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ABSTRACT We performed a comprehensive analysis of T
cell receptor (TCR) g rearrangements in T cell precursors of
the mouse adult thymus. Using a sensitive quantitative PCR
method, we show that TCRg rearrangements are present in
CD441CD251 Pro-T thymocytes much earlier than expected.
TCRg rearrangements increase significantly from the Pro-T
to the CD442CD251 Pre-T cell transition, and follow different
patterns depending on each Vg gene segment, suggesting that
ordered waves of TCRg rearrangement exist in the adult
mouse thymus as has been described in the fetal mouse
thymus. Recombinations of TCRg genes occur concurrently
with TCRd and D-Jb rearrangements, but before Vb gene
assembly. Productive TCRg rearrangements do not increase
significantly before the Pre-T cell stage and are depleted in
CD41CD81 double-positive cells from normal mice. In con-
trast, double-positive thymocytes from TCRd2/2 mice dis-
play random proportions of TCRg rearranged alleles, sup-
porting a role for functional TCRg/d rearrangements in the
gd divergence process.

Most ab and gd T cells develop in the thymus through a
complex developmental program leading to the generation of
a specific T cell receptor (TCR) repertoire. The diversity of
this repertoire is insured by the expression of distinct TCR a/b
or g/d chains and by their variable region encoded by several
variable (V), joining (J), and diversity (D) gene segments (1).
The diversity at the TCRg locus (limited by no D, and only a
few V/J segments) is increased by the presence of three
functional C regions. Relative to the expressed Vg-Jg chain, gd
T cells have been subdivided into distinct subsets. Overall, cells
of the gd lineage (which predominate during the fetal life)
represent only '1% of the thymic population in the adult
mouse. Adult gd thymocytes mostly express Vg2/4-Jg1, Vg1.1/
1-Jg4, and Vg1.2/2-Jg2 chains, also found in peripheral lym-
phoid organs (for nomenclature see Fig. 1). The Vg5/7 subset
(whose origin is still obscure) is preferentially found in intes-
tinal intraepithelial lymphocytes (for reviews, see refs. 2 and
3).

The different subtypes of gd cells as well as the low
frequency of adult gd thymocytes represent obstacles in our
understanding of gd T cell development. Although it is known
that gd lineage divergence is an early event, it remains to be
defined at which cell stage gd cells leave the triple negative
(TN) step of the adult ab differentiation pathway. TN thymo-
cytes have been subdivided into four subpopulations according
to the expression of the CD25 and CD44 antigens, which
progress from the CD441CD251 (Pro-T) to the CD442CD251

(Pre-T) cell stage, prior to becoming CD442CD252 post-Pre

T thymocytes (reviewed in refs. 4 and 5). Our initial study
culturing CD251 TN thymocytes in vitro (which include both
the Pro-T and Pre-T subsets) suggested that most gd T cells
split before or at the pre-T cell stage (6). In contrast, Petrie et
al. described ab/gd divergence as a relative late event (i.e., at
the CD252 TN cell stage) (7). An alternate way to study this
may be to follow progenitor cells through analysis of their TCR
variable gene segments, which conserve their configuration
once assembled.

TCR gene rearrangements occur at the beginning of the
differentiation pathway, in a highly ordered fashion. Recom-
binations of TCR genes are sequential between the different
loci as well as within a particular locus. Thus, recombination
of TCRb, g, and d genes precede TCRa rearrangements. At
the TCRg locus, previous studies in the embryo have shown
that within the Vg/Jg1/Cg1 cluster, Vg segments are assem-
bled from the proximal Vg3/5 to the distal Vg2/4 segments,
following a pattern which mirrors the waves of appearance of
the different subtypes of gd cells (2, 8–10). The existence of
such regulation is unknown in the adult thymus, and the exact
order of TCRg, d, and b rearrangements remains to be
established. Since the latter events happen in the same time
frame as lineage commitment, it has been postulated that the
outcome of the recombination step plays a pivotal role in the
gd/ab lineage decision. However, the attempts to determine
the proportion of in-frame/out-of-frame TCRd rearrange-
ments in adult ab lineage cells yielded controversial results,
either in support or against a hierarchical scheme of successive
gene rearrangements for gd/ab divergence (11, 16).

