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Summary

The T cell receptor B (TCRB} chain controls the developmental transition from C1D4-CD8~
to CD4%8*thymocytes. We show that the exrracellular constant region and the transmembrane
region, but not the variable domain or cytoplasmic tail of the TCRB chain are required for this
differentiation step. TCRB mutant chains lacking the cytoplasmic tail can be found at the cell
surtace both in functional TCR/CD3 complexes and in a GPl-anchored monomeric form in-
dicanng that the cytoplasmic tail of the TCRB chain functions as an ER retention signal. The con-
cordance between cell surface expression of the mutant chains as TCR/CD3 complexes and their
capacity to mediate thymocyte differentiation supports the CDD3 mediated fecdback model in
which preTCR/CD3 complexes control the developmental transition from CD4-CD8™ to

CD47CD8' thymocytes.

he @ and B chains of the TCR play a central role in

the development of aff T cells (1-3). Both chains are
members of the Ig superfamily and are encoded by gene
segments that undergo rearrangements during T cell differ-
entiation to vield functional genes (4). Rearrangement of
both, TCR and Ig genes, requires the expression of the re-
combination activating genes RAG-1 and RAG-2 (5, 6).

Durng T cell development, rearrangement at the TCR
locus precedes rearrangement at the TCRo locus (7, 8). In
transgenic mice, expression of a functional TCRB trans-
gene was shown to block rearrangement and expression of
endogenous TCRB gencs, indicating that TCR 3 genes are
subject to allelic exclusion (9). Expression of the TCRP
protein was shown to be required for mediating allelic ex-
clusion at the TCRB locus (10). However, a mutant
TCRP chain lacking the variable domain (AV-TCRp), ef-
ficiently blocks rearrangements of endogenous TCRB al-
leles, while leaving recombination of the TCR« genes un-
impaired (10, 11),

How does a TCRPB chain block V-DJ rearrangements?
Studies in TCR P transgenic mice are most consistent with
the feedback model, first proposed for allelic exclusion at
the Ig heavy chain locus (12). Before rearrangement at Ig
light chain loci, Ig heavy chains assemble with surrogate
light chains (VpreB and A5) as well as mb-1/B29 het-
erodimers (13-16). This pre-B cell receptor complex ap-
pears at very low levels at the cell surface and 1s thought to
induce the development from pro-B cells to pre-B cells,
concomitant with the shut off of the Ig heavy chain loci

through specific target elcments (17-20). The identification
of a surface-expressed pre-T cell receptor complex analo-
gous to the pre-B cell receptor complex, has allowed ex-
tension of this model to the T cell lineage (21-24). Early in
pre-T cell development, the pre-TCR. complex is thought
to signal a functional V-DJ rearrangement, impairing fur-
ther V-DJ rearrangements. As is clear from studies of re-
combination~deficient mice reconstituted with a functional
TCRAP transgene (3, 22, 25) or with a mutant AV-TCRP
transgene (26), the pre-TCIRR complex appears to be in-
volved in further differentiaticn of pre-T cells including
downregulation of the interleukin 2 receptor o (IL2-Ruw)
chain, upregulation of CD4 and CD# coreceptors, en-
hanced transcription at the TCR.a locus and expansion of
the thymocytes to normal numbers. More recently, a novel
33-kD glycoprotein (pTa) has been identified as the bind-
ing partner of the TCRB glycoprotein. This heterodimer is
found at very low levels at the cell surface of pre-T cells
(27). Subsequent cloning and gene-targeting of the pTo
gene in mice demonstrated the crucial role of preTot chain
in pre-T cell development (28, 29).

Evidence for an important role of CD3 components in
signal transduction by the pre-TCR/CD3 complex has
been provided (26, 30, 31). CD3 components are present
at the surface of developmentally arrested thymocytes of
R AG-deficient mice in the absence of TCR chains. Cross-
linking of the CD3 modules on differenuation arrested
CD4~CD8" thymocytes of RAG-17"" mice in vitro (30)
or in vivo (26, 31) with anti-CD3e mAb induces the tran-
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siion from CD4~CD8” thymocytes to CD4*CD8* thy-
mocytes, concomitant with all the changes described for
recombination-deficient mice reconstituted with a func-
tional TCRP transgene or the mutant AV-TCRPB trans-
gene (see above). Thus, cross-linking of the CD3 modules
on CD4~CD8~ thymocytes apparently mimics the signal-
ing mediated by the pre-TCR complex.

Earlier experiments have shown that the vaniable domain
of the TCRJ3 chain is not required to induce early thy-
mocyte development (10, 11, 26). To determine the do-
mains required to induce pre-T cell development, we have
gencrated five different mutane TCRP transgenic mice
with defined alteration in the TCRB constant region.

Materials and Methods

Construction of Mutant TCR Transgenes

Starting material for the construction of the BRRRA, BRBa«,
PooafB, and Baaoo mutants (see Fig. 1) was a 20-kb Asp 718
(Kpnl) TCRB fragment from the cosmud clone cosHYB9-1.14-5
(9). Mutations were restricted to the 6.1-kb BamBI fragment
containing all the four exons of the CB2 constant region; tran-
scriptional control elements such as the TCRP promoter and the
3' TCR enhancer region as well as the funcdonal VI region
were not altered.

