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Abstract

Analyzing the status of T-cell receptor (TCR) gene rearrangements has been an essential part of
deciphering the stages of thymocyte development, understanding the of vs. v lineage decision, and
characterizing T-cell leukemias. Methods such as PCR and quantitative Southern blotting provide
useful information, but also have significant shortcomings such as lack of quantitation in the case of
PCR and technical challenges in the case of Southern blotting. Here we describe a real-time PCR
method that overcomes many of these shortcomings. This new method shows comparable results for
the fraction of unrearranged TCRy and TCRf genes in human thymocytes and peripheral blood T
cells as Southern blotting, and has the advantages of being simple to perform, highly quantitative,
and requiring nanogram quantities of DNA. We also describe a real-time PCR method to quantitate
T-cell receptor excision circles formed during TCRp rearrangements.
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1. Introduction

Rearrangement of T-cell receptor (TCR) genes is an important part of thymocyte development.
In addition to expression patterns of cell surface markers and lymphocyte specific genes (i.e.,
RAG-1, RAG-2, transcription factors, etc.), the status of TCR gene rearrangements helps define
developmental stages. In both mouse and human thymocyte development, rearrangement of
the TCR& locus is initiated first, followed by TCRy, B, and then a (Petrie et al., 1995; Blom et
al., 1999; Livék et al., 1999). Cells expressing one of the two T-cell receptors, off or y3, emerge
following the completion of rearrangements and selection events. A vast TCR repertoire is
created during rearrangement because each locus contains multiple variable (V), diversity (D,
in 6 and p loci), and joining (J) segments, that are joined together by V(D)J recombination in
many possible combinations to form single exons (Bassing et al., 2002). In addition to defining
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developmental stages (Nakajima et al., 1995; Petrie et al., 1995; Blom et al., 1999; Livak et
al., 1999), the study of TCR gene rearrangements has been used to help decipher the mechanism
for the of3 vs. ¥ lineage decision (Livak et al., 1995; Burtrum et al., 1996; Wilson et al.,
1996; Margolis et al., 1997) and for characterization of leukemias (Hettinger et al., 1998;
Pongers-Willemse et al., 1998; Langerak et al., 1999; Szczepanski et al., 2000; Valetto et al.,
2000; van der Velden et al., 2002; Asnafi et al., 2003; Bruggemann et al., 2004).

Some of the techniques used to study TCR gene rearrangements up to this point have significant
shortcomings. For example, PCR has been used to identify genes rearranged in various
populations of cells (Wilson et al., 1996; Margolis et al., 1997; Blom et al., 1999; Livak et al.,
1999), and while this method is highly sensitive, it is not truly quantitative. Several variations
of quantitative Southern blotting have also been used extensively (Petrie et al., 1995; Blom et
al., 1999; Livak et al., 1999; Valetto et al., 2000). In one version, a probe was designed to bind
to a restriction fragment that changed size upon TCR gene rearrangement (Blom et al., 1999).
Thus, the extent of gene rearrangement was assessed by the decrease in intensity of one band
coupled with the appearance of new bands. In another version, a probe was designed to bind
to a restriction fragment that was deleted during gene rearrangement (Petrie et al., 1995). In
this case, the extent of rearrangement was determined by the loss of signal. Both Southern
blotting methods are technically challenging and require a large amount of DNA to allow for
accurate quantitation of the signals.

The most advantageous method to accurately assess the overall status of gene rearrangements
would require only a small amount of DNA, use a simple protocol, and generate an easily
quantitated signal. Real-time PCR is a technique that fulfils these experimental criteria. No
restriction enzyme digestion is required and much less DNA is needed to detect a signal as
compared to Southern blots. With real-time PCR, the signal is measured at the completion of
each cycle during the logarithmic phase of the PCR, yielding a much more quantitative result.
This method is easily applied to an analysis of the rearrangement status in rare cell populations
that would require highly sensitive quantitation. Real-time PCR protocols have been designed
for the detection of minimal residual disease in leukemia patients (Pongers-Willemse et al.,
1998; Donovan et al., 2000; van der Velden et al., 2002; Bruggemann et al., 2004), for the
study of complementarity-determining region variations among TCRp rearrangements
(Gallard et al., 2002), and for the detection of & locus excision circles (TRECs) (Hazenberg et
al., 2000; Ponchel et al., 2003). We show here a comparison between quantitative Southern
blot analysis analogous to that developed by Petrie and colleagues (Petrie et al., 1995) and real-
time PCR to determine the overall extent of TCR Vy—Jy and V—DJp rearrangements in
human T lineage cells. In addition, a real-time PCR method to detect the presence of p TRECs
and their contribution to the germline signal is also described.

