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Pre-T cell receptor (preTCR)-derived signals mediate the transition
of thymocytes from the CD4~ CD8~ double-negative (DN) to CD4*
CD8* double-positive stage of T lymphocyte development. This
progression, termed pB-selection, is limited to thymocytes that have
generated a functional TCR-B chain able to associate with pTa to
form the preTCR complex. Formation of the preTCR complex not
only induces differentiation, survival, and proliferation of DN
thymocytes; it also inhibits further TCR-B gene rearrangement
through an ill-defined process known as allelic exclusion. The
signaling pathways controlling this critical developmental check-
point have not been characterized. Here we demonstrate that
formation of the preTCR complex leads to the activation of protein
kinase C (PKC), and that activation of PKC is necessary for the
differentiation and expansion of DN thymocytes. Importantly, we
also show that allelic exclusion at the TCR-B gene loci is enforced
by PKC-mediated signals. These results define PKC as a central
mediator of both differentiation and allelic exclusion during thy-
mocyte development.

O n their way to becoming functional and self-tolerant 8 T
cells, immature thymocytes must first successfully generate
a T cell receptor-B (TCR-B) chain that is able to associate with
pTa to form the pre-T cell receptor (preTCR) complex (1, 2).
PreTCR-derived signals mediate the transition of thymocytes
from the CD4~ CD8~ double-negative (DN) to the CD4* CD8*
double-positive (DP) stage of T cell development by inducing the
survival, proliferation, differentiation, and TCR-B gene allelic
exclusion of immature thymocytes. This progression, termed
B-selection, appears to depend on the nonreceptor tyrosine
kinases Lck/Fyn and ZAP-70/Syk (3-8), as well as the adaptor
proteins SLP-76 (SH2-domain-containing leukocyte protein of
76 kDa) and LAT (linker for activation of T cells) (9-11).
Although the Ras/Raf signaling cascade promotes differentia-
tion and proliferation of DN thymocytes (12), it fails to mediate
allelic exclusion at the TCR-B gene loci (13, 14). Nevertheless,
allelic exclusion depends on the presence of Lck and SLP-76
(15-17), suggesting that, contrary to the induction of differen-
tiation and proliferation, the signals mediating allelic exclusion
occur upstream of Ras/Raf activation and downstream of Lck/
ZAP-70 phosphorylation of SLP-76. Therefore, a bifurcation of
signals must occur before the activation of Ras/Raf, which is
responsible for the induction of allelic exclusion.

As SLP-76 is a critical scaffold protein for several adaptor
molecules, regulators of Ras signaling, and phospholipase C-yl
(18, 19), we hypothesized that signals downstream of SLP-76,
such as protein kinase C (PKC) activation by phospholipase
C-vyl-derived second messengers (20), would be responsible for
the induction of allelic exclusion. Because PKC has been shown
to directly activate Ras/Raf (21, 22), our hypothesis stipulates
that activation of PKC by the preTCR not only will enforce allelic
exclusion but may also induce the proliferation and differenti-
ation of DN thymocytes.

By using an experimental approach that allows for the trans-
fection of fetal thymuses in situ (23, 24), we demonstrate that
formation of the preTCR complex leads to the activation of
PKC. Moreover, we show that PKC activation is essential for the

differentiation and expansion of immature thymocytes. Notably,
our findings also establish that allelic exclusion at the TCR-f
gene loci is enforced by PKC-mediated signals. These results
identify PKC as a central mediator of both differentiation and
allelic exclusion during thymocyte development.

Materials and Methods

Animals. Recombination activating gene-2-deficient (RAG®)
mice were bred and maintained in our animal facility (25).
Timed-pregnant RAG® mice were generated, and the fetuses
were extracted at day 14 of gestation. Timed-pregnant CD1 mice
were obtained from the Charles River Breeding Laboratories,
and the fetuses were extracted at day 14 of gestation.

