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Development and selection of Y0
T cells

Summary: Two main lineages of T cells develop in the thymus: those that
express the of3 T-cell receptor (TCR) and those that express the Y3 TCR.
Whereas the development, selection, and peripheral localization of newly
differentiated oy T cells are understood in some detail, these processes are
less well characterized in ¥ T cells. This review describes research carried
out in this laboratory and others, which addresses several key aspects of
v8 T-cell development, including the decision of precursor cells to
differentiate into the 8 versus o lineage, the ordered differentiation over
the course of ontogeny of functional ¥8 T-cell subsets expressing distinct
TCR structures, programming of ordered Vy gene rearrangement in the
thymus, including a molecular switch that ensures appropriate Vy
rearrangements at the appropriate stage of development, positive selection
in the thymus of Y3 T cells destined for the epidermis, and the acquisition
by developing ¥8 T cells of cues that determine their correct localization
in the periphery. This research suggests a coordination of molecularly
programmed events and cellular selection, which enables specialization of
the thymus for production of distinct T-cell subsets at different stages of
development.

Keywords: 0T cells, T-cell development, T-cell receptors, T-cell receptor gene
rearrangement, tissue localization

Introduction

Unlike conventional ofy T cells, which reside primarily in
secondary lymphoid organs and play a central role in adaptive
immune responses, many Y0 T cells reside in epithelial layers of
tissues underlying internal and external surfaces of the body,
such as the skin, intestinal epithelium, lung, and tongue, where
they function as a first line of defense (1—4). In these locations,
the diversity of the repertoire of T-cell receptor (TCR) genes is
much more limited than that observed in o3 T cells or Y8 T cells
that reside in secondary lymphoid organs (3). Furthermore, the
repertoire of expressed variable region genes differs strikingly
in the various anatomical locations. It is believed that the highly
restricted TCRs expressed by different subsets of 0 T cells
enable them to recognize ligands that are specifically expressed
in infected, diseased, or stressed cells in those anatomical sites

(3, 4). Early T-cell development in the thymus is characterized
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by progressive waves of differentiation of distinct y8 subsets
characterized by expression of specific Vy and VO gene
segments. The underlying processes presumably evolved to
produce functionally distinct sets of ¥d T cells in an organized
fashion.

A major focus of our research on Y8 T cells over the years has
been the molecular and cellular processes that dictate the highly
organized differentiation of Y8 cells and yd subsets in mice.
Therefore, we have addressed the regulation of Vy gene
rearrangements in one of the clusters of murine TCRYy genes, the
Cy1 cluster (Fig. 1). All the V genes in this cluster rearrange to
asingle Jy gene segment (Jy1), yet occur in a strikingly ordered
fashion over the course of ontogeny (Fig. 1). Thus, this cluster
includes Vy genes expressed by cells that arise at the fetal stage
(Vy3 and Vy4) and at the adult stage (Vy2 and Vy5), using the
nomenclature described by Garman et al. (5). We chose this
cluster because its complex developmental regulation was
accompanied by a compact size (approximately 50 kb) and
relatively simple composition (four V7 genes and one Jy and Cy
gene), suggesting that it would be amenable to molecular
analysis. In this review article, we describe findings from our
laboratory and others, which have led to a greater understand-
ing of many of these underlying processes. In addition, another
focus of the laboratory has been the decision made by precursor
cells at the adult stage of T-cell development to differentiate
along the off versus y0 lineage. Overall, the findings show that
programmed differentiation events and cellular selection pro-
cesses work together in a systematic fashion to produce
functional Y8 (and af) T-cell sets.
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Fig. 1. Organization of mouse TCR7y genes and cis-acting regulatory
elements, the developmental pattern of Vvy gene rearrangements,
and the peripheral localization of specific subsets of ¥ T cells
defined by Vvy expression. The locus consists of three functional
clusters (Y1, v2, and y4) and a non-functional one (y3). The y1 cluster,
explored in this review in detail, is expanded to show specific gene
segments and regulatory elements (2, 4, 16).
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Overview of yd T-cell development in mice

Role of TCR expression in commitment of thymocytes to

differentiate into o3 T cells versus yo T cells
v6 T cells and o T cells arise from a common progenitor cell
in the thymus. The molecular events leading to the lineage
decision of developing CD4~ CD8" thymocytes to differentiate
into YO T cells versus of cells have not been fully resolved. It is
clear that the decision does not reflect a specialization in TCR
gene rearrangements, such that one subset of cells rearranges
TCR 7 and 6 genes while another rearranges TCRf genes, the
latter event being necessary for expression of the pre-TCR that is
important for early stages of aff T-cell development. Indeed,
studies show that complete rearrangements of TCR v, 9, and
B genes are present in both mature off and Y6 T cells.
Furthermore, complete rearrangements (V-D—J or V-J) occur at
about the same time in T-cell development (6, 7).

Most TCR gene rearrangements result in joining of the V and
the J segments in the incorrect translational reading frame and
are therefore non-productive, so the fact that a cell makes
a particular type of rearrangement is not an indication that it can
ever express a corresponding TCR chain. Approximately 33% of
complete rearrangements are productive. The randomness
underlying the creation of a productive TCR gene rearrange-
ment has been envisaged as one plausible determinant of
lineage in this instance. Indeed, we and others reported
evidence that developing T cells that express a functional Y
TCR are generally excluded from the of3 lineage (8-10).
Whereas these data are at least partially consistent with the
notion that the expressed TCR dictates the alternative lineage
fate decision of the cell (af} versus y9), they do not prove this
hypothesis. The data are also consistent with the possibility that
the expressed TCR simply enables the survival and further
differentiation of cells that already made a lineage decision
consistent with the identity of the expressed TCR. For example,
progenitor cells may differentiate into of- or yd-committed
populations before TCR gene rearrangement occurs in devel-
opment. Further successful differentiation may only occur in
the subset of each population that subsequently succeeds in
productively rearranging and expressing a TCR that matches its
predetermined lineage.

A study from our group provided evidence for the notion
that lineage determination to some extent is independent
of the type of TCR expressed (11). At the double-negative
2 (DN2) stage of thymocyte development (phenotype
CD3 CD4 CD8 CD25"CD44™), at which stage complete
TCR gene rearrangements are not yet made in the great majority

of cells, cells that express high or low levels of the interleukin-7



receptor (IL-7R) on the cell surface can be distinguished.
Analysis of the developmental potential of these cells, based on
intrathymic injection experiments, showed that the IL-7R™
DN2 cells were more likely to differentiate into yd T cells,
whereas IL-7R'*™ cells were more likely to differentiate into o
T cells (11). These data suggested that some DN2 cells exhibit
a bias in their lineage potential at a stage before TCRs are ever
expressed on the cell surface. Recent clonal analysis of the
potential of DN2 cells in a Notch ligand-dependent cell culture
system arrived at a similar conclusion (12).

Other recent studies have focused on whether lineage
determination might result from differences in the quality or
strength of the signal propagated by the pre-TCR versus the v
TCR (13-15). These studies provided strong evidence that the
strength of signal delivered by the TCR in developing T cells has
a major impact on the outcome of the process. The Y6 TCR
appears to provide stronger signals that promote Y6 TCR
development, whereas weaker signals associated with pre-
TCR signaling promote the development of a.f T cells (14, 15).
The effects of TCR signal strength are not necessarily
incompatible with the aforementioned TCR-independent bias
in lineage potential. Effective rescue of yd-committed pre-
cursors may simply require a stronger TCR signal, whereas
rescue of of3-committed precursors may require a weaker TCR
signal. Alternatively, it was suggested that the bias in lineage
potential, which arises early in DN2 cell differentiation may be
reversible in the case of a sufficiently strong instructive signal at
a later stage in the process (11). Success in identifying the
molecular signals responsible for lineage determination should

ultimately resolve this issue in a definitive fashion.

