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Summary
T cells originate from hematopoietic stem cells (HSCs) in the bone marrow but complete their
development in the thymus. HSCs give rise to a variety of non-renewing hematopoietic
progenitors, among which a rare subset migrates to the thymus via the bloodstream. The earliest
T-cell progenitors identified in the thymus are not T-lineage restricted but possess the ability to
give rise to cells of many different lineages. Alternative lineage potentials are gradually lost as
progenitors progress towards later developmental stages. Here, we review the early developmental
events that might be involved in T-cell lineage fate determination, including the properties of
possible thymus settling progenitors, their homing into the thymus, and their T-cell lineage
specification and commitment.
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Properties of thymus-settling progenitors
The thymus does not contain self-renewing progenitors, and therefore long-term
thymopoiesis depends on the recruitment of thymus-settling progenitors (TSPs) throughout
life (1–3). The specific identity of thymic-settling progenitors remains unclear. Many
hematopoietic progenitors possess T-lineage potential, but among them only a small subset
is able to enter the thymus (4–7). In this section, we discuss the lineage potentials of various
bone marrow and blood progenitors and their ability to settle the adult mouse thymus.

Hematopoietic progenitors with T-lymphoid potential
A variety of bone marrow progenitors, including HSCs and the downstream progenitors with
different degrees of lineage restriction, have been found to possess T-cell potential. Long-
term self-renewing HSCs, functionally defined by their capability to generate all blood
lineages, demonstrate potent long-term T-lineage differentiation potential when placed
inside the thymus (7–12). Immediately downstream of HSCs, the multipotent progenitors
(MPPs) have lost self-renewal potential but maintain multi-lineage differentiation capability
(13,14). Further downstream, lymphoid-primed MPPs (LMPPs) in adult mice, characterized
by high expression of the fms-like tyrosine kinase receptor-3 (Flt3), have lost
megakaryocyte/erythroid potential and are biased towards lymphoid and granulocyte/
macrophage lineages (15,16). Common lymphoid progenitors (CLPs), originally thought to
be committed towards the B and T-lymphoid lineages, are now shown to be a rather
heterogeneous population in terms of lineage potential. The surface marker Ly6D separates
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CLPs into two functionally distinct subsets: Ly6D− CLPs possess B cell, T cell, natural
killer (NK) cell, dendritic cell (DC), and some degree of myeloid potential; whereas Ly6D+

CLPs are largely restricted towards the B-cell lineage (17). In another study using
recombination-activating gene-1 (Rag-1) and λ5 reporter mice, CLPs were further divided
into three functionally distinct subsets: Rag-1low λ5− CLPs which display B cell, T cell, NK
cell and a degree of myeloid cell potential; Rag-1high λ5− CLPs which show a bias towards
the B-lymphoid lineage and decreased potential in the other lineages; and Rag-1high λ5+

CLPs which are completely B-lineage committed (18,19). Furthermore, fate mapping also
suggests that CLPs with a history of Rag-1 expression are heavily biased towards the B
lineage and are lineage-stable after exposure to lipopolysaccharide (LPS), whereas CLPs
without a history of Rag-1 expression are directed to the DC fate in response to Toll-like
receptor (TLR) ligation (20). Together, these findings demonstrate that many types of
progenitors possess T-cell potential with varying combinations of myeloid and other
lymphoid lineage potentials (Fig. 1).

In humans, multiple prethymic progenitor types with T-cell lineage potential have also been
identified in neonatal cord blood and in adult bone marrow. The most efficient T-lineage
progenitors appear to be contained within a population possessing mixed myeloid and
lymphoid potentials (21). Interestingly, these progenitors, termed multilymphoid progenitors
(MLPs), give rise to T cells, B cells, NK cells, DCs, monocytes, and macrophages, but not
granulocytes, suggesting a separation of granulocyte fate from the other myeloid and
lymphoid lineage fates in early hematopoiesis (21). T-lymphoid potential has also been
identified in human cord blood granulocyte and monocyte progenitors (GMPs) (21). The
presence of progenitors with different combinations of myeloid and lymphoid lineage
potentials in both humans and mice indicates that the expression or repression of genes
regulating a specific lineage fate may occur in a gradual rather than abrupt process (22).

