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In this ecture we will discuss the devel opnent of naive T
| ynphocytes. The activation and antigen-driven differentiation of
T cells will be considered in subsequent |ectures. T cel
progenitors develop fromfetal |iver derived stemcells in utero
and from bone-marrow progenitors in adult life. These precursors
mgrate to the thynus where nost T cells are generated. Once
progenitors seed the thynmus via the bl ood-stream they begin to
develop in this central organ going through a nunber of cellular
stages which are simlar, at least in broad outline, to the
devel opnent al stages considered during B cell devel opnent. The
t hymus provides stromal signals, both cell-bound and sol ubl e,
that drive T cell developnent and this organ is uniquely required
for a “conpartnentalization” function that is critical for the
devel opment of nost T cells, particularly cells of the off
lineage. T cell devel opment can al so occur at extra-thynmic sites
and this aspect of T cell generation will also be briefly
considered in this |ecture.

There are two major T |lynphoid |ineages, thea and the yd

| i neages. About 90% of all T cells are of T cells. Mst o T
cells mature into either CD4 or CD8 expressing (single positive,
SP) T cells. Cells of a “third” T |ynphocyte |ineage expressaoff T
cell receptors, nmay either express CD4, or may | ack both CD4 and
CD8, and generally express the NKL.1 marker (characteristically
found on NK cells). These cells are referred to as Natural T or
NT cells (they are also called NK T cells or NK 1.1" T cells). A
developing T cell commts to mature either as ayd or an af cell
How exactly the decision is nade for a progenitor cell to commt
to one or the other lineage remains to be established. Early T

cells of the aff lineage are positively selected if they
productively rearrange the T cell receptor (TCR) B chain, a

process known as Positive Selection | or B selection. This event
i s anal ogous to Positive Selection | in the B |lineage, and

signals generated during B selection nmay contribute to a nunber
of inportant processes, one of which is the generation of

accessibility for rearrangenent at the TCR a |l ocus. Pre-TCR
signaling may in a sense represent the instructive part of

conmitnent to the aof |ineage in the course of a gradual but



“l eaky” instructive process. aoff T cells which have conpleted the
program of receptor gene rearrangenent subsequently undergo a
second positive selection event (Positive Selection Il - this is
what is commonly referred to as “positive selection” by nost
people in the field), and may al so be negatively selected at the
CD4"/ CD8" doubl e positive (DP) stage.
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Figure 1 Asinplified overview of T cell devel opnent.

In the T lineage, negative selection |eads to the del etion of
self-reactive cells. It is still not fully understood how T cells
that recogni ze nost self-antigens, including nany that are
expressed in a highly tissue-specific manner are deleted in the
thymus. A gene that m ght contribute in a poorly understood
manner to the expression of a nunber of genes in nedullary
epithelial cells in the thynus is Al RE (for autoinmune
regulator). In patients with APECED (autoi nmune

pol yendocr i nopoat hy- candi di asi s-ect oder mal dystrophy) al so known



as APS (autoi mune pol ygl andul ar syndrone), AIRE is not
expressed or is nutant and selected self-reactive T cells are not
negati vely sel ected. Although there is grow ng evidence for cells
bei ng given “another chance” if they encounter self-antigen
during B cell devel opnent, there is at present no evidence to
suggest that receptor editing occurs early in T cell devel opnent.
Positive selection Il in T cells is also closely linked to a

| i neage conmitnment decision - to nmake SP CD4" or CD8" cells. A

sinplified overview of T cell developnment (primarily of af T
cells) is provided in Figure 1.

Hom ng of progenitors to the thynus

During fetal life T cell precursors |leave the fetal liver in
waves and col oni ze the rudi nentary thynus at precise stages of
devel opnent starting fromday 11 of gestation (dEll). The first
wave of precursors that seed the thynus before dE13 give rise to
all the T cells that are produced by the thymus during gestation
and the first week after birth. A second wave of progenitors from
the fetal |iver seeds the thynmus after dE13 and this produces T
cells that begin to dom nate the repertoire from about day 7
after birth. After birth, however, there is a steady exodus of
progenitors that |eave the bone marrow and hone to the thynus.
How exactly waves of precursors are generated during fetal life
i s uncl ear.

