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Abstract
Objective—Assays for T cell receptor excision circles (TREC) have been utilized in human,
primate, and mouse models as a measure of thymic activity, but no comparable assay has been
described in artiodactyls. We describe the development of the porcine signal joint (sj) TREC
assay, and provide a likely reason for previous difficulties in its identification in artiodactyls.

Design and Methods—Utilizing the homology between the known genomic sequences in
sjTREC in human and mouse, polymerase chain reaction (PCR) primers were derived for the
putative porcine sjTREC. Primers from the ψJα side of the sjTREC were derived from the known
porcine sequence.

Results—The sjTREC in two artiodactyls, swine and sheep, was identified using forward
primers from the ψJα region, and reverse primers from the putative δ-rec region. Unlike in the
detection of primate TRECs, initially the use of similar primers close to the δ-rec failed to yield
the sjTREC product. Marching about 800 basepairs into δ-rec, primers derived from a homology
region between human and mouse led to the detection of sjTREC. Comparing sjTREC amongst
the species revealed highest homology between the two artiodactyls. A quantitative PCR (QPCR)
assay of porcine sjTREC was also developed.

Conclusion—Identification and analysis of the sjTREC sequences in two artiodactyls suggested
why previous attempts at cloning the pig TREC using known sjTREC sequences were
unsuccessful. The development of the porcine signal joint TREC assay should enable a more
direct quantification of thymic activity in porcine models of transplant biology.
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Swine serve as an excellent large animal model for studies of transplantation immunology.
Studies conducted in our laboratory with partially inbred miniature swine have shown a
critical role for the thymus/recent thymic emigrants (RTEs) in solid organ allograft tolerance
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(1–5). Understanding thymic activity during organ transplantation may help us to modify
transplantation protocols to optimize graft survival and promote tolerance. T-cell receptor
(TCR) excision circle assay has been used in human, primate, and mouse studies to quantify
thymic activity (6–16). We investigated whether a reliable TREC assay can be established in
the miniature swine.

For generation of a functional TCR α chain during differentiation, the δ locus which lies
within the α locus needs to be excised. One particular rearrangement event within the TCR
α/δ locus, occurring between recombination signal sequence (RSS) of the δ-rec region,
which lies 5′ to the variable δ region, and the RSS of the ψJα region, which lies 3′ to the
constant δ region and upstream of joining α region, produce a unique signal joint TREC
sequence (6,17,18). sjTREC analysis has been reported and used to study thymic activity in
mice and non-human primates, but not in artiodactyls (6,8,9,12–14,18–20).

The application of primers and polymerase chain reaction (PCR) conditions used for human
sjTREC detection facilitated the discovery of non-human primate sjTREC sequences
(8,9,14). Also, the high homology between the human and the non-human primate TCR
sequences of the δ-rec and ψJα regions was another advantage in the generation of non-
human primate sjTREC. Previously, similar approaches were used in our laboratory and by
other groups working with large animal models but were unsuccessful in detecting the
TREC in any artiodactyl species. Possibilities that might explain this are as follows: (1) poor
sequence homology between the human and the artiodactyl δ-rec and ψJα regions; (2) large
sequence deletions/additions in the artiodactyl δ-rec/ψJα regions which could drastically
alter PCR conditions; (3) absence/very low frequency of the use of the δ-rec/ψJα
rearrangement in the artiodactyl αβ T-cell lineage, thus precluding its detection.

We report the detection of the signal joint TREC in two artiodactyls: pig and sheep. Initial
attempts at cloning the sjTREC using primers close to the δ-rec region failed, but marching
about 800 basepairs (bp) into the δ-rec region enabled detection of the sjTREC. We also
developed a reliable quantitative PCR (QPCR) assay for quantifying sjTREC molecules as
markers of porcine thymic activity.

RESULTS
Porcine Signal Joint TREC Sequence

In swine, only the sequence between the constant region of the δ locus to the constant region
of the α locus has been sequenced and published (21). The variable region of the α locus to
the constant region of the δ locus is still unsequenced. However, given that there is a [Psi]Jα
region, it was hypothesized that at least one δ-rec region should exist mediating the
rearrangement of the α locus. Initial primers, designed in the proximal δ-rec RSS region
based on homology among human, primate, and mouse sequences, did not amplify the
expected PCR products. Even on altering PCR conditions, the porcine or sheep TREC could
not be obtained. Therefore, using the known TCR A/D loci sequences in human and mouse,
δ-rec primers were designed in an area approximately 800 bp from the RSS of δ-rec. An
expected band of approximately 1100 bp was obtained by using these δ-rec primers (Fig.
1A). This band was found to be the signal joint TREC in the pig. The presence of the δ-rec/
ψJα recombination sites together in the sequence confirmed the formation of the sjTREC in
the pig, suggesting that a population of αβ T-cell lineage does undergo δ-rec/ψJα
recombination. The sequence of the sjTREC in the pig is shown in Figure 1(B).