Identifying thymus-settling progenitors
It is thought that only a very small number of progenitors settle the thymus (23,24).
Considerable progress has been made in recent years in revealing the identity of these
thymus-settling progenitors. Despite their potent T-cell differentiation potential when placed
inside the thymus, HSCs and Flt3low MPPs do not enter the thymus in physiologic
conditions (7). The most efficient thymus-settling progenitors appear to be contained within
a small subset of LMPPs and CLPs, progenitors which express high levels of the cytokine
receptor Flt3 (7,25) (Fig. 1). At least some LMPPs are likely to home to the thymus via the
blood, as suggested by the emergence of donor derived thymocytes within a short period of
time following intravenous injection into unirradiated mice (7,25). Ly6D−CLPs are also
thought to enter the thymus, and after intravenous transfer, they generate thymocytes at an
earlier time point than LMPPs (6,17).

The ability of specific hematopoietic progenitors with T-cell potential to settle the thymus is
due to their expression of the required homing molecules. Circulating progenitors are
thought to enter the thymus via a similar three-step process as occurs in the trans-endothelial
migration of mature leukocytes: the cells first roll along the endothelial monolayer by
interacting with adhesion molecules, then are activated by chemokine receptor signaling,
and finally adhere firmly to the endothelium (26). In support of this model, the P-selectin/
PSGL-1 axis has a demonstrated role in recruiting progenitors to the thymus, perhaps by
mediating the rolling step (27,28). Chemokine receptors CCR9 and CCR7 also each support
thymus settling (7,25,29,30). Bone marrow cells lacking either CCR9 or CCR7 are impaired
in the ability to generate thymocytes after intravenous transfer (7,25,30). Yet, these defects
are lost when CCR7−/− or CCR9−/− bone marrow progenitors are transferred
intrathymically, indicating that both CCR7 and CCR9 are important for thymus settling
rather than intrathymic development (7,25,30). More severe thymus homing defects are
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observed in the progenitors deficient for both CCR9 and CCR7 (25,30). These cells are
almost completely prevented from thymus settling in competitive scenarios, indicating
CCR9 and CCR7 are the two major chemokine receptors acting in the recruitment of
hematopoietic progenitors to the thymus (25,30). The expression of CCR9 on early bone
marrow progenitors is dependent on Flt3 ligand (FL)/Flt3 signaling, as CCR9+ LMPPs are
greatly reduced in mice lacking Flt3 or FL (7). Thus, Flt3 signaling controls the expression
of homing molecules such as CCR9. Together, these findings suggest that efficient thymus
settling under physiologic condition depends on the coordinated actions of an ensemble of
cytokines, adhesion molecules, and chemoattractants.

Increasing evidence suggests that extramedullary maturation is not unique to T cells. A
small number of circulating hematopoietic stem cells and progenitors enter organs such as
the spleen and lungs, and expand and differentiate therein (31,32). The expansion and
extramedullary maturation of these tissue-resident progenitors appears to be enhanced by
challenges such as inflammation or infection (31,33,34). Interestingly, IL-25, a member of
the proinflammatory IL-17 cytokine family, has been found to induce the accumulation of
Lineage−Sca-1+Kitint progenitors in the gut-associated lymph tissue that give rise to a
variety of myeloid lineages and promote T-helper 2 (Th2) responses (35). Lineage-marker
negative cells that express IL-7R have also been identified in the mesenteric lymph nodes of
IL-25-treated mice and in the fat-associated lymphoid clusters (FALC) of unmanipulated
mice, and these cells mediate Type-2 immune responses mimicking the function of T cells
(36,37). Together, these observations suggest an association between extramedullary
hematopoiesis and the generation of innate type-2 effector cells (38). The mechanisms
responsible for the migration of tissue-resident progenitors remain unclear. The recruitment
of hematopoietic stem cells and progenitors into peripheral sites of inflammation and injury
has been found to be dependent on CCR2, the cognate receptor of the monocyte
chemoattractant proteins (MCPs) (39). It is possible that lymphoid progenitors bearing the
essential homing molecules for thymus settling may have important extramedullary
biological functions other than settling the thymus to initiate T-cell development.

