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i. Summary
This chapter provides protocols necessary for quantifying human, mouse, and non-human primate
signal joint T cell receptor excision circles (sjTRECs) produced during TCRA gene
rearrangement. These nonreplicated episomal circles of DNA are generated by the recombination
process used to produce antigen-specific T cell receptors. The number of sjTRECs per mg of
thymus tissue or per 100,000 lysed cells has been shown to be a molecular marker of thymopoiesis
and naïve T cells. This technology is beneficial to investigators interested in quantitating the level
of naïve T cell production occurring in a variety of systems, and complements traditional
phenotypic analyses of thymopoiesis. This chapter specifically describes procedures required for
rapid detection and quantitation of sjTRECs in thymus tissue or isolated cells using real-time
quantitative PCR. The sjTREC assay system comprises species-specific forward and reverse
primers for amplification of a unique site on the T cell receptor δ (TCRD) sjTREC, a fluorescently
labeled (FAM/ZEN/IABkFQ) species-specific real-time probe, and a species-specific sjTREC
DNA plasmid standard for quantitation.
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1. Introduction
The peripheral T cell pool is established early in fetal development by education of bone
marrow-derived T cell progenitors on the thymic stroma, with subsequent emigration of
mature naïve T cells to peripheral sites (e.g., lymph node and spleen) (1). This process of
thymopoiesis is essential for establishing the peripheral T cell pool early in life, and has
recently been shown to continue across the lifespan, with thymic output occurring well into
the fourth and fifth decades of life (2–5).

A breakthrough for the study of thymopoiesis and peripheral T cell homeostasis in humans
was the development of the T cell receptor excision circle (TREC) assay for the study of
thymic function in vivo (6, 7). Kong et al. (1998) (7) showed that excised T cell receptor
DNA circles were present in recently produced T cells and that these extrachromosomal
DNA circles are the byproduct of TCR gene rearrangement, are not replicated, and are
diluted by T cell proliferation. Douek et al. (6, 8) developed a real-time PCR assay for the
quantitation of signal joint T cell receptor excision circles (sjTRECs) in humansa and
reported that they localize in naïve-phenotype T cells and that their frequency falls in
peripheral blood CD4 and CD8 T cells with increasing age. The number of sjTRECs per mg
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of thymus tissue or per 100,000 lysed cells is used as a molecular marker of thymopoiesis
and naïve T cells. Thus, measurement of sjTRECs has provided an invaluable assay for
rapid assessment of thymic function and the status of T cell immune reconstitution in
humans (6, 9–12).

The widespread use of mouse models in the study of T cell biology and immune
reconstitution led to the development of a mouse sjTREC PCR assay by our group, based on
the human assay (13). The TCRA gene rearrangement event monitored by the human
sjTREC assay is the generation of a unique signal joint between δRec and Jα on
extrachromosomal circles of DNA in T cells (8, 14). These pseudogenes are two genetic
elements of V and Jα respectively, and are conserved between humans and mice (15). The
BALB/c mouse homolog of Jα is 3.1 kb upstream of the most upstream Jα (16). However,
there exist three reported murine δRec homologs that can be utilized to generate murine
TCRD excision circles with the Jα. δRec1 and δRec2 have been identified in the region
upstream of Dδ2 (17), and a putative δRec3 has been described 1.6 kb 3’ of Dδ1 (18). The
assay described here detects the unique signal joint formed between the murine Jα and
δRec1 because these elements were determined to rearrange at a high frequency in mouse
thymus (14). In addition, the mouse primers and probes were designed using the BALB/c
mouse TCRA/D gene sequence (Gen-Bank AE008686). Although the assay can be used for
other strains, it is optimal for BALB/c mice.

The mouse sjTREC PCR assay has been used in a variety of experimental settings. It has
been used to characterize murine thymic function during aging, as well as to study the effect
of IL-7 on thymopoiesis and peripheral T cell expansion in young and aged mice (13).
Mouse sjTREC PCR analysis has also been used to monitor thymopoiesis in neonates (19),
investigate murine models of stem cell transplantation (20), and to measure recovery of
thymopoiesis following stress-induced thymic atrophy (21–24). Factors that can influence
peripheral sjTREC levels are thymic output, T cell proliferation (either homeostatic or
antigen-driven), and trafficking in and out of lymphoid tissues.

