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Abstract

Like all hematopoietic cells, T lymphocytes are derived from bone marrow resident stem cells.
However, while most blood lineages are generated within the marrow, the majority of T cell
development occurs in a specialized organ, the thymus. This distinction underscores the unique
capacity of the thymic microenvironment to support T lineage restriction and differentiation.
Although the identity of many of the contributing thymus-derived signals are well established
and rooted in highly conserved pathways involving Notch, morphogenic, and protein tyrosine
kinase signals, the manner in which the ensuing cascades are integrated to orchestrate the
underlying processes of T cell development remain under investigation. This review focuses on
the current definition of the early stages of T cell lymphopoiesis with emphasis placed on the
nature of thymus-derived signals delivered to T cell progenitors that support their commitment

and differentiation towards the a3 and yd T cell lineages.



Glossary list

FTOC: fetal thymus organ culture; an assay system for T cell development using cultured E14-
E15 thymic lobes that may be depleted of endogenous thymocytes and reconstituted with donor
progenitors.

OP9-DL1: A bone marrow stromal cell line (OP9) ectopically expressing the Notch ligand,
Delta-like 1, which is able to support T lymphopoiesis in vitro.

[3-selection: The process by which DN thymocytes that express a functionally rearranged TCRf
chain are selected to differentiate to the next stage of T cell development, giving rise to DP cells.
CCR9“™: A transgenic reporter mouse expressing GFP under the control of the endogenous
CCR9 gene promoter.

Thymus seeding progenitor: The precise identity of this cell remains controversial, but this term
is used to functionally define cells that home to the thymus and possess potent T cell progenitor
function.

Thymic Epithelial Cells (TECs): these are part of the non-hematopoietic stromal component of
the thymus that is responsible for inducing and supporting T lymphopoiesis.

Fringe: Golgi-resident glycoslytransferases that modify Notch receptors to alter ligand
specificity; include Radical, Lunatic, and Manic family members.

ADAM proteases: A family of transmembrane disintegrins and metalloproteases that
proteolytically cleave the juxtamembrane region of transmembrane proteins and release their
extracellular regions in a process termed ectodomain shedding.

Dominant negative: An inactive mutant or variant of a protein that interferes with the function of
the wild-type form when expressed in the same cell, usually by binding and sequestering relevant

interacting partners.



Abbreviation and Acronym list

APC, adenomatous polyposis coli;

bHLH, basic helix-loop-helix;

BMP, bone morphogenic protein

CMJ, cortical-medullary junction;

CSL, CBF-1/Suppressor of hairless/Lag-1;
DC, dendritic cells;

DIl, Delta-like;

dn, dominant negative

DN, double negative (CD4  CDS8);

DP, double positive (CD4" CD8");

ETP, early T lineage progenitor;

FTOC, fetal thymus organ culture;

GFP, green fluorescent protein;

JAK, Janus kinase;

Hh, hedgehog;

HMG, high mobility group;

HSC, hematopoietic stem cell;

LEF, lymphocyte enhancer binding factor;
Lin, lineage markers;

LRP, low density lipoprotein receptor related protein;
MamL, mastermind-like;

NK, natural killer;

PI3K, Phosphatidylinositol-3-kinase;
RBPJ, recombining binding protein Jk;
SCF, stem cell factor;

SCZ, subcapsular zone;

SP, single positive (CD4" or CD8");

STATS, signal transducer and activator of transcription 5;



TCEF, T cell factor;
TEC, thymus epithelial cell;
TCR, T cell receptor.



INTRODUCTION

The immune system originates from bone marrow resident hematopoietic stem cells (HSCs) that
give rise to a hierarchy of progenitor populations with increasingly restricted lineage potential,
ultimately leading to the generation of all lineages of mature blood cells. While the majority of
hematopoietic lineages mature in the marrow, T cell development takes place in a specialized
organ, the thymus. The thymus plays host to marrow-derived progenitors and supports
multistage lineage commitment and differentiation steps to yield mature self-tolerant functional

T cells.

In the adult, thymus-resident T cell progenitors possess limited self-renewing potential, thus,
sustained T cell production requires the continual influx of blood-borne hematopoietic
progenitors (Scollay et al 1986, Donskoy & Goldschneider 1992). Such progenitor seeding
appears to be a gated phenomenon, occurring in a periodic manner that is dependent on the
availability of limited thymic microenvironmental niches (Foss et al 2001, Prockop & Petrie
2004). Despite intense investigation by several groups, the true nature of the thymus-seeding
progenitor(s) remains uncertain, largely due to the technical challenges associated with
identifying these exceedingly rare cells under physiological conditions. Nevertheless, there is
evidence for multiple types of thymus-seeding cells that possess varying degrees of T lineage

commitment (Bhandoola et al 2007).

Two lineages of T cells are generated in the thymus, af3 and y0, which are defined by the
expression of distinct af3- or yd-T cell receptor (TCR) complexes. This is accomplished via a
highly regulated process, during which several checkpoints function to limit the production of
cells bearing nonfunctional or autoreactive TCRs. These events occur at discrete phenotypic
stages, distinguished by the coordinated expression of key cell surface molecules, namely the
CD4 and CDS coreceptors. The most immature subset of thymocyte precursors lack expression
of CD4 and CD8, and are thus denoted double negative (DN). It is at this critical stage that
progenitors become committed to the afy or yd T cell lineage (Petrie et al 1992, Dudley et al
1995, Ciofani et al 2006). af lineage thymocytes progress to the CD4 CDS8 double positive (DP)



stage where they undergo further positive and negative selection to generate major
histocompatibility complex (MHC)-restricted and self-tolerant, CD4 and CD8 single positive
(SP) T cells (Figure 1) (Starr et al 2003). The resulting mature yd T cells, and aff T cells
comprising the CD8" cytotoxic, CD4" helper and regulatory lineages, form the basis of cellular
immunity. Notwithstanding the central role of thymus-derived factors in supporting all stages of
thymocyte development and selection, this review will focus on the influence of such elements

during the early DN progenitor stages, where much progress has been made in recent years.

ONTOGENY OF THE THYMUS STROMA

During mouse embryogenesis, the thymus primordium is formed between E10.5 and E11.5 from
the third pharyngeal pouch endoderm, a process that depends on interactions with the
surrounding neural crest-derived mesenchyme (Auerbach 1960, Blackburn & Manley 2004,
Gordon et al 2004). At approximately E12, the thymic rudiment is first colonized by lymphocyte
progenitors (Jotereau et al 1987), which enter through the capsule via a chemoattractive
mechanism (Liu et al 2006). At this stage, the rudiment lacks the histologically defined cortex
and medulla regions characteristic of the adult organ; rather it comprises predominantly bipotent
thymic epithelial cell (TEC) progenitors that subsequently undergo a poorly defined lineage
commitment and differentiation program, resulting in the establishment of distinct cortical and
medullary TEC subsets, the major constituents of thymic stroma (Rossi et al 2006). Thus, the

first wave of T cell differentiation coincides with the late stages of thymus organogenesis.

Notably, following the initial epithelial cell patterning event, thymocyte-derived signals are
essential for maintaining TEC differentiation and organization in the neonate and adult
(Anderson et al 2001, Klug et al 2002). The exquisite interdependence of thymocyte and TEC
populations has been termed ‘thymic cross-talk’ (van Ewijk et al 1994). Although its molecular
basis is largely unknown, there is evidence that it may involve signals of the NFkB signaling
pathway downstream of tumor necrosis factor receptor associated factor 6 and the Lymphotoxin
B receptor in the medulla (Derbinski & Kyewski 2005). Finally, other non-hematopoietic
stromal elements, such as fibroblast and endothelial cells, and distinct hematopoietic-derived

myeloid dendritic cells (DC) and macrophages also contribute to the final thymic architecture.



