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Abstract
Assembly of TCRα and δ genes from the TCRα/δ locus is tightly controlled for the proper generation
of αβ and γδ T cells. Of more than 100 shared variable gene segments in the TCRα/δ locus, only a
few are predominantly used for the TCRδ gene assembly while majority are for TCRα. However,
importance and mechanisms of the selective variable gene rearrangement for T cell development are
not fully understood. We report here that the development of a tissue-specific γδ T cell population
is critically affected by recombination signal sequences-associated restriction on the variable gene
usage for TCRδ assembly. We found that the development of substitute skin γδ T cells in mice
deficient of TCRγ3 gene, which is used in wild-type skin γδ T cells, was drastically affected by the
strain background. A Vγ2+ skin γδT cell population developed in mice of the B6 but not 129 strain
backgrounds, due to a difference in the rearrangement of endogenous Vδ7+ TCRδ genes, which
paired with the Vγ2+ TCRγ gene to generate the Vγ2/Vδ7+ skin γδ T cell precursors in fetal thymi
of the B6 background mice. The defective TCRδ rearrangement of the 129-“Vδ7” gene was
associated with specific variations in its recombination signal sequence, which renders it poorly
compatible for rearrangement to Dδ genes. These findings provide the first direct evidence that
recombination signal sequence-associated restriction on the variable gene usage for TCRα/δ gene
assembly plays an important role in the T cell development.

Introduction
T cells can be distinguished by their expression of distinct forms of T cell receptors (TCR).
αβ T cells express the αβTCR, a heterodimer of TCRα and TCRβ chains and γδ T cells express
the γδTCR of TCRγ and TCRδ chains. Although both αβ and γδ T cells are generated in the
thymus, they have different peripheral tissue distribution and function. While αβ T cells are
predominantly localized in secondary lymphoid organs after exiting the thymus, γδ T cells are
more often localized to epithelial tissues, such as the skin and reproductive tracts (1,2). The
epithelial tissue-specific γδ T cells usually display limited diversities in their TCR sequences
and function as innate immune cells in the first line of defense (3-5). In mice, nearly all γδ T
cells in the skin epidermis, called dendritic epidermal T cells (DETC), express canonical
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Vγ3/Vδ1+ TCRs while vaginal epithelial γδ T cells express Vγ4/Vδ1+ TCRs. By comparison,
γδ T cells in secondary lymphoid organs usually express more diverse TCRs, predominantly
of Vγ2 and Vγ1.1 associated with several Vδ chains.

Development of the various tissue-specific γδ T cell subsets is orchestrated at different stages
of ontogeny, presumably to optimize the production of different specialized sets of T cells
required for host defense. The first subsets to arise in the early E15 fetal thymus assemble
Vγ3 and Vγ4 gene segments (1,6,7). The resulting T cells include precursors of DETC (Vγ3/
Vδ1) and the vaginal intraepithelial T cells (Vγ4/Vδ1), which subsequently migrate to their
peripheral destinations. After birth, Vγ3 and Vγ4 rearrangements are suppressed and
rearrangements of Vγ2, Vγ1.1 and others predominate (8-10). The resulting T cells
preferentially emigrate to secondary lymphoid organs, among other tissues. TCRδ genes are
rearranged coordinately with the TCRγ genes. The Vδ1 gene is predominantly rearranged and
expressed at the same early fetal thymic stage as Vγ3 and Vγ4 genes (11), enabling the
production of Vγ3/Vδ1 and Vγ4/Vδ1 TCRs, the forms expressed in DETCs and vaginal
intraepithelial γδ T cells, respectively. In the adult stage, a distinct set of Vδ gene segments
are predominantly rearranged (11).

The TCRδ locus is embedded within the TCRα locus, and the two loci share the same set of
variable gene segments (Vα/δ). Although all the variable gene segments could potentially
rearrange to Dδ/Jδ or Jα segments for assembly of TCRδ or TCRα genes, the actual usage of
Vα/δ genes in the TCRδ and TCRα assembly is very restricted. Of more than 100 Vα/δ gene
segments in the murine TCRα/δ loci, less than ten of them (so-called Vδ genes) are
predominantly used in the TCRδ gene assembly while the majority (Vα genes) are
preferentially in rearrangements of TCRα genes (12). The preferential usage of different Vα/
δ gene segments for the TCRδ and TCRα gene rearrangement is genetically programmed and
independent of cellular selection processes, as it applies even in CD3ε-/- mice, in which cellular
selection is defective (13,14). However, importance and mechanisms of the regulated Vα/δ
gene rearrangement for the T cell development are not fully understood.

Multiple mechanisms underlie the regulated TCR gene rearrangements, including gene
accessibility, germline transcription, V gene competition and preferential pairing of specific
recombination signal sequences (RSS). The accessibility of V, D and J segments in chromatin
to the recombinase apparatus is regulated at different ontogenic and developmental stages and
mediated by transcription factors through cis-acting regulatory elements located in the TCR
loci. Recent evidence suggests that the capacity of the gene segments to undergo germline
transcription, which may in turn be regulated by the gene accessibility, is a direct determinant
of rearrangement efficiency (15,16). Accessibility of Vγ gene segments has been found to be
an important determinant of the rearrangement pattern in the adult thymus, where the frequently
rearranged Vγ2 segment resides in acetylated (active) chromatin, and the rarely rearranged
Vγ3 segment resides in inactive chromatin (17). This difference is determined in large part by
the promoter regions of the Vγ3 and Vγ2 gene segments (9,18).

