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The proteolytic activity of the paracaspase MALT1 is

key in T cell activation
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Daniel Ruedal, Olivier Gaide>, Montserrat Guzzardi!, Emanuela M Iancu?, Nathalie Rufer2, Nicolas Fasel! &

Margot Thome!

The paracaspase MALT1 is pivotal in antigen receptor-mediated lymphocyte activation and lymphomagenesis. MALT1 contains
a caspase-like domain, but it is unknown whether this domain is proteolytically active. Here we report that MALT1 had arginine-
directed proteolytic activity that was activated after T cell stimulation, and we identify the signaling protein Bcl-10 as a MALT1
substrate. Processing of Bcl-10 after Arg228 was required for T cell receptor-induced cell adhesion to fibronectin. In contrast,
MALT1 activity but not Bcl-10 cleavage was essential for optimal activation of transcription factor NF-xB and production of
interleukin 2. Thus, the proteolytic activity of MALT1 is central to T cell activation, which suggests a possible target for the

development of immunomodulatory or anticancer drugs.

Bcl-10 and MALT1 are signaling proteins that are key in antigen
receptor-mediated lymphocyte activation and lymphomagenesis'~>.
The best characterized function of Bcl-10 and MALT1 is activation of
the transcription factor NF-xB, which controls many aspects of
leukocyte responses. The NF-kB-activating function of Bcl-10 and
MALT1 has been studied most intensively in the context of lympho-
cyte activation through the antigen receptor. Antigen receptor trigger-
ing leads to the activation of receptor-proximal tyrosine kinases that
control the phosphorylation and assembly of various adaptor and
scaffolding proteins; such proteins then form signaling complexes that
enable the recruitment and activation of phospholipase C-y. Cleavage
of phosphatidylinositol-3,4-bisphosphate mediated by phospholipase
C-y then leads to the formation of inositol-3,4,5-trisphosphate, which
induces an increase in intracellular calcium and the formation of
diacylglycerol, which is essential in activating protein kinase C-f
(PKC-B) and PKC-0 in B cells and T cells, respectively. These
lymphocyte-specific PKC isoforms can directly phosphorylate the
membrane-associated guanylate kinase CARMAL (also called
CARDI1 or Bimp3) to induce a conformational change in
CARMAL that allows the formation of a signaling complex containing
CARMAL, Bd-10 and MALTI, together with additional signaling
compounds that orchestrate NF-kB activation meditated by inhibitor
of NF-kB (IkB) kinase (IKK)1242.

In the CARMA1-Bcl-10-MALT]1 signaling complex, Bcl-10 acts as
an adaptor protein that binds, through its caspase-recruitment
domain (CARD), to the CARD motif of CARMALI (refs. 6-12); this
interaction leads to the recruitment of MALT1 and/or the stabilization

of the MALT1-CARMALI interaction!*!>. The formation of the
CARMA1-Bcl-10-MALT1 complex is central to antigen receptor—
mediated activation of the NF-kB pathway and thereby controls the
antigen receptor—induced expression and secretion of cytokines that
are essential for lymphocyte proliferation'=3. It is thought that the
association of Bcl-10 and MALT1 with either of the CARMAI-
homologous proteins CARMAS3 (also called CARD10 or Bimpl) or
CARD9 similarly controls NF-kB activation by G protein—coupled
receptors or by the zymosan receptor dectin-1, respectively!®. Collec-
tively, such studies suggest that Bcl-10 and MALT1 function together
‘downstream’ of various immune and nonimmune receptors to
synergistically activate NF-kB-dependent gene transcription.

Despite such progress in understanding the functions of Bcl-10 and
MALT1, the exact nature of the physical and functional interaction of
Bcl-10 with MALT1 and its molecular consequences for ‘downstream’
signaling events are not precisely understood. It is thought that
Bcl-10-dependent formation of MALT1 oligomers is critical for
activation of the IKK complex'”!8, most likely by MALT1-dependent
recruitment of the ubiquitin ligase TRAF6 (refs. 17,19) and subse-
quent lysine 63-mediated ubiquitination of IKKy (also called
NEMO)!8. An alternative, TRAF6-independent mechanism of IKK
activation has been proposed for the fusion protein of the caspase
inhibitor c-IAP2 and MALT1, derived from t(11;18)-positive MALT
lymphoma?®’. In that last study, the IKK-activating ability of the fusion
protein was attributed to a direct NEMO-ubiquitination activity of
MALT1 that depended on an immunoglobulin-like domain after the
caspase-like domain?°, Finally, two studies have noted that activation
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Here we investigate the molecular function
of MALT1 and Bd-10 and identify MALT1
as an arginine-specific, cysteine-dependent
protease that cleaves its substrate Bcl-10
after engagement of the T cell antigen
receptor (TCR). The proteolytic activity of
MALT1 was required for optimal NF-xB
activation and production of interleukin
2 (IL-2), whereas MALT1-dependent cleavage
of Bcl-10 specifically controlled integrin-
dependent T cell adhesion. Thus, we have
identified new functions and physiological roles for MALT1 and its
substrate Bcl-10 that contribute to lymphocyte activation and thus,
potentially, to lymphomagenesis.

