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Abstract

Mature T-cell and natural killer (NK)-cell neoplasms account for a small proportion of non-
Hodgkin lymphomas (NHL). Despite the fact that they are relatively uncommon, T-cell
lymphoproliferations often are submitted to the clinical molecular laboratory for testing.
The diagnostic need for molecular testing is because T cells do not have a definitive immu-
nophenotypic marker of clonality, like kappa and lambda antigen receptor immunopheno-
typing in B cells, so molecular methods can be used. A variety of molecular assays are
available to evaluate T-cell receptor (7R) gene rearrangements, structural and numeric chro-
mosomal abnormalities, and viral sequences associated with mature T- and NK-cell neo-
plasms. However, many of these molecular tests, especially PCR-based 7R gene
rearrangement testing, have important caveats that must be considered when interpreting
the assays. Therefore, molecular results must be considered in the context of available clini-
cal information, histology, immunophenotype, and other laboratory data for proper inter-

pretation and clinical use.
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Molecular Basis of Disease

T-cell and natural killer (NK)-cell neoplasms are relatively
rare entities, collectively accounting for approximately 12 %
of non-Hodgkin lymphomas (NHL) [1]. Subtypes of mature
T- and NK-cell neoplasms are defined according to the World
Health Organization (WHO) classification system [2], listed
in Table 43.1. Despite the fact that they are relatively uncom-
mon, most T-cell lymphoproliferations are assessed in the
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clinical molecular laboratory. The diagnostic need for
molecular testing is because T cells do not have a definitive
immunophenotypic marker of clonality, like kappa and
lambda antigen receptor immunophenotyping in B cells, so
molecular methods can be used. More specifically, two broad
categories of molecular changes are used for clinical testing
of T-cell lymphomas (TCL): T-cell receptor (7R) gene rear-
rangements and chromosomal alterations such as transloca-
tions, insertions, or deletions.

TR Gene Rearrangements

Pluripotent bone marrow (BM) stem cells give rise to pro-
genitor T cells, which migrate to the thymus for primary
ontogeny. There, early in T lymphocyte development 7R genes
undergo somatic rearrangement of germline gene sequences,
similar to the process that occurs with immunoglobulin
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Table 43.1 2008 WHO classification of mature T- and NK-cell neo-
plasms [2]

T-cell prolymphocytic leukemia

T-cell large granular lymphocytic leukemia

Chronic lymphoproliferative disorders of NK cells

Aggressive NK-cell leukemia

Epstein-Barr virus (EBV) positive T-cell lymphoproliferative
disorders of childhood

Systemic EB V-positive T-cell lymphoproliferative disease of
childhood

Hydroa vacciniforme-like lymphoma
Adult T-cell leukemia/lymphoma
Extranodal NK/T-cell lymphoma, nasal type
Enteropathy-associated T-cell lymphoma
Hepatosplenic T-cell lymphoma
Subcutaneous panniculitis-like T-cell lymphoma
Mycosis fungoides
Sézary syndrome

Primary cutaneous CD30-positive T-cell lymphoproliferative
disorders

Primary cutaneous peripheral T-cell lymphomas, rare subtypes
Primary cutaneous gamma-delta T-cell lymphoma

Primary cutaneous CD8-positive aggressive epidermotropic
cytotoxic T-cell lymphoma

Primary cutaneous CD4-positive small/medium T-cell lymphoma
Peripheral T-cell lymphoma, NOS
Angioimmunoblastic T-cell lymphoma
Anaplastic large cell lymphoma, ALK-positive
Anaplastic large cell lymphoma, ALK-negative

VB1 Vp2 VB3 VBn

-~
S=——
~————

Figure 43.1 The TRB locus is used as an example to demonstrate the
rearrangement of the variable (V), diversity (D), joining (J), and con-
stant (C) region gene segments. The hashed white boxes between the
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heavy chain (/GH) and kappa and lambda light chain (/GK
and I/GL) genes. The four TR genes are: TR delta (TRD) at
chromosome 14qll, TR gamma (7RG) at 7pl4, TR beta
(TRB) at 7q34, and TR alpha (TRA) at 14q11. In the germline
configuration, TRD and TRB contain multiple variable (V),
diversity (D), and joining (J) region segments. The TRG and
TRA loci do not contain D segments. Depending on the locus,
the number of segments is 8-67 V segments, 2-3 D seg-
ments, and 4-61 J segments [3]. For TRD and TRB, the
somatic rearrangement initially involves the joining of one D
to one J segment, followed by the joining of one V segment
to the DJ segment (Fig. 43.1). For TRG and TRA, the V seg-
ment is joined to the J segment. The rearrangement process
results in the deletion of the intervening coding and noncod-
ing DNA sequences between the linked V, D, and J segments.
Thus, the TRD and TRB gene rearrangements result in V-D-J
juxtaposition similar to /GH, and TRG and TRA rearrange-
ments result in V-J rearrangements similar to /GK and IGL.
In all cases, the V-(D)-J segment is joined to the downstream
constant (C) region by mRNA splicing. The TR genes are
ultimately translated into two types of receptors, which exist
as heterodimers (aff or yd). Of note, the TR genes do not
undergo somatic hypermutation as occurs with antigen stim-
ulation for the immunoglobulin (Ig) genes.