Gene-Gun Transfection and Fetal Thymic Organ Culture. Fetal thy-
muses were transfected with DNA/gold bombardment, as de-
scribed previously (23). As previously reported, 0.5-2.0% of CD45*
cells were transfected with this technique (23). For short-term
biochemical assays, the transfected fetal thymic lobes were incu-
bated for a further 16—20 h in transfect fetal thymus organ cultures
(FTOCs), then the cells were lysed, and the lysate was assayed for
luciferase and B-galactosidase activities (23). For long-term devel-
opmental progression studies, the thymic lobes were incubated in
FTOC for 7-10 days, during which the medium was changed once,
and then were analyzed by flow cytometry (23).

Flow Cytometry and Cell Sorting. FITC-, R-phycoerythrin (PE)-,
and allophycocyanin (APC)-conjugated anti-mouse antibodies
were used for flow cytometric analysis (PharMingen). Staining
of cells was carried out as described (23). The data were live
gated by size and lack of propidium iodide uptake. For cell
sorting, a Coulter Elite (Coulter) cytometer was used. Cells were
prepared as described (23). Sorted cells were =98% pure, as
determined by postsort analysis.

Generation of Retroviral Constructs and Packaging Cell Lines. Ret-
roviral constructs were engineered by subcloning the gene of
interest (a constitutively active form of PKC, PKCa-CAT; a
dominant-negative form of PKC, PKCa-KR; and constitutively
active Ras, RasV!?) into the retroviral backbone (MIEV), 5’ of
the internal-ribosomal entry site, allowing the bicistronic ex-
pression of the gene of interest and green fluorescent protein
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Fig. 1.

Constitutively active PKC bypasses the requirement of TCR-B chain for the induction of thymocyte differentiation. CD4* CD8" thymocytes are generated

in RAG® FTOC gene gun transfected with plasmid encoding a functional TCR-g chain, a constitutively active PKC (PKC-CAT), or a constitutively active GTPase Ras
(RasV'2). RAG® fetal thymuses were gene gun-transfected with control DNA [DNA loading ratio (DLR) = 250 ng], plasmid encoding a functionally rearranged TCR-8
chain (DLR = 250 ng), plasmid encoding PKC-CAT (DLR = 250 ng), or plasmid encoding Ras¥'? (DLR = 250 ng). The transfected FTOCs were cultured for 9 days.
After this time, a single-cell suspension was prepared and thymocytes were analyzed for surface expression of CD25, CD8, and CD4 by flow cytometry. The data

shown are representative of five independent experiments.

(GFP). One day before the retroviral infection of fetal thymic
lobes, the stable retroviral packaging cell line was plated in a
flat-bottomed 96-well plate at a concentration of 2 X 103 cells
per well in FTOC medium and incubated at 37°C. Just before
transfer of fetal thymic lobes to the 96-well plate, the cells were
irradiated at 3,000 cGy and the medium was replaced with fresh
FTOC medium supplemented with 500 ug/ml polybrene.

High-Oxygen Submersion (HOS) Culture. Fetal thymic lobes were
removed from timed-pregnant RAG® and CD1 mice at day 14 of
gestation and placed in a flat-bottomed 96-well plate containing
the retroviral packaging line (one fetal lobe per well). The plate
was then sealed in a plastic bag containing a high-O, gas mixture
(70% 0,/25% N,/5% CO,). The bag containing the HOS-
treated fetal thymic lobes was incubated at 37°C for 48—72 h. The
fetal thymic lobes were then removed and placed in standard
FTOC:s on nucleopore filters as described above and incubated
at 37°C for a further 7-9 days, before analysis by flow cytometry.

Luciferase and B-Galactosidase Assay. Thymic lobes transfected
with the PathDetect reporter plasmids (Stratagene) were as-
sayed for luciferase and B-galactosidase activities by use of the
Dual-Light reporter gene assay system (Tropix; Perkin-Elmer—
Applied Biosystems) as described (23).