Consivuction of a Mutant TCRJB Transgene Lacking the Cytoplas-
mic Tail (BBBRA). The BRBBRA protein was generated by con-
vernng the 2nd codon of the 4th TCRB constant exon mro a
TAG stop codon that deletes three lysmes, an asparagine and a
serine. After three sequential subcloning steps, first a 6.1-kb CP,
BamHI fragment, second a 1.940-kb Pstl-Hpal fragment and third a
322-bp BEcoRV fragment containing the TCR[3 constant ¢xon 4
encoding the putative cytoplasmic tal of the TCR{3 chain was
cloned inte pSP72. By recombinant PCR the second codon
AAG was mutated into a TAG stop codon, which introduces a
Kbal restriction site (TCTAGA).

Two recombinant PCR pruners, anti-sense (as) and sense (s), were
used in combination with T7- and SPo-specific primers, respectively.
Primer T7, 5-AAATTAATACGACTCACTATAGGG3 . Primer
SP6, 5'-ATACACATACGATTTAGGTGACAC-3'. Primer as,
5-C TCAGGAATTTTTTTTCTAGACCTGAGAAAGAGA-
AGA C-3'. Primer s, 5'-GTCTTCTCTTTCTCAGGTCTA-
GAAAAAAAATTCCTGAG-3'.

PCR products were digested with Xbal and EcoRV restric-
tion endonucleases yielding a 199-bp and a 123-bp Xbal/EcoRY
fragment. These fragments were cloned into the polycloning sites
of the pSP73 and pSP72 vectors respectively (Invitrogen, San Di-
ego, CA). These plasnuds were digested with Xbal and Bgll and
the appropriate fragments were ligated to generate a pSP72/73
hybnd vector contanmg the murated 322-bp EcoRV fragment.
Presence of the mutation was verified by sequencing. The rein-
sertion of the mutated 322-bp EcoRV fragment into the 20-kb
Asp718 fragment was analogous to the subclomng procedure de-
scribed above.

Construction of Mutant TCRee/3 Chimeric Transgenes BBac,
BoapBB, Bewaa. To gencrate the Poaea TCR chimeric
gene, a 6.1-kb BamHI fragment containing the complete TCRPB
constant region (CP2) was replaced by the 8.6-kb BamHI ge-
nomic fragment from the cosmd clone cos H-Ya9.1-36 which
contains the TCRo constant region (Ca). Orientation was deter-
mned by Clal and FcoRI digestions (see physical maps n refer-

ences 9, 32). For the Boacfp and Spowca TCR chimeric genes, a
5" and a 3’ fragment of the CB2 and Ca fragments were cloned
mto pSP72 or pSP73 respectively (Invitrogen). The 5' fragments
contain exon 1 and 2, and the 3’ fragments contam exon 3 and 4
of the TCR constant regions. These plasmids were digested with
Pvul and partiafly with BglIT and the appropriate frapments were
ligated to obtain the 8.2-kb 5'CB-3'Ca and the 6.5-kb 5'Ca-
3'CPB hybrid-fragments flanked by BamHI sites. This step intro-
duces a Bglll-EcoRV-Clal-Ecol linker from the polycloning site
of the pSP plasmids. Replacement of the 6.1-kb CE2 BamHI
fragment from TCRP with the 3'CB-3'Cet and 5'Coa-3'CB
BamHI hybrid-fragments generates the BBPoca and PoacBp
TCR transgenes, respectively. A 200-bp BamHI fragment 5 of
the 6.1-kb CB2 intron fragment was deleted at this step. Orienta-
tion was determined by Clal digestion.

Construction of the BAB-PI Transgene.  Starting material for this
mutant transgene was a 20-kb Kpnl fragment harboring the func-
tional TCRB gene of the encephalomyehtogeme T cell clone
cloned into A Charon 39 (33). In brief, the TCR[3 insert was di-
gested to completion with BamEIl. Three of the resulting restric-
uon fragments were then subcloned into pKS(-) (Stratagene); a
8.3-kb BamHI fragment contaimng the functionally rearranged
VDIB (pTCRP 8.3), a 7.3-kb BamHI fragment contaiming the
genomic CP2 region (pTCRP 7.3) and a 4.7-kb BamHI-Kpnl
fragment containing the 3’end of the phage clone (p4.7 kb). Site-~
directed mutagenesis was performed on the pTCR 7.3 subclone
to mtroduce an Accl restriction site 39 bp 3’ of the start of the
TM exon of CB2 by using oligonucleotide-directed 1n vitro mu-
tagenesis (Amersham Corp., Arlington Heights, 11L); the resulung
clone was called pCB2Accl. A 2.3-kb BamHI-Sac fragment
from pTCRB 7.3 contaning the first exon of CP2 (ig-like re-
glon), a 687-bp Sacl-Accl fragment from pCBRAccl containing
the 2nd cxon (cncoding the connecting peptide) of CB2 and the
first 13 aa of exon 3 of CB2 encoding part of the TM region, and
a l.4-kb Accl-BamHI fragment from Q72-6-220ApBG (2 gift
from Dr. Gerry Wanceck, Massachusetts General Hospatal, Boston,
MA} containing the Q7% PI anchor signal and V40 poly adeny-
lation signal was ligated into BamHI digested pKS(-) to generate
pCR.PL To construct the mutated TCR P transgene used for 1n-
jection a tnmolecular ligation was performed with the 8.3-kb
BamHI fragment from pTCRP 8.3, the 4.4-kb BamHI fragment
pCB,PL and BamHI hnearized dephosphorylated p4.7 BK plas-
mud. The resulting construct pTgCB,PI was checked for orienta-
tion of the respective fragments relative to cach other by restric-
tion mapping. An ~17-kb Notl-Kpnl restriction fragment was
prepared from pTgCR.PI and used for the production of trans-
genic mice.

