets is usually considerably limited (a sensitivity of at least 107 is reached in less than
half of the patients), owing to the restricted size of their junctional regions and the non-specific amplification of
highly abundant polyclonal TRG rearrangements in normal T-cells /1. Intriguingly, TRG rearrangements contain
significantly higher number of inserted nucleotides and lower number of deleted nucleotides in T-ALL than in BCP-

ALL, which seems to be the most important predictor for reaching good sensitivity 1],

References

1. Murphy, K. Janeway’s Immunobiology, 8th ed.; Garland Science, Taylor & Francis Group LLC:
New York, NY, USA, 2012; ISBN 978-0-8153-4243-4.

2. Jung, D.; Giallourakis, C.; Mostoslavsky, R.; Alt, FW. Mechanism and control of V(D)J
recombination at the immunoglobulin heavy chain locus. Annu. Rev. Immunol. 2006, 24, 541-570.

3. Tonegawa, S. Somatic generation of antibody diversity. Nature 1983, 302, 575-581.

4. Van Dongen, J.J.M.; Comans-Bitter, W.M.; Wolvers-Tettero, I.L.M.; Borst, J. Development of
human T lymphocytes and their thymus-dependency. Thymus 1990, 16, 207-234.

5. Davis, M.M.; Bjorkman, P.J. T-cell antigen receptor genes and T-cell recognition. Nature 1988,
334, 395-402.

6. Szczepanski, T.; Van Der Velden, V.H.J.; Hoogeveen, P.G.; De Bie, M.; Jacobs, D.C.H.; Van
Wering, E.R.; Van Dongen, J.J.M. V&2-Ja rearrangements are frequent in precursor-B-acute
lymphoblastic leukemia but rare in normal lymphoid cells. Blood 2004, 103, 3798-3804.

7. Froland, S.S.; Natvig, J.B. Class, subclass, and allelic exclusion of membrane-bound Ig of human
B lymphocytes. J. Exp. Med. 1972, 136, 409-414.

8. Aifantis, I.; Buer, J.; Von Boehmer, H.; Azogui, O. Essential Role of the Pre-T Cell Receptor in
Allelic Exclusion of the T Cell Receptor 3 locus. Immunity 1997, 7, 601-607.

9. Di Noia, J.M.; Neuberger, M.S. Molecular Mechanisms of Antibody Somatic Hypermutation. Annu.
Rev. Biochem. 2007, 76, 1-22.

https://encyclopedia.pub/entry/11951 6/12



Immune Gene Rearrangements | Encyclopedia.pub

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Tomlinson, I.M.; Walter, G.; Jones, P.T.; Dear, P.H.; Sonnhammer, E.L.; Winter, G. The imprint of
somatic hypermutation on the repertoire of human germline V genes. J. Mol. Biol. 1996, 256,
813-817.

Neuberger, M.S.; Milstein, C. Somatic hypermutation. Curr. Opin. Immunol. 1995, 7, 248-254.

Bye, J.M.; Carter, C.; Cui, Y.; Gorick, B.D.; Songsivilai, S.; Winter, G.; Hughes-Jones, N.C.; Marks,
J.D. Germline variable region gene segment derivation of human monoclonal anti-Rh(D)
antibodies: Evidence for affinity maturation by somatic hypermutation and repertoire shift. J. Clin.
Investig. 1992, 90, 2481-2490.

Kosak, S.T.; Skok, J.A.; Medina, K.L.; Riblet, R.; Le Beau, M.M.; Fisher, A.G.; Singh, H.
Subnuclear compartmentalization of immunoglobulin loci during lymphocyte development.
Science 2002, 296, 158-162.

Stanhope-Baker, P.; Hudson, K.M.; Shaffer, A.L.; Constantinescu, A.; Schlissel, M.S. Cell Type-
Specific Chromatin Structure Determines the Targeting of V(D)J Recombinase Activity In Vitro.
Cell 1996, 85, 887-897.

Miyazaki, K.; Miyazaki, M.; Murre, C. The establishment of B versus T cell identity. Trends
Immunol. 2014, 35, 205-210.

