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Summary

Several recent observations suggest that successful rearrangement of the T cell receptor (TCR)
B locus 1nduces several important events in thymocyte maturation. Allelic exclusion is achieved
by interruption of further rearrangement of the 8 locus, and CD4 -8~ nterleukin (IL)-2R*
cells enter the CD4*8+*IL-2R - stage. The actual molecular events regulating this important
control point are unknown, but may be related to the expression of the TCR-8 locus in immature
CD4-8" thymocytes. It is not clear whether maturation is induced by intracellular appearance
of TCR-f3 chain or by signal transduction through an immature TCR complex on the thymocyte
membrane, possibly involving TCR-B chain homodimers and CD3. Here we show that early
addition of anti-CD3 mAb to fetal thymic organ cultures induces all known events associated
with the acquisition of the CD4*8* stage. Expression of CD4 and CD8 1s accelerated, IL-2Ra
1s downregulated, and the cells fail to produce TCR-8, possibly based on premature cessation
of B gene rearrangement. Upon stimulation with anti-CD?3 antibodies, we see calcium mobilization
m 15% of all CD4~8~ thymocytes with no detectable surface TCR expression. These results
suggest that functional CD3 is expressed on immature thymocytes at very low concentrations
before the appearance of a complete TCR-8 chain. Ligation of CD3 at this stage may mimic
the maturation signal normally generated by the immature TCR-f homodimer-CD3 complex.
The results are consistent with the notion that acquisition of the CD4+*8* stage involves signal
transduction through an immature TCR complex. Later in thymocyte development, ligation
of CD3 results in deletion of CD4*8* cells. Thus, signal transduction through CD3 may result
1n entirely different cellular responses, depending on the stage of thymocyte differentiation. Fhese
results suggest an involvement of CD3 as a link 1n signal transduction for at least two different
decision points 1 the development of a thymocyte.

he T lymphocyte lineage is generated from precommitted

bone marrow-derived precursor cells that home to the
thymus where they enter into a complex developmental pro-
gram of sequential gene expression and TCR gene rearrange-
ments. Early events include expression of the heat-stable an-
tigen (HSA)! (1), followed by the o chain of the IL-2
receptor (IL-2Ra) (2, 3). TCR-B chain rearrangement also
takes place at this early stage of thymocyte development. Com-
pletion of the rearrangement of the 8 locus is indicated by
the appearance of full-length 8 mRNA and is accompanied
by loss of IL-2Ra and expression of small amounts of CD4
and CD8 (4, 5). Strong evidence exists that rearrangement
of the B locus is critical for the transition to the stage charac-
terized by expression of CD4 and CD8 and loss of IL-2R«

t Abbreviations used i this paper DN, double-negative, DP, double-positive,
FCM, flow cytometry, FTOC, fetal thymic organ culture, HSA, heat-
stable antigen, IC, imtracellular, S, surface

(6-8). This transition does not take place unless in the pres-
ence of an intact thymic environment (9). The actual differen-
tiation signals required for further maturation at ths impor-
tant control point in thymocyte development are unknown.

The CD4°8IL-2R - thymocytes will then mature into
the CD4*8* double-positive (DP) stage (10). The TCR-«
genes complete their rearrangement at ths stage, the o8CD3-
TCR is expressed on the cell surface and selection events may
now occur. Those thymocytes possessing a TCR that is able
to nteract with self-MHC are rescued from cell death, a pro-
cess called positive selection. Negative selection involves de-
letion of self-reacting thymocytes by means of apoptosis
(11-13). The small percentage of cells that survive positive
and negative selection increase their TCR expression, lose
HSA, and develop into mature CD4* single-positive or
CD8* single-positive T cells.

In vivo and in vitro, negative selection of DP thymocytes
can be induced by antibodies directed against the TCR. For
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example, addition of anti-CD3 or anti‘TCR-{3 chain antibodies
to fetal thymic organ cultures (FTOC) can cause deletion of
DP TCR* cells by apoptosis (14). However, we and others
found that deletion of DP cells by anti-CD3 mAb treatment
of FTOC is dependent on the time point of addition (15).
In this study, we show that deletion takes place upon delayed
addition, but not upon immediate addition of anti-CD3 mAb
to day 14 FTOC. In contrast, early addition of anti-CD3
mAb induces accelerated transition of CD4-87[L-2R* cells
to the CD4+8*IL-2R - stage, and blocks TCR-f chain
production. These data suggest that signaling through CD3,
probably complexed with TCR-@ cham, regulates transition
of CD4-8-IL-2R * cells to the DP stage possibly associated
with cessation of TCR-f3 chain gene rearrangement. In addi-
tion, our data suggest that during development CD3e can
be expressed on the cell surface of thymocytes in the absence
of the TCR-f chain.

