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Molecular and Cellular Events in Early Thymocyte Development

HANS-REIMER RODEWALD AND HANS JORG FEHLING

Basel Institute for Immunology, CH 4005 Basel, Switzerland

L. Introduction

It was recognized in the early 1980s that a minor population (~5% of
the total number) of adult thymocytes, characterized by lack of expression
of CD4 and CDS8 [hence the designation “double-negative” (DN) thymo-
cytes], contained progenitors for all thymocyte subsets. Upon intravenous
or intrathymic transplantation of DN thymocytes into irradiated hosts,
donor thymopoiesis was observed. However, in contrast to mice reconsti-
tuted with bone marrow-derived hematopoietic stem cells (HSC), thymus
reconstitution from DN thymocyte progenitors was only transient, indi-
cating that the thymus contains exhaustible rather than self-renewing
“stem cells” (Fowlkes et al., 1985). Well before then, it had been estab-
lished that intrathymic progenitor cells are derived, like all other blood
cells, from common HSC and that the thymus is dependent for as long
as it performs its function on colonization from circulating (“blood-
borne”) progenitors (Moore and Owen, 1967a,b; Kadish and Bash, 1976;
Le Douarin, 1984; Fowlkes et al., 1985; Donskoy and Goldschneider,
1992). HSC populations, commonly characterized by multipotency, self-
renewal capacity permitting long-term reconstitution following bone mar-
row engraftment and by their ability to protect lethally irradiated mice
from bone marrow failure (for reviews and further references, see Uchida
et al., 1993; Zon, 1995; Morrison et al., 1997), continuously give rise to
Iineage-restricted precursors. Lineage—restricted precursors refer to cell
types that have lost the potential for some, but not for other, lineages.
Their progeny is finally committed to a single lineage. In the case of
thymocytes it has been a long-standing question whether the thymus is
colonized by “true” HSC, by T-cell lineage-committed progenitors, or by
both (reviewed by O'Neill, 1991; Tkuta et al., 1992; Rodewald, 1995).

Technical advances such as multicolor flow cytometry, RNA and DNA
analyses from minute numbers of, and even single cells by means of
the polymerase chain reaction (PCR), and the availability of genetically
modified mice expressing or lacking specific gene products made it
possible to dissect the intrathymic pathways of differentiation in detail.
Thus, the minor DN precursor population can now be resolved into
multiple cellular subsets, each of which may be defined by cell surface
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2 HANS-REIMER RODEWALD AND HANS JORG FEHLING

phenotypes [based on expression of markers such as Thy-1, CD2, CD4,
CD8, CD25 (also called Tac or IL-2 receptor (R) a chain), CD16/32
(FeyRIIVID), CD44, CD117 (c-kit), CD122 (IL-2 R B chain)], by pre-
cursor—product relationships (and the inclusion and exclusion of lineages
among the progeny), by cell cycle status, and by rearrangements of
their T-cell receptor (TCR) loci. In the future, analyses at the single
cell level may provide information on the frequencies of cells within
each subpopulation that bear a particular TCR rearrangement and an
estimate how “synchronized” each cell within a given population is.
Studies along this line have been reported from various stages of B-
cell development (Ehlich et al., 1994; ten Boekel et al., 1995) but are
not yet available for thymocytes.

This review focuses on early stages of thymocyte differentiation only.
The stages covered here are defined as the events leading from HSC into
lineage-restricted and finally T-cell lineage-committed precursors. Pro-T
cells [TCR genes in germline or D(J)B rearranged] give rise to pre-T cells
[TCR genes V(D)]B rearranged]. Subsequently, the TCR 8 chain forms,
in association with the invariant pre-TCR « chain (pTa), the pre-TCR.
Thymocytes are now ready to leave the DN stage and progress to the
CD4CD8" [double-positive (DP)] stage, which is not discussed here. The
field of thymopoiesis is addressed by a vast literature, thus, inevitably, the
reference list cannot be complete. For additional reading, the reader may
refer to reviews that have comprehensively covered overlapping topics (e.g.,
Kisielow and von Boehmer, 1995; Levelt and Eichmann, 1995; Anderson et
al., 1996; Malissen and Malissen, 1996; Shortman and Wu, 1996; Fehling
and von Boehmer, 1997).

This review presents the following aspects: Available assays (Section
II) to study early thymocyte development in vivo and in vitro are
introduced. A brief survey of such assays, their strengths and weaknesses,
may aid in the interpretation of data discussed later. Because pro-
thymocytes originate from HSC, aspects of hematopoietic stem and
extrathymic progenitor cell compartments (Section III) as they relate
to pro-thymocyte development are presented. Precursor populations are
described from the points of view of their phenotypes, developmental
potential, and status of TCR gene rearrangements. The role of the pre-
T-cell receptor complex in thymocyte development and allelic exclusion
of functional TCR rearrangements is addressed in detail (Section IV).
A discussion of the o3 versus y8 lineage commitment (isotypic exclusion)
is beyond the scope of this review. New light has been shed onto
essential functions of growth/differentiation factor receptors (Section V)
in early thymocyte development. The implications of lack of growth
factor receptors, particularly c-kit and cytokine receptors complexed
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with the common cytokine receptor 7y chain (yc), for thymocyte develop-
ment and, in turn, for the fate of the thymic epithelium are discussed.
Finally, early thymocyte development is considered in view of muta-
tions in transcription factors (Section VI) (e.g., GATA-3, PU-1, Ikaros,
TCF-1) and other molecules (Section VII) implicated in the pro-
cess [e.g. adhesion molecules (au, or B; integrins, e-cadherin), CD44,
CDS81]. Although this review falls short of defining the molecular basis
for T-cell commitment (for lack of data), it may outline critical molecular
and cellular events accompanying the generation of early thymocytes.

Il Assays to Study Thymocyte Development in Vivo and in Vitro

A. In Vitro SYSTEMS

T-cell development is localized to and dependent on specialized environ-
ments provided primarily by the thymus. Here, progenitor T lymphocytes
reside in close contact to the thymic “stroma.” Thymic stromal cells are
mostly of epithelial origin (for reviews, see van Ewijk, 1991; Boyd et al.,
1993; Anderson et al., 1996), but hematopoietic elements (macrophages,
dendritic cells) also contribute to the formation of a functional thymic
environment. In vivo, thymocyte proliferation and differentiation are
driven and controlled by precursor cell-stromal cell interactions (reviewed
by Anderson et al., 1996), and roles for soluble growth factors in thymocyte
development have also been widely proposed.

Despite long-term efforts to study thymocyte development in suspension
culture systems in vitro, a “structured” thymic stromal cell organization
has proven indispensable in all systems supporting multiple stages of intra-
thymic T-cell development. Traditionally, fetal thymic lobes were depleted
of endogenous thymocytes by treatment with 2’-deoxyguanosine to provide
a functional thymic environment for HSC or T-cell-committed progenitors
(reviewed by Jenkinson and Owen, 1990). However, such fetal thymic
organ cultures (FTOC) are limited by the fact that the thymic stroma is
not further accessible. Thus, insights into the requirements for each stromal
cell compartment in various phases of thymocyte development cannot
be obtained.

Precisely this can now be attempted with a more recently introduced
modification of the FTOC method, the reaggregation fetal thymus organ
culture (RFTOC) technique (Jenkinson et al., 1992; Anderson et al.,
1993; Jenkinson and Anderson, 1994). This method involves the release
of thymic stromal cell elements from freshly isolated or cultured fetal
thymic lobes by means of enzymatic digestion of the lobes. Isolated
thymic stromal cell populations, with or without addition of the appro-
priate progenitor cell populations, are centrifuged to form a densely
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packed cellular pellet. This pellet, when placed as a standing drop onto
a floating filter disk in vitro, can reaggregate to “reform” a functional
thymic environment.

The RFTOC technique is now widely applied to examine interactions
between stromal elements and developing thymocytes in vivo. For example,
such experiments resulted in a report about stromal cell requirements for
the emergence of T-cell receptor gene rearrangements in uncommitted
progenitors (Oosterwegel et al., 1997). Using RFTOC, an involvement of
adhesion mediated by E-cadherin in thymus organogenesis (Miiller et al,,
1997) was proposed. Finally, requirements guiding positive TCR repertoire
selection were examined in RFTOC (reviewed by Fink and Bevan, 1995).
It should be pointed out, however, that neither FTOC nor RFTOC methods
allow analysis of T development from single progenitor cells. In the absence
of a clonal assay, the frequency of T-cell progenitors among stem cell
populations cannot be measured accurately.

A popular application in both FTOC and RFTOC systems is the usage
of monoclonal antibodies (mAb) or antisense oligonucleotides to block
stromal cell/thymocyte interactions. However, the number of “knock-
out” mice lacking molecules on thymocytes or stromal cells is increasingly
growing, and therefore many blocking studies can now be proven or dis-
proven genetically. In this way, critical roles for expression of major histo-
compatibility complex (MHC) class I (Marusic-Galesic et al., 1988), MHC
class I (Mizuochi et al., 1988), or the transcription factor GATA-3 (Hattori
et al., 1996a) were confirmed (Zijlstra et al., 1990; Cosgrove et al., 1991;
Grusby et al., 1991; Kontgen et al., 1993; Ting et al., 1996). In contrast,
blocking studies suggesting roles for the IL-2 R & chain (Tentori et al.,
1988; Zuniga-Pflucker and Kruisbeek, 1990; Zuniga-Plucker et al., 1990)
for CD81 (Boismenu et al., 1996), for integrin a8, (Imhof and Dunon,
1995; Ruiz et al., 1995), for LFA-1 (Fine and Kruisbeek, 1991), or for
CD44 (Wu et al., 1993) are in discord with analyses of mutant mice [IL-
2 R o (Willerford et al., 1995), CD81 (Maecker and Levy, 1997; Miyazaki
et al., 1997), integrin o (Georges-Labouesse et al., 1996; D. Witherden
and E. Georges-Labouesse, personal communication), integrin 3, (van der
Neut et al., 1996), LFA-1 (Schmits et al., 1996), and CD44 (Schmits et
al., 1997)]. Of course, some of these molecules may play redundant roles
(Rajewsky, 1992) that may only be uncovered in mice lacking more than
one gene product. Nevertheless, many mAb blocking studies suggested
nonredundant roles that were not confirmed in the analyses of mutants.
In conclusion, mAb-blocking experiments appear to be unreliable, and,
where possible, mutants should be used to determine gene function even
in thymus organ culture systems.
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B. In Vivo SYSTEMS
1. Adoptive Transfers

Adoptive transfers of HSC or thymocyte subpopulations into recipient
mice can recapitulate various aspects of thymocyte development in vivo.
Following intravenous transfer, seeding of stem cell sites such as bone
marrow by multipotent stem cells, or seeding (“homing”) of the thymus
by HSC or committed T-cell precursors, and the subsequent colonization of
secondary lymphatic organs can be analyzed. In addition, direct intrathymic
injection (Goldschneider et al., 1986) of precursors is a very sensitive
method to assess precursor—product relationships along the T-cell lineage.
In both instances (intravenous and intrathymic transfers), host stem cells,
committed progenitors, and mature lymphocytes are usually ablated using
v irradiation. It is a widely held view that hematopoietic stroma is radio
resistant. However, a direct comparison of progenitor transfers into irradi-
ated (600 rad) versus nonirradiated recipients revealed a substantial de-
lay in developmental progression (~4 days) on intrathymic injection
(Rodewald et al., 1993). This delayed development in the irradiated thymic
environment may be due to transient damage of thymic stromal cells or to
the massive radiation-induced cell death causing depletion of endogenous
thymocytes, which, in turn, disrupts the normal thymic architecture. There-
fore, kinetic studies using intrathymic cell transfers into normal, nonirradi-
ated recipients, albeit more laborious, are likely to reflect physiological
development more closely (Petrie et al., 1990; Rodewald et al., 1993).

2. RAG-Deficient Blastocyst Complementation

Because many mutations are lethal at early stages of embryonic develop-
ment, their potential effects on lymphocyte development and/or peripheral
T- and B-cell functions cannot be studied directly. To overcome this
problem, chimeric mice can be generated by injection of homozygous
mutant embryonic stem cells (ES) into RAG-deficient blastocysts (reviewed
by Chen, 1996). In RAG-deficient mice, lymphocyte development is ar-
rested in early thymocyte and B-cell development (see later). Therefore,
all progenitors and mature lymphocytes that develop beyond the “RAG
block” are of ES cell (mutant) origin, which facilitates analyses of mutated
genes selectively in lymphocytes.

3. Thymus Grafting

Transplantation of mutant fetal thymi into adult wild-type recipients can
be used to assess the role of gene products produced within the thymic
environment (e.g., stem cell factor; Asamoto and Mandel, 1981; Rodewald
et al., 1995). In this way, a gene defect can be restricted to a localized
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environment and therefore separated from systemic effects caused by
the mutation. However, this approach is only possible when homozygous
mutant mice are viable until ~ day 15 of gestation.

lil. Origin of Thymocytes: Hematopoietic Stem Cells and Early
Thymocyte Progenitors

A. Tuymus-CoLONIZING PROGENITORS: COMMITTED OR NOT,
A LONG-STANDING QUESTION AND NO ANSWER

All blood cell lineages are ultimately derived from HSC. Depending on
the life span of each lineage, HSC rapidly or slowly regenerate all lineages
such that they are maintained at steady state throughout life. When artifi-
cially placed into the thymus, bone marrow HSC generate thymocytes.
Notably, under these experimental conditions, HSC also generate other
lineages, e.g., many donor-type granulocytes (Spangrude and Scollay,
1990), that are not present abundantly in the thymus under physiologi-
cal conditions. The thymus contains spleen-colony-forming units (CFU-S)
(myeloid—erythroid) progenitor activity at very low frequencies (~one
CFU-Sy; per 2 X 10° CD3°CD4°CDS8" thymocytes) (Papiernik et al.,
1988), whereas bone marrow HSC populations are highly enriched for CFU-
Saiz activity (frequency estimates within the HSC compartment range from
1/10 (Spangrude and Weissman, 1988) to 1/60 (Morrison and Weissman,
1994). Does the thymus harbor any multipotent stem cells? If so, their self-
renewal must be quite limited as thymus grafts discontinue to generate thy-
mocytes of the “graft type” after ~4 weeks in vivo (Frey et al., 1992); after
thistime, they produce host-type thymocytes exclusively. Bone marrow HSC
and early thymic progenitors share some phenotypic markers (such as c-
kit, CD44, Sca-1, the common cytokine receptor y chain), whereas other
markers (such as Sca-2 or the IL-7 R & chain) are expressed by early thymic
progenitors only (see later). Thus, at least with regard to myeloid—erythroid
potential, self-renewal, and phenotype, bone marrow HSC and intrathymic
“stem cells” are clearly distinct. Are intrathymic “stem cells” T lineage com-
mitted? Not in all instances, as a potential to give rise, under appropriate
conditions, to other cell types, notably natural killer (NK) cells, B cells, and
some myeloid cells (dendritic cells), has been observed (see later). However,
perhaps with the exception of the T/NK progenitor in the human thymus,
clonality of the precursor—product relationship has not been demonstrated.
Therefore, up to now, the possibility cannot be excluded that what are consid-
ered to be multi- or oligopotent progenitors in the thymus in fact represent
mixtures of progenitors for each lineage. This caveat stated, the develop-
mental potential of early intrathymic progenitor populations shall neverthe-
less be discussed (see later).
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In the bone marrow, HSC undergoing lineage commitment into red blood
cells, myeloid cells, platelets, or B lymphocytes presumably change their
“lodge” from a “HSC stromal type” to a stromal cell type supporting their
new lineage fate. In marked contrast, development of few lineages, notably
T cells, mast cells, and dendritic cells is certainly not completed and may not
even be initiated in the bone marrow. Instead, progenitors for these lineages
have to migrate via the blood to peripheral mucosal and connective tissues
(in the case of mast cells) or to the thymus (in the case of T cells) to continue
their development. Thus, one should expect to find progenitors (which may
or may not be committed) in the blood “en route” to their target tissues.
Indeed, analysis of fetal blood (see later) led to the identification of commit-
ted progenitors for mast cells (Rodewald et al., 1996), pro-thymocytes (Rode-
wald et al., 1994), pro-B cells (Melchers and Abramczuk, 1980; Delassus
and Cumano, 1996), and multipotent stem cells (Moore and Metcalf, 1970;
Rodewald et al., 1994, 1996; Delassus and Cumano, 1996; Marcos et al.,
1997). However, the finding of both committed and uncommitted progeni-
tors in the fetal circulation does not resolve the question which cell types
constitute the major pathways of thymus seeding.

Another level of complexity is introduced when data from analyzed
mouse mutants are compiled. It is now apparent that differential molecular
requirements exist for thymocyte development during fetal, early postnatal,
adult, and late adult life (>6 month of age) (Fig. 1). For instance, mice
lacking the C-terminal domain of the Ikaros gene were devoid of fetal,
but not postnatal, thymocytes. In contrast, e, integrin™~ HSC generated
normal numbers of thymocytes at fetal stages, but thymocyte numbers
declined postnatally until they were undetectable by ~4 weeks of age.
Likewise, in mice lacking TCF-1 it took ~6 month until thymopoiesis
was blocked at the earliest stage. In contrast to these mutants revealing
temporally modulated deficiencies, mice lacking the transcription factor
GATA-3 or the growth factor receptors c-kit and the common cytokine
receptor y chain were completely devoid of thymocytes {all these mutants
will be discussed in more detail later). The pattern shown in Fig. 1 is
compatible with the idea that molecular requirements may differ over
time. However, it is also conceivable that the thymus is seeded by different
types of progenitors simultaneously or successively and that these cells may
be committed or uncommitted at the time of thymus entry. A precedent for
the ontogenetic regulation of the development of a particular lineage is
Vy3* dendritic epidermal T cells, which are only generated from a fetal
precursor in a fetal thymus (for a review, see Tkuta et al., 1992)." Section
II1,B summarizes available data on prethymic and intrathymic progenitor

! TCR$ nomenclature according to Garman et al., 1986.
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Fic. 1. Thymic cellularity as a function of age in wild-type and mutant mice. Total
thymic cellularity is shown during both fetal and adult life. Cell numbers are only given as
approximations based on data from the following mutant mice: Tkaros N™ mice lack N-
terminal sequences of Tkaros. This mutation appears to act in a domaint negative fashion
(Georgopoulos et al., 1994). Tkaros C™~ mice, considered as Tkaros null mutants, carry a
deletion of the C terminus of Tkaros (J.-H. Wang et al., 1996). For mutations with an early
embryonic lethal phenotype, chimeric mice were generated by RAG complementation (see

Section I1). In such chimeric mice, the effects of lack of GATA-3 (Ting et al., 1996) or a,

integrin (Arroyo ef al., 1996) on T-cell development were determined. Mice lacking c-kit

and y.” (Rodewald et al., 1997) live until ~10 days after birth, precluding analysis of adult
thymocyte development. Disruption of TCF-1 in mice (Verbeek et al., 1995) causes a block

at the earliest stages in thymopoiesis in late adult, but not fetal or early postnatal life.

populations. The question of whether thymus-colonizing cells include T-
cell lineage-committed progenitors remains controversial. In any case, bone
marrow-derived HSC appear to be distinct from thymus-colonizing progen-
itors.
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B. TaYMOCYTE PROGENITOR POPULATIONS: PHENOTYPES,
DEVELOPMENTAL POTENTIAL, AND STATUS OF T-CELL RECEPTOR
GENE REARRANGEMENTS

1. Extrathymic Progenitor Populations

a. Fetal Liver and Bone Marrow. Fetal liver and bone marrow are the
major sites of hematopoiesis during mid to late gestation and during post-
natal life, respectively. Many laboratories have investigated thymic reconsti-
tution kinetically and quantitatively from fetal liver or bone marrow cells
following intravenous or intrathymic transfer into host mice or in FTOC
in vitro (e.g., Kadish and Bash, 1976; Spangrude et al., 1988); for further
references, see, e.g., McKenna et al., 1994).

Fetal liver cells generated thymocytes more rapidly compared to bone
marrow cells (Kawamoto et al., 1997), but this may reflect differences
between HSC in fetal liver and bone marrow rather than provide evidence
for the presence of pro-thymocytes in fetal liver. Based on fetal liver
cell fractionation experiments, Sagara et al. (1997) proposed that T-cell
progenitor activity was enriched in a population defined as Thy-1" ¢-kit*
IL-7 R* CD3"CD4 " CD8~ CD25~ CD44* B220* FeyRIVIIT™, These
cells were potent progenitors, which gave rise to T or B lineage cells at
frequencies of ~1/10 in the appropriate assays, but they also contained
myeloid, particularly macrophage, potential (Sagara et al., 1997). At first
glance, expression of the B-cell marker B220 on progenitors that include
pro-T potential may appear surprising, but, similarly, an early B220* bone
marrow population that is included in “fraction A” according to Hardy et
al. (1991) was shown to contain NK cell potential (Rolink et al., 1996).
B220* FeyRIVIIT® cells from fetal liver contained pTa mRNA at low
levels (Sagara et al., 1997). pTa transcripts were undetectable in total liver
between fetal days 11.5 and 14.5 (Bruno et al., 1995). However, B220*
FeyRII/IIT® cells also expressed mRNA encoding Iga and VpreB (Sagara
et al., 1997), suggesting that lymphoid lineage-restricted transcripts are
present at this stage, but may be derived from different progenitors in this
population. In this and other reports (Rodewald, 1995), TCR B rearrange-
ments [both DJ and V(D)]] were essentially undetectable in fetal liver and
bone marrow (Soloff et al., 1995), even by PCR analysis. Sterile transcripts
derived from germline TCRB and TCRy loci were present in CD3-negative
bone marrow cells (Soloff et al., 1995; T. G. Wang et al., 1996), but it was
not analyzed whether sterile transcripts from the immunoglobulin heavy
chain (IgH) loci were also present in the same samples. The significance
of such germline TCR transcripts as an indication of lineage commitment
is unknown.

In the bone marrow, Antica et al. (1994) searched for a progenitor
population phenotypically reminiscent of the earliest intrathymic stem
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cells in the adult mouse (see later). In contrast to “conventional” HSC, a
population was found (“Sca-2* population”) that shared phenotypic similar-
ities with thymic “CD4**” precursors (see later). Analysis of the develop-
mental potential of bone marrow “Sca-2" cells” suggested that they repre-
sent an intermediate stage between Sca-2~ HSC and immature thymocytes.
Bone marrow “Sca-2* cells” differed, however, in their developmental
potential from thymic “CD4"*”, and it is not known whether the former
represents the direct precursor of the latter (Antica et al., 1994).

Fetal liver (McKenna et al., 1994) or bone marrow (Chervenak et al.,
1992) cells could be propagated in vitro for ~7 to 10 days, while maintaining
hematopoietic potency including pro-thymocyte activity. Suitable growth
factors were IL-3 and SCF, but because these factors also act on HSC, it
is possible that multipotent progenitors rather than pro-thymocytes were
enduring the culture period.

Collectively, despite a long list of reports providing circumstantial evi-
dence, neither pro-T cells nor the enigmatic “lymphoid stem cell” has
been identified in fetal liver or bone marrow. (Note: By the time this review
went to press, a candidate common lymphoid progenitor was reported in

the bone marrow (Kondo et al., 1997).) In fact, it is not even known
whether T-cell commitment takes place in these sites.

b. Fetal Blood. Both T lineage-committed (Thy-1*c-kit™) (Rodewald
et al., 1994) and multipotent (Thy-1"c-kit*) (Rodewald et al., 1994, 1996;
Delassus and Cumano, 1996; Marcos et al., 1997) progenitors have been
identified in murine fetal blood. A fraction (~5%) of the fetal (day 15.5)
blood-derived pro-thymocyte population carried TCR (D)]s rearrange-
ments (Rodewald, 1995). Moreover, abundant levels of pTa: mRNA were
detected in Thy-1*c-kit", whereas pTa mRNA was undetectable in multi-
potent Thy-1"c-kit* progenitors in fetal blood (Bruno et al., 1995). Upon
transfer into the thymus, fetal blood pro-thymocytes generated a single
wave of CD4*CD8* thymocytes and subsequently mature TCRa8* periph-
eral T cells. Whether these progenitors also have the potential to generate
TCRyé&" T cells is not known. However, in the presence of growth factors
(IL-2, IL-7, and SCF), both Thy-1*c-kit™ and Thy-1"c-kit" progenitors
from fetal blood were capable of generating NK cells in vitro (see later).
Nevertheless, fetal blood pro-thymocytes were clearly distinct from multi-
potent progenitors because they failed to reconstitute B lymphoid, myeloid,
and erythroid lineages. The identification of pro-thymocytes in fetal blood
led to the suggestion that T lineage commitment can precede thymus
colonization (reviewed in Rodewald, 1995).

c. Intestine. In mice, a population with close phenotypic similarity to
fetal blood-derived T-cell progenitors has been identified in the mucosal
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layer in small and large intestine (Kanamori et al., 1996). Tiny clusters
consisting of ~1000 lymphoid cells each were identified microscopically
in the cryptae of the lamina propria [termed “cryptopatches” (CP)]. Based
on the estimation that the small intestine harbors ~1500 CP (the large
intestine about 10-fold less CP), the total number of CP-associated cells
was predicted to be in the order of 1.5 X 10° per mouse. Lymphoid cells
located in CP were phenotypically heterogeneous, but most cells were
Thy-1*c-kit*IL-7 R* and lacked mature T-cell (TCRa, TCRy8, CD3)
and B-cell (B220, Ig) markers. CP first appeared 2 weeks after birth;
however, their phenotypic makeup raises the possibility that they are de-
rived from one of the progenitors previously identified in fetal blood.