Gene accessibility also plays a role in the selective Vα/δ gene usage for TCRδ and TCRα gene
assembly. At the early CD4-CD8- (DN) stage of thymic T cell development, Jα gene segments
are inaccessible for rearrangement due to the inactivity of their associated cis-regulatory
elements such as the Eα enhancer and TEA promoter while Dδ and Jδ gene segments are
rendered accessible by their associated Eδ enhancer. Therefore, only TCRδ genes are
assembled at the DN stage (19,20). Most (but not all) of the “Vδ” genes are located at the 3′
region of the Vα/δ gene cluster, near the Dδ-Jδ region and within the effect range of the Eδ
enhancer (21,22). Consistent with this, many of the proximal “Vδ” genes were present in a
hyper-acetylated (active) chromatin status at the DN stage (23). At the later CD4+CD8+ (DP)
stage (for αβ T cell development), the more powerful and αβ T lineage specific Eα enhancer
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becomes active and promotes the accessibility of Jα genes and more distal “Vα” genes and
TCRα gene assembly (21). However, several “Vδ” genes are located as far as 1Mb away from
the Dδ/Jδ region while some “Vα” genes lies within 100kb from the Dδ-Jδ region, suggesting
that the enhancers-regulated accessibility alone could not account completely for the selective
usage of Vα/δ genes in the TCRδ and TCRα gene assembly.

Competition among different V gene segments is another mechanism that regulates their usage
in the TCR gene assembly. In the TCRγ locus, both Vγ2 and Vγ3 segments are accessible at
the early fetal stage, yet Vγ3 is preferentially rearranged to Jγ1 gene. Transgenic and gene
targeting studies showed that the preference for Vγ3 is due in large part to its proximal location
to the Jγ1 gene (10,18). A competition mechanism might also play a role in determining Vδ
gene usage in fetal thymocytes, especially considering that the fetal-specific Vδ1 gene is most
proximal to the Dδ-Jδ segments.

A recombination signal sequence (RSS)-mediated restriction might also play a role in the
regulated TCR gene arrangement. An RSS is composed of a semi-conserved heptamer and
nonamer, separated by a poorly conserved 23 or 12 bp spacer, and is the target site of Rag1/2
recombinases for cleaving and joining of the V-D-J segments. Rearrangements occur only
between an RSS with a 12 bp spacer (12-RSS) and another with a 23 bp spacer (23-RSS), the
so-called 12/23 rule. However, certain rearrangements, such as those between the 23-RSS
flanked Vβ segments and the 12-RSS flanked Jβ segments, occur rarely if not at all, even though
they are allowed by the 12/23 rule. The restriction beyond the 12/23 rule was suggested to be
important for the ordered Vβ–Dβ–Jβ rearrangement to generate vast TCRβ repertoires and was
reportedly enforced by the in-compatibilities of the Vβ-RSSs with Jβ-RSSs for RAG-mediated
pairing and cleavage (24-26). The RSS-mediated restriction might also play a role in the
selective V gene usage for the TCRδ/α gene rearrangement. A “motif” found in spacers of
many “Vα”- RSSs was suggested for their preferential rearrangement to Jα fragments (27).
However, this motif was found only in 80% of known “Vα” genes and has not been directly
demonstrated to be involved in restricting the “Vα” genes for TCRα rearrangement. No motif
has been discerned in the RSSs of “Vδ” genes and there is currently no direct evidence that
rearrangement of Vδ segments is restricted by the RSS beyond the 12/23 rule. However,
considering that no motifs have been defined in RSSs of Vβ/Dβ/Jβ fragments, where the
restriction was demonstrated, the possibility of RSS-restricted Vδ usage remains open.

Cellular selection further shapes the development of T cell populations resulting from the
regulated TCR rearrangement. Although γδ T cell selection processes are not as well
understood as those of αβ T cells, recent studies found that a positive selection is critical, at
least, for development of the skin-specific DETCs (28-30). We reported that positive selection
of the DETC precursors Vγ3/Vδ1+ γδ T cells in the fetal thymus resulted in a coordinate switch
in expression of several chemokine receptors and cytokine receptors important for their
localization and expansion in the skin (28). In absence of the positive selection, such as in a
sub-strain of FVB mice (FVB/Taconic), few of the fetal thymic Vγ3/Vδ1+ γδ T cells developed
into DETCs even though they are generated in normal numbers in the fetal thymus (29).

Although the Vγ3/Vδ1+ γδ T cells are the dominant population of DETCs in wild type mice,
other (but not all) subsets of γδ T cells could substitute in the skin, especially in mice deficient
of the native Vγ3/Vδ1+ DETCs (31,32). We reported that a rearranged TCRγ2 transgene
(TCRγ2Tg) could restore the development of DETCs in 234JCγ1-kockout (Cγ1-/-) mice that
are deleted of the Cγ1 cluster of TCRγ locus (including the DETC-specific Vγ3, as well as
Vγ2, 4 and 5 genes) and, therefore, lack the native Vγ3+ DETCs (28). The transgenic Vγ2+

DETCs predominantly expressed endogenous TCRδ genes of Vδ7-Dδ2-Jδ1 rearrangements
(TCRδ7) (28), suggesting that they were selected for the DETC development. Supporting this,
of multiple subsets of fetal thymic transgenic Vγ2+ γδ T cells that paired with different
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endogenous TCRδ chains, only the Vγ2/Vδ7+ subset preferentially underwent the positive
selection-associated cytokine and chemokine receptor expression, which was important for
their homing and expansion in the skin (28). However, factors that affect the DETC
development are not fully understood. For example, although the Vγ3-/- mice reportedly had
abundant substitute DETCs, of which many expressed Vγ1.1+ γδ TCRs (31), nearly no DETCs
developed in the Cγ1-/- mice that generated the Vγ1.1+ γδ T cells normally (28). These
observations suggested the existence of additional factors that affect the development of
DETCs.

We report here that differential TCRδ gene rearrangement of different strain backgrounds affect
the DETC development significantly. Particularly, we found that variations in recombination
signal sequences of the Vδ7 genes of different strains were associated with their selective usage
for the TCRδ gene rearrangement, which in turn had a dramatic effect on development of a
skin-specific γδ T cell population. These findings provide the first compelling evidence that
the RSS-associated restriction on TCRδ gene assembly plays an important role in the T cell
development.