Genomic PCR. Genomic DNA was isolated from adult CD1 mouse
thymocytes and sorted populations of retrovirally infected thy-
mocytes with an EasyDNA kit (Invitrogen). DNA samples were
amplified with an automated GeneAmp 9600 thermocycler
(Perkin—Elmer) by 10-s denaturation at 94°C, 30 s of annealing
at 59°C, and 2-min extensions at 68°C for 35 cycles, with a hot
start at 94°C for 2 min and a final extension at 68°C for 6 min.
Primers used for DB-JB and VB-DJB PCR analysis were as
follows (5'—3"): VBsF, GAA GGC TAT GAT GCG TCT GC;
Dp,, GTA GGCACCTGT GGG GAA GAA ACT; JB:R, TGA
GAG CTG TCT CCT ACT ATC GAT T. Control PCR was
carried out with the use of B;-microglobulin (B,m) primers as
follows: B,mF, GGC GTC AAC AAT GCT GCT TCT; B,mR,
CTTTCT GTG TTT CCC GCT CCC. Products were separated
by agarose gel electrophoresis, transferred by Southern blotting
onto nitrocellulose filters (Bio-Rad), and visualized with the use
of an ~800-bp (JB) genomic probe for DJ and V(D)J analysis or
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with the use of a ~300-bp genomic probe for B,m analysis. All
PCR products correspond to expected molecular sizes.

Results and Discussion

CD4+ CD8* Thymocyte Differentiation Is Mediated by PKC. Whereas
the Ras/Raf signaling cascade has been shown to promote
differentiation and proliferation of DN thymocytes (12-14), and
because PKC has been postulated to activate Ras/Raf (21, 22),
we hypothesized that PKC activation may also induce the
proliferation and differentiation of DN thymocytes.

To address the above-stated hypothesis, we took advantage of
an experimental approach that allows for transfection of fetal
thymuses in situ (23). This approach involves the use of an
accelerated DNA/particle bombardment (gene gun) delivery
system to transfect FTOCs (24). In this way, we transfected (25)
RAG® mouse-derived FTOCs with a plasmid encoding a func-
tionally rearranged TCR-f chain, as the introduction of a TCR-
transgene into RAG® mice allows DN thymocytes to differen-
tiate to the DP stage (26). In keeping with this finding, flow
cytometric analysis of TCR-B-transfected FTOCs revealed a
population of DP thymocytes, whereas thymocytes from mock-
transfected FTOCs remained at the DN stage (Fig. 1). More-
over, we observed the appearance of a CD25'° CD8* population
and a 3-fold increase in thymic cellularity in TCR-B-transfected
FTOC: relative to control FTOCs (Fig. 1). The increase in total
cell number after transfection was likely because of preferential
survival of the CD25* thymocytes, which in the absence of
preTCR expression have been shown to have a limited life span
(1, 2). These observations reflect several hallmarks of preTCR-
mediated events and indicate that the transfected thymocytes
generated a preTCR complex and passed the B-selection check-
point (1).

To directly test our hypothesis and establish whether PKC-
derived signals can induce the differentiation and proliferation
of DN thymocytes, we transfected RAG® FTOCs with a plasmid
encoding a constitutively active form of PKC (PKC-CAT; dele-
tion of the regulatory N-terminal domain of PKCa) (27). This
particular PKC isoform was chosen, as it has previously been
shown to be expressed in thymocytes (28, 29), including the DN
subset (data not shown), and has been demonstrated to play an
important role in T cell activation (30, 31). Flow cytometric
analysis of PKC-CAT-transfected RAG® FTOCs revealed a
population of DP thymocytes, whereas thymocytes from mock-
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Fig. 2. PKC is activated downstream of preTCR complex formation. The activation of PKC-mediated pathways was determined by a previously described
reporter plasmid system (see ref. 23). The reporter plasmid system utilizes two plasmids: (i) a fusion activator plasmid (pFA2-CREB) that encodes a transactivation
domain of CREB (residues 1-280) fused with the GAL4 DNA-binding domain) and (ii) a luciferase reporter plasmid (pFR-Luc), which encodes a luciferase gene
under the control of five GAL4-binding elements. Therefore, phosphorylation/activation of CREB by an upstream kinase, such as PKC, can be monitored in the
form of luciferase activity. RAG® fetal thymuses were gene gun-transfected with pFR-Luc (DLR = 250 ng) and CMV-B-gal (DLR = 250 ng) and either pFA2-CREB
(DLR = 75 ng) alone or together with TCR-B (DLR = 250 ng), TCR-B and dominant-negative PKC (PKC-KR; DLR = 750 ng), or TCR-B and treated with PKC-specific
inhibitor bisindolylmaleimide (1 wM) or constitutively active PKC (PKC-CAT; DLR = 250 ng), as indicated. The transfected lobes were then cultured for 16-20 h.
Cells were then lysed, and the lysates were assayed for luciferase and B-galactosidase activity. The data shown are an average of at least four independent

