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Abstract

For diagnosing a lymphoma by pathological examination, morphological assessment is the cornerstone,
and based onthe morphology of the cells, further ancillary tests like immunophenotyping and cytogenetics/
molecular studies are done to confirm the diagnosis. However, in 10-15% of non-Hodgkin lymphomas,
morphology and immunophenotyping may not suffice for a definitive diagnosis, especially when no
specific chromosomal translocations or other genetic abnormalities are known to be associated with that
subtype of lymphoma. In these instances, assessing the clonality of lymphocytes is necessary to support
the diagnostic suspicion of lymphoma. Various methods can be employed to determine the clonal nature of
lymphocytes, including immunophenotyping techniques like flow cytometry and immunohistochemistry,
as well as molecular approaches such as Southern blotting, Polymerase Chain Reaction (PCR) assays, and
Next-Generation Sequencing (NGS). In addition to enhancing diagnostic accuracy, clonality assessment can

also be valuable for evaluating minimal residual disease.
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Introduction

Morphology, immunophenotyping and identifying defined
specific chromosomal translocations or genetic mutations are
the cornerstone of diagnosing lymphomas. However, in 10-15%
of non-Hodgkin lymphomas diagnosis is still a challenge [1], es-
pecially when a known specific translocation or mutation is not
associated with the lymphoma. In instances when morphological
distinction of lymphoma from a reactive process is ambiguous, it
is necessary to do a clonality evaluation of lymphoid cells, as the
malignant cells are monoclonal while reactive cells are polyclo-
nal [2]. Clonality in a lymphoid cell population can be evaluated
by multiple techniques. Initially, the identification of light chain
restriction in B cell ymphomas through immunophenotyping was
employed to ascertain clonality. Subsequently, immunopheno-
type-based tests, analogous to light chain limits, such as TCR V
beta repertoire analysis and TRBC1 assays, have been implemen-
ted for the assessment of clonality in T cell ymphomas. Molecu-

lar diagnostic techniques such as Southern blotting, PCR, NGS can
be employed to evaluate clonality through the characterisation
of rearrangements in immunoglobulin and T-cell receptor genes.

B cells and T cells are integral components of the immune sys-
tem, playing crucial roles in the recognition of foreign antigens. B
and T cells possess hypervariable Immunoglobulin (Ig) molecules
and T Cell Receptor (TCR) molecules respectively on their sur-
faces, which contribute to their remarkable diversity and ability
to recognize a wide array of antigens. The Ig and TCR genes in
germline DNA contain numerous Variable (V), Diverse (D), and Joi-
ning (J) segments that undergo random somatic rearrangement,
resulting in the production of highly diverse Ig and TCR molecules.

B cells display an Ig molecule composed of a heavy chain (IGH)
and one of two light chains, either Kappa (IGK) or Lambda (IGL) [3].
In contrast, TCR molecules on T cells are heterodimers that consist
of either alpha and beta chains (af T cells) or gamma and delta
chains (y6 T cells) [4]. The IGH, TCRB, and TCRS chains have V, D,
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and J segments within their variable regions, while the IGK, IGL,
TCRa, and TCRy chains include only V and J segments (Figure 1).

The diversity of B and T cells arises from several key processes.
Unique V(D)J recombination occurs during B and T cell develop-
ment, generating substantial diversity known as combinatorial
diversity [5]. Additionally, variable numbers of nucleotides are
added or deleted at the junctions of V/D/J segments, a pheno-
menon called junctional diversity, which further enhances the va-
riability of the VDJ sequence [6]. Furthermore, in case of B cells,
naive B cells in the germinal centre undergo somatic hypermuta-
tion upon exposure to antigens, resulting in changes to the VD)
sequence that increase the affinity of immunoglobulins for their
target antigens [7]. Together, these three processes contribute to
the generation of an incredibly vast repertoire of B and T cells,
each with unique Ig and TCR sequences. The rearrangement of I1G
and TCR genes follows a hierarchical pattern: in IG genes, rearran-
gement begins with the IGH gene, followed by the IGK gene. If IGK
rearrangement is non-productive, the IGK gene is deleted, and IGL
gene rearrangement occurs. For TCR genes, rearrangement starts
with the TCRD gene, followed by the TCRG gene, then the TCRB
gene, and finally the TCRA gene [8].

Assessment of B-cell clonality by immunophenotyping

In B-cell non-Hodgkin lymphomas, clonality can be determi-
ned through light chain restriction within the malignant B cell
population. Flow cytometry serves as a straightforward, cost-
effective, and sensitive method for evaluating clonality via light
chain restriction. In a typical polyclonal B cell population, the ex-
pected kappa to lambda light chain ratio ranges from 1:1 to 2:1
[9]. B cells from the same clone produce immunoglobulin that
contains either kappa or lambda light chains [10] leading to an
altered kappa to lambda ratio. Monoclonal B cells exhibit a kappa
to lambda ratio of greater than 3:1 or less than 0.3:1 [11]. While
the presence of normal B cells in a sample may partially normalize
the kappa to lambda ratio, clonal B cells can be identified by their
aberrant expression of B cell markers (Figure 2). Calculating the
kappa to lambda ratio exclusively in the aberrant B cell population
enables accurate determination of clonality, even in samples with
a background of polyclonal B cells.

Light chain restriction can also be evaluated through Immu-
nohistochemistry (IHC) and Chromogenic in Situ Hybridization
(CISH). These methods have the advantage of being applicable
to Formalin-Fixed Paraffin-Embedded (FFPE) tissue sections. An-
tibodies targeting kappa and lambda proteins are utilized to as-
sess the expression of these proteins on B cell surfaces. However,
IHC may present challenges, such as background staining from
immunoglobulins in interstitial spaces or non-specific binding of
antibodies to Fc receptors on antigen-presenting cells [12], which
can affect the calculation of the kappa to lambda ratio. This limi-
tation can be addressed by CISH, which employs probes to selec-
tively stain kappa and lambda mRNAs within the B cell cytoplasm.
Reports in the literature indicate considerable variability in the
kappa to lambda ratios used to define clonal cells, ranging from
more than 3:1 to less than 1:1, and more than 10:1 to less than
0.1:1. [13-17].

A notable limitation of using light chain restriction for detec-
ting clonality is that rare biphenotypic B cell lymphomas having
two sub-populations, one showing monoclonal expression of kap-

pa and the other population showing expression of lambda light
chain, is likely to mimic a reactive process and may be overlooked.
Flow cytometry technique requires fresh sample and cannot be
applied to FFPE sections. IHC may present challenges due to non-
specific background staining, complicating the evaluation of the
kappa to lambda ratio. In contrast, CISH can mitigate this issue but
is a more complex technique that demands specialized technical
expertise.

Several studies have demonstrated the utility of the immuno-
globulin light chain ratio by flow cytometry, IHC and ISH in iden-
tifying clonal B cells in mature B cell neoplasms. Table 1 summa-
rises findings and method of assessment of some of these studies.
Chizuka et al. evaluated 105 cases of patients with persistently
enlarged lymph nodes or extranodal tissues. They assessed the ef-
fectiveness of the light chain ratio in identifying clonal B cells and
compared their findings with histopathological reports. The study
found that the light chain ratio had a sensitivity of 73.1% and a
specificity of 92.3% for identifying B cell ymphoma. Additionally,
the positive Predictive Value (PPV) was 90.5%, and the negative
Predictive Value (NPV) was 77.4% [18]. Mendes and Dreno com-
pared IHC and In Situ Hybridization (ISH) methods to detect clo-
nality in 38 cases of primary cutaneous B cell lymphoma. They
found that IHC was not useful in 14 of the 38 cases, as these did
not express monotypic immunoglobulins and were classified as
non-secreting B cell lymphomas. However, ISH successfully de-
monstrated clonality in these cases. Based on these findings, the
authors concluded that ISH could serve as a supplementary test
to detect clonality when IHC is inconclusive or negative for light
chain expression [19].

