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ABSTRACT

Racl, one of the Rho family small GTPases, has
been shown to work as a "molecular switch" in
various signal transduction pathways. To directly
assess the function of Racl in the positive
selection process of T cell development, we
utilized a CD4 CD8 double-positive cell line DPK,
which can differentiate into CD4 single-positive
(CD4-SP) cells after T cell receptor (TCR)
stimulation in vitro. DPK cells expressing
dominant-negative Racl (dnRacl) underwent
massive apoptosis after TCR stimulation, the result
being defective differentiation into CD4-SP cells.
TCR-dependent  actin  polymerization = was
inhibited, whereas early activation of ERK was
unaltered in dnRacl-expressing DPK cells. We
found greatly suppressed  TCR-dependent
induction of Bcl-2 in dnRacl-expressing DPK
cells, and this suppression was independent of
actin rearrangement. Furthermore, introduction
of exogenous Bcl-2 restored apoptosis and
normalized defective generation of CD4-SP cells
in the dnRacl-expressing DPK cell population.
Collectively, these data indicate that Racl is
critical for the positive selection of thymocytes
through not only reorganizing the actin
cytoskeleton but also preventing TCR-induced
apoptosis via Bcl-2 up-regulation.

INTRODUCTION

Racl belongs to the Rho family of small GTPases,
which plays key roles in actin cytoskeletal
rearrangement in many cell systems. Racl is
activated with a broad range of guanine

Racl-mediated Bcl-2 induction in T cell development

nucleotide-exchanging factors and effectors, so
that the molecule acts as a molecular switch in
many aspects of signal transduction pathways.
Recent studies using transgenic technology have
revealed that Rho family GTPases play crucial
roles in thymocyte development and T cell
receptor (TCR)-mediated signal transduction [1].
Ectopic expression of bacterial C3T, which
inhibits RhoA, RhoB, and RhoC, resulted in
decreased numbers of CD4 CD8 double-positive
(DP) cells in the thymus [2], whereas transgenic
expression of constitutively active RhoA resulted
in enhanced positive selection [3]. Constitutively
active cdc42 induced massive apoptosis in DP
thymocytes [4], which suggests that cdc4?2 is also
involved in T cell development.

Rac consists of three independent genes,
racl, rac2, and rac3. Racl and Rac3 are
ubiquitously expressed, whereas expression of

Rac2 is restricted to hematopoietic cells.
Rac2-deficient mice showed normal T cell
development in the thymus, defective Tyl

differentiation caused by decreased interferon y
production [5], perturbed chemotaxis [6], and
defective T cell activation accompanied by
reduced activation of extracellular signal-regulated
kinase (ERK) [7]. Rac2 is a component of the
NADPH oxidase complex and plays a critical role
in regulating reactive oxygen species in
phagocytes [8]; Racl was recently shown to have
a similar function in human macrophages [9].
Transgenic expression of constitutively active
Racl (L61) generates DP thymocytes in a RAG”
background [10] and converts positive selection to



negative selection [11], which indicates that Racl
regulates the strength of TCR-mediated signal
transduction. Racl-deficient mice are embryonic
lethal, and neutrophil-specific disruption of Racl
was reported [12]. Recently, Racl conditional
knockout mice in a Rac2™ background were
generated, and different crucial roles of Racl and
Rac2 in growth and engraftment of hematopoietic
stem cells [13-15], as well as in B cell
development [16], were reported. However, the
effect of Racl on T cell development is still
unknown.

Because all of the three Rac gene products
are expressed in T cells, a knockout strategy is not
ideal for investigating the function of Rac proteins
in T cell development. For this report, we
studied the role of Rac in T cell development by
using a dominant-negative strategy. We
demonstrated, by means of DPK, which is a DP
thymic lymphoma cell line capable of
differentiation into CD4 single-positive (CD4-SP)
cells after antigenic stimulation in vitro [17], that
Rac is required for generation of CD4-SP T cells.
We further established that Rac is critical in
TCR-mediated Bcl-2 induction, which indicates
that Rac is important in anti-apoptotic signal
transduction in developing T cells as well as in
inducing actin cytoskeletal reorganization.

MATERIALS AND METHODS

Construction of retroviral vectors

To construct the pMXs-PREP retroviral vector, a
Clal fragment of woodchuck hepatitis virus
posttranscriptional regulatory element (PRE)
sequence [18] and a Sa/l fragment of puromycin
resistance gene were inserted into Clal and Sall
sites of pMXs-IRES-GFP [19], respectively.
Polymerase chain reaction (PCR)-cloned RacIN17
cDNA was inserted into pMXs-PREP to produce
pMXs-PREP-dnRacl.  Retroviral vector pM1.2,
which contains the IRES-hCD2 sequence, was a
kind gift from Dr. S. Levin (ZymoGenet Inc., WA),
and PCR-cloned human Bcl-2 ¢cDNA was inserted
into the multi-cloning site of pML2 to construct
pMI.2-Bcl2.

Retroviral transduction

Retrovirus-containing supernatant from cultures of
vector (pMXs-PREP) or
pMXs-PREP-dnRac]-transfected 293gp packaging
cells [20] with wvesicular stomatitis virus
envelope plasmid were used for infection of DPK
cells. Retrovirally transduced cells were selected
with 1 pg/ml puromycin and were electronically
sorted for GFP™ cells without single-cell cloning
using the fluorescence-activated cell sorter
FACSVantage SE (Becton Dickinson, Palo Alto,
CA).

In vitro T cell differentiation culture

A DPK differentiation assay was carried out as
described elsewhere [17] with some modifications.
Briefly, irradiated DC-I cells (E*-  and
ICAM-1-transfected murine fibroblasts) were
precultured in 6-well plates, at 9 X 10° cells per
well, for 24 h with or without 100 ng/ml
staphylococcal enterotoxin A (SEA; Toxin
Technology, Sarasota, FL). During the last 2 h of
the culture period, 4.5 X 10° DPK cells were
added, and culture was allowed to continue for 3
more days at 37°C. Cells were harvested after
the indicated time periods and were stained with
anti-CD4-PE  (GK1.5) and anti-CD8a-biotin
(53-6.7) antibodies, followed by wuse of
Streptavidin-PerCP-Cy5.5 for flow cytometry.
All antibodies and staining reagents were
purchased from PharMingen (Palo Alto, CA).

Cell cycle analysis

DPK cells were activated with plate-bound
anti-CD3g monoclonal antibody (50 pg/ml) for 16
h, fixed with 70% EtOH, and treated with RNase A
(1 mg/ml). Fixed cells were stained with 50
pg/ml  propidium iodide for 3 h at room
temperature, followed by analysis with an
FACScalibur (Beckton Dickinson).

Measurement of ERK activation

DPK cells were incubated with 10 pg/ml
anti-CD3e antibody at 4°C and then cross-linked
with anti-hamster secondary antibody for the
indicated times at 37°C. After the indicated
incubation periods, cells were lysed, and Western
blotting was performed with anti-phospho-ERK
and anti-ERK antibodies (Transduction Labs, Palo
Alto, CA).