experiments. The individual luciferase activities were indexed against the observed B-galactosidase activity.

transfected FTOCs remained at the DN stage (Fig. 1). Notably,
we also observed the appearance of a CD25'° CD8" population
and a 3-fold increase in thymic cellularity in PKC-CAT trans-
fected FTOCs relative to the control (Fig. 1). These results
indicate that activated PKC can induce differentiation and
proliferation of DN thymocytes, supporting our notion that
activation of PKC induces B-selection signals. Similar results
were obtained from RAG® FTOC:s transfected with a plasmid-
encoding RasV!2, in which the generation of DP thymocytes was
observed, as well as the emergence of a CD25'° CD8* population
and a more than 3-fold elevation in thymic cellularity as com-
pared with mock-transfected RAG® FTOCs (Fig. 1). Thus,
thymocytes from RAG® FTOCs expressing these transfected
genes undergo cellular proliferation and differentiation to the
DP stage, bypassing the requirement for preTCR-dependent
B-selection.
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Fig. 3.

Formation of the PreTCR Complex Induces PKC Activation. Taking
advantage of our ability to introduce multiple DNA plasmids
into developing thymocytes in FTOC (Fig. 1), we coupled this
transfection technique with a previously characterized reporter-
plasmid system that allows for the detection of PKC activation
in developing thymocytes (23). RAG® FTOC:s transfected with
reporter plasmids [pFR-Luc/pFA2- cAMP response element-
binding protein (CREB)] in combination with a plasmid encod-
ing a functional TCR-B chain showed a 14-fold increase in
luciferase activity as compared with FTOCs transfected with the
reporter plasmids alone [343 * 74 vs. 25 * 11 relative light units
(RLUs); Fig. 2]. Thus, these results suggest that formation of the
preTCR complex results in PKC activation. To establish whether
the luciferase activity observed after formation of the preTCR
complex depended on PKC activation, RAG® FTOCs were
transfected with a plasmid encoding a dominant-negative form
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PKC function is necessary for the differentiation of thymocytes to the CD4" CD8* stage. Intact fetal thymic lobes from d14 timed-pregnant CD1 mice

were retrovirally infected with either (A) vector alone (MIEV) or (B) PKC-KR encoding constructs for 72 h in HOS-FTOC, then incubated in standard FTOC for 5
days. Flow cytometric analysis of CD4 vs. CD8 cell surface expression on thymocytes gated for GFP expression is shown (R1, GFP~; R2, GFPi"t; R3, GFP"). The data
shown are representative of four independent experiments.
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of PKC (PKC-KR; point mutation in the ATP-binding region of
the catalytic domain of PKCa) (27) and a TCR-B plasmid,
together with the reporter plasmids. Strikingly, the increased
luciferase activity observed in TCR-B-transfected FTOCs was
completely abrogated in the presence of PKC-KR (60 = 11
RLUs; Fig. 2). Furthermore, luciferase activity was severely
diminished in RAG® FTOC:s transfected with TCR-B and re-
porter plasmids that were treated with the PKC-specific inhibitor
bisindolylmaleimide (1 uM) (80 = 13 RLUs; Fig. 2). Moreover,
FTOC:s transfected with the PKC-CAT plasmid together with
the reporter plasmids showed a dramatic 20-fold increase in
luciferase activity as compared with FTOCs transfected with
reporter plasmids alone (498 * 55 RLUs; Fig. 2), demonstrating
the sensitive nature of this assay system in detecting PKC
activation.