Paiva et al. conducted a study on the peripheral blood of 43
patients with mature B cell lymphoma, where they found that all
43 patients exhibited clonal B cells when analysing the light chain
ratio by flow cytometry [20]. Guo et al. conducted a study on 203
tissue samples and 104 bone marrow aspirate samples from pa-
tients with suspected lymphoproliferative disorders, using both
automated RNA In Situ Hybridization (RNA-ISH) and flow cyto-
metry methods to assess the kappa lambda ratio for detecting
clonal B cells and diagnosing mature B cell neoplasms. They found
that RNA-ISH staining demonstrated light chain restriction with a
sensitivity that was either equivalent to or greater than that of
flow cytometry across a wide range of lymphoproliferative disor-
ders. However, flow cytometry proved more effective than RNA-
ISH staining for identifying clonality based on the kappa lambda
ratio in bone marrow aspirate samples [21].

Shafeno et al. studied 45 cases of plasma cell myeloma and
45 cases of reactive plasmacytosis, using IHC to assess the utility
of the kappa to lambda ratio in identifying clonal plasma cells in
bone marrow biopsy sections. They found that IHC for the kappa
to lambda ratio demonstrated a sensitivity of 100% and a speci-
ficity of 97.8% in detecting clonal plasma cells, making it a highly
effective tool for diagnosing plasma cell neoplasms [22].

Assessment of T cell clonality

Identifying neoplastic T cells by flow cytometry poses chal-
lenges compared to B cell ymphomas, where clonality can be rea-
dily assessed through light chain restriction. In T cell malignancies,
clonal T cells have traditionally been identified by immunopheno-
typic aberrancies, such as the under-expression, overexpression,
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or absence of pan-T cell markers and the restriction of T cell sub-
set antigens. However, these immunophenotypic alterations can
also occur in reactive T cells [23]. Also, some neoplastic T cells
may not exhibit obvious immunophenotypic aberrancies detec-
table by flow cytometry [24]. To address these limitations, two
flow cytometric immunophenotypic methods have been deve-
loped: T-Cell Receptor VB repertoire (TCR VB-repertoire) analysis
and T-cell Receptor B-chain Constant region 1 (TRBC1) expression.
It is important to note that these techniques are applicable only
to af T cells and not to y6 T cells. Table 2 summarises studies
demonstrating the use of TCRVp repertoire analysis and TRBC1
expression by flow cytometry to detect clonal T cells.

TCR VB repertoire analysis

In TCR VP repertoire analysis, the immunophenotypic assess-
ment focuses on the variable regions of the TCR-B chain. Humans
possess 65 genes coding for the variable region of the B chain,
of which 47 are functional. These 65 genes can be categorized
into 30 subfamilies based on sequence homology [25], with each
subfamily containing one to nine members; a minimum of 75%
sequence similarity is required for classification into a single sub-
family. The I0Test Beta Mark TCR Repertoire Kit, supplied by Beck-
man Coulter, is a commercially available fluorescently tagged anti-
body kit that includes monoclonal antibodies targeting 24 TCR-V(
subfamilies, representing approximately 70% of the normal hu-
man TCR-Vp repertoire [26]. These antibodies are organized into
eight cocktails, each containing three distinct subfamily-specific
antibodies, with each cocktail containing one antibody labelled
with Fluorescein Isothiocyanate (FITC), another with Phycoeryth-
rin (PE), and the third labelled with both the fluorescent dyes. In
a polyclonal T cell population, the 24 VB subfamilies are expected
to be represented in a specific proportion out of all T lymhocytes.
In contrast, an abnormal expansion of a single subfamily indicates
T cell clonality. A sample is considered clonal if a single TCR-V[ an-
tigen is positive in more than 50% of the total analysed T cells or if
it exceeds the expected normal maximum limit by tenfold (Figure
3). If a single TCR-VB antigen is positive in 40-49% of the total T
cells, or if more than 70% of the total T cells are negative for all
24 antibodies, these findings suggest clonality. Samples that do
not meet any of these criteria are classified as polyclonal [26,27].

Beck et al. studied 43 blood samples from patients suspected
of having T-cell neoplasms. Of these, 27 samples were diagnosed
as mature T-cell neoplasms based on clinical, morphological, im-
munophenotypic, and molecular findings. TCRVp repertoire ana-
lysis was performed on all 48 samples to detect clonal T cells. The
study found that TCRV repertoire analysis exhibited a sensitivity
of 100% and a specificity of 88%, demonstrating its high accuracy
in identifying clonal T cells in the diagnosis of mature T-cell neo-
plasms [28]. Tembhare et al. studied 31 peripheral blood samples,
3 bone marrow aspirates, and 1 lymph node aspirate from confir-
med cases of mature T-cell neoplasm to detect clonal T cells using
TCRV repertoire analysis. They were able to identify clonal T cells
in all 41 cases. Additionally, the authors examined 61 Minimal Re-
sidual Disease (MRD) samples, including peripheral blood, bone
marrow aspirates, and cerebrospinal fluid, from these 41 cases.
They concluded that TCRVB repertoire analysis is a valuable tool
for detecting clonal T cells, even in low-cellularity samples, as
long as the specific TCRVB clone-specific single antibody cocktail
is used for MRD assessment [26]. Salameire et al. studied 124

tissue biopsies from patients suspected of having mature T-cell
lymphoma. Of these, 30 cases were diagnosed as mature T-cell
neoplasms based on morphological, immunophenotypic, and mo-
lecular analyses. The authors used TCRV repertoire analysis to
investigate the presence of clonal T cells in all 124 samples. They
found that the technique had a sensitivity of 90% and a specificity
of 98%, demonstrating its utility in detecting clonal T cells in sus-
pected cases of mature T-cell lymphoma [29].

An additional advantage of this flow cytometry-based tech-
nique is its ability to directly quantify MRD, a capability not avai-
lable with PCR-based methods. Although this flow cytometry as-
say is highly sensitive, it has limitations of high cost and it cannot
be used to analyse clonality in y6 T cells. Furthermore, unlike PCR
techniques, it cannot be employed for assessing clonality in fixed
tissues. The requirement for eight tubes makes the assay cum-
bersome and labour-intensive, necessitating a sufficient sample
volume to perform all eight tubes for clonality assessment.

Clonality assessment of T cells by TRBC1 (T-cell Receptor B-
chain Constant region 1)

A relatively simple, rapid, and low-cost method for assessing
clonality in aB-T cells is TRBC1 analysis by flow cytometry (Figure
4a). While analysis by TCR VB repertoire kit utilizes antibodies
against the variable region of the B chain, TRBC1 analysis employs
antibodies targeting the constant region of the  chain. The gene
encoding the constant region of the B chain consists of two seg-
ments: constant region 1 (C1) and constant region 2 (C2). During T
lineage commitment, when the B TCR undergoes rearrangement,
either C1 or C2 is selected to code for the constant region. This se-
lection is mutually exclusive, resulting in the B chain of any given T
cell containing either C1 or C2. Hence, a normal healthy individual
has two distinct populations of T cells in circulation i.e. TRBC1
expressing population and TRBC2 expressing population. There
are commercially available antibodies specific to TRBC1, and the
staining method for TRBC1 by flow cytometry has been standar-
dized and validated, with established reference ranges for TRBC1
positivity in T cells [30]. Available data indicates that the average
ratio of TRBC1-positive to TRBC1-negative cells is approximately
1:2 [31]. Cut-off values have been established, where a positivity
of more than 85% or less than 15% for TRBC1, or a predominant
population of T cells exhibiting dim positivity for TRBC1, is indica-
tive of a clonal population [30,32].

