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Activation of T cells by antigen requires adhesive interactions with antigen-presenting cells (APC) in which
leukocyte function-associated antigen 1 (LFA-1) and intercellular adhesion molecules (ICAMs) are important.
However, it is not well understood what signaling molecules regulate this process and how the modulation of
adhesive events influences T-cell activation. Here we show that Rap1 is activated in T cells in an antigen-
dependent manner and accumulated at the contact site of T-cell and antigen-loaded APC. Inhibition of Rap1
activation by a dominant-negative Rap1 or SPA-1, a Rap1 GTPase-activating protein, abrogates LFA-1–ICAM-
1-mediated adhesive interactions with antigen-pulsed APC and the subsequent T-cell-receptor triggering and
interleukin-2 production. Conversely, augmented antigen-dependent Rap1 activation by the expression of
wild-type Rap1 enhances these responses but culminates in apoptosis by Fas and FasL. Thus, Rap1 functions
as a key regulator of T-cell and APC interactions and modulates T-cell responses from productive activation
to activation-induced cell death by regulating the strength of adhesive interactions. Moreover, constitutive
Rap1 activation rendered T cells unresponsive with accumulation of p27Kip1. Our study indicates that the
activation state of Rap1 has a decisive effect on the T-cell response to antigen.

Critical to the adaptive immune system is T-cell activation,
which depends on the interaction of T-cell receptors (TCR)
with antigen peptides bound to the major histocompatibility
complex (MHC) displayed on the surface of antigen-present-
ing cells (APC), including dendritic cells, macrophages, and B
cells. Rapid progress has been made in dissecting the signal
transduction of T-cell activation after TCR engagement in
early (tyrosine phosphorylation and calcium mobilization) and
late events (cytokine production and cell proliferation) (37). A
characteristic feature of T-cell activation is that sustained TCR
signaling is required for cytokine production and proliferation
(18, 58). However, it is not clear how sustained TCR signaling
is achieved. In fact, the TCR has difficulty in recognizing the
peptide-MHC complex due to a low affinity and high off rate
(9, 40, 60), as well as the limited amount of peptide-MHC
complex displayed on APC (10, 21). Leukocyte function-asso-
ciated antigen 1 (LFA-1) was demonstrated to play pivotal
roles in facilitating the functional triggering of the TCR at
lower antigen densities on APC through T-cell–APC adhesion.
In LFA-1-deficient T cells, 100-fold more antigen was required
for T-cell activation (2). Thus, regulated adhesion of T cells
with APC through LFA-1 is thought to be a critical step in the
generation of a sustained TCR-mediated signal.

Recent observations have revealed that T cells and APC
form distinct contact zones, referred to as a supramolecular
activation clusters (42) or immunological synapses (13, 14, 61),
with a central cluster of the TCR-peptide–MHC complex sur-
rounded by a ring of LFA-1–intracellular adhesion molecule 1
(ICAM-1). The formation of these antigen-specific, spatially

segregated contact zones was correlated with T-cell prolifera-
tion (20). Real-time imaging analysis revealed sequential
events of redistribution of TCR-peptide-MHC complexes and
LFA-1–ICAM-1 (20). The initial contact is established be-
tween adhesion molecules like LFA-1 on T cells and ICAM-1
on APC (11, 22, 52). These molecules mediate a low-affinity
adhesion, and the TCR attempts to engage the specific pep-
tide-MHC complex. Once the TCR is successfully engaged,
LFA-1 is converted to a high-affinity state (15) and the T cell
stops migrating (11), leading to the formation of immunolog-
ical synapses (12). Therefore, dynamic changes in the adhesive
activity of LFA-1 induced by TCR signaling appear to play an
important role in T-cell activation through regulation of inter-
actions with APC.

Avidity modulation of LFA-1, like other integrins, is regu-
lated by so-called inside-out signals (53) triggered by cytokines,
chemokines, or antigens. These stimuli are thought to generate
intracellular second messengers, leading to alteration of the
diffusion, clustering, and/or affinity of LFA-1 (56). We previ-
ously demonstrated that protein kinase C, phosphatidylinositol
3-kinase, and Ras/Rho family small GTPases were capable of
upregulating the adhesive activity of LFA-1 through distinct
effects on conformation and affinity. In particular, the active
form of Rap1 induced changes in the conformation and affinity
of LFA-1 and caused marked actin cytoskeleton-dependent
cell aggregation (30). Rap1-mediated LFA-1 activation was
demonstrated by cross-linking of CD31 (46). Furthermore,
TCR-mediated LFA-1 activation was reduced by a dominant-
negative Rap1 in Jurkat cells (30). Based on these results, we
hypothesize that Rap1 regulates T-cell activation by control-
ling the interaction of T cells with APC through LFA-1.

Here we demonstrate that antigen-dependent activation of
Rap1 causes conjugate formation with antigen-loaded APC
and subsequent interleukin-2 (IL-2) production. Enhanced T-
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cell–APC interactions on the expression of wild-type Rap1 led
to activation-induced cell death. Nevertheless, persistent Rap1
preactivation rendered T cells unresponsive to antigen with
accumulation of p27Kip1. These results indicate that Rap1 is a
key regulator of T-cell activation through the dynamics of
T-cell–APC interactions.

MATERIALS AND METHODS

Cell culture and transfection. Jurkat cells and 3A9 hen egg lysozyme (HEL)-
specific, I-Ak-restricted T-cell hybridoma (1) (provided by P. M. Allen, Wash-
ington University, St. Louis, Mo.), CH27 B-lymphoblastoid cells (39) (provided
by D. Gerlier, CNRS-ENS Lyon, France), and A20.2J B cell lymphoma cells (50)
(provided by T. Kakiuchi, Toho University School of Medicine) were suspended
in RPMI 1640 medium (Gibco-BRL) containing 10% fetal calf serum (Sigma
Chemical Co.), with or without 50 �M �-mercaptoethanol. T-cell clones were
established from ovalbumin (OVA)-specific, I-Ad-restricted T-cell lines (provid-
ed by Y. Ohta, Takeda Chemical Industries, Ltd.) as described elsewhere (44).

Electroporation or retrovirus-mediated transfection with GP�E86 packaging
cells was employed to introduce cDNAs into T cells as described earlier (30, 33).
Cells were grown for 48 h and selected with appropriate drugs. The selected 3A9
T cells were cloned by limiting dilution, and more than five clones were used for

each experiment. An OVA-specific T-cell clone was cocultured with GP�E86
cells producing SPA-1 and Rap1V12.