RESULTS

Lymphocyte activation induces a smaller Bcl-10 isoform

To identify previously unknown post-translational modifications of
Bcl-10 and to thereby gain further insight into its molecular function,
we analyzed extracts of Jurkat and Hut78 human T cell lines that we
stimulated with phorbol 12-myristate 13-acetate (PMA) and ionomy-
cin or with antibody to CD3 (anti-CD3) and anti-CD28. Analysis of
the extracts by high-resolution SDS-PAGE?’ identified a faster migrat-
ing Bcl-10 isoform that began to appear after 15 min of stimulation
(Fig. 1a,b). The appearance of this Bcl-10 isoform was delayed relative
to IkB phosphorylation (Fig. 1a), and it persisted for several hours
after TCR engagement (Supplementary Fig. 1 online) and did not
require new protein synthesis (Supplementary Fig. 2 online). We also
found generation of the faster migrating Bcl-10 isoform in antigen-
specific CD8* human cytotoxic T lymphocytes (CTLs) stimulated
with PMA and ionomycin, with anti-CD3 and anti-CD28, or speci-
fically with multimers of peptide and major histocompatibility
complex (Fig. 1c). Stimulation of human Raji B cells with PMA
and ionomycin led to similar results (Fig. 1d), but we did not
detect the generation of a faster migrating Bcl-10 isoform
when we stimulated human THP-1 monocytes with the dectin-1
ligand zymosan or agonists of Fcy receptors, which depend on
Bcl-10 for NF-kB activation or actin polymerization, respectively?®2°
(Fig. 1e,f).
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Human CTLs

Figure 1 Lymphocyte activation induces Bcl-10 cleavage. (a-d) Immunoblot analysis of lysates of
Jurkat T cells (a), Hut78 T cells (b), human cytomegalovirus-specific CD8* T lymphocytes (CTLs; c)
or Raji B cells (d) left untreated (O) or stimulated with PMA and ionomycin (PMA + iono; a—d) or
crosslinked anti-CD3 and anti-CD28 («-CD3 + a-CD28; a—c) or multimers of polypeptide 65 and
HLA-A*0201 plus anti-CD28 (pMHC + «-CD28; c) for various times (above lanes). (e,f) Immunoblot
analysis of lysates of THP-1 cells left untreated (0) or treated with zymosan (e) or with crosslinked
antibody to the Fc receptor (FcyR; f) for various times (above lanes). Filled arrowheads indicate the
position of unmodified Bcl-10; open arrowheads indicate a faster migrating form of Bcl-10.

p-, phosphorylated. Data are representative of three (a,b,d—f) or two (c) experiments.

The shorter Bcl-10 fragment requires CARMA1 and MALT1

A key step in TCR-induced NF-xB activation is the association
of Bcl-10 with its ‘upstream’ binding partner CARMA1 through a
CARD-mediated interaction’. The accessibility of the CARD of
CARMA1 is regulated by PKC-0-mediated phosphorylation of
CARMALI (ref. 1). To assess the relevance of these events for the
generation of the faster migrating Bcl-10 fragment, we preincubated
Jurkat cells with the ‘pan-PKC’ inhibitor bisindolyl-maleimide VIII
(BIM) or with Go06976, an inhibitor of the classical (calcium-
dependent) PKC-o, PKC-B and PKC-y isoforms. Consistent with
the described function for PKC-0 (a calcium-independent, ‘new’
PKC isoform) ‘upstream’ of the CARMA1-Bcl-10-MALT1 complex
in T cells!, BIM but not G66976 prevented the generation of the faster
migrating Bcl-10 isoform (Fig. 2a). Moreover, its generation was
prevented by silencing of CARMA1 mediated by short hairpin RNA
(shRNA; Fig. 2b) and was decreased considerably by the expression of
a dominant negative mutant of CARMAL that is unable to bind Bcl-10
(ref. 9; Fig. 2¢). Expression of a CARMALI coiled-coil construct, which
prevents the formation of CARMA1 oligomers”, also had an inhibi-
tory effect on the activation-induced decrease in the apparent mole-
cular size of Bcl-10 (Supplementary Fig. 3 online). These findings
collectively suggest that formation of the faster migrating Bcl-10
isoform depends on its recruitment by CARMAL1 and on the forma-
tion of CARMAL oligomers.

Studies have identified Bcl-10 as a direct substrate of IKK and have
supported the idea that IKK-mediated phosphorylation of Bcl-10 can
act as a negative feedback loop in T cell activation by affecting the
stability and function of the CARMA1-Bcl-10-MALT1 complex!>31,
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Figure 2 Molecular requirements for Bcl-10 cleavage. (a) Immunoblot analysis of lysates of Jurkat cells pretreated with the PKC inhibitors BIM or G66976
or with solvent control, followed by stimulation for O, 15 or 45 min with anti-CD3 and anti-CD28. (b,c) Immunoblot analysis of lysates of Jurkat cells
transduced with control (lamin A/C—specific) shRNA or CARMA1-specific ShRNA (b) or with VSV-tagged wild-type CARMAL (CARMA1-WT) or the dominant
negative CARMA1 mutant (CARMA1-DN; c), then stimulated with anti-CD3 and anti-CD28 (b) or with PMA and ionomycin (b,c). (d—f) Immunoblot analysis
of lysates of wild-type (NEMO*) and NEMO-deficient (NEMO~) Jurkat cells (d), or Jurkat cells stably transduced with lentiviral control (lamin A/C—specific)
shRNA or IKKa- and IKKB-specific ShRNA (e) or two different MALT 1-specific ShRNA constructs (MALT1 (1) and (2); f), then stimulated with PMA and
ionomycin (d,e) or anti-CD3 and anti-CD28 (f). (e) Right, evaluation of the efficiency of RNA silencing by immunoblot with anti-IKKa and anti-IKKB. Filled
and open arrowheads indicate the migration of uncleaved and cleaved Bcl-10, respectively; NS, nonspecific band (loading control). Slight differences in the
resolution of bands in different panels result from sample analysis by either 15% SDS-PAGE by a published protocol?’ (a,d,e) or classical 11% SDS-PAGE

(b,c,f). Data are representative of two (a,c,d) and three (b,e,f) experiments.

We analyzed NEMO-deficient Jurkat cells, as well as Jurkat cells in
which expression of IKKa and IKKP had been silenced, and found
that after stimulation with PMA and ionomycin, the faster migrating
Bcl-10 isoform was still detectable in cells lacking or having impaired
expression of these proteins (Fig. 2d,e). Thus, signaling compounds
acting ‘upstream’ of Bcl-10 are required, whereas NEMO and most
likely IKKa and IKKP are dispensable for generation of the observed
Bcl-10 modification.

