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Detecting clonal T-cell receptor (TCR)-� gene rear-
rangements (GRs) is an important adjunct test for
diagnosing T-cell lymphoma. We compared a recently
described assay (BIOMED-2 protocol), which targets
multiple variable (V) gene segments in two polymer-
ase chain reaction (PCR) reactions (multi-V), with a
frequently referenced assay that targets a single V
gene segment in four separate PCR reactions (mono-
V). A total of 144 consecutive clinical DNA samples
were prospectively tested for T-cell clonality by PCR
using laboratory-developed mono-V and commercial
multi-V primer sets for TCR-� GR. The combination
of TCR-� , mono-V TCR-� and multi-V TCR-� detected
more clonal cases (68/144, 47%) than any individual
PCR assay. We detected clonal TCR-� GR in 47/68
(69%) cases. Using either mono-V or multi-V TCR-�
primers, the sensitivities for detecting clonality were
52/68 (76%) or 51/68 (75%). Using both mono-V and
multi-V TCR-� primers improved the sensitivity for
detecting clonality, 60/68 (88%). Combining either
mono-V or multi-V TCR-� primers with TCR-� primers
also improved the sensitivity, 64/68 (94%). Signifi-
cantly, TCR-� V11 GRs could only be detected using
the mono-V-PCR primers. We conclude that using
more than one T-cell PCR assay can enhance the over-
all sensitivity for detecting T-cell clonality. (J Mol Di-
agn 2010, 12:226–237; DOI: 10.2353/jmoldx.2010.090042)

The ability to distinguish benign from malignant T-cell
proliferations relies on a combination of morphological,
immunological and molecular tests. Often a clonal T-cell
receptor (TCR) gene rearrangement (GR) is the only de-
finitive marker for neoplasia. While Southern blot analysis
is the gold standard for detecting antigen receptor GRs,
it is not suitable for small biopsies or formalin-fixed par-
affin-embedded (FFPE) tissues. Therefore, most labora-
tories depend on the polymerase chain reaction (PCR) for
detecting TCR GRs. Because of the complexity of the

TCR-� locus,1 routine testing has focused on the TCR-�
locus,2–12 which contains fewer variable (V) gene seg-
ments.1 Even though TCR-� comprises only 11 functional
V regions, several different PCR strategies are in use.13,14

We rigorously compared the recently described
BIOMED-2 TCR-� assay, which targets two different
TCR-� V gene segments (V1-8/V10 and V9/V11) in two
separate reactions (multi-V strategy; Figure 1A)15 against
a previously described TCR-� laboratory-developed
assay, which has been cited more than 100 times (ISI
Web of knowledge citation index; Thompson Reuters,
Philadelphia, PA), which targets a single TCR-� V gene
segment (V1-8, V9, V10, V11) in each of four individual
PCR reactions (mono-V strategy; Figure 1A).16 In a
sense, both TCR-� PCR strategies can be considered
variants of multiplex strategies because they combine
one or two V primers with multiple J primers in each PCR
reaction:15,16 the multi-V strategy adds the JP1/JP2 and
J1/J2 primers15 and the mono-V strategy adds the JP1/
JP2, J1/J2 and JP primers16 (Figure 1B). It has been
suggested that because of possible competition between
amplicons for reagents and interactions between prim-
ers, multiplex PCR may be more susceptible to reduced
sensitivity.17,18 Therefore, we compared the mono-V ver-
sus the multi-V PCR strategies for detecting TCR-� gene
rearrangements in a large number of clinical DNA
samples.

Materials and Methods

Patient Samples

We prospectively tested a total of 144 consecutive pa-
tient DNA samples over a period of 7 months in 2008 for
TCR-� and TCR-� GRs. The samples included FFPE bi-
opsies from skin (N � 101) and other tissues (N � 15),
including lymph nodes (N � 7), spleen (N � 2), brain
(N � 1), lung (N � 1), nasal sinus (N � 1), stomach (N �
1), tongue (N � 1), and uvula (N � 1); and fresh samples
from bone marrow (N � 19) and peripheral blood (N � 9).
Also, 62 samples were tested simultaneously for immu-
noglobulin heavy chain (IGH) GRs.
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Figure 1. A: Schematic representation of the TCR-� genomic DNA locus. Approximate positions of the primers for both mono-V and multi-V PCR strategies are
marked by arrows. The bars represent consensus primer-binding sequences. *4 JP primer is only used in the mono-V assay. B: TCR-� variable gene segments
V1-8, V9, V10, V11 (forward primers) and J segments (reverse primers): Reference DNA sequences from GenBank (top), mono-V TCR-� primers (middle), multi-V
TCR-� primers (bottom). All DNA sequences are in 5� to 3� orientation. C: Detection of TCR-� PCR products by capillary gel electrophoresis. Mono-V (left
column) and multi-V (right column) PCR assays amplified representative DNA samples from the same patient.
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PCR Primers

For the mono-V detection of TCR-� GR, we used four
different PCR reactions that included custom-synthe-
sized fluorescently labeled primers (Sigma-Genosys, The
Woodlands, TX) for TCR-� variable regions V1-8, V9, V10,
and V11. The primers were as described previously, but
without the GC clamps.16 Each tube in the mono-V strat-
egy contained three primers targeting J segments JP1/
JP2, J1/J2 and JP. For the detection of multi-V TCR-� we
used commercial master mixes containing fluorescently-
labeled primers based on published BIOMED-2 se-
quences (InVivoScribe Technologies, San Diego, CA).15

For the multi-V TCR-� assays, two separate PCR reac-
tions were set up according to the BIOMED-2 protocol
using TCR-� V1-8 and V10 primers in tube A and, TCR-�
V9 and V11 primers in tube B (Figure 1).15 Each tube in
the multi-V strategy used two primers targeting J seg-
ments JP1/JP2 and J1/J2. It should be noted that since
JP1 and JP2 are highly homologous, both the mono-V
and the multi-V approaches used a single primer for this
target (Figure 1B).16,15 Similarly, because J1 and J2 are
highly homologous, only one primer is used to target
these J segments (Figure 1B).16,15

The mono-V assay uses each primer at 6.25 pmol/25 �l
PCR reaction. The original BIOMED-2 protocol had used
each primer at 10 pmol/50 �l PCR reaction.15 However,
the proprietary primer concentration in the commercial
master-mix is not available.

For the detection of TCR-� and IGH, we used commer-
cial master mixes containing fluorescently-labeled multi-
plex primers based on published BIOMED-2 sequences
(InVivoScribe Technologies).15 For the multiplex detec-
tion of TCR-� GRs, three multiplex PCR reactions were
set up in tubes A (23 V� � 6 J�1 � 3 J�2 primers), B (23
V� � 4 J�2 primers) and C (2 D� and 13 J� primers). For
the multiplex detection of IGH, two multiplex PCR reac-
tions were set up in tube A (FR2 primers: 7 VH primers �
1 consensus JH primer) and tube B (FR3 primers: 7 VH
primers � 1 consensus JH primer).