However, certain considerations must be taken into account
when analysing T cells for TRBC1 expression to define clonality.
v6 T cells do not express TRBC1 because they lack a B chain; the-
refore, when evaluating CD8+ T cells or CD4/CD8 double-negative
T cells for TRBC1 expression, it is crucial to exclude y6 T cells from
the analysis before calculating the TRBC1 positive/negative popu-
lation. Additionally, the TCR protein exists as a complex of CD3-
TCR on the surface of T cells. Consequently, downregulation or
aberrant absence of CD3 from mature T cell-surface can indicate
a concurrent downregulation or absence of TRBC1. Thus, using
TRBC1 to assess clonality in aberrant CD3-negative mature T cells
or on immature T cells which normally do not express CD3 on sur-
face, may lead to false positives for clonality [30].

Recently, an anti-TRBC2 antibody, which specifically binds
to the TRBC2 antigen in the beta chain of aB T cells, has been
developed and recently made commercially available in some
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countries, by Beckman Coulter, USA. When combined with an-
ti-TRBC1 antibodies in a dual staining panel, this new antibody
enables the study of T cell clonality by flow cytometry, similar to
how kappa and lambda antibodies are used to assess clonality in
B cells. Horna et al. conducted a study involving 60 samples of
known T cell neoplasms, 104 clinical samples without T cell neo-
plasia, and 39 samples from healthy donors. Their findings confir-
med the specificity of the anti-TRBC2 antibody for the TRBC2
antigen in the beta chain of aff T cells. They also demonstrated
that the dual staining method for TRBC1 and TRBC2 is especially
valuable in cases with dim CD3 expression, where interpreting
TRBC1 expression alone can be challenging. Furthermore, the
study showed that cytoplasmic staining of TRBC1 and TRBC2 can
be employed to identify clonal T cells in neoplasms lacking surface
CD3 expression [33].

Berg et al. studied a total of 143 samples, including tissue and
body fluid specimens, to investigate mature T-cell neoplasms. Of
these, 46 samples were definitively diagnosed as mature T-cell
neoplasms based on morphological, immunohistochemical, and
molecular findings. The authors assessed TRBC1 expression in all
the samples to detect clonal T cells. They found that all 46 ma-
ture T-cell neoplasm cases showed clonal T cells based on TRBC1
expression, while all 97 samples without T-cell neoplasms exhi-
bited polytypic T cells, highlighting the technique’s ability to dis-
tinguish between clonal and non-clonal T cell populations [32].
Capone et al. studied a total of 77 samples, including 14 from
healthy donors as controls. Of these, 37 samples exhibited aber-
rant T cell populations by immunophenotyping. The clonality of
these aberrant T cells was assessed using both TCRV[ repertoire
analysis and TRBC1 expression. The results were concordant in
97% of the cases, with both techniques identifying clonal T cells.
In one case, clonal T cells were detected by TRBC1 expression but
not by TCRVp repertoire analysis. However, molecular analysis
confirmed the presence of clonal T cells in this sample, sugges-
ting that TRBC1 expression analysis may be superior to TCRV[
repertoire analysis for detecting clonal T cells [24]. Nguyen et al.
studied 90 cases of suspected T-cell neoplasm, excluding yé T-cell
neoplasms and mature T-cell neoplasms with dim or negative CD3
expression. Out of the 90 cases, 38 were confirmed as mature T-
cell neoplasms based on morphological and immunophenotyping
studies. The researchers assessed the presence of clonal T cells
in all the samples using both TRBC1 expression and PCR-based
methods. They found that 37 out of 38 mature T-cell neoplasm
cases showed monotypic T cells by TRBC1 expression, while all 38
cases demonstrated monotypic T cells by PCR. The remaining 52
cases showed polytypic T cells by both TRBC1 expression and PCR
techniques, indicating a non-clonal T-cell population [34].

Molecular methods for assessing clonality in B and T cells

Several molecular techniques can be utilized to evaluate clona-
lity in Band T cells, including Southern blotting, Polymerase Chain
Reaction (PCR)-based assays, and Next-Generation Sequencing
(NGS).

Southern blot technique

Southern blot analysis was once considered the gold stan-
dard for assessing clonality in B and T cells but has largely been
supplanted by PCR-based techniques [35]. In this method, DNA
is fragmented using carefully selected restriction enzymes, and

the resulting fragments are separated by size through gel electro-
phoresis before being transferred to a membrane. Radiolabelled
DNA probes, designed to be complementary to immunoglobulin
(Ig) and T-Cell Receptor (TCR) genes, are then applied to the mem-
brane [36,37]. After washing away the unbound probes, the tar-
geted fragments can be visualized using autoradiography. Distinct
band patterns on gel for the normal polyclonal lymphocytes as
compared to clonal lymphocytes help in assessment of clonality.

However, Southern blot analysis has several limitations, inclu-
ding requirement of fresh samples and a substantial amount of
high-quality DNA (approximately 10,000 to 20,000 ng), having a
long turnaround time, and need of technical expertise. Additio-
nally, a minimum of 10-15% tumor cells in the sample is necessary
to reliably identify clonality [38].

PCR-based methods

PCR has become the preferred method for assessing clonality,
surpassing Southern blot techniques due to its speed, accuracy,
and ability to work with very small amounts of DNA (50-100 ng).
Moreover, PCR can be performed on Formalin-Fixed Paraffin-Em-
bedded (FFPE) tissues, with sensitivity as low as 0.1% [35,39]. In
2003, the EuroClonality/BIOMED-2 consortium established stan-
dardized protocols and primers for multiplex PCR aimed at evalua-
ting clonality in B and T cells, which has since been validated by
numerous studies [40-44].

By 2012, EuroClonality/BIOMED-2 had published guidelines for
the interpretation and reporting of Ig and TCR clonality [45]. PCR
based method utilizes multiple consensus DNA primers that target
conserved genetic regions within immunoglobulin chain genes
and T cell receptor genes. A total of 14 multiplex PCR tubes have
been designed by the EuroClonality/BIOMED-2 consortium for
assessing clonality in Ig and TCR genes. These tubes include three
for IGH (VH-JH) rearrangement, two for IGH (DH-JH), two for IGK
(VK-JK, VK-Kde), one for IGL (VL-JL), three for TCRB (VB-JB, DB-JB),
two for TCRG (VG-JG), and one for TCRD (VD-JD, VD, DD). In 2019,
the consortium also published a single multiplex PCR tube assay
specifically for TCRG genes [46]. Furthermore, the EuroClonality/
BIOMED-2 consortium has recommended a stepwise algorithm
for utilizing the multiplex PCR tubes to identify clonality [45]. In
cases of suspected B cell neoplasms, the initial testing should
involve the first three tubes for IGH gene rearrangement, ideally
in conjunction with two tubes for IGK gene rearrangement.
This approach is sufficient in over 95% of cases; however, if the
initial results are inconclusive despite strong clinical suspicion of
lymphoma, further testing with two IGH V-J tubes and an IGL tube
may be warranted. For af T cell lymphomas, performing TCRB
gene rearrangement studies alongside TCRG gene rearrangement
studies—either in parallel or consecutively—is typically adequate.
In contrast, for y& T cell lymphomas, it is preferable to conduct
TCRG gene rearrangement studies together with TCRD gene
rearrangement studies.

Analysis of PCR products for clonality assessment

PCR product analysis can be performed using either gel-based
assays or capillary electrophoresis. Both methods assess clonality
based on the size of the PCR products.
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Gel-based assays

In gel-based assays, heteroduplex analysis is employed, where
the amplified PCR products are heat-denatured at 90°C and then
rapidly cooled to 40°C for one hour [47]. This process allows the
denatured DNA fragments to realign, forming heteroduplexes in
cases of polyclonal PCR products, while monoclonal PCR products
form homoduplexes. Heteroduplex molecules exhibit a slow-mi-
grating smeared pattern on gel electrophoresis due to confor-
mational differences, whereas homoduplexes appear as distinct
single bands. In samples containing a polyclonal population
amidst a monoclonal background, both homoduplexes and hete-
roduplexes may be observed [48]. This method is rapid, simple,
cost-effective, and has a detection limit of 5% [35].