Staining of polymerized actin

DPK cells were placed onto coverslips coated with
anti-CD3e plus anti-CD28 monoclonal antibodies
(10 pg/ml each) and were cultured for 15 min at
37°C. After supernatant was removed, cells were
fixed with 4% paraformaldehyde followed by
permeabilization with 0.3% saponin and staining
with phalloidin-Alexa 594 (Molecular Probes,
Eugene, OR).

Flow cytometry

Thymocytes or DPK cells were stained with
various  combinations  of fluorescein
isothiocyanate-conjugated  anti-CD45.2  (clone
104), Phycoerythrin (PE)-conjugated anti-CD4
(GK1.5) and anti-CD5 (53-7.3), biotin-conjugated
anti-CD8a  (53-6.7), anti-TCRB  (597-H57),
annexin V, anti-CD69 (H1.2F3), anti-CD45.1



(A20), and Allophycocyanin (APC)-conjugated
anti-CD8a. (53-6.7). Stained cells were analyzed
by means of the two-laser FACScalibur (Becton
Dickinson) for four-color FACS analysis.

Real-time PCR analysis

Total RNA was isolated from cells by using the
RNeasy kit (Qiagen, Hilden, Germany), and
real-time PCR was performed with the QuantiTect
SYBR Green RT-PCR Kit (Qiagen) with specific
primers for Bcl-2a (5'-cctgtggatgactgagtacct-3'
and  5'-gagcagggtcttcagagaca-3") and  Norl
(5'-aagggcttcttcaagagaac-3' and
5'-tgaaatctgcagtactgacatc-3' ).

Western blotting

Bel-2-transduced DPK cells (5 X 10%) were lysed
and underwent sodium dodecyl
sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). Transferred membranes were
Western blotted with rabbit polyclonal anti-Bcl-2
antiserum (PharMingen), and reactive proteins
were visualized with ECL chemiluminescent
substrates (Cell Signaling Technology, Beverly,
MA).

RESULTS
Dominant-negative Racl (dnRacl) inhibited
differentiation into CD4-SP cells
To analyze in detail the function of Rac in
TCR-mediated signal transduction during positive
selection, we utilized an in vitro experimental
system representing CD4-SP cell differentiation.
DPK is a naturally occurring DP thymic
Iymphoma from AND-TCR transgenic mice [17,
21]. This cell line differentiates into CD4-SP
cells when co-cultured with antigen-loaded APC in
vitro [17], and thus it has been used to study signal
transduction during positive selection of immature
thymocytes [22-24]. A dominant-negative (N17)
Racl gene was PCR cloned into the newly
established pMXs-PREP  retroviral  vector,
containing an IRES-GFP cassette and an
mRNA-stabilizing element (WPRE) sequence [18]
for effective gene expression [25]. Although
dnRacl-expressing DPK cells showed some
increase in cell size, expression levels of CD4,
CD8, and TCR were indistinguishable from those
of the vector control-infected cells (Fig. 1a, b).

Figure 1b shows that CD8 expression by
vector control-transduced DPK cells gradually
decreased, so that almost 80% of cells
differentiated into CD4-SP cells 3 days after
antigenic stimulation. In contrast, generation of
CD4-SP cells was almost completely abolished for
dnRacl-expressing DPK cells (Fig. 1b).

This lack of CD4-SP cell generation for
dnRacl-expressing DPK cells could be due to

defective signal transduction or massive apoptosis
after antigenic stimulation. We thus examined
apoptotic cell death in cultures of DPK cells with
or without TCR stimulation. Apoptotic cell death
after 16 h of incubation was evaluated by using
propidium iodide staining in cell cycle analysis to
determine the proportion of cells in the subG
fraction (Fig. 2a). With no stimulation, 21% of
control vector-expressing DPK cells were dead;
this proportion did not increase significantly after
TCR stimulation. However, TCR stimulation
induced marked cell death of dnRacl-expressing
DPK cells (56%), although even without
stimulation this cell population had a larger
proportion of dead cells. In addition, the number
of annexin V-positive apoptotic cells dramatically
increased after TCR stimulation in dnRacl-DPK
cells compared with control DPK cells (Fig. 2b).
Similar results were obtained with the trypan blue
dye exclusion method for determination of cell
viability (data not shown). These data
collectively indicate that expression of dnRacl in
DP thymocytes leads to inhibition of positive
selection and augmentation of TCR-induced
apoptosis.

Early activation events were retained in
dnRacl-expressing DPK cells

To investigate the function of Racl in
TCR-dependent  signal  transduction  during
positive selection, early activation of ERK was
evaluated. DPK cells were stimulated by beads
coated with anti-CD3€ monoclonal antibody, and
activation of ERK was determined by analysis of
phosphorylation of ERK1 and ERK2 (Fig. 3a).
The dnRacl mutant had no effect on ERK
activation, which indicates that TCR-stimulated
activation of ERK was independent of Racl. We
also found that TCR-mediated up-regulation of
CD69 and CD5 in dnRacl-DPK cells was
indistinguishable from that of control DPK cells
(Fig. 3b).

Racl-mediated actin polymerization

We next examined TCR-dependent actin
polymerization in dnRacl-DPK cells, because Rac
is known to play a critical role in cytoskeletal
reorganization. After 15 min of TCR stimulation,
control DPK cells had accumulated polymerized
actin, as detected by phalloidin staining, whereas
TCR-dependent  actin  polymerization  was
abrogated in dnRacl-DPK cells (Fig. 4a). A
requirement for actin reorganization during
thymocyte development has not been determined
directly. Thus, we examined the effect of an
inhibitor of actin polymerization on the
differentiation of DPK cells. Latrunculin A,
which is such an inhibitor [26], completely




blocked antigen-induced generation of CD4-SP
cells in the DPK in vitro differentiation system
(Fig. 4b). These results suggest that a defect in
actin polymerization could be at least part of the
underlying mechanism of inhibition of positive
selection in dnRac1-DPK cells.

Suppression of TCR-mediated induction of
Bel-2

The massive apoptosis of stimulated dnRac1-DPK
cells could be due either to an increase in death
effectors or to a decrease in expression of
anti-apoptotic proteins, because TCR ligation to
DP thymocytes induces death effectors such as
Nur77 and Norl [27], as well as anti-apoptotic
molecules such as Bcl-2 and Bel-xL [28]. To
clarify the mechanism of such apoptosis, we
examined TCR-dependent induction of an
anti-apoptotic molecule in the DPK system. By
real-time reverse transcriptase (RT)-PCR analysis,
a two- to threefold increase in Bcl-2 mRNA was
observed in control DPK cells after TCR
stimulation, =~ whereas  stimulation-dependent
induction of Bcl-2 was not seen in dnRacl-DPK
cells (Fig. 5a). Furthermore, induction of Bcl-2
was independent of actin polymerization, because
latrunculin A treatment of DPK cells did not
inhibit TCR-dependent Bcl-2 induction (Fig. 5a).
In contrast, TCR-dependent induction of Norl in
dnRac1-DPK was comparable to that of control
cells (Fig. 5b). These data strongly suggest that
increased susceptibility to TCR-induced apoptosis
in dnRac1-DPK cells is due to failed induction of
the anti-apoptotic molecule Bcl-2 and not to
increased induction of death effector molecules.