Materials and Methods

Mice. Newborn mice and 14-d pregnant female BALB/c and
C.B.-17 SCID muce were obtained from our own specific pathogen-
free breeding facihity.

mAb  Anti’TCR-8 chan antibody H57-597 (16), anti'TCR-6
chain antibody GL-3 (17), and ant1-CD3e antibody 145-2C11 (18),
all hamster IgG; and anti-I-2Ro antibody 5A2 (19) and ant-PGP-1
antibody IM7 (20), both rat IgG, were 1solated from culture super-
natants by affinity chromatography over protein A columns (Phar-
macia, Freiburg, FRG) Punfied anti-CD3e antibody 500A2 was
purchased from Pharmungen (San Diego, CA). Flow cytometry em-
ployed labeled ant1-Lyt-2 (53 6-7), anti-L3T4 (RM-4-5), ant1’TCR-(3
(H57-597), anti-CD3e (145-2C11), antiTCR-8 (GI-3) (all purchased
from Pharmingen), and fluorescenated anti-Il-2Ro antibody 5A2,
using a FACScan® flow cytometer (Becton Dickinson & Co., Heidel-
berg, FRG)

FTOC. Fetal thymic lobes were prepared from BALB/c mice
at day 14 of gestation They were cultured for vanous time periods
on filter discs floating on 1 ml of IMDM supplemented with 10%
selected FCS, 1% glutamin, and 1% kanamycin 1n 12-well dishes
(Costar Corp , Cambndge, MA) at 37°C 1n 7% CO,/ar, similar
to the method of Jenkinson et al. (21), as previously described (22)
When lobes were cultured with antibodies, the lobes were sus-
pended for 2 h 1n medium supplemented with ant1-CD3 mAb (145-
2C11 1f not otherwise stated) or anti:TCR- mAb, and thereafter
placed on filter discs floating on the same medrum until analysis
Exposure to antibodies was started exther at the beginning of cul-
ture or after various time 1ntervals, as indicated with each experi-
ment If not otherwise stated, cultured were terminated on day
9 for analysis. Addition of irrelevant hamster IgG to FTOC at 100
pug/ml did not show any effect on o/ T cell development com-
pared to FTOC grown 1n medium without antibodies Therefore,
control lobes were treated in the same way using medium without
antibody Single cell suspensions were prepared and incubated for
6~8 h at 37°C to allow shedding of bound antibodies (23)

Flow Cytometry ~ Two- and three-color stamings were performed
using FITC-, PE-, and biotin-labeled antibodies. As a third color,
Tricolor-conjugated Streptavidin (Medac, Hamburg, FRG) was
used Intracellular stainings were performed as described (24),
modified to allow two-color combined intracellular (IC) and sur-
face (S) stammings. First, thymocytes were incubated with FITC-
labeled antibodies as indicated above. After washing, unlabeled an-
tibodies of the same kind as used for staimng the IC antigen were

added to block binding of the labeled antibodies to structures ex-
pressed on the cell surface After incubation and washing, 75 ul
of 0.5% saponin (Sigma Immunochemicals, Deisenhofen, FRG)
m PBS/FCS was added together with the PE- or biotin-labeled
second antibody. All the following washing steps were performed
1n 0.1% saponin m PBS/FCS. PE-conjugated Streptavidin was added
together with 75 pl of 0.5% saponin in PBS/FCS to detect biotin-
labeled antibodies. Cell suspensions were washed three times be-
fore analysis Efficiency of blocking by the unlabeled antibody was
tested by permeabilizing the cell membrane before adding the
blocking antibody followed by the labeled antibodies Because treat-
ment with saponin made distinction of viable cells from dead cells
on the basis of cell size or propidium 10dide uptake impossible,
Tricolor-conjugated Streptavidin was used as a dead cell marker
We found that Tricolor-conjugated Streptavidin specifically pene-
trates into dead cells and remains 1n these cells irreversibly through
many subsequent washing steps (Levelt, C N , and K. Eichmann,
manuscript 1n preparation)

Northern Blot Analysis.  FTOC were cultured for 9 d 1n the ab-
sence or presence of 100 ug/ml ant1 CD3 mAb. Cells were 1solated
and total RN A was prepared as described (25), except that the pro-
tease digestion step was omutted Samples were denaturated in the
presence of ethidium bromide. RNA gels were prepared as described
(26) After electrophorests, gels were photographed and RNA was
transferred to membranes (Nylon Hybond, Amersham Interna-
tional, Braunschweig, FRG) and hybridized to 32P-labeled probes
specific for C81 and Ca (both a kind gift of Dr. H. U Weltzien,
Max Planck Institut fur Immunbiologie) Because low RNA yields
were expected, quantification was performed by subsequert hybnd-
1zation with probes specific for a-actin (27)

