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To determine which CD3 components are required for
early T cell development, we generated mice with a
targeted mutation of the CD3-e gene and characterized
their T cell populations relative to those found in CD3-
4/I'- and recombinase activating gene (RAG)-deficient
mice. In the absence of intact CD3-e subunit, thymo-
cytes do not progress beyond the CD44410wCD25+
triple-negative stage and appear to be arrested at
the very same developmental control point as RAG-
deficient thymocytes. In contrast, the disruption of the
CD3-VIrl gene does not totally abrogate the progression
through this control point. CD3-e-deficient thymocytes
do rearrange their T cell receptor (TCR) 1 gene
segments and produce low levels of full-length TCR [
transcripts. Taken together, these results establish an
essential role for the CD3-e gene products during T
cell development and further suggest that the CD3-e
polypeptides start to exert their function as part of a
pre-TCR through which CD44141wCD25+ triple-nega-
tive cells monitor the occurrence of productive TCR (3
gene rearrangements. Finally, the absence of intact
CD3-e polypeptides had no discernible effect on the
completion of TCR y and TCR 8 gene rearrangements,
emphasizing that they are probably not subjected to
the same epigenetic controls as those operating on the
expression of TCR a and [ genes.
Keywords: gene targeting/gene rearrangements/T cell
development/T cell receptor-CD3 complex

Introduction
T cells can be divided into two subsets based on the
structure of their T cell antigen receptor (TCR). In the
adult, most T cells express a TCR heterodimer consisting
of a and 1 chains, whereas a minor population expresses
an alternative TCR made of y and 6 chains. Each of these
four TCR chains includes a clonally variable (V) region.
During intrathymic development, the genes encoding the
TCR V regions are assembled via a series of site-specific
DNA recombinations. ,B chain V genes are formed through
random recombination of single elements selected from
among three discrete libraries of gene segments (or sub-
exons) denoted variable (VP), diversity (D,B) and joining
(JO3). Likewise, a chain V genes are assembled randomly

from two separate libraries of gene segments called
variable (Va) and joining (Ja). During V-*J, V-4D
or D->J recombination, coding gene segment ends are
generally subjected to varying degrees of base deletion,
addition, or both, before ligation (Lewis, 1994). As a
consequence, V(D)J joining events could result either in
productive rearrangements that maintain an open reading
frame throughout the gene, or in out-of-frame, non-
productive rearrangements.
The most immature cells identified in the adult thymus

are present in small numbers (-0.2% of all thymocytes)
and bear low levels of CD4, Thyl and heat-stable antigen
(HSA), and high levels of CD44 and stem cell factor
receptor (c-kit) (Wu et al., 1991; Godfrey et al., 1994).
They carry their TCR loci in germline configuration and
may develop along the afi or y8 T cell lineages following
intrathymic transfer. During the initial step of maturation,
these 'CD4low precursors' up-regulate Thyl and HSA and
lose CD4 to become 'triple-negative' (CD4-CD8-CD3-)
cells. This heterogeneous population of triple-negative
cells comprises 2-4% of total thymocytes. Their differenti-
ation is marked by the transient expression of the inter-
leukin-2 receptor a chain (CD25) and the loss of both
CD44 and c-kit expression. The late triple-negative cells
can progress to the CD4+CD8+ ('double-positive') stage
via intermediates which express either CD4 or CD8 in
the absence of mature ac3 TCR and are therefore called
'immature single-positive' cells. A small percentage of
the double-positive cells further mature into CD4+CD8-
or CD4-CD8+ ('mature single-positive') cells that corre-
spond to the end products of the intrathymic afx T cell
differentiation pathway.

Analysis of the intrathymic reconstitution potential, cell
cycle status and TCR gene configuration of the early T cell
subsets found in the adult thymus allowed the following
maturation sequence to be deduced: CD4lowCD8-
CD44+CD25-c-kit+ -> CD4-CD8-CD3-CD44+CD25+c-
kit+ -> CD4-CD8-CD3- CD44-nowCD25+c-kit-4oW >
CD4-CD8-CD3- CD44.4°wCD25-c-kit (reviewed in God-
frey and Zlotnik, 1993). TCR [3 gene rearrangements
precede rearrangements at the TCR a locus and start at,
or at the transition to, the CD44-IlWCD25+ triple-negative
stage. They proceed in two separately controlled steps
involving an initial D->J joining event and a subsequent
V->DJ rearrangement. The CD44-/oWCD25+ population
corresponds to a continuum of cells in the process of TCR
1 rearrangement, of which many have yet to complete
V-> DJ joinings (Levelt et al. 1993a; Dudley et al., 1994).
In contrast, the next two developmental stages
(CD44-owCD25- and immature single-positive), display
a pattern of TCR f transcripts which resembles that found
in mature T cell populations, suggesting that TCR 1
rearrangements are essentially completed at these stages
(Godfrey et al., 1994; Wilson et al., 1994). The first TCR
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a rearrangements, as inferred from the presence of 1.6 kb
TCR a transcripts, are detectable during or immediately
after the transition to the double-positive stage (A.Wilson,
personal communication).
When they rearrange their TCR genes non-productively

or express TCR xp4 combinations with inappropriate
specificities, thymocytes are generally arrested at one of
two discrete developmental control points. Checkpoints
have evolved to ensure that the transition through these
control points is coupled to the attainment of certain
landmark events in T cell development. One checkpoint
for T cell maturation controls the transition from the
double-positive to the single-positive stage (a phenotypic
shift often denoted as positive selection) and its activation
depends on both the ligand specificity of the clonally
variable TCR afx dimer and the efficiency of the selection
process (reviewed in Kisielow and von Boehmer, 1995).
The other checkpoint occurs earlier in development and
controls the transition from the CD44-40wCD25+ to the
CD44-/0wCD25- triple-negative stage. A host of experi-
ments suggests that this checkpoint is activated upon TCR
f chain expression. For instance, the thymocytes found in
mice deficient in at least one of the two V(D)J recombi-
nase-activating genes (RAG-1 or RAG-2) are unable to
rearrange their TCR genes and are blocked at the
CD44-410wCD25+ triple-negative stage. Complementation
of these mutant mice with a productively rearranged TCR
,1 chain (but not a chain) transgene restores a normal
developmental progression (encompassing CD25 down-
regulation, induction of CD4 and CD8 expression, as well
as cellular expansion) which ends up at the double-positive
stage and brings the absolute number of double-positive
cells in the wild-type range (Mombaerts et al., 1992;
Shinkai et al., 1993; Shinkai and Alt, 1994). In the absence
ofTCR a chain (not yet expressed at the CD44-/lWCD25+
stage), the TCR j chain covalently associates with a
surrogate pre-TCR a (pTa) chain which is encoded by a
non-rearranging gene (Saint-Ruf et al., 1994). The
resulting pTa-TCR , heterodimers combine with CD3
subunits to form a pre-TCR complex through which
CD44-/lWCD25+ cells presumably monitor productive
TCR P gene rearrangements (Levelt et al., 1993b; Dudley
et al., 1994). The identity of the CD3 chains present
within such pre-TCR complexes remains controversial.
While CD3-e and CD3-y have been found repeatedly
associated with the pre-TCR complexes expressed in pre-
T cell lines and early thymocytes, CD3-t and CD3-6 have
been more difficult to detect and may therefore be only
loosely or not associated with it (Punt et al., 1991;
Groettrup et al., 1992; Shinkai et al., 1993; Jacobs et al.,
1994). The requirement for TCR , chain expression in
the progression to the double-positive stage can be over-
come in RAG-deficient mice by the injection of anti-
CD3-E monoclonal antibodies. (Levelt et al., 1993b; Jacobs
et al., 1994; Shinkai and Alt, 1994). Therefore, under
physiological conditions, the pre-TCR complex is likely
to signal via its CD3 subunits; the role of pTa being so
far unclear. Considering that the CD3 and pTa subunits
are already expressed at the CD44-10wCD25+ stage and
do not constitute rate-limiting factors (Saint-Ruf et al.,
1994; Wilson and MacDonald, 1995), the pre-TCR com-
plex is likely to constitute a multimolecular sensor, the
assembly and inducing function of which are totally