Van Zelm, M.C.; van der Burg, M.; de Ridder, D.; Barendregt, B.H.; de Haas, E.F.E.; Reinders,
M.J.T.; Lankester, A.C.; Révész, T.; Staal, F.J.T.; van Dongen, J.J.M. I|g Gene Rearrangement
Steps Are Initiated in Early Human Precursor B Cell Subsets and Correlate with Specific
Transcription Factor Expression. J. Immunol. 2005, 175, 5912-5922.

Constantinescu, A.; Schlissel, M.S. Changes in locus-specific V(D)J recombinase activity induced
by immunoglobulin gene products during B cell development. J. Exp. Med. 1997, 185, 609—-620.

Mombaerts, P.; lacomini, J.; Johnson, R.S.; Herrup, K.; Tonegawa, S.; Papaioannou, V.E. RAG-1-
deficient mice have no mature B and T lymphocytes. Cell 1992, 68, 869-877.

Shinkai, Y.; Rathbun, G.; Lam, K.P,; Oltz, E.M.; Stewart, V.; Mendelsohn, M.; Charron, J.; Datta,
M.; Young, F.; Stall, A.M.; et al. RAG-2-deficient mice lack mature lymphocytes owing to inability
to initiate V(D)J rearrangement. Cell 1992, 68, 855-867.

Spanopoulou, E.; Roman, C.A.J.; Corcoran, L.M.; Schlissel, M.S.; Silver, D.P.; Nemazee, D.;
Nussenzweig, M.C.; Shinton, S.A.; Hardy, R.R.; Baltimore, D. Functional immunoglobulin
transgenes guide ordered B-cell differentiation in Rag-1-deficient mice. Genes Dev. 1994, 8,
1030-1042.

Young, F.; Ardman, B.; Shinkai, Y.; Lansford, R.; Blackwell, T.K.; Mendelsohn, M.; Rolink, A.;
Melchers, F.; Alt, FW. Influence of immunoglobulin heavy- and light-chain expression on B-cell
differentiation. Genes Dev. 1994, 8, 1043-1057.

https://encyclopedia.pub/entry/11951 7/12



Immune Gene Rearrangements | Encyclopedia.pub

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Capone, M.; Hockett, R.D.; Zlotnik, A. Kinetics of T cell receptor 3, y, and d rearrangements
during adult thymic development: T cell receptor rearrangements are present in CD44+CD25+
Pro-T thymocytes. Proc. Natl. Acad. Sci. USA 1998, 95, 12522-12527.

Staal, F.J.T.; Weerkamp, F.; Langerak, A.W.; Hendriks, R.W.; Clevers, H.C. Transcriptional Control
of T Lymphocyte Differentiation. Stem Cells 2001, 19, 165-179.

Von Boehmer, H. Selection of the T-cell repertoire: Receptor-controlled checkpoints in T-cell
development. Adv. Immunol. 2004, 84, 201-238.

Dik, W.A.; Pike-Overzet, K.; Weerkamp, F.; De Ridder, D.; De Haas, E.F.E.; Baert, M.R.M.; Van
Der Spek, P.; Koster, E.E.L.; Reinders, M.J.T.; Van Dongen, J.J.M.; et al. New insights on human
T cell development by quantitative T cell receptor gene rearrangement studies and gene
expression profiling. J. Exp. Med. 2005, 201, 1715-1723.

Imkeller, K.; Wardemann, H. Assessing human B cell repertoire diversity and convergence.
Immunol. Rev. 2018, 284, 51-66.

Szczepanski, T.; Flohr, T.; Van Der Velden, V.H.J.; Bartram, C.R.; Van Dongen, J.J.M. Molecular
monitoring of residual disease using antigen receptor genes in childhood acute lymphoblastic
leukaemia. Best Pract. Res. Clin. Haematol. 2002, 15, 37-57.

Beishuizen, A.; Verhoeven, M.A.; van Wering, E.R.; Hahlen, K.; Hooijkaas, H.; van Dongen, J.J.
Analysis of Ig and T-cell receptor genes in 40 childhood acute lymphoblastic leukemias at
diagnosis and subsequent relapse: Implications for the detection of minimal residual disease by
polymerase chain reaction analysis. Blood 1994, 83, 2238-2247.

