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CARMAL1 (also known as CARDI11) is a scaffold molecule and contains a caspase-recruitment domain
(CARD) and a membrane-associated guanylate kinase-like (MAGUK) domain. It plays an essential role in
mediating CD3/CD28 costimulation-induced NF-kB activation. However, the molecular mechanism by which
CARMALI1 mediates costimulatory signals remains to be determined. Here, we show that CARMAL is consti-
tutively associated with the cytoplasmic membrane. This membrane association is essential for the function of
CARMAL, since a mutant of CARMA1, CARMA1(L808P), that is defective in the membrane association cannot
rescue CD3/CD28 costimulation-induced NF-kB activation in JPM50.6 CARMA1-deficient T cells. Although
CD3/CD28 costimulation effectively induces the formation of the immunological synapse in CARMA1-deficient
T cells, the recruitment of protein kinase C-0 (PKC-0), Bcl10, and IkB kinase 3 (IKKf) into lipid rafts of the
immunological synapse is defective. Moreover, expression of wild-type CARMAL1, but not CARMA1(L808P),
restores the recruitment of PKC-0, Bcl10, and IKK into lipid rafts in CARMA1-deficient T cells. Consistently,
expression of a mutant CARMA1, CARMA1(ACD), that cannot associate with Bcl10 failed to restore CD3/
CD28 costimulation-induced NF-kB activation in JPM50.6 cells, whereas expression of Bcl10-CARMA(ACD)
fusion protein effectively restored this NF-kB activation. Together, these results indicate that CARMAL1
mediates CD3/CD28 costimulation-induced NF-kB activation by recruiting downstream signaling components

into the immunological synapse.

Activation of T cells is triggered through simultaneous stim-
ulation of the T-cell receptor (TCR)/CD3 complexes and co-
stimulatory receptors such as CD28 by antigen-presenting cells
(APC). Stimulation of TCR/CD3 leads to activation of cyto-
solic tyrosine kinases, such as Lck, ZAP70, and Syk (28). These
tyrosine kinases in turn phosphorylate various adapter pro-
teins, including LAT, SLP76, Vav, and Grb2 (5, 21, 32). The
phosphorylated adapter proteins further recruit effector pro-
teins, such as small GTPases, phospholipase C-yl (PLC-y1),
and protein kinases/phosphatases, leading to activation of mul-
tiple transcription factors, including NF-AT, AP-1, and NF-«B,
which ultimately control transcription of cytokines and T-cell
proliferation. Importantly, stimulation of TCR/CD3 complexes
alone is not sufficient to activate NF-kB in T cells. Costimula-
tion of CD28 through its ligand, B7, is required for optimal
activation of NF-kB leading to activation of T cells, leading to
optimal production of interleukin-2 (IL-2) and other cytokines
(13).

NF-«B is a family of transcription factors that contain Rel
homology DNA-binding domains that exist as various homo-
or heterodimers (1). Their function is regulated through inter-
actions with a series of cytoplasmic inhibitory proteins, termed
IkB. IkB proteins mask the nuclear localization signal of NF-
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kB, thereby sequestering NF-«kB in the cytoplasm. Treatment
of cells with various stimuli, including tumor necrosis factor
alpha (TNF-a), IL-1B, phorbol myristate acetate (PMA), or
costimulation of TCR/CD3 and CD28 (CD3/CD28 costimula-
tion) initiates signal transduction cascades leading to activation
of IkB kinase (IKK). IKK then phosphorylates IkB, triggering
rapid ubiquitination and proteolysis of IkB in the 26S protea-
some complex (14). The degradation of IkB then unmasks the
nuclear localization signal of NF-kB. NF-kB dimers then rap-
idly translocate into the nucleus, where they engage cognate
kB enhancer elements and modulate the transcription of nu-
merous genes involved in immune and inflammatory responses
(12).