Although our data suggest that the upstream kinase respon-
sible for observed luciferase activity appears to be PKC (Fig. 2),
the reporter plasmids used to measure PKC activation rely on the
phosphorylation and activation of CREB. Therefore, we sought
to determine whether another upstream kinase, cAMP-
dependent protein kinase (PKA) (32), could elicit CREB acti-
vation after preTCR complex formation. To this end, RAG®
FTOCs were transfected with a plasmid encoding a dominant-
negative form of PKA (PKA-RS324P) (33) and a TCR- plasmid,
together with the reporter plasmids. Importantly, this combina-
tion of plasmids revealed almost a 20-fold stimulation in lucif-
erase activity similar to that observed in FTOCs transfected with
TCR-B alone. This PKA-RG324P construct was shown to effec-
tively inhibit forskolin-induced elevation of luciferase activity in
EL4 cells when cotransfected with the reporter plasmids pFR-
Luc/pFA2-CREB (data not shown), indicating that PKA-
RG324D can inhibit PKA function. On the other hand, as ex-
pected, a substantial elevation in luciferase activity was observed
in RAG® FTOC:s transfected with a plasmid encoding a consti-
tutively active PKA (catalytic subunit of PKA) (34) and the
reporter plasmids (2156 = 575 RLUs). Taken together, these
data indicate that, although CREB can be activated by different
upstream kinases, the CREB activation observed on expression
of the preTCR complex is indeed mediated by PKC.

PKC Is Necessary for Thymocyte Differentiation to the CD4+ CD8+
Stage. To determine whether the preTCR-mediated activation of
PKC represents a necessary event for the differentiation and
proliferation of DN thymocytes, we infected fetal thymocytes
from normal mice with a retroviral construct (MIEV) (35) that
allows for the bicistronic expression of GFP together with
PKC-KR. Infected cells were cultured in FTOCs for 8—-10 days
before flow cytometric analysis. Fig. 34 shows that uninfected
thymocytes (GFP~; R1-gated) and thymocytes infected with the
MIEV retroviral construct encoding GFP alone (GFP™t and
GFP"; R2- and R3-gated, respectively) differentiated toward the
DP and single-positive (SP) (CD4*" CD8~ and CD4~ CDS8%)
stages of thymocyte development. In contrast, flow cytometric
analysis of thymocytes infected with MIEV.PKC-KR showed
that GFP" cells failed to reach the DP stage (Fig. 3B), whereas
PKC-KR-GFPi"t cells showed a diminished ability to reach the
DP stage as compared with MIEV-GFPI™ thymocytes (Fig. 3B;
28% vs. 61% DPs, respectively). These results clearly indicate
that the expression of a dominant-negative form of PKC is able
to interfere with the transition of DN thymocytes to the DP stage
of development. Thus, our findings strongly suggest that -
selection events depend on PKC function during thymocyte
differentiation.