Intrathymic T-lineage maturation of TSPs
Identity of the earliest intrathymic T-lineage progenitors

Past work found that the DN1 (CD4−CD8−CD3−CD44+CD25−) progenitors proliferate
extensively and can generate both αβ and γδ T-cell subsets (40,41). Many studies have
showed that this DN1 population is heterogeneous, and only cells within this population
expressing high levels of Kit efficiently generate T-lineage progeny (42–44). These Kithi

cells are referred to as early thymic progenitors (ETPs), phenotypically defined as
linlowCD44+cKithighCD25− thymocytes, and are presently the earliest known and most
efficient intrathymic T progenitors. ETPs constitute a rare population comprising about
0.01% of total thymocytes and can expand extensively to repopulate thymocyte populations
after intrathymic transfer (42).

Despite their rarity, ETPs are still a heterogeneous population and can be divided into
functionally distinct subsets by the expression of the cytokine receptor Flt3. Flt3+ETPs are
10 to 20-fold more efficient in generating CD4+CD8+ double positive (DP) thymocytes than
Flt3−ETPs (45). The Flt3+ETP pool also contains rare cells with B-cell lineage potential,
whereas Flt3−ETPs appear devoid of B-cell progenitors (45). The frequency of B-cell
progenitors among Flt3+ETPs decreases sharply with age. About 5% of Flt3+ETPs possess
B-cell potential at birth, and this frequency drops by around fifty fold in adult mice (46).
Studies using CCR9-green fluorescence protein (GFP) reporter mice suggest that ETPs with
B-cell potential also express high level of CCR9 (47). This extremely rare subset of
CCR9+Flt3+ETPs that can give rise to B cells has been suggested to represent the most
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immature intrathymic T lineage progenitors (46,48) (Fig. 1). However, it remains unclear
whether all downstream thymocytes are derived through a CCR9+Flt3+ETP obligate
intermediate.

Lineage potential of ETPs
Far from being T-lineage restricted, ETPs are a multipotent population (45,49). In mice, the
majority of ETPs possess T cell, myeloid, and NK cell potential, but the vast majority do not
give rise to B cells in vitro (49). The myeloid and NK cell potentials of ETPs are gradually
lost as cells progress towards the DN2 (Kit+CD25+) and DN3 (Kit−CD25+) stages. Yet a
considerable percentage of DN2 cells can still generate myeloid and NK progeny, and T-
lineage commitment is not completed until the DN3 stage (Fig. 1). In human thymus,
progenitors with B lymphoid, myeloid, and even erythroid potentials have been identified
(50,51). Single cell analysis reveals that CD34+lineage−CD7− progenitors maintain T cell,
NK cell, B cell, and myeloid cell potentials (50). The myeloid and B-cell potentials are lost
as these immature thymic progenitors differentiate into CD7+ cells (50). Together, these
findings suggest that the earliest T-lineage progenitors in both mice and humans are
multipotent, with myeloid and lymphoid lineage potentials. Signals within the thymus must
promote the development of incoming progenitors down the T-lineage pathway and also
ensure the concomitant loss of the alternative lineage potentials.

Early T-cell fate determination under Notch signaling
Early T-cell development depends on the highly conserved Notch signaling pathway (45,52–
55). Notch receptors are single-pass transmembrane glycoproteins (56). There are four
Notch receptors named Notch1–4 in mammals, among which Notch 1 has been found to be
both necessary and sufficient for T-cell development (52,53). Two families of Notch
ligands, Delta-like (DL) and Jagged, have been identified in mammals (57). Upon
interaction with Notch ligands, the Notch receptors are cleaved sequentially by
metalloprotease and γ-secretase, releasing the intracellular domain of Notch (ICN) (58–60).
ICN moves to the nucleus, binds the transcription factor CSL, and recruits co-activators such
as mastermind-like proteins (MAML) (61). The activated transcriptional complex then
regulates the expression of a variety of Notch target genes.