Plasmids with Rap1 GTPase mutants and Spa-1. Plasmids with T7 epitope-
tagged wild-type and mutant Rap1 were as described elsewhere (30). Flag
epitope tag was introduced at the N terminus of Spa-1 (55). The constructs were
subcloned in pcDNA3 (Invitrogen) or a retroviral vector, pMX-neo. Wild-type
Rap1 cDNA was inserted into the N terminus of enhanced green fluorescent
protein (EGFP) (Clontech) to produce Rap1-GFP. Flag-tagged Spa-1 was also
conditionally expressed using a Cre/loxP system (Takara). Briefly, flag-tagged
Spa-1 subcloned into the pCALN vector (pCALN Spa-1) containing a Cre-
mediated switching expression cassette (29) was transfected into Jurkat cells. To
induce SPA-1 expressions, the pCALN Spa-1 transfected Jurkat cells were in-
fected with the adenovirus expressing Cre recombinase (AxCANCre), which was
produced in 293 cells. A dominant-negative form of H-ras which has a point
mutation created by substitution of serine for asparagine at position 17 (H-
rasN17) was also subcloned in pcDNA3.

Cell adhesion assays. For Jurkat cells, human ICAM-1 was purified by immu-
noaffinity chromatography from cell lysates prepared from JY cells (109), as
described earlier (31). Each well of a polystyrene microtiter plate (96-well plate;
Limbro-Flow) was coated with 2 �g of the purified ICAM-1 for 90 min and then
blocked in phosphate-buffered saline (PBS) containing 1% bovine serum albu-
min (BSA) for 30 min at room temperature. The amount of ICAM-1 used for
coating was chosen for maximum cell binding. With this coating, site density was
ca. 2,400 sites/mm2 as quantified by using 125I-labeled RR1/1 (2 �Ci/mg) at a

FIG. 1. TCR-induced adhesion of Jurkat cells to ICAM-1 is inhibited by Rap1N17 or SPA-1. (Aa) Adhesion of Jurkat cells transfected with
vector alone, Rap1N17, and H-rasN17. Jurkat cells were stimulated with or without 1 �g of OKT3 (TCR) or 10 ng of PMA per ml for 30 min at
37°C in ICAM-1-coated plates, as described in Materials and Methods. The level of adhesion to BSA was �1%. Average and standard errors of
triplicate experiments are shown. (Ab) IL-2 production upon stimulation with TCR-CD28 antibody cross-linking. Rap1N17 or pcDNA3 (vector)
stable transfectants were stimulated by cross-linking of the TCR complex with OKT3 (TCR) or OKT3 and CD28.2 (TCR�CD28) for 16 h, and
the supernatants were harvested for IL-2 measurement. An optical density at 437 nm of 1 was equal to 0.15 ng of recombinant mouse IL-2/ml. (Ba)
The upper panel shows the induction of SPA-1 detected with anti-flag antibody. SPA-1 was uninduced (�) or induced (�) by infection with
adenovirus expressing cre recombinase for 2 days. The lower panel shows the inhibition of TCR-mediated Rap1 activation by the induction of
SPA-1 expression. Jurkat cells uninduced (�) or induced (�) to express SPA-1 were stimulated with OKT3 (TCR) for 10 min and lysed, and
GTP-bound Rap1, H-ras, and Rac were detected with pull-down assays by using immobilized GST fusion proteins of RalGDS-RBD, Raf-RBD,
and PAK-CD. Western blots of total cell lysates are also shown. (Bb) Adhesion of Jurkat cells uninduced (�) or induced (�) to express SPA-1
with OKT3 (TCR) or PMA. Jurkat cells transfected with Spa-1 or empty vector were infected with adenovirus carrying cre recombinase. Infected
cells were stimulated with or without 1 �g of OKT3 (TCR) or 10 ng of PMA per ml for 30 min at 37°C in ICAM-1-coated plates, as described
in Materials and Methods. Average and standard errors of triplicate experiments are shown. (Ca) Decrease in TCR-dependent Rap1 activation
by costimulation with antibody cross-linking of CD28. Jurkat cells were stimulated with OKT3 in the absence (TCR) or presence of CD28.2
(TCR/CD28) for 10 min and lysed, and GTP-bound Rap1, H-ras, and Rac were measured as described in Fig. 1Ba. (Cb) TCR-induced adhesion
of Jurkat cells was reduced by costimulation with CD28. Jurkat cells were unstimulated or stimulated with OKT3 (TCR), CD28.2 (CD28), or TS2/18
(CD2) alone or in combination for 30 min at 37°C in ICAM-1-coated plates. Average and standard errors of triplicate experiments are shown.
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final concentration of 20 �g/ml. Assays of adhesion with ICAM-1-coated plates
were performed as described earlier (32). For inhibition, coated wells or labeled
cells were incubated with 20 �g of anti-human ICAM-1 antibody (RR1/1) or
anti-human LFA-1 antibody (TS1/22) per ml for 30 min at room temperature
before the assay.

For adhesion assays for 3A9 T cells, a mouse ICAM-1-Ig chimera was used,
which was prepared essentially as described earlier (41). Briefly, the extracellular
region of mouse ICAM-1 (25) was subcloned into the pIG-1, which encoded in
frame the Fc portion (hinge, CH2 and CH3 domains) of human immunoglobulin
G1 (IgG1) (24). The construct was then transfected into Cos cells by electropo-
ration. The mouse ICAM-1-Ig chimeric proteins were purified from culture
supernatants by using protein A-Sepharose 4 Fast Flow (Pharmacia). To coat
mICAM-1-Ig, the 96-well plate was precoated with 100 �l of a 10-�g/ml con-
centration of rabbit anti-human IgG Fc (Cappel) at 4°C overnight. The plate was
then rinsed twice with PBS and further incubated with 100 �l of a 0.25-�g/ml
concentration of mICAM-1-Ig at room temperature for 2 h, followed by blocking
with 1% BSA for 30 min. Adhesion assays were performed as described else-
where (32). Adhesion without coating with mICAM-1-Ig was �1% of that of the
input cells.

T-cell stimulation by APC or antibody cross-linking and IL-2 measurement.
3A9 and the OVA-specific T cells (3 � 104) were cultured with CH27 and A20.2J
B cells (3 � 104) with or without 100 �g of HEL and 1 mg of OVA (Sigma) per
ml, respectively, in a final volume of 200 �l in a 96-well flat-bottom microtiter
plate. For inhibition with antibodies, monoclonal rat anti-mouse LFA-1
(FD441.8 and KBA2) antibodies and anti-mouse ICAM-1 (KAT-1) were in-
cluded in the culture medium. For antibody stimulation, Jurkat cells (1 � 105) or
the T-cell clone (3 � 104) were stimulated with anti-CD3 (OKT3) and CD28
(CD28.2; PharMingen) or anti-CD3 (2C11) and CD28 (37.51; Pharmingen) in a
final volume of 100 �l in a 96-well flat-bottom microtiter plate. After 8 to 16 h,
the amount of IL-2 in culture supernatants was measured by using the IL-2-
dependent cell line CTLL-2 (17). The proliferation of CTLL-2 cells was evalu-
ated with a WST Colorimetric Assay (Wako). IL-2 concentrations were cali-
brated to a standard curve by using recombinant mouse IL-2 (Genzyme).