Wiy do T cells develop primarily in the thynus and not el sewhere?
| f any organ has been deified by i nmmunol ogists it is the
thymus! It has been described as the “nmmestro” or the “master
orchestrator” of the i mune system Sone of the inplied
“intelligence” attributed to selection processes in the thynus,
particularly the process of MHC restriction, may need to be
t hought through froma strictly devel opnental, but perhaps
teleologically |l ess exciting, viewpoint (see discussion below).
Wy exactly do we need the thynus? Are there any uni que trophic
factors in this organ that do not exist at other anatom ca
sites? Is there any reason why stromal cells in the bone marrow
or other cells el sewhere cannot induce positive and negative
selection? It appears that the unique architecture of the thynus
is essential during | ynphocyte devel opnent. Wile the thynus does
provide the signals for commtnent and differentiation as
descri bed bel ow, recent studies suggest that T cell devel opnent
cannot proceed efficiently in extrathym c sites, because of a
feedback inhibition effect. It has been denonstrated that
recently generated mature T cells inhibit the further devel opnment
of precursors. While bone-marrow precursors can give rise to

mature SP of T cells in the bone marrow itself, mature cells
provi de feedback signals that prevent the efficient maturation of
precursors within this conpartnent. In in vitro studies, when DN
T cell precursors in the bone marrow are separated from mature



cells (largely of recirculating origin), these precursors can
quite efficiently generate SP CD4" and CD8" cells. In the
presence of mature T cells, in vitro T cell maturation is
relatively inefficient. It has been suggested that perhaps
because T cells and their cytokine products can potently

i nfluence hematopoiesis, it is advantageous for T cell production
not to occur in the imedi ate vicinity of blood cell generation.
Accordingly, a negative feedback | oop may have evolved in
vertebrates by which mature T cells inhibit the generation of T
cells fromprecursors. Al though such a schene of things is
totally specul ative, these observations | end support to the view
that the underlying design of the thynus is to provide an

envi ronnment that overcones the process of feedback inhibition.
One major feature of “thynus design” is the conpartnentalization
of precursors in the cortex and of nore nmature cells in the
medulla. It is likely that in such a set-up, nore mature T cells
are physically segregated fromimmture T cells and are thus
unabl e to negatively influence T cell devel opnent.

The devel opnent of the thynus

The thymus is nmade up of a highly organi zed network of
epithelial cells, nesenchymal cells, and T lineage cells and
their progenitors. The thymc epithelium fibroblasts, dendritic
cells, and macrophages together make up the thym c stroma. The
|atter two cell types are of bone-marrow origin. Dendritic cells
in the thymus may be however of nyeloid or |ynphoid origin as
di scussed above, and thym c macrophages may al so be fairly
di verse. The early, relatively undevel oped, thymc prinordiumis
formed by the fusion of the endodermfromthe third pharyngea
pouch with the ectodermof the third branchial cleft. The
devel opment of this thym c anl age depends on the inductive
i nfluence of the surrounding neural crest derived nesenchyne. In
the chick it has been suggested that pharyngeal pouch endoder mal
cells alone can give rise to thymic epithelial cells. In the
nouse both the ectoderm and the endoderm are believed to
contribute to the devel opnent of these epithelial cells. In the
nude nouse, discussed bel ow, ectodermally derived epithelia
cells fail to devel op. The inportance of the neural crest derived
mesenchyne in inducing the devel opnent of the thym c prinordi um
has been supported by experinental ablation studies. In man, the
D George syndrone (discussed in the |ecture on inmunodeficiency)
m ght result froma defect in neural crest derived nesenchyne.
Mce in which the Hox-a3/Hox 1.5 gene has been knocked out have
at hym c enbryos along with other crani ofacial abnornalities.
Whet her the underlying defect is in cells of ectodernal,
endodermal , or nmesenchymal origin remains to be established.
However the simlarity of the thymc defect to that noted in the
Di George syndrone suggests a defect at the level of the
mesenchymal induction of thynus devel opnent.



The thymc prinmordiumis invaded by bl ood vessel s and
associ at ed nmesenchynme of nesodermal origin. Once the blood supply
to this organ has been established, bone-nmarrow derived
macr ophages, thymc dendritic cells, and thym c progenitors can
enter. Further devel opnent of the thymus into distinguishable
cortical and medullary regions requires the devel opnent of early
T cells

There is a decline in recent thymic emgrants with age, and
a drastic reduction after thynmectony. It has been denonstrated
that patients with human i mmunodeficiency virus (H V) infection
can al so generate new peripheral T cells after effective anti -
viral therapy.

The issue of new T cell generation with age has been
conveniently exam ned in the chick because of the discovery of a
cell-surface marker that is expressed only on recent thymc
em grants. These studi es have reveal ed that while fewer new T
cells are generated with age, T cell generation continues at sone
| evel throughout adult life.