Differentiation of subsets of Yo T cells
Many tissue-specific 8 T cells express different specific subsets of
TCRs with little or no diversity (2, 4, 16, 17). At one extreme,
nearly all y& T cells in the epidermal epithelium express an
identical (‘canonical’) y8 TCR composed of Vy3—Jy1Cyl and
V61-D62-J82CS chains with identical junctional sequences
(18). These skin v T cells are usually called dendritic epidermal T
cells (DETCs). Similarly, & T cells in the tongue, lung, and
reproductive tract epithelium express a canonical Vy4-Jy1Cy1/
V61-D52-J82CS TCR (19). In a less exclusive situation, the
epithelium of the small intestine contains both Y6 and o} T cells
(20, 21) and the ¥8 T cells predominantly express Vy5" and
Vy1.1" Vy chains, but with diverse junctional sequences (22).
Finally, in secondary lymphoid organs, where 73 T cells represent
only a small fraction of total T cells, Y6 TCRs predominantly
include Vy2, Vyl.1, and Vyl.2 V regions, although with

extensive, even dramatic, junctional diversity (22, 23).
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The different subsets of yd T cells arise in the thymus at
different stages of ontogeny. Vy3" T cells are exclusively
generated in the early fetal thymus, where they are the first T
cells detected in ontogeny, around day 13 of gestation. From the
fetal thymus, these y0 T cells migrate to the epidermal
epithelium, where they expand locally to reach adult numbers
and are normally maintained there for the life of the animal (18,
24).Vy4™" T cells are also produced in the early fetal thymus and
they migrate to their epithelial destinations, such as the
reproductive tract, tongue, and lung. Vy3 and Vy4 TCRs
display a high frequency of invariant canonical junctional
sequences in the y chains due, in large part, to the absence in
fetal thymocytes of terminal deoxynucleotidyl transferase
(TdT), which is necessary for the addition of N-nucleotides at
V-] junctions, coupled with a preference for rearrangement at
the sites of microhomologies at the ends of the Vy and Jy gene
segments (25, 26). Similar mechanisms have been invoked
to account for canonical junctional sequences in the V&I
rearrangements that encode the dominant TCRS chain ex-
pressed by both Vy3" and Vy4™ T cells (27). Positive selection
during development in the thymus may also play a role in
allowing only those cells with the canonical junctional
sequences to mature.

VY3 and Vy4™ T cells are not generated in the adult thymus.
Instead, the adult thymus switches to the production of y8 T
cells expressing Vy2, Vy1.1, and Vyl.2 gene segments with
highly diverse junctional sequences, which localize to the
secondary lymphoid organs on exiting the thymus (1, 28-30).
Adult Vy57 cells localize to the intestinal epithelium as well as
secondary lymphoid organs (22). There are also reports
suggesting that some intestinal epithelial Vy5* y8 T cells
develop extrathymically (31, 32).

The sequential generation of specific subsets of Yo T cells at
different stages of ontogeny is a fixed developmental program
that cannot be easily reordered. For example, disruption of the
generation of y8 T cells in the early fetal thymus by injecting
anti-yd-TCR antibody into pregnant mothers results in the
absence of DETCs in adult mice (3). Furthermore, DETCs cannot
be replaced with bone marrow stem cells in adult mice,

following full-body irradiation and reconstitution (33).

Programmed rearrangement of TCR Vy gene segments

Evidence that ordered Vy gene rearrangement is

a programmed process
The appearance of cells with different Vy gene rearrangements
at different stages of development could reflect a developmental

program that controls the rearrangement machinery or could be
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because of a cellular selection process that promotes the survival
of different yd subsets at different stages of development, or
both. Several lines of evidence showed that developmentally
regulated Vy gene segment recombination is a developmentally
programmed process. Initially, scrutiny of Vy gene rearrange-
ments showed that non-productive Vy gene rearrangements in
cell lines were usually of the same type as the productive
rearrangements (16). Because non-productive rearrangements
cannot be subject to cellular selection processes, this finding
suggested that developing 0 T cells are programmed to choose
specific Vy gene segments for rearrangement. Consistent with
an intrinsic program of Vy gene rearrangement, we later found
that germline transcription of Vy genes correlates with their
rearrangement pattern. Germline transcription is usually
correlated with greater accessibility of genes in chromatin to
recombinases, suggesting a possible link between gene
accessibility and rearrangement in this system (34).

As a more direct test of whether the ordered pattern of TCRy
gene rearrangement occurs in the absence of cellular selection,
we generated several lines of transgenic mice that harbored
a 39-kb genomic transgene (called yB) that spans most of the
unrearranged TCRY Cy1 cluster. Each of the three Vy genes in
the transgene (Vy2, Vy4, and Vy3) contained a frameshift
mutation that prevented functional expression of the corre-
sponding V region (35). Despite the fact that the transgene
could not encode intact TCRY chains that might influence the
selection of cells in which they occurred, rearrangements of
the Vy genes in the reporter transgene, like rearrangements of
the endogenous Vy genes, appeared at the appropriate stage in
thymic development. In a different but related approach, it was
shown that a targeted deletion of the TCRO gene, which
abrogates the formation of functional Y8 TCRs (although not
protein expression of TCRy genes), did not disrupt the normal
developmental pattern of Vy or VO gene rearrangements (27).
These data provided compelling evidence that programmed
rearrangement of Vy genes is a major determinant of the
ordered generation of different subsets of y8 T cells at different

stages of ontogeny.

Regulation of programmed Vy gene rearrangement
The finding that Vy and VO rearrangement patterns are
programmed independent of cellular selection led us to
investigate the underlying molecular mechanisms. As possible
determining factors of the rearrangement patterns, we assessed
both the role of cis-acting regulatory elements in the genes and
the location of the V genes within the cluster. Both these factors
have been proposed or implicated as determinants of rearrange-

ment patterns in studies of other rearranging genes.
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Over the years, we and others have identified and
characterized several cis-acting elements in the TCRy Cyl
cluster, which play unique and overlapping roles in regulating
the Vy gene rearrangement process as well as transcription and
expression of TCRY genes (Fig. 1). The roles and properties of
some of these elements are described in more detail and in
different contexts later in this review, but their role in ordered
rearrangement is addressed first. The elements include the
promoter regions of each Vy gene, two enhancer-like elements
(3'-ECy1 and HsA) that cooperate to regulate transcription of
the locus, and a putative silencer element that prevents TCRy

expression in aff T cells.

Vv gene promoter regions determine the rearrangement
pattern in the adult thymus

Numerous studies have shown that the accessibility of
immunoglobulin (Ig) and TCR genes is a critical determinant
of rearrangement patterns during development. Accessibility
refers to whether chromatin is in a sufficiently open
configuration for recombinase to access the recombination
signal sequences (RSSs) that flank the gene. Accessibility usually
correlates with transcription of the unrearranged genes (germ-
line transcription). As already mentioned, early studies found
a correlation between germline transcription and rearrange-
ment of individual Vy genes in the adult thymus. Specifically,
germline transcription from the unrearranged Vy3 gene was
strongly suppressed at this stage, while germline transcription
from the unrearranged Vy2 gene remained high, suggesting
greater accessibility of the Vy2 gene. Subsequent studies of
adult thymocytes substantiated the conclusion that the Vy2
gene is more accessible than the Vy3 gene at this stage, in-
cluding a report that showed a much greater degree of histone
acetylation in the vicinity of the Vy2 gene than in the vicinity of
the Vy3 gene (36). Furthermore, it was shown that an inhi-
bitor of histone deacetylation, which is expected to increase
the acetylation of the Vy3 gene and therefore its accessibility,
stimulated increased levels of Vy3 rearrangements in the
adult thymus (36).

