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The c-Myb transcription factor is important for fetal he-
matopoiesis and has been proposed to mediate later
stages of lymphocyte development. Using homozygous
null c-Myb/Rag1 chimeric mice, we have determined
that c-Myb plays an important role in the differentiation
of macrophages and lymphocytes from precursor stem
cells. We also determine that deletion of c-Myb leads to
a complete block in early T cell development just before
the oligopotent thymocyte matures into the definitive T
cell precursor. These data indicate that c-Myb plays an
important role at multiple stages of hematopoiesis and is
required at an early stage of T cell development.
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The c-Myb transcription factor binds to cis-acting tran-
scriptional control elements of genes critical for early
hematopoiesis (Lipsick 1996; Ness 1996). Many of these
genes, such as c-kit and c-myc (Cogswell et al. 1993;
Ratajczak et al. 1998) are important for hematopoietic
stem cell (HSC) proliferation and differentiation. These
observations led to the hypothesis that c-Myb induces
the expression of genes necessary for HSC lineage com-
mitment. c-Myb may also have a critical role at later
committed stages of hematopoietic cell development.
Consensus c-Myb recognition sites have been identified
in the promoters and enhancers of genes important in
the regulation of late stages of lineage commitment (Lip-
sick 1996; Ness 1996). For example, c-Myb binding sites
have been found in the transcriptional control elements
of genes important in mediating T cell development and
selection, indicating that c-Myb may be important in
mediating these processes (Siu et al. 1992; Nakayama et
al. 1993; Hernandez-Munain and Krangel 1994; Hsiang et
al. 1995; M. Adlam, R.D. Allen, and G. Siu, in prep.).

T cells mature and acquire their antigenic specificity
and self-major histocompatibility complex (MHC) re-
striction during a complex selection process in the thy-
mus (Fowlkes and Pardoll 1989; Robey and Fowlkes
1994). The earliest committed T cell precursor that mi-
grates to the thymus does not express the CD4 and CD8

accessory molecules and the T-cell antigen receptor
(TCR), and is referred to as the double-negative (DN)
thymocyte. DN thymocyte stages can be subfractionated
into different developmental stages on the basis of their
expression of other cell-surface markers (Godfrey and
Zlotnik 1993; Godfrey et al. 1993). The most immature
DN thymocyte is CD44loCD25−; although committed to
the T cell lineage, these initial thymic immigrants are
oligopotent and retain the ability to develop into T and B
lymphocytes, NK cells, and dendritic cells (Guidos et al.
1989a,b; Wu et al. 1991; Shortman and Wu, 1996). The
CD44loCD25− DN thymocyte subsequently commits to
the T cell lineage and matures into the CD44+CD25−

population and subsequently the CD44+CD25+ popula-
tion, where it begins to rearrange its TCR b-chain genes
(Godfrey et al. 1993). The rearrangement process contin-
ues while the thymocyte develops into the CD44−CD25+

cell; upon expressing a functional TCR b chain, the cell
down-regulates CD25 and up-regulates expression of the
CD4 and CD8 coreceptor molecules and the TCR. This
latter stage, referred to as the double-positive (DP) stage,
is where the thymocyte begins to undergo the repertoire
selection process (Bevan et al. 1994; Nossal 1994; Fink
and Bevan 1995). Surviving T cells will down-regulate
either CD8, to become the mature CD4 single-positive
(SP) T cell, or CD4, to become the mature CD8 SP T cell
(Robey and Fowlkes 1994). c-Myb has been shown to
induce the function of the promoter of the CD4 gene (Siu
et al. 1992; Nakayama et al. 1993) and is one of three
factors that induce the function of the stage-specific
CD4 silencer (Kim and Siu 1998; H.K. Kim and G. Siu, in
prep.; M. Adlam, R.D. Allen, and G. Siu, in prep.). In
addition, c-Myb has been shown to induce the enhancers
that mediate expression of the genes encoding the TCR g
and d chains (Hernandez-Munain and Krangel 1994;
Hsiang et al. 1995). All of these proteins are important at
the later DP and SP stages of thymopoiesis.

