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Summanry

We studied the extent of functional linkage between
CD3¢ and p56“* in pre-TCR-dependent thymocyte de-
velopment. Differentiation of DN to DP cells was exam-
ined by treatment of RAG2/CD3{ and RAG 1/p56'~ dou-
ble-deficient mice with anti-CD3¢ antibodies. The
results suggest that CD3{ has no specific role in this
maturation step, but may be important for amplifica-
tion of signaling through the pre-TCR. In contrast,
p56** js the main protein tyrosine kinase associated
with signaling through the pre-TCR-CD3 complex. In
DP thymocytes, the Ca® response to anti-CD3c was
totally abolished in CD3; ™ but only reduced in p56=*™~
mice, and in vivo responses to anti-CD3« differed from
one another. Thus, CD3{ and p56** are functionally not
tightly associated and their deficiencies cause distinct
developmental defects.

Introduction

T cells develop in the thymus, where they undergo multiple
steps of differential gene expression and gena rearrangs-
ments. Cells having successfully completed one step are
selected to maturs to the next. At an sarly stage, defined
by the expression of the interleukin 2-Ra (IL-2Ra) chain,
thymocytes attempt to produce a functional T cell receptor
B (TCRP) chain gene by random rearrangament of the
TCRR V, D, and J gene segments (Spits, 1594). If re-
arrangement was successful, the pre-TCR is expressed
on the cell surface, consisting of the TCRP ¢hain, dimer-
ized with the pre-TCRa chain, and members of the CD3
complex (Groettrup et al., 1993; Groettrup and von
Boehmer, 1983; Saint-Ruf et al., 1394). The surface ex-
pression of the pre-TCR, alone or by interaction with a
ligand on thymic stroma cells, selects thymocytes with a
functional TCRP chain to continue maturation, This results
in allelic exclusion by arrest of further rearrangement of

the TCRP locus, & burst of cell divisions, down-rggulatio
of the IL-2Fa chain, and the expression of the corecaptor
CD4 and CO8 (Groettrup and von Boehmer, 1983, Lave
and Eichmann, 1993}. During the CD4*CDE"|double
positive (DP) stage, rearrangements in the TCRa locu
take place. Thymocytes with a functionally rearrange
TCRua chain gene are then selected according to the spec
ficity of their mature aff TCR (Kisielow et al., 1988; Rott
enberg, 1994). Thymocytes that are potentially self-reac
tive are negatively selected and clonally deleted b
apoptosis. Nonsalected thymocytes also die. Thymocyte
that are self-restricted are positively selected and continu
maturation into CO4* single-positive (SP)or CODE" SP cells
depending on the restriction of their TCR. The differenc
between positive and negative selection is most probabl
dictated by quantitative parameters of the interactions be
tween the TCR and the selecting ligands (Hogguist et al
1994; Ashton-Rickardt et al., 1994), resulting in disting
signal intensities (Eichmann, 1995).

Mice that carry mutations leading to the failure to pre
duce a TCRE chain, such as scid mice (Schuler et al
1886), mice deficient for RAG 1 (Mombaerts et al|, 1592;
or RAGZ (Shinkai et al., 1992), and mice with a null mut:
tion in the TCRP chain genes (Mombaerts et al.| 1832k
show a nearly complete block in the maturation ¢
CD4-CDE" double-negative (DN} thymaocytes tg the D
stage. Less severe deficiencies are observed in mice det
cient for molecules that are involved in signal transductio
through the TCR. For example, mice that are deficient fc
CD3g (Liu et al., 1993; Ohno et al., 1983; Malissen et al
1993; Love et al,, 1993) have a small thymus, with 5%
1580 of the naormal number of DP thymocytes.| Furthe
mare, positive selection is impaired, with virtually no S
cells in the thymus. A phenotypically similar incomplet
developmental block is observed in mice deficient fc
pSE= (lck) (Molina et al., 1992). In contrast, mice that ove
express a dominant-negative form of lck show a comple
block of thymocyte development at the DN stage (Levi
at al,, 1993), presumably because of competition for adc
tional PTK substrates. PTKs are likely also to play a rol
in the regulation of allefic exclusion, as a TCAP transgen
deoes not lead to allelic exclusion in mice overaxprassin
dominant-negative Ick (Andersan et al., 1983),

