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Abstract

While most hematopoietic lineages develop in the bone marrow (BM), T cells uniquely complete
their development in the specialized environment of the thymus. Hematopoietic stem cells with
long-term self-renewal capacity are not present in the thymus. As a result, continuous T cell
development requires that BM-derived progenitors be imported into the thymus throughout adult
life. The process of thymic homing begins with the mobilization of progenitors out of the bone
marrow, continues with their circulation in the bloodstream, and concludes with their settling in
the thymus. This review will discuss each of these steps as they occur in the unirradiated and post-
irradiation scenarios, focusing on the molecular mechanisms of regulation. Improved knowledge
about these early steps in T cell generation may accelerate the development of new therapeutic
options in patients with impaired T cell number or function.
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Introduction

T cells are a lymphocyte lineage critical for defense from many types of pathogens. Several
classes of T cells have been described. These include CD8* T cells, which are effector cells
capable of lysing target cells via the release of granules containing perforin, and CD4* cells,
which contribute to immunity primarily by secreting cytokines that control the activity of
other immune cells. Work in the last decade has broadened our knowledge of the various
types of CD4* T cells, including Th1, Th2, Th17, T regulatory cells and others. The known
roles of these various subsets are numerous and diverse, and ongoing research continues to
highlight their immunologic capacities. The HIV/AIDS epidemic has additionally
demonstrated the importance of CD4* cells in immunity; infected individuals with decreased
numbers of CD4* cells are highly susceptible to a range of bacterial, fungal, and viral
infections. Yet despite our growing understanding of T cell function in the periphery, major
questions remain unanswered regarding their origin and early development.

While T cells complete the majority of their development in the thymus, they ultimately
originate from hematopoietic stem cells (HSCs) residing in the bone marrow (BM).1
Derived from these stem cells are various downstream progenitors that first lose the capacity
for self-renewal (a defining feature of HSCs) and then progressively become more restricted
in their lineage potential. Through a process that remains largely undefined, rare numbers of
these progenitors mobilize out of the BM into the circulation, where they gain access to the
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thymus. These circulating progenitors will then migrate across the thymic endothelium to
enter the organ itself. Following thymic entry, the cells will continue to differentiate while
proliferating dramatically. Over the course of several weeks, these progenitors will proceed
down the well-described intrathymic development stages. Cells begin the process lacking
expression of both CD4 and CD8 co-receptors, then undergo a developmental checkpoint
that leads to the co-expression of both CD4 and CD8 on so-called CD4*CD8* double-
positive (DP) cells. Following a second checkpoint, they downregulate one of the co-
receptors to become either a CD8" or CD4" single-positive thymocyte. These cells will
subsequently migrate from the thymus to take up residence in the periphery as naive T cells.

While these major landmarks in this long process are known, many of the mechanistic
details remain unclear. This review will address some of the long-standing questions in the
field of progenitor migration to the thymus. For example, what is the identity of the cell type
(or perhaps multiple cell types) that directly settles the thymus out of the blood? The search
for the thymic settlng progenitor (TSP) has been encumbered by their presumed rarity in the
thymus perhaps as few as 10 or less progenitors per day entering the organ.2=> Efforts to
identify the TSP have been aided by recent work demonstrating thymic settling to be a
highly selective process regulated by a panel of adhesion proteins, chemokines, and
cytokines.6=9 The search can now be limited to the subset of BM progenitors expressing
molecules required for thymic settling. Yet even this smaller pool of cells remains
heterogeneous and further refinement is necessary for precise identification of the TSP.
Additionally, what are the precise roles of each of these involved molecules, and how is this
process regulated? Are additional yet-undiscovered signals involved? These questions and
others will be covered in detail.

An improved understanding of the earliest steps in T cell development could have
substantial clinical implications. Loss of T cell production accompanies normal aging, and
improving T cell number and function in the elderly population could markedly reduce the
immunologic susceptibility of this population.19 Furthermore, patients with HIV/AIDS or
those undergoing BM transplantation (most often as a curative therapy for various
malignancies and immunodeficient conditions) have vast defects in the number of T cells,
and this often leads to serious infections. Improved understanding of the early steps in T cell
development, including progenitor migration to the thymus, could lead to efforts to improve
T cell counts in these vulnerable patient populations.

This review will describe how rare BM-derived progenitors can mobilize into the circulation
and subsequently settle in the thymus to generate downstream T lineage progeny. The many
candidates for the physiological thymic settling progenitor will be described. We will
consider the several important homing and adhesion molecules that have been implicated in
this process. Finally, we will discuss the limited information about how the process of
thymic settling and early T lymphoid reconstitution may occur acutely following irradiation
and bone marrow transplantation and in other inflammatory conditions.

Pre-thymic hematopoietic development

The thymus does not contain cells with the capacity for long-term self-renewal.11713 As a
result, the production of T cells requires that BM-derived progenitors enter the thymus via
the bloodstream (Figure 1). Therefore, any discussion of T cell development must begin by
describing the most primitive hematopoietic progenitors in the BM. Through the discovery
of an array of cell surface molecules on these cells, various progenitors have been defined
with distinct phenotypes and functions. Careful analyses of these BM cells have
substantially advanced the search for the TSP. The following section will describe the early
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steps in pre-thymic T cell development, covering first differentiation, and then mobilization
and circulation of BM progenitors.