ARCHITECTURAL PERSPECTIVE

The thymic epithelium is essential to T cell development. This is best evidenced by the
phenotype of nude mice in which disruption of the transcription factor FoxN1 arrests TEC
development at an immature progenitor stage and leads to loss of intrathymic T cell development
and severe immunodeficiency (Nehls et al 1996, Su et al 2003, Bleul et al 2006). The
specialized TEC subsets of the cortex and medulla facilitate distinct phases of T cell
development. Consistent with this view, thymocytes at different stages of maturation occupy
distinct regions in the adult thymus, indicating that differentiation is coupled with the highly
coordinated migration between microenvironments; progenitors enter at the cortico-medullary
junction (CMJ), migrate through the cortex to the outer subcapsular zone (SCZ) during the early
progenitor stages, and then back towards the CMJ and into the medulla (see Figure 1) (Lind et al
2001, Petrie & Zufiiga-Pfliicker 2007). Accordingly, cortical TECs support early T cell
progenitor commitment and differentiation, and play a central role in the processes of [3-selection
(see below) and positive selection (Anderson et al 1993, Anderson et al 1994). Whereas,
medullary TECs, in conjunction with DC, are essential for effective negative selection during the

late stages of development (Derbinski et al 2001, Gallegos & Bevan 2004).
STAGES OF T LYMPHOPOIESIS, FROM DN TO DP

The immature DN subset is classically subdivided into four successive developmental stages
based on the expression of CD44, CD117 (c-kit), and CD25 (Godfrey et al 1993, Zuniga-
Pfliicker & Lenardo 1996). The most primitive intrathymic progenitors are found within the
CD44" CD117" CD25 DNI1 subset. Such canonical T cell progenitors may be defined by the
ability to proliferate extensively and generate all thymocyte populations of both aff and yd
lineages. In the adult thymus, these early T lineage progenitors (ETPs) were originally
characterized as CD4"° Sca-1" CD117" and lineage marker negative (Lin") cells (Wu et al 1991b),
and subsequently restricted to a CD117" IL-7Ra” population therein (Allman et al 2003). In
addition to robust T cell precursor activity, when transferred intravenously into irradiated hosts,

ETPs can generate other thymus-derived lineages such as DCs and natural killer (NK) cells, yet



possess only minimal B cell or myeloid potential (Wu et al 1991a, Ardavin et al 1993, Moore &
Zlotnik 1995, Allman et al 2003, Sambandam et al 2005, Tan et al 2005). The heterogeneity
within the ETP compartment has led to further subfractionation with the goal of identifying the
most immature thymocyte progenitor or the earliest thymus-seeding cell. In this regard, rare, but
largely overlapping populations have been defined as CD24" (DNla) (Porritt et al 2004),
CD135" (Sambandam et al 2005), and Ccr9-EGFP reporter” (Benz & Bleul 2005) that possess
greater proliferative and T cell precursor activity, although these subfractions have been reported

to posses varying degrees of non-T lineage potential.

T lineage restriction is a protracted process, lasting up to two weeks, as thymocytes traverse the
subsequent two developmental stages beyond the DN1 stage. Expression of CD25 on DNI1 cells
marks progression to the T lineage specified DN2 stage (CD44" CD117" CD25"). This subset is
characterized by active proliferation, thus expanding the rare precursor population. Although
DN2 cells give rise primarily to T cells when injected into mouse recipients, or assayed in vitro
in fetal thymic organ cultures (FTOC) and in OP9-DL1 stromal monolayer cultures (Moore &
Zlotnik 1995, Zuhiga-Pfliicker et al 1995, Schmitt et al 2004), this progenitor subset also retains
limited potential for NK and DC lineages (Ardavin et al 1993, Wu et al 1996, Ikawa et al 1999,
Shen et al 2003, Schmitt et al 2004). Uniform and irreversible T lineage commitment is achieved
at the subsequent DN3 stage, concurrent with the down regulation of CD44 and CD117

expression.

Recombination-activating gene (RAG) 1- and RAG 2-mediated rearrangements of the TCR,
TCRY, and TCRS loci, which are required for the assembly of the TCR, are initially detected in
DN2 cells, and continue predominantly during the mostly non-cycling DN3 stage (Godfrey et al
1994, Capone et al 1998, Livak et al 1999). Implicit in this process is an obligate developmental
checkpoint ensuring that only those cells that have productively rearranged their TCR loci are
permitted further differentiation, while those that fail undergo cell death (Michie & Zufiiga-
Pfliicker 2002). Accordingly, immature thymocytes expressing a functional TCRf chain, which
associates with the invariant pre-TCRa (pTa) chain and CD3 signaling molecules to form the
pre-TCR complex, are selected for af3 lineage differentiation. The pre-TCR mediates the ‘p-

selection’ event (Dudley et al 1994), by signaling rescue from apoptosis, intensive cellular



expansion (six to eight cycles), cessation of TCRp locus recombination (allelic exclusion), and

differentiation to the DP stage.

During the pre-TCR-induced transition to the DP stage, selected cells down regulate CD25 (to
become DN4 or pre-DP cells) and progress through an immature CD8 single positive (ISP)
stage. The critical role of pre-TCR formation for af} lineage development is evidenced by the
severe arrest in T cell development at the DN3 stage observed in mice with deficiencies in
RAGI, RAG2, or any component of the pre-TCR complex. Although the pre-TCR is considered
to signal cell-autonomously in a ligand-independent manner by self-oligomerization (Yamasaki
et al 2006), differentiation to the DP stage is additionally dependent on thymus-derived factors

(see Notch section below).

Alternatively, generation of a y0-TCR, resulting from the production and pairing of in-frame
TCRy and TCRJ chains, permits differentiation of DN3 progenitors along the yd T cell lineage,
whereby CD25 is down regulated and the majority of cells remain DN (Passoni et al 1997, Kang
et al 1998). Notably, the yOTCR can also mediate ‘B-selection’-like differentiation to the DP
stage, a phenomenon associated with reduced receptor expression or strength of signal (Hayes et
al 2005). Until recently, the outcomes of y3-TCR formation have been poorly characterized,
owing largely to the lack of distinguishing phenotypic markers for emerging yd lineage cells or
their immediate precursors. In this regard, an elegant study by Prinz et al employed a green
fluorescent protein (GFP) reporter of the TCRJ locus transcription in combination with y3-TCR
surface expression to decipher the early events of y0 T cell selection (Prinz et al 2006). This
analysis delineated GFP* y8-TCR" pre-selection cells within the DN3 subset that up regulate yd-
TCR expression, and mature contingent on y8-TCR signaling. Similarly, using a TCRp-deficient
mouse model, Taghon et al. demonstrated that, analogous to fB-selection, yd-selection is

accompanied by the up regulation of CD5 and CD27, allowing the definition of common pre-
and post-selection DN3 subsets: DN3a and DN3b, respectively (also known as DN3E/DN3L)
(Dudley et al 1994, Taghon et al 2006).



The ability to track newly emerging yd T cells has revealed that, contrary to earlier views, y0-
selection triggers significant cellular expansion, although this remains on average two cell cycles
fewer than that observed for f-selection (Prinz et al 2006, Taghon et al 2006). However, unlike
of development, there is no evidence for a pre-antigen receptor regulated checkpoint in yd T cell
differentiation, rather selection occurs at a single TCR-dependent event (Prinz et al 2006).
Although non-classical MHC ligands have been described for a few y8-TCR specificities (Chien
& Konigshofer 2007), and an obligate positive selecting thymic stromal determinant was
uncovered for a subset of canonical y8-TCR-expressing cells (Lewis et al 2006), a universal

ligand-dependence for y0 T cell differentiation remains unclear.

v0 lineage cells can additionally be distinguished from o} lineage DP cells by a yd-biased gene
expression profile, which is also shared by DN2 and DN3 thymocyte progenitors, and appears to
be dependent on Lymphotoxin-induced signals provided by af} lineage DP cells (Pennington et
al 2003, Silva-Santos et al 2005). Several studies from Hayday’s group form the basis of a
model in which interactions between DP cells and progenitors regulate early T cell development.
Such ‘trans-conditioning’ does not influence aff versus yd lineage decisions, rather it appears to
impact on a progenitor’s future functional capacity such that in pre-TCR-deficient mice, lacking
in DP cells, yd thymocytes exhibit an atypical regulatory T cell profile (Pennington et al 2006)
(for an excellent review see (Hayday & Pennington 2007)). While the bulk of the present review
addresses stromal-derived factors that regulate early T lineage differentiation in the thymus, it is
worth considering that the majority of the organ constitutes the thymocytes themselves, and as

such, interactions between developing T cells would likely impinge on this process.