In previous work, we have shown that cross-fnking |
CC3: on DN thymocytes accelerated their matyration |
DP thymocytes, whereas cross-linking of CO3 op OF th
mocytes induced their deletion {Levelt et al., 1993a). Maor
over, cross-linking of CO3z on DM thymocytes of TCF
chain-deficient mice restored their maturation to the D
stage (Levelt et al., 19933k). These studiss suggested th.
signaling events through the CD3 complex controlle
these early as well as the late selection events, Hare, w
analyzed mice deficient for CO3C and for ek, asking 1T
question as to what extent these components of CD
mediated signaling are functionally connecled with or
another during the early pases of thymic developmen
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Mice were bred to become double deficient for RAGT (or
RAG2) and sither lck or CD3C, and double-deficient new-
born mice were treated with anti-CD3e, thus addressing
the role of CD3L and Ick in the differentiation of DN to
DP thymocytes, Furthermare, by studying CD3( and ek
single-deficient mice, we analyzed the responses of imma-
ture DP thymocytes upon CD3 cross-linking. The results
suggest that CD3{ and ick are involved in partially indepen-
dent signal transduction pathways with divergent func-
tions in pre-TCR-dependent thymic selection.

Results

Signaling through CD3¢ Is Not Essential for Early
Thymocyte Maturation

Newborn F2 generation offspring from intercrosses be-
tween CD3C-deficient and AAG2-deficient parental mice
were injected with 10 pg/g bodyweight anti-CD3e mone-
clonal antibody (MAD), 1 day after birth. Thymocytas wars
isclated at day 8 after birth and the mice were typad by
intracellular staining for CD3L (Levelt et al., 1993c) and
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by reverse transcription polymerase chain reaction (RT-
PCH) for AAG2. Remaining thymocytes were stained for
CD4, CD8, and IL-2Ra. In Figure 1, the effects of anti-CD3c
MAD treatment on thymic development in RAG2-deficient
(E=H) and RAG2/CD3, double-deficient mice (A-D) are
shown. As expected from our previgus results on RAGT-
deficient mice (Levelt et al, 1993b), anti-CD3s MAb
caused full induction of CD4/CD8, down-regulation of IL-
2Ra, and a substantial increase in cell numbers in RAG2-
deficient thymi. No significant differences in any of these
parameters were detected between RAG2-deficient mice

and CD3L""/RAG2-" double mutants. Absolute cell num- |

bers of thymocytes in the anti-CD3e MAb-treated double-
mutant mice were similar to those found in untreated wild-
type newborn mice, and four to six times greater than
those found in untreatad CD3{ single-deficient mice (see
Tabile 1). CD3 single-deficient mice also showed full in-
duction of DP cells (see below). These results suggest
that the defect in thymocyte development observed in
CD3C-deficient mice can be overcome by potent signaling
through CD3yée alone. The signaling function of CD3L

Figure 1. Down-Regulation of IL-2Ra and In-
cuction of CD4 and CO8 on RAGZ/CDILN ™
Double-Mutant Thymocytes

RAGZ2" newborn mice (E-H) and RAG2"/
CD3CMm™ newborn mice (A=D) were injected
with anti-CD3e MADb at day 1 after birth, and
thymocytes were analyzed at day 8 after birth
for expression of CD4, COB, and IL-2Ra. Con-
towr plots at the left (A, C, E, and G) represent
fluorescence inténsities of CD4 and COB. His-
tagrams at the right (B, D. F, and H) represent
the fluorescence intensity of IL-2Ra. Absalute
cell numbers (x 10°% are indicated above the
contour piots. Control RAG2™ (E and F) and
RAGZCD3Lm™ (A and B) thymi show that
déwvelopment 5 blocked at the CD4"CD&™ DM
IL-2Ra” stage. Treatment with anti-CO3e MAD
reconstitules thymocyte maturation to the
CC4"CDa" DP stage completely in bath RAG2
(G) and RAGZ-CD3m~ (C) mice. Down-
reguiation of IL-2R g is complete in both mouse
straing (D and H), and absciute cell numbers
increass to =50 = 10