Transgenic Mice

Fertilized mouse oocytes were recovered 1 cumulus from the
oviducts of superovulared females that had mated with FVB males
several hours earlier. The DNA~fragments (24 pg/ml 10 mM Tris-
HCL/0.1 mM EDTA [pH 7.5]) were ingected into the most ac-
cessible pronucleus of each fertilized egg essentially as described
(34). After overmght caltunng, 2-ccll stage embryos were 1mm-
planted into the oviducts of day 1 pseudopregnant C57B1/6 foster
animals and carried to term. Several weeks after birth total ge-
nonuc DNA was prepared from tail biopsies as desenbed (35).
Transgenic founders were crossed with FYDB mice. To exclude
insertion specific phenotypic effects, mice derived from three to
six different founder lines were analyzed for each construct. The
generation of TCRP (BBRAPR) transgenic mice has been de-
scribed (9).
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DNA and RNA Blot Analysis

For Southern blot analysis 10 pg of total genomic DNA of each
mouse was digested with restriction enzymes as recommended by
the supplier, separated an 0.6% agarose gels, and transferred to ni-
trocellulose. Filters were hybridized to *?P-labeled probes and
washed as desenbed (36). Probes used for DNA analysis were VRS.1
(37) and |32 (38). The final wash was at 0.1X SSC, 60°C and
0.1X 88C, 42°C, respectively.

For Northern blot analysis 20 g of total RNA, prepared by
the LiCl-urea method, was separated on 1% agarose-formalde-
hyde gels and tansferred to nylon membranes (39). Probes for
VB8.1 (37), Ca (40), CB (41), and actine (42) were *P-labeled
by random pruming, hybndization conditions were as described
(36) with the addition of 1% SDS to all solutions. The final wash was
at 0.1 % SSC, 60°C. Filters were exposed with Kodak X-Omat §
or XAR-5 films at —70°C using intensifier screens.

Phospholipase C Treatment of Thymocytes
Thymocytes from BRRRB. BRRRA, and BRB-PI transgenic

mice (10%/ml) were mncubated for 40 min at 37°C in complete Ts-
cove’s medium esther m the presence or absence of 1 U/ml phos-
pholipase C (PLC)' (isolated from Bacillus cereus).

Antibodies and Immunofluorescence

Anti-CD3e 145-2C11 (43), anu-TCRB mAb H57-597 (44),
anti-V36 mAb 44-22-1 (45), and ant-VB8 mAbs KJ16-133 (46}
and F23.1 (47) were purified from culture supernatants by HPLC.
Purified Ig and FITC- or biotin-cenjugates thereof were used for
immunoprecipitation and immunofluorescence analysis as indi-
cated. The mAbs directed against CD4 {clone RM-4-5), CD8
(clone 53-6.7) and VB2 {clone B20.6) were purchased from
PharMingen. Flow cytometry was performed on a FACScan®
{Becton Thckinson, Mountain View, CA), using Lysis I1 soft-
ware. For double labeling FITC- and PE or botin-conjugated
mAb were used. Cells incubated with biotin-conjugated mAb
were subsequently stamed by incubation with PE-conjugated
streptavadin, Data are depicted as contour plots (log density 50%,
threshold 1%, 1 X smoothed) or dot plots.

Radiolabeling, Immunoprecipitation, and Gel Electrophotesis

For metabolic labeling splenocytes of transgenic and non-trans-
gemc FVB mice were cultured in 13 ml Iscoves medium supple-

! Abbreviations used mt this paper: GPI, glycosyl-phosphandyhnositol; PLC,
phospholipase C
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mented with Con A and 10% FCS. After 3 d, activated lympho-
cytes were solated on a density gradient. B cells were depleted
with sheep ant—mouse Ig coupled to magnetic beads, according
to the manufacturers procedure (Advanced Magnetics, Cam-
bridge, MA). Enriched T lymphocytes were washed twice and
starved for } h in methionine-free RPMI-medium (Selectamine
kit; GIBCO BRL, Gaithersburg, MT)) supplemented with 10%
dialyzed serum and counted. Lymphocytes (20-30 X 109 were
labeled metabolically for 4 hours wath 100 pwCi [*S}methionine
in 1 ml methionine-free RPMI-medium in a hunudified incuba-
tor at 37°C, 5% CO,. Subscquently the cells were harvested and
lysed for 30 min at 4°C in NP-40 contaimng lysis buffer (50 mM
triethanolanune-Cl, pH 7.5, 5 mM MgCl;, 1 mM PMSF, and 0.5%
NP-40). Nuclear debns was removed by centrifugation for 15
min at 13,000 g.

Surface iodination, immunoprecipitation, SDS-PAGE, and au-
toradiography were carried out as described (11).

Results

The Experimental System.  To dissect the domains within
the TCR[3 constant region which ate required to induce
pre T cell development, five different mutant TCR B chain
genes were constructed. The structure of each mutant TCR
transgene product is illustrated in Fig. 1.