The TR genes generally rearrange in the following order:
TRD, TRG, TRB, and finally TRA [4]. The TRD genes are
located within the TRA locus, so rearrangement of TRA will
result in TRD deletion on that allele. Also of note for clonal-
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rearranged V-D and D-J gene segments represent variable regions of
nucleotide deletion and addition that occur during 7R gene
rearrangement
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ity assessment, this hierarchical order of rearrangements
results in both af- and y8-T cells containing 7RG rearrange-
ments. For this and other reasons, 7RG is commonly used for
PCR-based clonality assessment.

The numerous different V, (D), and J segments present
within each TR locus enable a large number of different
V-(D)-J segments to be generated. The TR repertoire is fur-
ther expanded by deletion and addition of nucleotides
between the D-J and V-D junctions by terminal deoxynucle-
otidyl transferase (TdT), and by the combinations of differ-
ent a—f or y-0 chains. Collectively, these mechanisms
generate extensive diversity of TRs with varying antigen
specificity.

More than 95 % of mature, circulating T cells express the
af receptor. In contrast, yd T cells are mainly found in the
skin, spleen, gastrointestinal tract, and other extranodal
sites, which are often sites of origin for yd T-cell lympho-
mas. T-cell neoplasms ensue after maturation arrest at one
of the stages of T-cell development, such as from immature
T cells in T lymphoblastic leukemia/lymphoma, or from
more mature T cells in peripheral TCL and mycosis fungoi-
des. Due to a common progenitor as well as some shared
functional and immunophenotypic features, NK-cell neo-
plasms often are classified with mature T-cell neoplasms.
Since NK cells do not rearrange the TR genes, neoplasms
derived from these cells do not demonstrate 7R gene rear-
rangements. The mature T- and NK-cell neoplasms of the
WHO classification are listed in Table 43.1 [2].

Somatic Chromosomal Abnormalities

A variety of somatic structural and numeric chromosomal
abnormalities have been observed in mature TCL, and a sub-
set of these is listed in Table 43.2. ALK-positive anaplastic
large cell lymphoma (ALCL), is associated with transloca-
tions involving the anaplastic lymphoma receptor tyrosine
kinase (ALK) gene on chromosome 2. The most common

Table 43.2 Select somatic chromosomal abnormalities associated
with mature T-cell neoplasms

WHO classification
T-cell prolymphocytic leukemia

Chromosomal abnormality
inv(14)(ql1q32);
TRA-TCLI

Enteropathy-associated T-cell Chromosome 9q gains
lymphoma

Hepatosplenic T-cell lymphoma i(7)(q10)
Primary cutaneous anaplastic large IRF4 (6p25) rearrangements
cell lymphoma

Anaplastic large cell lymphoma,

ALK-positive

t(2;5)(p23;q35);
NPMI-ALK
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ALK translocation is t(2;5)(p23;q35), which occurs in
approximately 75 % of ALK-positive ALCL cases and
results in the fusion of nucleophosmin (NPM1) on chromo-
some 5 with ALK [5, 6]. The t(1;2)(q21;p23) occurs in
approximately 15 % of ALK-positive ALCL cases and
results in the fusion of the tropomyosin 3 (TPM3) gene on
chromosome 1 with ALK [5, 7]. The numerous other less
common ALK fusion partners include ATIC at 2q35, TFG at
3q12, CLTC at 17923, MSN at Xq12, TPM4 at 19p13, MYH9
at22q12, and RNF213 (ALO17) at 17q25 [5, 8]. The various
translocations result in the activation of ALK, which is not
normally expressed in lymphocytes, with subsequent onco-
genic actions [5, 6].