Pulldown assays. Pulldown of Rap1-GTP using a glutathione S-transferase
(GST)–RalGDS–Ras binding domain (RBD) fusion protein was previously de-
scribed (16). Pulldown assays of H-ras-GTP and Rac-GTP by using GST-Raf1-
RBD and PAK-CD (CRIB domain) fusion proteins were also performed as
described earlier (47, 48). Briefly, 107 cells lysed in ice-cold lysis buffer (1%
Triton X-100; 50 mM Tris-HCl, pH 7.5; 100 mM NaCl; 10 mM MgCl2; 1 mM
phenylmethylsulfonyl fluoride; 1 mM leupeptin; 0.5 mM aprotinin) were incu-
bated with GST-RalGDS-RBD, GST-Raf-RBD, and GST-PAK-CD fusion pro-
teins coupled to glutathione agarose beads for 1 h at 4°C. Beads were washed
three times with lysis buffer and subjected to Western blotting by using anti-
Rap1A (Transduction Laboratory) or anti-T7 epitope (Novagen), anti-H-ras
(Transduction Laboratory), and anti-Rac (Transduction Laboratory) as de-
scribed previously (30). Western blotting of total cell lysates (5 � 104 cells) was
also performed (30).

Conjugation assays. APC were labeled with the dye PKH-26 (Sigma) and then
incubated for 16 h with or without 100 �g of HEL or 1 mg of OVA per ml. T cells
were labeled with 0.1 �M 5,6-carboxyfluorescein diacetate (CFSE) (Molecular
Probes) for 15 min at 37°C. T cells were incubated with an equal amount of APC
(105 cells) for 30 min at 37°C. Nonspecific aggregates were disrupted by vortex-
ing, and the samples were analyzed by using FACS Calibur (Becton Dickinson).

For the inhibition of antibodies, T cells were incubated for 30 min at 37°C with
or without 20 �g of anti-LFA-1 antibody (FD441.8) per ml. The percent conju-
gates, defined as the number of live-gated, double-positive events in the upper
right quadrant divided by the total number of live-gated events, was determined
for each sample (49).

TCR downregulation. 3A9 T-cell hybridoma (105) were mixed with antigen-
pulsed CH27 B cells (105) and incubated at 37°C for 1 or 3 h. Cells were
harvested and stained with biotinylated 2C11 (Pharmingen), followed by treat-
ment with streptavidin-fluorescein isothiocyanate (FITC) (Pharmingen). To gate
out the B cells, CH27 B cells were labeled with the dye PKH-26. The percentage
of downregulation of TCR-CD3 was determined from the median values by using
3A9 T cells mixed with unpulsed APC as a reference.

Immunostaining. 3A9T cells expressing T7-tagged Rap1V12 were mixed with
CH27 B cells for 30 min at 37°C. Cellular conjugates were bound to poly-L-
lysine-coated coverslips and then fixed for 15 min with 3% formaldehyde. Cells
were permealized with 0.2% Triton X-100 for 5 min, followed by blocking with
10% goat serum for 20 min, and then stained with anti-T7 monoclonal antibody
(1/1,000 dilution with 10% goat serum) (Novagen) and detected with Alexa Fluor
488 goat anti-mouse IgG (1/400 dilution with 10% goat serum) (Molecular
Probes). The cells were inspected with a confocal laser microscope (LSM510;
Zeiss).

Apoptosis and cell cycle analysis. Cell viability was assessed by the addition of
10 �g of propidium iodide (PI; Sigma) per ml and immediate analysis by flow
cytometry. Chromosomal DNA was isolated by using a DNA purification kit
(Qiagen, Inc.) according to the manufacturer’s instructions and analyzed in a
1.5% agarose gel for DNA fragmentation. To elucidate whether apoptosis was
mediated by Fas/FasL, 10 �g of of chimeric Fas-Fc or TNFR1-Fc fusion protein
(28, 59) (provided by S.-K. Jung, Kyoto University Institute of Virus Research)
was added per ml to the culture of T cells and APC, as described above. For cell
cycle analysis, cells were permeabilized by adding 0.1% Triton X-100, incubated
with 0.2 mg of RNase A (Sigma) per ml, and stained with 50 �g of PI/ml. The
DNA content of the cells was analyzed by flow cytometry. Anti-mouse FasL
(MFL1; PharMingen) was used for flow cytometric analysis. Goat polyclonal
anti-p27Kip1 (Santa Cruz) was used to detect p27Kip1 by Western blotting. Mouse
monoclonal antiphosphorylated ERK1 and ERK2 (Santa Cruz) and rabbit anti-
ERK1 and ERK2 antibodies (Santa Cruz) were used to determine the phos-
phorylation status of ERKs in Western blotting analyses.

RESULTS

Rap1 mediates TCR-stimulated adhesion to ICAM-1 via
LFA-1 in Jurkat cells. To examine the relative contributions of
Rap1 in adhesion and activation of T cells, we examined the
effect of a dominant-negative Rap1 (Rap1N17) in adhesion to
ICAM-1 and IL-2 production of Jurkat cells. With antibody
cross-linking of the TCR complex for 30 min, Jurkat cells
adhered to ICAM-1, which was inhibited by blocking antibod-
ies to LFA-1 (TS1/22) or ICAM-1 (RR1/1) (Fig. 1Aa). Acti-
vation of Rap1 occurred within minutes and lasted as long as
30 min (Fig. 1Ba and data not shown). The expression of

