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Summary

T cells bearing T cell receptor (TCR) v and & chain
heterodimers are first generated early in ontogeny.
They form distinct subsets that differ in their TCR rep-
ertoires and tissue distribution. Disruption of the
mouse TCR Ci gene segment by a gene targeting
method caused the complete loss of T cells bearing
TCR v chains, but had little or no effect on the devel-
opment of T cells bearing TCR ap chains. The analyses
of TCR v and & genes in the mutant mice suggest that
intracellular mechanisms acting at the level of DNA
rearrangement play key roles in the differential v and
& gene rearrangements and in the generation of the
highly restricted junctional sequences during fetal thy-
mic development.

Introduction

Two types of T cells exist; one utilizes the T cell receptor
(TCR) apf heterodimer and the other the TCR +& hatero-
dimer. During thymic ontogeny, rearrangement and cell
surface exprassion of TCR y and TCR & chains precede
thatof TCRa and TCR  chains (Raulet et al., 19685; Pardoll
et al., 1987, Itohara et al., 1989). An analysis of v& TCR
transgenic mice has suggested that aff and v& T cell lin-
eages segregate prior to the expression of either TCR on
the cell surface (Bonneville et al., 1989; Ishida et al., 1990).
We and others have observed normal development of y&8 T
cellsin o T cell-deficient mice (Mombaerts et al., 1992a;
Philpott et al., 1922). However, it is not known whether the
prior development of +3 T cells somehow influences the
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subsequent development of the aff T cell lineage through
a vb TCR-mediated mechanism.

There are several v T cell subsets that express distinct
TCRs and differ with regard to their ontological appear-
ance and tissue distribution. The two +v5 T cell subsets that
appear first in thymic ontogeny are unusual in that their
TCRs show virtually no diversity (Lafaille et al., 1983}, even
though they are encoded by rearranged TCR y and| &
genes. One expresses a canonical Vy5 chain, and the
other expresses a canonical V6 chain. Both share a par-
ticular V&1-J42 chain. These so-called Vy5-Va1 and Vy6-
V&1 subsets appear in two consecutive waves in the fetal
and perinatal thymus (Havran and Allison, 1988; o et al.,
1889) and home to the epidermis (Asarnow et al., 1988;
Havran and Allison, 1980) and to the mucosal epithelia
of the uterus, vagina, and tongue (lichara et al., 1990,
respectively. Subsets that bear highly diversified Vy1, Vi4,
or V¥7 chains in combination with multiple V& chains ar
generated later in the neonatal and adult thymus (Elliot] et

al., 1988; Korman et al., 1988; Takagaki et al., 1988) and
home to the blood and peripheral lymphoid organs,
The molecular mechanisms underlying the appearar|ce
of distinct v& T cell subsets are obscure. One possible
explanation is the selection of particular cells via TCR-
ligand interactions provided by a particular thymic migro-
emvironment. However, it is also possible that a de».-e.%&pr

the V gene usage and the degree of TCR diversity. [To
address these issues, it is desirable to design an ex
mental system in which TCR gene rearrangement takes
place without TCR-mediated cellular selection. In the pres-
ent study we accomplished this by generating v& T cell-
deficient mice by gene targeting (Capecchi, 1989).

results show that apparently normal e T cell developmignt
occurs without +& T cells and that an intracellular mecha-
nism acting at the level of DNA rearrangement in the thy-

mus, rather than a cellular selection mechanism, pla s a
key role in the differential generation of v& T cell su?:s

ment-associated intracellular machinery determines bpth
Fi=

and in the generation of highly restricted junctional [se-
Iso
ids
pi-

quences among fetal v5 T cell subsets. The results
suggest that cell surface expression of the v& TCR
homing to and/or expansion of the v& T cells in the
dermis.

Results

Generation of the Mutation in the TCR & Locus

To generate a defectin the TCR & locus that would preyent
the expression of any complete TCR & chain, we disrupted
the TCR & constant gene segment (C8) by gene targeting
in embryonic stem (ES) cells. The targeting vedors
(pPMKO-20 and pPMKO-21) utilize 12.5 kb homologous
DNA segquences of AKR/J origin and the pgk-neo and
MC1-tk gene cassettes as positive and negative seledtion
markers, respectively (Figure 1A). These vectors werg de-
signed to replace most of the coding sequences of C3| but
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Figure 1. Targeting of TCR C& and Southern
Analysis of Targeted Cells and Mutant Mice
(A) (Top) TCR & targeting wectors pPMEKO-20
and pPMKO-21, which carry one and two cop-
ies of the tk gene at the ends of the Sequences,
respectively. The crosses indicate the hypo-
\ thetical crossovers betwesn the targeting con-
struct and the TCR C5& gene segment. (Micdie)

T

Genomic structure of the wild-type TCR D-J-C&
locus, (Bottom) Structure of the disrupted TCR
C& gene segment. Probes used are probes 1,
3, 4, and 5 10 characterize the ES clones and
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probe 2 to genotype the mice. The sizes of the
DNA fragments hybridizing to these probes are
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retain all other segments of the TCR & locus. Ofthe 384 ES
cell clones analyzed, 11 were found to have the targeted
mutation. Extensive analysis by Southern blot hybridiza-
tion using internal and external probes revealed the cor-
rect integration of a single copy of the pgk-neo gene at the
expected site in 9 out of 11 clones. Results obtained with
one representative clone are shown in Figure 18. Two
clones showed an aberrant integration event at the 5" or
¥ side of the marker gene (data not shown). Although
the vectors were designed to use positive and negative
selection (Mansour et al., 1988), the negative selection
gave little enrichment for ES cell clones with a homologous

were hybridized with probes indicated at the
top of the figure. The bands from TCR C5 locus
were indicated at right. Probes 4 and 5 hybrid-
ize also to the endogenous pgk gene.
(C) Southern blot analysis of tail DMA of it
termates from a cross between TCR & hetero-
zygotes. The DMA was cut with EcoRV, and the
Southern blot was hybridized with probe 2. The
wild-type allele is at 7.0 kb and the mutant allele
at 3.1 kb, +/+, wild-type mice, +/=, 5~ hetarozy-
gotes; —/'—, & homozygoles

recombination event: targeted clones were obtained at
similar frequency from cultures maintained either in the
presence or absence of thymidine analogs. In parallel ex-
periments using another targeting vector (pPMKO-27),
which contains fewer homologous seguences (7.5 kb), 4
out of 260 clones were targeted (data not shown).