Differences in accessibility of the different Vy genes
suggested that cis-acting regulatory elements associated with
the Vy genes might be responsible for controlling Vy gene
rearrangement at the adult stage. Therefore, we designed
experiments to test whether the promoter segments of these
genes play a role in imposing the adult pattern of rearrange-
ment. For this purpose, we generated a new transgene based on
the yB transgene discussed above. The frameshift mutations in
the Vy gene segments of this construct should prevent

interference in the outcome of an experiment by cellular



selection events. The new transgene, called yB-Pr-Sw, was
identical to yB except that the promoter segments of the Vy3
and Vy2 genes were reciprocally swapped (35) (Fig. 2).
Compared with the yB transgene, the rearrangement patterns of
V2 versus Vy3 were reversed in the adult thymus of the yB-Pr-
Sw transgenic mice. Consistent with the reversed pattern of
rearrangement, the pattern of germline transcription of the Vy2
and V3 genes was also reversed in adult thymocytes of yB-Pr-
Sw mice, as compared with yB mice. These data showed that
the promoter regions of the individual Vy genes determine
the preference for Vy2 rearrangements in the adult thymus,
probably by controlling the accessibility of the corresponding

V7 genes to the recombinase enzymes.

A distinct mechanism for establishing the rearrangement

pattern in the fetal thymus
Our initial expectations were that the rearrangement patterns
in the fetal and adult thymus would reflect the same basic
mechanism and that the switch between these two patterns
would consist of altered regulation of this basic mechanism.
However, the notion that promoter activity is responsible for
the fetal rearrangement pattern was rapidly refuted by analysis
of yB-Pr-Sw mice. Despite the reversed rearrangement pattern
in the adult thymus of these mice, the exchanged promoter
segments had no significant effect on transgene rearrangements
in the fetal thymus, where Vy3 rearrangements predominated
to a similar extent as in the yB transgenic mice. These results

indicated that differential promoter activity cannot account for
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Fig. 2. Configuration of yB, yB-Pr-Sw, and yB-Gn-Sw transgenes.
The transgenes include all contiguous sequence as present in the
endogenous locus. The configuration of yB is identical to that of the
endogenous locus. In yB-Pr-Sw, the promoter regions and leader exon
(which encodes the signal peptide) of the Vy2 and Vy3 gene segments
were exchanged. In YB-Gn-Sw, 1.6- to 2.3-kb fragments containing the
entire Vy3 and Vy2 gene segments were exchanged, including the
promoters and RSS. The asterisks indicate the sites where frameshift
mutations were introduced into each Vy gene segment. [Reprinted
with permission from Proceedings of the National Academy of Sciences,
USA (48).]
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the predominance of Vy3 (and Vy4) rearrangements in the fetal

thymus. We therefore considered other explanations.

The location of Vy genes in the TCRy locus is a major

determinant of the rearrangement pattern in the fetal

thymus
An obvious candidate as a determinant of the fetal rearrange-
ment pattern is the location of Vy genes within the TCRCy1
locus. Previous studies have documented preferential rear-
rangement at the fetal stage of 3'- (D- or J-proximal) V genes in
the IgH and TCRS loci, in addition to the comparable findings in
the TCRy locus already discussed above (5, 29, 37-39). In the
IgH locus, an IL-7-dependent shift in the adult stage to
rearrangement of 5'-VH genes has been documented (40, 41).
However, other studies indicate that even in the adult stage,
newly generated B cells show a bias for rearrangement of 3'-VH
gene segments (42, 43). Based on transfections of cell lines with
plasmids containing various recombination substrates, it was
proposed that the preferential rearrangement of 3'-VH genes in
the IgH locus was because of the potency of the RSS associated
with these genes (44). In contrast, another study showed that
the rate of recombination observed in vivo in the natural locus did
not correlate with the rate of recombination of corresponding
substrates in transfected cell lines, but did correlate with the
position of the gene in the locus (45). The consistency of these
latter findings with ours suggested that location of a V gene
within a V gene array might be a major determinant of
rearrangement at the fetal stage.

To directly test the role of Vy gene location in rearrangement,
we generated a new transgene in which the entire Vy2 and Vy3
gene segments were swapped within the yB transgene (Fig. 2).
The exchanged fragments were approximately 1.6-2.3 kb in
length and included the promoter regions, coding regions, and
some downstream sequence including the RSS. This transgene,
called yB-Gn-Sw, showed a reversed pattern of rearrangement
in the fetal thymus compared with yB, such that Vy2
rearrangements were several fold more frequent than Vy3
rearrangements (46). These data clearly showed that the relative
location of Vy genes is a dominant factor in determining their
rearrangement levels in the fetal thymus. In recent unpublished
experiments, we generated gene-targeted mice that have
corroborated this conclusion (our unpublished data).

How does the position of Vy genes in the locus determine
rearrangement levels? One model to consider is that the Vy gene
position somehow determines whether the Vy gene is in an
open chromatin configuration and is therefore accessible to the
recombinase machinery and transcription apparatus. This

model is reminiscent of a study showing that proximity of
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globin genes to the B globin locus-control region (LCR)
determines the extent of globin gene transcription in the early
yolk-sac stage of erythropoiesis (47). We have shown,
however, that combined deletion of both known enhancers in
the Cy1 locus, 3'-ECy1 and HsA did not substantially perturb
the fetal or adult patterns of Vy gene rearrangement, nor did it
cause a major reduction in the extent of Vy gene rearrangement
(48). Therefore, proximity of the V genes to these elements
cannot be a necessary determinant of the patterns of rearrange-
ment. While it might be proposed that differential accessibility
is controlled by proximity to a distinct unidentified regulatory
element, direct tests showed that gene position did not alter the
accessibility of the Vy genes at the fetal stage, even as it did alter
the tendency of the Vy genes to rearrange. Thus, comparing
fetal thymocytes from yB-Gn-Sw transgenic mice with those
from B transgenic mice, we found no significant difference in
germline transcription or restriction enzyme accessibility of the
Vy2 or Vy3 genes (46). Consistent with the transgenic studies,
in the endogenous TCRY locus, both genes showed high levels
of germline transcription and histone acetylation in fetal
thymocytes (36, our unpublished observations). All these data
are in agreement that both Vy2 and Vy3 genes are ‘open’ and
accessible in the natural locus at the fetal stage and suggest that
the regulatory mechanism that dictates differential Vy gene
rearrangement at the fetal stage differs from that in the adult
stage, where regulated accessibility of the Vy genes appears to

play a dominant role.

Models of regulated Vy gene rearrangement

Two specific mechanisms are under consideration to account
for preferential rearrangement of the 3'-Vy gene at the fetal
stage. One possibility, reminiscent of the one first proposed to
account for preferential rearrangement of 3'-VH genes (37,
38), is that rearrangement at the Cy1 cluster involves some form
of one-dimensional ‘tracking’ mechanism along the DNA by the
recombinase, in which downstream Vy genes are encountered
before upstream genes because of their greater proximity to the
Jy gene segment. A second possibility is that the 3"-Vy gene RSS,
being more closely tethered to Jyl in genomic DNA, is more
likely to collide with the Jyl gene RSS than a 5’ Vy gene RSS
during three-dimensional diffusion, initiating rearrangement.