Materials and Methods
Mice

Cγ1-/-, Vγ3-/- and TCRγ2Tg mice have been described (28,31). C57BL/6 (B6) and 129 mice
were purchased from Jackson laboratory (Maine). The Cγ1-/- mice were originally generated
on a pure 129 background (Cγ1-/-129) (28,31). To move Cγ1-/- on B6 background (Cγ1-/-B6),
the Cγ1-/-129 mice were backcrossed to B6 mice for 7-8 generations. Vγ3-/-, TCRγ2Tg and
TCRγ2Tg+Cγ1-/- mice, originally on the mixed 129×B6 background (28,31), were backcrossed
to B6 or 129 mice for 7-8 generations to place them on the dominant B6 or 129 backgrounds.

Cell Preparation
Epidermal cells were prepared from the skin as described (33). Thymocytes were prepared by
a standard method (34). The specific subsets of skin γδ T cells of TCRγ2Tg mice used for RT-
PCR were sorted from the epidermal cells on an EPICS Elite ESP sorter (Beckman-Coulter,
Miami, FL) following staining with appropriate antibodies.

Antibodies and flow cytometry
FITC-, biotin-conjugated anti-γδ TCR (GL3), PE-Cy5-conjugated anti-CD3, FITC-conjugated
anti-Vγ3 TCR (F536) and anti-Vγ2 TCR (UC3) antibodies were purchased from BD
Biosciences (San Diego, CA). PE- or biotin conjugated CD122 antibody was from Ebioscience
(San Diego, CA). Biotin-conjugated anti-Vγ3 TCR (F536) and anti-Vγ2 TCR (UC3) antibodies
were prepared in house. PE-Cy5- and PE-conjugated streptavidin were purchased from
Invitrogen (Eugene, OR). Expression of TCR and other markers on cells were analyzed by
multiple color flow cytometry on an EPICS XL instrument (Coulter, Hialeah, FL) following
staining with appropriate antibodies. The flow cytometry data were analyzed by FlowJo
software (Tree Star Inc, San Carlos, CA).

DNA and RNA preparation
Thymic genomic DNA was prepared as described (9). Total RNA was prepared from sorted
γδ T cells by Trizol according to the manufacture's instruction (Invitrogen). To prevent genomic
DNA contamination, the RNA samples were treated with RNase-free DNase1 before being
used for RT-PCR analysis.
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Semi-quantitative PCR and RT-PCR
The semi-quantitative PCR and RT-PCR assays were performed essentially as described (18,
28). To assess TCRδ rearrangements of Vδ7 and its TRAV13 family members, thymic genomic
DNA was serially diluted and subjected to PCR with primers TRAV13-FP:
CTTGGTTCTGCAGGAGGGGGAGAACGCAGAGC and Jδ1-RP:
AATGACTTACTTGGTTCCACAGTCACTTGGGT. The sequence of TRAV13-FP primer
complements all TRAV13 (Vδ7) family members while the sequence of Jδ1-RP complements
the Jδ1 gene.

For the RT-PCR assessment of Vδ gene usage in sorted skin γδ T cells, RNA samples were
reverse transcribed (RT) with Superscript II RNase H- reverse transcriptase using oligo-dT
primers. The RT products were serially diluted (indicated in Figures) and subjected to PCR
with proper sets of primers. PCR primers for detection of transcripts of various rearranged
TCRδ genes and tubulin were described (7,28).

Sequencing analysis of TCRδ gene rearrangements of the Vδ7 genes
PCR products with the TRAV13-FP/Jδ1-RP primer set were inserted into TOPO TA cloning
vectors (Invitrogen), which were used to transform competent E. coli cells. Plasmids containing
inserts of the PCR products were extracted from subclones of the transformed E. coli and
sequenced for the inserts. Based on the sequence alignment, frequencies of Vδ7 and the other
family members in the subclones were calculated. In addition, frequencies of in-frame and out-
of-frame rearrangements in the rearranged TCRδ7 genes were also obtained based on the
sequencing. Sequence analysis was carried out using NCBI blast, Expasy and Clustal W.

Computation analysis of TRAV13 (Vδ7) family members of TCRα/δ Loci
Genomic DNA sequences of TCRα/δ loci of both B6 and 129 strains are available in public
database. The call number for the TCRα/δ sequences of B6 strain is NT_039606 and for 129
is NT_039614. In order to identify all the members of the Vδ7 (TRAV13) family on TCRα/δ
loci of B6 and 129 strains, a sequence probe corresponding to the coding sequence of the B6-
Vδ7 gene segment was used to blast the genomic sequences of both strains. The hits were
aligned to each other for comparison of coding and recombination signal sequences with
Clustal W, Expasy and the NCBI sequence alignment programs.

Construction of recombinant substrates and cell-based in vitro recombination assay
Recombinant substrates that contain nucleotide sequences corresponding to B6-Vδ7 RSS and
129-Vδ7 RSS, along with one of 5′Dδ2, 5′Dδ1, Jα48 and Jα56 RSSs, were constructed from a
pCMV-based competitive recombinant substrate (35). The basic structure of the competitive
recombinant substrate is same as the original construct except that the original RSSs were
replaced with RSSs of the two competing Vδ7 and Dδ2 (or Dδ1, Jα48, Jα56) genes, each with
6 nucleotides of their respective endogenous coding flank. There are several nucleotide
variations in Vδ7-RSSs of B6 and 129 strains while RSSs of Dδ2, Dδ1, Jα48 and Jα56 genes
of the two strains are identical (refer to the Result Section for details). All the substrates were
sequence confirmed before used in a cell-based in vitro recombination assay.

The cell-based recombination assay was also performed as previously reported (35). Briefly,
HEK293T cells were transiently transfected with the recombinant substrate and Rag1 and
Rag2-expressing constructs. Two-three days after the transfection, plasmid DNAs were
recovered from the transfected cells and used in a PCR reaction to detect rearranged Vδ7 genes.
The two primers used in the PCR are complementary to common sequences of the pCMV
vector that flank the recombinant substrates (35). The PCR products were run on 2% agarose
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gel and intensities of the bands corresponding to rearrangements of the two competing Vδ7
RSSs were compared.