2. Materials and methods

2.1. Antibodies and cell isolations

Antibodies to CD3, CD4, and CD8a were purchased from Caltag (Burlingame, CA); anti-
CD8p was from Serotec (Raleigh, NC). Human neonatal thymus was obtained from infants
and children undergoing cardiac surgery at Children’s Hospital in Oklahoma City, OK.
Protocols were approved by the Institutional Review Boards of both The University of
Oklahoma Health Sciences Center and The Oklahoma Medical Research Foundation.
Thymocyte cell suspensions were made by forcing thymic tissue pieces though a 70-um nylon
filter. CD4 immature single positive cells (CD4 ISPs) were isolated using a two-step procedure.
Thymocyte suspensions were first depleted of CD3* cells using EasySep CD3 magnetic beads
(Stem Cell Technologies; Vancouver, Canada), followed by depletion of CD8a™* cells using
EasySep CD8 beads. The unbound fraction was then stained for CD4, CD8a, and CD3
expression and CD4 I1SPs were isolated by sorting for CD4*CD3 CD8u. cells. Early double
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positive cells (EDPs) were isolated from the CD8a bead bound fraction of cells (see above) by
staining with antibodies to CD8a, CD8B, CD3 and CD4, then sorting for
CD4*CD8a*B~CD3 cells. Adult peripheral blood was obtained from healthy volunteers.
Enriched preparations of T cells (84—-95% purity as assessed by staining with anti-CD3
antibodies) were isolated from peripheral blood by Ficoll-Hypaque (Cellgro Mediatech Inc.;
Herndon, VA) density gradient centrifugation, followed by rosetting with sheep red blood cells
(Ferrell Farms; Oklahoma City, OK) (West et al., 1977). The HeLa cervical carcinoma cell
line was obtained from the American Type Culture Collection (Manassas, VA) and used as a
source of germline DNA in Southern blot and real-time PCR experiments. HeLa cells were
grown in DMEM containing 10% FCS, 2 mM glutamine, 100 U/ml penicillin and 100 pg/ml
streptomycin.

2.2. Probes and primers

PCR primers were obtained from the Molecular Biology Resource Facility at the University
of Oklahoma Health Sciences Center (Oklahoma City, OK). Probes for quantitative Southern
blot analysis (V-JySB, V-DJBSB, and Cp258) were amplified and cloned from 200 ng of HeLa
cell DNA by PCR using 16 mM (NH4)»SOy4, 67 mM Tris—HCI, pH 8.8, 0.01% Tween-20, 1.5
mM MgCl,, 0.8 mM dNTPs, 0.5 ug each forward and reverse primer, and 5U Taq DNA
Polymerase (Continental Laboratory Products; San Diego, CA) in a 50-ul reaction. Cycling
conditions were: initial denature at 94 °C for 5 min, followed by 30 cycles of 94 °C for 30 s,
60 °C for 30 s, and 72 °C for 30 s, followed by a final elongation of 5 min at 72 °C. Products
were cloned using the TOPO TA cloning kit (Invitrogen Life Technologies; Carlsbad, CA),
and sequenced. The probes were then generated by PCR amplification using the cloned plasmid
as the template and purified by agarose gel electrophoresis and gel extraction using a Qiagen
gel purification kit (Valencia, CA). Table 1 shows the sequences for all primers used in making
the Southern blot probes. Probes for real-time PCR (V-Jy®d, V-DJptd, Cp2%d, and B
TREC!9) were purchased from PE Applied Biosystems (Foster City, CA) and Sigma Genosys
(Haverhill, United Kingdom); sequences for real-time PCR probes and primers are shown in
Table 2. The 5’ ends of the V-Jy®d, VV-DJB®9, and p TREC™ probes were labeled with the 6-
FAM reporter dye and the 5" end of the CB2!29 probe was labeled with the VIC reporter dye;
each probe was 3' end-labeled with the TAMRA quencher dye. Fig. 1 shows the organization
of the human TCRy and B loci and the locations of the Southern blot and real-time PCR deletion
probes for the y and B loci (V-JySB and V-Jy2d, VV-DJBSB and V-DJpd), as well as probes that
bind to Cp2 (CB25B and Cp2tad).