DNA Extraction

For FFPE tissues, the number of 6 � thick sections that
were cut depended on the tissue type and on the cross-
sectional area. In general, we trimmed 10 sections from
lymph nodes and up to 30 sections from skin biopsies.
The sections were immediately placed in 1 ml Citrisolv
(Fisher Scientific, Pittsburgh, PA), a xylene substitute, for
5 minutes followed by a 5-minute centrifugation at 13,000
rpm (Biofuge 13, Heraeus Instruments, Hanau, Ger-
many). The pellet was washed twice with ethanol and
vacuum-dried. The dried pellet was resuspended in 180
�l of Buffer ATL (QIAmp DNA minikit; Qiagen, Valencia,
CA). The tissue was digested by incubation with 20 �l of
proteinase K at 56°C for 1 to 48 hours until the tissue was
completely lysed. DNA was purified from all samples
using the QIAamp DNA minikit (Qiagen). The DNA was
quantified using a Nanodrop 1000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA). The amount of

DNA (ng) added to the PCR reaction varied by source:
Skin (N � 100, 140 � 114, mean � SD), lymph nodes
(306 � 63), peripheral blood (143 � 65), bone marrow
(305 � 105), other tissue (418 � 227). We amplified
�-globin for all samples as a quality control check of
the DNA.

PCR Assay

All PCR reactions were performed on a GeneAmp PCR
System 9700 (Applied Biosystems, Foster City, CA). For
DNA amplification, we used the procedure recom-
mended by the manufacturer. A HotStarTaq master mix
kit (Qiagen) was used for initiating the mono-V PCR.
TCR-� clonality master mix (InVivoScribe Technologies)
and AmpliTaq Gold DNA polymerase (Applied Biosys-
tems) were used for initiating the multi-V PCR. All PCR
assays were set up in 25 �l reaction volume except as
noted. The PCR protocol for the mono-V primer sets was
denaturing at 95°C for 15 minutes followed by 40 cycles
of denaturing at 95°C for 30 seconds, annealing at 59°C
for 30 seconds, extension at 72°C for 45 seconds, and a
final extension at 72°C for 5 minutes; the PCR protocol for
the multi-V primer sets was denaturing at 95°C for 7
minutes followed by 35 cycles of denaturing at 95°C for
45 seconds, annealing at 60°C for 45 seconds, extension
at 72°C for 90 seconds, and a final extension at 72°C for
10 minutes. The PCR protocol for the TCR-� assay was
denaturing at 95°C for 7 minutes followed by 35 cycles of
denaturing at 95°C for 45 seconds, annealing at 60°C for
45 seconds, extension at 72°C for 90 seconds, and a final
extension at 72°C for 10 minutes. The PCR protocol for
the IGH-FR2 assay was denaturing at 95°C for 10 minutes
followed by 38 cycles of denaturing at 95°C for 30 sec-
onds, annealing at 62°C for 30 seconds, extension at
72°C for 30 seconds, and a final extension at 72°C for 10
minutes. The PCR protocol for the IGH-FR3 assay was
denaturing at 95°C for 10 minutes followed by 35 cycles
of denaturing at 94°C for 30 seconds, annealing at 55°C
for 30 seconds, extension at 72°C for 60 seconds, and a
final extension at 72°C for 10 minutes.

We detected the PCR products by automated capillary
gel electrophoresis using a 3130XL Genetic Analyzer
(Applied Biosystems). Product sizes were calibrated with
Gene Scan-500 LIZ size standards (Applied Biosystems).

PCR Control DNAs

DNA from reactive tonsil was used as a polyclonal con-
trol. DNA from Jurkat T-cell or Ramos B-cell lines (Amer-
ican Type Culture Collection, Manassas, VA) was diluted
1:10 in reactive tonsil DNA as a sensitivity control for
clonal TCR-�, TCR-�, or IGH GRs. In addition, DNA pro-
vided by InVivoScribe Technologies was used as a pos-
itive control for amplifying TCR-� V11. All control DNAs
were used at 250 ng per 25 �l PCR reaction except the
commercial clonal and polyclonal control DNAs (InVivo-
Scribe Technologies), which were used at 500 ng per 25
�l reaction.
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Morphological Evaluation

Hematoxylin and eosin stained histological sections were
reviewed from each FFPE tissue to ensure the presence
of adequate diagnostic material and to correlate the mor-
phology with the molecular test results.

Data Analysis

Cases showing up to three sharp peaks more than
three times higher than the background using capillary
gel electrophoresis with at least one (TCR-� or mono-V
TCR-� or multi-V TCR-�) PCR assay were interpreted as
clonal. Cases with more than three sharp peaks more
than three times above the background were inter-
preted as oligoclonal. Cases with no sharp peaks more
than three times above the background were inter-
preted as polyclonal. The results of TCR-�, TCR-�, and
IGH GRs were tabulated in an Excel spreadsheet (Mi-
crosoft, Seattle, WA). Statistical analysis was per-
formed using McNemar’s test on SAS 9.1.3 software
(SAS Institute Inc., Cary, NC).

Results

Comparison of Mono-V Versus Multi-V PCR
Strategies for Detecting TCR-� Gene
Rearrangements

We analyzed the results of simultaneously using both a
mono-V and a multi-V PCR assay for TCR-� GRs in 144
tissue, bone marrow and peripheral blood samples. The
DNA sequences targeted by the PCR primers for both
mono-V and multi-V strategies are similar, but not identi-
cal, for TCR-� gene segments V1-8, V9, V10, V11, JP1/P2
and J1/2 (Figure 1A). A separate primer for JP is uniquely
used in the mono-V assay. The actual DNA sequence
alignment for the primers revealed either only a 4-bp gap
for V1-8 or significant overlap for the other V gene
segments (Figure 1B). We could detect GRs involving
V1-8, V9, V10, and V11 using the mono-V assay, but
only V1-8, V9, and V10 using the multi-V assay. Sur-
prisingly, the multi-V assay did not detect any TCR-�
V11 GRs (Figure 1C).

Sensitivity of Detecting Clonal TCR Gene
Rearrangements

To calculate the percent clonal TCR GRs detected, we
used a denominator of 68 cases with either a clonal GR
involving TCR-�, or -�, or both (Table 1). For TCR-� GRs,
we compared mono-V16 versus multi-V PCR primers.15

Although the mono-V PCR assay showed a slightly better
sensitivity for detecting clonal cases (52/68, 76%) com-
pared with the multi-V PCR assay (51/68, 75%), this dif-
ference was not statistically significant. However, com-
bining results from the mono-V plus multi-V assays,
significantly improved the sensitivity of detecting clonal

cases (60/68, 88%) compared with the multi-V PCR assay
alone (51/68, 75%; P � 0.0078) or compared with the
mono-V PCR assay alone (52/68, 76%; P � 0.0078). The
combination of TCR-� results with either mono-V or
multi-V TCR-� results detected equal number of clonal
cases (64/68, 94%), which was slightly higher but not
statistically different from the number of clonal cases
detected by combining results from the mono-V and the
multi-V TCR-� assay (60/68, 88%, P � 0.77).