Notch plays an essential role in the intrathymic maturation of ETPs. There is strong
evidence that Notch signaling inhibits the development of the non-T cell lineages. The
Notch ligands DL1 and DL4 have been shown to suppress the generation of Mac-1+ myeloid
cells from ETPs in vitro (49,62,63). Furthermore, deletion of Notch in ETPs results in their
differentiation into both conventional DCs and plasmacytoid DCs in the thymus, suggesting
a requirement of Notch in suppressing the DC fates during early T-cell development
(49,64,65). Notch signaling is also known to potently inhibit B-cell development (52,55,66–
68). Expression of a constitutively activated form of Notch results in extrathymic T-cell
development and an early block in B-cell differentiation in the bone marrow (52).
Conversely, deletion of Notch1 in bone marrow progenitors or ETPs leads to accumulation
of intrathymic B cells at the expense of T-cell development (55). Recent evidence suggests
that DL4 is the essential Notch ligand in thymic T-cell commitment (69,70). The deletion of
DL4 in thymic epithelial cells results in a complete block of T-cell development and ectopic
accumulation of immature B cells in the thymus, reminiscent of the effect of Notch 1
deletion (69,70). Together, these observations suggest that Notch signaling plays a critical
role in inhibiting non-T lineage fates to promote T-cell commitment.

In contrast with the essential role of Notch signaling in intrathymic development, less
evidence exists to suggest an involvement of Notch signaling in prethymic development in
adult mice. Inactivation of Notch signaling by overexpression of a dominant negative mutant

Yang et al. Page 4

Immunol Rev. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of Mastermind-like 1 (DNMAML 1) does not dramatically impair the self-renewal or
lineage differentiation of HSCs in the bone marrow of adult recipient mice (71). Also, the
frequencies of downstream MPPs and LMPPs remain undisturbed in the absence of Notch
signaling. Furthermore, loss of Notch signaling does not prevent primitive LSK progenitors
from mobilizing into the blood (45). Thus, Notch signaling seems to be largely dispensable
for the development, maintenance, and mobilization of adult prethymic progenitors with T-
cell potential.

Despite the relative dispensability of Notch signaling in prethymic development, a low level
of Notch receptor and signaling molecules have been detected in bone marrow progenitors,
and Notch ligands are present in the bone marrow (71–74). It has been suggested that
mechanisms exist to suppress Notch signaling in the bone marrow. Such mechanisms may
be important in preventing the premature T-cell specification of the prethymic progenitors.
The transcriptional suppressor LRF or Pokemon, encoded by the Zbtb7a gene, plays a
critical role in countering the Notch effects in the bone marrow (75). Deletion of Zbtb7a
results in substantial extrathymic T-cell development in the bone marrow at the expense of
B lymphopoiesis, strikingly reminiscent of the effect of constitutive activation of Notch
signaling by ICN expression (52,75). Conversely, aberrant lymphoid lineage commitment in
Zbtb7a-deficient mice is rescued by inhibition of Notch signaling with γ-secretase inhibitor
(GSI) treatment (75). Together these observations suggest that LRF prevents the premature
T-cell specification by opposing Notch signaling in the bone marrow, whereas the roles of
LRF are probably overridden by a high dose of Notch signaling in the thymus to allow for
T-cell development.

A yet unresolved question is whether attenuation or extinction of a specific non-T-cell
lineage potential may involve multiple developmental steps at both prethymic and
intrathymic sites. The vast majority of ETPs do not possess B-cell potential. It is still
unknown whether the majority of thymus settling progenitors lose B-cell potential prior to
thymic entry, early in the thymus, or both. The earliest intrathymic T-cell progenitors
possess myeloid and NK potentials, and these lineage potentials are not completely lost until
the intrathymic DN3 stage (49,65). However, attenuation of the myeloid lineage potential
likely initiates prethymically. Both LMPPs and CLPs, the two prethymic subsets containing
CCR9-expressing thymus settling progenitors, show decreased myeloid differentiation
ability as compared to the more immature HSCs and Flt3low MPPs (17,19,76). Fate mapping
studies using IL-7R-Cre mice indicate that most ETPs and DN2 cells are marked with a
history of IL-7R expression, and that once IL-7R is expressed, progenitor cells are unlikely
to adopt the myeloid fate inside the thymus (77). However, the specific sites where T-
lineage progenitors are marked with a history of IL-7R expression remain to be further
investigated, which may shed light on whether the myeloid versus T-lineage fate is
determined prethymically, early in the thymus, or both. If both prethymic and intrathymic
sites are involved in suppressing the alternative lineage potentials, multiple molecular
mechanisms, i.e. both Notch-dependent and Notch-independent mechanisms, are likely to
contribute to T-cell lineage commitment.