Cells of five clones, A148 and B36 derived from the E14
cell line (Hooper et al., 1987) and A287, AB21, and AT13
derived from the D3 cell line (Gossler et al., 1986), were
injected into C57YBL/E or BALB/c blastocysts. All clones
gave rise to germline chimeras. Intercrosses between &
heterozygotes gave rise to & homozygotes at the ex-
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Figure 2. Flow Cytometric Analysis of TCR & Mutant Mica

(&) Thymocytes from 4-week-0ld normal (+/+; top) and mutant (=/=; bottom) mice.

{b} Thymocytes from 18-day-old fetuses.

(¢} Intestinal intraepithelial lymphocytes from 4-week-0ld normal (+/+; top) and mutant (-/—, botiom) mice.

CD3

(d) Peripheral blood lymphocytes from 4-week-old mice. The percentages of cells in some of the guadranis are shown. Antibodies used are 2011

for CD3 £, 3A10 for pan-TCA &, H57-597 for pan-TCR B, 53-6.7 for CDA, GK1.5 for CD4, and F536 for Vys,

pected frequency of 1:4. An example of Southern analysis
datais shown in Figure 1C. &~ homozygotes that were kept
under specific pathogen-free conditions remained healthy
for at least 17 months. 5~ male and female homozygotes
proved to be fertile.

Lack of T Cells Bearing TCR ¥4 Chains

Toanalyze the effect of the mutation, we first examined the
cellular compaosition of various organs by flow cytometry
(Figure 2). As expected, we did not find any cells reactive
with an anti-pan TCR & monoclonal antibody (MAb 3A10)
in any of the lymphoid or epithelial organs from the mutant
mice, Furthermaore, fetal thymocytes obtained at day 16 of

gestation were not stained with an anti-Vy5-specific MAb
(Figure 2b). All CD3 £ positive cells were stained with an
anti-pan TCR [ MAb (H57-587) (Figures 2a, 2c, and 2d),
indicating the absence of cells expressing v8, ay, ory T
chains associated with CD3 .

We also analyzed the expression of TCR +5 by immung-
precipitation using an anti-TCR v MAb, KN365, reactive
the denatured TCR Cy1 domain (Maeda et al., 1987). |
the & homozygotes, we found no material reactive wi
this MAb in the lysate of day 16.5 fetal thymocytes that
had been surface radiciodinated (Figure 3). These result
confirm that no v& TCR is expressed on the surface

mutant thymocytes.
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Figure 3. Immunoprecipitation Analysis of Fetal Thymocytes

Fetal thymocytes at day 16.5 of gestation were radicicdinated and
subjected to immunoprecipitation analysis under nonreducing condi-
tions. The lysates were precipitated either with or without MAD KN3E6S,
which reacts to the denatured Cy1 domain (Maeda et al., 1987).

MNormal Development of af T Cells

The development of the af T cell lineage in the v5 T cell-
deficient mice was examined at varipus time points be-
tween day 15 of gestation and 5 months after birth. Mo
major differences in total thymocyte numbers were ob-
served among the 5 homozygotes, §~ heterozygotes, and
wild-type mice obtained as littermates of crosses between
a pair of 5 heterozygotes. Moreover, we did not detect
substantial differences in CD4, CD8, and TCR aff expres-
sion patterns in thymic ontogeny between the mutant and
the control mice (see Figure 2a; Table 1; data not shown).
The same was true for the expression of other cell surface
molecules such as LFA1, CD2, Ly-1, J118, CD&8, and
interleukin 2R by thymocytes (data not shown). These re-
sults suggest that aff thymocytes develop independeantly
of v& thymocytes. Furthermore, we did not cbserve any
differences between the mutant and control mice with re-
spect to peripheral af T cells and B cells. For instance, in
& homozygotes the immunoglobulin G, response is not
significantly altered upon immunization with ovalbumin
(Figure 4), suggesting that the af T helper function in these
mutant mice is not impaired.

Differential Rearrangement of TCR v and TCR

& Genes in the Developing Thymus

Rearrangement of TCR v and TCR & genes was examinad
by a quantitative polymerase chain reaction (PCR) methad

followed by Southern blot hybridization. The mutation did
not inhibit the rearrangement of TCR y or TCR & genes
(Figure 5). In both normal and &~ homeozygotes, different
variable region gene segments were preferentially re-
arranged in fetal (days 17 and 19 in gestation) and adult
({B-week-old) mice in the absence of surface v& TCR ex-
pression: rearrangements of Vy5-Jv1, VyB-Jy1, and V&1
to J&1 or J&2 were frequent in the fetal but rare in the adult
thymus in both the mutanmt and wildtype mice. Re-
arrangements of Vy4, Vy7, and Vv1 were predominant in
the adult thymus. V54-J&1 and V&5-J81 rearrangements
occurred both in the fetal and adult thymuses, with slightly
higher frequency in the latter. These findings demonstrate
that rearrangement of the various Vy and V4 gene seg-
ments is programmed in development by an intraceliular
machinery.