Some T cell function persists after thynmectony, and it is
possi ble that a small nunber of new T cells are generated after
thymectony. It is possible that new T cells could be generated in
extrathym c sites (discussed bel ow) such as the bone-narrow and
intestinal cryptopatches, and that no thymectony is ever perfect
- perhaps sone residual thymc tissue persists after the nost
meti cul ous extirpation.

Summary and Perspective

= Hematopoietic stemcells generate partially commtted
progenitors which mgrate to the thynus and progressively
beconme nore conmitted to the T |ineage. Wile internediate
stages of conm tnent may be defined by surface markers, little
i s understood of the actual commtnent process itself. GATA-3
represents a transcription factor is required for entry into
the T |i neage.

= Mst T cells belong to the aof |ineage and develop in the

thymus. Conmitnment to the apf or yd |ineages nay involve a
“l eaky” instructive nechanism but it renmai ns possible that
stochastic events drive this devel opnental deci sion.

= Acritical function of the thymus is to conpartnentalize and
separate precursor cells fromnore mature cells which can
inhibit the maturati on process. Precursors develop in the
thym c cortex. Cortical epithelial cells provide poorly
understood cell surface and extracellular matrix |igands for
receptors on T cell progenitors. They al so secrete IL-7 and
SCF which are required for the survival and proliferation of T
| i neage precursors and either directly or indirectly influence
t he comm t nent process.



TCRB gene rearrangenent is induced in cortical thynocytes and

while EB (the enhancer in the TCRP locus) is required, the
actual cell surface signals that trigger accessibility
factors, and the specific cis-acting sequences that bind to

t hese unknown accessibility factors remain to be identified.
The com ng years will probably see the identification of the
extracellular |igands and receptors that m ght drive

comm tment, and gene targeting experinments will undoubtedly be
conducted to establish which specific cis-acting notifs in the

TCRB locus are required for the initiation of V(D)J
rearrangenent at this |ocus.

TCRB chains contribute to the formation of the pre-TCR which
probably signals constitutively in a |ligand i ndependent
fashion to select cells which have nmade in-franme

rearrangenents at the TCRB | ocus. The pre-TCR is required for
survi val and subsequent proliferation of selected pre-T cells
and for the initiation of allelic exclusion probably both at

the level of the transient induction of Rag-2 degradati on and
t he subsequent | oss of reconbinational accessibility. Pre-TCR

signals also probably contribute to the induction of TCR a

accessibility in an Eo dependent manner, although the specific
cis-acting notifs and accessibility factors remain to be
i dentified.

Followingp selection, DP T cells nmay be successively positvely
and negatively selected. Positive selection depends on the

i nduction of TCR signaling by | ow noderate affinity MAC
peptide ligands. H gh affinity IHC peptide |igands induce
deletion of T cells and T cells that do not recognize MHC | i ke
shapes probably “die by neglect”. Positive selection is
initiated by MHC peptide Iigands on cortical epithelial cells
and negative selection is conpleted in the nmedulla by MHC
pepti de conpl exes which bind with high affinity to cognate
TCRs. AIRE may facilitate the expression in thym c nmedul | ary
epi thelium of specific genes and thereby contribute to the
generation of tolerance.

The specificity of T cells for self-MHC i s engi neered by
positive selection and this specificity is called MHC
Restriction. This termis sonmewhat overenphasi zed by

i mmunol ogi sts and neans nuch less than it is nmade out to!

Positive selection is acconpani ed by a |ineage comn t nent
deci si on whereby DP cells shut-of expression either of CD4 or
CD8. Lineage comm tnment may involve instructive processes or



may be achi eved by an asymmetric comm tnent mechanismwhich is
stochastic in part. Even if the |lineage conmm tnment process is
conpletely stochastic (and this is unlikely), selection
processes nmust subsequently dictate the survival of cells with
TCRs bei ng mat ched, based on the class of MHC recogni zed, with
either the CD4 or CD8 coreceptors.

= Asignificant proportion of yd(and sone af) T cells may devel op
extra-thymcally, an inportant site for |IEL generation being
intestinal cryptopatches. Invariant yo T cells that develop in
a fetal thymc environnment fromfetal HSCs, are not sel ected
by antigen, but are actually programmed to initiate very

specific patterns of TCR y and & gene rearrangenent. NT cells
express canoni cal Voal4-Ja281 rearrangenents but appear to
emerge primarily in the thynus by the selection of specific af

T cells driven by CD1 |igands expressed on corti cal
t hynocyt es.
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Study Questions

1. Describe the affinity nodel for positive and negative
selection of T cells.

2. Discuss the functions of the pre-TCR

3. Explain how transgenic or knockin mce have been used to
explore T cell tolerance.
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