A multitude of lymphocytes lodging in the intestine are collectively
referred to as intraepithelial lymphocytes (IEL) (for a review, see Klein,
1996). It is quite possible that TEL develop locally in the gut rather
than descend from a mature, circulating T cell. CP-associated cells may
represent such “local progenitor cells.” The progenitor potential of CP-
associated cells has not yet been determined. Given that CP-associated
lymphocytes are rare and distributed throughout the gut, isolation of this
population may be difficult.

2. Intrathymic Progenitors at the Time of First Thymus Seeding

Seeding of the thymus anlage begins around day 11 of fetal development
(Auerbach, 1961; Owen and Ritter, 1969). Hattori et al. (1996b) determined
the phenotypic heterogeneity and the developmental potential of cells
retrieved from day 12 fetal thymus (FT). These ontogenetically earliest
thymocytes are c-kit" CD3~ CD4~ CD8~ CD25” CD44" and, in contrast
to thymocytes on day 14 (and later), lack Thy-1 expression (Peault et al.,
1994; Hattori et al., 1996b). This c-kit* population could be dissected
further by expression of FcyRII/III (CD16/CD32) into FeyRIV/III*
(~30%) and FeyRIVHI™ (~70%) subsets. FcyRII/III receptors were
shown previously to be expressed on the most immature thymocytes on
fetal days 14-16 (Rodewald et al., 1992, 1993; Falk et al., 1993; reviewed
by Leclercq and Plum, 1995; Sandor et al., 1996; see later). Interestingly,
on fetal day 12, c-kit" FcyRIVIII™, but not c-kit” FeyRIVIIL™, thymocytes
expressed two transcription factors crucially involved in thymocyte develop-
ment: TCF-1 and GATA-3 (see later). In line with these T-cell lineage
hallmarks, c-kit* FeyRII/ITI*, but not c-kit™ FeyRII/III™, thymocytes also
expressed mRNA for the T lineage-specific tyrosine kinase Ick and
for pTar. The latter finding is at variance with an earlier study in which
pTa mRNA was not detected until FT 14.5 (Bruno et al., 1995). C-kit*
FeyRIVIIT® cells also expressed cytoplasmic CD3e. However, cytoplasmic
expression of CD3e may not be T lineage specific, as, at least in the human,
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fetal liver-derived NK cells also contained CD3e (Phillips et al., 1992). It
is not known whether fetal day 12 c-kit" FeyRIIIII* thymocytes carry
any TCR rearrangements or express the RAG genes. On day 13, most fetal
thymocytes were c-kit* FeyRIVIIT* and, subsequently, c-kit appeared to
be downregulated before FeyRIVIIT (Hattori et al., 1996b).

On fetal day 12, total thymocytes contained developmental potential for
T- and non-T-cell (B cells, myeloid cells) lineages when analyzed in colony
assays in vitro (Peault et al., 1994; Hattori et al., 1996b). This was taken
as an indication, but was not proven, for the presence of multipotent
progenitors in the thymus at this stage (Peault et al, 1994). However,
separation into c-kit” FeyRII/III* and c-kit™ FeyRIVIII™ thymocytes re-
vealed that the former but not the latter population was devoid of B-cell
progenitor potential (and was very low in myeloid potential), suggesting
that T-cell commitment can precede the onset of CD25 expression. C-
kit* FeyRII/III - thymocytes may be multipotent cells or consist of mixtures
of lineage-committed cell types.

Very immature thymocytes on FT day 14 were also found to express
CD122 (IL-2 R B chain) together with FeyRII/III and CD44. A fraction
of these cells expressed cytoplasmic CD3g, but neither TCRS8 nor CD25
(Falk et al., 1993). Transfer experiments into FTOC revealed that CD122*
thymocytes could generate both o8 and y6 progeny. CD122 expression
in early thymocytes is most likely not functionally important, as shown in
CD122-deficient mice (Suzuki et al., 1997).

3. Intrathymic Progenitors after First Thymus Seeding

The available literature on the onset of TCR Dg — Jg and Vg — (D)]
rearrangements, as well as the phenotypic markers that accompany re-
arrangements during development, is somewhat inconsistent. The available
information is summarized for both fetal and adult thymocytes.

a. Fetal Development. Evidence for the earliest TCR4 rearrangements
in ontogeny comes from the analysis of thymocytes on fetal day 13.5:
Expression of intracellular TCR; chains was detectable in few thymo-
cytes (~100 per lobe) by confocal laser scanning microscopy (Falk et al.,
1996). On fetal days 14.5 and 15.5, both TCR D], (Rodewald et al., 1994;
Falk et al., 1996) and TCR V(D)]; (Rodewald et al., 1993; Falk et al,
1996) rearrangements were identified clearly by PCR-based analysis
(van Meerwijk et al., 1990; Anderson et al., 1992; D’Adamio et al., 1992).
Another study found only TCR D], but not TCR V(D)], rearrangements
in fetal day 15 thymus (Hozumi et al., 1994a).

Combining the markers CD2 and FcyRIVIII allowed further dissection
of distinct developmental stages correlating with TCR; rearrangements:
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~50% of TCRg loci from the earliest cells on day 15.5 (CD2 FcyRII/IIT)
were (on a population level and not estimated at the level of single cells) in
germline and ~50% were D], but not V(D)] rearranged. In a downstream
population (CD2*FeyRIVIII™), ~48 hr more advanced in development
than CD2 FeyRIVIII* cells, TCRg loci were entirely DJg, rearranged, and
had abundant V(D)] rearrangements (Rodewald et al., 1993; Rodewald,
1995). Thus, as would be expected if D], rearrangements precede V(D)],
rearrangements (Kronenberg et al., 1986), fetal thymocytes can be sepa-
rated by phenotype into a germline/D], rearrangement stage and a V(D)],
rearrangement stage in fetal development. The lag time between both
stages is ~2 days.

b. Adult Development. 'The adult thymus contains ~2% of thymocytes
lacking TCR/CD3, CD4, and CDS8 [triple negative (TN) thymocytes].
Based on expression of several cell surface markers, thymocytes at the TN
stage can be dissected into subpopulations. The markers most commonly
used are CD25 (IL-2 receptor « chain) (Ceredig et al., 1985; Raulet, 1985;
Shimonkevitz et al., 1987; Pearse et al., 1989), CD44 (Pgp-1) (Trowbridge
et al., 1985), and c-kit (Godfrey et al., 1992; Matsuzaki et al., 1993; Hozumi
et al., 1994a). In addition, Thy-1, CD2, HSA, and Sca-2 are useful mark-
ers at these stages. Based on the expression of CD25, CD44, and c-kit,
thymocyte development follows the sequence c-kit*CD25"CD44" —
c-kit'CD257CD44" — c-kit**CD25* CD44 "% — c-kit-CD25 - CD44 ¥
(Pearse et al., 1989; Godfrey et al., 1993; for reviews, see, e.g., Levelt and
Eichmann, 1995; Malissen and Malissen, 1996; Shortman and Wu, 1996;
Fehling and von Boehmer, 1997).

The earliest thymocytes within this sequence are c-kit*CD44*CD25". In
the adult thymus, these cellsare Thy-1and CD4"" (Wuet al., 1991b) (hence
the designation “CD4™” thymocytes) and express HSA and Sca-2 (Wu et
al., 1991a; for a review, see Shortman and Wu, 1996). Neither (D)]; nor
V(D)]Jg rearrangements are detectable in c-kit*CD44*CD25" cells (Wu
et al., 1991b; Godfrey et al., 1994; Petrie et al., 1995; Ismaili et al., 1996;
Tourigny et al., 1997), but rearrangement-associated enzymes (RAG, TdT)
appear to be transcribed already at this stage (Ismaili et al., 1996).

Upon downregulation of CD4 and upregulation of CD25, c-kit*CD25~
CD44* cells give rise to c-kit"CD257CD44"* thymocytes. These cells still
lack DJs or V(D)]; rearrangements (Godfrey et al., 1994; Petrie et al.,
1995; Ismaili et al., 1996; Tourigny et al., 1997). Loss of CD44 and c-kit
expression characterizes the next stage defined as c-kit ™™ CD25'CD44 "
(briefly: CD25*CD44") thymocytes. Estimation by Southern blotting re-
vealed that 70-90% of TCRg loci are DJg rearranged in CD25"CD44~
thymocytes (Pearse et al., 1989; Godfrey et al., 1994) whereas V(D)],
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rearrangements are still infrequent (<20%) (Tourigny et al., 1997). The
pre-TCR-mediated selection of thymocytes expressing functional TCR,
chains (B selection) occurs at the CD25"CD44" stage (Fig. 2, see later).

The final TN stage, according to these markers, is represented by a
CD44™"25~ phenotype (Pearse et al., 1989). The vast majority of cells at
this stage carry a single V(D)], rearrangement (Pearse et al., 1989; Mallick
et al., 1993; Dudley et al., 1994), express a productive pre-TCR (Groettrup
and von Boehmer, 1993b), and progress to the DP thymocyte compart-
ment. This compartment is lacking in SCID (Bosma et al., 1983), RAG™~
(Mombaerts et al., 1992a; Shinkai et al., 1992), or CD3e '~ (Malissen and
Malissen, 1996) mice, or is strongly reduced in TCR B~ (Mombaerts
et al., 1992b), pTa™" (Fehling et al., 1995a) or CD3y "~ (M. Haks, P.
Krimpenfort, and A. Kruisbeek, personal communication) mice (see later).

C. LINEAGE RELATIONSHIP OF THYMOCYTES AND
NoN-T-CELL LINEAGES

1. Thymocytes and Natural Killer Cells

T cells and natural killer cells share some phenotypic and functional
properties, but only the former cell type uses genetic recombination to
express a clonotypic antigen receptor. One effector function of NX cells,
i.e., antibody-dependent cellular cytotoxicity (ADCC), is mediated by the
low-affinity Fc receptor for IgG [CD16 (FcyRIII)]. CD16 forms a molecu-
lar complex with the common Fc receptor vy subunit (FceRIy) or CD3{

Fic. 2. Schematic illustration of early T-cell development. Dashed lines with arrows at
both ends indicate the four, developmentally successive TN subsets defined by the differen-
tial expression of CD25, CD44, and c-kit surface markers. Percentages give the approximate
proportion of each respective subset within the TN population. The three prethymic stages
of T-cell development are defined only functionally, i.e., by their developmental potential.
Thin arrows indicate minor pathways within the thymus that give rise to non-T lineage
cells. It is not yet clear whether B, NK, and thymic dendritic cells are generated from extra-
and/or intrathymic pathways. The dark bars symbolize points of complete developmental
arrest due to null mutations in specific genes mentioned on top of the respective bar. In
GATA-3-deficient and c-kit X . double-deficient mice, T-cell development may actually
be arrested before precursor entry into the thymus. This may also be true for some Ikaros-
deficient mice as indicated by dashed bars (see text for details). The developmental block
in p56"* -deficient mice is partial (stippled bar). It has not been investigated to what relative
extent the pre-TCR-dependent and the two minor pathways are inhibited by the absence
of p56"*. Other mutations that result in a partial block of thymopoiesis are not included in
the scheme nor are mutations that cause a complete block only during fetal, but not adult
thymopoiesis (see also Fig. 1). . denotes the common cytokine receptor y chain. The
indicated block in thymopoiesis in pTa X vy, double-deficient mice has not yet been published
(J. DiSanto, personal communication).
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in which FceRly or CD3¢ exists as either y—y or {~{ homodimers or
v—{ heterodimers (for further references, see Ravetch and Kinet, 1991;
Flamand et al., 1996).

Early in thymocyte ontogeny (days 12.5-16.5) most fetal thymocytes
express FeyRIVIII in association with FceRIy (Rodewald et al., 1992,
1993; Flamand et al., 1996; Hattori et al., 1996b; Heiken et al., 1996;
reviewed by Leclercq and Plum, 1995; Sandor et al., 1996). In thymocytes
destined to become aB T cells, FcyRIVIII expression is shut down when
TCR V(D)]Jg chain rearrangements are completed (Rodewald et al., 1993).
In contrast, FeyRIVII expression is upregulated during maturation and
activation of V3 lineage cells in the thymus (Leclercq and Plum, 1994)
and is maintained from immature to mature stages of B-cell development
(Foy et al., 1992).

Is there a role for the transient expression of FeyRIVIII and FeeRly
in early thymocyte development? It is evident from mutant mice that
FeyRIII (CD16) (Hazenbos et al., 1996), FeyRIT (CD32) (Takai et al.,
1996), or the associated common Fc receptor vy subunit (FceRly) (Takai
et al., 1994; Heiken et al., 1996) is not essential for thymocyte or NK cell
development. In contrast to mice lacking Fc receptor subunits, overexpres-
sion of FceRIy transgenes in the T-cell lineage markedly inhibited both
thymocyte and NK cell development (Flamand et al, 1996). In mice
expressing the transgenic FegRIy chain at high levels, total thymic cellular-
ity was reduced ~10 fold compared to wild-type mice, and proportions
of thymic subsets were markedly distorted (DNs increased from 2 to 40%;
DPs decreased from 80 to 40%). In addition, expression of FeyRIIIII
was maintained in adult DN thymocytes. Interestingly, both T and NK
cell development were inhibited as shown by vastly reduced numbers of
NKI1.1* NK cells and lack of cytotoxic NK activity. Similarly, a block in
both T and NK cell development was reported from mice expressing a
human CD3e transgene (Wang et al., 1994). Because NK cell development
is not thymus dependent, the inhibition of NK cell development may
occur extrathymically and independently from the alteration in thymocyte
development in these mice. Alternatively, a common T/NK precursor may
be affected by expression of these transgenes.

The observed thymic phenotype was most likely not due to competition
of FesRIy with CD3{ or CD37 for assembly into the TCR/CD3 complex
{Orloff et al., 1990; Rodewald et al., 1991; Ohno et al., 1993) as Flamand et
al. (1996) observed a similar phenotype in CD3{-deficient mice expressing
transgenic FceRly. However, another CD3/-deficient, FceRIy transgenic
mouse showed normal numbers and proportions of DP and SP thymocytes
and only moderately increased DN numbers (Liu et al., 1997). Given the
fact that FceRIy and FeyRIVIII are dispensable for thymocyte develop-
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ment (see earlier discussion), the findings in mice overexpressing FceRIy
raise the possibility that FeyR/FeeRIy complexes can provide an inhibitory
signal in early thymocytes similar to FeyRII-mediated “negative” signaling
in B cells and NK cells (for a review, see, e.g., Unkeless and Jin, 1997).
The significance of this idea for normal thymocyte development remains
to be determined.

The fact that FeeRlIy is expressed before CD3{ or CD37 early in T-
cell ontogeny is also relevant for the assembly of either FceRly or CD3¢
into the TCR/CD3 complex. T cells that develop extrathymically, such
as af and y8 IEL (Liu et al., 1993; Guy-Grand et al., 1994; Ohno et
al., 1994), or that develop from DN CD3*NK1.1*FcyRIII" thymocytes
(Koyasu, 1994) express TCR isoforms containing the FceRIy subunit in
homodimeric form or heterodimerized with CD3{. In contrast, CD3/, but
not FceRly, is expressed predominantly in thymus-dependent CD4" or
CD8* aB T cells. Thus, incorporation of CD3{ and FesRIy appears to
be diagnostic for thymic vs extrathymic origins of T cells, respectively.

Intrathymic expression of FcyRII/III marks cells that include the earliest
fetal T lineage cells (Rodewald et al., 1992; Falk et al., 1993; Hattori et
al., 1996b). Transient expression of FeyRIII (CD16) on T-cell progenitors
suggested that this population contained T and NK cell potential, either
of which may be exercised dependent on the environment. Intrathymically,
the developmental order is DN CD3 FcyRIIIII* — DP CD3™" FeyRIV/
I~ — SP CD3*FcyRIVIII™ thymocytes, whereas extrathymically, DN
CD3 FeyRIVIIT® give rise to DN CD3 FeyRIVIII* NK cells (Lanier et
al., 1992; Rodewald et al., 1992). The finding that early thymic progenitors
can give rise to NX cells in vitro and in vivo has been confirmed in several
reports (Brooks et al., 1993; Matsuzaki et al., 1993; Moore and Zlotnik,
1995; Zuniga-Pflucker et al., 1995). Although FcyRIVIII expression is
dispensable at this stage, it may reflect the relatedness of NK and T cells:
NK cells may be an ancestral “T cell type” and developing thymocytes
may reveal a NK-like phenotype before they, intrathymically, continue
their development along the T-cell lineage.

In the presence of growth factors (IL-2, IL-7, and SCF), both multi-
potent (Thy-1"c-kit") and pro-thymocyte (Thy-1*c-kit") populations from
fetal blood are capable of generating NK cells in vitro at frequencies of
~1/7 and 1/30, respectively. NXK cell development in vitro is accompanied
by the emergence of perforin mRNA expression (undetectable before
culture) and acquisition of cytolytic activity toward NK-sensitive targets
(H. R. Rodewald, unpublished). It would be interesting to study the expres-
sion of the recently identified killer inhibitory receptors (KIR) (Colonna,
1996; Lanier, 1997; Long and Wagtmann, 1997) during NX cell ontogeny.
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In the mouse, evidence for a common progenitor for T cells and NK
cells is based on population, but not single cell analysis. From human
thymus, a clonogenic common T/NK precursor cell has been reported. A
clonal assay for NK cell development was combined with FTOC reconstitu-
tion from pools of short-term cultured CD34"" precursors (Sdnchez et
al., 1994). Because the potential of CD34™#" intrathymic precursors for
myeloid lineages was low or undetectable (Schmitt et al., 1993; Sdnchez
et al., 1994), these cells appeared to represent a common thymic T/NK
precursor downstream from the myeloid branch.

2. Thymocytes and B Lymphocytes

Several laboratories reported that progenitors isolated from thymus have
the potential to generate B lineage cells in vitro (on stromal cells and in
the presence of 1L-7) or in vivo on transfer into recipient mice. In the
fetus, B-cell progenitor activity was noted in FT day 12 (Peault et al.,
1994; Hattori et al., 1996b) and among c-kit"CD25", but not c-kit"CD25*
progenitors (Zuniga-Pflucker et al., 1995). However, in the latter study,
lineage assignment was based solely on B220 expression, which is not
restricted to B cells (Rolink et al, 1996). In the adult thymus, c-kit*
(Matsuzaki et al., 1993) or c-kit'*CD4*CD25 CD44" cells (L. Wu et al.,
1991a, 1996; Moore and Zlotnik, 1995) contained B-cell progenitor poten-
tial following iv transfer. This potential was lost when a downstream popula-
tion (defined as CD25*CD44") was analyzed (Moore and Zlotnik, 1995;
Zuniga-Pflucker et al., 1995; L. Wu et al., 1996).

These results, together with data showing the potential of thymic progen-
itors for NK cells (see earlier) and myeloid cells (see later), suggest that
intrathymic progenitors are not committed to the T-cell lineage until the
onset of CD25 expression. Alternatively, T- and B-cell progenitor activity
may stem from distinct clonal progenitors that could not be separated on
the basis of the cell surface markers used in these experiments.

3. Thymocytes and Myeloid Lineages

a. CFU-S, Macrophages, and Granulocytes. Fetal day 11/12 thymic
rudiments contained developmental potential for myeloid cells, includ-
ing macrophages and granulocytes (Peault et al., 1994; Hattori et al,
1996b). Frequencies of clonable macrophage precursors declined over
time and were undetectable by day 14 of gestation (Peault et al., 1994).
In the adult thymus, as stated earlier, myeloid—erythroid progenitor activ-
ity occurred at very low frequencies (~one CFU-Sy, per 2 X 10°
CD3°CD4°CD8" thymocytes) (Papiernik et al., 1988), a feature clearly
distinct from bone marrow HSC populations. In accord with this early
work, c-kit"CD4**CD44*CD25" were essentially free of CFU-Syy; activity



MOLECULAR AND CELLULAR EVENTS IN THYMOCYTE DEVELOPMENT 19

and lacked myeloid progeny (Mac-1 or Gr-1 positive cells) following iv
transfer (L. Wu et al., 1991a, 1996; Moore and Zlotnik, 1995). However,
using in vitro colony assays, two studies showed that the “CD4™” popula-
tion contained colony forming cells (CFC) at frequencies ranging from
~1/200 (mostly macrophages) (Wu et al., 1991a) to ~1/2500 (Matsuzaki
et al, 1993). Thus, although myeloid progenitor potential, including
CFU-S activity, is very low, the thymus is not completely devoid of such
hematopoietic potential. This notion would be compatible with the pres-
ence of a steady, but very low number of multipotent or even “true” HSC
in the thymus, and it cannot be excluded that such rare cells are responsible
for the generation of non-T lineages in cell transfer experiments from
thymus-derived progenitor populations.

b. Thymic Dendritic Cells. Another cell type traditionally assigned to
the myeloid lineage, bone marrow-derived dendritic cells (DC), has been
linked to thymopoiesis. This “linkage” is based on two findings: (1) intra-
thymic and intravenous transfer of “CD4**” cells resulted in the appear-
ance of donor-type thymic DC and (2) most thymic and a subset of splenic
DC expressed CD8« (Vremec et al., 1992). These data led to the proposal
that thymocytes and thymic DC share a common intrathymic progeni-
tor (Ardavin et al., 1993). Even a later stage progenitor population
(CD25*CD44*) was shown to express potential for thymic and splenic DC
(L. Wu et al., 1996). At the CD25*CD44" stage, DC potential was essen-
tially lost. Because the “CD4™” but not the CD44*CD25"* population also
harbors B-cell progenitor potential (see earlier), this was taken as evidence
that thymocytes and DC share a “late” common progenitor downstream
from the putative T/B branch in development (L. Wu et al., 1996).

Transfer studies showed that numbers of T cell vs dendritic cell progeny
differed by a factor of ~2000 (i.e., intrathymic transfer of 10* “CD4""”
cells yielded 5 X 10° thymocytes, but only 4 X 10° dendritic cells of donor
type). Thus, more than two “CD4lov” precursors were required to generate
one thymic DC. These numbers do not rule out the possibility that the DC
progeny observed in adoptive transfers was derived from a contaminating
multipotent or DC-restricted progenitor. However, the finding that all
thymus-derived DC progeny (both thymic and splenic) expressed CD8a,
whereas bone marrow-derived DC generated both CD8a" and CD8a~
subsets, supports the idea of separate DC lineages (L. Wu et al., 1996).

In this context, the authors would like to point out that development of
thymic DC is apparently not compromised in mice lacking pro-thymocytes
due to mutations in both c-kit and y, (H. R. Rodewald, unpublished).
Although pro-thymocytes may be able to serve as progenitors for thymic
DC on adoptive transfer, the presence of thymic DC in the absence of
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pro-thymocytes suggests that pro-thymocytes may not be the obligatory
precursors of thymic DC (see Section V,C,4,c).