FIG. 2. Cellular aggregation of T cells and APC via LFA-1–ICAM-1 accompanies activation and accumulation of Rap1 at the contact site. (Aa)
The formation of large T-cell–APC clusters was dependent on LFA-1. HEL-specific I-Ak-restricted 3A9 T-cell hybridoma and I-Ak-bearing CH27
B cells were incubated in the absence (�) or presence of HEL (100 �g/ml) for 16 h with or without 20�g of anti-LFA-1 antibody/ml. Original
magnification, ca. �100. (Ab) LFA-1–ICAM-1-dependent IL-2 production. 3A9 T cells and CH27 B cells were cultured as described above with
HEL and antibodies as indicated, and the supernatants were harvested for IL-2 measurement. An optical density at 437 nm of 1 was equal to 0.2
ng of recombinant mouse IL-2/ml. (B) Antigen-dependent activation of Rap1 in T cells. 3A9 T cells expressing T7-tagged WT-Rap1 were cultured
with CH27 B cells without (�HEL) or with (�HEL) antigen for 4 and 8 h. GTP-bound Rap1 was analyzed as in Fig. 1B with pull-down of
GST-RalGDS-RBD. Bound Rap1 (upper panels) and total Rap1 (lower panels) were detected by Western blotting with anti-T7 antibody.
(C) Redistribution of Rap1 at the contact site. 3A9 T cells expressing WT-Rap1-GFP fusion protein or GFP protein were mixed with antigen-
pulsed CH27 B cells for 30 min at 37°C. Conjugates were bound to poly-L-lysine-coated coverslips, fixed for 5 min with 3% formaldehyde, and
observed under a confocal microscope (LSM510; Zeiss). Three representative confocal images of conjugates for WT-Rap1-GFP are shown. The
left panels are Nomarski views of the same conjugates shown for GFP in the right panels. (D) Quantification of redistributed Rap1-GFP. The
conjugates of WT-Rap1-GFP or GFP-expressing T cells with APC in panel C were imaged in 0.3-�m steps through the entire cell volume. The
data shown represent the integral of the fluorescence intensity of the manually defined contact site or noncontact site over the total value of the
cell. The manually defined contact or noncontact sites represent 10% of the cell volume. The relative enrichment (the fluorescence per unit volume
at the contact site divided by the fluorescence per unit volume of the entire cell) of Rap1-GFP or of GFP is 2.01 � 0.59 or 0.98 � 0.12, respectively.
Error bars represent the standard deviation.
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Rap1N17, but not H-rasN17, almost completely blocked the
TCR-dependent increase in adhesion, whereas Rap1N17
failed to inhibit PMA-induced LFA-1–ICAM-1 adhesion (Fig.
1Aa). On the other hand, the expression of Rap1N17 did not

affect IL-2 production by the TCR or TCR-CD28 stimulation
(Fig. 1Ab), suggesting that Rap1 functions mainly in the in-
side-out signaling through the TCR.

To confirm that Rap1 is required for TCR-dependent adhe-

FIG. 3. Inhibition of LFA-1–ICAM-1-dependent T-cell–APC interaction and IL-2 production by Rap1N17 or SPA-1. (A) Inhibition of cell
aggregation by Rap1N17 and SPA-1. 3A9 T cells were transfected with empty vector, or genes encoding Rap1N17, Spa-1, or H-rasN17, and more
than five stable clones for each construct were isolated for the experiment. The result is representative of five independent clones, which gave
similar results. They were cultured with CH27 B cells in the presence of antigen, as described in Fig. 2A. Original magnification, �100.
(B) Conjugate formation of 3A9 T cells (green) and CH27 B cells as APC (red) loaded with (�HEL) or without (No antigen) antigen. T cells were
mixed with an equal number of APC and incubated for 30 min at 37°C. Nonspecific aggregates were disrupted by vortexing, and the samples were
analyzed by flow cytometry. A representative set of two-dimensional plots is shown. The number in each plot is the percentage of conjugates.
(C) Inhibition of IL-2 production by Rap1N17 and SPA-1. 3A9 T cells transfected with the vector alone, Rap1N17, or Spa-1 were incubated with
CH27 B cells as described in Fig. 2A, and the supernatants were harvested for IL-2 measurement. An optical density at 437 nm of 1 was equal
to 0.25 ng of recombinant mouse IL-2/ml. Bars represent the average and standard error of two representative experiments performed in triplicate
with each of five clones.
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sion, we employed a Cre/loxP expression system for SPA-1, a
Rap1-specific GTPase activating protein (36), to inhibit Rap1
activation in Jurkat cells. Adenovirus infection alone did not
affect LFA-1–ICAM-1 adhesion (Fig. 1Bb). Expression of
SPA-1, induced by infection with adenovirus carrying cre re-
combinase, reduced the TCR-dependent activation of Rap1 by
82% without affecting the activation of H-ras and Rac (Fig.
1Ba). Concomitantly, the induction of SPA-1 expression inhib-
ited TCR-stimulated adhesion to ICAM-1 by 69%, without
decreasing phorbol myristate acetate (PMA)-stimulated adhe-
sion (Fig. 1Bb), a finding consistent with the results obtained
with Rap1N17, indicating that Rap1 activation is required for
TCR-induced LFA-1–ICAM-1 adhesion.

It was reported that coengagement of CD28 reduces TCR-
dependent activation of Rap1, which was suggested to be due

to Rap1 GAP activation (7, 45). We next examined how TCR-
mediated Rap1 activation and LFA-1–ICAM-1 adhesion are
modulated by T-cell costimulatory molecules such as CD2 and
CD28. Costimulation with cross-linking of antibody to CD28
reduced TCR-dependent activation of Rap1 by 64%, whereas
it had little effect against the activation of H-ras and Rac (Fig.
1Ca). Concomitantly, costimulation with CD28 decreased
TCR-stimulated adhesion to ICAM-1 by 52% (Fig. 1Cb), al-
though it promoted IL-2 production (Fig. 1Ab). Costimulation
with cross-linking of antibody to CD2, which did not inhibit the
TCR-dependent Rap1 activation (data not shown), had no
effect on the adhesion (Fig. 1Cb). Taken together, these results
show a clear correlation of Rap1 activation with the LFA-1–
ICAM-1 adhesion and suggest that CD28 play a specific role to
modulate LFA-1–ICAM-1 adhesion through Rap1.