sjTREC Can Be Detected in Sheep
Using primers derived from the known sjTREC sequence in pig, sheep sjTREC was detected
as a PCR product of 1155 bp (Fig. 2A). The sheep sequence was 12 bp shorter than the pig
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sjTREC. As expected, the sjTREC between the pig and the sheep showed areas of
significant homology, especially around the RSS sites of δ-rec and ψJα (88% homology), as
determined by the standard National Center for Biotechnology Information (NCBI) Blast
program. Across various segments of the sjTREC, 79.2% of the sequence showed homology
of more than 75% between the pig and sheep sjTREC (Fig. 2B).

Comparison of the Artiodactyls sjTRECs to Human, Baboon, and Mouse Sequences
Using the NCBI Blast program, a comparison of the porcine sjTREC sequence to the human
(GI 11640533) and mouse TCR αδ (GI 15795314) locus further confirmed that the PCR
amplified product was the porcine sjTREC. In both species compared with the porcine
sjTREC, there was approximately 89,000 bp gap between the regions of homology of the
ψJα and δ-rec regions of the TCRA/D locus, indicating that the sequenced porcine product
was the signal joint TREC (Fig. 3A). The highest area of homology was approximately 85%
to 88%, seen at the RSS sites of δ-rec and ψJα. Comparison of the regions around the RSS
for the human and pig are shown in Figure 3(A).

In comparing the pig and sheep sjTREC to the human sequence, overall, a greater homology
was observed between the pig and sheep sjTREC alignments (79.2% of the sequence with
areas of homology >75%) than the pig and baboon alignments (59% of the sequence with
areas of homology >75%). But evidently, for a non-coding region of genomic DNA, the δ-
rec and the ψJα regions are relatively highly conserved among the compared species.

Upon assessment of the δ-rec region near its RSS, we noted that there was poor homology in
comparing the artiodactyls sequence to that of primate/human and mouse sequences. In fact,
the standard NCBI blast program failed to show any matches in this area comparing the pig
or sheep sjTREC to mouse, human, or baboon (Papio hamadryas). A representative figure
comparing the proximal δ-rec region of the sjTRECs in the pig and sheep with the baboon
(Papio hamadryas) sjTREC (recently cloned in our laboratory, in publication) is shown in
Figure 3(B). The Clustal program alignment in this area showed poor homology between the
pig and sheep sjTREC to the baboon sequence. In fact, the next area of highest homology
between the pig to the human, primate and mouse TCR A/D loci, approximately 85%, was
seen at 800 bp into the δ-rec region from where the δ-rec primers were designed to obtain
the sjTREC (Fig. 3C). This explains why primers derived from this portion of the δ-rec
helped to obtain the sjTREC in both sheep and pig, whereas previous attempts at cloning
this segment from more proximal sites in δ-rec were unsuccessful.

sjTREC Can Be Detected in the Thymus, Spleen, Lymph Node, and Peripheral Blood
Mononuclear Cells

In addition to the thymus, we tested whether sjTREC could also be detected in the secondary
lymphoid organs and the periphery. A QPCR assay was developed to enable reliable
quantification of sjTREC levels in a given tissue. In a 5-month-old pig, the sjTREC signal
was reliably quantified in all of these tissues (Fig. 4A). The results showed that the sjTREC
levels were the highest in the thymus, followed by the spleen, and lymph node. This is
expected given the high percentage of RTEs that home to the secondary lymphoid organs in
a young animal.

sjTREC Levels Correlate With the Expected Age-Related Thymic Activity
To assess whether sjTREC QPCR could be used as a measure of age-related thymic activity,
sjTREC levels from the thymus of 3 fetuses, 2 young animals, and 1 old animal were
measured (Fig. 4B). In fetus from gestation day (GD) 60, low sjTREC levels were detected,
but the levels increased dramatically in the near term fetus GD 105. The increasing trend in
sjTREC levels continued through the early postnatal life. A 3-month-old animal had nearly

Vallabhajosyula et al. Page 3

Transplantation. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



threefold higher sjTREC levels in the thymus compared with a near-term fetus (Fig. 4B).
But a 17-month-old pig thymus showed low levels of sjTREC. These values correlated with
the known age-related thymic involution process in the pig and support the findings of a
dramatic increase in thymic activity in late fetal and early postnatal life of the miniature
swine.