In an effort to complete some of the missing steps of murine
gd T cell development, we performed a comprehensive (qual-
itative and quantitative) PCR analysis of TCRg recombination
in adult thymic progenitors. Our results highlight the tight
regulation of TCRg recombination/expression in the life of
developing T cells and draw parallels between these events in
the fetal and adult thymus which, in retrospect, appear logical.
Our observations have important implications for the under-
standing of the gd versus ab lineage decision.

MATERIALS AND METHODS

Mice. C57BL/6 normal, TCRd2/2, and RAG-12/2 mice
were obtained from The Jackson Laboratory. All animals were
maintained in germ-free condition and analyzed at 3–5 wk of
age.

Cell Isolation, Staining, and Sorting. Total thymocytes were
prepared from single-cell thymus suspensions. For isolation of
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double negative cells, total thymocytes were depleted of CD41

and CD81 cells by incubation with anti-CD4 (clone RL172)
and anti-CD8 (clone AD4, Cedarlane Laboratories, Hornby,
Ontario), followed by treatment with low-tox M rabbit com-
plement (Cedarlane) and 20 mg/ml DNase I (Sigma). Viable
cells were isolated with Histopaque 1083 (Sigma). Pro-T,
post-Pro-T, Pre-T, and post-Pre-T subsets were sorted from
double negative thymocytes through a lineage-negative gate
after staining with a panel of biotinylated lineage antibodies
directed against CD4, CD8, B220, Mac-1, Gr-1, Ter-119 and
CD3, anti-CD25 FITC, and anti-CD44 PE. gd cells were sorted
from double negative cells through a Lin2 gate after staining
with biotinylated anti-CD4, -CD8, -B220, -Mac-1, -Gr-1, -Ter-
119, and -gd f luorescein isothiocyanate. Double positive (DP)
cells were sorted from total thymocytes through a CD3low gate,
after staining with biotinylated anti-CD3, anti-CD4 phyco-
erithrin, and anti-CD8 fluorescein isothiocyanate. After wash-
ing, cells were incubated with streptavidin-Tri-Color (Caltag,
South San Francisco, CA). The preceding antibodies were
obtained from PharMingen. Sorts were performed using a
FACStar Plus or a FACS Vantage Flow Cytometer, yielding a
purity .99.9% (Becton Dickinson). Only highly purified
(.99.95%) Pro-T cells were used, often achieved after a
second round of purification.

Qualitative Analyses of TCR Rearrangements. Pellets of
20,000–50,000 thymocytes were resuspended in 20–50 ml of
lysis buffer [10 mM Tris, pH 8.4, 2.5 mM MgCl2, 50 mM KCl,
200 mg/ml gelatin, 0.45% Nonidet P-40, and 0.45% Tween 20]
and incubated for 5 min at 95°C and for 30 min at 56°C in the
presence of proteinase K (60 mg/ml). After inactivation of the
latter enzyme, 2 ml of the preceding suspension were amplified
with a Perkin–Elmer/Cetus DNA thermal cycler for 30–35
cycles (1 min at 94°C, 0.5 min at 55°C, and 2 min at 72°C) in
a volume of 50 ml containing 0.25 mM of the following primers
pairs: Vg1.2: 59-GTGCAAATATCCTGTATAGTT-39 and
Jg2: 59-ACAGTAGTAGGTGGCTTCAC-39; Vg1.1: 59-GA-
GAGTGCGCAAATATCCTGTATA-39 and Jg4: 59-TGGG-

GGAATTACTACGAGCT-39; Vg2/4: 5-TATGTCCTTGCA-
ACCCCTAC-3 and Jg1: ATGAGCTTAGTTCCTTCTGC-39;
Vg5/7: 59-GTTTATGAAGGCCCGGACA-39 and Jg1;
Vg4/6: 59-ACAAGTGTTCAGAAGCCCGA-39 and Jg1;
Vg3/5:59-TGGATATCTCAGGATCAGCT-39 and Jg1; Vd5:
59-CAGATCCTTCCAGTTCATCC-39 and Jd1: 59-CAGTC-
ACTTGGGTTCCTTGTCC-39; Vd4: 59-CCGCTTCTCTGT-
GAACTTCC-39 and Jd1; Db2.1: 59-AGGACATCTCCAAG-
CTC-39 and Jb2.3: 59-TCCTGAGCCAAAATACAGCGA-39;
Vb3: 59-GCTACAAGGCTCCTCTG-39 and Jb2.3; Vb8: 59-
GGTGACATTGAGCTGT-39 and Jb2.3. After amplification,
the identity of the PCR products was confirmed by sequencing.
Vg1.1-Jg4 rearrangements were not investigated further, since
sequencing of Vg-Jg fragments amplified with two different
primer pairs [up above, or based on published sequences (14)]
revealed simultaneous amplification of TCRg rearrangements
using other Vg gene segments, with predominance of Vg2/4
(not shown).