Early BM hematopoiesis

Hematopoiesis occurs primarily in the liver during fetal life, but relocates to the BM at
around the time of birth.14 HSCs in the BM self-renew throughout adult life in order to
continuously produce downstream progeny and by definition they are multipotent — they
have the capacity to generate all blood lineages.1® Serving as the “roots” of the
hematopoietic “tree”, HSCs hold tremendous proliferative potential: the transfer of single
HSCs into irradiated hosts can generate detectable progeny in all blood lineages.16:17 HSCs
produce terminally differentiated blood cells through a step-wise process of differentiation
and proliferation. These steps are considered to be irreversible, such that once a given
lineage potential is lost, it cannot be regained by normal physiological mechanisms. There
are many signals, both intracellular and extracellular, that govern the process of
hematopoietic differentiation. Cytokines, for example, have the capacity to direct lineage
specification during at least some stages of hematopoietic differentiation.18 The non-
hematopoietic cells found in the BM are involved in early hematopoietic development as
well. Endosteal osteoblasts, perivascular cells, and possibly other cell types contribute to the
specialized microenvironment of the stem cells niche, wherein HSCs are provided the
cytokines, chemokines, and other factors that mediate their survival and development.19:20

The most primitive progenitors in the BM are negative for surface expression of markers
found on mature cell types (so-called lineage markers), as well as positive for the molecule
Sca-1 and the cytokine receptor Kit; together they are known as LSK cells. HSCs are the
most upstream cell within this pool and can be found within the LSK fraction lacking
expression of the cytokine receptor FIt3.21 HSC have also been characterized as Thy1!ow
and CD34™ (in the case of long-term HSCs).15:16:22 More recently, the SLAM family of
markers has been used to identify HSCs in strains of mice lacking Sca-1 expression.2? The
direct descendents of HSCs are the multipotent progenitors (MPPSs), which retain
multilineage reconstituting potential, but only in the short-term.2X MPPs can be
distinguished from HSCs by their expression of low levels of the cytokine receptor Flt3.21
These cells in turn give rise to overlapping populations known as early lymphoid progenitors
(ELPs) and lymphoid-primed multipotent progenitors (LMPPSs), which show expression of
lymphoid-specific genes such as Rag and 117ra.23:24 ELPs were originally defined using a
RAG1-GFP knock-in mouse, and LMPPs are characterized by the expression of high levels
of FIt3. It is at this stage of development that chemokine receptors critical for thymic settling
begin to be expressed, as will be described later.?

Descending from the ELP/LMPP pool are common lymphoid progenitors (CLPs).2°> This
population was initially identified to possess only lymphoid potential, but several reports
have shown some limited myeloid potential both in vitro and in vivo.26=30 One explanation
for these contradictory data is that CLPs are a heterogeneous population containing multiple
subsets with different lineage potentials. Several recent reports support this hypothesis.29—31
CLPs were divided into two subsets based on surface expression of the marker Ly6D.29
After intravenous transfer into irradiated hosts, the Ly6D™ fraction, named the all-lymphoid
progenitor (ALP), generated T and B cells with high efficiency, but also low numbers of
dendritic cells (DCs), natural killer (NK) cells, and even myeloid cells. Cells expressing
Ly6D, however, named B-cell-biased lymphoid progenitors (BLPs), almost exclusively
produced B cells. Even after intrathymic transfer, BLPs made mainly B lineage cells.
Together these data suggest that the CLP pool is indeed heterogeneous, containing both
potent T cell progenitors and cells that are primitive B cell precursors.
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More downstream progenitors in the BM with T lineage potential have been described as
well. The first of these are known as CLP-2 cells. Identified with the aid of a pre-Ta
reporter, they share a common phenotype with traditional CLP cells, except that they are
Kit=1oWB220*-32 These cells are generated from more upstream CLP cells, and possess B
and T cell potential. An additional lymphoid restricted progenitor with a Kit~Sca-1M9nF1t3*
surface phenotype has also been described.33 These cells are known as lymphoid-biased
progenitors (LBPs) and rapidly produce B and T cells after transfer into irradiated hosts.
Furthermore, they are equally efficient as CLPs at generating DP cells in the thymus.
Despite their functional similarity with CLPs, LPBs show very little history of RAG-
recombinase activity.32 The precise position of LBPs in the hematopoietic hierarchy has yet
to be determined.

The generation of T cells in the thymus is critically dependent on signaling by the surface
receptor Notch1.34:35 To serve as a TSP, a progenitor must therefore enter the thymus
already expressing Notchl or upregulate it rapidly upon thymic entry. All of the progenitors
described above indeed express Notchl and as a result will generate T cells after direct
intrathymic transfer.”:32:36-38 |t remains unclear whether extrathymic Notch1 signaling is
important for T cell development under physiologic circumstances. Experiments have also
utilized a dominant-negative (DN) form of MAML, a key co-activator in the Notchl
signaling pathway, to determine which stage of T cell development first depends on Notchl
signaling. Chimeras employing BM transduced with DN-MAML demonstrated little if any
requirement for Notchl signals in early BM hematopoiesis or mobilization of progenitors;
early thymic progenitors (ETPs), however, fail to appear in the absence of functional Notchl
signals.34 Together these data illustrate that Notch1 signaling within adult BM progenitors is
unnecessary for T cell production.3°

Mobilization of BM progenitors into blood

In order to contribute to T cell development, a progenitor with T lineage potential must find
its way to the thymus. This requires that the progenitors mobilize out of the BM into the
circulation. HSCs have long been known to be present in peripheral blood; this is most
directly demonstrated by the long-term multilineage reconstitution observed in recipients of
transferred whole blood.#0—43 HSCs are not the sole progenitor in the circulation, as more
downstream MPPs and LMPPs can be reliably detected in blood as well, though at very low
frequencies.36:38:43 Relatively little is known about the physiologic mechanisms that govern
the egress of BM progenitors into the blood. However, numerous factors, including
cytokines, chemokines, growth factors, and hormones, can mobilize progenitors after
exogenous administration.44

Chemokine receptors have been a particular focus of BM progenitors mobilization studies.
These receptors operate through G protein signaling and have established roles in regulating
the survival, proliferation, and migration of BM progenitors.#>~47 The best studied of these
signaling axes is composed of the chemokine SDF-1a (CXCL12) and its receptor CXCRA4.
This receptor is expressed by early BM progenitors, and these cells will migrate to an
SDF-1a gradient in vitro.? CXCR4 is known to mediate the homing and retention of
progenitors to the BM environment.4” SDF-1a is highly expressed by osteoblasts that line
the endosteal surface and by BM endothelial cells.#8:49 These sources serve to attract
circulating progenitors and retain them in the BM. Mice deficient for either the receptor or
its ligand demonstrate perinatal lethality concomitant with highly impaired hematopoiesis.
50,51 Fyrthermore, fetal liver progenitors lacking CXCR4 are defective in migrating to the
BM.52 Abrogation of this signaling axis through various means leads to the rapid emigration
of progenitors out the BM into the blood.** For example, raising the concentration of plasma
SDF-1a abolishes the local gradient normally present in the BM, leading to the rapid
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mobilization of BM progenitors into the blood.>3 Systemic treatment of mice with a
pharmacologic inhibitor of CXCR4, AMD3100, recapitulates this result.>*