IV. Role of the Pre-T-Cell Receptor Complex in Thymocyte Development and Allelic
Exclusion of the TCR B Chain

A. IDENTIFICATION OF THE PRE-TCR

The severe-combined immunodeficient (SCID) mouse (Bosma et al.,
1983) cannot efficiently rearrange its TCR and immunoglobulin loci due
to a naturally occurring mutation in a gene encoding a DNA-dependent
protein kinase that participates in some unknown way in receptor gene
recombination (Blunt et al., 1995; Kirchgessner et al., 1995). Fluorocyto-
metric (FACS) analysis of SCID thymocytes has revealed a severe block
in early thymopoiesis that affects the transition of CD25*CD44™* TN
thymocytes to the CD25"CD44 " TN stage, resulting in a virtually com-
plete absence of CD478" thymocytes and subsequent maturational stages
(Habu et al., 1987; Shores et al., 1990). The fact that this developmental
block can be overcome by breeding functionally rearranged TCRaf3 trans-
genes onto the SCID background has demonstrated that productive TCR
rearrangements can promote the TN — DP transition of developing thymo-
cytes (Scott et al., 1989) and hence may be required at a much earlier
developmental stage than previously thought. Interestingly, introduction
of a transgenic TCRB-chain alone also resulted in the generation of DP
thymocytes in SCID mice, despite the absence of TCRe chains, clearly
indicating a specific role of TCRB in early thymopoiesis independent of
its function in the mature TCR (von Boehmer, 1990; Kishi et al., 1991).
However, the absolute number of DP thymocytes in TCRB transgenic
SCID mice did not exceed 10% of the number found in nontransgenic
wild-type mice, which left the possibility that TCRB alone might not be
sufficient to mediate the same degree of expansion normally associated
with the TN — DP transition. Subsequent analysis of several different
gene-targeted and TCR transgenic mouse strains demonstrated that this
was not the case and that the failure of the transgenic TCRS chain to fully
reconstitute the DP compartment was a SCID-specific defect, most likely
due to the inability of SCID thymocytes to properly process DNA double
strand breaks accompanying the normal rearrangement process. For in-
stance, introduction of a transgenic TCRP chain alone into RAG™" mice,
which contain exclusively TN thymocytes due to a complete arrest of
thymopoiesis at the same developmental stage as in SCID mice (Mom-
baerts et al., 1992a; Shinkai et al., 1992), could again overcome this early
block in thymopoiesis, this time, however, giving rise to normal numbers
of DP thymocytes (Shinkai et al., 1993). In contrast, functionally rearranged
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TCRa transgenes were completely unable to promote T-cell development
in RAG™ mice (Shinkai et al., 1993). These findings were substantiated
in TCRa and TCRP knockout mice, which were found to exhibit develop-
mental defects at very different stages of T-cell development. TCRa-
deficient mice showed no significant reduction in total thymocyte number,
as T-cell development could proceed normally up to the DP stage (Philpott
et al., 1992; Mombaerts et al., 1992b). Only the transition from the DP
to the SP stage was blocked, reflecting the requirement for a functional
TCRea chain in the process of positive selection, which is obligatory for
the generation of mature a8 thymocytes. T-cell development in TCRS-
deficient mice, however, was severely impaired much earlier, at exactly
the same developmental stage where the SCID and RAG mutations
revealed their effects (Mombaerts et al., 1992b; Godfrey et al., 1994).
The analysis of these mouse mutants led inevitably to the conclusion
that the presence of a TCRB, but not of a TCRa chain, was important
for the progression of thymic development beyond the CD25*CD44 "
TN stage. This notion was strongly supported by the finding that TCRS
rearrangements in DP thymocytes of TCRa™" mice as well as in late
(CD25-CD44™"**) TN thymocytes from normal mice were predominantly
productive, in contrast to the statistical prediction for a random rearrange-
ment process (Mallick et al., 1993). Because the analysis of V(D)]B joints
in the preceding developmental stage (CD257CD44 ™) revealed the
expected preponderance of out-of-frame joints, indicating random, non-
selected rearrangements, the experiments suggested that the matura-
tion of TN thymocytes beyond the CD25*CD44 " stage was accompa-
nied by selection of cells with productive TCRB rearrangements. Taken
together, the results of all these studies clearly indicated an important
role of the TCRB chain, independent of TCRa, in mediating the
transition of CD25"CD44™ TN thymocytes to the DP stage via the
CD25"CD44 " TN stage. These data also provided a good rationale for the
observation made much earlier that the TCRR locus is expressed well before
the TCRa locus, both in ontogeny and during thymopoiesis in adult mice
(Raulet et al., 1985; Samelson et al., 1985; Snodgrass et al., 1985a,b).

How can a TCRB chain promote T-cell development in the absence
of a functional TCRa chain? The cloning and characterization of cer-
tain pre-B-cell-specific genes provided an important clue. These nonre-
arranging genes, termed A5 and VpreB, were shown to encode novel
immunoglobulin-like molecules that could associate with Ig heavy chains,
in the absence of Ig light chains, to form a previously unrecognized type
of receptor, the pre-B-cell receptor (pre-BCR) (reviewed in Melchers et
al., 1993). Targeted disruption of the A5 gene gave rise to mutant mice
in which B-cell development was severely (although not completely)
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blocked at the same developmental stage as in RAG™" mice, demonstrating
a critical role of the pre-BCR in early B-cell development (Kitamura et
al., 1992). If T- and B-cell development proceeded in an analogous fashion,
the TCRB chain would be expected to associate with nonrearranging gene
products that could substitute for the TCRa chain, giving rise to a pre-TCR,
much like the Ig heavy chain was shown to associate with the surrogate light
chains A5 and VpreB to form a signaling-competent pre-BCR. Such a
scenario would neatly explain the perported effects of TCR transgenes
and gene deficiencies on T-cell development described earlier.

Initially, the analysis of TCRP transgenic mice seemed to provide direct
evidence for the existance of a pre-TCR complex, as it was found that
isolated CD478~ immature thymocytes of non-SCID origin and total thy-
mocytes of SCID origin were able to express the transgenic TCRB chain
on the cell surface in the absence of any other TCR chains, including
TCRe (Kishi et al., 1991). However, the biochemical characterization of
such surface-expressed, transgene-encoded TCRB chains did not reveal
any pre-BCR-like structure. Rather, it was shown that the vast majority of
transgenic TCRP chains were expressed in a perplexing variety of different
structures that lacked CD3 components and partly consisted of GPI-linked
TCRPB monomers (Kishi et al., 1991; Groettrup et al., 1992). However, it
soon became clear that all these TCRB configurations, including GPI-
linked monomers, were transgene-specific peculiarities with little or no
physiological significance, as they were found neither in normal, non-
transgenic mice nor on a cell line derived from immature SCID thymocytes
(see later) that had been transfected with the same functionally rearranged
TCRB gene used before to generate TCRB transgenic mice (Groettrup
and von Boehmer, 1993a,b). Collectively, these studies clearly showed that
TCRgB-transgenic mice were not, after all, the appropriate system to search
for a putative pre-TCR.

The ideal tool to investigate the biochemical basis of how a TCRB
chain could mediate developmental effects in the absence of other
rearrangement-dependent proteins was finally found in a newly established
pre-T cell line (termed Sci/ET27F ) that had been derived from immature
SCID thymocytes and was shown to be devoid of any functional «, 3, y,
and 8 T-cell receptor chains (Groettrup et al., 1992). When this pre-T-
cell line was transfected stably with functionally rearranged TCRB genes,
a TCRB/CD3 complex could be detected on the cell surface, whereas
there was no such cell surface expression upon transfection of mature T-cell
lines. An initial biochemical characterization of this apparently pre-T-cell-
specific complex revealed that the TCRB chain was disulfide linked to a
second protein with a roughly similar molecular mass as TCRB itself,
suggesting that the complex may contain a TCRB homodimer (Groettrup
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et al., 1992). Subsequent experiments, however, rendered this possibility
increasingly unlikely. The use of two-dimensional gel electrophoresis in
combination with a different labeling technique led eventually to the detec-
tion of a novel, heavily glycosylated and sialylated protein that had a
molecular mass of approximately 33 kDa (Groettrup et al., 1993). This
glycoprotein, designated provisionally “gp33,” was shown to be the
disulfide-linked partner chain of TCRR in the receptor complex found on
the transfected SCID cell line. Most important, the same protein was also
associated with TCRB chains on the surface of large thymocytes from
TCRa-deficient mice, demonstrating that the gp33—-TCRp-containing
complex was not a transgenic or cell line artifact (Groettrup et al., 1993).

The possibility to grow large amounts of TCRB-transfected cells of the
SCID cell line and to precipitate gp33 with TCRB-specific antibodies,
thanks to its disulfide linkage with the 8 chain, permitted the purification
of sufficient amounts of gp33 to obtain a partial, N-terminal amino acid
sequence. This then led to the isolation of full-length gp33 ¢cDNA (Saint
Ruf et al., 1994). The cloning of gp33 and the subsequent analysis of its
structural features and expression patterns firmly established the existance
of a pre-TCR on maturing thymocytes, in analogy to the pre-BCR on early
B cells. Because gp33 supplies the partner chain for TCRB in pre-T-cells,
before TCRa is available, gp33 was renamed the pre-TCR o (pTar) chain.
The identification of certain structural similarities between pTa and TCRa
chains and the demonstration of a comparable genomic organization of
the corresponding genes confirmed that this new name was not chosen
inappropriately.

B. STRUCTURAL AND B10LOGICAL FEATURES OF pTa AND
THE PRE-TCR

1. Structure of pTo and Organization of the pTa Gene

The mature murine pTa chain is an invariant transmembrane protein
that consists of a single extracellular immunoglobulin-like domain, a hydro-
phobic transmembrane region, and a cytoplasmic tail of approximately 30
amino acids (Saint Ruf et al., 1994; reviewed by von Boehmer and Fehling,
1997). The identification of a genuine cytoplasmic tail in pTa was unex-
pected, as all other known TCR and Ig molecules are devoid of such a
structure. Inspection of the amino acid sequence of the cytoplasmic tail
revealed potential serine/threonine phosphorylation sites for protein kinase
C and motifs that could potentially serve as attachment sites for molecules
with SH3 domains, resembling known functional sequence elements in
the cytoplasmic tail of CD2. These findings suggested initially that the
cytoplasmic portion of pTa might be involved directly in the transduction
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of pre-TCR-mediated signals (Saint Ruf et al., 1994). However, cloning
of human pTa ¢DNA and comparison with its mouse homolog revealed
that the cytoplasmic portion in both species did not share any sequence
similarities, whereas all other parts of both molecules were highly conserved
(Del Porto et al., 1995). Although this finding did not formally exclude an
essential role of the cytoplasmic tail in signal transduction, it rendered such
a possibility much less likely. Experiments with transgenic mice expressing a
truncated form of pTa have strengthened the view that the cytoplasmic
portion of pTe is not essential for the proper functioning of the pre-TCR
(see later).

Although pTa clearly belongs to the immunoglobulin superfamily, it
exhibits no significant sequence similarity to any particular member, includ-
ing the T-cell receptor chains. However, its transmembrane region contains
two basic residues that are separated from each other by four hydrophobic
amino acids (Saint Ruf et al., 1994). The same two polar residues with
exactly the same spacing are found in the transmembrane regions of the
TCRa and 8 chains, reflecting similar structural and/or functional con-
straints in these three molecules. Analysis of the pTa gene has in fact
provided strong evidence for an evolutionary relationship among pTe,
TCRe, and TCR, as the exon/intron organization of the pTa: gene resem-
bles the structure of the TCRe, and also TCRS, constant region genes to
a surprising degree (Fehling et al., 1995b). However, the presence of a
full-length pTa message in RAG-deficient mice (Saint Ruf et al., 1994)
and analysis of the genomic sequence of the pTa locus (Fehling et al.,
1995b) have proven that expression of a functional pTa polypeptide does
not depend on RAG-mediated gene rearrangements, in contrast to TCRa
and TCR# chains.

2. Expression Pattern of pTo

The expression pattern of pTa has been analyzed in detail by RT-PCR
(Saint Ruf et al., 1994; Bruno et al., 1995). In the thymus, pTa seems to
be expressed in all immature TN stages with the possible exception of
the c-kit"CD25°CD44" subpopulation. For unknown reasons, the pTa
message has been detected in this earliest thymic subpopulation only in
RAG™ but not in normal mice. pTa transcripts are clearly present in DP
thymocytes, but not in SP thymocytes. The fact that the pToe and TCRa
message can be found together in certain DP thymomas (Jacobs et al,
1996a) suggests that both genes can be coexpressed at the DP stage in
the same cell. Mature T cells of both the o3 and 4 lineage do not express
pTa. Accordingly, spleen and lymph node lack pTa mRNA, like most
nonlymphoid organs. However, the pTa message can be detected in gut
and liver, which are potential sites of extrathymic T-cell development.
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Together, these findings strongly suggest that pTa expression is confined
strictly to immature cells of the T-cell lineage. Interestingly, the pTa
message has been detected in the bone marrow of normal and RAG™~
mice, although pre-B cells, B cells, and other hematopoietic lineages do
not express pTa (Bruno et al., 1995), suggesting that the bone marrow
contains T-committed precursors. If so, it may be possible to use pTe as
a marker to identify and purify these interesting cells, which may represent
a stage in development close to the proposed but elusive common lymphoid
stem cell. The observation that pTa is also expressed in a cell population
from mouse fetal blood that has been shown to have T precursor activity
and to be restricted to the T lineage (Bruno et al., 1995; Rodewald, 1995)
underlines the potential diagnostic value of pTa as a marker for early T-
cell precursors.

3. Biochemical Composition of the Pre-TCR

In the pre-T cell receptor, pTa is disulfide linked with TCRB and is
associated with certain CD3 components forming a signaling-competent
receptor complex that is expressed on the cell surface of pre-T cells at
very low levels. Because of these low expression levels, it has been techni-
cally difficult to identify the complex with cytofluorometric means in normal
or TCRa-deficient mice, although the pre-TCR can be detected readily
with biochemical methods. For unknown reasons, immortal pre-T-cell lines
in general express much higher levels of the pre-TCR complex than normal
thymocytes on the cell surface (Punt et al., 1991; Groettrup et al., 1992;
Mombaerts et al., 1995). This situation has led to some confusion about
the precise physiological composition of the pre-TCR with regard to the
CD3 components. At present, biochemical data suggest that CD3e and
CD3y are core components (reviewed in Borst et al., 1996). CD3{ appears
to participate as well, as stimulation of the pre-TCR complex in a pre-T-
cell line leads to tyrosine phosphorylation of ¢ and concomitant binding
of the tyrosine kinase ZAP-70 (van Oers et al., 1995), although earlier
studies in the same cell line have shown that CD3{ association with the
pre-TCR is much weaker than with the mature TCR/CD3 complex (Groet-
trup et al., 1992). Variable results have been obtained with regard to the
presence of CD38 in the pre-TCR complex. Although three different
groups reported the presence of CD38 in the pre-TCR of three distinct
pre-T-cell lines (Punt et al., 1991; Groettrup et al., 1992; Mombaerts et
al., 1995), a fourth group could not detect CD38 in the pre-TCR complex
of an additional pre-T-cell line (Jacobs et al., 1994), in the pre-TCR of
thymocytes from TCRa-deficient mice (Jacobs et al., 1994), or in RAG-
deficient mice that were reconstituted with a transgenic TCRB chain
(Jacobs et al., 1996a).
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Whether CD36 and CD3{ are required for the proper functioning of
the pre-TCR has become most obvious in appropriate gene knockout mice.
In mouse mutants lacking CD3¢, TCR surface expression is very low and
the generation of DP thymocytes is very inefficient, suggesting that {
contributes to the structural integrity of the pre-TCR complex and/or to
pre-TCR signaling (reviewed in Shores and Love, 1997). To distinguish
between these two possibilities, Shores and colleagues introduced a trans-
gene encoding a truncated CD3{ chain without a cytoplasmic portion into
CD3{-deficient mice. The cytoplasmic tail of CD3{ is known to be essential
for the signal transduction function of ¢, but not for its structural role in
promoting surface expression of the TCR complex. Efficient restoration
of thymopoiesis in such reconstituted mice demonstrated that CD3{ was
required mainly for cell surface expression of the pre-TCR, but not for
pre-TCR signaling. However, CD3¢ might contribute to efficient signal
transduction as well, as the number of thymocytes in the reconstituted mice
was somewhat reduced compared to normal controls, despite completely
restored levels of TCR/CD3 surface expression (Shores et al., 1994). Analy-
sis of CD368-deficient mice, however, demonstrated that & is dispensable
for a proper function of the pre-TCR, as early (but not late) T-cell develop-
ment in d-deficient mice was shown to be completely normal (Dave et al.,
1997). Interestingly, CD38 was also not required for the development of
v8 T cells (Dave et al., 1997). Taken together, these data suggest important
structural differences between the ¢STCR and the pre-TCR. The former
is thought to have the following composition: TCRa—8, CD3ye, CD30e,
and {-¢/n. In the pre-TCR, TCRe is replaced by pTa, and CD38e most
likely by a second CD3ye module. These presumed alterations would give
rise to the following structure for the pre-TCR: pTa—-TCRB, (CD3ys),,
{-{/m. Whether these receptor-specific compositions alter the mode of
how a cell perceives CD3-mediated signals remains an important issue to
be investigated. It is also not yet clear whether this basic pre-TCR complex
assembles into structures of higher order in vivo, potentially adding another
degree of complexity, as suggested by Jacobs (1997).

The present view of the pre-TCR depicts a rather asymmetric structure
that lacks a partner chain for the TCRB V-region domain. It is still a matter
of speculation whether a separate as yet unidentified “VpreT” subunit
exists, Cotransfection of TCRB and pTa into a mature TCR-negative
hybridoma does not lead to efficient cell surface expression of a pre-TCR
complex (Saint Ruf et al., 1994), an observation that can be interpreted
as indication that an additional component, not present in mature cell
lines, is mandatory. However, it is equally possible that mature T cells
actively retain pre-TCR complexes. Interestingly, a defective TCRB trans-
gene that lacks a V-region domain can induce the generation of DP thymo-
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cytes in RAG™" mice (Jacobs et al., 1996a), suggesting that neither a V3
nor a hypothetical Vpre-T domain is absolutely required for pre-TCR
function. However, although the number of thymocytes is strongly in-
creased in these mice compared to RAG™ controls, only about 30%
of wild-type levels are reached (Jacobs et al., 1996a). Although certain
similarities of the pre-TCR and pre-BCR (reviewed in Borst et al., 1996)
provide an appealing argument in favor of a VpreT subunit, the difference
between TCRB and IgH chains in terms of folding, as well as structural
differences between pTa and A5 chains (reviewed in von Boehmer and
Fehling, 1997), should also be considered.

C. Pre-TCR FunctioN IN EARLY THYMOCYTE DEVELOPMENT
1. Physiological Role of the Pre-TCR

In wild-type mice, the developmental transition from the TN CD25"
pre-T-cell stage to the DP stage is accompanied by a series of differentiation
events, including downregulation of CD25, upregulation of CD2, allelic
exclusion of the TCRB locus, initiation of germline transcription at the
TCRa locus, surface expression of a TCRB/CD3 complex, and a 20- to
50-fold cellular expansion that is responsible for more than 95% of thymic
cellularity (reviewed in Levelt and Eichmann, 1995; Shortman and Wu,
1996; Fehling and von Boehmer, 1997). The crucial role of the pTa chain,
and thus the pre-TCR, in this process has become evident in pTa-deficient
mice (Fehling et al., 1995a). Such animals were generated via gene target-
ing by deleting the two last exons of the pTa gene encoding the transmem-
brane region, the cytoplasmic tail, and the cysteine involved in heterodimer
formation. The lack of functional pTa chains in homozygous pTa knockout
mice severely hampered the development of thymocytes along the of8
pathway. In adult pTa™" mice, the total number of thymocytes was on
average between 5 and 10 X 10° compared to about 100 X 10°in littermate
controls. Staining with CD4- and CD8-specific antibodies revealed that
this strong reduction in total thymic cellularity was due mainly to a decrease
of DP thymocytes to less than 5% the number found in wild-type controls.
TCRap-expressing SP thymocytes were also present in pTa-deficient mice,
although their absolute number was reduced 10- to 20-fold as well, i.e.,
to a roughly similar degree as DP thymocytes. The large parallel reduction
in the number of DP and SP thymocytes suggested that the relative de-
crease of SP thymocytes in pTa™" mice was simply due to an insufficient
supply of DP precursors and that pTa was not required for the DP to SP
transition itself.

In sharp contrast to the development of a8 T cells, the generation of
y8-expressing cells was not at all impaired in pTa-deficient thymi, establish-
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ing that pTe and the pre-TCR are not required for normal development
of yé lineage cells (Fehling et al., 1995a). In fact, the absolute number of
8 thymocytes was consistently about 3- to 10-fold higher in pTo™™ mice
compared to littermate controls. This significant increase in y8 thymocytes,
which is seen to a similar extent in TCRB™~ mice (Mombaerts et al.,
1992b; H. J. Fehling, unpublished observation), could indicate a direct
role of pTa and the pre-TCR in the 8/y8 lineage decision. Alternatively,
it may simply reflect an imbalance in thymic homeostasis due to the
availability of additional space in the pTa-deficient thymus lacking more
than 90% of its contingent of o3 lineage cells.

To localize the defect in pTor™'™ mice more precisely, the subset composi-
tion of immature TN thymocytes was analyzed with antibodies specific for
CD25, CD44, and c-kit (Fehling et al., 1995a, 1997). The total number
of immature TN thymocytes was not significantly different in mutant and
wild-type thymi. However, the number of cells in the CD25*CD44 "
subset was approximately twofold augmented, whereas the subset of cells
with gradually decreasing levels of CD25, giving rise to and including
CD25°CD44 " cells, was severely depleted. The two earlier TN subsets
(CD25"CD44"c-kit* and CD257CD44%c-kit*), however, were present in
normal numbers and proportions in pTa-deficient mice. Collectively, the
data demonstrated that the impaired development of a8 lineage cells in
pTa™ mice was due to a block in the transition of CD25*CD44 " thymo-
cytes to the CD25"CD44 ™" stage, exactly as in SCID, RAG™", CD3e™",
CD3y ™", and TCRB™" mice.

The identification of pTa as a partner chain for TCRB in immature
thymocytes and the demonstration of the crucial role of pTa in 8 thymo-
poiesis have provided a satisfactory explanation for the initially surprising
observation that a functional TCRg chain can promote T-cell development
despite the absence of TCRe. It is now clear that TCRP exerts its effect
in early T-cell development predominantly, if not exclusively, by associating
with pTa and CD3 to form a signaling-competent pre-TCR complex. What
is the biological purpose of the pre-TCR? The identification of a common
point of developmental arrest in SCID, RAG™", CD3e™", CD3y ™",
TCRB™, and pTa" mice shows that TN thymocytes have to pass a
checkpoint at the CD257CD44 ™" stage, at which further development
stalls, unless certain developmental signals are provided. The pre-TCR
acts as a molecular sensor that informs a cell that it has generated a
functional TCRB chain. The cell responds with intense proliferation, ditfer-
entiation, and rapid progression to the DP stage, where TCRa rearrange-
ments are predominantly taking place. In contrast, cells that fail to produce
a functional TCRB chain cannot form a pre-TCR and are therefore not
allowed to progress along the a8 developmental pathway (with a few
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exceptions that are discussed later). Unless they have the ability to develop
along the 8 lineage, they are doomed to die. The biological function of
the pre-TCR is therefore to selectively expand those T-cell precursors that
have a productive TCRB chain and hence the potential to form an o
TCR after successful TCRa rearrangement. In this way, useless T-cell
precursors without functional TCRB chains are effectively excluded from
further development at the earliest possible stage. The process in which
cells with a functional TCRRB rearrangement are preferentially allowed to
progress in their development is generally referred to as “8 selection”
(Mallick et al., 1993; Dudley et al., 1994).

2. Potential Modes of Action

Although the developmental consequences of pre-TCR signaling are
well understood, it is not yet clear which of these effects are a direct
consequence of pre-TCR activity and which are controlled cell autono-
mously or influenced by other signals. Like many developmental processes
that are regulated by receptors, the main function of the pre-TCR could
be to control cell survival, proliferation, differentiation, or certain combina-
tions thereof. For instance, it is conceivable that the only function of the
pre-TCR might be to extend the life span of CD25" pre-T cells, allowing
these cells to unfold a cell-autonomous program that includes differentia-
tion and proliferation and depends only on the presence of certain cyto-
kines, e.g., IL-7, rather than being triggered directly by pre-TCR-derived
signals. The idea that the pre-TCR is indeed not required for differentiation
is supported by the finding that CD25* pre-T cells can be induced to
mature into DP thymocytes by a number of alternative stimuli that are
very different from pre-TCR-mediated signals, including some that seem to
do little more than inhibiting programmed cell death (see later). However,
because there is no evidence so far that any of these alternative, CD3-
independent stimuli can lead to a similar proliferative expansion as the
one that is associated with normal pre-TCR function, these findings are
still consistent with a direct role of the pre-TCR in mediating cell division.

Three studies have impinged on the relationship between pre-TCR
function and cellular proliferation. Hoffman and colleagues (1996) investi-
gated the cell cycle status of CD257CD44 ™" TN thymocytes in normal
and pre-TCR-deficient (TCRB™", RAG™") mice. It was found that about
8-10% of these cells in normal mice were of large size with a DNA content
of greater than 2N, characteristic of the S/G2 phases of cell cycle. This
population (denoted L for “large size”) was found to exhibit additional
hallmarks of rapidly dividing cells, such as augmented expression of cyclins
A and B, elevated amounts of the active form of cdc-2 (cell division cycle-
2) protein, increased activity of the cyclin-dependent kinase cdk-2, reduced



30 HANS-REIMER RODEWALD AND HANS JORG FEHLING

expression of p27, a potent inhibitor of several cyclin-dependent kinases,
and hypophosphorylation of the retinoblastoma (Rb) gene product. In
contrast, none of these features were found in the population containing
apparently nondividing, small cells (denoted E for “expected size”). Most
important, the analysis of V(D)]B rearrangements by polymerase chain
reaction-restriction fragment length polymorphism (PCR-RFLP) revealed
that there was no enrichment of in-frame joints in population E. In con-
trast, cells of subset L had predominantly in-frame rearrangements.
Interestingly, CD25'CD44™" thymocytes from mutant mice unable
to form a functional pre-TCR were reported to be almost exclusively
of type E. Taken together, these results strongly suggested that the
CD25*CD44 ™ subpopulation can be sorted into an earlier, preselection
(population E) and a later, postselection subset based on cell cycle status
(cell size, DNA content). This interpretation intimated that the generation
of a productive TCRB chain and formation of a functional pre-TCR were
obligatory for the proliferation of CD25*CD44 " precursors.

