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ABSTRACT

The thymus is an essential component of the immune system. As the exclusive site of af§T-
cell development, the thymus is absolutely required for the establishment of adaptive
immunity. This unique function is imparted by the thymic stroma, which mediates the
development of T-cells capable of responding to foreign antigen, while remaining tolerant of
self. Despite the importance of stromal cells, our knowledge of their biology is relatively
poor, partly due to technical limitations in studying this population. Consequently, major
questions concerning the status of stromal cells as the thymus changes throughout life and
how these cells guide the movement of thymocytes remain. This thesis establishes new
ways of investigating stromal cells and applies these techniques 10 address such questions.
The data presented demonstrates that the stroma i1s a more dynamic population than
previously thought and leads to the proposal of new models for thymic epithelial cell
differentiation, mature thymocyte export and the control of thymic homeostasis.

The complexity of the lympho-stromal interplay required for offT-cell development
is reflected by the heterogeneity of both lymphocytes and stromal cells. While paneis of
monoclonal antibodies have described many of the cellular components of these
microenvironments, the means to quantify stromal cell subsets using fiow cytometry has
been poorly defined. The studies in Chapter Three refined and compared various stromal
cell isolation procedures, and determined the effects of different digestion enzymes on
important surface molecules. Three- and four-colour flow cytometric analysis was used to
correlate established and novel stromal cell markers to define thymic fibroblasts, epithelium
and a unique subset of endothelium that express MHC II molecules. This work provides the
basis for the quantification and purification of the thymic stroma for further phenotypic,

functional and genetic analysis.




m

This technique was employed in Chapter Four to describe fundamental parameters of
thymic stromal cell biology. Quantitative and phenotypic analysis of the stroma in different
thymic states throughout life revealed extensive changes in the number and composition of
this population. These data show that the stroma expanded and contracted with overall
thymocyte numbers. The dynamic nature of this association was confirmed upon

examination of stromal cell proliferation capacities, suggesting continual turnover and

remodeling of the stroma throughout life. Changes in the surface phenotypes of novel
thymic epithelial subpopulations over time correlated with the provision of signals from
thymocytes at particular stages of development. Age-related thymic involution was
associated with a proportional loss of epithelium and skewing towards MHC I1" and cortical
subpopulations. This was corrected following sex steroid withdrawal, with the stroma
regenerating to normal young numbers, albeit with delayed kinetics compared to
thymocytes. Overall, these studies show that the thymic stroma continually develops and is
capable of extensive expansion, remodeling and regeneration.

The requirement for the thymic stroma in many thymocyte developmental steps has
been well established, but the mechanisms remain poorly characterised. Perhaps the least
understood of these processes is the import and export of thymocytes into and from the
organ. This has been partly due to a lack of appropriate celluiar markers for the thymic
microenvironments in which these events occur. The data presented in Chapter Five
addresses this, characterising the distribution and biochemistry of a novel marker of thymic
perivascular fibroblasts. The monoclonal antibody MTS-15 is shown to recognise a cell
surface glycolipid expressed by pericytes of thie thymus and spleen, adult connective tissues
and discrete embryonic neural structures. Demonstration of MTS-15 antigen shedding was
associated with a unique distribution of the determinant on leukocyte sabsets. Biochemical
and MALDI{-TOF analysis indicates that the structure detected by MTS-15 is the terminal

GalNAc carbohydrate of the globo-glycosphingolipid GalNAc,Gal,GleCer. The restriction
I




of MTS-15 binding to thymic pericytes presents a unique opportunity to investigate the role
of these stromal cells in thymic import and export.

Chapter Six focuses on the role of stromal celis in thymocyte emigration. By
employing a novel fetal thyrnic organ cuiture system, the chemokine CCL19 (ELC, MIP3f3
or Exodus-3) was shown to elicit the export of mature thymocytes. RT-PCR analysis of
purified thymic stromal cell subsets demonstrated that medullary epithelial cells and MTS-
15* pericytes were the major sources of this chemokine in the thymus. The surface
presentation of high levels of CCL19, but not CCL21 {a chemokine which binds to the same
receptor, but does not mediate export), by MTS-15" pericytes and endothelial cells may
account for the differential roles of these chemokines in thymic emigration. While the
chemokine receptors CCR7 and CCXCKR seem to mediate epithelial CCI.19 presentation,
pericyte and endothelial presentation appear to occur via an as yet uncharacterised, trypsin-
resistant interaction. This work defines a unique role for CCIL19 and stromal celis of the
thymic perivasculature in mature thymocyte emigration and proposes a mechanism by which

this may occur.

111
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Chapter One

Chapter One

Literature Review

INTRODUCTION

The thymus is the exclusive site of mainstream T-cell development. This function is
fundamental to the establishment and maintenance of the adaptive immune system. Central
to this unique function is the thymic stroma that mediates thymocyte differentiation. The
various subpopulations of thymic stromal cells form discrete microenvironments within
which the various thymocyte developmental steps occur. These interactions give rise to T-
cells capable of responding to foreign pathogens while remaining tolerant of self tissue.
Despite the importance of the thymic stroma, our current knowledge of their biology is
lacking.

This review explores the role of thymic stromal cells in T-cell development and
thymic organogenesis, highlighting recent advances in these areas. Evaluation of the
literature concerning thymic disruption and regeneration reveals key roles for these cells in
all aspects of thymic function. However, many fundamental questions concerning the

thymic stroma remain unanswered.

1.1 THE THYMUS

The thymus is a bilobed, encapsulated organ situated in the upper thorax, anterior to the
heart. Each lobe is comprised of numerous lobules bound by invaginations of the capsule,
called trabeculae. The body of the thymus is divided into an outer region — the cortex, and

an inner region ~ the medulla. These areas support different phases of T-cell development,
1




Chapter One

mediated by a diverse group of thymic stromal cells that are essential for the maturation of
the itinerant thymocytes (Kendall, 1991).

Thymocyte precursors are derived from bone marrow hemopoietic stem cells (HSCs)
and enter the thymus via the bloodstream. These cells then undergo a sequence of
proliferation and differentiation as they migrate from the subcapsuie, through the cortex and

medulla, and are ultimately exported from the thymus as mature T-cells.

1.1.1 The thymic microenvironment

The thymic microenvironment comprises a meshwork of interconnected stromal cells
through which thymocytes migrate and develop (Boyd et al., 1993). This microenvironment
is established through the interplay of developing thymocytes with the thymic stroma (Ritter
and Boyd, 1993). The latter consists of a diverse population of cells, including primarily
epithelium, but also endothelium, fibroblasts, macrophages, dendritic cells and
neuroendocrine cells {Boyd and Hugo, 1991). While colleciively these cells are numerically
minor {~1% of thymic cellularity), they provide an array of surface molecules, extracellular
matrix elements and cytokines that are essential for the various stages of T-cell development
(Anderson et al., 1996).

The thymic microenvironment can be divided into three main anatomical regions: the
subcapsule, cortex and medulla (Fig. 1.1). Phenotypic differences between the stromal cells
in these sites were identified by immunohistological analysis using panels of monoclonal
antibodies (mAbs) raised against mouse stromal cells (Van Vliet et al., 1984; de Maagd et
al., 1985; Lobach et al., 1985; Godfrey et al., 1988; Kampinga et al., 1989). These studies
suggested that stromal cells in different regions may be specialised to mediate distinct T-cell

developmental steps. More recently, functional! studies of the various stromal
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Figure 1.1 Schematic diagram of cellular constituents of the subcapsular, cortical and

medullary thymic microenvironments.

Taken from (Boyd and Hugo, 1991).
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Chapter One

populations have defined many discrete roles that thymic cortical and meduilary epithelium,
fibroblasts and dendritic cells have in thymocyte development (Anderson and Jenkinson,
2001).

While the distinct microenvironments these stromal cell subsets constitute are
essential for thymocyte differentiation, the development of these microenvironments
likewise requires interactions with developing T-cells. The reciprocal interactions required
to establish the various thymic microenvironments are referred to as “c-- *-talk” (Ritter and
Boyd, 1993; van Ewijk et al., 1994). Studies of mutant mouse models in which thymocyte
development is arrested at various stages revealed corresponding blocks in thymic stromal
differentiation (van Ewijk et al., 2000a). Hollander et al. (1995) found that in the absence of
very immature thymocytes, the cortical microenvironment did not form. Likewise, other
studies have demonstrated the requirement for more mature thymocytes in the establishment
of the thymic meduila (Shores et al., 1991; Mombaerts et al., 1992; Philpott et al., 1992;
Palmer et al., 1993). It also appears that establishment of this microenvironment is
influenced by spatial cues from the thymic vasculature (Anderson et al., 2000), an
association that would facilitate emigration of mature medullary thymocytes. Despite the
obvious importance of the vasculature and subcapsule as an interface between the circulation

and thymus, these remain the least understood thymic microenvironments.

1.1.2  The thymic vasculature

During thymic organogenesis, branches of the internal thoracic artery penetrate the thymic
capsule and, in association with connective tissue, divide and follow the lobuiar trabeculae.
Blood vessels enter the thymic parenchyma at the cortico-medullary junction, surrounded by
connective tissue and epithelium that form loose perivascular spaces containing many
lymphocytes (Kato, 1997) (Ushiki and Takeda, 1997). From these vessels extend cortical

capillaries tightly lined by thymic epithelial cells (Type I epithelium), once thought to form
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the so-called “blood-thymus barrier” of the cortex (Marshall and White, 1961). It has since
been found that soluble factors and cells can pass these cells to enter the thymus proper,
showing that cortical thymocytes are not isolated from systemic antigens (Nieuwenhuis et
al., 1988; Hoffmann-Fezer et al., 1989). The cortical capillaries loop back to drain into post-
capillary venules within the perivascular spaces of the medulla (Kato, 1989). The
perivascular spaces of the thymus are unique to this organ and the current eviderce suggests
they are the first and last thymic microenvironment encountered by thymocyte precursors
and mature T-cells respectively.

Various precursor labeling experiments have shown that the sites of their entry into
the thymus are the blood vessels at the cortico-medullary junction (Cantor and Weissman,
1976; Kyewski, 1987; Penit and Vasseur, 1988; Lind et al., 2001). Several studies have
found that soluble peptides produced by thymic stroma are important in this process (Pyke
and Bach, 1979; Champion et al., 1986; Wilkinson et al., 1999), and characterisation of
chemokine candidates is ongoing (Norment and Bevan, 2000). The emigration of mature
thymocytes from the thymus also seems to require chemoattractant signalling (Chaffin and
Perlmutter, 1991; Rudolph et al., 1995), however the identity these factors remains
undefined. While it is likely that stromal cells surrounding the vascular microeavironments
of the thymus have a key role in these processes, studying these cells has been difficult to
date. A lack of appropriate markers for these cells has precluded their purification for
analysis of surface moiecules and soluble factors invelved in thymic immigration and

emigration.
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1.2 THYMICT CELL DEVELOPMENT

Mainstream ofT-lymphocytes develop exclusively within the thymus from precursors
derived from multipotential HSCs in the fetal liver or adult bone marrow (Carlyle and
Zuniga-Pflucker, 1998a). Key features of thymocyte developmental stages include T-cell
lineage commitment, T-cell receptor expression, thymocyte selection and emigration. These
processes occur in a stepwise manner, dependent upon interactions with specialised stromal
cells and growth factors in distinct microenvironments. The migration of developing
thymocytes between thymic microenvironments is guided by overlapping gradients of
various chemokines and adhesion molecules. The development of thymocytes can be
tracked through the differential expression of CD3 and the CD4 and CD# coreceptors. The
most immature thymocytes are CD3'CD4'CDS§’ (triple negative, TN) which develop into
CD4*'CD8" double positive (DP) cells, and ultimately CD3*CD4*CD8" or CD3*CD4CDS8*
single positive (SP) T-cells (Nikolic-Zugic, 1991).

The following sections examine our current understanding of these processes,

highlighting the key cellular and molecular requirements for thymic T cell development.

1.2.1 Hemopoietic stem cells and thymic colonisation

Hemopoietic stem celis (HSCs) give rise to all lymphoid, erythroid and myeloid blood cells.
HSCs first develop in the yolk sac and fetal liver during embryogenesis, but reside in the
bone marrow of adults as a self-renewing population (Bonifer et al., 1998). The
differentiation of these cells is governed by interactions with their microenvironments.
Thus, erythroid, myeloid and B lymphocytes all arise in the bone marrow, while T-
lymphocytes almost exclusively develop in the thymus (Katsura and Kawamoto, 2001).
Thymocyte progenitors first seed the embryonic thymic anlage prior to vascularisation at
E10-12, through surrounding connective tissue (Anderson and Jenkinson, 2001). Adult

blood-borne precursors enter via vessels at the cortico-medullary junction (see I.1.2 Thymic
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vasculature) in what is thought to be a regulated manner (Foss et al., 2001). Whether these
precursors differ from HSCs has proven difficult to determine, partly due to conflicting data
concerning the lineage potential of the most immature thymocytes (for example (Wu et al.,
1991a; Carlyle and Zuniga-Pflucker, 1998b; Kawamoto et al., 1998; Ohmura et al., 1999;
Katsura and Kawamoto, 2001; Allman et al., 2003)). In particular, it is difficult to
distinguish rapid differentiation upon entry into the thymic microenvironment from
extrathymic differentiation prior to immigration. A recent study by Gouwnari et al., (2002)
demonstrated pTo {(a component of the pre-T-cell receptor) promoter activity prior to
colonisation, supporting earlier work suggesting T-cell lineage commitment begins in
common lymphoid progenitors before thymic immigration (Wu et al., 1991a; Rodewald et
al.,, 1994). However, this does not seem to be a prerequisite for entry into the thymus, as a
study by Allman et al., (2003) shows common lymphoid progenitors are not necessary for T
cell development (supporting de Vries et al., (1992)).

The phenotype of the earliest thymocyte precursors is similar to that of bone marrow
HSCs {lin", c-kit", Sca-1*, CD27*, IL-TRa’, CD44%, CD25, CDg&, CD3 (Allman et al,,
2003)), however they also express low levels of CD4 (Wu et al., 1991b). These cells reside
in the inner cortex and as they migrate through rest of the cortex towards the subcapsule,
undergo further T-cell commitment and the early stages of thymocyte development (Lind et

L

al., 2001).

1.2.2 Early T-cell development

The immature TN thymocytes of the thymus can be divided into 4 genetically and
phenotypically distinct subsets based on the expression of the surface molecules CD25 (IL-
2R chain) and CD44 (adhesion molecule) (Godfrey et al., 1993). Progression through each
of these subsets correlates with important control points in T-cell differentiation (Godfrey

and Zlotnik, 1993). The most immature of these subsets are CD.53 D44 (DN1)
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thymocytes, which include the CD4" precursors mentioned previously, and bear T-cell
receptor (TcR) genes in germline configuration (Godfrey et al., 1993; Oosterwegel, 1997).
The proliferation and differentiation of these cells depends upon the provision of stromal
derived cytokines, in particular, Stem Cell Factor (SCF, ihe ligand fof c-kit) and IL-7 (D1
Santo and Rodewald, 1998). Mice deficient in molecules essential to signaliing by these
growth factors show virtually no T-cell development beyond the DN1 stage, highlighting the
importance of these cytokines in early thymocyte development (Rodewald et al., 1997).

Under the influence of these and other cytokines, these celis differentiate into DN2
thymocytes (CD44*CD25%), inicreasing in size, proliferating extensively (Penit et al., 1993)
and upregulating pTo. and CD25 expression. This subset also depends upon stromal cell
support, with thymic epithelium and fibroblasts required for their differentiation into CD44"
CD25* IIN3 thymocytes (Godfrey and Zlotnik, 1993). The direct role for fibroblast
extracellular matrix components in this development was demonstrated by Anderson et al.,
(1997), however subsequent differentiation can progress in the presence of thymic epithelial
cells only. The transition from DN2 to DN3 thymocytes is accompanied by the initiation of
TcRP and ¥ chain gene rearrangement, leading to irreversible commitment to the T cell
lineage (Godfrey and Zlotnik, 1993; Dudley et al., 1994; Godfrey et al., 1994). Recent
studies have revealed a role for the surface receptor Notch-1 in governing these processes
(MacDonald et al., 2001).

Notch signalling is an evolutionarily conserved pathway controlling multiple cell-fate
decisions, initiated by interactions between Notch receptors and Notch ligands on
neighbouring cells (Artavanis-Tsakonas et al., 1999). Mice deficient in Notch-1 receptor
exhibit a block in T-cell de-velopment, with precursors instead giving rise to B-cells in the
thymus (Radike et al., 1999; Wilson et al., 2001). In contrast, overexpression of activated
Notch-1 leads to DP T-cell development in the bone marrow (Pui et al., 1999). Together,

these results strongly support the notion that Notch-1 signalling is critical for the earliest
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stages of T-cell commitment. The Notch-1 ligand Delta-like-1 has recently been shown to
mediate this process (Schmitt and Zuniga-Pflucker, 2002). The expression of this ligand by
thymic epithelial cells suggests T-cell commitment is initiated within the thymic
microenvironment (Harman et al., 2003). This interaction appears to be required for TcR §
chain gene rearrangement, pTat upregulation and progression beyond the DN3 stage (Deftos
et al., 2000; Reizis and Leder, 2002; Wolfer et al., 2002).

Following successful gene rearrangement, the TcR[3 chain is expressed in association
with the surrogate pTa protein to form the pre-TcR complex (Groettrup et al., 1993; Saint-
Ruf et al., 1994). In a process termed (-selection, signailing through this complex via CD3
and Ick transducers drives TcRo chain gene rearrangement, DN3 thymocyte proliferation
and differentiation (Mallick et al., 1993; Dudley et al., 1994). This phase of pre-T:zR
mediated preliferation has been postulated to expand the potentially useful thymocyte
repertoire prior to TcRa chain rearrangement and selection. The importance of the pre-TcR
complex in early T-cell development is highlighted by studies of mice deficient in the pTo
gene (Fehling et al., 1995). These mice exhibit a partial block in cfT-cell development at
the DN3 stage, however some cells are rescued by accelerated TcRa chain gene
rearrangement and expression (Buer et al., 1997). This rearrangement normally proceeds as
the cells mature into the rapidly cycling CD44°'CD25 DN4 thymocytes, a transition that also
requires input from the thyinic epithelium (Godfrey and Zlotnik, 1993). DN4 thymocytes
rapidly differentiate into the CD4*CD8" DP subset of thymocytes, via an interfnediate
phenotype of CD4*CD8 or CD4'CD8’, termed immature single positive (Hugo et al., 1990;
Tatsumi et al., 1990). These céll subsets undergo several rounds of proliferation (Penit et al.,
1988) until reaching the DP stage, where the newly expressed TcRa. chain protein replaces
pTa prior to further thymic selection.

While many of the factors governing early T-cell development have been elucidated,

the precise nature of the stromal cell signals mediating each differentiation step remain
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poorly understood. Promising avenues of research include the discovery of the Notch
receptors and ligands influencing T-cell commitment, and the determination of the spatial
relationship between the DN subsets and the thymic microenvironment. Future studies will
hopefully characterise the molecular cues provided by stromal cells in these areas that drive

thymocyte TcR expression prior to selection of useful clones.

1.2.3 Thymic Selection

The random nature of TcR gene rearrangement gives rise to a DP population of small,
undividing thymocytes with an extremely diverse range of specificities for antigen. These
cells undergo the processes of thymic selection to ensure only those thymocytes bearing
TcRs of potentiad use to the organism mature into T-cells (Jameson and Bevan, 1998; Sebzda
et al., 1999). The majority of DP thymocytes cannot recognise antigen presented by self-
MHC molecules and in the absence of a survival signal from the thymic siroma, undergo
programmed cell death within 3-4 days (Huesmann et al., 1991). Some DP thymocytes can
escape this fate by continuing te rearrange their TcRO chain genes if the initial
rearrangement is not productive, thereby increasing the yield of useful thymocytes (Petrie et
al., 1993).

Those thymocytes bearing TcRs capable of recognising self-peptides presented by
MHC molecules on thymic stromal cells are eligible for the processes of positive and
negative selection. Positive selection refers to the provision of survival signals to
thymocytes interacting with self-peptide:MHC complexes. Negative selection is the
induction of apoptosis or inactivation of potentially autoreactive tbymocytes, also via TcR
interaction with self-peptide:MHC complexes. How these two very different outconies are
mediated by the interaction between TcR and self-peptide:MHC has been the topic of much

research.
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Two models have been proposed to distinguish the requirements for positive and
negative selection. Both models (the qualitative and quantitative) focus on the role different
forms of self-peptides in determining selection outcomes. While there is much experimental
data supporting and contradicting each of these models, this review will focus only on the
major features of this area (for a detailed review, see Sebzda et al., (1999)}. The qualitative
modei proposes that different peptides promote positive or negative selection (Jameson et
al., 1995). This model was primarily based on findings that antagonist peptide variants
promoted positive selection, while agonist peptides resulted ir deletion (Hogquist et al.,
1994, Jameson et al., 1994) using distinct signalling pathways (for example, Sloan-Lancaster
et al., (1994); Madrenas et al., (1995)). The avidity or quantitative mode} proposes that low
avidity interactions induce positive selection, while high avidity interactioiis cause negative
selection via the same signalling pathway (Ashton-Rickardt and Tonegawa, 1994; Wiliiams
et al., 1997). Support for this model came from experiments showing that the same peptide
can induce positive and negative selection at low and high concentrations, respectively (for
example Ashton-Rickardt et al., (1994); Sebzda et al., (1994)). In fixed concentration
systems, it was found that positively selecting peptides (antagonists) had a lower TcR
affinity than negatively selecting ones (agonists) (Alam et al., 1996). Collectively, the
majority of the availabie data supports the avidity model of selection.

However, much of the current evidence for both of these models is based upon
experiments using TcR transgenic mice that often exhibit higher and earlier expression of the
TcR on thymocytes than normal animals. How the each transgenic system relates to the
physiological signals delivered to developing thymocytes : ot known. Furthermore, an
assumption made by both models is that while costimulation by non-TcR molecules plays a
role in distinguishing selection outcomes, the level of this stimulation remains constant
between individual thymocytes, thereby emiphasising the role of TcR seif MHC:peptide

interactions in positive and negative selection. This assumption may not be valid in light of
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data suggesting different thymic stromal cell populations are responsible for positive and
negative selection (most recently Capone et al., (2001)).

Several studies using transgenic mice expressing MHC molecules only in certain -
thymic microenvironments have suggested the cortical epithelium is unique in its ability to
mediate positive selection (Benoist and Mathis, 1989; Bill and Palmer, 1989; Cosgrove et
al., 1992; Laufer et al., 1996). Few of these studies rigorously analysed the expression of
transgenes by thymic epithelial subsets during ontogeny and adulthcod, which must be
addressed to support these conclusions. There also remains the possibility that the lack of
positive selection observed wnen MHC molecules are expressed only in the medulla may be
due to a lack of accessibility by DP thymocytes, rather than an inability of medullary
epithelium to mediate this process. These issues have been addressed tc some extent by the
observation that isolated cortical epithelial cells can support positive selection in vitro, while
stroma from other tissues cannot (Anderson et al., 1994) (Chidgey, unpublished). The
conclusions from this and other work are that cortical epithelial cells express a unique co-
receptor, or combination of co-receptors that mediate positive selection in conjunction with
TcR recognition of MHC:peptide (Chidgey and Boyd, 2001; Har: et al., 2001).

Upon receiving the initial positive selection signal, DP thymocytes upregulate the
TcR and transiently express the activation marker CD69. These cells require continual
thymic epithelial cell contact to complete the differentiation process initiated by positive
selection (Dyall and Nikolic-Zugic, 1995; Wilkinson et al., 1995) and migrate towards the
medulla as they develop into mature CD4"CD8” or CD4°CD8" SP thymocytes.

Negative selection predominantly occurs in the medulla and its junction with the
cortex (Surh and Sprent, 1994). Consistent with this, only the DP and the semimature HSA"
Qa-2" SP thymocyte subsets are susceptible to negative selection, the more mature HSA®
Qa-2" SP thymocytes are resistant (Kishimoto and Sprent, 1997). It is generally accepted

that negative selection of thymocytes requires the ligation of costimulatory molecules, such
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as CD28 (Kishimoto and Sprent, 2000). The lack of major negative selection defects
observed in CD28 knockout mice (and other costimulatory molecule knockouts) has led to
the suggestion that several different costimulatior signals can be involved in negative
selection (Kishimoto and Sprent, 1999). The potential of at least three different
costimulatory molecules (CD35, CD28 and CD43) to cause deletion of immature SPs in
conjunction with TcR ligation supports this hypethesis (Kishimoto and Sprent, 1999). These
and other experiments demonstrate that distinct thymic microenvironments and
costimulation mediate positive and negative selection.

Negative selection is mediated by thymic dendritic cells and, to some extent,
medullary epithelial cells (Hoffmann et al., 1995; Sprent and Webb, 1995). Dendritic cells
have been shown to be the most efficient mediators of negative selection, presumably due to
high levels of MHC and costimulatory molecule expression (van Meerwijk et al., 1997
Anderson et al., 1998). Together, these cell types are estimated to induce the apoptosis of
between 50% to 70% of the positively selected thymocyte repertoire (Ignatowicz et al.,
1996; van Meerwijk et al., 1997; Zerrahn et al.,, 1997). In this way, negative selection
induces central tolerance to self-antigens by purging autoreactive thymocytes from the
repertoire prior to export. Central tolerance does not appear to be complete, as autoreactive
T-cells have been detected in the periphery of mice and humans, however these are
controlled by peripheral tolerance mechanisms (Sakaguchi et al., 2001).

The specialised roles different thymic stromal subsets in thymic positive and negative
selection emphasise the necessity to consider selection outcomes in the context of the
interacting cells and microenvironments (Fig. 1.2) (Klein and Kyewski, 2000). The various
co-receptors and antigen processing pathways utilised by these cell types will impinge upon
the signals delivered to developing thymocytes. This highlights the need for more detailed
functional and phenotypic investigations of the various thymic stromal cell types to improve

our understanding of how these cells mediate thymocyte selection.
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Figure 1.2 Schematic diagram of thymocyte development in various thymic
microenvironments.

Following precursor entry into the corticomedullary junction, DN thymocytes undergo early
differentiation events mediated by interactions with ¢cTECs and fibroblasts. As they traffic
through the cortex towards the subcapsule, rearrangement of the TcRf allows early selection
and TcRo. chain rearrangement. Following expression of the ofTcR, DP thymocytes must
interact with ¢TECs to receive survival signals or undergo programmed cell death.
Positively selected thymocytes upregulate oTcR and CD69 as they migrate towards the
medulla, during which time they are susceptible to negative selection induced by dendritic
cells and mTECs. Following the final maturation events in the medulla, mature T-cells exit
the thymus.

Adapted from Gill, (2002).
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1.2.4 The role of medullary epithelium in central tolerance

The high efficiency of central tolerance raises the question of how the thymus mediates the
negative selection of thymocytes bearing TcRs specific for peripheral self-antigens. An
emerging role for medullary thymic epithelial ceils (nTECs) in the induction of central
tolerance is yielding some answers to this question. Early reports indicating peripheral
antigen expression in rare mTECs, were supported in several transgenic models where
tissue-specific promoters were found to be active in these cells (Kyewski et al., 2002). A
more comprehensive analysis of antigen expression by mTECs verified and extended these
findings, establishing the “promiscuous” expression of tissue-specific antigens by mTECs
(Derbinski et al., 2001). A role for this phenomenon in tolerance was described by
experiments on mice deficient for AIRE, the gene defective in human auntoimmune
polyendocrinopathy syndrome type I. It was found that gene targeting of A/IRE ablated
peripheral gene expression by mTECs, resulting in the manifestation of a spectrum of organ-
specific autoimmune diseases (Anderson et al., 2002).

A number of mechanisms have been proposed to mediate tolerance induction by
these mTECs. The outcomes of thymocyte interaction with mTECs can vary from deletion
(Klein et al., 1998; Klein et al., 2001) to functional inactivation of thymocytes (anergy)
(Hoffmann et al., 1992; Schonrich et al., 1992). It has also been postulated that these rare
peripheral antigen expressing cells may induce the development of immunoregulatorj; cells
capable of controlling potentially autoreactive cells in the periphery (Kyewski et al., 2002).
A rtecent study by Liston et al., (2003) demonstrated that negative selection of TcR
transgenic thymocytes by ectopic ani:gen expressed by mTECs fails in the absence of AIRE
expression. This strongly suggests expression of these tissue-specific elements by AIRS"
mTECs induce central tolerance by deletion. Whether this is mediated directly by mTECs or

by cross-presentation by thymic dendritic cells remains to be shown (Klein and Kyewski,
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2000). Together, these studies highlight a unique role for medullary epithelium in central

tolerance to peripheral antigens.

1.2.5 Thymocyte Maturation

Thymocytes surviving selection mature in the medulla for an average of 14 days before
thymic export (Scollay and Godfrey, 1995). While much of this medullary maturation
process is unknown, it is associated with phenotypic and functional changes in SP
thymocytes. Recently selected thymocytes are HSAMCD69"CD24*CD62L"Qa-2" while
recent thymic emigrants (RTEs) are HSA"CD69CD24'CD62L*Qa-2" (Lucas et al., 1994;
Gabor et al., 1997a). There is cvidence that the early SP thymocytes are not functionally
mature and only the more mature cells are capable of surviving in the periphery (Dyall and
Nikolic-Zugic, 1995). These data suggest that functional maturity governs T cell ev=in,
rather than a passive process based on thymocyte age. In support of this, <iudics
demonsirating the requirement of G-protein signalling for this process (Chaffin ..
Perlnwutter, 1991), as well as a burst of mature thymocyte division just prior to export (Penit
and Vasseur, 1997; 1 & Campion et al., 2002), indicate that thymic export is the consequence
of an intrathymic signalling event. The nature of this signal required remains to be defined,
however it is likely to involve input from medullary and perivascular stromal cells in this

microenvironment,

1.2.6 Chemokines in intrathymic migration

During their development within the thymus, thymocytes migrate extensively within and
between thymic microenvironments, remaining in constant contact with stromal cells (Fig.
1.2). The mechanisms controlling this trafficking remain poorly characterised, but evidence
is emerging that chemokines and their receptors play important roles in this process
(Norment and Bevan, 2000). Chemokines are small, soluble polypeptides that stimulate the

migration of cells via G-protein coupled seven-transmembrane receptors (Murphy, 1994;
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Rossi and Zlotnik, 2000). Individual chemokine receptors tend to be promiscuous in their
specificity for particular chemokines. By analogy with other cell migration sysiems, the
various phases of thymocyte migration are likely to be influenced by distinct (but probably
overlapping) gradients of chemokines. In support of this hypothesis, recent siudies have
correlated differential chemokine receptor expression on thymocyte subsets and iheir
chemokine ligands by thymic stromal elements (Norment and Bevan, 2000).

Based on their thymic expression profiles, several chemokine/receptor pairs lave
been investigated in the context of early, intermediate and late stages of thymocyte
development. The expression of CXCR4 by DN thymocytes mediates their chemuattraction
to the chemokine CXCL12 (8DF) (Kim et al., 1998) expressed by stromal cells in the outer
cortex (Aiuti et al., 1999; Suzuki et al., 1999). While CXCR4 deficient thymocytes show no
gross defects in development (Zou et al., 1998), several studies indicate a role for this
interaction in early T-cell differentiation (Kawabata et al., 1999; Onai et al., 2000;
Hernandez-Lopez et al.,, 2002). CXCR4 is downregulated in DP and SP thymocytes,
suggesting as these cells mature they lose respongiveness to tliese signals (Norment and
Bevan, 2000).

The trafficking of DP thymocytes into and through the cortex is likely to be
influenced by CCL25/CCR9 interactions. CCR9 is upregulated on thymocytes after
receiving signalling through the pre-T-cell receptor (Norment et al., 2000) while its Jigand,
CCL25 (TECK) is highly expressed by cortical epithelial cells (cTECs) (Wurbel et al,,
2000). However, the ablation of this interaction does not significantly impinge on
intrathymic thymocyte development, suggesting its loss can be compensated by other signals
(Wurbel et al., 2001). Thymocytes that have recently undergone positive selection (CD69")
upregulate CCR4 (Campbell et al., 1999) which mediates their chemotaxis towards CCL22
(MDC) producing medullary epithelium (Chantry et al., 1999). While no in vive functional

data has defined a role of this interaction in the thymus, there is some evidence that it may
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facilitate negative selection by mTECs (Annunziato et al., 2000). As thymocytes mature
beyond this stage, the uvpregulation of CCR4, CCR7, CCR8 and CCRY implicate these
receptors and their ligands in the migration of these cells to and through the medullary
microenvironment (Campbell et al., 1999). Moreover, it has been found that both CCR4 and
CCR9 mediate differential chemotaxis of CD4*SP and C - 5P thymocytes respectively
(Norment and Bevan, 2000).

A role for cnemckines in thymic emigration remains to be shown, however the
sensitivity of this process to pertussis-toxin inhibition of G-protein signalling may point to a
role for chemokine receptors (Chaffin and Perlmutter, 1991). The upregulation of CCR7 on
SP thymocytes and the abundance eof its ligands, CCL19 (ELC) and CCL21 (SLC) around
medullary blood vessels make th:se molecules promising candidates for a role in thymic
export {Annunziato et al., 2000). Certainiy, SLC and CCR7 have an essential role in the
homing of T cells to peripheral lyinphoid organs, however no defect in T-cell export has yet
been found in CCR7 or SLC deficient animals (Nakano et al., 1998; Forster et al., 1999;
Gunn et al., 1999; Vassileva et al., 1999). While the differential expression of chemokines
and their receptors by thymocytes and stromal cells points to roles in thymic migration and
emigration (Fig 1.3), the in vivo functional data from various single chemokine knockout
systems does noi clearly support this. This is likely to be due to the redundancy of the
chemokine signalling system, necessitating investigations of double and triple chemokine
knockouts as well as the implementation of novel functional assays. Interactions between
chemokines and the extracellular matrix emphasise the need to analyse thymic migration

within the context of the microenvironments in which they occur (Savino et al., 2002a).
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Figure 1.3 Schematic diagram of the differential expression of chemokines and their
receptors, guiding developing thymocytes through thymic microenvironments.

CXCL12 and CXCR4 interactions are involved in DN thymocyte chemotaxis towards the
subcapsule. Late DN and early DP thymocytes migrate towards CCL25 produced by ¢TECs.
Following selection events, CCR4, CCR7 and CCR9 mediate migration into the medulla
towards CCL19, CCL21, CCL22 and CCL25 produced in this microenvironment. The
factors influencing thymocyte emigration remain to be defined, however CCR7 interactions

with CCL19 and CCL21 have been proposed to play a role.
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Central to all of these siudies is the role of the various stromal cell subsets in
expressing and presenting the various chemokines responsible for directing thymocyte
migration. Such studies will require the development of methods for purifying and

analysing the surface phenotype of these cells.

1.3 THYMIC DEVELOPMENT

Despite the importance of thymic streinal cells in T-cell differentiation and immunological
iolerance, surprisingly little is known about their cellular and molecular biology. Studies
into their development throughout thymic ontogeny continue to be critical for understanding
this enigmatic population. Thymic organogenesis is a complex series of developmental
processes comprising input from all three embryonic germ layers under the control of
discrete molecular cues. Of particular importance to the early stages of this process are the
contributions made by mesenchymal elements. Upon HSC seeding of the primordial thymic
microenvironment, differentiation and patterning of the organ occurs, highlighting the
necessity for lymphostromal cross-talk. As regional changes form within the organ, the
differentiation of cortical and medullary epithelium becomes evident. The cellular and
molecular mechanisms responsible for the early and late stages of thymic epithelial cell

development are only beginning to be elucidated.

1.3.1 Thymic organogenesis

The primordial murine thymus forms from an outpocketing of the third pharyngeal pouch
endoderm, with contributions from neural crest mesenchyme of the third and fourth
pharyngeal arches. While the possible involvement of ectoderm in this process is

controversial, the pharyngeal endoderm and surface ectoderm are closely apposed during
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thymus formation at E9.5-10.5. Early studies disagreed as to whether the ectoderm
physically contributed to thymic epithelium (Smith, 1965; Cordier and Haumond, 1980). A
seminal study by (Le Douarin and Jotereau, 1975) demonstrating that ectopicaily implanted
pharyngeal pouch endoderm was sufficient to form the thymus suggests ectoderm does not
contribute epithelium. Experiments identifying a common epithelial progenitor are
consistent with this (Rodewald et al., 2001; Bennett et al., 2002; Gill et al., 2002), although
ectoderm labelling expertments will be required definitively address the contribution of this
germ layer to the thymus. The physical contribution of neural crest derived mesodermal
cells to the thymic capsule and perivascular connective tissue has been established by cell
lineage analyses (Le Lievre and Le Douarin, 1975; Jiang et al., 2000). Ablation of this
contribution results in severe defects in thymus formation (Bockman and Kirby, 1984). The
bilateral thymic rudiments formed by these interactions bud off the pharynx and move
medially, ventrally and caudally to fuse at the midline above the heart by E12.5 (Fig 1.4).
Much of the recent literature concerning thymic organogenesis has defined aspects of
the molecular conirol of these processes by transcription factors (Manley, 2000; Manley and
Blackburn, 2003). Gene targeting of Hoxa3, a member of the Hox family of positional
specification factors, resulted in athymia, demonstrating the requirement for this gene
product in formation of the thymus (Manley and Capecchi, 1995). Hoxa3 functions
upstream of the homeobox-containing transcription factors Paxl and Pax9, both of which
are required for early thymic organogenesis (Wallin et al., 1996; Peters et al., 1998; Hetzer-
Egger et al., 2002). Cundidate signalling molecules involved in regulation expression of
these transcription factors that are expressed in the pharyngeal endoderm and have roles in
the formation of other organs include fibroblast growth factors (FGFs), bone morphogenic
proteins (BMPs) and sonic hedgehog (Manley, 2000). The genetic mutation causing the

nude phenotype in mice and humans affects the transcription factor FoxN1 (whn), showing it
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is essential for the developmental progression of the thymic rudiment (Nehls et al., 1994;
Frank et al., 1999). FoxN1 deficient thymic epithelial cells were unable to attract lymphoid
progenitors, nor expand or differentiate when they were introduced, suggesting a direct role
in epithelial growth and differentiation (Blackburn et al., 1996; Nehls et al., 1996). A recent
study has dcmonstrate.d that transcriptional control of FoxN! is mediated by Wnt signalling
molecuies produced initially by the thymic epithelium (E9.5-10.5), and later thymocyles
(Balciunaite et al., 2002). Furthermore, this study suggested that Wnt signalling and FoxN1
expression was necessary for the maintenance of TEC function beyond organogenesis.

Pax3 encodes a transcription factor expressed by neural crest cells that has been
shown to influence thymic organogenesis. Pax3 deficient mice exhibit thymic hypoplasia
due to defects in neural crest cell migration, highlighting the importance of the mesenchymal

contribution to thymic development (Conway et al., 1997).