These experiments have established a role for CXCR4 in the retention of progenitors in the
BM. Predictably, the abrogation of CXCR4 signals may be a mechanism of physiologic
mobilization of progenitors into the circulation. The frequency of HSCs in blood fluctuates
with circadian oscillations, with a peak value 5 hours after initiation of light and a minimum
5 hours after darkness.>® This observation suggests the presence of a tightly regulated
mechanism of progenitor mobilization. Indeed, neural output derived from the
suprachiasmatic nucleus, which controls circadian rhythms, deliver Bsz-adrenergic signals to
BM stromal cells.>® Receptor signaling leads to the downregulation of SDF-1a transcripts in
these cells. This reduced expression of CXCR4 ligands may then allow progenitors to
escape the retention signals that normally trap them in the BM. Future work is necessary to
delineate whether additional stimulican reduce (or raise) BM SDF-1a expression.

Recent investigations have unveiled a physiologic role for the sphingosine-1-phosphate
(S1P) receptor 1 in mobilizing immature B cells from the BM into the blood.56 S1P1 has
well-established roles in the egress of various cells from several organs, such as thymocytes
from the thymus and T cells from lymph nodes.%6:57 Using a B cell-specific Cre
recombinase, Allende and colleagues found that deletion of the S1P1 receptor led to a defect
in the mobilization of immature B cells from the BM. This suggests that S1P1 may regulate
physiologic mobilization under steady-state conditions. Furthermore, treatment with the
CXCR4 antagonist AMD3100 failed to induce the release of immature B cells from S1P1-
deleted mice. The precise mechanism of S1P1 in BM egress remains unclear; a direct
chemotactic role appears unlikely, as chemotaxis of immature BM B cells is mediated by a
different S1P receptor, S1P3.56:58 Together these findings add S1P1 to the short list of
molecules known to regulate mobilization from the BM. It is important to note, however,
that these experiments did not address whether S1P1 is involved in regulating BM egress of
more primitive progenitors such as HSCs.

In contrast to these limited studies on the physiological mechanisms of progenitor
mobilization, substantial work has identified several means of pharmacologic mobilization.
The chemokine receptor CXCR2 has been a recent focus of such studies. A single injection
of the CXCR2 ligand IL-8 (CXCLS) led to the rapid mobilization of progenitors with long-
term multilineage repopulating ability.>? 1L-8 likely mediates this effect indirectly through
the generation and activation of neutrophils.5? The contents of neutrophil granules contain a
variety of proteases that cleave various elements that normally act to retain progenitors in
the BM, including vascular cell adhesion molecule 1 (VCAM-1)61, CXCR4,52 and SDF-1a.
63 Elastase in particular has been proposed to be the critical neutrophil-derived product that
mediates the progenitor mobilization activities of 1L-8.54 Additional evidence supporting a
role for CXCR2 in progenitor mobilization comes from studies using the CXCR2-specific
ligand GROp. A single administration of a truncated form of this chemokine leads to the
mobilization of progenitors into the blood within 15 minutes.5® This chemokine mobilizes
progenitors synergistically with granulocyte-colony stimulating factor (G-CSF), a cytokine
used clinically to mobilize stem cells.56 Somewhat surprisingly, recipients of progenitors
collected after GROB-mediated mobilization show enhanced post-transplantation neutrophil
and platelet recoveries.5” The reasons for this improved reconstitution may be due to
enhanced or accelerated BM engraftment by the transferred progenitors. Mobilization with
GROB led to greater numbers of circulating CD34™ LSK cells as compared to G-CSF
treatment, suggesting that GROPB may be more efficient at mobilizing the most primitive
progenitors. Furthermore, GROB-mobilized progenitors showed increased adhesion to
endothelial cells in vitro and more efficient BM homing in vivo than G-CSF-mobilized
progenitors. These features of GROB-mobilized progenitors are of great clinical interest;
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techniques that improve engraftment after SCT could shorten the period of immunologic
susceptibility that currently accompanies this treatment.

Pharmacologic mobilization has been used clinically to collect stem cells for use in both
autologous and allogeneic transplantation.88 Current treatment protocols primarily utilize G-
CSF as the mobilizing agent, a cytokine combining high mobilization efficiency with
relatively minor side effects.®9 Interestingly, G-CSF does not act directly on stem cells, but
rather on neighboring myeloid cells.”® Similar to the proposed mechanism of IL-8, G-CSF
activates neutrophils to release their granule contents, which then digest various molecular
tethers keeping progenitors retained in the BM, thereby releasing them.’?

Different progenitor types may employ distinct mechanisms to mobilize from the BM.72
While treatment with VEGF can increase the number of circulating endothelial progenitor
cells, it fails to mobilize either hematopoietic or stromal progenitors.”2 Similarly, G-CSF
treatment mobilized hematopoietic and endothelial progenitors, but not stromal progenitors.
2 Additional work is needed to identify whether more than one mechanism of mobilization
is used among the various hematopoietic progenitor types.

A role for pharmacologic BM progenitor mobilization in enhancing T cell development
remains unexplored. The number of progenitors in blood is exceedingly small;*3 it is not
known whether an increased number of circulating progenitors would lead to a
corresponding increase in thymic settling and subsequent T cell production. In other words,
it is not clear whether thymic settling is normally “saturated” by the physiologic number of
circulating progenitors. Furthermore, T cell reconstitution after stem cell transplantation is
slow and this delay correlates with an increased risk of infection.”3:74 Could increased
progenitor mobilization improve the subsequent T cell recovery in the host (similar to how
GROB-mobilized progenitors accelerate post-transplantation neutrophil and platelet
recoveries)?6” Additional research is needed to address these questions.