These findings have been challenged by a separate study. Tourigny and
co-workers (1997) set out to determine the extent of DJB and V(D)JB
rearrangements in each of the four immature TN thymic subsets by quanti-
tative Southern blotting. Consistent with previous data (Godfrey et al.,
1994; Petrie et al., 1995), no TCRP rearrangements were detected in the
first two subsets (CD25"CD44" and CD25*CD44" TN thymocytes). In
contrast, almost 90% of all TCRB alleles were shown to exhibit DJB
rearrangements at the subsequent stage (CD25*CD44 " TN thymocytes).
However, only about 10% of all alleles at this very stage exhibited a com-
plete V(D)J rearrangement, whereas in the subsequent CD25-CD44 ™"
subset, 60% of all TCRR alleles had V(D)J rearrangements. These find-
ings suggested that D — J8 recombination occurred 1mmedlately before
the acquisition of the CD25"CD44 " phenotype, whereas V — (D)]B re-
arrangements occurred substantlall?/ later, during the 2- to 3-day period
of residence at the CD25*CD44 " stage (Shortman et al., 1990), but
before transition to the CD25 CD44 ™" stage. Tourigny and colleagues
(1997) also assessed the rearrangement status of the TCRR locus in those
CD25*CD44 " cells that were actively cycling. These cells were identified
based on their larger than 2N DNA content. Surprisingly, the experiment
showed that the extent of V(D)]B rearrangements among CD25*CD44 ™
dividing cells was not significantly different from that found in noncycling
CD257CD44 " cells (2N DNA) or in the total CD257CD44 ™ popula-
tion. If proliferation were an exclusive feature of cells that have passed 8
selection, as suggested by the studies of Hoffman et al. (1996), one would
have expected amuch higher percentage of complete V— (D)]8 rearrange-
ments in cycling CD25*CD44 ™" cells, similar to what was found at the
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CD25 CD44™ postselection stage (~60%). Moreover, Tourigny and
colleagues (1997) found substantial levels of cycling CD257CD44 " cells
also in RAG™", TCRB™"", and SCID mice. Collectively, these data were
interpreted to indicate that differentiation and proliferation were not inher-
ently linked to TCRB recombination or the expression of a functional
TCRB chain. Rather, TCRR rearrangements appeared to occur in parallel
with these events as part of an intrinsic developmental program. The
authors therefore proposed that the outcome of TCRB gene recombination
would not influence the developmental progression, including prolifera-
tion per se, but would serve instead simply to promote the survival of
those developing cells that have managed to express a functional TCRB
chain,

In fetal mouse thymocytes, the proliferation kinetics associated with 8
selection have been studied in detail by Falk and co-workers (1996). Using
a combination of cytoplasmic TCRB staining, propidium iodide staining,
bromodeoxyuridine (BrdU) labeling, and confocal laser scanning micros-
copy, the proliferation dynamics of TCRB* and TCRB~ thymocytes were
compared between days of gestation 14.5 and 18.5 both in FTOC and in
fetal thymi freshly recovered ex vivo. Based on the DNA content, all
TCRB* cells were reported to be in cell cycle during the entire 4-day
observation period. In contrast, the percentage of cells in S/G2 among
TCRB" cells was considerably lower and decreased continuously from day
14.5 to day 18.5. Moreover, from day 17.5 onward, TCRB", but not TCRB*,
cells were shown to contain a proportion of hypodiploid (DNA content
<2N) cells, suggesting ongoing cell death by apoptosis in this population.
BrdU labeling and cell counting by flow cytometry and confocal microscopy
with ex vivo-isolated thymocytes indicated that TCRB* cells experienced
an approximately 500-fold expansion between days 14.5 and 18.5, whereas
the number of TCRB"™ cells increased only about 8- to 14-fold. Combined
with other data in this study (Falk et al., 1996), the findings suggested
that the major consequence of pre-TCR-mediated B selection of fetal
thymocytes consisted of a burst of up to nine rapid cell divisions that lasted
for about 4 days. In contrast, lack of selection of TCRB-negative cells
seemed to be reflected by a limited maintenance of slow proliferation,
then cessation of proliferation, and finally cell death by apoptosis.

Assuming that 8 selection during fetal development is not significantly
different from B selection in the adult thymus, these results support the
conclusion of Hoffman and co-workers (1996) that expression of a func-
tional TCRR chain is closely linked to proliferation. However, using confo-
cal laser scanning microscopy to identify individual TCRB* cells in freshly
isolated thymic lobes, Falk and colleagues (1996) also showed that little
cell division occurred for at least 1 day after thymocytes first expressed a
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TCR@ chain, despite the fact that most of these cells were hyperdiploid
(DNA content >2N). This interesting observation suggested that TCRB
expression was followed by a delay period, in which most cells outlasted
in the G2 phase of the cell cycle, before undergoing a burst of cell divisions.
The biological role of this apparent delay remained obscure, but it was
hypothesized that the transient arrest in G2 could indicate the requirement
for a secondary, mitogenic signal, e.g., through cytokine—cytokine receptor
interactions (Falk et al., 1996). Taken together, available data do not yet
provide a conclusive answer to the question whether pre-TCR-derived
signals directly trigger a transition in the cell cycle or whether cell division
is secondary to pre-TCR activity.

D. PrRE-TCR-INDEPENDENT PATHWAYS TO THE DP STAGE

1. Pathways Promoted by the Presence of yd Thymocytes or the
Formation of a y6 TCR

If the pre-TCR were absolutely required for the developmental
progression of CD25*CD44 ™" pre-T cells, then mutant mice in which
a functional pre-TCR cannot be formed should be completely devoid
of DP thymocytes. This is indeed the case in RAG™" (Mombaerts et
al., 1992a; Shinkai et al, 1992) and CD3e™~ (Malissen et al., 1995)
mice, but not in TCRB- (Mombaerts et al., 1992b) or pTa-deficient
mice (Fehling et al., 1995a), suggesting that there are other pre-
TCR-independent mechanisms that can foster the generation of DP
thymocytes, albeit inefficiently. One pre-TCR-independent mechanism
to generate DP from DN thymocytes is induced by TCR-expressing
cells. This was first suggested by the analysis of “leaky” SCID mice,
which revealed a striking correlation between the presence of SP TCR-
bearing cells in some SCID thymi and the appearance of TCR-negative
CD4*CD8* thymocytes (Shores et al., 1990). Additional experiments
demonstrated that intravenous transfer of normal bone marrow cells,
including multipotential precursors, into SCID mice would not only
give rise to donor-derived TCR-positive thymocytes, but also promote
the differentiation of SCID thymocytes from TN into CD4*CD8* DP
thymocytes, although the SCID-derived cells remained TCR negative
(Shores et al., 1990). A second study found that intravenous injection
of in vitro expanded populations of y8 T cells or cloned yé T cell
lines into SCID mice resulted in the generation of small but significant
numbers of SCID-derived DP thymocytes. Thus, y8 T cells provide
signals, which can promote in trans the differentiation of thymocytes
in the absence of a pre-TCR (Lynch and Shevach, 1993). Whether the
effect of yd-expressing cells is brought about by direct thymocyte-
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thymocyte contacts, by secretion of cytokines that act on pre-T cells,
or indirectly by activation of thymic stromal cells, which, in turn, stimulate
the entry of CD4°CD8"~ thymocytes into the CD4/CDS§ differentiation
pathway, has remained obscure. Moreover, it is not clear whether DP
thymocytes generated in this way are “genuine” DP thymocytes with
the potential to mature into functional T cells (if they could express a
functional TCR) or whether they are some aberrant, dead-end cells
that just happen to express CD4 and CDS8 coreceptors.

A very interesting finding has been reported by Passoni and colleagues
(1997). These researchers analyzed the reading frame of TCR& rearrange-
ments in the residual DP thymocyte population of TCRB-deficient mice.
Using the PCR-RFLP technique and primers specific for V84, V85, V86,
and J8l, it was found that more than 70% of the corresponding TCRS
rearrangements in DP thymocytes of TCRB™~ mice were in frame. A
comparable value (66%) was found for Vy2 — Jyl rearrangements. A
random rearrangement process is expected to generate in-frame joints in
only one out of three rearrangements, which was actually found when the
preceding CD25*CD44 "™ DN population was analyzed with the same
sets of primers. The data therefore indicated that at least some DP thymo-
cytes in TCRB-deficient mice had been selected for productive TCR6 and
TCRy rearrangements. This conclusion obviously suggests that expression
of a y8 TCR can promote the generation of DP thymocytes not only in
trans, but also in cis. In other words, the generation of some DP thymocytes
in TCRB™", and by inferrence in pTo ™" mice, appears to be contingent
on the formation of productive TCR8 and TCRy rearrangements. Unfortu-
nately, the type of analysis peformed by Passoni et al. (1997) does not
allow to estimate the percentage of DP thymocytes generated by this
cis pathway.

2. A Pathway Dependent on Early Expression of Functional
TCRa Chains

If the development of DP thymocytes in TCRB- and pTa-deficient
mice was solely due to the presence of yé-expressing cells or in-frame
7v/8 rearrangements, one would expect a complete arrest of thymopoiesis
at the CD25°CD44 ™ pre-T cell stage in doubly deficient mice lack-
ing, apart from pTa or TCRB, also functional TCR& chains. This prediction
was essentially fulfilled in TCRB™~ TCR8™" mutant mice, in which the
frequency of DP thymocytes dropped to around or less than 1% (Mom-
baerts et al., 1992b). In contrast, the percentage and absolute number of
DP thymocytes was not reduced in pTa™’” TCR6™~ doubly deficient mice
compared to pToa™'" singly deficient mice (Buer et al., 1997), suggesting
a third pathway to the DP stage. This pathway seemed to involve the
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TCRS chain, as it was blocked in TCRB™~ TCR&~ mice (Mombaerts et
al., 1992b). The analysis of TCR expression in DP thymocytes of various
mutant and wild-type mice provided a clue about the molecular mechanism
of this putative third pathway. Approximately 50-60% of DP thymocytes
in normal mice express intermediate levels of TCRB on the cell surface.
This population was shown to be significantly reduced in pTa-deficient
mice, most likely reflecting the fact that many of these cells lacked a TCRS
chain because they had developed in the absence of pre-TCR-mediated “8
selection” (Fehling et al., 1997). This was in fact confirmed by cytoplasmic
stainings with TCRB-specific antibodies, which revealed that only about
40% of DP cells on a pTa™" background expressed a functional TCRB
chain, whereas essentially all DP cells were cytoplasmic TCRB positive in
the thymus of normal mice (Buer et al., 1997). Surprisingly, almost 100%
of DP thymocytes in pTa™~ X TCR8™~ doubly deficient mice were found
to be positive for cytoplasmic TCRB expression. This indicated that all
DP thymocytes formed in the absence of both pTa molecules and y8-
expressing cells had been subjected to some sort of “g-selection” (Buer
et al., 1997). Two types of observation finally suggested that the DP
thymocytes in pTa™~ TCR8™" mice were most likely derived from pre-T
cells with productive TCRR joints, in which “premature” TCRa rearrange-
ments had taken place and given rise to functional TCRa chains, which
then could form a normal o8 TCR in lieu of the pre-TCR. First, although
the number of DP thymocytes in pTa™" and pTa™ TCRa™" mice was
found to be rather similar, cytoplasmic staining revealed that only about
15% of DP thymocytes from the doubly deficient background were TCRB
positive versus 40% in pTo™"~ single-deficient mice, implying that a signifi-
cant fraction of DP thymocytes in pTo”™ mice had been generated in a
TCRa-dependent fashion (Buer et al., 1997). Second, introduction of
TCRap transgenes into pTa-deficient mice restored the development of
CD4*CD8* thymocytes very efficiently, indicating that early expression of
TCRa could functionally substitute for pTa expression (Bruno et al., 1996;
Buer et al., 1997). In fact, in TCRap transgenic, pTa™'™ mice the number
of thymocytes was reduced by only about 50% compared to TCRaf trans-
genic, pTa® mice, although the transgenic TCRa chain was expressed in
only 9% of CD25" pre-T cells, demonstrating that an a8 TCR could
mediate expansion of pre-T cells at least as efficient as a pre-TCR.
Taken together, these data show that DP thymocytes can be generated
by at least three distinct pathways, two of which are noticeable solely in
mice in which the main route is experimentally blocked. The first pathway
involves the formation of a pre-TCR, accounts for at least 95% of all DP
thymocytes in normal mice, and therefore represents by far the physiologi-
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cally most relevant route. The second pathway depends either on successful
generation of a yd TCR in apparently a8 lineage cells or on the presence
of yé-expressing cells, which somehow create a thymic environment that
promotes the TN to DP transition. Finally, the third pathway involves
premature formation of an o8 TCR due to TCRa rearrangements appar-
ently occurring at low frequency in CD25*CD44 " cells. This pathway
is expected to be completely irrelevant in normal mice because, in the
presence of pTe, formation of a functional TCRR chain alone is sufficient
to induce proliferation and transition to the DP stage. The assumption
that the latter two pathways do not play any significant role in normal o8
T-cell development is supported by the finding that the number of DP
thymocytes is not reduced in TCRa- or TCRé-deficient mice when com-
pared with wild-type littermates. Irrespective of the physiological signifi-
cance, the identification of three potential pathways to the DP stage finally
provides a satisfactory explanation for the observed differences in the
phenotypes of pTa™" and TCRB™" mice on the one hand and RAG™~
and CD3 ™~ mice on the other hand, whereas in RAG- and CD3-deficient
mice all three pathways are obstructed, resulting in a complete arrest of
thymopoiesis at the TN to DP transition. TCRB-deficient mice are left
with pathway 2 and pTa-deficient mice with pathways 2 and 3, accounting
for the apparent “leakiness” of these latter two mouse mutants (see also
Fig. 2).

3. Experimental Manipulations Generating DP Thymocytes in the
Absence of a Pre-TCR

Another line of investigation has revealed a number of artificial ways to
induce the differentiation of CD4"CD8 TN thymocytes into DP cells.
Although of little or no physiological importance, these pathways do provide
some hints about the possible mode of action of the pre-TCR in the normal
situation. In an effort to use RAG-2-deficient mice as hosts for thymic
reconstitution, Ziniga-Pfliicker and colleagues (1994) found that sublethal
doses of y radiation allowed immature CD257CD44 ™" TN cells to differ-
entiate into DP thymocytes in the absence of any detectable TCRB gene
rearrangements. This intriguing observation was also reported by other
investigators (Guidos et al., 1995). Two possible mechanisms were pro-
posed: a radiation-induced change in the thymic microenvironment, which
would then somehow stimulate maturational processes (Guidos et al.,
1995), or induction of somatic mutations in genes that normally suppress
the TN to DP transition (Zuniga-Pflucker et al., 1994; Guidos et al., 1995).
A follow-up study revealed that DP thymocytes from irradiated RAG-
deficient mice had indeed accumulated somatic mutations, interestingly,
in the tumour suppressor gene p53, a key regulator of apoptosis (Jiang et
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al., 1996). To assess the role of p53 in the generation of DP thymocytes
directly, RAG™" mice were bred with p53-deficient mice, in which T-
cell development had been shown previously to be essentially normal
(Donehower et al., 1992). Analysis of thymocytes from p53~~ RAG™~
mice revealed the presence of CD4*CD8* thymocytes (Jiang et al., 1996;
Mombaerts et al., 1995), demonstrating that lack of p53 function is suffi-
cient to allow for the differentiation of CD4 CD8™ into CD4*CD8* thymo-
cytes. However, both vy irradiation and disruption of the p53 tumor suppres-
sor gene in RAG™" mice did not restore more than 10% of normal thymic
cellularity, possibly indicating that the transition to the DP stage was not
accompanied by a similar proliferative burst as observed in normal mice
or RAG™" mice reconstituted with a functional TCRB transgene (but see
later for another interpretation). Interestingly, a further decrease in the
number of DP thymocytes was seen in ‘y-irradiated RAG™" mice lacking
the src kinase p56'* (G. Wu et al., 1996). Moreover, the few DP thymocytes
that were found after irradiation of RAG™ Ick™~ mice had a more im-
mature phenotype than the majority of DP thymocytes in normal or -
irradiated RAG™ singly deficient mice. These findings suggest that
radiation-induced generation of DP thymocytes in RAG™™ mice is depen-
dent on the presence of src kinases, such as p56** (the role of src kinases
in early T-cell development is discussed in Section IV,F,3).

y irradiation results in the formation of DP thymocytes also in
SCID mice. However, in these mouse mutants a pre-TCR-dependent
mechanism appears to be responsible for most of the observed effects
of v irradiation, which is in contrast to similarly treated RAG™" mice.
This is suggested by several observations: Analysis of thymus DNA in vy-
irradiated SCID mice revealed diverse TCRB rearrangements detectable
concomitant with the appearance of DP thymocytes (Danska et al.,
1994). Cytoplasmic staining showed that on average 70% of radiation-
induced DP thymocytes expressed a TCRB chain, and sequence analysis
of PCR-amplified V(D)JB joints revealed a high degree of diversity,
indicating that this DP thymocyte population was polyclonal. Moreover,
90% of the V(D)]B rearrangements were in frame, suggesting that DP
thymocytes in irradiated SCID mice had undergone “B selection.”
Notably, these rearrangements completely lacked the structural anomalies
associated with aberrant rearrangements found occasionally in nonirradi-
ated SCID mice. Other studies revealed normal gene rearrangements
also at the TCRy and TCR& loci of irradiated SCID mice (Livak et
al., 1996). However, complete Va — Ja rearrangements could not be
detected, although rearrangements at the TCRa loci were shown to be
initiated after radiation-induced formation of DP thymocytes. Because
TCRa rearrangements occur significantly after TCRB, 6 and y rearrange-
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ments, radiation-induced restoration of V(D)] recombination appears to
be temporally restricted. Taken together, these findings strongly suggest
that vy irradiation of SCID mice induces a DNA repair pathway that
can transiently compensate for the SCID defect in V(D)] recombination,
leading to normal TCRB expression, formation of a pre-TCR, and
generation of DP thymocytes in a pre-TCR-dependent fashion. In
contrast, the mechanism by which v irradiation generates DP thymocytes
in RAG™" mice is independent of a functional TCRB protein, as these
mice are inherently unable to perform gene rearrangement, even after
irradiation (Zuniga-Pflucker et al., 1994; Guidos et al., 1995).

Most interesting, radiation-induced rescue of V(D)] rearrangements in
SCID mice is absolutely dependent on the presence of p53, as this pathway
is completely blocked in p53-deficient SCID mice, which fail to rearrange
their TCR loci even after irradiation (Bogue et al., 1996). However, and
somewhat confusing, thymocytes in SCID mice lacking p53 exhibt limited
developmental progression to the DP stage even in the absence of irradia-
tion (Bogue et al., 1996), much like mice deficient in both p53 and RAG,
as described previously. Thus, in SCID mice two mechanisms might be
responsible for irradiation-induced development of DP thymocytes, and
p53 appears to be involved in both mechanisms, albeit in opposing fashions.
The first pathway most likely represents a DNA repair response, requires
the presence of p53, and results in the restoration of functional TCR
rearrangements and formation of a conventional pre-TCR. This pathway
is expected to dominate in irradiated SCID mice, as functional TCR3
rearrangements should confer a significant advantage for cellular expansion,
an assumption that is supported by the fact that about 90% of TCRB
rearrangements found in thymi of irradiated SCID mice are productive.
The second pathway is rearrangement independent and requires irradia-
tion, not to induce a DNA damage response, but to mutationally inactivate
p33 alleles in developmentally arrested thymocytes. For unknown reasons,
inactivation of p53 then results in limited developmental progression to
the DP stage.

Although mutations in p53 are known to suppress apoptosis, it seems
unlikely that such mutations can bring about differentiative signals. There-
fore, the promoting effects of y irradiation or p33 deficiency on the differen-
tiation of CD25*CD44™" TN cells in RAG™~ mice could merely be a
consequence of prolonged survival. Consistent with this interpretation,
induction of DP thymocytes, again in the absence of a significant increase
in thymic cellularity, was also observed in RAG-deficient mice expressing
transgenic bcl-2 under the control of the Ick proximal promoter (Linette
etal., 1994). Bcl-2 is a potent antiapoptotic protein that can protect develop-
ing and mature T cells against a variety of apoptotic signals (Cory, 1995).
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However, this promoting effect of transgenic bcl-2 on thymopoiesis in
RAG™ mice seems to depend critically on some additional, unknown
factors, as the generation of DP thymocytes was not observed in a separate
study using a different line of bel-2-transgenic RAG™" mice (Maraskovsky
et al., 1997).

It is also possible that the generation of DP cells in p53-deficient, in y-
irradiated, or in some Bcl-2-transgenic RAG ™" mice is the result of second-
ary mutations in a few CD25" pre-T cells, which then differentiate and
proliferate like normal CD25'CD44~"* precursors that express a pre-
TCR, rather than reflecting extensive differentiation without proliferation.
To distinguish between these two possibilities, one would need to assess
the cell cycle status of transitory CD25°CD44 " thymocytes in p53~"
RAG™" mice and/or the clonality of the resulting DP cells. If the DP
thymocytes in p53™~ RAG™™ mice were derived from a limited number
of rapidly cycling precursors with secondary mutations, they should be
highly oligoclonal and the intermediate CD25"CD44 ™" subset should
contain a relatively large proportion of cells with a high (>2a) DNA
content. The clonal composition of DP thymocytes may be directly measur-
able in p53™ CD3™"" mice by studying the TCRP repertoire of the DP
population, provided that introduction of the p53 mutation in CD3-
deficient mice also results in pre-TCR-independent generation of DP
thymocytes, as one might predict.

The analysis of TCRB-independent pathways to the CD47CD8* stage
suggests an important general conclusion, namely that the pre-TCR is not
directly required for differentiation. Rather, the main function of the pre-
TCR seems to be to directly promote cell survival and directly or indirectly
also proliferation. This interpretation implies that CD25*CD44 " TN
cells are already endowed with a developmental program that they unfold
in the absence of any specific differentiative signals, simply on extension
of their life span. This program may include extensive proliferation, which,
in the latter case, would depend on specific mitotic signals provided
by the pre-TCR and/or other receptor systems. Whether p53 and/or
Bcl-2 is physiologically involved at this stage of differentiation is not yet
clear.

E. RoLE oF THE PRE-TCR IN ALLELIC EXCLUSION

Although individual T lymphocytes have the potential to generate two
distinct T-cell receptor 8 chains, they usually express only one allele, a
phenomenon termed allelic exclusion. Analysis of T-cell clones and hybrid-
omas has revealed that allelic exclusion at the TCRR locus is largely due
to the fact that 8 T cells carry in general only one productive TCRS
rearrangement, whereas the rearrangement on the other allele is either
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incomplete (D]B) or out of frame (reviewed in Malissen et al., 1992).
These findings are in line with the view that a productive TCRB rearrange-
ment can somehow prevent further rearrangements at the TCRg locus.
Strong support for this hypothesis has been obtained in mice express-
ing productively rearranged TCRB transgenes (Uematsu et al., 1988;
Krimpenfort et al., 1989), which enforce almost complete inhibition of
endogenous VB — (D)]B rearrangements, whereas DB — JB rearrange-
ments are essentially unimpaired. In contrast, mice expressing a nonpro-
ductive TCRB transgene exhibit no inhibition of endogenous TCRB re-
arrangements (Krimpenfort et al., 1989).

In mature T cells, the rearrangement status of the TCRe locus differs
from that of the TCRB locus in that usually both alleles carry Voo — Jo
rearrangements and cells with two functional TCRa alleles are found
in approximately 30% of all T cells (Casanova et al., 1991; Malissen et
al., 1992; Padovan ef al., 1993). In fact, in TCRe transgenic mice there
is no or only very inefficient inhibition of endogenous Va — Ja
rearrangements (Borgulya et al., 1992; Hardardottir et al., 1995; Heath
et al., 1995). Thus, it appears that rearrangements at the TCRa locus
continue on both alleles until a receptor is formed that can bind to thymic
MHC molecules. Positive selection will then lead to downregulation of
RAG expression and complete termination of all TCR rearrangements
(Turka et al., 1991; Borgulya et al., 1992; Brindle et al., 1992; Petrie
et al., 1993; Kouskoff et al., 1995). Although, in general, TCRa rearrange-
ments occur relatively late during thymocyte development, primarily at
the transition from the TN to DP stage and during the DP stage itself
(Petrie et al., 1995; Wilson et al., 1996), TCRB rearrangements are
initiated and completed much earlier, namely at the CD25'CD44 /v
TN stage (Godfrey et al, 1994; Petrie et al., 1995; Tourigny et al,
1997) (see Section IILB). Therefore, functional TCRB chains relay a
negative feedback to the second allele in the absence of TCRe, strongly
suggesting a role of the pre-TCR in mediating allelic exclusion.