Results
Differential development of skin γδ T cells in Vγ3 or Cγ1 knockout mice of the B6 versus 129
genetic background

To determine whether genetic background affects the development of substitute DETC in mice
deficient of the native skin-specific Vγ3+ γδ T cells, we backcrossed Vγ3-/- mice onto the
C57BL/6 (B6) and 129 strain background and compared the development of their skin γδ T
cells. Similarly, we compared the development of skin γδ T cells in Cγ1-/- mice of the B6 vs.
129 background. Wild-type littermates of both the B6 and 129 backgrounds contained abundant
γδTCR+ DETCs, as expected (Fig. 1). However, the development of the skin γδ T cells was
strikingly different in the Vγ3-/- (or Cγ1-/-) mice of B6 and 129 backgrounds. Compared to
those of their respective wild type littermates, skin γδ T cells were nearly absent (>30 fold
reduction) in the Vγ3-/- (or Cγ1-/-) mice of the 129 background (Fig. 1A&B, top panels). In
contrast, skin γδ T cells were readily detectable in Vγ3-/- (or Cγ1-/-) mice of the B6 background,
whose numbers were only reduced 3-4 fold compared to their wild-type littermate controls
(Fig. 1A&B, bottom panels). Hence, substitute DETCs developed efficiently in Vγ3-/- (or
Cγ1-/-) mice of the B6 but not 129 strain background, suggesting that the strain genetic
background is an important factor in determining development of the skin-specific γδ T cells.

Differential development of transgenic Vγ2+ skin γδ T cells in mice of the B6 versus 129
background

Published results found that the substitute DETCs in Vγ3 knockout mice were somewhat
heterogeneous populations (31). We reasoned that efforts to dissect the role of background
genes in the development of substitute DETCs would be facilitated by simplifying the
repertoire of these cells. Since the transgenic Vγ2+ γδ T cells could develop into DETCs which
predominantly co-expressed the endogenous TCRδ7 gene in a mixed B6×129 background
(28), we compared development of the transgenic Vγ2+ DETCs in TCRγ2Tg+Cγ1-/- mice of
the B6 and 129 background (TCRγ2Tg+Cγ1-/-B6 or TCRγ2Tg+Cγ1-/-129). The transgenic
Vγ2+ DETCs developed efficiently in the TCRγ2Tg+Cγ1-/- mice of the B6 background but not
in those of the 129 background (Fig. 2A). Thus the strain background also affected development
of the transgenic Vγ2+ DETCs.

Analysis of TCRγ2Tg+Cγ1+/+ mice of the B6 or 129 background that retain the endogenous
TCRγ locus provided additional information. Unlike in the TCRγ2Tg+Cγ1-/-129 mice,
abundant Vγ2+ DETCs developed in the TCRγ2Tg+Cγ1+/+ mice of the 129 background, which
co-expressed the endogenous Vγ3 (Fig. 2B, left panels), suggesting that their development was
dependent on co-expression of the endogenous Vγ3, reminiscent of a previous report that the
development of transgenic TCRδ6.3+ DETCs depended on co-expression of endogenous
TCRδ genes (36). In contrast, many Vγ2+ DETCs in TCRγ2Tg+Cγ1+/+ mice of the B6
background did not co-express the Vγ3, which could be also distinguished from the
Vγ2+Vγ3+ DETC subset by their higher levels of Vγ2 staining (Fig. 2B, right panels). These
data demonstrate that the Vγ3 expression is critical for the DETC development in the 129 strain
background, but the transgenic Vγ2+ γδ T cells can substitute Vγ3 cells for the DETC
development in the B6 background.

Defective development of the transgenic Vγ2+ skin γδ T cells on the 129 background results
from absence of their positively selected precursors in the fetal thymus

Since DETCs originate from their precursor cells in the fetal thymus, which are positively
selected to express the chemokine receptors, such as CCR10, and cytokine receptors, such as
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CD122, that promote their epidermal localization and proliferation (28), we analyzed selection
status of the transgenic Vγ2+ fetal thymic cells of the B6 and 129 backgrounds, using the CD122
upregulation as a positive selection marker (28).

In the TCRγ2Tg+Cγ1-/-129 mice, there was essentially no CD122 upregulation on the
transgenic Vγ2+ fetal thymic T cells (Fig. 3A, left panel), consistent with their absence in the
skin (Fig. 2A). In contrast, CD122 was upregulated in a significant fraction of the transgenic
Vγ2+ fetal thymocytes of the TCRγ2Tg+Cγ1-/-B6 mice (Fig. 3A, right panel), in which the
transgenic Vγ2+ DETCs developed (Fig. 2A).

Analysis of the TCRγ2Tg+Cγ1+/+ mice further confirmed the correlation between positive
selection of the specific subsets of transgenic Vγ2+ fetal thymic T cells and their development
into DETCs. Although CD122 was upregulated on significant percentages of Vγ2+ fetal thymic
γδ T cells in the TCRγ2Tg+Cγ1+/+ mice of both B6 and 129 backgrounds, nearly all the
CD122+ fetal thymic Vγ2+ cells of the 129 background had intermediate levels of Vγ2
expression and co-expressed Vγ3 (Fig. 3B, left panels, Population B), consistent with
development of the Vγ2+Vγ3+ DETCs in these mice (Fig. 2B). On the other hand, in the
TCRγ2Tg+Cγ1+/+B6 mice, besides the CD122+ Vγ2medium+Vγ3+ fetal thymic T cell
population, there was an additional CD122+ Vγ2high+Vγ3- population (Fig. 3B, right panels,
Population C), consistent with the development of such a subset of DETCs in these mice (Fig.
2B). The fact that the Vγ2+Vγ3+ but not Vγ2+Vγ3- fetal thymic population underwent the
positive selection and developed into DETCs in the TCRγ2Tg+129 mice indicates that the
defective DETC development of the latter is not likely due to any defective signaling process
downstream of the TCR-mediated positive selection of the fetal thymic DETC precursors.
Instead, these data suggest that the defect is in generation of the Vγ2+Vγ3− DETC precursors
or/and molecules that mediate their selection.