Studying the role of c-Myb at later stages of lympho-
poiesis using conventional targeted disruption tech-
niques has been frustrated by the early lethality of ho-
mozygous null c-Myb mice, which die before definitive
lymphopoiesis begins. Transgenic mice that overexpress
a dominant-negative form of Myb in T cells have small
thymuses with an expanded population of CD4−CD8+

thymocytes (Badiani et al. 1994) undergoing apoptosis
(Taylor et al. 1996). To study directly the role of c-Myb in
lymphocyte development, we generated and analyzed
homozygous null c-Myb/Rag1 chimeric (Rag1−/− ↔ c-
Myb−/−) mice. We determine that c-Myb is important for
the proper development of lymphocytes and macro-
phages, and is required at a specific stage early in T cell
development.

Results

Mature lymphocytes and macrophages do
not develop from c-Myb−/− precursor cells

As discussed above, previous experiments have demon-
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strated that the homozygous disruption of the c-Myb
gene results in death at days 13–15 of embryogenesis
(Mucenski et al. 1991). Therefore, it was not possible to
study the role of c-Myb in lymphopoiesis, as develop-
ment of mature fetal lymphocytes occurs only later in
embryogenesis. To avoid this problem, we utilized the
Rag1−/− blastocyst chimera system (Chen et al. 1993).
Because lymphocytes require functional antigen receptor
gene rearrangements to develop, mice deficient in the
recombination enzyme Rag1 cannot generate mature
lymphocytes. In the Rag1−/− blastocyst chimera system,
chimeric mice are generated by implanting c-Myb−/− ES
cells into blastocysts generated from Rag1−/− mice. Re-
sulting mice are chimeric in all tissues except for the
lymphoid system, where lymphocytes that develop past
the stage defined by antigen receptor gene rearrange-
ment derive solely from the implanted ES cells. Eleven
Rag1−/− ↔ c-Myb−/− mice were generated. We have used
PCR analyses of genomic DNA as well as genomic blots
to assay the chimerism in the brain, kidney, large intes-
tine, liver, heart, tail, thymus, small intestine, lung, and
skeletal muscle of these mice (data not shown). We can
detect chimerism in each of these tissues in a subset of
Rag1−/− ↔ c-Myb−/− mice, ranging from 2/11 for the
brain to 7/11 for the liver and skeletal muscle; these data
indicate that the c-Myb−/− ES cells are capable of con-
tributing to the development of multiple somatic cell
types.

Despite their ability to contribute to a wide variety of
somatic tissues, c-Myb−/− ES cells were unable to re-
populate most mature cells of the immune system. We
cannot detect mature splenic B220+mIgM+ B cells in the

Rag1−/− ↔ c-Myb−/− mice, nor can we detect mature
splenic CD4 SP and CD8 SP T cells or CD4 SP, CD8 SP,
and DP thymocytes (Fig. 1). Analysis of macrophages in
Rag1−/− blastocyst chimeras is difficult as their develop-
ment does not depend on functional Rag genes; thus,
macrophages in the chimeric mice may originate from
both the c-Myb−/− and the Rag1−/− lineages. To identify
c-Myb−/− ES cell-derived macrophages, we took advan-
tage of allelic differences in the Ly9 molecule between
the c-Myb−/− cells and Rag1−/− cells. Hematopoietic cells
from the Rag1−/− mice express the Ly9.2 allele, whereas
cells originating from the c-Myb−/− cells express the
Ly9.1 allele (Ledbetter and Herzenberg 1979). We can
thus identify precursor cells originating from c-Myb−/−

stem cells using an antibody that distinguishes between
the two Ly9 isoforms. Splenocytes were harvested from
Rag1−/− ↔ c-Myb−/−, Rag1−/− ↔ c-Myb+/−, and Rag1−/−

mice as well as from +/+ 129 mice, which is the genetic
background of the ES cell used to generate the c-Myb−/−

cells (Mucenski et al. 1991). As expected, macrophages are
Ly9.1+ in the 129 mice and Ly9.1− in the Rag1−/− mice
(Fig. 2). The Mac-1+Gr-1− population in the Rag1−/− ↔ c-
Myb+/− mice contain both Ly9.1+ and Ly9.1− cells, indicat-
ing that Rag1−/− ↔ c-Myb+/− ES cells are capable of repopu-
lating the macrophage compartment. The macrophage
population in the Rag1−/− ↔c-Myb−/− mice are Ly9.1−, in-
dicating that the macrophages in these mice are derived
solely from the Rag1−/− blastocyst cells, indicating that the
deletion of the c-Myb gene leads to defective macrophage
development. Thus, we conclude that c-Myb plays an im-
portant role in the development of both the lymphoid and
macrophage lineages.