For PCR Southern blot analyses, the amplified fragments
were separated on 1.2% agarose. Relative amounts of input
DNA were visualized by amplification of the Thy-1 gene using
the 59 Thy-1: 59-CCATCCAGCATGAGTTCAGC-39 and 39
Thy-1: 59-CTTGACCAGCTTGTCTGTGG-3 primers. TCRg/d
rearrangements were detected with the following 32P primer
probes: Jg1.2: 59-GCAGAAGGAACAAAGCTCATAGTA-
ATTCCCTC-39; Jg1: 59-AGCTCAGGTTTTCACAAGGTA-
TTT-39; Jd1: 59-GTTCCTTGTCCAAAGACGAGTT-39.
TCRb rearrangements and Thy-1 amplified fragments were
analyzed with 32P DNA probes prepared using the Db2.1/Jb2.3
primers and the 59 Thy-1/39Thy-1 primers, respectively.

For cloning and sequencing, fragments amplified with the
preceding primers were purified using QIAEX extraction
(Qiagen, Chatsworth, CA), cloned using the TA cloning kit
(Invitrogen), and sequenced using either T7 or specific Vg
primers and automatic sequencing.

Quantitative Analyses of TCR Rearrangements. The num-
bers of Vg-Jg/Vd-Jd/Db-Jb rearranged alleles in the different

FIG. 1. Analysis of Vg1.2-Jg2 rearrangements in early thymic progenitors. (A) Schematic representation of the TCRg locus and of the Vg1.2-Jg2
PCR assay. The name of the Vg, Jg segments according to the two different nomenclatures are indicated, as is the position of the oligonucleotide
primers utilized for the Vg1.2-Jg2 amplification reaction. (B) Sort scheme used for obtaining the four CD441CD251 Pro T, CD441/2CD251

post-Pre, CD442CD251 Pre-T, and CD442CD252 post-Pre-T thymocyte subsets. The latter were purified from TN thymocytes after staining with
anti-CD44 and anti-CD25 antibodies, as described in Materials and Methods. Sort purities were at least 99.9% upon reanalysis (.99.95% for
CD441CD251 thymocytes). The corresponding Pro-T, post-Pro-T, Pre-T, and post-Pre-T nomenclature used in the text is shown. (C) PCR analyses
of Vg1.2-Jg2 rearrangements were performed for the four populations indicated in B. The amount of amplified Thy-1 product was representative
of the quantity of input DNA.
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thymic subsets were measured by a modification of the enzyme
immunoassay procedure utilized earlier by Hockett et al. (15)
to quantitate cytokine mRNAs. New competitors were con-
structed by cloning appropriate DNA sequences (i.e., homol-
ogous to the TCR primer pairs) into pQPCRMCC7, instead of
the cytokine primers. The IL10-specific sequences were main-
tained to control the numbers of alleles within each prepara-
tion and the length of the ‘‘stuffer’’ chosen so that amplified
fragments were about the same size (300–500 bp) for both
analyte and competitor.

The proportion of Pro-T cells carrying TCR rearranged
alleles was estimated based on the numbers of TCR D-Jb/Vg-
Jg/Vd-Jd amplified fragments present in these cells. The latter
were about 50 per 50,000 IL10 alleles, i.e., 50 per 25,000 cells
(Table 1). Since isotypic exclusion does not occur at the TCRg
locus (16), one Pro-T cell could bear each of the five alleles
(Vd5-Jd1/Db2.1-Jb2.3/Vg2/4-Jg1/Vg1.2-Jg2/Vg1.1-Jg4)
found rearranged in Pro-T cells; thus, the proportion of cells
carrying TCR rearranged genes is '250 (5 3 50) per 25000
Pro-T cells, i.e., 1/100. Although the preceding calculations do
not consider other Vd segments, we estimate that their par-
ticipation is limited since Vd5 is the most utilized by adult
thymocytes.