The Bcl-10-binding protein MALT1 has a caspase-like domain that
shares homology with metacaspases??, which have been identified as
cysteine-dependent, arginine-specific proteases in plants?»2> and
L. major®®. Therefore, we considered the possibility that MAIT1
might be endowed with proteolytic activity and, because of its
interaction with Bcl-10, could directly cleave Bcl-10 to generate a
fragment with a smaller apparent molecular size. Indeed, silencing of
MAIT1 expression by two different sStRNA molecules impaired the
generation of the observed Bcl-10 modification (Fig. 2f), which
suggested that the faster migrating Bcl-10 isoform might result from
a MALT1-mediated proteolytic cleavage. Inhibition of proteasomal or
caspase-type proteolytic activities did not affect Bcl-10 cleavage
(Supplementary Figs. 4 and 5 online). Therefore, it is unlikely that
Bcl-10 cleavage was mediated by an indirect effect of MALT1 on
these proteases.

MALT1-dependent cleavage of Bcl-10 after Arg228

To gain additional insight into the nature of the potential cleavage site
of Bcl-10, we initially used two-dimensional gel electrophoresis to
analyze lysates of unstimulated Jurkat T cells and Jurkat T cells
stimulated with PMA and ionomycin (Fig. 3a). In both unstimulated
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and stimulated T cells, we noted the presence of unphosphorylated
Bcl-10 together with two previously identified phosphorylation iso-
forms whose relative intensity increased after T cell activation, as
described?. The cleaved form of Bcl-10 was present only in stimulated
cell lysates; it migrated at an isoelectric point that was more acidic
than that of the full-length form of Bcl-10 (Fig. 3a). This suggested
that proteolytic cleavage occurred close to the carboxyl terminus of
Bcl-10, which contains a positively charged arginine residue (Arg232)
whose proteolytic removal could explain the more acidic isoelectric
point (Fig. 3b). Therefore, we considered the possibility of MALT1-
dependent cleavage after Arg228, which is conserved in both human
and mouse Bcl-10 and is preceded by a serine residue that is also
present in several metacaspase target cleavage sites (Fig. 3b). To test
our hypothesis, we stably expressed wild-type Bcl-10 or a Bcl-10
mutant with substitution of glycine for the arginine at position 228
(R228G) in Jurkat cells and assessed the effect of stimulation with
PMA and ionomycin on these constructs. Stimulation induced the
formation of a faster migrating isoform for the Flag-tagged wild-type
form but not the R228G mutant, which supported the idea of
protease-dependent cleavage of Bcl-10 after Arg228 (Fig. 3c). We
also noted processing of Bcl-10 when we expressed wild-type Bcl-10
together with MALT1 in 293T cells, but not with expression of the
R228G mutant together with MALT1 (Fig. 3d), whereas point sub-
stitution of the neighboring residues Thr229, Val230 and Ser231 did
not affect cleavage (Supplementary Fig. 6 online). In this setting,
Bcl-10 cleavage was dependent on the presence of the intact MALT1
caspase-like domain, as deletion of this domain or substitution of the
putative active-site Cys464 of MALT1 (MALT1-C464A) abolished
Bcl-10 cleavage (Fig. 3d). A MALT1 mutant in which the catalytically
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Figure 3 MALT1-dependent Bcl-10 cleavage occurs after Arg228. (a) Immunoassay of lysates of Jurkat T cells left unstimulated (Control) or stimulated

for 30 min with PMA and ionomycin, analyzed by immunoblot with anti-Bcl-10 after two-dimensional gel electrophoresis. Filled arrowheads indicate
unmodified Bcl-10; open arrowheads indicate previously described phosphorylation isoforms of Bcl-10 (ref. 29); white arrowhead (bottom right) indicates
cleaved Bcl-10. IEF, isoelectric focusing. (b) Alignment of the carboxyl termini of human Bcl-10 (hBcl-10) and mouse Bcl-10 (mBcl-10) with the
previously identified autoprocessing sites of the metacaspase of A. thaliana (Atmc9)24, the cleavage site of the Atmc9 substrate Serpinl (AtSerpin1)32
and metacaspase type |l of P. abies (mcll-Pa)2®. (c) Immunoblot analysis of anti-Flag immunoprecipitates of Jurkat T cells transduced with lentiviral
expression constructs of Flag-tagged wild-type Bcl-10 (WT) or the R228G mutant of Bcl-10, then left untreated (0) or stimulated with PMA and ionomycin.
(d) Immunoblot analysis of lysates of 293T cells transfected with various Bcl-10 and MALT1 constructs (above lanes). Acasp, deletion of the MALT1
caspase-like domain. (e) SDS-PAGE and Coomassie staining of immunoprecipitated Flag-tagged Bcl-10 from 293T cells cotransfected with VSV-MALT1
(top left); filled and open arrowheads indicate the positions of unmodified and cleaved Bcl-10, respectively. Bands corresponding to uncleaved and cleaved
Bcl-10 were excised and analyzed by mass spectrometry (right and below). Uncleaved Bcl-10 contains the full-length carboxy-terminal Glu-C peptide of
1,590.89 Daltons (amino acids 220-233); the cleaved form of Bcl-10 contains a carboxy-terminal Glu-C peptide of 1,019.65 Daltons (amino acids
220-228). Data are representative of three experiments (a,c,d) or one experiment (e).

important residue His415 was substituted with alanine produced
results similar to those of the MALT1-C464A mutant (data not
shown). Finally, we confirmed Arg228 as the cleavage site by mass
spectrometry of the carboxy-terminal peptide composition of the
Bcl-10 cleavage isoforms immunoprecipitated from 293T cells trans-
fected with Bcl-10 and MALT1 (Fig. 3e). These experiments collec-
tively suggest that MALT1 acts as an arginine-specific protease that
cleaves Bcl-10 after Arg228.