Progenitors in blood

Following egress from the BM, progenitors enter the circulation. It is presumed that the cells
circulate freely, but the extent of their path might be restricted by the very limited amount of
time they are in the vascular compartment. More than 90% of injected progenitors are
cleared from the circulation in 30 seconds, and this increases to greater than 99% by six
minutes.#2 Hence progenitors are unlikely to actively control their route through the
circulation, and their access to sites distal from the BM may be limited. The clearance out of
blood may not be permanent, however, as progenitors may egress and re-enter the
circulation repeatedly. The relative efficiency of mobilization by different progenitors is not
known, or even whether all early progenitor populations mobilize under physiologic
conditions.” Identifying circulating progenitors is hampered by the extreme infrequency of
these cells in blood; for example, there are roughly 120-180 LSK progenitor cells per
milliliter of blood in the mouse, corresponding to roughly 1 in 100,000 nucleated cells.42:43
Because of their rarity, these circulating progenitors have often been functionally assessed
by placing them into irradiated or otherwise lymphodepleted hosts. While convenient for
detecting the progeny of rare cells, such assays may produce conclusions not representative
of the physiologic scenario. The differences between normal and post-irradiation
thymopoiesis will be discussed later.

HSCs have long been known to circulate, and the detection of more downstream progenitors
in blood has become possible with improved flow cytometric techniques and reagents.
40,42,43 Al LSK subsets — HSCs, MPPs, and LMPPs — are found in blood, and it appears
that their mobilization is not selective since the relative frequency of each subset among
total LSKs is equivalent between BM and blood.*3 Though CLPs were initially not found in
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blood, several independent groups have more recently been able to detect them,36:38,43,76—78
More differentiated CLP-2 cells, however, have not yet been definitively identified in blood.
43,79 The failure to detect these cells may represent insufficiently sensitive assays.
Ultimately, the blood contains a heterogeneous array of multipotent progenitors that
correspond phenotypically and functionally with their BM counterparts.

LSK subsets and CLPs are multipotent cells, each capable of giving rise to T, B, DC, and
myeloid cells (the ALP subset of CLPs can produce small numbers of myeloid cells).29 Yet
progenitors restricted to the T lineage can also be found in the blood. T-committed
progenitors are present in fetal blood at embryonic day 15.5, and possess a
Lin~Kit'®“Thy-1* phenotype.80 After intrathymic transfer, these cells were able to generate
DP thymocytes. They were found in athymic mice as well, demonstrating their extrathymic
origin. An adult counterpart to this progenitor possessing a similar Kit®’Thy-1* phenotype
was identified in 2007 through the use of a transgenic pre-To. reporter.”® These cells are
nearly completely T lineage restricted, having only minor B and NK potential in vitro. Like
the fetal progenitors, these adult circulating T progenitors (CTPs) arise independently of the
thymus. The origin of these cells remains unclear, though similarly T-restricted progenitors
have been detected in the BM.81 The physiologic relevance of these T-committed cells in
both the fetal and adult scenario has not been determined. As will described later, the vast
majority of the most primitive progenitors in the thymus (early thymic progenitors; ETPS)
also have myeloid potential, and a small minority also possess B potential.34:82:83 As such,
any contribution to this early pool of multipotent ETPs by extrathymic T-committed
progenitors is likely to be minor under physiologic conditions. T-committed precursors may,
however, bypass the ETP stage and enter the T developmental pathway at a later point when
non-T lineage potential can no longer be detected, such as DN3 stage.83 Such “bypass”
pathways of thymic settling may take on a larger role under certain circumstances, such as
following irradiation and stem cell transplantation.

Thymic settling

Thymic settling signals

Identifying the physiologic TSPs has proven difficult, primarily due to the presumed low
frequency of thymic settling. The inability to directly identify TSPs in the thymus has
precluded a direct measurement of their number; several independent approaches have
estimated this value to be extremely low perhaps less than 10 per day.2~> Until several years
ago, it was not known whether the process of thymic settling was selective. That is, do all
circulating progenitors with T lineage potential settle the thymus or do only a subset of these
cells have this capacity? Our lab performed experiments in which various early BM
progenitors were sorted and transferred either intravenously or intrathymically into
unirradiated congenic hosts.84 While LMPPs and CLPs were able to generate donor
CD4*CD8* DP cells in the thymus three weeks after transfer, HSCs failed to do so. Yet all
three populations produced DP cells after intrathymic transfer, implying that HSCs are
unable to settle the thymus physiologically but are competent to rapidly produce thymocytes
if that step is bypassed. We concluded from these experiments that thymic settling is indeed
selective towards circulating progenitors. Such selectivity implies that certain signals are
required for thymic entry. Characterizing the key homing and adhesion molecules that
support the process of thymic settling has been a useful approach towards the identification
of TSPs, as these cells can be expected to reside within the BM progenitor populations
expressing most, if not all, such molecules. The following section will describe the signals
that are utilized by circulating progenitors to settle the thymus, followed by a discussion on
the current TSP candidates.
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The settling of rare, rapidly-moving progenitors into the thymus likely requires the
coordinated action of several membrane-bound homing and adhesion molecules (Figure 2).
84 While direct observation of thymic settling in adult mice has not yet been reported,
detailed views of lymph node settling by naive T cells have been made.8° These studies have
revealed that T cells undergo a 3-step process of entry into the lymph nodes.88 A selectin on
the T cells interacts with carbohydrate moieties that serve as the selectin ligands. This
interaction serves to slow the cell substantially, such that it rolls along the endothelium
while being pushed by the force of the bloodflow. Once in close association with the
endothelium, the cell has access to chemokines produced and secreted locally by the
endothelium. These chemokines signal through their receptors (in the case of naive T cell,
the major chemokine/receptor pair is CCL21/CCR?7).87 This signal activates the cell, which
in turn leads to the conformation change of integrin dimers on the cell surface from a low- to
high-affinity shape and their redistribution on the surface into clusters.86 Once in the high-
affinity state, integrins will bind their ligands on the endothelium, firmly arrest the cells, and
possibly mediate transmigration through the endothelial wall. It seems likely that circulating
progenitors utilize a similar general mechanism to gain thymic entry, although with different
molecules.