Porcine sjTREC Can Be Detected in Fetal Tissues
DNA from thymus, spleen, mesenteric lymph node, and peripheral blood of three fetuses
with the following approximate GDs was isolated: 60, 90, and 105 (a near-term fetus).
sjTREC molecules could be reliably detected in porcine fetal tissues (Fig. 4C). A substantial
increase was seen in fetal thymic activity with increasing gestation age. In addition, the
increase in thymopoesis corresponded with an increase in sjTREC levels observed in the
secondary lymphoid organs and the periphery. Interestingly, we found relatively higher
sjTREC levels in fetal liver from GD 90 and 105 than from the secondary lymphoid organs.

DISCUSSION
Thymic function and regeneration can be critical to the recovery of T-cell immunity in
situations of intensive chemotherapy, radiation, bone marrow transplantation, and in disease
conditions such as HIV (10,23–33). Studies in animal models also indicate a role for the
thymus in organ transplantation (2,4,5). Thymic activity has been measured previously
through indirect methods such as analysis of thymic volume through computed tomography,
and phenotyping of naive T cells in the circulation (34,35). TCR excision circles are
byproducts of the required rearrangements of the TCR genes during T-cell differentiation
(11,18). They contain excised pieces of genomic DNA from the TCR locus, with RSSs. The
signal joint TREC is one such by-product resulting from the rearrangement of the TCRA/D
locus. TRECs are episomal, stable, do not replicate, and thus get diluted during T-cell
proliferation. TREC assays have been reported in mouse, human, and non-human primates,
and careful interpretation of TREC levels in these systems has led to insights into thymic
activity (9,12,14,19,31,32,36–41).

The detection of the sjTREC in sheep and pig showed that the T cells also undergo δ-rec/
ψJα recombination as one way to eliminate the δ locus during differentiation. Despite the
high homology (>80%) found in the RSS region of δ-rec in the sequences of human, mouse,
and primates, initial primers were unsuccessful in amplifying a porcine sjTREC under
various PCR conditions. However, using primers from an area of homology approximately
800 bp away from the δ-rec RSS, a PCR product signifying the porcine sjTREC was
obtained. These findings suggested that a reason why TREC has not been reported in
artiodactyls might be that outside the RSS, the δ-rec sequence in the artiodactyls is different
from the human, primate, and mouse sequences. But further into the δ-rec, there is a region
of high homology between mouse and human sequences. Confirming the expectation that
this region may also be homologous in artiodactyls, δ-rec primers derived from this area
enabled the discovery of the sjTREC in sheep and pig.

A comparison of the sjTREC sequence of the pig to the sheep, human, and mouse showed
that the highest regions of homology were at the recombination signal sites, with the highest
level of homology seen between the two artiodactyls. Even though this area is a pseudogene,
its conservation across these species suggests the important use of this specific
recombination in further differentiation of the αβ T cell in the thymus. Of note, the sjTREC
assay in the pig may not show comparable levels of sjTREC values with those seen in
humans and primates. This may be partly due to the relatively large population of γδ T cells
seen in artiodactyls.
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Using QPCR, evaluation of sjTREC levels in the thymus of a fetus, young, and old animals
showed a dramatic increase in thymopoesis in late fetal and early postnatal life, and then a
remarkable decline in thymic activity (Fig. 4B). A 5-month-old pig had approximately 1500
copies of sjTREC/µg thymic DNA compared with a 17-month-old pig with almost
undetectable levels of sjTREC in its thymus. This attests to the process of thymic involution
in the miniature swine occurring rapidly in a period of 1 year. Evaluating sjTREC values in
miniature swine during the first year of postnatal life would provide a more detailed
understanding of thymic activity and involution, and may provide clues into central
tolerance mechanisms in this large animal model of organ transplantation.

We also tested whether porcine sjTREC assay can be used to study fetal thymopoesis. In the
miniature swine, gestation is approximately 114 days. At GD 50, bilateral thymic streaks in
the neck are evident, and thymopoesis begins after this time point. In analyzing sjTREC in
fetuses of three different gestational ages, there was a substantial increase in thymic activity
with increasing fetal age. By comparing the near-term fetus to a young animal, there was an
increase in sjTREC levels, which corresponded with an increase of sjTREC levels in the
secondary lymphoid organs. Together, these data suggest that there is an increase and a
reorganization of the RTEs pool in fetal and early postnatal life of the Massachusetts
General Hospital (MGH) miniature swine. Interestingly, higher levels of sjTREC were seen
in the liver of a near-term fetus compared with its spleen, lymph node, and peripheral blood
(Fig. 4C). Although outside the scope of this article, future studies investigating this finding
may provide clues into fetal immunity and organization of the RTE pool.

