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The scaffold proteins CARMA1-3 (encoded by the genes CARD11, -14 and -10) and
CARD9 play major roles in signaling downstream of receptors with immunoreceptor
tyrosine activation motifs (ITAMs), G-protein coupled receptors (GPCR) and
receptor tyrosine kinases (RTK). These receptors trigger the formation of oligomeric
CARMA/CARD-BCL10-MALT1 (CBM) complexes via kinases of the PKC family.
The CBM in turn regulates gene expression by the activation of NF-κB and AP-1
transcription factors and controls transcript stability. The paracaspase MALT1 is the only
CBM component having an enzymatic (proteolytic) activity and has therefore recently
gained attention as a potential drug target. Here we review recent advances in the
understanding of the molecular function of the protease MALT1 and summarize how
MALT1 scaffold and protease function contribute to the transmission of CBM signals.
Finally, we will highlight how dysregulation of MALT1 function can cause pathologies
such as immunodeficiency, autoimmunity, psoriasis, and cancer.
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INTRODUCTION
The past few years have seen considerable advances in our understanding of the role of MALT1
in different biological processes. It is now well accepted that MALT1 acts downstream of various
receptors in a complex composed of CARMA (CARD-containing MAGUK) proteins, the adaptor
protein BCL10 and MALT1 itself. These so-called CBM complexes are crucial for the regulation
of the classical NF-κB pathway (also called canonical or NF-κB1 pathway) and other biological
processes that will be covered in this review. We will first introduce the receptors that signal via
CBM complexes and then describe the role of MALT1 in CBM-dependent signal transmission
and its role in the activation of a variety of downstream signals. Finally, we will highlight how
dysfunction of MALT1 can cause pathological alterations, which may be amenable to treatment
with MALT1 inhibitors that are presently under development.

VARIOUS RECEPTORS SIGNAL VIA CARMA/CARD PROTEINS
AND MALT1
MALT1 is a ubiquitously expressed protease that resides in the cytoplasm as a catalytically inactive
BCL10-bound proenzyme. It is recruited into CBM signaling complexes upon the stimulation
of specific receptors, namely those containing one or more immunoreceptor tyrosine-based
activation motifs (ITAMs), G-protein-coupled receptors (GPCRs), or receptor tyrosine kinases
(RTKs) (Figure 1) (1).
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signaling pathways rely on the protease activity of MALT1, or
whether some receptors only rely on the MALT1 scaffold activity
remains poorly understood.
The relevance of MALT1 protease activity is strongly
evidenced for ITAM-containing receptors, which promote
activation of lymphoid and NK cells via CARMA1/CARD11
(11–13) and myeloid cells via CARD9 (13, 14). The protease
activity of MALT1 also plays a role outside the immune system, in
the activation of keratinocytes (15). Stimulation of keratinocytes
with zymosan, which triggers the ITAM-containing receptor
Dectin-1, leads to CBM complex activation and MALT1 protease
activity via CARMA2/CARD14. This suggests that all ITAM
containing receptors signal via both the scaffold and protease
activity of MALT1 in immune and non-immune cells.
A variety of GPCRs (such as AT1R, Par-1, PAFR, ETA ,
ETB , CXCR2, CXCR4, LPA1-6) and RTKs (the EGFR and
HER2/neu) have been shown to trigger the formation of a CBM
complex comprising CARMA3/CARD10 (Figure 1) [see (1) and
references therein]. Whether the protease function of MALT1
is involved or not in the transmission of the signaling pathway
of these receptors is not well understood. For one GPCR (the
thrombin receptor PAR1), the protease activity of MALT1 was
found to be crucial for the regulation of the integrity of epithelial
barriers, whereby stimulation of epithelial cells with thrombin
lead to MALT1 proteolytic activity and CYLD cleavage (16),
in addition to the previously described formation of a CBM
complex comprising CARMA3 (17). These findings suggest the
possibility of a broader involvement of the protease activity
of MALT1 in CBM-dependent GPCR signaling. In contrast,
signaling via the human EGFR2 (HER2), a receptor tyrosine
kinase (RTK), has been proposed to depend mainly on the
scaffold activity of MALT1 (18). It is possible that MALT1 cleaves
a distinct subset of substrates in epithelial cells, or that MALT1
activation requires co-stimulation of the EGFR and another,
yet to be identified co-receptor. A need for co-stimulation is
observed in T cells, where optimal CBM complex assembly and
activation of MALT1 protease activity requires the synergistic
stimulation of both, the TCR and the costimulatory receptor
CD28 (11, 12, 19, 20). Whether MALT1 protease activity is
activated downstream of RTK merits further exploration.

Various immunoreceptors of the innate and adaptive immune
response activate MALT1. A common feature of such receptors
is the presence of one or more ITAMs, which is crucial for
transmembrane signal transmission (2). The ITAM can be
present in the cytoplasmic tail of the immunoreceptors, as
is the case for the zymosan receptor Dectin-1 present on
dendritic cells (DC), or the FcεRI on mast cells. Alternatively,
the ITAM can be present in a receptor-associated signaling
subunit. For example, in CD3 chains associated with the
T-cell receptor (TCR), the CD79 chains associated with the
B-cell receptor (BCR) and the FcRγ chain associating with the
myeloid cell receptor Dectin-2 or the natural killer (NK) cell
receptors NK1.1/Ly49D/Ly49H/NKG2D (2, 3). Upon receptor
triggering, Src family kinases phosphorylate the ITAMs, thereby
providing a docking site for Syk family kinases. Once recruited,
Syk kinases induce the downstream signaling events, which
converge toward the activation of PKC family kinases, PKCdependent phosphorylation of the CARMA/CARD protein and
the subsequent formation of a CBM complex, for which the
composition is specific for different receptor types (Figure 1).
A common feature of all receptors signaling via CBM
complexes is the use of MALT1 as a scaffold protein for the IKKdependent activation of the heterodimeric transcription factors
of the NF-κB1 subtype, p50-RelA and p50-cRel (referred to
as NF-κB). As a scaffold protein, MALT1 binds the ubiquitin
ligase TRAF6, which subsequently modifies itself, BCL10, and the
IKK subunit NEMO by K63-linked polyubiquitin chains (4–7).
These modifications are required for the downstream activation
of the IKK complex (4, 6), which phosphorylates the NF-κB
inhibitor, IκBα, to trigger its proteasomal degradation (8, 9). The
protease activity of MALT1 makes an additional contribution to
the intensity and persistence of the NF-κB response by cleaving
the proteins A20 and RelB, which act as negative regulators of
NF-κB activation (10, 11). However, whether all CBM-dependent
Abbreviations: ABC, activated B-cell; AGTR1, angiotensin II receptor; ATLL,
adult T-cell leukemia/lymphoma; BCL10, B-cell lymphoma-10; BCR, B-cell
receptor; BENTA, B-cell expansion with NF-κB and T-cell anergy; CARD,
caspase recruitment domain; CARMA, CARD-containing membrane-associated
guanylate kinase; CBM, CARMA/CARD-BCL10-MALT1; CC, coil-coiled; CDE,
constitutive decay element; CLL, chronic lymphocytic leukemia; CTCL, cutaneous
T-cell lymphoma; DD death domain; DC, dentritic cells; DLBCL, diffuse large
B-cell lymphoma; DUB, deubiquitinating enzyme; EGFR, epidermal growth
factor receptor; FcR, Fc receptor; FLIP, Flice-like inhibitory protein; GPCR,
G protein-coupled receptor; GUK, guanylate kinase; HER2, human EGFR-2;
HOIL1, heme-oxidized IRP2 ubiquitin ligase 1; HOIP, HOIL1-interacting protein;
HHV8, human herpes virus-8; Ig, Immunoglobulin; IPEX, immune dysregulation,
polyendocrinopathy, enteropathy, X-linked; ITAM, immunoreceptor tyrosinebased activation motif; KSHV, Kaposi’s sarcoma-associated herpes virus; LMP2A,
latent membrane protein 2A; LUBAC, linear ubiquitin chain assembly complex;
Mϕ, macrophage; MAGUK, membrane-associated guanylate kinase; MALT,
mucosa-associated lymphoid tissue; MC, myeloid cell; MCL, mantle cell
lymphoma; mTORc1, mammalian target of rapamycin complex 1; MZ, marginal
zone; nTreg, natural Treg; JNK, c-Jun N-terminal kinase; NF-κB, nuclear factor
kappa B; NK, natural killer; OSCAR, osteoclast associated receptor; PDZ, PSD95
Dlg1 ZO-1; PEL, primary effusion lymphoma; PI, protease inactive; PKC, protein
kinase C; PTCL, peripheral T-cell lymphoma; RTK, receptor tyrosine kinases;
TCR, T cell receptor; TREM-1, triggering expression by myeloid cells 1; PTM,
posttranslational modification; RA, rheumatoid arthritis; SH3, Src homology 3;
SHARPIN, SHANK-associated RH domain interacting protein; UTR, untranslated
region.
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MULTIPLE ELEMENTS CONTROL THE
ASSEMBLY AND ARCHITECTURE OF THE
CBM COMPLEX
A common feature of receptors that signal via MALT1 is their
capacity to induce the formation of a specific type of CBM
signaling complex. In resting cells, the members of the CBM
complex reside in an inactive form in the cytoplasm. The
catalytically inactive proenzyme MALT1 binds constitutively
to BCL10, while the CARMA/CARD scaffold proteins are
kept in a monomeric inactive form due to intramolecular
inhibitory interactions. The inducible assembly of the CBM
complex requires specific protein domains present in each
CBM component (Figure 2). The CARD proteins CARMA1
(CARD11), CARMA2 (CARD14), and CARMA3 (CARD10)
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FIGURE 1 | Signaling via MALT1 downstream of various receptors and CARMA/CARD proteins. CBM complexes composed of MALT1, BCL10 and the indicated
CARMA/CARD proteins are formed downstream of receptors containing immunoreceptor tyrosine-based activation motifs (ITAMs), G-protein-coupled receptors
(GPCRs) or receptor tyrosine kinases (RTKs). Once formed, the CBM complex activates downstream signaling events via the scaffold and protease function of
MALT1. The CBM complex of T and B cells is best characterized, while CBM complexes in other cellular contexts are less well studied. Open questions that remain to
be addressed are annotated with a red question mark. Deregulated activation of the pathway results in different diseases, as summarized in the lower panel of the
figure. BCR, B cell receptor; DC, dendritic cell; EGFR, epidermal growth factor receptor; FcR, Fc receptor; Mϕ, macrophage; MC, myeloid cell; NK, natural killer;
OSCAR, osteoclast associated receptor; PKC, protein kinase C; TCR, T cell receptor; TREM-1, triggering expression by myeloid cells 1; RA, rheumatoid arthritis.