As was done with mice, Sodora et al. adapted the human sjTREC assay to monitor
thymopoiesis in non-human primates (25). Measurements of sjTREC were specifically used
to show that, as in humans, thymopoiesis decreases across the lifespan of non-human
primates (rhesus macaques and sooty mangabeys) (25). The non-human primate sjTREC
assay has been used to assess thymopoiesis in these species and in cynomolgus monkeys
following simian immunodeficiency virus infection and/or interleukin-7 treatment (26–29).
Primer and probe sequences are provided in this chapter for sjTREC measurement in rhesus,
mangabey, and cynomolgus systems.

This chapter describes a generalized real-time PCR assay for the rapid detection and
quantitation of human, mouse, or non-human primate sjTRECs using two readily available
real-time thermal cyclers: Bio-Rad iCycler iQ and Bio-Rad CFX 96 Real-Time System. The
sjTREC assay system comprises species-specific forward and reverse PCR primers for
amplification of a unique site on the T cell receptor δ (TCRD) sjTREC, a fluorescently
labeled (FAM/ZEN/IABkFQ) species-specific real-time PCR probe for TCRD sjTREC, and
a species-specific sjTREC DNA plasmid standard for quantitation (i.e. human, mouse, non-
human primate). The DNA standard (calibrated in number of molecules) and samples are
amplified for 45 PCR cycles and quantitated using a real-time thermal cycler. As Taq DNA
polymerase amplifies the unique TCRD sjTREC sequence, annealed quiescent probe is
digested by the nuclease activity of Taq and FAM fluorescence is liberated. Fluorescence is
detected at each cycle and used to calculate molecules of sjTREC using a standard curve
generated by the system software.
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This chapter provides the procedures required for preparation of samples to be assayed,
either genomic DNA extracted from thymus tissue or proteinase K-digested lysates of
isolated cells, and preparation of working stocks of the sjTREC DNA plasmid standards. For
laboratories setting up the sjTREC PCR assay for the first time, it is important that three to
five days be devoted to growing up the sjTREC DNA standard plasmid(s) and freezing
down a large supply of pre-diluted aliquots of the standards. This initial investment will save
time in the future and generate sufficient aliquots of standards for two to three years worth
of assays.

2. Materials
The single most critical parameter when performing quantitative real-time PCR is to avoid
contamination of the work area, equipment, reagents, and samples. All reagents should be
prepared as described, observing stringent molecular-biology technique. Purchase molecular
biology-grade stock reagents and use aerosol-resistant pipet tips for all procedures. Wear
gloves for all reagent and buffer preparation and change gloves regularly.

2.1 Miscellaneous Supplies
1. Pre-weighed thymus tissue biopsy or pre-counted and pelleted cell preparations

(i.e. thymocytes or peripheral T cell subsets) (see Note 1)

2. Sterile forceps

3. Trizol Reagent (Invitrogen), room temperature

4. Soft tissue homogenizing CK14 tubes (1.4 mm ceramic beads in 2 mL tubes; Bertin
Technologies)

5. Molecular-biology grade Chloroform

6. 100% and 75% molecular-biology grade ethanol

7. Sodium citrate at 0.1 M in 10% ethanol

8. DNase/RNase-free molecular-biology grade water

9. 1.5 mL polypropylene screw-cap tubes (Sarstedt brand suggested)

10. 15 mL polypropylene conical tubes

11. 10 mM Tris-Cl, pH 7.8 in DNase/RNase-free H2O

12. 19.2 mg/mL proteinase K (PCR Grade, Roche)

13. Yeast tRNA (PCR Grade)

2.2. Species-specific sjTREC plasmid standard
1. Grow up a stock of human, mouse, or rhesus sjTREC plasmid (Gregory D.

Sempowski, Duke University; gregory.sempowski@duke.edu) using standard
molecular biology techniques. Determine the concentration in µg/mL of the
purified plasmid (see Note 2)

1Fresh thymus tissue samples (~100 mg) should be snap-frozen in a dry ice/ethanol bath and stored at −80°C or in liquid nitrogen
until ready for TREC assay. Isolated cell samples (250,000 minimum) should be thawed at 37°C, washed with 10 mL PBS, and then
pelleted by centrifugation in a tabletop centrifuge at 1,500 rpm for 5 min at 4°C.
2The biggest source of contamination is the plasmid that contains the mouse sjTREC DNA standard. Avoid working with the plasmid
or aliquots of diluted standard when containers of other assay reagents or experimental samples are open.
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2. Using the species-specific plasmid molecular weight, determine the number of
molecules of sjTREC plasmid per µL in the plasmid standard preparation (see Note
3).