2.3. Quantitative Southern blotting

Genomic DNA was isolated with the Puregene Kit (Gentra Systems; Minneapolis, MN)
according to the manufacturer’s instructions. For each Southern blot lane, 15 ug of genomic
DNA were digested overnight at 37 °C with 100 units of EcoRI (Promega; Madison, WI) in a
200-pl reaction with 90 mM Tris—HCI, pH 7.5, 10 mM MgCl,, 50 mM NaCl, 4 mM spermidine,
and 0.1 mg/ml BSA. Digested DNA was ethanol precipitated, dissolved in TE, and
electrophoresed on a 0.7% agarose gel with 1-TBE (0.9 M Tris+0.9 M Borate +2 mM EDTA)
running buffer for at least 24 h at 25 V. The DNA was transferred onto a Hybond-N+ nylon
membrane (Amersham Biosciences; Buckinghamshire, England) using a model 785 Vacuum
Blotter (Bio-Rad Laboratories; Hercules, CA) for 90 min with 5 in of Hg vacuum pressure.
Fifty nanograms of each probe were labeled with 50 pCi of [a-32P]dCTP (3000 Ci/mmol; ICN
Biomed; Irvine, CA) using random hexamers and a Klenow labeling kit from Amersham
Biosciences; DNA was hybridized with 3-5-107 cpm of each probe for 16-24 h at 65 °C in
10 ml of 4-SSC (600 mM sodium chloride +660 mM sodium citrate, pH 7.0)+1% SDS+5—
Den-Denhardt’s solution +0.1 mg/ml denatured herring sperm DNA. Blots were washed two
times with 2 -SSC + 0.1% SDS and two times with 0.2-SSC+0.1% SDS for 20 min each at
65 °C. Washed blots were scanned with a Storm Scanner 840 phosphor-imager and the signal
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intensities were quantitated with ImageQuaNT software (version 5.2, Amersham Biosciences).
The percent of DNA remaining in germline configuration was calculated by the formula:
([XY(C9/CYH]/X9)-100, where X represents the intensity of the various deletion probes (V-
JySB or V-DJBSB), C represents the intensity of p constant region probe (Cp258), and g and t
represent germ-line (HeLa) or thymocyte/T-cell DNA samples, respectively. Background
correction was done by analyzing the area just above and below each band and subtracting the
average of those two signals from the signal of the band.

2.4. Real-time PCR

Real-time PCRs were run on an ABI Prism 7700 Sequence Detection System under universal
conditions (unless otherwise indicated) using reagents obtained from PE Applied Biosystems.
For quantitation of the V-Jy®9, \/-DJB4, and CB2t9 amplicons, each 50 pl reaction contained
25 ul universal master mix, 5-15 ng of DNA, 200 or 450 ng of each specific forward and
reverse primer, and 0.2 uM of one of the following 3 TagMan® probes: V-Jya4, \/-DJB, or
CP2%d (Table 2). Each DNA sample was analyzed in triplicate at each of two concentrations
for each primer/probe set.

HeLa DNA was used to generate standard curves (Ct vs. log copy number) for the Cp29, V-
Jy®4, and V-DJBRA amplicons. To determine the number of copies of each target sequence in
a given aliquot of HeLa DNA, a linearized plasmid containing the sequence of the Cp2'ad
amplicon was used to construct a standard curve of Ct vs. log copy number. The concentration
of restriction digested, linearized plasmid DNA was determined using the Agilent 2100
BioAnalyzer witha DNA 7500 Lab Chip kit (Agilent Technologies; Palo Alto, CA). A standard
set of dilutions was prepared in TE (10 mM Tris, pH 8.0+1 mM EDTA) containing 50 pg/ml
yeast tRNA as carrier and frozen at —80°C in aliquots. The number of CB2 copies in each
dilution was calculated. These dilutions yielded C signals in the acceptable range (25-35) as
defined by the manufacturer. Stability was verified by repeated real-time PCR assays on thawed
aliquots. Real-time PCR assays were then performed with dilutions of HeLa genomic DNA
that generated Ct values in the same range as those obtained with the plasmid. The efficiencies
of Cp2td amplification from plasmid DNA and HeLa genomic DNA were essentially identical
(the slopes of log ng vs. C values of the standard curves were —3.45 for plasmid and —3.42
for HeLa) (Fig. 2). Therefore, the plasmid standard curve was used to determine the
concentration of HeL.a genomic DNA in copies/100 ng DNA. Since HelLa cells contain only
unrearranged genomic DNA, the number of copies of CB2 sequences was assumed to be equal
to the numbers of copies of unrearranged V-Jy and V-DJp sequences. A set of diluted HeLa
genomic DNA was then prepared and used to generate standard curves for the analyses of
CB, V-Jy, and VV-DJp copy numbers in genomic DNA isolated from thymocytes or enriched
peripheral blood T cells. The percent of TCRy locus remaining in germline configuration was
calculated by the following formula: [(copies V-Jy/copies CB2)(100)]. The percent of TCRf
locus remaining in germline configuration was calculated by a similar formula: [(copies V-
DJB1/copies Cp2)(100)].