As opposed to their naive T cell progeny which employ L-selectin, TSPs rely on P-selectin
for efficient thymic settling.6:88 In this case, P-selectin is expressed by the thymic
endothelium and its ligand, PSGL-1, is found on subset of LSKs and CLPs.% Rossi and
colleagues demonstrated the involvement of this signaling axis in thymic settling through
elegant parabiosis experiments, in which skin flaps of two mice are sewn together such that
they share circulation. These experiments revealed that cells lacking PSGL-1 were highly
defective at generating thymocytes in their parabiotic partners. More recent work by this
group has reported that only a subset of thymic endothelial cells express P-selectin, and the
frequency of these cells is increased in those mice with reduced numbers of early thymic
progenitors (ETPs), which are the earliest defined T cell precursors in the thymus.88 In
addition to variability across strains, total thymic P-selectin levels oscillated over time with
a periodicity of roughly 2 weeks. These data suggest the presence of a feedback mechanism
in which the hematpoietic progenitor content of the thymus (and perhaps other factors) may
regulate the P-selectin expression on thymic endothelial cells. It remains unclear, however,
whether an increased frequency of P-selectin* thymic endothelial cells actually translates
into more efficient thymic setting by circulating progenitors.

P-selectin likely mediates the rolling of progenitors along the thymic endothelium. The
described model of leukocyte settling indicates that chemokines are then used to induce firm
arrest of the cells. Indeed, two chemokine receptors, CCR7 and CCR9, have demonstrated
roles in thymic settling.”—2:36:89=94 The ligand for CCR9, CCL25 (earlier known as thymic-
expressed chemokine), is expressed throughout the thymic stroma.%> The absence of CCR9
was first found to confer a defect in thymic reconstitution of Ragl~'~ mice.%! Later
experiments investigated whether CCR9 is used for recruitment of circulating progenitors or
for early intrathymic development of settled progenitors. CCR9™~ BM is defective at
generating thymocytes after intravenous but not intrathymic transfer, localizing CCR9
involvement to the thymic settling step.” Recent evidence suggests that the expression of
CCL25, like P-selectin, is increased in some mouse strains with reduced thymic progenitor
content and may oscillate over time.88 The precise function of CCR9 in thymic settling has
not been determined, but it is reasonable to expect that CCR9 signals convert integrins to
their high-affinity state to mediate firm arrest at the endothelium.

Despite the absence of a key molecule in thymic settling, CCR9™~ mice still retain some
inefficient thymic settling — demonstrated most simply by the fact that these mice still
generate thymocytes.”-%1 This observation indicated that additional molecules, perhaps
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including other chemokine receptors, were likely involved in supporting thymic settling.
CCR7 was known to regulate the recruitment of fetal liver progenitors into the thymic
enlage, but a role after this developmental period had not been demonstrated.2:%* Our group
and another have recently reported that CCR7 supports thymic settling in the adult scenario.
8,9 Similar to CCR9™~ BM, CCR7~/~ BM is defective at generating donor thymocytes after
intravenous, but not intrathymic transfer.8:2 These findings indicate that CCR7 has an
independent role in aiding thymic settling, even when CCR9 is present. CCR7/CCR9 double
knock-out (DKO) mice were bred to test whether CCR9 and CCR7 each retained thymic
settling in the absence of the other. CCR7/CCR9 DKO BM is almost completely restricted
from thymic settling when in competition with WT BM.8:% Consistent with a severe thymic
settling defect even under non-competitive conditions, CCR7/CCR9 DKO mice have
approximately 100-fold fewer ETPs than WT mice.8:9 Despite this reduction, CCR7/CCR9
DKO mice have thymi of near-normal cellularity; compensatory proliferation by intrathymic
progenitors appears to account for this recovery.8:9 Perhaps the most important conclusion
from these studies is that under competitive conditions TSPs appear to require expression of
CCRY7, CCRY, or both in order to contribute to T cell generation. The heterogeneous pool of
BM progenitors can now be “filtered” on the basis of CCR7 and CCR9 expression to
identify potential TSP populations, which will be discussed later.

Several other molecules have described roles in thymic settling. Limited evidence implicates
the integrin dimers 04p1 (VLA-4) and aLp2 (LFA-1), but additional investigation is needed
in this area.8% A more recent report suggested that the glycan polysialic acid may also
regulate BM progenitor access to the thymus.96 Mice deficient for sialyltransferase 8Sia IV
(ST8Sia IV), which is responsible for polysialic acid expression on hematopoietic cells,
possess reduced numbers of thymic progenitors. In competitive mixed BM chimeras, ST8Sia
IV~ cells are defective at generating thymocytes. ST8Sia IV~/~ BM produces normal
numbers of donor thymocytes after intrathymic injection, however, indicating that the
observed defects are prethymic. Future studies are necessary to determine whether the
absence of ST8Sia IV confers a defect in BM mobilization or thymic settling.