the CARMA/CARD proteins in the linker region (Figure 2,
illustrated here for CARMA1 (CARD11)) (29–31). This in turn
is thought to weaken an inhibitory intra-molecular interaction
between the CARD and linker domain, thereby promoting a
CARD-mediated association with BCL10 and the formation of
the CBM complex (29–31). Similar mechanisms are thought to
control activation of CARMA3 (26), CARMA2 (15), and CARD9
(32), but whether PKC family members directly phosphorylate
CARMA2 or CARMA3 is not known. CBM complex formation
depends on homotypic CARD-CARD interactions between the
CARMA/CARD proteins and BCL10 (21–23, 25, 26) and possibly
on an additional interaction of the protease domain of MALT1
with the CC domain of CARD proteins as was demonstrated
for CARMA1 (33). The CC region of CARMA1 has been shown
to mediate oligomerization that is required for TCR-induced
NF-κB activation (30, 34). Structural architecture studies and
modeling suggest that the CC domain-mediated oligomerization
of CARMA1 nucleates the oligomerization of BCL10 into helical
filaments. BCL10 filaments are formed in a cooperative manner
and stabilized through homotypic interactions formed between
the CARD motifs of adjacent BCL10 monomers in the filament

are structurally similar. Each contains an N-terminal CARD,
followed by a coil-coiled (CC) domain and a C-terminal
region that shares features with proteins of the membraneassociated guanylate kinase (MAGUK) family, which contain a
PDZ (PSD95, Dlg1, ZO-1), SH3 (Src homology 3), and GUK
(guanylate kinase) domain. CARD9 contains a CARD and coiledcoil motif but lacks the C-terminal MAGUK features (21–25). An
important structural feature of BCL10 is its N-terminal CARD
that allows its inducible association with a CARMA/CARD
component (21–25). Additionally, BCL10 contains a C-terminal
region with a short sequence of amino acids (107-118) that is
necessary for its constitutive interaction with MALT1 (21, 26).
MALT1 contains an N-terminal death domain (DD) of unknown
function, followed by two immunoglobulin (Ig)-like domains
required for BCL10 binding, a caspase-like protease domain and
a third Ig domain that plays a regulatory role for the protease
function (27, 28) (Figure 2).
The inducible assembly of the CBM complexes seems to
depend on a common, conserved mechanism that requires the
receptor-induced activation of PKC family members (29, 30).
These Ser/Thr kinases (and likely other kinases) phosphorylate
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proposed to be key to the activation of proteases of the caspase
family (36). Therefore, a prime purpose of the formation of
BCL10-MALT1 filaments is likely to allow the oligomerizationdependent activation of MALT1. Crystallographic data from
several groups support the idea that active MALT1 forms a
dimer that is stabilized by interactions between the protease
domain (37, 38). It is tempting to speculate that BCL10 filaments
form a scaffold that permits additional interactions between
MALT1 dimers leading to its proteolytic activation (Figure 2).
MALT1 activation strictly requires monoubiquitination in its Ig3
domain that promotes its activation in an intra-or intermolecular
manner (39). Exactly how this monoubiquitination contributes
to MALT1 activation within the context of the oligomeric BCL10MALT1 fibers remains unexplored. Although this has not yet
been formally addressed, it is likely that similar oligomerizationdependent protein complexes control CBM-driven signaling for
all CARMA/CARD proteins.
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The MALT1 gene was originally identified as the target of
recurrent translocations in MALT lymphomas (40–42). Later on,
in silico studies uncovered that MALT1 shares homology with
caspases and metacaspases and therefore falls into a category of
caspase-like proteases coined paracaspases (27, 43). The partial
structure of the MALT1 caspase-like domain together with the
third Ig domain has been recently solved and confirms the
expected structural similarities between the protease domains of
MALT1 and caspases (37, 38).
Apart from sharing structural homology, several other
aspects of MALT1 function are shared with caspases, including
cysteine-dependent protease activity (11, 12) a requirement for
dimerization (38, 44), and the capacity to auto-process (45, 46).
Like caspases, MALT1 contains a protease domain with a catalytic
dyad comprising two amino acids that are essential for catalysis,
namely C464 and H415 (27). Monomeric MALT1 is inactive
and, as for caspases, requires dimerization via the caspase-like
protease domain for enzymatic activity (38, 44, 47) (Figure 3B).
Interestingly, MALT1 has been recently shown to undergo
autoprocessing. However, unlike caspases, which autoprocess
within the protease domain, MALT1 cleaves itself between the
N-terminal death domain and the first Ig domain (45, 46). This
does not seem to enhance proteolytic activity but is essential for
MALT1-dependent NF-κB activation by a mechanism that is not
yet understood (45, 46). In contrast to caspases, the proportion
of cellular MALT1 undergoing autoprocessing is very small. It
is unclear whether this reflects activation of only a very small
proportion of cellular MALT1 or a subtler regulation of its
activity, which needs to be investigated in more detail.
Despite the above-mentioned structural similarities between
caspases and MALT1, several important differences exist. One
major difference between caspases and MALT1 resides in their
substrate specificity. While caspases are aspartic acid-specific
proteases, MALT1 cleaves its substrates after arginine residues
(11, 12, 47). The consensus cleavage site of MALT1 based on

MALT1 dimer

BCL10
filament

FIGURE 2 | Structure and function of the CBM complex. In resting conditions,
MALT1 and BCL10 interact constitutively, while CARMA1 is dissociated from
the other components of the CBM. PKC-mediated phosphorylation triggers a
conformational opening and oligomerization of CARMA1, leading to the
recruitment of preformed MALT1- BCL10 complexes. The E3 ligase TRAF6 is
further recruited and polyubiquitinates MALT1 and BCL10. This favors the
recruitment of the IKK and TAB2/3-TAK1 complexes and the downstream
activation of NF-κB and AP-1. N-terminal phosphorylation of BCL10 by IKKβ
enhances NF-κB activation, while a C-terminal phosphorylation disassembles
MALT1 from BCL10. BCL10 can undergo both, linear polyubiquitination and
K63-linked polyubiquitination, which are important for IKKγ/NEMO recruitment.
Monoubiquitination activates MALT1 protease function. Once activated,
MALT1 cleaves several substrates including BCL10 (after R228) and itself (after
R149). The CBM signal is thought to be amplified by formation of filamentous
BCL10 structures initiated by CARMA1 nucleation. BCL10 filaments are
decorated with MALT1, most likely in its dimeric form. Double-headed arrows
indicate interactions. Arrows indicate P, phosphorylations; Ub, ubiquitination.

(35). MALT1 is constitutively associated with BCL10, and
therefore forms part of these filamentous structures (Figures 2,3)
(35). Although not filamentous in nature, oligomeric signaling
complexes containing proteins with CARD motifs, such as
the apoptosome, inflammasome, and pyddosome, have been
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FIGURE 3 | MALT1 scaffold and protease functions. (A) Antigen receptor triggering leads to the formation of the CBM complex that acts as a recruiting platform for
the ubiquitin ligase TRAF6 and the linear ubiquitin chain assembly complex (LUBAC). TRAF6-dependent K63-linked polyubiquitination promotes IKK complex
activation by recruiting TAB2/3 together with TAK1 into proximity of the IKK complex. The TAB2/3-TAK1 complex also promotes AP-1 signaling through MKK7 and
JNK activation. The CBM complex additionally recruits the LUBAC complex via a CARMA1-HOIP interaction. This is thought to support NF-κB signaling through linear
ubiquitination of BCL10, which promotes the physical recruitment of IKKγ/NEMO. (B) Once CBM complex formation has initiated the early signaling events, the signal
is most likely amplified and propagated by BCL10 oligomerization and filament formation, and through the protease function of MALT1. Filaments might support the
protease function of MALT1 by promoting its dimerization and monoubiquitination. Filaments might also favor or control access of active MALT1 to cellular substrates.
The protease activity of MALT1 controls NF-κB activation, AP-1 activation, mRNA stability, and cellular adhesion. This is mediated by the cleavage of the depicted
substrates (depicted in blue, also for cleaved BCL10 and autoprocessed MALT1).

A third aspect that differentiates MALT1 from caspases is
the specific presence of additional protein domains that support
its regulation and function. In the N-terminal part preceding
the protease domain, MALT1 contains an N-terminal death
domain (DD) followed by two Ig-like domains. The C-terminal
part following the caspase-like domain contains a third Ig-like
domain and a structurally undefined (most likely flexible) Cterminal extension (Figure 2). DDs can serve as protein-protein
interaction domains in apoptotic signaling pathways. However,
and despite its structural similarity with caspases, MALT1 does
not induce apoptosis. This suggests that the MALT1 DD recruits
another, yet to be identified, DD-containing protein unrelated
to apoptosis. It is also possible that this domain plays an
inhibitory role, since MALT1 autoprocessing, which removes
the DD, is required for optimal NF-κB activation (45, 46).
Additional unique features of MALT1 are the presence of three
Ig domains that contribute to protein-protein interactions, and
the presence of TRAF6 binding motifs. The first two Ig domains
of MALT1 are necessary for the binding to BCL10 and are
therefore crucial for its ability to induce CBM-mediated NFκB activation upon engagement of the TCR (24). The region
between the second Ig domain and the caspase-like domain
contains a motif that is important for TRAF6 binding (4, 5),
which is lacking in a recently described MALT1 splice variant
(see below) (50) (Figure 2). Additional TRAF6 binding sites are
present in the C-terminal extension, which are important for
the downstream signaling event (4). The third, C-terminal Ig
domain interacts physically with the protease domain and has

known substrates and screening of a tetrapeptide library, is a
peptide sequence composed of an arginine at the P1 position,
which is in most cases followed by a G or A residue. A
hydrophobic residue is usually present at position P4, a rather
variable range of amino acids is tolerated at P3 and a preference
for serine or proline was found for position P2 (47). The
consensus cleavage site could thus be summarized as follows:
Φ-X-P/S-R’-G/A.
A second important difference between caspases and MALT1
concerns the regulation of MALT1 function, which is dependent
on posttranslational modification (PTM) by ubiquitination.
MALT1 is ubiquitinated, upon antigen receptor triggering,
within the Ig3 domain and its C-terminal part by either
K63-linked polyubiquitination or monoubquitination. MALT1
polyubiquitination mediated by TRAF6 is crucial for the
activation and/or physical recruitment of the IKK complex,
which phosphorylates the NF-κB inhibitor IκB to initiate its
degradation and thus allows the nuclear translocation of NFκB (4, 6, 7). This K63-linked polyubiquitination of MALT1
likely provides docking sites for the adaptor protein TAB2,
which forms a complex with the IKK-activating kinase TAK1
(48). Additionally, the K63-linked ubiquitin chains may serve
to physically recruit the IKK complex via its catalytically
inactive IKKγ subunit (4, 49). MALT1 mono-ubiquitination
on lysine residue 644 (K644), on the other hand, is required
for the activation of MALT1 protease activity, most likely
by favoring the formation of an active dimeric form of
MALT (39).
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polyubiquitination events are critical for NF-κB activation,
since mutation of key amino acids important for TRAF6
binding to MALT1 impairs TCR-induced NF-κB activation
(4, 5, 50). The TRAF6-mediated polyubiquitination of MALT1
and/or itself is thought to recruit the TAB2/3-TAK1 complex
(4), since the adaptor proteins TAB2/3 contain ubiquitinbinding motifs that bind to K63 polyubiquitin chains (58).
TAK1, which associates with TAB2/3, is thereby brought into
proximity of the IKK complex to phosphorylate the IKKβ
subunit. IKKβ phosphorylation activates the IKK complex,
which phosphorylates the NF-κB inhibitor IκB, inducing its
degradation to allow nuclear entry of NF-κB (4). In parallel,
TAK1 contributes to AP-1 activation via the MKK7-JNK pathway
(Figure 3) (59).
Interestingly, a recent study suggests a novel regulatory
mechanism for MALT1-dependent TRAF6 recruitment by
alternative splicing of MALT1 (50). In primary T cells, two
MALT1 isoforms can be expressed, namely MALT1A or
MALT1B, the latter of which lacks 11 amino acids encoded by
exon 7 (50). These 11 amino acids encode for the first TRAF6
binding site, localized between the second Ig like domain and
the paracaspase domain of MALT1 (5, 50) (Figure 2). Resting
primary T cells express MALT1B, while MALT1A expression
is induced upon TCR triggering (50). Therefore, TCR-induced
expression of MALT1A likely reinforces the TRAF6-recruiting
scaffolding function of the CBM complex (50).
Collectively, these findings support the notion that formation
of the CBM complex has a key role in signal transmission as a
protein recruitment scaffold.

a particularly important role in MALT1 protease activity, which
is regulated by mono-ubiquitination (Figure 2) (39). This and
other posttranslational modifications of MALT1 and the CBM
complex are important for downstream signaling events that will
be discussed below.