Mono-V and multi-V TCR-� PCR assays agreed in 127/
144 (88%) cases, including 84/144 (58%) clonal GRs and
43/144 (30%) polyclonal GRs. Among 17/144 (12%) dis-
crepancies, T-cell clonality was detected in nine patient
DNA samples with the mono-V and in 8 with the multi-V
TCR-� primers. Among DNA samples that were clonal
using the mono-V TCR-� assay, 5/9 were also clonal for
TCR-� and 1/9 was clonal for IGH. The discordant cases
showed a wide range of presentations, emphasizing the
need to interpret the GR studies in the context of clinical
and histological features.

Sensitivity of Detecting Particular TCR-�
Variable Gene Segment Rearrangements

We asked whether the primer sets differ in detecting
TCR-� clonality based on the usage of particular TCR-�
variable gene segments (Table 2). The frequency of V
segment utilization by the mono-V PCR assay was
calculated using as the denominator the number of
clonal samples detected by either the mono-V assay
(N � 52, column 1) or the total clonal TCR cases (N �
68, column 3). Similarly, the frequency of V segment
utilization by the multi-V PCR assay was calculated
using as the denominator the number of clonal sam-
ples detected using either the multi-V assay (N � 51,
column 2) or the total clonal cases (N � 68, column 4).
Both mono-V and multi-V PCR assays detected similar
proportions of V1-8, V9 and V10 GRs (Figure 1C and
Table 2). In contrast, TCR-� GRs involving V11 were
detected exclusively by the mono-V PCR primer set
(Figure 1C and Table 2; P � 0.0077). Because of some
biallelic rearrangements, the frequency of V segments
does not add up to 100% (Table 2).

Table 1. Sensitivity of Various PCR Primer Sets for
Detecting Clonality Among 68 Patient DNA
Samples with Clonal TCR GRs

TCR-�
TCR-�

(mono-V)
TCR-�

(multi-V)
Any clonal TCR GR

detected N (%)

� 47 (69)
� 51 (75)

� 52 (76)
� � 60 (88)

� � 64 (94)
� � 64 (94)
� � � 68 (100)
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Clinical and Molecular Features of Patients with
TCR-� V11 Gene Segment Rearrangements

The mono-V PCR assay detected a clonal TCR-� V11
peak that was three times above the background in nine
patient DNA samples associated with a clear-cut malig-
nancy or a premalignant condition (Table 3). Besides
TCR-� V11, an additional clonal antigen receptor GR
was detected in 8/9 (89%) of these DNA samples:
TCR-� (N � 6), TCR-� (N � 5), IGH (N � 1). In only 1/9
(11%) DNA samples did we find a clonal TCR-� V11 GR
without rearrangement of any other antigen receptor
(patient 7, Table 3). However, this patient had myelodys-
plasia with T/NK-cell large granular lymphocytosis (LGL) in
the peripheral blood. We considered this to be a true clonal
TCR GR, because it is well known that patients with a my-
elodysplastic syndrome can have an associated clonal T/NK-
cell LGL.19

J Segment Usage in TCR-� V11 Gene
Rearrangements

A significant difference between themono-V and themulti-V
PCR primer sets for amplifying TCR-� GR is the inclusion of
J1/J2, JP1/JP2 and JP in the former, but only J1/J2 and
JP1/JP2 in the latter. Therefore, we tested the ability of

individual J segment primers to amplify the target DNA
sequence for V11 GRs. Some J primers could not be
tested due to lack of adequate remaining patient DNA.
Using the mono-V forward V11 primer, the TCR-� V11-J
amplicons could be reproduced in all cases with sufficient
patient DNA: JP1/JP2 (5/5, 100%); JP (0/7, 0%); J1/J2 (2/5,
40%) (Table 3). Although the multi-V primer sets lacked JP,
none of the TCR-� V11 GRs depended on this J segment for
successful amplification, as shown using the mono-V primers
(Table 3).

Comparison of TCR-� V11 Gene Segment
Amplification in Control DNA by Mono-V Versus
Multi-V PCR Primers

Next, we compared the ability of the V11 primers from the
mono-V and the multi-V strategies to amplify TCR-� GRs.
We analyzed polyclonal and clonal control DNAs that
were either extracted in our laboratory (250 ng per 25 �l
PCR reaction) from reactive tonsil or Jurkat T-cell line or
obtained from a commercial source (500 ng per 25 �l
PCR reaction) (InVivoScribe Technologies). Primers for
both V11 (mono-V; Figure 2, A and C) and V9 (multi-V;
Figure 2, B and D), but not V11 (multi-V; Figure 2, B and
D), could amplify TCR-� target DNA sequences from

Table 2. Sensitivity of Detecting Clonal TCR-� GRs by V Segment

TCR-� variable
gene segment

N � 52* mono-V TCR-�
primers N (%)

N � 51† multi-V TCR-�
primers N (%)

N � 68‡ mono-V TCR-�
primers N (%)

N � 68‡ multi-V TCR-�
primers N (%)

V1-8 31 (60) 29 (57) 31 (46) 29 (43)
V9 18 (35) 20 (39) 18 (26) 20 (29)
V10 17 (33) 20 (39) 17 (25) 20 (29)
V11 9 (17) 0 (0) 9 (13) 0 (0)

*Total clonal TCR-� cases using mono-V primers, N � 52.
†Total clonal TCR-� cases using multi-V primers, N � 51.
‡Total clonal TCR cases (mono-V TCR-� � multi-V TCR-� � TCR-�), N � 68.

Table 3. Clinical and Molecular Features of Patients with Clonal TCR-� V11 Gene Rearrangements

Patient
no.

Age/
sex

DNA per
reaction

(ng)
Final

diagnosis

TCR-� TCR-� primer sets IGH

Mono-V Multi-V FR2 FR3

A B C V1-8 V9 V10 V11 V1-8 V9 V10 V11

JP1/
JP2 JP

J1/
J2

TA

60°C
TA

55°C
TA

60°C

No Added
MgCl2*

�1 mM
MgCl2

†

1 49/M 33 CTCL � � � � �‡ � ND � ND � �‡ � � ND ND � �
2 84/F 220 CTCL � � � � � � � � � � � � � � � NT NT
3 59/F 245 CTCL � � � � � � � � � � � � � � � NT NT
4 72/F 175 CTCL � � � � � � ND ND ND � � � � ND ND NT NT
5 55/F 190 CTCL � � �‡ � � � � � � � � � � � �‡ NT NT
6 80/F 305 T/NKL � � � � � � � � � � � � � � � NT NT
7 72/M 153 MDS-LGL � � � � � � � � � � � � � � � � �
8 27/F 88 LYP � � � � � � ND ND ND � � � � ND ND � �
9 86/M 53 B-NHL � � � � � � ND � ND � � � � � ND � �

*PCR master mix used as provided by the manufacturer (Mg2� concentration not disclosed by the manufacturer).
†Addition of 1 �l 25 mmol/L MgCl2 per 25 �l PCR reaction to the commercial multi-V master mix.
‡Two peaks three times above the background.
�, Clonal gene rearrangement; �, polyclonal gene rearrangement; B-NHL, B-cell non-Hodgkin lymphoma; CTCL, cutaneous T-cell lymphoma; LYP,

lymphomatoid papulosis; MDS-LGL, myelodysplastic syndrome T/NK-cell large granular lymphocytosis; ND, not done because of insufficient DNA; NT,
not tested; T/NK L, T/natural killer cell lymphoma. Anatomic sites: skin (patients 1, 2, 3, 4, 8, 9); peripheral blood (patients 5, 7); nasal sinus (patient 6).
Fixation: formalin-fixed paraffin-embedded tissue (patients 1, 2, 3, 4, 6, 8, 9); fresh or frozen (patients 5, 7).
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commercial polyclonal control DNA and from reactive
tonsil DNA. V11 primers for both mono-V (Figure 2E) and
for multi-V (Figure 2F) could amplify commercial clonal
control DNA. In contrast, although the mono-V primer for
V11 (Figure 2, G and J) could amplify both 100% Jurkat
T-cell line DNA and 10% Jurkat diluted in reactive tonsil
DNA, the multi-V primer for V11 (Figure 2, H and K)
apparently could amplify neither DNA test sample. By
increasing the scale sensitivity 17.5-fold, we noted that a
minute amount of 100% Jurkat T-cell line DNA appeared
to be amplified (Figure 2I). Since tube B of the multi-V
assay contained both V9 and V11 primers, we suspected
that either the V9 primer slightly cross-reacted with the
V11 target DNA sequence or that the reaction conditions
for the V11 primer were suboptimal.

Thermodynamic Features of TCR-� Primers

Because there was the possibility that the V11 multi-V
primer could amplify Jurkat T-cell line DNA, albeit at very
low efficiency, we analyzed the thermodynamic features

of all mono-V and multi-V primers using the salt-adjusted
melting temperature (Tm) equation of Marmur-Schild-
kraut-Doty, Tm � 81.5 � 16.6 � (log10[Na�] � [K�]) �
0.41 � (% G � C) – 675/n.20 In this equation, n is the
number of bases in the oligonucleotide and [Na�] and
[K�] are the final concentrations of the sodium and po-
tassium ions in the reaction (Table 4).

There were striking thermodynamic differences between
mono-V and multi-V V11 primers. The multi-V V11 primer
had a significantly lower Tm (51.3°C) compared with the
other V9 and J primers included in commercial tube B (Tm

range: 57.4°C�57.7°C). We hypothesized that this Tm dis-
crepancy probably prevented the multi-V V11 primers from
successfully annealing to the DNA target at the manufac-
turer’s recommended annealing temperature (TA) of 60°C,
which is relatively high compared with the calculated Tm for
the multi-V V11 primer of only 51.3°C (Table 4). We also
noted that the multi-V V11 primer had the lowest GC% of all
primers contained in tube B of the multi-V BIOMED-2 PCR
assay and the mono-V V11 primer had the lowest GC percent
of all primers contained in the mono-V PCR assay (Table 4).

Effect of Multi-V Combination on Individual
TCR-� V9 and V11 Primers

To examine whether the poor sensitivity of the multi-V
TCR-� V11 BIOMED-2 primer resulted from combining
more than one V segment primer in the same reaction, we
tested the ability of individual BIOMED-2 V9, V11, and
combined BIOMED-2 V9 plus V11 multi-V primers to am-
plify TCR-� GRs in control DNA material (Figure 3). All
PCR reactions contained 1 �g final amount of DNA, a
mixture of J1/2 and JP1/P2 primers and HotStarTaq mas-
ter mix kit (Qiagen) in 50 �l reaction volume. As ex-
pected, the V9 primer by itself (Figure 3, left column)
amplified reactive tonsil DNA alone (Figure 3A) and am-
plified reactive tonsil DNA when mixed with Jurkat T-cell
line DNA (Figure 3G). Importantly, the V11 primer by itself
(Figure 3, middle column) could amplify a clonal GR from
100% Jurkat T-cell line DNA (Figure 3E), but not from
10% Jurkat T-cell line DNA diluted in reactive tonsil DNA
(Figure 3H). Similarly, the combination of V9 plus V11
primers in the same PCR reaction (Figure 3, right column)
could amplify a clonal V11 GR from 100% Jurkat T-cell
line DNA (Figure 3F), but not from 10% Jurkat T-cell line
DNA diluted in reactive tonsil DNA (Figure 3I). The multi-V
TCR-� V11 primer completely failed to amplify any poly-
clonal GRs from reactive tonsil (Figure 3, top and bottom
rows), when used alone (Figure 3, B and H) or in combi-
nation with the V9 primer (Figure 3, C and I).

Optimization of the V9 � V11 Multi-V TCR-�
PCR Assay

Since it appeared that the manufacturer’s recommended
TA of 60°C for the multi-V PCR reaction was too high for
the calculated Tm of 51.3°C for the multi-V V11 primer, we
tested whether lowering the TA could improve the sensi-
tivity of detecting clonal TCR-� V11 GRs by the multi-V

Figure 2. Comparison of TCR-� V11 gene segment amplification by mono-V
versus multi-V PCR assays in control DNA. All PCR assays were set in 25 �l
reaction volume. The commercial polyclonal (A and B) and clonal (E and F)
control DNAs obtained from In vivoScribe were used at 500 ng per reaction.
The reactive tonsil DNA (C and D), Jurkat T-cell line DNA (G–I), and 10%
Jurkat T-cell line DNA diluted in reactive tonsil DNA (J and K) were used at
250 ng per reaction. TA, annealing temperature of the PCR reaction. I shows
the same PCR products as H but with a 17.5-fold increase in scale sensitivity.
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PCR assay. At TA equal to 60°C (Figure 4, left column),
the multi-V PCR assay failed to amplify the V11 gene
segment from reactive tonsil DNA (Figure 4A), 100%
Jurkat T-cell line DNA (Figure 4D), 10% Jurkat T-cell line
DNA diluted in reactive tonsil DNA (Figure 4G), and a
representative clinical DNA sample (Figure 4J; patient
3, Table 3). As expected, by lowering the TA from 60°C
to 55°C (middle column) or to 50°C (right column), the
V11 gene segment could be amplified from the same
reactive tonsil DNA (Figure 4, B and C), 100% Jurkat
T-cell line DNA (Figure 4, E and F) and 10% Jurkat
T-cell line DNA diluted in reactive tonsil DNA (Figure 4,
H and I). By lowering the TA, we were able to amplify
clonal TCR-� V11 GRs from 4/6 (67%) available clinical
DNA samples (Table 3, patients 2, 3, 5, 6; data not
shown except patient 3, Figure 4, K and L; same pa-
tient as in Figure 4J) that had shown a clonal TCR-�
V11 GRs by the mono-V assay. For a patient with
concurrent V9 GR at TA of 60°C (patient 6, Table 3), the
clonal V9 GR could not be detected at TA of 55°C and
50°C (data not shown). Thus, while lowering the TA

from 60°C to 55°C appears to improve the sensitivity

for V11, it seems to have the opposite effect on the
sensitivity for V9 in this sample.