Mobization of Intracellular Free Calcym.  Caletum mobilization
studies were performed as described by Rabinowitch et al (28). Cells
were 1solated from thymuses derived from embryos of day 16 gesta-
tional age. Thymocytes (5 x 10°/ml) were loaded with Indo-1 by
incubation wath 1ts acetoxy-methyl ester (Molecular Probes Inc,
Eugene, OR) (5.3 M) and 0 027% pluronic acid (Molecular Probes
Inc ) for 45 mun at 37°C The cells were washed and stained with
PE-labeled ant1-CD4 mAb and anti-CD8 mAb, FITC-labeled ant:-
TCR-8 mAb and antiTCR-6 mAb at 4°C Cells were washed and
resuspended 1n IMDM supplemented with 1% FCS and 1%
glutamin  Analysis followed immediately and was performed on
a FACSstar® flow cytometer (Becton Dickinson & Co) Concen-
trations of 50 pg/ml of ant1-CD3 mAb and anti'TCR-6 mAb (both
hamster IgG) were used for activation

Results

Early Addition of Anti-CD3 mAb to FTOC Inhibits TCR
Expression on CD4*8* DP Thymocytes. Thymic lobes from
day 14 embryos were cultured for 9 d and analyzed by flow
cytometry. 100 pg/ml of erther anti-CD3 mAb or anti-TCR-3
chain mAb were added to the cultures at day 0 or 6 of cul-
ture. Representative absolute cell numbers recovered from
FTOC treated in this way are given in Table 1. A triple-staining
experiment monitoring expression of CD4 and CD8 and of
TCR-f chain within the CD4*8* population upon anti-
body treatment on day 6 is shown in Fig. 1, A-F. Both anti-
bodies induce partial deletion of the TCR expressing DP
subset. As described earlier, the anti-CD3 mAb has the
stronger deleting capacity (29). Fig. 1, G—J shows the effects
of the addition of the same antibodies on day 0. Under these
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Table 1. Effect of Antibody Treatment of FTOC on Thymocyte Subsets

Percent total

Anti-TCR-B Anti-CD3 Ant-TCR-8 Ant1-CD3

Thymocyte subset Control Day 0 Day 0 Day 6 Day 6
CD4*CD8* 452 288 419 33.0 16 4
CD4*CD8*Vf3s* 20.4 41 17 38 26
CD4*VpIC- 11.0 70 48.8 9.9 3.5
CD8*VRIC- 120 89 530 95 5.6
VBS-VgICt 37.7 54.3 5.6 42.0 30.1
CD3S-CD3IC* 41.6 57 2 79.6 45.5 54.5
Absolute cell number

per lobe (x 10%) 19 0.9 17 08 10

Proportions of different thymocyte subsets upon antibody treatment of FTOC given in percentage of total FTOC were treated at 0 or day 6 of
culture with antibodies to TCR-8 or CD3 Control FTOC were cultured 1n medrum without antibodies Cells were analyzed by FCM on day

9 of culture Indicated are uncorrected percentages

conditions treatment with ant1i'TCR-8 mAb also diminishes
the CD4+8*V3* subset. In contrast, treatment with anti-
CD3 mAb does not change the proportion of DP cells but
leads to disappearance of TCR expression in this population.