1.3.2 The role of thymic mesenchyme

It has been proposed that neural crest mesenchyme mediates thymic organogenesis in two
ways (Anderson and Jenkinson, 2001). The first is by providing cues mediating the early
development of the ihymic rudiment (see 1.3.1 Thymic organogenesis). This role does not
appear to be exclusive to neural crest derived cells, as pharyngeal endoderm could induce
non-pharyngeal mesenchyme to participate in thymic organogenesis (Le Douarin and
Jotereau, 1975). This has since been supported by in vitro reconstitution studies showing
that mesenchyme from other organs could support thymic epithelial cell development
(Shinohara and Honjo, 1997). Therefore, it seems that during the earliest stages of thymic
organogenesis, the pharyngeal endoderm provides inductive signals to recruit the neural
crest mesenchyme (via BMP-signalling, (Ohnemus et al., 2002)), which in turn supports the
initial growth and development of the epithelial rudiment. However, the molecular signals

the mesenchyme provides the early epithelium
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Figure 1.4 Schematic diagram of tihymic organogenesis.

The thymic rudiment is formed from an outpocketing of the 3* pharyngeal pouch. Under the
influence of neural crest mesenchymal cells, the rudiment grows and buds off from the
pharynx. By E12.5, the first haematopoietic precursors seed the thymic lobes through the
mesenchymal capsule, leading to further differentiation of the early thymic epithelial cells.

Taken from Marley, (2000).
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are yet to be fully characterised. By analogy with other organ developmental systems, the
fibroblast growth factor (FGF) family of molecules has been suggested to play a role in early
differentiation and proliferation of TECs. Indeed, a study by Revest et al., (2001)
demonsirated that deficiency in the FGF receptor HIb blocked thymic development beyond
E12.5, and that the mesenchyme produces the main ligands that interact with this receptor
(FGF7 and FGF10).

The second role for mesenchyme in thymic development is in the support of early
ihymocyte development. Experiments involving reaggregation of defined fetal thymic
stromal elements with thymocyte precursors demonstrated the requirement for fibroblasts in
the differentiation of DN2 into DN3 thymocytes (Anderson et z2i., 1993; Anderson et al,,
1997). Suniara et al., (2000) extended these findings by showing thai mesenchymal cells
migrated into the thymus after lymphoid stem cell colonisation (E14), integrating with the
network of epithelial cells and producing extracellular matrix constituents. In addition, this
study demonstrated that these mesenchymal elements were essential for directly mediating
the development of the earliest thymocyte precursors beyond the DN stage, and thereby

indirectly facilitating further differentiation of the thymic epithelinm.

1.3.3 Thymic epithelial cell development

While a general understanding of the major cellular influences upon TEC differentiation is
emerging, the lineage relationships between the various subsets remains to be defined. Early
studies into the development of the thymic epithelium suggested the cortical and medullary
subsets arose from the ectoderm and endoderm, respectively (Cordier and Heremans, 1975;
Cordier and Haumond, 1980). However, other research disputed this finding, suggesting the
ectoderm did not physically contribute to the thymus (Smith, 1965; Le Douarin and Jotereau,

1975). More recently, evidence has emerged for a common embryological origin for TECs
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(reviewed in Blackburn et al., (2002). The identification of small population of embryonic
TECs recognised by cortical and medullary epithelial cell markers was taken to indicate a
common stem cell gave rise to both subsets (Ropke et al., 1995). Analysis the expression of
keratin subunits by TECs supported this hypothesis, detecting keratin-8 (K8; normally
restricted to cTECs) and keratin-5 (K5; normally restricted to mTECs) double positive TECs
at the cortico-medullary junction of the normal thymus (Klug et al., 1998). This study used
mutant mice with various blocks in early thymocyte development to establish a precursor-
product relationship between the K8'K5* TEC population and K8°K35™ cortical epithelium,
however it has not been established whether these double positive TECs can give rise to
mTECs also. Elegant experiments using chimeric mice forined by injecting embryonic stem
cells into blastocysts of different MHC haplotypes demonstrated that the medullary epithelial
islets arise from single progenitors (Rodewald et al., 2001). Studies of the nude and
embryonic thymus revealed another marker of early TECs in the cell surface reactive
monoclonal antibody MTS-24 (Godfrey et al., 1990; Blackburn et al., 1996). Subsequently
it was shown that purification, reaggregation and engraftment of embryonic MTS-24* TECs
could reconstitute a complete thymic microenvironment, providing evidence for a singie
population capable of giving rise to all major TEC subsets (Bennett et al., 2002; Gill et al.,
2002). However heterogeneity within the MTS-24" TEC population highlights the need for
the development of clonal differentiation assays to identify a putative TE stem cell.

The early differentiation of TECs has been proposed to occur in two phases; a
thymocyte independent and a thymocyte dependent phase (Klug et al., 2002). In an
extension of their previous study, Kiug et al., (2002) examined the keratin subunit
expression of TECs throughout embryogenesis and in two mutant mouse models with severe
early blocks in T-cell development. The finding that early embryonic epithelial

microenvironment (E12.5-E15.5) exhibited pockets of medullary epithelial cells similar to
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the postnatal mutant thymi, prompted the suggestion that thymocyte signals were not
required for this process (Klug et al., 2002). It should be noted that the thymus of these and
other knockout models do contain thymocytes, although these do not develop beyond the
early DN stages. Therefore, it is possible that their input is required for the initial spatial
separation of thymic elements producing various differentiation signals, leading to patterning
of tie organ. Additionally, the vascularisation and infiltration of mesenchymal cells that
occurs during this phase may contribute inductive signals during this period.

The role of thymocyie development in TEC differentiation beycad this stage (the
thymocyte dependent phase) has been well estabiished ((Shores et al., 1991; Hollander et al.,
1995b; van Ewijk et al., 2000a) reviewed in (van Ewijk et al., 2000b)). Without signals from
thymocytes at the late DN and SP stages of deveigpment, cortical and medullary TECs do
not fully develop. Furthermore, Hollander et al., (1995b) demonstrated the timing of these
signals to be important. While the thymic microenvironments of CD3¢26 transgenic mice
could be restored by normal bone marrow reconstitution of fetal mice, reconstitution of
adults resulted in abnormal T-cell development and severe colitis (Hollander et al., 1995a).
These findings have since been supported, defining a TEC developmental “window”,
whereby normal differentiation can be induced upon interaction with developing thymocytes
only before the first week following birth (Wang et al., 1997; Klug et al., 1998). The
provision of RAG™" bone marrow (thymocyte arrest at DN3) daring this period is sufficient
to induce the early differentiation of cTECs, such that full thymic restoration can be induced
upon subsequent normal bone marrow reconstitution of adults (van Ewijk et al., 2000a).
This next stage of restoration seems to involve proliferation of ¢cTECs followed by their
differentiation into mTECs, rather than expansion of pre-existing mTECs (Penit, 1996).
Collectively, these studies describe early control points in the stepwise differentiation of

TEC:s.
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The cellular interacticns mediating further TEC development are less clearly defined.
Many models indicate that SP thymocytes induce mTEC differentiation and/or expansion;
for instance, in TcRa chain deficient mice where nearly all thymocytes are blocked at the
DP stage of development, the thymic medulla remains small and disorganised (Palmer et al.,
1993) (1.1.1 The thymic microenvironment). Mature, peripheral T-cells and v& thymocytes
can also expaad this microenvironment to some extent, with TcR:MHC interactions
important in influencing its organisation (Ferrick et al., 1989; Surh et al., 1992a; Brabb et al.,
1997). However, the broad phenotypic and ultrastructural heterogeneity within the mTEC
population suggests there are more complex control points determining TEC fate (Farr and
Rudensky, 1998; Farr et al., 2002). Differential expression of MHC molecules and CD80
distinguishes at least three mTEC subsets (Surh et al.,, 1992b; Nelson et al., 1993;
Degermann et al., 1994). Whether these differences impact upon possible roles for these
cells in negative selection remain to be defined.

Literature concerning the molecular control of late TEC development is sparse. A
member of the NF-xB family of tramscription factor subunits, RelB, is critical for the
differentiation or expansion of mTEC subsets, however the upstream regulation of this gene
in TECs is unknown (Burkly et al., 1995; Naspetti et al., 1997). A candidate for
involvement in this signalling is keratinocyte growth factor (KGF, FGF-7), that has recently
been found to drive expansion of the h}'p;;[;lastic medullary epithelial compartment in
RAG™" thymi (Erickson et al., 2002). Likewise, human cTEC differentiation can be
influenced by viral induced interferon-f secretion (Vidalain et al., 2002), however a
physiological role for either of these signalling pathways remains to be demonstrated.

In summary, our understanding of TEC development has recently grown extensively.
Evidence for a single origin for the thymic epithelium has emerged, and early developmental

control points and a framework lineage relationship proposed (Fig 1.5). However, the

31




Chapter One

Figure 1.5 A possible thynic epithelial cell lineage model.

The earliest endodermally-derived thymic epithelial cells mature into K5'K8* TEC precursor
cells, apparently under the influence of mesenchymal cells. Following recruitment of
hematopoietic precursors, thymocytes development induces the differentiation of cortical

(K8") and medullary TECs (K5%).
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absence of appropriate surface markers for the purification of these subsets currently
hampers further understanding of TEC differentiation. Also, little is known about the
molecular control of TEC biology. Developing a greater understanding of these processes

will be essential for the design of strategies aimed at enhancing thymic-dependent immunity.

14 THYMIC DYSFUNCTION

The crucial role of the thymus in establishing and maintaining immunity while inducing self-
tolerance is highlighted in instances of thymic dysfunction. Disruption of the thymus is a
hallmark of many models of spontaneous organ-specific autoimmune disease. The decline
in immune function and increased incidence of autoimmune disease upon thymic involution
in the aged reinforces this link. A growing body of literature examines the possibility of
regenerating the disrupted thymus to treat autoimmunity and T-cell depletion following bone
marrow transplants. Given the importance of thymic stromal cells to thymocyte

development, this compartment will be central to any strategy of thymus manipulation.

1.4.1 The thymus in autoimmunity

Early studies into the role of the thymus in immunity discovercd that thymectomy of 3 day
old mice resulted in various organ-specific autoimmune diseases (Nishizuka and Sakakura,
1969; Kojima et al., 1976; Kojima et al., 1980). Despite extensive research into these
models, the reasons for these findings are not completely understood. Recently, several
groups have found a link botween autoimmune disease and the production of putative
immunoregulatory CD25'CD4" T-cells by the thymus after day 3 (Shevach, 2000). While
thymectomised mice are deficient in these cells, transfer of CD25*CD4* T-cells from intact

mice can prevent autoimmune disease (Asano et al., 1996; Itoh et al., 1999). The
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mechanism by which this effect is mediated, the antigen specificity of these cells and their
targets remain unknown.

Other studies have found a link between thymic abnormalities and autoimmune
disease. The potential for thymic defects to predispose autoimmunity has been demonstrated
most recently by the finding that loss of peripheral antigen expression by mTECs
compromises central tolerance (Anderson et al.,, 2002). Furthermore, the thymic
microenvironment in many murine models of autoimmune disease is characterised by the
presence of medullary epithelial cells in the cortex, large epithelial cell free regions, a
reduction in the size of the medulla and dysregulated expression of stromal markers
(Takeoka et al., 1995b; Takeoka et al., 1997; Taguchi et al.,, 1999). Extensive
characterisation of intercrosses of one of these models, New Zealand black (NZB) mice,
associated the thymic defect with disease and non-MHC genetic elements (Takeoka et al.,
1995a). Similar findings were reported in non-obese diabetic (NOD) mice, where the
severity of disease was linked to thymic defects that were not present in C57BL/6 H-2¢
congenic strains (Atlan-Gepner et al., 1999). NOD thymocytes also exhibit reduced
susceptibility to negative selection, suggesting the thymic defect in this case may induce
inappropriate T-cell development (Kishimoto and Sprent, 2001). However, this study did
not find a similar impairment of negative selection of several other murine models of
autoimmune disease, including NZB mice. While the disruption of the thymic
microenvironment in various models of autoimmune disease is striking, as yet there is no

evidence of a direct link between the two states.

1.4.2 Age-related thymic atrophy

A major anomaly of the immune system is the involution of the thymus with age. Despite its
importance in maintaining a diverse peripheral T-cell pool, the thymus is dramatically

reduced in size and function in the elderly. The time of onset of thymic atrophy in humans
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remains controversial, but alterations in size and microenvironment are apparent 1 year after
birth, with the most profound changes observed following puberty (Bertho et al., 1997,
Mackall and Gress, 1997; Sutherland, 2001). In mice, it is a gradual process initiated
following sexual maturity (Hirckawa et al., 1992). Involution is characterised by decreased
thymic size, collapse of the cortex, infiltration of adipose tissue associated with large
perivascular spaces, an indistinct cortico-medullary junction, decreased MHC II expression
and reduction in thymic export (Farr and Sidman, 1984; Takeoka et al., 1996; Haynes et al.,
2000b; Ortman et al., 2002). Despite a decrease in thymocyte numbers of up to 100-fold in
the atrophied thymus, the major developmental subsets are retained at similar proportions as
young, although a partial block between the DN1 to DN2 transition has been reported
(Aspinall, 1997; Douek and Koup, 2000). It is not known whether microenvironmental
collapse of the involuted thymus is accompanied by a reduction in stromal cell numbers or
changes in their phenotype.

While the rate of mature T-cell export from the thymus remains the same (~1% per
day), overall reduction in thymic size reduces the numbers of recent thymic emigrants to
fewer than 5% of that of the young adult (Berzins et al., 2002). This has implications on the
peripheral T-cell pool, as expansion of pre-existing memory cells corapensates for reduced
naive input to maintain overall numbers (Haynes et al., 200Ca). This leads to a narrowing of
T-cell diversity that is associated with a declined T-cell function, resulting in reduced
capacity to resist disease and an increased likelihood of autoimmune disease (Mackall and
Gress, 1997; Aspinal! and Andrew, 2000).

Current data suggest that while thymic atrophy is influenced by many factors, it is
predominantly caused by sex steroids. There is some evidence that aged bone marrow
contains reduced numbers of T cell progenitors and a reduced capacity to competitively

repopulate young thymic lobes (Fridkis-Hareli et al., 1992; Globerson et al., 1992).
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However, transfer of young bone marrow into aged recipients did not restore the involuted
thymus (Mackall et al., 1998). Likewise, the inability of aged thymic lobes to reconstitute
following grafting into young recipients further suggests the provision of normal bone
marrow does not induce regeneration on its own (Utsuyama et al., 1995). On the other hand,
when young recipients were gonadectomised, aged thymic grafts exhibited regeneration
similar to young grafts (Utsuyama et al., 1995). This link between ablation of sex steroid
action and reversal of thymic involution is well established in the literature (Olsen and
Kovacs, 1996). Animals bearing defective androgen receptors did not exhibit age-related
thymic atrophy (Olsen et al., 1991b). Those deprived of androgens demonstrated thymic
regeneration which could be inhibited by administration of synthetic sex steroids (Kendall et
al., 1990; Olsen et al., 1991a; Windmill et al., 1993; Olsen et al., 2001). Together these

findings suggest an intrathymic role for androgens in mediating involution and regeneration.

1.4.3 Thymic regeneration

A logical means of ameliorating the problems associated with age-related thymic atrophy is
by affecting thymic regeneration to restore its full functional capacity. This could be
particularly useful in achieving accelerated immune reconstitution following the
lymphopenia that accompanies radiation and chemotherapy. Slow immune recovery
following these procedures has been associated with a reliance of peripheral expansion that
skews the immune repertoire, and increased morbidity (Haynes et al., 2000a). Clinical
studies of chemotherapy patients of varying ages demonstrated a significant inverse
relationship between age and T cell recovery (Mackall et al., 1995; Small et al., 1999; Douek
et al., 2000). Increased thymic output was found to correlate with increased naive T-cell
numbers and broader TcR repertoires (Mackall et al., 1995; Douek et al., 2000). In addition,
the rate of CD4* recovery inversely correlates with the risk of developing opportunistic

infections (Small et al., 1999). A corollary of these studies is that thymic regeneration
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would be beneficial in the re-establishment of immunity.

One means of achieving thymic regeneration involves the ablation of sex steroids,
removing their inhibitory effect upon the thymus (Berzins et al., 2002). Comprehensive
studies by Sutherland, (2001) examined the immune reconstitution of aged or
immunodepleted mice following castration, finding the attending thymic regeneration
induced a return to young levels of T-cell development, thymic export, peripheral naive T-
cells and immune responsiveness to viral challenge. Analysis of prostate cancer patients
undergoing sex steroid blockade by luteinising hormone-releasing hormone agonist (LHRH-
A) treatment revealed a significant increase in naive T-cells within four months of treatment,
indicating chemical castration enhanced thymus function in humans (Sutherland, 2001).
However, the means by which sex steroid ablation causes thymic regeneration is not known.

Thymic stromal cells appear to be the primary mediators of this effect. Olsen et al.,
(2001) used bone marrow transfer between normal and androgen receptor-deficient mice to
demonstrate that androgens modulate thymic size by acting on stromal cells. This study
extends earlier findings showing that progesterone and estrogen receptors on the thymic
stroma are necessary for thymic involution mediated by these sex steroids (Staples et al.,
1999; Tibbetts et al., 1999). The direct effects of sex steroid withdrawal on thymic stromal
cells are not known, nor is the mechanism by which these cells drive thymocyte proliferation
and differentiation to affect thymic regeneration. Furthermore, whether the restoration of
thymocyte numbers and development is accompanied by a similar regeneration of the
stromal compartment is an important question, yet to be addressed.

Other key factors that have been shown to have a regenerative effect on the thymus
include IL-7 and keratinocyte growth factor (KGF) (Bolotin et al., 1996; Min et al., 2002).
Importantly, KGF administration has been shown to specifically protect thymic epithelial

cells from irradiation and chemotherapy regimes, as well as the damage caused during graft
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versus host disease (Min, et al., 2002; Rossi et al., 2002). The emerging central role of these
factors and the thymic stroma in thymic regeneration emphasises the need for further

research in this area.

1.5 CONCLUSION

It is clear that thymic stromal cells mediate of8 T-cell development. The sequential
differentiation of thymocytes occurs within thymic discrete microenvironments, initiated by
specialised stromal cells. Thymic “crosstalk™ between developing thymocytes and epithelial
cells establishes these regions, however the molecular interactions involved in this process
remain to be elucidated. The distinct stromal cell subsets controlling various thymocyte
developmental steps have been determined, with the role of fibroblasts in early
differentiation and the epithelium in selection events particularly notable. Major challenges
presented in this area include the definition of the ¢cTEC coreceptors required for positive
selection, the mechanism by which ectopic gene expression by mTECs imposes tolerance to
tissue-specific antigens and the molecular controls of thymocyte migration through and out
of the thymus. An important technical requirement for research into these areas is the means
to purify these cell subsets for molecular and phenotypic analysis, a procedure that has
proven difficult to date. Studies into the developmental origins of thymic epithelium have
provided some insight into how the various subsets of these cells arise and persist in the
thymus. While current work focuses on the molecular control of this development, a greater
understanding of the population dynamics and relationships 1s stili required. What are the
maturational stages of the thymic epithelial subsets? Is there an optimal thymocyte to
stromal cell ratio? Can the thymic stroma remodel with age? The answers to these
questions have implications for our general understanding of thymic function, as well as the

development of strategies to regenerate thymopoiesis in immunosuppressed states.
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CHAPTER 2

Materials and Methods

2.1 ANIMALS

CBA, C57B1-6 and CBA x C57Bl/6 F1 mice were used throughout this siudy at the ages
indicated for organs and cells. Embryological age was judged with the day of plug
formation taken as E0.5. Mice were bred and maintained by the Monash University Central

Antmal Services.

2.2 TREATMENT OF ANIMALS

2.2.1 Surgical castration

Mice were anaesthetised by inhalation of 4% isofluorane in oxygen, maintained via a nose
cone. Castration was then performed with a small scrotal incision made to reveal the testes,
which were tied off with suture thread and removed with scissors. Incisions were sealed
with 9mm autoclips (Becton Dickinson, U.S5.A.) and cleansed with 70% ethanol. Sham

castrated mice received the incision and the testes exposed but not removed.

2.2.2 Imimunodepletion by cyclophosphamide treatment

Mice between 6-8 weeks of age were immunodepleted by two intraperitoneal injections of
200mg/kg body weight of cyclophosphamide (Pharmacia, Australia) in sterile PBS over two

days.

2.2.3 Bromodeoxyuridine (BrdU) treatment
BrdU incorporation was initiated by one intraperitoneal injection of BrdU (1mg in sterile

PBS) (Sigma, U.S.A.) and maintained by the administration of 0.8mg/mL of BrdU in sterile

drinking water, which was made fresh and changed daily.
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2.3 ANTIBODIES, IMMUNOCONJUGATES AND LECTINS

Specificity Clone Form Source
Thymic fibroblasts MTS-15 Hybridoma s/n Boyd lab, Australia
Biotinylated Boyd lab, Australia
CD31 (PECAM) MTS-12 Hybridoma s/n Boyd lab, Australia
Primordial epithelium MTS-24 Hybridoma s/n Boyd lab, Australia
Thymic fibroblasts ER-TR-7 Hybridoma s/n Boyd lab, Australia
Keratin (wide screen) Polyclonal Purified Dako, U.S.A.
CD8 53-6.7 APC Pharmingen, U.S.A.
CD4 RM4-5 PE Pharmingen, U.S.A.
B220 RA3-6B2 PE Pharmingen, U.S.A.
TeRB H57-597 FITC Pharmingen, U.S.A.
APC Pharmingen, U.S.A.
CD45.2 104 FITC Pharmingen, U.S.A.
CD45 30-F11 PE Pharmingen, U.S.A.
APC Pharmingen, U.S.A.
CD40 3/23 Purified Pharmingen, U.S.A.
CD80 IG10 Purified Godfrey lab, Australia
CDllc HL3 Biotinylated Pharmingen, U.S.A.
CDI11b M1/70 APC Pharmingen, U.S.A.
Ly51 CDR-1 Hybridoma s/n Boyd lab, Australia
6C3 Biotinylated Pharmingen, U.S.A.
FITC Pharmingen, U.S.A.
EpCAM G8.8a Hybridoma s/n Farr lab, U.S.A.
Biotinylated Farr lab, U.S.A.
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Fucose carbohydrates

TSA-1
ICAM-1
FcR

Thyl.2
I-A/I-E
CCLI19
CCL21
Human Ki67
BrdU

Rat Ig

Rat IgG

Rabbit IgG

Streptavidin

UEA-1 lectin
GR-12
YNI1/1.7.4
2.4G2
121-112
M5/114.15.2
Polyclonal
Polyclonal
B356
Polyclonal
Polyclonal
Polyclonal
Polyclonal

Polyclonal

Polyclonal
Polyclonal
Polyclonal

Polyclonal

Biotinylated

FITC

Hybridoma s/n
Hybridoma s/n

Hybridoma s/n

PE
Biotinylated
Biotinylated
FITC

FITC

FITC
HRPO

APC

PE

Biotinylated
Cy3

Alexa 568
Cy5

PerCP
CyChrome

APC

Vector, U.S.A.

Boyd lab, Australia
Boyd lab, Australia
Boyd lab, Australia
Boyd lab, Australia
Pharmingen, U.S.A.
R&D Systems, U.S.A
R&D Systems, U.S.A.
BD Biosciences, U.S.A.
BD Biosciences, U.S.A.
Silenus, Australia
Caltag, U.S.A.

Caltag, U.S.A.
Southern Biotechnologies,
US.A.

Vector, U.S.A.
Amersham, U.K.
Molecular Probes, U.S.A.
Amersham, U.K.
Pharmingen, U.S.A.
Pharmingen, U.S.A.

Pharmingen, U.S.A.
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24 FLOW CYTOMETRY

2.4.1 Cell suspensions

Murine lymphoid cell suspensions were prepared by gently grinding organs between two
frosted glass slides with cold FACS buffer (PBS, 1% FCS (v/v), 0.02% (w/v) NaN,). Cells
were washed in FACS buffer and recovered by centrifugation prior to immunofluorescent

staining,

2.4.2 Thymic stromal cell isolation by collagenase digestion

The thymic stromal cell isolation procedure used was based on that developed by (Shortman
et al., 1989). Two to three thymi were dissected from freshly killed mice and trimmed of fat
and connective tissue. Small cuts into the capsules were made with a pair of fine scissors
and the thymi were gently agitated in 50mLs of RPMI-1640 with a magnetic stirrer at 4°C
for 30 minutes to remove the “~ajority of thymocytes. The resulting thymic fragments were
transferred into 10mLs of fresh RPMI-1640 and dispersed further with a wide bore glass
pipette to free more thymocytes. Medium was changed 2-3 times after agitations, with
fragments recovered by settling each time. The thymic fragments were then incubated in
S5mLs of 0.125% (w/v) collagenase D with 0.1% (w/v) DNAse I (both from Boehringer
Mannheim, Germany) in RPMI-1640 at 37°C for 15 minutes, with gentle agitation using a
Pasteur pipette every 5 minutes. Enzyme mixtures with isolated cells were removed after
fragments had settled, then replaced with fresh mixture for further incubation. Gentle
mechanical agitation was performed with a yellow pipette tip or 3mL syringe and 26G
needle to break up aggregates remaining in final digestions. After 3-4 digestions, cells were
pooled and centrifuged at 450 g, for 5 minutes, resuspended in SmM EDTA in PBS +
1%FCS + 0.02% (w/v) NaN,(EDTA/FACS buffer) and allowed to incubate for 10} minutes
at 4°C to disrupt rosettes. Cells were then passed throngh 100um mesh to remove debris.

Viable cells were stained with ethidium bromide/acridine orange and counted on a
43




R TSI e

G N

Chapter Two

haemocytometer on a fluorescent microscope, or using a Z2 Coulter Counter (Beckman

Coutlter U.S.A.) with viable cells gated according to cell size.

2,43 Compari.éon of thymic stromal cell isolation by collagenase/dispase or trypsin

digestion

Thymi were removed and mechanicaily digested as above. The first enzymatic incubations
were performed in collagenase, with final digestion of large aggregates performed in SmLs
of either collagenase, 0.125% (w/v) collagenase/Dispase (Boehringer Mannheim, Germany)
with 0.1% (w/v) DNAse I in RPMI or 0.125% (w/v) trypsin (Boehringer Mannheim,
Germany) in Ca/Mg-free HBSS for 30 minutes at 37°C with gentle agitation every 15
minutes. Five mLs of 0.1% (w/v) DNAse I in RPMI was then added to the trypsin digestion
mixture and incubation resumed at 37°C for a further 15 minutes, with gentle agitation every
5 minutes. Cells recovered by centrifugation were resuspended in EDTA/FACS buffer and
incubated at 4°C for 10 minutes, then passed through 100pum mesh before counting and

staining.

2.4.4 Immunofluorescent staining for flow cytometry

Cells were washed in cold EDTA/FACS buffer and 3 x 10° cells dispensed into wells of a
96-well round-bottomed plate (an empty well was left between each sample). Primary
antibody (30uL of hybridoma supernatant or purified antibody at a sub-optimal ;lilution) was
incubated with resuspended cells for 20 minutes at 4°C, followed by two washes in 200uL of
EDTA/FACS buffer. The secondary antibody was added, incubated and washed, before
10uL of 10% (v/v) normal rat serum in FACS buffer was added for 5 minutes at 4°C to
block any remaining reactive sites of the secondary reagent. Biotinylated and direct
conjugates were added, incubated and washed, followed by the appropriate streptavidin
conjugate, After final incubation, celis were washed, then resuspended in 200uL of

EDTA/FACS buffer for acquisition. Sample data from 1 x 10* CD45" (non-lymphoid) cells
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or 1 x 10° lymphoid cells were acquired on a FACScalibur (BD Biosciences, U.S.A.) using
up to four fluorescent channels (FL1 for FITC, FL2 for PE, FL3 for CyChrome and PerCP
and FL4 for APC) and analysed using CellQuest software (BD Biosciences, U.S.A.). All
compensations were performed on single colour labelling of stromal cells. An FcR block
(clone 2.4G2 supernatant) was employed before antibody staining of dendritic cells,

macrophages or MTS-15 staining of leukocytes.

2.4.5 Cell sorting

Cells were isolated and stained as above in large samples (1.0 x 10’-5 x 107) and
resuspended in EDTA/FACS buffer at 1.0 x 107 cells/mL. Sorting was performed on a
FACStar™ cell sorter (BD Biosciences, U.S.A.) at no more than 3.0 x 10° cells per second.
Samples were collected in 30%FCS in RPMI-1640, recovered by centrifugation, counted

and a sample analysed for purity. Populations were sorted to greater than 95% purity.

2.4.6 BrdU staining

Cells were prepared and surface labelled as described previously (sections 2.4.2 and 2.4.4).
Samples were then fixed in cold 0.5% w/v paraformaldehyde (BDH Laboratory Supplies,
U.K.), 0.01% Tween-20 (BDH Laboratory Supplies, U.K.) in PBS overnight at 4°C in the
dark. Cells were washed in PBS, recovered by centrifugation and incubated in DNAse [

(50Kunitz) (Roche Diagnostics, Germany) for 30 minutes at 37°C. After washing, cells were

stained with FITC conjugated anti-BrdU for | hour at room temperature.

2.4.7 Ki67 staining

Cells were prepared and surface labelled as described previously (sections 2.4.2 and 2.4.4).
Samples were then fixed in 0.5% w/v paraformaldehyde (BDH Laboratory Supplies, U.K.)
in PBS for 30 minutes at room temperature in the dark. Cells were then washed in PBS,

recovered by centrifugation and incubated in BD FACS Permeabilisation solution (BD
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Biosciences, U.5.A.) for 30 minutes at room temperature in the dark. After washing, cells
were stained with FITC conjugated anti-Ki67 for 30 minutes at room temperature, washed

once more and prepared for flow cytometric acquisition.

2.4.8 Recombinant ELC treatment

Biotin conjugated anti-ELC at a sub-optimal labelling concentration was incubated at 4°C
overnight with varying concentrations of recombinant ELC (R&D Systems, U.S.A.), starting
at a 200 molar excess to antibody (0.42pg/mL) in FACS buffer. This mixture was used to
stain cells prepared as described previously (section 2.4.2). Preincubations of cells with
recombinant ELC alone were performed for 30 minutes at 4°C prior to other antibody

labelling protocols (section 2.4.4).

2.5 IMMUNOHISTOLOGY AND CONFOCAL MICROSCOPY

Sections (12-14um) were cut on a TissueTek II cryostat (Miles Scientific, U.S.A.) at -25°C
and mounted on microscope slides before fixation in —20°C acetone for 30 seconds and air
drying. Tissue sections were then washed in PBS for 5 minutes and incubated with 30l of
primary mAb for 15 minutes in a moist box at room temperature, followed by washing three
times in PBS with gentle agitation for 5 minutes each. Secondary antibodies (30ul) were
applied, incubated for 15 minutes, then washed from slides. For three-colour
immunofluorescence, 10uL of 10%(v/v) normal rat serum was added to sections for 5
minutes at room temperature to block any remaining reactive sites of the secondary reagents,
followed by addition of biotinylated and direct conjugates. After incubation and washing,
streptavidin conjugates were incubated and washed before mounting with fluorescent
mounting medium (DAKO, U.S.A.) using coverslips.

Images were acquired on a Bin-Rad (U.S.A.) MRC 1024 confocal microscope with a

three-line Ki/Ar laser (excitation lines 488, 568 and 647nm) using the acquisition software
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Bio-Rad (U.S.A.) LaserSharp v 3.2. Files were analysed using LaserSharp processing

software.

2.6 CELL AND ORGAN CULTU

2.6.1 Cell culture

Hybridomas, cell lines and MTE-1D:PBL or 3B6:PBL co-cultures were maintained in
RPMI-1640 (Invitrogen, Australia) supplemented with 5% FCS (v/v) (CSL, Australia) and
2mM L-glutamine and incubated at 37°C in 8%CO,-in-air. MTE-1D and 3B6 cells were
harvested by trypsinisation in 0.125% w/v trypsin (Sigma, U.S.A.) in 5mM EDTA/PBS and
washed in RPMI-1640 before counting and replating. MTE-1D cells were the generous gift
of Philippe Naquet (Marseilles, France), while 3B6 cells were obtained from Dale Godfrey

(Melbourne, Australia).

2.6.2 Fetal thymic organ culture (FTOC)

Thymus lobes were obtained from E15.5 fetal mice and cultured on sponge-supported filter
membranes at an interface between 5% CQO,-in-air and 10% FCS, S0uM 2-mercaptoethanol,
2mM L-glutamine, 1 X non-essential amino acids, 10mM HEPES, 1mM sodium pyruvate,
100U/mL penicillin and 100ug/mL streptomycin in RPMI-1640 (Life Technologies, U.S.A.)
for 5 days in a 37°C incubator. Lobes were then washed and submerged in 1.08 mg/mL
Cellmatrix collagen gel (Type 1-A, Nitta Gelatin, Japan) in a 30mm dish. This was filled
with media and cultured at 37°C in 75% O, and 5% CO,-in-air under an Axiovert S-100
microscope (Carl Zeiss, Germany) for monitoring by a time-lapse visualisation system
equipped with a C4742-95 digital CCD camera (Hamamatsu Photonics, Japan) and Openlab

software (Improvision Inc., U.S.A.).
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2.6.3 Chemotaxis assay

Thymocyte cell suspensions (100uL with 5 x 10’ cells) were placed in a Transwell chamber
with a polycarbonate membrane (6.5mm diameter, pore size 5um, Costar, U.S.A.) with
600uL. of culture médium containing chemokines (all from R&D Systems). Cells were
cultured for 90 minutes, recovered from the upper and lower chambers, counted and

analysed for TcRf expression by flow cytometry.

2.7 BIOCHEMICAL AND MOLECULAR TECHNIQUES

2.7.1 Tween-40 membrane preparations and Western blotting

Cell membranes were enriched by ultracentrifugation (100,000g,.,.,) of Twer..-40 disrupted
tissue or cell preparations in 10mM Tris, 140mM NaCl, 0.02%Na; (v/v) (Standring and
Williams, 1978). Pellets were resuspended in a minimal volume of 10mM Tris, 140mM
NaCl, 0.02% NaN, (v/v) and 1-2uL. mixed with 2X reducing or non-reducing SDS sample
buffer (5% SDS, 20% glycerol, 0.1% bromophenol blue (w/v) in 0.5M Tris-HCI with 0.1M
DTT for reducing). Samples were boiled prior to loading on a 3% polyacrylamide stacking
gel over a 16% polyacrylamide SDS resolving gel cast in a Dual Mini-gel Caster (Bio-Rad,
U.S.A.). Electrophoresis was performed at 60mA per gel in 0.2M Tris-HC] pH 8.8 anode
buffer and 0.1%SDS, 0.1M Tricine in 0.1M Tris-HCI pH 8.25 cathode buffer (Schagger and
von Jagow, 1987). After tricine SDS-PAGE, western transfer onto PVDF membranes was
performed using a Bio-Rad transfer system run at 30V (80mA) overnight in 20%(v/v)
methanol in 0.25M Tris/0.2M glycine. Membranes were then blocked in 5% (w/v) casein
for 2 hours, washed for five minutes three times in 0.05% (v/v) Tween-20 in PBS, then
incubated with approximatély 7.5mLs of MTS-15 hybridoma supernatant for 30 min at room

temperature. Following washing, secondary antibodies in 5% (w/v) casein were incubated
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on membranes for 30 min, then washed off prior to ECL-Plus detection (Amersham, U.K.)

and exposure to autoradiography film.

2.7.2 MTS-15 antigen purification.

Mouse intestinal membrane preparation (4mL) was extracted with 15mL of chloroform,
methanol (1:2 v/v), with intermittent sonication for 3h at room temperature and the extract
recovered by centrifugation (1500rpm, 10min, room temperature). The pellet was further
extracted with SmL chloroform, methanoi, water (1:2:0.8 v/v), with sonication for 1.5h at
room temperature and centrifugation as above. The two supernatants were combined, water
added to give a final chloroform, methanol, water ratio of 1:2:3.4 (v/v) and the two phases
allowed to separate overnight at 4°C. The chloroform phase was dried under N, and
resuspended in 500uL of chloroform, methanol (1:1 v/v). An aliguot (100uL) was applied
over 17cm of a silica gel 60 aluminium-backed HPTLC plate (Merck, Germany) and
developed for 10cm in chloroform, methanol, 1M ammonium acetate, 13M ammonium
hydroxide, water (180:140:9:9:23 v/v). Silica bands of 2.5mm were scraped and the
resolved glycolipids extracted with chloroform, methanol, water (1:2:0.8 v/v). Antigenic
activity was identified by reanalysing each fraction by HPTLC ard immunoblotting with
MTS-15 (see below). A duplicate HPTLC plate was stained with orcinol/sulphuric acid

reagent (3min, 80°C) for detection of carbohydrates.

2.7.3 HPTLC immunoblot analysis.

Chromatographed HPTLC plates were air dried and plastic coated with 0.1% (w/v)
polyisobutylmethacrylate in n-hexane. Coated plates were dried and blocked in 5% (w/v)
powdered skim milk in PBS, 0.02% (v/v) Tween-20 for lh at room temperature. The
HPTL.C plates were probed with MTS-15 for 1h at room temperature followed by anti-rat Ig

HRPO conjugated antibody (1:500, Dako, U.S.A.) in 5% (w/v) powdered skim milk in PBS,
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0.02% (v/v) Tween 20 for ih at room temperature. Detection of the secondary antibody was

by ECL Western detection system (Amersham, U.K.).

2.7.4 GC-MS compositional analysis

HPTLC-purified MTS-15 antigen was subjected to methanolysis on 0.5M methanolic-HCL
(50ul) for 16h at 80°C. The mixture was neutralised with pyridine (10uL), sugars re-N-
acetylated by addition of acetic anhydride (10uL, 10min, room temperature) and dried under
vacuum. The released monosaccharides were derivatised in 154l pyridine,

hexamethyldisilazane, trimethylchlorosilane (9:3:1 v/v) for 20min at room temperature and
the solvent dried under N,. The trimethylsilyl derivatives were resuspended in 50ul. n-
hexane and detected by gas chromatography mass spectromeiry an a Hewlett Packard
(U.S.A) GC system 6890 series/mass selective detector 5973 using a HP1 (Hewlett Packard,

U.S.A.) capillary column.

2.7.5 MALDI-TOF-MS analysis.

HPTLC-purified MTS-15 antigen in 50% 1-propanol (0.3, ~1pg/uL) was analysed by
matrix-assisted laser desorption ionisation/time of flight mass spectrometry on a Voyager-
DE STR, Perspective Biosystem (PE Biosystems, Germany) in the positive ion/reflector
mode. Saturated ot-cyano-4-hydrocinnamic acid in 60% 1-propanol (0.3ul) was used as the

matrix and GM1 was used as a standard.