Although the MgCl2 concentration was not specified
in the commercial kit, the BIOMED-2 protocol had rec-
ommended 1.5 mmol/L MgCl2 for the TCR-� PCR as-
says.15 When the MgCl2 was increased by adding 1 �l
of 25 mmol/L MgCl2 stock solution to 25 �l of the
multi-V PCR reaction, the multi-V TCR-� primers could
successfully amplify TCR-� GRs involving the V11 gene
segment even at the recommended TA of 60°C. Assum-
ing that the manufacturer uses the same 1.5 mmol/L
MgCl2 per reaction as recommended by the original
BIOMED-2 protocol, the revised final MgCl2 concentra-
tion would be 2.5 mmol/L per PCR reaction.15 This was
true even for 10% Jurkat T-cell line DNA diluted in
reactive tonsil DNA and for 3/5 (60%) patient DNA
samples (patient 3, 5, 6; Table 3), which had been
previously proven to have a clonal TCR-� V11 GRs by
the mono-V assay. Thus, for the detection of clonal
TCR-� V11 GRs, the same 3/4 clinical DNA samples
(patient 3, 5, 6; Table 3) that had benefited from low-
ering the TA from 60°C to 55°C or 50°C also benefited

Figure 3. Effect of combining individual multi-V
TCR-� V9 and V11 BIOMED-2 primers. We syn-
thesized multi-V TCR-� V9 and V11 primers
based on their published DNA sequences.15 We
added the primers individually (A, D, G and B,
E, H) and in combination with each other (C, F,
I) to amplify TCR-� GRs from control DNA. Re-
active tonsil DNA (A–C), 100% Jurkat T-cell line
DNA (D–F), and 10% Jurkat T-cell line DNA
diluted in reactive tonsil DNA (G–I) were used at
1 �g in 50 �l reaction volume. All PCR reactions
included a mixture of J1/2 and JP1/P2 primers.

Table 4. Thermodynamic Properties of TCR-� Primers

Primer set Gene segment Primer sequence Tm (°C) GC (%)
PCR product size

range (bp)*

Mono-V V1-8 5�-TACATCCACTGGTACCTACACCAG-3� 59.6 50 240–270
V9 5�-GAAAGGAATCTGGCATTCCGTCAG-3� 59.6 50 160–200
V10 5�-AAGCAACAAAGTGGAGGCAAGAAAG-3� 57.9 44 145–175
V11 5�-AGTAAAAATGCTCACACTTCCACTTC-3� 56.4 38.5 130–160

Range 56.4–59.6 38.5–50
JP1/JP2 5�-GAAGTTACTATGAGCTTAGTCCCTT-3� 56.3 40
J1/J2 5�-TACCTGTGACAACAAGTGTTGTTC-3� 56.2 41.7
JP 5�-AAGCTTTGTTCCGGGACCAAATAC-3� 57.9 45.8

Range 56.2–57.9 40–45.8
Multi-V V1-8 5�-GGAAGGCCCCACAGCRTCTT-3� 62.5 64.3 200–255

V9 5�-CGGCACTGTCAGAAAGGAATC-3� 57.6 52.4 155–225
V10 5�-AGCATGGGTAAGACAAGCAA-3� 53.4 45 145–200
V11 5�-CTTCCACTTCCACTTTGAAA-3� 51.3 40 90–110†

Range 51.3–62.5 40–64.3
JP1/JP2 5�-TTACCAGGCGAAGTTACTATGAGC-3� 57.4 45.8
J1/J2 5�-GTGTTGTTCCACTGCCAAAGAG-3� 57.7 50

Range 57.4–57.7 45.8–50

*Mono-V and multi-V size ranges based on measuring PCR products that could be amplified from DNA extracted from 10 reactive tonsils.
†DNA from only 1/10 reactive tonsils could be amplified using the multi-V V11 primer set.
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from raising the Mg2� concentration from 1.5 mmol/L to
2.5 mmol/L. Overall, we believe that suboptimal TA and
Mg2� concentration help explain why the multi-V PCR
assay failed to amplify TCR-� V11 GRs in clinical DNA
samples (patients 2, 3, 5, 6; Table 3).

Substitution of Mono-V V11 for Multi-V V11
Primer

Next, we tested the ability of an alternative primer to
amplify TCR-� V11 GRs by replacing the multi-V V11
primer in tube B of the BIOMED-2 PCR assay with the
mono-V V11 primer from the laboratory-developed assay,
which has a Tm of 56.4°C that is more similar to other
primers in tube B, at the recommended TA of 60°C.
Indeed, when mono-V V11 primer was mixed with multi-V
V9 and J primers, and HotStarTaq master mix (Qiagen),
we could successfully amplify polyclonal TCR-� V11 GRs
from reactive tonsil DNA, and a clonal TCR-� V11 GR
from 10% Jurkat T-cell line DNA diluted in reactive tonsil
DNA as well as from 2/3 (66%) clinical DNA samples
(patients 5, 6; Table 3), which had been previously
proven to have a clonal TCR-� V11 GRs by the mono-V
assay (data not shown). Thus, the multi-V strategy itself is
not the problem, but the specific DNA sequence of the
V11 primer is suboptimal under these PCR conditions.

Testing PCR Reagents for Defects

Finally, to eliminate the possibility of defective reagents,
we re-tested six available clinical DNA samples with
clonal V11 GRs, which had been previously successfully
amplified using mono-V TCR-� primers, using a new lot of
multi-V reagents at TA of 60°C. In only 1/6 (17%) of the
clinical DNA samples could we detect a clonal TCR-� V11

peak. However, these peaks were much smaller than
those obtained at TA of 55°C (data not shown). Further-
more, we were unable to amplify TCR-� V11 from either
polyclonal tonsil DNA or 10% Jurkat T-cell line DNA di-
luted in reactive tonsil DNA using the new reagents.
Therefore, defective multi-V PCR reagents were not re-
sponsible for the failure to detect either monoclonal or
polyclonal TCR-� V11 GRs.

Effect of Amount of DNA on Detecting TCR-�
V11 GRs by Multi-V Assay

We extracted different total amounts of DNA (ng) per
sample depending on the tissue source: skin (3288 �
4218, N � 100; mean � SD, N), lymph nodes (8060 �
3052, N � 7), peripheral blood (3220 � 1537, N � 7),
bone marrow (9928 � 5261, N � 18), other tissues
(12,997 � 9,085, N � 8). Therefore, we could not use 500
to 2000 ng of DNA for all PCR reactions, as recom-
mended by the manufacturer (InVivoScribe Technolo-
gies). The total amount of DNA (ng) that we included in
each 25 �l PCR reaction varied according to availability:
skin (140 � 114, N � 100, mean � SD, N), lymph nodes
(306 � 63, N � 7), peripheral blood (143 � 65, N � 7),
bone marrow (305 � 105, N � 18), other tissues (418 �
227, N � 8). The information on total amount of DNA
extracted and total amount of DNA included per PCR
reaction could not be retrieved for 4/144 samples.