coupled to the achievement of a productive TCR 0 chain
gene rearrangement. To identify which CD3 components
are required for early T cell development to proceed, we
have generated mice with a targeted mutation of the CD3-e
gene and characterized their T cell populations relative to
those found in RAG- and CD3-4/r-deficient mice.

Results
Targeting of the CD3-e gene
The mouse CD3-e gene contains eight exons and gives
rise to a polypeptide of 21-26 kDa (Clevers et al., 1988).
The construct pRH20A used for targeting the CD3-e gene
was designed to insert a pgk-neo cassette in place of exon
5 which codes for most of the CD3-e extracellular domain
(Figure IA). The linearized targeting vector was electro-
porated into the Bruce 4 embryonic stem (ES) cell line.
Clones resistant to both neomycin and gancyclovir were
screened by Southern blotting for homologous recombina-
tion events. Two homologous recombinants were identified
out of 192 colonies tested. Germline transmission was
obtained with one clone, and homozygous mutant mice
were generated by intercrosses of heterozygous mice. To
determine whether CD3-e mRNAs were produced in mice
homozygous for the mutation, we analyzed total RNA
derived from thymocytes by Northern blotting (Figure 2).
After hybridization to a CD3-e probe, the homozygote
mutant thymocytes (Figure 2, lane CD3_pA5/^5) were found
to express a very faint band at -1.3 kb, whereas the wild-
type, RAG-I-'- and CD3-4/W1- thymocytes each contained
high levels of the expected 1.5 kb CD3-e mRNA. To
confirm that a truncated CD3-, transcript was being
produced at low levels in the mutant cells, a pair of
primers specific -for transcripts initiating at the CD3-s
promoter was used to amplify, by PCR, cDNA synthesized
from total thymocyte RNA. As shown in Figure IB, intact
CD3-s mRNAs (507 bp) were produced only in the wild-
type and heterozygote mutant mice. Interestingly, the latter
also contained a weaker band which corresponded in size
(291 bp) to transcripts expected to result from skipping
of exon 5. Comparison of wild-type and homozygote
mutant mice showed that these shorter transcripts origin-
ated from the targeted CD3-e allele. Moreover, the relative
intensity of the two hybridizing bands detected in the
heterozygotes under conditions of template competition
indicated that the truncated mRNAs originating from the
mutant CD3-e allele were much less abundant than the
wild-type CD3-e mRNAs. These results prompted us to
test for the presence of truncated CD3-E polypeptides in
the homozygote mutant thymocytes. When analyzed by
Western blot and probed with a rabbit antiserum directed
against a peptide corresponding to the cytoplasmic C-
terminal end of CD3-e, thymocyte lysates from homozy-
gote mutant mice were found to contain truncated CD3-E
polypeptides migrating at a position corresponding to the
one predicted for CD3-e proteins devoid of the extracellu-
lar domain normally encoded by exon 5 (- 13 kDa, Figure
IC, lane CD3-£E/A5). Quantification of the bands shown
in Figure IC indicated that the amount of truncated
CD3-e polypeptides in the homozygous mutant cells
corresponded to <1% of the full-length CD3-e polypeptide
observed in wild-type thymocytes. Therefore, these data
indicate that the targeted CD3-s allele, which we will
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Fig. 1. Construction and characterization of the CD3-e targeted mice. (A) Disruption of exon 5 of the CD3-e gene by homologous recombination.
The first line shows the exon-intron organization of the mouse CD3-e gene according to Clevers et aL (1988). Exons are depicted as filled boxes
and numbered 1-8. The targeting construct (pRH20A) used to disrupt the CD3-e gene corresponds to a 6.5 kb HindIIm fragment into which a pgk-
neo cassette (neo) has been inserted within exon 5. The insertion of the neo cassette was accompanied by the deletion of a 168 bp fragment coding
for most of exon 5. The resulting construct was abutted to a TK expression cassette (TK) and electroporated into ES cells. The structure of the
disrupted gene is indicated on the bottom line. Homologous recombinants were confirmed by restriction enzyme digestion and Southern blot analysis
using a 1.2 kb HindHII-KpnI genomic fragment as a probe. This probe, the position of which is shown below the CD3-e gene (probe), hybridizes on
BamHI-digested DNA to a 5.0 kb wild-type fragment and to a 5.8 kb recombinant fragment. Horizontal arrows above the neo and TK genes indicate
5'->3' orientation. The positions of relevant restriction sites are indicated by vertical lines: B, BamHI; H, HindIII; S, Sall; X, XbaI and Y, XhoI.
(B) Analysis of CD3-e transcripts by RNA-PCR in thymus from wild-type, heterozygote and homozygote mutant mice. The PCR primers used and
their relative locations within the CD3-e gene are depicted with labeled arrows in the top diagram. Also indicated are the position of the ATG start
codon and of the neo cassette insertion. The RNA-PCR products were gel-fractionated, blotted and hybridized with an oligonucleotide probe
corresponding to a sequence located to the 5' side of primer b (bottom panel). The sizes of the products as predicted from the sequences are 507 and
291 bp. The mouse CD3-e genotypes are indicated at the top of the gel for each amplified RNA sample. (C) Western blotting of wild-type and
homozygote mutant thymocytes. Post-nuclear supernatants from digitonin lysates were run under reducing conditions on a 15% SDS-polyacrylamide
gel, transferred to nitrocellulose and analyzed for CD3-e expression using a rabbit antiserum raised against a peptide corresponding to the C-terminal
10 amino acids of the CD3-e polypeptide. Lanes CD3-,+/+ and CD3-,'85/5 have each been loaded with 200 gg of total protein. The positions of two
molecular weight standards are indicated (in kDa).

refer to subsequently as CD3-E45, was still capable of
directing the synthesis of CD3-e polypeptides, however
in minute amounts and deprived of the extracellular
domain encoded by exon 5.
The mouse CD3-,y, -6 and -£ genes reside within 50 kb of

each other on chromosome 9 (Letourneur et al., 1989).
Owing to this linkage, it was important to demonstrate
whether the introduction of a pgk-neo cassette into the
CD3-E transcription unit affected the expression of the
neighboring CD3-y and -6 genes. We found, by Northern
blotting of total RNA extracted from wild-type, CD3-em'/5,
RAG-1-'- and CD3-4/114- thymuses, that the CD3-e/'5
mice displayed both a reduction in the amounts of CD3-
ytranscripts and an absence of detectable CD3-8 transcripts
(Figure 2). In contrast, the expression of the CD3-; gene
which is unlinked to the CD3-,y& cluster was not markedly
decreased in the CD3-^5/m thymocytes. These results
were somewhat unexpected, given that no alteration of
the CD3-,y& gene cluster was detectable by Southern blot
analysis other than the intended CD3-e-m mutation (data

not shown). In support of the data suggesting that the
integrity of the contiguous CD3-6 gene has been preserved
during the targeting process, low levels of full-length
CD3-6 transcripts were detected in CD3-051'5 thymocytes
using RNA-PCR (data not shown). Taken together, these
data indicate that the insertion of a neomycin resistance
cassette in place of exon 5 of the CD3-e gene prevented
the synthesis of intact CD3-e polypeptides, and decreased
the transcription of the neighboring CD3-6 and CD3-,y
genes.