Whatever the specific molecular mechanism to account for
the fetal pattern of rearrangement is, the available data support
the general model depicted in Fig. 3 to account for the
‘developmental switch’ in Vy gene rearrangement that occurs
in ontogeny. The model proposes that in the fetal thymus,
the whole TCRy locus is open for rearrangement, but the

downstream Vy3 (and Vy4) genes have a competitive advantage
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Fig. 3. A model of programmed Vv gene rearrangement. At the fetal
stage, both the 5'- and the 3'-Vy genes are in an open ‘accessible’
chromatin configuration. Rearrangement of the 3"-Vy genes (Vy3 and
Vy4) is preferred at the fetal stage because of their location in the
cluster, possibly related to their proximity to Jy1. This location
preference may reflect competition of the Vy gene segments for the
rearrangement apparatus. At the adult stage, events involving the
specific Vy promoters result in suppressed accessibility of Vy3 and Vy4.
Rearrangement of 5'-Vy genes is strongly increased at this stage,
possibly because the inaccessible Vy genes can no longer compete with
the 5'-gene segments.

because of their proximity to the Jyl gene and, therefore, are
preferentially rearranged over other upstream Vy genes at the
fetal stage. In the adult thymus, as a result of the activity of the
associated promoter elements, the upstream Vy2 (and Vy5)
genes are maintained in an open and accessible state, while the
accessibility of the downstream Vy3 (and 4) genes is
suppressed. The altered accessibility shifts the balance in favor
of rearrangement of the upstream Vy2 (and Vy5) genes that are

therefore preferentially rearranged in the adult thymus.

The potential role of transcription factor E2A in regulating

V7 gene rearrangement
The role of specific transcription factors in regulating cis-acting
elements in the TCRy locus has not been comprehensively
studied. However, studies have implicated the E2A transcription
factor in the process, specifically in imparting the adult pattern
of Vy gene rearrangement. E2A is a member of the basic helix-
loop-helix transcription factor family and has been found to
play various important roles in regulating lymphocyte devel-
opment (49). In mice lacking E2A, VY2 gene rearrangements
were decreased in the adult thymus, while Vy3 gene rearrange-
ments were increased (50). The switch in Vy2 versus Vy3
rearrangement in E2A knockout mice was associated with
a corresponding change in the germline transcription of these
Vy genes (50), suggesting that E2A contributes to the
programmed VY gene rearrangement pattern at the adult stage
by differentially regulating the accessibility of the Vy2 versus
Vv3 genes. Whereas little effect of E2A deficiency on Vy gene



rearrangement was noted in the fetal thymus at a very late stage
in fetal ontogeny (day 19 of gestation) (50), we observed
a substantial defect in rearrangement of both the Vy3 and
the Vy2 genes in the early fetal thymus (day 15), at a time
when VY3 rearrangements normally predominate (N. Xiong,
C. Murre, D. H. Raulet, unpublished data). These findings sug-
gest that E2A plays distinct roles in regulating the development
of v6 T cells at different stages in ontogeny.

E2A may interact directly with cis-acting elements in the
TCRY locus to regulate rearrangement of V7y genes differentially.
It was reported, for example, that E2A sites are present in the RSS
of most Vy and V0 gene segments (50), and candidate E2A sites
have been identified in the promoter regions of Vy2, Vy3, and
V4 genes. The sites in the promoter regions might be more
important, judging from the aforementioned evidence that the
adult pattern of rearrangement is dependent on the promoter
sequences and not on the Vy gene segments or RSS. However,
evidence that E2A acts directly on Vy genes in vivo is lacking.

To help define cis-acting elements through which E2A may
act in regulating Vy gene rearrangement in vivo, we crossed E2A
knockout mice with yB transgenic mice. In adult thymocytes
from yB transgenic mice, E2A deficiency resulted in an
enhancement in transgene Vy3 rearrangements and a reduction
in transgene Vy2 rearrangements, much as it does for the
endogenous Vy genes (Table 1). These data are consistent with
the possibility that E2A interacts with cis-acting elements within
the span of the yB transgene to regulate Vy gene rearrangement.

To address whether E2A regulates rearrangement through
interaction with the promoter regions of Vy genes, we crossed
the E2A knockout mice with yB-Pr-Sw and yB-Gn-Sw trans-
genic mice. The rationale of this analysis was that if the
promoter regions of Vy genes are the dominant interaction sites
for E2A to regulate rearrangement of the corresponding Vy
genes, E2A deficiency should alter rearrangement of Vy genes in
these transgenes according to the origin of the promoter regions
(Vy2 or Vy3) that flank the Vy gene, not the origin of the Vy
gene itself. This prediction was borne out in the case of the Vy2

promoter, in which we observed decreased rearrangements of
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those Vy genes in each construct that was flanked by the Vy2
promoter fragment (Vy2 in the yB-Gn-Sw transgene and V3 in
the yB-Pr-Sw transgene) (Table I, N. Xiong, C. Murre, D. H.
Raulet, unpublished data). Hence, it is plausible that E2A acts
directly on the Vy2 promoter to enhance rearrangement at the
adult stage, perhaps by maintaining accessibility of this region
of the locus. In contrast, the prediction was not borne out in the
case of the Vy3 promoter because in both the yB-Gn-Sw and the
YB-Pr-Sw transgenes, E2A deficiency caused a decrease rather
than an increase in rearrangement of those Vy genes that were
flanked by the V3 promoter (Table 1, N. Xiong, Murre, D. H. Raulet,
unpublished data). These data suggest that the Vy3 promoter
region is not a dominant interaction site for E2A regulation of
Vy gene rearrangement. In both these transgenes, the Vy3
promoter was relocalized to the 5’ position normally occupied
by the Vy2 promoter. A possible explanation for the puzzling
results with these transgenes is that E2A acts on another site near
this upstream region to enhance rearrangement in wildtype
cells. A deeper understanding of the role of E2A in regulating
this locus will require detailed analysis of the roles of the various

E2A sites in the context of endogenous genomic DNA.

Role of enhancer elements in promoting rearrangement
and transcription of TCRY genes

Likely redundancy of enhancer elements in regulating TCRy

gene rearrangement
Although the local Vy promoters influence the accessibility of
the corresponding Vv genes, there is likely to be a higher order
regulation of the chromatin condensation of the TCRYy locus by
additional cis-acting elements, including the aforementioned
enhancer elements HsA and 3'-ECy1. Indeed, deletion of small
DNA segments containing HsA and 3’-ECy1 from a genomic
transgene abrogated rearrangement of the transgene invivo (51),
suggesting the roles of HsA and 3'-ECyl in maintaining the
chromatin in an open configuration for rearrangement.
Surprisingly, however, simultaneous deletion of both elements

in the endogenous locus by gene targeting only modestly

Table 1. Effect of E2A deficiency on endogenous and transgenic Vy2 and Vy3 gene rearrangements

Endogenous vB vB-Pr-Sw vB-Gn-Sw
Vy2 Vy3 Vy2 Vy3 Vy2 Vy3 Vy2 Vy3
Change in E2A~" mice* | 2-10% 1 >3 135 135 135 123 13 |45

*Change in E2A™"~ mice indicates increased (1 fold change) or decreased (| fold change) Vi gene rearrangements in £2A™'~ mice compared with that

in E2A™™ littermates.