MALT1 is a cysteine-dependent protease

So far, our data demonstrated that a MALT1-dependent proteolytic
activity was responsible for the observed cleavage of Bcl-10 after
Arg228. To formally demonstrate proteolytic activity of purified
MALT1 in vitro, we next set up an in vitro cleavage assay with purified
recombinant glutathione S-transferase (GST), GST-MALT1 and
GST-MALT1-C464A constructs immobilized on glutathione-
Sepharose. Incubation of these beads with the Bcl-10-derived fluoro-
genic substrate ‘LRSR-AMC’ (a peptide substrate (Leu-Arg-Ser-Arg)
mimicking the Bcl-10 cleavage site, conjugated to the fluorogen
7-amino-4-methylcoumarin (AMC)) resulted in peptide cleavage by
the GST-MALT1 construct, which was abolished by substitution of the
predicted active-site Cys464 with alanine (MALT1-C464A; Fig. 4a). In
similar conditions, immobilized purified GST-MALT1, but neither
GST-MALT1-C464A nor the GST control, induced cleavage of
purified recombinant Bcl-10 in vitro (Fig. 4b).

Next we assessed the effect of T cell activation on the proteolytic
activity of MALT1 with LRSR-AMC. Stimulation of Jurkat cells with
PMA and ionomycin led to a specific increase in proteolytic activity
that was impaired when MALT1 expression was silenced (Fig. 4c,d).
The activation-induced increase in LRSR-AMC-cleavage activity
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correlated with an increase in the detection of cleaved endogenous
Bcl-10 in the lysate; the cleaved form of Bcl-10 subsequently persisted,
whereas the proteolytic activity decreased (Fig. 4c). The most likely
interpretation of these findings is that T cell activation leads to a
transient activation of the proteolytic activity of MALT1 that allows
the formation of a long-lived cleaved form of Bcl-10 (Supplementary
Fig. 1). In similar conditions, no inducible cleavage of the caspase-3
substrate DEVD-AMC (Asp-Glu-Val-Asp conjugated to AMC) was
detectable (Fig. 4c). Finally, we designed an inhibitor, z-VRPR-fmk,
based on the published optimal tetrapeptide substrate Val-Arg-
Pro-Arg of the Arabidopsis thaliana metacaspase AtmC9 (ref. 32)
conjugated to fluoromethyl ketone (fmk), and tested its effect on
the in vitro activity of recombinant MALT1 and on the T cell
activation—induced cleavage of Bcl-10. We found that z-VRPR-fmk
inhibited the LRSR-AMC—cleavage activity of GST-MALT1 in a dose-
dependent way (Fig. 4e). Moreover, preincubation of Jurkat cells and
human antigen-specific CTLs with the inhibitor prevented the activa-
tion-induced cleavage of Bcl-10 (Fig. 4f,g). These findings collectively
suggest that MALT1 acts as a cysteine-dependent, arginine-specific
protease whose activity increases transiently after T cell activation to
allow the formation of a carboxy-terminally cleaved form of Bcl-10.

Proteolytic MALT1 is required for optimal NF-kB activation

To assess the effect of MALT1 inhibition on T cell activation, we did
NE-kB reporter assays of Jurkat cells that we treated with z-VRPR-fmk
30 min before and during stimulation (Fig. 5a—c). Treatment of the
cells with 75 uM z-VRPR-fmk inhibited activation of a classical NF-kB
reporter construct, with anti-CD3 and anti-CD28 or with PMA and
ionomycin as activating stimuli (Fig. 5a,b). We obtained similar
results with Jurkat cells activated with Raji B cells, which can present
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activity of lysates of Jurkat cells transduced with lentivirus with control (lamin A/C-specific) shRNA or MALT1-specific sShRNA, then incubated for 20 min
with or without PMA and ionomycin; values are normalized to those of unstimulated controls. Values are normalized to those obtained with lysis buffer only.
Inset, immunoblot analysis of the efficiency of MALT1 silencing. (e) /n vitro LRSR-AMC—cleavage activity of recombinant purified GST-MALT1 bound to
glutathione-Sepharose, in the presence or absence of 0-25 uM z-VRPR-fmk. (f,g) Immunoblot analysis of lysates of Jurkat cells (f) or human antigen-specific
CTLs (g), preincubated with 75 uM z-VRPR-fmk or DMSO (Solvent control), then stimulated for 0-60 min with PMA and ionomycin in the continued
presence or absence of the inhibitor. Filled and open arrowheads indicate unmodified and cleaved Bcl-10, respectively. Data are representative of three

(a,c,f) or two (b,d,e,g) experiments.

the staphylococcus enterotoxin E (SEE) ‘superantigen’ to the Vp8*
Jurkat T cell clone ]J77.20 we used in this study (Fig. 5c). Moreover,
inactivation of MALT1 catalytic activity by deletion of the caspase-like
domain or substitution of the active-site residues Cys464 or His415 led
to partially impaired activation of an NF-kB reporter construct in
293T cells (Supplementary Fig. 7 online), consistent with published
reports describing impaired NF-«xB activation by the corresponding
cysteine mutant of MALT1 (refs. 21,22). Thus, the proteolytic activity
of MALT1 is required for optimal NF-kB activation.

MALT1 and Bcl-10 have been shown to promote activation of the
NF-kB c-Rel subunit in B cells™>. In T cells, c-Rel contributes to
optimal activation and cytokine production by binding to the CD28
response element that is present in the promoter of II2 and of
additional genes controlling T cell activation®%. Using a CD28 response
element reporter construct, we also noted partial but substantial
inhibition of activation of this element after treatment with
z-VRPR-fmk and stimulation with either PMA and ionomycin or
SEE-presenting Raji cells (Fig. 5d,e). Finally, we assessed the effect
of the inhibitor on activation-induced IL-2 secretion by both Jurkat
cells and human antigen-specific CTLs. Treatment of Jurkat cells with
2-VRPR-fmk led to considerable dose-dependent inhibition of IL-2
secretion induced by SEE-presenting Raji cells (Fig. 5f). Moreover, we
noted partial inhibition of IL-2 secretion by human CTLs from two
different donors after stimulation with PMA and ionomycin (Fig. 5g).
Notably, the inhibitor did not affect the stimulation-induced phos-
phorylation of IxBo or the kinases Jnk and Erk, which occurs before
optimal MALT1 activation (Supplementary Fig. 8 online). Moreover,
the inhibitor did not modulate the upregulation of CD69 induced by
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PMA and ionomycin in Jurkat cells (data not shown). Finally, it is
important to note that prolonged treatment of the cells with up to
200 uM z-VRPR-fmk did not affect the viability of the cells and they
showed no sign of morphological alteration (data not shown). These
findings collectively suggest that inhibition of the proteolytic activity
of MALT1 by z-VRPR-fmk impairs the TCR-induced activation of
NF-xB and production of IL-2.