2.7.6 Chemical and enzymatic treatments

Partial acid hydrolysis of the MTS-15 antigen was performed in 0.1M trifluoroacetic acid
(100uL) for 2h at 100°C. The sample was dried under vacuum and residual trifluoroacetic
acid removed by evaporating with toluene (2x20uL). Mild base hydrolysis was carried out
in 0.1M methanolic-sodium hydroxide (S0uL) for 2h at 37°C. The samples were neutralised

with 1M acetic acid, then subjected to I-butanol, water partitioning. The 1-butanol phase
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containing the glycolipids was dried under vacuum. Endoglycoceramidase Il ACT (EGCase
I, 1uL, imU, Calbiochem, U.S.A.) digestions were performed in 20mM sodium acetate, pH
5.0 for 16h at 30°C. Lipidic digestion products were recovered by l-butanol, water
partitioning and the 1-butanol phase dried under vacuum. Coffee bean q-galactosidase
(20puL, 1U, Boehringer Mannheim, Germany) treatments were performed in 0.1M
phosphate-citrate, pH 6.0, 0.2% taurodeoxycholate for 48h at 37°C. Jack bean B-N-
acetylhexaminidase (15ul, Oxford GlycoSystems, U.K.) treatments were carried out in 0.1M
phosphate-citrate, pH 4.5, 0.1% taurodeoxycholate for 22h at 37°C. Chemical and
enzymatic treatment products were resuspended in 50% 1-propanol (10pL), resolved by

HPTLC and detected by orcinol and MTS-135 staining.

2.7.7 Reverse transcriptase PCR analysis of mRNA transcripts

Cells purified by cell sorting were washed and resuspended in a minimal volume of
Trireagent (Molecular Research Center, U.S.A.). After vortexing, a one tenth volume of
BCP phase separation reagent (Molecular Research Center, U.S.A.) was added, vortexed and
incubated at room temperature for 15 minutes, followed by centrifugation to separate
aqueous and organic phases. The aqueous phase was taken and added to yeast tRNA carrier
(Invitrogen, U.S.A.) in isopropanol, mixed and incubated for 15 minutes at room
temperature, Total cellular RNA was recovered by centrifugation and washed with 70%
ethanol in water before air drying. RNA was reverse transcribed using Superscript II
(Invitrogen, U.S.A.) and oligo-dT oligonucleotides (Invitrogen, U.S.A.) incubated at 42°C
for 50 minutes, followed by inactivation at 70°C for 10 minutes. cDNA was PCR-amplified
(30 cycles for HPRT; 35 cycles for chemokines and receptors) with Taq polymerase

(Promega, U.S.A.) using the following primers.
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Primer Sequence

HPRT 5§’ CACAGGACTAGAACACCTGC
HPRT 3 GCTGGTGAAAAGGACCTCT
CCL19 5 GCTAATGATGCGGAAGACTG
CCL19 % ACTCACATCGACTCTCTAGG
CCL21 5 GCTGCCTTAAGTACAGCCAG
CCL2t 3 GTGTCTGTTCAGTTCTCTTGC
CCR7 S TTTTCCAGGTGTGCTTCTGC
CCR7 3’ TGTACGTCAGTATCACCAGC
CCXCKRS' TTCAGATGCTGGAAATCGGC
CCXCKR3 GCTTGGCAGAACTTAACAACG

PCR products were electrophoresed on a 1.5% agarose gel and visualised with ethidium

bromide staining.
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CHAPTER 3

Analysis of thyinic stromal cell populations using flow cytometry.!

3.1 INTRODUCTION

The thymus provides a unique microenvironment that efficiently generates offT-
lymphocytes capable of responding to foreign peptide in the context of self-MHC. This
microenvironment is established through the interplay of developing thymocytes with a non-
lymphocytic component broadly termed the thymic stroma. The latter consists of a
phenotypically diverse group of cells, including epithelium, endothelium, reticular
fibroblasts, macrophages, dendritic cells and neuroendocrine cells (Boyd et al., 1993). These
cells collertively provide cell surface molecules, cytokines and extracellular matrix elements
that are essential for various stages of T-cell development (Anderson et al., 1996). While the
various subsets of thymocytes in the thymus have been studied in depth, relatively little is
known about the stromal cell types that influence their development.

Earlier ultrastructural studies initially demonstrated the diversity of thymic epithelial
cells based on morphology and electron lucency, identifying six discrete subsets (types 1-6)
(van de Wijngaert et al., 1984). Further investigations into thymic stromal cells (TSC) have
involved immunohistological analysis using panels of monoclonal antibodies (mAbs)
specific for stromal antigens (for example (Van Vliet et al., 1$84); (de Maagd et al., 1985);

(Lobach et al., 1985); (Godfrey et al., 1988)). Such work has defined stromal cells

' This chapter is based on the publication: D.H.D. Gray, A.P. Chidgey, and R.L. Boyd {2002) Analysis of
thymic stromal cell populations using flow cytometry. Journal of Immunological Methods 260,1-2:15-28.
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(particailarly epithelial cells) into discrete subsets on the basis of morphology and the
expression of intracellular and cell surface markers (Kampinga et al., 1989). However, the
co-expression of these various markers and population kinetics of the stromal cell subsets
have been difficult to evaluate by histological studies alone. A previcus study attempting to
resolve some of these issues using flow cytometric analysis of thymic stiomal cells found
extensive overlap between the distributions of determinants thought to be exclusive in their
expression (Izon et al., 1994). Here, we describe the usage of multicolor flow cytometry to
distinguish the various thymic stromal populations using mAbs to surface antigens.

The stromal cell yields from various enzymatic digestion methods are compared and
the epitope sensitivities of important markers determined. As found previously, flow
cytometry reveals a more extensive distribution of some stromal antigens than would have
been predicted from immunohistology, highlighting the greater sensitivity of the former
technique. However, exclusion of certain contaminating cell types has enabled clearer
correlation of TSC reactive mAbs on stromal cell subsets. FACS purification of these
stromal subsets will hopefully aid in the determination of the precise functional roles each of
these cell types have in T-cell development. Furthermore, genetic and antigenic analysis of
individual populations may lead to a better understanding of the molecules that mediate

these functions.
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3.2 RESULTS AND DISCUSSION

3.2.1 Analysis of Thymic Stromal Cells Isolated by Collagenase Digestion

To determine the errichment and numbers of thymic stromal cells that could be obtained
using collagenase digestion, cells isolated from a series of incubations were analysed for
CD45 expression, which detects all cells derived from haematopoietic stem cells (HSCs)
(reviewed by Thomas, (1989)). This enabled discrimination of CD45 epithelium,
endothelium, fibroblasts and neuroendocrine cells from all other cells in the thymus.

Table 3.1 shows that incubation of thymic fragments in a series of three collagenase
digestions released increasing levels of CD45" cells; very few were released by the initial
agitation 2lone. The highest number and proportion of CD45 cells was obtained in the final
digestion, resulting in an enrichment of these stromal cells of almost 30-fold (Fig. 3.1 A &
B). This was verified by microscopic evaluation of the gradual enrichment of the larger of
these cells throughout the course of the collagenase digestion (Fig. 3.1 C & D). This
characteristic was also apparent with the high forward and side scatter properties of some
CD45’ cells, particularly in the final digest (Fig. 3.1 E & F). However, back-gating of CD45
events isolated in these digests revealed that there were also many small stromal cells,
necessitating the inclusion of the larger thymocytes in a FSC:SSC stromal gate. Extremely
high FSC or SSC events were excluded from the gate to minimise the risk of including

doublets in the analysis.
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Total celis Proportion of CD45 CDA45 cells Viability
per thymus cells in digest per thymus
Depletion 1.66 x 10° 0.18% 8.30 x 10 96%
Collagenase 1 1.80 x 107 1.13% 5.76 x 10* 98%
Collagenase 2 3.03x 107 1.43% 1.21 x 10° 97%
Collagenase 3 1.85x 107 5.79% 3.26 x 10° 97%
Total/thymus 2.33x10° 0.25% 5.88 x 10°

Table 3.1 Yields and viability of total cells and CD45" cells released from a series of
collagenase digestions of thymi.
The number of collagenase digestions required and cell numbers released at each step varied

between experiments, however the trend of CD45" cell release remained the same. This data

is representative of 5 experiments.
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Figure 3.1 CD45 cells are enriched in the final collagenase digestion of 4wk old thymi.

Cells from the thymocyte depletion step and the final collagenase digestion were analysed
for CD45 expression (A and B). The larger stromal cells were apparent microscopically (C
and D). This was reflected in more cells of high forward and side scatter properties being
found in the collagenase digestion (E) than the depletion (F). Profiles are representative of 5

experiments.
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3.2.2 Comparison of Digestion Enzymes

Many previous studies into thymic stromal cells have used various isolation procedures that
employ enzymes other than collagenase to dissociate the thymic tissue, in particular,
collagenase/Dispase (Pircher et al., 1993) and trypsin (Jenkinson et al., 1992). In this study,
these enzymes were used to gauge how effective each was in digesting the stromal cell
aggregates that are normally left after the final collagenase digestion (Table 3.2).

Trypsin was the most effective, dissociating all thymic fragments and stromal
aggregates into a single cell suspension thereby releasing all remaining stromal celis. The
total CD45" cells isolated from this preparation represented the maximal recovery against
which the other enzymes were compared. The recovery of almost 80% of CD45 negatives
with collagenase digestion suggests that the undigested aggregates contained many thymic
stromal cells (1.56 x 10° per thymus). Collagenase/Dispase dissociated some of these
aggregates, recovering 94% of available CD45" stromal cells.

While Dispase and trypsin isolated more CD45 stromal cells, the possibility that
these enzymes may cleave potentially important cell surface markers was assessed by
incubating suspensions of stromal cells with these enzymes for 1 hour at 37°C, followed by
immunofluorescent labeling. The summary of the epitope sensitivities of a variety of
thymocyte and stromal antigens in Table 3.3 shows that collagenase digestion preserves all
markers tested. Most of these molecules are also resistant to Dispase treatment however,
CD4, CD8 and CD11c profiles did change with this enzyme. More than half of the epitopes
tested were disrupted or cleaved entirely upon trypsin treatment, however some important

markers (e.g. CD45, MHC II) were resistant.
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CD45" cells isolated in Total CD45 cells  Proportion of maximal

final digestion -~ :hymus isolated per thymus  recovery of CD45

Collagenase 3.26x 10° 5.88 x 10° 79%
Collagenase/Dispase 440x 10° 7.02x 10° 94%
Trypsin 4.82x 10° 7.44 x 10° 100%

Table 3.2 Comparison of CD45" cell yields using various digestion enzymes.

Thymi were digested in collagenase for two incubations, then the final digestion performed
in collagenase, coliagenase/Dispase or trypsin (data for previous collagenase digestions
shown in Table 1). CD45 cell yields from the final and overall digestion are determined and
the proportion of maximal recovery (trypsin digest) calculated. These data are representative

of three experiments performed.
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Marker Coilagenase Collagenase/Dispase Trypsin
CD45 + + +
CD4 + +i- -
CD8 + - -
CDllc + +/- -
CDl11b + + +-
MHC 11 + + +
EpCAM + + -
ICAM-1 + + +
PECAM + + -
Thyl + + +-
TSA-1 + + +/-
CD40 + + +/-
B7.1 + + -
Ly51 + + +
CDR-1 + + +
MTS-15 + + +
UEA-1 + + +

Table 3.3 Epitope sensitivities to various digestion enzymes.

Isolated stromal cells were incubated in collagenase, collagenase/Dispase or trypsin and
immunofluorescent staining with various mAbs analysed by flow cytometry. Epitopes that
were resistant (+), partially resistant (+/-) or sensitive (-) to enzyme treatment were

determined using histograms representative of 3 experiments.
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3.2.3 Flow Cytometric Analysis of Thymic Stromal Cell Subsets

Pooled coilagenase preparations enriched for thymic stromal cells were analysed further by
flow cytometry for their antofluorescence. While these cells alone gave high signals in the
FL1, 2 and 3 channels (Fig. 3.2A and Izon et al.,, (1994)), the majority of this background
was due to autofluorescence from a population of CD45* cells {Fig. 3.2B). These highly
autofluorescent, CD45" cells are probably thymic macrophages, as has been previously
reported (Vremec et al., 2060), and are excluded from the analysis when gating on CD45
thymic stromal cells. Furthermore, it was found that CD45 cells exhibited little or no
background staining due to non-specific binding of IgG (Fig. 3.2C) and did not express Fc-
receptors (Fig. 3.2D). A population of thymic MHC" cells do express FcR and further
analysis determined that these were myeloid derived cells and some lymphoid dendritic cells
(data not shown), necessitating the use of an FcR block when staining for these cell types.

Further phenotypic analysis of thymic stromal cells was conducted using a panel of
surface reactive mAbs. Of particular interest were thymic epithelial cells, which could be
defined using the mAb G8.8a that recognizes EpCAM, expressed by thymic epithelium,
dendritic celis and some thymocytes (Nelson et al., 1996). By first gating on CD45" stromal
cells, the latter two cell types could be excluded, leaving only the epithelial cells staining
positive with this marker.

Under these conditions, EpCAM positive cells comprised about 45-60% of CD45
cells in the pooled collagenase digestions and could be further divided into cortical and
medullary epithelial cells using CDR-1 as a marker of cortical epithelium (Rouse et al.,
1988) (Fig. 3.3A). In normal 4 week old mice, about half of the epithelium is CDR-17, the

remainder presumably medullary epithelium (see later section).
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Figure 3.2 Autofluorescence and FcR expression in collagenase digested preparations
of 4wk old thymie stromal cells.

Autofluctescence of isolated cells alone extends up to 10? in the FL1, 2 & 3 channels (A).
Analysis of CD45 expression vs. an empty FL3 channel reveals most of the high fluorescent
signals are derived from a population of CD45" cells, while CD45" cells display a range of
intensities (B). The histogram in C plots unlabelled CD45 cells (solid line) vs. an IgG2b
isotype control detected by an anti-rat Ig FITC on CD45" cells (dotted line). Histogram D
plots anti-FcR (clone F2.4G2) staining revealed by anti-rat Ig FITC gated on CD45 cells
(solid line) and anti-FcR staining revealed by anti-rat Ig FITC gated on total MHC II" cells

(dotted line). Profiles are representative of 3 experimerts.
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Figure 3.3 Phenotypic analysis of CD45" thymic stromal cell subsets defined by a panel
of mAbs.

Collagenase digested CD45" stromal cells from 4wk old mice were gated and analysed for
the expression of certain markers. Expression of EpCAM and CDR-1 allows distinction of
cortical and medullary epithelium (A). All EpCAM? epithelial cells express MHC class II
(B). CD31 positive endothelial cells comprise 11% of CD45" cells, half of which express low
levels of M 'C class II (C). Most cells expressing the fibroblast marker MTS-15 do not
express MHC class II (D). MTS-15 is also expressed on the surface of some endothelial
cells (E). As expected, MTS-15* fibroblasts do not express EpCAM (F). Representative

profiles from three experiments shown.
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Interestingly, all CD457/EpCAM" stromal cells expressed MHC class 11, although at
varying levels (Fig. 3.3B). This presumably refiects the antigen-presenting role these cells
play in selecting developing thymocytes. Certainly, it has been demonstrated by (Jenkinson
et al., 1992) that embryonic CD45/MHC class II* thymic stromal cells can mediate the
development of double positive to functional single positive thymocytes. While this fraction
includes both cortical and medullary epithelial cells, about half of the endothelial cells in the
thymus (defined by expression of CD31) also expressed low levels of MHC class II (Fig.
3.3C). Whether these cells play a role in selection remains to be addressed. It is unlikely
that they are primarily involved in positive selection because this appears to be a unique
feature of cortical epithelium (Benoist and Mathis, 1989). They could, however, contribute
to positive and negative selection by providing MHC/peptide ligands for thymocyte T-cell
receptors, acting in cis with differentiating signals from cortical epithelium (Chidgey et al.,
1998).

In addition to thymic epithelial and endothelial cells, fibroblasts constitute a major
component of the stromal microenvironment in which thymocytes develop. These cells are
important in forming the ECM components essential to CD4'CD8 thymocyte development
(Anderson et al., 1997), although other roles remain to be defined. The mAb MTS-15
recognizes a glycolipid antigen expressed on the surface of MHC class II" thymic fibroblasts
that line the subcapsule and large blood vessels (Fig. 3.3D, 3.4A & B). However, this
antigen also appears to be present on some MHC class II* cells (Fiz. 3.3D). Four colour
labelling examining MTS-15, MHC II and CD31 expression on CD45" stromal cells
revealed that these MHC II/MTS-15" events are the MHC II/CD31* endothelial cells
mentioned earlier (Fig 3.3E and data not shown). Whether the distinct phenotype of these
endothelial cells relates to a specialised function within the thymus is an interesting. as yet

unanswered, question.
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Figure 3.4 MTS-15 recognises an antigen expressed by subcapsular and perivascular
fibroblasis in the 4 week old thymus.

MTS-15 antigen can be detected around the subcapsule and large blood vessels of the
medulia (green) with little colocalisation (yellow) with keratin positive epithelial cells (red)
(A). More extensive colocalisation (yellow) is observed upor: higher power examination of

counterstaining of MTS-15 (green) with anti-CD31 (red) than with anti-keratin (blue) (B).
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As would be expected, MTS-15 and anti-EpCAM define mutually exclusive
populations of CD45" stromat cells (Fig. 3.3F). The remaining population of CD45 /EpCAM
/MTS-15 cells may include more fibroblasts and neuroendocrine celis.

The other major cellular components of the thymic stroma include the CD45*
macrophages and dendritic cells. Thymic dendritic cells can be defined as CD11c", MHC
class II" cells (Fig. 3.5A) (Wu et al., 1995), while myeloid derived cells (predominantly
macrophages) are CD11b", CD11¢'" (Kishimoto et al., 1989) (Fig. 3.5B). Thymic
macrophages appear to be predominantly MHC class II', although there are some MHC class
IT high and low macrophages (Fig. 3.5C). These stromal cells are found to emerge at all
stages of the collagenase digestion (including the thymocyte depletion step), although they

are enriched in the final few digestions {data not shown).

3.2.4 Cortical and Medullary Epithelial Cell Markers

While it has been established that cortical and medullary epithelial cells play distinct roles in
thymic selection (Klein and Kyewski, 2000), purification of these cell types will be essential
for future functional and molecular studies. The mAbs CDR-1 and 6C3 have previously
been used to define thymic cortical epithelial cells histologically (Rouse et al., 1988; Surh et
al., 1992b). Furthermore, immunomagnetic and flow cytometric purification of cortical and
medullary epithelial cells using CDR-1 has enabled comparisons of gene expression and
antigen processing (Klein et al., 1998; Merkenschlager et al., 1999). Thecefore, these

markers were used to analyse the surface phenotype of cortical epithelial cells in more detail.
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Figure 3.5 Thymic dendritic celis and myeloid derived cells in collagenase digested
stromal cell preparations of 4wk old thymi.

Thymic dendritic cells can be defined by high expression of CD11c and MHC class II (A).
Thymic myeloid derived cells are CD11b" and CD11c® (B). The few CD11c", CD11b*
events may represent myeloid derived dendritic cells. The CD11b" cells can be divided into
MHC class II positive and negative populations (C). Representative profiles from 3

experiments shown gated on total viable thymic stromal cells (CD45” & CD45%).
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Both CDR-1 and 6C3 label a subset of EpCAM" cells (Fig. 3.3A and 3.6A), however
each also recognizes a determinant expressed by some EpCAM- cells. The proportion of
cortical and medullary epithelial cells tends to be roughly equal at 4 weeks of age, however
it may vary during thymic developmeut (ie. it appears to favour medullary epithelial cells in
neonatal mice).

A direct comparison of the two cortical markers reveals that they label the same cells
with similar intensities, suggesting they recognize distinct epitopes of the same molecule or
complex (Fig. 3.6B). The antigen detected by 6C3 has been established as aminopeptidase
A (Ly51) (Wu et al., 1990) that is also expressed on subsets of B-cell precw: :ui+ and thymic
dendritic celis (Wu et al., 1995). Studies using Ly51 deficient mice d :::0axirate that this
enzyme is not essential for normal T and B cell development (Lin et i.. 1998). By
inference, CDR-1 may also recognize this molecule, however further studies will be needed
to addres: this directly.

The non-epithelial reactivity of these two mAbs was further investigated by
comparison to MTS-15 and CD31 (Fig. 3.6C and D), revealing that Ly51 is also expressed
on some fibroblasts and endothelial cells. One of the few reagents specific for a determinant
expressed on the surface of medullary epithelial cells that has been reported is the lectin
Ulex Europaeus Aglutinin I (UEA-1) (Farr and Anderson, 1985). By immunohistology, it
appears to label only a subset of medullary epithelial cells, so its reactivity by flow
cytometry was of interest. The profile shown in Fig. 3.7A demonstrates the higﬁ expression
of UEA-I found on more than half of the EpCAM" cells and intermediate expression on the

remaining epithelial cells. These UEA-1" cells are presumably the meduilary epithelial cells
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Figure 3.6 Cortical epithelial cell markers on neonatal thymus.

Representaiive profiles from 3 experiments are shown, gated on CD45 cells. Ly51 is
expressed on an EpCAM negative subset of cells, as well as EpCAM positive cortical
epithelial cells (A). CDR-1 and 6C3 (anti-Ly51) bind to the same cells at equivalent levels
(B). Most of the EpCAM negative subset of 6C3 positive cells express the fibroblasts marker

MTS-15 (C) and/or the endothelial marker CD31 (D).
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Figure 3.7 Medullary epithelial cell mnurkers on the neonatal thymus.

All profiles are gated on CD45" cells. UEA-1 is highly expressed on a subset of EpCAM’
cells (A). The remaining UEA-1 intermediate events co-express the cortical epithelial cell
marker CDR-1 (B). Endothelial cells also express intermediate levels of UEA-1 (C). The
remaining CD31°, UEA-1" events are presumably fibroblasts and neuroendocrine cells,

Representative profiles from 3 experiments are shown.
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observed by immunohistology, since only the intermediates co-labeled with CDR-1 (Fig.

3.7B). Endothelial cells were also found to express intermediate levels of UEA-1 (Fig.

3.7C).

3.3 CONCLUSION

This study refines isclation protocols for thymic stromal cells and characterises the major
subsets using a panel of surface reactive mAbs. Collagenase digestion of thymic fragments
from 4 wk old and neonatal mice enriched CD45 negative and positive stromal cells
appropriate for immunofluorescent labelling and flow cytometry. However, collagenase
digestion did not dissociate all CD45" stromal cells, leaving up to 20% remaining as
aggregates. Incubation with trypsin ensures maximal recovery but also cleaves many useful
epitopes. The different properties of these enzymes will be an important consideration in the
use of stromal cells for phenotypic, genetic and functional analyses.

The various thymic stromal cellular subsets were analysed using a panel of mAbs
that had previously been defined using immunohistology. As in the previous study (Izon et
al., 1994}, a broader distribution of some of these antigens was found, perhaps due to the
higher sensitivity of flow cytometry compared to immunohistology. However, the extent of
overlap between subsets reported previously was reduced by the exclusion of CD45" stromal
cells from the analysis. Thymic fibroblasts, endothelium, dendritic cells, myeloid cells,
cortical and medullary epithelium can be defined into discrete populations using
combinations of mAbs to provide quantitative data about the stromal microenvironment
(summarised in Table 3.4). Future studies will focus on phenotypic and functional changes

to these populations accompanying different thymic states.
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Thymic Stromal Celi Subset Surface Phenotype

Dendritic cells CD45", CD11c", MHC II™

Myeloid derived cells CD45%, CD11b%, CD11c™, MHC 1T

Cortical epithelial cells CD45, EpCAM*, MHC II', CDR-1/Ly51", UEA-1"

Medullary epithelial cells  CD45, EpCAM', MHC II*, CDR-1/Ly51", UEA-1"
Fibroblasts CD45, MTS-15%, EpCAM", MHC II

Endothelial cells CD45', CD31", EpCAM’, MHC I, MTS-15"

Table 3.4 Surface phenotypes of thymic stromal cell subsets.
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CHAPTER 4

The population dynamics, phenotypic maturaticn and regenerative

capacity of thymic stromal cells.

4.1 INTRODUCTION

T-cell development in the thymus is essential for the establishment and maintenance of the
adaptive immune system. Thymic stromal cells mediate the various phases of thymocyte
development to produce mature T-cells capable of responding to foreign antigen while
remaining tolerant of self. It is well established that various subsets of stromal cells form
microenvironments in the thymic subcapsule, cortex and medulia to facilitate distinct
thymocyte maturational steps (Boyd et al., 1993). The formation and maintenance of thymic
microenvironments requires reciprocal interactions between thymocytes and stromal cells,
termed thymic “crosstalk” (van Ewijk et al., 1994). While much is known about the biology
of thymocytes, our understanding of thymic stromal cells is lacking.

Early research demonstrated the heterogeneity of murine thymic stromatl cells using
monoclonal antibodies specific for various stromal determinants (for example Godfrey et al.,
1988). These reagents have proven useful for defining the epithelium, endothelium,
fibroblasts, dendritic cells and macrophages within thymic microenvironments. The thymic
cortex is characterised by a meshwork of interconnecting, reticular cortical epitheliai cells
(cTECs) that can be identified by distinctive patterns of intracellular (eg. MTS-44, K8) and
surface (eg. Ly51) antigen expression (Godfrey et al., 1988; Surh et al., 1992a; Klug et ai.,
1998). Markers such as K5, MTS-10 and UEA-1 distinguish mTECs from ¢cTECs, and

differential expression of MHC II and B7 indicates further heterogeneity within this
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population {(Farr and Anderson, 1985; Klug et al., 1998; Naquet et al., 1999). Early T-cell
development involves the migration of immature double negative (DN, CD4CDg)
thymocytes through the ¢TEC network towards the subcapsule (Lind et al., 2001).
Fibroblasts that line this region facilitate DN thymocyte development through the provision
of extracellular matrix components (Anderson et al.,, 1997). Maturing thymocytes then
return through the cortex where cTECs mediate the process of positive selection, rescuing
TcR™ double positive thymocytes (DP, CD4*CD8*) capable of interacting with self-
peptide:MHC from programmed cell death (Anderson and jenkinson, 2001). Continued
migration towards the medulla brings thymocytes in contact with dendritic cells and
medullary epithelial cells (mTECs) that induce the apoptosis or anergy of potentially

autoreactive thymocytes in a process termed negative selection (Sprent and Webb, 1995;

Sebzda et al., 1999). Thymocytes surviving negative selection mature into CD4* or CD8*

single positive (SP) T-cells within this microenvironment prior to export to the periphery.
The precise role of mTECs in T-cell development is still unclear, however roles in tolerance
induction to peripheral antigens and thymic emigration are emerging (Anderson et al., 2002;

Ueno et al., 2002).

The generation and maintenance of these microenvironments requires the presence

' developing thymocytes. While medullary markers are detectable on rare TECs at E13, it is
.

not until the appearance of the first SP thymocytes that medullary islets similar to those in
' adults becorne apparent (E15-17) (van Ewijk, 1991). Studies of mutant mice with various

arrests in thymocyte development characterised corresponding blocks in thymic

microenvironments. Thus, immature DN thymocytes were required to induce the
development of ¢cTECs, while mature SP thymocytes were necessary for normal medullary
microenvironments (Hollander et al., 1995b; van Ewijk et al.,, 2000a). These

microenvironmental arrests could be overcome by reconstitution with normal bone marrow,
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although in the case of the cortex, this had to be performed before 1 week of age (Wang et
al., 1997).

Analysis of the expression of keratin subunits at the various TEC developmental
control points identified early K5'K8" cells that could give rise o K5’ K8* ¢TECs, suggesting
a precursor:product relationship (Klug et al., 1998). Direct evidence for a similar precursor
of mTECs was provided by elegant experiments using chimeric mice (Redewald et al.,
2001). These studies have been supported by the finding that K5*K8* TECs were present in
a subpopulation of embryonic MTS-24" TECs that were capable of forming ali thymic
microenvironments in ectopic grafts (Bennett et al., 2002; Gill et al., 2002). Further
assessment of the potential of various adult TEC subsets requires their purification for direct
lineage analysis. The definition of TEC surface markers at various stages of differentiation
is necessary for such experiments.

Once established, the various thymic microenvironments appear to remain relatively
constant as the thymus expands during murine adolescence. Following puberty, circulating
sex steroids cause the gradual involution of the thymus, resulting in a reduction of thymic
size, disruption of architecture and reduced function (Staples et al., 1999; Tibbetts et al.,
1999; Olsen et al., 2001). A decrease in numbers of recent thymic emigrants has been found
to lead to the homeostatic expansion of peripheral memory T-cells, resuliing in a narrowing
T-cell diversity (Haynes et al., 2000a; Berzins et al., 2002). This has been associated with a
reduced capacity to resist disease and increased likelihood of autoimmunity in the aged
(Mackall and Gress, 1997; Aspinall and Andrew, 2000). One approach to ameliorate these
problems involves sex steroid ablation to induce thymic regeneration. The regenerated aged
thymus of castrated aged mice exhibited normal young architecture, levels of thymic export
and peripheral immunity (Sutherland, 2001). While thymic stromal cells are central to sex
steroid induced thymic invoiution and regeneration (Olsen et al.,, 2001), there is currently

little data describing the status of this compartment in these thymic states.
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In this study, flow cytometry was employed to enumerate thymic stromal cells in the
embryonic, neonatal, adult, involuted and regenerating thymus. These data demonstrate that
the stroma expands and contracts with changing thymocyte numbers, maintaining a
relatively stable thymocyte to stromal ceil ratio following puberty. Changes in the overall
composition of the sirorna were observed in the aged thymus. Castration of 12 month old
mice induced stromali cell expansion and a restoration of subset ratios in the regenerating
thymus. Analyses of Ki67 expression indicated that both medullary and cortical MHC II™
TECs continued to divide thronghout life. Phenotypic changes in TECs observed during
embryogenesis and postnatal life showed a skewing from MHC II" ¢TECs to MHC II™
mTECs. After one week post-parturition, the emergence of MHC II“/CD40/CD80’ cortical
and medullary TECs was apparent, coinciding with the reported “developmental window” of
TEC differentiation (Wang et al., 1997). These findings were correlated with phenotypes
observed in RAG™ and TcRa” mice, suggesting that DN and DP thymocytes induced
changes in surface phenotype within the TEC population. This study provides fundamental
data on thymic stromal cell biology, demonstrating a far more dynamic cell population than

previously recognised.

4.2 RESULTS

4.2.1 CD45 thymic stromal cell numbers change with age.

To test the hypothesis that CD45" thymic stremal cell populations remodelled throughout
varying thymic states, this population was quantified during ontogeny, steady-state adult
expansion and thymic involution with age. Flow cytometric analysis of stromal ceils
(Chapter 3) at these phases of development was employed to enumerate total thymic
cellularity and numbers of CD45 stromal cells (predominantly epithelium, fibroblasts and

endothelium) per thymus.
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Total thymic cellularity (CD45" and CD45" cells) roughly doubled each day during
late embryogenesis and continued to expand following birth until peaking at 4 weeks of age
(Fig 4.1 A). Following the onset of puberty (after 4 weeks), thymic cellularity decreased
upon thymic involution, falling to neonatal levels at 12 months and beyond (Fig. 41 A &
data not shown). CD45" cell numbers followed the trends in thymocyte numbers, expanding
rapidly throughout thymic ontogeny and the neonatal period, until reaching a peak of 4.6 x
10° at 4 weeks of age (Fig. 4.1 B). Consistent with the declining cellularity of the involuting
thymus, CD45 cell numbers steadily feil after 4 weeks to 2.0 x 10° at 12 months of age.

In terms of their relative proportions, CD45 thymic stromal cells composed 16% of
the E14 thymus, representing a thymocyte to stromal cell ratio of 5.5 (Fig. 4.1 B and C).
Upon extensive proliferation of thymocytes, the stromal proportion was diluted to about 1%
by E18 and to 0.5% of thymic cellularity following birth. Postnatal changes in stromal cell
composition were more obviously reflected in alterations of thymocyte to stromal cell ratios
(Fig. 4.1 C). The steady neonatal increase in this ratio from about 200 to 480 in the 4 week-
old thymus may reflect reduced stromal cell contact with thymocytes. This ratio fell
following puberty and was maintained between 280 and 360 thereon, indicating a degree of
flexibility in this index.

Taken together, these data support the hypothesis that stromal cells are capable of
undergoing extensive numerical changes throughout varying thymic states in association

with thymocytes, highlighting the integrated nature of thymopoiesis.
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Figare 4.1 Thymic stromal cells change in number and proportion throughout
development.

A. Developmental changes in total thymic cellularity with age, showing thymic expansion
and involution. B. CD45 thymic stromal cell number per thymus (biue) and the proportion
of th,mic cellularity they constitute (red) changes over time. Means and standard errors
from 2-5 experiments derived from collagenase/Dispase digests of at least 3 pooled thymi

for each time point are shown for all graphs.
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4.2.2 Alterations in CD45 thymic stromal composition.

Given the changes in total stromal cell numbers throughout development, the composition of
the CD45" population was assessed at different time points. Monoclonal antibodies specific
for thymic fibroblasts (MTS-15), endothelium (CD31) and the epithelial cells (MHC II)
(Chapter 3) were used to characterise the phenotype of CD45 stromal cells at various time
points. Table 4.1 shows that the cell rumbers for all subsets peaked at 4 weeks of age when
the thymus was largest. In all but the 12 month time point, thymic epithelial cells (TECs)
represented the major stromal cell type within this population, with proportions of thymic
endothelium and fibroblasts remained relatively stable throughout.

Figure 4.2 (A} shows the relative proportions of different stromal cell subsets,
excliuding unlabelled events. Although subset proportions are relatively stable throughout
late ontogeny and young aduithood, marked differences were apparent in the aged thymus.
The proportion of TECs fell to almost half that of 4 week old mice, with a corresponding
increase in fibroblasts. The ratio of TEC:fibroblasts was significantly lower in aged mice

compared to 4 week old adults (Fig. 4.2 B).

4.2.3 TEC phenotype changes with age.

These changes in the ma;iat stromal cell populations with age prompted examination of
TECs phenotype at these time points. All thymic epithelium (EpCAM") was found to
express MHC II throughout life, although at varying levels (Fig 4.3A). Expression of the
cortical epithelial cell marker Ly51 was used to differentiate MHC II' ¢TECs and mTECs
(Surh et al., 1992b) (Chapter 3) (Fig 4.3B). Ly5! was also detected on MHC II" fibroblasts
(Chapter 3) (Figd.3B). The costimulatory molecules CD40 and CD80 (B7.1), and the
putative TEC precursor marker MTS-24 were found to be differentially expressed on TECs

over time (Fig 4.3C, 4.3D and 4.3E).
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Figure 4.2 The composition of the CD45 thymic stromal cell population differs
between young and aged mice.

A. Percentage of CD45 thymic stromal cells that epithelium (EpCAM"), endothelium
(CD31%) and fibroblasts (MTS-15") constitute at various ages. The numbers of CD45
stromal cells obtained per thymus for each time point are shown. Bar graphs of the ratios of
TECs:fibroblasts (B), mTECs:cTECs (C), and MHC II":MHC II"* TECs (D) in 4wk old and
aged (>12months old) thymi. Means and standard errors are plotted and groups were

compared using a Mann-Whitney rank-sum U test. (* p<0.05, ** p<0.01, *** p<0.001).
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Table 4.1 Numbers and proportions of CD45" thymic stromal subsets at various time
points.

CD45" thymic stromal cell number and proportions are shown, followed by the percentage of
this population constituted by epithelium (EpCAM"), endothelium (CD31"), fibroblasts
(MTS-15") and events that do not label with any of these markers (other). Epithelial subsets
(¢TECS/mTECs and MHC II"/MHC 1I* TECs) are also shown, with bold numbers indicating
proportions of total epithelium. Representative data from 2-5 experiments for each time

point are shown.
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El6 E18 D5-6 4w 12m
Cells/thy (x107) 0.10 1.22 8.82 22.9 2.96
CD45" no./thy (x107) 0.45 1.29 1.42 5.31 1.60
CD45 % 4.46 1.05 0.30 0.23 0.54
TEC % 50.7 51.5 60.0 73.1 29.6
TEC no./thy (x10) 226 6.64 8.52 38.8 4.7
Fibroblast % 14.8 16.5 20.0 14.9 259
Fibroblast no./thy (x10™) 0.66 2.13 2.84 7.92 4.14
Endothelium % 7.2 9.7 8.0 7.5 74
Endothelium no./thy (x10%) 0.32 i.25 1.14 3.99 1.18
Other % 27.3 22.3 12.0 4.5 37.1
Other no./thy (x10™) 1.22 2.88 1.70 2.39 5.92
cTEC % 99.6 75.0 16.2 143 43.8
¢TEC no./thy (x10) 2.25 4.98 1.38 5.55 2.07
mTEC % 0.4 25.0 838 85.7 56.2
mTEC no./thy (x10*) 0.01 1.66 7.i8 33.25 2.66
mTEC:cTEC ratio 0.00 0.33 517 5.99 1.28
MAC 1" TEC % 982 808 702 553 %
MHC 11" TEC no./thy (x10™) 1.77 5.37 5.98 21.56 1.18
MHC H" TEC % 21.8 19.2 29.8 44.5 75
MHC 11" TEC no./thy (x10) 0.49 1.28 2.54 17.28 3.55
MHC 1I":MHC II* ratio 3.59 4.21 2.36 1.25 0.33
MTS-24" TEC % - 10 32.8 38.1 37.6
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Figure 4.3 Thymic epithelial cells change phenotype with age.

All dot plots are gated on CD45 thymic siromal cells isolated from at least 3 pooled thymii
at the ages indicated and are representative of 2-5 experiments performed. A. Staining with
antibodies to MHC II and EpCAM demonstrated that aimost all TECs express MHC II A
MHC II"” population became apparent after 4 weeks of age. B. MHC 1I" TECs were found
to express the costimulatory molecule CD40, and the majority co-expressed CD80 at 3 days
of age (C). D. The cortical epithelial cell marker Ly51 discriminated two subsets of
epithelial cells. The majority of Ly51* ¢TECs were MHC II” in adult mice. E. The putative
precursor marker MTS-24 stained a subset of MHC II" TECs at early time points and MHC
I1° TECs in adult mice. F. Analysis of MHC II and EpCAM expression on neonatal TECs
at 3, 8 and 16 days of age indicated the MHC II" population gradually emerges during the

first week.
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At E18, the majority of TECs were MHC II", CD40"* cortical epithelial cells (Fig 4.3 and
Table 4.1). This distribution was maintained in 3 day-old neonatal thymi, however there
was an increased MHC II™, CD40* mTEC compartment. This trend continued through to 4
weeks, where mTECs considerably outnumbered ¢TECs approximately five-fold (Fig 4.2C,
4.3B and Table 4.1). A MHC II*, CD40" TEC population also emerged at this time point. In
the adult, most cTECs (Ly51") expressed low levels of MHC 11, although a minor MHC II*
cTEC subset was still apparent (Fig 4.3 B). Significant populations of MHC II® TECs were
first detected 2 weeks after birth, proportionally increasing throughout adult life to comprise
a major TEC subset in aged mice (Fig. 4.2D, 4.3F and Table 4.1). TEC subsets in the 12
month-old thymus were skewed towards the MHC 11", ¢cTEC phenotype, compared to 4
week-old mice (Fig 4.2 C and D).