The data for endogenous Vy2 rearrangements in E2A~'~ mice are from Bain et al. (50).
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inhibited Vy gene rearrangement, and knocking out either
element in isolation had no effect on rearrangement or
accessibility (48). Considering that rearrangement of other
Ig/TCR genes requires enhancer elements (52), it appears likely
that an unidentified cis-acting element(s) necessary for
recombination exists in the endogenous Cy1 locus, separate
from the segment that comprised our transgene. However, the
putative additional regulatory element(s) cannot, by itself,
support transcription of most of these rearranged Vy genes
because transcription of rearranged Vy2, Vy3, and Vy4 genes
was nearly abolished in the HsA/3'-ECy1 double knockout
mice. Thus, whereas HsA and 3'-ECyl together possess
properties of an LCR and are capable of maintaining the
genomic accessibility of an ectopically integrated TCRY trans-
gene, they probably function redundantly with other cis-acting
regulatory elements in the endogenous locus to promote
genomic accessibility for gene rearrangement.

There is an indication that the putative additional regulatory
element(s) that promotes recombination in the Cy1 cluster may
reside upstream of HsA. In gene-targeted mice in which HsA
was replaced by a PGK-neo gene cassette, development of Vy2 ™
cells was severely reduced (data not shown), whereas deletion
of PGK-neo resulted in restored numbers of Vy2" cells. In
contrast, replacement of 3'-ECyl with PGK-neo did not
significantly affect Y8 T-cell development (data not shown).
Because insertion of a PGK-neo gene between a cis-acting element
and the gene it regulates often inhibits the function of the
element (53), these data may imply the existence of an
unidentified regulatory element(s) upstream of HsA, which
plays a role in Vy gene recombination and/or transcription.
These results together with the results described earlier in this
review suggest that V—J rearrangement in the Cyl cluster is
regulated by multiple cis-acting regulatory elements that
function in a hierarchical complex fashion, in which some
elements regulate larger segments of the cluster while others
play a fine tuning role by regulating accessibility of individual

Vv genes.

Redundant roles of HsA and 3’-ECy| in regulating TCRy

gene transcription and v T-cell development in the thymus
As expected, in addition to their roles in regulating Vy gene
rearrangement, cis-acting elements in the Cy1 cluster are also
important in controlling expression of the rearranged TCRy
genes and development of corresponding 79 T cells. The various
elements contribute differentially to rearrangement versus
transcription. In particular, although the HsA and 3'-ECyl
enhancer elements are not required for rearrangement in the

endogenous locus, they play critical roles in transcription.
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The roles of HsA and 3'-ECyl in regulating TCRy gene
expression and yd T-cell development were probed with gene-
targeted mice lacking one or both of these elements (48).
Although germline deletion of HsA and 3'-ECy1 only impaired
Vv gene rearrangement modestly (by twofold), the numbers of
Vy2" and Vy3*' (and presumably Vy4") y8 T cells in the
thymus were dramatically decreased by more than 20-fold.
Impaired development of these subsets was correlated with
a dramatic reduction in the transcription of the TCRy genes
located between HsA and 3'-ECyl1, including Vy2, Vy4, and
Vy3 genes, whereas the upstream Vy5 and Vy genes in other
clusters were not substantially affected. Interestingly, separate
deletions of HsA or 3’'-ECyl had little or no effect on
transcription of TCRY genes and development of y3 T cells
in the thymus. This study, along with a study of enhancer
elements in the Igk locus, provided the first direct evidence
of redundantly functioning enhancer elements in regulating
transcription of an antigen-receptor gene (48). It is noteworthy
that although expression of rearranged Vy2—4 genes was highly
impaired in the double knockout mice, a few T cells expressing
Vvy2 and Vy3 at normal levels were detectable in these mice,
suggesting that while initiation of gene expression is greatly
reduced in the absence of these elements, a few cells that
succeed in initiating gene expression can express adequate

levels of the corresponding mRNAs.

A unique function of HsA in upregulating TCRy gene
expression in peripheral Vy2* v8 T cells

Although separate deletions of HsA or 3"-ECy1 did not impair
expression of TCRy genes in the thymus or thymic development
of yO T cells, deleting HsA resulted in a significant defect in the
periphery. The number of VY2 vy3 T cells in the spleen or
lymph nodes of HsA knockout mice was reduced by a factor of 4
when compared with wildtype mice (48). No such defect was
evidentin 3"-ECy1 knockout mice, suggesting a unique role for
HsA at the post-thymic stage of y8 T-cell development.

Analysis of the cell surface phenotype of y8 T cells provided
a possible clue as to the cause of the depressed Vy2" y3 T-cell
compartment in the periphery of HsA knockout mice. Most
peripheral Vy2* 8 T cells in wildtype mice have probably been
previously exposed to antigen, as they exhibit a memory
phenotype characterized by expression of CD44 but not CD62L
(54) (Fig. 4). In contrast, the majority of residual Vy2 ™" T cells in
HsA knockout mice were CD44'”" cells, suggesting that
memory Vy2" T cells either fail to form or fail to survive in
the absence of HsA. As a possible explanation for this defect, it
may be significant that in wildtype mice, the TCR levels were

elevated by approximately threefold on CD44 Vy2™ T cells as
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Fig. 4. Role of HsA in peripheral development of Vy2* cells. (A)
Reduced percentage of CD44 " cells or CD62L " cells among Vy2 ™"
lymph node cells in HsA™'™ mice. Gated Vy2™" cells are shown. (B)
Mean percentages (4 standard deviation) of CD44 " cells among Vy2*
cells in lymph nodes of wildtype versus HsA~’~ mice (n > 5). The total
number of lymph node Vy2 cells was also reduced (by 4- to 5-fold) in
the HsA™/~ mice.

compared with CD44 Vy2™" T cells, suggesting that formation
of Vy2" memory cells is associated with increased levels of
Vy2" TCRs. Memory of T cells usually show depressed TCR
levels. In HsA knockout mice, 8 TCR levels (and transcripts)
were relatively low on residual VY2 T cells, consistent with the
possibility that upregulation of the Vy2* TCR on memory cells
requires the action of HsA (48). We propose that TCR
upregulation and consequent increased TCR signaling may be
necessary for differentiation and/or maintenance of Vy2™"

memory cells.

Thymic selection and development of tissue-specific

vo T cells
The findings discussed above have documented the role of
programmed V7Y gene rearrangement in the sequential develop-
ment of Y8 subtypes during ontogeny. In principle, programmed
Vv (and V9) rearrangement might be a sufficient explanation for
the sequential appearance of Y9 T-cell subsets, butit has long been
proposed that cellular selection also plays a role in the process.
Findings have been somewhat contradictory on this point. A
related issue concerns how the appearance of Y8 T-cell subsets in
the thymus is coordinated with the localization of these cells to
distinct peripheral sites and, potentially, to the acquisition of
different functional activities. Recent studies provide compelling
evidence that thymic selection plays a key role in the development
of at least some Y8 T-cell subsets in the periphery, especially the
invariant Y T-cell subsets that arise in the fetal thymus and in
localization of these y8 T cells to their preferred home in the
periphery. Studies examining selection in the adult versus fetal

thymus are reviewed separately.
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Selection of & T cells in the adult thymus

The necessity for class I and class II major histocompatibility
complex (MHC) molecules in the positive selection of a3 T cells
in the thymus was clearly shown by the absence of these cells in
mice lacking MHC class I and/or class II molecules (55, 56). In
contrast, the absence of MHC class I and class II molecules had
no observable effect on the development of yd T cells in the
thymus (56—58). These data suggested that most Y0 T cells are
not selected by classical MHC molecules or by non-classical class
I molecules that depend on P2-microglobulin (f2m) for
expression on the cell surface. However, it remained possible
that MHC does play a role in selection of a subset of y8 T cells.
Furthermore, the natural ligands for y8 T cells are in most cases
not known and it remains possible that many or all the cells are
positively selected by interactions with unidentified ligands in
the thymus.