Early thymocyte precursors develop
from c-Myb−/− stem cells

Although the lack of detectable mature and im-
mature lymphocytes in the Rag1−/− ↔ c-Myb−/−

mice is consistent with an early pluripotent
HSC defect, it is possible that the defect occurs
after the stem cell commits to the lymphocyte
lineage but before antigen receptor gene rear-
rangement. Because Rag1−/−-derived lympho-
cyte precursors can also develop to these stages,
a block in development of the c-Myb−/− stem
cells would be difficult to detect using flow cy-
tometric analyses with the standard lineage
markers. To address this issue, we determined
the extent of Ly9 allelism in early B and T cell
precursors isolated from the chimeric mice (Fig.
3; data not shown). We were unable to detect
immature Ly9.1+B220+CD43+ B cells in the
bone marrow in any of the Rag1−/− ↔ c-Myb−/−

mice (data not shown), indicating that, as for
macrophages, the c-Myb−/− ES hematopoietic
stem cells cannot develop to the point of com-
mitment to the B cell lineage. To analyze the
early thymic precursor cells, we utilized anti-
bodies to the CD44 and CD25 molecules. (God-
frey and Zlotnik 1993; Godfrey et al. 1993).

Figure 1. Flow cytometric analyses of B and T lymphocytes from Rag1−/−

↔ c-Myb−/− mice. Splenocytes and thymocytes were isolated from Rag1−/−

↔ c-Myb−/−, Rag1−/− ↔ c-Myb+/−, Rag1−/−, and 129 control mice and identi-
fied with combinations of B and T lineage-specific antibodies (see text for
details). Chimera 2 was used as an example; similar results were obtained
from all other chimeras (data not shown). (A) Splenic B cells and bone marrow
B cell precursors; (B) splenic and thymic T cells.
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Mice that have homozygous null mutations in their Rag
genes have a developmental block at the CD44+/loCD25+

stages as the result of their inability to generate a suc-
cessful rearrangement of their TCR genes[Godfrey et al.
(1993); Fig. 3A]. Five of eleven Rag1−/−↔ c-Myc−/− mice
contained cells derived from c-Myb−/− ES cells in the
CD44loCD25− DNA population. As can be seen in Figure
3, we detect Ly9.1+CD44loCD25− DN thymocytes in the
Rag1−/− ↔ c-Myb−/− chimeric mice, indicating this ex-
panded population represents a stage that is blocked for
further development (Fig. 3B). The presence of this early
thymocyte originating from the c-Myb−/− ES cells and its
failure to develop further indicate that c-Myb plays an
essential role for the developmental progression of an
early T cell precursor.

The CD44loCD25− DN thymocytes in the Rag1−/− ↔
c-Myb−/− mice have germ-line TCR b-chain genes

The expanded Ly9.1+CD44loCD25− thymocytes ob-
served in the Rag1−/− ↔ c-Myb−/− mice may represent
thymocyte precursors of two different developmental
stages: the recent oligopotent immigrant from the bone
marrow; or the late DN precursor to the DP thymocyte.
Flow cytometry data using different early thymocyte
markers indicate that the phenotype of this population is
consistent with that of the early DN thymocyte (Fig. 3;
data not shown); the lack of Ly9.1+CD44+CD25+ thymo-
cytes in the Rag1−/− ↔ c-Myb−/− mice also supports the
hypothesis that thymopoiesis is blocked previous to this
step (Fig. 3B). However, it is still possible that this popu-
lation represents the late DN thymocyte population that

has modified marker expression due to the deletion of
the c-Myb gene. To confirm that this population is the
earliest thymic precursor, we analyzed thymocytes from
the Rag1−/− ↔ c-Myb−/− mice for rearrangement of the
TCR b-chain gene (Fig. 4). As discussed above, the earli-
est CD44lo/+CD25− DN thymocyte has not begun rear-
ranging the TCR genes, whereas cells of all subsequent T
cell developmental stages have at least partial Db–Jb re-
arrangements. Thus, should the expanded CD44loCD25−

DN population detected in the Rag1−/− ↔ c-Myb−/−

mice represent the earliest DN precursor, we predict that
we would only detect the germ-line configuration in the
b-chain gene locus. Alternatively, should this population
represent a late DN thymocyte ready to progress into the
CD4−CD8loCD3− stage, we predict we would be able to
detect Db–Jb rearrangements.