Expression of Intracellular TCR-8 Chain in Thymocyte Sub-
populations.  The results described above could be interpreted
either as modulation of the TCR-8 chain from the cell sur-
face or as downregulation of the production of the 3 chain.
To distinguish between these possibilities, it was necessary
to analyze the expression of the 3 chain by FACS® analysis
employing intracellular stanings. To this end, we established
several informative staining protocols to analyze intracellular
expression of the B chain 1n thymocyte subsets of untreated
organ cultures and in thymuses derived from newborn muce.
Depicted 1n Fig. 2 A 15 a representative experiment analyzing
the expression of intracellular 8 chain (VBIC) and extracel-
lular CD4 in thymocytes derived from FTOC after 9 d of
culture. The vast majonity of CD4* cells (of which most
are DP) show intracellular 8 chain. It is not clear whether
the small group of CD4*VBIC- cells are 1n fact inefhi-
ciently stained or really devoid of intracellular 8 chain. The
CD4-VBIC* population consists of mature CD8* and im-
mature CD4-8" double-negative (DN) cells. Analogous
results were obtained by staining for CD8 instead of CD4.
TCR- cham is detected already within TCR™ cells (Fig.
2 C). Upon surface expression, the concentration of intracel-
lular 8 chain drops slightly. In thymocytes derived from ex
vivo newborn thymus, we find a simlar expression of intra-
cellular 8 chain in the different subsets (Fig. 2, B and D)
Differences are only found in the proportions of the popula-
tions. Intracellular CD3 is found 1n 85-95% of all thymo-
cytes. As seen for TCR- chain, the concentration of intra-
cellular CD3 drops upon surface expression of the TCR (data
not shown).
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Early Addition of Anti-CD3 mAb to FTOC Leads to Loss
of Intracellular @ Chain.  Organ cultures treated at day 0 with
100 pg/ml of mAb were examined, and representative original
results are given 1n Fig. 3. In Table 1, the calculated propor-
tions of the most prominent thymocyte subsets are summa-
rized. AntiTCR-8 treatment leads to decreased numbers
of CD4* (Fig. 3, A and B) and CD8* cells (see Fig. 1).
Whereas the proportions of cells expressing TCR on the sur-
face (V3S) 1s strongly diminished (Fig. 3, D and E), intracel-
lular B chain expression is not affected by the anti-TCR-8
treatment. This is shown by the unchanged ratios of VBIC*
to VBIC~ cells within the CD4* population (Fig. 3, A and
B) and within the VS~ population (Fig. 3, D and E) sur-
viving the anti-TCR-f3 treatment. In contrast, the ant1i-CD3
mAb induces a decrease of intracellular 8 chain in all sub-
populations. It is surprising that even the VBS-VBIC*
subset is strongly dimunished, implying that cells on which
no surface TCR is detected by flow cytometry are affected
by anti-CD3 mAb. Intracellular CD3 expression remains un-
changed, accounting for the increase in the CD3S-
CD3IC* subset (Table 1). Similar results were obtained
upon treatment of FTOC with the mAb 500A2, a mAb that
binds to a different epitope of the CD3e chain (30). This
excludes the possibility that the effects observed are due to
crossreactivity of one anti-CD3e mAb with an unknown struc-
ture on thymocytes. Table 1 also summarizes thymocyte subsets
determined by the same protocols upon adding the antibodies
to day 6 of culture. Under these conditions, both anti-TCR-3
and ant1-CD3 antibodies 1nduce deletion of the TCR* DP
population, as described above.

Dose—Response Kinetics of the Effect of Anti-CD3 Anti-
bodies. Optimal downregulation of TCR-8 chain was ob-
tained by 100 pg/ml of anti-CD3 mAb, a rather high con-
centration of mAb. We were therefore worried that nonspecific
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Figure 1. Effect of addition of antiTCR mAb to FTOC Antibodies
to TCR-B (C, D, G, H) or CD3e (E, F, I, ]) were added at 2 concentra-
tion of 100 ug/ml to FTOC at day 6 (C-F) or day 0 (G-]) of culture
Control FTOC were cultured without antibody (4, B) Cells were ana-
lyzed by thee-color flow cytometry (FCM) at day 9 Contour plots (A4,
C, E, G, I) represent CD4 and CD8 fluorescence intensities Histograms
(B, D, F, H, ]) represent TCR-3 chain fluorescence intensity of CD4+8+
cells The numbers given 1n each panel represent uncorrected percentages
Background values were msigmficant 1 all cases

effects of Ig or the small degree of dilution of the culture
media contributed to the effect. We therefore tested a series
of other Igs at 100 ug/ml, including normal hamster IgG,
normal rat IgG, anti-I:2Ra (rat IgG), anti-TCR-6 (hamster

IgG), and anti-PGP-1 (rat IgG). None of these resulted 1n
the disappearance of TCR-@ chain in DP thymocytes (data
not shown). Furthermore, a dose-response analysis was per-
formed, using concentrations of anti-CD3 mAb between 1
and 100 pg/ml (Fig. 4). We observe a nearly linear relation-
ship between the antibody dose and the sizes of the
VBIC-CD8* and VBIC-CD4* populations. We have also
determined, 1n a different protocol, the degree of saturation
of CD3 epitopes by these antibody concentrations. Satura-
tion is reached between 30 and 100 pg/ml. We conclude that
anti-CD3 mAb 1s effective at all concentrations, the max-
1mal response being induced at doses that saturate all avail-
able CD3e molecules.