Control
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Control
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Table 1. Towal Thymocyles in Wild-Type and Mutant Mice after
Injection of Anti-CO3e MAB* (x 109

Day after injection

Mice i} 1 z 3

WT ZA1 =45 3T2 =51 284 =80 54 =33
CO3L" 107 =15 227 +38 34 =85 50 =2
Lek ' 13=16 115+ 15 18 =2 138 £ 08
AAGZ ' 28 =03 38 =089 iB =2 NT xag

*Resulls are means = SEMs of 2-§ mice for sach data painl.

during sarly thymocyte differentiation is therefore either
redundant or merely an amplification of the CD3y8¢ signal.
In addition, CO3C may increase the surface exprassion of
the immature TCH.

lek Is Important for Efficient Signal Transduction
threugh CD3 during Early Thymocyte

Ditferentiation

The results on CD3C-deficient mice suggested that CD3ybe
is sufficient for the early signal that induces maturation to

| 58

Lo L] T L a=
)
! 470
s .
=} 1 p
T il
- _-’_3' [ s e [T e
3 =
-5}
¢ E 1.1 :_31
.| 06 e 2 F
= iy
o
- =] 1 i ] 923

the OP stage. If this signal was mediated by PT}AS ather
than ick, lck-deficient thymi should be fully indugible by
anti-CD3e. This was tested by injecting BAG 7 /ick™ dou-
ble-mutant mice with anti-CD3z MAD at day 1 after birth.
The newborn mice were typed by PCR of tail DNA, anc
flow cytometry of thymocytes was done on day|8 afer
birth. As for RAG2-deficient mice, expression of CD4 anc
CD8, down-regulation of IL-2Ra, and proliferation are in-
duced upon anti-CO3s MAD treatment in thymocytes o
RAG1-deficient mice (Figures 2E-2H). In cgntrast
RAG1™ick™" double-mutant mice showed only a poor re
constitution of early thymocyte development upon anti
CD3e treatment. Down-regulation of IL-2Re was incom
plete (Figures 2B and D), and the absclute number of DF
cells was less than 15% of that in thymi of anti-CD3e MAD
treated RAGT-deficient mice (Figures 24, 2C, and 2G)
These results suggest that ick is an important alj:nent ir
signal transduction through both the CD3C and the CD3y5i
modules during this stage of development.

We found that one of the earliest parameters of induction
by anti-CD3z MAD is the expression of CD&3, which coin
cides with the down-regulation of IL-2Ra in RAG2-deficien

Figura 2. Inefficient Down-Regutation of IL-28
and Induction of C0é and CD8 in RA : 17" lick™
Double-Mutant Thymocytes

RAGT™ newborn mice (E-H) and RAGT ek~
newborn mice (A=D) were injected| with ant
C:3e MAD at day 1 after birth, and thymocyte
were analyzed at day 8 after birth for expre:
sion af CD4, CDB, and IL-2Ra. Contdur plots ¢
the ledt (A, C, E, and G) represent Hu?resc:anr.
intensities of C04 and CDA. Histograms at th
right (B, O, F. and H) represent the fluore:
cence intensity of IL-2Ra. Absolute cell nun
bers (x 107 are indicated above the contol
plots. Cantrol RAGT~ (E and F) antd RAGT
lck™ (A and B) thymi show that thymocyte di
velopment is blocked at the DN IL-2Ra" stag:
Treatment with anti-C03z MAD reconstitute
thymocyte maturation to the DP stage cor
pletety in RAGT™ (G) mice, accompanied ¢
down-regulation of IL-2Ra [H) and an increa:
of the absolute cell number 1o 58 % 10°
RAGT™llck™ thymi, the recanstitulion of th
mocyls development by ant-CD3e MAD tres
mant is incomplete. A smaller praportion
thymocytes reaches the DP stage [C), cow
regulation of IL-2Fa is inefficient (). and 1
absolute cell number reaches only 11 = 1C
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Figure 3. Expression of CD&0 during Down-Regulation of IL-2Rg
RAGZ™ newborn mice were injected 1-3 days batore analysis with
ant-CO3c MAD. At day 8 after birth, thymocyles were isolated and
stained. Contour plots represent fludrescence intensities of IL-2Rc
and CD639, Control thymocytes (A) are predominantly IL-2Ra"CD&3",
After 1 day of treatmant (B), thymocytes down-regulate IL-2Ra axpres-
sion, and show high expression of CDE9. Atter 2 and 3 days (C and
O}, expression CDEQ is lest again, together with IL-2Fa.