Other somatic structural chromosomal abnormalities
commonly associated with mature TCL include an inversion
of chromosome 14 [inv(14)(q11q32)] associated with T-cell
prolymphocytic leukemia [9], and an isochromosome involv-
ing the long arm of chromosome 7 [i(7)(q10)] often present
with trisomy 8 and associated with hepatosplenic TCL [10].
In addition, amplification of oncogenes and loss of tumor
suppressor genes can contribute to the development of
mature TCL. As an example, gains involving the long arm of
chromosome 9 are observed in more than half of enteropathy-
associated TCL [11]. Likewise, loss of function of the
CDKN2B (P15) and CDKN2A (P16) genes on the short arm
of chromosome 9 due to allelic loss and aberrant promoter
methylation occurs in mycosis fungoides and Sézary syn-
drome [12].

Indications for Testing

The diagnosis of a mature T- or NK-cell neoplasm is primar-
ily based on histology, immunophenotype, and clinical infor-
mation. For a subset of cases, distinguishing between a
reactive and neoplastic process is difficult. Furthermore, in
contrast to restricted Ig light-chain expression in mature
B-cell lymphomas, T cells do not have a definitive immuno-
phenotypic marker of clonality. Therefore, detection of a
clonal TR gene rearrangement can assist in classifying the
suspected lymphoproliferation as reactive or neoplastic. Due
to specimen and test availability, clonality assessment most
commonly involves PCR-based analysis of the TRG locus,
or less frequently the TRB locus. If sufficient fresh or frozen
neoplastic specimen is available, Southern blot analysis of
the TRB locus may be considered.

Another potential application of TR gene rearrangement
assays includes determination of clonal relatedness of mul-
tiple lesions derived from the same patient. T-cell neoplasms
that share the same clonal origin will generally demonstrate
identical TR gene rearrangement; however, ongoing and sec-
ondary rearrangements of the 7R loci may result in alteration
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Figure 43.2 Interphase fluorescence in situ hybridization (FISH)
image demonstrating rearrangement of the /RF4 locus with an IRF4
break-apart probe. The yellow arrow points to a cell with an /RF4 rear-
rangement with one overlapping green and red fusion signal (indicating
a normal unrearranged /RF4 locus) and separate red and green signals
(indicating an abnormal rearranged /RF4 locus) (Image provided by
Andrew Feldman, Mayo Clinic.)

or loss of this initial 7R rearrangement. Evolution of the 7R
rearrangement has primarily been observed with precursor
lymphoid neoplasms [13]. Other reported applications of TR
gene rearrangement assays include staging, minimal residual
disease (MRD) monitoring, and lineage assignment, but
most clinical assays do not have sufficient sensitivity for the
first two applications and cross-lineage rearrangements are
observed at a high enough rate to limit the utility of use for
lineage assignment.

Although it is less commonly applied in routine clinical
practice, demonstration of somatic chromosomal structural
or numeric abnormalities by molecular or cytogenetic meth-
ods can assist in classifying the suspected lymphoprolifera-
tion as reactive or neoplastic. Only a few T-cell neoplasms
are associated with specific chromosomal structural abnor-
malities, but these may assist with subclassification. As an
example, the t(2;5)(p23;q35) involving NPMI and ALK, as
well as other ALK rearrangements, are found in ALK-
positive ALCL. More recently, data from multiple groups
collectively indicate that IRF4 rearrangements (Fig. 43.2)
are found in 25-30 % of primary cutaneous anaplastic large
cell lymphomas, but are uncommon in T-cell neoplasms con-
sidered in the differential diagnosis, including cutaneous
involvement by systemic ALK-negative ALCL, lymphoma-
toid papulosis, and transformed mycosis fungoides [14-16].
Consequently, testing for /RF4 rearrangements by fluores-
cence in situ hybridization (FISH) may assist with the
classification of cutaneous CD30-positive T-cell lymphopro-
liferative disorders in the context of histology, immunophe-
notype, and clinical information.
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Detection of certain viruses can assist with the subclassi-
fication of mature T- and NK-cell neoplasms. Epstein-Barr
virus (EBV) is strongly associated with aggressive NK-cell
leukemia, EB V-positive T-cell lymphoproliferative disorders
of childhood, nasal-type extranodal NK/TCL, and angioim-
munoblastic TCL [2]. In situ hybridization (ISH) for EBV-
encoded RNA (EBER) is the preferred method of testing
paraffin-embedded tissue sections. In addition, the retrovirus
human T-cell lymphotropic virus type 1 (HTLV-1) is involved
in the pathogenesis of adult T-cell leukemia/lymphoma
(ATLL) [17], and demonstration of HTLV-1 infection in
ATLL cases is performed by HTLV-1 serology and PCR [18].

Available Assays

Clonality assessment is broadly available to assist in the
classification of suspected lymphoproliferative disorders.
Likewise, other molecular methods are available for the
detection of chromosomal abnormalities and viral sequences
associated with mature TCL and NK-cell lymphomas.