THE CBM COMPLEX FORMS A
SCAFFOLDING PLATFORM FOR PROTEIN
RECRUITMENT
Once assembled, the CBM complex acts as a signaling platform
for the recruitment of multiple signaling complexes, including
TRAF6, the TAB1/2-TAK1 complex, the IKK complex, and the
linear ubiquitin chain assembly complex (LUBAC) (51). These
control various aspects of signal transmission that are essential
for NF-κB and AP-1 activation.
The activation of NF-κB requires both the physical
recruitment of the IKK complex and its activation by the
Ser/Thr kinase TAK1. Recent data suggest an important role
for both TRAF6 and the LUBAC complex in promoting IKK
recruitment (4, 52). The LUBAC complex is composed of three
subunits known as HOIL1 (heme-oxidized IRP2 ubiquitin
ligase 1), HOIP (HOIL1-interacting protein; also known as
RNF31), and SHARPIN (SHANK-associated RH domain
interacting protein). The HOIP subunit has an E3 ligase activity,
while HOIP and SHARPIN are important for LUBAC complex
regulation, such as assuring its proper localization or stability
(52, 53). The CBM complex can associate with the LUBAC
complex in a transient manner in stimulated T cells, with
kinetics that are similar to the association of LUBAC with the
IKK complex (54). The stimulation-induced phosphorylation
and conformational opening of CARMA1 is thought to lead
to recruitment of both, BCL10 and HOIP (55). BCL10 thereby
becomes accessible for HOIP-mediated linear ubiquitination on
K17, K31, and K63 residues (55). The linear ubiquitination of
BCL10 may promote NF-κB activation by providing docking
sites for the physical recruitment of NEMO/IKKγ via its UBAN
domain (55). However, alternative mechanisms may contribute
to IKK recruitment, since another study showed a role for
the LUBAC complex in optimal NF-κB activation that was
independent of HOIP’s ubiquitin ligase activity (54). Indeed, K31
and K63 on BCL10 can be subject to both linear or K63-linked
polyubiquitination (7, 55) and the BCL10 modification by
K63-linked ubiquitin chains may also contribute, although
with lower affinity, to the physical recruitment of NEMO/IKKγ
(7, 49, 56).
The CBM-associated E3 ubiquitin ligase responsible for
synthesis of K63-linked ubiquitin chains is TRAF6, which
associates with oligomeric BCL10-MALT1 complexes (4)
and can be physically incorporated into the BCL10-MALT1
filaments in a cooperative manner (57). It has therefore
been proposed that BCL10-MALT1 oligomers serve to
activate TRAF6 to promote the ubiquitination-dependent
activation of the IKK complex (4) (Figure 3). MALT1 is
polyubiquitinated by TRAF6 on multiple sites preceding the
protease domain and within the Ig3 domain (Figure 2). These
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THE CBM COMPLEX PROMOTES MALT1
PROTEOLYTIC ACTIVITY
The above-described steps of protein recruitment downstream
of the CBM complex are most likely early signaling events
that occur within the first minutes of lymphocyte stimulation,
since peak IκB phosphorylation is detectable within a few
minutes after antigen receptor engagement. The scaffolding
function of MALT1 may then be amplified and propagated
by its assembly with the BCL10 filamentous structures that
are nucleated by CARMA1, as depicted in Figures 2, 3.
The activation of the MALT1 protease activity most likely
depends on further amplification of the signal through filament
formation, since optimal MALT1 activity is detectable later
than IKK activation, and peaks roughly 30 min after antigen
receptor engagement (11, 12, 19, 20). How exactly filament
formation could contribute to MALT1 activation remains
unknown. Interestingly, monoubiquitination on K644 within
the Ig3 domain of MALT1 is required to license MALT1
protease activity (39). Indeed, a point mutation of K644
preventing monoubiquitination of MALT1 has strongly reduced
protease activity and an impaired capacity to sustain IL-2
production in activated T cells (39). The incorporation of MALT1
into filaments might promote MALT1 activation in various
ways, for example by allowing recruitment of the (unknown)
ubiquitin ligase responsible for MALT1 monoubiquitination
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control of the stability of particular subsets of mRNA transcripts.
The MALT1-dependent cleavage of the RNAse Regnase-1 (also
known as MCPIP-1 or Zc3h12a) (68) and of the two RNA
binding proteins Roquin-1 and Roquin-2 (69) has been shown to
stabilize mRNAs by distinct mechanisms. Regnase-1 is an RNAse
that cleaves stem loop structures in the 3′ untranslated region
(UTR) of mRNAs, including the mRNAs of Regnase-1 itself, cRel, ICOS, OX40, IL-2, and IL6 (70). T cell specific Regnase1 knockout mice developed spontaneous inflammation and
premature death, demonstrating the crucial role of Regnase-1 in
the regulation of mRNA stability during the adaptive immune
response (68). Roquin-1 and Roquin-2 proteins bind to mRNAs
via their ROQ domain, which recognizes a secondary RNA
structure called constitutive decay element (CDE), and regulate
gene expression at the posttranscriptional level (71). Roquin-1
and its paralog Roquin-2 are functionally interchangeable (72).
To degrade mRNAs, Roquins recruit an mRNA deadenylase
complex via their C-terminal part (71) and regulate the halflife of key cytokines, chemokines, and costimulatory proteins
such as ICOS, OX40, and TNF (71, 73, 74). Similar to Regnase1 deficient mice, Roquin mutant mice (expressing a Roquin
mutant that cannot bind CDEs), develop autoimmunity (73).
Regnase-1 and Roquins regulate mRNA decay of common
and Regnase-1- or Roquin-specific mRNAs. During T cell
triggering, the combined mRNAse activity of Regnase-1 and
the mRNA decay activity of Roquins are overcome by their
MALT1-dependent cleavage and degradation (Figure 3) (68,
69).
Finally, the protease activity of MALT1 also regulates
transcription-independent cellular functions by the cleavage
of BCL10, which promotes lymphocyte adhesion through β1
integrins (11, 12, 19, 20). MALT1-mediated BCL10 cleavage
removes 5 amino acids from its C-terminus (11, 12, 19, 20). This
cleavage is not required for antigen-dependent NF-κB activation
but is important for integrin-mediated T-cell adhesion (11, 12, 19,
20). The molecular mechanisms controlling adhesion via BCL10
remain elusive (Figures 2, 3).
Thus far, 8 different substrates of MALT1 have been
functionally described in activated lymphocytes, and two
additional substrates (NIK and LIMA1) have been reported
as specific substrates of an oncogenic cIAP2-MALT1 fusion
protein specifically expressed in MALT lymphoma (75, 76). We
can therefore reasonably anticipate that MALT1 has additional
substrates with functions that are much wider than anticipated.
For example, MALT1 protease function has been suggested to
play a key role in metabolic pathways (77). Glutamine uptake
is rapidly initiated upon naive T cell activation via the amino
acid transporter ASCT2 and this uptake is crucial for activation
of the mammalian target of rapamycin complex 1 (mTORc1).
Interestingly, both glutamine uptake and mTORc1 activation
required proteins of the CBM complex and MALT1 protease
activity (77). This suggests a novel role for the MALT1 protease
function in the regulation of glutamine uptake via the regulation
of mTORc1 and/or ASCT2 (77). Whether this regulation is
mediated by one of the already described substrates of MALT1,
or whether a yet unidentified MALT1 substrate can modulate the
mTORc1 signaling pathway remains to be explored.

and/or assuring physical proximity between MALT1 and its
substrates (Figure 3).

MALT1 CLEAVES VARIOUS SUBSTRATES
WITH DIVERSE BIOLOGICAL
CONSEQUENCES
The last 10 years have witnessed impressive progress in the
understanding of MALT1 protease function and its role in
NF-κB- dependent and -independent aspects of lymphocyte
activation. The best-explored function of MALT1 protease
activity is its contribution to NF-κB activation. While MALT1
scaffold-dependent IKK activation promotes rapid but transient
NF-κB activation, long-lasting NF-κB activation is assured by
the MALT1-dependent cleavage of negative regulators of NF-κB,
including RelB (10) and A20 (11), together with MALT1
autoprocessing (45, 46) (Figure 3). RelB plays a critical role as
an inhibitor of the canonical NF-κB pathway in lymphocytes,
by forming transcriptionally inactive complexes with RelA and
c-Rel (10). MALT1-dependent RelB cleavage results in RelB
proteasomal degradation, thereby favoring RelA-, and c-Reldependent NF-κB activation (10). MALT1-dependent cleavage
of the deubiquitinating enzyme (DUB) A20, on the other hand,
relieves its inhibitory role in NF-κB activation (11). How exactly
A20 cleavage promotes NF-κB activation remains incompletely
understood. It has been proposed that A20 negatively regulates
the scaffolding function of MALT1 by removing the MALT1
polyubiquitination (60), however this function of A20 does not
seem to be affected by its cleavage, since MALT1 inhibitors do
not affect IKK-mediated NF-κB activation. A third cleavage event
that is important for NF-κB activation is MALT1 autoprocessing
(45, 46). MALT1 is autoprocessed after R149, between the Nterminal DD and the first Ig domain. This cleavage is essential
for NF-κB activation downstream of its nuclear accumulation
by mechanisms that are not yet elucidated (Figure 2) (45).
Finally, NF-κB can be negatively regulated by the recently
identified MALT1 substrate HOIL1, which is part of the LUBAC
complex (61, 62). HOIL1 cleavage by MALT1 diminishes linear
ubiquitination of cellular proteins, and has thus been proposed
to provide negative feedback on the NF-κB pathway (61, 62).
Another important transcriptional pathway that is regulated
by MALT1 is the JNK/AP-1 pathway. While the scaffold function
of MALT1 is required for JNK activation (63), the protease
activity of MALT1 provides an additional layer of control, via the
cleavage of the deubiquinating enzyme (DUB) CYLD (64). CYLD
cleavage is unlikely to affect JNK activation, since MALT1 knockin mice showed no defect in inducible JNK phosphorylation
(13, 14, 65, 66), Thus, CYLD cleavage regulates AP-1 through
another mechanism that remains to be explored (Figure 3).
Despite the described role of CYLD in the negative regulation
of NF-κB and the fact that CYLD shares certain substrates with
A20 (such as TRAF2, TRAF6, RIP1, and IKKγ) (67), CYLD
cleavage is not implicated in TCR-dependent canonical NF-κB
activation (64).
Several studies have identified additional NF-κB- and AP1 independent roles for MALT1. One of these roles is the
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MICE LACKING MALT1 EXPRESSION OR
ACTIVITY HAVE DISTINCT
IMMUNOLOGICAL PHENOTYPES