Restoration of generation of CD4-SP cells by
Bel-2

If defective positive selection observed in
dnRacl-DPK cells is mainly due to massive
apoptosis caused by insufficient induction of Bcl-2,
overexpression of Bcl-2 in dnRacl-DPK should
restore the defect. We therefore retrovirally
introduced Bcl-2 ¢cDNA into dnRacl-DPK cells
(Fig. 6). Retroviral introduction of human Bcl-2
construct successfully induced expression of Bcl-2
protein (Fig. 6b). Introduction of Bcl-2 enhanced
stimulation-dependent generation of CD4-SP cells
(Fig. 6a), but more importantly, introduction of
Bcl-2 almost completely restored the generation of
CD4-SP cells in dnRacl-DPK cells (Fig. 6a and
upper panel of Fig. 6c). In addition,
stimulation-dependent apoptosis observed in the
dnRac1-DPK cell population was also rescued by
the introduction of Bcl-2 (Fig. 6¢, lower panel).
These results indicate that defective generation of
CD4-SP cells in the dnRac1-DPK cell population
is mostly due to the lack of TCR-dependent Bcl-2

up-regulation.

DISCUSSION

Although T cell development in constitutively
active Racl mutant mice has been extensively
studied by Cantrell's group [1, 10, 11], the effect of
a loss-of-function Racl mutant on T cell
development has not been investigated. Findings
suggesting that active Racl enhances TCR signal
transduction include the following: constitutively
active Racl transgenic mice manifested
conversion from positive selection to negative
selection [11], restoration of the T cell defect in
Vav”" mice, and generation of DP cells in RAG™
mice [10]. In the current report, we showed that
Racl is required for positive selection in an in
vitro model system (Fig. 1). That TCR
expression in dnRacl-DPK cells (Fig. 1a) was
indistinguishable from that in control cells
indicates that Racl is not involved in assembly
and trafficking of TCR components to the cell
surface.

We found that early ERK activation was not
inhibited by the presence of dnRacl (Fig. 3a).
The requirement for ERK activation in positive
selection has been well established [29, 30], and
recently PAK1, a major downstream target of Racl,
was shown to be involved in ERK activation [31,
32]. However, normal ERK activation in
dnRacl-DPK cells indicates that TCR-mediated
activation of ERK is independent of Racl. Thus,
the inhibitory effect of dnRacl on positive
selection cannot be attributed simply to inhibition
of ERK activation.

Racl is generally recognized as a key
molecule in actin reorganization processes [33].
It is thus not surprising that introduction of
dnRacl prevented TCR-mediated actin
polymerization (Fig. 4a). The role of actin
cytoskeletal reorganization in T cell development
is still not clear, although complete abrogation of
positive selection in dominant-negative WASP
transgenic mice [34] and in Vav’ mice [35] is
certainly consistent with a requirement for actin
polymerization during positive selection. We
demonstrated that actin polymerization is required
for positive selection in the DPK system by using
an inhibitor of actin polymerization, latrunculin A
(Fig. 4b). Thus, the lack of differentiation of
dnRac1-DPK cells could be due partly to defective
TCR-mediated actin reorganization.  Recently,
TCR-mediated Rac activation and immunological
synapse formation have been shown to depend on
DOCK2 [36]. Impaired positive selection in
DOCK?2-deficient mice [36] is consistent with our
finding that Racl is critical in positive selection
via actin cytoskeletal reorganization.

In the present study, we observed increased



TCR-mediated apoptosis in dnRacl-expressing
DPK cells (Fig. 2b). We do not believe that
introduction of dnRacl merely increases
susceptibility to cell death, because expression of
dnRacl (Rac1-N17) in Jurkat cells has been shown
to protect cells from Fas-mediated apoptosis [37].
However, dnRacl-DPK cells did not show
increased susceptibility to steroid-induced cell
death (data not shown). The balance between
TCR-mediated induction of pro-apoptotic and
anti-apoptotic mediators is a key determining
factor in positive and negative selection. TCR
stimulation of DP thymocytes induced the orphan
transcription factors Nur77 and Norl [27], which
play major roles in negative selection [38, 39] by
inducing expression of Bim [40, 41] and Fas-L
[42]. Induction of the Nur77 gene is positively
controlled by MEF2 and negatively controlled by
Cabinl [43] and HDAC7 ([44] via histone
deacetylation. =~ TCR signaling releases these
repressors from MEF2 to activate Nur77
transcription. We observed no effect of dnRacl
on induction of these pro-apoptotic mediators in
the DPK system (Fig. 5b). In fact,
TCR-mediated Nur77 induction was even lower in
dnRacl-DPK cells compared with control cells
(data not shown). These results clearly indicate
that increased apoptosis in activated dnRac1-DPK
cells is not due to increased expression of
pro-apoptotic mediators.

In contrast, expression of dnRacl did affect
expression of the anti-apoptotic mediator Bcl-2
(Fig. 5a). Involvement of Racl in the
Bcl-2-mediated survival response could be critical
in the positive selection of thymocytes.
Rac2-deficient mast cells have been shown to be
defective in Akt activation and Bcl-xL expression,
which resulted in impaired survival [45]. Thus,
involvement of Rac proteins in mediating cell
survival may be a more general phenomenon. In
DP thymocytes, one anti-apoptotic signal is the
exclusion of Nur77 from the nucleus by
Akt-dependent phosphorylation of Nur77 [46, 47].
Although we have not examined the
phosphorylation status of Nur77 in dnRacl-DPK
cells, we believe that involvement of Racl in
regulation of Nur77 phosphorylation is unlikely.
TCR-mediated activation of Akt depends on
phosphatidylinositol ~ 3-kinase  (PI3K), and
generation of CD4-SP cells in the DPK cell in
vitro differentiation system is resistant to the PI3K
inhibitors wortmannin and Ly294002 (unpublished
observation).

Although Bel-2-deficient mice showed
unimpaired T cell development [48], Bel-2 isa
major anti-apoptotic molecule in thymocytes and
reportedly plays important roles in development
and maintenance of thymocytes [49]. Its

expression increases immediately after positive
selection [50], and TCR stimulation induces Bcl-2
transcription in vitro as well [28]. Two promoter
regions have been identified in the 5’ regulatory
region of the bcl-2 gene, and NF-kB was shown to
bind one of these promoter regions [51]. Other
studies showed that the expression of Bcl-2 is
positively regulated by NFAT4 (nuclear factor of
activated T cells) [52] and NF-kB2 [53]. Thus,
Racl may be involved in TCR-mediated activation
of NFAT or NF-kB to induce Bcl-2 transcription.
Consistent with this idea, Racl has been
implicated in the activation of NFAT4 in
FcR-mediated signal transduction in mast cells
[54]. TCR-dependent induction of Bel-2 was not
inhibited in the presence of latrunculin A, an
inhibitor of actin polymerization (Fig. 5a).
However, latrunculin A did not inhibit
TCR-dependent up-regulation of CD69 and CD5
(data not shown). These data suggest that Rac]
affects actin reorganization and Bcl-2 induction
independently.

In summary, in the present study, we
demonstrated that Racl is required for positive
selection. By using an in vitro positive selection
model system, we showed that Racl was critical
for TCR-mediated actin cytoskeletal
reorganization, as well as induction of the
anti-apoptotic mediator Bcl-2. A
Racl-dependent pathway of Bcl-2 induction could
be crucial during positive selection by preventing
TCR-mediated apoptosis, and thus future studies
are needed to elucidate details of the mechanism
of Bel-2 induction.
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Figure Legends

Figure 1  dnRacl blocked differentiation of CDD4-SP.