PKC Mediates Allelic Exclusion at the TCR-B Gene Loci. In light of
these findings, we sought to determine whether PKC-mediated
signals could not only lead to the differentiation and expansion
of DN thymocytes (Figs. 1 and 3) but also enforce allelic
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exclusion at the TCR-p gene loci. To this end, we infected fetal
thymocytes from normal mice with the MIEV retroviral
construct encoding PKC-CAT. Infected cells were cultured in
FTOCs for 8—10 days before flow cytometric analysis. Fig. 4
shows that thymocytes infected with the MIEV retroviral
construct-encoding GFP alone differentiated toward the DP
and SP stages of thymocyte development. In contrast, flow
cytometric analysis of thymocytes infected with MIEV.PKC-
CAT showed that GFP™ cells failed to reach the SP stage (Fig.
4). Furthermore, flow cytometric analysis for «3-TCR surface
expression from thymocytes infected with MIEV.GFP re-
vealed a population of GFP™ TCRM CD4* cells (Fig. 4).
Notably, this population of TCRM cells was absent in PKC-
CAT-infected GFP* CD4* thymocytes (Fig. 4). As a control,
flow cytometric analysis of GFP~ cells from the two groups or
from GFP* RasV!2-infected cells showed similar levels of TCR
surface expression (Fig. 4 and data not shown). Moreover, we
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Fig.4. PKC-derived signals arrest T cell development at the DP stage. Intact
fetal thymic lobes from d14 timed-pregnant CD1 mice were retrovirally in-
fected with either vector alone (MIEV) or PKC-CAT encoding constructs for
72 h in HOS-FTOC, then incubated in standard FTOC for 5 days and analyzed
for GFP expression (Top). Flow cytometric analyses of CD4 vs. CD8 and CD4 vs.
TCR-af cell surface expression on infected (GFP'-gated) cells (Middle) and
(GFP~-gated) cells (Bottom) are shown. The frequency of GFP* thymocytes
with a TCR! phenotype, R1-gate, from PKC-CAT- and MIEV-infected FTOCs is
6% and 10%, respectively. The data shown are representative of three inde-
pendent experiments.
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Fig.5. PKC-derived signals enforce allelic exclusion of the TCR-S gene loci in
developing thymocytes. Intact fetal thymic lobes from d14 timed-pregnant
CD1 mice were retrovirally infected with either vector alone (MIEV) or PKC-
CAT encoding constructs for 72 h in HOS-FTOC, then incubated in standard
FTOC for 5 days. GFP~ (lanes 2 and 4) and GFP* (lanes 3 and 5) thymocytes were
isolated by cell sorting, and genomic DNA was prepared from the sorted cell
populations. DNA samples were prepared from control CD1 thymocytes (lane
1), control MIEV FTOCs (lanes 2 and 3), and MIEV.PKC-CAT FTOCs (lanes 4 and
5). Southern blot analysis for DNA rearrangements was carried out by ampli-
fying DNA with specific primers flanking DB, and JB; (Top) or VBs and 1B,
(Middle) regions of the TCR-B locus and probing with a radiolabeled Jg,-
genomic fragment. Rearrangements involving Vs were measured because
Vg is the predominant variable gene segment expressed in thymocytes from
CD1 mice, which are of the TCR-V32 haplotype. Southern blot analysis for the
presence of similar quantifiable levels of DNA was carried out by amplifying
the same DNA samples with primers specific for a single copy gene, Bom
(Bottom) and probing with a radiolabeled B,m genomic fragment. The data
shown are representative of five independent experiments.
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observed a ~2-fold decrease in the frequency of thymocytes
with a TCR!® phenotype when comparing GFP* CD4* cells
from PKC-CAT- and MIEV-infected FTOC:s (Fig. 4, R1-gate).
These data suggest that, similar to the results obtained in mice
expressing a constitutively active Lck transgene (LckF%) (15,
16), PKC-mediated signals may lead to the induction of allelic
exclusion and therefore result in DP thymocytes that fail to
express a TCR-B chain, making them unable to form an
ap-TCR complex with which to undergo positive selection and
developmental progression to become TCRM SP thymocytes.

To directly address whether activation of PKC results in the
induction of allelic exclusion, genomic DNA was isolated from
GFP~ (lanes 1, 2, and 4) or GFP* (lanes 3 and 5) cells and
subjected to a PCR-based analysis to assess the rearrangement
status of their TCR-B gene loci (Fig. 5). Analysis for DNA
rearrangement between the TCR-B D and J gene segments
showed that expression of constitutively active PKC did not
interfere with this recombination event, as all DNA samples
showed the expected pattern of random Dp, to JB2.1-26 rear-
rangements (Fig. 5). Moreover, VB to DJB rearrangements were

Michie et al.