PCR-Based Clonality Assessment

Clonality assessment is much more frequently performed by
PCR methods in clinical practice than by Southern blot anal-
ysis. Advantages of PCR-based assays include good sensi-
tivity, short turnaround time, minimal quantity of required
DNA, and the ability to utilize partially degraded DNA such
as that derived from formalin-fixed, paraffin-embedded
(FFPE) tissues. In addition, genomic DNA from fresh or frozen
tissues, blood, BM, or body fluids can be used for assessment
of T-cell clonality.

PCR-Based Clonality Assessment Using TRG

The majority of laboratories that perform PCR-based assess-
ment of T-cell clonality examine the TRG locus. The TRG
contains nine commonly rearranged V segments, which are
further grouped into four V gene families based on sequence
homology, and 5 J segments [19, 20]. The 7RG locus is less
complex than the TRB locus, making primer design to detect
all rearrangements simpler. Because the TRG locus is rear-
ranged prior to 7RB, clonal rearrangements involving TRG
can be detected in both aff and yd T cells.

Multiple approaches are used for PCR primer design for
the detection of 7RG rearrangements. Consensus V and J
segment primers can amplify the majority of 7RG rearrange-
ments observed in lymphoid cells [21, 22]. Alternatively,
primers directed against the four Vy families coupled with a
group of J-region primers can be multiplexed [3, 23, 24],



43  T-Cell ymphomas

."li"_..l " 11 J .

Figure 43.3 Examples of capillary electropherograms for PCR-based
analysis of the TRG locus with two different primer sets. The assays
show polyclonal results for a normal lymph node specimen (a, b) and
clonal results for a T-cell neoplasm (¢, d), using two different methods.
The assay depicted in panels (a) and (c) is based on the BIOMED-2
Concerted Action, and the resulting PCR products are distributed
among multiple size ranges. This assay uses two multiplex reactions,
and the results from one multiplex reaction are shown. In contrast, the
assay depicted in (b) and (d) uses a single multiplex reaction and results
in PCR products distributed within a single size range. The T-cell neo-
plasm specimen was derived from a patient with mycosis fungoides,
and multiple lesions from this patient demonstrated a dominant peak at
the size shown. Note that for illustrative purposes, the vertical axes have
been rescaled; the dominant clonal peaks in (c¢) and (d) are actually
tenfold higher than the peak of the corresponding Gaussian distribution
in (a) and (b), respectively

which is currently the most common primer design for PCR-
based detection of 7RG rearrangements. Even with this com-
mon approach, significant differences in the assays used by
different laboratories affect assay interpretation and perfor-
mance. After PCR amplification, the products can be visual-
ized by methods including capillary electrophoresis,
heteroduplex analysis, or denaturing gradient gel electropho-
resis. Examples of two different PCR-based TRG assays
using capillary electrophoresis are shown in Fig. 43.3.

PCR-Based Clonality Assessment Using TRB

Although it is less commonly examined for PCR-based
assessment of T-cell clonality than 7RG, the TRB locus may
be assessed as an adjunct or alternative to TRG. The TRB
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locus is significantly more complex than the 7RG locus,
containing approximately 65 V segments, two D segments,
and 13 J segments [25]. The most common primer set used
for analysis of TRB was developed by the BIOMED-2 study
[3] and contains 23 Vf, two Df, and 13 JP primers divided
among three reaction tubes. The resulting PCR products are
examined by capillary electrophoresis or heteroduplex anal-
ysis to detect the majority of TRB rearrangements.

Southern Blot Analysis Clonality Assessment

Although it is much less frequently performed than the PCR-
based assays described above, Southern blot analysis can be
a valuable tool for diagnostically challenging lymphoprolif-
erative cases when sufficient fresh or frozen tissue is avail-
able. In general, Southern blot analysis of 7R loci has better
inter-observer agreement and fewer issues with false-positive
results than PCR-based analysis. However, most biopsies for
suspected lymphoproliferative disorders are small and pre-
served as FFPE blocks, and thus yield neither sufficient
quantity nor quality of DNA for Southern blot analysis. In
addition, Southern blot analysis is both time consuming and
technically demanding.

Southern blot analysis for T-cell clonality most com-
monly examines the 7RB locus. Although Southern blot
analysis detects a clonal rearrangement in >90 % of T-cell
neoplasms, it is generally unable to detect a clonal rearrange-
ment in NK-cell or yd T-cell neoplasms. Southern blot analy-
sis of the TRB locus uses a probe directed against the TRB
constant regions (C) or probes directed against one or both
of the TRB J segments (JP1 and JP2) [26]. An example of a
TRB Southern blot is shown in Fig. 43.4. Even though
numerous rearrangements derived from T lymphocytes are
present in a lane, only the clonal rearrangement reaches the
detection level.