LINEAGE DIVERSIFICATION, af versus yd

In recent years, there has been renewed interest in the mechanism of of3 versus yd lineage
commitment. In fetal and adult stages, both lineages emerge from a common DN progenitor
(Dudley et al 1995, Ciofani et al 2006). Establishing the timing of lineage divergence is central
to understanding the context in which aff versus yd commitment occurs. Current models of

lineage commitment at this stage distinguish between two possible roles for TCR, as instructing
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commitment or reinforcing a prior commitment event. A great body of evidence supports the
important role of TCR complex formation in lineage outcome, and the evidence for these
competing models have been reviewed extensively (Hayday et al 1999). This debate can be
resolved by defining the divergence point of the two lineages. This, however, is not an easy task
due to the lack of definitive markers to distinguish o3 and yo lineage cells prior to TCR
expression. In one strategy, a clonal analysis of DN2 and DN3 potential was performed in OP9-
DL1 cultures. The results reinforced the view that lineage divergence initiates at the DN2 stage
and is completed at the subsequent DN3 stage (Ciofani et al 2006). Interestingly, RAG2-
deficient DN3 progenitors retain a high degree of potential for both af3 and yd lineages, as
provision of functionally rearranged TCRP or both TCRy and TCRS chains results in
differentiation towards the cognate a.ff or yd lineage with a frequency approaching unity. These
data strongly argue in support of the view that pre-TCR or yd-TCR expression ultimately directs
lineage outcome. This evidence does not rule out pre-commitment options, per se, yet suggests
that any factors that predispose a particular lineage likely do so by influencing TCR

rearrangement and/or expression.

Recently, support for the notion that pre-commitment events may influence lineage decisions
was provided by the identification of Sox13 as a yd T cell-specific high mobility group (HMG)-
box transcription factor, and putative lineage regulator (Melichar et al 2007). While gene
deficiency indicates Sox13 to be important for normal y0 T cell development, Sox13 over
expression in DN thymocytes specifically impairs o lineage development to the DP stage
(Melichar et al 2007). Notably, Sox13 displays heterogeneous expression in DN2 cells, which
falls below detection by the subsequent DN3 stage, suggesting that it exerts its effects prior to
TCR expression. Although compelling, several questions remain as to what factors regulate

Sox13 expression, and whether it directly influences TCR rearrangement or expression.

As noted above, the TCR (pre-TCR or yd-TCR) provides lineage-determining signals.
Importantly, a recent variation of the instructive model, based on differences in TCR signal
strength, helps to clarify how particular TCRs yield alternative af3 and yd lineage outcomes

(Haks et al 2005, Hayes et al 2005). Whereas relatively weaker signals are associated with the
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pre-TCR, which is presumed to signal autonomously (Irving et al 1998, Yamasaki et al 2006),
quantitatively larger signals are achieved by the yo-TCR, perhaps via ligand engagement.
Indeed, alterations in parameters that quantitatively affect TCR surface expression or signal
transduction have been demonstrated to influence aff versus yd lineage outcome (Haks et al
2005, Hayes et al 2005). Differences in TCR signal strength may not only apply to this lineage
choice, but also distinguish the processes of positive and negative selection, and likely influence

the CD4 versus CD8 lineage decision.

While TCR signals ultimately define lineage, inputs from the thymus-derived factors have been

suggested to also influence this commitment stage as will be addressed below.

NOTCH AND T CELL DEVELOPMENT

The evolutionarily conserved Notch pathway has proven to be necessary for nearly all aspects of
metazoan development. The past decade has witnessed the emergence of this pathway as a
defining signaling mechanism in T cell lymphopoiesis, underpinning the processes of

commitment, differentiation, and transformation.

In essence, Notch receptor-ligand interactions serve to communicate signals between
neighboring cells. This is reflected by a highly conserved signaling mechanism activated by
interaction of Notch with cognate ligands (reviewed in (Bray 2006)). Four mammalian Notch
receptors have been identified (Notch1-4), which can engage five known ligands (Delta-like 1
(DI11), D13, D114, Jaggedl, and Jagged2). The specificity of receptor-ligand binding can be
modulated by Fringe family glycosyltransferases to restrict Notch activation to Delta ligands
(Panin et al 1997). Canonical signaling is initiated by the ligand-induced proteolysis of Notch by
ADAM proteases, which removes the majority of the extracellular domain. This generates a
substrate for Presenilin-dependent y-secretase cleavage within the transmembrane region,
releasing the intracellular domain of the receptor (Notch-IC). The latter cleavage event appears
to depend on ubiquitination of truncated Notch and its targeting to endocytic vesicles (Gupta-
Rossi et al 2004). Once freed, Notch-IC translocates to the nucleus and directly regulates target

gene expression via its interaction with the DNA-bound transcription factor CSL (CBF-
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1/Suppressor of hairless/Lag-1; RBPJ in mice). In this regard, Notch-IC coordinates a repressor-
activator switch, displacing a histone deacetylase corepressor complex and recruiting co-

activators of the Mastermind-like (MamL) family to activate transcription (Bray 2006).

The canonical Notch signaling pathway, as described, is seemingly simple, lacking second
messengers and signal amplification, however, the outcomes of Notch activation on cell fate and
cellular processes are complex and cellular context dependent. Only a limited number of
conventional Notch target genes have been identified, including basic helix-loop-helix (bHLH)
transcriptional repressors Hairy-enhancer of split (Hes) 1, Hes5, Herp (Hes-related repressor
protein), Deltex, and Nrarp (Jarriault et al 1995, Deftos et al 2000, Iso et al 2001, Krebs et al
2001). Although tissue-specific targets also exist, for instance Ptcra (pre-Ta) and Cd25 in
thymocytes (Reizis & Leder 2002, Maillard et al 2006), there is evidence that specificity in
expression is achieved via transcriptional co-regulation (Cave et al 2005). This feature also
extends to apparently universal targets such as Hes family genes, for which there are examples of
co-regulation by evolutionarily related bHLH factors in multiple species (Bailey & Posakony

1995, Ikawa et al 2006).

T cell lineage commitment

The best-established function for Notch signaling in the hematopoietic system is its essential role
in T lineage specification. While thymocytes express multiple Notch receptors (Notch1, 2, and
3), this event is mediated exclusively by Notchl. Induced deletion of Notchl or RBPJ in
hematopoietic progenitors results in a complete block in T cell development and ectopic
differentiation of immature B cells in the thymus (Radtke et al 1999, Han et al 2002). Similar
aberrations in lymphopoiesis in the thymus are observed following attenuation of Notch
signaling following over expression of dominant negative (dn) MAML (Maillard et al 2004), or
Deltex-1 (Izon et al 2002) in hematopoietic progenitors. Conversely, progenitors expressing
constitutively active Notch-IC fail to generate B cells, and rather give rise to DP stage immature
T cells extrathymically (Pui et al 1999). Employing a distinct approach, several groups have
demonstrated that ectopic expression of DII1 or D114 endows bone marrow stromal cell lines with

the capacity to support early T lineage development, while inhibiting B cell generation from
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hematopoietic progenitors in vitro (Jaleco et al 2001, Schmitt & Zuniga-Pfliicker 2002, Hozumi
et al 2004). Taken together, these reciprocal findings indicate that canonical CSL-dependent
Notch signals serve not only to induce T lineage specification, but also to limit B cell
development in the thymus. While early models suggested that these events occur concurrently
in a T-B bipotent common lymphoid progenitor in the thymus (Radtke et al 1999), it appears that
this need not be the case as such thymocyte precursors are exceedingly rare (Benz & Bleul
2005), and moreover, the majority of B cell potential in the thymus fails to co-segregate with

robust T cell potential characteristic of canonical T cell progenitors (Porritt et al 2004).