Capillary electrophoresis/GeneScanning

Capillary electrophoresis, or GeneScanning, involves fluores-
cently tagging single-stranded PCR products and separating them
based on size in a capillary system. This method is preferred for
clonality analysis due to its superior resolution (1-2 nucleotide
differences), sensitivity of about 1%, and the automation that
makes it rapid and less labour-intensive [49]. The EuroClonality/
BIOMED-2 consortium published guidelines for interpreting and
reporting PCR products analysed via GeneScanning in 2012 [45]. A
normal polyclonal population typically displays a Gaussian distri-
bution with multiple peaks, in contrast, a monoclonal population
is characterized by one or two isolated peaks (Figure 4b), or one
to two peaks that are at least twice as tall as the polyclonal peaks
in the background [50]. The presence of two predominant peaks
may indicate biclonality or biallelic rearrangement within a single
clonal population. In the case of IGK and TCRB genes, multiple
rearrangements can occur within a single allele, allowing for up
to four peaks at the TCRB and IGK loci to still be consistent with a
single clone. Therefore, interpreting multiple reproducible predo-
minant peaks is complex, as it could signify biclonality, oligoclo-
nality, or even pseudoclonality. The implications of such findings
were also addressed in guidelines published by the EuroClonality/
BIOMED-2 consortium in 2012 [8]. Occasionally, oligoclonal peaks
identified in GeneScanning analysis may represent a pseudoclonal
population, especially when selective amplification occurs from a
sample containing a very small number of lymphoid cells [38,51].
However, in such cases, the predominant peaks are generally not
reproducible, distinguishing them from true oligoclonal popula-
tions [45]. Additionally, since population discrimination relies on
the size of the PCR products, false positives for clonality can arise
when two or more clones share the same size. Nonetheless, the
enhanced resolution of GeneScanning (1-2 nucleotide size diffe-
rences)generallymakesitmorereliablethanheteroduplexanalysis.

False negatives for monoclonality may occur due to technical
issues during PCR, such as improper primer annealing, which can
result in incomplete amplification of the DNA fragments. Moreo-
ver, mature B cells that have undergone somatic hypermutation
exhibit variations in the VDJ sequence of the IGH gene, which can
hinder proper primer annealing, leading to potential false-nega-
tive results in B cell neoplasms of germinal centre or post-germi-
nal centre origin [38,52].

Many studies (Table 3) have demonstrated the utility of PCR-
based techniques to detect clonality by analysing IGH and TCR
gene rearrangements are valuable tools in diagnosing B and T cell

malignancies. Studies have also shown its usefulness in detecting
MRD after treatment. Droese et al. studied 66 T-ALL samples and
36 mature T-cell neoplasm samples to detect clonal T cells using
Southern blot and PCR techniques to study TCR gene rearrange-
ment. In 91% of the analysed loci, the results from both methods
were concordant. However, discordant results were observed in
9% of the cases. Specifically, 6% of loci showed monoclonal T cells
by PCR but not by Southern blot, while 3% of loci showed mo-
notypic T cells by Southern blot but not by PCR. These findings
highlight that while both techniques are highly concordant, there
can be occasional discrepancies in detecting clonal T cells, which
may depend on the method used [53]. Melotti et al. studied 13
cases of Primary cutaneous B Cell lymphoma (PCBCL), 6 cases of
pseudolymphomas, and 10 cases with inconclusive diagnoses by
morphology and IHC to assess clonality in B cells using IGH gene
rearrangement by PCR. Of the 13 confirmed PCBCL cases, 12
showed monoclonal B cells based on IGH and IGK gene rearran-
gement studies, while 1 case yielded a non-informative result for
clonality. Among the 6 pseudolymphoma cases, 4 showed poly-
clonal B cells by PCR, and the remaining 2 cases had non-informa-
tive results. Of the 10 cases with inconclusive results by morpho-
logy and IHC, 2 demonstrated monoclonal B cells through IGH and
IGK gene rearrangement analysis by PCR. The authors concluded
that IGH and IGK gene rearrangement studies by PCR significantly
improve the detection of clonality in cutaneous B cell lymphoma
cases, especially in those with inconclusive diagnoses by traditio-
nal methods [54].

Xu et al. studied 25 cases of diagnosed mycosis fungoides,
confirmed by morphology and immunophenotyping, as well as 6
cases of chronic inflammatory skin disease, to detect clonal T cells
using PCR-based TCR gene rearrangement analysis. They found
TCR gamma gene rearrangement in 23 of the mycosis fungoides
cases and TCR beta gene rearrangement in 2 cases. One case ex-
hibited both TCR gamma and TCR beta gene rearrangements. In
contrast, none of the 6 chronic inflammatory skin disease cases
showed TCR gene rearrangement, indicating the specificity of TCR
gene rearrangement as a marker for clonal T cell populations in
mycosis fungoides [55].

Ribera et al. studied 106 suspected cases of B and T cell lym-
phoma that showed inconclusive clonality by flow cytometry.
They analysed IGH and TCR gamma gene rearrangements using
PCR to detect clonality. Of the 106 cases, 36 showed clonal popu-
lations by PCR, with 27 of these confirmed as lymphoma through
histopathological examination. Polyclonal results were obtained
in 47 cases, 5 of which were later diagnosed as lymphoma by
histopathology. Additionally, 14 cases had inconclusive clonality
results by PCR, and 5 of these were subsequently confirmed as
lymphoma. Finally, 8 cases showed non-informative results for
clonality by PCR, 3 of which were later proven to be lymphoma.
Based on these findings, the authors concluded that PCR is a va-
luable technique for defining clonality in cases where flow cyto-
metry results are inconclusive [56].

Kavesh et al. studied the benefits of performing flow cytometry
and PCR for IGH gene rearrangement in parallel to detect MRD
in B lymphoblastic leukemia (B-ALL). A total of 119 cases were
included in the study. The results showed that 85% of the cases
exhibited concordant MRD detection by both flow cytometry and
PCR, while 15% showed discordant results. Specifically, 12 cases
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were positive for MRD by flow cytometry but negative by PCR,
and 5 cases were positive for MRD by PCR but negative by flow
cytometry. The authors noted that all 5 cases with discordant
results, where flow cytometry was negative for MRD, had dim
CD10 expression, and one patient had also undergone Chimeric
Antigen Receptor (CAR) T-cell therapy. This could have made it
more challenging to detect MRD by flow cytometry. The authors
hypothesized that heavy somatic hypermutation in conserved re-
gions of the IGH gene and other technical limitations with the PCR
technique might explain the discordance in these cases. Based
on their findings, Kavesh et al. concluded that IGH gene rearran-
gement studies could be particularly useful for detecting MRD in
B-ALL cases with dim CD10 expression or in patients who have
undergone CAR T-cell therapy, where flow cytometry might fail to
detect MRD [57].

Clonality assessment by Next Generation Sequencing (NGS)

Next Generation Sequencing (NGS), also known as massive
parallel sequencing, is a powerful technology that allows for the
simultaneous sequencing of millions of DNA segments, providing
high throughput and detailed insights into genetic rearrange-
ments. Unlike PCR-based clonality assays, which rely on the size
of PCR amplicons to assess clonality, NGS evaluates the specific
sequences of IG and TCR segments, offering a more comprehen-
sive approach to clonality assessment [58].

Development of NGS-based clonality analysis

In 2019, the EuroClonality/BIOMED-2 consortium introduced
NGS-based clonality analysis specifically targeting 1G gene rear-
rangements [59]. Alongside this development, they created a
web-based interactive bioinformatics application called ARResT/
Interrogate, which analyses sequence data for Variable (V), Di-
versity (D), and Joining (J) genes to assign clonality based on the
sequence characteristics [60]. This protocol underwent validation
in a multicentre study, demonstrating impressive interlaboratory
concordance (99%) and a high level of agreement with conventio-
nal clonality analysis (98%) [61].