If the pre-TCR were implicated in the arrest of further TCRB
rearrangements, pTa-deficient mice should show signs of inefficient
allelic exclusion, a hypothesis that has been tested in three experimental
approaches. Xu and co-workers (1996) generated ES cell lines in which
either one or both of the pTa alleles were inactivated by targeted gene
disruption. pTa*~ or pTa™ ES cell clones were then transfected
separately with a construct encoding a functionally rearranged TCRS chain
to establish TCRB*pTa™ and TCRBpTa™~ ES cell clones. The
ability of the TCRB transgene to mediate allelic exclusion in the absence
or presence of pTa was determined in the “RAG complementation
assay” (see Section ILB,2). Essentially all CD3-expressing thymocytes
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in the chimeric mice (TCRB"pTa*~ or TCRB*pTa™") were positive
for the transgenic TCRB chain. Interestingly, no evidence for the
expression of endogenously encoded TCRB chains was found either in
chimeras with a pTa™" or a pTa™ background, as determined by
FACS analysis of thymocytes using an antibody specific for a particular
endogenous VB element (Xu et al., 1996). This result suggested that
allelic exclusion was operating even in the absence of pTe, at least at
the level of cell surface expression. Xu and colleagues (1996) also
tested the effect of TCRB transgene expression at the level of DNA
rearrangements. This was done by analyzing genomic DNA from thymo-
cytes of TCRB*pTa*~ and TCRB*pTa ™~ chimeric mice with VB6/VET-
and ]B2-specific primers in a quantitative PCR assay as originally
described by van Meerwijk et al. (1990) and in a modified form by
Anderson et al. (1992) and D’Adamio and colleagues (1992). It was
found that expression of the transgenic TCRB chain inhibited VB7/V36
to JB2 rearrangements by approximately 90% in the presence of pTe.
Most important, the same degree of inhibition was seen in pTa-deficient
thymocytes. Assuming that VB6/VB7 — ]B2 rearrangements were repre-
sentative for the overall status of the endogenous TCRB alleles, these
data appeared to indicate that pTa was not required for the inhibition
of B rearrangements by a transgenic TCRB chain. A potential problem
of this experimental approach was the fact that pTa® and pTa™"
chimeric mice were not of the same transgenic background, as they
were generated from pTa™™ and pTa™ ES cell clones that had been
transfected individually with the respective TCRB transgene, almost
certainly giving rise to animals with distinct transgene copy numbers
and/or insertion sites. Nevertheless, the authors concluded that the pre-
TCR may not be involved in the signaling of allelic exclusion at the
TCRB locus (Xu et al., 1996).

The opposite conclusion was reached in a subsequent study using stable
lines of pTa™~ and TCRPB-transgenic, pTa™" mice rather than chimeric
animals, which permitted a more rigorous analysis. The efficiency of allelic
exclusion in the absence of pTa was determined by measuring the fre-
quency of mature SP thymocytes and peripheral LN T cells with two
distinet TCRP chains on the cell surface in both pTa™ and pTa* mice.
To calculate the maximum number of cells expressing two distinct TCRS
chains in the complete absence of allelic exclusion, the following assump-
tions were made: (1) Sufficient time for rearrangements on both alleles,
(2) absolutely no feedback inhibition of the functional 8 chain on the other
allele, and (3) no selective disadvantage of cells with two functional 8
chains. Under these conditions (complete absence of allelic exclusion), it
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was calculated (see Fig. 3) that 20% of TCRP positive cells would express
two distinct B8 chains. Any, even partial, violation of these assumptions
would reduce the percentage of double expressing cells. Given the low
frequency of cells that express a particular V8 element in normal, non-
transgenic mice, it was clear that evidence for incomplete allelic exclusion
would not be easy to obtain by cell surface staining with antibodies specific
for just two different VB elements. To alleviate this problem, a combination
of antibodies directed against V36 or V38.1/8.2 elements on one hand and
a pool of antibodies recognizing TCRs containing most of the remaining
VB elements on the other hand was used. The sensitivity of this analysis
was further increased by gating on CD3-positive thymocytes/lymphocytes,
thus excluding all other cells that did not express a TCR or only at low
levels. This analysis revealed that the frequency of CD3* thymocytes and
lymph node cells scoring positive for both VB38.1/8.2 or V6 and one of
the Vs represented in the antibody pool was extremely low (~0.1-0.2%)
in normal pTa* mice (Krotkovaet al., 1997). This value might have reflected
the low proportion of T cells that genuinely expressed two B chains,
violating allelic exclusion, as suggested by studies of human T lymphocytes
(Davodeau et al., 1995; Padovan et al., 1995). Alternatively, it might have
represented the level of nonspecific background staining in the experi-
ment. Most important, however, no significant increase in the percentage
of potentially double-expressing cells could be detected in pTa™" mice
(Krotkova et al., 1997). These data clearly demonstrated that T cells and
thymocytes expressing intermediate to high levels of the o8 TCR were
indeed allelically excluded at the level of cell surface expression, even in
pTa-deficient mice, extending the FACS results of Xu et al. (1996) to
normal, nontransgenic mice.

This analysis was also performed with TCR@ transgenic mice expressing
or lacking pTea (Krotkova et al., 1997). Cells expressing endogenous TCRS
chains were equally infrequent in pTa* and pTa™ mice, although the
presence of the transgenic 8 chain on essentially all CD3* cells should
have allowed the detection of even very small differences in the number
of TCRB double-expressing cells. These findings confirmed that pTa was
not required to establish allelic exclusion at the level of cell surface expres-
sion. However, evidence for a role of pTe in allelic exclusion was found
at the level of DNA rearrangements. Using the same DNA-PCR assay
employed by Xu and colleagues (1996), it was shown that TCRP transgenic
thymocytes of pTa* mice contained nearly undetectable levels of endog-
enous V3 — (D)]B rearrangements due to the negative feedback inhibition
mediated by the transgenic TCR chain, as had been reported previously
(Uematsu et al., 1988; van Meerwijk et al., 1990; Anderson et al., 1992).
In contrast, although the transgenic TCRB chain was still able to inhibit
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Fic. 3. Expected frequency of productive and nonproductive VB — (D)8 rearrange-
ments in maturing T cells. This scheme is based on the premise that formation of a particular
reading frame by VB8 — (D)]B rearrangements is completely random, i.e., that on average
exactly one-third of all rearrangements are productive (in frame) and two-thirds are nonpro-
ductive {out of frame). The scheme further assumes that secondary rearrangements [re-
arrangements involving an allele that already bears a VB — (D)]B rearrangement] are not
possible. The plus and minus symbols refer to in-frame and out-of-frame VB — (D)]8
rearrangements, respectively; the symbol 0 indicates the absence of VB — (D)]8 rearrange-
ment (locus in germline configuration or DB — ] rearranged). (A) Perfect allelic exclusion.
Out of nine pre-T cells that engage in VB — (D)]B rearrangements on the first allele, only
three produce productive joints. The formation of a functional TCRB chain allows these
cells to mature and, at the same time, prevents further V8 — (D)]B rearrangements at the
second allele. The six remaining cells rearrange the second TCRB locus. Two of these six
cells are expected to generate an in-frame joint, allowing them to mature, whereas the
remaining four cells have nonproductive rearrangements on both alleles and perish (unless
they have the potential to enter the y8 lineage). (B) Absolutely no allelic exclusion. Out
of nine pre-T cells that engage in V8 — (D)JB rearrangements on the first allele,
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endogenous TCRP rearrangements to a large degree even in the absence
of pTe, the inhibition was significantly weaker, as bands specific for endoge-
nous rearrangements involving all six functional 82 segments were appar-
ent at very substantial levels (Krotkova et al., 1997). To allow a comparison
of equivalent thymic subpopulations, the analysis was repeated with DNA
from sorted CD25*CD44™ TN thymocytes representing the develop-
mental stage at which TCRB rearrangements predominantly occur. The
result was virtually identical: although the transgenic TCRB chain could
inhibit endogenous VB8 — (D)8 rearrangements in the absence of pTe, the
degree of inhibition was much less pronounced than in CD25" thymocytes
expressing pTa (Krotkova et al., 1997). Together, these results clearly
demonstrated that the pTa chain and thus the pre-TCR were involved in
allelic exclusion of endogenous VB rearrangements, at least in TCRB-
transgenic mice.

This conclusion has recently been extended to nontransgenic mice
by comparing the rearrangement status of TCRB alleles in sorted
CD25*CD44 ™™ TN thymocytes from pTa-deficient mice and wild-type
littermates at the single cell level. Using a set of JB82-specific and several
VB-specific primers and the single-cell PCR technique, V(D)] joints were
amplified from a number of pre-T cells exhibiting V8 — (D)]B rearrange-

three produce productive joints. As the formation of a functional TCRB chain does not
prevent VB — (D)]JB rearrangements on the second allele, one of the three cells with a
productive rearrangement on the first allele is expected to generate another productive
rearrangement on the second allele. Nonproductive TCRB rearrangements on both chromo-
somes result in programmed death of four of the original nine cells. The frequency of cells
with two productive VB8 — (D)]8 rearrangements among the surviving T-cell population
is therefore expected to be at most 1/5 (20%). This estimation rests on the following
assumptions: (a) absolutely no feedback inhibition of V8 — (D)JB rearrangements by a
functional TCRR chain, (b) sufficient time for TCRB rearrangements on the second allele
before cells progress to the next developmental stage where the TCRB locus is recombina-
tionally silenced, and (c¢) no developmental disadvantage of cells with two functional TCRB
chains. Any, even partial, violation of these assumptions would further reduce the percentage
of cells with two productive TCRP rearrangements in a corresponding, albeit unpredictable,
fashion. Moreover, in some of the cells with two productive TCRB rearrangements, the
same V, element is involved on both chromosomes. Cell surface staining with VB-specific
antibodies fails to identify these cells. In practice, the percentage of cells with two distinguish-
able TCRPB chains is therefore clearly below 20%, even under conditions where allelic
exclusion is completely compromised. The depicted scheme also predicts that cells with
one TCRR locus in germline or in a DJB configuration are very infrequent in the absence
of allelic exclusion, whereas such cells should constitute about 60% of the mature T-cell
or SP thymocyte population when allelic exclusion is fully operating.
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ments on both alleles. Subsequent sequence analysis revealed that only 1
out of 19 CD25'CD44™"*" cells obtained from wild-type mice had two
productive TCRB rearrangements. In contrast, functional TCRB alleles
on both chromosomes were found in 7 out of 20 pre-T cells from pTa™"
mice, providing additional evidence for the important role of pTa in allelic
exclusion at the level of gene rearrangements (Aifantis et al., 1997). This
evidence was of particular value because it was obtained with normal,
nontransgenic mice.

These findings demonstrate that pTa and hence the pre-TCR are indeed
involved in mediating the inhibitory effect of a functional TCR chain on
VB — (D)]B rearrangements at the second allele. However, an important
question remains: why does lack of pTa not result in a significant fraction
of mature thymocytes or peripheral T cells with two functional TCRB
chains on the cell surface when, in the absence of pTa, at least 20% of
all pre-T cells are carrying two productively rearranged TCR@ alleles? One
possible explanation would be that there is another level of regulation
preventing cells with two in-frame TCRP loci to express both loci or
preventing them to mature. This appears unlikely, considering that T cells
with more than one TCRB chain on the cell surface are very frequent in
TCRB double transgenic mice (Zal et al., 1996). Thus, two functional
TCRp chains are not toxic, and maturing thymocytes with two functional
TCRR chains are not actively eliminated by some selection mechanism. It
appears more likely that the failure to detect mature T cells with two
distinct TCRPB chains on the cell surface, even in pTa-deficient mice, is
a result of the tight association between allelic exclusion and maturation:
pairing of a functional TCR@ chain with pTa and formation of a pre-TCR
complex would result in rapid cell cycle induction, shut down of RAG
gene expression, and progression to the next stage in differentiation. In
the absence of pTa, B* pre-T cells are arrested at this stage and thus
frequently rearrange the second allele. Unusually early TCRa rearrange-
ments can provide functional TCRa chains in a few thymocytes at the
CD25" stage (see Section IV,D,2). In cells with a productive TCRB re-
arrangement, an o8 TCR forms and inhibits rearrangement of the second
allele. Such cells are expected to selectively overcome the pTa ™" associated
developmental block at the CD25" stage. Most of the SP thymocytes and
mature T cells in pTa™'™ mice are therefore most likely derived from these
few TN CD25*TCRafB* thymocytes. According to this view, one would
expect that mature T cells in pTa™ mice do not carry more than one
functional V(D)JB rearrangement, which would explain the absence of
cells with two TCRP chains on the cell surface, despite the fact that allelic
exclusion is compromised at the level of DNA rearrangements in pTa-
deficient mice.
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F. LikErLy CoMPONENTS OF THE PRE-TCR SiGNaL
TRANSDUCTION MACHINERY

1. Potential Contribution of the TCRB and Pre-TCRa Chains to
Signal Transduction

The TCRB chain, like all other rearranging T-cell receptor and B-cell
receptor molecules known to date, contains just a few cytoplasmic amino
acids. A direct involvement of the intracellular portion of TCRB in the
transduction of pre-TCR-mediated signals therefore appears rather un-
likely. In line with this view, deletion of the carboxy-terminal five residues
that extend into the cytoplasm does not impair the ability of transgenic
TCRR chains to induce the generation of normal numbers of DP thymo-
cytes in RAG-deficient mice or to mediate allelic exclusion in RAG* mice,
demonstrating that these residues are not essential for normal pre-TCR
function (Jacobs et al., 1996b). Whether the much longer cytoplasmic tail
of pTa (see earlier) actively participates in signal transduction was tested
in transgenic mice expressing a tailless form of pTa under the control of
the proximal lck promoter (Fehling et al., 1997). A high copy number
transgenic line was established and back-crossed onto pTa™™ mice, gener-
ating animals that expressed the tailless pTa protein in the absence
or presence of endogenous pTa. The analysis of these mice revealed
that tailless pTa chains efficiently restored o T-cell development in
pTa knockout mice: the severe blockage in the transition from
CD25"CD44™"" to CD25 CD44 " thymocytes was overcome, the pro-
portion and cellularity of the DP compartment reconstituted, and the
preferential expansion and maturation of thymocytes with functional TCRB
rearrangements (8 selection) reinstated. All in all, tailless pTa chains
normalized the proportion of thymic subsets, as defined by CD4 and CD8
expression, and augmented the total number of thymocytes to levels similar
to those found in tailless transgenics with a pTa* background (Fehling et al.,
1997). Although these experiments could not rule out a minor, quantitative
contribution of the cytoplasmic residues of pTa to pre-TCR activity, the
results clearly established that the cytoplasmic tail of mouse pTa was not
essential for pre-TCR function (Fehling et al., 1997).

2. Molecules of the CD3 Complex

The components of the CD3 complex are key players in the signaling
circuit that links the pre-TCR to specific cytoplasmic targets (discussed in
Tanaka et al., 1995; Malissen and Malissen, 1996). In fact, cross-linking
of CD3 complexes in TCR-deficient mice can bypass pre-TCR signaling.
For instance, treatment of fetal thymic organ cultures derived from SCID,
RAG-deficient, or TCRS-deficient mice with anti-CD3e antibodies (Levelt
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et al., 1993) or injection of such antibodies into RAG-deficient mice (Jacobs
et al., 1994; Shinkai and Alt, 1994) triggers efficient expansion and matura-
tion of DN thymocytes and thus restores early T-cell development in such
mouse mutants. The striking effect of CD3e-specific antibodies on T-cell
development in RAG™" mice implies that at least CD3e must be exposed
on the cell surface, despite the absence of mature T-cell receptor chains.
Biochemical studies have shown that a large fraction, if not all, of such
clonotype-independent CD3 complexes contain calnexin, an integral mem-
brane protein that normally resides in the endoplasmatic reticulum (Wiest
et al., 1995). Interestingly, injection of anti-CD3s-specific antibodies into
pTa™~ X RAG™ doubly deficient mice restored the number of DP thymo-
cytes to the same extent as anti-CD3e treatment of RAG™ singly deficient
mice, demonstrating that pTa was not required for clonotype-independent
surface expression of CD3e (Fehling et al., 1997).

The specific effects of anti-CD3e antibody treatment on early T-cell
development suggest that physical approximation of CD3g-containing
modules is sufficient for the induction of pre-TCR-like signals. This view
has led to the attractive hypothesis that successful formation of a TCRB-
pTa heterodimer may be relayed to intracellular signal transduction path-
ways simply by bringing two CD3e-containing modules in close proximity
(Jacobs et al., 1994). Approximation of the modules within a single pre-
TCR/CD3 complex would then result in cross-phosphorylation of func-
tional motifs, present in the cytoplasmic tails of these components. Accord-
ing to this view, the pre-TCR does not need to interact with any putative
extracellular ligand, which would be in line with the finding that a TCRB
V-region domain is not essential for the signaling function of the pre-TCR
(Krimpenfort et al., 1989; Jacobs et al., 1994, 1996a).

The -ability of the CD3 complex to transduce TCR-derived signals de-
pends on a shared functional sequence, the immunoreceptor tyrosine-
based activation motif (ITAM), that is located within the intracellular
portion of each CD3 component (reviewed by Weiss, 1993). Individual
ITAMs consist of two Tyr-X-X LewIle domains that are separated by six
to eight X-type residues, where X denotes a nonconserved amino acid. A
fully assembled TCR or pre-TCR complex contains a considerable number
of different ITAMSs: one in each CD3eg, 8, and 7y chain and three in each
CD3¢ chain. The variation in nonconserved residues between different
ITAMs may constitute an important factor controlling the specificity and
affinity of interaction with distinct signaling molecules.

To assess the function of individual CD3 components in pre-TCR-
mediated events, Shinkai and colleagues (1995) generated chimeric trans-
genes encoding extracellular and transmembrane domains of the human
interleukin 2 (IL2) receptor « chain (Tac) and the cytoplasmic domain of
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either CD3e or CD3{. These chimeric constructs, driven by the proximal
Ick promotor, were introduced separately into RAG-deficient mice. Injec-
tion of anti-Tac antibodies into both types of transgenic RAG™ mice
resulted in downregulation of CD25, upregulation of CD2, massive cellular
expansion, and essentially complete reconstitution of the DP compartment,
not different from RAG™ control mice injected with anti-CD3e-specific
antibodies (Shinkai et al., 1995). These in vivo cross-linking experiments
thus demonstrated that both CD3e- and CD3{-derived signals were able
to trigger, to an equivalent extent, differentiation of RAG™ TN thymocytes
into DP cells, mimicking pre-TCR function. The fact that cross-linking of
individual CD3e or CD3{ cytoplasmic domains was sufficient to mediate
pre-TCR-specific effects further suggested that most of the ITAM motifs
in a completely assembled pre-TCR complex might fulfill redundant func-
tions, with the caveat that these experiments could not rigorously exclude
the possibility that endogenous CD3 molecules participated in signal trans-
duction. The observation that pre-TCR function was not significantly im-
paired in CD3{-deficient mice when reconstituted with tailless CD3¢
chains (Shores et al., 1994) strongly supports the conclusion that not all
ITAM motifs are required for efficient pre-TCR function.

3. Nonreceptor Tyrosine Kinases p56™ and p59/"

Tyrosine phosphorylation of specific ITAMs is one of the first signal
transduction-associated events in mature T cells following stimulation of
the TCR. Similar events are thought to occur after cell surface expression/
stimulation of a pre-TCR. Tyrosine phosphorylation of CD3e and CD3{
chains has indeed been demonstrated in a pre-TCR- expressing, immature
T-cell line after stimulation with antibodies against CD3e (van Oers et al.,
1995). Which kinases mediate these events? Several lines of evidence
indicate a major role of the nonreceptor tyrosine kinase p56' in pre-TCR
signal transduction (reviewed by Anderson and Perlmutter, 1995). For
instance, in mice with a targeted disruption of the lck gene, maturation
of aff thymocytes is severely impaired at the same developmental stage
as in mouse mutants, which fail to generate a functional pre-TCR complex
(Molina et al., 1992). This is also true for mice that overexpress dominant-
negative Lck (Levin et al., 1993). Moreover, transgenes encoding a catalyti-
cally activated form of p56** restore the development of DP thymocytes
in RAG™ mice (Mombaerts et al., 1994) and pTa™~ mice (Fehling et al.,
1997). Finally, the generation of DP thymocytes after anti-CD3¢ antibody
treatment is severely hampered in RAG™~ X Ick™~ doubly deficient mice,
demonstrating the importance of Lck also in this experimental model of
pre-TCR function (Levelt et al., 1995).
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Although the experimental evidence for a pivotal role of p56™* in pre-
TCR signaling is convincing, the biochemical effectors on which Lck acts,
as well as the mechanism of Lck activation, are still obscure. A role for
p56“*in T-cell signaling was originally identified in more mature thymocytes
and T cells by virtue of its physical association with the TCR coreceptors
CD4 and CDS8 (Glaichenhaus et al., 1991; reviewed in Veillette et al.,
1991). Because these molecules are not available in pre-T cells, Lek must
interact with other factors that are components of the pre-TCR complex
or which can associate with the pre-TCR. However, specific molecules
that provide binding sites for Lck have not yet been identified in
CD4°CD8™ pre-T cells.

To study the effects of direct p56** activation in immature CD4 CD8"
thymocytes, Norment and colleagues (1997) have generated mice express-
ing a CD4 transgene under the control of the proximal Ick promoter, and
thus predominantly during early thymopoiesis. When the transgene was
bred on a RAG™~ background, early expression of transgenic CD4 induced
downregulation of CD25, generation of DP thymocytes, and an approxi-
mately fivefold increase in thymocyte numbers, thus promoting thymocyte
development in a manner similar to pre-TCR signaling. Notably, this pro-
cess was dependent on the presence of the cytoplasmic portion of CD4,
as transgenes encoding a tailless form of CD4 were ineffective, almost
certainly reflecting an obligatory interaction of CD4 with Lck. Most inter-
esting, the propagation of thymocyte development in CD4-transgenic
RAG™" mice required the presence of MHC class II ligands, as expression
of the same CD4 transgene had no promoting effects on thymocyte devel-
opment in RAG™~ X MHC class II""~ doubly deficient mice (Norment et
al., 1997). Together, these results indicated that binding of CD4 to MHC
class IT molecules can trigger a physiologically relevant, Lck-dependent
activation signal to thymocytes in the absence of TCRa or TCRS chains.
Most interesting, in CD3-deficient mice, early expression of transgenic
CD4 had no appreciable effect on thymocyte maturation (Norment et al.,
1997). The inability of CD4/Lck to promote development in the absence
of CD3 could indicate that CD3 components are located downstream of
Lck in the pre-TCR signaling cascade, for instance serving as phosphoryla-
tion substrates of Lck kinase. Alternatively, it is also possible that CD4/
Lck complexes must colocalize with the pre-TCR in order to approximate
Lck with other components of the signal transduction machinery, which
might not be available in an appropriate spatial arrangement in the absence
of CD3.

Is p56 the only tyrosine kinase directly downstream of the pre-TCR
in the signal transduction cascade? Although Lck-deficient mice have a
severe block at the TN to DP transition, a significant number of DP (and
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SP) thymocytes are present (Molina ef al., 1992), comparable to the num-
ber of DP thymocytes in pTa- (Fehling et al., 1995a) or TCRB-deficient
mice (Mombaerts et al., 1992b). In contrast, transgenic mice expressing a
dominant-negative form of Lck at high levels exhibit a complete arrest of
thymopoiesis at the TN to DP transition (Levin et al., 1993), such as CD3™"
(Malissen et al., 1995) or RAG™™ mice (Mombaerts et al., 1992a; Shinkai
etal., 1992), suggesting that a redundant kinase activity provided by another
related kinase might be responsible for the leakiness in lck™~ mouse mu-
tants. This kinase has been identified as p59%", in that combined inactivation
of the Ick and fyn genes completely arrested T-cell development at the
CD47CDS8" stage (Groves et al., 1996; van Oers et al., 1996), whereas
targeted disruption of the p59%" gene alone had no appreciable inhibitory
effect on T-cell development (Appleby et al., 1992; Stein et al., 1992).
Together, these data indicate that Lck is the primary signaling kinase
immediately downstream of the pre-TCR and that, in the absence of Lck,
Fyn can at least partially substitute for this function.