An Intracellular Mechanism for the Junctional
Sequence Homogeneity

The developmentally programmed rearrangement men-
tioned above contributes to the TCR homogeneity of fetal
vd T cell subsets with respect to the choice of v and & gene
segments. We then investigated whether the junctional
sequence homogeneity of these T cell subsets results from
an intracellular mechanism or from TCR-mediated extra-
cellular selection. Since no ¥6 TCH is expressed on the
surface of cells in the TCR & mutant mice, any effect of ya
TCR-mediated cellular selection should be absent during
T cell development in these mice. As shown in Figure 6, the
junctional sequences of Vy5-Jy1, VyB-Jy1, and V51-D-J52
were as restricted in the fetal thymus of the mutant mice
as in the wild-type mice, providing evidence for an intracel-
lular mechanism. The number of sequences that were gen-
erated in fetal v& progenitor cells is much smaller than
the number of sequences that could be generated if the
process was as random as in adult thymocyte progenitors.
A role of an intracellular mechanism is also indicated by
the recurrence of some out-of-frame sequences at the Vy5-
Jy1 and VvE-Jv1 junctions of both the wild-type and mutant
mice (Figures 6A and 6B) and by the recurrence of a few
sequences at the V31-D2 junction of V&1-D-J&1 products
as well as of V&1-D-J32 products (Figures 6C and 80).

A Possible Role of P Nucleotides in the Generation
of Homogeneous Junctional Sequences

We have examined all junctional sequences in the Vy5
V&1 and VyB-VE1 subsets that we determined in the pres

Table 1. af Thymocytes in Mutant Mice

Total Thymocytes Frequmcyi%_] I - P — ERE—

Animal Genatype {x 10 [ High B Low ChaCDe” Ch4-CDs Co4Che
Day 168.5 +H or +/—- 121 = 0.41 0.5 = 0.1 285 = 0.9 239 = 36 259 = 06 38 05
fetuses® == 1.36 = 0.45 0E = 01 259 £+ 5.1 257 = 26 26.0 = 3.0 40 % 0.1
Adults® i+ 278 = 94 148 £ 2.0 69.3 £ 2.0 B34 £ 25 10.8 £ 21 21 =04
2 257 = 33 153 = 1.7 7.1 = 1.7 856 = 1.1 10.1 £ 1.1 18 = 0.3

* Examined are 11 and & samples for the total cell number counting, and & and 2 samples for the call subpopulation study, respectively, for +#+

or +/— and —/— mousa groups. The data of the call subpopulation study were cbtained with ittermates genarated by crossing a pair of +/— animalg.
* Data with 3- to 4-week-old mice (+/+, n = 12; =/—, n = 7) for total cell numbers, and with S-month-old mice (+/+, n = 11; —/—, n = 9) for call

population.
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Figure 4. Serum Antibody Response of TCR & Mutant Mice Immu-
nized with the Thymus-Dapandent Antigen Ovalburmin

Mice were immunized intraperitoneally with 100 mg of ovalbumin in
complete Freund's adjuvant and boosted on day 15 with 100 mg of
ovalbumin in normal saline. The level of ovalbumin-specific immumno-
globulin G, serum antibodies was determined by enzyme-linked immuy-
nosarbent assay on day 30. Resulls are expressed as a binding curve
oy plotting absoroance at 480 nm (Y axis) wersus serum antibody dilu-
tion (X axis). Closed circles (+/-), 5 helerozygous liermates; open
cirches (—/-), &~ homozygotes.

ent study and in our earlier studies (Lafaille et al., 1989;
Itohara and Tonegawa, 1990). As shown in Table 2, just
a few sequences, in-frame or out-gf-frame, compose over
70% of sach of the Vy5-Jv1, VyB-Jy1, V51-D2, and D2-J52
junctions detected in the fetal thymuses. A number is as-
signed to each of these recurring junctional sequences in
Figure & and Table 2. These junctional sequences can be
grouped into two classes: in the class | sequences (se-
quences 1,2, 4,5, 7, and 8), a 1-3 nt overlap of germline
sequences occurs at the breakpoints, and in the class ||
sequences (sequences 3, 6, and 9-12) no such overlap
exists, However, if we take P nucleotides (Lafaille et al.,
1989) into consideration, not only a substantial overlap
(2-6 bp) emerges at the breakpoints of the class Il junc-
tional sequences, but also the overlap of some of the class
| junctional sequences (sequences 2, 5, and 7) is enlarged
from 1-2 bases to 3-5 bases. (In the original paper, a P
sequence was proposed to be made up of 2 nt [Lafaille et
al., 1989], but subsequent studies indicated that they can
be longer [Ferrier et al., 1990; Kienker at al., 1981]. We
arbitrarily used 5 nt for the present purpose.) We will dis-
cuss below a possible role of the overlap and of P nucleo-
tides in the generation of the highly homogeneous junc-
tions in the TCR of the Vy5-V61 and Vy6-V&1 subsets.

TCR Expression |s Required for the v& Dendritic
Epidermal Cell Migration into and/or

Maintenance in the Epidermis

Previous studies with TCR transgenic mice indicated that
homing specificities of y& T cell subsets are independent

of the TCR specificities (Bonneville et al., 1980). In| this
study, we asked whether v& TCR expression per se is
required for homing, maintenance, or both of v& den

some representative pictures are shown in Figure 7
As expected, we observed large numbers of v& T

&~ heterozygotes and wild-type littermates (Figures 7a
7h). Only data from the & heterozygotes are prese
here, since epidermal sheets prepared from these

(data not shown). Virtually all (>28%) of the Thy-1°
in these preparations expressed either aff or v4 TCR (
ure 7¢). In contrast, no yé& T cells were detected in epi

and all of the CD3 £* cells expressed aff TCR (Figur
and Te). It was also noted that in the 5 homozy
neither the Thy-1"TCRA™ nor the Thy-1"TCR afi* dendsiti
epidermal cells displayed the dendritic morphology
acteristic of v& dendritic epidermal cells in & heter
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Figure 5, Rearrangement of TCR v and TCR & Genes Examined
Quantitative PCR=-Southern Blot Analysis