Because of limited knowledge of the natural ligands for yd
TCRs, many studies designed to examine whether developing
v T cells undergo selection have used the G8 and KN6
transgenic mouse strains. The two transgenic strains harbor
different Y8 TCRs, although both include a V2 chain. The two
TCRs are specific for the same ligands, the T10 and T22 non-
classical MHC class I molecules (59-62). T10 and T22 are
encoded in the TL region of the MHC and are expressed highly
in B6 mice (H-2" haplotype) but only weakly in BALB/c mice
(H-2" haplotype) because of defective T22 gene expression in
the latter strain (59). Studies with T22 tetramers show that
a small subset of naturally arising mature peripheral Y6 T cells in
normal mice is specific for these same ligands (63).

Early studies with G8 and KN6 transgenic mice reported that
the transgenic 0 T cells underwent negative selection in mice
that express strong ligands for the receptors, such as the B6
strain, but not in mice that express a weak ligand, such as the
BALB/c strain (64, 65). It has been much more controversial
whether interactions of these transgenic Y6 T cells with ‘weak’
ligands are necessary for positive selection of the cells. Several
studies suggested that positive selection was necessary, based on
the finding that transgenic Y6 T cells developed much less
efficiently in B2m-deficient mice, which lack surface expres-
sion of T10 and T22, than in BALB/c mice, which express
a weak ligand (14, 66, 67). Another study attributed much of
this difference to negative selection, because of variations in the
genetic backgrounds of the mice under study (68). On top of
this contradiction, a study that used T22 tetramers to directly
assay the development of natural T10/T22-specific Yo T cells in
non-transgenic mice concluded that development of these cells
is not impaired in B2m-deficient mice (K. Jensen & Y. Chien,

personal communication). In lieu of positive selection, these
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authors attribute the relatively high frequency of T10/T22-
reactive ¥d T cells in normal mice to programmed rearrange-
ment mechanisms that assemble a reactive TCR in a small but
significant population of developing yd T cells. Given the
variability in experimental outcomes and the possibility that
these TCRs may be positively selected by an unknown B2m-
independent ligand, it remains uncertain whether positive
selection is required for the development of T10/T22-reactive
vd T cells in the adult thymus.

Selection of 8 T cells in the fetal thymus

As an approach to investigate the requirement for thymic
selection of ¥3 T cells in the early fetal thymus, especially the
Vy3" DETC population, several studies have investigated mice
equipped with various Y8 TCR transgenes non-native to the
skin. The underlying assumption of most of these studies was
that the transgenic TCR would exclude expression of TCRs
normally found in the fetal thymus, especially the canonical
Vy3Vd1 TCR found on most DETCs. Positive selection of DETCs,
if necessary, should be aborted if the transgenic TCR had the
inappropriate specificity. It was shown that Yo T cells expressing
‘inappropriate’ transgenic TCRs were able to develop normally
into DETCs in the skin, suggesting that DETC development is not
dependent on expression of Vy3 or V61 and therefore is not
dependent on positive thymic selection by ligands that are
specifically recognized only by the Vy3V61 DETC TCR (69, 70).
The assumption that the transgenic TCR necessarily excludes
expression of endogenous TCRs was later proven incorrect,
however, raising doubts about the earlier conclusions. For
example, whereas plentiful transgene-expressing skin-resident
v6 T cells developed in V6.3 transgenic mice, none developed
when the transgene was crossed onto a TCRS ™/~ background in
which endogenous TCRS chains cannot be expressed (71).
These data suggested that development of the skin-resident Y8 T
cells depends on endogenously encoded TCRO chains in the
transgenic mice, such as the V61 chain. This finding resurrected
the possibility that DETC development requires positive
selection on specific ligands in the thymus.

As a related approach to this question, the requirement for
the Vy3V31 TCR in development of DETCs was assessed by
knocking out the Vy3 or V41 genes. Disabling either of these
genes did not prevent development of DETCs, proving that TCRs
other than Vy3V31 are compatible with DETC development
(72, 73). Analysis of y8 TCR" DETCs in the V93~ mice
detected Vy1.1, Vy2, and VY5 paired V81 and other V9§ chains.
The possibility that the DETCs in Vy3 knockout mice had
undergone specific intrathymic positive selection was inferred
from the finding that the TCRs on these DETCs had a specific
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‘idiotypic’ marker detected with the 17D1 monoclonal
antibody, a marker that is also found on Vy3V81 TCRs (72).
However, this marker was absent on the DETCs that arose in Vo1
knockout mice, suggesting that 17D1 reactivity might be
associated with Vd1-containing TCRs rather than with speci-
ficity of the TCR (73). A more compelling suggestion that the
DETCs in Vy3 knockout mice had undergone selection was the
finding that these cells produced IL-2 when stimulated with
keratinocyte cell lines, a specificity previously shown to be
associated with DETCs, but not other subsets of 8 T cells (72).

Evidence for thymic positive selection of DETC precursors
The previous studies were consistent with the selection of DETC
precursors, but did not distinguish whether the selection
occurred in the skin itself or was the result of selection in the
thymus. We recently used gene targeting to reinvestigate the
requirement for specific Vy chains in the development of
DETCs. The results provided compelling evidence for selection
of DETCs and clear evidence that it occurs in the thymus, and at
the same time these studies showed a possible mechanism to
couple thymic selection with emigration of the T cells to the
epidermis (74).

We generated mice with a large deletion of the Cy1 cluster
that encompassed HsA, Vy2, Vy4, Vy3, Jyl, Cy1, and 3'-ECy1
(234JCy1~’" mice). The remaining Cy clusters remained intact,
and Vy1.1" and probably Vy1.2" T cells developed normally in
the thymus of the knockout mice, where they were first
detected atdays 15 and 16 of gestation. Normal numbers of Y8 T
cells, most of them Vyl.lJr cells, were detected in the spleen
and intestines of these mice, but Vy2+, Vy3+, and VyS+ T cells
were absent, as expected. Remarkably, despite the abundance of
v6 T cells in other peripheral sites and in the fetal thymus, there
were virtually no TCRY3 " DETCs in the epidermis of these mice
(74). Therefore, DETC development was dependent on ex-
pression of specific y chains, consistent with a requirement
for positive selection of the cells. These data were in contrast to
the findings using Vy3 knockout mice reported above, where
Vvy1.1 and other Y8 T cells were detected in the epidermis in lieu
of Vy3" T cells. The basis for this discrepancy in results is
currently under investigation.

Additional evidence that the DETC precursors undergo
specific positive selection and that selection occurs in the fetal
thymus came from analysis of marker expression on fetal
thymocytes. Consistent with earlier studies (75, 76), we found
that approximately 70% of Vy3™ y3 T cells in the fetal thymus
express various activation markers, including CD122, which is
the B chain of the receptors for IL-2 and IL-5. We showed that