For transgenesis, the FVB mouse inbred strain was used.
FVB mice lack VB8 segments as demonstrated by Southern
blot and flowcytometric analysis, allowing specific detec-
tion of the VB8.2 domain common to all mutant TCR
chains. To investigate whether the V[38.2 domain had any
detrimental effects on T cell development in the FVB
background, e.g., by VB8-specific superantigen(s), TCR
transgenic C57BL/LiA mice were crossed with FVB mice.
The T cell compartments in TCRP transgenic FVB X
C57BI/LIA F1 and C57BI/LIA mice did not show any
changes in the size of VBB.2* T cell subsets in thymus,
spleen and lymph nodes (data not shown).

Expression of the mutant transgencs was determined
by Northern blot analysis using total RINA extracted from
spleens of different founder lincs and a VB8 specific probe.
The 3’ untranslated region of the TCRa mRNA is ~200 bp
longer than that of the 3" untranslated region of the TCRpP
message, whereas these two mRNAs are similar in length

Figure 1. Schematic illustra-
tion of the protemns encaded by
the mutant TCR  transgenes.
TCRa protem (oo, dashed)
and TCRPB protemn (BRBPBR,
black) share 1 common basic
5-domamn structure: V, vanable
doman; Ig, Ig-like domamn; CP,
connectung pepeide, TM, trans-
membrane region; CT. cytoplas-
nuc tail. Beside the non-mutant
TCR transgene and the mutant

-_-_'_._\\ S &.._.

ABBBPR chain, five additional alterations were introduced into the TCRP constant regions. The BRRRA mutant resembles a TCRB protein lacking 1ts
cytoplasmic tail and the BBRE-PI mutant comprises the three extracellular constant tegrons of the TCRP cham and the first 13 aa of the TCRP trans-
membrane region connected to the Pl-anchor sequence of Q7°. The PBRaw, PuwBP, and Parea mutants were generatcd by domamn swapping. The
first 3 resembles the TCRP varable domam, the second, third, fourth, and fifth letter mdhcates the onigin of the extracellular constant Ig-hke doman,
the connecung peptide, the transmembrane regron and the cytoplasmic tail, respectively. A indicates deletion of that particular region.
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Figure 2. Expression of the
Baxxa mutant TCR. transgenes.  (A)

. - = .00 Morthern blot analysis to study
expression of the mutant TCR
— o7 transgenes. Total RINA extracted

from spleens of different mutant
TCR founder hnes was ana-
lyzed for the presence of trans-
— a3 gene specific transcripts RNA

] — —
- . N samples  from  non-transgenic
- =a = FVB muce (wd), ABPPRP trans-
gensc mice and PRPRB/ARPRRE

— 29 double-transgenic mice are 1n-

- cluded as controls. Noerthern

blots were hybndized with V8-,
— 18 constant TCR. Ca-, and TCR
CPp-speatfic probes (B} SDS-
PAGE amalysis of anu-V(38
tmmunoprecipitates from meta-
bolically labeled Con A blasts of
mutant TCR transgemc muce.
VB8-specitic immunoprecipitates
from NP4) lysates of metaboli-

cally labeled Con A blasts derrved from splenocytes of a non-transgemce FVB mouse (nTg) and mutant TCR transgenic muce werce analyzed under reduc-
g conditions by SDS-PAGE analysis on a 10-15% gradient gel. Arrow heads mdicate the different glycosylation forms of the mutant TCR chains.
Contamnating imnumoglobulin heavy and light chamn (H and I} are due to indirect precipitations with rabbit anti mouse Ig. .4 indicates the position of

actm. The position of molecnlar weight markers are indicated (kD).

in the other regions. As expected, BRPBan and Poooa
transcripts co-migrated at the position of mature TCRa
transcripts (1.5 kb) whereas the BBRBA and Bawpf tran-
scripts run at the position of mature TCRP transcripts (1.3
kb). The size of the BRR-PI mRINA was also in accordance
with the structure of the BBR-P1 transgenc {not shown). Hy-
bridization patterns with 3?P-labeled probes specific for the
TCRa and TCRP constant regions were in accordance
with the structure of the TCR o/p chimeric transgenes.
The lack of detection of endogenous TCR[ transcripts 15
not due to allelic exclusion but to the relatively short expo-
sure of the autoradiograph in view of the relatively high
expression of the mutant TCRP transgenes (Fig. 2 A).

Expression of the mutant TCR chaing was further deter-
mined by SDS-PAGE analysis of VB8-specific immuno-
precipitates from NP40-lysates of metabolically labeled
Con A activated splenocytes. T cell enriched splenocytes
from non-transgenic FVDB mice and transgenic PBRBRPB,
BRRaw, PawpB, and Poawaw mice were used. Immuno-
precipitates were analyzed under reducing conditions on a
10-15% SDS-PAGE gradient gel. Whereas T cells from
FVB mice lack VB8-specific polypeptides, the T' cells from
the TCRP mutant mice were found to express anti-V[38
reactive glycoproteins of the expected sizes (Fig. 2 B).