Time Course of 3 Chain Shut-down by Anti-CD3 mAb  The
almost complete loss of intracellular 8 chain in all cell popu-
lations suggested that the shut-down of 8 chain production
by ligation of CD3 takes place before or at the onset of 8
chain expression To study this question, we performed time
course experiments, adding the antibody at different days of
culture and examining the lobes at day 9. In Fig. 5 we show
that addition up to day 2 (7 d before analysis) results in con-
stant proportions of CD4* and CD8* cells devoid of intra-
cellular B chain Thereafter, 3 chain shut-down in CD4+8+
cells decreases and is gradually replaced by a deletional re-
sponse until day 6. This indicates that shut-down of 8 chain
15 inducible until 6-7 d before the thymocytes leave the DP
stage, which is at the CD4-8-IL-2R * stage, as can be de-
duced from the kinetics studies performed by Pearse et al. (4).

Predominance of Short (1.0 kb) TCR-8 Chain Transcripts in
Anti-CD3 mAb Treated FTOC. 'We examined expression of
TCR-a and -8 genes by Northern blot analysis (Fig. 6). A
significant difference in TCR-8 mRNA is observed between
anti-CD3 treated and control FTOC. In the control FTOC,
the full-length 1.3-kb (VDJC) transcript of the TCR-83 genes
is clearly detectable, together with very low amounts of the
truncated 1.0-kb (JC or DJC) message. In contrast, in anti-
CD3 treated cultures we see a dramatic reduction of the full-
length 8 mRNA and strongly increased expression of the
truncated transcript. If 8 chain shut-down occurred by tran-
scriptional downregulation we would expect a reduction in
full-length mRNA and an unchanged or slightly decreased
expression of truncated mRNA. The increased level of trun-
cated 8 mRNA suggests that interruption of 8 chain rear-
rangement before V-D joining 1s the cause of 8 chain shut-
down. Hybridization with the Ca probe showed full-length
(VJC) 1.6-kb o gene transcripts 1 ant1-CD3 mAb treated
and control cultures. A short, 1.3-kb (JC) transcript 1s barely
detectable. Since hybridization with a a-actin probe indicated
about 2.5 times more mRNA 1n the ant1-CD3 mAb treated
FTOC, TCR-o chain mRNA appears to be diminished. We
do not know whether this corresponds to experimental van-
ation or reflects a downregulation of o chain transcription,
possibly caused by the iabulity to express the a chain on
the cell surface. Because we do not find a predominance of
the truncated o chain transcript in the anti-CD3 mAb treated
FTOC, we do not expect rearrangement of the o locus to

be inhibited.
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Figure 2. Expression of intracellular TCR-8 chamn 1n thymocytes
Thymocytes derived from day 9 FTOC (A, C) and newborn thymus (B,
D) were analyzed by FCM Contour plots represent fluorescence intensity
of mtracellular TCR-8 chain (VBIC) and extracellular CD4 (A4, B) and
TCR-B (V8S) chan (C, D) Uncorrected percentages are indicated

Expression of CD4 and CD8 and Loss of IL-2R Is Induced
by Anti-CD3 mAb To investigate the time required for
blocking B chain expression, antibodies were added at day
0 of culture and analyses were performed at short time in-
tervals thereafter. The data in Fig. 7 reveal that intracellular
B chain is normally found before CD8 (Fig. 7, E and G),
and confirm that CD4 appears after CD8 (Fig 7, A and E).
Fig. 7, B and F show that already after 2 d of culture 1n the
presence of ant1-CD3 mAb we find reduced numbers of cells
with intracellular 8 chain. This includes the population that
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Figure 3. Effect of early addition of anti'TCR antibodies to FTOC on
tracellular TCR-f3 chain expression FTOC wete cultured for 9 d i normal
medium (A, D) ot medum contaiming 100 gg/ml antibodies to TCR-8
chan (B, E) or CD3e (C, F) Cells were analyzed by FCM Depicted
are fluorescence intensities of intracellular TCR- chain and extracellular
CD4 (A-C) and TCR-f chain (D-F) Uncorrected percentages are indicated
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Figure 4. Dose-response kinetics of the effect of anti-CD3 antibodies

Ant1-CD3 antibodies were added to FTOC at day 0 of culture at concen-
trations ranging from 1 to 100 ug/ml Expression of intracellular TCR-8
chain and extracellular CD4 and CD8 were examined by FCM The per-
centages of VBIC* (closed symbols) and VBIC - (open symbols) cells 1n the
CD4* population (circles) and 1n the CD8* population (¢nangles) were
calculated and are represented as relative proportions (percent control)