We purified DNA from the thymuses harvested from
the Rag1−/− ↔ c-Myb−/− and the Rag1−/− mice, as well as
from both whole thymus and sorted CD4−CD8−CD3−

thymocytes from +/+ 129 mice and analyzed them for
TCR b-chain gene rearrangement using a PCR-based
method (Anderson et al. 1992). PCR products represent-
ing initial Db–Jb rearrangements can be readily detected
in either whole thymocytes or sorted CD4−CD8−CD3−

cells from the +/+ 129 mouse (open arrow; Fig. 4). We
cannot detect similar rearrangements in the Rag1−/−

mouse, although the germ-line Db–Jb can be readily de-
tected (open and solid arrows, respectively; Fig. 4). These
latter observations are consistent with the inability of
these mice to rearrange their TCR and immunoglobulin
genes due to the loss of the functional Rag1 gene. Inter-
estingly, we also cannot detect Db–Jb rearrangments in
the thymuses of the Rag1−/− ↔ c-Myb−/− mice. How-
ever, in all chimeras we detect a PCR product that cor-
responds to the germ-line Db–Jb band, demonstrating
that the b-chain loci in the DN thymocytes in these
mice are still in the germ-line configuration (solid arrow,
Fig. 4). These data thus suggest that the TCR b-chain loci
in the expanded population of CD44loCD25− DN thymo-
cytes in the Rag1−/− ↔ c-Myb−/− mice are germ line, in-
dicating further that this population represents the ear-
liest DN thymocyte stage.

Discussion

c-Myb is important at multiple stages in hematopoiesis

Previous studies have demonstrated that c-Myb is nec-
essary for the transition from fetal-type to adult-type
erythropoeisis (Mucenski et al. 1991). In this study we
present evidence that ES cells deficient for c-Myb cannot
generate B cell or macrophage/monocyte precursors in
the bone marrow. There are several possible explana-
tions for these observations: (1) The c-Myb−/− HSC is
present in normal numbers but is inhibited from further
development into the B cell and macrophage/monocyte
lineages but not the T cell lineage; and (2) it is possible
that c-Myb−/− HSCs can develop but are at a selective
disadvantage for developmental niches in the bone mar-
row. For example, should the c-Myb−/− HSC be unable to
replicate efficiently, competition for the limited space in

Figure 2. Flow cytometric analysis of splenic macrophages.
Splenocytes were isolated from Rag1−/− ↔ c-Myb−/−, Rag1−/−

↔ c-Myb+/−, Rag1−/−, and 129 control mice and identified with
antibodies against the macrophage lineage markers Mac-1 and
Gr-1 and the c-Myb−/− cell-specific marker Ly9.1 (see text ). The
mature macrophage population was gated on and analyzed for
Ly9.1 expression as shown. Chimera 2 is shown; similar results
were obtained from all other chimeras (data not shown).
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the bone marrow with Rag1−/− HSCs may inhibit the
ability of the c-Myb−/− HSC to populate this compart-
ment. Antisense experiments led to the proposal that
c-Myb is important in the proliferation and differentia-
tion of hematopoietic precursors (Clarke et al. 1988;
Gewirtz and Calabretta 1988; McMahon et al. 1988; To-
dokoro et al. 1988; McClinton et al. 1990), which is con-
sistent with the latter hypothesis but not the former.
However, as we can detect further development of the
c-Myb−/− HSCs into thymic stem cells in many of the
Rag1−/− ↔ c-Myb−/− mice, it is clear that HSC develop-
ment and maturation can occur to some extent in the
absence of c-Myb. We thus believe that the absence of
c-Myb leads at best to only a partial developmental block
at early stages of HSC development. Thus, in contrast to
the essential role that c-Myb has in early thymopoiesis
and fetal erythropoiesis, c-Myb is not absolutely required
for HSC maintenance and development.