FIG. 4. Inhibition of conjugate formation of the OVA-specific T-cell clone and APC (A) and IL-2 production by SPA-1 (B). (A) Con-
jugate formation of T-cell clone (green) transfected with the neomycin gene (Neo) or Spa-1 and A20.2J B cells as APC (red) loaded with
(�OVA) or without (No antigen) 1 mg of OVA per ml was analyzed as in Fig. 3B. The number in each plot is the percentage of conjugates.
(B) IL-2 production. T-cell clones transfected with the neomycin gene (Neo) or Spa-1 were incubated with A20.2J B cells in the absence (None)
or presence of antigen for 16 h with or without anti-LFA-1 or anti-ICAM-1 antibodies. T-cell clones were also stimulated with anti-CD3ε (2C11)
and CD28 (37.51) for 16 h (TCR/CD28). The supernatants were harvested, and IL-2 concentrations were measured. An optical density at 437 nm
of 1 was equal to 0.13 ng of recombinant mouse IL-2/ml. The average with the standard error of two representative experiments in triplicate is
shown.
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Antigen-dependent activation and redistribution of Rap1 at
the contact site. To examine whether TCR-mediated activation
of Rap1 regulates adhesive interaction between T cells and
APC and subsequent IL-2 production, we employed 3A9, a
HEL-specific I-Ak-restricted T-cell hybridoma, and I-Ak-bear-
ing CH27 B cells as APC. 3A9 T cells and CH27 B cells formed
large multicellular aggregates in the presence of the HEL
antigen, and this process was prevented by anti-LFA-1 or anti-
ICAM-1 antibodies (Fig. 2Aa and data not shown). 3A9 T cells
produced IL-2 16 h after culture with CH27 B cells in the
presence of antigen, which was markedly inhibited by the an-
tibodies to LFA-1 and ICAM-1 (Fig. 2Ab). Thus, unlike the
case of anti-TCR cross-linking, the IL-2 production of T cells
in response to the specific antigen presented by APC is depen-
dent on the LFA-1–ICAM-1 interaction.

To measure Rap1 activation in this system, we introduced
T7-tagged wild-type Rap1 into 3A9 T cells. Activation of Rap1
in 3A9 T cells was detected 8 h after culture with CH27 B cells
in the presence of antigen, at which time cellular aggregates
started to form (Fig. 2B). The level of Rap1-GTP was 3 to 5%
of the total Rap1. The same results were obtained by using the
antibody to endogenous Rap1 (see Fig. 5A).

To examine the subcellular distribution of Rap1 upon inter-
action with APC, we introduced a Rap1-GFP fusion protein
into 3A9 T cells. As shown in Fig. 2C, Rap1-GFP, which was
distributed diffusely in the cytoplasm in unstimulated 3A9 T
cells, was accumulated at the site of contact with antigen-
loaded CH27 B cells. The redistribution was specific for Rap1,
since GFP alone remained to distribute equally throughout the
cytoplasm. The amount of Rap1-GFP that was redistributed to
the T-cell–APC interface in response to antigen stimulation
was quantified (Fig. 2D). The amount of Rap1-GFP in the
cytoplasmic region of the T-cell–APC contact increased by
approximately 10%, whereas the level of GFP did not change
in response to antigen stimulation (Fig. 2D). The amount of
translocated Rap1 is in agreement with that of Rap1 activation
determined biochemically, considering the sensitivity of the
assay used.

Essential requirement of Rap1 activation for the direct in-
teraction between T cells and antigen-loaded APC mediated by
LFA-1–ICAM-1. We then examined the requirement of Rap1
activation for the T-cell–APC interaction and subsequent IL-2
production. We introduced empty vector, Rap1N17 and Spa-1

into 3A9 T cells. H-RasN17 was also used as a control. We
isolated more than five stable clones for each construct and
examined them in the experiments described below. Expres-
sions of Rap1N17 and SPA-1, but not of H-RasN17, inhibited
large aggregate formation with CH27 B cells in the presence of
antigen (Fig. 3A). The inhibition of adhesive interactions by
Rap1N17 or SPA-1 was quantified by the conjugation assay as
described in Materials and Methods. Conjugates of 3A9 T cells
and CH27 B cells were formed in an antigen-dependent man-
ner (Fig. 3B), and the process was inhibited by anti-LFA-1 or
ICAM-1 antibodies (data not shown). 3A9 T cells expressing
Rap1N17 or SPA-1 formed few conjugates when incubated
with antigen-pulsed CH27 B cells (Fig. 3B). However,
H-rasN17 did not affect the LFA-1–ICAM-1-mediated inter-
action between T cells and APC (Fig. 3). The prevention of the
antigen-specific T-cell–APC interactions by Rap1N17 or
SPA-1 resulted in complete inhibition of IL-2 production (Fig.
3C).

Similar experiments were performed with an OVA-specific
H-2d-restricted T-cell clone, established from spleen cells of
BALB/c mice immunized with OVA. As with 3A9 T cells, the
T-cell clone formed conjugates with A20.2J B cells as APC in
the presence of OVA and produced IL-2, which was also en-
tirely dependent on LFA-1–ICAM-1 (Fig. 4A and B and data
not shown). Expression of SPA-1 by retrovirus almost com-
pletely suppressed the increase in T-cell–APC conjugates in-
duced by antigen stimulation, as well as the subsequent IL-2
production and proliferation (Fig. 4A and B and data not
shown). The control infection with retrovirus carrying the neo-
mycin gene only did not affect the LFA-1–ICAM-1 interaction
and IL-2 production (Fig. 4). In contrast, the stimulation of
TCR and CD28 by antibody cross-linking induced IL-2 pro-
duction in the SPA-1-expressing T-cell clone to a degree com-
parable to that of the control cells (Fig. 4B). Taken together,
these results indicate that Rap1 is not directly involved in the
signaling pathways downstream of TCR leading to the IL-2
production but is required for the initiation of T-cell activation
per se by induction of adhesive interaction with APC via LFA-
1–ICAM-1.

Overexpression of wild-type Rap1 results in enhanced T-cell
activation followed by activation-induced cell death. We then
examined the effects of increased Rap1 activation on T-cell
response to antigen-pulsed APC by overexpressing wild-type