Consistent with previous reports (Nelson et al., 1993; Degermann et al., 1994), CD80
(B7.1) expression was detected on MHC II" mTECs (Fig 4.3 D and B). CD86 (B7.2)
expression was undetectable at all time points (data not shown). Reactivity with the putative
precursor TEC marker MTS-24 was predominantly restricted to MHC I1" TECs in the adult
(Fig 4.3 E and Gill et al,, 2002). Together, these data describe marked phenotypic and

compositional alterations of the TEC populations with age.

4.2.4 Influence of thymocyte development upon TEC surface phenotype.

To further investigate TEC maturation, the expression of TEC surface markers was analysed
on stromal cells from adult RAG-1" and TcRo” mice. These mutants have well
characterised arrests in thymocyte development at the DN to DP and DP to SP transitions.
Corresponding blocks in CD45" EpCAM®* TEC maturation were observed in both groups
(Fig. 44). The predominant phenotype of RAG™ TECs was Ly51"/MHC II"/CD4(", the
same ¢TEC population observed during late embryogenesis (Fig 4.4 and Table 4.2). The

presence of DP thymocytes in the TcRo™ appeared to permit differentiation or expansion of
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Figure 4.4 CD45 thymic stromal cells in RAG-1", TcRa” and normal mice.

A. TECs gated on CD45 EpCAM" stromai cells from RAG™, TcRor™ and wildtype control
mice stained with anti-MHC 1I and anti-Ly51 demonstrate the blocks in epithelial subsets.
B. CD31 and MHC 1I expression on total CD45" stromal cells from mutant and normal
mice. C. MHC II expression versus MTS-15 staining on total CD45™ stromal cells from
knockout and normal mice. Proportions of CD45 cells and numbers per thymus are
indicated above appropriate regions. The shift of MHC II* cells observed in plots in B and
C was also observed in the isotype controls, therefore non-specific. Regions were set 1o

minimise background staining (>1%).
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CD40 CD380 MTS-24
Wildtype MHC II"/Lys1" + - -
MHC II'/Ly51% low - -
MHC II"/Ly51% + + .
MHC II*/Ly51° low low +
TcRa™” MHC II"/Ly51" -flow - .
MHC II°/Ly51" i i )
MHC TIM/Ly5 1 + N _
*MHC II/Ly51" ; . i
RAG” MHC II"/LyS1" low - -
*MHC IT°/Ly51" i i i

*MHC II"/Ly51"" . - ;

*MHC II°/Ly51" - - .

Table 4.2 TEC phenotypes from wildtype, TcRot™ and RAG 'mice.

CD45 EpCAM* stromal cells from the mice indicated were divided into subsets (gated as in
Figure 4.4) and the expression of CD40, CD80 and the MT5-24 antigen assessed compared
to isotype controls. +; positive staining, low; low staining, -; no staining above control, -/+;
positive and negative populations present, -/low; low staining and negative populations

present. * subset not present.
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MHC I1°, Ly51", CD40" ¢TECs and MHC II", Ly51*~ CD40*, CD80* mTECs (Fig 4.4 and
Table 4.2). The presence of SP thymocytes in normal mice correlates with a proportional
increase in MHC II' and MHC II" mTECs. Collectively, these data suggest early
differentiation of MHC II" TEC precursors into MHC II" mTECs and MHC II® ¢TECs
requires interactions with DP thymocytes and the development of MHC II' mTECs is
dependent upon the presence of SP thymocytes.

MTS-15" fibroblasts and CD31* endothelial cells were proportionally increased in

thymii devoid of mature thymocytes, while TEC frequency was reduced (Fig 4.4). A

predominance of MHC II” endothelial cells compared to MHC II" endothelium in the RAG™

mouse probably reflects the lack of extensive cortical capillanes in this thymus (Fig 4.4 and

Chapter 3).

4.2.5 Proliferative status of thymic stromal subsets.

To invest.gate a possibie link between thymic epithelial development and the skewing of
TEC phenotype, the proliferative capacities of the different populations was analysed using
expression of the nuclear antigen Ki67 to indicate cell division (Gerdes et al., 1984).
Increased division in a particular subset might account for the larger proportions they
constitute in downstream time points. This seemed to be the case in the mTEC
compartment, where increased expression of Ki67 compared to ¢cTECs at E16 and E17
preceded the proportional expansion of this population (Fig. 4.5 A & Table 4.1). However,
Ki67 expression did not partition exclusively into any of the embryonic subsets analysed,
demonstrating that division occurred in all major epithelial cell types. In the 4 week old
steady-state adult thymus, a much lower proportion of Ki67* TECs was observed among
both cortical and medullary TEC subsets (Fig. 4.5 B & C). Most Ki67 TECs were MHC
™™ although these cells were distributed equally between the cortical and mesinliary

compartments. Short term continuous exposure (3 days) of 4 week old mice to BrdU
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Figure 4.5 Proliferation capacities of TEC subsets throughout development.

A. Histograms of Ki67 expression on CD45 MTS-24%, Ly51* (cTECs) and Ly51" (mTECs)
from embryonic mice at E14, E16 and E17 (solid line) versus isotype control staining
(dotted line). Markers are set according to minimal (<1%) isotype control staining, with
percentages bounded indicated. B. Dot plot of MHC II versus Ki67 expression on CD45
stromal cells from 4wk old thymi, with a region indicating proportion of Ki67* TECs. Data
representative of 7 experiments performed. C. Histograms of Ki67 expression on cTECs
and mTECs with markers set according to isotype controls. Representative of 3 experiments
performed. D. MHC II versus Ki67 expression on CD45 stromal cells from 12 month old
thymi, with region.indicating proportion of Ki67' TECs. Data representative of 3
experiments performed. E. MHC II expression versus BrdU incorporated into 4 wk old
CD45" stromal cells over a 3 day exposure. The proportion of BrdU* TECs bounded by set

region is indicated.
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revealed a predominantly MHC II" phenotype of BrdU* TECs (Fig. 4.5 E). The proportion
of cells labelled in this period and the frequency of Ki67* TECs was consistent with roughly
three divisions of a stably dividing population. The aged thymus exhibited a comparable
proportion and phenotype of Ki67" TECs to the 4 week old thymus, suggesting a similar

level of epithelial cell division (Fig. 4.5 D).

4.2.6 Castration induced regeneration of thymic stroma in aged mice.

To further test the ability of stromal cells to remodel, aged mice were castrated and the
stroma analysed. Surgical castration has been shown to reverse sex steroid induced thymic
involution, causing regeneration of the thymus in aged mice by acting on thymic stromal
cells (Olsen et al., 2001). While this expansion resembles that in the neonatal and young
adult thymus, whether the aged stroma undergoes a similar expansion remains unknown,

A series of three experiments analysing thymic stromal cells of aged mice at various
time points after castration were performed, with the kinetics of regeneration shown in
Figure 4.6, Two of these time courses showed the greatest increase in thymic cellularity
between days 7 and 14, in accordance with previous studies (Sutherland, 2001). However,
Experiment 2 showed a more rapid recovery, with thymic cellularity almost tripling between
days 3 and 7 {Fig. 4.6). TECs showed a similar trend to thymic recovery, although after a

delay of 7 to 14 days follJowing increases in total thymic cellularity (Fig. 4.7). These data

demonstrate that the aged thymic epithelium is capable of expansion during thymic
regeneration induced by castration.

The phenotype of TECs was assessed to determine whether compositional changes
accompanied thymic regeneration. While sham-castrated TEC ratios remained relatively
constant, the ratio of MHC II":MHC I TECs had increased to beyond young levels (0.8,
Fig 4.2D) by days 14 to 28 in castrated mice (Fig. 4.8). This distribution was maintained at

least 2 months after surgery (Fig. 4.8 B). A similar remodelling of TECs was observed in
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Figure 4.6 Kinetics of thymic regeneration following surgical castration of aged mice.

Three thymi from each of the groups indicated were pooled and digested in
collagenase/Dispase and the total thymic cellularity per thymus calculated. A. Bar graph of
data from the first time course performed, with an untreated control group of 12 menth old
C57BL-6 mice. B. The second experiment performed included a sham castrated group and
analysed mice up to 2 months after surgery. C. A third experiment re-nnalysed the first four
time points with a sham castrated group. C57BL-6 mice at 12 months of age were used in

all experiments.
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Figure 4.7 Kinetics of TEC regeneration following surgical castration of aged mice.

Bar graphs of the total number of TECs per thymus in each group are shown. TEC numbers
were determined by flow cytometric analysis gating on CD45 MHC IT* stromal cells from
each coliagenase/Dispase digestion. Déta from three independent time course experiments

(A, B, and C) are shown.
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Figure 4.8 Ratio of MHC II":MHC II" TECs following surgical castration of aged
mice.

Bar graphs of the ratio of MHC II":MHC II® TECs are shown for each of the groups

indicated from three independent time course experiments (A, B, and C).
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the cortical and medullary compartments. In all experiments, mTECs preferentially
expanded, skewing the ratio of mTECs to cTECs 4 weeks after castration to beyond normal
young levels (5.5, Fig 4.2C). Interestingly, the results of experiment 2 indicated these returp
to normal young levels after 6 weeks (Fig 4.9 B).

Figure 4.10 A exhibits the proportional decrease observed in both MHC I and
MHC II* ¢TECs in castrated mice after 2 weeks. In terms of other major thymic stromal cell
subsets, there was no clear phenotypic changes in MTS-24" or MTS-15" stromal cells (Figs.
4.10 B & C). Interestingly, fibroblasts appeared to decrease in proportion at day 28 in
castrated mice, but not sham-castrated controls. However, this did not translate to a

significant difference in TEC:fibroblast ratios in castrated mice.

4.2.7 Castration induced regeneration of thymic stroma in immunodepleted mice.

Similar trends in thymic stromal cell recovery were found in young, castrated 1nice
following immunodepletion with cyclophosphamide (Fig. 4.11). While thymic ce'lularity
fell to aged levels after treatment with cyclophosphamide, thymic regeneration began within
7 days, peaking in castrated and sham-castrated groups at days 42 and 56 respectively (Fig.
4.11A). These trends were also seen with TEC numbers, although a delay in tavolution and
regeneration was apparent at early time points (Fig. 4.11B). TEC recovery was
accompanied by similar phenotypic changes to those chserved in the aged regeneration
experiments. Cyclophosphamide treatment initially reduced both MHC II":MHC II* and
mTEC:cTEC ratios to aged levels (Fig 4.2C & D), but these were restored to normal young
levels within 4 weeks (Fig. 4.11C & D). Interestingly, thymic regeneration produced the
same trends in stromal cells recovery in both groups, however the castrated thymi showed

enhanced regeneration in all indices.
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Figure 4.9 Ratio of mTECs:cTECs follawing surgical castration of aged mice.

Bar graphs of the ratio of mTEC:cTECs, determined by Ly51 expression on CD45" MHC II*
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Figure 4.10 Thymic stromal cell phenotypes at various time points following surgical
castration of aged mice.

All dot plots are gated on CD45 thymic siromal cells and are representative of 3
experiments. A, MHC II versus Ly51 expression allowed discrimination of cTEC (MHC II
Ly51%) and mTEC (MHC II' Ly51") populations in castrated and sham castrated mice at
various time points following surgery. The proportion of total TECs these populations
constituted is indicated within the regions. B. Dot plots of MHC II versus MTS-24 staining
with regions indicating the proportion of total TECs comprised by MTS-24" cells at the
various time points following surgery. C. Dot plots of MHC II versus MTS-15 staining
with regions indicating the total proportion of CD45™ thymic stromal cells comprised by

MTS-15" cells at various time points following surgery.
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Figure 4.11 Kinetics of thymic stromal celi regeneration following surgical castration
of cyclophosphamide treated mice.

Bar graphs of cell numbers and phenotypes derived from collagenase/Dispase digestions of
pools of 3 thymi from the experimental groups indicated. A. Total thymic cellularity
increased in both castrated and sham castrated mice following cyclophosphamide treatment,
both surpassing untreated contro! levels. B. A similar trend was observed in TEC numbers
per thymus. C. Bar graph of the ratic of MHC II":MHC II" TECs at various time points
following castration and sham castration of cyclophosphamide treated mice. D. Bar graph
of the ratio of mTECs:cTECs at various time points following castration and sham castration

of cyclophosphamide treated miice.
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4.3 DISCUSSION

Despite the central role of thymic stromal cells in T-cell development, the understanding of
this heterogeneous population has been relatively poor. This study defines fundamental
parameters of stromal cell biology, demonstrating that these cells are a far more dynamic cell
population than prevx asly thought. Marked changes in the composition and the size of the
stromal compartment associated with age indicate extensive remodelling during changing
thymic states. Alterations in TEC phenotype with age revealed novel TEC subsets defined
by MHC II and Ly51 expression. The arrested epithelial development in RAG-17" and
TcRo” mice defines control points in TEC differentiation dependent upon thymocyte/TEC
crosstalk. Proliferation of MHC II'™ ¢TEC and mTEC populations showed both subsets
proliferate independently with a relatively fast turnover. Despite compositional changes in
aged stromal cells, the compartment regenerated to resemble normal young thymii in
respoise to sex steroid withdrawal. This confirms the comprehensive thymic regeneration
induced by sex steroid ablation and demonstrates the capacity of stromal cells for rapid
expansion and remodelling.

The refinement of flow cytometric analysis of stromal cells enabled the acquisition of
quantitative data that other techniques cannot assess directly (Chapter 3). This was applied
int the current study to enumerate CD45 stromal cells during thymic ontogeny, steady-state
expansion and age-related atrophy._ Assessment of overall thymic cellularity with age
described the kinetics of expansion and atrophy, showing similar adult trends to that reported
previously (Ortman et al., 2002). The finding that stromal cells follow these trends
demonstrated their ability to expand and contract with changing thymocyte numbers.
Marked differences in the thymocyte to stromal cell ratio over time show that this is a highly
dynamic relationship. The low ratios observed during embryogenesis (between 5 to 100)

compared to adult ranges (250-480), would be very likely to have a major impact on the
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kinetics of thymocyte development. Sustained contact provided by higher proportions of

stromal cells observed during embryogenesis may facilitate the accelerated T-cell

developmental kinetics of this period.

L 1
The consequences of thymic atrophy were evident in the reduced numbers and
' altered composition of stromal compartment of 12 month old mice. The significant
. reduction in epithelial content and corresponding increase in fibroblasts reflects the collapse !
' of the thymus during involution. Reduced TEC content was accompanied by proportional
. increases in ¢TECs and MHC II* subsets. While MHC II" and MHC " medullary ]
epithelial subsets have been observed previously in histological studies (Surh et al., 1992b), i
' the functional differences between these subsets remain unknown. This study demonstrates i
this heterogeneity extends into the cortical compartment and is reflected in differential |
expression of costimulatory markers. Expression of CD40 (on both ¢cTECs and mTECs) and
. CD80 (on mTECs) may implicate MHC II" TECs in distinct roles via the provision of

cytokines and costimulation (Galy and Spits, 1992; Degermann et al., 1994; Ruggiero et al.,
1996). The induction of increased expression of MHC II and CDM4O0 in vitro by IFNy
stimulation of TECs supports the notion that MHC II" TECs are “activated” epithelial cells
(Galy and Spits, 1992; Naquet et al., 1999). The predominance of “resting” TECs in the
involuted thymus may reduce the overall efficiency of thymocyte development.

The apparent phenotypic maturation of TEC subsets throughout life was supported
by studies of mutant mice. Expansion of significant populations of adult MHC II* ¢TECs
and MHC TI" mTECs only occurred in the presence of DP thymocytes. The development of
MHC II' mTECs appeared to require signals from SP thymocytes. Whether these
populations arise from earlier subsets or the expansion of pre-existing populations of the
same phenotype awaits direct lineage analysis (Fig 4.12). Definition of TEC surface

phenotypes throughout life provides a means to directly test these relationships.
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Figure 4.12 Proposed thymic epithelial lineage relationships.

Mesenchymal interactions with endoderm from the 3" pharyngeal pouch give rise to K57,
K8*, MTS-24" precursor TECs by E12.5. These are capable of differentiating into early
MHC II" cortical and medullary TEC subsets under the influence of DN and DP thymocytes,
respectively. In young adult mice, MHC I ¢TEC and mTEC subsets emerge, requiring

signals from DP and SP thymocytes, respectively.

117




AGE

Ell

Ei2.5

E15-18

BIRTH

2 weeks

Chapter Four

Epithelium from 3rd
pharyngeal pouch

Mesenchyme

Putative Precursor TEC
K5'Kg*

MEI S"24+ /"“’\‘
DN3

¢TEC mTEC
Lys1" Lyst®
MHC 11 MHC "
CD40* - CD40"
CD80*
rﬁ\
hl

¢TEC
iys1t
Mo

118




Chapter Four

AR B e

it
F
&

The putative TEC precurscr marker MTS-24 was expressed by a subset of MHC 1I™
embrycic and neonatal TECs, similar to the distribution reported previously at E15 (Gill et

al., 2002). In the adult, MTS-24 was predominantly expressed by MHC I mTECs, with a

minor MHC I, MTS-24" population. The expression of a precursor marker on the adul,
! possibly end-stage MHC II* mTEC population appears contradictory. However, the finding
: that adult MTS-24" TECs cannot reconstitute the thymic microenvironment (Gill, pers.
comm.) may indicate this is not an exclusive marker of adult TEC precursors. Purification,
§ in vitro reaggregation and grafiing of the adult TEC subsets reported in this study may
identify such a precursor population.

4 Central to the question of TEC differentiation and maintenance of the thymic stromal
| microenvironment are the proliferative capacities of the various subsets. Expression of the

% proliferation marker, Ki67, was found in subsets of MHC II" ¢TECs and mTECs in the

T

embryonic, young and aged thymus. The higher frequency of Ki67* TECs in the embryonic
. thymus compared to the young adult reflected the greater expansion of epithclivm during
this phase. Likewise, higher cell division in the medulla compared to the cortical
compartment, lead to the proportional increase in this subset during late embryogenesis.
This suggests that while early mTECs arise from clonal precursor cells (Rodewald et al.,
‘ 2001), the majority of normal mTEC expansion is derived from proliferation within this i
¥ subset.

In the young adult thymus, cell division of Ki67* MHC ™ TECs was confirmed by
BrdU incorporation. Most BrdU incerporation was detected within the MHC II" subset,
suggesting upregulation of MHC II following cell division of MHC II'™ TECs. Certainly,
there was relatively little proliferation evident in the MHC I TEC subset. The frequency of
Ki67* TECs and the proportion of ~=": incorporating BrdU over three days were consistent

with a 24 hour division time of a stably dividing population. This relatively rapid turnover is
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compatible with the notion that TECs are a cell population capable of continuous
remodelling and regeneration.

The regenerative potenti:] of the atrophic thymic stroma was demonstrated following
sex-steroid ablation. Expansion of the thymic stromal compartment followed a similar trend
to that of thymocyles, albeit delayed by up to two weeks. The faster kinetics observed in
Experiment 2 were likely to be due to variability between aged mice that were used in the
study. In all experiments, stromal cell regeneration was accompanied by a normalisation of
TEC subset ratios back to young adult levels due to a proportional increase in mTECs.
These results suggest that stromal proliferation and differentiation is driven by or intimately
linked to thymocyte expansion and development in the regenerating thvmus. The factors
controlling tizsymic regeneration appear to be closely linked to thymocyte/stromal cross-talk.

Treatment of young mice with cyclophosphamide caused the loss of most
thymocvies, but the total number of TECs was not affected after 3 days in both sham and
castrated mice. However, disruption of the ratios of mTEC:cTECs and MHC II":MHC II*
was evident, closely resembling the subset distribution in the involuted thymus. Despite
some thymocyte regeneration after 7 days in both groups, TEC numbers fell by half, either
due to a direct effect of the cyclophosphamide or secondary to the initis} loss of thymocytes.
By day 14 expansion was observed in TECs of both groups, concomitant with a
normalisation of TEC subset ratios. The decrease and subsequent increase in TEC numbers
resembled that of thymocytes, following a lag of 4 to 7 days. This relationghip is consistent
with a functional synergy between thymocytes and stromal cells that resuits in similar trends
in population kinetics to those observed in the regenerating aged thymus. It was notable that
sham castrated mice also exhibited some thymic regeneration foliowing immunodepletion.
with cell numbers exceeding untreated controls by 6-8 weeks. Castrated mice demonstrated

a higher and more rapid increase in stromal and overall thymic cellularity compared to sham
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castrates. These results support those found in the aged model of regeneration, highlighting
the relationship between thymocytes and stromal cells.

In summary, this study reveals many fundamental characteristics of thymic stromal
cells and their relationship to thymocytes. The former are a more dynamic cell population
than previously thought, with a rapid turnover and the capacity to remodel. Regeneration of
atrophic stroma demonstrates the continued functional competence of this population and is
of significance to therapeutic manipulation of the thymus in immunodeficient states. These
data also have implications for many aspects of thymus biology, providing the basis for

direct lineage analysis of thymic epithelial subsets.
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A novel thymic fibroblast glycolipid recognised by the mAb MTS-15,

3.1 INTRODUCTION.

The thymus is the exclusive site of development of mainstream oS T-cells that are required
for virtually all adaptive immune responses. The complexity of T-cell development is
reflected in the heterogeneity of specialised thymic microenvironments which are formed
through interactions (“crosstalk™) between thymocytes and the various types of thymic
stromal cells (Boyd et al., 1993; Ritter and Boyd, 1993; van Ewijk et al., 1994). The stromal
compartment includes populations of epithelium. fibroblasts, endothelium, macrophages,
and dendritic cells, each of which has distinct roles in T-cell development (reviewed in
Anderson et al, 2001).

The diversity of the cellular and molecular components of thymic stroma has been
demonstrated by panels of monoclonal antibodies (mAbs) specific for a variety of mouse
thymic stromal cell antigens (for example, van Vliet et al., 1984; de Maagd et al., 1985;
Lobach et al., 1985; Godfrey et al. 1988, reviewed in Boyd et al, 1993). These reagents have
been useful in defining the heterogeneity within and amongst these populations, in particular
the tﬁymic epithelium. However, us few of these antibodies recognise determinants
expressed specifically by thymic mesenchymal fibroblasts, our knowledge of the
heterogeneity and function of this stromal compartment is less comprehensive.

The essential role of mesenchyme in thymic organogenesis has most recently been
demonstrated by Suniara et al., 2000, providing poorly defined signals that influence

epithelial cell development {Ariderson and Jenkinson, 2001). A role for fibroblasts in T-cell
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development beyond the CD4 CD8CD25*CD44* stage has been shown to be dependent
upon extracellular matrix (ECM) components produced by these cells (Anderson et al.,
1997). Fibroblasts also form a large component of the perivascular spaces that surround the
sites of precursor enﬁy and mature thymocyte export, implicating them in functions such as
chemoattraction and early T-cell commitment. A major obstacle in defining the precise role
of thymic fibroblasts in epithelial and T-cell development is the lack of specific surface
markers enabling their purification for further functional and molecular analysis.

Within the mouse thymic stromal (MTS)} panel of mAbs (Godfrey et al., 1990),
MTS-15 was distinguished by a unique, restricted expression pattern at the blood/thymus
barrier. The antigen bound by MTS-15 is primarily expressed on the surface of the thymic
fibroblasts that line the capsule, traveculae and large blood vessels found at the cortico-
medullary junction. This study explores in detail the expression profile and molecular
characteristics of the MTS-15 antigen, as well as the poteatial relevance of fibroblasts to the

thymic microenvironment.
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5.2 RESULTS

5.2.1 Lymphoid tissue distribution of MTS-15

Immunohistological analysis of adult mouse thymus sections with MTS-15 exhibited
specific staining of fibroblasts lining the subcapsule and large blood vessels of the cortico-
medullary junction (Figs. 5.1A, B & Chapter 3). At high magnification, MTS-15 staining
appeared granular and exhibited apparent diffusion around cells adjacent to areas of
expression (Fig. 5.1C & D). Compared to markers of thymic epithelium (anti-keratin) and
vasculature (anti-CD31), it was found that MTS-15 reactivity colocalised with the
endothelium and perivascular spaces, but not epithelial structures. The extension of staining
beyond the endothelium and perivascular space was suggestive of a soluble or shed antigen.

The cellular distribution was analysed further by comparing MTS-15 staining to that
of the established thymic fibroblast marker ER-TR-7 (Van Vliet et al., 1986). Staining of
serial thymic sections revealed overlapping expression at the subcapsule (Fig. 5.1E & F) and
around the large blood vessels of the cortico-medullary junction (Fig. 5.1G & H). This
strongly suggests the MTS-15 antigen is expressed by fibroblasts in these areas.

These findings were supported by flow cytometric analysis of freshly isolated thymic
stromal cell preparations. MTS-15 surface staining of a major subset of EpCAM’, MHC IT’
stromal cells demonstrated the non-epithelial distribution of the antigen (Fig. 5.2 & Chapter
3). Four colour labelling comparing CD31, MHC II and MTS-15 staining on CD45" stromal
cells revealed a novel subset of MHC II°/MTS-15" endothelium (Fig. 5.2). Together, these
data define the first cell surface marker for thymic fibroblasts lining the subcapsule and
perivascular spaces, and identifies a novel subset of MHC II expressing endothelial cells.

The strong association of MTS-15 with vasculature was also observed in the spleen
by immunohistology, with prominent staining in the red pulp and surrounding central

arterioles (Figs. 5.3A & B). The extension of this granular reactivity around cells adjacent
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Figure 5.1 Immunechistological analysis of MTS-15 on 4 week old thymus.

A. MTS-15 staining of 4 week old thymus was detected throughout the subcapsule and
thymic vasculature. B. Triple staining of a large cortico-medullary junction blood vessel
from 4 week old thymus with MTS-15 {green), MTS-12 (anti-CD31; red) and anti-keratin
(blue). Extensive colocalisation was observed between the MTS-15 determinant and CD31
on endothelium (yellow), with extension of MTS-15 staining around adjacent thymocytes.
€. MTS-15 (green) and anti-keratin (red) staining of 4 week old thymus revealed discrete
foci of MTS-15 reactivity along the subcapsule, trabeculurmn and some thymic blood vessels.
D. A serial section stained with ER-TR-7 (green) and anti-keratin (red) revealed continuous
ER-TR-7 reactivity along the subcapsule, trabeculum and around thymic vasculature. E.
large blood cortico-medullary blood vessel exhibiting the typical granular MTS-15 staining
(green) with a similar distribution to ER-TR-7 (green; F) on a serial section (anti-keratin;

red).
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Figure 5.2 Four colour flow cytometric analysis of MTS-15 staining on thymic stromal
cells.

A. Histogram showing the region gating of CD45" thymic stromal cells from 4 week old
C57BL-6 mice. B. MHC II expression versus MTS-15 staining on CD45- stromal cells,
showing a large population of MHC II' MTS-15* cells. A small population of MHC II°
MTS-15" is also apparent. C., Dot plot of MTS-15 staining versus CD31 expression,
showing the percentages of CD45 stroma that MTS-15" CD31" and MTS-15* CD31"
populations constitute. D. Histogram showing higher MHC I expression on MTS-15°
CD31* (thick line) than MTS-15" CD31" (shaded) thymic stromal cells. Profiles are

representative of 3 independent experiments.
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Figure 5.3 Immunohistelogical analysis of M'LS-15 on extrathymic tissues.
Tissue sections were taken from 4 week old CBA mice. A. Spleen section stained with
MTS-15 (green) and anti-CD31 (red). Extensive MTS-15 reactivity was observed

throughout the red pulp regions and surrounding central arterioles. B. Higher power

examination of MTS-15 (green), anti-CD31 (red} and anti-CD45 (blue) staining of a splenic
ceniral arteriole revealed colocalisation with endothelium (yellow) and adjacent leukocytes i

(cyan). C. Extensive MTS-15 reactivity {green) was also observed in the connective tissue

areas of the small intestine. Anti-CD31 (red) and anti-CD45 (blue) staining defined GIT
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vasculature and leukocytes. D. Small intestine stained with MTS-15 (green), anti-CD45
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(red) and anti-keratin (blue)} exhibited colocalisation between MTS-15 and intestinal

leukocytes (yellow).
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to the central arterioles is similar to the pattern observed around thymic endothelium,

suggesting shedding or diffusion from areas adjacent to leukocyies.

5.2.2 Non-lymphoid tissue distribution of MTS-15.

A different disi;ribution pattern to that observed in lymphoid tissues was found in the gastro-
intestinal tract (GIT) and female reproductive organs. In these areas, broad, intense MTS-15
staining of the connective tissue areas of the GIT showed no clear association with the
vasculature (Figs. 5.3C, D & Table 5.1). Comparison of this reactivity with CD45 and
keratin demonstrated colocalisation with MTS-15 on some GIT leukocytes, but not
epithelium (Figs. 5.3C & D).

Analysis of MTS-15 reactivity throughout embryogenesis first demonstrated staining
at E14 on scattered cells along the middle part of the centrai midbrain. This association with
central nervous tissue continued throughout late embryogenesis and was still evident at the
blood-brain barrier in the adult (Figs. 5.4A, D, F, G & Table 5.1). At E1S, reactivity was
also detected in some cells of the umbilical hernia, however, only by E16 was connective
tissue staining apparent in the oesophagus (Figs. 5.4B, C & E). By E16, intense MTS-15
staining was exhibized in scattered cells below the epithelial layers of the skin and other
tissues (Fig. 5.4E). MTS-15 expression was first observed in the connective tissue of the
small intestine at E17 and persisted thereon (Table 5.1). Interestingl¥, only low levels of
MTS-15 staining were detected on thymic fibroblasts by flow cytometry after E15, with

adult levels expressed after E16 (data not shown).
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Figure 5.4 Immunohistological analysis of MTS-15 during late embryogenesis.

All sections were taken from whole C57BL-6 embryos and stained with MTS-15 (green) and
anti-keratin (red) to define epithelial structures. A. Strong MTS-15 reactivity was detected
in scattered cells of the middle part of the ventral midbrain. Keratin staining defines the
Rathke’s Pouch epithelial structure. B. Some cells in the connective tissue of the E15
umbilical hernia also expressed high levels of the MTS-15 antigen. C. After E16, MTS-15
reactivity could be detected around the oesophagus and scattered cells near the developing
thymus. D. MTS-15 staining could also be detected along the E17 midbrain and brain stem.
E. MTS-15 staining did not extend into the smali intestine of the E16 embryo, bui scattered
cells below the epithelial layers of the skin expressed the determinant. F. Continuous MTS-
15 staining was detected along the lateral border of the !=ft cerebral hemisphere in the E17

embryo. G. The borders of E!7 vertebrae near the jungs also expressed the determinant.
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e

Adult Tissue MTS-15 Reactivity

Thymus Blood/thymus barrier

Spleen Red pulp & central arterioles
Lymph Node Subcapsule

Stomach Connective tissue, smooth muscle

Small intestine

Large intestine

Connective tissue, smooth muscle

Connective tissue, smooth muscle

i e e

Uterus Conr »ctive tissue

Fallopian Tube Connective tissue

Heart Connective tissue

Liver Negative

Kidney Negative

Brain Blood/brain barrier

Salivary Gland Negative

Tongue Negative

Skeletal muscle Negative

Embryonic Stage MTS-15 Tissue Reactivity

El4 Discrete neural structures, ventrai midbrain
marginal layer, umbilical hernia

E15/16 Oesophagus, duodenum, choroid plexus

El17 Submandibular gland, gastro-intestinal tract,

olfactory epithelium

Table 5.1 Tissue distribution of the antigen recognised by MTS-15.
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5.2.3 Fassive acquisition of the MTS-15 antigen by leukocytes.

The surface expression of the MTS-15 antigen coupled with the apparent shedding onto
adjacent cells prompted extensive flow cytometric analysis of leukocytes from central and
peripheral lymphoid organs. Low levels of MTS-15 staining were detected by flow
cytometry on subsets of leukocytes from the thymus, spleen and lymph nodes, but not the
blood (Fig. 5.5A). Almost 20% of thymocytes bore the antigen on their surface at low
levels, as did lymph node leukocytes (Fig. 5.5A). Higher proportions and intensities of
MTS-15 staining were observed on splenocytes (Fig. 5.5A).

A subset analysis of thymocytes indicated the MTS-15 antigen was predominantly
found on immature DN (16%) and DP (19%) cells, while mature CD4 and CDS SPs were
almost negative (6% and 5% respectively) (Fig. 5.5B). The slight overall shift in the DP
population may suggest broad low level staining with MTS-15. MTS-15 staining was
similar in all DN subsets, but undetectable on recent thymic emigrants assessed 24 hours
following intrathymic FITC injection (data not shown). MTS-15 labelling of splenocytes
distinguished three populations, with high levels of staining observed on half of the non-
lymphoid splenocytes (predominantly macrophages, granulocytes and dendritic cells) (Fig.
3.5C). Almost 70% of splenic B-cells were MTS-15"°™, while MTS-15 staining of splenic
T-cells resembled that of total thymocytes (Fig. 5.5C).

This tissue-dependent differential staining of lymphocytes with MTS-15 prompted
investigations into the possibie transfer of this antigen from stromal cells to lymphocytes.
To address this, an MTS-15* TEC line (MTE-1D, Naquet et al., 1989) or an MTS-15" TEC
line (3B6) was co-cultured with PBLs (MTS-15") and flow cytometric analysis uscd to detect
leukocyte MTS-15 staining (Fig. 5..6A). It was found that after 1 day of co-culture with
MTE-1D cells, PBLs acquired low levels of the MTS-15 antigen on their surface, while

PBLs co-cultured with 3B6 cells remained negative (Fig. 5.6B).
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Figure 5.5 MTS-15 staining of leukocyte subsets,

A. Histograms showing MTS-15 staining (solid line) and isotype control staining (dotted
line) on leukocytes from the tissues indicated. Proportions of cells bounded by markers set
according to staining intensity are indicated. B. Histograms of MTS-15 staining of various
thymocyte developmental subsets (gated as shown in dot plot regions). Markers set
according to minimal staining (<1%) of isotype controls indicate proportions of cells stained.
C. Histograms of MTS-135 staining on major splenocyte subsets (gated according to dot plot
regions) with markers set to bound MTS-15™ and MTS-15" leukocytes (background staining

<1%). Representative profiles from 3 independent experiments are shown.
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Figure 5.6 Transfer of the MTS-15 antigen onto peripheral blood leukocytes.

PBLs were cultured alone or with either MTE-1D or 3B6¢ cells and analysed for MTS-15
staining 1, 2 and 3 days after the culture was established. A. CD45 expression was used to
discriminate leukocytes (CD45%) from cell lines (CD45°) and MTS-15 expression analysed.
Proportions of total viable cells are indicated in regions shown. B. Histograms of MTS-15
staining (solid line) on peripheral blood T-cells (CD45" TcR™) and B-cells (CD45* B220") at
the time points indicated show a greater proportion of MTS-15" B-cells than T-cells within
markers set according to minimal background staining (<1%) of PBLs cultured alone (dotted

ling). Profiles are representative of 3 experiments.
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With respect to lymphocytes, a higher proportion of B-cells acquired or retained the antigen
over time (from 12% to 27%), while only very few T-cells became MTS-15 positive (from
8% to 7%).

The transfer of autigen between cells could reflect either the interaction of a soluble
antigen with a surface receptor or acquisition of surface antigen via membrane shedding or
flipping. These possibilities were investigated by biochemical analysis of the antigen

recognised by MTS-15.

5.2.4 Biochemical characterisation of the antigen bound by MTS-135.

Immunoblotting of membrane preparaticns from various tissues was performed with the

MTS-15 mAb. Tricine SDS-PAGE was employed to better resolve low molecular weight i
species, revealing the antigen to have an extremely low molecular weight (4-5kDa), a high ‘
intrinsic negative charge or that it was insoluble in SDS (Fig. 5.7A). To address the latter ?
issue, ultracentrifugal fractionation of antigenic activity {rom membrane preparations

solubilised in various detergents was assayed using dot blots. These experiments suggested i

that the molecule detected by MTS-15 was extremely hydrophobic, as nearly all activity was
consistently detected in the insoluble pellets of all detergents tested, including SDS (data not

shown). Together, these data indicated biochemical behaviour consistent with a glycolipid.

To further investigate this possibility, a total lipid extract of an intestitzal membrane

fraction was analysed by HPTLC and probed with MTS-15. A single orcinol-reactive band
was recognised by the mAb, in both the crude mixture and after extensive purification by
HTPLC (Fig. 5.7B). Resistance of the determinant to mild base h;-drolysis suggested that
the antigen contained a ceramide group (ie. a glycosphingolipid) (Fig. 5.7B). However, it
was also resistant to EGCase II (Fig. 5.8A), a lipase that hydrolyses many sphingolipids

except those belonging to the globo-glycosphinglolipid family (Ito and Yamagata, 1989).
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Figure 5.7 MTS-15 recognises a glycosphingolipid.

A. MTS-15 immunoblot of Tween-40 membrane preparations from intestine (int.), spleen

(spl.), uterus (ute.), kidney (kid.), thymus (thy.) and MTE-1D cells (MTE), either reduced

(R) or non-reduced (NR), separated on tricine SDS-PAGE. B. Orcinol staining and an

MTS-15 immunoblot of HPTLC plates loaded with membrane (memb.) and

chloroform:methanol (C.M.) extracts from intestine (Int.) and kidney (Kid.). Base treatment

(B.T.) did not effect the mobility of the MTS-15 antigen.
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Figure 5.8 ECGase resistance and MALDI-TOF mass spectrum of MTS-15 antigen.

A. HPTLC-purified MTS-13 antigen and GM1 {control) were treated with ECGase II and
the reaction products detected by orcinol and MTS-15 staining. B. MALDI-TOF mass
spectrum of purified MTS-15 antigen.

Contributed by Tull, D. and McConville, M.
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Gas chromatographic mass spectrometry (GC-MS) compositional analysis of this
species revealed stoichiometric amounts of N-acetylgalactosamine, galactose and glucose,
also characteristic of a globo-glycosphingolipid. This was further supported by MALDI-
TOF analysis of the underivatised band that revealed a cluster of putative [M+H]" molecular
ions at m/z 1453.8, 1481.8, 1509.8, 1537.8 and 1565.8 (Fig 5.8B). Together with the
compositional data, this information is consistent with the MTS-15 antigen having the
glycan headgroup, HexNAc,Hex, and a heterogeneous ceramide moiety.

A second cluster of ions was observed between m/z 250.6 and 1334.7, corresponding
to the putative MTS-15 antigen minus a HexNAc residue. As similar loss was observed with
a standard glycosphingolipid, GMI, these data suggest that the MTS-15 antigen is capped
with a GalNac. These results, taken with the finding that the purified glycolipid was
completely resistant to o- and (-galactosidase digestion (data not shown), indicate that the
antigen detected by MTS-15 is likely to correspond to the globo-glycosphingolipid,
GalNAc,Gal,GleCer (Makita & Tanaguchi, 1985).