To investigate whether the amount of DNA used in the
PCR reaction could have affected the sensitivity of de-
tecting TCR-� V11 GRs by the multi-V assay, we tested
Jurkat T-cell line DNA in a concentration range recom-
mended by the manufacturer. We amplified 0.5, 1, and 2
�g total DNA per 50 �l PCR reaction using purified Jurkat
T-cell line DNA, reactive tonsil DNA, and 50% Jurkat

Figure 4. Effect of annealing temperature (TA)
on TCR-� V11 gene segment amplification using
the V9 � V11 multi-V primer set. All PCR assays
were set in 25 �l reaction volume. Reactive ton-
sil DNA (A–C), Jurkat T-cell line DNA (D–F),
10% Jurkat T-cell line DNA diluted in reactive
tonsil DNA (G–I), and a representative clinical
DNA sample (J–L; patient 3, Table 3) were used
at 250 ng per PCR reaction. PCR amplification
was performed at TA of 60°C (A, D, G, J), 55°C
(B, E, H, K), or 50°C (C, F, I, L).
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T-cell line DNA diluted in reactive tonsil DNA (data not
shown). The V9 plus V11 multi-V primer set amplified
polyclonal V9 GRs from both 1 �g of reactive tonsil DNA
and amplified a monoclonal V11 GR from 1 �g of Jurkat
T-cell line DNA. But using the multi-V assay, we could not
amplify a clonal TCR-� V11 from a 1:1 mixture of Jurkat
T-cell line DNA (0.5 �g) and reactive tonsil DNA (0.5 �g).
We obtained identical results using 0.5 �g and 2 �g total
DNA per PCR reaction.

Discussion

A PCR assay for TCR-� GRs is a convenient way to
detect T-cell clonality because most ��-positive T-cell
lymphomas retain a nonproductive TCR-� GR, which
can be used as a clonal marker. Since TCR-� is a rela-
tively simple genetic locus, it can be analyzed by PCR
using relatively few primers.15 Several monoplex TCR-�
PCR assays have been developed with varying effica-
cies.5–8,12,16,21 Recently, a standardized BIOMED-2 mul-
tiplex PCR protocol has been proposed for the detection
of clonal antigen receptor GRs.15 The 2008 College of
American Pathologists molecular oncology proficiency
testing surveys A and B indicated that, for detecting
clonality, more laboratories used “laboratory-developed”
PCR assays (52/94, 55% and 45/96, 47%) than the com-
mercial PCR assay based on the BIOMED-2 protocol
(19/94, 20% and 25/96, 26%) (College of American Pa-
thologists Participant Summary of the 2008 Molecular
Oncology Proficiency Testing Program, Northfield, IL).
The BIOMED-2 protocol was based on the use of fresh/
frozen tissue in a limited number of T-cell malignancies.
In the original study, only a total of 18 DNA samples with
Southern blots that confirmed T-cell clonality were tested;15

among these, just four clonal cases were detected in FFPE
tissues and 14 clonal cases were detected in matching
fresh/frozen tissues. Later validations of this PCR strategy
also mainly relied on fresh/frozen tissues.3,22,23

Since it is known that simultaneous amplification of
multiple targets can reduce the sensitivity of the PCR
assay for one or more targets,17 we compared the
BIOMED-2 multiplex primers that target two TCR-� V
gene segments per reaction (multi-V) with an approach
that targets a single V segment per reaction (mono-V) in
a real-life clinical setting that necessitates the use of
predominantly FFPE tissue. It is important to note that the
mono-V primers are similar, but not identical, to the
multi-V primers; which, in theory, could lead to differ-
ences in the sensitivities between the mono-V and multi-V
approaches.

We demonstrated a statistically significant improve-
ment in sensitivity for detecting T-cell clonality by com-
bining mono-V and multi-V TCR-� PCR assays, or by
combining TCR-� results with either mono-V or multi-V
TCR-� results. The value of targeting multiple TCR-� V
gene segments for detecting T-cell clonality has been
well-established.2,6 In a multicenter study involving 24
laboratories, PCR assays that targeted multiple V gene
segments showed significantly better sensitivity com-
pared with those targeting a single V gene segment.2

Similarly, in a study that examined the utilization of V
segments in clonal TCR-� GRs, the maximum number of
clonal cases was detected only when multiple V seg-
ments were targeted.6 In addition, the complementary
nature of BIOMED-2 TCR-� and TCR-� PCR assays in
detecting clonal TCR GRs has been proven in several
multicenter studies using freshly collected or frozen sam-
ples of mature T-cell neoplasms.3,23,24 Our results, using
predominantly FFPE tissue, confirm these findings. Fur-
thermore, we believe that independently confirming ei-
ther positive or negative multi-V TCR-� assay results with
another set of mono-V TCR-� primers can add to the
clinical robustness of the TCR-� PCR test. Also, we have
tested a greater number of FFPE tissue samples than
other investigators.5–12

In a meta-analysis of TCR-� V segment utilization, we
found that the frequencies of V1-8, V9 and V10 gene
usage in the current study were similar to those reported
by others (Table 5).4–12 However, using the mono-V PCR
assay, we detected a slightly higher percentage of cases
(9/52, 17%) with V11 GRs compared with others (9/64;
14%, study no. 10, Table 5). In contrast, the multi-V PCR
assay completely failed to detect any clonal TCR-� V11
GRs in our hands. It is important to note that percentages
are not calculated the same way in each of the studies
listed in Table 5. Only one study (no. 1, Table 5) analyzed
all TCR-� gene rearrangements that were detected and,
therefore, their percentages added up to 100%.11 The
other studies, including ours, have reported the percent-
age of cases with a clonal V segment. Therefore, due to
biallelic antigen receptor gene rearrangements, the total
percentage of TCR-� GRs exceeds 100%. An estimate of
the expected V11 usage, therefore, differs depending on
the method of analysis. The reported frequencies of V
segment utilization are also influenced by whether a com-
plete primer set was used for multiple TCR-� V segments
and whether the V segment GRs were reported individu-
ally. Overall, the frequencies of clonal rearrangements
involving TCR-� V1-8, V9, and V10 in our study were
comparable with previous reports. Also, we report a com-
parable proportion of cases with one and two clonal GRs
per DNA sample (Table 5). In our study, we detected two
cases with three clonal GRs. Interestingly, cases proven
to be malignant lymphoma by Southern blot analysis have
shown up to three or even four TCR-� GRs by PCR.3,9 The
determination of which of these multiple PCR peaks repre-
sents the actual clonal rearrangement can be difficult with-
out performing further testing. Possible explanations
for this phenomenon include biallelic GRs, presence of
a second or a minor unrelated clone, genomic insta-
bility, and aneuploidy.9