For our calculation of the alleles 1 and 2, the interassay
variability (variability of the PCR assay) was measured in six
of the Pro-T and Pre-T samples and was found to be in the
range of 5–10% as described (15). The data in Tables 1 and 2
represent the mean number of rearrangements from different
sorts of Pro-T and Pre-T thymocytes.

RESULTS

TCRg Rearrangements Occur at the Earliest Stages of
Adult Thymic Development. We have shown by Southern blot
analyses that murine CD441CD251 Pro-T thymocytes have
their TCRg locus in germ-line configuration, while
CD442CD251 Pre-T cells already display significant propor-
tions of Vg-Jg rearranged alleles (17). To define more pre-
cisely at which moment TCRg rearrangements commence
during thymic development in the adult mouse, various subsets
of T cell progenitors were tested by PCR for the presence of
Vg-Jg rearranged fragments. As shown in Fig. 1 A, the Vg1.2-
Jg2-Cg2 cluster was chosen for initial studies. The previously

defined Pro-T, Pre-T, and post-Pre-T cells were FACS sorted
after CD25/CD44 staining of TN thymocytes (Fig. 1B). To
avoid the presence of more mature contaminants, Pro-T cells
were purified through a CD44hiCD25hi gate (Fig. 1B, popula-
tion 1); only cells from sorts yielding a purity .99.95% were
used for the PCR reaction. Finally, we purified a subpopula-
tion of CD251 thymocytes expressing intermediate levels of
CD44, hereafter referred to as post-Pro-T cells (Fig. 1B,
population 2). Representative data are shown in Fig. 1C.
Vg1.2-Jg2 rearranged alleles were detected in all of the
populations tested including post-Pro-T cells and, surprisingly,
the Pro-T cell subset.

Kinetics of TCRg/d Gene Rearrangements During Adult
Thymic Development. The presence of TCRg rearrangements
before the CD442CD251 Pre-T cell stage is an unexpected
finding, and there is a possibility that it could be restricted to
the Vg1.2-Jg2-Cg2 cluster. We therefore extended our PCR
analyses to other loci, beginning with the Vg-Jg1-Cg1 cluster.
As expected from their predominance during fetal life (1),
recombinations of the more 39 (Vg4/6 and Vg3/5, Fig. 1A)
genes were low in adult triple negative (TN) thymocytes (not
shown). In contrast, the genes with a more 59 location (Vg2/4
and Vg5/7) were extensively rearranged, but the profile ob-
served was different depending on the Vg segment used (Fig.
2A). Although Vg2/4-Jg1 rearrangements were detected even
in Pro-T cells, Vg5/7-Jg1 rearrangements were rare in post-
Pro-T cells and not detectable at all in Pro-T cells. In Pre-T
cells, the intensity of the Vg-Jg amplified fragments was within
the same range (for Vg2/4) but lower (for Vg5/7) than the one
found in gd thymocytes. In subsequent cell stages, our analyses
confirmed the presence of significant numbers of rearranged
TCRg loci in abTCR-committed thymocytes (Fig. 2A). The
recombination kinetics of the Vg1.1-Jg4-Cg4 cluster followed
the kinetics of Vg2/4-Jg1 rearrangements (data not shown),
but were not examined further for technical reasons (see
Materials and Methods).

Considering that mature gd TCRs frequently express Vg2/
4-Jg1/Vd5-Jd1 and Vg5/7-Jg1/Vd4-Jd1 dimers (18), we next
studied the kinetics of Vd5- and Vd4-Jd1 rearrangements
during adult thymic development. We included the
CD41CD81 DP subset in our study, since most TCRd loci are
retained in ab T cells and contain complete V-D-Jd1 rear-
rangements involving Vd5 and Vd4 genes (11). Accordingly,
Vd5- and Vd4-Jd1 rearrangements were abundant in post-
Pre-T and DP thymocytes (Fig. 2B). As in the case of TCRg
genes, the intensity of the Vd-Jd1 rearranged fragments within
the TN subsets varied depending on the Vd segment (Vd4 or
Vd5) used; however, TCRd rearrangements (for either Vd4 or
Vd5) were detected at the Pro-T cell stage (Fig. 2B).