Guidelines suggest using at least three different restriction
enzymes for digestion of the genomic DNA [27]. The presence
of up to two non-germline bands in at least two of the three
digests is considered definitive evidence of a clonal rearrange-
ment. One or two non-germline bands in only one of the three
digests may represent a clonally rearranged allele or a benign
germline polymorphism, and performing digestion with an
additional restriction endonuclease may assist in distinguishing
between these possibilities. Only two of the three digests are
required to demonstrate non-germline bands because one of the
digests may have a rearrangement that is a similar size to and
obscured by the germline band. The allowance for up to two
rearranged bands per digest accounts for rearrangement of both
TRB alleles or for the creation of a new restriction site in the
rearranged allele within the probe region. The presence of
more than two non-germline bands may indicate oligoclonality
or a chromosomal abnormality, but incomplete digestion of
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Figure 43.4 Example of a TRB Southern blot. Three restriction
enzymes (B, BamHI; E, EcoRIl; H, Hindlll) were used to digest
genomic DNA from germline (left panel) and TCL (right panel) speci-
mens. The lymphoma specimen demonstrates one or two additional
rearrangements (arrows) compared to the germline specimen with all
three restriction enzymes

genomic DNA or germline polymorphisms also may lead to
multiple rearranged bands and must be excluded.

Detection of Chromosomal Abnormalities

Reverse transcription PCR (RT-PCR) and real-time quantita-
tive PCR (RT-gPCR) can be used for the detection or detection
and quantitation, respectively, of fusion transcripts such as
NPMI-ALK found in the majority of cases of ALK-positive
ALCL. NPMI-ALK and other fusion transcripts involving
ALK result in the expression of the ALK protein, which is not
normally expressed in lymphocytes. ALK expression is a
favorable prognostic marker, and patients with ALK-positive
ALCL have improved overall survival compared to patients
with ALK-negative ALCL [28, 29]. This association appears
to be independent of the translocation partner [30].
Furthermore, up to 25 % of ALK-positive ALCL cases involve
translocation partners other than NPM1I, and some NPMI—
ALK translocations will not be detected by RT-PCR. For these
and other reasons, ALK immunohistochemistry is the most
widely used test for examining ALK expression in ALCL
(Fig. 43.5). RT-PCR and RT-qPCR for NPMI-ALK may pro-
vide prognostic information or allow MRD monitoring in
select patients with ALK-positive ALCL and the NPMI-ALK
fusion [31]. These sensitive methods should be used with cau-
tion in diagnostic situations because low levels of NPM1-ALK
fusion transcripts have been reported in ALK-negative ALCL,
Hodgkin lymphoma, reactive tissue, and even peripheral blood
from healthy individuals [32, 33].

Figure 43.5 Immunohistochemistry demonstrating nuclear and cyto-
plasmic ALK staining in an ALK-positive anaplastic large cell lym-
phoma secondarily involving the skin

FISH on fresh or FFPE tissues also can be used to detect
NPMI-ALK fusions and other ALK rearrangements, and
FISH for ALK rearrangements correlates well with ALK
immunohistochemistry [34]. Likewise, FISH can be per-
formed for other structural and numeric chromosomal abnor-
malities, but FISH testing for mature T- and NK-cell
lymphomas is offered in only a few clinical laboratories.

Detection of Viral Sequences Associated
with T-Cell Lymphomas

ISH is commonly used for the detection and localization of
EBV in tumor cells of the various EBV-positive mature T-
and NK-cell neoplasms, especially nasal-type extranodal
NK/T-cell lymphoma. ISH can be performed on FFPE tis-
sue sections and identifies EBV RNA within the nuclei of
virtually all tumor cells. EBER RNA is most commonly
targeted due to the very high copy number in EBV-infected
tumor cells. PCR detection of EBV in lymphoid tissue
speciments is less useful because the vast majority of adults
have been infected with EBV and the assay may detect
latently infected background B cells that are not associated
with the tumor.

The diagnosis of ATLL involves the demonstration of
HTLV-1 infection. This may be performed by HTLV-1 serol-
ogy or PCR.