detected in DNA from uninfected (GFP~) thymocytes (Fig. 5,
lanes 1, 2, and 4) and from MIEV.GFP* (Fig. 5, lane 3) or
RasV'2-infected thymocytes (data not shown). We analyzed V3
to DJB rearrangements involving the VB¢ gene segment, as this
segment is the predominant TCR-V chain expressed in thy-
mocytes from CD1 mice, which are of the TCR-V# haplotype.
This result is consistent with the previous findings that Ras-
mediated signals are unable to induce allelic exclusion of the
TCR-B gene loci (13, 14), whereas they are capable of inducing
differentiation and proliferation of DN thymocytes (Fig. 1; ref.
12). Notably, we were unable to detect specific VB to DJS
rearrangements in DNA obtained from PKC-CAT-infected
(GFP*) thymocytes (Fig. 5, lane 5). Importantly, PCR amplifi-
cation of a single copy gene, Bm, yielded similar amounts of
product, indicating that the DNA samples used were equivalent
(Fig. 5). Thus, it is unlikely that our failure to observe V3¢ to DJB
rearrangements in PKC-CAT-infected cells was because of a lack
of quantifiable DNA, as we could detect DB, to JBa2i-26
rearrangements and 3,m PCR products, but rather suggests that
constitutively active PKC can mediate allelic exclusion at the
TCR-B gene loci. These data are consistent with our flow
cytometric analysis, in which TCRM SP cells were not present
among PKC-CAT-infected thymocytes (Fig. 4). However, sur-
face expression of TCR was not completely abolished, as we were
able to detect, albeit at reduced levels, TCR®-expressing PKC-
CAT-infected thymocytes. Importantly, that we observed allelic
exclusion of a predominantly used VB gene segment by PCR
serves to underscore the results obtained with the flow cyto-
metric analysis. This finding is similar to results obtained in mice
expressing a constitutively active Lck transgene (LckF%) (15,
16), in which TCR expression was severely diminished but not
totally abrogated. Collectively, these results indicate that PKC
signals can enforce allelic exclusion of the TCR-B gene loci.

Conclusions

The importance of PKC in regulating T lymphocyte activation
has been well characterized (20, 36, 37). However, the exact
downstream targets of PKC that contribute to T cell activation
remain undefined. Moreover, the potential role of PKC during
T cell development has not been elucidated. In particular, the
study of mice deficient for specific PKC isoforms, such as PKC-p,
-v, and -6, did not reveal a requirement for these isoenzymes
during thymocyte differentiation (37-39). Because of a failure to
detect a role for these PKCs, possibly because of a redundancy
within PKC family members, we used constitutively active and
dominant-negative forms of PKC. To this end, we selected
PKCa, as it is one of the major PKC isoforms expressed in
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Fig. 6. A diagram outlining the role of PKC-mediated signals in enforcing
allelic exclusion of the TCR-B gene loci during B-selection (see text for details).
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thymocytes (ref. 29 and data not shown). This approach allowed
us to implicate PKC as an important mediator of thymocyte
B-selection events.

A broad-based literature supports the conclusion that the
specificity of an acquired immune response reflects the selec-
tion of T lymphocytes expressing clonally distributed antigen
receptors. However, although preservation of allelic exclusion
at the TCR gene loci is fundamental to the observed outcome,
the mechanism(s) underlying this process during thymocyte
development remains elusive. Although several signaling
events proximal to the preTCR complex have been implicated
in the regulation of allelic exclusion (15-17, 40), the down-
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the downstream molecule responsible for delivering allelic
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findings show that induction of allelic exclusion occurs down-
stream of PKC activation through a Ras/Raf-independent path-
way, illustrating that a signal bifurcation beyond SLP-76 phos-
phorylation is responsible for mediating differentiation,
proliferation, and survival, as well as allelic exclusion. A model
outlining our findings is shown in Fig. 6. Potentially, the bifur-
cation point may occur after the activation of PKC, as this event
has been shown to play an important role in T cell activation. In
this respect, as with T cell activation, the identities of the
downstream targets that ultimately induce allelic exclusion in
thymocytes after PKC activation also remain undefined. Thus,
these results provide direct evidence demonstrating a bifurcation
of preTCR signals downstream of SLP-76 (Fig. 6), suggesting a
central role for phospholipase C-yl-mediated PKC activation
during B-selection.
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