2.5. Analysis of V-DJB1 signal joints in human early double positive thymocytes

Signal joints from Vp—DJp1 rearrangements in EDP thymocytes were amplified by PCR using
primers 5’ to DB1 and 3’ to VB2, VB4, and V322 (V3 segments that are used frequently). The
PCR products were cloned into the TA cloning vector pCR2.1 (Invitrogen) and sequenced by
the Oklahoma Medical Research Foundation DNA Sequencing Core. The primer sequences
are included in Table 1.

2.6. B TREC detection

A method was developed to measure the levels of TCR BTRECs similar to that described in
Hazenberg et al. (2000) and Ponchel et al. (2003) for detecting the excision of the 6 locus. First,
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a plasmid was constructed containing a consensus signal joint formed by the joining of any
human Vp segment to any DJB1 segment (Fig. 3). The concentration of this plasmid was
determined as above, and a standard dilution set was prepared as for the C2-containing
plasmid. These dilutions were used to generate a standard curve of Ct vs. log copy number.
PCR conditions were adjusted to insure that only consensus signal joints could be amplified.
This was accomplished by performing real-time PCRs with plasmids containing signal joints
with 1, 2, 4, 9, and 17 added bases and entailed raising the annealing temperature 2° above that
for universal conditions. Because of the stringent conditions for primer annealing, this assay
is very sensitive to slight temperature variations in the block of the real-time PCR instrument.
The slope of the Ct vs. log copy number plot was similar for the consensus signal joint
containing plasmid (—4.49) as for thymocyte genomic DNA (—4.29), making it possible to use
the plasmid standard curve to calculate the numbers of p TREC copies in the genomic DNA
samples. The amount of genomic DNA in each real-time PCR was increased to 50-150 ng
when necessary to compensate for the low copy numbers of § TRECs in some of our samples.
All genomic DNA samples were analyzed in quadruplicate at each of two concentrations.
Because our real-time PCR B TREC assay amplified only TRECs containing consensus
heptamer/heptamer signal joints from the D1 locus, the number of copies was multiplied by
3.4 to obtain an estimate of the total number of TRECs containing both consensus and
nonconsensus heptamer/heptamer signal joints to both DB1 and DB2 (see Section 3.4). The
number of copies of germline V-DJp sequences was calculated by subtracting the total number
of B TREC copies from the number of copies measured in the VV-DJp real-time PCR assay (see
above). When the p TREC'® primers were used with HeLa DNA, the level of B TRECs detected
was 1-2 orders of magnitude less than that detected with thymus or T-cell DNA, suggesting
little non-specific amplification of unrearranged DNA.

3.1. Rationale for probe design for quantitative Southern blot and real-time PCR assays

Following the strategy of Petrie et al. (1995), we designed Southern blot and real-time PCR
deletion probes (Fig. 1) to bind to the regions of DNA between the most J-proximal Vy
(Vy11) and the most V-proximal Jy (Jy1.1) (V-JySB and V-Jyt9, Fig. 1A) and between the most
D-proximal VB (Vp4) and the most V-proximal D (DB1) (V-DJIBSB and V-DJIpHY, Fig. 1B).
These regions are excised during TCRy and 3 gene rearrangements (Bassing et al., 2002). The
fraction of each locus in germline configuration can then be calculated by comparing the signal
from the deletion probe to the signal of a probe binding to a region of DNA that does not
undergo rearrangement and then normalizing to signals from control germline HeLa DNA.
Therefore, a probe binding to the constant region of the B locus (CB2) was included in the
analyses (CB25B and Cp2t2d, Fig. 1B).