Because the multi-V TCR-� V11 PCR assay completely
failed to amplify any of the patient DNA samples with
proven TCR-� V11 GRs, we reviewed the design of the
multi-V primer sets.15 Since we could amplify the manu-
facturer-supplied clonal control DNA using tube B, which
contains the multi-V V11 primer, correct synthesis of fluo-
rescently labeled primers was confirmed. For the multi-V
protocol, it was reported by van Dongen et al15 that initial
attempts at multiplexing all V gene segments in a single
reaction tube were not successful because of preferential
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amplification of smaller size PCR products and because
some V1-8 and V10/11 gene rearrangements could not
be detected. This approach was subsequently replaced
by a strategy that combined the most commonly rear-
ranged V segments (V1-8 and V9) with the least com-
monly rearranged V segments (V10 and V11) in two
separate tubes (tube A: V1-8 plus V10; tube B: V9 plus
V11). This also permitted specific identification of rear-
ranged V segments by PCR amplicon size.15 Well-known
potential sources of decreased sensitivity in multiplex
PCR assays include formation of primer-dimers, subop-
timal primer-to-template ratio, preferential amplification of
one target over the other, and competition for reagents
between the primers.18 The actual primer concentration
in the commercial multi-V master mix is not available to
compare primer concentrations as a potential source of
difference in the sensitivity. It is unlikely that the interac-
tions between the V9 and V11 multi-V primers affected
the sensitivity of V11 primer, as PCR reactions containing
V11 alone or in combination with multi-V V9 primer could
successfully amplify clonal GRs from 100% Jurkat T-cell
line DNA. However, the multi-V V11 primer lost the ability
to amplify clonal GRs from Jurkat T-cell line DNA when it
was diluted in reactive tonsil DNA. This suggests that
either the presence of additional targets or the dilution of
DNA had a detrimental effect on the sensitivity of the
multi-V TCR-� V11 primer. Significantly, the multi-V V11
primer failed to amplify any polyclonal GRs from the
control DNA when used alone or in combination with the
V9 primer, suggesting overall suboptimal efficiency in
amplifying V11 targets using the manufacturer’s recom-
mended PCR reaction conditions.

We identified a relatively low Tm of 51.3°C for the
multi-V TCR-� V11 primer as one of the contributing fac-
tors for the failure to amplify TCR-� V11 GRs under the
manufacturer’s recommended TA equal to 60°C. While a
TA of 56–60°C is suitable for the majority of the primers in
the mono-V TCR-� PCR reactions, in general, multiplex

assays can benefit from lowering the TA by 4–6°C to
allow amplification of all multiplex DNA targets.18 In ad-
dition, by increasing the Mg2� concentration (1 mmol/L
MgCl2 added to the commercial master-mix with undis-
closed Mg2� concentration), we could amplify 4/6 clinical
DNA samples that had been previously proven to have a
sharp TCR-� V11 peak using the mono-V assay, but were
not detected by the original multi-V assay. These findings
are consistent with the need for optimizing the Mg2�

concentration, which has been emphasized in a study
involving B- and T-cell clonality analysis of FFPE tis-
sues.25 When many DNA targets are amplified simulta-
neously, those that are either smaller or more efficiently
amplified can adversely affect the others by competing
for reagents.18,26 The annealing of the multi-V V11 primer
could also have been adversely influenced by the AAA
sequence at the 3� end.27 In general, it has been recom-
mended that primer design avoid A and especially T at
the 3� end.27

Since 2/6 retested cases still did not show a clonal
TCR-� GR under optimized PCR conditions, it is possible
that other factors such as the amount of DNA used per
PCR reaction may have limited the sensitivity of the
multi-V assay. Due to the small size of cutaneous bi-
opsies, in many cases it was not possible to obtain
large amounts of DNA. Others, including the original
BIOMED-2 study, have shown that the use of a smaller
amount of DNA (80–300 ng per reaction) from cutaneous
and gastric biopsies can be adequate to detect T-cell
clonality.8,28,29 Since the initial validation of BIOMED-2
primers was performed in both fresh/frozen and paraffin-
embedded tissue using 100 ng of DNA,15 we used 184 �
146 ng of DNA (mean � SD; range: 10–920 ng) per 25 �l
reaction based on the size of tissue compared with 500 to
2000 ng per 50 �l reaction that is recommended by the
manufacturer (InVivoScribe Technologies). It is possible
that this lower amount of DNA is optimal for mono-V but
not for multi-V PCR amplification of TCR-� V11. This could

Table 5. Meta-Analysis of Reported Frequencies of TCR-� Variable Gene Segment Utilization and Number of Clonal GRs per
Case

Study
no.

Clonality
assay

Primer
set Tissue* Diagnosis†

DNA
amount
(ng)

TCR-� variable gene segment utilization in
clonal cases‡ Number of V segments rearranged per case

Year
Reference

no.V1-8 V9 V10 V11 1 2 3 � 4

1 SB NS LN PTCL 10,000 23/32 (72) 8/32 (25) 0/32 (0) 1/32 (3) NS NS NS NS 1994 11
2 Mono-V LD Skin CTCL 2000 51/61 (84) 26/61 (43) NT NT 45/61 (74) 16/61 (26) NS NS 1994 12
3 Multi-V LD Blood ALL 100–200 14/30 (47) 2/30 (7) 2/30 (7) 1/30 (3) 19/30 (63) 11/30 (37) 0/30 (0) 0/30 (0) 1996 4
4 Mono-V LD Skin CTCL 80–120 20/24 (83) 1/4 (25) 2/3 (67) 0/1 (0) NS NS NS NS 1999 8
5 Mono-V LD Skin CTCL 2000 39/49 (80) 17/49 (35) 1/49 (2) 1/49 (2) 40/49 (82) 9/49 (18) 0/49 (0) 0/49 (0) 2001 7
6* Mono-V LD NS PTCL 500 55/98 (56) 22/98 (23) 17/98 (17) 4/98 (4) 25/60 (42) 32/60 (53) 3/60 (5) 0/60 2003 6
7 Multi-V BM LN AITL 500–2000 66/93 (71) 44/93 (47) 55/93 (59) 8/93 (9) 29/90 (31) 42/90 (45) 16/90 (17) 3/90 (3) 2006 10
8 Multi-V LD Blood LGL NS 37/49 (76) 9/49 (18) 15/49 (31) 3/49 (6) 31/49 (63) 18/49 (37) 0/49 (0) 0/49 (0) 2007 5
9 Multi-V BM NS PTCL 100 126/166 (76) NS NS NS 74/166 (45) 76/166 (46) 18/166 (11) NS 2007 3

10 Multi-V BM LN ALCL 500–2000 41/64 (64) 30/64 (47) 27/64 (42) 9/64 (14) 33/64 (52) 21/64 (33) 8/64 (13) 2/64 (3) 2008 9
11 Mono-V LD Skin CTCL 20–855 31/52 (60) 18/52 (35) 17/52 (33) 9/52 (17) 31/52 (60) 19/52 (37) 2/52 (4) 0/52 (0) 2009 This study
12 Multi-V BM Skin CTCL 20–855 29/51 (57) 20/51 (39) 20/51 (39) 0/51 (0) 34/51 (67) 16/51 (31) 1/51 (2) 0/51 (0) 2009 This study

*Most frequent tissue type.
†Most frequent diagnosis in the study group.
‡Meta-analysis: reanalysis of published studies for TCR-� variable gene segment usage among total clonal cases; frequency of clonal V segment

gene usage as percent of clonal cases, except study 6 where frequency of V segment usage is presented as percent of all gene rearrangements. The
sum of percentages is greater than 100% because more than one TCR-� variable gene segment can be rearranged simultaneously in a single DNA
sample.