The DNA fram thymocytes of fetuses at day 17 (E17) and day 1
{E19) of gestation and of 6-week-old adult mice was amplified by PC
reaction, and the Southern blots of the products were probed wit
labeled ofigonuclectide probes (see Experimental Procedures). T
show the quantitative nature of the reaction, DNAS of hybridomas wit
known TCR gene rearrangement were mixed with PCC3 DNA th
carrigs no rearrangemeant of TCA v and & ganes in the indicated prop
tions and were analyzed side by side with the thvymus DNA sampl
Combingtions of primers used are shown at right. +i+, wild-
mice; ==, & homozygoles.
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Figure 6. Mucleotide Seguences of Rearranged TCR ¥ and TCR & Genes

Junctional seguences of VyS-Jv1 (A}, VyB-Jy1 (B), VE1-J52 (C), and V&1-J51 (D) joints present in the fetal thymocytes from wild-type mice (+/+) and
& homozygotes (—/=), The sequences are aligned with germling sequences of TCR v (Garman et al., 1986; Lafaille e al., 1989) and TCR & (Chien
et al., 1887) gene segments. The recombination signal sequences are shown in lowercase letters. P nucleotide(s) is underlined. The freguency of
thit clones with a parlicular seguence among the total number of clones randomly chosen and sequenced is listed in the last column, Numerical
names (1-12) were assigned to junctional sequences that appeared multiple times among the clones sequenced in this and previcus studies (Lafaille

el al., 1989, ohara and Tonegawa, 1990).

gotes (compare Figure 7 with Figure 7a). As shown in
Table 3, the density of epidermal off T cells observed in
&~ homozygotes represented an approximately 17-fold in-
crease compared with af T cells in epidermal sheets from
&~ heterozygotes. Although the density of ap T cells was
increased in the &~ homozygotes, the density of epidermal
CD3 " T cells in these mice was still significantly reduced
(about 20% of the densities observed in epidermal sam-
ples from & heterozygotes). In all groups of mice, the bulk
of the ap T cells expressed a CD4-CDE~ phenotype (data
not shown). The reduction of epidermal T cells in the &
homozygotes was also apparent when the density of
Thy-1° cells was examined and found to be about a third of
the values obtained with samples from & heterozygotes.
Furthermore, in contrast with this latter group of mice,
where >98% of the Thy-1" cells expressed either af or y&
TCR, almost 40% of the Thy-1" cells in the 8- homozygotes
expressed neither af nor v& TCR. While this represented
an approximately B-fold increase versus the wild type in
the density of this population of cells in the 8 homozy-
gotes, their density was still about 13% of the Thy-17 v&
cells found in the & heterozygous and wild-type lit-
termates.

Thus, surface expression of TCR ¥& seems to be re-
quired for the full representation of v T cells in epidermis.
If the low level of Thy-1"TCR™ cells found in the epidermis

of the & homozygotes represents v5 lineage cells, this
could mean that fetal v& thymocytes can home to epider-
mis without TCR expression but cannot expand or be posi-
tively selected at that site. Alternatively, the Thy-1"TCR™
cells may represent a non-y5 T cell lineage as previously
suggested for similar cells in nude mice (Nixon-Fulton et
al., 1988).

Discussion

In this study, we examined the efiects of a mutation in the
constant region of the mouse TCR & chain on the genera-
tion of v& and aff T cells, on the rearrangement of TCR y
and & genes, on the generation of the highly restricted
junctional sequences of the v5 TCR of the fetal T cell sub-
sets, and on the homing of the v& fetal thymocytes to epi-
dermis. Below, we will discuss some of these issues sepa-
rately.

Generation of vé and afi T Cells

As expected, we detected no sign of T cells bearing v&
TCR in the thymus or in the periphery of 5~ homozgotes
using an anti-pan TCR & MAb (3A10), and no protein was
precipitated from the surface of mutant thymocytes with
the anti-TCR v MAb (KN365). In addition, since all CD3
g cells were also stained with the anti-pan TCR p MAb
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Table 2. Short Sequence Overlap at the V(D) Junctions

Freguency
Experiments
Class Type  Seguences A B c Subletal (%) Total {%0)
Wy5:  TGCTGGG AT CTAGATC
1 1 Jyt GCTAT AT AGCTCAG 21 2 45 _92(38) 183 (78} (Types 1-3)
TGCTGGE AT AGCTCAG 58 a5 135 242 242
Vyh: TGCTGGGATC TAG ATC
I* 2 Jy1: GCTATA TAG CTCAG 13 8 B2 s
TGCTGGGATC TAG CTCAG 58 45 138 242
Wy5:  TGCTGGG AT CTAGATC
n 3 Jyh GCT AT ATAGCTCAG T 4 T _40(17)
TGCTGGG AT ATAGCTCAG 58 45 138 a2
Wy TGECTGGEG ATA TATCC
I 4 Jr1 GCTAT ATA GCTCAG 123 34 _B8(3) 173 (80) (Types 4-8)
TGCTGGG ATA GCTCAG 3@ 39 140 A7 217
Vy8:  TGCTGGG ATATA TCC
[ 5 bl GCT ATATA GCTCAG 18 12 54 B4 (39)
TGCTGGG ATATA GCTCAG 38 3@ a0 a7
VyB:  TGCTGGGA TATAT CC
] ] Jy1: GC TATAT AGCTCAG 4 1 18 _ZI(10)
TGCTGGEGA TATAT AGCTCAG ‘' 39 140 il
W&1:  TCA GATAT ATATC
" 7 D&z: CC GATAT CGLAGGGA 34 33 67 119(61) 142 (72) (Types 7-9)
TCA GATAT CGGAGGGA a3 43 9 196 196
&1 TCAG AT ATATATC
I ] D&2: CCGAT AT CGGAGGGA 8 4 1 _13m
TCAG AT CGRAGGGA 48 a3 EE] 196
W&1:  TCAGAT ATAT ATC
1 ] Ds2: CLG ATAT COGAGGGA a 4 5 105}
TCAGAT ATAT CGGAGGGA 43 43 98 198
D&z GGAG GGA TACGAGCTOGT
] 10 Jaz A GGA GCTCCTGG 18 13 58 _g0is7) 118 (75) (Types 10-11)
GGAG GGA GCTCCTGS LT a5 157 157
D&2:  GGAGGGATAC GAGCTC GT
I 11 J&2: AG GAGCTC CTGG 5 T 18 _2/B(1)
GGAGGGATAC GAGCTC CTGG 30 29 ET] 157
D&2:  GEAGGGATACG AGCT CoT
Il 12 JE1: GGT AGCT ACCGA 6 & HND _11.4{28) _11(28) (Type 12)
GGAGGGATACGAGCT ACCGA 19 2 40 40