CD122 expression on Vy3" fetal thymocytes was correlated



with expression of V1, the chain characteristic of DETCs (74).
Vy3™" fetal thymates lacking CD122 showed a much more
diverse expression of TCR VO chains, indicating that CD122
expression occurred specifically on Vy3 V817 fetal thymocytes
and not on thymocytes with Vy3 paired to other TCRS chains.
Remarkably, CD122 was completely absent on the y8 T cells in
the fetal thymus of 234JCy1~’~ mice, which lack DETCs,
showing a correlation between the expression of activation
markers in the thymus and development of DETCs. Thus,
expression of DETC-specific V&1 was associated with CD122
expression in the thymus, which was in turn correlated with
DETC development. These data suggested that among fetal
thymic precursors expressing various Y0 TCRs, those expressing
Vvy3 and V81 engaged a thymic ligand, leading to expression of
activation markers and ultimately development of DETCs.
While highly suggestive of selection, the correlations described
above could theoretically arise by other mechanisms. However, as
a result of an unexpected observation, we were able to provide
strong additional evidence that these events reflected positive
selection. As one approach to test whether the absence of DETC
development in 234JCy1~~ mice was specifically because of the
absence of VY3, we attempted to complement the 234JCy1~"~
mice with a transgene encoding a rearranged functional Vy2-
JyiCyl
development and all the resulting DETCs expressed the transgenic
Vy2 chain (74). While this finding could have been seen to

resurrect the notion that DETC development does not depend on

chain. Surprisingly, the transgene restored DETC

specific TCR expression, analysis of the DETCs showed instead
a very specific TCR configuration: all the cells expressed Vy2, as
expected, and showed great enrichment for V37 expression and
little or no expression of other TCRS chains, including V31.
Furthermore, the Vy2 V87 DETCs, but not peripheral y8 T cells,
produced IL-2 when stimulated with keratinocyte cell lines,
suggesting that the Vy2V37 receptor combination, like the
Vy3Vd1 combination, confers specificity for a keratinocyte
ligand. The story was brought full circle when the analysis of
the Vy2 transgenic/knockout mice showed that the Vy2 transgene
resulted in restored expression of CD122 on a subset of Vy2 ™" fetal
thymocytes. Furthermore, the Vy2™ fetal thymocytes that ex-
pressed CD122 predominantly expressed V37, whereas V2™ fetal
thymocytes that did not express CD122 expressed a diversity of VO
genes. These data strongly supported the conclusion that only
specific subsets of developing fetal thymic y6 T cells, including
cells expressing the Vy3V61 pair and the Vy2V7 pair, exhibit
reactivity with an unknown ligand that is expressed by fetal thymic
stromal cells and probably shared with keratinocytes. Moreover,
such reactivity leads to expression of CD122 on developing fetal

thymocytes and is necessary for development of DETCs (74).

Xiong & Raulet - y& T-cell development and selection

A recent report provides independent support for positive
selection of DETC precursors in the thymus. A comparison of
mouse strains showed normal development of Vy3™ DETCs in
FVB-Jax strain mice but none in the related FVB/N-Taconic
strain, and chimera experiments showed that the defect in FVB/
N-Taconic was consistent with the absence of a selecting ligand
for DETCs in the fetal thymus (77). The identity of the putative

selecting ligand has not yet been reported.

Preference for the Vy3V3 | pair among DETCs in wildtype

mice
If different Vy V9 pairs are compatible with DETC development,
why does the Vy3V31 pair predominate in wildtype mice? A
likely possibility, already discussed above, is that the Vy3Vd1
pair is more likely to arise in the fetal thymus than other VyV§
pairs, as a result of favored rearrangement of these genes in the
fetal period. However, this preference cannot fully account for
the dominance of the Vy3V31 pair. In wildtype mice, a small
but significant percentage of DETCs in the epidermis are Vy3 ™~
in the neonatal period, whereas such cells are nearly undetect-
able in the adult stage (73, 78). Thymic production of Vy3*
cells ceases by the time of birth, so the change cannot reflect
greater thymic production of Vy3™ cells at the adult stage.

Other evidence suggests that the Vy3V81 TCR is favored
among DETCs, even when it is not the most commonly
expressed Y0 TCR in the early fetal thymus. In the previously
discussed gene-targeted mice in which the 3"-ECy1 and HsA
enhancer elements were simultaneously deleted in the Cyl
cluster, the number of Vﬂ/SJr T cells in the fetal thymus was
reduced by fivefold to 20-fold at all time points, but Vy1.1" and
VY5 3 T cells developed normally. Therefore, Vy3™ T cells
represented only a small percentage of ¥8 T cells in the fetal
thymus of these mice (47) (Fig. 5). Nevertheless, approxi-
mately 75% of DETCs in the skin of adult knockout mice
expressed Vy3, suggesting selection for the canonical Vy3Va1
TCR among DETCs (47) (Fig. 5).

Between the neonatal and adult period, DETCs are believed to
expand greatly in the epidermis, and it is likely that the local
environment in the skin is important for selective expansion of
the Vy3" 3 T cells. The expansion could result from local
engagement of the DETC TCR with epidermal ligands, although
it is believed that the putative ligand is only expressed well in
damaged or stressed epidermis (79). Alternatively, one could
speculate that the Vy3V31" DETCs may receive more potent
positive selection signals in the fetal thymus, perhaps because of
a higher affinity of the Vy3V31 TCR for the selecting ligand,
which may enhance the ability of the cells to survive and expand

later in the epidermis.
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Fig. 5. The composition of different yd subsets in the fetal thymus
(day 15 of gestation) and adult skin (DETC), comparing wildtype
littermates with H/E~/~ mice lacking both known Cy1 enhancer
elements (HsA and 3'-ECy1). Most DETCs express Vy3 in mice of
both genotypes, but Vy3™ cells are quite rare in the fetal thymus of
mice. These data suggest a strong preference for Vy3 " DETCs, even
when these cells are produced in limiting numbers. Data are based on
analysis of cells from three or more mice of each type on a mixed
(C57BL/6/129Sv) genetic background.

Positive versus negative selection in the thymus may vary at

different developmental stages
Differences have been noted in comparing negative selection in
the thymus of adult and fetal (or neonatal) mice, which may be
instructive in understanding the different roles of the vy T-cell
subsets that arise at these stages. In the adult thymus, T cells
expressing the G8 78 TCR underwent negative selection in mice
that express the strong Tr® ligand, but little or no negative
selection occurred in neonatal mice of the same genotype,
despite indications that the G8 TCR was engaged with its ligand
at that stage (80). Another report indicated that transgenic
Vy3V317" y3 T cells underwent negative selection in adult but
not fetal thymi in certain genetic backgrounds (81). Finally,
treatment of fetal thymic organ cultures with anti-y5-TCR
antibodies did not delete 0 T cells, whereas the same treatment
causes deletion of adult thymic yd T cells (82). These
indications suggest that developing fetal thymic ¥ T cells are
highly resistant to negative selection. Perhaps this resistance
reflects the specialization of the fetal thymus to select cells with
highly defined, invariant specificities. The highly constrained
repertoire of rearrangements and junctional diversification that
occur in the fetal thymus is predicted to produce a large number
of cells with receptors of the optimal affinity for the correct
ligand. If the selecting ligands in the thymus are identical to or
have the same affinity for the receptor as the ligands recognized
by the cells in the periphery, negative selection, if it occurred,
would presumably result in deletion of the cells. Because Y3 T
cells that arise at the adult stage are highly diverse, effective
negative selection is probably necessary to reduce the risk of
generating pathogenic autoreactive 8 T cells. These consid-
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erations may aid in understanding why and how the thymus
specializes in producing different types of T cells at different

stages of development.

How does positive selection in the fetal thymus enable

development of yd T cells in the epidermis?
Having provided evidence for positive selection of DETCs,
we sought to understand how selection in the thymus is
coordinated with T-cell development in the skin. In theory,
thymic selection could influence migration from the thymus,
migration to the epidermis, and survival and/or expansion in
the epidermal environment.