3.2. TCRy and TCRp rearrangements as detected by quantitative Southern blot

Human thymocytes and enriched T cells from peripheral blood were analyzed by Southern blot
for the percentages of V—J rearrangements at the y locus and V—DJ rearrangements at the
B locus. In order to quantitate the results, a germline signal was obtained for all probes by
including HeLa cell genomic DNA. Fig. 4 shows a representative blot. Table 3 shows that 15
+14% (mean+S.D., individual values: 8.7, 31, 6.6) and 29+4% (mean+S.D., individual values:
27, 34, 27) of the y locus was in germline configuration in the human thymocyte and enriched
T-cell samples, respectively. The corresponding numbers for the p locus are: 42+7% (mean
+S.D., individual values: 39, 50, 37) and 46+5% (meanzS.D., individual values: 42, 51, 44).
It is important to note that the T cells were not pure populations. When the data are expressed
as % rearranged (rather than % germline remaining) and corrected for T-cell purity, the analyses
show that the TCRy and 3 loci were 78+1% and 56+8% rearranged, respectively.
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It is also important to note that the fractions of the TCRy and B loci remaining in germline
configuration were significantly higher in thymus #2 than in the other two thymuses. This can
be explained by the fact that this thymus had an abnormally high percentage of immature
CD47CD8" cells (14% compared to a more common value of 1-2%) and a depletion of
CD4*CD8* (double positive, DP) cells (not shown). Since DP cells normally constitute 75—
90% of thymus and contain the majority of the TCR gene rearrangements, the overall extent
of TCR genes remaining in germline configuration would be expected to be higher, consistent
with the data.

3.3. Comparison of real-time PCR and quantitative Southern blot analysis for the detection
of TCRy and TCRp rearrangements

The DNA isolates used in the Southern blot in Fig. 4 were also analyzed by real-time PCR
using TagMan® probes. Table 3 shows the percentages of germline y and B DNA detected by
real-time PCR compared to Southern blotting. Fig. 5 shows plots of percentages of germline
DNA detected by real-time PCR vs. Southern blotting, including values for 7 samples of
purified of cells and 2 samples of purified v cells in addition to the 6 samples described in
Table 3. Correlation coefficients of 0.94 for y rearrangements and 0.98 for B rearrangements
demonstrate that our real-time PCR method detects comparable amounts of unrearranged y and
B loci as Southern blotting. It should be noted that this method is useful only for determining
the overall extent of gene rearrangements, not for accessing the rearrangement of specific gene
segments. However, it would certainly be possible to modify this method to assess the
rearrangement of a specific gene segment if so desired.