T cell populations in CD3-e^5/A5 mice
When housed under specific pathogen-free conditions,
CD3-e-5'55 mice showed no differences in size, life span
up to 1 year and reproductive ability relative to littermate
controls. In sharp contrast to CD3-/1n-deficient mice, no
overt sign of chronic intestinal inflammation (e.g. dilatation
of the rectum and colon, enlargement of the mesenteric
lymph nodes, diarrhea, etc.) was noticed in CD3- £A5/A5
mice. Moreover, non-lymphoid organs showed no evidence
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Fig. 2. Northern blot analsis of wild-type (WT), RAG-14-,
CD3-eF'5/M and CD3-glj/ thymocytes. Blots were hybridized with
probes corresponding to CD3-e, CD3-8, CD3-y, CD3-4, TCR-C[ or

TCR-Ca. To control the quantity and quality of RNA, each blot was

subsequently stripped and re-analyzed with a 5'-kinased oligo-
nucleotide specific for 28S rRNA (data not shown). The relative sizes
of the bands are indicated in the right margin.

of gross morphological abnormalities. However, the
thymus from CD3- cm/M mice had dramatically reduced
cell numbers (average 5.6X 106) relative to littermate
controls (average 220X106). In contrast to the situation
previously reported for the CD3-V/T-deficient mice
(Malissen et al., 1993), no substantial interindividual
variations were observed in the total numbers of thymo-
cytes found in CD3-eA5/A5 mice. When analyzed by flow
cytometry, CD3-Fe5I5/ thymuses were found totally devoid
of double- and single-positive cells, but retained almost
normal absolute numbers of triple-negative cells (Figures
3 and 4). Moreover, almost all of the CD3-5/15 thymo-
cytes were Thy- I', HSA+ and CD5dull (data not shown).
Also shown in Figure 3 is a comparison of the
CD3-Em-/m' thymocytes with those found in mice carrying
null mutation in the RAG-1 or CD3-Cj genes. Based on
the expression of the CD4, CD8 and TCR molecules, the
cell size and the total cell number counts, the CD3-em
mutation appeared to arrest thymocyte differentiation at
the very same developmental stage as a mutation in the
RAG-1 gene (Figure 3). Furthermore, it is worth noticing
that thymocyte differentiation was blocked by the CD3-0A5
mutation at an earlier stage than by the CD3-4/ri mutation.
To determine whether the CD3-em mutation prevented

TCR expression at the surface of developing T cells,
thymocytes from CD3-+'/+ and CD3-e^ 'IA mice were

analyzed by two-color cytofluorometry using combinations
of antibodies specific for the CD3-E, TCR cxi or TCR y8
molecules. As shown in Figure 4 (upper panels), the
CD3-£E5 mutation resulted in the complete absence of T

cells expressing low or high levels of TCR ac4 heterodi-
mers. In addition, staining with an anti-TCR 6 antibody
failed to detect any TCR y&+ T cells in CD3-eM/'5
thymocytes (Figure 4, lower panels).
The lymph nodes and spleen of CD3-EI51' mice did

not contain any cells staining with antibodies specific for
the CD3-E, TCR a1x or TCR y8 molecules (data not
shown). When analyzed for surface expression of CD4,
CD8, Thyl and B220, CD3-e-M'M lymph node cells were
found to contain a few single-positive cells as well as
residual Thyl+ B220- cells (Figure 5). However, in
contrast to the wild-type cell population, when analyzed
by three-color cytofluorometry using various combinations
of antibodies specific for the CD4, CD8, Thy 1 or
B220 molecules, only a small fraction (<5%) of the
Thyl+B220- cells found in CD3- E£5/' lymph nodes
expressed either the CD4 or CD8 molecules. Due to their
small size, we have not been able to characterize these
subsets further and determine their developmental origin.
It is worth noting that normal numbers of B cells were
present in lymph nodes of the mutant mice, as assessed
by staining for B220 (Figure 5). No TCR-CD3 complexes
were detected at the surface of the gut intraepithelial
lymphocyte population (data not shown). Finally, T cell
development proceeded normally in CD3-£A5/+ heterozyg-
ous mice and the surface levels of TCRICD3 complexes
found on their thymocytes and mature T cells were
identical to those of wild-type littermates (data not shown),
arguing against a major dominant-negative effect exerted
by the low levels of CD3-e-m polypeptides originating
from the mutated CD3-e allele.

Thymocyte subpopulations in CD3-eW5/A5 mice
To specify the degree of coincidence existing between the
developmental arrest points observed in the CD3-eA5'm
and RAG-1i4- thymus, three-color flow cytometry was
used to monitor the corresponding triple-negative T cell
populations for the expression of CD25 and CD44 (Figure
6). Using this approach, four distinct triple-negative sub-
sets can be identified in wild-type mice, and organized in
the following developmental sequence CD44+CD25- -

CD44+CD25+ -* CD44-AowCD25+ > CD44-A11wCD25-
(Godfrey et al., 1994). Two points should be made
regarding this approach. First, because they express CD4
at levels low enough to be included in the electronic gate
used to define the triple-negative T cells, the earliest
CD4lOwCD8-CD3- precursors score as triple-negative cells
and constitute part of the first subset of this sequence
(Godfrey et al., 1994). Second, the CD44-/oWCD25- cells
which define the last subset of triple-negative cells, start
to express CD3, CD4 and CD8 molecules at their surface
but at levels not yet sufficient to allow them to be scored
by flow cytometry as immature single positive or double-
positive cells (Nikolic Zugic, 1991).
As shown in Figure 6, the triple-negative thymocytes

found in both the RAG-1-'- and CD3-eA51'^ mice were
unable to progress beyond the CD44110wCD25+ stage.
Not only the CD44-IoWCD25- cells proper, but also most
of the CD44-loWCD25low to - intermediates linking them
with the CD44-/1wCD25+ subset were also missing in
these two mutants. In contrast, the RAG-I----and
CD3-e"I'm- mutant mice showed no gross distortion in the
absolute number of cells belonging to the triple-negative
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Fig. 3. The CD3-E 5/'5 mutation blocks thymocyte development at the CD4-CD8- double-negative stage. Thymocytes from RAG-I-'-,
CD3-em'M, CD3-4/T-'- and wild-type (WT) mice were analyzed by flow cytometry for the expression of CD4 versus CD8. The percentage of cells
found in each quadrant is indicated. The total averaged numbers of thymocytes found in each type of mouse are indicated above the corresponding
dot displays.
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Fig. 4. Thymocytes from CD3-E'5/A5 mutant mice do not express