Mice of the 129 background have an intrinsic defect in the rearrangement of TCRδ7 genes
that were expressed in the transgenic Vγ2+ skin γδ T cells of the B6 background

Since the transgenic Vγ2+(Vγ3−) skin γδ T cells in the TCRγ2Tg+Cγ1-/- mice on a mixed
B6×129 background predominantly expressed an endogenous TCRδ7 gene and originated from
their positively selected fetal thymic precursors (28), we decided to test the possibility that the
differential development of these cells in the B6 and 129 background mice is due to differential
generation or selection of the fetal thymic Vγ2/Vδ7+ γδT cells between the two backgrounds.
First, we confirmed association of TCRδ7 expression with the Vγ2+Vγ3− DETCs in the B6
background mice by analyzing TCRδ gene usage in sorted skin γδ T cell subsets from
TCRγ2Tg+Cγ1+/+ mice of the B6 or 129 background (Fig. 4A). The Vγ2+Vγ3+ skin γδ T cells
of both backgrounds expressed same levels of TCRδ1 transcripts as the Vγ3+ DETCs of wild-
type B6 mice but rarely any other Vδ transcripts (Fig. 4A), suggesting that the development
of this DETC subset is mediated by the endogenous Vγ3/Vδ1+ TCR even though the transgenic
TCRγ2 was co-expressed. In contrast, the Vγ2+Vγ3− DETC subset of the B6 background had
at least 20-fold reduction in TCRδ1 transcripts but predominantly expressed TCRδ7 (Fig. 4A).
These data confirm that the Vγ2/Vδ7+ γδ T cell population is selected for development into
skin γδ T cells in the B6 background mice and are consistent with the idea that absence of such
a population in the 129 background mice is due to defective TCRδ7 rearrangement/expression
or failed positive selection of the Vγ2/Vδ7+ population if they are ever generated.

To distinguish these two possibilities, we compared levels of TCRδ7 rearrangements in fetal
thymi of the TCRγ2Tg+ mice of 129 and B6 backgrounds by semi-quantitative PCR. The
Vδ7 gene belongs to a closely related family of Vα/δ genes (TRAV13 family according to the
IMGT nomenclature), of which only Vδ7 (also designated TRAV13-4) is known to rearrange
predominantly to Dδ-Jδ gene segments for the TCRδ assembly in adult wild-type B6 mice
while all the other family members are preferentially used for the TCRα rearrangements (14,
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22). The TRAV13 family consists of 5 founding members, located at the 3′ region of the Vα/
δ gene cluster, four of which were duplicated once in the 129 strain and twice in the B6 strain
(Fig. 4B, assembled based on mouse genomic database, refer to Materials and Methods)
(Nucleotides sequences of these family members are also compiled in an online database of
http://imgt.cines.fr). The Vδ7 gene is the second to last member of the founding group and is
therefore the second most proximal of the entire family in position to the Dδ/Jδ (Fig. 4B). The
coding sequence of the B6-Vδ7 gene is 98% identical to that of the 129-“Vδ7” gene and all
the family members are at least 81% identical to each other in both strains (Supplementary
Figure 1). We used a forward primer complementary to all members of the TRAV13 family
(TRAV13 primer) and a common reverse Jδ1 primer for the PCR, which would amplify
rearrangements of all the TRAV13 family members, including Vδ7. The rearrangements to
Jδ1 were assessed because the Vγ2/Vδ7+ DETCs expressed TCRδ of Vδ7-Dδ2-Jδ1
rearrangements (28). Remarkably, the TRAV13-Jδ1 rearrangements were approximately 25-
fold less abundant in the 129 background mice than in the B6 (Fig. 4C), suggesting a severe
defect in the TCRδ gene rearrangement of TRAV13 family members, most likely of the Vδ7,
in the fetal thymi of 129 background mice.

There was a possibility that the difference in TRAV13-Jδ1 rearrangements between the B6 and
129 strains was due not to their differential rearrangement efficiencies, but rather due to
differences in the positive selection of the transgenic Vγ2+ fetal thymic cells expressing the
rearranged TCRδ7. If this is the case, the higher level of rearrangements in the B6 background
mice should result from the positive selection-mediated enrichment of the Vγ2/Vδ7+

population, and, consequently, most of the rearranged TCRδ7 genes should be in-frame and
productive. On the other hand, if the positive selection does not result in the enrichment of the
Vγ2/Vδ7+ fetal thymic population, it is predicted that only 1/3 of the rearrangements should
be in-frame. Therefore, we sequenced subcloned PCR products of the TRAV13-Jδ1
rearrangements to determine frequencies of in-frame versus out-of-frame rearrangements. The
sequencing also allowed us to determine percentages of the rearrangements of Vδ7 gene vs.
the other members of the TRAV13 family. Based on the sequencing, a vast majority of the
rearrangements, ∼83% (10/12 subclones), of the B6 genomic DNA were of Vδ7 (Fig. 4D, right
column), demonstrating that Vδ7 is the only member of the TRAV13 family that predominantly
rearranges for TCRδ genes in the fetal thymus. Importantly, 70% (7/10) of the Vδ7-Jδ1
rearrangements were out of frame, arguing strongly against the possibility that the higher level
of Vδ7 rearrangements in B6 fetal thymocytes is due to the positive selection-mediated
enrichment of cells bearing this receptor chain. Instead, the data suggest that the Vδ7
rearrangement efficiency for TCRδ gene assembly in the 129 fetal thymocytes is intrinsically
lower than in the B6. Confirming this, we sequenced subcloned PCR products of TRAV13-
Jδ1 rearrangements of the 129 background mice and found that only 4% (1/24 subclones) of
the rearrangements was of the 129-“Vδ7” gene (Fig. 4D, left panel). Together, these data
demonstrate that the absence of Vγ2/Vδ7+ DETCs in the 129 background mice is due to an
intrinsic defect in the rearrangement of TCRδ7 genes and, consequently, the failed generation
of such a γδ T cell population in the fetal thymus.