% of Control

does not express CD4 and CD8. Moreover, the antibody treat-
ment results in accelerated mduction of CD4 and CD8 (Fig.
7, B, D, F, and H). In another experiment we included the
analyss of ILl-2R o chain 1n addition to CD4 and CD8 (Fig
8). We find that accelerated acquisition of CD4 and CD8
is accompanied by downregulation of II-2Rc chain expres-
sion. Because downregulation of II-2R« seemed only shghtly
accelerated compared to control FTOC, the results could be
due to experimental variation. Therefore we repeated the ex-
periment using FTOC derived from SCID muce, in which
development is blocked at the II-2Ra* stage. Signaling
through CD3 1s expected to restore the blocked maturation
instead of only accelerating normal development. Over 60%
of thymocytes derived from untreated SCID-FTOC express
II-2Ra (Fig. 9 A). The population showing a low surface
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Figure 5. Time course of shut-down of TCR- production 30 pg/ml
antibodies to TCR-3 {closed symbols), CD3e (crossed symbols) were added
to FTOC at days 0-6 of culture Control FTOC were cultured without
antibodues (open symbols) Cells were analyzed at day 9 of culture by FCM
Represented are the percentages of VBIC - cells in the CD4* population
(squares) and CD8* population (circles)
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Figure 6. Northern blot analysis of TCR-« and -8 mRNA from anti-
CD3 treated and control FTOC FTOC were treated with 100 pg/ml
ant1-CD3 antibodaes at day 0, and cells were harvested at day 9 of culture
RNA was prepared from ~5 x 106 cells and hybndized with probes
specific for Cox {A) and CB1 (B) For quantification, the membranes were
hybndized with a-actin probes (small boxes) By scanning on an LKB
Ultrascan XL (LKB, Cambndge, UK) we detected ~2 5 times more RNA
1n the ant1-CD3 treated group as compared with the control The 1 6-kb
band detected by the Cx probe represents fully rearranged (VJC) & tran-
scripts The 1 3-kb band detected by the CB1 probe represents the com-
plete (VDJC) 8 mRNA, whereas the short transcripts (1 0 kb) denve from
incompletely rearranged 8 loc1 (DJC or JC)
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Figure 8. Downregulation of II-2 receptor a chamn (I-2Ra) upon anti-
CD3 treatment of FTOC FTOC were treated with 100 ug/ml ant1-CD3
antibodies at day O of culture (B, D) or cultured without antibodues (4,
C) and analyzed by FCM at day 2 (4, B) and 3 (C, D) of culture Histo-
grams show the fluotescence intensity of IL-2Rax. Percentages of cells gated
positive for IL-2Rc are given 1n the figures. Mean fluorescence channels
of positive cells were 145(A), 88 (B), 127 (C), and 92 (D)
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Figure 7. Shut-down of TCR-8 production and induction of CD4 and CD8 upon ant1-CD3 treatment of FTOC FTOC were treated with 30
pg/ml ant1i-CD3 antibodies at day 0 of culture (B, D, F, H) or cultured without anubodies (4, C, E, G) Analysis by FCM was performed at day
2 (A, B, E, F) and day 3 (C, D, G, H) of culture Represented are fluorescence intensities of surface CD4 (A-D) and CD8 (E-H) and 1ntracellular

TCR-f8 Uncorrected percentages are indicated
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Figure 9. Downregulation of IL-2 receptor & chain (IL-2Rc) upon antt-
CD3 treatment of FTOC denved from SCID mice FTOC denived from
SCID embryos were treated with 100 pug/ml anti-CD3 antibodhes at day
0 of culture (B) or cultured without antibodies (4) and analyzed by FCM
at day 6 of culture. Histograms show the fluorescence intensity of IL-2Ro
Percentages of cells gated positive for IL-2R o are given 1n the figures Back-
ground values were <1%

expression of II-2Ra is also found in the recombinase activa-
tion gene (RAG)-2-deficient mouse (8). Treatment with ant1-
CD3 mAb indeed leads to an almost complete loss of II-2R o
expression (Fig. 9 B). These results reveal that 8 chan shut-
down is not the only consequence of early ligation of CD3e
in thymocytes. Rather, a complete developmental program
15 initiated which reflects the maturation steps typically ob-
served upon the acquisition of the DP stage.