(a) Expression of GFP and TCRP in dnRacl-transduced DPK cells. DPK cells infected with
pMXs-PREP-dnRacl expressed dnRacl protein as well as GFP. Sorted GFP" cells were analyzed by
flow cytometry (FSC: forward scatter). (b) Vector (pMXs-PREP) control (Cont-DPK) and
pMXs-PREP-dnRac-transduced DPK (dnRac1-DPK) cells were co-cultured with DC-I and 100 ng/ml
SEA. After the indicated culture periods, cells were harvested and expression levels of CD4 and CD8
were analyzed by flow cytometry. The phenotype of GFP-positive cells is shown.

Figure 2 Expression of dnRacl increased TCR-induced apoptosis.

(a) Stimulation-dependent apoptotic cell death in suspension culture.  Vector control-transduced
(Cont-DPK) or dnRac1-expressing DPK (dnRac1-DPK) cells were cultured for 16 h with (stim) or without
(non) plate-bound anti-CD3e monoclonal antibody, and cell death was evaluated by analysis of DNA
content with propidium iodide. Numbers are proportions (%) of cells in the G, subfraction in the cell
cycle analysis. (b) GFP-positive dnRacl or vector control-transduced DPK cells at indicated culture
periods were stained with annexin V, and the proportions of stained cells in each group were plotted.

Figure 3 dnRacl did not inhibit TCR-dependent early ERK activation.

(a) DPK cells were activated by anti-CD3e antibody. After the times (in minutes) indicated, cell lysates
were prepared and analyzed by means of Western blotting with anti-phospho-ERK (pERK) or anti-ERK
antibodies. P+1 = 10 ng/ml PMA and 1 pg/ml A23187. (b) Expression of CD5 and CD69 in
dnRac1-DPK cells was analyzed by use of FACS analysis after 16 h of culture with APC in the absence
(dotted line) or presence (solid line) of SEA.

Figure 4 Racl was critical for TCR-dependent actin polymerization.

(a) TCR-mediated actin polymerization. Vector control- or dnRac1-transduced DPK cells were cultured on
coverslips coated with anti-CD3e and anti-CD28 monoclonal antibodies for 15 min and then were fixed,
permeabilized, and stained with Alexa 594-conjugated phalloidin to detect polymerized actin fiber. (b)
Generation of CD4-SP cells. DPK cells were co-cultured with DC-1 and SEA for 3 days in the presence of
indicated amounts of latrunculin A, an inhibitor of actin polymerization.

Figure 5  Effect of dnRacl on expression of apoptosis-related genes.

Changes in expression of (a) Bel-2a and (b) Norl were determined by quantitative real-time RT-PCR in
DPK cells (dnRac1-DPK and Cont-DPK) activated with plate-bound anti-CD3e and anti-CD28 antibodies
for 16 h with or without 150 nM latrunculin A. Results are presented as a ratio of expression of the
indicated gene and the control housekeeping gene GAPDH.

Figure 6 Overexpression of Bcl-2 restored generation of CD4-SP cells and TCR-mediated apoptosis in
dnRac1-DPK cells.

(a) The vector (pMXs-PREP) (Cont-DPK) cells and pMXs-PREP-dnRac1/pMI.2-Bcl2-transduced DPK
(dnRac1/Bcl-2-DPK) cells were co-cultured with DC-I and 100 ng/ml SEA. After 3 days, cells were
harvested and analyzed via flow cytometry. Shown are CD4 and CD8 profiles of GFP-positive cells
(Cont-DPK, dnRacl-DPK, and dnRacl/Bcl-2-DPK) and hCD2-positive cells (Bcl-2-DPK  and
dnRacl/Bcl-2-DPK).  (b) Expression of Bcl-2 protein in transduced cells. Cell lysates of each
transformant were subjected to SDS-PAGE, and Western blotting was performed with anti-Bcl-2 antibody.
(c) The absolute number of CD4-SP cells (upper panel) and total number of cells (lower panel) after the
indicated culture periods. The number of GFP-positive cells was counted.
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Cross-Positive Selection of Thymocytes Expressing a Single
TCR by Multiple Major Histocompatibility Complex Molecules
of Both Classes: Implications for CD4" versus CD8" Lineage
Commitment'

Koji Eshima,* Harumi Suzuki," and Nobukata Shinohara®*

This study has investigated the cross-reactivity upon thymic selection of thymocytes expressing transgenic TCR derived from a
murine CD8% CTL clone. The Id"&"™" cells in this transgenic mouse had been previously shown to mature through positive
selection by class I MHC, D9 or LY molecule. By investigating on various strains, we found that the transgenic TCR cross-reacts
with three different MHCs, resulting in positive or negative selection. Interestingly, in the TCR-transgenic mice of H-29 back-
ground, mature Id"&"* T cells appeared among both CD4* and CD8" subsets in periphery, even in the absence of RAG-2 gene.
When examined on 8,-microglobulin ™'~ background, CD4*, but not CD8*, Id™s"* T cells developed, suggesting that maturation
of CD8* and CD4™* Id™&"* cells was MHC class I (D%L) and class IT (I-A") dependent, respectively. These results indicated that
this TCR-transgenic mouse of H-29 background contains both classes of selecting MHC ligands for the transgenic TCR simul-
taneously. Further genetic analyses altering the gene dosage and combinations of selecting MHCs suggested novel asymmetric
effects of class I and class Il MHC on the positive selection of thymocytes. Implications of these observations in CD4"/CD8™* lineage

commitment are discussed. The Journal of Immunology, 2006, 176: 1628-1636.

presenting molecules (MHC molecules) after completing
the rearrangement of TCR structural genes in the thymus.
During this process, the choice of the coreceptor to be expressed is
also made according to the class of the selecting MHC molecules.
Analyses of a number of TCR-transgenic (Tg)® mouse lines and of
mice deficient for MHC molecules clearly showed that CD4/CD8
double-positive (DP) cells expressing class I MHC-responsive
TCR differentiate into CD8 ™" T cells, while class [l MHC-restricted
DP cells differentiate into CD4™ lineage. Recently, it was revealed
that a zinc finger transcription factor Th-POK/cKrox plays a key
role in the CD4" vs CD8™ lineage commitment (1, 2). It stll
remains to be precisely clarified, however, how DP thymocytes
undergoing positive selection could judge the class of MHC that
they recognize, to differentiate into the appropriate lineages (for
review, see Refs. 3 and 4).
Considering the size of the allelic heterogeneity of MHC mol-
ecules observed among wild mice, the chance of successful posi-
tive selection appears extremely low, even in the case with the full

F I Y he T cell clones are selected for compatibility to self Ag-
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possibilities, i.e., heterozygotes of two full (I-E-positive) haplo-
types. Nevertheless, it is also quite possible that a single TCR can
find multiple different MHC molecules as compatible partners. In
fact, T cell clones specific for a protein Ag presented by a self
MHC molecule frequently show cross-reactivity to allogeneic
MHC (+ peptide) (5-9). TCR may well show similar cross-reac-
tivity (multiple specificity) at the level of positive selection in
which lower affinity interaction is crucial. Such cross-reactions
would minimize the wastefulness of the selection. The cross-reac-
tivity in thymic selection can be best shown in TCR-Tg mice. In
this study, an example of positive selection of a single TCR by
multiple different MHC molecules (cross-positive selection) is
shown. The cross-positive selection in this case involves even
MHC molecules of different classes. This unique system provided
us with an opportunity to verify several models proposed to date to
explain CD4" vs CD8™" lineage commitment,