Further validations of NGS-based IG and TCR gene rearran-
gement assays have confirmed their reliability, showcasing high
concordance rates with traditional methods [62,63]. NGS assays
are particularly advantageous when analysing suboptimal quality
samples, such as those derived from Formalin-Fixed Paraffin-Em-
bedded (FFPE) tissues, where shorter DNA fragments can still be
effectively analysed [64].

Advantages in minimal residual disease detection

One significant advantage of NGS-based assays over conven-
tional Capillary Electrophoresis (CE) assays is their ability to detect
small clonal populations that may be obscured within a larger po-
lyclonal background. This capability is crucial for MRD detection,
as NGS can identify tiny populations of clonal cells based on the
specific sequences of the VDJ segments, outperforming traditio-
nal CE-based assays in this aspect [64-66].

Disadvantages and challenges

Despite the advancements that NGS technology brings, several
challenges remain. A key limitation is the lack of uniformity in the
interpretation and reporting of NGS results. Cut-off values for de-

termining whether a readout is considered clonal vary significant-
ly across different publications [62,63,67,68]. This inconsistency
can lead to discrepancies in clinical practice and interpretation,
necessitating the development of standardized guidelines for the
broader adoption of NGS in clinical settings. In conclusion, NGS re-
presents a robust and versatile approach for assessing clonality in
B and T cells, with notable advantages in sensitivity and the ability
to analyse low-quality samples. However, the field must address
issues of standardization in interpretation to fully realize the po-
tential of NGS in clinical diagnostics.

Several articles highlight the advantages of NGS-based methods
for studying IGH and TCR gene rearrangements compared to tra-
ditional techniques like PCR, emphasizing the superior sensitivity,
specificity, and ability of NGS to analyse a broader spectrum of
clonal rearrangements (Table 4). Kirsch et al. studied 39 samples
of confirmed cutaneous T cell lymphoma to detect clonal T cells
by analysing TCR beta and TCR gamma rearrangements using both
NGS-based and PCR-based techniques. The study found that all 39
samples showed clonal T cells by the NGS-based method, while
the PCR-based technique identified clonal T cells in only 27 out of
39 samples (70%). The results demonstrated that the NGS-based
technique was superior to the PCR-based method in detecting clo-
nality in T cell neoplasms [69]. Arcila et al. studied a total of 716
samples, including those from acute B and T leukemia, mature B
and T cell ymphomas, and plasma cell neoplasms. The cohort in-
cluded 534 samples taken at diagnosis and 182 follow-up samples
for disease monitoring. At the time of diagnosis, 94% of cases
showed clonality by NGS, compared to 89% detected by PCR. In
post-therapy follow-up samples, NGS identified MRD in 25 more
cases than flow cytometry (137/182 cases vs. 112/182 cases). The
MRD detected by NGS was further confirmed by PCR. The sensi-
tivity of MRD detection by NGS was 107>, while flow cytometry
sensitivity ranged from 107* to 1075. The authors concluded that
NGS-based methods for assessing clonality in B and T cell neo-
plasms demonstrated a significantly improved detection rate
compared to PCR. Additionally, MRD detection by NGS showed
superior sensitivity and a higher detection rate than flow cyto-
metry [70]. Kansal et al. studied 41 archived cases, including both
lymphoproliferative disorders (LPD) and cases with no history of
LPD, to assess clonal T cells by studying TCR gamma rearrange-
ment using both PCR-based and NGS-based methods. The study
found that NGS detected clonality in 8 cases (19% of the cohort)
where the PCR-based method failed to identify clonal popula-
tions. The authors concluded that NGS demonstrated significantly
higher sensitivity compared to PCR-based techniques and was ca-
pable of detecting small clones, including both monoallelic and
biallelic clones, within all T cells [71]. Svaton et al. compared MRD
detection using PCR-based techniques and NGS based methods
in a cohort of 432 children with B-ALL, for whom IG/TCR MRD
markers were identified at the time of diagnosis. The study ana-
lysed 780 IG and TCR markers in bone marrow samples collected
on day 33 post-therapy, using both PCR and NGS-based methods.
The results showed that 81.9% of the markers yielded concordant
results between the two techniques. However, 4.7% of markers
were detected by NGS but not by PCR, while 13.3% of markers
were identified by PCR but not by NGS. Upon further analysis, the
authors found that the IG/TCR rearrangements detected by PCR
but not by NGS were also identified in unrelated samples, leading
them to classify these as non-specific or false positives. Based on

www.journalononcology.org



these findings, the authors concluded that while NGS-based MRD
detection was highly concordant with PCR-based detection, it was
more specific and eliminated false-positive MRD results, offering
a more reliable method for MRD assessment in B-ALL [72].

Clonal B or T cells in benign conditions

When interpreting results from clonality assays, it is crucial
to consider the clinical context, morphology, and immunophe-
notype of the cells or tissue under examination. Monoclonal B
or T cells can occur in benign conditions, which may lead to po-
tential misinterpretations of clonality. In particular, in immuno-
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Figure 1: (A) A schematic illustration of the V(D)) recombination
process for generating a V(D)J exon. During this process, one V gene
segment, one D gene segment (if present in the gene locus), and
one J gene segment are randomly chosen and rearranged to create a
V(D)J exon. This rearranged exon encodes the variable region of the
antigen receptor in B lymphocytes. (B) A Schematic representation
of V(D)J recombination for generation of V(D)) exon that encodes
\\variable region in alpha and beta chains of T cell receptor. /
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Figure 2: Flow cytometry plots showing abnormal clonal B cells (red
population) that are CD38 positive, CD19 positive, CD20 positive,
CD200 positive, CD23 heterogenous positive, and kappa restricted.
\\(Blue population- normal B cells, green population-hematogones). /

compromised patients with a limited repertoire of epitopes, the
selection pressure may favor the emergence of dominant clones
due to chronic antigen stimulation [38,51]. Additionally, in T cell-
mediated autoimmune diseases, it is common for autoreactive
T cells to undergo clonal activation and subsequent expansion.
Furthermore, studies indicate that clonal T cell expansions can be
observed in at least 55% of healthy individuals over the age of 65,
suggesting that age-related factors may contribute to such phe-
nomena [38,73].

IG/TCR gene re-arrangements and their implications in
lineage assignment

It is important to note that IG and TCR gene rearrangements
are not strictly lineage-specific. These rearrangements can oc-
cur across various hematological malignancies, including B cell
lymphomas, T cell ymphomas, and even in conditions like Acute
Myeloid Leukemia (AML) [74-77]. For instance, B cell ymphomas
may present with IG gene rearrangements, with or without TCR
gene rearrangement. Conversely, T cell ymphomas can also exhi-
bit IG gene rearrangements, illustrating the complexity and over-
lap between different lymphoid neoplasms [74].
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Figure 3: Flow cytometry plots showing TCR VB repertoire analysis
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<Table 1: Summary of studies on the utility of immunoglobulin light chain ratio in identifying clonal B cells.