To determine whether the terminal GalNAc is a major determinant for binding of the
MTS-15 antibody, the purified glycolipid was subjected to partial acid hydrolysis and
reanalysed by HPTLC. This treatment generated a number of additional glycolipid species
with faster I—IPTLC‘;nobility, consistent with the loss of one or more sugars (data not
shown). However, none of these glycolipids were recognised by MTS-15, suggesting that

the terminal GalNAc was essential for antibody recognition.
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5.3 DISCUSSION

The lack of specific surface markers for thymic fibroblasts has hindered their purification for
functional and geretic analysis. As a consequence, their roles in epithelial and T-cell
development remain poorly defined. MTS-15 provided a promising candidate for such a
marker, given its restricted expfession by stromal cells around the thymic subcapsule and
perivascular spaces. In this study, MTS-15 staining was compared to established markers of
thymic epithelium and fibroblasts defined specific MTS-15. The antigen was found to be
expressed by a subset of lining fibroblasts and a novel population of MHC II°, CD31*
endothelial cells lining the large blood vessels of the corticomedullary junction. The
association of MTS-15 staining with the vasculature was also found around splenic central
arterioles and red pulp. Given their location, MTS-15" fibroblasts and endothelial cells are
likely candidates for roles in lymphocyte entry and exit from these organs. This surface
marker will enable new approaches for investigating the cellular and molecular control of
these processes.

In contrast, MTS-15 staining of connective tissue areas was found in the gastro-
intestinal tract and uterus. The different expression patterns in lymphoid and non-tymphoid
tissues may suggest distinct roles for this antigen at these sites. Furthermore, changes in
distribution throughout embryogenesis also point to unique functions in the development of
the various central nervous system elements and the gastro-intestinal tract.

The immunohistology of MTS-15 in all tissues was distinguished by granular
staining that extended to cells adjacent to MTS-15" areas. Transfer of the antigen between
cells was confirmed by in vitro cocultures of peripheral blood leukocytes with an MTS-15"
cell line. The differences 1n the extent Qf acquisition between B and T lymphocytes may

reflect differences in the surface compositions of these cell types (either cellular receptor
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expression or the plasma membrane itself). The low level of MTS-15 staining on leukocytes
analysed ex vivo is likely to be due to acquisition of the antigen from MTS-15" structures, as
the intensity of staining correlated well with the proximity of these cells to the areas of high
antigen expression (eg. DN thymocytes at the thymic subcapsule and B-cells of the splenic
marginal zone adjacent to the red pulp). The absence of MTS-15 antigen on peripheral
blood leukocytes suggests the antigen is shed or internalised during, or after, exit from these
organs.

Shedding is a characteristic of many glycosphingolipids, occurring as membrane
vesicles, micelles or monomers that can be incorporated into the lipid bilayer of nearby cells
(Saqr et al., 1993; Kong et al., 1998). The mobility of the MTS-15 reactive band by tricine
SDS-PAGE further implicated the antigen as being a glycolipid. This was confirmed by
biochemical analyses using enzyme treatments, thin layer chromatography and gas
chromatographic mass spectrometry. These data were consistent with a globo-
glycosphingolipid bearing the glycan headgroup GalNAc,Gal,Glc. This corresponds to the
reported structure of the Forssman antigenic determinant (Siddiqui and Hakomori, 1971;
Stellner et al., 1973), detected on various glycolipid species (Willison et al., 1982). Previous
murine distribution studies employing antibodies to this determinant have characterised
expression in a variety of tissues, including the splenic red pulp and thymic cortical
epithelium (Sadahira et al., 1988). Further work comparing the reactivities of MTS-15 and
Forssman antibodies will test this candidate as the MTS-15 antigen and analyse any
discrepancies in distribution.

As a surface marker of thymic perivascular fibroblasts, MTS-15 enables their
purification for further studies into the role of this stromal cell subset in thymocyte
migration. The spatial arrangement of these cells around the sites of precursor entry and
mature thymocyte exit from the thymus implicates this subset as mediators of these

processes. Given the emerging role for chemokines in thymic migration (Wilkinson et al.,
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1999; Norment and Bevan, 2000; Ueno et al., 2002), MTS-15* thymic stromal cell
chemokine expression profiles may shed light on the molecular mechanisms governing
immigration and emigration. In addition, tethering of chemokines to perivascular fibroblast-
derived ECM components may provide a solid-phase gradient to facilitate thymocyte
chemotaxis (Savino et al., 2002a). The MTS-15 mAb provides an important reagent for

investigations of these processes in the context of this thymic stromal cell subset.
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CHAPTER 6

The role of chemokines and stromal cells in thymic emigration.

6.1 INTRODUCTION.

The thymus has the unique capacity to generate mainstream o3T-cells that are involved in
virtually all adaptive immune responses. Thymocytes are ultimately derived from
multipotential hematopoietic siem cells in the fetal liver or adult bone marrow that enter the
thymus via arterioles {Cantor and Weissman, 1976; Kyewski, 1987; Penit and Vasseur,
1988; Lind et al., 2001). Immature thymocytes (CD3'CD4 CD8" triple negative (TN) cells)
migrate through the cortex towards the subcapsule as they progress through the early stages
of differentiation (Lind et al., 2001). Upon further development, they express CD4 and CD8
to become double positive (DP) thymocytes that traverse back through the cortex. If these
cells survive thymic selection processes, they progress into the thymic medulla as CD4" or
CD8" single positive (SP) thymocytes (van Ewijk, 1991). Medullary thymocytes are subject
to further screening for se]f—tolérance as they mature sufficiently in this microenvironment to
permit export to the periphery (Scollay and Godfrey, 1995; Anderson et al., 1996).
Extensive migration of thymocytes between stromal cells of different thymic
microenvironments is essential for T-cell developmental events. The molecular control of
thymocyte traffic in the thymus is poorly defined, however a prominent role for chemokines
is emerging (Norment and Bevan, 2000). Chemokines are a family of small, basic
polypeptides that direct the chemoattraction of cells via G-protein coupled seven-
transmembrane receptors (Murphy, 1994; Rossi and Zlotnik, 2000). Differential expression

of chemokines by thymic stromal cells and chemokine receptors by thymocytes suggests
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various phases of thymic migration are influenced by distinct, but probably overlapping,
gradients of these chemoattractants (Norment and Bevan, 2000). In particular, precursor
immigration and T-cell emigration appear to involve active signalling processes that
probably involve chemokines, in light of the findings that pertussis toxin inhibition of G-
protein signalling impinges upon these processes (Chaffin and Perlmutter, 1991; Wilkinson
et al., 1999).

The CXCL12 chemokine (also called stromal-cell derived factor-1, or SDF-1) is
produced by stromal cells of the outer cortex and is thought to influence the migration of DN
thymocytes, which express the CXCL12 receptor CXCR4 (Kim et al., 1998; Aiuti et al.,
1999; Suzuki et al., 1999). While CXTR4 deficient thymocytes showed no gross defects in
development (Zou et al., 1998), several studies indicate this interaction is important in early
T-cell development. The trafficking of DP thymocytes through the cortex seems to be
mediated in part by CCL25 (also called thymus-expressed chemokine, or TECK), produced
by cortical epithelium (Wurbel et al., 2000). The CCR9 receptor for CCL25 is upregulated
following signalling through the pre-T-cell receptor (Norment et al., 2000), although its
ablation causes only mild impairment of early thymocyte development (Wurbel et al., 2001).
Beyond this stage, the chemokine CCL22 (also called macrophage-derived ¢ *mokine,
MDC) selectively attracts thymocytes during the transition from DP to SP by ligation of
CCR4 (Campbell et al., 1999). Mature CD4* and CD8* SP thymocytes avidly respond to the
CCR?7 ligands, CCL19 (ELC, MIP3p or Exodus-3) (Rossi et al., 1997; Yoshida et al., 1997)
and CCL21 (secondary lymphoid chemokine, SLC or 6Ckine) (Hedrick and Ziomik, 1997
Nagira et al.,, 1997; Tanabe et al., 1997) chemokines, which are preseat in the thymic
medulla (Annunziato et al., 2000; Bleul and Boehm, 2000). The differential expression of
these ligands and receptors is suggestive of involvement in the export of thymocytes, but

their precise role remains unclear.
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The role of chemokines in lymphocyte trafficking into and through secondary
lymphoid organs is better established (Cyster, 2000). CCL19 and CCL21 play particutarly
important roles in T-cell entry and localisation within lymph nodes and Peyer’s Patches
(Gunn et al., 1998; Forsfer et al., 1999; Stein et al., 2000; Wamock et al., 2000). CCL21
primarily promotes the homing of CCR7* T-cells to these organs through high endothelial
venules (Stein et al., 2000). CCLI19 also contributes to this process via solid phase
presentation on the luminal surface of endothelial cells (Baekkevold et al., 2001), however,
its main role is in promoting interactions between T-cells, dendritic cells and activated B-
cells (Ngo and Tang, 1998).

The present study examined the role of chemokines in the emigration of mature
thymocytes from the thymus. A novel fetal thymic organ culture (FTOC) system was
devised to visualise thymocytes elicited from thymic lobes by various chemokines. In this
system, CCL19 was the only chemokine capable of mediating mature thymocyte export.
Analysis of thymic stromal cell expression of CCL19 and CCL21 demonstrated medullary
thymic epithelial cells (nTECs) and perivascular fibroblasts to be the major source of these
chemokines. However, these chemokines were presented on the surface of cortical epithelial
cells (cTECs), MTS-15" perivascular fibroblasts and endothelial cells ex vivo. High levels of
CCL19, but not CCL21 presentation by perivascular fibroblasts and endothelial cells may
account for the differential roles in thymic emigration. While the receptors CCR7 and
CCXCKR seem to mediate the presentation of these chemokines by epithelial cells, neither
was expressed by perivascular fibroblasts. This work describes a unique role for CCL19 and

stromal cells of the thymic vascular microenvironments in thymocyte emigration.
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6.2 RESULTS

6.2.1 Role of CCL19 and CCL21 in thymic emigration.

To investigate the roles of various chemokines in the emigration of mature thymocytes from
the thymus, a fetal thymic organ culture (FTOC) system was employed. Thymic lobes were
cultured in medium containing one of a panel of candidate chemokines, and the numbers of
mature thymocytes found ouiside the organ assessed afier two days. Of the chemokines
tested, only CCL19 induced the emigration of significant numbers of thymocytes from the
lobes (Fig. 6.1A). CCL1, CCL2, CCL3, CCL4, CCL8, CCL11, CCL20, CCL27, XCL1, and
CX3CL1 in addition to the other chemokines in Figure 6.1 A failed to increase cell numbers
outside the lobes (data not shown). It was particularly notable that CCL21, which shares the
same receptor specificity as CCL19, did not mediate significant thymocyte emigration.
These results were investigated further using a novel time-lapse visualisation system
to monitor directional cell movement from thymic lobes towards a spot of chemokine in a
semi-solid medium (Fig 6.1B). Within 1 day of culture, many cells from the thymus were
observed moving to a spot of CCL19 (Fig. 6.1C). This emigration was specific for CCL19
as no cells were detected from the opposite side of the lobe, nor towards a spot of CCL21.
Cells recovered from these and the previous experiments had a mature thymocyte phenotype,
being mostly CD4*CD8 or CD4CDS$"* single positive (SP) TcR" T-cells, demonstrating the
selective retention of the more numerous immature cells (Fig 6.1D). Exported cells were
small, ﬁuiescent CD25CD69 T-cells, with increased expression of Ly6A and low
incorporation of bromodeoxyuridine, therefore resembling recent thymic emigrants, rather
than a small subset of artifactually released cells that have expanded in culture (data not

shown).
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Figure 6.1 CCL19 promotes the emigration of T-cells out of thymus lobes.

A. Numbers of cells recovered outside of FTOC in media supplemented with various
chemokines. Listed are means and standard errors (n=4-9) of viable cell numbers found
outside of the thymus lobes two days after adding the chemokines. Significance (p-value) of
the cell numbers over the culture conditions in the absence of chemokines was evaluated by
Student’s t test. B. Schematic diagram of the time-lapse visualisation system employed to
monitor ceilular movement out of the thymus. An FTOC lobe was placed in a transparent
collagen gel and cultured in medium under high oxygen conditions. Either 10uM CCL19 or
10uM CCL21 (5ul) was spotted into the collagen gel and the area within the rectangular box
time-lapse monitored under a microscope with a CCD camera for 24 hours. C. FTOC
visualised at indicated time points after spotting CCL19 or CCL21. Where indicated, the
thymus lobe was monitored on the opposite side of the CCL19 spot. Bar = 250um.
Representative results of 4 expertiments. D, Flow cyiometric analysis of cells elicited from
FTOC in the absence or presence of CCL19. Cells were stained with anti-CD4, anti-CD8
and anti-TcRf}. Numbers indicate the frequency of cells within each area. Data are
representative of 10 experiments. Contributed by Ueno, T. and Takahama, Y. from (Ueno et

al., 2002).
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The apparently specific effect of CCL19 in FTOC emigraticn, compared to CCL21,
may have been due to a CCL19 specific signalling pathway that fails to transduce CCL21
derived signals, and/or the reduced accessibility of CCL21 to thymocytes under the culture
conditions. Relating to thi.s, it was found by Ueno et al., (2002) that CCL.21 was as efficient
at mediating the chemotaxis of CCR-7* mature T-cells in suspension culture as CCL19. This
suggests the failure of CCL21 to attract thymocytes from FTOC was not due to a lack of
CCR7 or other signalling molecules to transmit CCL21-induced chemotaxis. Furthermore,
Ueno et al. (2002) found that removal of a unique C-terminal extension of positively charged
residues from CCL21 enabled this protein to mediate emigration of thymocytes from FTOC.
These data suggested the limited diffusion of CCL21 into the organ may have been
responsible for the reduced efficiency of this molecule in mediating thymocyte emigration.
Defective thymic emigration in neonatal CCR7-deficient and anti-CCL19 neutralised mice

confirmed the selective role for CCL19 in this process (Ueno et al., 2002).

6.2.2 CCL19 and CCL21 expression by thymic stromal cells.

Central to the question of how CCL19 mediates neonatal thymocyte emigration is the
expression pattern of this molecule in the thymus. While immunohistological experiments
showed the localisation of this chemokine in the medulla (Annunziato et al., 2000; Bleul and
Boehm, 2000), the cells expressing or presenting CCL19 were not defined. FACS
purification of the major thymic stromal ceil populations enabled PCR analysis of CCL19
and CCL21 mRNA transcripts. The high expression levels of CCL19 and CCL21 by
medullary epithelial cells and MTS-15" perivascular fibroblasts suggest a requirement for

high local concentrations of these chemokines at the sites of export (Fig. 6.2A & B).
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Figure 6.2 CCL19 and CCL.21 expression by thymic stromal cell subsets.

A. CCL19 and CCL21 expression by purified subsets of thymic stromal cells was assessed
by PCR normalised using HPRT levels. CCL19 and CCL21 were found to be most highly
expressed by mTECs. B. CCL19 and CCL21 expression on purified whole thymic
epithelium and MTS-15" lining fibroblasts. C. CD45 thymic stromal cells stained with
anti-EpCAM and anti-CCL21 demonstrated populations of CCL21" TECs and non-epithelial
cells. D. Similar proportions of total cells were observed when CD45 thymic stromal cells
were stained with anti-CCL19. E. Histogram of ¢TECs stained with CCL19 (solid line) and
an isotype control (dotted line). A marker set according to minimal background staining
(<1%) indicates the proportion of ¢TECs stained with CCL1Y F. Histogram of mTECs
stained with CCL21 (solid line) and an isotype control (dotted line). The proportion of
CCL21" mTECs bound by the marker is indicated. G. CD45 thymic stromal cells stained
with MTS-15 and anti-CCL19 demonstrated a distinct population of CCL19* fibroblasts.
Quadrant proportions are indicated in the top right of the profile. H. Anti-CD31 and anti-
CCL19 stained CD45 thymic stromal ceils revealed a population of CCL19* endothelial
cells. 1. CD45 thymic stromal cells stained with MTS-15 and anti-CCL21 exhibited a
minor population of CCL21" fibroblasts. J. Similarly, a small popuiation of CCL-21*
endothelial cells was obéerved with anti-CD31 and anti-CCL21 stained CD45  thymic

stromal cells.
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In contrast with the PCR results, flow cytometric analysis of thymic stromal
populations with anti-CCL19 and anti-CCL21 (Figs. 6.2C & D) revealed a higher proportion
of cTECs than mTECs bore surface CCL19 (Figs. 6.2E & F). The majority of perivascular
fibroblasts and thymic endothelial cells presented CCL19, while only minor proportions
were CCL21" (Figs. 6.2G-J). The apparent selectivity in fibroblast and endothelial cell
presentation may relate to the ability of CCL19, but not CCL21, to mediate neonatal
thymocyte export.

To determine the extent to which thymic stromal cells were capable of presenting
surface CCL19, cells were preincubated with varying concentrations of recombinant CCL19
and CCL21. The intensity and proportion of anti-CCL19 staining of CD45" stromal cells
specifically increased upon recombinant CCL19, but not recombinant CCL21 preincubation
(Fig. 6.3A). This was reflected in all major stromal cell populations, in particular
endothelial cells (all of which became CCL19") and perivascular fibrobiasts (data not
shown). These data suggest that the receptors responsible for presenting CCL19 on the
surface of CD45" stromal cells were not saturated ex vivo.

This was also found to be the case for neonatal and adult thymocytes. Very low
proportions of thymocytes were CCL19%, with the highest levels on thymic B-cells (Fig.
6.3B and data not shown). Following preincubation with recombinant CCL19, this staining
was markedly increased on TcR" SP thymocytes, although some CD4* CD$* double positive
(DP) celis were also CCL19* (Fig. 6.3C). More detailed analysis showed that anti-CCL19
stained nearly all mature (HSA™) CD8" SP cells, whereas only two thirds of the less mature
HSA"™ CD8* SP thymocytes bore the chemokine after recombinant CCL19 amplification
(Fig. 6.3D). This trend was also observed on HSA"™" CD4* SP thymocytes (data not

shown).
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Figure 6.3 Amplification of anti-CCL19 staining on CD45 thymic stromal cells and
thymocytes.

A. CD45 thymic stromal cells were stained with anti-CCL19 in the presence of varying
molar excesses of either recombinant CCL19 (squares), CCL21 (triangles) or an irrelevant
protein (soluble Ly6; diamonds). The proportions of CD45" cells bounded by the marker
indicated on the inset plot are shown. B. Freshly isolated thymocytes were stained with
anti-TcRf and either a control antibody or anti-CCL.19. Thymocytes pre-incubated with
recombinant CCL19 and subsequently stained with anti-CCL 19 are shown on the right dot
plot. C. Dot plot of anti-CD4 and anti-CD8 staining on TcR” CCL19" region gated events
in B. Percentages bound by regions are indicated. D. Histograms of anti-CCL19 staining
on TcR" CD8" HSA™ and TcR™ CD8* HSAP pre-incubated with recombinant CCL19.
Markers were set according to minimal background staining (<1%) and the percentage of

CCL19* events shown.
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6.2.3 CCL19 and CCL21 receptor expression in the thymus.

The finding that both thymocytes and thymic stromal cells displayed surface CCL19 and
CCL21 prompted analysis of chemokine receptors on these cell populations. It has been
established that mature thymocytes express CCR7, the main receptor for these chemokines
(Campbell et al., 1999), but a distinct chemokine receptor (CCXCKR) capable of binding
these molecules has recently been described (Townson and Nibbs, 2002). Unlike most other
chemokine receptors, CCXCKR does not mediate calcium fluxes upon ligand binding
(Townson and Nibbs, 2002). CCR7 and CCXCKR expression by thymic stromal cells and
thymocytes was assessed by reverse transcriptase PCR of FACS purified populations.
CCXCKR expression could not be detected in thymocytes, suggesting that CCR7 is the most
likely candidate receptor binding CCL19 and CCL21 detected on these cells. In contrast,
CCXCKR transcripts were detected in ¢TECs, but not other stromal cell populations by
conventional and real-ime PCR (Fig. 6.4A & B). Therefore, cTECs appear to be the only
major cell type expressing this receptor in the thymus, which is likely to mediate at least
some CCL19 presentation by these cells (Fig. 6.2E). It was also found that total thymic
epithelial cells express low levels of the functional receptor CCR7, which may also be
involved in CCL19 presentzation (Fig. 6.2C). Interestingly, MTS-15" lining fibroblasts that
preferentially present CCL19 over CCL21, did not express either receptor at detectable
levels.

To further investigate the nature of CCL19 interaction with thymocytes and stromal
cells, the effect of various enzyme treatments on CCL19 pfesentation was assessed.
Thymocyte or stromal cell suspensions were incubated with collagenase, dispase or trypsin,
followed by recombinant CCL19 incubation and staining. Figure 6.5A shows that CCL19
binding to TcR" thymocytes (CCR7 dependent) is sensitive to wypsin digestion, but not

dispase, collagenase or heparinase treatment. CCL19 binding to thymic stromal cells was
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Figure 6.4 Chemokine receptor expression by thymic stromal cells.

A. Expression of CCXCKR was assessed in purified stromal cell subsets by PCR
normalised by HPRT levels. B. Real-time PCR was employed to confirm the levels of
CCXCKR expression in purified stromal cell subsets. A bar graph of amounts of CCXCKR
relative to whole thymus expression (equals 1) is shown. C. CCR7 and CCXCKR
expression was determined in purified TECs and MTS-15" fibroblasts by PCR normalised

using HPRT levels.
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Figure 6.5 Enzyme sensitivity of CCL19 receptors on thymocytes and CD45" thymic
stromal cells.

A. Thymocytes incubated in collagenase, dispase, trypsin or heparinase were treated with
recombinant CCL.19 and anti-CCL19 staining examined on TcR" thymocytes. Histograms
with markers set according to minimal control staining (dashed lines) show the almost
complete loss of CCL19 staining (solid line) after trypsin treatment. B. Dot plots of CCL19
and MHC 1l expression gated on CD45 stromal cells following enzyme treatment and
recombinant CCL19 incubation. The proportion of CCL19"* stromal cells (indicated on

plots) decreases with dispase and trypsin treatment.
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partially susceptible to dispase digestion, however some TECs and non-epitheliai cells still

exhibited surface CCL19. These populations retained this activity after trypsin digestion

also, suggesting the expression of CCL19 receptors other then CCR7 on these cells.

6.3 DISCUSSION

The disruption of thymic export in mice with a defect in G-protein signalling first implicated
active, possibly chemokine, receptor signzlling in this process. Of the chemokines tested in

this study, only CCL19 affected the export of cells that phenotypically resembled recent

thymic emigrants from FTOC. CCL21, which binds to the CCR7 receptor with CCL19, did
not mediate export, primarily due to retention of this chemokine by thymic ECM
components (Ueno et al., 2002). These findings were supported by in vivo experiments
demonstrating CCR7 deficient and anti-CCL.19 (but not anti-CCL21) neutralised neonatal
mice had export defects (Ueno et ai., 2002).

CCL19 and CCL21 mRNA were detected mainly in mTECs (supporting Bleul and
Boehm, 2000) and perivascular fibroblasts. CCL19 (and to a lesser extent, CCL21) protein
was detected on the surface of cTECs, perivascular fibroblasts and endothelial cells, but not
mTECs. Since CCL19 mRNA levels were very low in endothelial cells and cTECs, it is
likely that the surface CCL19 presented by these cells is derived from soluble chemokine
expressed by nearby perivascular fibroblasts and mTECs, respectively. The presentation of
chemokine on the surface of these cells presumably facilitates interactions with thymocytes,
in a similar manner to that reported for T-cell interactions with high endothelial venules
(Baekkevold et al., 2001), and dendritic cells within lymph nodes by CCL19 (Ngo and Tang,
1998). The selective presentation of CCL19 compared to CCL21 by endothelial cells and
perivascular fibroblasts may explain the predominant role for this chemokine in neonatal

thymic export. An important question regarding the endoihelial presentation of CCL19 is
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" whether this occurs on the luminal, abluminal or both sides of the cells (Rot, 2003).

Endothelial presentation influencing thymic export would be expected to occur on the

abiuminal surface.

ph

Chemokines could potentially be tethered to the cell surface in several ways. Non-
specific presentation by endothelial cells has been shown to be predominantly mediated by
glycosaminoglycans (GAGs) and the Duffy antigen/receptor for chemokines (DARC)
(Middleton et al., 2002). However, it has been reported that DARC does not bind CCL19
(Baekkevold et al., 2001) and the persistence of stromal cell CCL19 presentation after
heparinase treatment argues against a role for the GAGs, heparin and heparin suifate.
Another way these chemokines may be tethered to cells is via specific cell surface receptors
such as CCR7 or CCXCKR. For instance, the likely involvement of a protein cell surface
receptor in binding CCL19 to the surface of thymocytes was demonstrated by trypsin
ablation of anti-CCL19 staining. In the absence of CCXCKR expression, this interaction is
_' likely to be solely mediated by CCR7 expression.

Restricted CCXCKR expression by CCL19" cTECs suggests this receptor mediates

some CCL19 presentation by this cell type, although a role for CCR7 cannot be ruled out. A
non-signalling receptor such as CCXCKR may have a role as a reservoir for soluble CCL19
emerging from the medulla, either to facilitate interactions between late DP thymocytes and
cTECs, or to reduce the amount of soluble CCL19 in this microenvironment. The detection
of CCL19 binding capacity on a small population of TcR"™ DP thymocytes supports earlier
studies showing chemotaxis of mature DP and SP thymocytes to CCL19 (Kim et al., 1998;
Ngo and Tang, 1998; Campbell et al., 1999). This is consistent with a proposed role for
CCL19 and CCL21 in attracting cells into and through the medullary microenvironment
(Ansel and Cyster, 2001). Once in the medulla, SP thymocytes are likely to influenced
predominantly by soluble CCL19 and CCL21 (along with other chemokines), given that

nearly all mTECs were CCL19". The preferential surface presentation of CCL19 by
167




- - m

Chapter Six

perivascular fibroblasts and endothelial cells may facilitate interactions with thymocytes to
enable those at the appropriate stage of maturation to extravasate. The nature of CCL19 and
CCL21 tethering to these cell types remains to be characterised. Unlike epithelial cells or
thymocytes, these cells do not express CCR7 or CCXCKR and surface CCL19 inieraction
displays different enzyme sensitivity. This suggests either non-specific tethering or an as yet
uncharacterised surface receptor mediates this interaction.

In summary, we propose a two-step role for CCL19 and CCL21 in thymocyte
migration (Fig 6.6). Initially, these chemokines influence the movement of mature DP and

SP thymocytes towards the medullary microenvironment foliowing positive selection (Ansel

and Cyster, 2001). This may involve cellular interactions with ¢cTEC:s facilitated by CCL19
presentation. Maturation within the medulla leads to further expression of CCR7 by SP
thymocytes, potentiating interactions with CCL19" perivascular fibroblasts and thymic
endothelial cells and facilitating the export of mature thymocytes from the thymus. The fact
that CCR7 deficient and anti-CCL19 neutralised mice demonstrate only partial blocks in
thymic export point to roles for other chemokines or cell adhesion molecules in this process.
These different, but overlapping roles for CCL19 and CCL21 in thymic emigration mirror

those observed in secondary lymphoid organs.
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Figure 6.6 Two step model for CCL19 and CCL21 in thymocyte migration.

CCL19 and CCL21 expression by mTECs creates a soluble gradient that mediates the
chemotaxis of mature, TcR” DP and SP thymocytes from the cortex (1). CCXCKR on
cTECs acts as a reservoir receptor for CCL19 and CCL21, to either facilitate interactions
with ¢cTECs or prevent chemokines penetrating further into the cortex. Following
maturation of SP thymot_:ytes in the medulla, CCL19 presentation by perivascular fibroblasts

and endothelial cells facilitates the extravasation of T-cells eligible for export (2).
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CHAPTER 7

General Discussion: Stromal cells in thymic homeostasis.

Despite the importance of thymic stromal cells to T-cell development, liitle is known
regarding the local or systemic factors controlling their function. Improving our
understanding of these factors will not only shed light on aspects of T cell development, but
will be important for the development of strategies that manipulate thymic homeostasis to
re-establish immunity following immunodepletion regimes (eg. chemotherapy, AIDS or
bone marrow transplants).

Under normal conditions, the rate of T-cell production is closely linked to overall
thymic cellularity, so the marked changes observed in thymus size throughout life directly
impinge upon thymic output. Stromal cells have been shown to play critical roles in all
parameters that might govern thymic size, namely, precursor import, thymocyte
proliferation, deletion and export (for example, Wilkinson et al., (1999); Anderson and
Jenkinson, (2001); Ueno et al., (2002), see Chapter One). However, the current
understanding of the mechanisms by which thymic stromal cells mediate these processes is
poor. Given that stroma functions in co-operation with thymocytes, the maintenance and
alteration of thymic homeostasis is likely to involve the modulation of these lymphostromal
interactions. Our understanding of these interactions has been limited due to the difficulty in
studying the heterogeneous stromal populations.

This thesis developed the reagents and technologies required to study thymic stromal
cells by flow cytometry, and employed them to define fundamental relationships between

stromal cells and thymocytes ai the quantitative and phenotypic levels. In addition,
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investigations of the role of stromat cells in mediating the export of mature thymocytes gave

some insight into possible mechanisms of this process.

7.1 QUANTITATIVE AND PHENOTYPIC ASPECTS OF THE LYMPHO-

STROMAL INTERPLAY.

To date, most thymic stromal research has relied heavily upon immunohistology to describe
the phenotypic heterogeneity of this population. This approach has provided valuable
information regarding the distribution of various stromal subsets, but has oniy limited power
to reliably analyse this compartment at the single cell and population level. Hence, there has
been little or no assessment of quantitative aspects of the lymphostromal relationship. The
refinement of stromal cell isolation techniques and correlation surface markers descrited in
Chapter Three enable flow cytometric analysis of thymic stromal cells, permitting the

enumeration and purification of this heterogeneous population. This was highlighted in

subsequent chapters of this thesis where key questions regarding the stromal cell population
dynamics, phenotype and their role in thymic export were addressed. The focus on these
technically chailenging questions revealed important parameters of thymic homeostasis.
Chapter Four shows that stromal cells are a more dynamic cell population than
previously thought. Rather than providing a static scaffold through which thymocytes
differentiate, stromal microenvironments appear to constantly turnover and remodel
throughout life. Following birth, the ratio of thymocytes 1o stromal cells is relatively
constant within a narrow range, which raises the question of what influences and maintains
this relationship. Do thymocytes simply expand to fill available stromal cell niches, or is
there an active homeostatic feedback loop between the two cell types? In light of the
association between enhanced stromal cell contact and accelerated thymocyte development

during embryogenesis, the answers to these questions will have direct implications on
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thymic function. A major determinant of this relationship is likely to be the nature of

lympho-stroma! crosstalk. This thesis and previous studies have demonstrated that

reciprocal interaction between stromal cells and thymocytes are intimately linked to their
differentiation. Chapter Four extends our understanding of this synergy, characterising the
thymocyte dependency of novel adult TEC subsets. The definition of TEC subsets using
surface markers enables the FACS purification of these subpopulations for direct assessment
of their lineage potential. These studies will be important in determining whether a
population of adult thymic epithelial stem cells exist. If this were the case, it would
represent an ideal target for therapeutic strategies aimed at restoring thymic function.
Chapters 3 and 4 also provide a framework for further investigations into situations
where stromal cell and thymocyte homezostasis is disrupted. Given the pclygenic
complexities of thymus organogenesis, the aetiology of the thymic microenvironmental
defects observed in many autoimmune models may be multifactorial, but one likely
possibility is disturbances in thymic “crosstalk”. A greater understanding of how these
defects arise in turn should provide insight into how central tolerance can be broken.
Conversely, cyclin D1 transgenic mice exhibit severe thymic hyperplasia, while maintaining
a normal thymic microenvironment and T-cell development (Robles et al., 1996).
Investigations into the thymocyte and stromal cell relationships in this model should reveal

more about quantitative aspects of thymic homeostasis and how they may be influenced.

7.2 THYMIC STROMAL CELLS AND THYMIC MIGRATION

Thymic stromal cells may affect alterations in thymus size in four main ways; by changing
thymic import or export rates, or by modulating thymocyte expansion or deletion (Fig. 7.1).
While thymic stromal cells are known to be critical for the processes of immigration and

emigration, the subsets involved and their precise roles are unknown.
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Figure 7.1 Possible stromal cell control points of thymic kameostasis.

Thymic stromal cells may maintain or alter thymic cellularity by influencing thymic import,
intrathymic proliferation or thymic export. Increased precursor recruitment may lead to a
large downstream increase in overall thymic cell numbers, as each precursor gives rise o
many thymocytes (A). Alterafions of stromal-derived growth factors such as IL-7 may
induce thymocyte prolifzration to increase thymic cellilarity. Thymocyte expansion may in
turn increase the provision of TEC growth factors like KGF, enhancing the potential for
further thymic growth (B). Stromal cell regulation of thymic export could retain mature
thymocytes or accelerate their release into the periphery, thereby causing slight changes in

thymic cetlularity (C).
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A logical stromal cell subset to be involved in the immigration of thymocyte
precursors and the export of mature T-cells are the perivascular fibroblasts (pericytes).
Residing in the first microenvironment encountered by immigrants, pericytes may influence
thymic import via the provision of directional cues or adhesion factors. The characterisation
of the MTS-15 mAb in Chapter Five shows that it detects a glycoiipid antigen specifically
expressed by these cells, providing an invaluable tool for their analysis. Purification of
MTS-15" pericytes for functional and molecular analysis should not only define the precise
role for these cells in this process, but also contribute to our understanding of how thymic
tmport is regulated. Such studies will b2 important since a slight increase in thymic HSC
import, for example, could translate into large differences in overall numbers due to
thymocyte expansion. However currently, this is a difficult process to investigate. While
the uptake of HSCs with congenic markers in different thymic states might indicate changes
in “permeability” to precursors, the possibility of rapid expansion or death of precursors
immediately following import could not be ruled out. Experiments involving the
intrathymic injection of varying numbers of congenically marked HSCs into mice could
reveal whether increased HSC supply to the thymus alone alters thymic homeostasis. These
studies must then be related to physiological control of thymic import, perhaps involving
MTS-15" siomal cells,

Chapter Six examined the role of the stroma in thymic export. Following
demonstration of the involvement of CCL19 and CCL21 in mature T-cell export from the
thymus using an elegant cuiture system, characterisation of stromal expression patterns was
a key progression to defining the mechanisms mediating export. Flow cytometric
purification of the various subsets identified medullary epithelium and MTS-15* pericytes as
the main producers of these chemokines in the thymus. The finding that pericytes and
endothelium predominantly present CCL19, but not CCL21 on their surface provided the

cellular context for a hypothesis addressing why these chemokines have differential effects
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on neonatal export. Further testing of this hypothesis by disrupting or angmenting
chemokine presentation by these cells will enhance our understanding of thymic export and
how it may be manipulated. The transgenic expression of high levels of CCL19 under

control of a mTEC specific promoter (eg. K14 promoter construct in Capone et al., (2001)

may increase thvimocyte migration into this microenvironment and subsequent export.
Intuitively, it may seem beneficial to enhance thymic export in immunodepleted
states to improve immunity. However, the constant rate of thymic export, autonomous of
changes in the periphery or supply {Gabor et al., 1997b; Berzins et al., 1998), suggests this is
a tightly regulated process in thymocyte maturation, which ensures appropriate interaction of
developing T cells with the microenvironment. Disturbances in this would be likely to

predispose to pathological conditions, the most obvious of which would be the by-passing of

tolerance mechanisms to induce autoimmunity. It would thus be important to assess the
functional competence and self-tolerance of T-cells generated by increasing the rate of T-cell
development and export, since this may compromise thymic selection processes. In the
context of the global problem of enhancing thymic export in atrophic or immuneodepleted
states, care must be taken to abide by “thymic rules” to prevent the escape of potentially

pathologicai T-cells.

7.3 THE THYMIC STROMA IN REGENERATION

Another means by which stromal cells may mediate changes in thymic cellularity is by
inducing thymocyte proliferation or death via modulation of growth factors. Systemic
factors such as hormones have trophic (eg. growth hormone Savino et al., (2002b)) and
atrophic (eg. sex steroids Olsen et al., (1991a)) influence on thymic size via stromal cells
(Staples et al., 1999; Tibbetts et al.,, 1999; Olsen et al., 2001). Thymic regeneration

following sex steroid ablation is an example of how thymic homeostasis can be altered (via
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the stroma (Olsen et al., 2001)) to affect broad improvements of immunity in the aged
(Sutherland, 2001). Blocking sex steroids induced rapid expansion of all major thymocyte
subsets, resulting in greatly increased thymus size (Sutherland, 2001). This suggests
regeneration stems from an overall trophic effect in addition to, or rather than, increased

precursor recruitment. However, the phenotypic and numerical relationships between

WL ':'3&:",',':'-:']_.'-,;,_—'—-:1.; T

thymocytes and stromal cells during this process are central to any understanding of how

thymic homeostasis is influenced.

The data presented in Chapter Four shows that while stromal cells also change during
thymic regeneration to resemble normal young composition and numbers, the kinetics of
their regeneration are delayed compared to thymocytes. This may indicate that following the
initial stromal-derived stimulus for thymocyte growth, it takes some time for crosstalk to
feed back on stromal celis to induce their proliferation. Although the factors involved in the
lympho-stromal crosstalk during thymic regeneration are yet to be characterised, sex steroid
blockade demonstrates how alteration of a systemic factor can affect stromal cells and
change thymic homeostasis. More work characterising how the stroma mediates this effect
will be important te improve our understiunding of how these changes occur naturally and

may be induced therapeuticaily.

Several stromal-derived cytokines linked to thymic homeostasis are candidates to
provide the initial _regenerative stimulus. For example, IL-7 stimulation causes extensive
__ proliferation of early thymocytes and systemic administration enhances thymic regeneration
following immunodepletion (Bolotin et al., 1996; Mackall et al., 2001). On the other hand,

elevated levels of IL-6, Oncostatin M, Leukaemia Inhibitory Factor (LIF) and Stem Cell

Factor (SCF) have been shown to cause and be upregulated during thymic atrophy

(Sempowski et ai., 2000). Decreased production of these cytokines and/or increased

production of IL-7 by stromal cells in response to ablation of sex steroid signalling is likely
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drive the general thymocyt® expansion observed.
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Chapter Seven

Enhancement of thymopoiesis would in turn lead to an increased provision of
keratinocyte growth factor (KGF or FGF-7) by mature thymocytes. KGF is a potent
stimulator of TEC proliferation and like IL-7, systemic administration causes thymic
regeneration (Erickson et al., 2002; Min et al., 2002; Rossi et al., 2002). Such cytokines
represent key molecular candidates in the crosstalk promoting thymic regeneration. Genetic
analysis of FACS purified thymic stromal subsets following sex steroid withdrawal will

reveal which of these factors are involved in thymic regeneration. This inodulation of

lymphostromal interaciions is likely to be the predominant mechanism by which stromal

, cells influence adult thymic homeostasis.