detectable levels of TCR a3 or TCR y8 heterodimers at their cell
surface. Thymocytes from a wild-type littermate (wt) or from a mouse

homozygous for the CD3-e mutation (CD3-eA5/'5 ) were analyzed by
two-color flow cytometry for the expression of TCR az versus CD3-e
(top row) and TCR y versus CD3-e (bottom row). Windows were set
for each of the four panels on CD3-e+ TCR aphish and CD3-e+ TCR
,y+ subpopulations. The percentage of cells found in each window is
indicated. 5 X 1O5 cells were analyzed per dot plot. It should be noted
that the 2Cll anti-CD3-e antibody used in this experiment is directed
against the ectodomain of the CD3-e chain. The exon coding for this
domain has been deleted in the CD3-e^5 gene. Accordingly, the TCR-
positive cells that may have developed in the CD3-r'5/A5 thymuses
should have scored in the TCR+ CD3-e-, upper left quadrant of each
of the CD3-e_'/M dot plots.

cell subsets preceding the developmental arrest point
(Figure 6). Therefore, on the basis of their cell surface
phenotype, the triple-negative cells found in the CD3-EM
and RAG-1 mutant mice appear arrested at the same

developmental stage. As shown in Figure 3, T cell develop-
ment in the CD3-V/r- deficient mice ends up at the double-
positive stage. Accordingly, the triple-negative maturation
sequence should not have been affected by the

Fig. 5. Cytofluorometric analysis of peripheral T cells. Lymph node
cells from CD3-e05/'5 mice or control littermates (CD3-e+'+) were

analyzed by two-color cytometry for the expression of Thy-I versus

B220 (top row), and CD4 versus CD8 (bottom row). The percentages
of cells found in each quadrant are indicated.

CD3-4/I mutation. However, consistent with previous
results obtained using a different approach (Crompton
et al., 1994), the CD44-/owCD25- cells, which constitute
the immediate precursors of the double-positive cells,
were almost absent from the thymus of CD3-4/-/- mice
(Figure 6).

TCR ,6 gene rearrangements and transcription in
CD3_E&51A5 mice
The thymocytes found in CD3-015/15 mutant mice are

capable of reaching the CD44-11lwCD25+ triple-negative
phenotypic stage during which TCR ,3 gene rearrangement
normally happens. To determine the impact of the CD3-E45
mutation on the occurrence of TCR ,B rearrangement, we

analyzed the status of the TCR P loci using a DNA-PCR
assay, which provides an estimation of the relative levels
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Fig. 6. Comparison of the triple-negative (TN) thymocyte subsets from RAG-1-l-, CD3-e,"'", CD3-4/q-4- and wild-type (wt) mice. Thymocytes
were isolated and stained with anti-CD3, -CD4, -CD8, -B220, -Mac-I and -Gr-l (all biotinylated and detected with streptavidin-tricolor),
anti-CD44-PE and anti-CD25-FITC. The position of the window (RI) used to identify the triple-negative T lineage cells is shown in the top row for
each type of mouse. 5 Xi05 cells were used to generate each of the top row dot plots. The dot plots shown in the bottom row were normalized to
2000 cells. When analyzed for the expression of CD44 versus CD25 (bottom row), the wild-type triple-negative T lineage cells revealed at least four
distinct subsets (CD44+CD25-, CD44+CD25+, CD44-CD25+ and CD44-CD25-). The percentage of cells found within each corresponding quadrant
is indicated. The absolute numbers of cells per whole thymus scoring as triple-negative T lineage cells and averaged from four experiments using
window setting (RI) similar to those shown in this figure were: RAG--/-: 5.3X 106, CD3M-c5`5: 5.6x 106, CD3-4/11-y-: 3.1 X 106 and wild-type:
6.7X 106.

of D->J and V->DJ rearrangements in various cell samples
(Levin et al., 1993). As depicted in Figure 7 (bottom
diagram), primers complementary to VP or DP gene
segments were used in combination with a primer
positioned immediately 3' to the JP2 cluster, allowing
amplification of rearranged, but not germline, VP gene
segments. The resulting PCR products were visualized by
hybridization with a JP2-specific probe after electro-
phoresis and blot transfer. The results shown in Figure 7
were generated using 105 thymocytes from wild-type,
RAG-I-'-, CD3-F-5&'m or CD3-4/'-- mice and corre-
sponded to rearrangements of DP2 (top), Vf8 (middle)
and Vf11 (bottom) to each of the six J32 gene segments.
As indicated by the disappearance of germline band (GL)
and the presence of several bands corresponding to DJ
rearrangements, CD3-e^5"^5 thymocytes contained D->J
rearrangements which were almost as extensive as those
found in wild-type and CD3-4/1-- mice. Moreover, the
levels of 1.0 kb DJCp transcripts detected in Northern blot
of CD3-em'm thymocytes corroborated these rearrange-
ment results (Figure 2). V-4DJ rearrangements were also
readily detectable in the thymuses of CD3-EA£5/A5 (as well
as CD3-4/iq) mutant mice (Figure 7). However, a sensitive
RNA-PCR assay was needed to ascertain unambiguously
the presence of 1.3 kb VDJCp transcripts in the CD3-FEA/^5
thymocytes (compare Figures 3 and 8). Therefore,
when compared with wild-type and CD3-4/'-1- mice, the
thymocytes found in CD3-eA5/A5 mice showed a lack of
correlation between the extent of VDJ rearrangements
(Figure 7) and levels of VDJCi transcription (Figure 8).
Considering that the CD3-EA5/A5 thymus includes mostly
CD44-/nowCD25± cells (Figure 6), these results suggest

that transcription of the VDJCp units may be up-regulated
during the transition from the CD44-/IWCD25+ to the
CD44-ilwCD25- triple-negative stage. As expected, DNA
extracted from RAG-1-'- thymocytes contained no detect-
able DJ or VDJ bands (Figure 7). However, upon
hybridization to a TCR Co3 probe, the RAG- 1-'- thymocytes
were found to express 1.0 kb and 1.6 kb germline
transcripts which closely resemble those normally present
in wild type CD44+CD25+ triple-negative cells, prior
to the onset of TCR [ gene rearrangement (Godfrey
et al., 1994).