Number of  Method of clonality .
Study Key points
samples assessment
Chizuka et al., 2002 105 Flow cytometry | Sensitivity-73.1%, Specificity-92.3%, PPV-90.5%, NPV-77.4%
ISH serves as a supplementary test to detect clonality when IHC is inconclusive or when the
Mendes and Dreno et al., 2003 38 IHC and ISH
clonal B cells are non-secretory cells
Paiva et al., 2018 43 Flow cytometry 100% of B cell ymphoma cases demonstrated clonality by K:L ratio assessment by flow cytometry
ISH and fi ISH has better sensitivity than flow cytometry to demonstrate clonality in tissue samples and
and flow
Gio et al., 2018 307 " X flow cytometry is more effective in demonstrating clonality than ISH in bone marrow aspirate
cytometr
v v samples.
IHC in bone marrow biopsy specimen of plasma cell neoplasm has a sensitivity of 100% and
Shafeno et al, 2019 90 IHC . . .
specificity of 97.8% in detecting clonal plasma cells

Table 2: Summary of studies demonstrating the use of TCRVP repertoire analysis and TRBC1 expression by flow cytometry to detect clonal T

cells:

Study

Number of samples

Method of clonality assessment

Key points

Beck et al., 2003

43 blood samples

TCRVp repertoire analysis

Sensitivity-100%, Specificity- 88%

2011

Tembhare et al.,

bone marrow, tissues and body fluids

41 samples at time of diagnosis, 61 post therapy
follow up samples including peripheral blood,

TCRVp repertoire analysis

All 41 samples at time of diagnosis demonstrated T cell
clonality.

TCRVp repertoire analysis is a valuable tool in identifying
MRD even in low cellularity samples like body fluids.

2012

Salameire et al.,

124 tissue biopsies (30 of these were

mature T cell neoplasm by further investigations)

diagnosed as

TCRV repertoire analysis

Sensitivity-90%, specificity-98%

Berg et al.,, 2021

143 samples including tissues and body fluids

TRBC1 expression

All 46 T cell neoplasms demonstrated clonality with TRBC1
expression and all 97 samples without T cell neoplasia
demonstrated polytypia of T cells.

77 peripheral blood and bone marrow aspirate

97% concordance between both the methods. One case

mature T cell neoplasm by further studies)

Capone et al., samples (37 cases were diagnosed to be T cell TRBC1 expression Vs TCRVB | showed clonality by TRBC1 expression but not by TCRV
2022 neoplasia and 14 samples were from healthy repertoire analysis repertoire analysis which was confirmed by molecular
donors) methods.
. . 37 out of 38 cases showed clonal T cells by TRCB1
90 peripheral blood, bone marrow and lymph TRBC1 expression Vs PCR based ] )
Nguyen et al., X . o expression while all 38 cases showed clonal T cells by PCR
node samples (38 of which were diagnosed to be methods to detect clonality in .
2024 method. All 52 cases demonstrated polytypia by both

T cells

TRBC1 expression and PCR method.

CTable 3: Summary of studies demonstrating the use of PCR based methods to detect clonal B or T cells.

)

by IGH gene rearrangement study.

Study Number of samples Method of clonality assessment Key points

66 Penpheral bloo.d and.bone marrow | Southern blot veréus PCR (b?th 91% concordance between both the methods, 9% showed clonality

Droese et al., |aspirate samples (including T-ALL Gel electrophoresis and Capillary ) .
. by only PCR methods and 3% showed clonality with only Southern

2004 samples and 36 mature T cell neoplasm | electrophoresis) to detect TCR gamma blot method.

samples) rearrangement

29 skin biopsy samples (includes 13 12 out of 13 B cell lymphoma cases demonstrated clonal B cells.
Melotti et al., | cutaneous B cell ymphoma samples, 6 | PCR based IGH and IGK gene 4 out of 6 pseudolymphoma demonstrated polyclonal B cells,
2010 pseudolymphomas and 10 cases with rearrangement by Gel electrophoresis. | rest 2 showed non-informative results. 2 out of the 10 cases with

inconclusive diagnosis) inconclusive biopsy report demonstrated clonal B cells.

31 skin biopsy samples (25 diagnosed
Xu et al., cases of mycosis fungoides (MF) and TCR beta gene and TCR gamma gene All 25 cases of MF showed clonal T cells while all 6 samples with
2011 6 chronic inflammatory skin disease rearrangement by Gel electrophoresis. | chronic inflammation showed polytypic T cells.

samples)

106 peripheral blood, bone marrow or 36 out of 106 samples showed clonal B or T cells, 27 of these

. IGH and TCR gene rearrangement ! )

Ribera et al., |lymph node samples of suspected B or . confirmed to be lymphoma by further studies. 47 out of 106
2013 T cell ymphoma with inconclusive flow St|Udy byhPCR f_OHOWEd by capillary samples showed polyclonal B or T cells, 5 of which turned out to be

cytometry reports. electrophoresis. lymphoma by further studies.

Flow cytometry by 85% concordance between 2 methods.

Kavesh et al., | 119 bone marrow aspirates from B-ALL | immunophenotyping versus PCR- 12 samples showed positive MRD by FCM but negative by PCR.
2020 post therapy samples Capillary electrophoresis to detect MRD | 5 samples (had dim CD10 expression and one was post CART

sample) showed negative MRD by FCM but positive MRD by PCR.
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CTabIe 4: Summary of studies demonstrating the use of NGS based methods to detect clonal B or T cells: )

Method of clonality )
Study Number of samples Key points
assessment
Kirsch et al., |39 skin biopsy samples (confirmed cases of cutaneous T NGS versus PCR-Capillary | All 39 samples demonstrated clonal T cells by NGS method and
2015 cell lymphoma) electrophoresis. only 70% of samples showed clonal T cells by PCR method.
. . 94% concordance between both the methods in case samples at
716 peripheral blood or bone marrow samples (includes baseline
. B and T acute leukemias, B and T mature lymphomas . ' . .
Arcila et al., . NGS versus PCR-Capillary  NGS detected clonality in 94% of samples versus 89% in case of
and Plasma cell neoplasms). 534 samples were at time R
2017 . X electrophoresis. PCR.
of diagnosis and 182 samples were post therapy follow .
NGS detected MRD in 25 more cases (137 Vs 112) compared to
up samples
PCR method.
41 ti i i including 2 fi
Kansal et al., tissue biopsies (including 20 casesv con rme'd to b.e NGS versus PCR-Capillary | PCR method detected 19% less cases with clonal T cells compared
mature T cell neoplasm and 21 cases without a diagnosis K
2018 electrophoresis. to NGS based method.
of T cell neoplasm)
. High concordance between both the methods.
Svaton et al., . NGS versus PCR-Capillary ]
432 B-ALL post therapy bone marrow aspirate samples R NGS based method was more reliable as PCR based method
2023 electrophoresis. . .
showed false positivity in 13.3% markers studied.
Conclusion 6. M Nishana, SC Raghavan. Role of recombination activating genes
in the generation of antigen receptor diversity and beyond. Immu-
In summary, clonality assessments in B and T cell lymphomas nology. 2012; 137: 271-281.
are essential diagnostic tools, particularly in 10-15% of NHLs - .
where morphology and immunophenotyping alone are insuffi- /- MATribi. Norm Malig B-Cell. IntechOpen. 2020.
cient to distinguish between reactive processes and true mali- g Aw Langerak, JJM Van Dongen. Multiple clonal Ig/TCR products:
gnancies. Among the various methods available for assessing clo- implications for interpretation of clonality findings. J Hematop.
nality, immunophenotyping is relatively straightforward but often 2012; 5: 35-43.
requires corroborative molecular assays for definitive results. 9 L c 5005: 105: 443451
Although Southern blotting was once the gold standard for as- ) orgensen. Lancer. P )
sessing clonality, it has largely been supplanted by PCR-based as-  10. R Levy, R Warnke, RF Dorfman, J Haimovich. The Monoclonality of
says due to their efficiency and reliability. More recently, NGS has Human B-Cell Lymphomas. J Exp Med. 1977; 145: 1014-1028.
emerged as a promising tool for clonality assessment, albeit with . . .
. o . 11. GE Marti, AC Rawstron, P Ghia, P Hillmen, RS Houlston, N Kay, et
challenges in standardization and reporting. Each method for as- . . )
. : . . al. The International Familial CLL Consortium. Br J Haematol. 2005;
sessing clonality has its own set of advantages and disadvantages, 130: 325-332
and thus, it is imperative to utilize these techniques in a comple-
mentary manner rather than favouring one method over another.  12.  ACHristoy, NI Comfere, Cl Vidal, U Sundram. J Cutan Pathol. 2020;
By integrating multiple approaches, clinicians can achieve a more 47:1103-1110.
accurate and compre.hensn./e assessmefnt of c-lonallty inBand T 13. KT Schafernak, D Variakojis, CL Goolsby, RM Tucker, ME Martinez-
cell ymphomas, leading to improved diagnostic accuracy and pa- Escala, FA Smith, et al. Am J Dermatopathol. 2014; 36: 781-795.
tient management.
14.  PM Speight, R Jordan, P Colloby, H Nandha, J Howard Pringle. Early
Declarations detection of lymphomas in Sjogren’s syndrome by in situ hybridi-
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15. G Burg, H Kerl, P Kaudewitz, O Braun-Falco, DY Mason. Immunoen-
References zymatic Typing of Lymphoplasmacytoid Skin Infiltrates. J Dermatol
Surg Oncol. 1984; 10: 284-290.
1. Gazzola C, Mannu M, Rossi MA, Laginestra MR, Sapienza F, Fuligni €
M, et al. The evolution of clonality testing in the diagnosisand mo-  16.  Magro, AN Crowson, P Porcu, GJ Nuovo. J Cutan Pathol. 2003; 30:
nitoring of hematological malignancies. Ther Adv Hematol. 2014; 504-511.
5:35-47.
17.  RC Beck, RR Tubbs, M Hussein. J Pettay, ED His. Diagn Mol Pathol.
2. Y Kim, YD Choi, C Choi, JH Nam. Diagnostic Utility of a Clonality Test 2003; 12: 14-20.
for Lymphoproliferative Diseases in Koreans Using the BIOMED-2
PCR Assay. Korean J Pathol. 2013; 47: 458—465. 18.  Chizuka, Y Kanda, Y Nannya, K Oshima, M Kaneko, R Yamamoto, et
al. Clin Lab Haematol. 2002; 24: 33—-36.
3. S Tonegawa. Somatic generation of antibody diversity. Nature.
1983; 302: 575-581. 19. S Mendes, B Dreno. Diagnosis of Primary Cutaneous B-cell
Lymphoma by Immunohistochemical and in situ Hybridization
4, MM Davis, PJ Bjorkman. T-cell antigen receptor genes and T-cell Methods. Acta Derm Venereol. 2003; 83: 167-170.
recognition. Nature. 1988; 334: 395-402.
20.  ASPaiva, AS Jardim, VL Soares, HDDO Paiva, F Bahia, VS Sales, et al.
5. KJL Jackson, MJ Kidd, Y Wang, AM Collins. The shape of the lym- Cavalcanti. Blood. 2018; 132: 5431-5431.
phocyte receptor repertoire: lessons from the B cell receptor.
21. LGuo,ZWang, CM Anderson, E Doolittle, S Kernag, CV Cotta, et al.