Definitive roles for c-Myb in T cell development

Our data demonstrate that although Rag1−/− ↔ c-Myb−/−

mice are capable of generating early hematopoietic pre-
cursors that seed the thymus, further development of
these cells is blocked at the CD44loCD25− DN develop-
mental stage, which is characterized by the beginning of
definitive T cell differentiation. Thus, our data demon-
strate an important role for c-Myb in the control of early
T cell development. Although these cells eventually de-
velop into T cells in vivo, cell transfer experiments have
demonstrated that this population is capable of differen-
tiating into T, B, NK, and dendritic cells, whereas sub-
sequent DN thymocyte stages are completely commit-
ted to the T cell lineage (Guidos et al. 1989a,b; Wu et al.
1991; Shortman and Wu 1996). It is interesting to specu-
late that c-Myb plays a role in the developmental deci-

Figure 3. c-Myb−/− HSCs can generate early double-negative
thymocytes. (A) Thymocytes were isolated from representative
Rag1−/− ↔ c-Myb+/−, Rag1−/−, phenotype positive Rag1−/− ↔
c-Myb−/−, and 129 control mice and analyzed for surface expres-
sion of T-lineage-specific markers. Cells expressing any one of
the CD8/CD3/B220/Mac-1/Gr-1/Ter-119 markers were ex-
cluded from the analysis and the remainder plotted based on
their expression of CD25 (x-axis) and CD44 (y-axis). For the
Rag1−/− ↔ c-Myb−/− mice, representative phenotype-positive
data are shown. (B) Analysis gates drawn on the CD44loCD25−

and CD44+/loCD25+ cells for analysis of the expression of the
129 lineage-specific surface marker Ly9.1 are shown.

Figure 4. TCRb-chain gene rearrangement in thymocytes from
the Rag1−/− ↔ c-Myb−/− mice. DNA was purified from thy-
muses from the Rag1−/− ↔ c-Myb−/− and Rag1−/− mice and from
both whole thymus and sorted CD4−CD8−CD3− thymocytes
from +/+ 129 mice and analyzed them for TCR b-chain gene
rearrangement as described previously (Anderson et al., 1992).
Results obtained from the Rag1−/− ↔ c-Myb−/− chimeras 1, 2, 9,
and 11 (left to right) are shown and are representative of
the other chimeras. (Solid arrow) Germ-line band; (open arrow)
Db–Jb-rearranged bands.
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sion of an ES cell precursor to commit to the T cell
lineage. In this model, the targeted disruption of c-Myb
would prevent the development of the committed DN
thymocyte, leading to the observed buildup of the early
uncommitted precursor. Although several transcription
factors have been demonstrated previously to be impor-
tant in thymopoiesis, all are believed to be important
either late in T cell development or in the multipotent
ES cell and not at this stage of T cell commitment (Fig.
5). Using the Rag−/− blastocyst chimera approach, Ting
et al. (1996) determined that Rag2−/− ↔ GATA-3−/− mice
are deficient in T cell development, indicating that
GATA-3 is important for the specification of the T cell
lineage. However, using the same Ly9 allele marker sys-
tem that we have utilized above, these workers could not
detect Ly9.1+ DN thymocytes in the thymuses of these
mice, indicating that the GATA-3−/− HSC could not seed
the thymus at any level. These observations suggest that
the block in the Rag2−/− ↔ GATA-3−/− mice is earlier
than that seen in the Rag1−/− ↔ c-Myb−/− mice. How-
ever, because the expanded CD44loCD25− DN popula-
tion in the Rag1−/− ↔ c-Myb−/− mice cannot mature fur-
ther, it is difficult to define precisely their developmen-
tal potential; thus we cannot formally demonstrate that
this population consists of the early uncommitted thy-
mic ES cell. Nonetheless, this population phenotypically
resembles this thymocyte precursor; thus, our data sug-

gest that c-Myb may be playing a role in the committ-
ment of the ES cell to the T cell lineage.

It is unlikely that the sole role of c-Myb in T cell
development is mediating early T cell progenitor devel-
opment. As discussed above, c-Myb is an important tran-
scription factor in the control of expression and function
of a wide variety of different genes, including the CD4,
ADA, TCRg and d chain, c-kit, and c-Myc genes (Siu et
al. 1992; Cogswell et al. 1993; Hernandez-Munain and
Krangel 1994; Hernandez-Munain et al. 1996; Ess et al.
1995; Hsiang et al. 1995; Ratajczak et al. 1998; M. Ad-
lam, R.D. Allen, and G. Siu, in prep.); many of these
genes are important at later stages of T cell development.
For example, the CD4 and TCRg- and d-chain genes en-
code proteins whose expression are required for the T
cell receptor-mediated selection process (Fowlkes and
Pardoll 1989). In addition, overexpression of dominant–
negative forms of Myb lead to perturbations in thymic
development, implying a role for Myb proteins in late
stages of thymopoiesis (Badiani et al. 1994; Taylor et al.
1996). Nonetheless, the extent of the role of c-Myb in
thymic selection remains to be determined (Fig. 5). Use
of conditionally targeted c-Myb mice will allow insight
into the role of c-Myb as a potential mediator of prolif-
eration or survival signals in the selecting and postselec-
tion thymocyte.