Although how signaling pathways induced by CD3/CD28
costimulation lead to activation of NF-«B is not fully under-
stood, recent studies indicate that PLC-y1 is essential for the
CD3/CD28 costimulation-induced NF-kB activation (7).
PLC-y1 induces activation of protein kinase C-6 (PKC-6),
which subsequently leads to activation of the IKK (6, 17, 24)
through a CARMAI1-Bcl10-dependent pathway (10, 20, 22,
27). CARMAL (11), also known as CARDI11 (2), contains a
caspase-recruiting domain (CARD) and a membrane-associ-
ated guanylate kinase-like (MAGUK) domain, and plays an
essential role in the CD3/CD28 costimulation-induced NF-«B
activation (10, 20, 27). When overexpressed in HEK293 cells,
CARMAL1 associates with Bcl10 (2, 11), another CARD-con-
taining adapter protein (16, 23, 25,29-31) that links to the IKK
complex by an unknown mechanism. Therefore, the molecular
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mechanism by which PKC-0 connects to and activates IKK
complexes remains to be determined.

CD3/CD28 costimulation induces formation of a large mul-
ticomponent complex at the site of contact between the T cell
and the APC, termed supramolecular activation complex
(SMAC) or immunological synapse (9). This contact area of
the T cell is highly enriched in cholesterol and glycosphingo-
lipids, also termed lipid rafts. Some signaling molecules, in-
cluding LAT and Ras, are constitutively associated with the
lipid rafts, while other key signaling molecules, such as ZAP70,
Vav, SLP-76, PKC-0, and I«kB kinase B (IKKp), are recruited
into the lipid rafts following CD3/CD28 costimulation (4). It
has been shown that CARMAL1 is associated with the lipid rafts
in the immunological synapse (10). However, how CARMAL1
mediates CD3/CD28 costimulation-induced NF-«kB activation
remains to be determined. In this study, we show that
CARMALI functions as a scaffold protein to recruit PKC-6,
Bcl10, and IKKB to the lipid rafts of the immunological syn-
apse, which ultimately leads to activation of NF-«B.

MATERIALS AND METHODS

Cell culture, transfection, and cell stimulation. Jurkat E6.1 and JPMS50.6 cells
(27) were cultured in RPMI 1640 medium supplemented with 10% fetal calf
serum at 37°C in 5% CO,. The JPMS50.6/WT cell line was established by stably
transfecting CARMAL1 wild-type cDNA into JPMS50.6 cells. Cells were trans-
fected with a Gene Pulser (Bio-Rad, Hercules, Calif.) at 250 V (950 pF) with 20
ng of the plasmid DNA. Costimulation of Jurkat cells was performed in a final
volume of 1 ml by addition of anti-CD3 (10 pg/ml) and anti-CD28 (5 ng/ml)
antibodies, together with 5 pg of goat anti-mouse immunoglobulin G (IgG)
antibody per ml (Signal Transduction Laboratories).

Plasmids and antibodies. Plasmids encoding PKC-6, Myc-tagged CARMAL1
and Bcll0, and Flag-tagged CARMAL1 were described previously (27). The
CARMAL deletion mutants were generated by PCR. Antibodies specific for
PKC-6 (clone 27) were obtained from BD Transduction Laboratories (San Di-
ego, Calif.), and antibodies specific for Bcl10 (H197) and Flag epitope tag were
purchased from Santa Cruz Biotechnology (Santa Cruz, Calif.).

Lipid raft purification. Detergent-insoluble fractions were separated as de-
scribed previously (3). Briefly, Jurkat or JPM 50.6 T cells (3 X 10° to ~5 X 10°)
were lysed in 1 ml of MNE buffer (25 mM morpholineethanesulfonic acid [MES;
pH 6.5], 150 mM NaCl, 5 mM EDTA, 30 mM sodium pyrophosphate, 1 mM
sodium orthovanadate, 10 pg of each protease inhibitor per ml) with 1%Triton
X-100 for 20 min on ice and Dounce homogenized for 15 times. Samples were
centrifuged at 1,000 X g for 10 min at 4°C. The supernatants were mixed with 1
ml of 80% sucrose in MNE buffer and transferred to a Beckman Ultracentrifuge
tube. Two milliliters of 30% sucrose followed by 1 ml of 5% sucrose in MNE
buffer were overlaid. Samples were ultracentrifuged in an STi55 rotor (200,000 X
g for 20 h). Fractions (400 pl per fraction) were collected from the top of the
gradient. Proteins from each fraction were precipitated with trichloroacetic acid
before separation by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE [10% polyacrylamide]).