The BBPaa Transgene Perturbs the Transition from the
CD4 CDE8 Stage to the CD4' CDE* Stage.  To study the
effects of the different murant TCR rransgenes on thy-
mocyte development, we first compared the number of
thymocytes found in different mutant transgenic lines.
With the exception of BPBBau transgenic mice, the abso-
lute number of thymocytes 1n the mutant transgenic lines
was compatable to that of non-transgenic mice (Fig. 3 A).
In BRPRaa transgenic mice the number of thymocytes was
reduced to 36 = 8 % (n = 0) compared to non-transgenic

control littermates (1 = 7). To assess which developmental
stages were affected by the expression of the BBBoa chain,
we determined the size of the different CD4/CD8 thy-
mocyte compartiments of control and mutant mice (Fig. 3,
B and D). Although the absolute number of CD4-CD8§~
thymocytes in BPRaa transgenic mice was normal, the
number of the CD4*CDE*, CD4+*CD8™ and CD4-CD8*
subscts were clearly reduced, suggesting that the BRRaa
chain interferes either with the expansion of CD4+*CD8*
thymocytes or with the transition of thymocytes from the
CD4~CD8™ to the CD4TCD8* stage. Mature op T cells
were significantly reduced in thymus, lymph nodes and
spleen of BPRoa transgenic mice (Fig. 3, C and D). In all
other mutant transgenic lines analyzed, the different thy-
mocyte compartments were comparable to those of non-
transgenic FVB mice (Fig. 3, A-D).

Usage of Endogenons VB Gene Segments in Mutant TCR
Transgenic Mice.  'Two color immunofluorescence analysis
using anti-VB2 and anti-V[36 mAbs was performed to as-
sess functional rearrangements of endogenous alleles. In
non-transgenic FVB mice the of T cell subsets expressing
VB2- and VB6-domains represent 13.8 = 0.7 % and 9.8 *+
0.6 % {n = 28} of marure peripheral afp T cells, respec-
dvely (Fig. 4).

However, in BPBPRA transgenic FVB mice the VP27
and VB6™* subsets constituted only 0.2 * 0.1% and 1.7 *
0.8 % of mature o3 T cells, respectively (n = 12). These
data strongly suggest that the BBBBA mutant protein product
efficiently prevents rearrangements of endogenous TCRf3
alleles. Based on the usage of VB2 and V6 gene segments
in control FVB mice, the efficacy with which the BBBRA
transgene prevented surface expression of rearranged Vp2-
and VB6-gene segments was 99% and 83%, respectively.

In BRBaa transgenic FVB mice, the VPA2-subset com-
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Figure 3. Quanbative com-
parison of the aff T cell com-
partment 1n mutant TCR trans-
gemie nuce. (1) Relaove number
of thymocyres 1 mutant TCR
transgenic muce. The nunber of
thymocytes was determined by
flow cytometry on a Sysmex
F800 and compared to nontrans-

1 ittermates  and/or  age
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duced to 36 *£ 8% of control
muce. The thymocyre ccllulanty
m all other mutant transgenic
nuce, 1ncluding the BER-PL trans-
gentes (not shown} does not dif-
ter from non-transgeruc Littermates.

- Percentage ofi - T cells in spleens
-

Number below each bar indicates
40 7 the number of mice analyzed. (B)
30 CD4/CDS§ thymocyte subsets in
20 mutant TCR transgeic  muce.
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1‘1 ] § / double-negative (DN), CD4*
12 6 3 CD3* double-posiive (D) and

FVB DRPAA pppea  Poaff Pacaa

CDA*CD8 or CD4 CD8* sin-
gle posiive (SP) thymocyte sub-
sets compared to the absolute
number m FVB controls are de-
picted. The subsets were mea-
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THYMUS rescence and analyzed using Lysis
P — S— II software (Becton Dickinson),
LS\Q?{Q@_‘B- 70 @0 ¢ Although the number of DN

pro-thymocytes 15 normal 1n
BBRan transgemc nuce, the
number of DP and SP are sigmfi-
cantly reduced. Numbers below
cach bar indicate the numbers of
nuce analyzed. {C) BBt trans-
gerue mice Jack mature T cells.
The percentage of mature T cells
m thymus, lvinphnodes and spleens
was determmed by mmunofluo-
rescence analysis with anti-CD3e
and anti-TCRB mAbs. A sys-
temic reduction of mature «ff T
cells was found m BRBaw trans-

SPLEEN

genic muce. Numbers below each bar indicate the numbers of mice analyzed (D) Two-color immunofluorescence analysis of thymus, spleen and lymph
nodes with CD4/CN8 or CD4SR/TCRaf speaific mAbs. Typical examples of non-transgeme FVB control muce and transgeme BRRRA and PPPRaa
mice are shown. Whereas the numbers and subsets of tmmature and mature o3 T cells are comparable 1n non-transgenic FVB control mice and transgenic
BARRA ruce, transgenuc nuce expressing the BRPact chain have a systermic reduction of mature T cells Numbers in cach quadrant mdicate percentages.

prised 5.6 * 0.9 % {n = 6), a value significantly lower than
the 13.8 = 0.7 % observed 1n nontransgenic FVB mice.
However, the frequency of VB6' T cells was not signifi-
cantly different in BBPRoa transgenic mice 10.6 = 0.7%
(n = 6) compared to the FVB control mice (9.8 * 0.6%,
n = 28).