Although the central role of Notch in T versus B lineage specification has been recognized for
nearly a decade, relatively little is understood regarding the molecular targets of Notch that are
essential for T lineage development. Recent evidence suggests that Notch acts in concert with
E2A to induce a T lineage-specific program of gene expression (Ikawa et al 2006). Such
transcriptional cooperativity, may account for why developmentally relevant targets have
remained elusive (Weerkamp et al 2006b). In addition to activation of targets, repression via
Hes-1 also appears to be required for normal T cell development. However, Hes-1 deficiency
has a greater effect on cell expansion and survival rather than T lineage commitment (Tomita et
al 1999, Kaneta et al 2000). In line with this finding, over expression of Hes-1 in thymocytes
enhances proliferation (Kaneta et al 2000). On the other hand, although over expression of Hes-
1 and Hes-5 has been shown to limit B cell development (Kawamata et al 2002), the mechanism

of Notch-mediated opposition of B lineage commitment remains to be characterized.

The generation and/or maintenance of the earliest intrathymic ETP subset and its subsequent
differentiation through to the DN3 stage is highly dependent on Notch signals (Schmitt et al
2004, Sambandam et al 2005, Tan et al 2005). As discussed above, T lineage commitment is a
protracted process, not uniformly achieved until the DN3 stage. Accordingly, continued Notch
ligand interactions at the DN1 and DN2 stages are necessary to maintain T lineage specification
such that discontinuation of signal in vitro allows differentiation to an alternative lineage, such as
NK cells (Schmitt et al 2004) and DCs (Cheng et al 2003) or plasmacytoid-DCs (Dontje et al
20006). It is unclear to what extent intrathymic niches of limited Notch ligand availability in fact

contribute to the generation of small numbers of non-T lineage cells. Importantly, different
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Notch signaling thresholds are associated with various cellular outcomes: relatively low levels
are sufficient for suppression of B lineage potential, while higher levels are required for loss of
NK potential and promotion of T lineage specification (Schmitt et al 2004, Tan et al 2005).
However, super-physiological levels of Notch signaling appear to be detrimental, as ETPs
lacking Mint, an inhibitor of Notch/RBPJ-mediated transcription, display reduced transition to
the DN2 stage (Tsuji et al 2007). This fine balance likely results from the stringent regulation of
Notch-IC turnover, and may explain the absence of intrathymic development from progenitors

overexpressing active Notch-IC (Pui et al 1999).

Notch signaling during af and y6 lineage commitment

Among DN thymocyte subsets, Notchl and Notch3 receptor expression and activity appear to be
maximal in DN3 cells (Huang et al 2003, Duncan et al 2005, Taghon et al 2006), consistent with
the prominent role of this pathway both prior to and during -selection. At this stage, the classic
function of Notch as a commitment factor gives way to a more unconventional role as a trophic
factor, maintaining the survival of pre-T cells (Ciofani & Zuniga-Pfliicker 2005). Notch signals
support Akt activation and c-Myc expression in pre-selection DN3 cells (Ciofani & Zufiga-
Pfliicker 2005, Weng et al 2006), pathways central to the regulation of glucose and protein
metabolism. This feature of Notch likely provides an essential metabolic competence for the
energy-intensive requirements of f-selection, highlighting a parameter not typically considered,
yet critical for cellular responsiveness during developmental transitions associated with a rapid

and extensive burst of proliferation.

The requirement for Notch activity during the DN to DP transition is supported by numerous
studies. Conditional inactivation of Notchl or RBPJ during the DN2-DN3 transition results in
impaired B-selection (Wolfer et al 2002, Tanigaki et al 2004). This developmental arrest has
been attributed, in part, to inefficient V3 to DJP} rearrangement in the absence of Notchl (Wolfer
et al 2002), although interestingly, this defect has not been observed in other deficiency models.
Nevertheless, expression of the pre-TCR or its downstream signaling mediators in RAG-
deficient DN3 cells differentiated in OP9/OP9-DL1 cultures revealed that cooperative signaling

provided by Notch is additionally necessary for the functional outcomes of B-selection (Ciofani
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et al 2004). The absolute requirement for Notch signals in this process was recently confirmed
in vivo via inhibition of Notch activity in thymocytes through transgenic expression of
dnMAML (Maillard et al 2006). In vitro studies indicate that Notch signals continue to be
important in supporting cellular expansion at later stages of DN to DP transition (Garbe et al
2006). Data to date support the conclusion that this developmental transition is intrinsically
dependent on Notch signals irrespective of the selection complex, be it pre-, af3-, or yYdTCR
(Ciofani et al 2006, Garbe et al 2006), suggesting that Notch fulfills fundamental roles in this
process. Importantly, transition to the DP stage is accompanied by attenuation of Notch receptor
expression and activity (Huang et al 2003, Duncan et al 2005, Taghon et al 2006); this represents

an obligatory event, as dysregulation of Notch at this stage is highly oncogenic (see side box).

ap/yd lineage divergence is completed at the DN3 stage of development. As the quintessential
commitment factor, early studies suggested that Notch functions in directing the af versus yd
lineage decision. Indeed, reduced Notchl gene dosage favored yd T cell development from
Notch1™ HPC when compared to wild-type precursors in mixed bone marrow reconstitution
chimeras (Washburn et al 1997). More recently, the nominal increase in yd cellularity coupled
with impaired aff development following conditional deletion of RBPJ prior to the DN3 stage
was considered to further support this model (Tanigaki et al 2004). As issues of commitment are
difficult to assess in steady state systems, several recent studies have examined the
differentiation of defined DN precursor populations in OP9 cultures in the presence and absence
of Notch signals (reviewed in (Hayday & Pennington 2007)). Notably, analysis of a3 and yd
precursor frequency among DN2 and DN3 subsets in this context indicate that Notch-DIl1
interactions do not direct lineage choice, rather TCR signals represent the major determinant at
this bifurcation (Ciofani et al 2006). Studies in which Notch signals are attenuated or lost due to
Notchl or RBPJ gene deletion (Wolfer et al 2002, Tanigaki et al 2004), use of y-secretase
inhibitors in FTOC (Doerfler et al 2001), and more recently, following conditional expression of
dn-MAML (Maillard et al 2006), or culture of DN3 cells with OP9 cells lacking Delta-like
ligands (Lehar et al 2005, Ciofani et al 2006, Garbe et al 2006, Taghon et al 2006), are consistent
with a differential requirement for the Notch pathway during a3 and yd lineage development, a
trend easily mistaken for a role for Notch in lineage choice. Moreover, in vitro analysis in which

the timing of TCR receptor expression and DIl1 availability are precisely controlled indicates
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that while Notch serves as a critical competence factor during B-selection, this is not the case for
vd-selection (Ciofani et al 2006). In fact, yd lineage differentiation becomes relatively
independent of Notch signals once yOTCR expression is attained. Nevertheless, while not
obligatory, Notch signals can enhance yd differentiation by supporting proliferation and/or
survival of yd-selected cells or their immediate precursors (Lehar et al 2005, Ciofani et al 2006,

Garbe et al 20006).

Side Box: Notch and T cell acute lymphoblastic leukemia (T-ALL)

Among thymus-derived signals, dysregulation of the Notch pathway is most associated with
transformation in the T lineage. Indeed, the clearest example of oncogenic Notch signaling is
observed in T-ALL, an aggressive immature T cell neoplasm. In fact, the first mammalian Notch
homolog (NOTCHI1) was identified due to its involvement in a (7;9) chromosomal translocation
occurring in ~1% of T-ALL cases (Ellisen et al 1991). Recently, a prominent role for aberrant
Notch signaling in leukemia pathogenesis was revealed with the identification of activating
mutations of NOTCHI1 in greater than 50% of T-ALLs (Weng et al 2004). Notably, in mouse
models, efficient thymocyte transformation by Notch-IC is dependent on intact pre-TCR
formation and signaling (Allman et al 2001, Bellavia et al 2002, Campese et al 2006),
underscoring the importance of the observed attenuation of Notch activation following f3-
selection. Thus far, the most promising targets of the Notch pathway (direct and indirect) that
may contribute to cell autonomous survival and growth in T-ALL include c-myc (Palomero et al
2006, Weng et al 2006), and the serine/threonine kinase Akt (Ciofani & Zuniga-Pfliicker 2005).
Both of these pathways regulate cellular metabolism and stimulate protein biogenesis and

growth, and thus represent potential targets for future therapies.