Association of variations in recombination signal sequences of Vδ7 genes of the B6 and 129
strains with their different preferences for TCRδ rearrangement

The impaired TCRδ rearrangement of the “Vδ7”gene in the 129 background mice is likely due
to local Vδ7 gene variations but not global TCRδ gene rearrangement deficiency, since
percentages of total transgenic Vγ2+ fetal thymocytes were not significantly different in the
TCRγ2Tg+ mice of 129 and B6 backgrounds (Fig. 3A and B). Therefore, we compared genomic
sequences of the Vδ7 genes of 129 and B6 strains for variations. Interestingly, there were
significant differences in their recombination signal sequences (RSSs), which became very
striking when aligned with RSSs of other members of the TRAV13 family of both strains
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(Table 1). Compared to those of the 129-“Vδ7” and all the other TRAV13 family members,
RSS of the B6-Vδ7 is remarkably unique. Specifically, the first nucleotide of the 23bp spacer
in the B6-Vδ7 RSS is an adenine (A), whereas the corresponding site of the 129-“Vδ7” and
other family members is a cytosine (C). In addition, the fourth nucleotide in the nonamer of
the B6-Vδ7 RSS is a thymine (T) while the corresponding site is a cytosine (C) in all the others.
The RSS of the 129-“Vδ7” gene is more similar to those of the other TRAV13 family members
than that of the B6-Vδ7. In contrast to the significant variations in their Vδ7 RSSs, there were
no differences at all in RSSs of Dδ and Jδ gene segments between the 129 and B6 strains
(Supplementary Figure 2). Since the recombination signal nonamer and spacer have been
reported to be able to mediate restriction on the TCRβ gene rearrangement (37), the variations
in the 129-“Vδ7” RSS might be responsible for its impaired TCRδ rearrangement.

To test this, we used a cell-based in vitro recombination assay to directly compare
rearrangement efficiencies of the 129-“Vδ7” RSS and B6-Vδ7 RSS to Dδ2 gene segment,
which was used in all TCRδ7 rearrangements of the transgenic Vγ2/Vδ7+ skin γδ T cells
(28). To this purpose, we assembled a competitive recombinant substrate (p129/B6) that
contains the 129-“Vδ7” RSS, B6-Vδ7 RSS and the 5′RSS of Dδ2 gene, subcloned into a
pCMV-based vector (Fig. 5A, top panel) (35). To correct any potential effect of the position
on rearrangement efficiencies of the two competing Vδ7 genes, a recombinant substrate
containing two identical B6-Vδ7 RSSs (pB6/B6) were used as a control (Fig. 5A, bottom
panel). The substrates, along with Rag1 and Rag2-expressing vectors, were transiently
transfected into 293 cells, and rearrangements of the two competing Vδ7 RSSs to Dδ2 were
assessed by PCR with a primer set located outside the recombinant substrates, which
distinguish rearrangements of the two competing Vδ7 RSSs based on their different sizes (Fig.
5A and B).

In cells transfected with substrates containing the competing 129 and B6-Vδ7 RSSs, the distal
5′129-Vδ7 RSS rearranged much less efficiently (about ten-fold) to the Dδ2 RSS than the
proximal 3′B6-Vδ7 RSS did (Fig. 5B and D). In contrast, in cells transfected with substrates
containing the two identical B6-Vδ7 RSSs, the distal B6-Vδ7 RSS rearranged to the Dδ2 RSS
only slightly less efficiently (about two-fold) than the proximal B6-Vδ7 RSS (Fig. 5B and D),
likely due to a minor position effect that was observed previously (37) and reportedly affected
by distances between different RSSs (38), among other factors. Normalized on rearrangements
of the common proximal B6-Vδ7-RSS to factor in the position effect, the 129-“Vδ7” RSS still
rearranged significantly less efficiently than the B6-Vδ7 RSS of same distal position (4.7±1.3
fold reduction, n=3), demonstrating that the variations in 129-“Vδ7” RSS impair its
rearrangement efficiency for TCRδ gene assembly.

To test further whether the reduced rearrangement efficiency of 129-Vδ7 RSS is restricted to
the Dδ2 RSS, we also constructed competitive recombinant substrates containing the two
competing Vδ7-RSSs with an RSS of Dδ1, Jα48 or Jα56 gene fragment (Fig. 5A). The Dδ1,
Jα48 or Jα56 RSSs are identical between 129 and B6 strains (Supplementary Fig. 2). Same as
for the rearrangement to Dδ2 RSS, the 129-Vδ7 RSS also rearranged less efficiently than the
B6-Vδ7 RSS of same position to the Dδ1 RSS (3.0±0.7, n=2) (Fig. 5C and D). In addition, the
variations also rendered the 129-Vδ7 RSS less compatible for rearrangement to the tested Jα
RSSs (3.5±0.7 and 2.4±0.2 fold reduction to Jα48 and Jα56 respectively, n=2 each), suggesting
that the reduced TCRδ gene rearrangement of 129-Vδ7 RSS is probably not due to restriction
beyond the 12/23 rule. Together, these results demonstrate that a dysfunctional 129-Vδ7 RSS
is at least in part responsible for the defective TCRδ7 rearrangement and transgenic Vγ2/
Vδ7+ DETC development in 129 background mice.
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Discussion
The proper rearrangement of TCR genes is critical for the T cell development. Since both
TCRα and TCRδ loci share the same Vα/δ gene segments, unique questions with these loci are
how the shared Vα/δ segments are selectively used for the TCRα/δ gene assembly and its effect
on the development of αβ/γδ T cells. Here, we reported that differential TCRδ7 gene
rearrangement in fetal thymi of the B6 and 129 backgrounds profoundly affected development
of a skin-specific γδ T cell population. Furthermore, we found that the variations in RSSs of
the Vδ7 genes of the two strains were associated with their preferential usage for the TCRδ
gene assembly, demonstrating for the first time a biologically important role of the RSS-
associated restriction of Vα/δ rearrangement in the T cell development. In addition, our findings
provided further support for a critical role of positive selection in development of the skin-
specific γδ T cells.