thymi. (Figures 3A and 3B). CD&S is lost 1 day later, to-
gether with IL-2Ra (Figures 3C and 3D). It is likely that
this occurs also in physiological thymocyte differentiation,
regulated by the pre-TCR rather than by anti-CD3e treat-
ment: CD69 expression was detected on IL-2Re® and IL-
2Ra” thymocytes from day 16 wild-type embryos before
expression of CD4 or CD8 (data not shown). These and
additional early consequences of CD3e cross-linking were
compared in RAGT-deficient and RAGT-"/lck™" double-
mutant mice. In the lck-deficient thymi, fewer cells ex-
pressed high levels of CD&9 and more cells were found
with intermediate levels (Figures 4A and 4C); down-
regulation of IL-2Ra was less effective in all thymocytes,
including those that expressed CDES; and expansion of
DM thymocytes and reduction of cell size were less pro-
nounced (Figures 48 and 40). This demonstrates that a
number of early events in the maturation of DM thymocytes
to the DP stage are impaired in the absence of ick.

Reszponses of DP Thymocytes to Anti-CD3z
Treatment in Mice with Defects in Signal
Transduction through TCR-CD3

The responses to CD3e cross-linking of thymocytes that
spontaneously matured to the DP stage in CD3(-deficient
or ick-deficient mice were studied. Newborn mice deficient
for either lck or CD3L were treated with anti-CD3e MAD
1-3 days before analysis. As controls, wild-type newborn
mice, and AAG2-deficient newborn mice were used. Table
1 shows the absolute numbers of thymocytes in these mice
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Figure 4. Early Events after Cross-Linking of CD3e in RAGT " lick™
Newborn Mice

AAG™ and AAGY "ifck™ newbarn mice were injected at day 7 after
birth with anti-CD3e MAb. Al day B, thymocytes were isolated and
stained, Contour plots (A and C) represent lucrascance intensities of
IL-2Re and CD&3. Absoiute thymocyte numbers [ x 107" are indicated
above the contour plots. In the RAG™Mlck™ thymi, down-regulation of
IL-2Re and expression of COED ocours on less ceils, and less eficiently
than in RAGT"" thymi (A and C). Thymocytes proliferate less in
RAGT™llck™ mice (A and C). The dot plots (B and D) show that in
RAGT"lick™ thymi, cells initiaily remain larger than in RAGT™" thymi.

aver time. In wild-type mice, the antibody treatment resulted
in a rapid decrease of the absolute number of thymocytes,
reflecting negative salection by deletion. In contrast, CD3C-
deficient mice and RAG2-deficient mice responded with
an increase in the absolute numbers of thymocytes, lck-
deficient mice showed no significant changes in the abso-
lute thymocyte number.

Apoptosis upon anti-CO3e treatment, as analyzed by gel
electrophoresis or intracellular DNA staining with propid-
ium iodide, was marginal or undetectable in CD35- or fck-
deficient thymocytes (data not shown), Because a relative
resistance to dexamethazone-induced apoptosis was also
observed, it is likely that DP thymocytes in CD3C- or fek-
deficient mice do not efficiently mature to an apoptosis-
sensitive stage.