Identifying TSP candidates

Identifying the specific progenitors that settle the thymus from blood has remained an
elusive goal. Two overlapping approaches have been utilized towards this end. The first of
these has been to pinpoint the surface phenotype of the TSP with improved resolution.
Among the BM progenitors with T lineage potential, the cytokine receptor FIt3 is expressed
only on MPPs, LMPPs, CLPs, and CLP-2s.721:23:26 This serves as convenient marker with
which to classify populations and interrogate their thymic settling capacity. Experiments by
three independent groups have localized nearly all thymic settling capacity to within this
FIt3* pool.”:"7:78 Such observations predict that HSCs (FIt3~LSK) should not be able to
directly settle the thymus. Indeed this is the case; HSCs rapidly generate thymocytes only
after intrathymic, but not intravenous, transfer.” Additional phenotypic “filtering” can rely
on the homing molecules integral for thymic settling. PSGL-1 is not particularly useful in
identifying likely TSPs, as two-thirds of LSK cells and CLPs have functional PSGL-1;
therefore eliminating PSGL-1" cells from consideration fails to significantly shorten the list
of candidates.® Yet as noted earlier, the near-absolute defect of CCR7/CCR9 DKO cells to
settle the thymus reveals that the physiologic thymic settling progenitor expresses one or
both of these receptors.8:° Among MPPs, LMPPs, and CLPs, only the latter two populations
have expression of CCR7 or CCR9. Specifically, about 40% of LMPPs and 60% of CLPs
have detectable surface CCR7.8:9 CCR9 expression is restricted to rare subsets of these
CCR7* LMPPs and CLPs.”~2:36 Thymic settling is most efficient when both CCR7 and
CCR9 are present,”? so it is reasonable to predict that TSPs reside within the
CCR7*CCR9* LMPP or CLP pool.
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Is the physiologic TSP exclusively within the LMPP pool, the CLP pool, or both? This
question has received some attention in recent years.”>%’ LMPPs and CLPs can be
distinguished phenotypically by Kit expression, as LMPPs are Kit"9" and CLPs are Kit!oW,
Recent investigations have also gated LMPPs as IL-7Ra~ and CLPs as IL-7Ra*+"7 although
IL-7Ro expression status was not part of the original definition for LMPPs.23 Functionally
these two populations differ in their myeloid potential: LMPPs have myeloid generation
capacity, while CLPs have very little.23:22 LMPPs and CLPs will both generate donor DP
thymocytes three weeks after transfer into unirradiated hosts,” but at this timepoint it cannot
be determined whether the injected cells settled the thymus immediately after injection
(direct settling) or whether the injected cells first engrafted the BM and then more
downstream progeny settled the thymus (indirect settling).””+9 Yet examining the recipient
thymus at earlier timepoints reveals too few donor cells to be a reliable measure of thymic
settling ability. To overcome this challenge, two groups have first intravenously injected
sorted progenitors, waited a short period of time (five to six days), and then sorted and
cultured the rare donor thymocytes using the OP9-DL1 stromal cell system which supports
T cell development.”:78:99 Following a week or more of culture, the expanded donor
population can be reliably detected. Serwold and colleagues found detected donor
thymocytes in 70% of mice receiving CLPs, and only in 10% of mice receiving FIt3*LSKs
(including both MPPs and LMPPs).”” They concluded that CLPs were the primary TSP
population, and the contribution of LMPPs to T cell development was probably indirect
through the generation of daughter CLPs in the BM. Yet more recently a second group
found that after depletion of either CLPs or LMPPs, remaining BM progenitors directly
settled the thymus after intravenous transfer in both cases.’8 These data support a model in
which TSPs reside in both the LMPP and the CLP populations. The contradictory results
between these two reports may have resulted from different sorting strategies used by the
two groups; for example, Serwold and colleagues included some Kit"9" cells in their CLP
gate that would have been regarded as LMPPs by other investigators, including Saran and
colleagues.”9:77:78

The second major approach towards identification of TSPs has been to clarify the lineage
potential of the earliest progenitors in the thymus. Obviously these cells carry T lineage
potential, but it has been appreciated for more than a decade that ETPs are a multipotent
population, holding B, NK, DC, and myeloid potential.5:34:100-104 According to the
hierarchical model of hematopoiesis, progenitors lose lineage potentials in a sequential and
irreversible manner. The possession of non-T potential among ETPs predicts that the more
upstream TSP population must also possess these same potentials. This offers a convenient
method with which to “screen” TSP candidates. We recently found that the vast majority of
ETPs possess myeloid potential and produce granulocytes in vivo, indicating they originated
from myelolyphoid progenitors.82:83 Recent work with human cells has also established the
existence of analogous lymphoid progenitors with myeloid potential.1% This stands to
effectively eliminate lymphoid restricted cells as substantial contributors to the ETP pool;
however, they may yet contribute to T cell development if they bypass the ETP stage.106
CLPs were initially proposed to be devoid of myeloid potential, 25107 but more recently they
have been shown to possess some myeloid potential in vitro.26730 Furthermore, the more
primitive Ly6D~ CLP subset (also called ALPs) have been proposed to generate small
numbers of myeloid cells in vivo; however, this population included some Kithi cells which
may have been responsible for the observed myeloid potential 2% This demonstration of
myeloid potential within the ersthwhile CLP population has blurred the line between LMPPs
and some CLPs. As a result, these Ly6D™ progenitors are potential TSPs. Additional
segmentation of the heterogenous LMPP and CLP populations seems likely and could serve
to clarify the identity of the physiologic TSP.
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Thymopoiesis following stem cell transplantation

Physiologic mechanisms of T cell recovery following SCT
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Gamma irradiation has been used for decades to ablate the hematopoietic system in the
course of treatment for cancer and other diseases. Hematopoietic reconstitution depends on
the transfer of HSCs, which have long-term repopulating capacity, into the irradiated hosts.
Stem cell transplantion (SCT) has been used successfully as a curative therapy for many
illnesses, particulary hematologic malignancies and severe immunodeficiencies. This
therapy has significant risks, one of which is the period following transplantation during
which the immune system is not yet reconstituted. T cell recovery following SCT can be
particularly slow and limiting towards immune function, often taking years for T cell
numbers to return to normal levels.”3:74108 |ndeed, the T lineage is the slowest
hematopoietic lineage to recover following SCT in humans.1%8 This delay in T lineage
restoration is not insignificant; the risk of transplant related mortality and of developing life-
threatening infections are inversely correlated CD4* T recovery.109110 improved knowledge
about T cell reconstitution could have far-reaching implications towards developing new
protocols or therapies that would moderate the immunodeficiency that currently follows
SCT.