The influence of stromal cells on thymic homeostasis has important implications for

therapeutic interventions that focus on manipulating thymic function. However, approaches
to improving thymopoiesis must take care to obey “thymic rules” to prevent the generation

of pathological T-cells. This thesis defines fundamental parameters of thymic stromal cell

AL i b o
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biology, broadening our understanding of this population within the context of the whole
organ. In addition, the definition of new techniques and reagents described here provides
invaluable tools for further research into how the stroma maintains thymic homeostasis and

5 function
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Abstract

The complexity of the lymphostromal interplay that is essential to of3T-cell development is reflected by the heterogeneity of
both lymnphocytes and thymic stromal cells. While panels of monoclonal antibodies have described many of the cellular
components of these microenvironments, the means to quantify stromal cell subsets using flow cytometry remains poorly
defined. This study refines and compares various stromal cell isolation procedures and determines the effects of various
digestion enzymes on important surface molecules. Three- and four-celor flow cytometry is used to correlate established and
novel stromal cell markers 1o define thymic fibroblasts, epithelium and a unique subset of thymic endothelium that express
MHC class II. This work provides a basis for the purification of thymic stromal cells for further phenotypic, functional and

genetic analysis. © 2002 Elsevier Science B.V. All rights reserved.

Kevwords: Thymus; Siromal celis; Flow cytometry; Thymic epithelial cells

1. Iatroduction

The thymus provides a unique microenvironment
that efficiently generates of3T-lymphocytes capable
of responding to foreign peptide in the context of
self~MHC. This microenvironment is established
through the interplay of developing thymocytes with
a non-lymphocytic component broadly termed the
thymic stroma. The latter consists of a phenotypi-

Abbrevigtions: mAb, monoclonal antibody; MHC, major his-
tocompatibility complex; FcR, Fe receptor; FACS, fluorescence-
activated cell sorting; PBS, phosphate buffered saline; TSC, thymic
stromal eell.

" Comresponding author. Tel.; +61-3-990-302-23; fax: +61-3-
950-307-31.

Eanail address: daniel.gray@med.monash.edu.au
(D.H.D. Gray).

cally diverse group of cells, including epithelium,
endothelium, reticular fibroblasts, macrophages, den-
dritic cells and neuroendocrine cells (Boyd et al.,
1993). These cells collectively provide cell surface
molecules, cytokines and extracellular matrix ele-
ments that are essential for various stages of T-cell
development (Anderson et al., 1996). While the var-
ious subsets of thymocytes in the thymus have been
studied in depth, relatively little is known about the
stromal cell types that influence their development.

Earlier ultrastructural studies initially demonstrated
the diversity of thymic epithelial cells based on
mosphology and electron lucency, identifying six
discrete subsets (types 1-6) (van de Wijngaert et
al., 1984). Further investigations into thymic stromal
cells (TSC) have involved immunchistological analy-
sis using panels of monoclonal antibodies (mAbs)
specific for stromal antigens (for example, van Vliet

0022-1759/02/% - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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et al., 1984; de Maagd et al.,, 1985; Lobach et al.,
1985; Godfrey et al., 1988). Such work has defined
siromal cells (particularly the epithelial cells) into
discrete subsets on the basis of morphology and the
expression of intracellular and cell surface markers
{(Kampinga et al.,, 1989). However, the coexpression
of these various markers and population kinetics of
the stromal cell subsets have been difficult to evaluate
by histological studies alone. A previous study at-
tempting to resolve some of these issues using flow
cytometric analysis of thymic stromal cells found ex-
tensive overlap between the distributions of determi-
nants thought to be exclusive in their expression (1zon
et al., 1994). Here, we describe the usage of multi-
color flow cytometry to distinguish the various thymic
stromal populations using mAbs to surface antigens.
The stromal cell yields from various enzymatic
digestion methods are compared and the epitope
sensitivities of important markers determined. As
found previously, flow cytometry reveals a more
extensive distribution of some stromal antigens than
would have been predicted from immunohistology,
highlighting the greater seasitivity of the former
technique. However, exclusion of certain contaminat-
ing cell types has enabled clearer correlation of TSC
rezctive mAbs on stromal cell subsets. FACS purifi-
cation of these stromal subsets will hopefully aid in
the determination of the precise functional roles each
of these cell types have in T-cell development. Fur-
thenmore, genetic and antigenic analysis of individual
populations may lead to a better understanding of the
molecules that mediate these functions. '

1. Materials and methods
2.1, Animals

CBA x C57BL/6 Fl mice at 3 days or 4 weeks of
age were used as a source of thymic stromal cells.
Mice were bred and maintained by the Monash
University Central Animal Services,

2.2. Thymic stromal cell isolation by collagenase
digestion

The thymic stromal cell isolation procedure used
was based on that described by us previously (Shori-

16 D.H.D. Gray et al. / Journal of Immunological Methods 260 {2002) 15-28

man et al., 1989). Two to three thymi were dissected
from freshly killed mice and trimmed of fat and
connective tissue. Small cuts into the capsules were
made with a pair of fine scissors and the thymi were
gently agitated in 50 ml of RPMI-1640 with a mag-
netic stirrer at 4 °C for 30 min to remove the
majority of thymocytes. The resulting thymic frag-
ments were transferred into 10 ml of fresh RPMI-
1640 and dispersed iurther with a wide bore glass
pipette to free more thymocytes. Medium was
changed 2-3 times after agitations, with fragments
recovered by settling each time. The thymic frag-
ments were then incubated in 5 mi of 0.125% (w/v)
collagenase D with 0.1% (w/v) DNAse I (both from
Boehringer Mannheim, Germany) in RPMI-1640 at
37 °C for 15 min, with gentle agitation using a
Pasteur pipette every 5 min. Enzyme mixtures with
isolated cells were removed after fragments had set-
tled, then replaced with fresh mixture for further
incubation. Gentle mechanical agitation was per-
formed with a 3-ml syringe and 26G needle to break
up aggregates remaining in final digestions. After
3-4 digestions, cells were pooled and centrifuged
at 450g ..« for 5 min, resuspended in 5 mM EDTA
in PBS + 1% FCS +0.02% (w/v) NaN, (EDTA/FACS
buffer) and allowed to incubate for 10 min at 4 °C
to disrupt rosettes (Shortman et al, 1989). Cells
were then passed through 100-um mesh to remove
clumps, and viable cells were counted using ethidium
bromide/acridine orange staining prior to antibody
labeling.

2.3. Thymic stromal cell isolation by collagenase/
dispase or trypsin digestion

Thymi were removed and mechanically digested
as above. The first enzymatic incubations were per-
formed in collagenase, with final digestion of large
aggregates performed in 5 ml of either collagenase,
0.125% (wiv) collagenase/dispase (Boehringer Man-
ntheim) with 0.1% (w/v) DNase I in RPMI or 0.125%
{wiv) trypsin (Boehringer Mannheim) in Ca/Mg-free
HBSS for 30 min at 37 °C with gentle agitation every
15 min. Five milliliters of 0.1% (w/v) DNase I in
RPMI was then added to the trypsin digestion mix-
ture and incubation resumed at 37 °C for a further 15
min, with gentle agitation every 5 min. Cells recov-
ered by centrifugation were resuspended in EDTA/
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FACS buffer and incubated at 4 °C for 10 min,
then passed through 100-um mesh before counting
and staining.

2.4. Antibodies and immunoconjugates

The panel of surface reactive stromal cell mabs
used for flow cytometric analysis were grown and
conjugated in this laboratory unless otherwise stated;
MTS-12 (anti-CD31, unpublished), biotinylated
MTS-15 (detects a low molecular weight glycolipid
expressed on the surface of cells at the blood/thymus
barrier; see Section 3), CDR-! (Rouse et al., 1988),
biotinylated UEA-} lectin (Vector, USA), biotinylated
G8.8a and hybridoma supernatant (Nelson et al.,
1996) (both generous gifts from Andrew Farr),
anti-B7.1 (clone IG10, a generous gift from Dale
Godfrey), rabbit anti-mouse keratin {wide screen)
(DAKO), biotinylated anti-Ly51 (clone 6C3, Phar-
mingen, USA), anti-TSA-1 (clone CR-12 (Kosugi
et al, 1998)}, FITC or PE-conjugated anti-CD45.2
(clone 104, Pharmingen), PE-conjugated anti-I-A%/1-
A® (clone M5/114.15.2, Pharmingen), purified anti-
CD40 (clone 3/23, Pharmmingen), anti-ICAM-1 (clone
YNI1/1.7.4), anti-Fc-receptor {clone 2.4G2), bio-
tinylated CDitc (clone HL3, Pharmingen), APC-
conjugated anti-CD11b (clone M1/70, Phanmingen),
APC-conjugated anti-CD8 (clone 53-6.7, Pharmin-
gen), PE-conjugated anti-CD4 (cione RM 4-5, Phar-
mingen), anti-Thy 1.2 (clone 12H12).

Secondary reagents used were PE-conjugated goat
polyclonal anti-tat 1gG (Southern Biotechnologies,
USA), FITC-conjugated goat anti-rat Ig (Silenus,
Australia), biotinylated rabbit anti-rat IgG (H+L)
(Vector), APC-conjugated goat anti-rat lg (Caltag,
USA), Alexa-568-conjugated goat anti-rabbit IgG
(Molecular Probes), PerCP-conjugated Streptavidin
(Pharmingen) and CyChrome-conjugated Streptavidin
{Pharmingen),

2.5. Immunofluorescent staining and flow cytometry

Cells were washed in cold EDTA/FACS buffer
and 3 % 10° cells dispensed into wells of a 96-well
round-bottomed plate (an empty well was left be-
tween each sample). Primary antibody (30 pl of
hybridoma superatant or purified antibody at a sub-

optima} dilution) was incubated with resuspended
cels for 20 min at 4 °C, followed by two washes
in 200 pl of EDTA/FACS buffer. The secondary
antibody was added, incubated and washed, before
5 pl of 10% (v/v) normal rat serum in FACS buffer
was added for 5 min at 4 °C to block any remaining
reactive sites of the secondary reagent. Biotinylated
and direct conjugates were added, incubated and
washed, followed by the *nsropriate streptavidin
conjugate. After final invwoation, cells were washed,
then resuspended in 200 ! of EDTA/FACS buffer for
acquisition. Sample data from 1 x 10* CD45 ~ (non-
lymphoid) cells were acquired on a FACScalibur
(Bectoni Dickinson) using up to four fluorescent
channels (FL1 for FITC, FL2 for PE, FL3 for
CyChrome and PerCP and FL4 for APC) and ana-
lysed using CellQuest software (Becton Dickinson).
All compensations were performed on single-color
labeling of stromal cells. An FcR block (clone 2.4G2
supernatant) was employed before antibody staining
of dendritic cells and macrophages.

2.6. Immunohistology

Sections (8 m) of normal 4-week-old thymus
were cut at — 20 °C on a cryostat (Miles Laboratories)
and air dried for 10 min before fixation in acetone
(=20 °C) for 1 min at room temperature. Sections
were ihen washed and incubated with 30 pl of primary
mAD for 15 min in a moist container at room temper-
ature, washed three times in PBS with gentle agitation
for 5 min, then incubated with 30 pl of appropriate
secondary Abs, followed by washing. For three-color
immunofluorescence, 10 pl of 10%(v/v)} normal rat
serum in PBS was applied to sections for 5 min at
room temperature to block any remaining reactive
sites of the secondary reagent, before incubation of
biotinylated reagents for 15 min followed by washing,
Sections were then incubated with streptavidin con-
jugates before final washing and mounting with
fluorescent mounting medium (DAKO}) using cover-
slips.

Images were acquired on a BIO-RAD MRC 1024
confocal microscope with a three-line Kr/Ag laser
(excitation lines 488, 568 and 647 nm) using the
acquisition software BIO-RAD LaserSharp v3.2.
Analysis of files obtained was performed using Laser-
Sharp processing software.
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3. Results and discussion

3.1. Analysis of thymic stromal cells isolated by
collagenase digestion

To determine the enrichment and numbers of
thymic stromal cells that could be obtained using
collagenase digestion, cells isolated from a series of
incubations were analyzed for CD45 expression,
which detects all cells derived from haematopoietic
stem cells (HSCs) (reviewed by Thomas, 1989). This
enabled discrimination of CD45 ™ epithelium, endo-
thelium, fibroblasts and neuroendocrine cells from all
other cells in the thymus.

Table 1 shows that incubation of thymic fragments
in a series of three collagenase digestions released
increasing levels of CD457 cells. Very few were
released by the initial agitation alone. The highest
number and proportion of CD45 ™ cells was obtained
in the final digestion, resulting in an enrichment of
these stromal cells of almost 30-fold (Fig. 1A and B).
This was verified by microscopic evaluation of the
gradual enrichment of the larger of these cells through-
out the course of the collagenase digestion (Fig. 1C
and D). This characteristic was also apparent with the
high forward and side scatter properties of some
CD45 7~ cells, particularly in the final digest (Fig. 1E
and F). However, backgating of CD45 ™ events iso-
lated in these digests revealed that there were also
many small stromal cells, necessitating the inclusion of
the larger thymocytes in a FSC/SSC stromal gate, Ex-
tremely high FSC or SSC events were excluded from
the gate to minimize the risk of including doublets in
the analysis.

Table 1

3.2. Comparison of digestion enzymes

Many previous studies into thymic stromai cells
have used various isolation procedures that employ
enzymes other than collagenase to dissociate the
thymic tissue, in particular, collagenase/dispase
{Pircher et al,, 1993) and trypsin (Jenkinson et ai.,
1992). In this study, these enzymes were used to
gauge how effective each was in digesting the stromal
cell aggregates that are normally left after the final
collagenase digestion (Table 2).

Trypsin was the most effective, dissociating all
thymic fragments and stromal aggregates into a single
cell suspension, thereby releasing all remaining stro-
mal cells. The total CD45 ™ cells isolated from this
preparation represented the maximal recovery against
which the other enzymes were compared. The recovery
of almost 80% of CD45 negatives with collagenase
digestion suggests that the undigested aggregates con-
tained many thymic stromal celfs (1.56 x 10° per thy-
mus). Collagenase/dispase dissociated some of these
aggregates, recovering 94% of available CD45 ™ stro-
mal cells.

While dispase and trypsin isolated more CD45 ™
stromal cells, the possibility that these enzymes may
cleave potentially important cell surface markers was
addressed by incubating suspensions of stromal cells
with these enzymes for 1 h at 37 °C, followed by
immunofluorescent labeling. The summary of the
epitope sensitivities of a variety of thymocyte and
stromal antigens in Table 3 shows that collagenase
digestion preserves all markers tested. Most of these
molecules are also resistant to dispase treatment.
However, CD4, CD§ and CDlIc profiles did change

Yields and viability of lotal cells and CD43 = cells released from a series of collagenase digestions of thymi

Total celis Proportion of CD45 ™ CD45 ™ cells Viability

per thymus cells in digest (%) per thymus (%)
Depletion 1.66 x 10 0.18 830 x 10? 96
Collagenase | 1.80 x 107 113 5.76 x 10° 98
Collagenase 2 3.03 x 107 1.43 121 10° 97
Collagenase 3 1.85 x 10 5.79 326 % 10° 97
Totalithymus 2.33 x 10° 0.25 5.88 x 10°

The number of collagenase digestions required and cell numbers released at each step varied between experiments. However, the trend of
CD45™ celi release remained the same. This data is representative of five experiments.
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Fig. 1. CD45 ™ celis are enriched in the fina) collagenase digestion of 4-week-old thymi. Cells from the thymocyte-depletion step and the finsl
tollagenase digestion were analyzed for CD45 expression (A and B). The larger stromal cells were apparent microscopically (C and D}. This
was reflected in mote cells of high forward and side scatter properties being found in the collagenase digestion (E) than the depletion (F).
Profiles are representative of five experiments.




Table 2
Comparison of CD45~ cell yields using various digestion enzymes
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CD45™ cells isolated in final
digestion per thymus

Total CD45™ cells
isolated per thymus

Proportion of maximal
recovery of CD45 ~ (%)

Collagenase 3.26 x 10°
Collagenase/dispase 4,40 x 10°
Teypsin 482 x |0

5.88 x 10° 79
7.02 % 10° 94
7.44 x 10° 100

Thymt were digested in collagenase for two incubations, then the final digestion performed in either collagenase, collagenase/dispase or trypsin
(data for previous collagenase digestions shown in Table 1). CD45 ~ cell yields from the final and overall digestion are determined and the
proportion of maximal recovery (trypsin digest) calculated. This data is representaiive of three experiments performed.

with this enzyme. More than half of the epitopes
tested were disrupted or cleaved entirely upon trypsin
treatment. However, some important markers (e.g.
CD45, MHC i) were resistant.

3.3. Flow cytometric analysis of thymic stromal cell
subsets

Pooled collagenase preparations enriched for thy-
mic stromal celle were analyzed further by flow
cytornetry for their autofluorescence. While these cells
alone gave high signals in the FLI, FL2 and FL3
channels (Fig. 2A; Izon et al., 1994), the majority of
this background was due to autofluorescence from a
population of CD45" cells (Fig. 2B). These highiy
autofluorescent, CD45™ cells are probably thymic
macrophages, as has been previously reported (Vre-
meg et al., 2000), and are excluded from the analysis
when gating on CD45 ™~ thymic stromal cells. Fur-
thermore, it was found that CD45 ™ cells exhibited
flittle or no background staining due to nonspecific
binding of IgG (Fig. 2C) and did not express Fc-
receptors (Fig. 2D). A population of thymic MHCM
cells do express FcR and further analysis determined
that these were myeloid derived cells and some
lymphoid dendritic cells (data not shown), necessitat-
ing the use of an FcR block when staining for these
cell types.

Further phenotypic analysis of thymic stromal cells
was conducted using a panel of surface reactive
mAbs. Of particular interest were thymic epithelial
cells, which could be defined using the mAb G8.8a
that recognizes EpCAM, expressed by thymic epithe-
fum, dendritic cells and some thymocytes (Nelson et
al., 1996). By first gating on CD45~ stromal celis,
the latter two cell types could be excluded, leaving

only the epithelial cells staining positive with this
marker.

Under these conditions, EpCAM positive cells
comprised about 45-60% of CD45~ cells m the
pooled collagenase digestions and could be further
divided into cortical and medullary epithelial cells
using CDR-1 as a marker of cortical epithelium
(Rouse ¢t al., 1988} (Fig. 3A). In normal 4-week-old
mice, about half of the epithelium is CDR-1", the
remainder presumably medullary epithelium (sec Jater
section).

Table 3
Epitope resistance to varicus digestion enzymes

Marker

Collagenase Collagenase/

dispast

Trypsin

Cbh45
CDh4
CD8
CDlle
CDlib
MHC 11
EpCAM
ICAM-]
PECAM
Thy!
TSA-1
CD40
B7.1
Lyst
CDR-1
MTS-15
UEA-1

+
1+

++ ++ A FFF
O N . T i S T T S S Sy E S Ry P8
+ 0 o+

ok b

Isolated stromal cells were incubated in collagenase, collagenase/
dispase or trypsin and immunofluorescent staining with various
mAbs analysed by flow cytometry. Epitopes that were resistant
(+), pariially resistant { ) or sensitive { —) to enzyme treatment
were determined using histograms representative of three experi-
ments.
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Fig. 2. Autofluorescence and FcR expression in collagenase-digesied preparations of 4-week-old thymic stromal cells. Autofluorescence of
isolated cells alone extends up to 10% in the FL1, FL2 and FL3 channels (A). Analysis of CD45 expression vs. an empty FL3 channel reveals
most of the high autofluorescent signals are derived from a population of CD45™ celis, while CD45 ~ cells display a range of intensities (B).
The histogram in (C)} plots unlabeled CD45 ~ cells (solid line) vs. an IgG2b isotype control detected by an anti-rat Ig FITC on CD45 ™ cells
{dotted line). Histogram (D) plots anti-FcR (clone F2.4G2) staining revealed by anti-rat Ig FITC gated on CD45 ™ cells (selid line) and anti-FcR
staining revealed by anti-rat Igp FITC gated on total MHC 1i™ cells (dotted line). Profiles are representative of three experiments.

Interestingly, all CD45 ~/EpCAM ™ stromal cells
expressed MHC class 11, although at varying levels
(Fig. 3B). This presumably reflects the antigen-pre-
senting role these cells play in selecting developing
thymocytes. Certainly, it has been demonstrated by

Jenkinson et al. (1992} that embryonic CD45 ~ /MHC
class I1* thymic stromal cells can mediate the dev-
elopment of double positive to functional single posi-
tive thymocytes. While this fraction inclndes both
cortical and medullary epithelial cells, about half of
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Fig. 3. Phenotypic analysis of CD)45 ~ thymic stromal cell subsets defined by a panel of mAbs. Collagenase digested CD45 ~ stromal cells from
4-week-old mice were gated and analysed for the expression of certain markers, Expression of EpCAM and CDR-1 allows distinction of cortical
and medullary epithelium {A). All EpCAM™ cpithelial cells express MHC class II {B). CD3 I-positive endothelial cells comprise 11% of
CD45™ cells, half of which express low levels of MHC class II (C). Most cells expressing the fibroblast marker MTS-15 do not express MHC
class 11 (D). MTS-15 is also expressed on the surface of some endothelial cells (E). As expected, MTS-15 " fibroblasts do not express EpCAM
(F). Representative profiles from three experiments shown,
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the endothelial cells in the thymus (defined by ex-
pression of £ZD31) also expressed low levels of
MHC class II (Fig. 3C). Whether these cells play a
role in selection remains to be addressed. It is un-
likely that they are primarily involved in positive se-
lection because this appears to be a unique feature of

cortical epithelium (Benoist and Mathis, 1989). They
could, however, contribute 1o positive and negative
selection by providing MHC/peptide ligands for thy-
mocyte T-cell receptors, acting in cis with difter-
entiating signals from cortical epithelium (Chidgey
et al,, 1998).

Fig. 4, MTS-15 recognizes an antigen expressed by subcapsular and perivascular fibroblasts in the 4-week-old thymus. MTS-5 antigen can be
detected around the subcapsule and large blood vessels of the medulla (green) with little colocalization {yellow) with keratin-positive epithelial
cells (red) (A). More extensive colocalization (yellow) is observed upoen higher power examination of counterstaining of MTS-15 (green) with

énti-CD31 (red) than with anti-keratin (blue) (B).
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In addition to thymic epithelial and endothelial
cells, fibroblasts constitute a major component of
the stromal microenvironment in which thymocytes
develop. These cells are important in forming the
ECM components essential to CD4 ~ CD8 ™ thymo-
cyte development (Anderson et al,, 1997), although
other roles remain to be defined. The mAb MTS-15
recognizes a glycolipid antigen expressed on the sur-
face of MHC class II ~ thymic fibroblasts that line the
subcapsule and large blood vessels (Figs. 3D and 4A
and B). However, this antigen also appears to be
present on some MHC class 1™ cells (Fig. 3D).
Four-color labeling examining MTS-15, MHC 11
and CD31 expression on CD45" stromal cells re-
vealed that these MHC I/MTS-15" events are the
MHC II/CD31" endothelial cells mentioned earlier
(Fig 3E and data not shown). Whether the distinct
phenotype of these endothelial cells relates to a
specialized function within the thymus is an interest-
ing, as yet unanswered, question.

As would be expected, MTS-15 and anti-EpCAM
define mutually exclusive populations of CD45~
stromal celis (Fig. 3F). The remaining population of
CD45 = /EpCAM ™ /MTS-15 ~ cells may include more
fibroblasts and neuroendocrine cells.

The other major cellular components of the thymic
stroma include the CD45 ™ macrophages and dendritic
cells. Thymic dendritic cells can be defined as
CDH ™ MHC class I cells (Fig. 5A) (Wu et al.,
1995), while myeloid derived celis (predominantly
macrophages) are CD11b", CDI11¢" (Kishimoto et
al., 1989) (Fig. 5B). Thymic macrophages appear to
be predominantly MHC class Il ~, although there are
some MHC class I high and low macrophages (Fig.
3C). These stromal cells are found 0 emerge at ail
stages of the ccllagenase digestion (including the
thymocyte depletion step), although they are enriched
in the finai few digestions (data not shown).

Fig. 5. Thymic dendrtic cells and myeloid derived cells in
collagenase digested siromal cell preparations of 4-week-old thymi,
Thymic derdritic celis can be defined by high expression of
CD1l¢ and MHC class II (A). Thymic myeloid derived cells are
CDIL™ and CDI1¢" (B). The few CD1Ic™, CD1ib* events may
represent myeloid-derived dendritic cells. The CDEIB™ cells can be
divided into MHC class II positive and negative populations {C).
Representative profiles from three experiments are shown gated on
total viable thymic stromal cells {CD45 ™~ and CD45 ™).




D.H.D. Gray et al. / Journal of Immunological Methods 260 (2002) 15-28 25

3.4. Cortical and medullary epithelial cell markers these cell types will be essential for future functional
and molecular studies. The mAbs CDR-1 and 6C3

While it has been established that cortical and have previously been used to define thymic cortical
medullary epithelial cells play distinct roles in thymic epithelial cells histologically (Rouse et al., 1988,
selection (Klein and Kyewski, 2000), purification of Surh et al,, 1992). Furthermore, immunomagnetic
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Fig. 6. Conical epithelial cell markers on neonatal thymic stroma. Representative profiles from three experitments are shown, gated on CD45 ™
cells. Ly51 is expressed on an EpCAM negative subset of cells, as well as EpCAM-positive corlical epithelial cells (A). CDR-1 and 6C3 (anti-
Ly51) bind to the same cells at equivalent levels (B). Most of the EpCAM negative subset of 6C3-positive cells express the fibroblast marker
MTS-15 (C) andfor the endothelia) marker CD31 (D).
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and flow cytometric purification of cortical and
medullary epithelial cells using CDR-1 has enabled
comparisons of gene expression and antigen process-
ing (Klein et al., 1998; Merkenschlager et al., 1999).
Therefore, these markers were used to analyse the
surface phenotype of cortical epithelial cells in more
detail.

Both CDR-1 and 6C3 label a subset of EpCAM *
celis (Figs. 3A and 6A). However, each also recog-
nizes a determinant expressed by some EpCAM ~
cells. The proportion of cortical and medullary epi-
thelial cells tends to be roughly equal at 4 weeks of
age. However, it may vary during thymic develop-
ment (e.g. it appears to favor medullary epithelial cells
in neonatal mice).

A direct comparison of the two cortical markers
reveals that they label the same cells with similar
intensities, suggesting they recognize distinct epitopes
of the same molecule or cor:..ex (Fig. 6B). The
antigen detected by 6C3 has been established as
aminopeptidase A (Ly51) (Wu et al., 1990) that is
also expressed on subsets of B-cell precursors and
thymic dendritic cells (Wu ¢! al., 1995). Studies using
Ly51 deficient mice demonstrate that this enzyme is
not essential for normal T and B cell development
(Lin et al, 1998). By inference, CDR-1 may also
recognize this molecule, however further studies will
be needed to address this directly.

The non-epithelial reactivity of these two mAbs
was further investigated by comparison to MTS-15
and CD31 (Fig. 6C and D), revealing that Ly51 is also
expressed on some fibroblasts and endothelial celis.

One of the few reagents specific for a determinant
expressed on the surface of medullary epithelial cells
that has been reported is the lectin Ulex Europaeus
Aglutinin | (UEA-1) (Farr and Anderson, 1985). By
immunohistology, it appears to label only a subset
of medullary epithelial cells, so its reactivity by
flow cytometry was of interest. The profile shown in

Fig. 7. Medullary epithelial cell markers on the neonatal thymus. Al
profiles are gated on CD45 ™ cells. UEA-I is highly expressed on a
subset of EpCAM™ cells (A). The remaining UEA-1 intermediate
events cocxpress the cortical epithelial cell marker CDR-1 (B).
Endothelial cells also express intenmediate levels of UEA-1 (C). The
remaining CD31 ~, UEA-I ~ events are presumably fibroblasts and
neuroendocrine cells. Representative profiles from three experi-
ments are shown,
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Table 4
Surface phenotypes of thymic stromal cell subsets

Thymic stromal cell subset  Surface phenotype

CD45*, CD11c™, MHC 1™
CD45*, CDIIR*, CDIle ™",
MHCHN-'*

CD45~, EpCAM*, MHC I1*,
CDR-1/Ly51*, UEA — 1%
CD45~, EpCAM ™, MHC 117,
CDR - /Lyst ~, UEA -~ M
CD45~, MTS - 15*, EpCAM ~,
MHC -

CD45~, CD31 *, EpCAM
MHC I~ MTS—15"'"

Dendritic celis
Myeloid-derived cells

Cortical epithelial cells
Medullary epithelial cells
Fibtoblasts

Endothelial cells

Fig. 7A demonstrates the high expression of UEA-!
found on more than half of the EpCAM ™ cells and
intermediate expression on the remaining epithelial
cells. These UEA-1™ cells are presumably the medul-
lary epithelial cells observed by immunohistology,
since only the intermediates colabeled with CDR-1
(Fig. 7B). Endothelial cells were also found to express
intermediate levels of UEA-1 (Fig. 7C).

4. Conclusion

This study refines isolation protocols for thymic
stromal cells and characterizes the major subsets using
a panel of surface reactive mAbs. Collagenase diges-
tion of thymic fragments from 4-week-old and neo-
natal mice enriched CD45 negative and positive
stromal cells appropriate for immunofiuorescent label-
ing and flow cytometry. However, collagenase diges-
tion did not dissociate all CD45~ stromal cells,
leaving up to 20% remaining as aggregates. Incuba-
tion with trypsin ensures maximal recovery but also
cleaves many useful epitopes. The different properties
of these enzymes will be an important consideration in
the use of stromal cells for phenotypic, genetic and
functional analyses.

The various thymic stromal cellular subsets were
analysed using a panel of mAbs that had previously
been defined using immunohistology. As in the pre-
vious study (Izon et al., 1994), a broader distribution
of some of these antigens was found, perhaps due to
the nigher sensitivity of flow cytometry compared to
immunchistology. However, the extent of overlap

between suvsets reporied previously was reduced by
the exclusion of CD45" stromal cells from the
analysis. Thymic fibroblasts, endothelium, dendritic
cells, myeloid cells, cortical and medullary epithelium
can be defined into discrete populations using combi-
nations of mAbs to provide quantitative data about the
stromal microenvironment (summarized in Table 4).
Future studies will focus on phenotypic and functional
changes to these populations accompanying different
thymic states.
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Summary

Most T lymphocytes are generated within the thymus.
It is unclear, however, how newly generated T cells
relocate out of the thymus to the circulation. The pres-
ent study shows that a CC chamokine CCL19 attracts
mature T cells out of the fetal thymus organ culture.
Ancther CC chemokine CCL2t, which shares CCR7
with CCL19 but has a unique C-terminal extension
containing positively charged amino acids, failed to
show involvement in thymic emigration. Neonatal ap-
pearance of circulating T cells was defective in CCL19-
nautralized mice as well as in CCR7-defictent mice but
not in CCL21-neutralized mice. In the thymus, CCL19
is pradominantly localized in the medulla including
endothelial venules. These results indicate a CCL19-
and CCR7-dependent pathway of thymic emigration,
which represents a major pathway of neonatal T ceil
export.

*Correspondence: takahama@genome tokushima-w.ac.jp

introduction

The development of T lymphocytes involves dynamic
cellular movement of developing lymphocytes through
the thymus. Lymphoid precursor celis that are capable
of generating T cells immigrate into the thymus from
hematopoietic organs such as fetal liver and bone mar-
row (Fontaine-Perus et al., 1981; Scollay et al., 1986;
Jotareau et al,, 1987; Dunon and imhot, 1993; Wilkinson
et al., 1999). Within the thymus, devaloping thymocytes
migrate through the cortex to the medulla {van Ewijk,
199; Picker and Siegelman, 1999). Newly matured
T calis emigrate oul of the thymus to peripheral tymphoid
tissues (Scollay et al., 1980; Scollay and Godfrey, 1995).

Recent studies have shown that chemokina signals
may control T cell migration through the thymus. For
example, a CXC chemakine CXCL12 (alse called stromal
cell-derived factor-1, or SDF-1} predominantiy attracts
immature CD4-CDR- and CD4*CD8* thymocytes that
axpress the CXCL12 receptor, CXCR4 {Kim at al., 1998;
Suzuki et al., 1998). A CC chemokine CCL25 (thymus-
expressed chemoking, or TECK) predominantly attracts
CD4*CD8* thymocytes by binding the receptor CCR9
{(Wurbel et al., 2000; Noment et al., 2000). Another CC
chamokine CCL22 (macrophage-derived chemokine, or
MDC} selectively attracts transitional thymocytes be-
tween the CD4*CD8* and CD4*CDB8~/CD4-CDB* sin~
gle-positive (SP) stages by binding CCR4 (Campbell et
al., 1809). Mature CD4*CD8~/CDA-CD8* SP thymo~
cytes efficiently respond to the CCR7 ligands {(Kim st
al., 1998; Campbell et al., 1993), CCL19 (aiso known as
ELC, MiP-3B, and Exodus-3) (Yashida et al., 1997; Rossi
ot al.,, 1997; Rossi and Ziotnik, 2000) and CCL21 {also
known as 6Ckine, Exodus-2, TCA-4, and secondary
lymphoid chemeokine, or SLC) (Nagira et al., 1997; Ta-
nabe et al, 1997, Hedrick and Ziotnik, 1997). These
results indicate that the responsiveness of developing
thymocytes to vanous chemokines sequentially changes
during T cel! differentiation. However, it is unclear whether
and how these chemokines are involved in physiological
movement of developing thymocytes through the thymus.

It is interesting to note that transgenic mice express-
ing the catalytic subunit of pertussis toxin in thymocytes
exhibited accumulation of mature T cells in the thymus
and failure of T cells to populate peripheral lymphoid
organs (Chaffin and Perdmutter, 1991). These results
suggested that a pertussis toxin-sensitive G protein-
mediated signal is essential for the emigration of mature
T cells from the thymus. Since chemokine signals are
mediated through pertussis toxin-saensitive G protein-
coupled receptors (Murphy, 1994; Cyster and Goodnow,
1995; Preamack and Schall, 1996; Cyster, 1998), itis pos-
sible that G protein-mediated chemokine signals may
be required for thymocyta emigration.

The present study has examined the roie of chemo-
kines in the emigration of newly matured T cells out of
the thymus. To do so, we have davised a noveltechnique
in which fetal thymus organ cuiture (FTCC) can be time-
lapse visualized under a microscope. We find that,
among various chemokines, CCL19 attracts mature
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Tecells out of the FTOC. Incontrast, CCL21, which shares
CCR7 with CCL19{Cyster, 1999; Birkenbach st al,, 1993;
Yoshida et al., 1998}, failed to promote thymocyte emi-
gration, Importantly, either targeted disruption of GCR7
gehe or antibedy neutralization of CCL19, but not neu-
tralization of CCL21, caused a significant decrease of
peripheral circulating T cells in newbom mice, while
these mice exhibited an elevation in thymocyte num-
bers, suggesting that CCR7 and its ligand CCL19, rather
than CCL21, are essential for neonatal emigration of
most T cells from the thymus in vivo. Confocal immuna-
fluorescence analysis, in situ hybiridization analysis, and
mRNA analysis of isolated thymic stromal cells indicated
that CCL19 is present at higher levels in the medulla
than in the cortex, and that most endothelial venules
in the medulla are positive for CCL19, suggesting that
CCL19 ir. the medulla attracts mature T cells generated
within the thymus, guiding thymic emigration through
the venules. These results show that CCL18, rather than
CCL21, plays a8 major role in the emigration of mature
thymocytes in newborn mice.

Results

CCL19 Promotes the Emigration of Mature T Cells
from Fetal Thymus Organ Cultures

To analyze the role of chemokines in influencing T ceil
migration through the thymus, we initially tested the
effects of adding various chemokinas inte fetal thymus
organ cultures, Among the chemokines tested, we found
that addition of the CC chemokine CCL19 {also known
as ELC, MIP-3§, and Exodus-3} significantly increased
the number of cells found otitside of the thymus lobes
in the culture medium (Figure 1A). In addition to the
chemokines Jisted in Figure 1A, CCL1, CCL2, CCL3,
CCL4,CCL8, CCL11, CCL20, CCL27, XCL1, and CX3CLY
fatled 1o increase the cell number outside of the lobes
(data not shown)., The extrathymic cells in CCL19-
treated cultures were mostly CD4*CD8- or CD4-CD8*
single-positive (SP) TCR-B"™ mature T cells {Figure 1B},
indicating that the cell increase was not due to nonspe-
cific leakage of thymocytes. Most extrathymic T cells
were small and CD25-CD69-, with increased expres-
sion of Ly-BA and decreased ability to incorporate bro-
modeoxyuridine {Figure 1C), tharefore resembling phys-
iological, noncycling recent thymic emigrants {Tough
and Sprent, 1994; Berzins et al., 1998) rather than exten-
sively proliferating T cells derived from small numbers
of artifactually released thymocytes. Thus, the CCL19-
induced increase of T cells outside of FTOC lobes was
likely due to selective emigration of mature T cells from
the thymus.

To directly examine whether CCL18 induces the emi-
gration of mature T cells out of the thymus, we devised
a time-lapse FTOC visualization system in which cell
movement was directly monitored under the micro-
scope and recorded using a digital CCD camera (Figure
1D). To perform FTOC in transparent cutture condition,
thymus lobes were submerged in culture medium and
maintained in 75% 0, and 5% COQ,. Thymus cultures
were placed in a collagen gel to minimize liquid swiring
during culture, An aliquot of CCL19 was spotted into
the gel, and the cultures were monitored under the mi-

croscope by time-lapse digital recording for 1 day (Fig-
ure 1D). As shown in Figure 1E and attached Suppiemen-
tal Movies (S1 (hitps/Awww.immunity.com/cgi/content/Aull/
16/2/205/0C1] versus 82 [hitpy//www.immunity.com/cgi/
content/full/16/2/205/DC1] and S3 [http//Awww.immunity.
com/cgifcontent/full/16/2/205/DC1]), many cells in the
thymus were atiracted toward the spot of CCL19 within
1 day in culture. The thymus emigrants in this culture
condition were mostly mature T cells {data not shown),
Emigrating cells moved specifically toward the CCL19
spot, since no cell migration was observed toward the
opposite side of the thymus (Figure 1E; Supplemental
Movie 84 at http//www.immunity.com/cgi/content/fult/
16/2/205/DC1). These results directly indicate that
CCL19 attracts mature T cells out of the fetal thymus
organ culture.