4. The Receptor Tyrosine Phosphatase CD45

Both p56'* and p59"" belong to the Src family of nonreceptor tyrosine
kinases (reviewed by Neet and Hunter, 1996). Members of this family
contain two conserved sites of tyrosine phosphorylation: an autophosphory-
lation site within the kinase domain and a carboxy-terminal regulatory site
which, when phosphorylated, serves to decrease kinase activity. Several
lines of evidence suggest a role for the receptor tyrosine phosphatase CD45
in regulating the activity of Src family kinases (reviewed in Trowbridge
and Thomas, 1994). Studies of CD45-deficient T-cell clones and lines
defective in T-cell receptor signal transduction revealed decreased kinase
activity of p56** and, to a lesser extent, p59%", which was accompanied by
a severalfold increase in the levels of phosphorylation at the negative
regulatory site of the respective kinases (McFarland et al., 1993). These
findings, along with other in vitro studies, suggested that CD45 might be
required in vivo to directly dephosphorylate the inhibitory C-terminal
tyrosine residue and thus to activate both kinases. This conclusion would
predict a negative effect of CD45 deficiency on early T-cell development,
a prediction that has been tested in two different strains of CD45 gene-
targeted mice. Kishihara and colleagues (1993) disrupted the alternatively
spliced exon 6, generating mice in which most lymphoid cells failed to
express all isoforms of CD45, probably due to interference with RNA
processing. Byth and colleagues (1996) generated a genuine CD45 null
strain by disrupting exon 9, which is common to all CD45 isoforms. The
phenotypes of both strains of CD45-deficient mice were largely similar.
TCR-mediated activation of mature T cells was completely abrogated,
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and development of a8 T cells was impaired at two stages, resulting in
significantly reduced numbers of mature SP cells both in the thymus and
in the periphery. The strongest effect of CD45 deficiency on thymopoiesis
was seen at the transition from the DP to the SP stage, which was inhibited
approximately four- to fivefold, at least partly due to impaired positive
selection (negative selection was also shown to be impaired). The second
developmental restraint was found at the TN to DP transition, in that the
number of DP thymocytes was reduced by about 50%, whereas the number
of TN thymocytes was increased concomitantly. Examination of the four
TN compartments defined by the expression of CD25 and CD44 surface
markers revealed an increase in the CD25*CD44 "**subset and a decrease
in the percentage of CD25 CD44 ™" cells. The stage of this block strongly
suggested that CD45 deficiency impaired pre-TCR-mediated maturation,
as expected if CD45 was involved in the activation of Lck. However, this
inhibition of pre-TCR-mediated effects was much less pronounced than
in Lck-deficient (Molina et al., 1992) or Lck/Fyn doubly deficient mice
(Groves et al., 1996; van Oers et al., 1996). Taken together, these results
clearly indicated an involvement of CD45 in pre-TCR signal transduction,
most likely via dephosphorylation of Lck and Fyn, but the results also
showed that CD45 was not essential for the functioning of pre-TCR-
associated Src kinases. The relatively mild effect of CD45 deficiency on
the efficacy of pre-TCR signal transduction may be related to the fact that
hyperphosphorylation of Lck at the inhibitory site reduces but does not
abolish kinase activity. Although the presumed residual level of Lek activity
in the absence of CD45 might be compatible with pre-TCR signaling, it
may not be sufficient for TCR-mediated activation of mature T cells. It is
also possible that other hitherto unidentified tyrosine phosphatases ex-
pressed specifically during the early phase of T-cell development compen-
sate for the lack of CD45 at the TN to DP transition. Additional studies
are required to resolve this issue.

5. Potential Components of the Pre-TCR Signaling Cascade
Downstream of p56*/p59/m

Very little is known about pre-TCR-specific signal transduction events
downstream of p56. The conclusive identification of pre-TCR-controlled
signal transduction molecules is retarded by the fact that the role of candi-
date molecules potentially involved in pre-TCR signaling cannot be as-
sessed in cell lines in suspension culture because it has been impossible
so far to recapitulate the pre-TCR-mediated TN to DP transition outside
of an intact thymus. However, many well-characterized components of the
signal transduction cascade, operating in thymocytes or peripheral T cells
after the engagement of mature o8 TCRs, may also be utilized by the pre-
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TCR. A promising approach to identify molecules involved in pre-TCR
signaling therefore appears to be to determine whether factors known to
be involved in signaling in mature T cells are required for pre-TCR-
mediated events. This can be done in genetically manipulated mice or in
thymic organ cultures derived from such mice.

a. Tyrosine Kinases ZAP-70 and Syk. In the mature a8TCR, like in
the pre-TCR, the initial step during signaling is tyrosine phosphorylation
of CD3-associated ITAMs (see earlier). Once phosphorylated, ITAMs re-
cruit the tyrosine kinase ZAP-70 to the activated receptor, which itself
becomes a target of phosphorylation, also catalyzed, at least in part, by
p56 [the signal transduction pathways tapped by the mature aSTCR
have been reviewed in detail by Cantrell (1996)]. ZAP-70 plays an essential
role in signal transduction during late thymopoiesis, as T-cell development
is arrested at the DP stage in ZAP-deficient mice (Negishi et al., 1995).
Studies with TCR-transgenic, ZAP-70~"~ mice have shown that ZAP-70 is
indispensable for positive and negative selection (Negishi et al., 1995).
However, ZAP~~ mice do not show any defect in the generation of normal
DP thymocytes, demonstrating that this kinase is not essential for pre-
TCR function. A related tyrosine kinase, Syk, is also expressed in developing
thymocytes, raising the possibility that this latter kinase might compensate
for ZAP-70 during early thymopoiesis in ZAP-deficient mice. Early support
for this notion has come from the finding that stimulation of a pre-TCR-
expressing, immature T-cell line with anti-CD3e-specific antibodies re-
sulted in CD3{ association and phosphorylation of both ZAP-70 and Syk
(van Oers et al., 1995). Syk-deficient mice die in utero or around birth,
partly because of severe hemorrhage, but thymopoiesis is not noticeably
effected, both in syk™~ mice and in radiation chimeras reconstituted with
syk™ fetal liver cells (Cheng et al., 1995; Turner et al., 1995). To uncover
whether these two syk family kinases play complementary roles in pre-
TCR signaling or whether they are both dispensable for pre-TCR function,
ZAP™ X syk™" doubly deficient mice have been generated (Cheng et al.,
1997). The analysis of these double mutants revealed a complete arrest of
thymopoiesis at the CD25*CD44 " stage, exactly as in RAG™~ or CD3™~
mice. Although V(D)]B rearrangements were shown to occur and TCRS/
CD3 complexes were found on the cell surface of DN thymocytes at low
levels, DP cells were not generated and the total number of thymocytes
remained as low as in RAG-deficient mice, indicating that the expression
of a pre-TCR could no longer induce proliferation or differentiation of
CD25" pre-T cells. These data provide convincing evidence that ZAP-70
and Syk fulfill overlapping functions in the differentiation of DN to DP
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cells, most likely as components of the pre-TCR signal transduction ma-
chinery.

b. GTPase p21™. The GTP-binding protein p21™ defines a point of
convergence for many tyrosine kinase-induced pathways. Numerous stud-
ies performed in cell lines and in transgenic animals have indicated a
crucial role of Ras in T-cell activation (reviewed in Izquierdo Pastor et al.,
1995). Whether GTP-binding proteins are also involved in pre-TCR signal
transduction has been studied in several interesting experimental ap-
proaches. Swat and colleagues (1996) introduced into RAG-17" ES cells
an expression construct encoding constitutively activated Ha-ras under the
control of the proximal Ick promoter. Ras-transfected or nontransfected
control ES cells, both lacking RAG-1, were then injected into blastocysts
derived from homozygously RAG-2-deficient mice. Expression of activated
Ras in RAG™ pre-T cells was sufficient to induce the generation of normal
numbers of DP thymocytes, despite the absence of a functional pre-TCR,
demonstrating that activated Ras can fully mimic pre-TCR-derived signals
(Swat et al., 1996). Does p21™ play a physiological role in pre-TCR signal
transduction? To assess the importance of endogenous p21™ in the control
of thymocyte development, mice overexpressing a dominant-negative Ha-
ras protein, also under the control of the Ick proximal promoter, were
generated and analyzed (Swan et al., 1995). Although dominant-negative
p21™ severely inhibited positive selection and blocked TCR-mediated T-
cell activation, it had no negative effects on early thymopoiesis or “B8
selection,” as deduced from the normal number of DP thymocytes and
the pattern of TCRS staining on these DP cells. Considering the profound
inhibitory effects of dominant-negative Ras on T-cell activation and positive
selection and the fact that the transgene was expressed at even higher
levels during early thymopoiesis, the results seemed to argue against an
important role of endogenous Ras in pre-TCR-mediated events. However,
at least two alternative explanations for this negative finding are conceiv-
able, which are, in fact, by inference valid for many experiments involving
dominant-negative transgenes. First, thymocytes express primarily N-ras
and Ki-ras. It is therefore possible that dominant-negative Ha-ras may
have failed to inhibit signaling processes mediated by other Ras isoforms.
Second, it cannot be excuded that in mice expressing dominant-negative
Ha-ras, residual endogenous Ras activity has been sufficient for p56-
mediated maturation events, but not for positive selection or T-cell activa-
tion. The question whether Ras participates in pre-TCR signaling therefore
remains unanswered.

¢. GTPase Rho. Several studies have suggested that members of an-
other group of GTPases, the Rho family of proteins, have important signal-
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ing functions in hematopoietic cells (discussed in Henning et al., 1997).
Interestingly, Rho proteins are inactivated by the enzyme C3 from the
bacterium Clostridium botulinum, which selectively ADP-ribosylates Rho,
thereby abolishing its biological function (Aktories and Just, 1995). To
block Rho activity in thymocytes and thus assess its role in thymopoiesis,
Henning and colleagues (1997) generated transgenic mice expressing the
bacterial ADP-ribosylase C3 under the proximal Ick promoter. The analysis
of adult C3 transgenic mice revealed that although all major thymocyte
subsets were present, total thymic cellularity was reduced by 90%. Cell
cycle analysis indicated a severe reduction in the number of dividing
thymocytes. Moreover, SP, DP, and all TN subsets, except the earliest
CD25°CD44" population, were significantly reduced. The phenotype
therefore resembled that seen in mice lacking components of the IL-7
receptor signaling complex, suggesting that Rho was involved in the IL-7
signaling pathway (see Section V). The differentiation of TN thymocytes
to DP cells and the proliferative expansion of late stage TN cells, controlled
by the pre-TCR, were also severely inhibited, indicating a potential require-
ment for Rho in pre-TCR-mediated proliferative signals as well. These
initial findings were substantiated in a subsequent study focusing on fetal
thymopoiesis in the same C3 transgenic mouse strain (Galandrini et al.,
1997). The analysis of T-cell development in fetal thymi revealed even more
dramatic defects than those seen previously in adult mice. Development of
DP and SP thymocytes was completely abrogated until about 4 days after
birth, when small numbers of these cells started to appear for the first time.
Thymocyte numbers were severely reduced in all TN subsets following
the CD25°CD44" stage. Determination of the cell cycle status and of
the percentage of apoptotic cells in each TN compartment revealed two
discrete functions of Rho during early thymopoiesis. First, Rho was re-
quired for the survival of embryonic and adult CD25*CD44* and
CD25-CD44 ™ cells, but not for the cell cycle progression of these sub-
populations. In line with this finding, expression of a bcl-2 transgene in
C3 transgenic mice could reconstitute the CD25* TN subsets. Second,
Rho function was shown to be required for cell cycle progression of
CD25-CD44 " late pre-T cells, but not for the survival of this population.
These findings have established distinct roles for Rho in the two key
signaling pathways of early thymopoiesis, those emanating from the IL7
and/or c-kit/SCF receptor system and those emanating from the pre-TCR.
Interestingly, activation of mature T cells and positive as well as negative
selection of DP thymocytes were uncompromised in mice lacking Rho
function (Henning et al., 1997). The GTPases Rho and Ras therefore
clearly act at different stages in T-cell development and T-cell function.
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d. MAP Kinase Pathway. In metazoans, the transmission of signals
from GTP-bound Ras to the cell nucleus is thought to occur predominantly
via a protein serine/threonine kinase pathway, known as the mitogen-
activated protein (MAP) kinase cascade (reviewed in Marshall, 1994). At
the end of this pathway are MAP kinases, such as ERK-1 (extracellular
signal-regulated kinase-1) and ERK-2, which, on activation, are trans-
located into the nucleus and control the activity of specific transerip-
tion factors via phosphorylation. The MAP kinases themselves are activated
by phosphorylation mediated by MAP kinase kinases (MAPKK), such as
MEK-1 (MAPK and ERK kinase-1) and MEK-2. These, in turn, are con-
trolled by a MAP kinase kinase kinase (MAPKKK), which appears to be
a direct target of activated Ras. In some cells, the kinase Raf-1 has been
identified as the MAPKKK that is critically involved in coupling p21™, and
hence receptors that act via p21'™, to the MAP kinases (Howe et al., 1992).
GTP-bound Ras recruites Raf to the cell membrane, where the latter
becomes activated by an unknown mechanism, possibly involving phos-
phorylation of a critical tyrosine residue (Van Aelst et al., 1993; Vojtek et
al., 1993; Zhang et al., 1993).

Several experiments have been performed to determine whether the
MAP kinase cascade is involved in pre-TCR signal transduction. To assess
the role of Raf in thymopoiesis, O’Shea and colleagues (1996) generated
mice expressing either a dominant-negative or a constitutively active form
of Raf under the control of the Ick proximal promoter. The expression of
activated Raf appeared to enhance the differentiation from DP to SP
thymocytes. Conversely, dominant-negative Raf inhibited the generation
of SP thymocytes from DP precursors and also impaired positive selection
of thymocytes expressing a transgenic TCR (O’Shea et al., 1996). However,
expression of both transgenic Raf constructs had no obvious effect on pre-
TCR-mediated events, suggesting that Raf is probably not involved in pre-
TCR signaling. To assess the role of a more downstream component of
the MAP kinase pathway, Alberola-Ila and colleagues (1995) generated
transgenic mice expressing a dominant-negative form of the MAP kinase
kinase MEK-1, again under the control of the thymocyte-specific Ick proxi-
mal promoter. Although the MAP kinase pathway was efficiently blocked,
as revealed by measuring in vitro phosphorylation of an appropriate sub-
strate of MAP kinase, thymi in dominant-negative MEK-1 transgenic mice
displayed a normal cellularity. Further analysis revealed that positive selec-
tion and the DP to SP transition were impaired, but not negative selection
or pre-TCR-mediated events. In fact, the defect in thymopoiesis in mice
expressing dominant-negative MEK-1 was very similar to the defect in
thymopoiesis observed in mice bearing a dominant-negative ras transgene
(Swan et al., 1995), as expected if MEK-1 was a downstream element of
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a signal transduction cascade controlled predominantly by Ras. Taken
together, data obtained with transgenic mice therefore failed to provide
any evidence for an involvement of the MAP kinase pathway in pre-TCR-
controlled proliferation and maturation.

Different results were obtained in a study involving retrovirus-mediated
gene transfer in fetal thymic organ culture. Using this more complex system,
it was shown that dominant-negative MEK-1 inhibited the transition of
TN thymocytes to the DP stage in fetal thymi from TCRa-deficient mice
(Crompton, 1996), which were used instead of normal mice to limit pos-
sible CD3-mediated signaling to the pre-TCR, avoiding potential interfer-
ence from mature o3 TCR-derived signals. In the same study, dominant-
negative MEK-1 also inhibited anti-CD3-induced thymocyte development
in thymi from RAG-deficient mice. However, neither constitutively active
MEK-1 nor constitutively active Ras was able to induce progression from
TN to DP thymocytes in fetal thymi from RAG™" mice, although previous
data (Swat et al., 1996) obtained with Ras-transfected ES cells in the “RAG
complementation assay” described earlier had clearly shown that activated
Ras can mediate this developmental transition very efficiently. At present,
it is not clear why retrovirally transferred dominant-negative MEK-1 could
inhibit pre-TCR-induced processes in FTOC, whereas a dominant-negative
MEK-1 transgene, although highly expressed, was unable to do so. The
apparent discordance could have a number of interesting reasons, e.g., the
difference in the type of dominant-negative mutation introduced into
MEXK-1 in both experiments, potential differences in pre-TCR signal trans-
duction pathways in fetal versus adult thymopoiesis, or construct-related
differences in both experimental systems affecting the onset of dominant-
negative MEK-1 expression relative to p56'°k expression (Crompton, 1996).
Whatever the reason for the discrepancy, the potential role of the MAP
kinase pathway in pre-TCR signal transduction is not yet fully understood.

e. Cyclic AMP. The second messenger cyclic AMP (cAMP) has been
shown to repress the MAP kinase pathway in several distinct receptor/
signal transduction systems (Burgering and Bos, 1995, and references
therein). It has been suggested that a cAMP-dependent pathway can also
interfere with signals delivered through the pre-TCR-CD3--p56“ com-
plex. Treatment of FTOCs with cell-permeable cAMP analogs mimicking
the physiological activity of cAMP severely impaired the maturation of TN
thymocytes and gave rise to a developmental profile that resembled the
pattern found in TCRB-deficient mice (Lalli ef al., 1996). Compounds that
selectively activate B-adrenergic receptors, which are abundant on DN
thymocytes, were found to produce the same effect. These results sug-
gested that membrane receptors, which are able to activate or repress
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adenylate cyclase activity, can modulate pre-TCR-mediated signals. It re-
mains to be seen, however, whether these are purely pharmacological
effects or whether they can also be observed in mice that have genetic
alterations affecting cAMP signaling pathways in early thymocytes.

f- Calcium/Calcineurin Pathway. Activation of mature T cells cannot
be induced via a single signaling pathway but requires the combined
action of several pathways that integrate at the level of transcription factor
activation (reviewed in Cantrell, 1996). One such pathway involves intracel-
lular calcium (Ca®*) as a second messenger. Triggering of the pre-TCR in
apre-T cell line with anti-TCRB or anti-CD3e-specific antibodies has been
shown to induce a sustained flux of Ca** (Groettrup et al., 1992). However,
it is not yet clear whether Ca®*-mediated signals constitute an obligatory
branch in pre-TCR signal transduction. The best characterized downstream
effector of calcium signals in T-cell activation is the calcium/calmodulin-
dependent serine phosphatase calcineurin (reviewed by Alberola-Ila et al.,
1997). To assess the role of calcineurin in T-cell development, mice have
been injected with cyclosporin A or FK506, two potent inhibitors of calcine-
urin. Whereas daily treatment with these drugs for 1 to 7 weeks efficiently
inhibited positive selection and the development of SP thymocytes and
mature T cells, there was no or only a very mild negative effect on the
TN to DP transition (Gao et al., 1988; Jenkins et al., 1988; Wang et dl.,
1995). These results suggest (1) that the Ca**/calcineurin pathway does
not play an essential role in pre-TCR signaling or (2) that this pathway,
although operating, is much less sensitive to inhibition than in later stages
of T-cell development.

6. Nuclear Targets of the Pre-TCR Signal Transduction Machinery

The ultimate result of pre-TCR signaling is a change in gene expression
patterns brought about by a modulation of the activity of transcription
factors that control survival, proliferation, and/or differentiation of CD25*
pre-T cells. No single transcription factor whose activity is controlled spe-
cifically by the pre-TCR has yet been identified with certainty. However,
experiments with transgenic and gene knockout mice have provided two
or three potential candidates. For instance, the fact that the absence of
the p53 tumor suppressor gene on a RAG™™ background leads to the
generation of DP thymocytes (Jiang et al., 1996) could indicate a negative
influence of pre-TCR signaling on p53 activity. Analysis of the expression
pattern of the zinc finger transcription factor egr-1 has revealed higher
levels of this transcriptional regulator in CD25"CD44 ™" compared to
CD25*CD44 ™ TN thymocytes (Miyazaki, 1997). Overexpression of trans-
genic egr-1 in thymocytes of RAG™™ mice has been shown to result in the
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generation of CD8" immature single positive (ISP) cells (Miyazaki, 1997),
suggesting that upregulation of egr-1 can mimic pre-TCR signaling. How-
ever, egr-1 is not essential for T-cell development, as egr-deficient mice
do not exhibit any defects in thymopoiesis (Lee et al., 1995; Miyazaki,
1997). Interestingly, egr-1-overexpressing thymocytes did not proceed to
the DP stage, but maturation stopped at the ISP stage, suggesting that
additional factors were required to fully simulate pre-TCR-mediated matu-
ration. Downregulation of CD25 and upregulation of CD5, two early
differentiation events typical for the TN to DP transition, have also been
reported in RAG™" mice overexpressing the transcription factor Bmi-1
(Alkema et al., 1997). Bmi-1 is another zinc finger-containing trans-
criptional regulator that was originally identified as a cofactor in c-Myc-
mediated lymphomagenesis.

The characterization of genes that are specifically induced or suppressed
on pre-TCR signaling is an important future goal. Injection of anti-CD3e-
specific antibodies into RAG-deficient mice as a model for pre-TCR signal-
ing, in combination with new and powerful subtractive screening methods
that have become available, should provide a number of candidate genes.
The expression of some of these genes may turn out to be directly controlled
by pre-TCR activity.

V. Growth/Differentiation Factors in Early Thymocyte Development

A. GENERAL CONSIDERATIONS

In addition to direct cell-cell contact between thymocytes and thymic
stromal cells, soluble factors have long been implicated in the process of
thymocyte development. This assumption was primarily based on the fact
that thymocytes themselves and thymic stromal cells can produce cytokines
(Fischer et al., 1991; Wiles et al., 1992; Wolf and Cohen, 1992; Moore et
al., 1993; Kelner et al., 1994; Kelner and Zlotnik, 1995; Mossalayi et al.,
1995). In addition, thymocytes express constitutively or inducibly several
cytokine receptors in vivo and are responsive to many growth factors in
vitro (reviewed by Zlotnik and Moore, 1993). Before the advent of targeted
mutants, the potential actions of cytokines and their receptors was analyzed
by the addition of exogenous growth factors either to isolated thymocyte
subsets in culture or to thymic organ culture systems (see earlier). It was
only realized later, much to a surprise, that the vast majority of mutant mice
lacking specific cytokines failed to reveal any obvious thymic phenotype as
a result of the loss of growth factors or their receptors in the thymus.

B. CyrokingEs NOT AFFECTING THYMOCYTE DEVELOPMENT

To date, mice lacking the following cytokines, cytokine receptors, or
cytokine-related gene products have been generated with no apparent
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alteration of thymocyte development: IL-18 (Zheng et al., 1995; Shornick
et al., 1996), IL-1 receptor (IL-1 R) (M. Labow, personal communication),
IL.-18 converting enzyme (ICE) (Kuida et al., 1995; Li et al., 1995), 1L-
2 (Schorle et al., 1991), IL-2 R « chain (Willerford et al., 1995), IL-2 R
B chain (Suzuki et al., 1997), IL-3 (Nishinakamura et al., 1996), I1.-4 (Kuhn
et al., 1991; Kopf et al., 1993). IL-2 and IL-4 (Sadlack et al., 1994), IL-5
(Kopf et al., 1996), IL-8 (Cacalano et al., 1994), IL-10 (Kuhn et al., 1993),
IL-12 p40 and p35 (Magram et al., 1996; Mattner et al., 1996), IL-12 R B
1 chain (J. Magram, personal communication), IL-13 (R. Murray, personal
communication), tumor necrosis factor (TNF) R 1 (p55) (Pfeffer et al.,
1993; Rothe et al., 1993), TNF R 2 (p75) (Erickson et al., 1994), lympho-
toxin (De Togni et al., 1994), TNF and lymphotoxin (Eugster et al., 1996),
transforming growth factor (TGF) 8 1 (Shull et al., 1992; Kulkarni et al.,
1993), interferon vy (Dalton et al., 1993; Huang et al., 1993), granulocyte/
macrophage (GM) colony-stimulating factor (CSF) (Stanley et al., 1994;
Wada et al., 1997), G-CSF R (Liu et al., 1996), the common 8 subunit
for receptors for IL-3, GM-CSF, and IL-5 (Nishinakamura et al., 1995),
and fetal liver kinase-2 (flk-2) (Mackarehtschian et al., 1995).

C. CYTOKINES AFFECTING THYMOCYTES DEVELOPMENT

In contrast to this long listing of cytokines apparently irrelevant for
thymocyte development, lack of very few growth/differentiation factors
was shown to affect the generation of thymocytes.

1. IL-6-Related Cytokine Family

Six distinct cytokines sharing structural and functional properties belong
to the IL-6-related cytokine subfamily. These are IL-6, IL-11, oncostatin
M (OSM), leukemia inhibitory factor (LIF), ciliary neurotropic factor, and
cardiotrophin-1 (for further references, see Yoshimura et al., 1996; Taga
and Kishimoto, 1997). IL-6 related cytokines bind to cytokine receptors
utilizing a common signal transducing receptor subunit termed gp130
(Gearing et al., 1992; Taga and Kishimoto, 1997). In the case of IL-6,
gpl130 forms, together with the IL-6 R « chain (gp80), a functional IL-6
R. LIF binds with high affinity to a receptor complex formed from the
LIF R and gpl30 (reviewed by Taga and Kishimoto, 1997). With low
affinity, LIF binds to the LIF R in the absence of gp130. OSM may also
bind to LIF R/gp130 or to the OSM R/gp130 complex, but OSM can also
bind to gpl30 in the absence of another receptor molecule (Gearing et
al., 1992; Taga and Kishimoto, 1997).