development (46). Indeed, mice expressing an autoprocessingresistant mutant of MALT1 have a partial Treg deficit that
results in enhanced anti-tumor immunity without causing
autoimmunity (46).
Mice deficient for the individual CARMA/CARD family
members have additional phenotypic features, including a
defect in innate immune responses against bacteria, fungi
or viruses in CARD9 KO mice (82, 86, 87) and a specific
defect in NF-κB signaling upon stimulation of GPCRs in
CARMA3-deficient mice (88). Whether these phenotypes
depend on MALT1 protease activity remains largely unexplored.
In addition, roughly half of CARMA3- and one third of
BCL10-deficient mice die prematurely due to a neuronal tube
defect, suggesting a common role for CARMA3 and BCL10
in embryonic development (88, 89). This defect is neither
present in MALT1-deficient nor in MALT-PI mice and therefore
likely depends on MALT1-independent signaling features of
CARMA3 and BCL10. CARMA2/CARD14-deficient mice
have been recently generated and found to be resistant to
psoriasis induction by imiquimod cream or recombinant IL-23
injection (90). The individual contributions of keratinocytes
and γδ T cells to the CARMA2/CARD14 dependentinflammation and the extent to which MALT1 protease activity
contributes to inflammatory skin reactions remain to be further
investigated.

The protease activity and most of the substrates of MALT1
have been initially identified and characterized in cell lines.
However, recent studies using mouse models have lent strong
support to the physiological relevance of MALT1 protease
activity in adaptive immunity. MALT1-deficient mice show
impaired B- and T-cell responses together with defects in the
development of particular lymphocyte subsets such as marginal
zone (MZ) and B1 B cells (63, 78). Moreover, these mice are
resistant to experimental induction of experimental autoimmune
encephalitis, a mouse model of multiple sclerosis (79, 80). Mice
expressing a catalytically inactive mutant of MALT1 [C472A
knock-in mice, subsequently called MALT1-protease inactive
(PI) mice] recapitulate these aspects of the immunodeficiency
phenotype of the MALT1 knockout mice to a large extent.
Lymphocytes isolated from the MALT1-PI mice also revealed
defects in NF-κB activation, AP-1 activation, mRNA stability
and lymphocyte adhesion that are all consistent with previous
studies from cell lines (13, 14, 65, 66, 81). Despite these
impaired responses, the lymphocytes isolated from MALT1-PI
mice showed normal antigen receptor-mediated activation of
IKK or JNK (63, 78). The impaired cellular responses and the
associated immunodeficiency phenotype of the MALT1-PI mice
results thus principally from the inactivation of the proteolytic
activity of MALT1.
In addition to defects in T- and B-cell responses, MALT1deficient mice have impaired myeloid and mast cell responses
upon Fc-receptor stimulation, reduced NK cell responses and
defective innate immunity to yeast infections (63, 78, 82–84).
The cellular responses of myeloid and NK cells have
also been assessed in MALT1-PI mice and found to be
defective.
A surprising finding of all four studies reporting MALT1PI mice, however, is that these mice develop autoimmune
symptoms, in particular a severe autoimmune gastritis of early
onset, which progresses with age (13, 65, 66). The observed
autoimmunity is likely the result of reduced development of
natural Treg (nTreg) cells in MALT1-PI mice (13, 65, 66).
Indeed, the autoimmune phenotype of MALT-PI mice can
be rescued through transfer of wildtype Tregs into newborn
MALT1-PI animals (13, 65). An even stronger reduction of
nTregs is found in MALT1-deficient mice (13, 65, 66). However,
MALT1-deficient mice show no autoimmune pathology, most
likely because their lymphocyte responses are more dramatically
affected (13, 14, 63, 65, 66). The reduced Treg numbers
are likely caused by the absence of MALT1 function during
development, since no spontaneous autoimmunity develops in
adult mice treated with small molecule MALT1 inhibitors for
up to 17 days (85). Indeed, young MALT1-PI mice do not
show autoimmune features and are completely resistant to
induction of experimental autoimmune encephalitis (13, 65).
While the contribution of individual MALT1 substrate(s) to
nTreg development remains largely unknown, a recent study
suggests that MALT1 autoprocessing is important for nTreg
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MALT1 DEREGULATION IS ASSOCIATED
WITH IMMUNODEFICIENCY AND
LYMPHOMA
A deregulation of MALT1 function is associated with the
development of various diseases. Patients with inactivating
MALT1 mutations develop immunodeficiency (91–93) or
immune dysregulation, polyendocrinopathy, enteropathy,
and X-linked (IPEX)-like syndrome (94). Patients with
an oncogenic activation of the MALT1 signaling pathway,
on the other hand, develop lymphoid malignancies or
lymphoproliferative disease (Figures 1,4) (95, 96). An
increasing number of T and B cell malignancies are now
recognized to be driven by constitutive antigen receptor
signaling as a result of foreign or self-antigen recognition
(97) and/or gain-of function mutations (Figures 4A,B) that
trigger CBM complex formation and downstream signaling
(95, 98–104). Such mutations can be found in the CBM
component CARMA1 itself (98) or in the upstream components
of the pathway, including the B-cell receptor-associated
CD79 chains (103), the T-cell coreceptor CD28, PLCγ1
and PKCβ (95). Lymphomas with such mutations include
the activated B-cell (ABC) subtype of diffuse large B-cell
lymphoma (DLBCL) (98, 99, 103, 105, 106), in which chronic
active BCR signaling is often combined with oncogenic
activation of the TLR signaling component MyD88 (107).
Constitutive CBM-dependent signaling is also found in mantle
cell lymphomas (MCL) (104, 108, 109), chronic lymphocytic
leukemia (CLL) (110), acute T-cell leukemia/lymphoma
(ATLL) (102), cutaneous T-cell lymphoma (CTCL) and Sézary
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Lymphomas with constitutive activation of MALT1
CARMA/CARD-dependent

CARMA/CARD-independent

ATLL, PTCL, CTCL, Sézary ABC, MCL, CLL, BENTA
(A)

MALT Lymphoma

(B)

(C)

ICOS
CTLA4
TCR

self
antigen

BCR

Primary effusion lymphoma
(D)

BCR

K15
ITAM

ITAM

CD28
fusions

?

CD28
PLCγ2

?

?

PKCθ

?

PKCβ
Ub

K13

Ub

MALT1 MALT1

?
P

?

CARMA1 Ub
BCL10 MALT1

Substrate
cleavage

IKK
complex

IKK
complex

Substrate
cleavage

Substrate
cleavage

?

K13
Ub
K13 Ub MALT1
MALT1
BCL10
BCL10

NIK
LIMA1α

P

CARMA1 Ub
BCL10 MALT1

IKK
complex

API2
API2

PLCγ1
PKCβ

ITAM

IKK
complex

Substrate
cleavage

FIGURE 4 | CARMA/CARD-dependent and-independent MALT1 activation. (A) In the depicted T cell malignancies, gain-of-function mutations in CARMA1 or its
upstream regulators or in-frame gene fusions of the T-cell co-receptor CD28 with ICOS or CTLA-4 are thought to promote MALT1 constitutive activation. (B) In the
indicated B-cell lymphomas constitutive MALT1 protease activity can be driven by oncogenic mutations in CARMA1, CD79A or CD79B, which may be relevant in
combination with self-antigen recognition. A subset of MCL and CLL are also addicted to this pathway by unknown mechanisms. (C) A large proportion of MALT
lymphoma harbors a chromosomal translocation leading to formation of an oncogenic MALT1-API2 fusion protein. (D) In primary effusion lymphoma (PEL), NF-κB is
activated through viral latency proteins such as K13 and K15, which activate NF-κB directly or via MALT1-BCL10. (A,B), mutations and self-antigen are depicted with
a yellow star. (A,D) Open questions are depicted with red question marks. PTCL, peripheral T-cell lymphoma; ATLL adult T-cell leukemia/lymphoma; ABC, activated
B-cell subtype; DLBCL, diffuse large B-cell lymphoma; BENTA, B-cell expansion with NF-κB and T-cell anergy; MCL, mantle cell lymphoma; CLL, chronic
lymphocytic/leukemia.

cleaves NIK (76) and LIMA1α (75), two non-canonical MALT1
substrates recruited by the cIAP2 moiety (Figure 4C). NIK
cleavage leads to stabilization of NIK, which promotes activation
of the non-canonical NF-κB pathway by phosphorylation and
proteolytic maturation of the NF-κB2 precursor p100 into a
mature p52 NF-κB2 subunit (76). Cleavage of LIMA1α disrupts
the tumor suppressor function of this protein and promotes
B cell proliferation and adhesion via the cleavage of its Lim
domain, an LMO-like oncogenic protein (75) (Figure 4C). The
cleavage of NIK and LIMA1α seems to be a specific oncogenic
feature of the cIAP2-MALT1 fusion protein since it is not
known to be triggered by antigen receptor-mediated MALT1
activation.
Recently, we have uncovered a role for MALT1 protease
activity in the development of primary effusion lymphoma (PEL)
(118). PEL is a lymphoid tumor triggered by Kaposi’s sarcoma
herpes virus (KSHV), an oncogenic virus also known as human
herpes virus-8 (HHV8). KSHV-derived tumors derive from
latently infected B cells that are characterized by constitutive NFκB activation, which suppress the lytic program of the virus.
The latency program is controlled by different viral latency
genes such as K13 and K15, encoding a viral FLIP (Flicelike inhibitory protein) homolog and a membrane protein