Transcription factors regulating T-lineage fate determination
A number of transcription factors have been recognized to play critical roles in T-cell
lineage fate determination. These transcription factors function in different stages of T-cell
lineage development, and together control T-cell lineage commitment and specification.

Bcl11b, a zinc finger transcription factor, plays an essential role in intrathymic T-lineage
commitment. Expression of Bcl11b is upregulated from ETP to DN2 cells, and Bcl11b has
been shown to be required for the survival of double positive thymocytes (78,79). Recent
studies find that Bcl11b is also important for T-cell lineage commitment (80–82).
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Conditional deletion of Bcl11b results in a block of T-cell development at the Kithigh DN2
stage both in vivo and in vitro (80,81). This developmental arrest appears to be associated
with a critical role of Bcl11b in repressing myeloid and NK cell fates. The arrested Bcl11b-
deficient DN2 cells express NK cell-associated genes and Bcl11b-deficient fetal liver cells
readily differentiate into NK cells and macrophages in supportive in vitro conditions
(80,81). Furthermore, deletion of Bcl11b results in the production of NK cells from T-
lineage progenitors at multiple stages of development, including ETP/DN1, DN2, and DN3
progenitors, as well as from DP and even mature CD8+ thymocytes (82). Single-cell analysis
suggests that the reprogramming of committed T-lineage progenitors to NK cells requires
deletion of both Bcl11b alleles, and that once both alleles are deleted, the efficiency of
reprogramming reaches nearly 100% (82). Together, these observations suggest that Bcl11b
is required for maintaining the T-cell lineage commitment of T-lineage progenitors.
Analogous to Bcl11b, the B-cell lineage-specific transcription factor PAX5 plays an
essential role in maintaining the B-cell identity of the B-lineage progenitors, as deletion of
PAX5 causes committed pro-B cells to develop into T cells (83). However, Bcl11b-deficient
T cells and T-committed DN3 progenitors do not reciprocally adopt the B-cell fate but
appear to develop chiefly into NK cells (82). Bcl11b-deficient uncommitted DN2
progenitors differentiate additionally into myeloid cells (80). The results are consistent with
the suggestion that T cells and NK cells share a committed progenitor (44) but raise the
question as to why fates distinct from the NK fate are not accessed by T-committed cells
when Bcl11b is deleted. One possibility is that transcription factors distinct from Bcl11b are
responsible for the active repression of other non-T-cell fates and remain to be discovered.

PU.1 is another transcription factor which plays an important role in regulating early T-cell
commitment and development. The expression of PU.1 in thymocytes is restricted within the
DN progenitors, and deletion of PU.1 results in complete or nearly complete loss of all
thymocytes (84). The earliest stage of T-cell development that requires PU.1 remains
unclear, as PU.1 plays critical roles at prethymic stages. It regulates the expression of the
cytokine receptors Flt3 and IL-7R and is important for segregation of the myeloerythroid
from myelolymphoid fates (85). While a physiological dose of PU.1 is required to generate
the earliest T-lineage progenitors, a high dose by enforced expressed of PU.1
dedifferentiates even T-lineage committed DN3 progenitors and induces them to
differentiate into cells with macrophage and DC phenotypes (86,87). DL1/Notch interaction
is able to counter the lineage diversion effects of PU.1 and to restore T-cell commitment.
Thus, Notch signaling might inhibit myeloid lineage differentiation of early T-lineage
progenitors at least partly through countering the effects of PU.1.