Bcl-10 cleavage is crucial for adhesion to fibronectin
To assess whether MALT1-dependent Bcl-10 cleavage was responsible
for the effects on gene transcription described above, we next tested
whether expression of the noncleavable Bcl-10 isoform (the R228G
mutant) affected TCR-induced NF-kB responses. First we compared
the capacity of wild-type Bcl-10 and the R228G mutant to reconstitute
the activation of a classical NF-kB reporter construct in Jurkat cells
with silenced expression of endogenous Bcl-10. After stimulation of
the cells with PMA and ionomycin or with SEE-presenting Raji B cells,
the R228G mutant was fully able to restore NF-kB activation in the
‘Bcl-10-silenced’ cells (Fig. 6a,b). Moreover, we found that the R228G
mutant was similar to wild-type Bcl-10 in its capacity to promote
transcription dependent on the CD28 response element (Fig. 6¢) and
transcription of an II2 reporter gene (data not shown). These findings
collectively suggest that activation of the NF-xB pathway by antigen-
presenting cells or by drugs that mimic the antigen receptor signal
does not require MALT 1-dependent cleavage of Bcl-10 but most likely
depends on other MALT1 substrates.

Because Bcl-10 cleavage depended on PKC activity (Fig. 2a), we next
considered involvement of cleaved Bcl-10 in other PKC-dependent
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signaling events in T cell activation, such as the stimulation-induced,
integrin-mediated adhesion of T cells®®. The B, integrins oyB; (VLA-4)
and osPB; (VLA-5) and the (3, integrin oyf, (LFA-1) have well
described functions in T cell adhesion and costimulation3®%.
We focused our attention on P integrins, as we did not see much
effect of Bcl-10 cleavage on NF-kB activation in Jurkat cells after
stimulation with SEE-presenting Raji cells (Fig. 6b), which is expected
to be sensitive to conjugate formation and costimulation mediated by
orf; and its ligand ICAM-1 (ref. 38). In Jurkat T cells, adhesion to the
B ligand fibronectin is mediated mainly by the integrin oyf;, with a
minor contribution from o5f; (refs. 35,39). First we assessed the
relevance of MALT1 and its substrate Bcl-10 to the adhesion of
T cells to fibronectin. Silencing of the expression of MALT1 or
Bcl-10 by RNA-mediated interference decreased the activation-induced
adhesion of Jurkat cells to fibronectin (Fig. 6d). Manganese-induced
adhesion, in contrast, was not affected much by the silencing of
MALT1 or Bc-10 (Fig. 6d). Next we compared the adhesion to
fibronectin of Jurkat cells stably expressing either wild-type Bcl-10 or
the noncleavable R228G mutant (Supplementary Fig. 9 online) and an
shRNA construct specific only for endogenous Bcl-10 (that is, neither
stably expressed Bcl-10 mRNA was targeted by the silencing vector).
After activation with either anti-CD3 and anti-CD28 or PMA, cells
expressing the R228G mutant had less adhesion to fibronectin than did
cells expressing wild-type Bcl-10 (Fig. 6e). In contrast, manganese-
induced adhesion was similar in cells expressing wild-type Bcl-10 or
the R228G mutant (Fig. 6e).

Finally, we assessed the effect of the MALT1 inhibitor z-VRPR-fmk
on the adhesion of T cells to fibronectin. Pretreatment of Jurkat cells
with z-VRPR-fmk decreased the capacity of the cells to adhere to
fibronectin after stimulation with anti-CD3 and anti-CD28 or after
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PMA treatment, but it did not affect manganese-induced adhesion
(Fig. 6f). Moreover, we noted partial but reproducible inhibition of
adhesion of T cells to fibronectin induced by anti-CD3 and anti-CD28
in human CTLs from two different donors (Fig. 6g). The less potent
effect of the inhibitor on primary cells versus Jurkat cells, also noted
for IL-2 production (Fig. 5f,g), might have been due to lower
permeability of the primary T cells to the inhibitor or to a shorter
half-life of the inhibitor in the CTLs, which contain high proteolytic
activity that may rapidly degrade the inhibitor peptide. The results
reported above collectively support the idea that MALT1-dependent
Bcl-10 cleavage is essential in the activation-induced adhesion of
T cells to the B; integrin ligand fibronectin.

Integrin-mediated adhesion is generally thought to be regulated by
activation-induced conformational changes that modulate integrin
affinity and by affinity-independent mechanisms, such as lateral
diffusion and clustering of integrins, alterations in cytoskeletal asso-
ciations, and changes in integrin expression patterns’. However, the
exact mechanism underlying oyf3; (VLA-4) activation remains poorly
understood. Analysis by flow cytometry showed that surface expres-
sion of P; integrin was similar in cells expressing wild-type or
noncleavable (R228G) Bcl-10 (data not shown). Moreover, these
Jurkat cell populations had indistinguishable, constitutive amounts
of the high-affinity conformation of o,f; detectable by recombinant
a4f; ligand VCAM-1 fused to the Fc region of an antibody. These
amounts did not increase further after treatment with PMA and
ionomycin (data not shown), consistent with published findings*!. In
addition, we noted indistinguishable, constitutive clustering of the
B integrin in unstimulated Jurkat cells or Jurkat cells treated with
PMA and ionomycin in the presence or absence of z-VRPR-fmk
(data not shown). Together with the observation that Bcl-10 cleavage
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reached a maximum at approximately 30-60 min after T cell activa-
tion (Fig. 1), these findings suggest that cleavage of Bcl-10 might not
modulate integrin affinity but instead may affect an event that
happens after receptor occupancy, such as changes in cytoskeletal
interactions that might affect the stability of the interaction of the
integrin with its ligand.