Cell Sugface Expression of the Mutant TCR Chains.  Extremely
high levels of BBPRRA and BRB-PI chains were found on
the surface of thymocytes of BERRA (Fig. 5) and BRBR-PI
transgenic mice (not shown), as determined by flow cy-
tometry. Low, but detectable levels of the BBPao chain
were found on the surface of PPPaa transgenic thy-
mocytes and perpheral T cells (Fig. 5). The latter also ex-
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press high levels of endogenous TCR/CD3 complexes
(Fig. 3 D). The products encoded by the Baafp and
Bacoa transgenes could not be detected at the surface of
thymocytes and mature T cells as determined by flow cy-
tometry with a VB8-specific mAb {data not shown). The
failure of the BaaPBP and Bacaw mutant TCR chains to
appear on the cell surface could explain the absence of any
observable effects on T cell development (Fig. 3) and usage
of endogenous TCRP V-gene segments (Fig. 4).
Dispreportional Surface Expression of TCRf and CID3 Com-
ponents on BBPRPRA Thymocytes. Two-color immunofluo-
rescence analysis of normal thymocytes using TCR3- and
CD3e-specific antibodies demonstrates the characteristic
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Figure 4. Frequencies of penpheral T ccll subsets 1n mutant TCRB
transgenic mce expressing VB2- and VB6- domams. The relative size of
the VPB2- and VB6- T cell subsets was determined by two-color flow cy-
tometry and corrected for the percentage of marure T cells, as derermuncd
by anti-CD3e and anu~TCRB stainmg The number of muce analyzed 15
indicated below each bar; nd, not deterimuned. Mice from three to six dif-
ferent founder hnes were included per mutant T'CR construet.

staining pattern for the aBTCR/CD3 complex, with pro-
portional levels of TCRB and CD3e components. Surpris-
ingly, the surface levels of BRRRA and CID23e are dispro-
portional on thymocytes from PRBRA mice (Fig. 6 A).
Immature (i.e., CD3" and CD3") and mature (CD3 M)
thymocytes were found to express the BBBBA protein at
unusually high levels.

The composition of the BERRA/CD3 complex was fur-
ther analyzed biochemically (Fig. 6 B). Analysis of CD3e-
specific immunoprecipitates revealed a normal composition
of disulfide-tinked aBTCR heterodimers associated with
CD33, CD3vy, CD3e, and disulfide-linked CD3{ compo-
nents on thymocytes from non-transgenic FVB, transgenic
TCRP and BPRBPA mice. Beside normal levels of func-
tional TCR/CI?3 complexes, subsequent immunoprecipi-
tations with anti-VPB8-specific mAbs indicated that BERRA
thymocytes express high levels of BRBRA monamers, ap-
parently in the absence of CD3 components. This explains
the dispraportional BBBRA/CD3 rato found on BRRRA
transgenic thymocytes.

Anchoring of BBBBA Monomers through Glycosyl-phosphati-
dylinositol.  'The possibility that anchoring occurred through
glycosyl-phosphatidylinositol (GPI) was tested by incubat-
ing thymocytes from BRRPRA transgenic mice, and as a con-
trol from BRBPRR transgenic mice, with or without phos-
phatidylinositol-specific PLC, which can specifically release
GPl-linked proteins from the cell surface. Subsequently,
the cells were analyzed for surface TCRJ expression by

thymus
3 Y
1 .2
:
E
2
8
E lymph
- 3 node
b2

w=fp-  anti-VP8 log fluorascence

Figure 5. Surface cxpresston of mutant TCR chams. Thymocytes and
Iymphnode cells from non-transgenic FVB control mice (/) and trans-
genic PBRan (2) and PPPRA (3) mice stamed with transgene-specific
FITC conjugated ana-V38 mAb.

flow cytometry. Upon PLC-treatment, thymocytes from
BBBRA transgenic mice revealed a staining pattern, charac-
teristic for thymocytes from control FVB mice and TCRf3
transgenic mice (Fig. 7), indicating that the BBBBA mono-
mers appear in a GPl-linked form at the cell surface.

T Cell Development in RAG-1-deficient Mice Expressing the
Mutant TCRPB Chains.  To study the effects of the mutant
TCR chains on T cell development in the absence of en-
dogenous TCRuox or TCR P chains, we introduced the mu-
tant transgenes into the V(D)] recombination-deficient
RAG-17"" background (5). The B3BBBA chain appears at
the cell surface and was found to efficiently induce thy-
mocyte development, as indicated by CD4/CD8 induction
and cxpansion of the T cell pool to wild-type numbers
(Table 1 and Fig. 8). Like the BABRRA chain, the BBR-PI
chain does appear at the cell surface but does not permit
development of CD4~CD8" thymocytes into CD4*CD8*
thymocytes 1n the RAG-17"" background, indicating that
surface expression of the extracellular TCRB domains in
the absence of the rransmembrane region cannot promote
this step in thymocyte development. Thymocytes of BBBax
cransgenic RAG-17"" mice expressed low but significant
levels of the BRPRaa chain on the cell surface (Fig. 8 B). In-
terestingly, 7% of the thymocytes from BRRow transgenic
RAG-1 mutant mice had a CD4*CD8* phenotvpe. Thus,
the BPPowa chan is able to induce the transition from
CD4-CD8~ to CD4*CD8* thymocytes causing the for-
matton of a small but significant CD4-CD8" thymocyte
subset (Fig. 8 A). However, the BBRaa chain fails to in-
crease the number of thymocytes (Table 1), The Baaf3p
and the Baoaa chains do not appear at the cell sutface and
do not promote thymocyte maturation (Fig. 8).