The kinetics of expansion of DN and DP thymocytes
in CD3C-deficient mice after cross-linking of CD3: were
studied in more datail. Figure 5 shows the absoute num-
bers of DN and DP thymecytes with or without functionally
rearranged TCRP genes of newborn mice on days 1-3
after anti-CD3e MAD treatment. Beginning from day 1, the
increase in cell numbers was largely restricted to DP thy-
mocytes expressing intracellular TCRB chain. Production
of new DP thymocytes from DN thymocytes upon anti-
CD3e treatment takes 3 days, and results in a block in
rearrangement of the TCRP locus (Levelt et al., 1995), also
in CD3¢-deficient animals (Wang et al., 1995). Therefore,
these data indicate that CD3 cross-linking induces pralif-
eration of preexisting OP TCAP* thymocytes in CD3C-
deficient mice.
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Figure 5. Expansion of the DP Population in CO3(-Deficient Thymi
upon anti-C03e MAD Treatment

CD3L" newborn mice ware injected with anti-CO3e MAD, 1-3 days
before analysis, and abaclute cell numbears of ditferenl thymocyte pog-
ulations were cetermined, as indicated. The DP cells that proliferate
in the CD3C-deficient mice during the firs! 2 cays after treatment consist
completely of thymocytes expressing intracellular TCRE chain (OF
TCAB"). A few CP thymocytes not expressing TCAE (DR TCRE") are
detected 3 days atter treatment, The resulls reprasant meaan cell num-
bers of 2-5 mice for each data point; varations between indivicual
mice were less than = 25% on day 2, less than = 15% an all ather
days.

Differences in Calcium Mobilization between
lek-Deficient and CD3C-Deficient DP Thymocytes
Calcium mobilization upon stimulation with anti-CD3e was
measured in thymocytes derived from mice deficient for
CD3 or lek or from heterozygous littermates. This was
done by flow cytometry with and without gating for DP
cells. In CD3 -deficient thymocytes, no calcium mobiliza-
tion could be induced upon stimulation with up to 6 pgf
mi anti-CD3z MAD followed by 60 ug/ml anti-hamster im-
munoglobulin G (IgG) (data not shown). lck-deficient DP
thymocytes showed a reduced calcium response com-
pared with that of littermate thymocytes, when stimulated
with 3 pg/mi anti-CD3z MAD followed by 30 pg/ml anti-
hamster IgG (Figure 6A). Using a 10-fold dilution of the
ant-CD3e MADb, Ca* mobilization was virtually absent in
Ick-deficient DP thymocytes, but siill clearly demonstrable
in DP thymocytes of littermates (Figure 68). Similar results
were obtained when the analysis was performed with un-
gated thymocytes, and when 10 pg/ml anti-CD3s MAb
without cross-linking by anti-hamster IgG were used (data
not shown).

Discussion

Mutant mice that are unable to produce a TCRP chain,
such as Scid mice, RAGT- or RAG2-deficient mice, and
mice with a mutation in the TCRp locus itself, show a nearly
complete block in thymocyte differentiation at the DN
stage, which can be overcome by cross-linking of CD3e
{Levelt et al., 1993k). In mice with null mutations in either
CD3; or ick, thymocyte maturation is blocked incom-
pletely, with the generation of about 5%-15% of the nor-
mal number of DP thymocytes (Liu et al., 1993; Ohno et
al., 1993; Malissen et al., 1993; Love ot al., 1993; Molina
et al.,1992). In addition, positive selection is impaired in
such mice, resulting in the nearly complete absence of
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Figure 5. Impaired Ca* Mobilization in /ck-Deficient Thymocytes