Role of Notch at Late Stages of T cell development

The involvement of Notch signaling during CD4 and CD8 T cell lineage commitment remains
unclear. Indeed, early studies employing transgenic expression of Notch-IC in thymocytes
produced disparate outcomes: constitutive Notch activation promoted CD8 over CD4 lineage
differentiation in one case (Robey et al 1996), while enhancing MHC-independent positive

selection to both lineages in another (Deftos et al 1998, Deftos et al 2000); this discrepancy was
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subsequently shown to be due to the confounding effects of transformation in the later (Fowlkes
& Robey 2002). Nevertheless, conditional thymocyte deficiencies in Notchl or RBPJ do not
alter intrathymic CD4/CDS ratios or differentiation (Wolfer et al 2001, Tanigaki et al 2004),
arguing against a requirement for canonical Notch signaling at this stage. However, selection
events have not been fully addressed in these models as the effects of Notch signals may not be

apparent in a diverse repertoire. Clarification of this issue will necessitate further investigation.
Notch Ligands

While numerous studies have identified transcripts for all Notch ligands in the thymus (reviewed
by (Radtke et al 2004)), presently, a detailed expression topography is lacking. Both the paucity
of ligand-specific antibodies and differences in the limit of detection among assays has
contributed to conflicting reports on this issue (see Table I) (Schmitt et al 2004, Lehar et al 2005,
Heinzel et al 2007). Notwithstanding theses difficulties, the expression of multiple Notch
ligands on TECs raises the question as to which interactions are physiologically relevant for T
lineage commitment and maturation. Although gene inactivation studies have failed to reveal a
non-redundant role for Jaggedl, Jagged2 or DIl in the thymus (Jiang et al 1998, Hozumi et al
2004, Mancini et al 2005), members of the Delta-like family appear to be crucial in this regard,
as ectopic expression of DII1 or DII4, but not Jaggedl or Jagged2, on bone marrow stromal cell
monolayers confers the capacity to support T lineage specification events in vitro (Jaleco et al
2001, Schmitt & Zuniga-Pfliicker 2002, Hozumi et al 2004). The apparent inefficiency of
Jagged ligands likely stems from the observed expression of Lunatic Fringe by thymic
progenitors (Visan et al 2006), which restricts Notch activation to Delta-family ligands. The
importance of Delta-induced signals is highlighted in a recent study demonstrating that loss of
DIl1 and DI1l4 expression accounts for the inability of fresh-ex vivo thymic stromal monolayers
to support T lineage specification upon disruption of their three-dimensional organization

(Mohtashami & Zuniga-Pfliicker 2006).

Recent work from Radtke and colleagues proposes that DIl4 may trigger the physiological
Notchl signal for T lineage specification (Besseyrias et al 2007). Notchl” hematopoietic
progenitor cells, which fail to differentiate towards the T cell lineage in vivo, undergo Notch2-

dependent T cell development in OP9-DLI1, but not OP9-DL4 cultures, suggesting that Notchl
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signaling to early thymocyte progenitors is restricted to D114 in the thymus. Consistent with this
view, DII4 binds immature thymocytes, including ETPs, with high affinity (Heinzel et al 2007).
Conditional deletion of DII4 in thymic stroma, alone and in combination with DIl1 thymic
deficiency, will provide a definitive test of this hypothesis. Currently, it is unknown whether
different ligands regulate activation in the CMJ and SCZ, or rather, at different stages of T cell

development.

CYTOKINES: EARLY T CELL LYMPHOTROPHIC FACTORS

Among the numerous cytokines produced by the thymic stroma, stem cell factor (SCF) and IL-7
are notable, long recognized for serving non-redundant essential functions during early T
lymphopoiesis. SCF signals via the c-kit receptor protein-tyrosine kinase (CD117), which is
highly expressed on HSCs, lymphoid progenitors, and canonical T cell precursors at the
DNI/ETP and DN2 stages (Ogawa et al 1991, Wu et al 1991b, Godfrey et al 1993). Early
studies revealed that while permissive to T cell development, CD117 deficiency results in a
severe reduction in DN1 cellularity (Di Santo & Rodewald 1998). A similar defect is noted in
SCF-mutant fetal thymus grafts transplanted into wild-type mice, emphasizing that thymus-
expressed SCF is essential for T cell progenitor expansion (Rodewald et al 1995). However, the
location of SCF-producing cells in the adult thymus has yet to be reported. Recent studies
examining the effects of attenuated CD117 signals for purified DN subsets in OP9-DL1 cultures
have extended this requirement to DN2, yet not DN3 stage cells (Massa et al 2006). Signaling
through CD117 is pleiotropic, and the full range of functions relevant to rare precursors remains
to be assessed. In this regard, neutralization of SCF, not only inhibits proliferation, yet also
accelerates T lineage maturation from lymphoid progenitors, suggesting that SCF can maintain
cells in an undifferentiated state (Wang et al 2006). This property likely contributes to the
progressive age-dependent loss of lymphoid and thymocyte progenitors in adult CD117-deficient
viable mice (Waskow et al 2002).

Defects in IL-7 signaling results in one of the most dramatic phenotypes among cytokine

deficiencies and accounts for severe combined immunodeficiency in humans (Puel et al 1998).

In the thymus, the IL-7 receptor (IL-7R) is expressed on DN2 and DN3 progenitors, and is down
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regulated concurrent with f3-selection, after which DP thymocytes remain refractory to IL-7 until
positive selection (Sudo et al 1993, Van De Wiele et al 2004, Yu et al 2006). IL-7R signals are
transmitted via the Janus kinase (JAK) 1 and JAK3/STATS (signal transducer and activator of
transcription 5), and Phosphatidylinositol-3-kinase (PI3K)/Akt pathways. Unlike Notch, IL-7
signals are not considered to directly regulate T lineage commitment. In line with this, ETPs
express little to no surface IL-7R (Allman et al 2003, Porritt et al 2004). Nevertheless,
restricting IL-7 signaling in such uncommitted progenitors may contribute to limiting B cell
potential in the thymus. Indeed, constitutive activation of STATS in immature thymocytes can
upregulate the master regulator Pax-5 and promote adoption of the B cell fate (Goetz et al 2005).
However, low level IL-7 signaling is important at or prior to the ETP stage as complete T
lymphopenia in CD117-mutant mice is contingent on concomitant loss of IL-7R signaling
(Rodewald et al 1997). Thus, CD117 and IL-7R appear to synergize in supporting the

establishment of the T cell compartment.

Deficiencies in IL-7 or either or its receptor components, IL-7Ra (CD127) or IL-2Ryc (CD132;
common receptor y chain) result in an severe developmental block at the DN2 stage, reduced
thymic cellularity, and defects in DN2 survival and proliferation (Peschon et al 1994, Cao et al
1995, von Freeden-Jeffry et al 1995, Moore et al 1996). In DN thymocytes, a major function of
IL-7 signaling via PI3K is to overcome the inhibitory effects of phosphatase and tensin
homologue-deleted on chromosome 10 (PTEN), as PTEN deficiency permits IL-7-independent
cell differentiation (Hagenbeek et al 2004). Similarly, transgenic over expression of Bcl-2 or
deletion of pro-apoptotic Bax or Bim can partially restore T lymphopoiesis in young IL-7" or
CDI127" mice, indicating that the capacity of IL-7 to prevent thymocyte apoptosis contributes
substantially to its effects on early T cell development (reviewed in (Ciofani & Zuniga-Pfliicker
2006)). Among Bcl-2 family proteins, inactivation of Mcl-1 phenocopies the effects of
abrogated IL-7 signaling, implicating it as the physiological anti-apoptotic mediator of this
pathway (Opferman et al 2003). In keeping with its central role as a lymphotrophic factor,
current data suggest a model in which access to limiting amounts of IL-7 regulates the size of the
thymocyte progenitor pool, thus contributing to thymus homeostasis. Consistent with this view,

the highest density of IL-7-producing stromal cells in the adult thymus is localized to the
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medulla and CMJ, with only sparse distribution in the cortex and SCZ where the majority of IL-
7R-expressing DN progenitors reside (Zamisch et al 2005).