E2A/HEB heterodimers are critical transcriptional regulators in early T-cell development
(88). Loss of either E2A or HEB results in a partial block in early T-cell development at
DN1 or immature single positive (ISP) stages respectively, and expression of a dominant-
negative mutant of HEB which forms non-functional dimers with E2A results in a much
stronger block within the DN stages. E2A has been found to cooperate with Notch signaling
in promoting early thymopoiesis (89). Inducible overexpression of E2A increases the
expression of Notch receptors and canonical Notch target genes such as Hes1 and Deltex1.
Conversely, constitutive activation of Notch signaling by ICN expression rescues the
developmental block of E2A deficient thymus. Furthermore, five canonical E-box sites
conserved for both humans and mice have been identified in the promoter region of the
Notch1 gene, and E2A has been shown to directly bind these E-boxes to induce Notch1
transcription in DN3 thymocytes (90). In addition to its essential role in intrathymic
development, E2A has also been suggested to contribute to prethymic developmental steps
that are important for the generation of thymus settling progenitors. In the absence of E2A,
the expression of the cytokine receptor Flt3 in bone marrow LSKs is severely reduced, and
the expression of the chemokine receptor CCR9 is almost absent (76,91,92). E2A may also
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suppress myeloid development by LMPPs, as indicated by increased size of the myeloid
colonies produced by E2A deficient progenitors (76). Together, these observations suggest
that E2A plays important roles in both intrathymic and prethymic steps of T-cell
development.

The Runx1/CBFβ complex is another important transcriptional regulatory complex in early
T-cell development (93,94). CBFβ, the cofactor for Runx proteins, is the non-DNA-binding
subunit of the core binding factor (CBF). Mice with reduced level of CBFβ by a
hypomorphic mutant allele display profound defects in thymopoiesis (94). CBFβ
insufficiency impairs the generation of ETPs and the downstream DN2 and DN3
progenitors, leading to complete absence of mature T cells. The mechanisms through which
CBFβ promotes early T-cell development remain unclear. DN thymocytes with the CBFβ
hypomorphic mutation do not contain intracellular TCRβ and TCRγ, suggesting CBFβ is
required for the expression of these T-lineage genes (93). Constitutive activation of Notch
signaling by ICN expression does not overcome the T-cell development defects of CBFβ
insufficient fetal liver cells, nor does overexpression of CBFβ rescue the differentiation
defects of DN2 and DN3 cells induced by GSI, the inhibitor of Notch signaling (93). These
data indicate that CBFβ is necessary for normal T-cell development and that CBFβ and
Notch each regulate required pathways in early T-cell development.

The basic helix-loop-helix (bHLH) transcriptional repressor Hes1, a canonical Notch target
gene, is expressed at high levels in ETPs and the downstream DN progenitors (95–97).
Adoptively transfer of Hes1-deficient fetal liver cells into Rag-deficient mice generates very
limited number of DN progenitors and almost no CD4+CD8+ DP thymocytes, suggesting
Hes1 is required for early T-cell development (96). The specific mechanisms by which Hes1
promotes T-cell development remain unclear. Overexpression of Hes1 inhibits the
development of the B and myeloid cells, indicating a possible role of Hes1 in suppressing
the B and myeloid lineage potential (95,97). However, B-lineage cells do not expand in the
absence of Hes1, which does not support a critical role of Hes1 in inhibiting the B-cell
lineage (96). Furthermore, overexpression of Hes1 alone is not sufficient to promote T-cell
differentiation in the absence of other Notch signaling molecules (98). Therefore, other
major transcriptional factors must be required for Notch-mediated T-lineage commitment
and/or specification.

GATA3, another direct target gene of Notch signaling, is also required for early T-cell
development (99). GATA3 is expressed in ETPs, DN2, and DN3 progenitors, and its
absence results in the elimination of almost the entire T lineage (29,45,100,101). GATA3
null fetal liver cells give rise to very few ETPs and almost no downstream T-lineage
progenitors after transferred into irradiated adult mice (101). However, normal numbers of
LMPPs and CLPs are derived from GATA3 fetal liver cells (101). GATA3-deficient ETPs
exhibits neither increased apoptosis nor disturbed cell cycle progression, suggesting GATA3
likely regulates the differentiation, but not the survival or proliferation, of early T lineage
progenitors (101).