Coimmunoprecipitation. Flag-tagged CARMAI and Myc-tagged PKC-6 were
cotransfected into HEK293 cells by calcium phosphate precipitation. Twenty
hours later, CARMAL1 was immunoprecipitated with anti-Flag M, affinity gel
(Sigma, St Louis, Mo.). Samples were washed with lysis buffer four times and
eluted with Flag peptide (Sigma). The eluted samples were subjected to SDS-
PAGE and Western blotting.

Detection of the immunological synapse and immunofluorescence staining.
Detection of immunological synapse formation was performed as described
previously (26). Briefly, polystyrene beads (Polysciences, Warrington, Pa.) were
coated with anti-CD3 and anti-CD28 antibodies at 10 wg/ml in phosphate-
buffered saline (PBS) by incubation at 4°C overnight. Jurkat cells (5 X 10%) were
cultured with antibody-coated beads (1 X 10°) in 200 pl of RPMI 1640 with 10%
fetal calf serum in a round-bottom microplate for 45 min. The mixture of cells
and beads was settled onto polylysine coated slides, fixed in 3.7% formaldehyde,
stained with fluorescein isothiocyanate (FITC)-conjugated cholera toxin B
(CTxB) (8 pg/ml [Sigmal]), and analyzed by confocal microscopy.

Raji cell-Staphylococcus exotoxin E (SEE) conjugation and immunofluores-
cence staining were performed as described previously (19). Briefly, Raji cells
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were stained by incubation in serum-free RPMI 1640 containing 10 ug of CMAC
cell tracker blue for 30 min at 37°C and washed and incubated in RPMI 1640 with
or without 2 ng of SEE per ml (Toxin Technology, Inc., Sarasota, Fla.) at 37°C
for 1.5 h. Cells were then washed and resuspended in serum-free RPMI 1640 at
10° cells per ml. A total of 0.5 ml of Raji cells was mixed with an equal volume
of Jurkat or JPM50.6 cells at 10° cells per ml, and the cells were mixed thor-
oughly by pipetting and then pelleted at 500 rpm for 5 min at room temperature.
A total of 0.5 ml of supernatant was removed, and pellets were incubated for 15
min at 37°C. Tubes were resuspended by vortexing. Cells were attached to
coverslips precoated with polylysine by cytospin.

Immunostaining was carried out with appropriate primary antibodies and
Alexa-labeled secondary antibodies (Molecular Probes, Eugene, Oreg.). Briefly,
cells or cell-bead conjugates settled on coverslips were fixed in 3.7% formalde-
hyde for 10 min, washed and permeabilized in 0.1% Triton X-100 for 5 min, and
washed then blocked in 1% bovine serum albumin (BSA) in PBS. Cells were then
stained with primary antibody at 4°C overnight, followed by staining with sec-
ondary Alexa-labeled antibodies.