MATERIALS AND METHODS
Animal Tissue Samples

All animals were housed at the Transplantation Biology Research Center, MGH, Boston,
MA. Biopsies of the thymus, lymph node, spleen, and liver were done by the MGH staff.
Peripheral blood for detection of the signal joint TREC analysis in the sheep was obtained
by staff veterinarian, Dick Hurley. All procedures were performed in accordance with the
protocols approved by the MGH Research Committee.

Cell Isolation
Peripheral blood mononuclear cells (PBMC) were obtained from blood through
centrifugation of a Histopaque gradient. The buffy coat was removed and cells were washed
in Hanks salt solution. DNA was extracted from PBMC using Invitrogen DNeasy Qiagen
kit. DNA concentration was determined by a UV spectrophotometer by measuring optical
density at 260 nm and the concentration value was compared with the nanodrop and Hoechst
dye spectrophotometers. All samples were checked twice before QPCR reaction and fell
within 5% error margin. Cells from animal tissues were obtained from biopsy samples. The
tissue was homogenized mechanically using a filter membrane, and DNA was isolated by
using the Invitrogen DNeasy tissue isolation kit.

Sequencing sjTREC and the Putative δ-rec Region
In the pig, an 1167 bp fragment of interest was sequenced using DNA from thymic tissues of
three young animals: 15,289, 16,789, and 16,550. PCR included 10 pmol of δ-rec primer: 5′-
TTTCTTCGCATATCTCATTA-3′, 10 pmol of ψJα primer: 5′-
CACGAGTGATTAGATATCATTC-3′, 250 ng of thymic DNA, 0.5 µL Hot start Taq
polymerase (Qiagen), 1 µL of 10 mM dNTP, 5µL of 10× buffer, in a 50µL total reaction
volume. PCR conditions were as follows: 95°C×15 min, followed by 94°C×30 s, 51°C×30 s,
and 72°C×60 s, for 35 cycles. A final extension step of 6 min at 72°C was added. Reactions
were run using a PTC-100 Programmable Thermal Controller (MJ Research, Inc.). The PCR
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reaction product was run on a 2% agarose gel and the DNA was isolated from the gel using
a Geneclean spin kit (Q-BIOgene). The PCR band of the size of interest was isolated and
cloned into a pCR2.1 TOPO TA cloning vector (Invitrogen). For each animal, five to six
clones were sequenced using M13 forward and reverse primers to obtain the sequence of the
putative porcine TREC. These primers flank the inserted clone. Sequencing was done at the
MGH DNA core facility.

sjTREC in the sheep was obtained using DNA from PBMC of a single animal. The product
was obtained using the same reaction conditions but with primers internal to the porcine
sjTREC; δ-rec primer: 5′-TTTACCATCTGCTGCCATCTAGT-3′, and ψJα primer: 5′-
CCTCTGCATAGTGTGATAACA-3′. The PCR product was cloned into pCR2.1 TA
cloning vector, and the sequence from five positive clones was analyzed.

QPCR and Porcine sjTREC Analysis
From the 1167 bp band of the porcine sjTREC, primers were designed for QPCR reaction,
with the expected PCR product containing the RSS of the δ-rec and ψJα regions. In a total
volume of 25 µL, each reaction included 800 nM of ψJα forward primer: 5′-
TCTAAAGAGGAAGAACAAGGTTGGCG-3′, 800nM of δ-rec reverse primer: 5′-
TGTGCAAAGCTGTGAAATGCTCCC-3′, 200 nM of labeled probe: 5′-/56-FAM/
ATGCAGGAGGGCCACGAGTGAAGAGCAGACAGA/36-TAMSp/-3′. Other reagents
included 0.25 µL Hot start Taq polymerase (Qiagen), 2 µL 10 mM dNTPs, 150 ng of DNA
template, 2.5 µL of 10× Hot start Taq buffer. The cycling conditions were as follows:
95°C×15 min, followed by 50 cycles of the steps: 94°×30 s, 55°C×60 s, 72°C×30 s. All
QPCR reactions and quantitative analyses were performed using a Stratagene.