FIG. 5. Enhanced T-cell–APC interaction by overexpression of WT-Rap1 promoted IL-2 production and TCR downregulation. (A) The upper
panel shows the increased expression levels of Rap1 in WT-Rap1 transfectants. The 3A9 T cells transfected with vector alone and the
representative clones expressing a modest level (WT-Rap1-m) and a high level (WT-Rap1-h) of Rap1 are shown. The levels of Rap1 expression
were detected by Western blotting with monoclonal anti-Rap1 antibody. The lower panel shows the enhanced antigen-dependent activation of
Rap1 in transfectants. The transfectants were cultured with CH27 B cells without (�HEL) or with antigen (�HEL) for 8 h. GTP-bound Rap1 was
analyzed as in Fig. 1B with pull-down of GST-Ra1GDS-RBD. Bound Rap1 was detected by Western blotting with anti-Rap1 antibody. The relative
levels of Rap1 quantitated by an LAS1000 apparatus (Fuji) are shown under each blot. (B) Expression of WT-Rap1 enhanced conjugate formation
between 3A9 T cells and CH27 B cells in the presence of antigen. Transfectants were incubated with nonpulsed (No antigen) or antigen-pulsed
(�HEL) CH27 B cells as APC and analyzed for conjugate formation as described in Fig. 3B. A representative set of two-dimensional plots of T
cells (green) versus APC (red) is shown. The number in each plot is the percentage of conjugates. (C) Promotion of IL-2 production by expression
of WT-Rap1. 3A9 T cells transfected with vector alone, as well as WT-Rap1-expressing cells, were incubated with APC for 8 h as described in Fig.
2A, and the supernatants were harvested for IL-2 measurement. An optical density at 437 nm of 1 was equal to 0.35 ng of recombinant mouse
IL-2/ml. The average and the standard error of two representative experiments performed in triplicate with three WT-Rap1-expressing clones are
shown. (D) Increased TCR downregulation after antigen stimulation in WT-Rap1 transfectants. 3A9 T cells transfected with vector alone or
WT-Rap1 were stimulated with antigen-pulsed CH27 B cells in the presence (■ and Œ) or absence (� and ‚) of anti-LFA-1 antibody.
SPA-1-expressing 3A9 T cells were also stimulated with antigen-pulsed CH27 B cells (E). TCR expression levels were assessed 1 and 3 h later by
flow cytometry as described in Materials and Methods.
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Rap1 (WT-Rap1) in 3A9 T cells. Representative 3A9 T-cell
clones with modest (1.8-fold) and high (3.6-fold) levels of WT-
Rap1 were isolated (Fig. 5A) and subjected to antigen stimu-
lation. The activation status of Rap1 in cells expressing modest
and high levels of WT-Rap1 was augmented 1.4- and 3.3-fold,
respectively (Fig. 5A). Conjugate formation with antigen-
pulsed CH27 B cells was increased from 8.9% with cells trans-
fected with the vector alone to 12 and 23%, respectively, with
cells expressing modest and high levels of WT-Rap1 (Fig. 5B),
a result which was in parallel with the activation levels of Rap1.
Conjugate formations were barely induced without antigen
(Fig. 5B). IL-2 production was accelerated �3-fold in 3A9 T
cells expressing high levels of WT-Rap1 at 8 h after antigen
stimulation compared with the cells transfected with vector
alone (Fig. 5C), while the increase in cells with modest levels of
WT-Rap1 was only marginal (not shown). Thus, Rap1 activa-
tion levels were in good correlation with conjugate formations
with APC, whereas augmented IL-2 production appeared to
require a 	2-fold increase in conjugate formations.

We also examined the TCR downregulation after the inter-
action with APC, since the extent of TCR downregulation was
reported to correlate to the level of T-cell activation (3, 23, 27,
57). TCR downregulation was reported to be due to specific
degradation of ligated TCR after internalization (38). 3A9 T
cells transfected with vector alone (control), wild-type Rap1, or
Spa-1 were incubated with antigen-pulsed CH27 B cells, and
the expression levels of the TCRs were assessed 1 and 3 h later.
Significant TCR downregulation occurred in the control cells,
which was totally inhibited by either anti-LFA-1 antibody or
SPA-1 (Fig. 5D). Because SPA-1 interfered with the LFA-1–
ICAM-1 interaction between T cells and APC (Fig. 4), these
results indicated that the TCR downregulation was indeed
dependent on the LFA-1–ICAM-1 interactions. On the other
hand, the extent of downregulation of TCR in the 3A9 cells
expressing high levels of wild-type Rap1 was accelerated ca.
3.2-fold at 1 h and ca. 1.8-fold at 3 h after culture with
antigen-pulsed APC (Fig. 5D). These results support the no-
tion that the level of TCR-mediated Rap1 activation affects the
extent of functional TCR triggering via T-cell–APC interac-
tion.

When observed 16 h after stimulation, however, cultures of
cells with high levels of WT-Rap1 were found to contain many
dead cells. PI staining experiments with differentially labeled
cells showed that as much as 60% of the 3A9 T cells, but few
CH27 B cells, were dead (Fig. 6Aa). Cell death was due to
apoptosis, since DNA fragmentation was detected in the cul-
ture of the Rap1-transfectant with antigen-loaded CH27 B
cells (Fig. 6Ab). Inhibition of the conjugate formation with
anti-LFA-1 antibody completely blocked apoptosis (Fig. 6A),
suggesting that the cell death was a consequence of the excess
adhesive interaction of T cells overexpressing the WT-Rap1
with APC. The cell death was mediated by Fas/FasL, because
soluble Fas, but not TNFR, totally blocked the DNA fragmen-
tation (Fig. 6Ba). FasL expression was upregulated in the Rap1
transfectant cultured with antigen-loaded CH27 B cells three-
fold more than that in control transfectant cells and was inhib-
ited by anti-LFA-1 antibody (Fig. 6Bb). Taken together, these
results indicated that increased antigen-specific Rap1 activa-
tion, which led to the enhanced T-cell–APC interaction, ulti-
mately resulted in the activation-induced cell death (AICD).

Constitutive and high levels of Rap1 activation suppresses
IL-2 production and induces cell cycle arrest with accumula-
tion of p27Kip1. We finally examined the effect of high-level
preactivation of Rap1 on T-cell action by APC. For this pur-
pose, we examined the effects of either coexpressions of WT-
Rap1 and C3G-F, a membrane-anchored form of C3G, a
Rap1-specific guanine nucleotide exchange factor (19, 55), or a
constitutively active form, Rap1V12. While coexpressions of
WT-Rap1 and C3G-F led to only modest increases of Rap1-
GTP, Rap1V12 expressions were found to be much more po-
tent when it was introduced into 3A9 T cells and the OVA-
specific T cell clone by retrovirus. The level of Rap1 activation
in nonstimulated Rap1V12 transfectants was more than 10
times higher than that of WT-Rap1 transfectants stimulated
with antigen-loaded APC, which caused AICD (Fig. 7A). The
Rap1V12 transfectants showed a marked increase in LFA-1–
ICAM-1-mediated adhesion (Fig. 7Ba) and underwent spon-
taneous aggregation with APC in the absence of antigen
(data not shown). Rap1V12 was recruited to the contact site
with unloaded APC (Fig. 7Bb), whereas in unconjugated cells
it tended to be more concentrated around the perinuclear-
Golgi complex region. Nonetheless, IL-2 production was se-
verely reduced in Rap1V12 transfectants of 3A9 T cells, as well
as in the OVA-specific T-cell clone, when cultured with ap-
propriate APC and antigens (Fig. 7Ca). This was not due to
apoptosis, since cell viability was not affected by culture with
APC (data not shown). Therefore, we examined activation of
extracellular signal-regulated kinases (ERKs) and the expres-
sion levels of p27Kip1, a cyclin-CDK inhibitor, because they
were reported to be involved in induction of anergic states (5,
6). The phosphorylation of ERKs in Rap1V12 transfectants
stimulated with antigen-pulsed APC was severely reduced
compared to that of the cells infected with retrovirus carrying
the neomycin-resistant gene alone (Fig. 7Cb), which is in
agreement with previous studies showing that overexpression
of the constitutively active Rap1 inhibited ERK and Raf-1
kinase activities (5, 7). In contrast, the phosphorylation levels
of ERKs in WT-Rap1-expressing cells were rather augmented
(Fig. 7Cb), and T-cell activation was accelerated, as shown in
Fig. 5 and 6, showing that antigen-dependent activation of
endogenous Rap1 does not inhibit the activation of ERKs.
Interestingly, p27Kip1 accumulated in both Rap1V12-express-
ing 3A9 and OVA-specific T cells (Fig. 7Da). Concomitantly,
the growth of transfectants was noticeably retarded with an
increase in the cell population at the G0/G1 phase (Fig. 7Db).
Thus, persistent preactivation of Rap1 resulted in the accumu-
lation of p27Kip1 and rendered T cells unresponsive to antigen
stimulation.