The type numbers correspond to those of Figures A-6D. P nucleotides are underlined. The junctional sequences of & pair of germline ge
segments and their recombinants are aligned on the basis of maximal sequence homaology. The overlapping nucleotides around the junctions
shown in bold. The frequency shown indicates the number of clones with the particular junctional sequence among the total number of ¢
representing rearrangement between the indicated pair of germline gene segments (Experiment A, this study; Experiment B, Lafaille et al., 1
Experiment C, ltohara and Tonegawa, 1990). The data from Experiment C include unpublished out-of-frame sequences.

MO, net determined,

(H57-597), it is highly unlikely that cells in the mutant mice
express CD3 -associated TCR composed of vé& hetero-
dimers, ¥ chains only, or a ¥ chain to which a truncated &
chain (i.e., V& domain) is bound. The possibility that the

latter type of abnormal TCR is expressed without assof
ated CD3 = on the surface of some mutant cells has n
been excluded. However, itis unlikely that such molecul
would transduce any physiclogically meaningful signa
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Table 3, Quantitation of Two-Color Immunofiuorescence of DEC Cells

TCA B or & versus CD3

THY-1 versus TCR (B and &

Genotype BCD3"/mm* 5CD3* 'mm? THY-1*/mm?* THY-1*"TCR (%)

—i=- S7. 71682 [i] A7.5(6.4)* 38.5(8.6)°

+/ 3.40.0p 280.8(30.4) 293.0{53.1)° 1.6(1.00°

Presented above i3 the mean (standard arror) of those averages. Number of animals examined per group: TCRICD3 —/-. n = 7: +/—. n = §; THY1/
TCR—/-.n=5+-.n=T.

Probability of oneway t statistic for comparison of means: *p = 001, *

Since y6 T cells appear prior to aff T cells in thymic
ontogeny, it has been proposed that ¥&6 T cells may play
a regulatory role in the generation of afi T cells. For in-
stance, a model incorporating this concept was proposed
based on the phenotype of TCR V1-C4y gene transgenic
mice (Ferrick et al., 1989). However, our analysis of the
TCR & mutant mice revealed no effect of the mutation on
the total number of aff T cells generated in thymus or
periphery, on the expression of several cell surface mark-
ars on these T cells, or on their T helper function. While
further study is necessary to rule out a more subtle effect,
our data suggest strongly that the development of af T
cells is independent of ¥& T cells. A reciprocal conclusion
was previously drawn on the basis of the analysis of TCR
a (Mombaerts et al., 1982a; Philpott et al., 1982) and TCR
B mutant mice (Mombasris et al., 1992a). Thus, all of these
TCR mutant mice provide tools for the identification of
functions unique to aff T cells or v& T cells.

0005, *p = 0208, "p = .006.

Developmentally Programmed Rearrangement

of TCR y and TCR & Genes

The issue of whether the differential generation of v6 T cell
subsets is mediated by programmed TCR gene re-
arrangement or cellular selection has been addressed in
the past. One approach has been to analyze nonproduc-
tive rearrangements in particular y& T cell subsets (Asar-
now atal., 1988; Takagaki et al., 1989; Rauletet al,, 19891).
Another was to follow the pattern of rearrangement in de-
veloping fetal thymus in vivo (Lafaille et al., 1989, 1990;
Iwasato and Yamagishi, 1992) or ex vivo (Ikuta et al., 1980;
ltohara and Tonegawa, 1990). These studies, however,
have been inconclusive because of the paucity of data
or the inability to dissociate the intrinsic rearrangement |
regulation from cellular selection. By contrast, our mutant
mice circumvent both of these difficulties and demonstrate !
the existence of temporally programmed rearrangement |
of TCR ¥ and TCR & genes. The mechanism of such differ- I

Figure 7. Immunofiugrescent Labeling of Epidermal Sheels

Epidermal sheets prepared from & heterozygotes (Ja]-[<]) and & homozygotes ([d]-[e]) were processed for the demonstration of simultaneols
axprassion of CD3 e and TCR & chains ([a] and [d]), CD3 & and TCR B chaing ([b] and [e]), and Thy-1 and TCR & and B chains ([¢] and [f]).
Fluoresceinated anti-CD3 £ ([a], [b]. [d], and [e]) antibodias weare usad in conjunction with bictinylated anti-pan TCR & chain antibodies ([a] and [B])
of anti-pan TCR [ chain antibodies ([b] and [e]). Flucresceinated anti-Thy-1 antibodies (jc] and [e]) were used in conjunction with a mixture] of

biotinylated anti-pan TCR & chain and anti-pan TCR § chain antibodies ([d] and [f]). Biatimylated antibodies were detected with streptavidin-Texas

red conjugates. Approximate magnification, 400 x
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ential rearrangement is unknown, but an obvious possibil-
ity isthat a set of cis-acting regulatory elements associated
with the TCR v and TCR & gene loci play a key role by
rendering individual gene segments differentially accessi-
ble for V(D) joining. The potential for differential develop-
ment of y& T progenitor cells in fetal liver and adult bone
marrow has previously been observed (lkuta et al., 1980).
The program directing rearrangement may be an im-
portant component of the differentiation potential of the
progenitor cells.