TCR a gene rearrangement in CD3M-e5/5/ mice
The TCR a chain locus consists of -100 V gene segments
which map 5' to a cluster of 49 Ja gene segments spread
over 60 kb of DNA (reviewed in Malissen et al., 1992).
Such an extended chromosomal organization has hampered
the analysis of TCR a rearrangement during thymic
differentiation. Accordingly, most of the data regarding
this locus have been inferred indirectly from the analysis
of TCR a mRNA expression. The CD3-e^5'IA
mice constitute an enriched source of RAG-positive,
CD44-/lwCD25± thymocytes which are devoid of contam-
inating downstream subsets (Figure 6) and may serve to
determine whether TCR a rearrangement can occur at
the CD44-/lWCD25+ stage concurrently with TCR [
rearrangement. Using a DNA-PCR assay which detects
the rearrangement of the Va2 or Va8 subfamily members
to the Ja25 gene segment, we found no VJ band in the
CD3-e05/ and CD3-/Ti-/- thymocytes (data not shown).
However, although somewhat reduced when compared
with wild-type, Va2- and Va8-containing transcripts of
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Fig. 7. Relative levels of TCR1 gene rearrangements in RAG- 1--,
CD3-E"I/tS, CD3-4/¶'-- and wild-type (wt) thymocytes. The extent of
D1J1 and VVD13J13 rearrangements were analyzed by DNA-PCR.
The relative positions of the PCR primers within the TCR 1 locus are
depicted in the bottom diagram. Products derived from PCR reactions
involving the Jf2 3' primer with DP2- (top), V8- (middle) or VP1 1-
(bottom) specific 5' primers were gel-fractionated and hybridized with
the J,B2-specific probe depicted at the bottom (probe). Sources of
thymocyte DNA are indicated above each lane. The positions of the
products corresponding to the germline (DfJ1) cluster (GL) and
specific D-J1 and V,B-DJ,B rearrangements are indicated in the right
margin. Serial 10-fold dilutions have been analyzed for wild-type
thymic DNA. For each dilution, template DNA was kept constant by
adding ES cell DNA that carries no TCR rearrangement in the
proportion indicated above each lane (100 corresponding to 105 cells).

sizes expected for rearranged V genes were clearly present
in the CD3-4/'q-/- thymocytes (Figures 2 and 8). Therefore,
the inability to detect the corresponding VJ bands in the
CD3-/ij-'- thymic DNA samples indicated that our DNA-
PCR assay is not sensitive enough to analyze the status
of the TCR a locus in the CD3-deficient mice, inasmuch
as it samples only a few (<10) of the -4900 VXJ
combinations theoretically permitted at the TCR a locus.
Moreover, despite the greater sensitivity of our RNA-PCR
assay, the absence of detectable TCR a transcripts in the
CD3_FA5/A5 thymocytes did not exclude the fact that they
may still contain low levels of poorly transcribed TCR a
genes. To alleviate part of the sensitivity problem and
determine whether the CD44-/lOwCD25+ cells found in
the CD3_FA5/A5 mice can perform TCR a rearrangement,
transgenic mice carrying artificial VDJ recombination
substrates associated with either the TCR P (E,) or TCRa
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Fig. 8. Transcription of the TCR a and TCR 3 loci in RAG-14-,
CD3-c"-51", CD3-C/}-'- and wild-type (wt) thymocytes. The presence
of transcripts originating from rearranged TCR a and TCR 3 genes
was assessed by RNA-PCR using the strategy depicted in the bottom
diagrams. (A) TCR 3 transcripts. A CP2 antisense primer was used in
combination with a sense primer specific for the V32 (top), V15
(middle) or VPI 1 (bottom) gene segments. The RNA-PCR products
were gel-fractionated, blotted and hybridized with a C,B2-specific
probe (denoted as p in the bottom diagram). (B) TCR a transcripts. A
Ca antisense primer was used in combination with primers specific for
all the members of the Va2 (top) or Va8 (bottom) subfamilies. The
RNA-PCR products were hybridized with a Ca-specific probe
(denoted as p in the bottom diagram). RNA-PCR reactions using a
pair of primers specific for the actin gene were set up in parallel to
control for the quality and quantity of cDNA template in each sample
(data not shown). RNA extracted from negative control NIH 3T3
fibroblastic cells was also included. The autoradiographs have been
purposely overexposed to underscore the absence of TCR a transcripts
in the CD3-`55' samples.

(Ea) gene enhancers were crossed with CD3_rA5/A5 mice.
When introduced into wild-type mice, these Ep- and Eax-
containing substrates showed patterns of DJ and VDJ
rearrangements with lineage and cell stage specificities
remarkably similar to those of endogeneous TCR , and
TCR a loci, respectively (Capone et al., 1993). In contrast
to endogeneous TCR loci, both reporter substrates allow
very limited numbers of DJ and VDJ combinations, the
relative levels of which can be determined using a DNA-
PCR assay (Capone et al., 1993). Figure 9 shows results
from analysis of thymocytes from Ep transgenic (EP2 Tg,
panel B) and Ea transgenic (Eal Tg, panel C)
CD3-F-515/ mice. Fragments corresponding to substrate
DfJ3 and VPDf.J rearrangements were detectable in E12
transgenic CD3-E 5/A5 mice, although their extent was
lower than in the EP2 transgenic CD3-r-'15/+ control
littermates. However, no difference in the extent of sub-
strate rearrangement was found when the EP2 transgenic
CD3_FA5/15 thymocytes, consisting of >90% CD25+ triple-
negative cells, were more appropriately compared with
CD25+ triple-negative cells sorted from wild-type thymus
(compare Figure 9B with Figures 6 and 7 in Capone
et al., 1993). Therefore, these results corroborated the
observation that CD3 _A5/A5 thymocytes do assemble their
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Fig. 9. Rearrangements of VDJ recombination substrates in thymocytes from crosses between CD3-eA5/A5 mutant mice and transgenic mice
containing a VDJ recombination substrate controlled by either the TCR P (EP2 Tg) or TCR a (Eal Tg) enhancer. Both reporter substrates comprise
germline V,B, DP and Jf gene segments linked to an IgH region containing the Ct gene. In addition to these shared elements, they include either the
TCR P or TCR a locus enhancer (Capone et al., 1993). (A) Schematic diagram of the DNA-PCR assay used to assess the rearrangement status of
the recombination substrates. The position and designation of the primers used in the assay are indicated below diagrams of unrearranged (top) and
rearranged (bottom) recombination substrates. The V, D and J gene segments are indicated by open boxes, their flanking recombination signal
sequences by triangles, the TCR enhancer by a shaded ellipsoid and the C,u exons by a shaded box. Three of the five predicted PCR products are
shown as shaded bars. They correspond to the unrearranged DJ cluster (GL) and to DJ or VDJ rearrangements involving JPl.2 (the two products
involving J1.l are not shown). Note that, in germline configuration, the unrearranged fragment located between primers 1 and 3 is too large to be
amplified by PCR. (B) TCR E, recombination substrate. Products derived from PCR reactions performed on a DNA template equivalent to 5x 103
cells and using primer pairs 2 + 3 (left panel) or 1 + 3 (right panel) were gel-fractionated and hybridized to a probe internal to the amplified
fragments (denoted as probe in A). Sources of thymocyte DNA are indicated above each lane. The positions of the bands corresponding to the
germline (GL) and rearranged products are indicated in the margins. The presence of two rearranged bands is accounted for by the fact that the DOI
gene segment can rearrange with either the J1I1.1 or Jo 1.2 gene segments. (C) TCR Ea recombination substrate. Products derived from PCR
reactions performed on a DNA template equivalent to 5 x 103 cells using primer pair 2 + 3 were processed as described for the TCR E,B substrate.
The level of sensitivity of the PCR assay was determined using serial dilutions of genomic DNA extracted from (CD3-e5/+XEalTg) thymocytes.
For each dilution, input template DNA was kept constant by adding unrearranged kidney DNA extracted from (CD3- EMW+ XEaITg) mice, in the
proportion indicated above each lane (100 corresponding to 5x 103 cells). Note that the extent of residual germline band detected in the substrate
present in the Eal transgenic CD3- eA5/+ mice suggested that it has a lower competence to rearrange relative to the substrate present in the E32
transgenic line (compare lanes CD3- cm'+ Tg in B and C). As previously hypothesized, this decreased competence is probably due to the integration
site or number of active transgene copies (Capone et al., 1993).