3.4. Detection of TCRB TRECs

Since DNA that is excised during V(D)J recombination can remain intact as a TREC, we
considered the possibility that TRECs might be contributing to the germline signal detected in
both our Southern blots and real-time PCRs. Indeed, TRECs derived from TCRp
rearrangements have been shown to persist in the early cell populations in murine thymus by
a Southern blot assay that takes advantage of a new ApaL.l site generated during V(D)J
recombination (Petrie et al., 2000). Therefore, we first attempted to detect § TRECs in humans
by an analogous strategy. However, due to the lack of sensitivity of the method, we were unable
to detect significant levels of p TRECs. Therefore, we devised a real-time PCR strategy (Fig.
3) taking advantage of the consensus sequence generated by the joining of two recombination
signal sequences (RSSs) during TCR VB—DJB1 rearrangement. Using one primer designed
to bind to the recombined signal joint RSS heptamer/heptamer junction, and a second primer
and probe designed to hybridize just upstream of the DB1 region of the TCRp locus, the PCR
described here will amplify TRECs with consensus signal joints generated by the
rearrangement of any Vp to any DJB1. Unlike TRECs formed during the deletion of the & locus
that all contain the same signal joint sequence and therefore can be measured easily by real-
time PCR (Hazenberg et al., 2000; Ponchel et al., 2003), TRECs formed during TCR
VB—DJpB1 rearrangement often have bases deleted or inserted into the signal joint. As our real-
time p TREC PCR does not amplify nonconsensus signal joints, we had to determine what
percentage of VB—Dp1 signal joints contained canonical heptamer/heptamer junctions. To do
this, we cloned and sequenced signal junctions from VVB—Dp1 rearrangements in purified EDP
thymocytes using primers 5’ to DB1 and 3’ to VB2, VB4, and VP22 (VP segments that are used
frequently). We determined that 44% of the amplified DB1 signal joints contained canonical
heptamer/ heptamer joins, while the majority of the remainder contained inserted bases; a
minority (4.5% or 5/111) had bases deleted. Making the assumption that the remaining V3
genes make the same percentage of consensus heptamer/heptamer joins upon rearrangement,
we therefore estimate that we should be able to amplify 44% of the p TRECs made from all
VB—Dp1 rearrangements. Therefore, the number of TRECs detected must be multiplied by
2.3 (100+44) in order to obtain the true number of V—Dp1 TRECS. In principle, the same
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type of experiments could be performed to determine the percentage of V—Dp2 3 TRECS
detectable by our TREC real-time PCR. However, because the percentage of TRECs appears
to be so low, we made the simple assumption that the percentage of detectable V—Dp2
TRECs will be similar to that for V—DJB1 TRECs. We also made the simplifying assumption
that 2/3 of TCR Vp rearrangements utilize DB1 and 1/3 utilize D32 based upon Southern blots
with deletion probes to detect DB1—JB1 and Dp2—JB2 rearrangements (unpublished data),
asitis difficult to discern the true values from the literature. Therefore, we also need to multiply
the number of TRECs detected by 1.5 (100+2/3) to correct for the fact that only approximately
2/3 of VB rearrangements are to DB1. Thus, we used the formula: [2.3(1.5)(V—DJB1 TREC
copy number)] to arrive at a “corrected” value for the true number of total B TRECs in each
DNA sample. These values were used to determine the contribution of § TRECs to the V-
DJB® signals (Table 4). In DNA preparations from total thymocytes, between 6% and 11%
of the VV-DJp1 real-time PCR signal could be attributed to B TRECs (for example, (3.1/36)
(100)=8.5% for thymus 1). For adult peripheral blood T cells, the proportion was lower, 4—
7%. Table 4 also shows the true percentages of the TCRp locus remaining in germline
configuration after correction for the presence of B TRECs.

To more clearly demonstrate the ability of our real-time PCR to detect TCR VB TRECs, we
performed the assay on highly purified populations of CD4 ISP thymocytes, a population that
is undergoing active TCR V—DJp rearrangements (Blom et al., 1999) and should have higher
percentages of TRECs. These experiments revealed that approximately 30-40% of the V-
DJB®A germ-line signal could be attributed to TRECs (Table 4). Thus, in populations of cells
undergoing TCR B gene rearrangements, there can be significant levels of TRECs that need to
be taken into account when assessing the extent of gene rearrangements.

4. Discussion

Knowing when each TCR locus begins and completes its gene rearrangements will help to
better define the developmental stages of thymocytes and give insight into the role these
rearrangements play in the a3 vs. y8 T cell lineage decision. Analyzing the status of each locus
in mature thymocytes and Tcells will give an historical perspective on the developmental
pathway those cells followed. However, the established quantitative Southern blotting method
(Petrie et al., 1995) to analyze the gene rearrangement status in early and rare thymocyte
populations (i.e., double negative thymocytes, yd T cells) is technically challenging, if not
impossible, because of the amount of DNA required. A typical Southern blot as shown in Fig.
4 requires 15 pg of genomic DNA for the detection of a residual germline signal in samples
with extensive gene rearrangements. Therefore, we developed real-time PCR assays to
accomplish the same goals. In contrast to Southern blotting, only 5 and 15 ng of DNA were
used in each real-time PCR assay, with the standard curve having as little as 1 ng. This low
DNA requirement allows for multiple sample replicates for more accurate statistical analysis
as well as the ability to analyze samples with small numbers of cells. Data in Fig. 5 demonstrate
that real-time PCR gives results that are comparable to those obtained with the conventional
quantitative Southern blotting method.