Short Sequence Homology Helps Generate
Canonical v& TCR

Programmed rearrangement (this study), the lack of
M-region additions (Asarmow et al., 1988; Lafaille et al.,
1989) resulting from a reduced level of terminal deoxy-
nucleotidyl transferase activity (Rothenberg and Triglia,
1983), and the reduced trimming by the putative exo-
nuclease (Lafaille et al., 1989) all contribute to the genera-
tion of canonical TCR for the Vy5-V51 and Vy6-VE1 T cell
subsets. However, the issue of whether site-restricted
recombination (molecular constraint model) or TCR-medi-
ated cellular selection (cellular selection model) play a
major role in the production of the canonical TCR has
remained unsettled, The finding that the junctional se-
guences of rearranged Vy5 and V&1 genes in fetal thymo-
cytes and epidermal & T cells showed a limited diversity
in nonproductive rearrangements but almost none in pro-
ductive rearrangements argued for the cellular selection
model (Lafaille et al., 1890). In contrast, the finding that
the V&1-Da2 and VyB-Jy1 junction show an unusually high
degree of precision even in nonproductive rearrange-
ments (Chien at al., 1987; Lafaille et al., 1989; Allison and
Havran, 1991) was consistent with the molecular con-
straint model.

In an effort to block cellular selection, Itohara and Tone-
gawa (1990) added the MAb 3A10 (specific for TCR &) to
fetal thymus organ culture, in which the monospecific fetal
v& T cell subsets are normally generated. This led to an
increase in the frequency of productive V5, V8, and V&1
rearrangements with noncanonical junctions, supporting
the cellular selection model. However, as shown here, a
similarincrease in the frequency of noncanonical junctions
was not observed in the thymus of the TCR & mutant mice
in which the putative TCR-mediated positive selection
must have been eliminated. This latter finding strongly
supports the molecular constraint model. It also suggests
that the effect of the anti-TCR & MAD in the earlier fetal
organ culture experiment was not simply inhibition of posi-
tive selection. Perhaps the antibody treatment led to the
expansion of rare cells expressing noncanonical TCRs,
with little effect on cells expressing the canonical TCR,
which presumably encountered endogenous ligands inthe
culture.

Thus, the unusual homogeneity of the TCR of V+5-V&1
and Vy&-V51 subsets appears to result from multiple pro-
cesses, namely rearrangement of specific V segments
(i.e., programmed rearrangements), absence of N-region
additions, limited trimming of coding ends, and site-
restricted recombination guided by short homologous re-

are formed in V{D)J joining using a short homology
breakpoint has previously been proposed for neonat

Table 2) seems to be mediated by a 3 nt homelogy th
provided on the J&2 side entirely by P nucleotides.

nation breakpoint. For instance, among the 25 Wy 1
junctional sequences that appear only once (Table 2; Un-
published data), none had an overlap of three or mare
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TGTGGGTCA GATAT|C' Acacaggt
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102 TGTGGGTCA |G ATAT C GEAGGGA
DX (Type 7)

=2

? Wl cactgtoBTGGC [ATAT C) Acacaggt
D2 CCGIATAT ClGBAGEGA
DID2 c2ctgtgGTGGC [ATAT C/GGAGEEA
val TGTGGEETCAG ATAT
VvaIio: TETLCEETCAG ATAT C GLAGGEA

= WEID2{Type 7)

Figure 8. Possible V51-01-D2 Joining in Fetal Thymuses Mediated by
Short Homology
(A) VE1-D1 joining is mediated by a tetranucleotide homology ATAT,
Recombination betwesn the joined Va1-D1 and D2 is mediated byla
hexanuchagtide homology GATATC.
(B) D1-D2 joining is mediated by a pentanuciectide homology ATATE.
Recombination between the joined D1-D2 and V&1 is mediated byla
tefranuclectide homology ATAT,
MNote that the final W&1-01-D2 recombinants of (A) and (B) are identicgl
and are equivalent to the type 7 V51-D2 recombinant. In both (A) and
(B}, the homologies in the first and the second recombination are indi-
cated by salid line and dotted line boxes, respectively. P nucleuti:%:

of D2 are underlined, and recombination signal sequences of D1
Indicated in lowercase letters.
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nucleotides, five had only a 1 nt overlap, and two had a
2 nt overlap, even after P nucleotides were considered.
Likewise, among 19 Vv6-J¥1 junctional sequences that
appeared only once (Table 2; unpublished data), none had
an overlap of three or more nucleotides, and only one each
had a 1 or 2 nt overlap. We conclude that the joining ends
of the fetal TCR v and TCR & gene segments have evolved
to be particularly well suited for the short homology-
mediated recombination.

Lack of D1 Segment in Fetal TCR & Genes
The TCR & gene preferentially expressed in the fetal thy-
mus is almost always composed of V51-D2-J52 and C&
gene segments with no apparent participation of the D1
gene segment (Chien et al.,, 1887, Lafaille et al.,, 1988).
This is in contrast with the TCR & genes utilized by adult
thymocytes that are composed of one of several different
V& gene segments joined to D1, D2, and J&1 or J&2 gene
segments (Elliott et al., 1988; Takagaki et al., 1989; Lacy
et al., 1989). The lack of participation of the D1 gene seg-
ment in the generation of fetal TCR & genes could be a
part of the developmental program that controls the acces-
sibility of TCR gene segments. However, the homology-
mediated recombination discussed above offers an alter-
native explanation.