Mice lacking IL-6 (Kopf et al., 1994), LIF (Escary et al., 1993), or the
gp130 receptor subunit (K. Yoshida et al., 1996), as well as transgenic mice
expressing in T lineage cells LIF (Shen et al., 1994) or OSM (Clegg et al.,
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1996), have been generated. Interestingly, evidence has been derived from
these mutants to suggest that at least two cytokines of the IL-6 family,
ie, OSM and LIF, can be involved, in addition to affecting the HSC
compartment, in thymopoiesis. Data regarding the roles of IL-6, OSM,
and LIF in T-cell development are summarized next.

a. IL-6. Numbers of thymocytes (and peripheral T cells) are reduced by
20-40% in IL-6-deficient mice (Kopf et al., 1994) with normal expression
of TCR, CD4, CD8, CD44, and HSA. Thus, IL-6 may provide proliferative
signals to thymocytes and mature T cells, but the precise stage of action
of IL-6 is not known. However, it should be kept in mind that IL-6 was
also shown to be involved in survival or maintenance of HSC and/or
committed progenitors as revealed by competitive reconstitution assays in
vivo (Bernad et al., 1994). Thus, the reduced number of thymocytes in
IL-6 deficient mice may reflect a “HSC phenotype” of the IL-6 mutant
rather than lack of intrathymic proliferation.

b. Leukemia Inhibitory Factor. LIF can affect the development and
proliferation of various cell types, including hematopoietic cells (reviewed
by Hilton and Gough, 1991). However, expression of LIF is dispensable
for mouse development, as shown by the fact that LIF-deficient mice
developed normally (Escary et al., 1993). Within the hematopoietic system,
however, mice lacking LIF showed clear alterations: Numbers of both
CFU-Sgy12 as well as committed precursors for erythroid (BFU-E) and
myeloid (GM-CFC) lineages were reduced ~10-fold in bone marrow and
spleen compared to wild-type mice. In contrast, total cell numbers in bone
marrow, spleen, and thymus were roughly normal, indicating that later
hematopoietic compartments were “filled up” to compensate for the lower
numbers of early progenitors in LIF-deficient mice. In contrast, transplan-
tation of LIF~~ HSC into wild-type mice revealed normal donor-type
reconstitution of hematopoietic lineages. Thus, LIF can act as an environ-
mental (stroma)-derived factor to support the maintenance of the HSC
compartments in vivo. These experiments give no indication that LIF is
involved in early thymocyte development; however, thymocytes derived
from LIF~~ or even LIF*~ mice responded at a much reduced level to
mitogenic or allogeneic stimulation (Escary et al., 1993).

In addition to pleiotropic alterations caused by LIF overexpression, such
as splenomegaly, acute-phase response, and extramedullary hematopoiesis,
dramatic effects were recognized in T-cell tissues (thymus and lymph
nodes) in mice overexpressing transgenic LIF under the control of a T
lineage-specific expression cassette (Shen et al., 1994). Remarkably, flow-
cytometric analysis revealed an apparent interconversion of phenotypes
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between lymphocytes in thymus and mesenteric lymph nodes, i.e.,
CD4*CD8" thymocytes were absent from the thymus, but CD47CD8*
lymphocytes were found in the lymph nodes. The thymus contained only
lymphocytes with a mature CD4*CD8” and CO4 CD8" single positive
phenotype. The thymic architecture was entirely disrupted in LIF trans-
genic mice, such that epithelial cells apparently formed B-cell follicles
but failed to reveal a normal medulla—cortex organization. Collectively,
although LIF is dispensable for the generation of thymocytes (Escary et
al., 1993), its overexpression in T cells can cause an unprecedented conver-
sion of phenotypes between thymus and lymph nodes (Shen et al., 1994).

c. Oncostatin M.  OSM is expressed in both hematopoietic lineages
and stromal cells. OSM can inhibit proliferation or alter the morphology
of various tumor cell types. Moreover, OSM can regulate cytokine produc-
tion and is itself an immediate early gene induced by the JAK-STAT5
signal transduction pathway (for further references see Malik et al., 1995;
Yoshimura et al., 1996). Expression of bovine OSM in transgenic mice
under the control of the proximal Ick promoter, which drives T-cell-specific
expression, resulted in a phenotype resembling some findings reported for
LIF transgenic mice (see earlier) (Malik et al., 1995). In addition to ab-
normal bone growth and spermatogenesis, OSM transgenic mice dis-
played splenomegaly and, notably, a disrupted thymic architecture. Like
LIF transgenic mice, mice overexpressing OSM showed ectopic, follicle-
associated B cells in the thymus, a structure incompatible with normal
medulla-cortex organization. Expression of OSM as a transgene, as well
as infusion of recombinant OSM protein, can induce extrathymic T-cell
development in mesenteric lymph nodes (Clegg et al., 1996). Expression
of early T lineage-specific mRNA encoding pTe, as well as the presence
of CD4*CD8" lymphocytes in the lymph nodes of OSM transgenic mice,
indicated “extrathymic (lymph node-associated) thymopoiesis.” Moreover,
OSM could induce the generation of mature T cells in athymic nude
mice, and those extrathymically derived T cells behaved normally in tumor
rejection experiments.

Although OSM-deficient mice have not yet been reported, mice lacking
the common receptor subunit (gp130), which should lack high-affinity
binding receptors for both OSM and LIF, have been generated (K. Yoshida
et al., 1996). These mice show very severe defects in multiple organs,
causing prenatal death. The thymus size is greatly reduced in these mutants,
but it is not known whether this is due to the strong reduction in hematopoi-
etic precursor numbers as measured by CFU-S, BFU-E, and GM-CFC
or whether lack of gp130 has a direct effect on thymic epithelium.
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The molecular basis of these interesting phenomena remains to be
determined. It is not known whether LIF and OSM act on thymic and lymph
node epithelium directly or induce such functionally dramatic alterations
in these tissues indirectly, e.g., via soluble factors generated on stimulation
by LIF and OSM by another cell type. Nevertheless, the findings that LIF
and OSM can induce a functional “thymic environment” ectopically in
lymph nodes may open new avenues to examine the basis of epithelial
cell-supported thymocyte development. In particular, insights into the
mechanism of colonization of ectopic “thymic sites” by circulating precur-
sors and the earliest events calling for induction of expression of the genes
encoding RAG and pTa will be of interest.

It is remarkable that OSM-induced ectopic thymopoiesis is permissive
in mice lacking the nude gene, the product of which is mandatory for the
formation of a functional thymus from the thymus anlage in vivo. At
present, the function of the nude locus-encoded winged-helix nude (whn)
transcription factor for the development of the thymic epithelium is enig-
matic (Nehls et al., 1994). Moreover, it is not known whether whn is
required primarily in thymus development or continues to be required for
the maintenance of a functional thymic stroma once the thymus structure
is established. By introducing a lacZ reporter gene into the nude locus,
Nehls et al. (1996) showed that, in heterozygous mice (whn*/whn"%), whn
is also expressed in adult thymic stroma. If whn expression is essential for
the function of the thymic environment in the adult, it should be surprising
that an ectopic “thymus-like” environment is inducible by OSM or LIF
in the absence of whn expression.

In a different experiment, i.e., overexpression of an IL-7 transgene in
nude mice, functional T cells were also recovered (Rich and Leder, 1995).
However, in this report, the site of T-cell production was not localized,
and it seems possible that in this IL-7 transgenic nude mouse, IL-7-driven
expansion acts on the low number of T cells present even in nude mice
rather than stimulating de novo “thymopoiesis” in ectopic sites.

2. IL-7

Interactions of IL-7 (Namen et al., 1988) with components of the IL-7
receptor complex are clearly involved in early T- and B-cell development.
Indeed, of all cytokines examined so far, IL-7 appears to be the most
important one. The IL-7 receptor complex contains the IL-7 R a chain
(Goodwin et al., 1990) and the common cytokine receptor y chain (y.);
the latter also participates in the formation of receptors for IL-2, I1L-4,
IL-9, and IL-15 (Noguchi et al., 1993a; Kondo et al., 1994; DiSanto et al.,
1995a; Leonhard ef al., 1995; Sugamura et al., 1995). Germline mutations
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in vy, are a frequent cause of X-linked immunodeficiency in humans (No-
guchi et al., 1993b; Puck et al., 1993; DiSanto et al., 1994b; Fisher, 1996).

a. Expression of IL-7, IL-7 R o, and IL-7 vy.. Intrathymically, both IL-7
R « and v, are expressed already at the DN stage in the thymus. DP
thymocytes lack IL-7 R &, but mature CD4 and CDS8 single positive thymo-
cytes reexpress this chain (Sudo et al., 1993; DiSanto et al., 1994a; Hozumi
et al., 1994b). It is not known where precisely IL-7 R a expression is lost at
the transition from the DN to the DP stage and whether this event is correlated
with successful rearrangement of the TCR B chain. The finding that even
fetal blood-derived pro-thymocytes (defined by a c-kit™*Thy-1*CD44"CD25"
phenotype), but not fetal blood-derived HSC (c-kit*Thy-17), are IL-7 R a”
(Rodewald, 1995) suggests that, within the DN thymocyte compartment, IL-
7 R « expression should be found as early as at the CD44*CD25" pro-
thymocyte stage. In agreement with these findings is an analysis for the
expression of mRNAs encoding IL-7 R « and v, in purified bone marrow
and thymocyte subpopulations (Orlic et al, 1997). C-kit" bone marrow
cells lacking lineage markers (lin”) (a population containing uncommitted
stem cells and potentially nonlymphocyte lineage-committed precursors),
as well as DN thymocytes and pro-B cells, expressed y. mRNA. In contrast,
IL-7 « mRNA, also present in DN thymocytes and pro-B cells, was not
detected in c-kit'lin™ bone marrow cells. Thus, expression of the IL-7 R
o chain, but not of the common cytokine receptor vy chain, is one of the
earliest molecular markers of hematopoietic cells entering the lymphoid
lineage pathways. In HSC and in committed precursors for nonlymphoid
lineages, expression of yc-associated cytokine receptors may not be critical,
as y.-deficient mice lack a hematological phenotype other than in lymphoid
lineages (see later). IL-7 mRNA is produced intrathymically (Wiles et al.,
1992; Moore et al., 1993), and, within the thymus, the IL-7 protein is
located preferentially to the subcapsular zone (Tsuda et al., 1996).

b. Functional role of IL-7. Numerous studies have shown that fetal or
adult thymocytes proliferate in respounse to IL-7 in vitro (Conlon et al.,
1989; Murray et al., 1989; Okazaki et al., 1989; Watson et al., 1989; Suda
and Zlotnik, 1991; Godfrey et al., 1993; Zlotnik and Moore, 1995). Further-
more, the addition of mAb directed against IL-7, IL-7 R «, or vy, suppresses
thymocyte development partially or completely in suspension cultures, in
FTOC, or in vivo (Sudo et al., 1993; Hozumi et al., 1994b; Bhatia et al.,
1995: Tsuda et al., 1996; He et al., 1997). Critical roles for 1L-7, the IL-
7 R « chain, and 7. in thymocyte development were also found in gene
targeting experiments, which clearly demonstrated that TCR o thymo-
cytes are generated at strongly (20- to 70-fold) reduced levels, in mice
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lacking IL-7 (von Freeden-Jeffry et al., 1995), the IL-7 Rex chain (Peschon
et al., 1994; Maki et al., 1996a), or vy, (Cao et al., 1995; DiSanto et al.,
1995b; Ohbo et al., 1996).

Differential results were obtained when TCR y8 thymocyte and NK
cell development were compared among IL-7, the IL-7 R « and 7y, mutant
mice: 7, deficiency caused the complete loss of NK cells and y8 T cells,
whereas a8-cell development was permissive at reduced levels comparable
to mice lacking I1.-7 or IL-7 R a (Cao et al., 1995; DiSanto et al., 1995b).
In contrast, yd T cell but not NK cell development is abrogated entirely
in IL-7 R « chain- or IL-7-deficient mice, whereas o8 T-cell development
is reduced comparably in all mutants (He and Malek, 1996; Maki et al.,
1996a; Moore et al., 1996).

¢. Is IL-7 Involved in the TCR Rearrangement Process?

i. Experiments Addressing This Issue. Because IL-7 is a major growth
factor for early thymocytes and IL-7 receptors are expressed at the earliest
intrathymic stages showing signs of T lineage commitment, a stage preced-
ing and leading to the recombination of TCR loci, many investigators have
attempted to correlate the action of IL-7-mediated signaling with induction
or regulation of TCR gene rearrangements in thymocytes. In two reports,
putatively uncommitted fetal liver cells defined by the phenotype c-
kit*CD45" (Oosterwegel et al., 1997) or total fetal liver cells (Tsuda ef al.,
1996) were placed in suspension culture, or FTOC (Tsuda et al., 1996)
or RFTOC built up from selected primary thymic epithelial cells (Ooster-
wegel et al., 1997). Subsequently, the cultures were scored for the presence
of TCR B chain rearrangements by PCR. Tsuda and colleagues (1996)
reported that both TCR 8 chain DJ and V(D)] rearrangements were
generated from fetal liver cells in FTOC after 6 days. In contrast, in fetal
liver cell suspension cultures supplemented with exogenous IL-7, only
TCR B chain D] rearrangements were detectable. Oosterwegel et al. (1997)
found that TCR B and 6 chain V(D)] rearrangements were generated in
RFTOC composed of MHC class II*, but not MHC class II", or IL-7-
expressing, but not IL-7-deficient thymic epithelium. However, these exact
conditions (MHC class II*, but not MHC class II" thymic epithelium)
were previously shown to be essential for thymocyte development to occur
at all in RFTOC (Anderson et al., 1993).

Maki et al. (1994b) attributed the lack of y8, but not a8 T-cell development
in IL-7 R «a chain-deficient mice to the inability to rearrange TCR 1y loci.
Because these mice lack y8, but not o8 T cells, this analysis obviously focused
on y8 rearrangements derived from a8 T cells or from TCR™ pro T cells
and suggested that IL-7 acts on the recombination at the TCR vy locus. This
result is in agreement with several reports implicating IL-7 mediated signaling
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in the rearrangement process. However, in an analysis of TCR rearrangements
in y.-deficient mice, TCR 7y (Vy],1) and TCR 8 (V8(D&)]8,) rearrange-
ments were indeed present in both wild-type and mutant mice. Moreover,
sequencing of the junctions revealed a normal level of diversity at these
TCR 7y and TCR 6 joints in .~ thymocytes (Tables I and II) (Rodewald
and Haller, 1998) (see also later). These results clearly showed that .-
mediated signaling was not required to obtain diverse TCR vy rearrange-
ments. If this discrepancy in data is not explained by differences in the
sensitivity of the analyzes, it has to be assumed that lack of IL-7 R « causes
a different phenotype than lack of v.. Incorporation of . into the IL-7 R
complex augments the IL-7-binding affinity (Noguchi et al., 1993a; Kondo
et al., 1994). Nevertheless, signal transduction via the IL-7 R « chain in
the absence of y. may cause signals qualitatively different from y.-mediated
signals. In addition, ligands other than IL-7 [e.g., TSLP (Peschon et al.,
1994)] may bind the IL-7 R o chain and signal differentially from IL-7.
it. Conclusions. The molecular basis of the developmental control of
the recombination reaction, including opening of the TCR loci and induc-
tion of transcription of the RAG genes, remains elusive. Because of the
nature of the experiments involved, i.e., coculture of progenitors and stro-
mal elements, it is difficult to conclusively separate effects of growth factors
(here IL-7) on cellular expansion vs survival vs putative direct effects on
recombination. Therefore, in these experiments one cannot rule out the
possibility that IL-7 drives thymocytes from an earlier into a more advanced
stage of development in which, by an intrinsic program or by exogenously
provided soluble or stroma-bound factors, the rearrangement process is
initiated and maintained until successfully completed. This consideration
implies that cell populations were compared that are most likely not compa-
rable, as they represent different stages of development. To directly link
IL-7 signaling with antigen receptor rearrangements would require to
separate, experimentally, proliferation/survival from differentiation in lym-
phocyte development. In this context, one should also reemphasize the
inverse correlation between cell cycle progression and RAG expression
(reviewed by Lin and Desiderio, 1995; Desiderio et al., 1996; Grawunder
et al., 1996). Rearrangement of TCR and Ig loci involves DNA cleavage
at recombinational signal sequences. This process uses components of the
general machinery used for double-strand break repair such as DNA-
dependent protein kinase (DNA-PK) (Jeggo, 1997). If V(D)] recombina-
tion took place independently from the cell cycle phase, double-strand
breaks would occur frequently during DNA replication. This, in turn,
would be prohibited in order to prevent genomic instability. In vivo, RAG
genes are transcribed in two waves during early T- and B-cell development
(Wilson et al., 1994; Grawunder et al., 1995). Particularly for early B-



TABLE I
Lack oF GROWTH FACTOR RECEPTORS [C-kit AND THE CoMMON CYTOKINE RECEPTOR ¥y CHAIN (y,)] BLocks T-CELL DEVELOPMENT
BEFORE DivERSITY AT TCRY Loct CaN BE GENERATED?

v N ] F?
Germline: V,, CTGTTCCTACGGCTAAAG
I ATAGCTCAGGTTTT
c-kit™y,” (Experiment 1) CTGTTCCTACGGCTAA CCTTGGG ATAGCTCAGGTTTT (6X) -

c-kit™y,” (Experiment 2) CTGTTCCTACGGCTAA TAGCTCAGGTTTT (6X) -~
c-kit*y,” (Experiment 1) CTGTTCCTACGGCTA TAGCTCAGGTTTT (3X) +
CTGTTCCTACGGCTAAAG GC ATATAGCTCAGGTTTT (1X) -
CTCTTCCTACGGCTAA GGG AGCTCAGGTTTT (2x) -
CTGTTCCTACGGC TAGCTCAGGTTTT (1X) -
c-kit*y,” (Experiment 2) CTGTTCCTACGGCT T ATATAGCTCAGGTTTT (1X) +
CTGTTCCTACGGCTA TAGCTCAGGTTTT (1X) +
CTGTTCCTACGG TCCC ATATAGCTCAGGTTTT (2X) -
CTGTTCCTACGGCTAAA AGGG ATATAGCTCAGGTTTT (2X) -
CTGT ATATAGCTCAGGTTTT (1X) -
e-kitty.* CTGTTCCTACGGCTAAAG ATATAGCTCAGGTTTT (1X) -
CTGTTCCTACGGC AA " ATAGCTCAGGTTTT (1x) -
CTGTTCCTACGGCTA GA AGCTCAGGTTTIT (1X) -
CTGTTCCTACGGCTA ATAGCTCAGGTTTT (2X) -
CTGTTCCTACGGCTA TAGCTCAGGTTTET  (1x) +

“ Genomic sequences from PCR-amplified T-cell receptor junctions are shown for thymus DNA from c-kit™y.”, c-kit*y,”, or wild-type mice. TCR V],
rearrangements are depicted. Numbers shown in parentheses indicate frequencies of individual sequences among all sequences determined per mouse.
Presumptive P (template- and TdT-independent) nucleotides are underlined (reprinted with permission from Rodewald and Haller, 1998). Lack of action of
the common cytokine receptor v chain alone clearly affects thymus cellularity (see text). Nevertheless, the observed TCR diversity in ¢-kit*y,” mice is normal
when compared to wild-type mice. This indicates that an apparently normal repertoire is still represented among fewer thymocyte in this mutant. In contrast,
lack of diversity in c-kit™y,” mice reflects the alymphoid thymus in such double mutants (see text). (Nomenclature according to Garman et al., 1986.)

* Functional.



TABLE II
Lack oF GrowTH Factor RECEPTORS [C-kit AND THE CoMMON CYTOKINE RECEPTOR y CHAIN (7.)] BLocks T-CELL DEVELOPMENT
BEFORE Di1veERSITY AT TCR& Loci CAN BE GENERATED®

v N D N ] Fb
Germline: Vy TGTGGGTCAGATAT
H ATCGGAGGGATACGAG
Ja CTACCGACAAA

c-kit™y,” (Experiment 1) TGTGGGTCAGATAT CGGAGGGA TACCGACAAA (6X) —
c-kit"y,” (Experiment 2) TGTGGGTCAGATAT CGGAGGG CGACAAA (11X) -
c-kit*y,” TGTGGGTCAGATAT CGGAGGGATACGAG CTACCGACAAA (2X) +
TGTGGGTCAG GTATC* GAGGG C CICTACCGACAAA (1X) -

TGTGGGTCAGATAT CGGAGGGATAC AGGGCC CCGACAAA (1x) +

TGTGGGTCAGATA  CCTATT* ATCGGAGGGATA CGACAAA (1X) -

TGTGGGTCAGAT CGGAGGGATACGA CCGACAAA (1X) +

TGTGGGTCAGAT  CC GAGGGATACGAG CTACCGACAAA (1X) —

TGTGGGTCAGAT ATCGGAGGGATA CCGACAAA (2x) -

c-kitty,* TGTGGGTCAGATAT CGGAGGGATACGA CAAA (1X) -
TGTGGGTCAGATAT ATCGGAGGGATA TACCGACAAA (1X) +

TGTGGGTCAGAT AGGGAT GAGCGA  CTACCGACAAA (1X) —

TGTGGGTCAGATAT CT CGGAGGGATACGAG CCCCCA  CTACCGACAAA (1X) —

TGTGGGTCAGATAT C GGGATAC AAG  CTACCGACAAA (I1X) +

TGTGGGTCAGA GAGGGAT G CTACCGACAAA (1x) +

TGTGGGTCAGATAT CGGAGGGATACGAG CTACCGACAAA (1X) +

T ATCGGAGGGATACGAG CCGACAAA (1X) -

* Genomic sequences from PCR-amplified T-cell receptor junctions are shown for thymus DNA from c-kit™y,”, c-kit*y,”, or wild-type mice. TCR VyDy)s
rearrangements are depicted. Numbers shown in parentheses indicate frequencies of individual sequences among all sequences determined per mouse.
Presumptive P (template- and TdT-independent) nucleotides are underlined (reprinted with permission from Rodewald and Haller, 1998). Lack of action of
the common cytokine receptor +y chain alone clearly affects thymus cellularity (see text). Nevertheless, the observed TCR diversity in c-kit"y.” mice is normal
when compared to wild-type mice. This indicates that an apparently normal repertoire is still represented among fewer thymocyte in this mutant. In contrast,
lack of diversity in c-kit™y,” mice reflects the alymphoid thymus in such double mutants (see text).

b Functional.

¢ Possibly Dy derived.
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cell development, it has clearly been demonstrated that RAG genes are
expressed in resting cells, but not in cycling cells (Grawunder et al., 1995).
Because progenitor T and B cells proliferate in response to IL-7, growth
factor withdrawal might be associated with rearrangement. In this scenario,
IL-7 would expand certain progenitor populations before and after re-
arrangement, but not be involved in the rearrangement process itself. This
proposal is supported by findings in an in vitro system supporting B-cell
development where withdrawal, rather than addition of IL-7, is accompa-
nied by active Ig rearrangements, a phenomenon more readily visible if
cell death is prevented by overexpression of bel-2 (Rolink et al., 1993).

Collectively, despite the reports cited earlier and several other reports
(Appasamy, 1992; Appasamy et al., 1993; Muegge et al., 1993; Maki et al.,
1996b), an involvement of IL-7 in the process of rearrangements has not
been demonstrated conclusively. Thus, at present it appears safe to only
conclude that IL-7 drives thymocyte expansion or serves as a survival
factor in vivo. The latter possibility has received support from reports that
introduction of a Bel-2 transgene into an IL-7 R-deficient mouse rescues
thymus cellularity to wild-type levels (Akashi et al., 1997; Maraskovsky et
al., 1997).

3. C-kit/Stem Cell Factor

a. Genes and Mutants. C-kit, encoded at the W locus {(Chabot et al.,
1988; Geissler et al., 1988), is a receptor tyrosine kinase (Ullrich and
Schlessinger, 1990; van der Geer et al., 1994) widely expressed in HSC,
committed hematopoietic progenitors, melanocytes, and germ cells. Solu-
ble or transmembrane forms of stem cell factor, products of the steel locus
(S1), have been identified as c-kit ligands (Anderson et al., 1990; Copeland
et al., 1990; Flanagan and Leder, 1990; Huang et al., 1990; Williams et
al., 1990; Zsebo et al., 1990; Flanagan et al., 1991; reviewed in Fleischman,
1993; Galli et al., 1994). Because W and S1 mutants reveal skin color
phenotypes in the heterozygous state, a large number of mice bearing
spontaneous point mutations or deletions at the W or Sl loci have been
identified and analyzed. The most severe phenotypes are found in c-kit
null (W/W; lethal in early postnatal life) and SCF null (S1/S1; lethal in
late gestation) mice that bear mutations in c-kit and SCF genes, respec-
tively, and entirely lack expression of c-kit or SCF proteins.