Front Immunol. 2013: 4.

www.journalononcology.org



22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42,

Mod Pathol. 2018; 31: 385-394.

Y Shafeno, B Izadi, S Khazaei, M Foroughikia, S Hookari, S Nazemi,
et al. Clin Cancer Investig J. 2019; 8: 177.

W Gorczyca, ] Weisberger, Z Liu, P Tsang, M Hossein, CD Wu, et al.
An approach to diagnosis of T-cell ymphoproliferative disorders by
flow cytometry. Cytometry. 2002; 50: 177-190.

M Capone, B Peruzzi, B Palterer, S Bencini, A Sanna, B Puccini, et al.
Transl Oncol. 2022; 26: 101552.

Su M, Nei M. Evolutionary Dynamics of the T-Cell Receptor VB
Gene Family as Inferred from the Human and Mouse Genomic Se-
qguences. Mol Biol Evol. 2001; 18: 503-513.

P Tembhare, CM Yuan, L Xi, JC Morris, D Liewehr, D Venzon, et al.
Am J Clin Pathol. 2011; 135: 890-900.

WG Morice, T Kimlinger, JA Katzmann, JA Lust, P) Heimgartner, KC
Halling, et al. Am J Clin Pathol. 2004; 121: 373—-383.

RC Beck, S Stahl, CL O’Keefe, JP Maciejewski, KS Theil, ED His. Am J
Clin Pathol. 2003; 120: 785-794.

Salameire, F Solly, B Fabre, C Lefebvre, M Chauvet, R Gressin, et al.
Mod Pathol. 2012; 25: 1246-1257.

P Horna, M Shi, H Olteanu, U Johansson. Emerging Role of T-cell
Receptor Constant ? Chain-1 (TRBC1) Expression in the Flow Cy-
tometric Diagnosis of T-cell Malignancies. Int J Mol Sci. 2021; 22:
1817.

Waldron, D O’Brien, L Smyth, F Quinn, E Vandenberghe. Lab Med.
2022; 53: 417-425.

H Berg, GE Otteson, H Corley, M Shi, P Horna, D Jevremouvic, et al.
Cytometry B Clin. Cytom. 2021; 100: 361-369.

P Horna, MJ Weybright, M Ferrari, D Jungherz, Y Peng, Z Akbar, et
al. Dual T-cell constant B chain (TRBC)1 and TRBC2 staining for the
identification of T-cell neoplasms by flow cytometry. Blood Cancer
J. 2024; 14: 34.

PC Nguyen, T Nguyen, C Wilson, IS Tiong, K Baldwin, V Nguyen, Et
al. Br J Haematol. 2024; 204: 910-920.

JIM Van Dongen, AW Langerak, M Briggemann, PAS Evans, M
Hummel, FL Lavender, et al. Leukemia. 2003; 17: 2257-2317.

JJM ban Dongen, ILM Wolvers-Tettero. Clin Chim Acta. 1991; 198:
93-174.

EJ Moreau, A Langerak, E Van Gastel-Mol, | Wolvers-Tettero, M
Zhan, Q Zhou, et al. Leukemia.1999; 13: 1620-1626.

YK Jeon, SO Yoon, JH Paik, YA Kim, BK Shin, HJ Kim, et al. Molecular
Testing of Lymphoproliferative Disorders: Current Status and Pers-
pectives. J Pathol Transl Med. 2017; 51: 224-241.

C Thériault, S Galoin, S Valmary, J Selves, L Lamant, D Roda, et
al. PCR Analysis of Immunoglobulin Heavy Chain (IgH) and TcR-y
Chain Gene Rearrangements in the Diagnosis of Lymphoprolifera-
tive Disorders: Results of a Study of 525 Cases. Mod Pathol. 2000;
13:1269-1279.

RF McClure, P Kaur, E Pagel, PD Ouillette, CE Holtegaard, CL Trep-
tow, et al. Leukemia. 2006; 20: 176-179.

AM Halldorsdéttir, BA Zehnbauer, WR Burack. Leuk. Lymphoma.
2007; 48: 1338-1343.

KP Patel, Q Pan, Y Wang, RW Maitta, J Du, X Xue, et al. ] Mol Diagn.

43.

44,

45,

46.

47.

48.

49.

50.
51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

2010; 12: 226-237.

PAS Evans, C Pott, PJITA Groenen, G Salles, F Davi, F Berger, et al.
Significantly improved PCR-based clonality testing in B-cell mali-
gnancies by use of multiple immunoglobulin gene targets. Report
of the BIOMED-2 Concerted Action BHM4-CT98-3936. Leukemia.
2007; 21: 207-214.

M Briiggemann, H White, P Gaulard, R Garcia-Sanz, P Gameiro, S
Oeschger, et al. Leukemia. 2007; 21: 215-221.