Thymocytes were isolated from heterozygous litermates (left) or ik
deficient (right) mice at day 8 after birth, stained for CD4 anlCD8, an
lcaded with indo-1. Analysis was performed on a FACStan Plus fla
cylometar. CD4*CD8" DP cells were B3% and 42% for lck™ and ek
mice, respectively. Density plots represent the course of the viole
blue ratio, which is linearly related to the molarity of intraceular Ca?
cver time. Ca* mobilization is detectad in lck-deficient r1_1ic>a whe
thymecyles are stimulated at 40 5 with 3 pg/ml anti-CD3z MAD, followe
at B0 5 by 30 pg'ml anti-hamster 1gG (A). When 0.3 pgiml anti-CD<
was used (B), the response of ick-deficient thymocytes was abolishe

SP thymocytes. Surprisingly, CD3(-deficient mice hav
up to normal numbers of peripheral T cells. In this respec
lck-deficient mice differ from CD3C-deficlent mice, as the
possess only 5%-10% of the normal number of peripher
T cells (Molina et al., 1992). The initial aim of the prese
study was o use these mice to test our h'jrputl'l:asis th
cross-linking of CO3e on DN thymocytes induces their d
ferentiation to the DP stage by a process involving sign
transduction (Levelt et al., 1993a, 1983b). In addition, tt
glicitation of synchronous responses of thymacytes |
anti-CD3e MAD allowed us to delineate the different
roles of CD3L and lek during early thymocyte differenti
tion in more detail than has been previously passible
phenotypic analysis alone.

We first investigated whether CD3L was involved in s
nal transduction through the immature TCRE-CD3 co
plex, and if it had a specific or only an amplifying ro
Fecent studies have shown that not only CD3C, but al
CD3e can mediate TCR signaling (Letourneur and Klausn
1982; Wegener et al,, 1992). |t was suggested that diff
ent PTKs are involved in signal transduction through t
CD3CC module and the CO3y3: module (Letourneur a
Klausner, 1992). Recently, evidence aoc'.:mutatés thatt
same PTHKs mediate signaling through both CD3e &
CD3; (Weiss and Littman, 1994; Wange et al., 19!
Duplay et al., 1994), though with differential affinities. £
nal transduction through CD3( may be more efficient th
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through CD3e because its cytoplasmic tail contains three
ARAMSs, signaling motifs containing two tyrosines that can
be phosphorylated by specific PTKs, as compared with a
single motif in the cytoplasmic tail of CD3e (Weiss and
Littman, 1934). A second reason why CD3{ may be im-
portant in regulating the strength of the signal through
TCR-CD3 iz that, in the absence CD3L, the assembly and
surface expression of TCR-COD3 is extremely inefficient
[(Weissman et al., 1989),

To address these questions, we made use of our previ-
ous finding that in FTOC of mice deficient in TCRP gene
rearrangement, cross-linking of CO3 with anti-C0D3e MAD
fully restorad early thymocyte differentiation. By injection
of newborn mice with anti-CD3z MAb (Jacobs et al., 1994,
Shinkai and Alt, 1994), we found that RAG2-deficient and
RAG2/CD3L, double-deficient mice were equally compe-
tent in the generation of DP thymocytes upon anti-CD3e
MaAD treatment. Induced DP thymocyte numbers were sim-
ilar to that in normal untreated newborn mice of the same
age. We conclude that signaling through CD3v8e is suffi-
cient for the full induction of this maturation step.

Subsequently, we addressed the question whether sig-
nal transduction through the immature CD3y56e module
involved primarily PTKs other than ick, used by the CD3C]
module. In that case, induction of thymocyte development
in lek/AAGT (or RAG—-2) double-mutant mice by anti-CD3z
MAbD treatment should be successful. By injecting anti-
CD3e MAD into lck/RAGT double-deficient mice, we ob-
served production of DP cells, but the absolute number did
not exceed 15% of that obtained in anti-CD3z MAb-treated
RAG1-deficient mice. Moreaver, down-regulation of IL-
2Ra on DN cells was incomplete. These results suggest
that ick is the main PTH in signal transduction through both
the CO3LL and CD3v3e modules at this stage of thymocyte
development.