Kinetics of D-Jb Gene Rearrangements During Adult Thy-
mic Development. The presence of TCRg rearrangements in

FIG. 2. Sequential rearrangements of TCRg (A) and TCRd (B)
genes during early thymic development. The various V-J PCR assays
were performed using different aliquots of the same DNA suspension
prepared from each of the four early thymic populations described, as
well as for DP cells for TCRd rearrangements. Southern blots of the
products were probed with labeled primer probes specific to each Vg/d
gene segment.

Table 1. Quantitation of TCR rearrangements in sorted Pro-T
and Pre-T cell populations

Rearrangements

Populations

CD441CD251(Pro-T) CD442CD251(Pre-T)

Number of rearranged alleles
(per 50,000 IL10 alleles)

Vg1.2-Jg2 59 1,200
Vg5/7-Jg1 4 430
Vg2/4-Jg1 44 15,000
Vd5-Jd1 70 73
Db2.1-Jb2.3 50 522

Table 2. Quantitation of Vg-Jg1 rearrangements in sorted T
cell progenitors

Population

Rearrangements

Vg5/7-Jg1 Vg2/4-Jg1

Number of rearranged alleles
(per 50,000 IL10 alleles)

CD441CD251 (Pro-T) 4 44
CD442CD251 (Pre-T) 430 15,000
CD442CD252 (post-Pre-T) 510 12,000
DPCD3low 435 6,900
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CD441CD251 thymocytes suggested that TCRg/d rearrange-
ments may precede recombinations of TCRb genes, an im-
portant observation with implications in the developmental
fate of ab/gd uncommitted progenitors. To address this issue,
thymocytes were tested for the presence of TCRb rearranged
alleles. In the adult thymus, TCRb genes are rearranged in the
sequential order D-Jb, followed by Vb-DJb (19, 35). Accord-
ingly, recombinations of currently used Vb genes (Vb3, Vb8)
were not detectable in Pro-T cells (not shown). We then
investigated the D-Jb recombination step. Our analysis at the
Cb2 cluster is shown as an example. The PCR assay used allows
the simultaneous amplification of both unrearranged and
partially (D-J) rearranged TCRb alleles (Fig. 3A) before
assembly of Vb genes (which would delete the upstream
primer). While the strong intensity of the unrearranged frag-
ment confirmed that the vast majority of TCRb2 variable
genes are still in germ-line configuration in Pro-T cells (17), a
long exposure of our ‘‘PCR blot’’ revealed that some D-Jb2
rearrangements had indeed occurred at this early cell stage
(Fig. 3B). Moreover, the relative proportion of rearranged
D-Jb2 versus germ-line–amplified fragments increased dras-
tically as cells proceed from the Pro-T to the Pre-T cell stage,
but only slightly from the Pre-T to the post-Pre-T cell stage

transition [when significant amounts of Vb-DJb rearrange-
ments occur (17)]. Finally, the pattern of rearranged versus
germ-line D-Jb2 alleles in sorted gd thymocytes was similar
(although slightly higher) than the one found in Pre-T cells
(Fig. 3B and lower exposure of the same blot).

Quantitation of TCR Gene Rearrangements in Early Thy-
mic Progenitors. To further evaluate Vg gene assembly in T
cell progenitors, Vg-Jg rearranged alleles were quantitated in
different samples of highly purified thymocytes using a mod-
ification of an enzyme immunoassay-based method (15, 20).
Different aliquots of extracted DNA were incubated with
increasing concentrations of a DNA competitor, which con-
tained sequences homologous to specific Vg/Jg primer pairs;
the number of alleles in each preparation was assessed by
simultaneous amplification with 59/39 IL10 oligonucleotides.
As shown in Table 1, low but significant proportions of
Vg1.2-Jg2- and Vg2/4-Jg1 rearranged alleles were present in
Pro-T cells, whereas Vg5/7-Jg1 rearranged alleles were barely
detectable at this early cell stage. We then quantitated the
number of Vd5-Jd1 rearranged alleles in Pro-T cells, which are
likely to be associated with Vg1.2-Jg2 and Vg2/4-Jg1 proteins
(18, 21). These results confirmed that, as is the case for TCRg
genes, assembly of TCRd variable segments occurs at a sig-
nificant frequency in CD441CD251 thymocytes.