syndrome (100, 101), as well as peripheral T-cell lymphomas
(PTCL) (111) (Figures 4A,B). The relevance of the CBM
complex and MALT1 protease activity were formally shown
by silencing of the individual CBM components in ABC
DLBCL (112, 113) and MCL (104) cell lines, or by inhibition of
MALT1 proteolytic function in ABC DLBCL (113, 114), MCL
(104), and CLL (110) cell lines. Interestingly, gain of function
mutations of CARMA1 were also reported in patients with a
congenital lymphoproliferative disease known as BENTA (B-cell
expansion with NF-κB and T-cell anergy) syndrome (115–117)
(Figures 4A,B).
In some types of lymphomas, constitutive MALT1 activation
is achieved by mechanisms that bypass the classical CBM
signaling events. These include chromosomal translocations
involving the MALT1 or BCL10 genes, which are found
in MALT lymphomas (1). Such translocations can lead to
overexpression of the BCL10 or MALT1 genes or, more
frequently, to the generation of an oncogenic API2-MALT1
fusion protein. This fusion protein activates the classical
(canonical) and alternative (non-canonical) NF-κB pathways
through its scaffold and protease function thereby bypassing
the BCR-dependent upstream signaling events (1). The API2MALT1 fusion protein has constitutive protease activity and
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Finally, an increasing number of publications support a role
for aberrant MALT1 signaling in the development of nonlymphoid cancers, such as glioblastoma (127), breast cancer (18,
128, 129), melanoma (130), lung cancer (18), and various other
carcinomas (1, 131, 132). In these cancers, MALT1 seems to be
activated by constitutive signaling from GPCRs or the EGFR via
CARMA3 and/or by overexpression of MALT1 through various
mechanisms.
For breast cancer, two different subtypes, which are HER2 or
angiotensin II receptor (AGTR1) positive, have been described
to be addicted to CBM signaling via CARMA3 (18, 128, 129).
Interestingly, these two subsets show abnormal expressions of
AGTR1 or HER2 in a mutually exclusive manner (128). In
AGTR1 and HER2 positive breast cancer cell lines, NF-κB is
activated upon stimulation with Angiotensin II or the HER2
ligand heregulin, respectively, in a CARMA3-dependent manner
(18, 128, 129). Silencing of CBM components abrogates tumor
cell growth, migration, and invasion (18, 128, 129) and affects the
tumor microenvironment, since endothelial cell chemotaxis and
angiogenesis are abolished (128). AGTR1-positive breast cancers
represent 15–20% of all breast cancers (128) and HER2 positive
breast cancers form 20–25% of all breast cancers (18, 128, 129,
133). It remains possible that other breast cancer subtypes depend
on constitutive signaling by other GPCRs that can trigger NFκB signaling via CARMA3 (134). In addition to its relevance
in breast cancer, CARMA3 has been shown to play a role in
lung cancer (18). In this context, EGFR signaling via CARMA3,
BCL10, and MALT1 promotes tumorigenesis through effects
on NF-κB activation, cell proliferation, migration and invasion.
The relevance of the proteolytic activity of MALT1 was not
formally assessed in the above-cited models of breast cancer (128)
and lung cancer (18). It would thus be interesting to test the
potential effectiveness of pharmacological MALT1 inhibitors in
these models.
The relevance of MALT1 as a protooncogene has been recently
extended to additional malignancies including melanoma (130)
and glioblastoma (127), in which MALT1 can be overexpressed.
Indeed, MALT1 is highly expressed in a subset of melanoma
associated with poor prognosis (130). MALT1 downregulation
or inhibition with the MALT1 inhibitor MI-2 (135), diminishes
the growth and the dissemination of melanoma cells in the
lung (130). While the proliferation of these melanoma cells is
NF-κB dependent, the dissemination is JNK/c-Jun-dependent
(130). In glioblastoma, it was shown that a subset of tumors
with poor outcome expresses low levels of the microRNA
miR181d, leading to high NF-κB activation. One of the targets of
miR181d is MALT1, which is highly expressed in the miR181dlow tumors (127). Ectopic expression of miR181d and the
consequent downregulation of MALT1 suppresses growth of
tumor cells (127). These two studies suggest that, like in a
subset of MALT lymphomas (136), MALT1 overexpression per
se may play a role in promoting carcinogenesis, potentially
by spontaneous aggregation-mediated activation of MALT1.
Future studies should address how MALT1 promotes cellular
transformation in various cancers, whether and how specific
substrates of MALT1 contribute to tumorigenesis and if MALT1
inhibitors might be of therapeutic interest.

homologous to the latent membrane protein 2A (LMP2A),
respectively. K13 and K15 induce constitutive activation of
NF-κB via the protease and scaffold activity of MALT1
(118) (Figure 4D). Pharmacological inhibition or silencing of
MALT1 leads to the reactivation of the viral lytic program
and induces cell death of PEL cell lines in vitro. MALT1
inhibitors also efficiently block the development of PELs and
induce their regression in vivo, in a xenograft model (118).
Interestingly, K13 and K15 contribute to MALT1 activation in
a CARMA1-independent manner (Figure 4D). Whether K13
and K15 mediate MALT1 activation via other CARMA/CARD
proteins, or in an entirely distinct manner, remains to be
explored.

MALT1 DEREGULATION IS ASSOCIATED
WITH ALLERGY, INFLAMMATORY SKIN
DISEASES AND CARCINOMA
Deregulations of MALT1 function are not restricted to the
above-described lymphoid pathologies but may also play wider
roles in allergies, psoriasis, and various non-lymphoid cancers
(Figure 1).
Evidence for a potential contribution of MALT1 to allergic
asthma comes from two studies showing that CARMA1 is
important in mouse models of allergic asthma (119, 120).
CARMA3 has also been shown to play an important role in
allergic airway inflammation in mice (121). The exact upstream
events triggering CBM activation in these models remain
undefined.
CARMA2/CARD14-mediated activation of MALT1 has been
shown to play a major role in the activation of human
keratinocytes upon exposure to the yeast cell wall component
zymosan or S. aureus (15). Interestingly, activating mutations
in the CARMA2-encoding gene CARD14 have been found to
be associated with development of psoriasis, an inflammatory
skin disease, in human patients (122, 123). Since then, an
increasing number of studies have reported genetic mutations
in CARD14 associated to psoriasis diseases (124). Some of the
CARD14 mutations found in patients were shown to enhance
NF-κB activation and promote secretion of CCL20 and IL8, two chemokines known to be associated with psoriasis
(123, 124). Similar to CARD11 mutations associated with
lymphoid malignancies, CARD14 mutations were mostly found
in the CC region. This suggests a similar mechanism of
activation, via induction of an active CARD14 conformation
and oligomerization necessary for CBM complex formation
and downstream signaling events. In support of this model,
a recent study showed that a single point mutation in
CARD14 E138A, which renders CARD14 hyperactive, was
sufficient to drive spontaneous psoriasis disease in mice (125).
Inhibition of MALT1 protease activity effectively reduces
cytokine and chemokine expression induced by overexpression
of this hyperactive CARD14 mutant in human primary
keratinocytes (126). Therefore, topical application of MALT1
inhibitors may be a future treatment option for psoriasis
patients.
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MALT1 INHIBITORS MAY BE OF
THERAPEUTIC INTEREST FOR VARIOUS
PATHOLOGIES

the inhibition of the growth of cancer cells and boosting antitumor immune responses. Another possible field of application
for MALT1 inhibitors are inflammatory skin diseases such
as psoriasis, in which inhibitory effects on keratinocytes and
possibly on skin T cells may benefit the patients (15, 124–126).
As we progress in our knowledge about the molecular and
biological function of MALT1, future applications are likely to
emerge.

Several recent studies have reported the development of
small molecule MALT1 inhibitors that act as active site or
allosteric inhibitors (135, 137–140). These have therapeutic
effects in preclinical (mouse) models of diffuse large B-cell
lymphoma, (135, 137, 138) and primary effusion lymphoma
(118). The idea that MALT1 inhibitors may be useful to
dampen inflammatory immune responses has received support
from studies using a mouse model of multiple sclerosis, in
which paralysis symptoms are alleviated by treatment with
a MALT1 inhibitor, or by genetic inactivation of MALT1
(13, 65, 85). The latter also protects mice from experimental
induction of colitis (13). Moreover, pharmacological inhibition
of MALT1 protects mice from LPS-induced inflammation and
lung injury, most likely through inhibitory effects on myeloid
cells (141). Nevertheless, the assumption that MALT1 inhibitors
will generally dampen immune responses has been challenged
by the observation that mice expressing a catalytically inactive
form of MALT1 have reduced numbers of natural Treg cells
and, as a consequence, progressively develop inflammatory
autoimmune disease (13, 14, 65, 66). This raises the interesting
possibility that, at least in the context of cancer, MALT1
inhibitors may exert their effects by a dual action on both

AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING
The Thome laboratory is supported by grants from the
Swiss National Science Foundation (310030_166627), the Swiss
Cancer League (KFS-4095-02-2017) and the Emma Muschamp
Foundation.

ACKNOWLEDGMENTS
The authors would like to acknowledge Colin Moore, Laurence
Romy, and Julie Vérièpe for comments on the manuscript and
Slavica Masina for proofreading.

REFERENCES
11.

1. Rosebeck S, Rehman AO, Lucas PC, McAllister-Lucas LM. From MALT
lymphoma to the CBM signalosome: three decades of discovery. Cell Cycle
(2011) 10:2485–96. doi: 10.4161/cc.10.15.16923
2. Getahun A, Cambier JC. Of ITIMs, ITAMs, and ITAMis: revisiting
immunoglobulin Fc receptor signaling. Immunol Rev. (2015) 268:66–73.
doi: 10.1111/imr.12336
3. Brown GD, Willment JA, Whitehead L. C-type lectins in
immunity and homeostasis. Nat Rev Immunol. (2018) 18:374–389.
doi: 10.1038/s41577-018-0004-8
4. Sun L, Deng L, Ea CK, Xia ZP, Chen ZJ. The TRAF6 ubiquitin
ligase and TAK1 kinase mediate IKK activation by BCL10
and MALT1 in T lymphocytes. Mol Cell (2004) 14:289–301.
doi: 10.1016/S1097-2765(04)00236-9
5. Noels H, van Loo G, Hagens S, Broeckx V, Beyaert R, Marynen P, et al.
A novel TRAF6 binding site in MALT1 defines distinct mechanisms of NFkappaB activation by API2middle dotMALT1 fusions. J Biol Chem. (2007)
282:10180–9. doi: 10.1074/jbc.M611038200
6. Oeckinghaus A, Wegener E, Welteke V, Ferch U, Arslan SC, Ruland J, et al.
Malt1 ubiquitination triggers NF-kappaB signaling upon T-cell activation.
EMBO J. (2007) 26:4634–45. doi: 10.1038/sj.emboj.7601897
7. Wu CJ, Ashwell JD. NEMO recognition of ubiquitinated Bcl10 is required
for T cell receptor-mediated NF-kappaB activation. Proc Natl Acad Sci USA.
(2008) 105:3023–8. doi: 10.1073/pnas.0712313105
8. Mercurio F, Zhu H, Murray BW, Shevchenko A, Bennett BL, Li J, et al. IKK1 and IKK-2: cytokine-activated IkappaB kinases essential for NF-kappaB
activation. Science (1997) 278:860–6. doi: 10.1126/science.278.5339.860
9. DiDonato JA, Hayakawa M, Rothwarf DM, Zandi E, Karin M. A cytokineresponsive IkappaB kinase that activates the transcription factor NF-kappa.
Nature (1997) 388:548–54.
10. Hailfinger S, Nogai H, Pelzer C, Jaworski M, Cabalzar K, Charton JE, et al.
Malt1-dependent RelB cleavage promotes canonical NF-kappaB activation

Frontiers in Immunology | www.frontiersin.org

12.

13.

14.

15.

16.

17.

18.