3. Prepare a stock of 2×1010 sjTREC molecules/µL in DNase/RNase-free water.

4. Make serial dilutions of 100 µL standard into 900 µL DNase/RNase-free water for
1010, 109, and 108 molecules per 5 µL aliquot. Vortex well to mix and
microcentrifuge briefly at maximum speed before opening tubes.

5. For standard dilutions of 107, 106, 105, 104, 103, and 102 molecules/5 µL, dilute
500 µL of the 108 dilution up to 5 mL in a 15 mL polypropylene conical tube with
water containing 30 ng/mL yeast tRNA (see Note 4). Vortex well to mix and
centrifuge briefly at maximum speed in a tabletop centrifuge before opening tubes.

6. Validate prepared standard dilutions by running 5 µL of each dilution (107 through
102) in the sjTREC PCR assay (see Note 5).

7. Aliquot each standard at 1 mL/tube, but aliquot the last milliliter of each standard at
200 µL/tube. Each 200 µL tube is aliquoted as 15 µL/tube working aliquots as
needed. One 15 µL aliquot of each standard will be needed per sjTREC PCR assay
run.

8. Freeze all standard stocks and dilutions immediately at −80°C. Store standards in a
separate box away from all other PCR reagents and experimental samples. Label all
tubes well and avoid freeze/thaw of the working aliquots of standards.

2.3. PCR Reaction
1. Platinum Taq DNA polymerase, 50 mM MgCl2, and reaction buffer (Invitrogen or

equivalent).

2. 10 mM dNTP mix: To prepare dNTP mix, combine 1 M stock solutions of dATP,
dCTP, dGTP, and dUTP at a ratio of 1:100 in DNase/RNase-free water such that
each deoxynucleotide is present in the mixture at a final concentration of 10 mM.
Mix solution well by vortexing and store up to 2 years at −80°C in 500 µL aliquots.

3. 96-well PCR plates and PCR plate strip caps (see Note 6)

2.4. Species-specific Primers
1. 12.5 µM Stocks of species-specific sjTREC primers (see Notes 7, 8, 9)

2. Reconstitute lyophilized primers with water to a stock concentration of 125 µM.
Store 50 µl aliquots at −80°C.

3The weight of one molecule of the Duke University sjTREC plasmid is as follows: mouse = 2.25 × 10−18 g; human = 4.19×10−18 g;
non-human primate (rheseus) = 3.37 × 10−18g.
4Yeast tRNA is required to stabilize the diluted plasmid.
5The Ct values for the standards should be evenly spaced over the 5-log curve. Ten-fold dilutions read out with a 3 cycle difference in
Ct. The y intercept of the curve should be 45 ± 3, and have an r2 > 0.995. Quantitated and prediluted aliquots of sjTREC plasmid
DNA are available for calibration purposes (Gregory D. Sempowski, Duke University).
6It is important to use plates and caps designed for the specific thermal cycler being used, as these machines are calibrated for the
specific material, density, color, and refractive angle of the plasticware.
7Mouse forward sjTREC primer: 5’- CAT TGC CTT TGA ACC AAG CTG -3’. Mouse reverse sjTREC primer: 5’- TTA TGC ACA
GGG TGC AGG TG -3’. Mouse probe: 5'- /56-FAM/CA GGG CAG G/ZEN/T TTT TGT AAA GGT GCT CAC TT/3IABkFQ/ -3'.
8Human forward sjTREC primer: 5’- CAC ATC CCT TTC AAC CAT GCT -3’. Human reverse sjTREC primer: 5’- GCC AGC TGC
AGG GTT TAG G -3’. Human probe: 5’- /56-FAM/AC ACC TCT G/ZEN/G TTT TTG TAA AGG TGC CCA CT/3IABkFQ/ -3'.
9Non-human primate (Rhesus, NHP) forward sjTREC primer: 5’- CAC ATC CCT TTC AAC CAT GCT -3’. NHP reverse sjTREC
primer: 5’- GCC AGC TGC AGG GTT TAG G -3’. NHP Probe: 5'- /56-FAM/AC GCC TCT G/ZEN/G TTT TTG TAA AGG TGC
TCA CT/3IABkFQ/ -3'.
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3. Prepare a working stock by diluting 1:10 with water to a final concentration of 12.5
µM, aliquot at 200 µL/tube, and store at −80°C.