RESULTS

The cDNAs encoding CARMAIL and CARDI11 were iden-
tified independently by two research groups (2, 11). Interest-
ingly, although both CARMAI1 and CARDI11 associate with
Bcl10 and effectively activate NF-kB when they are overex-
pressed (2, 11), only CARMAL can rescue the defect of CD3/
CD28 costimulation- or PMA/CD28 costimulation-induced
NF-kB activation in JPM50.6 cells—a CARMA1-deficient Jur-
kat T cell line (Fig. 1)—suggesting that the CARD11 cDNA is
somehow defective in connecting to upstream signaling com-
ponents. After comparing the sequences of the two cDNAs
originally deposited in GenBank and the Swiss Protein data-
base, we found that they differ at codon 808, which encodes
Leu in CARMALI and Pro in CARDI1I. Since the sequence
data of human genomic DNA also indicate that residue 808 is
Leu in the CARMAL gene, The Pro 808 in CARDI11 is likely
a mutation generated by cloning or a natural polymorphism.
Therefore, we now refer to the CARDI11 c¢DNA as
CARMA1(L808P). To determine the role of CARMAL in the
TCR signaling pathway, we next examined the subcellular lo-
calization of CARMAL1 by immunofluorescence. We found
that CARMAL is mainly associated with the cytoplasmic mem-
brane (Fig. 2). In contrast, CARMA1(L808P) was more uni-
formly distributed in the cells (Fig. 2). Together, these data
suggest that the subcellular localization of CARMA1 may be
essential for its function.

It has been shown that CARMAL is recruited into the de-
tergent-insoluble membrane (lipid raft) fractions, a part of the
immunological synapse, following CD3/CD28 costimulation
(10). To examine whether the recruitment of CARMAIL
(L80O8P) to the immunological synapse is defective, we incu-
bated JPM50.6 cells that express either the wild-type (Fig. 3A,
left panels) or L8OSP mutant (Fig. 3A, right panels) version of
CARMAL1 with Raji cells in the presence or absence of a
superantigen (SEE), in which Raji cells presented superanti-
gen to TCR complexes (19) of JPMS50.6 cells. The subcellular
localization of CARMAL1 was examined by immunofluores-
cence staining. The recruitment of CARMA1(L808P), but not
wild-type CARMAL, to the immunological synapse was defec-
tive (Fig. 3A). Because about 30% of the Raji-JPM50.6 con-
jugates displayed synapse-associated distribution of both wild-
type CARMA1 and CARMA1(L808P) even in the absence of
SEE, we counted 25 to 30 random Raji-JPMS50.6 conjugates
under each condition and calculated the percentage of cells in



166 WANG ET AL.

A.

B Unstim

B CD3/CD28

O PMAJ/CD28
30,

20 & &

10

NF-xB-dependent Luciferase Activity
(Fold Induction)

CARMA1(WT) CARMA1(L808P)

MoL. CELL. BIOL.

a. b.
002
3 L 8
WT
(=] o
109 10" 102 10° 10* 10 10! 10F 10° 10
c. ;
034
2
L808P
o |
1% 10" 10° 10° 10* 10

FIG. 1. CARMAI(L808P) is functionally defective. (A) JPMS50.6 cells were transfected with plasmids encoding an NF-kB-dependent luciferase
gene in the presence of expression plasmids encoding the wild-type CARMA1 [CARMA1(WT)] or L80SP mutant [CARMA1(L808P)]. Twenty-
four hours after transfection, the transfected cells were stimulated with (i) media, (ii) 1 pg of anti-CD3 and 1 pg of anti-CD28 per ml, or (iii) 10
ng of PMA and 1 pg of anti-CD28 antibodies per ml for 6 h. The cells were lysed, and luciferase activity was determined. All of the samples were
also transfected with an EFla promoter-dependent Renilla luciferase. The constitutively expressed Renilla luciferase activity was used to normalize
the transfection efficiency. All data are presented as fold induction. The expression levels of the transfected CARMA1 were detected by Western
blotting with anti-Myc antibodies (inset). Unstim, unstimulated. (B) JPM50.6 cells stably expressing Myc-tagged wild-type CARMAIL or
CARMAT1(L808P) were unstimulated (a and c) or stimulated with PMA (10 ng/ml) plus anti-CD28 antibodies (1 pg/ml) (b and d) for 6 h. The
cells were collected and examined for the expression of NF-kB-dependent GFP in these cells by fluorescence-activated cell sorting (FACS). The
y axis indicates the cell numbers (10%), and the x axis indicates the fluorescence intensity.

which CARMAL1 was found at the membrane. We found that
recruitment of wild-type CARMAL to the site of contact be-
tween Raji and JPM50.6 cells was increased from 30% to about
80% after addition of SEE, whereas the percentages of
CARMA1(L808P) recruitment were very similar in the ab-
sence and presence of SEE (Fig. 3B). This result suggests that
subcellular localization of CARMA1(L808P) is defective.