Real-time PCR assays are far less technically challenging than Southern blotting. Restriction
digestion of genomic DNA is one of the most difficult steps in generating a Southern blot that
will yield valid quantitative data. If the genomic DNA is not completely digested, the specific
probes will bind to multiple fragment sizes, thus reducing the detectable signal and preventing
accurate quantitation. There are also many more technical steps in a Southern blot
(electrophoretic fragment separation, transfer to nylon membrane, cross linking, labeling the
probe with 32P, efficient hybridization, adequate washing, etc.), all of which will cause a failed
experiment if not performed correctly. The difficulty of setting up a real-time PCR assay,
however, is comparable to that of conventional PCR. The most serious drawbacks are the cost
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of reagents, which can be remedied by making reaction mixes from scratch (Luthra et al.,
1998), and access to an appropriate instrument.

Quantitation of the remaining germline signal is also much less challenging with real-time PCR
than with Southern blots, which requires a manual assessment of the signal area and background
correction to calculate the results. This adds a degree of error that is not found when using
Sequence Detector to choose a threshold at which to read the C+ of each sample in real-time
PCR. Ultimately, both methods use the same concept to calculate the results, but there is less
room for human error in the real-time PCR method. There are also obvious advantages of real-
time PCR over conventional PCR (and even semi-quantitative PCR) for assessing the gene
rearrangement status in a given population. Since there is not just one final signal as in
conventional PCR, a point at which amplification is linear can be used to quantitate
unrearranged DNA in each sample.

Attempts to quantitate the TCRB TREC contribution to the germline signal using Southern
blotting were unsuccessful due to a lack of sensitivity. This prompted the design of a real-time
PCR assay for B TREC detection based on published methods of Hazenberg et al. (2000) and
Ponchel et al. (2003). In unfractionated thymocytes and mature T-cell populations, few cells
still harbor B TRECs as shown in Table 4. This is because cells with successful TCR f
rearrangements divide actively after passing p-selection (Anderson and Perlmutter, 1995).
Since TREC DNA is not replicated during cell division, it is diluted in populations of dividing
cells. However, in CD4 ISP, a population of cells undergoing TCRp rearrangements, the
presence of p TRECs contributes significantly to the germline signal (Table 4). We did not
consider TCRy TRECSs in our analysis of the extent of TCRy gene rearrangements in
unfractionated thymocytes or peripheral blood T cells. There was not much y locus remaining
in germline configuration to begin with and the majority of cells had passed through so many
developmental stages since the y locus began rearrangement that it is unlikely that many y
TRECs would survive. However, a method to detect TCRy and 8 TRECs would be necessary
when analyzing the earliest thymocyte populations for the status of y and & rearrangements.
The establishment of our TCRB TREC assay has set the stage for the development of analogous
methods for the accurate assessment of TCRy and & rearrangements.

As shown in these studies, real-time PCR is accurate and efficient for the assessment of the
overall extent of TCR gene rearrangements in populations of cells. Similar methods could
certainly be designed for the analysis of immunoglobulin gene rearrangements. Because the
DNA requirements are minimal, these new methods will facilitate the analysis of rare
populations of cells such as those that occur transiently during development or are present in
embryos, patients with immunodeficiency diseases, and leukemia or lymphoma patients with
minimal residual disease.
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Abbreviations

TCR

T-cell receptor
PCR

polymerase chain reaction
TREC

T-cell receptor excision circle
RAG

recombination activating gene
\Y%

variable
D

diversity
J

joining
ISP

immature single positive
EDP

early double positive
DN

double negative
DMEM

Dulbecco’s modification of Eagle’s medium
FCS

fetal calf serum
BSA
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bovine serum albumin

TBE

Tris borate EDTA
EDTA

ethylenediamine tetraacetic acid
SDS

sodium dodecyl sulfate
Cr

threshold cycle
TE

TrisEDTA
S.D.

standard deviation
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A.

l_ vavavavs

V-DJptaa Cp2taa

Fig. 1.

Locations of Southern blot probes and real-time PCR amplicons. The genomic organizations
of the human TCRy (A) and B (B) loci are shown as well as the locations of the Southern blot
probes (5B) and real-time PCR amplicons (%9). The black arrows represent ECoRl sites. The
black rectangles represent functional V, D, or J genes, while the gray segments represent
pseudogenes (for the y locus). Only the most proximal V3 segment (\VB4) is represented on
the B locus schematic, with distal V3 genes (VByx) denoted with an arrow upstream.
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Fig. 2.