2.5. Species-specific Probes
1. 5 µM Stock of species-specific sjTREC probe (see Notes 7, 8, 9)

2. Real-time PCR probes (Integrated DNA Technologies) contain a 5’ reporter
fluorochrome (FAM), an internal quencher (ZEN), and a 3’ dark quencher
(IABkFQ). This double-quenching design allows for lower background and higher
signal than single-quench probes.

3. Reconstitute lyophilized probe with water to a stock concentration of 50 µM. Store
50 µL aliquots at −80°C.

4. Prepare a working stock by diluting 1:10 with water to a final concentration of 5
µM, aliquot at 200 µL/tube, and store at −80°C.

2.6. Required Equipment
1. 55°C water bath

2. Tabletop centrifuge with swinging 96-well plate holders and 15 mL tube holders

3. Microcentrifuge

4. Thermomixer (Eppendorf)

5. Precellys-24 Homogenizer (Bertin Technologies; or similar)

6. PCR setup hood with UV lamp (optional)

7. Bio-Rad iCycler iQ Thermal Cycler or Bio Rad CFX96 Real-Time System (or
similar) with optical system and filter sets for detection of FAM

3. Methods
To avoid contamination of the work area, equipment, reagents, and samples all reagents
should be prepared as described, observing stringent molecular-biology technique. Use
aerosol-resistant pipet tips for all procedures, wear gloves for all procedures and change
gloves when transitioning between setting up the PCR reaction mix, the addition of the
samples, and the addition of the standards.

3.1 Preparation of thymus tissue genomic DNA
1. Using sterile forceps, transfer frozen tissue biopsy to ceramic bead tube containing

1 mL Trizol reagent.

2. Load tubes into Precellys-24 homogenizer and process for 20 seconds at 5,000 rpm.

3. Using a micropipettor with a 200 µL tip, transfer tissue homogenate into a pre-
labeled 1.5 mL microcentrifuge tube.

4. Add 200 µL of chloroform to each microcentrifuge tube containing the 1 mL
homogenized tissue/Trizol. Cap tubes well and vortex for 15 sec. Incubate at 15° to
30°C for 15 min.

5. Microcentrifuge samples 15 min at 12,000 rpm, 2° to 8°C. After centrifugation, the
aqueous phase will contain RNA, the interphase will contain cellular proteins and
some DNA, and the organic (pink) phase will contain genomic DNA.
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6. Carefully remove aqueous phase using a micropipettor with a 200 µL tip. Aqueous
phase can be stored in a cryovial at −80°C if future extraction of RNA is desired.

7. Add 300 µL of 100% ethanol to the interphase/organic phase remaining in the
microcentrifuge tube. Vortex gently. Incubate samples 2 to 3 min at 15° to 30°C.

8. Microcentrifuge 5 min at 12,000 rpm, room temperature.

9. Remove Trizol/ethanol supernatant to an appropriate waste container.

10. Add 1 mL 0.1 M sodium citrate/10% ethanol to each sample tube. Incubate samples
30 min at 15° to 30°C with periodic mixing.

11. Microcentrifuge 5 min at 12,000 rpm, room temperature. Repeat 0.1 M sodium
citrate wash as in step 10.

12. Resuspend DNA in 1 mL 75% ethanol. Incubate 10 to 20 min at 15° to 30°C with
periodic mixing.

13. Microcentrifuge 5 min at 12,000 rpm, room temperature. Remove supernatant
using a micropipettor with a 200 µL tip.

14. Briefly dry pellet (no more than 5 min) under vacuum in a Speedvac evaporator or
air-dry in a fume hood. Dissolve pellet in 200–500 µL water. Record the precise
volume used to dissolve the pellet. If DNA does not dissolve, place samples at
55°C for 10 min to increase solubility. Cool on ice, vortex, microcentrifuge briefly
at maximum speed to collect solution at bottom of tube, and transfer solubilized
DNA to a fresh 1.5 mL microcentrifuge tube.

15. Quantitate DNA using a UV spectrophotometer (read absorbance at 260 nm).
Multiply A260 × dilution × 50 to determine DNA concentration in µg/mL. Multiply
concentration by the total volume of DNA to determine total DNA yield. Divide
the total µg of DNA by the initial weight of tissue used to determine µg of DNA per
milligram of thymus tissue.