11

in lymphocytes and lymphoma cell lines. Proc Natl Acad Sci USA. (2011)
108:14596–601. doi: 10.1073/pnas.1105020108
Coornaert B, Baens M, Heyninck K, Bekaert T, Haegman M, Staal J, et al.
T cell antigen receptor stimulation induces MALT1 paracaspase-mediated
cleavage of the NF-kappaB inhibitor A20. Nat. Immunol. (2008) 9:263–71.
doi: 10.1038/ni1561
Rebeaud F, Hailfinger S, Posevitz-Fejfar A, Tapernoux M, Moser R, Rueda
D, et al. The proteolytic activity of the paracaspase MALT1 is key in T cell
activation. Nat Immunol. (2008) 9:272–81. doi: 10.1038/ni1568
Jaworski M, Marsland BJ, Gehrig J, Held W, Favre S, Luther SA, Perroud
M, et al. Malt1 protease inactivation efficiently dampens immune responses
but causes spontaneous autoimmunity. EMBO J. (2014) 33:2765–81.
doi: 10.15252/embj.201488987
Yu JW, Hoffman S, Beal AM, Dykon A, Ringenberg MA, Hughes AC,
et al. MALT1 protease activity is required for innate and adaptive immune
responses. PLoS One (2015) 10:e0127083. doi: 10.1371/journal.pone.01
27083
Schmitt A, Grondona P, Maier T, Brandle M, Schonfeld C, Jager G, et al.
MALT1 protease activity controls the expression of inflammatory genes in
keratinocytes upon zymosan stimulation. J Invest Dermatol. (2016) 136:788–
97. doi: 10.1016/j.jid.2015.12.027
Klei LR, Hu D, Panek R, Alfano DN, Bridwell RE, Bailey KM, et al.
MALT1 protease activation triggers acute disruption of endothelial
barrier integrity via CYLD cleavage. Cell Rep. (2016) 17:221–32.
doi: 10.1016/j.celrep.2016.08.080
Delekta PC, Apel IJ, Gu S, Siu K, Hattori Y, McAllister-Lucas LM, et al.
Thrombin-dependent NF-{kappa}B activation and monocyte/endothelial
adhesion are mediated by the CARMA3.Bcl10.MALT1 signalosome. J Biol
Chem. (2010) 285:41432–42. doi: 10.1074/jbc.M110.158949
Pan D, Jiang C, Ma Z, Blonska M, You MJ, Lin X. MALT1 is required
for EGFR-induced NF-kappaB activation and contributes to EGFR-driven
lung cancer progression. Oncogene (2016) 35:919–28. doi: 10.1038/onc.20
15.146

August 2018 | Volume 9 | Article 1927

Juilland and Thome

MALT1 and CBM Signaling

36. Festjens N, Cornelis S, Lamkanfi M, Vandenabeele P. Caspase-containing
complexes in the regulation of cell death and inflammation. Biol Chem.
(2006) 387:1005–16. doi: 10.1515/BC.2006.124
37. Yu JW, Jeffrey PD, Ha JY, Yang X, Shi Y. Crystal structure of the
mucosa-associated lymphoid tissue lymphoma translocation 1 (MALT1)
paracaspase region. Proc Natl Acad Sci USA. (2011) 108:21004–9.
doi: 10.1073/pnas.1111708108
38. Wiesmann C, Leder L, Blank J, Bernardi A, Melkko S, Decock A, et al.
Structural determinants of MALT1 protease activity. J Mol Biol. (2012)
419:4–21. doi: 10.1016/j.jmb.2012.02.018
39. Pelzer C, Cabalzar K, Wolf A, Gonzalez M, Lenz G, Thome M. The protease
activity of the paracaspase MALT1 is controlled by monoubiquitination. Nat
Immunol. (2013) 14:337–45. doi: 10.1038/ni.2540
40. Dierlamm J, Baens M, Wlodarska I, Stefanova-Ouzounova M, Hernandez
JM, et al. The apoptosis inhibitor gene API2 and a novel 18q gene, MLT,
are recurrently rearranged in the t(11;18)(q21;q21) associated with mucosaassociated lymphoid tissue lymphomas. Blood (1999) 93:3601–9.
41. Morgan JA, Yin Y, Borowsky AD, Kuo F, Nourmand N, Koontz JI, et al.
Breakpoints of the t(11;18)(q21;q21) in mucosa-associated lymphoid tissue
(MALT) lymphoma lie within or near the previously undescribed gene
MALT1 in chromosome 18. Cancer Res. (1999) 59:6205–13.
42. Akagi T, Motegi M, Tamura A, Suzuki R, Hosokawa Y, Suzuki H, et al.
A novel gene, MALT1 at 18q21, is involved in t(11;18) (q21;q21) found in
low-grade B-cell lymphoma of mucosa-associated lymphoid tissue. Oncogene
(1999) 18:5785–94. doi: 10.1038/sj.onc.1203018
43. Hulpiau P, Driege Y, Staal J, Beyaert R. MALT1 is not alone after all:
identification of novel paracaspases. Cell Mol Life Sci. (2016) 73:1103–16.
doi: 10.1007/s00018-015-2041-9
44. Cabalzar K, Pelzer C, Wolf A, Lenz G, Iwaszkiewicz J, Zoete V, et al.
Monoubiquitination and activity of the paracaspase MALT1 requires
glutamate 549 in the dimerization interface. PLoS ONE (2013) 8:e72051.
doi: 10.1371/journal.pone.0072051
45. Baens M, Bonsignore L, Somers R, Vanderheydt C, Weeks SD, Gunnarsson
J, et al. MALT1 auto-proteolysis is essential for NF-kappaB-dependent
gene transcription in activated lymphocytes. PLoS ONE (2014) 9:e103774.
doi: 10.1371/journal.pone.0103774
46. Baens M, Stirparo R, Lampi Y, Verbeke D, Vandepoel R, Cools J, et al.
Malt1 self-cleavage is critical for regulatory T cell homeostasis and antitumor immunity in mice. Eur J Immunol. (2018). doi: 10.1002/eji.201847597.
[Epub ahead of print].
47. Hachmann J, Snipas SJ, van Raam BJ, Cancino EM, Houlihan EJ, Poreba M,
et al. Mechanism and specificity of the human paracaspase MALT1. Biochem
J. (2012) 443:287–95. doi: 10.1042/BJ20120035
48. Chen ZJ. Ubiquitination in signaling to and activation of IK. Immunol Rev
K. (2012) 246:95–106. doi: 10.1111/j.1600-065X.2012.01108.x
49. Lo YC, Lin SC, Rospigliosi CC, Conze DB, Wu CJ, Ashwell JD, et al.
Structural basis for recognition of diubiquitins by NEM. Mol Cell O. (2009)
33:602–15. doi: 10.1016/j.molcel.2009.01.012
50. Meininger I, Griesbach RA, Hu D, Gehring T, Seeholzer T, Bertossi A, et al.
Alternative splicing of MALT1 controls signalling and activation of CD4(+)
T cells. Nat Commun. (2016) 7:11292. doi: 10.1038/ncomms11292
51. Meininger I, Krappmann D. Lymphocyte signaling and activation by the
CARMA1-BCL10-MALT1 signalosome. Biol Chem. (2016) 397:1315–33.
doi: 10.1515/hsz-2016-0216
52. Sasaki K, Iwai K. Roles of linear ubiquitinylation, a crucial regulator of
NF-kappaB and cell death, in the immune system. Immunol Rev. (2015)
266:175–89. doi: 10.1111/imr.12308
53. Shimizu Y, Taraborrelli L, Walczak H. Linear ubiquitination in immunity.
Immunol Rev. (2015) 266:190–207. doi: 10.1111/imr.12309
54. Dubois SM, Alexia C, Wu Y, Leclair HM, Leveau C, Schol E, et al. A catalyticindependent role for the LUBAC in NF-kappaB activation upon antigen
receptor engagement and in lymphoma cells. Blood (2014) 123:2199–203.
doi: 10.1182/blood-2013-05-504019
55. Yang YK, Yang C, Chan W, Wang Z, Deibel KE, Pomerantz JL.
Molecular determinants of scaffold-induced linear ubiquitinylation of B
cell lymphoma/leukemia 10 (Bcl10) during T cell receptor and oncogenic
caspase recruitment domain-containing protein 11 (CARD11) signaling.
J Biol Chem. (2016) 291:25921–36. doi: 10.1074/jbc.M116.754028

19. Gaide O, Favier B, Legler DF, Bonnet D, Brissoni B, Valitutti S, et al. CARMA1
is a critical lipid raft-associated regulator of TCR-induced NF-kappa B
activation. Nat Immunol. (2002) 3:836–43. doi: 10.1038/ni830
20. Wang D, You Y, Case SM, McAllister-Lucas LM, Wang L, DiStefano PS, et al.
A requirement for CARMA1 in TCR-induced NF-kappa B activation. Nat
Immunol. (2002) 3:830–5. doi: 10.1038/ni824
21. Gaide O, Martinon F, Micheau O, Bonnet D, Thome M, Tschopp J.
Carma1, a CARD-containing binding partner of Bcl10, induces Bcl10
phosphorylation and NF-kappaB activation. FEBS Lett. (2001) 496:121–7.
doi: 10.1016/S0014-5793(01)02414-0
22. Bertin J, Guo Y, Wang L, Srinivasula SM, Jacobson MD, Poyet JL, et al.
CARD9 is a novel caspase recruitment domain-containing protein that
interacts with BCL10/CLAP and activates NF-kappa B. J Biol Chem. (2000)
275:41082–6. doi: 10.1074/jbc.C000726200
23. Bertin J, Wang L, Guo Y, Jacobson MD, Poyet JL, Srinivasula SM,
et al. CARD11 and CARD14 are novel caspase recruitment domain
(CARD)/membrane-associated guanylate kinase (MAGUK) family members
that interact with BCL10 and activate NF-kappa B. J Biol Chem. (2001)
276:11877–82. doi: 10.1074/jbc.M010512200
24. Lucas PC, Yonezumi M, Inohara N, McAllister-Lucas LM, Abazeed ME,
Chen FF, et al. Bcl10 and MALT1, independent targets of chromosomal
translocation in malt lymphoma, cooperate in a novel NF-kappa B
signaling pathway. J Biol Chem. (2001) 276:19012–9. doi: 10.1074/jbc.M009
984200
25. Wang L, Guo Y, Huang WJ, Ke X, Poyet JL, Manji GA, et al. Card10 is a novel
caspase recruitment domain/membrane-associated guanylate kinase family
member that interacts with BCL10 and activates NF-kappa B. J Biol Chem.
(2001) 276:21405–9. doi: 10.1074/jbc.M102488200
26. McAllister-Lucas LM, Inohara N, Lucas PC, Ruland J, Benito A, Li Q, et al.
Bimp1, a MAGUK family member linking protein kinase C activation to
Bcl10-mediated NF-kappaB induction. J Biol Chem. (2001) 276:30589–97.
doi: 10.1074/jbc.M103824200
27. Uren AG, O’Rourke K, Aravind LA, Pisabarro MT, Seshagiri S, Koonin
EV, et al. Identification of paracaspases and metacaspases: two ancient
families of caspase-like proteins, one of which plays a key role in
MALT lymphoma. Mol Cell (2000) 6:961–7. doi: 10.1016/S1097-2765(00)
00094-0
28. Zhou H, Du MQ, Dixit VM. Constitutive NF-kappaB activation
by the t(11;18)(q21;q21) product in MALT lymphoma is linked to
deregulated ubiquitin ligase activity. Cancer Cell (2005) 7:425–31.
doi: 10.1016/j.ccr.2005.04.012
29. Sommer K, Guo B, Pomerantz JL, Bandaranayake AD, MorenoGarcía ME, Ovechkina YL, et al. Phosphorylation of the CARMA1
linker controls NF-kappaB activation. Immunity (2005) 23:561–74.
doi: 10.1016/j.immuni.2005.09.014
30. Matsumoto R, Wang D, Blonska M, Li H, Kobayashi M, Pappu B,
et al. Phosphorylation of CARMA1 plays a critical role in T Cell
receptor-mediated NF-kappaB activation. Immunity (2005) 23:575–85.
doi: 10.1016/j.immuni.2005.10.007
31. Rueda D, Thome M. Phosphorylation of CARMA1: the
link(er) to NF-kappaB activation. Immunity (2005) 23:551–3.
doi: 10.1016/j.immuni.2005.11.007
32. Strasser D, Neumann K, Bergmann H, Marakalala MJ, Guler R, Rojowska A,
et al. Syk kinase-coupled C-type lectin receptors engage protein kinase Csigma to elicit Card9 adaptor-mediated innate immunity. Immunity (2012)
36:32–42. doi: 10.1016/j.immuni.2011.11.015
33. Che T, You Y, Wang D, Tanner MJ, Dixit VM, Lin X. MALT1/paracaspase
is a signaling component downstream of CARMA1 and mediates T cell
receptor-induced NF-kappaB activation. J Biol Chem. (2004) 279:15870–6.
doi: 10.1074/jbc.M310599200
34. Tanner MJ, Hanel W, Gaffen SL, Lin X. CARMA1 coiled-coil domain is
involved in the oligomerization and subcellular localization of CARMA1 and
is required for T cell receptor-induced NF-kappaB activation. J Biol Chem.
(2007) 282:17141–7. doi: 10.1074/jbc.M700169200
35. Qiao Q, Yang C, Zheng C, Fontan L, David L, Yu X, et al.
Structural architecture of the CARMA1/Bcl10/MALT1 signalosome:
nucleation-induced filamentous assembly. Mol Cell (2013) 51:766–79.
doi: 10.1016/j.molcel.2013.08.032