Interpretation of PCR-Based T-Cell
Clonality Assays

Interpretation of PCR-based T-cell clonality assays is a
challenging and commonly debated area of molecular
pathology. Interpretation is dependent on assay design and
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the method used to evaluate the PCR products. Different
interpretive criteria are required depending on assay design
[35]. Key features of assay design that influence choice of
interpretive criteria include primer selection, multiplexing
strategy, use of one or multiple different fluorescently
labeled primers, and whether the resulting PCR products
result in a single or multiple Gaussian regions. In gel-based
assays, interpretation as a clonal rearrangement is based on
the finding of a discrete band of an appropriate size in con-
trast to a smear or ladder of bands derived from polyclonal
T cells. With capillary electrophoresis-based assays, a wide
variety of interpretive criteria is used, and each laboratory
must establish and validate its own criteria for a positive
result while considering the many issues described in this
section. Commonly applied interpretive criteria for the
detection of a clonal T-cell rearrangement include observing
a reproducible peak above baseline or establishing a cutoff
ratio based on the height of the peak in question relative to
that of the polyclonal background [3, 36-38]. Computer-
aided algorithms also are used to identify peaks that deviate
from the normal distribution curve [39]. Less-stringent cri-
teria can be applied with capillary electrophoresis in follow-
up specimens when the size of the expected clonal PCR
product is known from prior testing.

Oligoclonal proliferations should be differentiated from
monoclonal proliferations. The number of bands on a gel or
prominent peaks on a capillary electrophoresis tracing nec-
essary to define an oligoclonal vs monoclonal proliferation
depends on the assay design and locus examined. In general,
the presence of more than two bands or prominent peaks is
considered compatible with an oligoclonal proliferation
when examining the TRG locus.

Clonality Assay Limit of Detection

The limit of detection for TR gene rearrangements by
Southern blot analysis has been generally reported to vary
from 1-10 % clonal cells [40, 41], with 5 % representing a
reasonable estimate in standard clinical practice [26]. The
limit of detection for PCR-based TR gene rearrangement
assays depends on the assay design, extent of polyclonal
background, and detection method. As an example, com-
monly used primer sets developed by the BIOMED-2 study
are reported to have limits of detection of 1-10 % when het-
eroduplex analysis is used and 0.5-5 % when capillary elec-
trophoresis is used [3]. Lower limits of detection can be
achieved with patient-specific primers, in the range of 0.01—
0.001 %. However, this approach is labor and time intensive,
and is not generally utilized for mature TCL outside of the
research or clinical trial setting.
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Clinical Sensitivity

In principle, virtually all 7R gene rearrangements can be
detected by Southern blot analysis if a sufficiently large
clonal T-cell population is present in the specimen. In prac-
tice, low tumor burden is a major cause of false-negative 7R
Southern blot analysis of T-cell neoplasms, and consequently
PCR-based assays have higher clinical sensitivity [42]. A
clonal TRG rearrangement is detected in >90 % of mature
T-cell neoplasms when family-specific V-region primers are
used, and a clonal TRB rearrangement is detected in >75 %
of mature T-cell neoplasms [43-45]. Rates of detection
>95 % in fresh/frozen and FFPE tissues have been reported
when both TRG and TRB loci are examined. False-negative
results may occur when the family or consensus primers fail
to efficiently anneal to the rearranged V, D, or J segments
due to limited homology or alteration of the targeted gene
region caused by the rearrangement. False-negative results
also may be attributed to primer design. As an example, the
BIOMED-2 study did not include a Jy1.2 (JyP) primer to
avoid false-positive TRG results from canonical rearrange-
ments [3]. This J segment is used in approximately 3 % of
T-cell neoplasms [46]. Consequently, a false-negative TRG
result may rarely occur if the other TRG allele has not rear-
ranged. Finally, specimen sampling issues may result in a
false-negative TR gene rearrangement if an insufficient
number of clonal T cells are present within the tested speci-
men. An appropriately trained pathologist must review and
select the tissue for testing to ensure sufficient abnormal
cells are present.