Calcium Mobilization Can Be Induced by Ant-CD3 mAb 1n
Day 16 Embryonic DN TCR ~ Thymocytes. It 1s generally

200 50
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accepted that small concentrations of CD3 may be detected
on the surface of thymocytes as soon as CD8 is expressed
(31). If we assume that our findings are induced by a direct
interaction between the antibody and the affected cell, CD3
can transduce a signal even before expression of CD8. To test
this hypothesis, we analyzed the capability of DN TCR -
cells derived from ex vivo thymuses from 16-d-old embryos
to mobihize Ca?* upon hgation of CD3 The data depicted
in Fig. 10, C and D show that indeed Ca?* can be mobi-
lized in 15% of these cells. The response was, however, weaker
and shorter than described for mature T cells (32). Thus far,
we have no information on whether the immature thymocytes
that respond to anti-CD3 mAb with Ca?* mobilization are
identical with those that respond by 8 chain shut-down. An-
tibodies to TCR-y/4 did not induce Ca** mobilization 1n
this cell population (Fig. 10, A and B), excluding that the
response is nonspectfically induced by a high concentration
of hamster IgG. These results suggest that CD3e is expressed
at low levels 1n a proportion of DN TCR~ immature
thymocytes and represents a functional component in sig-
naling events leading to transition from the DN to the DP
stage.

Discussion

Although the developmental sequence of the phenotypes
of thymocytes is well described, little is known about the
molecular events that drive these cells into each subsequent
stage of maturation. An important control point in thymic
development 1s the transition of CD4-8-I-:2R* thymo-
cytes to the CD4*8*IL-:2R ~ stage. Several reports show that

o M o W

Figure 10. Calcum mobihza-
tion induced by anti-CD?3 antibodses
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in DN TCR- cells. Thymocytes
were 1solated from embryos of day
16 gestational age and loaded with
Indo-1 Subsequently, the cells were
stamned for CD4, CD8, TCR-3 and
-0 using antibodies free of azide at
4°C Gating was for cells negative
for all markers. Cells were stimu-
lated at time O (arrow) with 50
pg/ml antibodies to CD3 (C, D)
or TCR-6 (A, B) A and C give the
course of the wviolet/blue ratio,
which 15 linear to the molanity of
mobilized intracellular Ca2+, over
tume B and D show the percentage
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of cells exposing a concentration of
intracellular Ca2* above the back-
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successful rearrangement and expression of the TCR-@ chain
plays a critical role in this process. Some years ago it was
shown that 1n SCID mice transgenic for a rearranged TCR-
B locus, thymocytes regamned the ability to enter the
CD4+8* stage (6). However, normal numbers of DP cells
were only found in SCID mice transgenic for both rearranged
« and 3 loci. Recent results demonstrated that disruption
of either RAG-1 (7) or RAG-2 (8) blocks development at
the CD4-8"1I-2R * stage. An arrest in thymocyte develop-
ment at this point 1s also found in mice with a disrupted
TCR-f3 locus, in which the very small numbers of CD4*8*
cells are suspected to belong to the /8 lineage. (P. Mom-
baerts, personal commumcation). Mice devoid of TCR-«
chain, 1n contrast, show normal numbers of DP thymocytes
(33) From these experiments 1t can be deduced that the com-
plete rearrangement of the 8 locus is an important prerequi-
site for further maturation of the /8 lineage. This finding
cannot be attributed to intracellular events alone, because the
transplantation of normal bone marrow cells into SCID mice
gave rise to both donor-derived TCR * thymocytes and host-
derived CD4*8* TCR ~ SCID thymocytes (34). Recent ex-
periments show that immature thymocytes may express a TCR.
complex consisting of 3-8 homodimers 1n association with
CD3. A TCR complex consisting of a 8- chain homodimer,
weakly associated with CD3, was detected by Punt et al. (35)
on a transformed CD4~8* thymocyte. A TCR complex
consisting of a 8- homodimer, tightly bound to CD36 and
CD3¢, but weakly associated with CD3{ and CD3y was
found on SCID T cell ines transfected with a rearranged
TCR-B locus (36). It has been suggested that signals gener-
ated upon surface expression of this complex induces the ex-
pression of the coreceptors CD4 and CD8 and possibly also
leads to allelic exclusion, an event that 1s a consequence of
an mterruption of TCR-f chain rearrangement (37)

Our findings show that most known events associated with
the acquisition of the DP stage can be induced by early treat-
ment of FTOC with anti-CD3e mAb: CD4 and CD8 ex-
pression is induced on DN thymocytes. IL-2Ror chain ex-
pression 1s downregulated; the cells fail to produce TCR-3
chain. The mhibition of the production of TCR-3 protein
and of full-length TCR-8 mRNA by ant1-CD3 may be caused
by the same process that, 1n the physiological situation, results
in allelic exclusion, 1.e., interrupted rearrangement of TCR-3
genes. These findings support the hypothesis that surface ex-
pression of and subsequent signal transduction through CD3,
perhaps complexed with the TCR-8 chamn, may be an im-
portant event directing the CD4~8-II-2R * thymocytes mto
the next developmental stage. It 1s not clear, however, whether
all of these phenotypic changes are part of a single cellular
response or just happen to occur simultaneously.