Why is T cell mediated immunity so poor after transplantation? Following transplantation, T
cell numbers recover through two distinct mechanisms.111 The first is the homeostatic
expansion of both the rare radio-resistant host T cells and donor T cells provided in the
transferred graft.111-114 These mature cells, particularly CD8" cells, proliferate in response
to cytokines 117 and 11-15.111 This cytokine-driven expansion provides the first wave of T
cells following transplantation, but this initial partial recovery of T cell numbers fails to
fully restore T-mediated immune protection because these cells are functionally deficient.
111,112,115-117 gyich peripheral expansion of mature T cells is not unique to the post-
transplantion scenario; indeed, such mechanisms are thought to occur in lymphopenic
situations and with normal aging.118 This process maintains normal numbers of T cells with
age, but at the expense of function. Aged cells derived through peripheral homeostatic
mechanisms demonstrate defects in antigen-induced division and IL-2 production.11® It is
not surprising, therefore, that the T cells detected early after transplant are similarly
functionally deficient. 1157117 The basis for their impaired function has been proposed to
include the limited diversity of T-cell receptors within this population, susceptibilty to
replicative senescence, and the low expression of homing molecules that recruit T cells into
lymph nodes where they can organize immune responses,111,120-122

The second pathway of T cell reconstitution is the de novo generation of naive T cells in the
thymus. Restoration of full T-mediated immunity following SCT relies on this thymic output
of donor-derived T cells, which are self-tolerant and clonally diverse.1227126 Despite the
immunologic importance of generating thymus-derived T cells following SCT, the process
by which the donor graft generates such cells in the recipient is poorly understood. Thymus-
derived T cells are very slow to appear after SCT, particularly in adults, and the delay in the
generation of thymus-derived cells can contribute to post-SCT morbidity and mortality.
73,126 The reasons for this delay are not fully understood, but may reflect defects of both the
thymic stromal compartment and hematopoietic progenitors. Most transplants are performed
on adults with thymi that are already substantially involuted even before transplantation.12’
The minimal residual thymic tissue is further damaged by both the pre-transplant
conditioning regimens and graft-versus-host disease after transplant.128:129 This
combination of involution and damage thus leaves the thymus unable to generate substantial
numbers of large numbers of new T cells.230 This observation has led to efforts to protect
the thymus from the deleterious effects of conditioning using keratinocyte growth factor
(KGF). While KGF is not required to achieve normal thymic size, KGF-deficient thymi are
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more susceptible to radiation-induced damage.131 As a result, KGF has been used
successfully to protect the thymus from conditioning-induced damage and thereby enhance
T lineage reconstitution following transplantation, as will be discussed below.132

Other factors outside the thymus may also impair T lineage recovery after SCT.
Myeloablative conditioning destroys the host hematopoietic progenitors, and a full recovery
of these cells after transplant likely takes months. The number of progenitors available to
settle the thymus and give rise to T cells is thus reduced early after transplantation.
Furthermore, the BM is nearly acellular in the early weeks after transplantation in mice. Till
and McCulloch’s classic experiments demonstrated that hematopoesis can occur outside the
BM shortly after SCT.133 It remains unclear whether the spleen environment is capable of
generating TSPs with comparable efficiency as the BM.

Generation of donor-derived T cells following SCT improves overall T mediated immunity,
but relatively little is known about how intrathymic T cell development following SCT may
differ from the normal unirradiated scenario.125:126 |rradiation destroys most hematopoietic
cells in the host, but has many effects on non-hematopoetic tissue as well. The thymic
environment, and particularly the cytokine environment, undergoes acute changes following
irradiation.”-134 Transcripts for IL-7, a key cytokine for lymphoid development, are
upregulated 5-fold among the epithelial compartment (CD45-MHC 11*) 3 days after
sublethal irradiation.13% The chemokines CCL21 (ligand for CCR7) and SDF-1a (CXCL12;
ligand for CXCR4) are upregulated as well.135 FIt3 ligand (FL) is also upregulated in a
dose-dependent manner in the days following irradiation on thymic fibroblasts and stromal
cells, but not epithelial cells.236 This upregulation peaks around day five following treatment
and then returns to normal levels. Availability of FL following lethal irradiation is beneficial
towards thymic reconstitution;136 administration of exogenous FL enhanced improved T
lineage recovery, indicating that FL may be limiting physiologically.37

In addition to these non-hematopoietic changes following irradiation, the hematopoietic
compartment of the thymus is dramatically altered in the acute period following irradiation.
Of particular interest is that fact that donor ETPs and DNZ2 cells are nearly absent for the
first 3-4 weeks following irradiation and BMT.138 Donor DN3 cells, however, can be
readily detected at two weeks; the source of these DN3 cells remains a mystery. A first
hypothesis is that the numbers of ETPs and DN2s are reduced so far as to be nearly
undetectable, but are in fact still present and give rise to the downstream DN3 cells. An
alternative possibility is that TSPs after irradiation feed directly into the DN3 pool, thus
bypassing the ETP and DN2 stages. This second hypothesis has gained strength through the
identification of candidate progenitors in the periphery with a DN3-like phenotype. Ezine’s
group first identified this population of T-restricted splenic cells present 12 days after
irradiation with a Lin"CD44/1°WThy1* phenotype.13% The generation of these cells is not
dependent on the thymus, and they rapidly produce DP thymocytes after intrathymic or
intravenous transfer into sublethally irradiated mice.139 Additional studies showed that the
number of splenic pre-T (SpT) cells peaks two weeks after transplantation and subsequently
returns to basal levels by week four.138 The generation of SpT is completely dependent on
extrathymic Notch signals, and these cells generate T lineage progeny in vitro with similar
kinetics as DN3 cells.138 Despite these findings, the in vivo relevance of these cells towards
generating T cells after irradiation remains unclear.

The mechanisms of thymic settling following irradiation are poorly understood. Do the same
TSPs that normally settle the thymus continue to do so after irradiation? Are the same
signals — PSGL-1, CCR7, and CCR9 - used? Is thymic settling efficiency altered following
irradiation? It is unclear even whether post-SCT thymic settling remains an active, selective
process, as in the unirradiated scenario. If indeed the process continues to be selective, the
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identification of the critical homing signals could lead to efforts to increase the efficiency of
thymic settling following SCT and thereby accelerate and enhance T lineage reconstitution.