Evidence has suggested that many other transcription factors, such as Ikaros, Myb, and
TCF1 (102–104), also play important roles in the generation and/or differentiation of the
earliest T-lineage progenitors. Whether different transcription factors are responsible for the
loss of specific lineage potentials within the distinct prethymic and intrathymic
environments remains unclear. The interaction of these transcription factors with each other
and their relations with Notch signaling pathway also remain to be further defined. Which
transcription factors are important for the establishment and maintenance of the expression
of T-lineage-specific genes and whether these are distinct from molecules important for
inhibiting alternative fates such as Bcl11b are very poorly understood at this time.
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Trophic factors promoting the survival and proliferation of early T-lineage progenitors T-
cell development requires not only the repression of the alternative lineages but also the
survival and expansion of T-lineage progenitors. The interactions between several secreted
proteins and their membrane-bound receptors have been shown to contribute to the survival,
proliferation, and differentiation of the T-lineage progenitors in early thymopoiesis.

BMP, Hedgehog, and Wnt are three important signaling mediators in early T-cell
development. Sonic hedgedog (SHH) signaling has been found to regulate the survival and
differentiation of early T-lineage progenitors in a manner that is not cell-autonomous,
possibly by functioning in the stromal cell compartment (105). BMP 2/4 signaling pathway
acts as a negative regulator in early T-cell differentiation by inhibiting the proliferation and
maturation of the earliest T-lineage progenitors (106,107).

The Wnt proteins play a critical role in the development of multiple hematopoietic lineages,
among which Wnt1 and Wnt4 are essential for early thymopoiesis. Loss of Wnt1 or Wnt4
results in dramatically reduced cellularity of the fetal thymus, and the defects are more
severe in Wnt1 and Wnt4 double knockout mice (108). Recent evidence also shows that
Wnt4 promotes the survival of LMPPs, and the expansion of ETPs and DN2 progenitors,
mainly through mechanisms that are not cell-autonomous, and that may depend on a non-
canonical Wnt signaling pathway (109). The canonical Wnt signaling cascade has been
suggested to result in the accumulation and nuclear translocation of β-catenin which binds
with and activates TCF1 and LEF (110–113). TCF1, a T-cell specific transcription factor, is
an essential transcription factor in the early T-lineage differentiation (100,104,114). TCF1-
deficient mice display drastically reduced thymic cellularity, and a partial block of T-cell
development at ISP to DP transition (104). The defects of T-cell development in these mice
are exacerbated with age. At 6 months, only a small number of DN1 cells but no other T-
lineage cells are present in the TCF1-deficient thymus. The N-terminal sequence of TCF1
containing the β-catenin interaction site is required for restoring the survival, proliferation,
and differentiation of TCF1-deficient early T-lineage progenitors (112). However, mice
lacking both β and γ catenin have very little identifiable defects in T-cell development
(115,116). Thus, TCF1 might predominantly act independently of the canonical Wnt
signaling pathway; the nature of such alternative mechanisms is unknown at this time.

The proliferation and survival of early T-lineage progenitors depend on an ensemble of
cytokines, including stem cell factor (SCF), Flt3 ligand, and IL-7. ETPs and downstream
progenitors are significantly reduced in IL-7R-deficient mice and FL-deficient mice (117).
More severe defects have been observed in IL-7R and FL double knockout mice in which
ETPs are almost absent, suggesting a synergistic role for FL/Flt3 and IL-7/IL-7R signaling
pathways in early T-cell development (117,118). In addition to its role as a trophic factor for
lymphocyte development, IL-7R is also essential for γδ T-cell commitment by controlling
the accessibility of TCRγ locus to V(D)J recombinase (54,119). Kit, the receptor for the
cytokine stem cell factor (SCF), is expressed at high level on ETPs. Studies using viable Kit
(W/W) mutant mice show that Kit plays a critical role in the development and/or
maintenance of early T-lineage progenitors (120). In these Kit-deficient mice, CD25+