CCL21 Fails to Mediate the Emigration of Mature

T Cells out of the Thymus Culture

Both CCL19 and its CC chemokine family member
CCL21 (also known as SLC, 6Ckine, TCA-4, and Exo-
dus-2} interact with the cellular receptor CCR7 (Yoshida
et al., 1997, 1998), Unlike CCL18, however, CCL21 failedt
to mediate the emigration of mature T cells out of the
thymus lobes (Figures 1A and 1E; Supplemental Movie
§5 at httpy/fwww.immunity.com/cgi/content/full16/2/
205/DC1). Titration of CCL10 and CCL2) confirmed that
CCL21 is markedly less effective than CCL19 in at-
tracting T cells from the thymus culture (Figure 2A), The
seloctive activity of CCL19 in attracting T cells out of
tlie thymus was also observed in the thymus culiure
without a collagen-sponge or collagen-gel (data not
shown), ruling out the possibility that the selective ineffi-
ciency of CCL21 might be due to its adherence to colla-
gen in culture. Thus, the selective emigration-stimulat-
ing activity by CCL19 could have been caused by (1) a
CCL19-specific signaling pathway that fails to transduce
CCL21-detived signals in thymic T cells, and/or {2) a
CCL18-specific accessibitity to T cells in the fetal thy-
mus lobes, RT-PCR analysis indicated that CCL19-
induced thymus eamigrants expressed CCR7 (Figure 2B).
We also found that CCL19 and CZL21 equivalently in-
duced the chemotaxis of mature SP thymocytes in sus-
pension cultures (Figure 2A). Thus, the failure of CCL21
to attract T cells out of the thymus is apparently not due
to a lack of CCR? or other signaling molecules that
transmit CCL21-induced chemmotaxis in newly generated
T celis. On the other hand, unlike CCL19, CCL21 con-
tains a unique C-terminal extension of amino acids with
two cysteine residues and a net positive charge (Nagira
et al., 1997; Tanabe et al., 1997; Hedrick and Zlotnik,
1997} (Figure 2C), so that CCL21 may better adhere
to negatively charged extracellular matrix components
such as heparin-like glycosamineglycans, rendering
CCL21 incapable of entering the thymus organ. Indeed,
CCL21 but not CCL19 efficiently bound to heparin, while -
truncation of the C-terminal extension from CCL21
markedly reducad the heparin binding activity (Figure
2C). The truncated CCL21 considerably gzined the abil-
ity to attract T cell emigrants out of the thymus (Figure
2D; Supplemental Movia S6 [htip://www.immunity.com/
cgi/content/full/16/2/205/DC1] versus S7 [hitp/Avww.
immunity.com/cgi/content/full/16/2/205/DC1]), even
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Figure 1. CCL12 Promotes the Emigration of T Calls out of Thymus Lobes

{A} Numbers of cells outside of thymus lobes in culture media supplemented with various chemckines, Mouse fatal thymus lobes were
precultured for § to 10 days, o that the thymus organs contained thymocytes in a broad range of developmental stages, resembling the
distribution of mature adult thymus. \"TOC thymus lobes were washed and culttired for an additional 2 days in the abssence or presence of
indicated chemokines at 100 nM, Listed are means and standard erors {n = 4-0) of viable cell numbers found outside of the thymus lobes
2 days after adding chemokines. Significance (P-value) of the cell numbers over the culiure condition in the absence of chemokines was
evaluated by Siudent’s ¢ test using StatView software (SAS Institute Inc., Cary, NC}.

{B) Flow cytometric analysis of cells in FTOC cultures in the absence or presence of CCL19. Ceils were 3.color stained for CD4, CD8, and
TCR-B. Numbers within each area indicate the frequency of cells within that area.

{C) Flow cytomatric analysis of CD4* CDA" calls in the FTOC cultures containing CCL19, Cells were 3-color stained for CD4, CDB8, and indicated
molecules. Surface levels of indicated molecules and forward light scatter (FST) intensity, which estimates cell size, were measured for the
CD4+CDe" gated cells. FTOC colls were alsc assessed for DNA synthesis during the fast 4 hrof culture by intracetiular staining of bromodeoxyuri-
dine {Brdu) incorporation.

(D} A diagram of the tirme-lapse FTOC visualization system employed to monitor celluiar movement out of the thymus. An FTOC lobe was
placed in a transparent collagen gel and cultured in mediwn Lnder high oxygen conditions. Either 10 pM CCL19 or 10 uM CCL21 {5 pl) was
spotiad into a collagen gel approximately 10 mm outside of the thymus lobe, The culture within the rectangular box was time-lapse monitorer)
under the microscopa with a CCD camera for 24 iw.

(E} FTOC visualized at indicated time points after spotting CCL19 or CCL21. Where indicated, the thymus Jobe was monitored on the opposite
side of the CCL19 spot, indicating that cell amigration was directed toward the CCL12 spol. Bar, 250 um. Animated versions of the pictures
are shawn as Quick Time files (Supplemental Movies 51-55 at itp://www.irmmunity. com/cgi/content/iull16/2/205/0C1). Representative resuits
of =10 (B}, 2-3 (C), and =4 {E} indepandent experiments are shown.

though truncated CCL21 in suspension culture exhibited
a slightly decreased chemotactic activity (Figure 2D).
Moreover, binding assay of '?|-labeled proteins directly
showed that CCL19 exhibited better access to T cells
in the intact thymus organ rather than CCL21 (Figure
2E). These resulis suggest that the inefficient activity of
CCL21 to attract T cells from the thymus is at least in
part due to the limited ability of CCL21 to diffuse inte

the organ. Thus, uniike CCL12, CCL21 is inefficient in
stimufating thymic emigration In fetal thymus organ
culture.

Defective Thymic Emigration in CCRT-Deficient
Hewborn Mice

We then wished to examine the in vivo roles for CCL19
and CCL21 in thymic emigration. In newbom mice, thy-
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Figure 2. The Role of CCL19 and CCL21 in the Thymic Emigration and T Cell Chernotaxis in Vitro

{A) CCL19 and CCL21 were examined for their ability to attract mature thymocytes out of thymus lobs (upper panel) (as in Figure 1) and for
their chemotaxis activity to attract mature thymocytes in suspension culture flower panel). Two-fold serial dilutions fin the range of 1.56 nM
to 200 nM) of racembinant mouse CCL21 and £CL19 proteins (R&D Systems) were examined. Means and standard errors {n = 4-8) of viable
cell numbesrs of total migrated celis (total height of the bars) and TCR-B"* mature T cells {filled bars) are indicated.

(B} Reversa transcriptase-PCR analysis for mRNA levels of CCR7 in CCL18-reactive thymus emigrants. Serial dilutions of ¢cDNA from indicated
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mic emigrants of mature T cells begin to populate pe-
ripheral lymghoid organs including the spleen (Figure
3A). Neonatal supply of spieen T cells detected by 5
days old is completely absent in nu/nu mice lacking the
thymus (Figure 3A), suggesting that neonatal T cells in
the spleen are derived from the thymus, representing
recent thymic emigrants. interestingly, we found that
newborn T cells in the spleen of CCR7-deficient mice
(Forster et al., 1999) were markedly tower in number
than those of wild-type mice (Figure 3A). T celf number
in CCR7-deficient mice was lower not only in the white
pulp area but also in the red pulp area of the spleen
{Figures 3B and 3C}, into which lymphocytes enter along
the blood flow without active migration through per-
tussis-toxin-sensitive chemokine signals {Cyster and
Goodnow, 1995), suggesting that T cell number in open
blood circulation is Jower in CCR7-deficient naonates
than wild-type neonates, On the other hand, thymocytes
in neonatal CCR7 -deficient mice were slightly but signifi-
cantly higher in number than those in age-matched wild-
type mice (Figure 3A). These resulis suggest that the
neonatal supply of T cells from the thymus to the circula-
tion is greatly reduced in CCR7-deficient mice, and that
CCR7 is essential for necnatal emigration of most T cells
from the thymus.

It should be noted that, in the absence of CCR7, a
small number of T cells were found in newborn spleen
({Figure 3A) and T cell number in adult spleen was even
higher in CCR7-knockout mice than in control mice {Fig-
ure 3D), suggesting that thymic emigration can oceur
independently of CCR7 as a minor pathway during the
neonatal period. It is possible that the CCR7-indepen-
dent thymic emigration becomes a major pathway in
adult mice, or that a small number of CCR7-independent
thymic emigrants expands during postnatal period to
saturate the peripheral tissues in adult mice,

CCL19 Neutralization Impairs Thymic Emigration

of Neonatal T Cells In Vivo

To further examine the role of CCL19 and CCL21 in
thymic emigration in vive, normal newbom mice were
injected daily with either anti-CCL19 or anti-CCL21 neu-
tralizing antibodiss, which specifically blocked the che-
motaxis of thymocytes toward CCL18 and CCL21, re-

spectively (Figurs 4A). We found that administration of
anti-CCL19 neutralizing antibody significantly inhibited
the supply of spleen T cells as well as circulating periph-
eral blood T cells {Figures 4B—4D}. At 3 days oid, the
number of thymocytes in anti-CCL19-treated mice was
slightty but significantly higher than in the control anti-
body-treated mice (Figure 4B). On the other hand, the
injection of anti-CCLZ1 neutralizing antibody did not
significantly affect the numbers of spleen T cells or thy-
mocytes in neonatal mice (Figures 48~4D), Anti-CCL21
antibody, however, significantly inhibited the supply of
T cells to lymph nodes {Figure 4D) as expected from
previous studies {(Gunn et al., 1998; Stein et al., 2000},
suggesting that the injected anti-CCL21 antibody main-
tained its in vivo neutralizing activity to CCL21, inhibiting
T cell migration to iymph nodes. These results suggast
that in vive neutralization of CCL19, but not CCL21,
impaired thymic emigration of T cells to peripheral circu-
lation. Thus, our results suggest that CCL19 rather than
CCL21 plays a major role in neonatal emigration of ma-
ture T celis out of the thymus in vivo.

Although it was possible that mature single-positive
thymocytes might accumuiate in either CCR7-deficient
or CCL19-neutralized mice, we have so far detected no
ditference in axpression profiles of CD4, CD8, and TCR
in neonatal thymocytes among normal, CCR7-dedicient,
and CCL19-neutralized mice {data not shown).

Expressicn of CCL19 in the Mouse Thymus

Finally, we have examined the localization of CCL19
within the thymus by immunofluorescence analysis. In
secondary lymphoid organs, CCL19 is mainly produced
by dendritic celis as well as T zone stromal cells (Ngo
et al., 1998; Luther ot al., 2000}. Consistent with previous
reports (Annunziato et al., 2000), CCL19 in the adult
thymus was predominantly detected in the MTS10* me-
dulla rather than in the CDR1* cortex (Figures 5A-5§).4n
the medulla, CCL19 was localized to MTS10* epithelial
cells, CO11¢™* dendtitic cells, as well as CO31* endathe-
lial venular cells {Figures 5D-5L). Importantly, most
CD31* venules in the medulla were positive for CCL19
(Figures 5J-50}, Also in the newbom thymus, CCL18
immuncfluorescence signals were predominantly de-
tectod within the GB.8"" medullary area (Figures 6A-EC),

colls wera PCR-amplified for CCR7, CCR10, and CXCR4, The thymic emigrants expressad CCR7T at lavels higher than the cells that remained
in the thymus, whereas the expression of CXCR4 was lower in the emigrants than in the thymocytes. Housekeeping HPRT levels and other
chemokine receptor CCR10 levels were approximately equivalent among the cells. Reprasentative results of =2 independent experiments
are shown,

{C) Heparin binding abilities of mouse CCL21 (mCCL21}, mouse CCL19 (mCCL19), human CCL2% (hCCL21), and a truncated mutant form of
hCCL21 {AhCCL21), Numbers above tha schematic representation of the chemokines indicate amino acid numbers of indicated proteins.
Dotted ragions of CCL21 indicate the C-terminal extension with a net positive charge. An equal amount of '*i-labaled proteins was incubated
with either heparin-agarase gel or control agarose gel, and the gel-beund radicactivity was measured. Means and standard errors (n = 4) of
radicactivity specifically bound to heparin are shown.

{D) Racombinant hCCL21 and AhCGL21 were axamined for their ability in the thymic emigration assay (upper panel) an" for the chemotaxis
asgay in suspension cullure [lower panel) as in (A). Two-fold serial dilutions of proteins were made in the range of 100 M to 3200 nM for
the thymic amigration assay and 12.5 nM to 400 nM for the chemotaxis assay. Means and standard emvcis (n = 4-8) of viable cell numbers
are indicated. Animated versions of the pictures can be found as supplementary results {(Supplemental Movie 36 {at hitp://www.immunity.com/
cgifcontent/full/t 6727205/DC1] for hCCL2Y1 and Supplemental Movie S7 [at hitp/fwww.inmunity.com/cgivcontentAull/16/2/205/DC1) Tor
ARCCL2Y).

{E} Equal )arm:mnt of 2-labelad CCL19 or CCL21 was incubated with either an intact FTOC lobe or isolated thymacytes from an FTOGC lobe.
‘Thymocytes were isolated, washed, and measured for the bound radicactivity, Means and standard errors (n = 3-5) of radioactivity per
thymocytes in one FTOC lobs are indicated
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Figwre 3. Defective Supply of Peripheral T Cells in CCR7-Daficient Newbom Mice In Vivo

{4) Ontogany of splaen T cells and B cells in newbom mice at indicated age of days after birth. T and B cells in the spleen were identified as
TCR-3*CD3* and B220°CD3" calls, respectively, using flow cytometry. Numbers of total thymocytes are also shown. Results from normal
mice (B6, open circles; BALB/c-nu/+ mice, opan trangles) and thymus-deficient nu/ru mice (BALB/c-nu/nu, closed triangles) show that splesn
T ¢ells during the neonatal period are virtually all thymus-derived (jeft panels). Numbers of splesn T cells and thymocytes in CCR7-deficient
{KQ, closed circles} and wild-type mice (WT, open circles) show that numbers of spleen T cells and thymocytes are significantly (P < 0,05;
“*f « 0.005} lower and higher in CCR7-deficient mice than in wild-type mice, respectively {right panels}.

{8 and &) Immunchistochemical analysis of S-day-old spleens from CCR7-deficlent and wild-type mice. FepreJeniative sections stained for
T colls (Thy-1.2) are shown. Boxes indicate 0.25 mm? red pulp areas identified by the Thy-1 and B220 staining profiles of serial sections,
Indicated in {C) are means and standard emors of T ceit numbers in the red puip area (n = 10) and of the numbers of white pulp areas (n =
5) par 1 mim? of the section. in addjtion to the loss of T cell areas in the white pulp, the number of T cells in the red pulp area was significantly
lower in CCR7-deficient mice than wild-type mice.

{D} Distribution of lymphocytes in adull SCR7-KD and WT mice (9 weeks old). Shown are mear- ....d standard errors (n = 3-8 in [A], n = 4-8
in [D]} of viabla cell numbars in thie pieen, thymus, and inguinal lymph nodes.

and were found in most C031 " endothelial venular cells
but not in MTS15* fibroblaats Figures 6D-6F). In situ
hybridization analysis of newbom thymus alse showed
that CCL19 transcripts were weakiy detected within the
medullary area {Figures 7A-7C), as has been reported
(Bieul and Boahim, 2000}, Further analysis involved isola-
tion of thymic stromal cell subsets for RT-PCR analysis
of CCL19 mRNA expression. As shown in Figure 7E,
CCL19 mRNA in the thymus was most highly detected
in meduliary epithelial cells, rather than endothelial cells,
dendritic cells, cortical epithelial cells, or thymocytes.
CCL21 mRNA was also mainly expressed by medullary
epithelial cells among the four kinds of sorted cell popu-
lations. Given the strong signals of CCL21 mRNA in total

thymic stromal samples, however, cells other than these
four populations might also express CCL21 mRNA. To-
gether, these results indicate that CGL19 in the thymus
is predominantly produced by medullary epithalial cells
and localized to epithelial cells, dendritic cells, and en-
dothelial cells within the medulla. It is interesting to note
that, in double immunofluorescence analysis (Figures
6G-61), in situ hybridizaticn analysis (Figures 7C and
70), or RT-PCR analysis {Figure 7E}, CCL21 signals were
detected in an overlapping population of cells with
CCL19 signals but detected in a broader population of
celis than CCL19 signals, suggesting that CCL19 and
CCL21 may piay diiferant, though possibly overiapping,
roles in the thymus, These results are consistent with
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Figure 4. The Effects of Anti-CCL19 and Anti-CCL2t on the Peripheral T Call Supply in Newborn Mice In Vivo

{4) The specificity of anti-CCL18 and anti-CCL21 neutralizing antibody. Anti~CCL19 or anti-CCL21 gost 1gG antibody (16 pg/mi} was added
to the chemotaxis assay of thymacytes for CCLAS {left panel) and CCL21 {right panel} in suspension cuitures,

(B-D} The effects of in vivo injection of anti-CCL19 antibody or anti-CCL21 antibody in novmal newbom mice. Goat antibodies were injected
daily, and indicated cells were analyzed on 3 days old (E), 5 days old (C), and 10 days oid (D). lndependent preparation of rabbit anti-CCL21
antibody similarly affected to the goat anti-CCL21 antibedy, In which the numbers of thymocytes and splean T cells were not affected on day
3, 5, or 10 but the number of lymph noda T sells examined on day 10 was reduced (data not shown). Means and standard errore (n = 4in
{A]) of viable cell numbsars are indicated. In (B)-{D), open circles reprasent cell numbers of individual mice sxamined (n = 3-15).

the possibility that CCL18 in the medulla atiracts mature
T cells generated within the thymus, guiding thymic emi-~
gration through endothelial venules in the meduila.

Discussion

Thymic emigration of newiy generated T cells is an as-
sential process for seeding circulating T cells. The pres-
ent study examined the role of chemokines in the emi-
gration of T cells from the thymus, utilizing a modified
fetal thymus organ culture to directly visualize and evalu-
ate the thymocyte emigration. We have found that,
among varioys chemokines tested, only one chemokine,
CCL19, attracted mature T cells out of fetal thymus or-
gan cuilures. The CCL18-attracted T cells phenotypi-
cally resembled recent thymic emigrants. Interestingly,
CCL21, which shares a common raceptor CCR? with
CCL19, failed 1o cause thymocyte emigration. Using
truncated CCL21, we fiave found that the failure of
CCL21 to mediate thymocyte emigration was at least in
part due to its unique C-terminal extension containing
positively charged amino acids. By this C-terminal ex-
tension, CCL21 efficiently adheres tonegatively charged
extracelluiar matrix components such as heparin-like
glycosaminoglycans, thereby being inefficient in ac-
cessing T celis in the thymus organ, The selective role

for CCL19, rather than CCL21, in attracting T cells out
of the thymus was further supported by in vivo sxperi-
ments in which antibody-mediated nreutralization of
CCL19 but not CCL21 in newbom mice impaired thyimic
emigration of T cells to the peripheral circulation. In
CCL19-neutralized mice and CCR7-deficient mice, but
not in CCL21-heutralized mice, circulating T celis were
reduced and thymocytes accumulated in the neonates,
Our resuits indicate that CCL18, rather than CCL21,
plays & major role in the emigration of mature T cells
out of the thymus in newbom mice.

Analysis of GCL19 distribution in adult and newbom
mice showad that CCL.19 in the thymus Is predominantly
localized within the medulla. Consistent with a previous
report (Bleul and Boehm, 2000), our results show that
CCL19 mRNA in the thymus was pimarily detected in
medullary epithelial cells rather than other stromal cells,
including dendritic cells, endothelial cells, and cortical
epithelial cells, In the medullary area, however, CCL18
piotein was localized to dendritic cells and endothelial
cells as well as epithelial cells. Since CCL19 mRNA levels
wera low in dendritic cells and endothelial celis, it is
possible that a fraction of CCL19 localized on these
cells may be derived from nearby medullary erthelial
cells, a possibility consistent with a recent finding that
CCL19 generated in the parivascular stroma is translo-
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cated to the high endothelial venules of the secondary
lymphoid tissues (Baakkevold et al,, 2001). It is further
possible that a fraction of CCL19 localized in the thymus
may be derived from remote organs, i.e., parathymic
lymph nodes, since the thymus organ is highly accessi-
ble to CCL19 (Figures 2A and 2E). Nonetheless, it is
important to note that CCL19 was found on most endo-
thelial venules in the medulla, A recent report on the
analysis of human thymus sections alsc showed that
CCL19 immunoreactivity in the thymus, which was pri-
marily localized to meduliary epithelial cells, was oilen
found in cells surrounding medullary vessels (Annunzi-
ato at al., 2000). Thus, it is possible that CCL19 may
direct mature thymocytes not only to the medullary area
but also to endothelial venules within the medulla,
through which mature thymocytes may amigrate to the
blood circulation. Further mechanisms of thymic emi-
gration, including the mechanism of possible T ¢ell refo-
cation from the tissug side to the lumen side of the
vessels, are still unclear.

Our results suggest that, unlike CCL19, CCL21 fails to
show a role in thymic emigration, However, like CCL19,
CCL21 inthe thymus was localized predominantly in the
medulla, as has been previously described {Tanabe et
al., 1997; Bleul and Boehm, 2000). Qur results further
show that CCL21 in the thymus is localized in an area
that overlaps with CCL19 but is localized in a broader
area than CCL19, suggesting that CCL21 in the thymus
may play a role that is similar to bt is different from
CCL19 thatis involved in thymic emigration. it is possible
that CCL21 may be involvaed in attracting maturing thy-
mocytes from the cortex to the medulla and that CCL19
may also be involved in this process.

The present results using CCR7-deficient mice clearly
document a major involvement of CCR7 in the neonatal
seeding of the peripheral T cell pool in vivo, In CCR7-
deficient nowborn mice, the number of peripheral T cells
including the open circuiating red pulp T cells was signif-
jcantly reduced, whereas the number of thymocytes was
significantly increased. Antibody-mediated neutraliza-
tion of CCL19, but not CCL21, caused essentially the
same affect on T cell distribution in normal newbom
mice, i.e., increased in thymocytes and reduced in pe-
ripheral T cells including blood circulating T cells. These
resuits strongly suggest that the chemokine signal
through CCR7, most likely mediated by CCL19, plays a
key role in the emigration of T cells from the thymus in
newbom mice, The greater effect of CCR7 deficiency
than the anti-CCL19 treatment in newbern mice could
be due to incomplete neutralization of CCL19-CCR7 in-
teraction by the antibody injection, and/or the involve-
ment of unidentified ligands for CCR7 other than CCL19
or CCL21. Importantly, our data along with previous

results (Forster et al., 1999) indicate that the number of
circulating T cells in adult CCR7-deficient mice is not
reduced. Thus, it is logical to assume that thymic emi-
gration can occur via a CCR7-independent pathway in
addition to the CCR7-dependent pathway. Itis not clear
whether the CCR7-independent thymic emigration may
represent a major pathway in adult mice, or whether
a small number of CCR7-independent neonatal thymic
emigrants (as seen in Figure 3} may subsaquently ex-
pand to saturate the peripheral tissues in adult mice.
However, it has been recently shown that there is a
continuous supply of thymic emigrants in adult mice
(Berzins et al., 1998, 1999) and in adult humans (Douek
et al., 1998; Poulin et al., 1999), and that these recent
thymic emigrants in adutt are invelved in maintaining a
peripheral pool of T cells with a diverse repertoire (Ber-
zins et al., 1998; Poulin et ai., 1999), it is possible that
thymic emigration in adult maylargely occur viaa CCRY7-
independent pathway, uniike neonatal thymic emigra-
tion that is largely CCR7 dependent. It has been also
reported in sheep (Miyasaka et al., 1990) and ins guinea
pig (Kotani et al., 1966) that thymic emigration also oc-
curs via lymphatic drainage in addition to the emigration
viablood vessels (Miyasaka et al,, 1990). It is thus possi-
ble that the CCR7-dependent and CCR?7-independant
emigration processes may represent either one of the
pathways via lymphatic or blood vessels, Interestingly,
adult transgenic mice expressing the catalytic subunit
of pertussis toxin in thymocytes exhibited accumulation
of T cells in the thymus and failure of T cells te populate
peripheral lymphoid organs (Chaffin and Petimutter,
1991), Thus, the CCR7-independent pathway of thymic
emigration may still be deperdent on pertussis toxin-
sensitive signals through G protein-coupled chamokine
receptors.

The present study suggests that CCL19 and CCL21,
even though they share CCR7, are functionally different
in relocating T lymphocytes from the primary lymphoid
organ to secondary fymphoid organs. In secondary
lymphoid organs, locafty produced CCL21 mainly partic-
ipates in promoting the homing of CCR7* iymphocyltes
into the organ through high endothalial venules (Stein
et al., 2000; also supported by the resuits in Figure 4).
CCL21 may additionally exhibit a unique role through
tha CXCR3 receptor, which interacts with CCL21 but
does not interact with CCL19 (Soto et al,, 1998; Lu et al.,
1999). On the other hand, CCL19 in secondary iymphold
organs, which is also involved in homing of CCR7* lym-
phocytes via the high endotheliat venules (Baekkevold
et al.,, 2001}, is suggested to bae involved in promoting
encouintars betwean recirculating T cells and dendritic
cells and in the migration of activated B cells into the
T cell zone {Ngo et al., 1998). Our results suggest an

Figure 5. Distribution of CCL1% in the Adult Thymus

Thymus sections from aduli B6 mice were stained with bictin-conjugated anti-CCL19 antibody and streptavidin-Alexa-568 (red) and indicated
antibodies visualized with Alexa-488 {green}. White signals in right panels show colocalization of Alsxe-568 signals with Alexa-483 signals.
Bars, 100 pm for {A}-{L) and {P}{R), and 50 pm for (M}O). Note that CGL19, erwiched in MTS10* medulia rather than CDR1* corlex, is
colocalized with MTS10* epithelial cells, CD11c"* dendritic cells, as wall as CD31 * endothelial venwles. (L) and {0} indicate that most endothelial
venulas axpress CCL19. The CCL19 signals ware specific, though not very strong, since (i} the signals were specifically detectad by multiple
batches of anti-CCL19 antibodies {A={C} and {Q) but nct by contral antibodies (P}, {ii) the signals were spacifically reduced by preabsomtion
of the antibody with CCL19 but not with CCL21 {data not shown), and {ji} the signals were specificzlly reduced by preincubation of the staining

reaction with CCL19 (R}
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Thymus sections from 3 day old B6 mice were stained with blotin-conjugated anti-CCL19 antibody and streptavidin-Alexa-568 {red) and
indicated antibodles visualized with Alexa-488 {(gredn). White signals in (C), (D), {E), {F), and { indicate colocalization of Alexa-568 signals
with Alexa-488 signals. Bars, 100 um for (A)~{C) and (G}=(T) and 50 em for (D)=(F}. In the thymus, GB.8™" areas identify the medulla {Nelson st

al., 1996) and MTS15 axpression ideritifies fibroblasts {Gray et a1, 2002),

additional role of CCL19 in lyrmphocyte traffic, in which
CCL19 in the thymic medulla may attract newly gener-
ated T lymphocytes by hinding to CCR7T receptor and
may play a previously unidentified role of chemoking in
promoting the emigration of thymus-generated T celis
into the circulation. Thus, ECL192 and CCL21 may coop-
erate in attracting CCR7* T cells from the thymus to
peripheral lymphoid organs, by guiding the emigration
of newly generated thymocytes to the circulation and
directing the immigration of circulating naive T cells to
the secondary lymphoid organs.

Experimental frecedures

Chemokines

Recombinant proteins of mouse CCLY {TCA3), CCL2 (JE), CCL3
(MIP-1a), CCL4 [MIP-18}, CCL11 {potaxin), CCL19 {ELC), CCLRO
{LARC), CCL21 (SLC), CCL22 {MDC), CCL25 (TECK; CCL27
{CTACK), CXCL12 (SOF1), CXCL13 (BLC), XCL.1 (lymphotactin), and
CX3CL1 {fractalkine) were obtained from RAD Systems, Minneapo-
lis, MN. Recombinant proteins of mouse CCLS (RANTES), CCLY
{MCP3), CCL8 (MCP-2), CXCL1 (KC}, and CXCL10 {IP10) were cb-
tained from PaproTech, Rocky Hifl, NJ.

Truncated CCL21 Protein
Recombinant humgn CCL21 and truncated CCL21 {amino acids
1-79) were produced using the Pichia pastoris yeast expregsion

system {invitrogen} foliowing the manufacturer's protocal, The cod-
Ing sequence of wild-tvype COL2T was ger by PCR using the
sense primer 5-GAACTCGAGAAAAGAAGTGATGGAGGGGCT-3'
containing an Xhol restriction site (in bold), yeast «-secration factor
sequence priorto the KexZ cleavage site (in italic) and the codons of
the first 5 amino acids of human CCL21 {underiined}. The antisense
primer 5'-ATTTCTAGATGAGCCCTGGGCTGGTTTCTG-3' annealed
to codons comesponding to amine acids 74-79 {undedined), a stop
codon (italic), and an Xbal restriction she (bold). The template for
wach PCR reaction was PCRUMuSLC (kindly provided by Dr. K.
Hieshima). The PCR products were cloned into pPicZeA, transfected
into £. eoli DH5a, and recombinant colonies were selected on plates
containing 25 pg/ml zeocin. Fasmid from a single colony of each
construct was purified and the Sequence of *he insert confirmext.
Plasmid {10 pg) containing the comect sequence was linaarized
using Pmel and transfected into GS115 Pichia pastoris using elec-
troporation, Colonies were selectad on YPDS plates containing 100
pg/mi zeocin at 30°C for 2-3 days. For large-scale growth and purifi-
cation, the highast expressing colony was used to inocutate 25 ml
of BMGY in g baffle flask and incubated in a 30°C shaking incubator
ovemight. One iter of BMGY was inoculated with the overnignt
culture and grown 2 days to an ODgy of 10-20. Protein production
was initiated by spinning down the culture and resuspending the
pallet in 200 ml BMMY containing 1% methanol. Cultures were put
back on the 30°C shaker and methanol was added every 24 hrto a
final concentration of 1%. After 32 hr, the suparnatant was caltected,
filtered with a 0.22 wm fikter, and purified using cation exchange
chromatography. Wild-type and mutant CCL2% were ~98% pure a5
detormined by SDS-PAGE and Coomassie staining.
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Figura 7. Expression of CCL19 Transoripts in the Thymus

{A-Dj} In situ hybridization analysis of the thymus from 3 day old B6 mice. Thymus sections were hybridized with indicated antisenss RNA
probe. Note that GCL19 signals and CCL21 signals were primarily present in the madullary areas, while the cortical and subcapsular areas
were high for TSA-1 signals. The RNA probes for CCL19 and CCL2Y were synthesized for the antisense sequences comesponding to the
nucleotide 267-636 of GenBank AF059208 and the nuclectide 92-385 of GenBank AFH01980, respectively.

{E) RT-PCR analysis of isolated thymic astromal cells. Thymus cells fram siswbom BE mice were iractionated into thymocytes and thymic
stromal cells. Thymic siromal ceils were then sorted info cortical apithelial celis {CL45- class || MHCY UEA-1), medulary epithelial cells
{CD45 - class I MHC* LIEA-1¥9, endothelial cells (CDA5- CD31 ), and dendritic cells (CD45* CD11¢™), Serial dilutions of cDNA, from indicated
cells were PCH-amplified for CCL19, CCL21, and housekesping HPRT. Hepresentative results of two independent experiments are shown.

CCR7-Deficient Mice

CCA7-knockout mice have been described (Fbrster et al., 1999).
The CCR7-/- and wild-type littermates used in the present study
were in & mixed background of 12956/SvEv and BALB/c.

in Vivo Administration of the Antibodies

Goat polycional lgG antibody spacific for either mouse CCL19 {MIP-
3R) or mouse CCL21 (6Ckine) were obtained from R&D Systems.
Rabbit anti-CCL21 polyclenal antibody (N. Onai and K.M., unpub-
lizshed data} was purified over a Protein A affinity column. Control
goat anti-hamster [9G polycional antibody and rormal rabbit igG
ware purchased from Jackson Immunoresearch Laboratories (West
Grove, PA), 10 pg per day was injected daily into the peritoneum
of newborn C57BL/% mice from the day of birth,

Fetal Thymus Organ Cultures

Thymus lobes obtained from C57BL/6 mouse fetuses at 15.5 days
posteoitum were cultured on sponge-supported filter membranas
at aninterface between 5% CO-twmidified air and RPMI1640-basad
culture medium containing 10% fetal bovine ssrum, 50 pM 2-mer-
captoethanol, 2 mM L-ghutamine, 1% nonessential amino acids, 10
mM HEPES, 1 mM sodiom pyruvate, 100 U/ml penicillin, and 100
wo/ml streptomycin (Life Techpologies, Gaithersburg, MD). Details
have bean described (Takahama, 2000).

Transparent Fetal Thymus Organ Cultures

Thymus lobas from 15.5 dpc C57BL/6 fetal mice were cultured for
S days v standard FTOC conditions. Thymus lobes were washead,
placed in a 30 mm dish, and submerged in 1.08 my/ml Cellmatrix
collagen gel {Type I-A, Nitta Gelatin, Osaka, Japan}. The dish was

filled with culture medium and was cultwed at 37°C in 75% O,
and 5% CO, atmosphere under an Axiovert $-100 microscope {Carl
Zeiss, Joena, Germany). The culture was monitorad by a time-lapse
visuslization system equipped with C4742-95 digital CCD camera
{Hamamaisu Photonics, Hamamatsu, Japan) and Openlab software
{Impravision Inc., Lexington, MAj.

Immunofluorescence Staining and Flow Cytomstric Analysis
Single cell suspensions were washed in phosphate-buffered saline
{pH 7.2) containing 0.2% bovine serum albumin and 0.1% NaN,. Cells
were first incubated with 2.4G2 anti-FcyR monocional antibody (Unke-
less, 1979) to block binding of jabeled antibodias to FoyR. Cells
werg then stained with fluorescein isothiocyanate {FITC)-labsled
antibody and phycoetythrin (PE)-labsled antibody, and allophycoer-
ythrin [APC)-labaled antibody. Labeled monocional antibodies as
well as nomnal IgG controts were obtained from Phammingen, San
Diego, CA. Multicolor flow cytometry analysis was petformed using
2-lager FACS-Calibur {Becton-Dickinson, San Jose, CA). Data were
obtained using Cell QGuest software on viable colls as determined
by forward light scatter intenaity and propidium iodide exciusion.

Bromodeoxyuridine Staining of the Cells '
Bromodeoxyuridine (BrdU, 310 uM, Roche Diagnostiss, Mannheim,
Germany) was added to the cultura 4 hr before harvesting cells.
Thymocytes were fixed in 70% cold ethancl for 30 min, denatured
with 4 M HOY at room temperature for 10 min, and incubated with
fluorescein-cenjugated anti-BrdU antibody (FLUDS In Situ Cell Pro-
liferation Kit, Roche Diagnostics) at 37°C for 45 min. Calls ware
analyzed on FACS-Calibur flow cytometer.
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Chemotaxis Assay

Chemotaxis assay was performed as described- {Kim et al, 1998;
Campbell ot al., 1999). In brief, 0.1 ml of a cell suspension containing
5 x 10° thymocytes was placed in a Transwell chamber with a
polycarbonate membrane (6.5 mm diametsr, pore size 5 wm, Costar,
Cambridge, MA) inserted in 0.6 ml culture medium containing che-
mokines. Cells cultured for 90 min wers recovered from the upper
and lower chambars, mersurad for call numbers, and axamined for
TCR-( expression by flow cytomster. Listed are representative data
of adult thymocytes, though fatal thymocytes isolated from FTOC
lobes gave essantially simitar results.

Reverse-Transcriptase PCR Analysis of mRNA Transcripts

Total cellular RNA from thymocytes was reverse-transcribed using
Supersctipt It reverse franscripiase {Life Technologies, Reckville,
MD} and oligo=dT ofigonucleotide. cDNA was PCR-amplified (30
cycles for chemokine receptors and Ki=:5r; 33 cycyles for chemo-
kines] with Taq polymerase (Takara, Shiga, Japan) for CCR7
(5'-GAAACCCAGGABMAMMCGTGC-3' and 5'-TGCTGATGCATAGGA
GCAGC-3'}, CCR10 {5'-GCTCTGTTACAAGGCTGATG-3" and 5'-TGA
TACAGGCTAGGAAGLAGG-3), CXCRY {5'-CGATCAGTGTGAGTATA
TACAC-3 and &' -TCACAGATGTACCTGTCATCC-3), CCL18[5-GCTA
ATGATGCGGAAGACTG-3' and 5-ACTCACATCGACTCTCTAGG-3),
CCeL2y (5°-GCTGCCTTAAGTACAGCCAG-3' and 5'-GTGTCTGTIC
AGTTCTCTTGC-3), and hypoxanthine phosphoribosyltransferase
{HPAT) (5'-CACAGGACTAGAACACCTGC-2' and 5'-GCTGGTGAAA
AGGACCTCT-3'). PCR products were electrophoresed on a 1.5%
agarosa gel and were visualized with ethidium bromida staining.

Binding Assay of Radicactive Proteins

Carrier-free preparations of recombinant chemoldnes wera '%-
labeled by Chioramine T mathod, An equal amount of radicactive
proteins (1 x 10° cpm) was incubated for 1 hr at 37°C with either
heparin-agarose gel (Pierce, Rockiord, IL; 100 pl) or Ni-nitdlotriace~
tate control agarose gel (Qiagen GmbH, Germany; 100 ui). Gels
were washed and measured for bound radioactivity, Heparin binding
{%) = {heparin-gel-bound radioactivity (cpm}/input radicactivity to
haparin-gel {cpm}-Ni-gel-bound radioactivity (cpmi/input radioac-
tivity to Ni-gel (cpmi] x 100, Background binding of the proteins to
Ni-got was in the range of 4%-24%. For the cell binding assay, an
equal amount of **{.labeled radioactive protsins {5 X 107 cpm) was
incubated for 1 hr at 37°C in 75% O, and 5% CO, with either an
intact FTOC lobe or isolated thymocytes from an FTOC lobe, Thymo-
cytes were washed and measured for bound radicactivity.

Immunohistochemical Analysis of the Splesn Sections

Frozen sections (5 um) were fixed with acetone, blocked with 1%
H,0; in methanol and with 2.4G2 anti-FeyR antibody, and reacted
with biotin-anti-Thy1.2 antibody, biotin-B220 antibody, or biotin-
rermal rat IgG {Pharmingen). Sections were stained with peroxi-
dase-labeled streptavidin (Nichirei, Tokyo, Japan) and 3,3'-diamino-
benzidine Wako Pure Chemicals, Osaka, Japan). Red pulp areas
and white pulp areas in the sploen were identified with the B220
and Thy1.2 staining profiley.

Confocal Microscopy Analysis of CCL19 Expression

in the Thymus Sections

Mice were anaethetized and infused with 4% paraformaldehbyde.
Removed thymi were fixed with 4% parafermaldehyde containing
0.2 M sucrose. Frozen sections {6-8 um} were stained with mono-
clonal yat antibodies {CDRY anti-mouse cortical thymic epithelial
cells {Heuse ot al., 1988}, MTS10 anti-mouse medullary thymic epi-
thelial celis [Godfrey et al., 1990], GB.8 anti-mouse Ep-CAM [Nelson
et al., 1996]; anti-mousy CD11c [Wu et al., 1985}, MTS12 anti-mouse
GD31 [Tucek et al,, 1992, or MTS-15 anti-mouse fibroblasts [Gray
stal,, 2002]) fellowad by Alexa-488 conjugated anti-rat |y (Molecular
Probes, Eugene, OR}. CCL21 was stainad with rabbit anti-CCL2Y
antibody {N. Onai and ¥.M., unpublished data) and FITC-anti-rabbit
Ig (Caltag Laboratories, Burdingame, CA). Sectiona were also stained
with biotinylated goat anti-ELC antibody (10 pg/mi; R&D Systermns)
and Alexa-568 conjugated streptavidin (Molecular Probes). The con-
focal microscope wsed was a Bio-Rad MRC 1024 with a three-line

KriAg lasar, excitation lines: 488, 568, and 647 nrt. images wers
obtained using LaserSharp softwars version 3.2 {Bio-Rad).