Unlike of lineage differentiation, development of y& T cells is strictly dependent on IL-7-
mediated signals (Maki et al 1996b, Moore et al 1996, Malissen et al 1997). This differential has
largely been attributed to the direct regulation of TCRy locus accessibility and rearrangement by
IL-7 (Maki et al 1996a, Durum et al 1998). However, the inability of a yOTCR transgene to
restore lasting development in CD132- or IL-7-deficient adult mice supports the notion that IL-7
provides additional survival and/or differentiation signals to emerging yd T cells (Malissen et al
1997, Laky et al 2003). Thus, although off and y0 lineages share common DN progenitors, 3-

selection requires Notch signals, whereas yd-selection appears more dependent on IL-7.

MORPHOGENIC PATHWAYS

The Wnt and Hedgehog (Hh) family proteins, and the bone morphogenetic proteins (BMPs)
function as morphogens to regulate tissue patterning and organogenesis during vertebrate
embryogenesis. These secreted molecules typically act in a concentration gradient-dependent
manner, providing positional signals to specify cell fate. However, such factors may not adhere
to this classical definition in the maintenance of adult tissues. Indeed, as discussed below,
morphogen proteins appear to regulate thymocyte proliferation and survival, rather than cell fate
specification. This viewpoint may reflect the challenge in directly examining morphogen factor
function during T cell development as traditional gene deletion strategies are complicated by
high incidences of either embryonic lethality or factor redundancy among multiple ligands and
receptors. Moreover, analyses have been further confounded by effects of morphogens in both

stromal and thymocyte compartments.

Whnt

Wnts are a family of secreted lipid-modified glycoproteins known to play a broad role in
development. Similar to the Notch pathway, canonical Wnt signaling enforces a transcriptional

switch centered on regulation of the key effector, B-catenin (reviewed in (Staal & Clevers
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2005)). In the absence of Wnt signaling, -catenin is sequestered in a cytoplasmic inhibitory
complex where it is continuously phosphorylated and targeted for proteasomal degradation.
Upon Wnt binding to its receptor complex, consisting of a member of the Frizzled (Fz) family of
proteins and the low density lipoprotein receptor related protein (LRP)5/6 co-receptor, 3-catenin
phosphorylation is prevented, allowing its accumulation and translocation into the nucleus.
Here, it forms a bipartite transcription factor complex with HMG-box T cell factor
(TCF)/lymphocyte enhancer binding factor (LEF) family proteins, and activates transcription of

otherwise repressed target genes.

In the thymus, Wnt proteins are produced primarily by the thymic epithelium (see Table I), with
limited expression by thymocytes; while Fz receptors are expressed by thymocytes and stromal
cells (Staal et al 2001, Balciunaite et al 2002, Pongracz et al 2003, Weerkamp et al 2006a). This
pattern suggests that Wnt proteins exert biological effects in both stromal and thymocyte
compartments. Indeed, Wnt signals can regulate expression of FoxNI in TEC cell lines
(Balciunaite et al 2002), although an essential role for Wnts in TEC development remains to be

demonstrated.

Several lines of evidence support the view that Wnt signals provide essential proliferation signals
to DN thymocytes. Among thymocytes, the highest levels of Wnt signaling are detected in early
progenitors at the DN1 to DN3 stages (Weerkamp et al 2006a). Moreover, mice deficient in both
Wntl and Wnt4 display a two fold reduction in thymus cellularity, attributed to reduced
proliferation of DN and ISP cells (Mulroy et al 2002). This mild phenotype likely reflects
molecular redundancy with other thymus-expressed Wnt proteins, as inhibition of Wnt signaling
by other means substantially influences developmental transitions. For instance, expression of
the secreted inhibitor of Wnt signaling, Dickkopf, in fetal liver-derived progenitors blocks
differentiation in FTOC in a dose-dependent fashion, with a complete arrest prior to the DN2
stage at high levels (Weerkamp et al 2006a). Additionally, a DN to DP block was observed in
previous studies in which inhibition was mediated by soluble Fz receptor ectodomains (Staal et

al 2001).
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Additional evidence supporting a role for Wnt in T cell development is provided by genetic
studies of downstream pathway components. TCF1-deficient mice display a progressive age-
dependent impairment in thymocyte proliferation and differentiation at multiple stages, including
an incomplete arrest at the ISP stage in young mice, and an apparent block at the earliest DN1
stage in mice of several months of age (Verbeek et al 1995, Schilham et al 1998). Among
subsets, proliferative DN2 progenitors and post-f3-selection DN4 and ISP cells are extremely
reduced in 7c¢fI”” mice (Schilham et al 1998). Defects in TCF1 mutant mice are compounded by
loss of related LEFI1, indicating functional redundancy among these factors during T
lymphopoiesis (Okamura et al 1998). While the phenotype of TCF1-deficient mice may also rest
in Wnt-independent activity, for instance in the loss of repressive function, only isoforms of TCF
containing the N-terminal (3-catenin-interacting domain are capable of restoring aff T cell
development in TcfI”™ mice (Ioannidis et al 2001). Although, not excluding the possibility of
other binding partners, this suggests that Tcf1 functions in concert with B-catenin downstream of

Wnt signaling.

The requirement for f-catenin during T lymphopoiesis is controversial. Conditional deletion of
[-catenin prior to the DN3 stage impaired -selection and expansion of DN4 stage cells (Xu et al
2003), while induced deletion in HSCs failed to produce any thymic defects following
transplantation (Cobas et al 2004). This discrepancy has been suggested to result from
compensation by the related y-catenin (plakoglobin) in a reconstitution setting. In support of this
premise, differentiation of thymocytes expressing an inhibitor of TCF/LEF binding by (- and y-
catenin, ICAT, are arrested at the ISP stage (Pongracz et al 2006), reminiscent of the effects of
TCF1-deficiency or Wnt inhibition by soluble Fz receptors.

In addition to evidence that Wnt-mediated signals are necessary during the DN to DP transition,
it appears that this pathway must be tightly regulated at this stage. Deficiencies in factors linked
to the degradation of f-catenin, such as adenomatous polyposis coli (APC) or the E3 ubiquitin
ligase SIP, have revealed a role for these molecules in preventing maturation of DN3 cells in the
absence of functional TCR rearrangements (Gounari et al 2005, Fukushima et al 2006). This
suggests that attenuation of f-catenin-, and by extension, Wnt-mediated signals is critical to

maintaining the DN3 checkpoint status, such that this pathway otherwise furnishes elements of
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the subsequent developmental program. In support of this view, constitutive stabilization of 3-
catenin in Rag2'/' thymocytes also results in aberrant pre-TCR-independent maturation to the DP
stage (Gounari et al 2001). Notably, while -catenin is the key effector of Wnt signals, it is
important to consider its function in regulating E-cadherin-mediated adhesion, also known to

impact thymocyte development (Muller et al 1997).

While the Wnt pathway is critical to the af T cell lineage, loss of Wnt signaling via deficiency
in TCF1/LEF1 (Verbeek et al 1995, Ohteki et al 1996, Okamura et al 1998), or 3-catenin (Xu et
al 2003) does not appear to significantly affect yd thymocyte development. This differential may
reflect a reduced dependence of yd T cell development on Wnt-mediated proliferation signaling,
or simply the reliance on separate pathways, such as IL-7. Alternatively, differential Wnt/TCF1
signals have recently been proposed to contribute to aff versus yd lineage commitment (Melichar
et al 2007). This view emerges from work by the Kang lab that identified the HMG-box factor
Sox13 as a specific regulator of yd T cell differentiation and a potential antagonist of TCF1
activity (Melichar et al 2007). While intriguing, the latter hypothesis remains to be tested in a

developmental context.

Taken together, the data suggest that Wnt signals are critical mediators of early T cell
differentiation and proliferation. This coincides nicely with the function of genes that have been
proposed as targets of Wnt signaling in developing T cells, which by and large include cell cycle
and cell adhesion regulators (for instance, c-fos, c-jun, and integrins) (Staal et al 2004), and the
recent finding that TCF controls CD4 gene expression in DP cells (Huang et al 2006). Wnt/TCF
signals also appear to influence Bcl-xL expression in DP thymocytes, which is in line with its
predominant role in promoting survival at this stage (Ioannidis et al 2001), a function that

becomes relevant at developmental stages following pre-TCR expression (Goux et al 2005).