To account for the mechanism by which MHC class specificity
of TCR determines the lineage fate, two models were initially pro-
posed: the instructive model and the stochastic/selective model (3,
4). The instructive model proposes that coreceptor molecules that
assist with TCR in MHC recognition transduce signals that deter-
mine the lineage. Namely, recognition of class | MHC by TCR and
CD8 delivers the signal(s) to shut off the CD4 gene and to initiate
the differentiation into CD8™ T cells, while TCR and CD4 coen-
gagement by class II MHC sends signal(s) to silent CD8 gene and
to induce CD4 ™ lineage differentiation. In contrast, the stochastic/
selective model postulates two-step differentiation of DP thymo-
cytes. In this model, TCR-signaled DP cells differentiate into either
CD4% or CD8™ lineage in a stochastic way, following which only
the cells with matched combinations of TCR specificity for MHC
class and coreceptor expression would be filtered out by receiving
the survival signals to mature.

After intensive assessments of these two models, two related
models have been currently proposed, i.e., the strength of signal
model and the kinetic signaling model. The strength of signal

0022-1767/06/$02.00
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model proposes that the strength or duration of the TCR signal
dictates the fates of DP cells; stronger/longer signal would direct
the precursor cells into CD4™ T cells, whereas weaker/shorter sig-
nal would drive them into CD8" lineage (10-18). This model is
supported by the fact that Lck, a src family tyrosine kinase that
plays crucial roles in TCR-mediated signal transduction, is asso-
ciated with CD4 at a much larger proportion than with CD8 mol-
ecule (19, 20). This fact may enable the MHC class II recognition
by TCR and CD4 to trigger stronger signals than by TCR plus
CDS8. The kinetic signaling model proposes that the CD4*/CD8*
lineage choice would be influenced by the differential regulations
in coreceptor gene expression. This is based on the observation
that TCR-signaled DP cells terminate the CD8 gene expression
transiently, which drives most of the positively selected cells into
CD4'/CD8"¥ cells (21-26). At this stage, sustained TCR signal
would be sent into class Il MHC-restricted T cells and they be-
come CD4 single-positive (SP) cells. In contrast, TCR signal may
be ceased in class I-restricted DP cells by the loss of CD§, which
would lead to Runx3-mediated CD8 reactivation and CD4 silenc-
ing, and consequently to CD8™ lineage differentiation (27, 28).

Each of these models predicts different fates of the DP thymo-
cytes expressing TCR that are responsive to both class I and class
II MHC simultaneously in positive selection. The instructive
model predicts that if TCR on DP thymocyte reacts with both
classes of MHC, those cells would lose both of the coreceptor
expressions and become CD4/CD8 double-negative T cells. From
the stochastic/selective model, it is expected that both CD4" and
CD8™ subsets would mature in a mutually independent manner
(without being affected with each other). In contrast, both the
strength of signal model and the kinetic signaling model predict
that those dual class-restricted DP cells would differentiate into
CD4™", rather than CD8™ lineage.

In this study, we show that the DP cells expressing a single Tg
TCR could develop into both CD4™ and CD8™" lineage when both

H-2° non-Tg .

FIGURE 1. Positive selection of 1d™&"* cells by H-2" Tg

H-2D%L4 molecule. Peripheral blood leukocytes from (Kb, i Ab, Db) .

TCRPM.Tg or non-Tg mice of indicated H-2 haplo- (Kb 1A Db)

types were stained with FITC-labeled anti-CD8a Ab, P

PE-labeled anti-CD4 Ab, and biotinylated anti-Id Ab,

followed by PE-CyS5-labeled streptavidin. Stained celis

were analyzed by three-color flow cytometry. Id ex- L Tg

pressions on CD8" and CD4* T cells are shown as b b .G
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classes of selecting MHCs are present in thymus. However, de-
velopment of CD4™" lineage was always dominant over CD8 lin-
eage. In addition, by the use of mice with various H-2 haplotypes
and of B,-microglobulin (B,m)-deficient mice, it was indicated
that the selecting class II MHC was inhibitory to CD8" lineage
differentiation, whereas the selecting class I MHC facilitated the
maturation of CD4™ lineage. These results did not perfectly match
to the prediction from either model described above, suggesting
that some modification(s) is required to be made to the models.

Materials and Methods
Mice

The TCRO™!''-Tg mouse was generated previousty (29), and the progenies
were typed by staining peripheral blood T cells using anti-Id Ab (29).
B10.QBR (H-2*), B10.S (H-2%), and B10.D2 (H-2%) mice were purchased
from SLC; DBA/1 (H-29) and C57BL/6 (H-2) mice were obtained from
Charles River Laboratories; and NOD/Shi (H-287) and C3H/HeN (H-2%)
mice were from CLEA Japan. The H-2" mice deficient for RAG-2 (30) or
B,m (31) were kindly provided by Dr. M. Shimamura (Mitsubishi Kagaku
Institute of Life Sciences, Tokyo, Japan). All mice used in this study were
maintained in specific pathogen-free facility of Kitasato University School
of Medicine. The experimental procedure was approved by the Animal
Experimentation and Ethics Committee of the Kitasato University School
of Medicine, and all animal experiments were conducted following the
guidelines of the committee.

Reagents

Abs used in this study were as follows: FITC-labeled mAbs against CD4
(GK1.5), CD8« (53.6-7), CD69 (H1.2F3), and I-A® (AF6-120.1); PE-la-
beled Abs to CD4, CD8«, and CD154 (MR1); and PE-Cy5-labeled strepta-
vidin were purchased from BD Pharmingen. Biotinylated anti-TCR®!! 1d
Ab and FITC-labeled polyclonal rabbit Ab reactive to mouse Ig (but not to
rat Ig) were prepared in our laboratory. Anti-DYLY Ab (30-5-7, mouse
1gG2a (32)) and anti-CD3e Ab (145-2C11, hamster IgG) were prepared as
ascitic form. PMA and the calcium ionophore ionomycin were purchased
from Sigma-Aldrich.
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Flow cytometry

Single cell suspension was prepared from spleens or thymi using frosted
slide glasses (Matsunami Glass). Flow cytometric analyses were per-
formed, as described previously (33). Briefly, one million cells were
stained in and washed with ice-cold HBSS containing 0.5% BSA and
0.02% NaN,. Secondary staining was performed in the same manner.
Stained cells after washing were examined by flow cytometric analyses on
FACSCalibur (BD Biosciences). Data were acquired and analyzed on
CellQuest software.

Development and maintenance of T cell lines

The CD4" and CD8™ T cell lines (designated as 4Rqit and 8Rqll, re-
spectively) were established from peripheral blood of H-29 RAG-27""
TCRM!.Tg mouse by stimulating peripheral blood T cells with irradiated
splenocytes of C3H/HeN mouse after depleting CD8" or CD4™ cells, re-
spectively, by Abs and rabbit complement. The cell lines were maintained
by biweekly stimulation with C3H/HeN splenocytes, in DMEM supple-
mented with 10% FCS and 2.5% conditioned medium prepared from 48-h
culture of Con A-stimulated LEW rat splenocytes.