Consistent with a role in lymphocyte migration, we found
that positive selection in the fetal thymus resulted in a
coordinated switch in expression of several chemokine and
homing receptors in the selected cells (74). Chemokine
receptor CCR10 and sphingosine 1-phosphate receptor-1
(S1P1) were upregulated, while CCR6 was downregulated in
the positively selected fetal thymic y8 T cells. Together, these
changes are expected to enhance emigration from the thymus
and may direct cells specifically to the epidermis. Recent studies
show, for example, that S1P1 is essential for the exiting of
mature o.f T cells from the thymus in adult mice (83). Also, the
ligand for CCR6, CCL20, is highly expressed in the thymus (84—
87). Upregulation of SIP1 and loss of CCR6 are therefore
predicted to promote thymic export. Furthermore, the ligand
for CCR10, the chemokine CCL27, is constitutively expressed in
the skin (88-90), including the fetal skin (74). Hence, CCR10
upregulation may promote skin homing of positively selected
v6 T cells after they exit the fetal thymus. These predictions
remain to be tested experimentally.

Positive selection in the thymus may also influence
propagation of DETCs in the epidermis in other ways. A likely
possibility is that the survival and expansion of DETCs in the
skin are enabled by the upregulation of CD122 that occurs as
a result of positive selection of DETC precursors in the fetal
thymus. CD122 is the B chain of the IL-2/IL-15 receptor, and
IL-15 is known to be essential for DETC development (91),
whereas IL-2 is not essential (92). In both CD122 and IL-15
knockout mice, Vy3" ¥8 T cells were generated in the fetal
thymus nearly as efficiently as in wildtype mice, but DETCs did
not develop (91, 93). It has been proposed that IL-15
expressed by keratinocytes maintains survival/expansion of
DETCs in the skin, apparently through interaction with IL-15
receptors expressed on skin-specific y0 T cells (91). Therefore,
the survival and expansion of DETCs in the skin are probably
promoted by the upregulation of cytokine receptors, which

occurs during positive selection in the thymus. It remains



possible that additional stimulation of the cells in the
epidermis is also important in maintaining expression of

these cytokine receptors.

A proposed model for development of tissue-localized v

T-cell subsets
Programmed Vy gene rearrangement and cellular selection
cooperate to regulate development of different tissue-specific
v0 T cells (Fig. 6). In the early fetal thymus, a programmed
rearrangement process based on proximity of the gene to Jyl
favors the generation of Vy3V81" 3 T cells, the natural skin-
specific 0 T-cell precursors, and Vy4Vo1 T T cells, destined for
other epithelial locations. Subsequently, the Vy3V31 ™ y3 T cells
are positively selected by engagement of the Vy3Vd1 TCR with
aligand expressed in the fetal thymus, resulting in a coordinate
switch in expression of chemokine receptors and cytokine
receptors, which in turn directs the specific migration of these
cells to the skin and enhances their subsequent expansion and
survival there.

In the adult thymus, VY3 and Vy4 (and V41) rearrangements
are suppressed by the programmed rearrangement process,
favoring production of Vy2™" and other adult-type v3 T cells.
Although it remains somewhat murky whether positive
selection acts on adult-type y8 T cells, it is likely that
a maturation process, whether selection or another process,

confers these cells with their specific homing properties,
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Fig. 6. Proposed overall scheme of developmental events leading to
development of y3 T cells in the skin (DETCs). In the first phase,
programmed rearrangement events lead to a striking bias in TCR gene
rearrangements, favoring production of the Vy3V41 canonical TCR,
and may direct expression on thymic stromal cells of ligands necessary
for positive selection of DETCs. Positive selection ensures that only cells
with the correct specificity differentiate further and bestow the selected
cells with chemokine receptors, which enable the cells to exit the
thymus and migrate to the epidermis, and with cytokine receptors,
which aid in subsequent survival and expansion of the cells.
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enabling them to exit the thymus and home to secondary
lymphoid organs.

Presumably, the directed differential homing of specific
subsets of Y8 T cells is ultimately important for positioning these
different T cells appropriately for their specialized roles. In the
case of invariant ¥8 subsets, such as the Vy3V31" DETCs, the
cells are localized to the site where they can recognize their
specialized ligands, which are induced in the skin by the
pathophysiological changes (79). The much more variable
adult y0 T-cell subsets, such as V\(Z+ T cells, are believed to be
involved in surveillance for more diverse sets of ligands,
appropriate to their localization to the secondary lymphoid

organs.

Concluding remarks

Our research has addressed all stages of the development of 6
T cells, including the decision to differentiate along the of
versus Y0 lineage, ordered production of Vy-defined subsets of
v0 T cells over the course of ontogeny and the acquisition
during development of guidance information that directs the
cell to its appropriate destination. Our findings together with
those of others show that programmed events, such as Vy gene
rearrangement and junctional diversification mechanisms,
cooperate with subsequent cellular selection processes,
ultimately generating distinct sets of specific tissue-localized
vO T cells. For example, in the absence of selection, most of the
productive Vy rearrangements in the early fetal period are
canonical Vy3 rearrangements (9). Subsequent development
of DETCs nevertheless requires a cellular selection process.
Hence, with respect to yd T-cell specificity, the molecular
program greatly restricts the possible repertoire at the fetal
stage, and selection reinforces this restriction. In the normal
course of events, many of the cells subjected to selection will
already express the canonical Vy3V81 receptor, so it might be
surmised that shaping the repertoire is not the sole or even
main role of positive selection. But under exceptional
circumstances, the selection process is capable of selecting
alternative TCRs, including the Vy2V37 receptor, which
apparently provides specificity similar to that of the canonical
receptor.

The role of selection extends beyond shaping the repertoire,
however, by inducing expression of specific chemokine
receptors and cytokine receptors that are likely to determine
the subsequent localization, survival, and proliferation of the
cells. This outcome of positive selection at the fetal stage may be
‘hardwired’ in the sense that all v0 lineage cells at this stage will

make this response to TCR ligation. We found, for example, that
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fetal thymocytes stimulated with anti-y3-TCR antibodies
upregulated the same chemokine and cytokine receptors as
DETC precursors, even if the thymocytes lacked a known DETC-
compatible receptor (74). These considerations suggest that the
specialization of the fetal thymus to produce DETCs is imposed
at numerous levels of development and prompt the question of
why such stage-specific specialization evolved. We suggest that
it is necessary because the repertoires, diversity, and functions
of the cells produced at the fetal versus adult stages differ so
greatly. Specialization of the thymus for production of different
subsets at different stages is one way to vary developmental
processes at different stages to impart different repertoires
and functionality on the corresponding cells. As examples, the
absence of TdT at the fetal stage is critical to producing a high
frequency of canonical Vy3 rearrangements appropriate for
DETC production (24, 25), and we have proposed in this review
that the reduced susceptibility of fetal thymocytes to negative
selection may be important for producing cells like DETCs, with
a fixed specificity for a self-ligand.

Despite its role in the production of DETCs and Vy4Vd1
invariant T cells at the fetal stage, ontogenic specialization is
clearly not required to produce other specialized T-cell subsets.
Aside from the obvious CD4/CD8 subsets, some of the T-cell
subsets that arise in the adult thymus have properties similar to
those of DETCs. Examples are natural killer (NK) T cells,
CD8ao™ T cells, mucosal-associated invariant T cells (MALT),
which exhibit restricted TCR repertoires, are localized to
specific peripheral tissues, and exhibit distinctive immune
functions. The development of these cells is not separated in
ontogeny from the production of conventional of} T cells and
adult-type v8 T cells, but the differentiation process they
undergo may share one or more of the features of DETC
development outlined in this review. Developmentally, many
of these cells undergo selection processes that are unlike those of
conventional o T cells but similar in some respects to those
of y3 T cells. For example, NK T cells are positively selected by
a self-glycolipid antigen associated with CD1 (94, 95), while
MALT cells are positively selected by the self-antigen MR1 (96,

97). Strong TCR/antigen interactions, which usually result in
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