Clinical Specificity

Lack of clinical specificity is a major limitation of PCR-
based clonality studies, especially involving the 7R loci.
Clonal rearrangement of 7R loci has been reported in a vari-
able percentage of myeloid and B-cell neoplasms as well as
in a variety of nonneoplastic conditions. In some cases, the
detected clonal rearrangement represents a true cross-lineage
rearrangement within the neoplastic cell population (e.g.,
detection of a TR rearrangement in B lymphoblastic leuke-
mia/lymphoma [B-ALL]). In many other cases, the detected
clonal TR gene rearrangement represents either a limited
number or a restricted repertoire of T cells in the specimen.
TR gene rearrangements generally should not be used for
lineage determination due to lineage infidelity, which is the
rearrangement of 7R genes in non-T cells (or the rearrange-
ment of Ig genes in non-B cells). Clonal rearrangements
involving TRD or TRG occur in approximately 10 % of acute
myeloid leukemia cases [47, 48]. Cross-lineage TR gene
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rearrangements are very common in B-ALL, with over half
of cases demonstrating 7RG rearrangements [49]. In con-
trast, cross-lineage TR gene rearrangements are relatively
rare in mature B-cell neoplasms when examined by Southern
blot analysis, generally observed in <10 % of cases [50-53].
However, a large study by the BIOMED-2 group using their
PCR-based assays examined 369 mature B-cell neoplasms
and identified a clonal 7R gene rearrangement in approxi-
mately 25 % of cases [54]. They noted that these cases could
be divided into two groups based on the pattern of TR gene
rearrangements. In approximately 10 % of the cases, the
rearrangement involved a single locus and exhibited a strong
clonal pattern, probably representing true cross-lineage rear-
rangements present within the malignant B-cell population.
In approximately 15 % of cases, TR gene rearrangements
were observed at two or more loci and exhibited a weak
clonal pattern, probably representing a coexisting restricted
or small T-cell population. This underscores that such weak
bands or small peaks observed in clonality assays should be
interpreted with caution to avoid false-positive results.
Subsequent work further illustrates that application of more
stringent interpretive criteria to this primer set may improve
the clinical specificity of the assay [35].

Detection of Ig gene rearrangements in mature T-cell neo-
plasms has been observed, but generally at a lower rate than
TR rearrangements in B-cell neoplasms [51, 52]. In a study
of 188 mature T-cell neoplasms by the BIOMED-2 study,
10 % demonstrated clonal Ig gene rearrangements by PCR,
but most of these cases exhibited a weak clonal pattern prob-
ably representing a coexisting restricted or small B-cell pop-
ulation [44]. Of the different mature T-cell neoplasm
classifications examined, the highest level of Ig gene rear-
rangements was found in angioimmunoblastic T-cell lym-
phoma (AITL). In this and other studies, up to one-third of
AITL cases have clonal Ig gene rearrangements [44, 55].
Likewise, a high percentage of clonal Ig rearrangements
have been reported in peripheral TCL, NOS with rates of
10-35 % [44, 55, 56].

TR gene rearrangement studies are typically performed to
distinguish monoclonal from polyclonal lymphoprolifera-
tions, but the detection of a monoclonal 7R gene rearrange-
ment is not always indicative of malignancy. TR gene
rearrangements have been reported in nonneoplastic condi-
tions. Clonal T-cell populations are observed in peripheral
blood specimens, especially from older individuals [57-59].
Likewise, oligoclonal and clonal TR gene rearrangements
occur in individuals with autoimmune disorders, viral infec-
tions, reactive lymphoproliferations, and benign cutaneous
lesions [60, 61]. As an example, lymphomatoid papulosis
(LyP), a benign primary cutaneous CD30-positive T-cell lym-
phoproliferative disorder, is associated with the development
of a malignant lymphoma in approximately 20 % of cases [62].
Over 40 % of LyP cases are associated with clonally rearranged
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TR genes, but this is not indicative of malignancy or predictive
of progression to lymphoma [63, 64]. Consequently, in LyP
cases, TR gene rearrangement studies are of little value.

Pseudoclonality

Pseudoclonality refers to the artifactual detection of an
apparently clonal or oligoclonal lymphoid population and is
a common problem in PCR-based clonality assessment of
certain specimen types. PCR can result in the selective
amplification of one or a limited number of TR gene rear-
rangements when there are a limited number of T cells.
Small numbers of T cells and consequently pseudoclonal
results are commonly encountered in small skin biopsy spec-
imens, needle biopsies, and B-cell malignancies with very
high tumor burdens. Duplicate or triplicate testing of these
specimen types often will demonstrate different size gene
rearrangements, indicating pseudoclonality. If available,
testing of other lesions from the patient can assist in distin-
guishing clonality from pseudoclonality. This approach
appears to be particularly useful in distinguishing inflamma-
tory dermatoses from cutaneous TCL [65, 66].

Oligoclonality

Oligoclonal proliferations have a restricted 7R gene reper-
toire and occur in processes such as antigen-stimulated
expansion of distinct subclones, immune reconstitution, or
immunosenescence. The number of predominant peaks or
bands required to distinguish monoclonality from oligoclo-
nality depends on the assay and locus examined. For 7RG, the
presence of more than two predominant peaks or bands gen-
erally is interpreted as an oligoclonal proliferation. As noted
previously, oligoclonal proliferations are commonly observed
in individuals with autoimmune disorders, viral infections,
reactive lymphoproliferations, and benign cutaneous lesions
[60]. Likewise, reduced diversity of the TR repertoire and TR
gene oligoclonality is observed in older adults and during
immune reconstitution after chemotherapy or stem cell trans-
plantation [67, 68]. If selective amplification of one of the
clones occurs in these oligoclonal proliferations, the result
may appear clonal (i.e., pseudoclonality). Replicate testing or
testing of multiple neoplastic specimens from the same
patient will frequently reveal different sized gene rearrange-
ments, indicating pseudoclonality in these cases.