Beishuizen, A.; Hahlen, K.; Hagemeijer, A.; Verhoeven, M.A.; Hooijkaas, H.; Adriaansen, H.J.;
Wolvers-Tettero, I.L.; van Wering, E.R.; van Dongen, J.J. Multiple rearranged immunoglobulin
genes in childhood acute lymphoblastic leukemia of precursor B-cell origin. Leukemia 1991, 5,
657-667.

Steenbergen, E.J.; Verhagen, O.J.; van Leeuwen, E.F.; von dem Borne, A.E.; van der Schoot,
C.E. Distinct ongoing Ig heavy chain rearrangement processes in childhood B-precursor acute
lymphoblastic leukemia. Blood 1993, 82, 581-589.

Kitchingman, G.R. Immunoglobulin heavy chain gene VH-D junctional diversity at diagnosis in
patients with acute lymphoblastic leukemia. Blood 1993, 81, 775-782.

Van Der Velden, V.H.J.; Van Dongen, J.J.M. MRD detection in acute lymphoblastic leukemia
patients using Ig/TCR gene rearrangements as targets for real-time quantitative PCR. Methods
Mol. Biol. 2009, 538, 115-150.

Theunissen, P.M.J.; van Zessen, D.; Stubbs, A.P.; Faham, M.; Zwaan, C.M.; van Dongen, J.J.M;
Van Der Velden, V.H.J. Antigen receptor sequencing of paired bone marrow samples shows

https://encyclopedia.pub/entry/11951 8/12



Immune Gene Rearrangements | Encyclopedia.pub

34.

35.

36.

37.

38.

39.

40.

41.

42.

homogeneous distribution of acute lymphoblastic leukemia subclones. Haematologica 2017, 102,
1869-1877.

Gawad, C.; Pepin, F; Carlton, V.E.H.; Klinger, M.; Logan, A.C.; Miklos, D.B.; Faham, M.; Dahl, G.;
Lacayo, N. Massive evolution of the immunoglobulin heavy chain locus in children with B
precursor acute lymphoblastic leukemia. Blood 2012, 120, 4407-4417.

Szczepanski, T.; Pongers-Willemse, M.J.; Langerak, A.\W.; Harts, W.A.; Wijkhuijs, A.J.M.; van
Wering, E.R.; van Dongen, J.J.M. Ig Heavy Chain Gene Rearrangements in T-Cell Acute
Lymphoblastic Leukemia Exhibit Predominant Dh6-19 and Dh7-27 Gene Usage, Can Result in
Complete V-D-J Rearrangements, and Are Rare in T-Cell Receptor [3 Lineage. Blood 1999, 93,
4079-4085.

Stamatopoulos, B.; Timbs, A.; Bruce, D.; Smith, T.; Clifford, R.; Robbe, P.; Burns, A.; Vavoulis,
D.V.; Lopez, L.; Antoniou, P.; et al. Targeted deep sequencing reveals clinically relevant subclonal
IgHV rearrangements in chronic lymphocytic leukemia. Leukemia 2017, 31, 837-845.

Langerak, A.W.; Davi, F.; Ghia, P.; Hadzidimitriou, A.; Murray, F.; Potter, K.N.; Rosenquist, R.;
Stamatopoulos, K.; Belessi, C. Immunoglobulin sequence analysis and prognostication in CLL:
Guidelines from the ERIC review board for reliable interpretation of problematic cases. Leukemia
2011, 25, 979-984.

Plevova, K.; Francova, H.S.; Burckova, K.; Brychtova, Y.; Doubek, M.; Pavlova, S.; Malcikova, J.;
Mayer, J.; Tichy, B.; Pospisilova, S. Multiple productive immunoglobulin heavy chain gene
rearrangements in chronic lymphocytic leukemia are mostly derived from independent clones.
Haematologica 2014, 99, 329-338.

Brazdilova, K.; Plevova, K.; Skuhrova Francova, H.; Kockova, H.; Borsky, M.; Bikos, V.;
Malcikova, J.; Oltova, A.; Kotaskova, J.; Tichy, B.; et al. Multiple productive IGH rearrangements
denote oligoclonality even in immunophenotypically monoclonal CLL. Leukemia 2018, 32, 234—
236.

