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Abstract

The thymus contains an extensive extracellular matrix. Although
thymocytes express integrins capable of binding to matrix molecules,
the functional significance of the matrix for T cell development is
uncertain. We have shown that the matrix is associated with thymic
fibroblasts which are required for the CD44* CD25" stage of double
negative (CD4 87) thymocyte development. The survival of cells at
this stage is dependent on IL-7 and we propose that the role of
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fibroblasts is to present, via the matrix, IL-7 to developing T cells.

Introduction

The thymus is a major site of T cell
development, although there are extrathymic
pathways especially in the gastrointestinal
tract. Within the thymus, T cells are derived
from blood-borne stem cells which migrate
from sites of haemopoiesis into the thymic
microenvironment. The nature of these stem
cells, i.e., whether they are multipotential
with respect to haemopoietic development
or whether they are already restricted to the
T cell lineage, has been debated for some
time without a definitive outcome. Simi-
larly, although the development of stem cells
into T lymphocytes is known to depend upon
interactions with cells of the thymic stroma,
the nature of these interactions has remained
elusive (1).

In fact, the thymic stroma is complex and
consists of epithelial cells derived from the
pharynx as well as macrophages and den-
dritic cells derived from haemopoietic pre-

cursors. Savino et al. (2) also pointed out that
the thymus contains a prominent extracellu-
lar matrix (ECM) which is present from the
earliest phases of ontogeny and these au-
thors suggested that it played an important
role in T cell development. The potential
functional significance of the ECM is
strengthened by the fact that developing T
cells express integrins which are capable of
binding to matrix molecules.

Developing T cells pass through two im-
portant checkpoints during their maturation
within the thymus. The first occurs when
cells are passing through the immature,
double negative (DN; CD4787) stage of de-
velopment and depends on expression of the
T cell receptor (TCR) B chain. This check-
point controls the maturation of DN cells to
the double positive (DP; CD4%8") stage and
is driven by the pre-TCR complex which
consists of the TCR B chain, the pre-T o
chain and components of the CD3 signalling
complex (3). The second checkpoint is regu-
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lated by the a8 TCR complex expressed on
DP cells which, following interaction with
peptide/MHC complexes on thymic epithe-
lial cells, drives their maturation into single
positive (SP; CD4* and CD8") T cells in a
process known as positive selection (4). It is
important to note that thymocytes removed
from the thymic stroma fail to develop in
vitro even in the presence of cytokines. Hence
it is likely that stromal cells provide signals
for most phases of thymocyte development.
Moreover, the three-dimensional structure
of the stroma is important because only lim-
ited T cell development is obtained on stro-
mal monolayers, perhaps because stromal
cells undergo a number of functional changes
in monolayers (5).

In this paper, we will focus on studies in
which the thymic microenvironment has been
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reconstructed in three dimensions using a
reaggregation technique whereby purified
populations of stromal cells are associated
with thymocytes at defined stages of devel-
opment. These studies point to the impor-
tance of a fibroblast associated ECM during
the earliest DN phases of T cell develop-
ment.

The thymus contains an ECM
associated with fibroblasts

Immunocytochemical techniques have
been used to demonstrate collagen, fibro-
nectin and laminin within the thymus. In
particular, the ECM has been associated with
medullary regions of the thymus but itis also
present within the cortex (6). Although
thymic epithelial cells and especially thymic
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Figure 1 - Stages of double negative (CD4°8") o3 T cell development. The CD44* stage requires both fibroblast/ECM interactions with
developing thymocytes as well as IL-7/IL-7R interactions.
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epithelial cell lines are known to make the
constituents of the ECM, thymic fibroblasts
but not thymic epithelial cells express the a5
31 integrin which is known to be involved in
matrix deposition. Also, in short-term pri-
mary cultures of thymic epithelial cells and
fibroblasts, we have found that an ECM is
associated with fibroblasts but not with epi-
thelial cells (7). Hence we have concluded
that the thymic stroma contains a prominent
fibroblast-associated ECM as well as the
more widely recognised network of inter-
connecting epithelial cells.

Fibroblasts are required for
early T cell development

In order to analyse the importance of the
various cell types that make up the stroma,
we have used a technique in which purified
stromal cell populations are prepared by
immunomagnetic selection from trypsinised
thymic lobes. Prior to trypsinisation, embry-
onic thymic lobes are cultured in the pres-
ence of 2-deoxyguanosine which is toxic for
lymphoid cells but not for stromal cells.
Purified stromal cells are reaggregated with
defined T cell precursors to reform lobes
which can be maintained in organ culture.
Using this approach, we have shown that DN
thymocytes but not DP thymocytes require
fibroblasts as well as epithelial cells for their
development (7). The DN stage has been
sub-divided into 4 distinct developmental
compartments based on expression of CD44
and CD25 (Figure 1). During the first phases
(thymic progenitors and pro-T cells), thy-
mocytes express high levels of CD44 whereas
in the second two phases (early and late pre-
T cells) CD44 is down-regulated. By purify-
ing CD44"and CD44" DN cells and reaggre-
gating them with purified stromal cells, we
have shown that fibroblast dependency is
confined to the CD44* stage of T cell devel-
opment. Hence these studies suggest that a
fibroblast associated ECM might be most
important at the CD44* stage.