Consecutive analyses in Pre-T cells revealed that the number
of Vg-Jg amplified fragments increased in intensity relative to
the locus considered, leading to an overrepresentation of
Vg2/4-Jg1 rearranged alleles (Table 1). In particular, the high
frequency of Vg2/4-Jg1 (15,000), compared with the low
proportion (430) of Vg5/7-Jg1 amplified fragments in Pre-T
cells (Table 1), suggests that at the Vg-Jg1-Cg1 cluster, Vg2/4
rearrangements are favored. To confirm this, we performed
quantitative analyses in subsequent cell stages. As shown in
Table 2, the numbers of Vg2/4-Jg1 rearranged alleles de-
creased after the Pre-T cell stage, but still remained very
abundant compared with Vg5/7-Jg1 rearrangements. Taken
together, these observations as well as previous data (22)
suggest that most gd T cells have diverged from the main ab
pathway by the Pre-T cell stage.

Productively Rearranged Vg2/4 Genes and Developmental
Fate of gd T Cells. Given their predominance during adult
thymic development, we investigated the influence of produc-
tive TCRg2/4 rearrangements in the fate of gd progenitors. To
this end, we cloned and sequenced Vg2/4-Jg1 amplified alleles
from different subsets of adult thymocytes. The latter method
was chosen instead of the PCR-restriction fragment-length
polymorphism technique (23) because of the presence of a stop
codon near the 39 end of the Vg2/4 gene (24).

We first questioned why TCRg2/4 rearrangements de-
creased after the Pre-T cell stage, by sequencing some Vg2/
4-Jg1 alleles amplified from ‘‘early’’ DP thymocytes (those
expressing low levels of the CD3). The results are summarized
in Table 3. From a total of 50 clones sequenced, 10 of the 12
(i.e., 83%) in-frame rearrangements were unproductive. This
implies a dramatically low proportion (4%) of productive
Vg2/4-Jg1 alleles in DP thymocytes from normal mice; in

FIG. 3. Analysis of TCR D-Jb rearrangements during early thymic
development. (A) Schematic representation of the PCR assay. The
position of the primers as well as the different fragments amplified are
shown. (B) Represents a long exposure of the blot obtained as
described in experimental procedures after applying the assay de-
scribed in A on DNA purified from the different early thymic subsets.

Table 3. Sequence analysis of Vg2/4-Jg1 rearrangements in sorted T cell progenitors

Mice Population

In-frame rearrangements

Total With stop codons
Productive

rearrangements

Clones % Clones % Clones %

CONTROL
post-Pro-T 14/15 25 7/13 54 6/56 11
Pre-T 13/55 24 5/13 38 8/55 15
DPCD3low 12/50 24 10/12 83 2/50 4

TCRdKO Pre-T 16/57 28 10/16 62 6/57 11
DPCD3low 16/49 33 8/16 50 8/49 16
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contrast, DP thymocytes from TCRd2/2 mice displayed a
much higher percentage (16%) of Vg2/4-Jg1 rearranged al-
leles (Table 3). These results indicate that productive gd
rearrangements lead to a ‘‘split’’ of gd T cells from the main
abTCR pathway.

We next considered the potential existence of a ‘‘TCRg
selection step’’ during early thymic development. We hypoth-
esized that if the latter exists, it might happen during the time
frame when TCRg rearrangements increase extensively, that
is, between the Pro- to the Pre-T cell stages for thymocytes
expressing Vg2/4 genes. We cloned and sequenced Vg2/4-Jg1
fragments amplified from Pre-T cells as well as their imme-
diate post-Pro-T precursors. As shown in Table 3, the per-
centage of Vg2/4-Jg1 productive sequences in Pre-T cells
('15%) was not significantly different from the one found in
post-Pro-T cells ('11%). Finally, Pre-T cells from TCRd2/2
mice also displayed a similar amount ('11%) of productive
TCRg2/4 rearrangements. These results do not support the
existence of a TCRg-dependent selection event at this point.