Hubner, S.; Cazzaniga, G.; Flohr, T.; van der Velden, V.H.J.; Konrad, M.; Pétschger, U.; Basso,
G.; Schrappe, M.; van Dongen, J.J.M.; Bartram, C.R.; et al. High incidence and unique features of
antigen receptor gene rearrangements in TEL-AML1-positive leukemias. Leukemia 2004, 18, 84—
91.

Brumpt, C.; Delabesse, E.; Beldjord, K.; Davi, F.; Cayuela, J.M.; Millien, C.; Villarese, P.; Quartier,
P.; Buzyn, A.; Valensi, F.; et al. The incidence of clonal T-cell receptor rearrangements in B-cell
precursor acute lymphoblastic leukemia varies with age and genotype. Blood 2000, 96, 2254—
2261.

Van der Velden, V.H.J.; Szczepanski, T.; Wijkhuijs, J.M.; Hart, P.G.; Hoogeveen, P.G.; Hop,
W.C.J.; van Wering, E.R.; van Dongen, J.J.M. Age-related patterns of immunoglobulin and T-cell

https://encyclopedia.pub/entry/11951 9/12



Immune Gene Rearrangements | Encyclopedia.pub

43.

44,

45.

46.

47.

48.

49.

50.

51.

receptor gene rearrangements in precursor-B-ALL: Implications for detection of minimal residual
disease. Leukemia 2003, 17, 1834-1844.

Flohr, T.; Schrauder, A.; Cazzaniga, G.; Panzer-Grimayer, R.; van der Velden, V.; Fischer, S.;
Stanulla, M.; Basso, G.; Niggli, F.K.; Schafer, B.W.; et al. Minimal residual disease-directed risk
stratification using real-time quantitative PCR analysis of immunoglobulin and T-cell receptor gene
rearrangements in the international multicenter trial AIEOP-BFM ALL 2000 for childhood acute
lymphoblastic leukemia. Leukemia 2008, 22, 771-782.

Szczepanski, T.; Langerak, A.W.; Wolvers-Tettero, I.L.M.; Ossenkoppele, G.J.; Verhoef, G.; Stul,
M.; Petersen, E.J.; De Bruijn, M.A.C.; Van't Veer, M.B.; Van Dongen, J.J.M. Immunoglobulin and T
cell receptor gene rearrangement patterns in acute lymphoblastic leukemia are less mature in
adults than in children: Implications for selection of PCR targets for detection of minimal residual
disease. Leukemia 1998, 12, 1081-1088.

Briiggemann, M.; van der Velden, V.H.J.; Raff, T.; Droese, J.; Ritgen, M.; Pott, C.; Wijkhuijs, A.J.;
Gokbuget, N.; Hoelzer, D.; van Wering, E.R.; et al. Rearranged T-cell receptor beta genes
represent powerful targets for quantification of minimal residual disease in childhood and adult T-
cell acute lymphoblastic leukemia. Leukemia 2004, 18, 709-7109.

Greaves, M.F,; Chan, L.C.; Furley, A.J.; Watt, S.M.; Molgaard, H.V. Lineage promiscuity in
hemopoietic differentiation and leukemia. Blood 1986, 67, 1-11.

Bertrand, F.E.; Billips, L.G.; Burrows, P.D.; Gartland, G.L.; Kubagawa, H.; Schroeder, H.W. Ig
D(H) gene segment transcription and rearrangement before surface expression of the pan-B-cell
marker CD19 in normal human bone marrow. Blood 1997, 90, 736—744.

Szczepanski, T.; Beishuizen, A.; Pongers-Willemse, M.J.; Hahlen, K.; Van Wering, E.R.; Wijkhuijs,
A.J.M.; Tibbe, G.J.M.; De Bruijn, M.A.C.; Van Dongen, J.J.M. Cross-lineage T cell receptor gene
rearrangements occur in more than ninety percent of childhood precursor-B acute lymphoblastic
leukemias: Alternative PCR targets for detection of minimal residual disease. Leukemia 1999, 13,
196-205.