endogenous TCR P genes (see above). In sharp contrast,
substrate DPJfi rearrangements were dramatically reduced
within the thymocytes from Eal transgenic CD3M-eA/5
mice (Figure 9) and represented <5% that observed in
Eal transgenic CD3-e'5/+ control thymocytes. Therefore,
in the CD3-e-ml'5 thymocytes, substrate recombinations
controlled by the TCR a gene enhancer occurred far less
readily than those activated by the TCR ,B gene enhancer.

Rearrangement of TCR yand genes in
CD3_e45/A5 mice
We next examined the effects of the CD3-05 mutation on
the rearrangement of TCR y and 6 genes using a DNA-
PCR approach (Itohara et al., 1993). As shown in Figure
10, the CD3-05 mutation did not inhibit the rearrangement
of TCR y or TCR 6 genes. Moreover, in both wild-
type and CD3-e£5/-5 mutant mice, distinct pairs of gene
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Fig. 10. Relative levels of TCR y and TCR 8 gene rearrangements in
RAG-14-, CD3-e5/5, CD3-Itqr4- and wild-type (wt) thymocytes.
DNA extracted from thymocytes of fetuses at day 17 of gestation
(wt E17) and of 4- to 6-week-old adult wild-type (wt adult) and
mutant mice was amplified with PCR primer pairs specific for the
Vl-J82, V84J81, V85-JSI, Vy5-Jyl, Vy4-Jyl and Vyl-Jy4
rearrangements. PCR products were gel-fractionated and the
corresponding Southern blots were hybridized with labeled
oligonucleotide probes.

segments were preferentially rearranged in fetal (day 17
of gestation) and adult (6-week-old) mice. For instance,
the V61-J62 genes, which are generated only during the
early fetal stages of thymic development, were absent in
the adult thymus in both the CD3-0^5 mutant and wild-
type mice. Conversely, the usage of other Vy and V8
gene segments, especially Vyl, Vy4, V&4 and V65, was
predominant in the adult thymus in both the CD3-e'5
mutant and wild-type mice. Therefore, the CD3-0A5 (as
well as CD3-4/T1) mutation had little effect on both the
extent and timing of TCR y and 6 gene rearrangements.

Discussion
The CD3-e gene has been targeted by replacing most of
its exon 5 with a neomycin resistance cassette. This
resulted in an internally expanded exon 5, bounded by
normal splicing sites. As shown by RNA-PCR analysis,
the altered exon was skipped during splicing events, an

observation consistent with splicing models postulating
pairing between the splice sites across an exon (Berget,
1995). Skipping of exon 5 resulted in the synthesis
of limited amounts of CD3-e polypeptides deprived of
extracellular domain. In transfected COS cells, the CD3-E
ectodomain has been found mandatory for the proper
assembly of CD3-e with the CD3-y, CD3-6 and TCR
polypeptides (Wileman et al., 1993; Manolios et al., 1994).
Accordingly, if similar rules of TCR assembly apply
to thymocytes, the few CD3-Em polypeptides found in

homozygous mutant mice should have lost their ability to
participate in the formation ofboth Wy and 6e subcomplexes
capable of interacting with TCR chains. Owing to both
the small size of the CD3-P5-MI thymus and lack of
transformed CD3--51M pre-T cell lines, we have not been
able to determine yet the direct effect of the CD3-ce5
mutation on the assembly of the pre-TCR isoform. In
the process of characterizing the CD3-e^51'5 mice, we
unexpectedly found that the presence of the neo cassette
affected the expression of the neighboring CD3-6 and -_y
genes. Gene targeting experiments aiming at the identifica-
tion of cis-control elements involved in Ig gene rearrange-
ments have already shown that the insertion of a neo
cassette next to an enhancer sequence can distort the
frequency of rearrangements of the targeted allele (Takeda
et al., 1993). As previously hypothesized for targeted Ig
loci, there are several mechanisms by which the insertion
of the neo cassette can possibly affect the transcription of
the CD3-6 and -y genes. One is disruption of an unknown
element that is present within exon 5 and important for
the regulation of the CD3-y&e cluster. Also, the coding
sequence of the neo gene has been reported to have a

suppressive effect on transcription (Artelt et al., 1991).
Therefore, its presence within the CD3-e gene may act
negatively on the transcription of the neighboring CD3-y
and -6 genes, as well as account for the presence of low
steady-state levels of CD3-05 transcripts. Discriminating
between the above hypotheses will require the utilization
of a neo cassette flanked by lox P sites and its subsequent
removal from the ES cell genome by transient expression
of the Cre recombinase (Gu et al., 1993).
We demonstrated that the CD3-e-5 mutation abolishes

the expression of intact CD3-e polypeptides and reduces
the transcription rate of the CD3-,y&e gene cluster. These
cumulative effects should prevent the assembly of CD3-W
and -&£ heterodimers and, thus, account for the fact that
the CD3-e-51"5 thymocytes do not progress beyond the
CD44-410wCD25+ triple-negative stage. At that develop-
mental stage, CD3-e is likely to exert its effect as part of
a pre-TCR complex involving the CD3-y, CD3-4, pTa
and TCR polypeptides (Saint Ruf et al., 1994). The
thymocytes found in the CD3-e-515/ mice contain readily
detectable levels of CD3-4, TCR and pTa transcripts
(data not shown and Figures 2 and 8). However, the lack
of CD3-W- and -6e cores presumably prevents the pTa-
TCR and CD3-42 dimers from participating in the
assembly of a functional checkpoint apparatus. This would
explain the fact that the CD3-e^5 mutation has no discern-
ible effect on the absolute number of CD44ZAoWCD25+
cells, and starts to become manifest first at the CD444
1lwCD25+ to - transitional stage (Figure 6). In marked
contrast, the CD44-/°WCD25+ CD44'1wCD25- check-
point can be activated, albeit inefficiently, in thymocytes
deprived of CD3-4/rj polypeptide (Liu et al., 1993; Love
et al., 1993; Malissen et al., 1993; Crompton et al., 1994).
The mandatory contribution of the CD3-e-containing mod-
ule (Wegener et al., 1992) to the operation of this
checkpoint is probably related to the nucleating role played
by CD3-E polypeptides in the assembly of the pre-TCR
complex. Conversely, the CD3-4/rj homodimers would
merely constitute a dispensable amplification module for
the pre-TCR complex, increasing its assembly rate and
stability as well as contributing, via redundant signaling
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motifs (Shinkai et al., 1995), to the strengthening of its
inductive signals.