16. Freeze DNA samples at −80°C or proceed to Step 3.3.

3.2 Proteinase K-lysis of isolated lymphocytes
1. Calculate volume of proteinase K needed per sample by multiplying the total cell

count by 0.0001; the result is the amount of proteinase K working solution in µL to
add to the pellet for a final concentration of 10,000 cells/µL proteinase K.

2. Immediately before use, dilute the 19.2 mg/mL stock solution of proteinase K
1:200 with 10 mM Tris-Cl, pH 7.8. Layer this solution (using the volume
calculated in Step 1) on top of each pellet without letting the pipet tip touch the
pellet. Vortex tube and flick down.

3. Place tubes in a Thermomixer at 56°C and shake for 1 hour at 1200 rpm.

4. Turn Thermomixer up to 95°C for 10 min to inactivate the proteinase K. Vortex
tubes and microcentrifuge 1 min at 12,000 rpm.

5. Store lysates at −80°C or proceed to Step 3.3.

3.3 Quantitation of TCR delta excision circles by real-time PCR using the Bio-Rad iCycler
IQ or CFX96 real-time thermal cycler machines

1. Design the plate layout for the sjTREC PCR assay (Fig. 1). Determine number of
samples, standards, and no-template controls (NTC) to be run in duplicate. Add two
extra wells to the total number of wells needed to allow for pipetting error.
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2. Prepare PCR reaction mix (see Note 10). For each of the wells to be included in the
assay (as determined in step 1), add the following to a 1.5 mL tube to prepare a
PCR master mix: 12.125 µL H2O

2.5 µL Platinum Taq buffer

1.75 µL 50 mM MgCl2

0.5 µL 10 mM dNTP mix

1.0 µL forward primer working solution

1.0 µL reverse primer working solution

1.0 µL FAM probe

0.125 µL Platinum Taq enzyme

3. Vortex gently to mix well, then microcentrifuge briefly at maximum speed to
collect the solution at the bottom of the tube.

4. Add 20 µL of PCR reaction mix to each well according to the plate layout (see step
1 and Fig. 1).

5. Add 5 µL of DNase /RNase-free water to each no-template control (NTC) well,
according to the plate layout, and cap the wells.

6. Add 5 µL of each experimental sample (either 1 µg of DNA in 5 µL water or the
volume equivalent (5 µL) of 50,000 cells of a proteinase K cell lysate) into
duplicate wells according to the plate layout. Cap wells after each row.

6.1 Prepare DNA samples by diluting 3 µg of each sample to a final
volume of 15 µL with water. Use 5 µL (1 µg DNA) of diluted DNA per
well in the sjTREC PCR assay.

7. In a separate clean area, add 5 µL of each pre-diluted standard (102 to 107

molecules/5 µL) to duplicate wells according to the plate layout. Cap wells (see
Note 11).

8. Gently vortex plate and centrifuge 5 min at 1500 rpm in a tabletop centrifuge with
96-well plate holders.

9. Program the BioRad iCycler or CFX96 system for a 25 µL sample as follows:

Cycle 1: (1 time) Step 1, 95°C for 10 min

Cycle 2: (45 times) Step 1, 95°C for 15 sec; Step 2, 60°C for 1 min

Cycle 3: (1 time) Step 1, 4°C HOLD

10. Enable real-time data collection of FAM signal during Cycle 2 and use the “heated
lid” option. Place plate in the thermal cycler, lock lid, and start run (see Note 12).

11. When the run is complete, remove the 96-well plate from the thermal cycler and
discard.

10Prepare PCR reaction mix and add to plate in a PCR hood or other ultraclean PCR preparation area. Do not, under any
circumstances, use sjTREC standards in this setup area.
11It is very important to have a separate work area for the sjTREC standards. The plasmid is highly concentrated, and contamination
of experimental samples or PCR master mix reagents is likely unless separate work areas are established.
12Refer to the Bio-Rad iCycler iQ Real-Time PCR Detection System or CFX Manager software user’s manual for specifics on
programming and operation of the iCycler or CFX96 real-time thermal cyclers.
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12. Set the threshold at the midpoint of the linear amplification range of the standards
(see system software manual). Analyze the r2 and y intercept of the standard curve
(see Note 13).
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Fig. 1.
Suggested layout of duplicate sjTREC standards (107 to 102 molecules), no-template
controls (NTC), and experimental samples (1 to 41) on a 96-well PCR plate.
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Fig. 2.
Representative mouse sjTREC standard curve generated using the CFX96 Real-Time
System.
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