DISCUSSION

Here we have provided several lines of evidence identifying MALT1
as an arginine-specific protease that directly cleaves its substrate
Bcl-10 after T cell activation. First, MALT1 was required for activa-
tion-induced cleavage of Bcl-10 in T cells. Second, a recombinant
active form of MALT1 cleaved recombinant purified Bcl-10 in vitro.
Third, substitution of the predicted active site cysteine residue
of MALT1 prevented Bcl-10 cleavage. Fourth, a cell-permeable
peptide inhibitor that impaired MALT1 activity prevented Bcl-10
cleavage in both Jurkat T cells and primary human CTLs. Fifth,
mass spectrometry and mutational characterization of the Bcl-10
cleavage site identified Arg228 as a conserved residue that directly
precedes the site of cleavage. Finally, substitution of the cleavage-
site arginine with glycine impaired MALT1-dependent cleavage
of Bcl-10 and inhibited T cell activation-induced adhesion of
the cells to the oyf; (VLA-4) ligand fibronectin. Our results identify
a previously unknown proteolytic activity for MALT1 and identify
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MALT1-dependent Bcl-10 cleavage as a key event in TCR-induced,
B integrin—mediated adhesion.

The identification of MALT1 as an arginine-specific protease is
consistent with the original description of MALT1 as a protein that
shares sequence similarity with proteases of the caspase family as well
as with other caspase-related proteins of the metacaspase family?>*2,
In fact, the cleavage of Bcl-10 after Arg228 by MALT]1 is analogous to
the previously described arginine-lysine—specific proteolytic activity of
metacaspases of plants and L. major’*~2%, which show the highest
sequence similarity with MALT1 of the known cysteine-dependent
protease families??. Our study also provides insight into the molecular
mechanism underlying MALT1 activation. Inhibition of PKC-6 activ-
ity or silencing of CARMAL1 led to impaired Bcl-10 cleavage, which
suggests that PKC-0-dependent CARMA1-Bcl-10-MALT1 complex
assembly is required for MALT1 activation and Bcl-10 cleavage.
Notably, inhibition of coiled-coil-mediated formation of CARMA1
oligomers also inhibited Bcl-10 cleavage. This suggests that the
oligomeric CARMAL1 scaffold is crucial for MALT1 activation, most
likely through the induced-proximity mechanism proposed for
caspase activation®3,

We designed the cell-permeable, irreversible inhibitor z-VRPR-fmk
(an inhibitor analogous to the well known caspase inhibitor z-VAD-
fmk) based on the sequence of a published optimal tetrapeptide
substrate for the A. thaliana metacaspase AtMC9 (ref. 32). With this
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inhibitor, we have also provided evidence of involvement of MALT1
proteolytic activity in TCR-induced NF-kB activation and IL-2
production. Although the MALT1 substrate responsible for this effect
remains to be identified, our data indicate the presence of an
important, as-yet-unexplored signaling mechanism that controls
NF-kB activation independently of the initial TCR-induced
IKK-mediated phosphorylation of IkB.

The biochemical identification of a proteolytic substrate of MALT1,
its binding partner Bcl-10, allowed us to identify an additional,
NF-kB-independent function for MALT1 in T cell activation. Treat-
ment of cells with the MALT1 inhibitor z-VRPR-fmk or substitutional
inhibition of Bcl-10 cleavage resulted in less adhesion of Jurkat cells to
fibronectin induced by anti-CD3 and anti-CD28 or by PMA. In
contrast, cleavage of Bcl-10 did not affect its capacity to support
TCR-induced NF-xB activation. Thus, the proteolytic activity of
MAILT1 controls both transcription-dependent and transcription-
independent mechanisms of T cell activation.

Adhesion of the two T cell B; integrins VLA-4 and VLA-5 to their
natural ligands, the extracellular matrix protein fibronectin and the
cellular counter-receptors VCAM-1 and junctional adhesion mole-
cules, is believed to be crucial not only for the migration of T cells to
inflamed tissues but also for the stabilization of T cell-antigen-
presenting cell contact and for the transduction of costimulatory
T cell signals®®38. Consistent with the last ideas is the observation
that o4f; (VLA-4) concentrates at the peripheral supramolecular
activation cluster of Raji-Jurkat conjugates**, although it remains
unknown whether a suitable VLA-4 counter-receptor is expressed on
the antigen-presenting Raji cells used in that study**. On the basis of
our data, it is possible that the status of Bcl-10 cleavage might affect
integrin-dependent T cell priming and/or extravasation, and this
might at least in part account for the reported observation that
Bcl-10-deficient mice show impaired footpad swelling in response to
lymphocytic choriomeningitis virus*’, a primary immune reaction
that is attributed to the infiltration of CD8* cytotoxic T lymphocytes.
Future work should further delineate the individual contributions of
MALT1 and Bcl-10 to NF-kB-dependent and NF-kB-independent
mechanisms of the adaptive immune response.

In conclusion, our work has identified a proteolytic activity of
MALTI that is key to NF-kB activation. We have also defined a
selective function for the MALT1-dependent cleavage of its substrate
Bcl-10 in TCR-induced integrin adhesion. Our findings indicate that
the proteolytic activity of MALT1 is a potential target for the
development of immunomodulatory drugs and agents that combat
lymphoma progression.