Overexpression of various CD3-e transgenes blocks
thymocyte development at the CD44+CD25- triple-nega-
tive stage and prevents natural killer (NK) cell develop-
ment (Wang et al., 1995). In contrast, CD3_EA5I15 mutant
mice have normal numbers of functional NK cells (Renard
et al., 1995), and produce T cells which can faithfully
reach the CD44-10wCD25+ stage (Figure 6), suggesting
that it is after that stage that the presence of intact CD3-
E protein is required. The discrepancy between these two
phenotypes may be explained as follows. The CD3-E
polypeptides may be part of a putative pro-TCR complex
expressed prior to the appearance of TCR f polypeptides
(Wang et al., 1994; Wiest et al., 1994), and the function
of which is abrogated by overexpressing CD3-e protein,
but complemented by the few truncated polypeptides
found in the CD3_6A5/1 mutant mice. Alternatively, when
overexpressed, the CD3-e polypeptides may sequester
effector or adaptor molecules belonging to other
signaling pathways involved in the progression to the
CD44-10wCD25+ triple-negative stage.
TCR P gene rearrangements do occur in CD3 S,/A5

thymocytes. However, in line with a previous analysis
performed on CD25+ triple-negative cells sorted from
wild-type thymus (Dudley et al., 1994; Godfrey et al.,
1994; Wilson and MacDonald, 1995), the CD3-8A5/A5
thymocytes contain low levels of full-length 1.3 kb TCR
,B transcripts, providing a potential for the synthesis of
only minute amounts of TCR 3 polypeptides. Consistent
with these observations, neither TCR 0, nor CD3-E poly-
peptides can be detected at the surface of wild-type
thymocytes prior to the CD44-10wCD25- stage (Wilson
and MacDonald, 1995). It is worth noticing that in wild-
type thymus, the few (< 10%) CD25+ triple-negative
cells expressing intracellular TCR , polypeptides display
intermediate levels of CD25 and correspond probably to
cells in transit to the CD44I10wCD25- stage (Levelt et al.,
1993a). Therefore, the CD44-/I0wCD25+ population prob-
ably corresponds to a continuum of cells in the process
of TCR , rearrangement, a majority of which still have
not achieved the assembly of a pre-TCR complex.
The pre-TCR complex is likely to constitute a molecular

sensor capable of monitoring productive TCR , gene
rearrangements. According to that model, mice deficient in
TCR 3 polypeptide should have resembled CD3-em/m mice
and ranked as 'non-leaky' checkpoint mutants. However,
the presence of small numbers of both CD44-10wCD25-
triple-negative and double-positive cells in TCR f-/- mutant
mice (Mombaerts et al., 1992; Godfrey et al., 1994) contra-
dicts the view that the activation of the CD44-40wCD25+
CD44-°lowCD25- checkpoint is totally coupled to the pro-
duction of TCR f3 polypeptide, and further suggests that
pre-TCR-independent pathway(s) can promote, albeit inef-
ficiently, the transition through the CD44-I0wCD25+ >
CD44-10wCD25- checkpoint (Saint-Ruf et al., 1994).
For instance, as previously hypothesized for hematopoietic
growth factor receptors (Fairbairn et al., 1993) and the
pre-B cell receptor (pre-BCR, Rolink et al., 1994), the
primary role of the pre-TCR may be enabling rather than
inductive. Accordingly, the checkpoint operated by the
pre-TCR may not be needed for differentiation to occur
but rather triggers signals that promote the survival and/

or proliferation of the selected CD44-1°wCD25+ cells and
thus permits the unfolding of an autonomous internal
differentiation program. It should be pointed out that the
thymocytes present in the CD3-A5/A5, RAG-/- and TCR

'-/- XTCR &-/- mutant mice do not progress beyond
the CD44-10wCD25+ triple-negative stage (Figure 6 and
Godfrey et al., 1994). All these mice differ from TCR 3-
deficient mice in that they lack TCR y+ T cells. Thus,
the y5 T cells present in TCR 0-1-mice may possibly release
intercellular factors that either trigger differentiation or
promote the survival of a few CD44-/IWCD25+ cells and
permit their autonomous differentiation in the absence of
clonal expansion. Consistent with the latter possibility,
V(D)J rearrangement-defective thymocytes from SCID
mice are blocked at the CD44-1wCD25+ stage (Rothen-
berg et al., 1993), but can be induced to become double-
positive by 'trans' signals emanating from neighboring
TCR+ thymocytes (Shores et al., 1990).
The very low levels of substrate rearrangement found

in CD3-Fe5/A5 mice harboring a recombination substrate
associated with the TCR a gene enhancer suggest that the
assembly of a functional pre-TCR complex does not
constitute a prerequisite for the initiation of TCR a
gene rearrangement but rather serves to up-regulate their
frequency. Whether these low levels of substrate rearrange-
ment genuinely mimic the situation at the endogeneous
TCR a locus will await the development of a more
sensitive PCR-based analysis of a chain gene rearrange-
ment. However, a definitive test for the occurrence of
TCR a chain gene rearrangement prior to the transition
to the CD44-11wCD25- stage will probably emerge from
the analysis of pTa-deficient mice. For instance, if TCR
a chain gene rearrangements occur with low incidence in
the CD44-lowCD25+ subset, the rare cells capable of
productively rearranging both their TCR a and , loci will
assemble a TCR a,/CD3 complex, thereby bypassing the
requirement for a pre-TCR complex. In pToca-- mice, these
rare triple-negative cells will differentiate (see Takahama
et al., 1992) and slowly fill the pool of mature T cells, in
a mode analogous to the B cells present in mice deficient
in the X5 subunit of the pre-BCR (Ehlich et al., 1993).
According to this hypothesis, the pTa-/-mice will be
capable of producing mature T cells and thus will differ
dramatically from the CD3-eM/M mice. Conversely, in the
absence of TCR a gene rearrangement in the
CD44/IOWCD25+ subset, the thymocytes present in pTa'-/
mice are likely to be arrested at the very same develop-
mental stage as those present in the CD3-£E5/A5 mice.

Finally, our data also bear on the mechanisms controlling
the differentiation of y6 T cells. If y8 T cell development
proceeds similarly to ajx T cell developement, a pre-T6
(pTh) chain is likely to exist and contribute to the formation
of a TCR y-pT&/CD3 complex, the function of which
may consist in up-regulating TCR 8 rearrangement sub-
sequent to the achievement of productive TCR y rearrange-
ment. However, we found that the CD3-05 mutation has
no discernible effect on the completion of TCR y and
TCR 8 rearrangements. Therefore, the latter may not be
subjected to epigenetic controls similar to those operating
on the expression of TCR a and fB genes (see also Itohara
et al., 1993). Conversely, the CD3 components required
for the operation of this putative TCR y-pT6 receptor

4650



CD3-c-deficient mice

may be distinct from those used by the TCR f-pTa
complex.