To determine the molecular mechanism by which CARMA1

A B.

FIG. 2. CARMAI1(L808P) is defective in its subcellular localiza-
tion. JPMS50.6 cells stably expressing Myc-tagged wild-type CARMA1
(A) or CARMAI1(L808P) (B) were labeled with anti-Myc antibodies,
followed by staining with secondary Alexa-labeled antibodies. Subcel-
lular localization of wild-type CARMA1 or CARMA1(L808P) was
visualized by immunofluorescence with a confocal fluorescent micro-
scope.

mediates TCR-induced NF-kB activation, we next examined
whether CARMAL is required for the formation of the immu-
nological synapse following CD3/CD28 costimulation. Jurkat
and JPMS50.6 cells were stimulated with or without anti-CD3
and anti-CD28 antibodies conjugated to polystyrene beads.
The formation of the immunological synapse in these cells was
determined by labeling lipid rafts with CTxB, which associates
with glycosphingomyelin (GM). The cells were visualized by
confocal fluorescence microscopy. The immunological synapse
was formed equally well in both Jurkat T and JPM50.6 cells
following CD3/CD28 costimulation (Fig. 4). This result indi-
cates that CARMAL is not required for the formation of the
immunological synapse in T cells.

Since CARMAL1 contains multiple protein-protein interac-
tion domains, we next investigated whether CARMAL is re-
quired for the recruitment of signaling components into the
immunological synapse following CD3/CD28 costimulation.
Previous studies suggested that PKC-0 functions as an up-
stream activator of CARMAI1, and PKC-6 was shown to be
recruited into the immunological synapse following CD3/CD28
costimulation (10, 27). To examine whether the recruitment of
PKC-6 into the immunological synapse is dependent on
CARMALI1, we incubated JPM50.6 cells or JPMS50.6 cells that
express wild-type CARMAL1 (JPM50.6/WT) with Raji cells in
the presence or absence of a superantigen (SEE). The recruit-
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FIG. 3. CARMA(LS808P) is defective in its recruitment to the immunological synapse. (A) JPMS50.6 cells expressing Myc-tagged wild-type
CARMA1 (JPM50.6/WT) or CARMAT1(L80SP) (JPM50.6/L808P) were stimulated with SEE-primed or nonprimed Raji cells (blue) at 37°C for
15 min. The cells were labeled with anti-Myc monoclonal antibodies and Alexa-labeled rabbit anti-mouse antibodies (red). The subcellular
localization of CARMA1 (red) was visualized by a confocal fluorescent microscope. (B) The percentage of CARMAI recruitment to the
immunological synapse was calculated by counting the number of the recruitment-like cells among 25 to 30 JMP50.6-Raji conjugates (blue-plus-red

cells) in random fields.

ment of PKC-6 to the immunological synapse in JPM50.6 cells
(Fig. 5A, right panels) or JPM50.6/WT cells (Fig. 5A, left
panels) was examined by immunofluorescence staining. Al-
though PKC-6 was recruited into the contact site between the
JPMS50.6/WT cells and Raji cells in the presence of SEE, its
recruitment occurred in significantly fewer Raji-JPM50.6 con-
jugates in the absence of CARMAL1 (Fig. 5A). PKC-6 localiza-
tion to the contact site between Raji and JPMS50.6 cells (Fig.
5A, white arrows) occurred in about 70% of Raji-JPM50.6
conjugates when CARMA1 was expressed. In contrast, back-
ground levels (30%) of the synapse-associated PKC-6 were
observed in the absence of either CARMAL or SEE (Fig. 5B).