METHODS

Antibodies. Primary antibodies used in this study included monoclonal mouse
anti-Flag (M2), rabbit anti-Flag (F7425), monoclonal mouse antibody to
vesicular stomatitis virus (anti-VSV; P5D4), mouse antibody to phosphorylated
Erk (MAPK-YT), rabbit anti-IkBot (9242) and mouse anti-tubulin (B-5-1-2; all
from Sigma); monoclonal antibody to phosphorylated IkBo (5A5; Cell Signal-
ing); rabbit antibody to phosphorylated Jnk (44-682G; Biosource); rabbit anti—
NEMO (FL-419), mouse anti-IKKa (B78-1), rabbit anti-Bcl-10 (H-197) and
mouse anti-IKKf (S-20; all from Santa Cruz Biotechnology); mouse anti—
caspase-8 (5F7; MBL); rabbit anti-PARP (9542; Cell Signaling); rabbit anti-
CARMAL (AL220; Alexis); and affinity-purified anti-MALT1 generated against
a GST-MALT1 fusion protein composed of amino acids 1-824 of human
MALT1. Horseradish peroxidase—coupled goat anti-mouse or anti-rabbit were
from Jackson Immunoresearch.

Plasmids. Bcl-10 point mutants and MALT1 mutants (C464A, substitution of
His415 with alanine, and the mutant lacking the caspase-like domain (amino
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acids 348-561)) were generated by a standard double-PCR approach, then were
subcloned into expression vectors derived from pCR3 (Invitrogen) and verified
by sequencing in both directions before further subcloning into the lentiviral
vector pRDI_292 (a gift from R. Iggo), which allows expression of constructs
under control of the promoter of Eeflal (elongation factor 1). The luciferase—
CD28 response element ‘pCD28RE-LUC’ reporter was constructed by cloning
of an oligonucleotide containing four copies of the composite CD28RE-
NF-IL-2B AP-1-binding site (5-TTTAAAGAAATTCCAAAGAGTCATCA-3';
ref. 46) into the pGL3-Promoter vector (Promega).

Cells. The human cell lines Jurkat (J77 clone 20), Hut78 and Raji (gifts from
O. Acuto) and THP-1 cells (American Type Culture Collection) were grown at
37 °C in RPMI 1640 medium supplemented with 10% (vol/vol) FCS and
antibiotics. Jurkat cells expressing VSV-tagged wild-type CARMAI or the
dominant negative mutant of CARMAL (L39R substitution of CARD) have
been described®. Jurkat cells expressing a VSV-tagged construct encompassing
the CARMALI coiled-coil region (amino acids 106-445) were generated by
retroviral transduction and puromycin selection’. Blood samples obtained from
two healthy HLA-A*0201" volunteers contained readily detectable frequencies
of CD8* T cells specific for Epstein-Barr virus and cytomegalovirus by ex vivo
analyses. Peripheral blood mononuclear cells were obtained by density cen-
trifugation with Ficoll-Hypaque (Pharmacia) and were cryopreserved in RPMI
1640 medium supplemented with 40% (vol/vol) FCS and 10% (vol/vol) DMSO
(1 x 107 to 2 x 107 cells per vial) until further use. All healthy donors in this
study provided informed consent. Phycoerythrin-labeled HLA-A*0201 peptide
multimers were prepared with NLVPMVATV peptide (cytomegalovirus poly-
peptide 65, amino acids 495-503) and were provided by P. Guillaume and
L. Luescher. Multimer-positive CD8" T cells were sorted with a FACSVantage and
CellQuest software (Becton Dickinson) and their populations were expanded in
RPMI 1640 medium supplemented with 8% (vol/vol) human serum, recombi-
nant human IL-2 (150 U/ml; a gift from GlaxoSmithKline), phytohemagglutinin
(1 pg/ml; Sodiag) and irradiated (3,000 rads) allogeneic peripheral blood
mononuclear cells as feeder cells (1 x 10° cells/ml). Multimer-positive
cytomegalovirus-specific T cells in 24-well plates were periodically restimulated
(every 15 d) with phytohemagglutinin, irradiated feeder cells and recombinant
human IL-2.

Transfection and transduction of cells. Transient transfection of 293T cells
and lentiviral transduction of Jurkat T cells were done as described?’. Transient
transfection of Jurkat cells was accomplished by electroporation (260 V and
950 WF) in PBS supplemented with CaCl, and MgCl, (Gibco); this yielded
transfection efficiencies of approximately 10-20%.

Silencing of protein expression. Lentiviral silencing vectors specific for
CARMALI, Bcl-10 and MALT1 have been described®. A second, independent
MALT I-silencing vector was from OpenBiosystems (TRCN0000073826). Silen-
cing vectors targeting the o- and B-subunits of IKK were provided by Y. Refael,
and Jurkat cells deficient in IKKy (NEMO) and the parental control cells were
provided by A. Ting.

Cell activation and lysis. T cell stimulation was initiated by the addition of
PMA (10 ng/ml; Alexis) and ionomycin (1 uM; Calbiochem) or a combination
of anti-human CD3e (10 pg/ml of OKT3; Apotech) and anti-CD28 (10 pg/ml
of CD28.2; Immunotech), followed immediately by the addition of crosslinking
goat anti-mouse (5 pg/ml; Jackson Laboratories). In some experiments, Jurkat
cells were stimulated by being mixed with Raji cells (at a cell/cell ratio of 1:1) in
the presence or absence of recombinant SEE (100 ng/ml; Toxin Technology).
For short-term stimulation (up to 1 h), cells were resuspended at a density of
2 x 107 cells per ml in RPMI medium with 0.5% (vol/vol) serum and were
prewarmed for 10 min at 37 °C before the addition of the stimulating reagent.
Longer stimulations were done at a density of 1 x 10° cells per ml in RPMI
medium with 10% (vol/vol) serum. In some experiments, cells were preincu-
bated for 30 min at 37 °C with 25 uM z-VAD-fmk or various concentrations of
2-VRPR-fmk (Alexis Biochemicals), PKC inhibitors (5 pM G66976 (Calbio-
chem) or 500 nM bisindoleylmaleimide VIII acetate (Alexis)), 5 pM MG132
(Calbiochem), 10 pg/ml of cycloheximide (Sigma) or with corresponding
volume of solvent, directly before stimulation. Human cytomegalovirus-specific
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T lymphocytes were stimulated with multimers of peptide and major histo-
compatibility complex (10 pg/ml; polypeptide 65, amino acids 495-503, of
HLA-A*0201) together with anti-CD28 (10 pg/ml; CD28.2; Immunotech). Raji
B cells were stimulated with PMA (10 ng/ml; Alexis) and ionomycin (1 pM;
Calbiochem). THP-1 cells were stimulated with zymosan (200 pig/ml; Sigma) or
anti-FcyR Fab (20 pg/ml; IV.3 hybridoma; American Type Culture Collection),
followed immediately by crosslinking with goat anti-mouse F(ab’), (10 pg/ml;
Jackson ImmunoResearch). Stimulation was stopped by the addition of
ice-cold Tris-NaCl buffer (20 mM Tris-HCl, pH 7.4, and 150 mM NaCl),
and pelleted cells were lysed in Tris-NaCl lysis buffer containing 1% (vol/vol)
Nonidet P-40, protease inhibitors (Complete; Roche) and phosphatase inhibi-
tors (Cocktails I and II; Sigma). Transfected 293T cells were washed in cold
Tris-NaCl buffer and were lysed in Tris-NaCl lysis buffer. Postnuclear cell lysates
were boiled with reducing SDS sample buffer and were analyzed by SDS-PAGE.
For optimal resolution of Bcl-10 isoforms, samples were analyzed on 16-cm X
20-cm gels by 15% SDS-PAGE according to a published protocol?’, except
where indicated otherwise.