DISCUSSION

The experiments described here were undertaken to explore
the maturation pathway of adult gd lineage cells and to clarify
their developmental relationship with ab T cells. To our
knowledge, this is the first study exploring the kinetics of
TCRg, d, and b gene assembly during early thymic develop-
ment in the adult mouse. Using a sensitive enzyme immuno-
assay-based PCR methodology for our study, we were able to
detect some TCRg/d rearranged alleles as early as the
CD441CD251 Pro-T cell stage, indicating a primary develop-
mental event in favor of gd T cells. In addition, we showed that
Vg/d gene assembly is highly regulated at both the qualitative
and quantitative levels and that TCRg/d gene rearrangements
follow different patterns depending on each particular Vg/d
gene segment. These findings support a model with multiple
points of gd T cell divergence during early T cell development,
a conclusion that makes it difficult to detect the potential
existence of a TCRg selection event or to pinpoint a particular
step for gd lineage divergence.

Our study demonstrates that TCRg rearrangements occur
much earlier than expected, at the CD441CD251 Pro-T cell
stage. Earlier Southern blot analyses did not detect TCR gene
rearrangements in adult mouse CD441CD251 Pro-T thymo-
cytes (4). Although the use of PCR increases the probability of
detecting false positives, the detection of Vg1.2-Jg2 rear-
ranged alleles in Pro-T cells (Fig. 1C) cannot be explained by
contamination by more mature cells. Given the purity of the
sort (.99.95%), the number of contaminants would be limited
to 1 cell per 2000 Pro-T cells sorted. This contaminant would
likely be a CD442CD251 Pre-T cell given our sort conditions,
which would represent 0.05 (1,200/25,000) Vg1.2-Jg2 rear-
ranged fragments (Table 1). This small number of events lies
under the limit of detection of our PCR-blotting assays, since
the theoretical number of 0.3 (8,000/25,000) Vg5/7-Jg1 rear-
ranged alleles present in 2,000 Pro-T cells was not detected
(Table 1 and Fig. 2A). In subsequent studies, we showed that
the presence of TCR rearrangements in Pro-T cells is not
restricted to TCRg genes. Moreover, these cells display similar
frequencies of TCRd and D-Jb rearranged alleles (Table 1).
Taken together, our results show the presence of TCR rear-
rangements in early CD441CD251ckit11 Pro-T cells.

The presence of some Vg-Jg/Vd-Jd rearranged alleles in
CD441CD251ckit11 Pro-T thymocytes has important impli-
cations for early T cell differentiation. In contrast to the
multipotent CD4low cells, Pro-T cells can no longer generate B
cells in vivo, indicating that a further differentiation step has
occurred (25, 26). As a consequence, the progeny of Pro-T cells
in fetal thymus organ cultures belongs mostly to the T cell
lineage (25). Based on the number of TCR-rearranged alleles

in Pro-T cells (50/25,000), we estimate that the proportion of
cells carrying TCR-rearranged genes is '1/100 Pro-T cells or
10/1,000 Pro-T cells used for seeding the fetal thymus organ
culture (25). Since as few as 10–100 cells are sufficient to
efficiently repopulate fetal thymus organ culture (25), we
conclude that the repopulation observed is mediated by Pro-T
cells that, while having their TCR genes in germ-line config-
uration, have already undergone at least partial commitment
to the T cell lineage. Thus, the presence of TCR rearrange-
ments in Pro-T cells is more likely a consequence of T cell
lineage commitment rather than its cause. The latter conclu-
sion is supported by the observation that in genetically ma-
nipulated mice, T cells can follow developmental programs
different from the one expected from the expressed TCR (27,
28). In support of this conclusion, recent evidence suggests that
the functional and phenotypic characteristics of T cells are
determined by the activation of TCR-independent signals (29).

Our study also addressed the regulation of TCRg/d gene
assembly during adult thymic development. Our results indi-
cate that Vg5/7-Jg1 rearrangements are delayed when com-
pared with Vg2/4-Jg1 rearrangements. The number of Vg-Jg1
amplified fragments reaches a maximum at the Pre-T cell stage
for Vg2/4 genes (Table 2), when they reached an intensity
comparable to the one observed in sorted gd thymocytes (Fig.
2A). In contrast, Vg5/7-Jg1 rearrangements increase as thy-
mocytes progress from Pre- to post-Pre-T cells (Table 2).
Indeed, assembly of Vg5/7 genes is likely not complete at the
Pre-T cell stage, since the intensity of Vg5/7-Jg1 amplified
fragments in the latter cells was lower than the one found in
mature gd thymic cells (Fig. 2 A). These patterns of TCRg
rearrangement suggest the presence of waves of TCRg rear-
rangement in the adult thymus similar to those observed
during fetal gd T cell development (30). Our quantitative
analyses also provide point to a gd developmental program
which favors the production of the Vg2/4 subset, which is
common among peripheral T cells (31). An extrathymic dif-
ferentiation program may have evolved to overcome the
deficiency in the production of the thymic Vg5/7 subset.