Alternative explanations for shut-off of TCR-8 produc-
tion have to be considered. Our findings may reflect a novel
kind of negative selection involving transcriptional down-
regulation of TCR-8 chain production. Our time course ex-
periments suggest that the window for mhibition of TCR-3
chain production 1s open during the CD4-8"IL-2R * stage
and may be closed before the TCR-a locus has fully rear-

ranged (38). Both a purpose and a pathway for self-tolerance
induction at this stage of development are hard to imagne.
Furthermore, the increased expression of truncated (1.0 kb)
TCR-f3 message 1s not easily reconciled with a transcriptional
shut-off of TCR-f production Therefore, we favor the hy-
pothesis that a cessation of rearrangement 15 the cause of im-
paired TCR-f chain production. Rearrangement of the
TCR-« locus seems unimpaired as can be concluded from
the Northern blot analysis showing full-length TCR-«
mRNA. This 1s in line with recent experiments indicating
that allelic exclusion of the TCR-« locus takes place at the
DP stage and is dependent on positive selection (39).

How could rearrangement of the TCR- chain genes be
nterrupted by higation of CD3? Owen et al. (15) who ob-
served reduced numbers of VB8IC* cells without reduc-
tion of CD4* and CD8* cells upon ant1i-CD3 treatment of
FTOC, suggested that ;y/ cells were necessary for rearrange-
ment of the TCR-8 locus and that their function was blocked
by anti-CD3 mAb. This can be ruled out because recent ex-
periments show that TCR-6-deficient mice can neverthe-
less rearrange the 8 locus (P. Mombaerts, personal commu-
nication). It is also possible that ant1-CD3 antibodies block
the interaction of an unknown higand with CD3 which 15
required for 8 chain rearrangement to continue to comple-
tion. Thus possibility 1s unlikely because the blocking of an
essential maturation signal would be expected to result in
decreased maturation to DP cells. In our experiments, 1n con-
trast, accelerated maturation to the DP stage is observed.

We therefore favor the hypothesis that a signal which 1n
the physiological situation 1s transduced by CD3 complexed
with the 8-8 homodimer, is delivered prematurely upon h-
gation of CD3e molecules before rearrangement of the 8 locus
has finished. This implies that CD3e molecules are expressed
on the cell surface of immature thymocytes in the absence
of the TCR-f chain and are capable of signal transduction
upon crosshnking. This hypothesis 1s supported by our finding
that induction of CD4 and CD8 and downregulation of IL-
2R« can be induced 1n FTOC from SCID mice upon anti-
CD3 antibody treatment (manuscript in preparation) The
characterization of a thymocyte expressing CD3 on the cell
surface 1n the absence of TCR-a-, 8-, -, or -6 chains (40),
and the recent finding that 3-8 homodimers are expressed
on immature thymocytes (35, 36) suggest that the assembly
and surface expression of the TCR complex 1s differently
regulated at early stages of thymocyte development and sup-
port the hypothesis that surface expression of a partial TCR
complex 1s important for thymocyte maturation.

Our Ca?* mobihzation experiments show that a consid-
erable number (15%) of DN TCR ™~ thymocytes derived
from embryomec day 16 thymus 1n fact express functional
CDa3. It remains to be investigated what the exact pheno-
type of these cells 1s. The population appears to be too large
to represent immature v/ 0 cells expressing undetectable con-
centrations of TCR. Because TCR-a message 1s barely de-
tectable at embryonic day 16 (41), the population 1s also too
large to represent a subset of thymocytes that has success-
fully rearranged both the o and 8 locus and express still un-
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detectable concentrations of TCR. Therefore, we propose
that at least part of this population 1s DN thymocytes ex-
pressing some CD3 with or without a TCR-3 chain.

It is interesting how the physiological signals for shut-
down of 3 gene rearrangement are generated. A signal may
be generated upon formation within the thymocyte mem-
brane of a complex of CD3 with -8 homodimers and per-
haps additional molecules. Alternatively, this complex m-
teracts with a ligand on other cells in the thymus, of epithelial
or hematopoetic origin. This latter hypothesis is attractive
because it provides an explanation for the exclusive localiza-
tion of T cell development to the thymus.

Taken together, these experiments demonstrate that matu-
ration of DN to DP cells, which appears to be dependent
on f3 chain rearrangement, is a developmental step inducible
by signaling through CD3. In addition, the results suggest
that CD3e is expressed on the cell surface of developing
thymocytes in the absence of a TCR-8 chain. Analysis of
the molecular structure of this putative CD3 complex may
be of major importance 1n the understanding of the very early
stages of thymocyte development.
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