DISCUSSION

In this study we investigated the function of Rap1 in the
regulation of T-cell–APC interactions and T-cell activation.
We demonstrated that Rap1 activation was the major inside-
out signal for LFA-1 triggered by the TCR and is a critical step
for adhesive interactions of T cells with APC and the subse-
quent production of IL-2 in a system with two different anti-
gen-specific T cells. However, augmentation of antigen-depen-
dent Rap1 activation not only accelerated TCR triggering and
IL-2 production but caused AICD by enhancing T-cell–APC
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interactions. Moreover, marked and prolonged Rap1 preacti-
vation severely reduced IL-2 production with accumulation of
p27Kip1, a phenotype reminiscent of anergic states. Thus, mod-
ulation of Rap1 activity in T cells produces a spectrum of
immunological responses from nonproductive to AICD and to

unresponsive states (Fig. 8). These results indicate that precise
control of Rap1 activation is crucial for full T-cell activation.

LFA-1-deficient T cells require 100-fold more antigen for
proliferation and lytic activity (2), demonstrating in vivo that
LFA-1-mediated T-cell–APC interactions are critical for the

FIG. 6. Enhancing T-cell–APC interaction resulted in activation-induced cell death. (A) Apoptosis of WT-Rap1-expressing 3A9T cells. (Aa)
WT-Rap1-expressing 3A9 T cells (s) were cultured with CH27 B cells (�) loaded with (HEL) or without (�) 100 �g HEL per ml for 16 h and
then stained with PI and analyzed by flow cytometry. Anti-LFA-1 antibody was included as indicated. CH27 B cells were labeled with CFSE before
culture to distinguish them from 3A9 T cells. The average and standard error of the percent PI positive for each population of three experiments
are shown. (Ab) 3A9 T cells transfected with vector alone or with WT-Rap1 were cultured with CH27 B cells in the absence (�) or presence (�)
of HEL antigen for 16 h. Anti-LFA-1 antibody (Ab) was included as indicated. Chromosomal DNA was extracted and analyzed by a 1.5% agarose
electrophoresis to detect DNA fragmentation. (B) Apoptosis mediated by Fas/FasL. (Ba) WT-Rap1-expressing 3A9 T cells were cultured with
CH27 B cells with (�) or without (�) HEL in the absence (�) or presence of soluble Fas-Fc (sFas) and TNFR1-Fc (sTNFR) chimeric proteins.
DNA fragmentation was detected as described in Fig. 6Ab. (Bb) Upregulation of FasL expression in 3A9 T cells. 3A9T cells transfected with vector
alone or with WT-Rap1 were cultured with APC in the presence or absence (�) of antigen. Anti-LFA-1 antibody was included as indicated. Cells
harvested after 8 h were stained with anti-FasL antibody, and FITC-labeled anti-mouse immunoglobulin and then analyzed by flow cytometry. To
gate out the APC, CH27 B cells were labeled with PKH-26 before culture. The data are shown for 3A9 T cells. CH27 B cells did not express FasL.
The percentage of positive 3A9 T cells stained with the secondary antibody alone in each condition was �1%. The average and standard errors
of two experiments are shown.
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FIG. 7. Suppression of IL-2 production and accumulation of p27Kip1 by Rap1V12. (A) Level of Rap1-GTP in Rap1V12- and WT-Rap1-
expressing cells. 3A9 T cells expressing T7-tagged Rap1V12 and WT-Rap1 were cultured with CH27 B cells without (�HEL) or with antigen
(�HEL) for 8 h. GTP-bound Rap1 was analyzed as in Fig. 1B with pull-down of GST-RalGDS-RBD. Bound Rap1 (upper) and total Rap1 (lower)
were detected by Western blotting with anti-T7 antibody. (B) Rap1V12 increased LFA-1–ICAM-1-mediated adhesion of 3A9 T cells and
accumulated at the contact site with APC in the absence of antigen. (Ba) Adhesion of 3A9 T cells transfected with vector alone, WT-Rap1, and
Rap1V12. T cells were stimulated with or without 10 ng of PMA per ml for 30 min at 37°C in mouse ICAM-1-Ig-coated plates and analyzed as
described in Materials and Methods. The average and standard errors of triplicate experiments are shown. (Bb) Cellular localization of Rap1V12.
3A9 T cells expressing T7-tagged Rap1V12 were mixed with CH27 B cells for 30 min at 37°C and immunostained with anti-T7 antibody and Alexa
Fluor 488 goat anti-mouse IgG (Molecular Probes). Representative confocal images of Rap1V12 in T cells either unconjugated or conjugated with
CH27 B cells are shown. The left panels are Nomarski views of the same cells shown for Rap1V12 in the right panels. Cells transfected with vector
alone did not show any significant fluorescent signals under the same conditions. (C) Persistent and marked preactivation of Rap1 rendered T cells
unresponsive to antigen. (Ca) Decreased IL-2 production in Rap1V12-expressing 3A9 T cells and OVA-specific T-cell clone. 3A9 T cells and the
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serial engagement of TCR molecules on a limited number of
antigen peptide-MHC complexes for the generation of a sig-
naling threshold necessary for T-cell activation. However, the
regulatory mechanism of the T-cell–APC adhesive interactions
has not been clear. Our study demonstrates that Rap1 plays a
critical role in the T-cell–APC interactions by regulating the
adhesiveness of LFA-1 of T cells to ICAM-1 on APC. Sup-
pression of Rap1 activation by the dominant-negative Rap1
and Spa-1 inhibited the antigen-specific T-APC conjugate for-
mations and subsequent IL-2 production. It should be noted
that the dominant-negative Rap1 and Spa-1 did not affect IL-2
production stimulated by antibody cross-linking of TCR and
CD28, indicating that TCR-mediated Rap1 activation func-
tions mainly as a specific inside-out signal for LFA-1 and is not
involved directly in the signaling pathways leading to IL-2
production. Activation of Rap1 and the redistribution of T-
cell–APC contact sites suggest that Rap1 play a role in the
formation of immunological synapse. Further study is needed
to clarify the effects of Rap1 on the redistribution of LFA-1
and T-cell molecules and cytoskeletal rearrangement.