thymic progenitors are severely reduced in young mice and totally absent in aged mice. The
more immature Thy-1lowHSA+CD25−/−CD44+ DN progenitors are not detectable in the
absence of Kit. Together, these data suggest that several cytokines act together to promote
early T-cell development. However, these cytokines are also involved in prethymic
development, such as the generation of CLPs and LMPPs, and/or the maintenance of HSCs
(15,16,121,122). Understanding their functions will require further investigation of their
separate roles in each prethymic and intrathymic environment.
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Extrathymic T-cell commitment
The majority of T lymphocytes mature in the thymus. However, T-lineage-committed
progenitors have also been detected in the spleens of unmanipulated B6 mice, indicating
extrathymic T-cell commitment occurs under physiologic conditions (123). Abundant
extrathymic T-cell progenitors have been found in athymic mice and following bone marrow
transplantation of irradiated mice, possibly as a result of lymphopenia in these mice
(73,124–126). The developmental fate of these extrathymic T-cell progenitors is not clear.
The splenic T progenitors resemble but are not identical to thymic DN3 cells, as they
express lower level of Notch1, Notch3, and Notch target genes (73,123–126). Interestingly,
at the same time as the emergence of splenic T progenitors after irradiation and bone
marrow transplantation, substantial donor-derived DN3 cells, but almost no donor-derived
ETPs, are found in the thymus of the recipient mice, which may suggest an ETP-
independent T-cell developmental pathway in this scenario (73). However, the absence of
ETPs may also be due to their exhaustion after differentiation into DN3 progenitors in
response to irradiation-induced thymocytopenia (115,116). Therefore, the origins of
extrathymic T progenitors and their relationship to intrathymic progenitors remain to be
defined by future studies.

The development of the splenic T progenitors in irradiated mice is dependent on Notch,
since inhibition of Notch ablates this population (73). However, it differs from intrathymic
T-cell development in that the generation of splenic T progenitors can use either Notch1 or
Notch2. Loss of either Notch1 or Notch2 does not affect the development of these
extrathymic T-lineage progenitors, but loss of both Notch receptors results in the absence of
these progenitors. (127). The splenic T-lineage progenitors in unmanipulated wildtype mice
have also been found to be IL-7R dependent (123). Also, irradiated mice have increased
level of the cytokines FL and IL-7 (128,129). The roles of these cytokines and Notch
signaling molecules in extrathymic T-cell development remain to be further defined.

Conclusions
Significant progress has been made in understanding the prethymic and intrathymic
mechanisms governing T-cell lineage determination. A selective subset of progenitors settles
the thymus and initiates T-lineage development in the thymus. Alternative lineage potentials
are gradually lost under the combined effects of environmental signals and transcription
factors, via multiple prethymic and intrathymic steps. Commitment to the T-cell fate is
eventually completed intrathymically.

Many questions remain unresolved. What signals allow the prethymic progenitors to leave
the bone marrow and to enter the thymus in physiologic conditions and under hematopoietic
stresses? What are the mechanisms underlying each stage of T-lineage commitment and the
loss of each specific lineage fate? Do the same mechanisms inhibit multiple lineage
potentials, or do distinct mechanisms exist for each lineage? Are different mechanisms
responsible for the loss of a specific non-T potential in different anatomical sites? And do
recirculating progenitors in periphery tissues have functions distinct from their described
roles in T-cell development, perhaps contributing to immune responses against infection?
Answers to many of these questions are likely to be forthcoming in the near future.
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Figure 1. Molecular signals in early T-cell development
Among the many types of bone marrow progenitors, a subset of lymphoid progenitors (LP)
expressing CCR9 enters the thymus via the blood. The non-T-lineage potentials are
gradually lost through multiple prethymic and intrathymic developmental steps, and T-cell
lineage commitment is completed at the intrathymic DN3 stage. The expression patterns of
the key cytokine receptors, chemokine receptors, Notch signaling molecules, and Rag
recombinase during T-cell lineage commitment are indicated (14,15,19,20,30,42,45–
49,116,125–129). Abbreviations: HSC, hematopoietic stem cell; MPP, multipotent
progenitor; LMPP, lymphoid-primed multipotent progenitor; CLP, common lymphoid
progenitor; LP, lymphoid progenitor; TSP, thymus settling progenitor; ETP, early thymic
progenitor; DN, double-negative.
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