Hedgehog

In mammals, three secreted Hh proteins have been identified, Sonic Hh (SHh), Indian Hh (IHh),
and Desert Hh, which bind to a bipartite receptor comprised of the transmembrane proteins

Patched (Ptc) and Smoothened (Smo). Hh binding relieves the negative inhibition of Smo
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exerted by Ptc, permitting activation of the downstream effector Gli family of zinc finger

transcription factors (Ingham & McMahon 2001).

Among Hh proteins, SHh and IHh are expressed in the mouse thymus (Outram et al 2000, El
Andaloussi et al 2006). In particular, SHh expression is localized to TECs at the CMJ and
medulla (El Andaloussi et al 2006) (see Table I). Hh pathway components are expressed at the
highest levels in ETP and DN2 thymocytes, and are progressively downregulated by the DP
stage of aff development (Outram et al 2000, EI Andaloussi et al 2006). Consistent with this
trend, Shh”" embryos exhibit diminished thymic cellularity due to defects in DN1 and DN2
progenitor expansion (Shah et al 2004), similar to that observed with Wnt signaling deficiency
(Verbeek et al 1995, Schilham et al 1998). An essential role for Hh during early T
lymphopoiesis has recently been confirmed using a conditional deletion strategy in which Smo,
the sole non-redundant component of the pathway, is inactivated in HSCs and at sequential
stages of T cell development (El Andaloussi et al 2006). The findings suggest that thymocyte
progenitors continuously depend on Hh signals for survival, expansion, and differentiation
throughout the ETP to DN3 stages prior to pre-TCR signaling, during and after which Hh signals

appear to no longer be required.

Interestingly, the distribution of SHh expression in the thymus (Table I) suggests that, in line
with the Hh-dependence of early DN cells, thymus-seeding progenitors encounter high levels of
Shh and subsequently migrate to regions of low Hh expression as differentiation proceeds
through the late DN stages and p-selection. In fact, limiting concentrations of SHh may be
optimal for transition to the DP stage, as high levels of exogenous SHh have been demonstrated

to antagonize this developmental progression (Outram et al 2000).
Bone Morphogenic Proteins (BMPs)

The bone morphogenic proteins (BMPs) are secreted proteins that belong to the Transforming
growth factor (TGF-f) superfamily of growth factors that include TGF-f and Activins. Binding
of BMP dimers to members of type I and type II serine-threonine kinase cell-surface receptors

initiates a cascade resulting in the phosphorylation of receptor-regulated Smad proteins (R-
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Smads) (Mehra & Wrana 2002). Phosphorylated R-Smads associate with the common Smad 4,
and translocate to the nucleus where they function coordinately with other transcription factors to
regulate gene expression. The effective concentration of active extracellular BMP is regulated,
in part by secreted antagonists including Noggin, Chordin, Twisted gastrulation (Tsg), and

Cerberus.

Among TGF-f family members, BMPs appear to be the most relevant to thymus and T cell
development. While TGF-f} exerts pleiotropic effects on mature T cells, genetic manipulations
of TGF-f signaling, via the overexpression of a dominant interfering form of the TGF-f receptor
or by deletion of TGF-f1 or its receptor, have failed to reveal major perturbations in thymocyte
development (Shull et al 1992, Lucas et al 2000, Leveen et al 2005). In addition, immature DN
thymocytes express several components of Activin signaling and appear to activate the TGF-
B/Activin pathway in vivo, however, the relevance of this pathway to T lymphopoiesis remains

to be assessed (Rosendahl et al 2003, Licona et al 2006).

In the thymus, BMP7 is expressed by both thymocytes and stroma, while BMP2 and BMP4 are
expressed exclusively by the thymic stroma predominantly in the SCZ and medulla (Graf et al
2002, Hager-Theodorides et al 2002). BMP antagonists, Chordin and Tsg are also expressed by
thymic stroma, with expression of Tsg in thymocytes as well. The role of BMPs during
development has been assessed mainly via exogenous addition of factors to FTOC. Treatment of
FTOC with BMP2/BMP4 appears to block T cell development at the DN1 stage, and impairs
progression through the later stages of differentiation, notably at the DN to DP transition (Graf et
al 2002, Hager-Theodorides et al 2002). These effects are reversed by the addition of either
Noggin or both Chordin and Tsg. BMP signaling appears to enhance survival of the most
immature thymocyte progenitors, while limiting proliferation and differentiation. Consistent
with this trend, expression of the BMP antagonist, Tsg, is relatively low in early progenitor
subsets and up regulated following f-selection, perhaps to permit transient withdrawal from the
inhibitory effects of BMP signals that may otherwise be incompatible with DN to DP transition
(Graf et al 2002). Accordingly, mice deficient for Tsg have an atrophic thymus and significantly
reduced thymus cellularity (Nosaka et al 2003).
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Notably, BMPs are necessary for normal development of the thymic stroma (Bleul & Boehm
2005), and can induce changes in stomal expression of FoxN1 and of chemokines (Tsai et al
2003), therefore thymocyte-specific genetic ablation of pathway components will be necessary to

solidify a cell-autonomous role for BMPs during early T cell development.

CHEMOKINE-DRIVEN REGULATION OF INTRA-THYMIC MIGRATION

Chemokines are responsible for regulating thymocyte localization and motility at multiple stages
of T cell development (reviewed in (Takahama 2006)). Chemokines are important for
recruitment of progenitors to the thymus, and thereafter play specific roles in directing the

movement of thymocytes as they progress through T cell development.

Blood-borne progenitor cells enter the thymus at near the junction between the cortex and the
medulla (the CMJ). The thymus seeding cells have been recently shown to express CCR9 (Benz
& Bleul 2005), and CCR9-deficient bone marrow progenitors are not as efficient in settling the
thymus as their wild-type counterparts (Schwarz et al 2007). The potential role for CCR9 in
recruitment of progenitors to the thymus is further supported by the strong expression pattern of
its ligand, CCL25, by TECs (Wurbel et al 2000). Of note, FIt3 signals were shown to induce
CCRY expression among potential thymus seeding cells, which belong to the FIt3" subset of
CDI117" Scal” Lin bone marrow stem cells (Schwarz et al 2007).

Through the early DN stages, thymocytes migrate towards the outer cortex under the influence of
several chemokines. In particular, CXCL12 (SDF-1), CCL19, and CCL21 appear to be essential
for this process. Thymocytes deficient for CXCR4, the receptor for CXCL12 (SDF-1) have
revealed several defects in early thymocyte development (Ara et al 2003, Plotkin et al 2003).
Interestingly, CXCR4-deficient progenitor thymocytes fail to migrate into the cortex from the
CM], and as a result are blocked at the DN1 stage of T cell development (Plotkin et al 2003).
Likewise, CCR7 deficient mice have been used to demonstrate a similar role for CCL19 and
CCL21 at the early DN stages of T cell development (Misslitz et al 2004). Furthermore, CCR9-
dependent signals appear to be required for the localization of DN3 cells at the SCZ prior to p-
selection of DN3 thymocytes (Benz et al 2004).
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The migration of thymocytes in response to chemokines likely involves changes in the
expression and activation state of multiple integrins (reviewed in (Petrie 2003)). In particular,
interactions between o4 integrins on DN thymocytes and VCAMI expressed by cortical stromal
cells appear to be essential for thymocyte migration (Prockop et al 2002), suggesting that
thymocytes migrate along a scaffold of VCAMI1" stromal cells rather than extracellular matrix
during T cell development. The thymic medulla provides a specialized microenvironment for
efficient negative selection and maturation of SP thymocytes. Thus, several chemokines have
been implicated in regulating the migration of T cells into the medulla following positive

selection.