The only substantial homaology that could be used for
a homology-mediated V&1-D1 joining is provided by the
tetranucleotides ATAT present at the end of the V&1 seg-
ment and at the sixth nucleotide position of the D1 gene
segment (Figure 84). However, since the tetranuclactide
ATAT is a part of a hexanuclectide GATATC that is likely
to be utilized in a subsequent homology-mediated joining
between the joined V&1-D1 and the D2 gene segments
(Figure 84), the end result of the V&1-D1-D2 joining be-
comes indistinguishable from the type 7 V&1-D2 joining
(Figure BA). The same ogutcome is reached when a D1-D2
joining occurs first and is followed by a V51-D1-D2 joining
{Figure 8B). Thus, in fetal thymuses, the D1 gene segment
may in fact participate in the generation of TCR & genes,
but because of the particular distribution of short homology
among the Va1, D1, and D2 gene segments, the homal-
ogy-mediated recombination excludes any D1 -specific se-
quence from the final product. Alternatively, the V&1 gene
segment may directly join with the D2 gene segment
through the pentanuclectide GATAT homology (type 7,
Table 2). In any case, the apparent lack of the D1-coded
seguence in the fetal TCR & genes seems to be a result
of a strategy developed during evolution that utilizes ho-
mology-mediated recombination to minimize junctional di-
versity. In the TCR & genes produced in adult thymuses
where junctional diversity is desired, the D1-coded se-
guence appears more frequently because the homology-
mediated recombination plays a greatly reduced role.

Experimental Procedures

Construction of Targeting Vectors

The tangeting vectors (pPMKO-20 and pPMKIO-21) wete constructed
from cosmid clone TAS isolated from AKRJJ mice (Winoto and Balti-
mare, 1983). The fragments used were a 4 kb EcoRl fragment betwaen
J&2 and the first exon of C&; an 8.5 kb Kpnl-EcoRI fragment, down-

stream of C&; & 1.8 kb pgk—-neo gene derived from pKJ1 (McBurney
etal., 1991; a gift from Michas! A. Rudnicki); and a 1.9 kb MC7-tk gene
cassetie derived from pMC1-tk (Mansour et al., 1588; a gift from Mario
Capecchi).

Targeting Experiment

The ES cell lines used were D3 (Gossler et al., 1986) and E14 (Hooper
@t al,, 1987). Cell culture and the targeting expariment wire Carfied
out as described previously (Mombaerts et al., 1992b). In brief, 5 »
107 ES cells were alectroporated with a Bio-Rad Gene Pulser (800 V,
3 mF; electrode distance, 0.4 cm), using 20-75 mg of DNA. Prior to
electroporation, pPMKO-20 and pPMKO-21 were linearized by diges-
tion with Matl and Sfil, respectively, The electroporated cells were
plated in ten 10 cm dishes coated with mitotically inactivated embry-
onic fibroblasts derived from neoc-transgenic mice (Gossler et al.,
1986). G418 (GIBCO) at 125-150 mg/mi was added 24 hr after electro-
paration, and ganciclovir (a gift from Syntex, Palo Alto, California) at
2 mM was added after 4-7 days to most of the plates. Colonies were
picked at day 7-8 of selection imo wells of 24-well plates, and ong
half of the cells was stored in liguid nitrogen until the completion of
scresning. The other half of the cells was screened by digestion with
BamHI and hybridization with a §' external probe (probe 1), a 0.2 kb
Sacl-EcoRl fragment. The homologous recombination event was con-
firmed by hybridization with a 3' external probe (probe 3), a 0.35 kb
Alul fragment, a &' pgk-neo probe (probe 4; EcoRI-BamHI), and a 3
pgk-neo probe (probe 5; BamHI-Hindlll). Southern blots ware ana-
hyzed using a Fujix Bic-Image Analyzer BAS2000.

Generation of Chimeric Mice and Screening of Mutant Mice

Chimeres were generated as described (Bradley, 1987). In brief, ap-
proximately 15 ES cedls were injected into C5TBLG or BALBYCJ blas-
tocysts at 3.5 days postcoitum. After injection, the embryos were trans-
ferrad inlo the uter of pseudopregnant (C5TBLG = DBASZIF1 mice.
&~ heterozygotes were oblained by crossing the chimeras to aeither
C5TBL'G) or BALBYcJ mice. To determine the genotype of the mice,
DNA was prepared from tails at the time of weaning, and Southern
blots of EcoRV digests were hybridized with probe 4 (a 2.8 kb EcoRV-
Kpnl fragment containing the sequences between C& and V55).

Epidermal Sheet Preparation and Immunocytochemistry
Epidermal sheats were prapared for two-color immunafluorescence as
described by Boorsma et al. {1988) with mincr modifications. In brief,
after sacrificing by cervical dislocation, mice were shaved and depili-
ated with Mair (Carter-Wallace, New York, Mew York). The skin was
diszected, mounted on dermatome lape (Padgett, Kansas City, Kan-
sas) epidermal side down, cut inlo pieces, and gently pressed onto
glass shdes. After incubation at 37°C in Hanks' balanced sall solution
containing 20 mM EDTA, the darmis was gently peeled away, leaving
the epidermis attached 1o the shide. Slides with mounted epidermal
sheels were stored at 4°C and then processed the next day for two-
color immunafluorescence.

Two-color immunofluorescence was performed as previously de-
scribed (Farr et al., 1981). Fluorescein isothiocyanate (FITC) conju-
gates of ant-C D3 (clone 500A2), anti-C04 (clone GK1.5), and anti-CD8
{clone 53-8.7, Becton-Dickinson, Mountain View, Calffornia) were used
in conjunction with biotinylated anti-pan TCR & (clone 3A10; Hohara et
al., 1889) and anti-pan TCR B (M57-597; Kubo ot al., 1989) along with
sireplavidin=Texas red (Molecular Probes, Eugene, Oregon) as a sec-
ondary reagent. Tissue samples wera coverslipped with flusromount
G (Southern Biotechnolegy Associates, Birmingham, Alabama), For
quantitation of cell densities, 25 randomly chosen graticule fields of
0.18 mm? each were scored and averaged per animal.