Jurkat JPM50.6

Unstimulation

0CD3/aCD28 bead -

FIG. 4. Formation of the immunological synapse is independent of
CARMAL. Jurkat or JPM50.6 cells were stimulated with or without
anti-CD3 and anti-CD28 antibody-coated polystyrene beads for 45
min. The mixtures of cells and beads were labeled with CTxB and
visualized by confocal fluorescent microscopy.

Together, these data suggest that CD3/CD28 costimulation-
induced recruitment of PKC-6 into the immunological synapse
is dependent on CARMAL.

To assess the molecular mechanism of CARMAI1-depen-
dent recruitment of PKC-6 to the immunological synapse, we
examined whether PKC-6 is associated with a molecular com-
plex containing CARMAIL. Myc-tagged PKC-6 was expressed
in HEK293 cells in the presence or absence of Flag-tagged
CARMAIL. CARMAL1 was effectively coprecipitated with
PKC-6 (Fig. 6A), suggesting that these two molecules coasso-
ciate in cells. In addition, this association appears to be depen-
dent on residues 431 to 670 in CARMAL1 (Fig. 6B), indicating
that PKC-6 associates with the junction region between the
coiled-coil domain and the PDZ domain of CARMALI.

To further confirm that the recruitment of PKC-6 into the
immunological synapse depends on CARMALI, the detergent-
insoluble membrane (lipid raft) fractions of Jurkat T and
JPMS50.6 cells were prepared by centrifugation of cellular com-
ponents in a discontinuous sucrose gradient. The recruitment
of PKC-6 into lipid rafts was examined by immunoblotting the
individual fractions of a sucrose gradient. Consistent with the
immunofluorescence results presented above, the presence of
PKC-0 in lipid rafts was significantly reduced in JPM50.6 cells
following CD3/CD28 costimulation (Fig. 7B, fractions 1 to 5),
whereas CD3/CD28 costimulation efficiently recruited PKC-6
into lipid rafts (Fig. 7A, fractions 1 to 5) in Jurkat T cells. In
contrast, the recruitment of Vav to the lipid rafts was the same
in both Jurkat T and JPMS50.6 cells (Fig. 7A and B). These data
further demonstrate that the recruitment of PKC-0 into the
lipid rafts of immunological synapse is dependent on
CARMAL.
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FIG. 5. Recruitment of PKC-6 to the immunological synapse is defective in JPM50.6 cells. (A) JPMS50.6 cells or JPM50.6 cells expressing
wild-type CARMA1 (JPMS50.6/WT) were stimulated with SEE-primed or nonprimed Raji cells (blue) at 37°C for 15 min. The cells were labeled
with mouse anti-PKC-6 monoclonal antibodies and Alexa-labeled rabbit anti-mouse antibodies (red). The subcellular localization of PKC-6 (red)
was visualized by confocal fluorescent microscopy. (B) The percentage of PKC-6 recruitment to the immunological synapse was calculated by
counting the number of the synapse-associated cells among 25 to 30 JPMS50.6-Raji conjugates (blue-plus-red cells) in random fields.

Previous studies suggested that the IKK complex is also CARMALI. The recruitment of IKKB was also examined by
recruited into lipid rafts following CD3/CD28 costimulation immunoblotting. Although CD3/CD28 costimulation induced
(15). Therefore, we examined whether CD3/CD28 costimula- the recruitment of IKKP into lipid rafts in Jurkat T cells (Fig.
tion-induced recruitment of IKK to lipid rafts is dependent on 7A), the recruitment was defective in JPMS50.6 cells (Fig. 7B).
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FIG. 6. PKC-6 forms a complex with CARMALI. (A) HEK293 cells were transfected with plasmids encoding Myc-tagged PKC-6 together with
Flag-tagged CARMAI, Flag-tagged RIP, Flag-tagged Vav, and the vector control (A) or Flag-tagged CARMAT1 and its deletion mutants (B). The
transfected cells were lysed and immunoprecipitated (IP) with anti-Flag antibody-conjugated agarose. The resulting immunoprecipitates were
subjected to SDS-PAGE and analyzed by Western blotting (immunoblotting [IB]) with antibodies specific for Myc tag (top panel) or Flag tag
(bottom panel).
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FIG. 7. The recruitment of PKC-6, Bcl10, and IKK to lipid rafts is
defective in JPMS50.6 cells. Jurkat (A) or JPM50.6 (B) cells (~3 x 10°
to 5 X 10°) were stimulated with or without anti-CD3 antibodies (1
pg/ml) and anti-CD28 antibodies (1 pg/ml). The cells were then lysed
with 1% Triton X-100 and subjected to sucrose density gradient cen-
trifugation to isolate lipid rafts. Proteins from equal volumes of rep-
resentative collected fractions were separated by SDS-PAGE and an-
alyzed by immunoblotting with antibodies specific for PKC-6, LAT,
Bcl10, or IKKR.