PCR Products Outside of Size Range

In T-cell clonality assessment by PCR, bands outside the
defined size range may represent true 7R gene rearrangements,
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but these must be distinguished from nonspecific PCR prod-
ucts. For size ranges established between the 5th and 95th
percentiles, bands or peaks just outside of this size range
likely represent true rearrangements. Likewise, significantly
oversized or undersized bands or peaks also may represent
true rearrangements due to amplification from downstream J
segments or partial V segment deletions, respectively [69].
In cases in which the peaks or bands are outside of the size
range, sequencing the potential rearrangement product
allows definitive characterization.

Weak Clonal Results

Weak bands or small peaks in PCR-based TR gene rear-
rangement assays must be interpreted with caution to avoid
false-positive results. Such results should be repeated to
ensure that the results are reproducible. In addition, exami-
nation of other loci and other involved specimens from the
same patient, as well as using an orthogonal detection
method, can assist in determining the significance of these
weak clonal results. At this time, specific criteria for inter-
pretation of PCR-based clonality testing have not been uni-
versally embraced, although (as is discussed above) multiple
approaches have been proposed. Each laboratory is required
to design, validate, and establish interpretive criteria for their
specific assay given the issues and limitations discussed in
this section.

Laboratory Issues

Appropriate controls for PCR-based TR gene rearrangement
assays include positive, negative, sensitivity, and no DNA
template reactions. Positive controls can be derived from
previously positive patient specimens or characterized cell
lines [70, 71]. A polyclonal control is typically derived from
tonsillar tissue processed in the same way as clinical speci-
mens. Sensitivity controls can be made by dilution of DNA
from a positive cell line in DNA from a specimen with a
polyclonal T-cell population, such as tonsil, to determine and
then monitor the limit of detection of the assay. The limit of
detection for a clonal population in a non-lymphoid back-
ground will be lower than in the presence of a polyclonal
lymphoid background and may lead to inaccurate assess-
ment of sensitivity. Finally, no DNA template control reac-
tions, which include all PCR primers and reagents but no
DNA, should be included to monitor for exogenous DNA or
PCR product contamination. For Southern blot analysis,
control germline DNA may be obtained from a variety of
non-lymphoid cells, such as placenta [26].

In many laboratories, the majority of specimens will be
FFPE tissues. Although some DNA degradation is inherent
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to formalin fixation, the extracted DNA is usually of suffi-
cient quality for PCR-based TR gene rearrangement testing.
However, some cases, approximately 20 % of cases in one
study [45], will not have sufficient DNA quality for success-
ful analysis. Consequently, a non-7R or -IG control gene
must be amplified for each specimen to prevent a false-
negative interpretation due to inadequate DNA quality (or
the presence of a PCR inhibitor such as heparin). Furthermore,
the control gene should be the same size or larger than the
largest amplicon in the assay.

Conclusions and Future Directions

A variety of molecular pathology assays are available to
evaluate TR gene rearrangements, structural and numeric
chromosomal abnormalities, and viral sequences associated
with mature T- and NK-cell neoplasms. In a subset of TCL,
these molecular studies are important for disease classifica-
tion or determining prognosis. However, many of these
molecular studies, especially PCR-based 7R gene rearrange-
ment studies, have important caveats that must be considered
during validation and subsequent clinical use and interpreta-
tion of the assays. Therefore, molecular test results must be
considered in the context of available clinical information,
histology, immunophenotype results, and other laboratory
data to ensure proper clinical use of the results.

With the widespread application of genomic and other
high-throughput methodologies such as massively parallel
sequencing in the research setting, the amount of data regard-
ing the genetics underlying hematolymphoid neoplasms is
rapidly increasing. Recurrent somatic mutations as well as
structural chromosomal alterations have been identified in
lymphoid malignancies. Most of this work has focused on
B-cell neoplasms, but projects involving mature T-cell neo-
plasms are underway. Recently, massively parallel sequencing
has led to identification of a recurrent translocation in ALK-
negative ALCL [72]. In addition, massively parallel sequenc-
ing strategies are being applied to analysis of 7R loci [73], and
clinical assays based on these methods are now in use. These
data and new methods have the potential to improve the diag-
nosis, determination of prognosis, and ability to monitor
response to therapy in mature T- and NK-cell neoplasms.
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