Flow Cytometric Analysis

Flow cytometric anzlysis was carried out as described previously (Ho-
hara et al., 1989, Mombaerts et al., 1992b) using a FACScan (Becton-
Dickinson). The data were analyzed with the FACScan Research Soft-
ware. Reagents used were 2C11=FITC conjugate (anti-CD3 ¢, Leo et
al.. 1887, H57-587-biotin conjugate (anti-pan TCR #; Kubo et al.,
19849), 3A10=bictin conjugate (anti-pan TCR &, hohara et al., 1989),
535-FITC conjugate (anti-TCR Vy5; Havran and Allison, 1988),
GK1.5-phycoerythrin conjugate (ant-CD4; Becton-Dickinson), 53-
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6.7=FITC or 53-6.7=biotin conjugates (ant-CDE; Becton-Dickinsan),
30-H12 (anti-Thy1.2; Becton-Dickinsan), and streptavidin-phycoer-
yihrin conjugate (Becton-Dickingon),

Cell preparation from organs was carried out as described pre-
viausly (Bonneville et al., 1990).

PCR Analysis

Total cellular DMA was prepared from thymocytes and several +& T
cell hybridomas (Takagaki et al, 1983; Ito &t al., 1983) by an S0S-
prateinase K-phanal method and recovered by ethanaol precipitation.
Hybridomas used were KN12 (for V84-J81, Vyl-Jy4, and Ved-Jrl re-
arrangements), KN106 (for V55-J81 and Vy7-Jy1 rearrangements),
KI21 {for V&1-J52 and VyB-Jy1 rearrangaments), and V17 (for YyS-Jy1
rearrangemsent). The DMA was digested with EcoRl, and the concentra-
tion was determined by a spectrophotometer prior 1o the PCR reaction
(Saiki et al., 1988). To prepars the standard curves, the hybridorma
DMNAs were serizlly diluted with a DMA solution derived from the PCC32
embryonal carcinoma cell line (Avner et al., 1978} lacking any TCR ¢
and & gene rearrangament, and the mixture was subjected 1o PCR
reaction that was performed using the GeneAmp kit (Perkin=Elmer=
Cetus) and a thermal cycler {Perkin-Elmer-Cetus). Each cycle con-
sists of incubation &t 94°C for 45 s, followed by 2 min annealing (&t
50°C fory genes, at B0°C for V&1, and at 582C for Va4 and Va5 genes)
and by extension for 1 min at T2*C. Before the first cycle, 2 1 min 84°C
denaturation step was included, and after the 30 cycles the extension
at 72°C was prolonged 1o 7 min. The reaction mixture (50 ml) included
400 ng of EcoRl-digested DMA, 50 pmol of each primer, 0.2 mM of
each dNTP, 50 mM KCI, 10 mM Tris=HC| (pH B8.3), 1.5 mM MgCl,,
0.01%: gelatin, and 1.25 U of Tag palymerase. Samples (5 pl) wers
electrophoresed In 1.5% agarose gel, blotted anto the GeneScreen
Plus filters (Mew England Muclear), and probed with end-labeled ofi-
gonucleotides shown below, Primers used were STJILOSET for V1,
SLCGECAALAAAGTAARAMAGTT-3, STPOTI for Vvd, SATGTCCT-
TECAACCCCTACCC-3, STPOS for Vy5, S TGTGCACTGGETACCA-
ACTEAZ, STSIO0Z for VyB, SHAGTGTTCAGAAGCCCGATGCAZ,
STSI00T for Wy 7, 5-ACAACTGTGGETGGATTCCAGA-Z, STPIOO for Jy1,
S-CAGAGGGAATTACTATGAGC-3, STSI00S for Jyd, S-ACTACGAGC-
TTTGTCCCTTTG-3, STSH2 for V&1, S-GGEATCCTEGOCTOCTTCT-
ACTG-3; STPOTS for V&4, SSCCGCTTCTCTETRAACTTCC-3, STPO&2
fer W65, SSCAGATCCTTCCAGTTCATCE-3, STSHS for J&1, 5-CAG-
TCACTTGGGTTCCTTGTCC-3; STSI8 for J&2, 5-CAAMGAGCTCTA-
TGCCAGTTCC-3, Probes used were STSI008 for Jr1, 5-TGAATTCCT-
TCTGCAAATACCTTG-3, STSIONG for Jyd, S-AAATATCTTGACCCA-
TGATGETE-3, STSI0 for J&1, 5-GTTCCTTETCCAAAGACGAGTT-3,
STSI1 for J&2, S-GTTCCAAAAAACATCTGTCEGEE-3.

DNA Sequencing

The PCR products were fractionated by electrophoresis in 1.5% aga-
rose gel, and the appropelate fragments were purified by using a glass
bead method (Mermaid, BIO101). The fragmenis were subcloned into
the Smal site of pUC13 and sequenced using the dideaxynucieotide
chain termination methed (Sanger et al., 1977) with Sequenase Ver-
sion 2,0{U. 5. Biochemicals), following the instructions of the manufac-
turar.

Cell Surface Labeling and Immunoprecipitation

Cell surface radiclodination and immunoprecipitation under nenreduc.
ing conditions were carried out as described previoushy (Maada et al.,
1987). In brief, 1.5 x 10" thymocytes from fetuses at day 16.5 of
gestation were labeled with ™1 by a lactoperoxidase method, and the
cells were lysed with the lysis buffer (10 mM Tris—HCI [pH 7.6], 150
b NaCl, 1% Triton X-100, 10 mg/ml aprotinin, 1 mM phenylmethylsul-
fonyl fluoride). The lysates were denatured by treatment with 1% SDS
al 68°C for § min, and then 4 vol of 1.580 Triton X-100 in 10 mbd
Tris-buttered saline (pH 8.0) were added, After repeated clearing with
affinity-purified anti-mouse immunoglobulins (TAGD) and protein
G=Sepharose 48 (Pharmacia), the denatured lysates were immuno-
precipitated with protein G-Sepharose 4B beads precoated with a
MAb (KN3BS) spacific to Cy1 (Maeda et al., 1887). Pracipitates solubi-
lized with SDS and 2-mercaptosthancl were electrophoresad in a
1084=20% limear gradient polvacrylamide gel. Radicactivity of the gel
was analyzed using the Fujix Biedmage Analyzer BAS2000.
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