Strategies to enhance T lineage reconstitution after BM transplantation

Given the clinical importance of T cell-mediated immunity after SCT, substantial work has
been aimed towards enhancing the recovery of the T cell compartment following
transplantation. These attempts can generally be grouped into two categories: the alteration
of the cytokine and hormone milieu, and the adoptive transfer of T cells or their precursors
into transplanted hosts. Within the first category, sex steroid ablation has been shown to
improve T lineage reconstitution after transplantation in mice.14%:141 Additionally, chemical
castration in humans also leads to enhanced T lineage recovery.142:143 The administration of
exogenous hormones and cytokines can improve T cell reconstitution as well. Treatment
with growth hormone (GH) or its downstream mediator insulin-like growth factor 1 (IGF-1)
can each enhance T lineage recovery, perhaps by increasing the de novo generation of T
cells from the thymus rather than simply enhancing peripheral expansion of mature cells.
144-146 Additionally, the cytokines IL-7, keratinocyte growth factor (KGF), and FIt3 ligand
(FL) have each been used successfully to improve T cell reconstitution.132 Moreover, at
least part of the therapeautic mechanism of these cytokines appears to be increased thymic
output of new donor T cells.132:147

In addition to these efforts at enhancing the physiologic mechanisms of post-SCT T lineage
recovery, the second major strategy has been the direct transfer of T cells or their precursors
into the hosts. The direct transfer of mature T cells can increase T cell numbers in the
months following transplant, but the clinical advantage of such increases remains unclear.
148,149 This approach has several intrinsic difficulties, including the risk of graft-versus-host
disease (GVHD), the limited number of cells that can be practically obtained, and the
absence of ex vivo culture methods to activate these cells prior to transfer.148 To circumvent
these challenges, T lineage progenitors, rather than mature T cells, can be transferred into
hosts as a means of enhancing reconstituion. The co-transfer of CLPs alongside HSCs into
irradiated hosts can improve early T lineage recovery.150 Van den Brink’s group has
successfully used the OP9-DL1 culture system to generate large numbers of T-committed
precursors which improve peripheral T cell numbers after transfer into irradiated mice.151
These precursor-derived T cells are host-tolerant, and importantly have normal TCR
repertoires, cytokine production, and antigen-driven proliferation. The quantitative increase
in donor T cells has clinical impact as well, including improved resistance to Listeria
infection and enhanced graft-verus-tumor responses.1! The generation of T cell precursors
form human CD34™ cord blood cells using Notch signaling in vitro has also been
demonstrated.152 We can therefore be optimistic that the co-transfer of T lineage
progenitors, whether derived from donor BM or in vitro culture systems, may soon offer
enhanced and accelerated T cell reconstitution following SCT.

CONCLUSION

T cells uniquely complete their development in an organ physically separate from the BM.
This requires that the progenitors that ultimately contribute to T lymphopoiesis depart the
BM, travel through the circulation, and finally settle in the thymus. A variety of primitive
progenitors with T lineage potential reside in the BM. It remains unclear how these cells are
mobilized into the peripheral blood, and whether this process acts on all of these progenitors
or only a subset. Whatever the case, rare LSKs and even more downstream CLPs can be
found in the blood.36:38:43,76=78 Considering the remarkable selectivity displayed in LN
settling, perhaps it is not surprising that circulating progenitors employ critical surface
molecules for thymic entry.”+86 Despite growing knowledge about thymic settling
mechanisms, the identity of the physiologically relevant TSPs has not yet been determined.
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Why is it important to discern the nature of the TSP? T cells are critically important immune
mediators; in their absence, immunity to a variety of pathogens, particularly some viruses
and fungi, is greatly diminished. Certain populations suffer from reduced numbers of T
cells, particularly HIV/AIDS patients, those recovering from irradiation and SCT, and the
elderly.”3:153 Improving T cell mediated immunity would provide greater protection from
infections that cause significant morbidity and mortality in these groups. This review has
discussed how the rate of thymic settling is likely to be very low. Determining the signals
used to recruit progenitors into the thymus could lead to efforts to increase the rate of thymic
settling. This might be accomplished pharmacologically or via cell-based protocols. Such
efforts could potentially increase T cell production, particularly in patients recovering from
irradiation-induced cytoablation. Ongoing work on the cells and signals involved in thymic
settling, both in the physiologic and post-SCT scenario, could bring about significant public
health benefits in the near future.
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Figure 1. Overview of T cell development from BM to thymus

The BM contains an array of progenitors with T lineage potential. These include the most
primitive progenitor, the hematopoietic stem cells (HSCs), which are multipotent and have
the capacity for self-renewal. HSCs give rise to more downstream multipotent progenitors
(MPPs), which have lost self-renewal capacity. MPPs in turn produce lymphoid-primed
multipotent progenitors (LMPPs) which, while still possessing myeloid potential, express
lymphoid-specific genes. These three progenitor types are each negative for lineage markers
(Lin"), Sca-1* and Kithi9h: hence they are collectively known as LSK cells. Developing
from LMPPs are common lymphoid progenitors (CLPs), which sit outside the LSK pool
because they are Kit!®". All of these progenitors are predominantly found in the BM, but
each can be detected in blood at low frequencies. From this pool of circulating progenitors,
rare numbers are thought to cross the thymic endothelium as thymic settling progenitors
(TSPs). The precise identity of these TSPs remains undefined. Once in the thymus, these
TSPs differentiate into early thymic progenitors (ETPs), which are the earliest defined
intrathymic T cell precursors. ETPs go on to generate CD4/CD8 double-negative 2 cells
(DN2) and subsequently DN3 cells. Following a developmental checkpoint at the DN3
stage, CD4/CD8 double-positive (DP) cells are produced. These cells undergo postive
selection before differentiating into CD4 or CD8 single-positive (SP) cells. SP cells proceed
through negative selection and emigrate from the thymus to populate the peripheral T cell
pool.
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Figure 2. A potential mechanistic model for thymic settling

TSPs arrive at the thymus via the bloodstream. The interaction between surface PSGL-1 on
these progenitors and P-selectin on the thymic endothelial cells slows the progenitors and
causes them to roll. By closely associating with the endothelial cells, the progenitors gain
access to soluble chemokines available near the vessel wall, including CCL19 and CCL25.
These chemokines bind and signal through CCR9 and CCR?7 on the progenitors, causing
conformational changes in integrin dimers. Once activated, the integrins can now bind their
ligands on the endothelial surface with high affinity and mediate firm arrest of the
progenitors. This adhesion is followed by the transmigration (diapedesis) of the progenitor
through the endothelial layer into the thymic parenchyma where they can proceed down the
T cell developmental path. This figure is based on a model described by von Andrian and
colleagues.8?
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