Although it has been suggested for a long time that the selective Vα/δ usage plays an important
role in T cell development, the evidence is lacking. Our findings provide the first compelling
evidence that the selective Vδ gene usage for TCRδ rearrangement affects development of the
skin-specific T cell population. However, effects of selective TCRδ gene rearrangement on the
development of different tissue-specific T cell populations might vary. Unlike the skin γδ T
cells, development of γδ T cells in secondary lymphoid organs such as spleens was not
significantly different in the Vγ2 transgenic mice of the 129 and B6 backgrounds (data not
shown). Possibly, innate T cell populations, such as the skin-specific γδ T cells that use
restricted TCR composition, are more easily affected by the selective Vδ gene usage than T
cell populations with diverse TCR composition, such as the splenic γδ T cells. However, even
in the latter, the differential usage of Vδ genes might still affect the T cell repertoire formation
and possibly immune functions.

The finding that the differential rearrangement of the Vδ7 genes significantly affected the skin-
specific γδ T cell development also provides further support for a critical role of positive
selection in the development of this tissue-specific γδ T cell population. In spite of the defective
TCRδ7 rearrangement, abundant transgenic Vγ2+ γδ T cells were still generated in the
TCRγ2Tg+Cγ1-/-129 mice. But they were not positively selected and did not develop into the
skin γδ T cells (Fig. 2 and 3), demonstrating that only specific γδ T cell populations could be
positively selected in the fetal thymus and develop into the skin γδ T cells. Events that impair
the generation of these specific γδ T cells in the fetal thymus, as is the case for the Vγ2/Vδ7+

γδ T cells in the TCRγ2Tg+Cγ1-/-129 mice, will therefore impair the skin-specific γδ T cell
development.

Cellular selection has been also suggested to explain relatively abundant Vγ2/Vδ7+ γδ T cells
in spleens of the adult B6 than in Balb/c mice (39). However, the difference in thymic
TCRδ7 gene expression between B6 and Balb/c mice (<2 fold) is much smaller than that of
the TCRδ7 rearrangements between B6 and 129 mice, suggesting that different underlying
mechanisms might operate in these two settings. Likely, the difference in the splenic Vγ2/
Vδ7+ γδ T cells between the B6 and Balb/c mice was resulting from the post-thymic selection
events while the impaired TCRδ7 rearrangement and generation of the corresponding Vδ7+

γδ T cells in the fetal thymus is predominantly responsible for the failed development of skin
Vγ2/Vδ7+ γδ T cells in the 129 background mice.

Interestingly, the impaired rearrangement of TCRδ7 genes in the 129 background mice is
associated with the variations in recombination signal sequences of the Vδ7 gene segments,
suggesting a role of the RSS in their restricted usage for TCRδ gene rearrangement. Supporting
this, an in vitro rearrangement assay demonstrated directly that the 129-“Vδ7”RSS rearranges
to the RSS of Dδ2 segment much less efficiently than the B6-Vδ7 RSS does. This also suggests
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a possibility that the variations in the B6-Vδ7 RSS may represent a nucleotide “motif” in
restricting the variable gene usage for TCRδ assembly. However, such variations were not
found in many other known Vδ genes (data not shown). In fact, the B6-Vδ7 RSS, but not the
129-“Vδ7” RSS, contains a palindrome sequence (CTGCAG) in its 23-bp spacer that were
previously found in 80% of “Vα” gene segments (27), suggesting that no common Vδ or Vα
“motif” exists in determining their preferential TCRα/δ rearrangements. Consistent with this,
there was no apparent correlation between reported TCRα/δ rearrangement preferences and
RSSs among members of several other Vα/δ gene families (data not shown).

In contrast to the stringent restriction imposed by RSSs on Vβ and Jβ genes to prevent the
direct Vβ-Jβ rearrangement, the selective usage of Vα/δ genes for the TCRα and TCRδ gene
rearrangement is relatively loose. Although there are apparent preferences in the usage of share
Vα/δ segments for TCRα and TCRδ rearrangement, many of the Vα/δ genes could be used for
both (22), suggesting compatibility of their RSSs with those of both Dδ/Jδ and Jα segments.
However, such promiscuity might make them less fully compatible to a specific type of RSSs
and more easily affected by individual variations, which could alter rearrangement preferences
of specific Vα/δ genes and affect the development of T cells, especially those that use limited
TCR composition, as we report here. Therefore, the variations in RSSs of the Vα/δ gene
segments might represent a major factor in determining γδ and αβ T repertoire formation among
individuals. Paralleling this, RSS variations were also reported to affect rearrangement
efficiencies in immunoglobulin (Ig) gene loci. In one report, it was found that a single base-
pair change in the spacers or nonamers could affect recombination frequency of a VH gene
with significant biological consequences (40).

Our data demonstrate that the variations in the 129-Vδ7 RSS affect its rearrangement
efficiencies for TCRδ gene assembly, which likely contributes to the defective TCRδ7
rearrangements and skin γδ T cell development of the 129 background mice. However, the
exact contribution of the RSS variations in these processes remains to be assessed in vivo, by
using techniques such as the knocking-in of the B6-Vδ7 RSS into the 129 allele or vice versa.
In addition, its effect is superimposed on other regulation mechanisms, such as the gene
accessibility, which was known to be a prerequisite for selective usage of Vα/δ genes in the
TCRα and TCRδ rearrangement at different developmental stages (23). It is possible that
multiple factors operate to regulate the differential Vδ7 gene rearrangement in the different
genetic backgrounds.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Different developmental potentials of skin γδ T cells in Vγ3-/- or Cγ1-/- mice of 129 vs. B6
background. Epidermal cells were prepared from the skin of Vγ3 knockout (panel A) or
234JCγ1 (Cγ1) knockout mice (panel B) of 129 and B6 background and analyzed by flow
cytometry for CD3 and γδTCR expression. The data shown in this figure, as well as in the other
figures, are representatives of at least two independent experiments with similar results.
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Figure 2.
Differential development of transgenic Vγ2+ skin γδ T cells in TCRγ2 transgenic mice of the
129 vs. B6 background. A. Development of transgenic Vγ2+ skin γδ T cells is efficient in
TCRγ2Tg+Cγ1-/- mice of B6 background but defective in those of 129 background. Epidermal
cells were prepared from TCRγ2Tg+Cγ1-/- mice of the indicated backgrounds and assessed for
percentages of the transgenic Vγ2+ γδ T cells by flow cytometric analysis of anti-TCRδ and
Vγ2 antibody staining. B. The Vγ2+Vγ3- skin γδ cells developed only in TCRγ2Tg mice of B6
background while the Vγ2+Vγ3+ skin γδ T cells developed in TCRγ2Tg mice of both B6 and
129 backgrounds. Epidermal cell preparations were stained and analyzed by flow cytometry