Before these loci and their products had been identified, transplantation
experiments revealed that W mutations are intrinsic to melanocytes, germ
cells, and HSC, whereas S1 mutants are defective in microenvironments
that support development of those cell lineages (reviewed in Russell, 1979).
In addition to their hematopoietic phenotypes, W or S1 mutants are charac-
terized by developmental or functional abnormalities in other cell lineages,
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including melanocytes (causing cutaneous white spots; H. Yoshida et al,,
1996), germ cells (causing sterility; Brannan et al., 1992), and interstitial
cells of Cajal, a gut associated pacemaker cell type of mesenchym origin
(Lecoin et al., 1996) (causing altered gut motility; Maeda et al., 1992; Ward
et al., 1994; Huizinga et al., 19953).

b. Expression of C-kit and SCF in the Thymus. C-kit serves as a very
useful marker for early hematopoietic cells, including HSC, as shown by
the fact that HSC activity, as revealed by multilineage developmental
potential, long-term reconstitution, and spleen colony (CFU-S) formation,
is exclusively contained within the c-kit* cell population in yolk sac, fetal
liver, and bone marrow (Ogawa et al., 1991, 1993; Tkuta and Weissman,
1992). In T lineage cells, c-kit is expressed on fetal blood-derived pro-
thymocytes (Rodewald ef al., 1994) and in the most immature subsets of
both fetal and adult intrathymic precursors. Specifically, c-kit expression
has been reported on day 13 total fetal thymocytes (Godfrey et al., 1992) and
on fetal intrathymic stem cells defined as Thy-1""*CD44"*CD25~ (Hozumi
et al., 1994a). In the adult thymus, the earliest intrathymic precursors,
commonly referred to as the “CD4"” population (Thy-1"*CD3-CD4"
CD8 CD44*CD25 Sca-2* phenotype) (Wu et al., 1991b; Shortman and
Wu, 1996) as well as their progeny, defined by the CD44"CD25* pheno-
type, are c-kit* (Antica et al., 1993; Godfrey et al., 1993). C-kit expression
appears to be lost in CD44-CD25" thymocytes. Based on these expression
studies and analysis of TCR rearrangements at various stages of develop-
ment, c-kit is expressed in progenitor T cells before TCR V(D)J8 chain
rearrangements are detectable (Wu et al., 1991b; Godfrey et al., 1994;
Hozumi et al., 1994a; Shortman and Wu, 1996).

Transcripts encoding the c-kit ligand, SCF, are expressed, among other
tissues, in thymic and bone marrow stromal cells (Zsebo et al., 1990;
McNiece et al., 1991; Rolink et al., 1991; Moll et al., 1992; Wiles et al.,
1992; Williams et al., 1992; Moore et al., 1993). How important a growth
factor/ligand pair is c-kit/SCF in the thymus?

c. Role of C-kit and SCF in Thymocyte Development. Evidence that
SCF plays a role in the thymus came from morphological and quantitative
analyses of SCF-mutant thymi ex vivo, following organ culture, and after
transplantation of SCF-deficient fetal thymi into wild-type mice (Asamoto
and Mandel, 1981). Fetal mice lacking SCF showed a three- to fourfold
reduced number of total thymocytes. In addition, SCF™~ thymi harbored
twofold fewer thymocytes when kept as FTOC or following grafting into
wild-type (SCF-expressing) recipient mice (Asamoto and Mandel, 1981).
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Analysis and comparison of both receptor (W/W) and ligand (S1/S1)
deficient mice and of SCF-deficient or wild-type fetal thymi grafted into
wild-type mice defined the phenotypic defects resulting from the lack of
SCF/c-kit interactions in thymocyte development (Rodewald et al., 1995).
The size of the most immature thymocyte compartment was reduced ~40-
fold in the W/W thymus and ~12-fold in the $1/S1 thymus graft compared
to wild-type levels. The fact that SCF-deficient thymus grafts were not
colonized by SCF-producing (host-type) cells showed that, intrathymically,
SCF is expressed strictly by thymic epithelial cells. Such grafting experi-
ments are also informative because they provide a means to separate effects
caused by lack of SCF in the thymus from effects at the HSC or prethymic
(committed precursor) level. This is relevant, as it is well documented
from both W/W and S1/S1 mice (Russell, 1979; Ogawa et al., 1991; Tkuta
and Weissman, 1992) that absolute numbers of fetal liver HSC are reduced
up to 10-fold.

Both by analysis of mitotic cells in situ (Asamoto and Mandel, 1981)
and by bromodeoxyuridine labeling of thymocytes in SCF-deficient grafts
in vivo (Rodewald et al., 1995), lack of SCF was accompanied by impaired
thymocyte proliferation. Accordingly, intrathymically expressed SCF was
estimated to account for ~50% of the rate of expansion of the earliest
intrathymic progenitors. The affected stage of development was character-
ized as a stage preceding TCR 8 chain V(D)] rearrangements (correspond-
ing to a Thy-1"CD2™*" phenotype, which includes the CD44*CD25"
population). More mature stages in T-cell development, including the
generation of mature T cells, were not dependent on c-kit/SCF expression.

These in vivo findings are in agreement with studies demonstrating that
thymic precursors are responsive to SCF in vitro (Godfrey et al., 1992;
Morrissey et al., 1994). Although it is evident from the analysis of W/W
mice that thymocyte development is not absolutely dependent on c-kit or
SCF (see also later), complete inhibition of in vitro (FTOC) thymocyte
development with mAbs against c-kit was reported (Godfrey et al., 1992,
1994). However, no inhibition of FTOC reconstitution by c-kit* thymocytes
was found by another group (Matsuzaki et al., 1993). Finally, partial block-
ing (two- threefold reduction in cell number, no block in development)
was reported from yet another experiment (Hozumi et al., 1994a) which,
in fact, gave the best reproduction of the in vivo situation. These results
reemphasize the problem that neither in vitro proliferation assays nor mAb
blocking studies can reliably predict the in vivo role of the molecules in
question (see also Section II). Collectively, data show that thymocyte
development is permissive in both c-kit and SCF mutant mice. Therefore,
alternative growth factor receptors and their ligands, or direct stromal cell/
thymocyte contact, can act in lieu of ¢-kit/SCF (see later).
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4. Two Distinct Receptor-Mediated Signaling Pathways in Thymocyte
Development: Essential, Overlapping, and Synergistic Functions for
C-kit and the Common Cytokine Receptor vy Chain

a. Thymic Phenotype in Mice Lacking C-kit and y.. Mutations in either
c-kit or 7y, reduce thymic cellularity, but neither mutation alone causes a
complete block in thymocyte development (see earlier). However, both
receptor type molecules act at similar (very early) stages of development
in the thymus, suggesting that they represent complementing signaling
pathways, which compensate for one another in the respective mutations.
This possibility has been directly examined in mice lacking c-kit, vy, or
both growth factor receptors (Rodewald et al., 1997). In fact, in c-kit™y,.”
mice, the thymus, but not the bone marrow and the spleen, was alymphoid,
i.e., thymocytes were absent from thymic lobes as determined by cell
counting, by flow cytometry (lack of lymphoid cells expressing Thy-1, CD4,
CD8, CD25), and by histology (Rodewald et al., 1997, and unpub-
lished data). v

At which level is T-cell development blocked in c-kit™y,” mice? V(D)]
B chain rearrangements were essentially lacking in thymus DNA from c-
kit™y,” mice, and only clonal or oligoclonal D] 8 chain rearrangements
were found in some double-mutant mice (Rodewald et al., 1997). In addi-
tion, the impact of lack of c-kit, y,, or both on rearrangements and
junctional diversity of TCR vy (V,s],1), 8 (Vai(D5)Js), and Ig Vy(Dy)Jy loci
has been examined (Rodewald and Haller, 1998). When analyzed by PCR,
all rearrangements were present in wild-type and mutant mice. However,
sequencing of the junctions revealed, similar to what was found for TCR
83, only monoclonal TCR y (V,,],1) and TCR 8 (Vi (Ds)] s joints in c-kit 7y, ,
but not c-kit'y,” or wild-type thymocytes (Tables I and II). It is not
known whether these rare recombination events are “true intrathymic”
or extrathymic rearrangements as TCR rearrangements had also been
identified previously in early ontogeny in extrathymic sites such as fetal
blood (Rodewald et al., 1994), fetal liver, and fetal gut (Carding et al., 1990).
Therefore, such extrathymic DJ 8 rearrangements may “contaminate” the
DNA that was isolated from double-mutant thymi.

One possibility is that the block occurs at the level of the HSC. However,
this appears not to be the case as hematological parameters were not
altered in c-kit™y,” compared to c-kit single-deficient mice. Moreover, B
lymphopoiesis was only mildly reduced comparing c-kit™y.” to c-kit™y.”
mice. Second, the generation of pro-T cell from HSC may be inhibited.
If prethymic T lineage-committed progenitors depend on c-kit/y, for their
generation or survival, thymus colonization by this type of precursor may
be impaired. Alternatively, once pro-T cells colonize the thymus, they
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might be dependent for their proliferation and/or survival on c-kit/y,-
mediated signals.

The thymus phenotype of c-kit™y,” mice stands in marked contrast to
the phenotypes of mice deficient in the RAG genes (Mombaerts et al., 1992;
Shinkai et al., 1992), TCR B (Godirey et al., 1994), CD3e (Malissen et
al., 1995), or CD3y (M. Haks, P. Krimpenfort, and A. Kruisbeek, per-
sonal communication) in which thymocyte development beyond the
CD44**CD25" stage is blocked or greatly reduced. Of note, in the latter
mice, cell numbers are normal or even increased up to the stage of develop-
mental arrest. For instance, the thymus in age-matched RAG-27~ mice
contained ~3 X 10° thymocytes whereas c-kit™y,” mice lacked such precur-
sors. Thus, before structural components of the TCR are required for the
formation of a functional pre-TCR complex, growth factor receptors are
essential for further development. To a similar extent, thymocyte develop-
ment was completely abrogated in mice deficient in the zinc-finger tran-
scription factor GATA-3 (Ting ef al., 1996) and in mice expression Ikaros
transcription factors lacking the DNA-binding domain (Georgopoulos et
al., 1994) (see later).

Collectively, data indicate that the earliest intrathymic “stem cell” pool
needs to be expanded via proliferation and/or protection from cell death
to generate larger numbers of pro-T and pre-T cells in which the somatic
recombination machinery then generates the TCR repertoire. Progenitor
expansion at this stage by growth factor receptors is essential. Similar
mechanisms are likely to operate in early B-cell development, but lack of
c-kit alone has apparently no effect on B-cell development in vivo (Takeda
et al., 1997), and lack of c-kit and . does not completely abrogate the
generation of IgM* B cells. In further support of this notion, and in contrast
to TCR B3, vy and & loci, VyDyJy junctions were diverse in c-kit™y.” mice
(Rodewald and Haller, 1998). Therefore, other factors such as k-2 may
be more critical in B-cell development. Indeed, mice lacking both flk-2
and carrying one c-kit null (W) allele and one c-kit viable allele harboring
a point mutation in the kinase domain (W) showed a dramatic reduction
in B lymphopoiesis (Mackarehtschian et al., 1995). It would be interesting
to determine whether W/W flk-27'~ mice can still generate B cells.

b. Considerations on C-kit and y-Mediated Signal Transduction. The
growth factor receptors identified to play critical roles very early in thymo-
cyte development may drive differentiation, or proliferation, or protect
from cell death (promoting survival). y.-associated cytokine receptors are
known to signal via JAK3 and signal transducers and activators of transcrip-
tion (STAT) to regulate cell growth and differentiation (Thle, 1995). JAK-
3 is the critical signal transducer for vy, as shown by the fact that JAK-3-
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deficient mice exhibit a very similar phenotype when compared to mice
lacking .. Thus, both T and B lymphopoiesis was strongly inhibited, and
NK cells, V,;" dendritic epidermal cells, and intestinal epithelial T cells
were completely absent. In addition, JAK-3 is also expressed in thymic
epithelium, and the thymic architecture was altered in JAK-37~ mice when
compared to y.-deficient mice, suggesting a role for JAK-3-mediated signal
transduction also in the thymic environment. Like vy,, JAK-3 is not involved
in HSC development or function (Nosaka et al., 1995; Park et al., 1995;
Thomis et al., 1995).

STATs can regulate transcription, which, in turn, appears to drive func-
tional changes rather than proliferation. In addition, JAKs can interact
with other downstream signaling elements such as phosphatidylinositol-3-
OH-kinase (PI-3-kinase), the p21™ pathway, and insulin response elements
(IRS) (for a review, see Thle, 1995). Little information is available regarding
c-kit-mediated signal transduction in lymphoid cells. Experiments using
nontransformed mast cells revealed that SCF-induced dimerization of c-
kit causes tyrosine phosphorylation of several cellular substrates, including
activation of PI-3 kinase and p21™, with subsequent activation of early
response genes (Serve et al., 1995). The antiapoptotic arm of the growth
factor signals in early thymocytes may be provided via PI-3 kinase, which
has been shown to mediate nerve growth factor-induced survival in PC-
12 cells (Yao and Cooper, 1995). In fibroblasts, PI-3 kinase can activate a
downstream molecule, the serine/threonine kinase Akt (protein kinase B),
which can prevent apoptosis by inhibition of Ced3/ICE like protease activ-
ity (Kennedy et al., 1997).

It is conceivable that c-kit and vyassociated receptors deliver qualita-
tively distinct signals in thymocytes, one mitogenic and one promoting
survival. Absence of one, or the other, but not both pathways would be
permissive for development.

¢. Development of Thymic Dendritic Cells in C-kit™y,” Mice. Another
aspect of the thymus from c-kit™y,” mice should be mentioned here:
Experiments indicate that thymic dendritic cells (DC), a population of
antigen-presenting cells of hematopoietic origin, are present, despite the
absence of thymocyte progenitors, in c-kit and y. double-mutant mice
(H. R. Rodewald, unpublished). It has been proposed that thymic DC are
derived from the earliest intrathymic progenitor cell type, the “CD4"”
population. In adoptive transfer experiments in vivo (Ardavin et al., 1993;
Wu et al., 1995) and by colony formation in the presence of various growth
factors in vitro (Saunders et al., 1996), the “CD4"" population contained,
in addition to precursor potential for T, B, and NK cells (Wu et al., 1991a),
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the potential to generate thymic DC. The presence of thymic DC in
postnatal c-kit and 7y, double-mutant mice suggests (1) that thymocytes
and thymic DC do not have to develop in parallel, (2) that the development
of thymic DC can occur independently from c-kit™ and y.-mediated signals
in vivo, and (3) that pro-thymocytes, which were absent from c-kit™y.”
mice, may not be the obligatory precursors of thymic DC. The latter point
may, however, differ among fetal, neonatal, and adult life.

d. Consequences of the Absence of Pro-Thymocytes on the Structure of
the Thymic Stroma. The thymic architecture in c-kit™y,” mice shall be
briefly considered because it may offer some insights into the development
of the thymic stroma. As mentioned earlier, thymi from c-kity,” mice
were almphoid and showed an architecture closely resembling RFTOC
(Anderson et al., 1993) prepared from purified fetal thymus stromal cells
in vitro after the depletion of CD45" cells (Rodewald et al., 1997). Thymic
stroma from c-kit™y,” mice was not organized into distinct medullary and
cortical areas but showed strong infiltration with connective tissues as
shown by collagen-like staining with mAb MTS 16 (Boyd et al., 1993) (Fig.
4C). The MTS 16~ stroma was mostly positive for the medullary marker
MTS 10 (Fig. 5A). In addition, the thymus in c-kit™y,” mice, in contrast
to age-matched single mutant or wild-type controls, exhibited large num-
bers of thymic stromal cells expressing an embryonic phenotype as revealed
by staining for expression of primordial markers MTS 20 and MTS 24 (R.
Boyd and H. R. Rodewald, unpublished). This staining was in marked
contrast to the structures found in RAG-deficient mice (Fig. 4D), mice
lacking only 7y, (Fig. 4B), or wild-type mice (Fig. 4A), all of which revealed
capsular and septum-associated staining with MTS 16, but lacked extended
areas of connective tissues inside the thymus.

A requirement of normal thymocyte development for the formation of
the regular thymic stromal architecture is well established (reviewed by
van Ewijk, 1991; Boyd et al., 1993). For instance, following radiation-
induced ablation of thymocytes, the thymic epithelium shows a transient
loss of cortically/medullary organization, and mutations that prevent or
disturb thymocyte development also lead to abnormal thymic epithelium.
Thus, it is generally accepted that interactions between the thymus epithe-
lium and developing thymocytes (e.g., Lerner et al., 1996) are essential
for “induction” and/or maintenance of a functional thymic environment
(van Ewijk, 1991; Ritter and Boyd, 1993), but there is very little information
on the basis of this interplay. A transgenic mouse line carrying high copy
numbers of human CD3e showed an early arrest in thymocyte development
at the Thy-1*CD44*CD25" stage. The cellularity was correspondingly



Yc—

c-kit Yo

FiGs. 4 and 5. Thymic architecture in wild-type and growth factor receptor mutant mice.
Thymic sections from c-kit"y,* (Fig. 4A), c-kit",” (Fig. 4B), c-kit™y,” (Rodewald et al,,
1997) (Fig. 4C), and RAG-27" (Shinkai et al., 1992) (Fig. 4D) mice or from thymus grafts
{postnatal c-kit™y,” thymus — nu/nu mice) (Fig. 4E) are shown. For histological analysis,
tissue sections were stained with mAb MTS 16 recognizing the thymic capsule and septae
{collagen-like staining) or with mAb MTS 10 binding to medullary type thymic stromal
cells (Boyd et al., 1993). Biotinylated sheep anti-rat Ig F(ab), (1:100 diluted) (Boehringer
Mannheim, Germany) and streptavidin-alkaline phosphatase (1:500 diluted) (Amersham
Life Science, Buckinghamshire, UK) followed by ABC-aldaline phosphatase substrate (Vec-
tor Laboratories, Burlingame, CA) were used to develop the staining. Thymic stroma from
c-kit™y,” mice is not organized into distinct medullary and cortical areas, but shows strong
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reduced to 1-2% of the normal number (Wang et al., 1994). Hollander
and colleagues (1995) reported that the thymic architecture in these mice
was irreversibly damaged as injection of bone marrow stem cells into adult
mice failed to reconstitute a functional thymus. In contrast, transfer of
wild-type stem cells in utero or grafting of the transgenic fetal thymus into
wild-type mice led to the formation of a functional thymic environment.
It was concluded that pro-thymocytes have to “induce” the thymic microen-
vironment during a certain developmental window (underfined between
~day 16 of fetal development and adult age).

infiltration with connective tissues as shown by collagen-like staining by immunocytochemis-
try with mAb MTS 16 (Boyd et al., 1993). MTS 16° stroma in c-kit™y,” thymi is mostly
positive for the medullary marker MTS 10 (Fig. 5A). At the time of implantation, postnatal
c-kit™y,” thymus grafts lack pro-thymoeytes, c-kit™y,” thymus grafts are colonized by host
progenitors, and thymic stroma unfolds into clearly separated cortical and medullary zones
(not shown). Note that MTS 16 staining in c-kit™y,” thymus grafts (Fig. 4F) is akin to wild-
type thymus (Fig. 4A) and unlike ex vivo-isolated c-kit™y,” thymus (Fig. 4C). Scale bar in
E = 100 um. See also color insert.



76 HANS-REIMER RODEWALD AND HANS JORG FEHLING

MTS10
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These data are in contrast to findings from experiments in which 1-
week-old (postnatal) c-kit™y,” thymi were grafted into nude mice (Fig.
4E). Although these grafts lacked thymocytes at the time of implantation
and also pro-thymocytes at any appreciable level (see earlier), the grafts
were colonized by host progenitors, and thymic stroma “unfolded” into
clearly separated cortical and medullary zones, which lost, by and large,
expression of embryonic markers MTS 20 and MTS 24, and supported
functional thymocyte development with a regular pattern of thymic
subsets as evaluated by expression of CD4 and CD8 (H. R. Rodewald
and R. Boyd, unpublished). This system may be utilized to analyze the
differentiation (and potential proliferation) of thymic stroma cells in vivo.
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D. CyrokiINES POTENTIALLY AFFECTING THYMOCYTE DEVELOPMENT
1. 1L-15, TSLP

IL-15, a cytokine with functional similarity to IL-2, signals via a receptor
complex composed of the IL-15 R e chain, the IL-2 R  chain, the common
cytokine receptor vy chain (y,). Mutants lacking IL-15 or the IL-15 R o chain
are not yet available. Lack of the IL-2 R 8 chain has no effect on thymocyte
development, but perturbs extrathymic T and NK cell development (Suzuki
et al., 1997; for a review, see, e.g., DiSanto, 1997), whereas ¥, deficiency
causes thymic hypocellularity (see earlier). Thus, a role of IL-15 or the IL-
15 R « chain in thymocyte development is not known at present.

It will also be of interest to learn more about the potential role of
thymic stromal cell-derived lymphopoietin (TSLP) (Peschon et al., 1994)
in thymocyte differentiation. TSLP may play a role in thymocyte develop-
ment as it is thought to signal via the IL-7 R « chain and y,, respectively, the
loss of either of which clearly affects thymocyte development (see earlier).

2. IL-1 o and TNF-«

Based on in vitro blocking studies in FTOC using mAbs directed against
IL-1 @ and TNF-g, it has been speculated that these two cytokines play,
together, an essential role in early thymocyte development (Zuniga-
Pflucker et al., 1995). Addition of both mAb abrogated the appearance of
CD25" fetal thymocytes and the subsequent generation of DP cells in
FTOC. It is not trivial to test this proposal by genetic means because TNF
may signal via two distinct receptors [TNF-R1 (p55) or TNF-R2 (p75)].
In parallel, the IL-1/IL-1 R pathway would have to be abrogated. Neverthe-
less, mice lacking both IL-1 R and TNF-R1 have been generated and fail
to show any obvious phenotype in early thymocyte differentiation (H.
Bluethmann, personal communication). This issue shall finally be answered
in mice lacking IL-1 R and TNF-R 1 and 2).

V1. Transcription Factors in Early Thymocyte Development

A. GENERAL CONSIDERATIONS

Development progression from stem cells into a whole organism, includ-
ing the development of the hematopoietic system is controlled, at the
transcriptional level, by nuclear DNA-binding factors. Some transcription
factors are specifically expressed in some but not other lineages, and their
expression can be temporally restricted during ontogeny. Although it is
clear that tissue-specific gene expression and differentiation can be con-
trolled in this way, transcription factors themselves must be subject to
regulation, and they may or may not be the commitment determination
factors. In the strictest sense, one would expect that expression of a putative
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commitment factor should dictate lineage decisions and that overexpression
in the “wrong” lineage might preclude the development of this lineage.

Several transcription factor mutants have been reported that yielded
interesting phenotypes with regard to thymocyte development. Findings
derived from these mutants are summarized later. For detailed overviews,
however, the reader should refer to reviews in which this topic has been
covered first hand (Simon, 1995; Clevers and Grosschedl, 1996; Shivdasani
and Orkin, 1996; Singh, 1996; Georgopoulos et al., 1997). It is evident
from these mutants that inactivation of single transcription factors can
cause hematopoietic malfunction that may block development or function
of some lineages, while leaving others unaffected. Before outlining the
phenotype of the relevant mutants, it should be pointed out that these
results could indicate that the affected lineages are derived from a common,
oligopotent progenitor cell downstream from HSC or, alternatively, com-
mon regulatory mechanisms may be utilized in each lineage. Moreover,
each transcription factor has the potential to regulate a large number of
target genes. Hence, inactivation of a single factor may cause dysregulation
of many substrate genes. Complex phenotypes (often lethal in early ontog-
eny) were indeed observed in many mutants. An understanding of the
molecular basis for the observed phenotype, i.e., to elucidate target genes
relevant in vivo and analyze their roles, would establish a direct relationship
between the introduced mutation and the phenotype generated and clearly
uncover novel molecular events in early lymphoid development.

B. GATA

Members of the GATA family of nuclear transcription factors bind to a
consensus sequence (A/TGATAA/G) originally found in promoters and
enhancers of erythroid-specific genes. Up until now, six different GATA
genes (GATA 1--6) have been identified. All members of the family contain
a conserved zinc-finger DNA-binding domain. GATA-1 to GATA-3, which
belong to one subfamily, are primarily, but not exclusively, expressed in
hematopoietic cells, whereas GATA-4 to GATA-6 are found in nonhemato-
poietic tissues, such as the developing heart, lung, liver, gut, or smooth
muscle (reviewed by Simon, 1995).

1. GATA-1 and GATA-2

GATA-1 is essential for erythroid development, whereas other hemato-
poietic lineages appear unaftected by lack of GATA-1 (reviewed by Simon,
1995). GATA-2-deficient mice revealed an embryonic lethal phenotype
(day, 9.5-11.5 of gestation) (Tsai et al., 1994). Homozygous mutants were
severely anemic. Hematopoiesis was perturbed at an early stage as forma-
tion of both erythroid and myeloid colonies from yolk sac hematopoietic
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progenitors was strongly impaired. In mice chimeric for wild-type and
GATA-27" tissues, GATA-27"" cells failed to contribute at any significant
level to fetal liver or bone marrow hematopoiesis. However, this block
may not be absolute as in RAG-2 blastocysts complemented with GATA-
277ES cells very low levels of lymphopoiesis were observed. Collectively,
these findings demonstrate that GATA-2 has a crucial function in hemato-
poiesis as early as at yolk sac stages. Lack 