Numerator/denominator (%) � Number of cases with clonal gene rearrangement/total number of clonal cases (percent).
AITL, angioimmunoblastic T-cell lymphoma; ALCL, anaplastic large cell lymphoma; ALL, acute lymphoblastic leukemia; BM, BIOMED-215; CTCL,

cutaneous T-cell lymphoma; LD, laboratory developed (home brew); LGL, large granular lymphocytosis; LN, lymph node; mono-V, mono-V PCR; multi-
V, multi-V PCR; NS, not specified in the publication; NT, not tested; PTCL, peripheral T-cell lymphoma; SB, Southern blot.
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also explain why the BIOMED-2 protocol could detect
TCR-� V11 GRs using predominantly lymph nodes, which
permitted the extraction of larger amounts of DNA (stud-
ies 8, 9; Table 5).9,10 However, the lower amount of DNA
per reaction did not seem to affect the amplification of
V1-8, V9 and V10 by the multi-V assay. Using a greater
amount of DNA per PCR reaction, as recommended by
the manufacturer, we still were unable to amplify a clonal
TCR-� V11 GR from Jurkat T-cell line DNA diluted to 10%
or even to 50% in reactive tonsil DNA. Interestingly, a
clonal TCR-� V11 GR could be amplified when the same
amount of Jurkat T-cell line DNA that was contained in the
dilution was used without any tonsil DNA. This suggests
the possibility that a sample containing a mixture of V9
and V11 target sequences could lower the sensitivity of
detecting clonal TCR-� V11 GRs with the multi-V PCR
assay.

We further investigated nine clinical DNA samples that
were discrepant for the detection of clonal TCR-� V11
GRs in the mono-V versus multi-V PCR assays. The
mono-V TCR-� V11 GRs were interpreted as clonal in nine
cases because, in addition to clinical and morphological
features for malignancy, we could identify additional
TCR-� GRs that involved other V segments or GRs that
simultaneously involved either TCR-� or IGH in 8/9 (89%)
of these individuals. Clonal TCR GRs have been reported
in B-cell lymphomas, myelodysplastic syndromes, lym-
phomatoid papulosis and T/NK-cell disorders.19,29–32

Our findings show that the JP primer was not used in any
clonal TCR-� V11 GRs. These findings support the exclu-
sion of the JP primer from the multi-V assay of the
BIOMED-2 study.15 This also suggests that the multi-V
BIOMED-2 PCR assay failed to amplify any clonal TCR-�
V11 GR that could have been amplified in cases with
either the JP1/JP2 or J1/J2 primers, which are included in
the multi-V reaction mixture.

Pseudoclonality in cutaneous biopsies, which repre-
sented a majority of the samples in our study, is well
documented in the literature with reported frequencies
ranging from 0% to 24%.33–35 We think that the mono-V
assay could be susceptible to amplifying false-positive
pseudoclonality since we detected a frequency of clonal
TCR-� V11 GRs that is higher than that reported by others
(studies 1, 3, 5, 6, 7, 8, 10; Table 5). We encountered
several challenging clinical cases that support this ob-
servation. For example, Table 3 shows that we detected
two rearranged J segments in TCR-� V11 GRs for cases
6 and 7, which is extremely rare. At the same time, cases
7 and 9 in Table 3 did not show any clonal TCR-� V11
GRs with the multi-V TCR-� assay, even under the opti-
mized conditions. These results suggest the possibility
that the mono-V TCR-� assay might be susceptible to
detecting pseudoclonality. Therefore, it is critical to avoid
overcalling potential pseudoclonal results, which could
occur because of a low number of lymphocytes in the
sample, a pseudolymphoma of the skin, or an oligoclonal
T-cell expansion in an inflammatory process.22,33 We
believe that the true frequency of clonal TCR-� V11 GRs
is likely to be found somewhere in between the extremes
listed in Table 5, 0% to 17%. However, a detailed analysis
of J segment utilization and parallel testing under differ-

ent PCR conditions is not feasible for routine clinical
testing. Therefore, such cases showing sharp clonal
peaks by mono-V PCR in the presence of suggestive
clinical features are likely to be interpreted as clonal,
whereas they may be pseudoclonal. It has been sug-
gested that the detection of TCR-� PCR products by
Genescan analysis (capillary gel electrophoresis) alone
may be associated with false-positive results.15 However,
due to multiple practical advantages, Genescan analysis
is among the most widely used detection methods in
current laboratory practice.36 (College of American Pa-
thologists Participant Summary of the 2008 Molecular
Oncology Proficiency Testing Program, Northfield, IL) A
strong caution must be advised in interpreting and acting
on the results of the mono-V and the multi-V PCR assays
when a clonal GR is detected by only one assay or when
a TCR-� V11 GR is the only clonal peak. This is especially
important in the absence of confirmation by a second method
such as Southern blot analysis or a TCR-� PCR assay.

The lack of Southern blot correlation is a limitation of
our study, which is shared by many other clinical labora-
tories that offer only PCR-based clonality assays. There-
fore, our study more closely reflects the reality of molec-
ular diagnosis in the 21st century that we have, for better
or worse, become accustomed to. Yet the question of the
standard for clonality in this study and in clinical labora-
tories is important. The use of Southern blot analysis in
routine clinical diagnosis is limited when only a small
amount of DNA can be extracted from the sample, such
as a punch or shave skin biopsy. Degradation of DNA in
paraffin-embedded tissue is another limiting factor.23 In a
recent study, PCR was actually superior to Southern blot
analysis in detecting T-cell clonality.23 On one hand,
TCR-� analysis might be of help, but it is well known that
not every case with a clonal TCR-� GR is accompanied
by TCR-� clonality and vice versa.3,23 Morphological in-
formation also has its flaws since one uses TCR clonality
assays to solve diagnostic dilemmas raised by morpho-
logical examination. Therefore, the results of gene rear-
rangement studies should be interpreted with caution
and correlated with all of the available clinical and patho-
logical information before rendering a diagnosis of ma-
lignant lymphoma.
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