Standard curves for the Cp2!2d real-time PCR amplicon. Real-time PCR was performed with
DNA from a CB2-containing plasmid (A) and HeLa genomic DNA (B) using primers and
probes for the CB2t2d amplicon (see Table 1). The slopes of the standard curves are —3.45 for
the plasmid and —3.42 for HeLa genomic DNA, indicating a similar efficiency for amplification
from each source of DNA.
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Fig. 3.

Real-time PCR assay for the detection of B T-cell receptor excision circles. The organization
of the human TCR locus is shown, including DNA that has undergone V—DJp1
rearrangement. The locations of the V-DJB® and B TREC®4 amplicons are shown, as well as
the locations of primers to detect signal joints in B TRECS.
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V-ly

V-DIB

Quantitative Southern blot for TCRy and 3 gene rearrangements in human thymocytes and T
cells. Fifteen micrograms of genomic DNA from HeLa (lanes 2 and 7), human thymocytes
(lanes 3-5), or peripheral blood T cells (lanes 8-10) were digested with EcoRI and subjected
to Southern blotting as described in Materials and methods. The V-JySB probe binds to a 5.5
Kb EcoRI fragment, the CB25B control probe to a 3.8 Kb EcoRI fragment, and the V-
DJP158B probe to a 1.3 Kb EcoR | fragment. The calculated % germline remaining for the y
and B loci for each isolate is shown below the blot.
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Fig. 5.

Correlation of percent germline y and B loci remaining as determined by Southern blotting vs.
real-time PCR. The percent germline DNA remaining at the TCRy (A) and B (B) loci as
determined by real-time PCR (y-axis) are plotted against results assessed by quantitative
Southern blotting (x-axis). The DNA samples are the same six as described in Table 3, as well
as 7 samples from purified aff T cells (A) and 2 samples of purified yd T cells (B). The
correlation coefficients (R2) are shown for each line.
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Primers for Southern blot probes and signal joint PCR amplifications
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Name Forward primer sequence Reverse primer sequence Size (bp)
VA AGATCCACATTCAACCCACA GGAAGTGTGTGCTTGATGCC 895
V-DJpsE TGGCCACAGGAGGTCGGTTT TCCGATGGAGTTTGTCCCAG 507
cp2® ATGGGAGGATGGAGACAACC GAGGACTTCCATCAGGATGA 508
VB2-SJ GACATCCAGCTCTAAGGAGC TCCCCTCTCAGCACTCA 310
VB4-SJ GACATCCAGCTCTAAGGAGC GCCTTCAGGCTCGTGTG 304
VpB22-SJ GACATCCAGCTCTAAGGAGC GCACAGGCTGGAGTTGT 254

SB designates primer sequences for the preparation of Southern blot probes and SJ designates primer sequences for the amplification of signal joints

involving V—DJp1 rearrangements using the indicated V§ gene segments.
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Table 3
Percent germline DNA remaining at the TCRy and B loci as determined by real-time PCR and quantitative

Southern blotting?

DNA source TCRy Southern blot (%) TCRy Real-time PCR TCRp Southern blot (%) TCRB Real-time PCR
(%) (%)

Thymus 1 8.7 7.2 39 36

Thymus 2 31 28 50 46

Thymus 3 6.6 6.0 37 34

Mean 15+14 14+13 4247 39+6

Tecells1 27 28 42 42

Tcells 2 34 30 51 43

Tcells 3 27 22 44 39

Mean 29+4 2614 4615 4142

aThe percent germline remaining of the human TCRy and f loci as assessed by quantitative Southern blotting and real-time PCR are presented and
compared. See Materials and methods for formulas used to calculate the percent germline remaining in each assay.
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Table 4

Contribution of p TRECs to V-DJB real-time PCR signals

Page 20

DNA Source p TRECs as a % of Cp2 V-DJB1 as a % of Cp2 %TCR B germline remaining
signal signal corrected for TRECs
Thymus 1 3.1 36 33
Thymus 2 3.0 46 43
Thymus 3 3.7 34 30
Tecells 1 2.3 42 40
Tcells 2 1.9 43 41
Tcells 3 2.6 39 36
CD41SP 1 30 91 61
CD4 ISP 2 41 78 37

a[(copies B TRECs)/(copies Cp2)]-3.4-100.

b[(copies V-DJB1)/(copies CB2)]-100.
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