1838 TCRB Chain Domains Controling Early Thymocyte Development
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Figure 6. High levels of BPRRA monomers appear at the surface of
immature thymocytes 11 the absence of CD3 components. (A) Dispro-
portional surface expression of CD3e and TCRJ on thymocvtes from
BBBBA transgenic nuce. The unusually high levels of BEBRPRA chans on
thymocytes from BRBRA transgenic mice are compared to CD3e levels
by two-color immunofluorescence analysis. Thymocytes from nontrans-
genic (ventrofl) and PRRBA transgenic mice were stamned with FITC-con-
jugated and-CD3e (145-2C11) and biounylated antt TCRB-(H57-597)
mAbs. Biotinylated H57-597 was detected with PE-conjugated streptavi-
din Numbers 1 each quadrant indicate percentages. (B) SDS-PAGE
analysis of sequential anti-CD3€ and anu-V 38 immunopreaipitates from
surface 10dmated thymocytes from nontransgenic FVB nuce, transgemc
BRRBB and PPRHRBA mice. Thymocytes from nontransgenic FVB mice
lanes 1), transgenic TCRP (lanes 2) and BRPRA muce (lanes 3) were sur-
face 1wdinated and lysed 1n digitomn contaimng lysis buffer (11). The
compostion of the CD3e and TCRP associated components of the
afTCR/CD3 complex were analyzed by sequential mmmunoprecipita-
nons with CI3e and VB8 specific mAbs. After three precleanng steps
with normal mouse scrum (3rd preclear), CD3e associated TCR/CD3
components were unmunoprecipitated by two sequential inmunoprecip-
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Figure 7. Release of BRARA chawns from the surface of BRRRA thy-
mocytes by phosphandylinesitol-specific phospholipase C (PLC). PLC-
treated (+PLC, dashed curme) and mock-treated (—PLC, solid curve) thy-
mocytes from BRRAS and BRBBA transgemc muce (10°/ml) were washed
twice, staned with FITC-labeled anu-TCRB anubodies, and analyzed
with FACScan® (Becton Dickinson).

Discussion

Previously, we have demonstrated that a mutant TCR
chain lacking the variable domain (ABBRP) can induce
thymocytes to differendiate from the CD4"CD8™ to the
CD4+*CDRBY stage (10, 26). To identify the regions within
the TCR[ constant region required for this step in thy-
mocyte development, we have extended the mutational
approach by generating five additional TCR transgenic
mice in which constant region domains were deleted or
exchanged by corresponding regions of the TCRa chain.
Although all mutant T'CR. transgenes are highly expressed
at the mRINA and protein level, the Boaf and the
Baaow chimeric chains could not be detected at the cell
surface of thymocytes and peripheral T cells. Both proteins
share a variable TCRPB domain and the extracellular con-
stant region of the TCR« chain, including the connecting
peptide which contains the cysteine residue respansible for
the covalent interchain bond with TCRB. The structure of
the BoaapP and Poacoa chains might not allow assemnbly
with endogenous TCR and CD3 components in the ER
and subsequent transport to the cell surface (48). The fail-
ure of BaafB and Baane chains ta appear at the cell sur-
face can explain the lack of any noticeable effects on thy-
mocyte development 1n BoaPf and Boaocae transgenic
mice, on both wild-type and RAG-1""" background.

The BBPaa chimeric chain resembles more closely a

TCRP chain than the Baaff and Pocao chain. The

mations with ana-CD3e (1st CD3e and 2nd CDD3€). Any residual anti-
CD3e mAbs were precipitated by an additional preclear step with protemn
A-Sepharose beads (Prot. A). Subsequently any residual BBBPRA chains
and associated molecules were preaipriated wath F23.1 mAbs indirectly
coupled by rabbit anti-mouse Ig to protein A beads (anti-V38). Immu-
noprecipitates were analyzed under non-reducing and reducing condi-
tions. Molecular mass markers are mdicated. The 25-30-kD specics and
bands larger than 60 kD) found m all VB38-speaific mmunoprecipitations
are Ig-hght and Ig-heavy chains from contaminating B cells.
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BRBaa chain, which contains the extracellular cysteine re-
quired for covalent heterodimerization with TCRa and
likely also with the pTa chain, appears at very low levels at
the cell surface, as indicated by flow cytometric analysis.
This suggests that the BPBoaoa chain participates in the
TCR/CD3 complex. However, the BBPaa chain cannot
fully substitute for the function of the TCRB chain in pro-
moting differentiation to CD4*CD8™ cells and in mediat-
ing allelic exclusion. The latter was indicated by the re-
duced usage of the VB2 gene segment in mawure T cells of
BBRaa transgenic mice, Mature thymocytes expressing
high BRRaa TCR/CD3 levels were not detected. Appar-
ently, PBPuaa thymocytes depend on a non-mutant en-
dogenous TCRP chain to mature into single positive thy-
mocytes.

To specifically analyze the role of BRRaa in the transi-
tion of thymocytes from the CD4 CD8" to the CD4*
CD87 stage we determined the capacity of the BBBan chain
to mediate thymocyte differentiation in BBBaa transgenic,
RAG-17"" mice. Expression of the BBRaa chain induced
the developmental transition from CD4-CD8" to CD4*
CD8™ cells as indicated by the presence of a low but signif-
icant number of CD4'CD8™ thymocytes in the compound
mutant mice, whereas such cells were not found in non-

"
25x 103

Rag-1-/-

by flow cytometry. Numbers be-
low each dot plot indicate the
absolute munber of double-pusi-
uve thymocytes. (B) Surface ex-
pression of mutant TCRB chains
on  RAG-1-deficient thymo-
cytes Thymocytes from control
RAG-1-deficient (solid imes) and
mutant TCRB transgenic RAG-
1-defictent nuce (dashed lines)
were staned with HS7-597 con-
jugated to FITC or PE and ana-
lyzed by flow cytomewry. Shown
are representative expenments
All experiments were repeated at
least four tunes and gave consis-
tent results Smmular data were
obtained when cells were stained
with F23.1 (ant-V38).