Frontiers in Immunology | www.frontiersin.org

12

August 2018 | Volume 9 | Article 1927

Juilland and Thome

MALT1 and CBM Signaling

56. Rahighi S, Ikeda F, Kawasaki M, Akutsu M, Suzuki N, Kato R, et al. Specific
recognition of linear ubiquitin chains by NEMO is important for NF-kappaB
activation. Cell (2009) 136:1098–109. doi: 10.1016/j.cell.2009.03.007
57. David L, Li Y, Ma J, Garner E, Zhang X, Wu H. Assembly mechanism of
the CARMA1-BCL10-MALT1-TRAF6 signalosome. Proc Natl Acad Sci USA.
(2018) 115:1499–504. doi: 10.1073/pnas.1721967115
58. Komander D, Reyes-Turcu F, Licchesi JD, Odenwaelder P, Wilkinson KD,
Barford D. Molecular discrimination of structurally equivalent Lys 63linked and linear polyubiquitin chains. EMBO Rep. (2009) 10:466–73.
doi: 10.1038/embor.2009.55
59. Blonska M, Pappu BP, Matsumoto R, Li H, Su B, Wang D, Lin X.
The CARMA1-Bcl10 signaling complex selectively regulates JNK2 kinase
in the T cell receptor-signaling pathway. Immunity (2007) 26:55–66.
doi: 10.1016/j.immuni.2006.11.008
60. Duwel M, Welteke V, Oeckinghaus A, Baens M, Kloo B, Ferch U,
et al. A20 negatively regulates T cell receptor signaling to NF-kappaB
by cleaving Malt1 ubiquitin chains. J Immunol. (2009) 182:7718–28.
doi: 10.4049/jimmunol.0803313
61. Klein T, Fung SY, Renner F, Blank MA, Dufour A, Kang S, et al. Overall CM.
The paracaspase MALT1 cleaves HOIL1 reducing linear ubiquitination by
LUBAC to dampen lymphocyte NF-kappaB signalling. Nat Commun. (2015)
6:8777. doi: 10.1038/ncomms9777
62. Elton L, Carpentier I, Staal J, Driege Y, Haegman M, Beyaert R. MALT1
cleaves the E3 ubiquitin ligase HOIL-1 in activated T cells, generating a
dominant negative inhibitor of LUBAC-induced NF-kappaB signaling. FEBS
J. (2016) 283:403–12. doi: 10.1111/febs.13597
63. Ruland J, Duncan GS, Wakeham A, Mak TW. Differential requirement for
Malt1 in T and B cell antigen receptor signaling. Immunity (2003) 19:749–58.
doi: 10.1016/S1074-7613(03)00293-0
64. Staal J, Driege Y, Bekaert T, Demeyer A, Muyllaert D, Van Damme P, et al.
T-cell receptor-induced JNK activation requires proteolytic inactivation of
CYLD by MALT1. EMBO J. (2011) 30:1742–52. doi: 10.1038/emboj.2011.85
65. Bornancin F, Renner F, Touil R, Sic H, Kolb Y, Touil-Allaoui I, et al.
Deficiency of MALT1 paracaspase activity results in unbalanced regulatory
and effector T and B cell responses leading to multiorgan inflammation. J
Immunol. (2015) 194:3723–34. doi: 10.4049/jimmunol.1402254
66. Gewies A, Gorka O, Bergmann H, Pechloff K, Petermann F, Jeltsch KM,
et al. Uncoupling Malt1 threshold function from paracaspase activity results
in destructive autoimmune inflammation. Cell Rep. (2014) 9:1292–305.
doi: 10.1016/j.celrep.2014.10.044
67. Harhaj EW, Dixit VM. Deubiquitinases in the regulation of NF-kappaB
signaling. Cell Res. (2011) 21:22–39. doi: 10.1038/cr.2010.166
68. Uehata T, Iwasaki H, Vandenbon A, Matsushita K, Hernandez-Cuellar
E, Kuniyoshi K, et al. Malt1-induced cleavage of regnase-1 in CD4(+)
helper T cells regulates immune activation. Cell (2013) 153:1036–49.
doi: 10.1016/j.cell.2013.04.034
69. Jeltsch KM, Hu D, Brenner S, Zoller J, Heinz GA, Nagel D, et al. Cleavage of
roquin and regnase-1 by the paracaspase MALT1 releases their cooperatively
repressed targets to promote T(H)17 differentiation. Nat Immunol. (2014)
15:1079–89. doi: 10.1038/ni.3008
70. Matsushita K, Takeuchi O, Standley DM, Kumagai Y, Kawagoe T,
Miyake T, et al. Zc3h12a is an RNase essential for controlling immune
responses by regulating mRNA decay. Nature (2009) 458:1185–90.
doi: 10.1038/nature07924
71. Leppek K, Schott J, Reitter S, Poetz F, Hammond MC, Stoecklin G.
Roquin promotes constitutive mRNA decay via a conserved class of stemloop recognition motifs. Cell (2013) 153:869–81. doi: 10.1016/j.cell.2013.
04.016
72. Pratama A, Ramiscal RR, Silva DG, Das SK, Athanasopoulos V, Fitch J,
et al. Roquin-2 shares functions with its paralog Roquin-1 in the repression
of mRNAs controlling T follicular helper cells and systemic inflammation.
Immunity (2013) 38:669–80. doi: 10.1016/j.immuni.2013.01.011
73. Yu D, Tan AH, Hu X, Athanasopoulos V, Simpson N, Silva DG,
et al. Roquin represses autoimmunity by limiting inducible T-cell costimulator messenger RN. Nature A. (2007) 450:299–303. doi: 10.1038/nature
06253
74. Vogel KU, Edelmann SL, Jeltsch KM, Bertossi A, Heger K, Heinz GA, et al.
Roquin paralogs 1 and 2 redundantly repress the Icos and Ox40 costimulator

Frontiers in Immunology | www.frontiersin.org

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

13

mRNAs and control follicular helper T cell differentiation. Immunity (2013)
38:655–68. doi: 10.1016/j.immuni.2012.12.004
Nie Z, Du MQ, McAllister-Lucas LM, Lucas PC, Bailey NG, Hogaboam CM,
et al. Conversion of the LIMA1 tumour suppressor into an oncogenic LMOlike protein by API2-MALT1 in MALT lymphoma. Nat Commun. (2015)
6:5908. doi: 10.1038/ncomms6908
Rosebeck S, Madden L, Jin X, Gu S, Apel IJ, Appert A, et al. Cleavage of NIK
by the API2-MALT1 fusion oncoprotein leads to noncanonical NF-kappaB
activation. Science (2011) 331:468–72. doi: 10.1126/science.1198946
Nakaya M, Xiao Y, Zhou X, Chang JH, Chang M, Cheng X, et al.
Inflammatory T cell responses rely on amino acid transporter ASCT2
facilitation of glutamine uptake and mTORC1 kinase activation. Immunity
(2014) 40:692–705. doi: 10.1016/j.immuni.2014.04.007
Ruefli-Brasse AA, French DM, Dixit VM. Regulation of NF-kappaBdependent lymphocyte activation and development by paracaspase. Science
(2003) 302:1581–4. doi: 10.1126/science.1090769
Brustle A, Brenner D, Knobbe CB, Lang PA, Virtanen C, Hershenfield
BM, et al. The NF-kappaB regulator MALT1 determines the
encephalitogenic potential of Th17 cells. J Clin Invest. (2012) 122:4698–709.
doi: 10.1172/JCI63528
Mc Guire C, Wieghofer P, Elton L, Muylaert D, Prinz M, Beyaert
R, et al. Paracaspase MALT1 deficiency protects mice from
autoimmune-mediated demyelination. J Immunol. (2013) 190:2896–903.
doi: 10.4049/jimmunol.1201351
Jaworski M, Thome M. The paracaspase MALT1: biological function and
potential for therapeutic inhibition. Cell Mol Life Sci. (2016) 73:459–73.
doi: 10.1007/s00018-015-2059-z
Gross O, Gewies A, Finger K, Schafer M, Sparwasser T, Peschel C, et al. Card9
controls a non-TLR signalling pathway for innate anti-fungal immunity.
Nature (2006) 442:651–6. doi: 10.1038/nature04926
Gross O, Grupp C, Steinberg C, Zimmermann S, Strasser D, Hannesschlager
N, et al. Multiple ITAM-coupled NK-cell receptors engage the
Bcl10/Malt1 complex via Carma1 for NF-kappaB and MAPK activation
to selectively control cytokine production. Blood (2008) 112:2421–8.
doi: 10.1182/blood-2007-11-123513
Klemm S, Gutermuth J, Hultner L, Sparwasser T, Behrendt H, Peschel C, et al.
The Bcl10-Malt1 complex segregates Fc epsilon RI-mediated nuclear factor
kappa B activation and cytokine production from mast cell degranulation.
J Exp Med. (2006) 203:337–47. doi: 10.1084/jem.20051982
Mc Guire C, Elton L, Wieghofer P, Staal J, Voet S, Demeyer A, et al.
Pharmacological inhibition of MALT1 protease activity protects mice in
a mouse model of multiple sclerosis. J Neuroinflamm. (2014) 11:124.
doi: 10.1186/1742-2094-11-124
Hara H, Ishihara C, Takeuchi A, Imanishi T, Xue L, Morris SW, et al.
The adaptor protein CARD9 is essential for the activation of myeloid cells
through ITAM-associated and Toll-like receptors. Nat Immunol. (2007)
8:619–29. doi: 10.1038/ni1466
Hsu YM, Zhang Y, You Y, Wang D, Li H, Duramad O, et al. The adaptor
protein CARD9 is required for innate immune responses to intracellular
pathogens. Nat Immunol. (2007) 8:198–205. doi: 10.1038/ni1426
Grabiner BC, Blonska M, Lin PC, You Y, Wang D, Sun J, et al. CARMA3
deficiency abrogates G protein-coupled receptor-induced NF-{kappa}B
activation. Genes Dev. (2007) 21:984–96. doi: 10.1101/gad.1502507
Ruland J, Duncan GS, Elia A I. del Barco Barrantes, Nguyen L, Plyte S,
Millar DG, et al. Bcl10 is a positive regulator of antigen receptor-induced
activation of NF-kappaB and neural tube closure. Cell (2001) 104:33–42.
doi: 10.1016/S0092-8674(01)00189-1
Tanaka M, Kobiyama K, Honda T, Uchio-Yamada K, Natsume-Kitatani
Y, Mizuguchi K, et al. Essential role of CARD14 in murine experimental
psoriasis. J Immunol. (2018) 200:71–81. doi: 10.4049/jimmunol.1700995
Jabara HH, Ohsumi T, Chou J, Massaad MJ, Benson H, Megarbane A, et al.
A homozygous mucosa-associated lymphoid tissue 1 (MALT1) mutation in
a family with combined immunodeficiency. J Allergy Clin Immunol. (2013)
132:151–8. doi: 10.1016/j.jaci.2013.04.047
McKinnon ML, Rozmus J, Fung SY, Hirschfeld AF, Del Bel KL, Thomas L,
et al. Combined immunodeficiency associated with homozygous MALT1
mutations. J Allergy Clin Immunol. (2014) 133:1458–62, 1462 e1–7.
doi: 10.1016/j.jaci.2013.10.045