A corollary of the existence of waves of TCRg rearrange-
ments is that gd T cells may split from the main ab pathway
at different points during T cell development. Accordingly,
rearrangements of the more common Vg2/4 genes decrease
during the Pre-T/DP transition, while successfully rearranged
Vg2/4 sequences are used (Tables 2 and 3). In contrast, the
lower proportion of Vg5/7-Jg1 rearranged alleles in Pre-T cells
(compared with post-Pre-T and gd thymocytes) suggests a
delayed branch point for this particular subset (Fig. 2 A and
Table 2). Taken together, these results strongly suggest that
most gd lineage divergence has occurred by the Pre-T cell
stage, i.e., in the same time frame as the b selection step, but
before the differentiation to DP.

The existence of TCRb selection was revealed by an increase
in in-frame Vb-DJb sequences during early thymic develop-
ment (14). In contrast, the potential existence of a TCRg
selection mechanism remains obscure. We did not detect any
significant increase in productive TCRg sequences in the
major subsets of TN thymocytes. Another study has attempted
to define a TCRg selection step, but in adult TCRb2/2 mice
(32). While its physiological relevance remains to be proven,
the latter study described an increase in in-frame TCRg/d
sequences during early thymic development. However, analy-
ses of Vg2/4-Jg1 rearrangements were performed by the
PCR-restriction fragment-length polymorphism technique,
which cannot detect the existence of stop codons. Moreover,
the increase in in-frame sequences was observed in different
cell types relative to the Vg/d segment analyzed. Our results
pointing to a sequential program for Vg/d genes assembly
provide an alternate explanation for these findings. In any case,
if thymocytes are somehow selected by productively rear-
ranged TCRg genes in TCRb2/2 mice, it is likely to be in
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conjunction with functional TCRd genes, as we showed by
analyzing the CD41CD81 thymocytes of normal and TCR
d2/2 mice. Thus, the increase in in-frame TCRg/d sequences
during adult thymic development, if real, might simply reflect
enhanced survival of cells expressing functional gd TCR.

We also found evidence for an active role of the productively
rearranged gd chains in gd T cell divergence from the main ab
T cell pathway. The proportion of productive TCRg2/4 rear-
rangements in DP cells from normal mice was only 4%, in
agreement with a previous study performed in mature ab T
cells (24). In contrast, DP from TCRd2/2 mice displayed 16%
of productively rearranged Vg2/4-Jg1 alleles (Table 3), a
proportion equivalent to the 18% defined previously for
randomness (33). Taken together, these results support a
model where successfully rearranged TCRg and d genes are
required to divert precursors from the ab toward the gd
lineage (11, 12). Conversely, productive TCRb rearrange-
ments favor the differentiation of ab lineage cells (23, 34),
leading to a competitive/sequential model where TCRg/d
versus b rearrangements influence gd versus ab lineage di-
vergence. Our observation that Pro-T cells exhibit D-Jb but
not V-D-Jb rearranged alleles (Table 1) suggests that Vb
rearrangements occur after Vg/d assembly during thymic
development and, consequently, that gd lineage divergence
may be favored over the ab lineage in early thymic develop-
ment.

In conclusion, we have shown that TCRb, g, and d rear-
rangements are concurrently increased before the Pre-T cell
stage in a progressive and sequential fashion. The fact that
TCR gene assembly is not a linear process suggests that
immature T cells may have a certain degree of freedom when
choosing the ab versus gd lineages. Previous reports (27, 29)
have documented that TCR rearrangements do not, by them-
selves, determine the developmental fate of immature T cells.
Our findings support this notion, suggesting instead the exis-
tence of specific signals triggering different TCR rearrange-
ments in immature T cells that may or may not be part of the
commitment to a given T cell lineage.
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