Meleshko, A.N.; Belevtsev, M.V.; Savitskaja, T.V.; Potapnev, M.P. The incidence of T-cell receptor
gene rearrangements in childhood B-lineage acute lymphoblastic leukemia is related to
immunophenotype and fusion oncogene expression. Leuk. Res. 2006, 30, 795-800.

Biondi, A.; Francia di Celle, P.; Rossi, V.; Casorati, G.; Matullo, G.; Giudici, G.; Foa, R.; Migone, N.
High prevalence of T-cell receptor V delta 2-(D)-D delta 3 or D delta 1/2-D delta 3 rearrangements
in B-precursor acute lymphoblastic leukemias. Blood 1990, 75, 1834-1840.

Hara, J.; Benedict, S.H.; Champagne, E.; Takihara, Y.; Mak, T.W.; Minden, M.; Gelfand, EW. T
cell receptor & gene rearrangements in acute lymphoblastic leukemia. J. Clin. Investig. 1988, 82,
1974-1982.

https://encyclopedia.pub/entry/11951 10/12



Immune Gene Rearrangements | Encyclopedia.pub

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Felix, C.A.; Poplack, D.G. Characterization of acute lymphoblastic leukemia of childhood by
immunoglobulin and T-cell receptor gene patterns. Leukemia 1991, 5, 1015-1025.

Van der Velden, V.H.J.; Briggemann, M.; Hoogeveen, P.G.; de Bie, M.; Hart, P.G.; Raff, T.; Pfeifer,
H.; Lischen, S.; Szczepanski, T.; van Wering, E.R.; et al. TCRB gene rearrangements in
childhood and adult precursor-B-ALL: Frequency, applicability as MRD-PCR target, and stability
between diagnosis and relapse. Leukemia 2004, 18, 1971-1980.

Szczepanski, T.; Pongers-Willemse, M.J.; Langerak, A.W.; Van Dongen, J.J.M. Unusual
immunoglobulin and T-cell receptor gene rearrangement patterns in acute lymphoblastic
leukemias. Curr. Top. Microbiol. Immunol. 1999, 246, 205-215.

Foroni, L.; Foldi, J.; Matutes, E.; Catovsky, D.; O’'Connor, N.J.O.; Baer, R.; Forster, A.; Rabbitts,
T.H.; Luzzatto, L. a, B and y T-cell receptor genes: Rearrangements correlate with haematological
phenotype in T cell leukaemias. Br. J. Haematol. 1987, 67, 307-318.

Kneba, M.; Bergholz, M.; Bolz, I.; Hulpke, M.; Béatge, R.; Schauer, A.; Krieger, G. Heterogeneity of
immunoglobulin gene rearrangements in B-cell lymphomas. Int. J. Cancer 1990, 45, 609-613.

Rai, L.; Casanova, A.; Moorman, A.V.; Richards, S.; Buck, G.; Goldstone, A.H.; Fielding, A.K.;
Foroni, L. Antigen receptor gene rearrangements reflect on the heterogeneity of adult Acute
Lymphoblastic Leukaemia (ALL) with implications of cell-origin of ALL subgroups-A UKALLXII
study. Br. J. Haematol. 2010, 148, 394-401.

Stamatopoulos, K.; Belessi, C.; Moreno, C.; Boudjograh, M.; Guida, G.; Smilevska, T.; Belhoul, L.;
Stella, S.; Stavroyianni, N.; Crespo, M.; et al. Over 20% of patients with chronic lymphocytic
leukemia carry stereotyped receptors: Pathogenetic implications and clinical correlations. Blood
2007, 109, 259-270.

Landgren, O.; Albitar, M.; Ma, W.; Abbasi, F.; Hayes, R.B.; Ghia, P.; Marti, G.E.; Caporaso, N.E. B-
Cell Clones as Early Markers for Chronic Lymphocytic Leukemia. N. Engl. J. Med. 2009, 360,
659-667.

Chiorazzi, N.; Ferrarini, M. B cell chronic lymphocytic leukemia: Lessons learned from studies of
the B cell antigen receptor. Annu. Rev. Immunol. 2003, 21, 841-894.