Cell-mediated cytotoxicity assay

Cytolytic activity of T cell lines was performed using anti-CD3e mAb,
2C11 and FcR* tumors, P815 (H-Zd, mastocytoma, Fas™), and A20.2}
(H-2% B lymphoma, Fas™) as targets. The target cells were labeled with
100 uCi of Na,'CrO, for 1 h at 37°C in 10% CO, incubator. Washed
target cells (2500 cells/well) were incubated with 40,000 effector T cells in
round-bottom 96-well plate (Falcon) in the presence of gradually diluted
ascitic form of 2C11 for 6 h in CO, incubator at 37°C. After incubation,
supernatants were harvested, and the radioactivities in the supernatants
were measured by gamma counter. Specific lysis was calculated as follows:
percent specific release = 100 X (experimental release — spontaneous
release)/(maximal release — spontaneous release). Spontaneous release or
maximum release was determined from wells with target cells alone or
wells in which target cells were lysed with 1% Nonidet P-40, respectively.
Assays were performed at triplicates.

HT-2 assay

Forty thousand 4Rq11 or 8Rql1 were cultured with 8 X 10° irradiated (20
Gy) splenocytes from C3H/HeN or C57BL/6 mouse in a microtiter plate
for 14 h. The amount of the cytokines released in the supernatants was
examined for the ability to support the growth of HT-2 cells, as described
previously (33). Briefly, 1 X 10* HT-2 cells were cultured in the presence
of the serially diluted supernatants for 24 h, and [*H]thymidine incorpo-
ration for the last 8 h was measured.

Bone marrow chimera

The H-29 mice of B,m~'~ or B,m""~ were obtained by using DBA/I
mouse (H-29) and H-2° B,m ™'~ mouse. The recipient mice were irradiated
(8 Gy) using the x-ray irradiator MBR-1505R (Hitachi Medico) with a
filter (Cu, 0.5 mm; Al, 2 mm). Fifteen million bone marrow cells from H-2°
RAG-27'~ TCR®!.Tg mouse were injected i.v. 20 h after irradiation.
The reconstituted mice were analyzed 2 mo later.

Results
Description of the TCR2™*1.Tg mouse

In a previous study, we created a Tg mouse bearing genomic TCR
a- and B-chain genes from a CD8™, [-A*-specific allogeneic CTL
clone, QM11, which was established from a B10.QBR mouse (H-
20a4: KP 1-A®, DYL9) (29). Using highly specific anti-Id Ab, it was
demonstrated that this clone (1d™&"* cells) had been positively
selected by DYL? molecule to differentiate into CD8™ cells. As
shown in Fig. 1, [d"#"" cells matured into CD8" subset (but not
into CD4* cells) in periphery of Tg mouse of H-2"9* In contrast,
Id"eh* T cells were not observed either in CD8 " or CD4 ™ subset
in B6 (H-2") background, which differs from B10.QBR (H-2°%*)
only at the H-2 D (L) region. The MHCs of H-2" haplotype do not
appear to have any effects on the selection of Id™&"* cells (29),
which was further supported by the observation that the thymi
from B,m-deficient and -sufficient H-2° Tg mice contained similar
percentage and number of DP cells (data not shown). The Id"&"*
cells are the ones that have been positively selected via TCR?M!',
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and Id"" cells have been shown to be Va-double expressers
selected by virtue of other pairs of TCRaf3 (29). Interestingly, the
number of CD8™ Id™&"* cells was larger in H-2"%* Tg mouse than
in H-2P**3* (B6 X B10.QBR)F, mouse (Fig. 1). This may indicate
the gene dosage effect of DYLY molecule on the efficiency of pos-
itive selection for CD8" Id™e"* cells.

Cross-reactivity of Tg TCR to MHC molecules of other
haplotypes in thymic selection

To investigate the cross-reactivity of this Tg TCR to other MHC
molecules in thymic selection, we crossed this Tg mice to various
strains of laboratory mice and examined the maturation of Id™e"*
cells. As shown in Fig. 24, in H-2> background, 1d"&"* cells
differentiated into CD8™* subset. This population was not observed
in B,m-deficient H-2"*¢ mouse (data not shown), nor in H-2"%&7
mouse, which shares H-2K¢, but not H-2D® (/L% molecule with
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(Kh, Ah, -, DD)
(K A% EY DY)
H-2bxg?
(K" 1A, -, DY)
(Kn‘ |A97' -, Dh)
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B H-25 non-Tg H-25 TCR-Tg
29.0 (£4.0) x107 3.7 (£1.3) x107
P2M (+/)
22.8 (+5.1) x107 17.2 (4.3) x107
B2M (-/-)
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FIGURE 2. Cross-reaction of Tg thymocytes to class I MHC of H-2¢
and H-2% in thymic selection. A, PBL from TCR?_Tg mice of (C57BL/
6 X B10.D2)F, (H-2%) or (C57BL/6 X NOD)F, (H-2"*¢7) background
were stained with Abs to CD4, CD8«, or TCR?™!! 1d. 1d expressions on
CD8" or CD4™ celis are shown. Shaded histograms indicate negative
staining. B, Single cell suspension of thymocytes from TCR-Tg (right pan-
els) or non-Tg (left panels) deficient (lower panels) or sufficient (upper
panels) for B,m was stained with Abs to CD4, CD8, or 1d, and expression
of CD4 and CD8 is shown. The average number of total thymocytes (+SD,
n = 3-4) was also shown on each panel.
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FIGURE 3. Maturation of Id"2"* cells in both CD8 " and CD4™ subsets
in mouse of H-29 haplotype. 1d expression on CD8* or CD4" cells in
peripheral blood of TCR!''-Tg mice of indicated haplotypes was ana-
lyzed. Shaded histograms indicate negative staining.

H-2"* mouse, suggesting that D or L is the selecting element of
H-2¢4

In H-2° background, it was noticed that the percentage of pe-
ripheral blood T cells was decreased in the Tg mice (CD8*,2.6
0.7%; CD4*,5.2 = 2.3%; n = 11,4-10 wk old) as compared with
non-Tg littermates (CD8", 12.1 £ 1.4%; CD4™, 18.1 = 2.9%;
n = 5, 4-10 wk old). Flow cytometric analyses of their thymo-
cytes revealed that the proportion of CD4/CD8 DP cells was de-
creased in the Tg mice, and the total number of thymocytes was
~1/10 to 1/5 of non-Tg thymi (Fig. 2B). Instead, in the periphery,
CDg™™™" 1d™&"* cells were present. This type of cell expressing
Tg TCR is especially apparent in the mice in which the negative
selection takes place (34). In the absence of 3,m, however, both
the total number of thymocytes and the proportion of DP cells
were restored to the comparable level as non-Tg littermates. These
results indicated that the TCR?!! also cross-reacts with H-2°
class I MHC with somewhat higher affinity, resulting in (partial)
negative selection to Id"&"* cells.