We showed by introduction of the WT-Rap1 that the extent
of Rap1 activation was in a good correlation with that of
T-cell–APC conjugate formations. The increased conjugate
formation accelerated TCR engagement ca. 2.6-fold, as evi-
denced by TCR downregulation, which in turn augmented
TCR signaling as shown by ERK and IL-2 production. How-
ever, increased conjugate formation resulted in apoptosis due
to upregulation of FasL. This response is similar to what is
referred to as AICD of T cells, in which overactivated T cells
undergo Fas/FasL-mediated apoptosis (28, 34). Increased
TCR signaling could be strong enough to induce FasL expres-
sions through the promotion of T-cell–APC interactions, al-
though the possibility is not ruled out that enhanced Fas/FasL
interaction resulting from increased LFA-1–ICAM-1 adhesion
promoted apoptosis (59). Taken together, these results dem-
onstrate that Rap1 affects the intensity of T-cell activation
through the regulation of the strength of T-cell–APC interac-
tion.

On the other hand, the constitutive Rap1 activation differ-
ently affects the mode of T-cell activation, which directly in-
hibited TCR signaling pathways to IL-2 production. We
showed that the overexpression of Rap1V12 in T cells not only
prevented the antigen-dependent activation of ERKs but also
led to constitutive accumulation of p27Kip1. The phenotype of
Rap1V12-expressing T cells is similar to that of anergic T cells
induced by antigen stimulation without costimulation of CD28
(5, 6). The level of Rap1-GTP in nonstimulated Rap1V12-
expressing cells with the anergic phenotype was 	10-fold

greater than that of antigen-stimulated cells with WT-Rap1,
which showed AICD. Since p27Kip1, a key negative regulator of
the G1-to-S-phase transition, associates with c-jun coactivator
JAB1 in the cytoplasm (54), the accumulation of p27Kip1 may
cause the cytoplasmic translocation of JAB1 and result in de-
fective transactivation of AP-1 and IL-2 transcription (6). Al-
though the molecular mechanisms remain unclear, this is the
first report that Rap1 is able to induce the accumulation of
p27Kip1.

Our study shows that Rap1 activation is not only essential
for the activation of specific T cells via intimate interactions
with antigen-loaded APC but that its extent and duration pro-
foundly affect the subsequent course of the T-cell response.
Therefore, regulatory mechanisms for Rap1 activation and
inactivation are critically important. We show here that the
costimulation with CD28 decreased both Rap1 activity and the
adhesion of T cells to ICAM-1. This result is in agreement with
recent reports that CD28-mediated signaling induces Rap1
GAP activity and suppresses the TCR-mediated activation of
Rap1 (7, 45). Our results imply that CD28 has a novel modu-
latory role in the adhesive interactions of T-APC by fine-tuning
Rap1 activation to generate productive immunological re-
sponses without precipitating into apoptosis and anergy. It will
interesting to examine in the future whether CD28-induced
Rap1 GAP activity is mediated by SPA-1 and whether other
T-cell costimulatory molecules influence Rap1 activity and T-
cell–APC interactions. Our study provides valuable experimen-
tal systems and information with which we can reevaluate the
roles of costimulatory molecules.

In addition to the adhesion only effect of LFA-1, engaged
integrins transmit signals (outside-in signals) to modulate cell
growth, differentiation, and functions (26), including IL-2 pro-
duction (43, 51). Although most of the molecules involved in
outside-in signaling have been described in other receptor sys-
tems, a recent study identified a unique role for JAB1, a c-jun
coactivator protein which was associated with the cytoplasmic
region of the �2 integrin and promoted IL-2 transcription by
stabilizing the AP-1 complex upon engaging LFA-1 (4). Our
study fell short of dissecting the dual role of LFA-1 in the
T-cell–APC system. It will be interesting to examine whether
Rap1 also plays a role in the signaling from engaged LFA-1.

This study is the first to provide a direct link between the
role of Rap1 in the inside-out signaling from the TCR and
T-cell activation through the regulation of adhesive interac-
tions of T cells and APC. Modulation of Rap1 activity in T cells
produces a spectrum of immunological responses from produc-
tive activation to AICD and to anergy (Fig. 8). Our study
predicts a unique signal pathway downstream of Rap1, which is

OVA-specific T-cell clone transfected with vector alone (Neo) or Rap1V12 were cultured with appropriate APC, as in Fig. 3 and 4, with (�) or
without (�) antigen for 16 h. IL-2 concentrations of the supernatants were measured. An optical density at 437 nm of 1 was equal to 0.23 ng of
recombinant mouse IL-2/ml. Bars represent the average and standard error of two representative experiments performed in triplicate. (Cb)
Antigen-induced phosphorylation of ERKs in 3A9 T cells expressing Rap1V12 or WT-Rap1. 3A9 T cells transfected with the neomycin genes
(Neo), WT-Rap1, and Rap1V12 were cultured for 1 h with CH27 B cells which were preloaded without (�HEL) or with antigen (�HEL) for 16 h
and fixed with 1% paraformaldehyde. The phosphorylation levels of ERKs were examined by Western blotting with antiphosphorylated ERK1
(pERK1)- and ERK2 (pERK2)-specific antibodies (upper panel). The expression levels of total ERK1 and ERK2 are shown (lower panel).
(D) Accumulation of p27Kip1 and cell cycle arrest in Rap1V12-expressing T cells. (Da) Increased expression levels of p27Kip1 in Rap1V12-
expressing 3A9 T cells and OVA-specific T-cell clone were detected by Western blotting with anti-p27Kip1 antibody. (Db) Increased cell population
in the G0/G1 phase caused by Rap1V12 expression. The OVA-specific T-cell clones transfected with vector alone (Neo) or Rap1V12 were stained
with PI and analyzed by flow cytometry.
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not apparently ascribed to the antagonistic effect on H-ras (8,
35). The identification of downstream effector molecules will
be of prime importance to elucidate the molecular mechanisms
of Rap1 in the regulation of integrins in T-cell–APC interac-
tions, as well as in integrin-mediated cell adhesion and migra-
tion in general.
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