Fais, F.; Ghiotto, F.; Hashimoto, S.; Sellars, B.; Valetto, A.; Allen, S.L.; Schulman, P.; Vinciguerra,
V.P.; Rai, K.; Rassenti, L.Z.; et al. Chronic lymphocytic leukemia B cells express restricted sets of
mutated and unmutated antigen receptors. J. Clin. Investig. 1998, 102, 1515-1525.

Stevenson, F.K.; Caligaris-Cappio, F. Chronic lymphocytic leukemia: Revelations from the B-cell
receptor. Blood 2004, 103, 4389-4395.

Abusedra, A.; Joshi, R.; Bybee, A.; Apperley, J.F.; Wagner, S.D. VA genes in chronic lymphocytic
leukaemia: Highly skewed V gene segment usage with similar CDR3 sequences. Leukemia 2008,
22,1073-1075.

https://encyclopedia.pub/entry/11951 11/12



Immune Gene Rearrangements | Encyclopedia.pub

64.

65.

66.

67.

68.

69.

70.

71.

Hamblin, T.J.; Davis, Z.; Gardiner, A.; Oscier, D.G.; Stevenson, F.K. Unmutated Ig V(H) genes are
associated with a more aggressive form of chronic lymphocytic leukemia. Blood 1999, 94, 1848—
1854.

Damle, R.N.; Wasil, T.; Fais, F.; Ghiotto, F.; Valetto, A.; Allen, S.L.; Buchbinder, A.; Budman, D.;
Dittmar, K.; Kolitz, J.; et al. Ig V Gene Mutation Status and CD38 Expression As Novel Prognostic
Indicators in Chronic Lymphocytic Leukemia. Blood 1999, 94, 1840-1847.

Baruchel, A.; Cayuela, J.-M.; Macintyre, E.; Berger, |.R.; Sigaux, F. Assessment of clonal evolution
at Ig/TCR loci in acute lymphoblastic leukaemia by single-strand conformation polymorphism
studies and highly resolutive PCR derived methods: Implication for a general strategy of minimal
residual disease detection. Br. J. Haematol. 1995, 90, 85-93.

Szczeparnski, T.; Willemse, M.J.; Brinkhof, B.; Van Wering, E.R.; Van Der Burg, M.; Van Dongen,
J.J.M. Comparative analysis of Ig and TCR gene rearrangements at diagnosis and at relapse of
childhood precursor-B-ALL provides improved strategies for selection of stable PCR targets for
monitoring of minimal residual disease. Blood 2002, 99, 2315-2323.

Van der Velden, V.H.J.; Willemse, M.J.; van der Schoot, C.E.; Hahlen, K.; van Wering, E.R.; van
Dongen, J.J.M. Immunoglobulin kappa deleting element rearrangements in precursor-B acute
lymphoblastic leukemia are stable targets for detection of minimal residual disease by real-time
guantitative PCR. Leukemia 2002, 16, 928—936.

Theunissen, P.M.J.; de Bie, M.; van Zessen, D.; de Haas, V.; Stubbs, A.P.; van der Velden, V.H.J.
Next-generation antigen receptor sequencing of paired diagnosis and relapse samples of B-cell
acute lymphoblastic leukemia: Clonal evolution and implications for minimal residual disease
target selection. Leuk. Res. 2019, 76, 98-104.

Szczepanski, T.; van der Velden, V.H.J.; Raff, T.; Jacobs, D.C.H.; van Wering, E.R.; Briiggemann,
M.; Kneba, M.; van Dongen, J.J.M. Comparative analysis of T-cell receptor gene rearrangements
at diagnosis and relapse of T-cell acute lymphoblastic leukemia (T-ALL) shows high stability of
clonal markers for monitoring of minimal residual disease and reveals the occurence of second T-
ALL. Leukemia 2003, 17, 2149-2156.

Van der Velden, V.H.J.; Wijkhuijs, J.M.; Jacobs, D.C.H.; van Wering, E.R.; van Dongen, J.JM. T
cell receptor gamma gene rearrangements as targets for detection of minimal residual disease in
acute lymphoblastic leukemia by real-time quantitative PCR analysis. Leukemia 2002, 16, 1372—
1380.

Retrieved from https://encyclopedia.pub/entry/history/show/28186

https://encyclopedia.pub/entry/11951 12/12