Two-dimensional electrophoresis, reporter assays and enzyme-linked
immunosorbent assay. Two-dimensional protein analysis, NF-kB luciferase
assays and measurement of IL-2 concentrations by enzyme-linked immuno-
sorbent assay were done as described?’.

Identification of the Bcl-10 cleavage site. Pooled lysates from ten 10-cm dishes
of 293T cells transfected with Flag-tagged Bcl-10 or with Flag-tagged Bcl-10 plus
VSV-tagged MALT1 were used for anti-Flag immunoprecipitation on anti-Flag—
agarose (Sigma). Samples were processed by 15% SDS-PAGE as published?’,
and Coomassie-stained bands corresponding to uncleaved and cleaved Bcl-10
were cut out and analyzed by in-gel endoproteinase digestion with the
endoproteinase. Glu-C and mass spectrometry (MALDI-MS; TOPLAB).

In vitro protease activity assay. Unstimulated Jurkat T cells or Jurkat T cells
stimulated with PMA and ionomycin were mechanically lysed in cleavage assay
buffer (50 mM Tris-HCI, pH 7.4, 60 mM NaCl, 10 mM KCl, 20 mM MgCl,,
100 mM CaCl, and 10 mM dithiothreitol) with a Dounce homogenizer.
MALT1 protease activity was determined with a Synergy microplate reader
(BioTek) after the addition of 50 uM amino-terminally acetylated (Ac-) peptide
substrate Ac-LRSR-AMC (Peptides International) and incubation for 4 h at
30 °C. Caspase activity was assessed in the same conditions with 25 pM Ac-
DEVD-AMC (Biomol International). Similar experiments were done to detect
the proteolytic activity of recombinant purified GST-MALT1 (wild-type or
C464A) bound to glutathione-Sepharose (Sigma). For the generation of GST-
MALT1, full-length human MALT1 ¢DNA (wild-type or C464A) was cloned
in-frame into pGEX-6P-1 (GE Healthcare). Plasmids were transformed in
Escherichia coli BL21 bacteria and expression of GST fusion proteins was
induced for 16 h at 18 °C in logarithmically growing bacteria with 0.04 mM
isopropyl B-p-thiogalactopyranoside. Bacteria were collected and lysed, with a
French press, in lysis buffer containing 50 mM HEPES, pH 7.9, 300 mM NaCl,
1 mM EDTA, 0.1% (vol/vol) Nonidet P-40, 1 mM dithiothreitol and aprotinin
(2 pg/ml; Applichem). GST-MALT1 proteins were immobilized for 16 h at 4 °C
on glutathione-Sepharose beads (GE Healthcare). Beads were washed exten-
sively, were stored in lysis buffer at 4 °C and were used within 24 h of
preparation. Aliquots of beads were assessed for GST-MALT1 protein content
by being boiled in SDS sample buffer, separated by SDS-PAGE and stained with
Coomassie blue. For analysis of the in vitro proteolytic activity of MALT1 on
purified protein substrate, 75 ng recombinant Bcl-10 (Jena Bioscience) was
incubated for 4 h at 20 °C with 5 pg recombinant purified GST-MALT1 (wild-
type or C464A) immobilized on glutathione-Sepharose in cleavage assay buffer,
and cleavage of recombinant Bcl-10 was evaluated by immunoblot analysis.

Adhesion assays. Central areas of tissue culture dishes (35-mm X 10-mm;
353001; BD Falcon) were coated for 90 min at 25 °C with 50 pl of fibronectin
solution (40 pg/ml; Roche). Coated dishes were washed three times with PBS
(without Ca?* and Mg?") and were blocked for 2 h with 1% (wt/vol) BSA in
PBS. Cells were washed with Hank’s balanced-salt solution (Gibco) and
were left unstimulated or were stimulated for 30 min at 37 °C with PMA
(100 ng/ml) or for 15 or 30 min at 37 °C with MnCl, (1 mM), or for 5 min
at 37 °C with a combination of anti-human CD3e (10 pg/ml of OKTS3;
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Apotech) and anti-CD28 (10 pg/ml of CD28.2; Immunotech), followed by
cross-linking for 2 min with goat anti-mouse (5 pg/ml; Jackson Laboratories).
Subsequently, cell suspensions were added to fibronectin-coated tissue culture
dishes followed by incubation for additional 30 min at 37 °C. Nonadherent cells
were removed by washing of the dishes three to five times with Hank’s
balanced-salt solution. Adherent cells were counted in six separate fields with
a microscope with an ocular counting reticule.

Note: Supplementary information is available on the Nature Immunology website.
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