The developmental block in lck-deficient mice was not
restricted to the proliferation of DP thymocytas, but also
affected the proliferation and differentiation of DN thymo-
cytes. We found that during early thymocyte selection, the
early activation marker CDE2 was transiently expressed,
similar to its expression upon late positive selection of DP
thymocytes (Bendelac et al., 1992; Yamashita et al., 1993;
Swat et al., 1993). In ick/RAG T double-mutant mice, ex-
pressicn of CDES after 1 day of anti-CD3e MAD treatment
occurred on fewer thymocytes than in RAG 7 mutant mice.
Furthermore, down-regulation of IL-2Ra, proliferation of
DN thymocytes, and reduction in cell size all were less
effective in the absence of lck. Whether this represants
a complete block in the development of a proportion of
the cells, or a general slowdown for all cells, cannot be
dacided from our results. In either case, the data suggest
that /ck is important in signal transduction through the
pre-TCR already before the acguisition of the DP pheno-
type. In this context, it is interesting that allelic exclusion
of the TCRPB locus in TCRP transgenic fck-deficient mice
is almost complete (Wallace et al., 1995). It is possible
that different responses to pre-TCR signaling are associ-
ated with differant bicchemical pathways or are restricted
by different quantitative thresholds.

In fck- or CD3C-deficient mice, DP thymocytes differ phe-

notypically from normal DP thymocytes. it has been de-
scrived before (Crompton et al, 1994) that in CD3L-
deficient animals, IL-2Ra expression is detected on many
DP thymaocytes. This was also observed on ick-deficient
DCP thymocytes (C. M. L., unpublished data). In addition,
we observed functional differences between DP thymo-
cytes from wild-type mice and those from fck- or CD3C-
deficient mice. ick- or CD30-deficient DP thymocytes were
highly resistant to deletion by in vive treatment with anti-
CD3s MADR. This could partially be due to inefficient signal
transduction through the TCR-CD3 complex in the ab-
sence of either CD3L or lek. Indeed, Ca®** mobilization was
absent in DP thymocytes of CD3L-deficient mice, and re-
duced in lck-deficient DP thymocytes. However, impaired
signaling may not be the only explanation for the resis-
tance to deletion, as reduced sensitivity to dexametha-
zone-induced apoptosis was also observed. It is therefore
likely that, in addition, maturation of DP thymocytes is
incomplete in CD3L- or ick-deficient mice and does not
proceed efficiently to an apoptosis-sensitive stage. In line
with this idea is our finding that in CD3-deficient mice,
DP thymocytes remained sensitive to anti-CD3s-induced
proliferation, a response typical of immature thymocytes.
The lack of this immature response in fck-deficient DP
thymocytes may highlight the importance of fek in the pro-
liferative response of immature thymocytes, as also ob-
served in anti-CD3z-treated RAG1/ick double-deficient an-
imals. Our observation that lck-deficient DP cells can
maobilize Ca* does not argue against this: the signal induc-
ing early thymocyte proliferation is not likely to depend on
Ca®* mebilization, as suggested by previous results (Levelt
et al,, 1993b), and by the proliferation induced in CD3L-
deficient DP thymocytes.

|s the cross-linking of CO3 complexes on TCRB™ thymo-
cytes indeed comparable to signaling through the pre-
TCA? In this context, it is interesting that the cytoplasmic
tail of the pre-TCRa chain contains phosphorylation sites
consistent with an involvement in signal transduction
{Saint-Ruf et al., 1934). While CD3 complexes have been
detected on TCRE™ thymocytes with biochemical means
(Wiest et al., 1994), it is not known whether the pre-TCRa
chain can be expressed on the cell surface without TCRE
as part of these incomplete CD3 complexes. Alternatively,
CD3 crossinking by MAb may generate a strong signal
that overrides the requirement for pre-TCRa, or this mole-
cule may not be involved in signal transduction.

Taken together, the results presented in this report show
that maturation of DN thymocytes infto the DP stage, in-
cluding proliferation of immature DP thymocytes, depends
on signaling through the CD3 complex. For the signals
dictating pre-TCR-dependent thymocyte maturation, a co-
oparation between lck and CD3yde seems assantial, CD30
does not play a specific role in this process, but may be
of importance in the augmentation of signaling through
the pre-TCR=-CD3 complex.