MxPRO 3500
For quantifying sjTREC molecules, a standard curve of sjTREC molecules was established
using a cloned plasmid containing 1167 bp porcine sjTREC. A known number of plasmid
molecules was serially diluted 10-fold to obtain a standard curve that could determine
anywhere from 10 to 10,000,000 molecules. Standards and samples were run in triplicates,
and each experiment was performed twice. For each QPCR experiment, gel electrophoresis
of the QPCR products and the standard samples was performed to confirm that a single
product of the expected size was being amplified.
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FIGURE 1.
Identification of the porcine sjTREC. (A) Multiple combinations of primers derived from the
δ-rec and ψJα regions of human and mouse were used for polymerase chain reaction (PCR).
A primer combination with an expected sjTREC product of approximately 1150 bp was
noted as a single band (arrow). This product was reproduced in thymic genomic DNA from
three miniature swine. The isolated final PCR product of 1167 bp was found to contain the
signal joint TREC sequence. (B) Porcine sjTREC sequence is shown. The RSS sites of the
δ-rec and ψJα regions are separated by /// symbol, with RSS italicized and in bold. The ψJα
and δ-rec primers are italicized, but not in bold. Primer sequences used for quantitative PCR
(QPCR) are shown in lower case, and the QPCR probe is underlined.
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FIGURE 2.
sjTREC can also be isolated in sheep. (A) Using primers derived from the porcine sjTREC,
an expected band of approximately 1150 bp was obtained by PCR of sheep peripheral blood
genomic DNA (arrow). (B) Sheep sjTREC sequence is shown, drawing comparison to a
homologous segment of the porcine sjTREC. Nucleotides differences between the sheep and
pig sjTREC are shown in small case letter text; black capital text represents identical
sequences between the two species. Areas of highest homology were at the δ-rec and ψJα
RSS sites (underlined). The RSS sites of the δ-rec and ψJα regions are separated by ///
symbol. Areas in which there were nucleotides missing in the sheep sjTREC are shown with
* symbol. Areas where nucleotides were seen in the sheep sjTREC but absent in the porcine
sjTREC are shown in bold. δ-rec and ψJα primers are italicized.
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FIGURE 3.
Comparison of pig and sheep sjTREC with human, primate, and mouse sequences. (A)
Porcine sjTREC shows homology to alignments of different parts of the human TCRA/D
loci confirming the cloned product is a signal joint TREC. Standard nucleotide blast
program was utilized to align the porcine sjTREC product to the TCRA/D loci of human
(accession GI 11640553; website: blast.ncbi.nlm.nih.gov/Blast.cgi). Basepairs 1 to 283 of
the porcine product corresponded to a different region of the TCRA/D locus compared with
basepairs 284 to 1167. This division, which correlates to the corresponding ψJα and δ-rec
regions of the porcine PCR product, matches exactly to the respective ψJα and δ-rec regions
in human TCRA/D locus. RSS sites are shown in red text. (B) Blast program used to
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compare the proximal δ-rec region in pig, sheep, and baboon failed to provide any alignment
scores or sequences. Therefore, a representative Clustal alignment of the proximal δ-rec
region is shown. The nonamer of the RSS of δ-rec in the pig, sheep, and baboon is shown in
red text. Note the 320 bp from the nonamer sequence show poor homology between the
three species, suggesting why cloning of the sjTREC in artiodactyls using this portion of the
δ-rec in human, primates, and mouse has been unsuccessful. (C) Comparing porcine and
sheep sjTRECs to corresponding sequences from human, mouse, and baboon showed that
the pig sequence was most homologous to the sheep. Segments of the sjTREC sequence
with the highest homology between pig to human and pig to mouse are shown. Note that the
highest homology among the species was at the RSS sites. The distal end of δ-rec region in
the sheep and pig were also homologous to the corresponding areas in the other species.
This explained why primers derived from this area enabled the detection of the sjTREC in
sheep and pig.
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FIGURE 4.
Porcine sjTREC could be detected in secondary lymphoid organs and in peripheral blood.
(A) sjTREC values from the thymus, spleen, lymph node, and peripheral blood of a 5-
month-old pig were reliably quantified. (B) Porcine sjTREC quantitative polymerase chain
reaction (QPCR) assay of thymic tissue from different aged animals correlated with known
age-related thymic activity. In fetal life, with increasing gestational day, the thymic sjTREC
values increased dramatically; a trend that continued in early postnatal life. But in the 17-
month-old animal, a marked drop in sjTREC values was noted. (C) sjTREC could be
detected in the lymphoid organs and peripheral tissues of the miniature swine fetus. sjTREC
values in fetuses of three different gestational days (see legend, upper right corner)
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suggested increasing thymic activity in late gestational fetal life, and a homing of recent
thymic emigrants to the liver in porcine fetal life.
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