AW Langerak, PJITA Groenen, M Briiggemann, K Beldjord, C Bellan,
L Bonello, et al. EuroClonality/BIOMED-2 guidelines for interpreta-
tion and reporting of 1g/TCR clonality testing in suspected lympho-
proliferations. Leukemia. 2012; 26: 2159-2171.

M Armand, C Derrieux, K Beldjord, T Wabeke, D Lenze, E Boone, et
al. HemaSphere. 2019; 3: e255.

AW Langerak, R Van Den Beemd, ILM Wolvers-Tettero, PPC Boor,
EG Van Lochem, H Hooijkaas, et al. Molecular and flow cytometric
analysis of the VP repertoire for clonality assessment in mature
TCRap T-cell proliferations. Blood. 2001; 98: 165-173.

JHIM Van Krieken, AW Langerak, JF San Miguel, A Parreira, JL
Smith, GM Morgan, et al. Clonality analysis for antigen receptor
genes: preliminary results from the Biomed-2 concerted action PL
96-3936. Hum Pathol. 2003; 34: 359-361.

PJTA Groenen, A Van Raaij, MC Van Altena, PM Rombout, JMH Van
Krieken. J Hematop. 2012; 5: 17-25.

NG Bailey, KSJ Elenitoba-Johnson. Cancer J. 2014; 20: 48-60.
AM Sproul, JR Goodlad. J Hematop. 201; 5: 69-82.

JHIM Van Krieken, AW Langerak, EA Macintyre, M Kneba, E
Hodges, RG Sanz, et al. Leukemia. 2007; 21: 201-206.

J Droese, AW Langerak, PJTA Groenen, M Briiggemann, P Neu-
mann, et al. Validation of BIOMED-2 multiplex PCR tubes for de-
tection of TCRB gene rearrangements in T-cell malignancies. Leu-
kemia. 2004; 18: 1531-1538.

CZ Melotti, MFC Amary, MN Sotto, T Diss, JA Sanches. Polymerase
Chain Reaction-Based Clonality Analysis of Cutaneous B-Cell Lym-
phoproliferative Processes. Clinics. 2010; 65: 53—60.

C Xu, C Wan, L Wang, HJ Yang, Y Tang, WP Liu. Diagnostic signifi-
cance of TCR gene clonal rearrangement analysis in early mycosis
fungoides. Chin J Cancer. 2011; 30: 264-272.

J Ribera, L Zamora, J Junca, | Rodriguez, S Marcé, M Cabezdn, et al.
Usefulness of IGH/TCR PCR studies in lymphoproliferative disor-
ders with inconclusive clonality by flow cytometry. Cytometry B
Clin Cytom. 2014; 86: 25-31.

M Kavesh, Y Li, P Li, M Shahid, J Chaffin, R Seifert. ) Hematop. 2020;
13:137-142.

E Mahe, T Pugh, S Kamel-Reid. J Clin Pathol. 2018; 71: 195-200.

B Scheijen, RWJ Meijers, J Rijntjes, MY van der Klift, M Moébs, J
Steinhilber, et al. Next-generation sequencing of immunoglobulin
gene rearrangements for clonality assessment: a technical feasibi-
lity study by EuroClonality-NG. Leukemia. 2019; 33: 2227-2240.

V Bystry, T Reigl, A Krejci, M Demko, B Hanakova, A Grioni, et al.
ARResT/Interrogate: an interactive immunoprofiler for IG/TR NGS
data. EuroClonality-NGS, Bioinformatics. 2017; 33: 435—-437.

M Van Den Brand, J Rijntjes, M Mébs, J Steinhilber, MY Van Der

www.journalononcology.org



62.

63.

64.

65.

66.

67.

68.

69.

Klift, KC Heezen, et al. ) Mol Diagn. 2021; 23: 1105-1115.

ME Arcila, W Yu, M Syed, H Kim, L Maciag, J Yao, et al. Ig Gene
Clonality Analysis Using Next-Generation Sequencing for Improved
Minimal Residual Disease Detection with Significant Prognostic Va-
lue in Multiple Myeloma Patients. J Mol Diagn. 2019; 21: 330-342.

CC Ho, JK Tung, JL Zehnder, BM Zhang. Validation of a Next-Ge-
neration Sequencing-Based T-Cell Receptor Gamma Gene Rear-
rangement Diagnostic Assay: Transitioning from Capillary Electro-
phoresis to Next-Generation Sequencing. J Mol Diagn. 2021; 23:
805-815.

PJTA Groenen, M Van Den Brand, LI Kroeze, AL Amir, KM Hebeda.
Read the clonotype: Next-generation sequencing-based lympho-
cyte clonality analysis and perspectives for application in patho-
logy. Front Oncol. 2023; 13: 1107171.

M Kotrova, N Darzentas, C Pott, M Briuggemann. Next-Genera-
tion Sequencing Technology to Identify Minimal Residual Disease
in Lymphoid Malignancies. EuroClonality-NGS Working Group.
Methods Mol Biol Clifton. 2021; NJ 2185: 95-111.

M Bruggemann, M Kotrova, H Knecht, J Bartram, M Boudjogrha, V
Bystry, et al. Standardized next-generation sequencing of immuno-
globulin and T-cell receptor gene recombinations for MRD marker
identification in acute lymphoblastic leukaemia; a EuroClonality-
NGS validation study. EuroClonality-NGS working group. Leukemia.
2019; 33: 2241-2253.

JA Schumacher, EJ Duncavage, TL Mosbruger, PM Szankasi, TW Kel-
ley. Am J Clin Pathol. 2014; 141: 348-359.

KE Sufficool, CM Lockwood, HJ Abel, IS Hagemann, JA Schumacher,
TW Kelley, et al. T-cell clonality assessment by next-generation
sequencing improves detection sensitivity in mycosis fungoides. J
Am Acad Dermatol. 2015; 73: 228-236.e2.

IR Kirsch, R Watanabe, JT O’Malley, DW Williamson, LL Scott, CP

70.

71.

72.

73.

74.

75.

76.

77.

Elco, et al. Sci Transl Med. 2015: 7.

ME Arcila, Mustafa Syed MS, Wayne Yu BS, Hannah Kim BS. Blood.
2017; 130: 4017.

R Kansal, WW Grody, J Zhou, L Dong, X Li. Am J Clin Pathol. 2018;
150: 193-223.

M Svaton, A Skotnicova, L Reznickova, A Rennerova, T Valova, M
Kotrova, et al. Blood. 2023; 141: 529-533.

DN Posnett, R Sinha, S Kabak, C Russo. J Exp Med. 1994; 179: 609—
618.

S Shin, AH Kim, J Park, M Kim, J Lim, Y Kim, et al. Analysis of Immu-
noglobulin and T Cell Receptor Gene Rearrangement in the Bone
Marrow of Lymphoid Neoplasia Using BIOMED-2 Multiplex Poly-
merase Chain Reaction. Int J Med Sci. 2013; 10: 1510-1517.

L) Medeiros, J Carr. Overview of the Role of Molecular Methods
in the Diagnosis of Malignant Lymphomas. Arch Pathol Lab Med.
1999; 123: 1189-1207.

N Boeckx, M Willemse, T Szczepanski, V Van Der Velden, A Lange-
rak, P Vandekerckhove, et al. Optimization of PCR-based minimal
residual disease diagnostics for childhood acute lymphoblastic leu-
kemia in a multi-center setting. Leukemia. 2002; 16: 368—375.

T Szczepanski, A Beishuizen, M Pongers-Willemse, K Hahlen, E Van
Wering, A Wijkhuijs, et al. Primers and protocols for standardized
detection of minimal residual disease in acute lymphoblastic leu-
kemia using immunoglobulin and T cell receptor gene rearrange-
ments and TAL1 deletions as PCR targets: report of the BIOMED-1
CONCERTED ACTION: investigation of minimal residual disease in
acute leukemia. Leukemia. 1999; 13: 196-205.

www.journalononcology.org

11