In SHu Hybridization for CCL19 Expreasion

in thes Thyinus Sectiona

Fresh 10 wm tissye sections were air-dried for approximately 2 hr
then fixed in 4% paraformaidehyde for 10 min. The sections wers
placed in 1.2% triethanolamine and acetic anhydride was addad
drop wise untll a co.centration of 0.25% was reached. The slides
were washed and pre-hybridized for ovemight at 4°C, Digoxygenin-
{abeled riboprobe was added, and the slides were incubated at 76°C
for ovemight. The slides were washed and incubated in 19 blocking
reagent {Roche) for 1 hr. Digoxygenin signals were visualized using
anti-digoxygenin-AP Fab fragment (Boshringer Mannhsim) and
NBT/BCIP {Boshringer Mannheim). Tha slides wera mounted using
Kaisers glycers! gelatin {(Merck),

Flow Cytometric Isolation of Thymic Stromal Cells

Thymic stromal celis were isolated as described previously (Gray
et al., 2002). In brief, nepnatal thymic fragments from BE mice wera
subjected 1o a series of digestions in 0.125% (w/v} collagenase/
dispase {Boehringer Mannheim, Germany) with 0.1% (w/v) DNasa |
in RPM{1640 medium at 37°C, The final digests enriched for thymic
stroma! cells weta stained with 2ppropriate surface reactive stromal-
specific antibodies and flucrescent conjugates. PE-conjugated anti-
CD4s {clone 104, Pharmingen) was used o detect CD45- thymic
endotheliai and epithelial cells, with endothelium defined on the
basis of CC31 expression (clone MTS-12). Cortical and medullary
epithelial cells were discriminated on the basis of bictin-conjugated
UEA-1 lectin binding (Vector Laboratorics, Burlingame, CA). Thymic
dendritic calls were defined by high expression of CD11¢ {bintinyl-
ated anti-CD11c, clone HL3, Pharmingen} in CD45* population.
FITC-conjugated anti-rat Ig (Caltag Laboratories) was used to detect
MTS-12 and APC-conjugated streptavidin {(Molecular Probas) to de-
tect biotinylated reagents. A 0% norma) rat serum was employed
to prevent crossreactive binding of antibodies subsequent to FITC-
conjugated anti-rat Ig labeling. FcR blocking by the 2.4G2 anti-FcR
antibody was performed in labeting where FITC-conjugated anti-rat
lg was not used. Cells were sorted to greater than 95% purity on s
FACS-Vantage (Becton Dickson), with exclusion of dead cells using
propidium iodide,
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Stromal Cells Provide the Matrix for Migration of Early
Lymphoid Progenitors Through the Thymic Cortex'

Susan E. Prockop,* Sharina Palencia,* Christina M. Ryan,”* Kristie Gordon,* Daniel Gray,*
and Howard T. Petrie®*"

During steady state lymphopoiesis in the posinatal thymus, migration of precursors outward from the deep cortex toward the
capsule is required for normal differentiation. Such migration requires, at a minimum, expression of adhesive receptors on the
migrating lymphoid cells, as well as a stable matrix of their ligands persisting throughout the region of migration. In this study,
we address the nature of this adhesive matrix. Although some precursor stages bound efficiently o extracellular matrix ligands,
s specific requirement for the cell surface ligand VCAM-1 was also found. In situ analysis revealed that early precursors are found
in intimate contact with a matrix formed by stromnal cells in the cortex, a proportion of which expresses VCAM-1. In vivo
administration of an anti.-VCAM-1 Ab reselfed in decreased thymic size and altered distribution of early precursors within the
cortex. These results indicaie that precursors migrating outward through the cortex may use a cellular, rather than extracellular,
matrix for adhesion, and suggest that the VCAM-1* subset of cortical stroma may play a cruciai role in suppoi «ig the migration

of early precursors in the steady state thymus. 7The Journal of Immunology, 2002, 169;: 4354—-4361.

be produced threughout life to replace cells lost to senes-

cence, trauma, and other causes. This process occurs in

the thymus and involves several distinct phases. The initial phase
invalves recruitment into the thymus of marrow-derived progeni-
tors that circulate in the bloodstream (reviewed in Ref. 1). }t is
possible that some of these thymic seeding progenitors are already
committed to the lymphoid lineages, because there is a population
of cells in bone marrow that has increased propensity to generate
tymphoid cells (2). However, it is clear from a number of studies
that the earliest precursors found within the thymus can give rise
to numerous lymphoid and nonlymphoid lineages (for examples,
see Refs. 3-10), suggesting that not all cells that home to the
thymus are iymphoid committed (reviewed in Ref, 11). During a
period of intrathymic residence that spans ~ 14 days (revieweg in
Ref. 12), these muitilineage progenitors are induced to underge a
series of differentiative events that lead to T lineuge commitment
{13). In addition, a great deal of proliferative expansion occurs,
such that each progenitor entering the thymu: gives rise to approx-
imately one million immature progeny (12), thus generating the
cells that are subsequently subjected to TCR-mediated screening.
In general, lineage commitment and proliferation are not cell
autonomous processes, but rather occur in response to combina-
tions of signals (morphogens, growth factors, hormanes, eic.) that
progenitor cells receive from the external microenvironment, The

I ike other cells of hemopoietic origin, T lymphocytes must
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nature of signals that drive lineage commitment and proliferation
in early intrathymic progenitors remains largely unknown. A few
such signals have been identified in the form of Notch-1 (10, 14,
15}, c-kit (16, 17}, and the IL.-7TR (18), although the exact functions
(i.e., differentiation, proliferation, survival) in some cases remain
controversial. Regardless, it seems unlikely that this relatively
small number of signals is adequate to explain the complex se-
quence of events that Jead to production of a large nuiaber of T
lineage progeny from a relatively few undifferentiated prozenitors.
To evaluate what other signals might be involved, we began from
the assumption that early precursors receive specific signals from
their external microenvironment that lead to T lineage commit-
ment and/or prciiferative expansion. This led us to define a strat-
ified pattern of precursor distribution in the thymic cortex (19),
wherein the earliest progenitors (CD4/8 double-negative stage 1,
DN1{)* are in the deep cortex, the next stage (DN2) in the midcor-
tex, and the last stage (DN3) predominates in the outer third of the
cortex. Transition to the early CD4/8 double-positive (pre-DP)
stage, together with the most obvious wave of proliferation (20,
21), correlates with localization to the subcapsular zone (22). This
is followed by a reversal in the polarity of migration, with move-
ment of expanded DP progeny progressively deeper into the cortex
toward the medulla (23).

There are two distinct categories of functions that are implicated
by the behaviors described above. The first is the stratified distri-
bution of signals that induce sequential stages of lineage commit-
ment and proliferation in the thymic cortex. The second, and the
topic of the present study, is a mechanism for moving cells be-
tween them. Directional migration of cells within tissues indicates
the presence of a number of biochemical requirements. Among
these are adhesion receptors on the migrating cells, as well as a
stable matrix of their ligands or counterreceptors to provide the
traction for cell movement, In this study, we characterize the pres-
ence of adhesion receptors on lymphoid cells traveling outward
through the cortex, as well as their ability 0 adiere to matrix

* Abbreviations used in this paper: DN, double negative, DAPL, 4'.6'-diamidine-2-
phenylindole: DP, double positive; ECM, exwacellular matrix; FN, fibronectin; LN,
laminin.
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ligands predicted by these receptors. Our data suggest that migrat-
ing lymphoid progenitors use a cellular, rather than extracellular,
matrix for adhesion and migration. Combined functional and in
situ analysis suggests that this cellular matrix consists of a subset
of cytokeratin™ cortical stromal cells that express the a, integrin
ligand VCAM-1. Together, our findings demonstrate a close asso-
ciation of early lymphoid progenitors in the thymus with the stro-
ma} elements on which their differentiation depends. Furthermore,
in addition to revealing unreported heterogeneity among cytoker-
atin™ stromal cells of the thymic cortex, these studies suggest that
early lymphoid progenitors and other, more mature lymphoid cells
that occupy the same cortical space may nonetheless interact with
very distinct stromal cell wypes.

Mateirials and Methods
Cells and Abs

Precursor thymocytes were prepared by sorting of lineage-negative thy-
mocytes isolated from 4- to B-wk-oid C57BL/G mice, as previously de-
scribed (21). Thymic stromal cells were isolated as previously described
(24}. The clened thymic stromal cell line 100-4 (25) was grown in DMEM
supplemented with 10% FBS, 2 mM glutamine, and 5 X 10™* M 2-ME.
Purified anti-integrin Abs weie clone 9C10 (anti-e,}, clone SH10-27 (anti-
it¢), clone GoH3 (amti-a), clone 9EGT (anti-#,), clone 346-11A (anti-B,),
+nd clone M293 (anti-B,}, ali from BD PharMingen (San Diego, CA).
Secondary Ab used for integrin detection was biotinylated goat F(ab’),
anti-rat 1gG (Jackson ImmunoResearch Laboratories, West Grove, PA),
followed by PE-streptavidin (Molecular Probes, Eugene, OR). Anti-cyto-
keratin Ab was clone C-11 conjugated to FITC (5igma-Aldrich, St. Louis,
MO}, recognizing cytokeratins 4, 5, 6, 8, 10, 13, and 18. Abs used 1o define
cortical stromal cells by flow cytometry were M 5/114.15.2 and 6C3, as
previously described (26). Anti-VCAM-1 Ab used for in situ analysis was
clone 429 conjugated to biotin (BD PharMingen). Anti-VCAM-1 Ab used
for in vitro blocking was clone M/K2.7. Abs used o identify precursor
thymoeytes in situ were clones PC-61 (anti-CD25) or ACK-2 (CDLI7)
coapled to biotin. Detection of VCAM-1 or CD117 by imrmunohistechem-
isiry or immunofluorescent microscopy was petformed using tyramide sig-
nal amplification (NEN, Boston, MA),

Assay for adhesion to purified extracellular matrix (ECM)
ligands

Murine fibronectin (FN) and laminin 1 (LNI) were purchased from Life
Technologies {(Carlsbad, CA). Ninety-six-weli trays (Nunc 473768; Nalge
Nunc International, Rochester, NY) were coated with ECM proteins by
overnight incubation al 4°C with I (FN) or § ug (LN1) purified protein in
100 ul PBS. These concentrations were determined by measurement of
optimai binding efficiency using unsorted DN thymocytes (i.e., lineage-
depleted thymocyies). Blocking of excess protein binding was performed
by incubating wells in a solution of heat-inactivated BSA (1% in PBS) for
I'h at room temperatuce. Purified DN precursors were added in PBS/BSA
and allowed 1o settle for 30 min at 4°C. In any given experiment, the wells
contpined identical numbers of cells for each developmental siage, al-
though the absolute number of cells varied between experiments, ranging
from 4-5 X 10 cells/well. Plates were then incubated at 37°C for 30 min,
followed by repeated washes in PBS/BSA. After a final wash in PBS, cells
were lixed using 4% formaldehiyde for 30 min at room temperature, fol-
lowed by washing in PBS, treatment with 20% methanol in water {10 min
at room ieniperature), and staining with 2% crystal violet. A single field at
the center of each well was photographed, and the digital image was an-
alyzed using the colony count functios of Guantity One software (Bic-Rad,
Hercules, CA). For an estimation of 1otai cells in the well before washing,
i phase-contrust image of the center of the well was vsed,

VCAM-1 adhesion assay

The 100-4 cells were grown in eight-well glass slide chambers (Lab-Tek;
Nalpe Nunc International), as described above. Purified T cell precursors
{4-5 % 10%/well) were added in DMEM supplemented as described above,
followed by incubation al 37°C for 1 h. The glass slide was removed from
the chambers and washed by stitring in a beaker containing PBS. Fixation
was Lhen performed as described above, followed by staining in Harris’
Modified Hematoxylin (Fisher Scientific, Pittsburgh, PA) and mounting.
For blocking experimenis, anli-VCAM-1 Ab (5 ugiml) was added %o the
adkerent monolayers 30 min before addition of lymphoid celis, and left in
the medium during subsequent incubation,
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Flow cytometry and microscopy

Thymic sections (3 M) were prepared by cryosectioning after embedding
in OCT. Immunohistochemical detection was performed using the Vec-
taStain ABC kit (Vector Laboratories, Burlingame, CA). Staining for im-
munofluorescent microscopy was performed as previously described (19).
Tissue counterstains were hematoxylin (immunohistochemistry) or 4’5
diamidino-2-phenylindole (DAPI; immunofluorescent microscopy). Digi-
tal microscopy was performed using an Olympus {Melville, NY) BX-50
microscope equipped with a mercury light source. Flow cytometric anal-
ysis was performed uvsing a three-laser LSR cytometer (BD Biosciences,
San Jose, CA),

Anti-VCAM-I administration in vivo

Animals were injected daily for 5 days with 100 pg/day mAb recogrizing
VCAM-1 (clone MK-2.7) or control {nonspecific) Ab. Following this, an-
imals were euthanized and the thymus was removed carefully. One lobe
was frozen immediately for immunohistochemical and/or immunofluores-
cent analysis, while a single cell suspension was prepared from the cther
lobe. The latter was used for determination of total cellularity (by hema-
cytometer counting) as well as for phenotypic analysis of developmental
stage by flow cytometry.

Resuits

Use of integrin expression profiles on intrathymic progenitors to
predict adhesive substrates for cell migration

Our previous work has shown that early intrathymic precursors
migrate outward through the cortex before differentiating into
CD4%8" cells (19). In an effort to understand the mechanisms of
transcortical migration, we sought to analyze the expression of
integrins by defined stages of intrathymic differentiation. Expres-
sion of integrins is impiicit in cell migration through tissues, and
although the mere presence of an integrin does not necessarily
imply functional activity, it does indicate potential for adhesion to
the corresponding ligand. It shouid be noted that while a number
of studies have evaluated integrin expression on thymocytes, es-
pecially fetal progenitors or total DN cells, integrin expression
relative to defined stages of differentiation in the postnatal progen-
itors has not been characterized, nor has binding to the correspond-
ing ligands. Given the recent description of stratified regions
through which progenitors migrate during differentiation {19),
these were the goals of the experiments described in this work.
A number of integrins were not found at any appreciable level
ont DN cells, including a,, a;, ¢, and «,. The latter is particuiarly
informative, because it eliminates potential involvement of f,-,
Bs-. Be-, and Bg-containing heterodimers in the precursor migra-
tion process. Likewise, the involvement of B, integrins has been
largely ruled out by gene-targeting experiments (27), thus leaving
B, Bs-. and B;-containing heterodimers as the major areas of
intes 2st. Analysis of these inlegrins and their a partners reveals
substintial heterogeneity among the various stages of differentia-
tion, as illustraied in Fig. 1. For instance, all DN stages express a,
integrin, although DNI express it in a biinodal pattern, and a
levels that are lower than either DN2 or DN3, Likewise, o, inte-
grin is expressed by all DN stages, although a bimodal distribution
is again noted, this time in DN2, but not DN! or DN3 cells. Thus,
although these two integrins are consistently expressed on DN
cells, they are not uniformly expressed; the relevance of this find-
ing is addressed by other experiments in this manuscript, and in
Discussion. Expression of integrin «,, is fairly uniform on all DN
cells, as is that of B,. However, heterogeneity is again revealed by
analysis of both 3, integrin, which is up-regulated upon transition
from DNI to DN2, and B, integrin, which appears to be largely
specific for DN2 cells, Thus, the functional helerodimers that can
be expressed by different stages of intrathymic precursor differen-
{iation are identifiable, and can be used to predict the potential
ligands for adhesion at each stage of transcortical migration. The
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FIGURE 1. Anaiysis of integrin expression profiles to predict ligands for adhesion during DN precursor migration. Lineage-depleted thymocyte sus-
pensions were stained with CD24, CD23, and CD44 Abs to reveal the various CD4787 stages of diffetentiation, as well as a panel of Abs recognizing
various integring. a . &, o, and a, integrins were not found with appreciable frequency on any precursor population (not shown). However, oy, a5, a;,
B,. B4 and 8, were expressed, as shown. In some cases (e.g., 3, and B.), expression fluctuated dramatically at certain developmental stages, indicating
the potential for specific adhesion requirements at these stages. Possible integrin heterodimer combinations and relevant ligands for each siage are
summarized in Table 1. Hatched lines show the relative staining intensity of an isotype-matched nonspecific conirol Ab.

major predicted ligands, as sammarized in Table 1, were the ECM
proteins FN, LN1, and LN3, as well as VCAM-1, which is gen-
erally implicated in cell-cell rather than cell-matrix interactions,
The ability of integrin heterodimers on DN precursors to bind
these ligands was subsequently tested, as described in the next
section.

Analysis of precursor binding fo ECM components

To confirm the integrin expression data shown in Fig. 1, and to
further characterize the nature of the matrix for transcortical mi-
gration of lymphoid precursors, static adhesion to purified ECM
proteins was performed (Fig. 2). Although stat:> adhesion does not
allow measurement of absolute affinity for a given ligand, it can be
used to determine relative affinity of cells expressing a given set of
receptors. Adhesion to LNS was not tested, because it is found
only in the basal Jayers of the thymic capsule and thymic blood
vessels (28, 29), neither of which are primary sites for DN local-
ization in the cortex (19). For the remaining ECM ligands, namely
FN and LN, 96-well tissue culture trays were coated with optimal
levels of purified ECM proteins (see Materials and Methods), and
eoual numbers of cells at each stage were added. Following incu-
bation and washing, relative levels of binding were determined.
Absolute quantitation of such assays is complicated by an accu-
mulation of cells at the edge of the well, in which the hydrody-
namic forces of washing are greatly reduced. Consequently, count-
ing was restricted to a single microscopic field at the center of the

Table §. Integrins expressed on early imrathymic precursors, and
potential ligands

Stape o Imeprins B Imegrins  Potential Dimers  Major Ligands

DNI &, as. a, B/ a3 FN, VCAM-|
a5£| FN, LNl
B, LNI

DN2 @, a5, @y B, B By aB FN, VCAM-1
.3 EN, VCAM-1
asf, FN, LN1
a.B LN}
ey LN35

DN3 oy a5, a, B, By aafy FN, VCAM-1
asf FN, LN1
a8, LN1
asBs LNS

¥ Bunodal expression.
" Low level expression.

well, The nomber of cells in this field was quantitated using the
colony-counting function of Quaniity One software (Bio-Rad) and
compared with the total cells present before washing (see Materi-
als and Methods). Several observations were made using this as-
say, First, the most efficient binding was of DN3 cells to FN, with
70—-80% of cells bound on average {(numerous experiments were
performed, but not all DN populations were examined in all ex-
periments). DN1 also bound efficiently to FN, with a similar pro-
portion of cells bound (60-70%). However, despite expressing
multiple FN receptors (Table 1), DN2 cells did not bind with ap-
preciable frequency to FN (10-15% of cells bound). For all pop-
ulations, the frequency of binding to LN was less than that of FN,
although appreciable numbers of cells still bound at both the DN1
and DN3 siages (30-35%). However, binding of DN2 cells to
LNI, although significant by the Student’s ¢ iest for paired sam-
ples, was only trivially higher than binding to BSA alone. To-
gether, these findings suggest that GNI and DN3 cells express
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FIGURE 2. Adhesion of precursor thymocytes to ECM ligands pre-
dicted by integrin expression profiles. Equal numbers of cells were added
10 wells coated with FN or LN, as indicated. After incubation and wash-
ing. bound cells were stained with crystal violet and the wells were pho-
tographed. Nonspecific binding to plates coated with BSA only was insig-
nificant. Cells at the DN and DN3 stages bound with high frequency to FN
(60--80% of cells bound), and somewhat less efficiently to LNI (~30% of
cells bound). Hov:ever, DN2 thymocytes did net bind efficiently to either
of these ECM comiponenis, despite expressing multiple relevant receptors
(see Table I), indicating that DN2 cells have adhesion requirements that
differ substantially from their precursors and progeny, and that may not
include ECM ligands.
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active FN receptors and, to a Jesser extent, LN1 receptors, while
DNZ cells do not bind with high affinity or frequency to either of
these, despite expressing the appropriate receptors.

Analysis of precursor binding to cellular matrix components in
the thymic cortex

Our previous studies suggest that DN2 cells must be highly mi-
gratory, because they span the midcortical regions between DNI
and DN3J cells (19). Directionai cell migration requires a matrix for
cell adhesion, yet the results shown in Fig. 2 suggest that DN2 do
not bind efficiently to ECM components for which they bear re-
ceptors. D2 cells also bear multiple receptors for VCAM-1 (Fig.
] and Table I), a counterreceptor that is generally found in cell
surface form and mediates cell-cell interactions. VCAM-1 has
been shown to be expressed in human thymus by both nonhemo-
poietic stroma {30) and macrophages (31). Interestingly, the stro-
mal cells expressing VCAM-I in the former case created a retic-
ular Jattice in the cortex. To evaluate the possibility that a cellular
matrix composed of VCAM-1* cells might form a substrate for
cell migration across the thymic cortex, we first analyzed expres-
sion of VCAM-1 in the mouse thymus (Fig. 3). Similar to previous
findings on the human thymus, we find that VCAM-1 is expressed
on reticular cells that form a radially aligned matrix in the thymic
cortex, while expression in the medulla is restricted to scattered
cells with macrophage-like morphology, or to vascular elements.
The nature of various VCAM-17 cells is further revealed by dual
stzining using an Ab recognizing cytokeratins (Fig. 3). Numerous
phenotypes can be observed, including VCAM-17 keratin ™ cells
with macrophage/dendritic morphology (located mainly in the me-
dulla), and a significant number of “'CAM-1" keratin* stromal
cells in the cortex. However, throughout the cortex there is »'.0 a
subset of keratin™ cells that is VCAM-1". This findin~ s con-
firmed by flow cytometric analysis, which shows that approxi-
mately one-third of cortical stromal cells (MHC-H", 6C3™; see
Materials and Methods) are also VCAM-17 (Fig. 3). Together, the
data presented in Fig. 3 reveal that VCAM-1 is expressed ip the
thymus on a subset of stromal cells that form a reticular matrix in
the cortex. Especially given the lack of DN2 binding to ECM

FIGURE 3. VCAM expression on a sub-
set of the cytokeratin® stromal cell matrix
of the cortex. a, Shows immunohistochem-
ical detection of VCAM-1 staining (brown)
on a ransverse section of thymus, staining
is mainly found in a reticular pattern in the
cortex, as well as in vascular regions of
both the medulla and cortex. b, Shows a
higher magnification view of the area of the
cortex indicated by the box in a. In ¢, it is
shown that VCAM-1 expression (red} in the
corlex corresponds (o a subset of cells that
also express cytokeratins (green). Flow cy-
lometric anabysis of VCAM-1 expression
on cortical stromal cells (MHC-1I™, 6C3™;
see text} confirms that approximately one-
third to one-half of such cells express
VCAM-1 (). Counterstains were hematox-
¥lin {2 and b) or DAPI (c). Criginal mag-
nifications: @ = X H00; b and ¢ = x400.
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components, this raised the possibility that stromal cells, and in
particular VCAM-1" stromal cells, might represent the substrate
for precursor migration outward through the cortex, as evaluated
Lelow,

If a stromal matrix does provide the substrate for precursor mi-
gration across the cortex, then precursors and stromal cells should
be in direct contact with each other. The data in Fig. 4 show that
this is, in fact the case. An Ab recognizing CD117 (c-kix) was used
to identify early intrathymic precursors (DN1 and DN2) found in
the inner and midcortex {19), together with an Ab recognizing
cytokeratins, to identify the most abundant stromal ceils in the
cortex. The vast majority of CD117" cells were found to be in
direct contact with cytokeratin™ stromal cells, in support of the
above hypothesis. 1t should be noted that in any single plane, there
were always a few (one or twn} precursors that did not appear to
be in contact with a stromal cell, suggesting the possibility that not
all lymphoid g ecursors remain in contact with the stromal matrix
at all times. However, it is quite possible that these few cells may
have been associated with a stromal cell that was above or below
the plane of the tissue section being examined. In any case, the
majority of precursor cells in any given plane are found to be
directly in contact with a stromal cell. The intimate nature of this
interaction is further revealed by high magnification views at var-
jous depths in a single tissue section (Fig. 4, b and ¢). Lymphoid
precursors are not only in contact with stromal cells, but are vir-
tualiy surrounded by reticular processes from the siromal cells that
they contact. These data not only support the hypothesis that stro-
mal cells may provide a matrix for migration of early precursors
outward through the cortex, but also show that intimate lym-
phostromal contacts are formed during this process, providing a
basis for reciprocal signals that may influence differentiation, pro-
liferation, ard/or sarvival of either cell type, as predicted by the
findings of others (for examples, see Refs. 32-34).

To further evaluate the role of the VCAM-1" subset of cytokera-
tin™ stroma in the above process, we first sought to demonstrate a
correlation between early precursors (i.e., c-kit™* cells) and VCAM-1*
cells in the cortex. Unfortunately, detection of ¢-Air and VCAM-1 in

relative cell number [&

T 10 100 T 1000
VCAM-1 expression
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FIGURE 4, Colocalization studies reveal intimate asscciation of early
Iymphopoietic precursors with the cytokeratin™ stromal matrix of the cor-
lex. a, Shows a Jower power view {original magnification, X 100) of a
transverse section of thymus, including midcortic:¥# regions and a portion of
central medutla, as indicated. CD117™ cells (red) are nearly always found
in direct contact with cytokeratin™ cells {green) that form a reticular matrix
in the cortex. In b, a higher power view of another section is shown (org-
inal magnification, X 1000). A view from the reverse orientation is shown
in ¢ the plane of focus in b and ¢ differs by ~2 oM. The awows around
the most centrally located CD117* cell indicate a cytokeratin™ cell seen
from above in b, and through the center of the CD117™ celi in ¢; note that
the processes from the cytokeratin® cell virtally envelop the CDI17"
precursor, A similar relationship can be seen in a second precursor-stromal
pair in this field (marked by an arrowhead), albeit at a different tissue depth.

the thymus is difficult, requiring some form ~f enzymatic amplifica-
tion {either peroxidase alone or peroxidase/tyramide; see Maiterials
and Methods) to be detected. It is not clear whether this results from
low Ag levels on target cells, or whether the Abs and/or Ab conju-
gates are of low affinity, although it is worth noting that muitiple
clones and multiple direct conjugates have been used with similar
results. Consequently, a functional assay for interaction of early pre-
cursors was used, in which binding to a cloned VCAM-1" thymic
siromal line (100-4, the gift of A. Fai, Scattie. 'WA) was tested {Fig.
5}. in this assay, DN1 cells bound in a relatively nonspecific manner
1 both the sromal cells and the plastic substrate; consequently, the
abilitv of DN cells 1o bind specifically 1o VCAM-1 cannot be reli-
ably determined. However, both DN2 and DN3 cells bound specifi-
cally to these VCAM-17 cells in a manner that could be biocked
almost completely by preincubation with anti-VCAM-1. This finding

LYMPHOSTROMAL INTERACTICNS DURING THYMUS PRECURSOR MIGRATION
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FIGURE 5. Adhesion of precursor thymocywes to stromal culls via
VCAM-1. The ability of DN precursors 1o adhere to VCAM-1 expressed
by thymic stromal cells was tested by a coincubation assay. Equa) numbers
of purified precursors were added to each well, followed by incubation,
washing, fixation, and staining with hematoxylin. Thymocytes appear as
small, darkly stained dots, while thymic stromal cells are large, reticular,
and less darkiy stained. [PN1 thymocyies adhered in a relatively nonspe-
cific manner io stromal ceit cultures, as evidenced by binding to noncellular
regions of the plastic substrate; such binding could not be blocke with an
anti-VCAM-1 Ab. However, DN2 and DN3 precwsors adhered specifi-
cally to the VCAM-1" stromal cells, but not to the surrounding plastic.
This adhesion specifically invelved YVCAM-1, because it could be blocked
almost completely by pretreatment of the stromal culture with an anti-
VCAM-1 Ab.

is most revealing in refation to the DN2 subset, which had poor af-
finity for ECM ligands under similar assay conditions (Fig. 2). Be-
cause the anatomic location of DN2 cells is intermediate between that
of DNI (inner cortex) and DN3 (outer cortex), the reliance of this
stage on cell surface-expressed VCAM-1 for adhesion strongly im-
plicates requirement for a cellular, rather than extracellular, matrix for
transmigration of early precursors between different cortical
microenvironments.

In vivo ¢ffects of anti-VCAM-1 administration on the thymus

The data presented to this point show tkat early lymphoid precur-
sors directly interact with stromal cells during migration outward
through the cortex, and strongly implicate adhesion to this stromal
mairix via 3 YCUAM-1-dependent mechanism. To confirm the rel-
evance of this data, an in vivo assay was highly desirable. Several
factors complicate such analysis. First, distuption of lymphoid re-
ceptors for VCAM-1 results in an inability of bone marrow pre-
cursors o intravasate and travel to the thymus (35), making inter-
ference with a, integrins problematic. Second, it is possible that
VCAM-I may be involved not just in the intrathymic migration
process, but in the interaction of blood-borne progenitors with vas-
cular endotheiium in thymic blood vessels, and thus in eniry of
early precursors into the thymus, Inhibition of entty into the thy-
mus and inhibition of early precursor differentiation inside the thy-
mus could have similar phenotypes, i.e., an overall reduction in
thymocyte number, thus making it difficult to unconditionally dis-
tinguish between these two potential roles for VCAM-1.

With this caveat in mind, we perfonmed such experiments, using
in vivo administration of a mAb against VCAM-1 for 5 consecu-
tive days in mice. Overall, the size of the thymus was reduced by
approximately one-third, both in terms of cross sectional area (Fig.
6) and cell number (Table 11}, in animals receiving anti-VC AM-1
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FIGURE 6. Reduced thymic size and altered precursor distribution and
frequency resulting from anti-VC AM-1 administration in vive. The top iwo
panels show hematoxylin staining (criginal magnification, X40) of trans-
verse sections of thymus from a mouse treated for 5 consecutive days with
an anti-VCAM-1 Ab (leff} or a control Ab (right). In each case, sections
were selected as those having the preatest cross sectional area. Anti-
VC AM-1-treated thymuses were smaller, had fewer cells {see Table II).
and have a reduced cell density per unit area. The bottom panels show
higher power views (original magnification, X100) of a portion of the
thymus from mice treated similarly, indicating the presence of CD117"
precursors (red). CD1 17" precursors were less frequent and inore centrally
located in mice treated with anti-VCAM-1 Ab, compared with controls.
Dashed lines in immunofluorescent images represent the boundaries of
inedullary regions; counterstain is DAPI (blue),

Ab vs a nonspecific control Ab. The density of cells in the anti-
VCAM-1-injected thymus was different from that of controls, with
the cortex assuming a less densely packed appearance (i.e., more
space between cells). The frequency and anatomic distribution of
early (CD117" precursors were also influenced, with fewer cclls
being present overall, and markedly fewer cells in the mid- to outer
cortex of anti-VCAM-1-injected mice. Overall, the proportion of
total CD47 87 cells did not differ substantially in thymuses from
anti-VCAM-1 injected vs controls (Table 11). Likewise, the pro-
portion of individuai DN subsets, including the CD117” stages
{DN1 and DN2), was not dramatically affected (data not shown).
This result is to be expected given the relatively short period of
VCAM-1 administration (§ days) compared with the total life span
of DN cells (~2 wk; see Ref. 12), especially because the wansit
time through the CD1177 stages is 2t least 10 days, Thus, 5 days
of anti-VCAM-1 administration can effectively block migration to
the outer cortex without substantially changing the number of pre-
cursor cells that are present. Administration of Ab for longer pe-
riods jncurs the nisk of anti-Ig immune responses in either
VCAM-1- or nonspecific Ab-treated mice. Nonetheless, 5 days of
anti-VCAM-1 Ab had clear effects on both thymic size and pre-
cursor distribution. The fact that early progenitors were biased

Table l. Effects of in vivo administration of anti-VCAM-1 Ab"

% of Cells in Phenotype

Treatent Type Towl Cells® CD4"8~  CD4*8*  Mamwre
Anti-VCAM-} 110 £ 27 523 88 =9 6*4
i2G control 146 * 37 6=1 g6=>2 g2

“Mean % SD for three to six experiments,
* Total of % 107° per lobe of the thymus.
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toward the inner cortex in anti-VCAM-1-treated animals further
suggests that VCAM-1 musi play a role in intrathymic migration in
addition tc any potential role in precursor entry; effects on precur-
sor entry alone should result in an accumulation of precursors in
the outer, rather than the inner, cortex, Thus, our findings are con-
sistent with a requirement for VCAM-1 in the intrathymic migra-
tion of early progenitors, although an additional role in precursor
entry cannot be excluded by these studies.

Discussion

In this study, we used integrin expression profiles (Fig. I and Table
1} to predict the mechanical requirements for migration of imma-
ture precursors from the deep cortex to the capsule. Although deep
cortical (DM!) and outer cortical (DN3} stages were capabie of
efficient binding to ECM ligands predicted by integrin expression
profiles, DN2 cells that span the midcortex were not. This led us to
evaluate binding to alternative matrix ligands, specifically the cell
surface-expressed integrin counterreceptor VCAM-1. Functional
and in situ studies revealed that lymphoid progenitors migrating
outward through the cortex were found in intimate contact with a
radially aligned stromal cell matrix (Fig. 4), & subset of which was
VCAM-17 (Fig. 3). Although technical limitations prevented us
from performing direct colocalization studies of VCAM-1 and
early precursors in situ, the capacity for these cells to interact in a
VCAM-1-specific manner was demonstrated by in vitro binding
(Fig. 5). Furthermiore, administration of an anti-VCAM-1 Ab in
vivo resulted in reduced thymic size and cortical density, as well
as a reduction in the presence of early progenitors in the outer
cortex (Fig. 6). This phenotype is consistent with a role for
VCAM-17" stromal cells in providing the adhesive matrix for in-
trathymic precursor migration, although, as mentioned earlier (see
Resuits), VCAM-1 could also play a role in the entry of precursors
into the thymus. Our data conclusively show that early lymphoid
progenitors form intimate cont:ts w'h a matrix composed of cor-
tical stromal cells (Fig. 4); that they express receptors for VCAM-1
{Fig. I and Table I}, which is found on components of this cetlular
matrix (Fig. 3); and that they bind specifically 0 VCAM-1 on
cloned cortical stromal cells in vitro (Fig. 5). Together with sup-
pottive results from in vive studies (Fig. 6 and Table 1), these
findings provide direct evidence for intimate interactions between
stromal cells and early lymphoid progenitors during their migra-
tion across the cortex, and further suggest that VCAM-1 and o,
integrins (respectively) are probahly responsible for this interac-
tion. Although inducible deletion of VCAM-1 has been reported to
have no obvious effect on the distribution of thymic subsets (36),
deletion was performed in the immediate postnatal period, when
the embryonic wave of thymic precursor differentiation predomi-
nates (reviewed in Ref. 1). Thus, a requirement for VCAM-1 in
either the extravasation or transcortical migration of progenitors in
the steady state thymus may not be obvious from such experi-
ments. Furthermore, the overall size of the thymus in gene-targeted
animals was not reported, and consequently the results of those
studies may be completely consistent with those obtained by us
using in vive Ab administration (Fig. 6 and Table II).

Jt should be noted that stromal cells in the thymic cortex are
scattered (Fig. 4), such that not every cortical lymphocyte (which
are mostly DP cells) can be in contact with a stromal cell at any
one time, Consequently, the finding that early progenitors do remain
in contact with stromal cells during their migration across the cortex
may reveal important principles about the differentiation process, as
follows. Stromal cells are generally believed to be responsible for
establishing the thymic microenvironment (reviewed in Refs. 37 and
38), and conseguently, for inducing the steady state production of
mature T lymphocytes from uncommitted progenitors. Our previous
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work has shown that although stromal cells from various cortical re-
gions may be morphologically indistinct, they can be functionally
differentiated, and establish a series of stratified microenvironments in
which distinct stages of early precursor differentiation occur (19).
Many of the signals that induce cellular differentiation, including
those known to be important for intrathymic differendation, such as
Notch and c-kit ligands (see above), exist as cell surface proteins.
Thus, successful differentiation of early lymphoid progenitors may
require direct, sequential interactions with stromal cell-expressed li-
gands in each cortical region (for an example, see Ref. 22). Interstitial
migration, i.e., migration along an ECM, could leave many such in-
teractions to chance, while migration along a matix of the very cells
that generate these signals would ensure the efficiency of reguired
inieractions. This does not mean that the cortical stromal matrix exists
merely to support DN migration and differentiation, because DP cells
undoubtedly have a requirement for somomal cells as well. In fact,
given that VCAM-1 expression reveals clear heterogeneity among
cytokeratin ™ cortical stroma (Fig. 3), it is conceivable that DN and DP
cells may use quite different stromal cell types, despite being present
in the same cortical regions. Likewise, the ECM plays a required role
in the differentiation, proliferation, andfor survival of lymphoid pro-
genitors (39), either by direct signaling to the progenitors themselves,
or through the organization of other stromal cells in their correspond-
ing microenvironments.

A requirement for cell migration in progenitor differentiation is
not unigue to the steady state thymus. Of course, migration into
and/or away from different microenvironments is a well-known
paradigm of differentiation in the embryo, In addition, progenitor
migration between different extracellular microenvironments is 4
integral component of steady state differentiation in 2 variety of
postnatal tissues, including the epidermis (40), intestinal crypts
{41), germ cells (42, 43), and ever bone marrow (44, 45). Fre-
quently, the divergence of independent cell fates, i.e., commitment
to one lineage vs another, or self-renewal vs differentiation, is in-
tricately linked to the position of a given stem/progenitor cell rel-
ative to other cells in its microenvironment, It is likely that pro-
genitors in the thymus undergo a similar process, because they not
only migrate, but make numerous cell fate choices as well, includ-
ing (for instance) divergence of o/ vs /8 lineages, or the decision
to differentiate or remain (albeit temporarily) in an undifferentiated
state (46). The signals that regulate this asymmetry in the thymus
are largely unknown. Howewer, it is worth noting that integrin
expression analysis reveals hterogeneity among otherwise ho-
mogencus DN and DN2 subsets, in which many such cell fate
decisinns occur (s2e Fig. 1). It is interesting to speculate that such
changes in integrin expression may, in fact, be linked to asymme-
iry of cell fates, as it is in differentiating epidermis (see Ref. 40).
However, not only are integrins nonhomogenously expressed on
DN cells, but their ligands are nonhemogenously distributed in the
thymnus (this study, and Refs. 28, 29, and 47). Further structural
and biochemical mappiug of specific regions ir which asymmetric
cell fate decisions take place thus represents an important next step
in deciphering the signals for steady state T cell production in the
postnatal thyrnus.
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