Since Bcll0 is a signaling component upstream of IKKB and
potentially downstream of CARMAI, we next examined
whether Bcll0 is recruited into the lipid rafts. As expected,
CD3/CD28 costimulation triggered the recruitment of Bcll0
into lipid rafts in Jurkat T cells, whereas costimulation failed to
recruit Bcll0 into the lipid rafts in JPM50.6 cells (Fig. 7).

To confirm that the failure to recruit PKC-6, Bcl10, and
IKKR to the lipid rafts in JPMS50.6 cells is due to the deficiency
of CARMAI1, we examined the subcellular localization of
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PKC-6, Bcll0, and IKKB in JPMS50.6 cells that were stably
transfected with Myc-tagged CARMAL. The results showed
that the expression of wild-type CARMAL fully rescued the
defect of CD3/CD28 costimulation-induced recruitment of
PKC-0, Bcll0, and IKKB into lipid rafts (Fig. 8), whereas
expression of CARMAI1(L808P) failed to rescue the recruit-
ment of PKC-6, Bcl10, and IKKB (Fig. 9). Together, these
results indicate that CARMA1 functions as a scaffold molecule
that recruits PKC-6, Bcl10, and IKKR into the lipid rafts of the
immunological synapse following CD3/CD28 costimulation.

The results presented above indicated that one of roles of
CARMAL is to recruit Bel10 and downstream IKK complexes
in the TCR signaling pathway. Since CARMA1 associates with
Bcl10 through its CARD, a deletion mutant of CARMAL that
lacks the CARD failed to rescue CD3/CD28 or PMA/CD28
costimulation-induced NF-«kB activation (Fig. 10). This result
suggests that recruitment of Bcll0 through the CARD of
CARMAL is essential for TCR-induced NF-«kB activation. To
prove this hypothesis, we replaced the CARD of CARMAL1
with Bcl10. Expression of this chimeric protein, termed Bcl10-
CARMAI1(ACD), in JPM50.6 cells was able to effectively res-
cue the defect in CD3/CD28 or PMA/CD28 costimulation-
induced NF-«kB activation (Fig. 10). Together, these results
demonstrate that the role of CARMAL is to recruit Bell0 to
the immunological synapse and consequently lead to activation
of NF-«B.

DISCUSSION

CARMA1, a MAGUK domain-containing protein, plays an
essential role in CD3/CD28 costimulation-induced NF-«kB ac-
tivation. MAGUK domain-containing proteins are generally
involved in organization of multiprotein complexes on the in-
terface of cytoplasm membrane and cytoskeleton (8). Consis-
tent with this notion, we find that CARMALI is constitutively
associated with the cytoplasmic membrane. A single-amino-
acid mutation (L808P) in the SH3 domain of CARMALI results
in a defect of the localization of CARMAL1 to the cytoplasmic
membrane, indicating that the SH3 domain of CARMAL likely
interacts with an unknown membrane component. Expression
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of the CARMA1(L808P) mutant fails to rescue the CD3/CD28
costimulation-induced NF-«B activation. Together, these data
indicate that the membrane localization of CARMAL is essen-
tial for CD3/CD28 costimulation-induced NF-«kB activation.
Although we have not determined whether the L8OSP muta-
tion found in CARD11 (CARMA1/L808P) cDNA represents a
polymorphism in the human genome or a mutation from the
original cloning procedure, we predict that such mutations in
the CARMAL gene would likely be associated with immuno-
deficiency disease.