Interactions between developing
T cells and the ECM

As mentioned earlier, a number of stud-
ies have identified integrins on developing
thymocytes with the potential of binding to
ECM molecules. In particular, 04B1, o581
and a6B1 are known to be expressed on
thymocytes and are present at highest levels
during the DN phase of T cell development
(8). Moreover, immature T cells have been
shown to be capable of binding to matrix
constituents indicating that their integrin re-
ceptors are active. The potential functional
importance of such interactions is also
strengthened by evidence that antibodies to
CD44 and o4 interfere with the develop-
ment of immature CD44" thymocytes in re-
aggregate organ cultures (7). Recent mo-
lecular genetic approaches have also pointed
to the importance of integrins during T cell
development. Thus, in mutant mice lacking
B1 integrins, lymphoid stem cells are blocked
in their ability to produce T lymphocytes (9)
and also mice lacking o4 integrin have im-
paired T cell development after birth (10). In
the latter case, the defect is at the level of
development of DN cells into DP cells and
so again focuses on the DN stage of develop-
ment as important in integrin/matrix interac-
tions.

Growth factors, the ECM and
T cell development

Thymocytes express a number of cytokine
receptors and respond to cytokines in vitro.
However, gene knockout studies have failed
to reveal essential functions for many of the
cytokines with the exception of IL-7-~ mice,
in which there is a greatly reduced level of
thymopoiesis (11). Similarly, mutant mice
lacking expression of the IL-7 receptor o
chain have defective thymocyte development
(12). An initial effect due to the lack of IL-7
is a reduced number of DN CD44" CD25*
cells. It is interesting that introduction of a
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transgenic bcl-2 molecule into these mice
restores normal T cell development (13).
Since bcl-2 is known to be important in
enhancing cell survival, these results suggest
that IL-7 might provide a survival signal for
thymocytes which are at a stage of develop-
ment where we have shown there is a need
for fibroblasts.

In a previous study, using a semi-quanti-
tative PCR technique, we have shown that
IL-7 is a product of thymic epithelial cells
but not of other thymic stromal cells (14).
However, IL-7 is known to bind to sulphated
glycosaminoglycans in the ECM (15). In a
recent study on early pre-B cell development
it was shown that direct contact between
bone marrow stromal cells and pre-B cells is
required for IL-7 to function (16). These
authors showed that there is an impaired
ability of bone marrow stromal cells to present
IL-7 during B-lymphopoiesis with age.
Hence, in the thymus, IL-7 might be pre-
sented to CD44" DN cells on fibroblast asso-
ciated ECM. In addition, the interaction be-
tween thymocytes and the ECM via CD44
and integrins might be important in focusing
IL-7 onto T cell precursors. In fact it has
been suggested that IL-7 itself might further
potentiate such interactions (17).

Hence in this scheme, IL-7, although pro-
duced by thymic epithelial cells, would need
to be presented by the ECM during a close
interaction between immature thymocytes
and their integrin receptors with molecules
of the ECM. IL-7 presented in this way
would promote pro-T cell survival at the
CD44* stage and allow progression to later
stages.

It is interesting to note that in at least two
situations, i.e., in mutants lacking expres-
sion of 04 and mutants lacking expression of
the IL-7 receptor o chain defects of thymo-
poiesis, are more evident in the postnatal
thymus than during foetal life (10,12). The
reasons for these differences are unclear but
it should be remembered that the kinetics of
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T cell development are likely to be different
in the foetus than in the adult. Thus, in the
foetus, stem cells enter the thymus in waves
with the initial wave occurring at the 12th to
13th day of gestation and hence develop-
mental events are synchronized during foe-
tal development with major populations of
cells passing through each developmental
stage. Perhaps under these circumstances it
is more likely that some cells may survive
the CD44" stage, even in the absence of
integrin and IL-7 interactions, than in the
adult where precursor populations are likely
to be more limiting.

Final considerations

We have discussed evidence that the
known importance of fibroblasts in the early
development of DN thymocytes might de-
pend upon the presentation of IL-7 through
matrix molecules which are associated with
fibroblasts but not with thymic epithelial
cells. We are carrying out experiments to test
this hypothesis by associated IL-7-depen-
dent pre-B cell lines with either purified
thymic epithelial cells or with epithelial cells
and fibroblasts. Given the total dependence
of these lines on IL-7 presentation, it should
be possible to determine the importance of
fibroblasts as presenters of IL-7 in the sur-
vival and growth of these lines. It might also
follow that the necessity for fibroblasts dur-
ing early T cell development can be over-
come if sufficient recombinant IL-7 is added
to reaggregate cultures of purified epithelial
cells and CD44" cells. Finally, it should be
noted that IL-7 is unlikely to be the only
factor influencing the development of early
T cell precursors. Indeed it is known that the
interaction between c-kit on thymocytes and
stem cell factor on thymic stromal cells is
also involved in early T cell development. C-
kitand IL-7 seem to act in concert since their
combined absence in mutant mice leads to a
very severe defectin T cell development (18).
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