Rag-1 /-

transgenic RAG-17"" mice. Thus, the BBBaa chain, al-
though expressed at low levels at the surface of thymocytes,
probably as a component of the preTCR/CD3 complex,
can induce the expression of CD4 and CD8 receptors.

Table 1.  Cellularity, Pre-T Cell Induction and Surface Expression
in the Thymus of RAG-1 Mutant Mice Reconstituted with Mutant
TCR Transgenes

Total  Absolute Surface
Trans- No. of No. of  expres-
gene V C CPTM CT thymocytes DPcells  sion
BRBBA B B B B A 1.4X10% 13X 108 Yes
BPBuar B B B o o 19X 10° 13X 105 Yes
BaapBp B o o B B 37X 10" 51 X108 No
pocaa [ a o o « 7X 107 25 X108 No
BEB-P1 B B B M 2X 108 25X 16°  Yes
WT B BB B B 16X10° 13X 10% Yes
RAG-1 NA 22X 100 25X 108 NA

A, Domain deleted, #PI, Linked via Q7® PI sequence.
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The BBPBA transgene functions in most aspects as a
normal BRRPRPR transgene as judged by thymocyte num-
bers, size of the different CD4/CD8 subsets and induction
of pre-T cell development in BBRRARAG-17/" mice. Al-
lelic exclusion in PBRPRA transgenic mice appears to be ef-
ficient as indicated by the virtual absence of T cell subsets
expressing rearranged endogenous VB2 and V36 gene seg-
ments in these mice. Thus, the cytoplasmic tail of the
TCR chain is dispensable for its role in these aspects of
T cell development. Remarkably, beside normal surface
levels of disulfide linked TCRa/BRBPRA heterodimers as-
sociated with CD3 components, BRBPRA chains appear at
high levels as GPI bound monomers in the absence of CD3
components on the surface of thymocytes and B cells {data
not shown). Thymocytes are known to regulate their sur-
face levels of TCR/CD3 complexes posttranslationally.
Single subunits or partial complexes that are synthesized in
excess are retained in the ER and degraded (49). Previous
studies have shown that retention of individual subunits of
oligomeric receptors is controlled by ER retention signals
located in the cytoplasmic domain. A di-lysine morif at po-
sition —3 and —4 or —5 from the carboxyl terminus has
been shown to control receptor assembly by retaining un-
assembled individual chains in the ER. (50, 51). The cyto-
plasmic tils of TCRP proteins harbor such a di-lysine ER
retention signals, VKREKNS in Cp1 and VKEKKNS in
CPB2. Indeed, BRPBBA chains can escape ER retention,
TCR/CD3 assembly and proteolytic degradation.

In normal TCRf chains GPI linkage might be pre-
vented by the cytoplasmic tail. Therefore, the cytoplasmic
tail of the TCRP chain which is encoded by a separate
exon appears to be essential for determining the early pro-
cessing events of unassembled TCR{ chains rather than
being required for TCR/CD3 assembly and signaling thy-
mocyte differentiation.

When compared to nontransgenic littermates, the BRRaa
and the BRBPA transgenes were found to interfere with

the usage of the endogenous VP2 segment in the a@T cell
lineage. In all founder lines analyzed, the PRPRac and the
BBBPBA transgenes consistently excluded endogenous Vp2-
gene segments more efficiently than endogenous VB6-gene
segments. This phenomenon may relate to the position of
the V segment in the TCRJ locus (52). The VP2 gene
segment is the most 5° VB segments, distal of the DR/JB
clusters whereas the V6 segment is located proximal to
the DB/IB clusters. The sugpested processivity of the re-
combination machinery from 3’ to 5° would more pro-
foundly affect V3 genes lying distal from the DJ join (53—
56). Alternatively, pre-T cell development induced by
functional TCR B chains might signal the shut down of en-
dogenous TCR loar from 5° to 3, resulting in the prefer-
ential rearrangement of VB-segments lying proximal to the
D] region.

In conclusion, we have identified the extracellular con-
stant domains and the transmembrane region of the TCRB
chain to be required for initiating pre-T cell development
as demonstrated by the efficient allelic exclusion of endog-
enous TCRP alleles in RAG-1* mice and transition of
CD4-CD8" to CD47CD8* thymocytes in BRPBA-trans-
genic RAG-17'7 mice. Allelic exclusion and pre-T cell
development is inefficient in transgenic mice expressing the
BRPac chain. Both the extracellular constant region and
the transmembrane region of the TCRB chain, but not the
variable domain and cytoplasmic tail, are required for its as-
sembly with the other TCR/CD3 components. The cyto-
plasmic tail of the TCR chain appears to be essential for
retention of the TCRB chain in the ER but not for signal
transduction. The finding that only those mutants that the-
oretically can form disulfide bonds to the pTa chain and
asscmble with CID3 components into a pre-TCR complex
can catalyze the transition from CD4 CD8§™ to CD4%
CD8* cells supports the notion that cell surface expression
of the preTCR/CD?3 complex is a prerequisite for pre-T
cell differentiation (29).
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