Previous studies show that PKC-9 is recruited into the im-
munological synapse following antigen presentation to T cells
(18). However, the molecular mechanism of this recruitment
remains to be determined. In this study, we found that PKC-6
is associated with CARMA1, and the recruitment of PKC-0 to
the immunological synapse is significantly reduced in
CARMAI1-deficient cells. These findings suggest that PKC-6 is
recruited to the immunological synapse through a direct or
indirect interaction with CARMA1. Alternatively, the recruit-
ment of PKC-6 to the immunological synapse initially is
through a CARMAIl-independent process following CD3/
CD28 costimulation, but the formation of a stable complex
between PKC-6 and other components in the immunological
synapse may be dependent on CARMAL. Together, these find-
ings provide the first evidence of how PKC-6 is selectively
recruited into immunological synapse.

In this study, we also found that Bcll0 and IKKP are re-
cruited to the lipid raft of the immunological synapse following
CD3/CD28 costimulation. This recruitment of Bcl10 and IKKR
is dependent on CARMAL. Previous studies indicated that the
interaction between CARMA1 and Bcl10 is mediated through
their CARDs (2, 11). Consistent with these studies, expression
of a CARMA1 mutant lacking the CARD cannot restore CD3/
CD28 or PMA/CD28 costimulation-induced NF-«kB activation,
whereas expression of a Bcl10-CARMAT1(ACD) fusion protein
effectively rescues the defect. These data indicate that a func-
tion of CARMALI1 is to recruit Bcll0 to the immunological
synapse, which ultimately leads to recruitment of IKK complex
to the immunological synapse. However, the molecular mech-
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FIG. 10. Bcl10-CARMA1(ACD) fusion protein rescues the func-
tional defect in JPMS50.6 cells. (A) JPMS50.6 cells were transfected with
plasmids encoding a NF-kB-dependent luciferase gene in the presence
of expression constructs encoding Bcll0, CARMA1(ACD), Bcll0-
CARMA1(ACD), CARMALI, or the vector control. The transfected
cells were stimulated with (i) medium, (ii) 1 wg (each) of anti-CD3 and
anti-CD28 antibodies per ml, or (iii) 10 ng of PMA per ml and 1 pg of
anti-CD28 antibodies per ml for 6 h. The cells were lysed, and lucif-
erase activity was determined as described in the legend to Fig. 1.
Unstim, unstimulated. (B) The expression of transfected constructs
was examined by Western blotting (WB) with anti-Myc or anti-Bcl10
antibodies.
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anism by which Bcl10 recruits the IKK complex remains to be
defined.

The finding that CD3/CD28 costimulation-induced recruit-
ment of PKC-6 to the immunological synapse depends on
CARMALI is consistent with our previous data indicating
PKC-9 is functionally upstream of CARMAL (27). In the pre-
vious study, we found that expression of a constitutively active
version of PKC-6 failed to activate NF-kB in the CARMAI-
deficient cells. These results suggest that CARMAL1 is required
for the formation of a multicomponent signaling complex,
which contains at least PKC-6, Bcl10, and IKKR, in the immu-
nological synapse. The formation of such a signaling complex
may bring PKC-6 and its substrate or substrates into proximity,
where PKC-6 phosphorylates its substrate and subsequently
activates IKK@ through an unknown mechanism. However, the
substrate or substrates of PKC-6 in the immunological synapse
has yet to be defined. Therefore, identification of the substrate
or substrates of PKC-6 will be a key step toward understanding
how CD3/CD28 costimulation induces activation of the IKK
complex in T cells.
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