Materials and methods
Vector construction
A mouse CD3-E genomic clone was isolated from a B I O.A genomic
phage library. A 6.5 kb Hindlll restriction fragment containing exons
5-8 was isolated from this genomic clone and blunt-end ligated into
plasmid pBS-SKII (Stratagene). A 168 bp XbaI-XhoI fragment encom-
passing most of exon 5 was deleted and replaced by a 1.8 kb pgk-neo
cassette (neo) derived from plasmid pKJ.I (Mc Burney et al., 1991).
Finally, a 1.9 kb herpes simplex thymidine kinase (TK) cassette derived
from plasmid pMCI-tk (Mansour et al., 1988) was cloned in the Notl
site present in the polylinker located at the 3' end of the CD3-e insert.
The resulting targeting construct is denoted pRH20A and depicted in
Figure IA.

Transfection and screening of CD3-e mutant cell clones
The Bruce 4 ES cell line derives from C57BL/6 mice and was transfected
as previously described (Malissen et al., 1993). After selection in the
presence of G418 and gancyclovir, colonies were harvested and trans-
ferred into 96-well plates. After 3 days, the plates were duplicated.
Colonies from one set of plates were screened for homologous recombin-
ants by Southern blot analysis using the probe depicted in Figure I A.
Finally, a neo probe was used to ensure that adventitious non-homologous
recombinants had not occurred in the selected clones.

Production of CD3-e5/55 mice
Chimeras were generated essentially as described by Bradley (1987).
Briefly, -10 mutant ES cells were injected into BALB/c blastocysts
collected at 3.5 days post-coitus. Injected blastocysts were re-implanted
into the uteri of pseudopregrant C57BL/6XCBA/J Fl females. Chimeric
progeny were identified by coat color and chimeric males mated to
C57BL/6 females. CD3-£e5/+ heterozygous mice were intercrossed to
produce homozygous CD3-EA5/A mice. Screening of mice for the
CD3-e mutation was performed by Southern blot analysis.

Mice
Mice maintained under specific pathogen-free (SPF) conditions were
between 2 weeks and 2 months old when analyzed. RAG-l-/--deficient
mice were originally obtained from E.Spanopoulou (Spanopoulou et al.,
1994). The CD3-I/tl-deficient line has been described (Malissen et al.,
1993). Transgenic mice carrying a VDJ recombination substrate under
the control of the TCR a (line Ea 1) or TCR,B (line EP2) enhancer have
been described previously (Capone et al., 1993). These transgenic mice
were crossed with CD3-£E5 mice. Mice expressing the Eal or EJ2
transgene were then backrossed to CD3-A5A mice to obtain homozygous
CD3-_A5/A5 mutants expressing an EP2 or Eal transgene.

Northern blot analysis
Northern blot analysis was performed on total RNA as previously
described (Malissen et al., 1988). Hybridization probes corresponding
to the TCR Ca and TCR C,B regions and to each of the CD3 subunits
were derived as previously described (Letourneur and Malissen, 1989;
Wegener et al., 1992). Controls for the quality and quantity of RNA
prepared from the various thymocyte populations were performed using
a 5'-kinased oligonucleotide specific for the 28S rRNA (5' TGAATCC-
TCCGGGCGGACT 3').

Western blot analysis
Thymocytes from wild-type and mutant mice were solubilized in
digitonin lysis buffer (1% digitonin, 0.1% Triton X- 100, 150 mM NaCl,
I mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 10 gg/ml aprotinin,
10 ,tg/ml leupeptine, 10 mM triethanolamine, pH 7.8) for 15 min on
ice. Total post-nuclear supernatants were then incubated in sample buffer
(2% SDS, 10% glycerol, 0.1 M Tris-HCI, pH 6.8, 0.02% bromophenol
blue), separated under reducing conditions on 15% SDS-polyacrylamide
gels, transfered to nitrocellulose, and developed with a rabbit anti-CD3-E
antiserum (Dako) using an HRP-labeled goat anti-rabbit antiserum
(Sigma) and the ECL detection protocol (Amersham).

Antibodies and flow cytometry
Cells (5 X105) were stained with saturating levels of antibodies and
5-SOX103 gated events were acquired using a Becton-Dickinson

FACScan flow cytometer and analyzed with Lysis II software. Forward
and side scatters were used to gate out dead cells. Biotinylated, FITC-
or PE-conjugated antibodies against CD4 (GKI.5) and CD8a (53-6.7)
were from Becton-Dickinson. Biotinylated, FITC- or PE-conjugated
antibodies against CD3-e (2C1 I), B220 (RA3-6B2), CD25(7D4), CD44
(Pgp-l), HSA (JIld), Thyl (G7), TCR f (H57-597) and TCR 6 (GL3)
were purchased from Pharmingen. Biotinylated or FITC-conjugated
antibodies against TCR 3 (H57-597), TCR 6 (GL3), Mac-I (M1/170),
B220 (RA3-6B2) and Gr-1 (RA6-8c5) were from Caltag. Biotinylated
antibodies were revealed with streptavidin-tricolor (Caltag).

RNA-PCR amplification
Total RNA was prepared from thymocytes and NIH-3T3 fibroblastic
cells using TRIzolTM (Gibco BRL) according to the manufacturer's
protocol. Conversion to cDNA was done on 1 ,ug of total RNA using
the Ready-to-GoTM T-primed first strand kit (Pharmacia). 1/20 of each
reaction was used for PCR amplification. The VP5 (V,B5 V), Vfll
(VP lI V), Cf32 (Cf2 B), Va8 (VaF3 V) and DP2 (D,B2 5') primers
were as described in Anderson et al. (1992). The Ca (CII exon) primer
was as described in Shimizu et al. (1992). The sequence of the
other PCR primers used in these experiments were: CD3-E a: 5'
CTGGGGCATCCTGTGC 3'; CD3-e b: 5' AGGGCTGGATCTGGG 3';
Vf2: 5' ATCCCTGGATGAGCTGGTAT 3'; Va2: 5' CTTCTAGGCC-
TTCACCTAGCTGGT 3'; actin 5': 5' ACTCCGGTGACGGGGTCACC
3'; actin 3': 5' CACGATGGAGGGGCCGGACTC 3':
The amplified products were analyzed on 1.5% agarose gel, transfered

to nylon membrane (GeneScreen Plus, Dupont) and hybridized using
either a 5'-kinased oligonucleotide (CP2 A; Anderson et al., 1992) or a
DNA fragment labeled by random priming (Ca-5': 240 bp EcoRI-
EcoRV fragment isolated from a mouse TCR-Ca cDNA; Malissen
et al., 1988).

Detection of endogenous TCR rearrangement
Template genomic DNA (equivalent to 105 cells per reaction) was
prepared from thymocytes according to Kontgen et al. (1993). PCR-
based analysis of f chain gene rearrangement was performed as described
by Anderson et al. (1992). PCR-based analysis of TCR y and TCR 6
chain gene rearrangements used conditions previously described (Itohara
et al., 1993). Sequences of the V6, Vy, J6 and Jy primers and
oligonucleotide probes were as reported (Itohara et al., 1993).

Analysis of recombination substrate rearrangements
Three primers, denoted as 1, 2 and 3 in Figure 10, were used to amplify
DNA extracted from thymocytes (2X103 cells per reaction) and to
analyze the status of the VDJ recombination substrate (Capone et al.,
1993). PCR amplification, gel electrophoresis and detection by Southern
blot hybridization were as described by Capone et al. (1993). The
sequences of the oligonucleotide probe and PCR primers used in these
experiments were as described in Capone et al. (1993).
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