Experimental Procedures
Mice

Mewborn RAGT =, RAG2™", CDALM ™™, and k™" mice or crosses of
these sirains, were cbtained from the specific pathegen-irae breeding
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facility at the Beth Israel Hospital, Harvard Medical School, Boston,
Massachuselis, and at the Max Planck Institut fOr Immunbiolegie, Fras
burg, Federal Republic of Germany. RAG T-deficient and lck-deficient
mice wars typad by PCR analysis of tail DNA. The following primers
ware used: RAGT sense, 5~-TACCCTGAGCTTCAGTTC-3| AAGT anti-
sense, S-CAACATCTECCTTCACGTC-Y,; Neomycin sense, 5-TATC-
AGGACATAGCGTTGGECTACCC-Y (Malina at al., 1992); lek antisense,
F-CTTAGACTCACGTGCTCCACAGGTA-Y (Maolina &t al,, 1992); kck
sense, S-AGACCTGACAACTETCCGGAAGAGC-3"

RAG2-deficient mice were typed by staining thymocytes for intracel-
lular TCRP chain axpression and FACS analysis. If results ware not
avident because of the anti-C03e MAD trealment, the mice wera lested
for RAGZ exprassion in the thymus by RT-PCA, using the fallowing
primers: RAG2 sense, 5-CACATCCACAAGCAGRAAGTACAC-¥ and
AAG2 antisense, 5-“GGTTCAGGGACATCTCCTACTAAT'

CD3deficient mice were typed by intracellular staining of thymoe-
cytes for CO3C,

MAbs

Anti-CD3¢ antibody S00A2 (Havran et al., 1887T) was isolated from
culture supernatants by affinity chromatography over protein A col-
umns (Pharmacia, Freiburg, Federal Republic of Germany). Flow cy-
tometry emploved labeled anti-Lyt-2 (53.6-T), anti-L3T4 (RM-2-5), anti-
TCA (H57-387), anti-CD3e (S00AZ), anti-CDEY (H1.2F3), anti-IL-2Ra
{704) {all purchased from PharMingen), and biatin-labelad anti-COa3;,
antibody H148-9688 (Punt et al., 1991), using a FACScan flow cytometer
{Becton Dickingan, San Jose, California).

Flow Cytometry

Twe- and three-color stainings wara performed using fluorescein iso-
thiocyanate-, phycoerythrin-, and biotin-labeled antibodies. As a third
color, Red 670-conjugated streplavidin (GIBCO, Gaithersburg, Mary-
land) was used. Intracedlular stainings were performed as described
{Levelt ot al., 1953a, 19983c). Events wera collected using a FACScan
flew cytometer (Becton Dickinson, San Jose, California).

Antibody Treatment of Newborn Mice

MNewborn mice were injected intraperitoneglly with 10 1g/g bodyweight
anti-=C03e MAD. To avoid variations in thymocyte numbers by differ-
ancesin the age of the newbaorn mice, analyses were always parformead
at cay B after birth. Injections were given at varying days before analy-
5i5, as indicated with each experiment. Becausa no effects of intrapaeri-
toneal injections of normal hamster IgG were detected, some control
newborn mice wera not treated.

Mobilization of Intracellular Free Calcium

Calcium mobilization studies were periormed as describad {Rabinov-
itch et al,, 1986). Ceils were isolated from thymi derived from B-day-old
newborn mice. Thymocytes (5 x 10%ml) were lcaded with indo-1 by
incubation with its acetoxy-methyl ester (Molecular Probes, Eugene,
Oregon) (5.3 M) and 0.027% pluronic acid (Mobecular Probes) for 45
min at 37°C. Cells were washed and resuspended in Iscove’s modified
Dulbeces medium supplamented with 1% fatal call serum and 139
glutamine. Analysis followed immediately and was performed on &
FACstar flow cytometer (Becton Dickinson), in combination with stain-
ing for CD4 ang CDE.
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