Following B-selection, DN thymocytes migrate back through the thymic cortex as they progress
to the DP stage. Early DP thymocytes undergo positive selection through interactions with self-
peptide/MHC complexes expressed by cortical epithelial cells near the CMJ. The TCR signals
associated with positive selection induce several changes in integrin and chemokine receptor
gene expression, signaling positively selected thymocytes to migrate into the medulla. In
particular, the chemokine receptors CCR7 (Ueno et al 2004), and CCR9 (Norment et al 2000,
Uehara et al 2002) are upregulated by DP T cells following TCR-dependent positive selection.
Importantly, the chemokine ligands for CCR7, CCL19 and CCL21, are expressed primarily by
medullary epithelial cells in the thymus (Ueno et al 2002). Takahama and colleagues made use
of CCR7-deficient mice to demonstrate that signaling through CCR7 is essential for migration
into the thymic medulla following positive selection (Ueno et al 2004). This notion is supported
by another study, in which ectopic expression of CCR7 in thymocytes prior to positive selection
resulted in the localization of pre-selection DP thymocytes to the medulla of transgenic mice
(Kwan & Killeen 2004). Taken together, it is clear that chemokine-directed movement within
the thymus ensures that developing thymocytes are positioned at the appropriate

microenvironments to support specific stages of T cell differentiation.

CONCLUSIONS: SIGNALING INTEGRATION
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The coordinated migration of immature T cell progenitors through the thymus cortex likely
serves to provide access to stage-dependent differentiation, survival, and proliferation signals,
such as those addressed in this review. Indeed, there is good evidence for the existence of
limiting stromal niches that specialize in the support of early T cell precursors (Prockop & Petrie
2004). While these have been functionally defined, there is little known regarding their exact
composition. In this regard, the site of production of various factors in the thymus have been
delineated (Table I), however, it remains to be determined which factors colocalize to define
specific progenitor niches. The perturbation of DN thymocyte development observed in model
systems in which DP thymocytes are engineered to aberrantly bind IL-7 or Delta-like ligands
(Munitic et al 2004, Visan et al 2006), factors normally restricted predominantly to immature DN
thymocytes in the cortex, suggest that such signals are in limited availability. Thus, migration-
dependent accessibility to limiting trophic and differentiation and/or commitment factors
represents a primary mechanism by which the thymus not only provides stage-specific signals,

yet also regulates homeostasis and size.

Specialized niches may facilitate signaling integration among pathways required for T
lymphopoiesis. Indeed, as depicted in Table II, multiple pathways may provide non-redundant
inputs into the regulation of proliferation and survival at individual DN stages. Now that the
majority of contributors have been identified, deciphering the manner in which their signals are
integrated represents an important goal for future studies. This necessarily includes the
construction of transcriptional regulatory networks involving the effector nuclear factors of key
signaling pathways: Notch, IL-7 (STATS), Hh (Gli), Wnt (-catenin/TCF), and BMP (Smads).
While there is great precedence for cross-talk among these evolutionarily conserved signaling
mechanisms in many organ systems, this remains to be elucidated for T cell lymphopoiesis in the

thymus.

While all of the aforementioned pathways provide important inputs during T lymphopoiesis,
their roles at different developmental stages are not equivalent. In this regard, Notch ligands and
essential cytokines, such as IL-7, which play a primary role in T lineage commitment,
differentiation and survival, are absolutely required for the development of oy and y8 T cell

lineages. In addition to these preeminent factors, a supporting role is provided by morphogens
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that enable the T cell developmental program by regulating progenitor cell proliferation and

survival, influences that may reflect, in part, a secondary role in maintaining stromal homeostasis

and function. With this in mind, it is clear that the complexity of the thymus will continue to

inspire research aimed at further elucidating the function of this specialized site of

lymphopoiesis.

SUMMARY POINTS

1.

The thymus represents the primary site for T cell lymphopoiesis, providing a coordinated set
of critical factors to induce and support lineage commitment, differentiation, and survival of
thymus seeding cells.

Essential roles for Notch receptor-ligand interactions in inducing and reinforcing T cell
lineage commitment, and promoting a favorable cellular trophic state have been
demonstrated to predominate at distinct stages of T cell development.

IL-7 provides essential competences to T lineage committed progenitors, and is uniquely
important for y0 T cell differentiation. Conversely, Notch signals, while not required for yd
lineage selection, represent an obligate co-factor for f3-selection of aff lineage cells.

Although specific thymus-derived factors are vital to afy and y0 T cell selection events, the
pre-TCR and y0-TCR expressed by DN3 thymocytes constitute and provide the lineage-
determining signals.

Different thymus stromal elements comprise defined niches that provide morphogen signals
to developing thymocytes. These signals may not only impact on the developing

thymocytes, but may also serve to maintain stromal homeostasis and function.

FUTURE ISSUES

1.

Determining the precise role and composition of unique niches within the thymus remains a
challenging endeavor, as is pinpointing the precise cellular identity and lineage potential of
“the” thymus-seeding cell.

While numerous non-redundant thymus-derived signals have been identified, the manner in
which these signals cooperate in the execution of common processes during T cell progenitor

commitment, survival, proliferation, and differentiation requires further definition.

N



3. The demonstration of which Notch ligands, alone or in combination, within the thymus are
required to support distinct T cell developmental events have yet to be fully revealed.

4. Deciphering the contribution of thymus-derived signals to the differentiation of thymocytes
as opposed to the development and maintenance of the stromal compartment will require a
more rigorous evaluation using conditional genetic inactivation studies involving specific

deletion in both cell types.
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Table I. Location of Factor-Producing Thymic Stromal Cells

Zone SCZ Cortex CMJ Medulla References
Predominant Thymocyte Late DN3 DN2/DN3 DNI1 Sp (Lind et al 2001)
Population pre-DP DP DP
DIl - (a) ++ +++ n/a (Schmitt et al 2004)
- (b) - - - (Heinzel et al 2007)
Notch Dli4 +++ (b) +++ +++ 4 (Heinzel et al 2007)
Li
gl lasl +(a) + + -t (Lehar et al 2005)
£ - (b) - - - (Heinzel et al 2007)
Jag2 + (b) + + 4 (Heinzel et al 2007)
SCF n/a FT + (¢) n/a n/a (Moore et al 1993)
Cytokine ‘) (Zamisch ot al
amisch et a
IL-7 NT +++ * N o 2005)
Wnt4, p tal
Wnt 7a, 7b, n/a FT + (c) n/a n/a ( ong(r)z(l)gz cta
10a, 10b )
(Outram et al 2000)
n/a + (a) n/a n/a .
SHh (El Andaloussi et al
Hedgehog -(d) - N * 2006)
Ihh - (a) + + +++ (Outram et al 2000)
- BMP2/4 T+ (d) i n/a o (Graf et al 2002)
(Hager-Theodorides
BMP4 +(a) + n/a - et al 2002)
CXCL12 + (b, ¢) + + - (Plotkin et al 2003)
(SDF1) +(a) + ++ ++ (Misslitz et al 2004)
cas | cw | - | | v [
Chemokine
(Misslitz et al 2004)
= + ++ +++
celLal @) (Ueno et al 2004)
(Misslitz et al 2004)
++ ++ ++ +++
CeIL2s ®) @) @) @ | (Wurbel et al 2000)

a, Immunofluorescence

b, In situ hybridization

¢, Reverse transcriptase-polymerase chain reaction

d, Immunohistochemistry

n/a, data not available; FT, fetal thymus TEC; NT, neonatal thymus;

+, sparse distribution to +++, high density distribution; - below detection
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Table II: Summary of Factor Influence on Early T lymphopoiesis

Differentiation Survival Proliferation
Lineage Commitment Trophic Effects

Notch Ligand DN1/ETP-DN2 DN3a DN3b

SCF ? DNI DN2
DN2-DN3, SP
IL-7 DN2-DN3 (y0) DN3b (19) DN2-DN3
DN1-DN3

Whnt DN3 DN4/pre-DP-DP DN2-ISP
Hedgehog ? DNI1/ETP-DN3 DN2
BMP ? DNI DN3
Chemokine DN1-SP ? ?

?, not known or unclear role
(y0) indicates yd-lineage specific role

See text for references
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FIGURE LEGEND

Figure 1. Schematic view of T lymphopoiesis within the thymus.
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