Uche et al. Page 15

J Immunol. Author manuscript; available in PMC 2010 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



for Vγ2+ and total γδ T cells (top panels). The Vγ2+ γδ T cells were further gated for analysis
of Vγ3 expression (bottom panels).
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Figure 3.
Different positive selection processes of the transgenic Vγ2+ γδ T cells in fetal thymi of 129
vs. B6 background. A. Presence of positively selected transgenic Vγ2+ γδ T cells in the
TCRγ2Tg+Cγ1-/- mice of the B6 but not 129 background. E16 fetal thymocytes of the
TCRγ2Tg+Cγ1-/- mice of the 129 or B6 background were analyzed by flow cytometry for
expression of CD122 on the transgenic Vγ2+ γδ T cells. B. The positively selected CD122+

Vγ2high+Vγ3- fetal thymic T cells were detected only in the TCRγ2Tg mice of the B6
background while the Vγ2medium+Vγ3+ fetal thymic T cells were positively selected in the
TCRγ2Tg mice of both B6 and 129 backgrounds. E16 fetal thymocytes of the TCRγ2Tg mice
of both backgrounds were analyzed by flow cytometry for expression of Vγ2, Vγ3 and CD122.
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The histographs in the top panels were gated on total thymocytes while the histographs in the
bottom panels were gated on the CD122+ Vγ2− (A), CD122+Vγ2medium+ (B) or
CD122+Vγ2high+ (C) population of the top panels (as indicated) and analyzed for Vγ3 TCR
expression. Note that only the CD122+Vγ2medium+ population co-expressed Vγ3+ TCR. The
CD122+ Vγ2- population (A) was mostly NK cells.
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Figure 4.
Intrinsically defective rearrangement of TCRδ7 gene in mice of the 129 background. A.
Vδ7+ TCRδ gene is predominantly expressed only in the transgenic Vγ2+Vγ3 skin γδ T cells
of the TCRγ2Tg+B6 mice while Vδ1+ TCRδ gene is predominantly expressed in the
Vγ2+Vγ3+ skin γδ T cells of both B6 and 129 backgrounds. RNA was prepared from sorted
populations of skin γδ T cells with different Vγ2 and Vγ3 expression of the indicated mouse
strains and analyzed for Vδ gene usage by semi-quantitative RT-PCR. RT-PCR for β-tubulin
(tub) was used as loading controls. B. Genomic organization of TRAV13 (Vδ7) family
members in the TCRα/δ loci of the B6 vs. 129 strain. The Vδ7 gene is the second from the
right in the family, as indicated. C. Comparison of TCRδ gene rearrangements of the TRAV13
(Vδ7) family members in the TCRγ2Tg mice of the 129 and B6 background. The genomic
DNAs of E17 fetal thymocytes were serially diluted and analyzed by semi-quantitative PCR.
GAPDH was used as loading controls. D. 129-“Vδ7” was rarely used in TCRδ rearrangements
of the TRAV13 family members while B6-Vδ7 gene was predominantly used. Subcloned PCR
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products of 129 or B6 genomic DNAs in the panel C were sequenced and frequencies of the
TCRδ rearrangements of Vδ7 genes and the other family members were plotted.
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Figure 5.
Comparison of rearrangement efficiencies of B6-Vδ7 RSS vs. 129-“Vδ7”RSS in an in vitro
recombination assay. A. Schematic depiction of competitive recombination substrate
constructs. Two “Vδ7” RSSs were assembled in the same construct with a recipient RSS of
Dδ2, Dδ1, Jα48 or Jα56 gene and would compete for rearrangement to the recipient RSS when
the construct was transfected into cells expressing Rag1/2 genes. Rearrangements of the two
competing Vδ7 RSSs were assessed by PCR with primers located in 5′ and 3′ flanking regions
of the substrate (indicated by the two small arrows), which gave different sizes of products. B.
Analysis of rearrangements of the two competing “Vδ7” RSSs to the Dδ2 RSS. Plasmid DNAs
recovered from recombinant substrates-transfected cells were subject to the PCR as depicted
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in the panel A and gel analyzed. Bands of 400bp correspond to rearrangements of the 3′ B6-
Vδ7 while those of 300bp correspond to rearrangements of the 5′ 129-Vδ7 (129/B6) or 5′ B6-
Vδ7 (B6/B6). C. Analysis of rearrangements of two competing “Vδ7” RSSs to the recipient
RSS of Dδ1, Jα48 or Jα56 gene, similar as in the penal B. D. Quantification of relative
rearrangement efficiencies of the 129-“Vδ7” RSS vs. B6-Vδ7 RSS of the same position to the
Dδ2, Dδ1, Jα48 or Jα56 RSS based on analyses of the panels B and C. The efficiency was
expressed as a ratio of intensities of the 5′Vδ7 (129 or B6) vs. the common 3′B6Vδ7
rearrangement bands.
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Table 1

Sequence alignment of recombination signal sequences of Vδ7 and the other TRAV13 family members of B6
and 129 strains

Note: The shadowed letters represent nucleotides that differ from those of the B6-Vδ7 RSS.
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