Materials and methods
RAG1−/− blastocyst complementation and implantation
Homozygous and heterozygous null c-Myb ES cells were kindly provided
by M. Mucenski (Mucenski et al. 1991). Rag1−/− blastocysts were har-
vested from impregnated females at 3.5 dpc, microinjected with 15–18
c-Myb−/− or c-Myb+/− ES cells, and implanted into the uteri of pseudo-
pregnant females as described previously (Chen et al. 1993). Chimerism
in the pups was determined by coat color, and PCR and genomic blot
analyses of tail DNA; a total of 11 chimeras were obtained. Chimerism in
each tissue was determined by genomic PCR analyses, genomic blots,
and flow cytometry. All mice were housed in the pathogen-free Cancer
Center Animal Facility at Columbia University and sacrificed at 4–6
weeks of age for analysis.

Genomic DNA analyses
Genomic DNA was prepared from tissues and sorted cells by incubating
overnight at 55°C in digestion buffer (50 mM Tris at pH 8.0, 100 mM

NaCl, 100 mM EDTA, 1% SDS, 200 µg/µl proteinase K), extracting with
phenol/chloroform/isoamyl alchohol, and resuspending the precipitated
DNA in TE (10 mM Tris, 1 mM EDTA at pH 7.5). For PCR of the TCRb-
chain gene locus, primers 58 of the Db2 region (Anderson et al. 1992) and
38 of the Jb2 cluster (Levin et al. 1993) were used to amplify DNA isolated
from either whole or CD4−CD8−CD3− sorted thymocytes of chimeric
and control mice. The amplification cycle (94°C for 60 sec, 62°C for 120
sec, 72°C for 120 sec) was repeated for 40 cycles, and products were size
fractionated on a 1% agarose gel and visualized by ethidium bromide
staining.

Flow cytometry
Cells were harvested and stored as described previously (Kim and Siu
1998). The following mAb reagents were obtained from PharMingen (San
Diego, CA): a-CD8 (53-7.8), a-Ly9.1 (30C7), a-CD4 (GK1.5), a-CD25
(7D4), a-IgM (331); a-CD4 (GK1.5), a-CD3 (145-2C11), a-CD44 (IM7),
a-CD43 (S7); a-Ly9.1 (30C7), a-CD25 (7D4), a-Gr-1 (RB6-8C5); a-Thy1.2
(53-2.1), a-B220 (RA3-6B2), a-Mac-1 (M1-70), a-CD4 (RM4-5), a-Ter-119,
a-Gr-1 (RB6-8C5), a-CD8 (53-6.1), and a-CD3 (145-2C11). T cell popula-
tions in the thymus and spleen were identified with anti-CD3, anti-CD4,
and anti-CD8. For DN T cells, thymocytes were stained with antibodies
to CD8, CD3, CD44, CD25, B220, Mac-1, Gr-1, Ter-119, and Ly9.1. Cells

Figure 5. Transcription factors important in early and inter-
mediate T cell development; data are from Glimcher and Singh
(1999) and references therein.

c-Myb in lymphocyte development

GENES & DEVELOPMENT 1077



expressing any one of the CD8/CD3/B220/Mac-1/Gr-1/Ter-119 markers
were excluded and the remainder analyzed on the basis of their expres-
sion of CD25 and CD44. Mature B cells were identified in the spleen
using anti-B220 and anti-IgM. B cell precursors were identified in bone
marrow using anti-B220 and anti-CD43. Splenic macrophages and granu-
locytes were identified using Mac-1 and Gr-1 after excluding CD3-ex-
pressing cells from the analysis. Sorting for CD4−CD8−CD3− thymocytes
was performed as described previously (Lam and Stall 1994).
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