TCROM!! coyld cross-react with class II MHC in thymic
positive selection to generate mature CD4™, 1d""8"* cells

Among various strains, it was found that, on H-29 background,
IdMen™* cells differentiated into CD4 " subset (Fig. 3). On this back-

A

. <Total thymocytes>

FIGURE 4. Maturation of CD4%,
but not CD8™", 1d"2"* cells in H-24
Tg mice deficient for 3,m. A, Single
cell suspension of thymocytes from
H-29 TCR-Tg mice of 8,m™~ (upper
panels) or Bm ™'~ (lower panels) was
stained with Abs to CD4, CDS, or Id.
The expression of CD8a and CD4 on
total (left panels) or 1dME* (right
panels) is shown. B, The numbers of
CD4 SP and CD8 SP 1d"#"* thymo-
cytes from H-29 Tg B,m*'™ (top, n =
5) or Bzm’/ = (bottom, n = 6) mice
are shown.
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ground, Id"&"" cells were also found in CD8" population, al-
though the number and the proportion of mature CD8" Id™er+
cells in thymus or spleen were always smaller than those of mature
CD4* 1d™&* cells (data not shown). The maturation of CD8"
1d"2"* cells was most likely due to positive selection by the orig-
inally determined selecting class I MHC, DYL9, The maturation of
CD4" Id™Me®™" cells was presumed to be dependent on I-A9, be-
cause this molecule is the only class II MHC in H-29 mouse. To
examine this possibility, the TCR-Tg mice were crossed with 8,m-
deficient mice to obtain H-29, 8,m ™/~ TCR-Tg mice, and the mat-
uration of Id"™2"* cells in these mice was investigated. As shown
in Fig. 4A, CD8" 1d"&"* cells disappeared in 8,m™'" TCR-Tg
mouse, while CD4™ 1d"&"* cells could still mature in the absence
of B,m. These results indicate that, in H-29 TCR-Tg mouse, both
class I and class II MHC mediate positive selection, resulting in
maturation of CD8" Id"&"* and CD4" Id™2"" T cells. Interest-
ingly, however, the generation of CD4" 1d"&"* cells in 8,m '~
mice appeared to be impaired as compared with in 8,m™’~ back-
ground (Fig. 4B), suggesting that class I MHC could contribute to
efficient maturation of CD4" Id™&"* cells when selecting class 11
MHC molecules coexist.

Both CD4" and CD8" subsets matured in RAG-2~/~ H-29
TCR-Tg mice

Although T cells expressing only Tg TCR were readily identified
as Id"2"* cells and distinguished from 1d"%™ or Id~ cells that
matured independently of Tg TCR, we confirmed that cells ex-
pressing a single TCR could truly differentiate into both CD4™ and
CD8™" cells in TCRM!''-Tg mice of H-2% background. The
TCR-Tg mice were crossed with RAG-2-deficient mice, and the T
cell differentiation was investigated in H-29 RAG-2™"~ TCR-Tg
mice. As shown in Fig. 5, both CD4 and CD8 SP subsets were
observed as 1d™#"* cells in the thymi and in periphery of these
mice. Once again, the number and the proportion of CD4 ™" cells
were larger than those of CD8™ cells. Despite that the CD4/CD8
ratio varied among individuals, CD4" population was always
dominant. This variation appeared independent of their sex or age
(Fig. 5B, and data not shown).

To investigate whether these CD4" and CD8" cells in H-29
RAG-2"'~ TCR-Tg mice matured in normal functional T cells,
their functional characteristics were examined. After establishing
CD4" and CD8% cell lines from a RAG-2~/~ H-29 TCR-Tg
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FIGURE 5. Differentiation of T cells in RAG-2-deficient TCR®!-Tg
mice. A, Thymocytes from RAG-2-deficient Tg mice of indicated H-2 hap-
lotypes were analyzed for the expression of CD4, CD8a, and Id. There
were no significant differences in total thymocyte number among these
mice. Id expression of CD4 SP or CD8 SP thymocytes from H-29 mouse
is shown as histograms. The shaded histograms show negative staining. B,
PBL from H-29 were stained with Abs to CD4, CD8a, or Id. The Id ex-
pression (left histogram) and CD4/CD8 expression on Id* PBL (left bot-
tom) are shown. The ratio of CD4*/CD8" Id™ cells in PBL from H-29
RAG-27'" Tg mice (5-9 wk old) is shown in the right graph.

mouse, their I-A¥ specificity was confirmed by cytolytic assay us-
ing A20. 2] (B lymphoma, H-2%) and its I-A* transfectant A20.ap,
as target cells (data not shown). It has been demonstrated that, in
general, cytolytic activity of CD4™ T cells (mainly Th) is entirely
dependent on Fas ligand/Fas pathway, whereas cytolytic CD8" T
cells use both perforin/granzyme and Fas ligand/Fas pathways
(35). This rule held true in the CD4™ and CDS8™ cell lines, when
their cytotoxic activities were tested on Fas ™ and Fas™ cells (Fig.
6A). Thus, CD4" line could kill Fas™ target cells, but not Fas™
cells, whereas the CD8™ line exerted efficient cytolytic activity on
both Fas-positive and -negative target cells.

In contrast, as shown in Fig. 6B, the Ag-specific production of
lymphokines that support the growth of HT-2 cells (IL-2 and/or
IL-4) was observed in a larger amount from the CD4" line than
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FIGURE 6. Functional characteristics of CD4* and CD8" cells ma-
tured in H-29, RAG-27/~, TCR™M!.Tg mouse. A, CD8* (8Rql1, circle)
and CD4" (4Rqlt, triangle) T cell lines were established from a H-29
RAG-2-deficient Tg mouse, and their cytolytic activities were examined
using FcR™ target cells and anti-CD3e Ab, 2C11 (diluted ascites). Cyto-
toxic activity on Fas-negative P815 (open symbols) and on Fas-positive
A202J (closed symbols) was shown as percent specific >'Cr release. E:T
ratio was 16. B, The lymphokine production by 8Rql1 (circle, dashed line)
or 4Rql1 (triangle, solid line) was examined with IL-2/IL-4-dependent
HT-2 cells. Shown were proliferative responses of HT-2 cells in the pres-
ence of diluted culture supernatants of the T cell lines stimulated with C3H
(expressing I-A¥, for which TCR?M'! is specific) or B6 splenocytes. C,
PBLs from H-29, RAG-2"'~, TCR?''.Tg, or wild-type mouse were cul-
tured in the presence (PMA/IM) or absence (medium) of PMA (10 ng/ml)
and ionomycin (1 pg/ml). After 8-h culture, the cells were harvested, and
the expression of CD154 (upper panels) or CD69 (lower panels) on CD4™
and CD8™" T cells was examined.
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from the CD8" cell line. We also examined the expression of
CD154 upon activation, which is normally found on CD4™ T cells,
but not on CD8™ T cells. As observed in T cells from a normal
mouse, the CD154 expression could indeed be induced preferen-
tially on CD4™ T cells, but not on CD8" T cells from peripheral
blood of H-29 RAG-2~/~ TCR-Tg mouse (Fig. 6C). Taken to-
gether, these results indicate that T cells bearing a single TCR
could differentiate into both CD4™* and CD8™ T cells with typical
functional characteristics.

Cross talk of selecting class 1 and class Il MHC signals in
positive selection of Id"&"™" cells

The observations described above have shown that D%/L and [-A9
are the selecting MHCs for TCR!!, and therefore that H-29
mouse has both class I and class II, and H-2"%* mouse has only
class I-selecting MHC molecules for TCR®™'!, Using these mice
as well as the neutral H-2° mice, we next evaluated the effect of the
density of selecting ligands on the lineage commitment of Id"&"*
cells. From the strength of signal model, it was predicted that the
alteration of total ligand density would influence the ratio of
CD41/CD8™ 1d"e"* cells. We thus expected that in H-2°*@ mice,
which have half densities of selecting MHCs of both classes as
compared with H-29 mice, the differentiation of CD8" IdMet™
cells might be promoted even in the presence of selecting class 11
MHC. However, in H-2%*9 mice, the differentiation efficiency of
1d™e"* cells into both CD8" and CD4* subsets were similarly
decreased (Figs. 7 and 8A4). Interestingly, in H-2"1**4 mice, as

FIGURE 7. Id expression on CD4 SP and CD8 SP
thymocytes matured in various H-2 circumstances.
Thymocytes from Tg mice on indicated H-2 back-
ground were analyzed for the expression of CD4, CDS,
and Id. The histograms show the 1d expression after
gating for CD4 SP or CD8 SP cells. The scales for
y-axes (relative cell number) are same in all histo-
grams. The shaded histograms indicate negative stain-
ing. The total thymocyte numbers were similar among
the mice on these backgrounds at similar age.
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compared with H-2"*9 mice, the hemizygous increase of selecting
class 1 ligand enhanced the generation of not only CD8™ Id™e"™*
cells, but also of CD4" cells, indicating that the selecting class I
ligand could contribute to positive selection of CD4™ T cells. This
was consistent with the observation in Fig. 4, in which it was
shown that in the absence of B,m, the efficiency of positive selec-
tion of CD4™ 1d™&"* T cells was decreased.

In contrast, the selecting class Il MHC (I-AY) seemed inhibitory
to the optimal maturation of CD8* 1d™&"* cells. We compared the
percentage and the number of CD8" 1d™2"* cells in three strains,
H-209% H-2°9%9_ and H-29, all of which have the same density of
(homozygous) DYLY molecules. As shown in Figs. 7 and 8, more
CD8™ 1d"#"* cells were observed in the thymus and in the pe-
riphery in mice lacking I-A% molecules (H-2"%* mouse) than in
mice bearing I-A% (H-259%%4 and H-24). Collectively, these results
indicate that the class Il MHC ligand may suppress the class [-de-
pendent maturation of CD8" Id"™2"" cells, while the selecting
class I could enhance the class 11 MHC-dependent differentiation
of CD4™" 1d™&"* cells.

Discussion

In the present study, the detailed analyses of TCRM''-Tg mice
provided us with several important implications for the issues on
thymic selection. 1) A single TCR on DP thymocytes could inter-
act with multiple MHC molecules, irrespective of their classes, at
thymic selection. 2) When both classes of selecting MHCs are
present simultaneously, DP cells could differentiate into both

CD8sP

CD8sP

idiotype
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FIGURE 8. Effect of the density and combination of
selecting MHC ligands on the differentiation of 1d"2"*
cells. A, The percentages of CD4™ Id"2"™* cells ((J) and
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CD4™" and CD8™ lineage. 3) In the positive selection of dual class-
responsive TCR, the effect of two classes of selecting MHCs was
asymmetric. Namely, the selecting MHC class I was critical for
generating CD8™ cells, but also was supportive for CD4™" differ-
entiation. In contrast, selecting class Il MHC was mandatory for
CD4" lineage differentiation, but was inhibitory for CD8"
differentiation.

The interaction of a single TCR with multiple MHC upon thymic
selection

The analyses of TCROM''-Tg mice have revealed an example of
cross-selection of a single TCR by multiple MHC products. In this
Tg system, Id™e"* cells were positively selected by DYL?, DYLS,
and surprisingly I-A9. Also, H-2° class I (this study) and I-A¥ (29)
have been shown to function as negative selecting elements. Thus,
there does not appear to be a clear border between class I and class
II MHC products in terms of reactivity with TCR'', At this
point, it is not clear whether or not such borderless cross-reactivity
is unique to TCR®™!!, as the Tg TCR was derived from a CD8"
CTL clone specific for allo-class 11 MHC (29). However, we tend
to speculate that such cross-reactivity might well be the case in
general. Accumulated information on crystal structure of TCR/
peptide/MHC complexes suggested that there are no conserved
contact sites found on these molecules, despite the roughly similar
docking orientation. In addition, basic structures of both classes of
MHC proteins are very similar, except for the bound peptides be-
ing more exposed from the groove in class 11 MHC than in class 1
MHC (for reviews, see Refs. 36-38).

Thus, it is quite likely that class I and class I MHC molecules
actually look alike to TCR. In fact, there are no critical (although
some) differences in Va/V B usage between class I MHC-restricted
and class IT MHC-restricted TCRs (39, 40). If this is the case, the
coreceptor may well primarily determine the class restriction. Be-
cause mature T cells express exclusively one species of coreceptor
molecules, such borderless cross-reactions ought not to be fre-
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quently observed. At the DP stage of thymocytes, however, T cell
clones may well find multiple MHC products as their selecting
elements in a borderless manner, owing to their hermaphroditic
expression of both species of coreceptors. Very recently, Huseby
et al. (41) reported that many clones derived from the mice in
which negative selection is limited were very cross-reactive with
allo-MHCs, and some of them even showed the reactivities against
both classes of MHCs. These results indicate that preselected DP
cells contain a significant portion of cells with dual class-respon-
sive TCR. Thus, the process of positive selection of usable clones
in the thymus may not be as wasteful as it appears.

Positive selection in the presence of both classes of selecting
MHC: asymmetric effects of two classes of selecting MHC on
the positive selection of dual class-responsive T cells

In the TCR™!'Tg mouse of H-2% background, in which both
class I- and class II-selecting MHC molecules were available, mat-
uration of Id"2"™ cells was observed in both CD4™ and CD8™
subsets. The development of CD4™ lineage was observed in H-29,
B,m™’~ background, in which I-A% may be the only MHC mole-
cule, showing that the maturation of CD4* Id™8"* cells was in-
deed I-A9 dependent. This was further confirmed by the analyses
of thymocytes from bone marrow chimeras created using H-29
B,m /" mice as recipients of bone marrows from H-2° RAG2™/~
TCR-Tg mice. Again, only CD4 SP, but not CD8 SP thymocytes,
were found in these mice (our unpublished observation).
However, I-A9 molecule itself may not be a good selector of
TCRM ! expressing cells. In the H-29 B,m ™/~ mice, differenti-
ation of CD4" Id"#"* cells was much less efficient when com-
pared with that in class I-sufficient mice. This suggests that the
selecting class I MHC could enhance the efficiency of class II-
dependent differentiation into CD4™ cells (Fig. 4). A similar ob-
servation was made in the comparison of peripheral Id™&"* cells
between H-2°*9 (heterozygous for both I-A9 and DYLY) and
H-2°9%4 (heterozygous 1-A9 and homozygous DYLY) mice (Figs.