August 2018 | Volume 9 | Article 1927

Juilland and Thome

MALT1 and CBM Signaling

113. Hailfinger S, Lenz G, Ngo V, Posvitz-Fejfar A, Rebeaud F, Guzzardi M,
et al. Essential role of MALT1 protease activity in activated B cell-like
diffuse large B-cell lymphoma. Proc Natl Acad Sci USA. (2009) 106:19946–51.
doi: 10.1073/pnas.0907511106
114. Ferch U, Kloo B, Gewies A, Pfander V, Duwel M, Peschel C, et al.
Inhibition of MALT1 protease activity is selectively toxic for activated B
cell-like diffuse large B cell lymphoma cells. J Exp Med. (2009) 206:2313–20.
doi: 10.1084/jem.20091167
115. Snow AL, Xiao W, Stinson JR, Lu W, Chaigne-Delalande B, Zheng L,
et al. Congenital B cell lymphocytosis explained by novel germline CARD11
mutations. J Exp Med. (2012) 209:2247–61. doi: 10.1084/jem.20120831
116. Brohl AS, Stinson JR, Su HC, Badgett T, Jennings CD, Sukumar
G, et al. Germline CARD11 mutation in a patient with severe
congenital B cell lymphocytosis. J Clin Immunol. (2015) 35:32–46.
doi: 10.1007/s10875-014-0106-4
117. Buchbinder D, Stinson JR, Nugent DJ, Heurtier L, Suarez F, Sukumar G,
et al. Mild B-cell lymphocytosis in patients with a CARD11 C49Y mutation.
J Allergy Clin Immunol. (2015) 136:819–21 e1. doi: 10.1016/j.jaci.2015.03.008
118. Bonsignore L, Passelli K, Pelzer C, Perroud M, Konrad A, Thurau M,
et al. A role for MALT1 activity in Kaposi’s sarcoma-associated herpes
virus latency and growth of primary effusion lymphoma. Leukemia (2017)
31:614–24. doi: 10.1038/leu.2016.239
119. Medoff BD, Seed B, Jackobek R, Zora J, Yang Y, Luster AD, et al.
CARMA1 is critical for the development of allergic airway inflammation
in a murine model of asthma. J Immunol. (2006) 176:7272–7.
doi: 10.4049/jimmunol.176.12.7272
120. Ramadas RA, Roche MI, Moon JJ, Ludwig T, Xavier RJ, Medoff
BD. CARMA1 is necessary for optimal T cell responses in a
murine model of allergic asthma. J Immunol. (2011) 187:6197–207.
doi: 10.4049/jimmunol.1101348
121. Causton B, Ramadas RA, Cho JL, Jones K, Pardo-Saganta A, Rajagopal J,
et al. CARMA3 is critical for the initiation of allergic airway inflammation. J
Immunol. (2015) 195:683–94. doi: 10.4049/jimmunol.1402983
122. Jordan CT, Cao L, Roberson ED, Duan S, Helms CA, Nair RP, et al.
Rare and common variants in CARD14, encoding an epidermal regulator
of NF-kappaB, in psoriasis. Am J Hum Genet. (2012) 90:796–808.
doi: 10.1016/j.ajhg.2012.03.013
123. Jordan CT, Cao L, Roberson ED, Pierson KC, Yang CF, Joyce CE, et al.
PSORS2 is due to mutations in CARD14. Am J Hum Genet. (2012) 90:784–
95. doi: 10.1016/j.ajhg.2012.03.012
124. Van Nuffel E, Schmitt A, Afonina IS, Schulze-Osthoff K, Beyaert R,
Hailfinger S. CARD14-mediated activation of paracaspase MALT1 in
keratinocytes: implications for psoriasis. J Invest Dermatol. (2017) 137:569–
75. doi: 10.1016/j.jid.2016.09.031
125. Mellett M, Meier B, Mohanan D, Schairer R, Cheng P, Satoh TK, et al.
CARD14 gain-of-function mutation alone is sufficient to drive IL-23/IL-17mediated psoriasiform skin inflammation in vivo. J Invest Dermatol. (2018)
138:2010–2023. doi: 10.1016/j.jid.2018.03.1525
126. Afonina IS, Van Nuffel E, Baudelet G, Driege Y, Kreike M, Staal J, et al. The
paracaspase MALT1 mediates CARD14-induced signaling in keratinocytes.
EMBO Rep. (2016) 17:914–27. doi: 10.15252/embr.201642109
127. Yang F, Liu X, Liu Y, Liu Y, Zhang C, Wang Z, et al. miR181d/MALT1 regulatory axis attenuates mesenchymal phenotype through
NF-kappaB pathways in glioblastoma. Cancer Lett. (2017) 396:1–9.
doi: 10.1016/j.canlet.2017.03.002
128. Ekambaram P, Lee JL, Hubel NE, Hu D, Yerneni S, Campbell PG, et al.
The CARMA3-Bcl10-MALT1 signalosome drives NFkappaB activation and
promotes aggressiveness in angiotensin II receptor-positive breast cancer.
Cancer Res. (2018) 78:1225–40. doi: 10.1158/0008-5472.CAN-17-1089
129. Pan D, Zhu Y, Zhou Z, Wang T, You H, Jiang C, et al. The CBM
complex underwrites NF-kappaB activation to promote HER2associated tumor malignancy. Mol Cancer Res. (2016) 14:93–102.
doi: 10.1158/1541-7786.MCR-15-0229-T
130. Wang Y, Zhang G, Jin J, Degan S, Tameze Y, Zhang JY. MALT1 promotes
melanoma progression through JNK/c-Jun signaling. Oncogenesis (2017)
6:e365. doi: 10.1038/oncsis.2017.68
131. Shen W, Du R, Li J, Luo X, Zhao S, Chang A, et al. TIFA
suppresses hepatocellular carcinoma progression via MALT1-dependent

93. Punwani D, Wang H, Chan AY, Cowan MJ, Mallott J, Sunderam U,
et al. Combined immunodeficiency due to MALT1 mutations, treated
by hematopoietic cell transplantation. J Clin Immunol. (2015) 35:135–46.
doi: 10.1007/s10875-014-0125-1
94. Charbit-Henrion F, Jeverica AK, Begue B, Markelj G, Parlato M, Avcin
SL, et al. Deficiency in mucosa-associated lymphoid tissue lymphoma
translocation 1: a novel cause of IPEX-like syndrome. J Pediatr Gastroenterol
Nutr. (2017) 64:378–84. doi: 10.1097/MPG.0000000000001262
95. Juilland M, Thome M. Role of the CARMA1/BCL10/MALT1 complex
in lymphoid malignancies. Curr Opin Hematol. (2016) 23:402–9.
doi: 10.1097/MOH.0000000000000257
96. Turvey SE, Durandy A, Fischer A, Fung SY, Geha RS, Gewies A, et al. The
CARD11-BCL10-MALT1 (CBM) signalosome complex: stepping into the
limelight of human primary immunodeficiency. J Allergy Clin Immunol.
(2014) 134:276–84. doi: 10.1016/j.jaci.2014.06.015
97. Koehrer S, Burger JA. B-cell receptor signaling in chronic lymphocytic
leukemia and other B-cell malignancies. Clin Adv Hematol Oncol. (2016)
14:55–65.
98. Lenz G, Davis RE, Ngo VN, Lam L, George TC, Wright GW, et al. Oncogenic
CARD11 mutations in human diffuse large B cell lymphoma. Science (2008)
319:1676–9. doi: 10.1126/science.1153629
99. Compagno M, Lim WK, Grunn A, Nandula SV, Brahmachary M, Shen Q,
et al. Mutations of multiple genes cause deregulation of NF-kappaB in diffuse
large B-cell lymphoma. Nature (2009) 459:717–21. doi: 10.1038/nature07968
100. da Silva Almeida AC, Abate F, Khiabanian H, Martinez-Escala E, Guitart J,
Tensen CP, et al. The mutational landscape of cutaneous T cell lymphoma
and Sezary syndrome. Nat Genet. (2015) 47:1465–70. doi: 10.1038/ng.3442
101. Wang L, Ni X, Covington KR, Yang BY, Shiu J, Zhang X, et al. Genomic
profiling of Sezary syndrome identifies alterations of key T cell signaling and
differentiation genes. Nat Genet. (2015) 47:1426–34. doi: 10.1038/ng.3444
102. Kataoka K, Nagata Y, Kitanaka A, Shiraishi Y, Shimamura T, Yasunaga J, et al.
Integrated molecular analysis of adult T cell leukemia/lymphoma. Nat Genet.
(2015) 47:1304–15. doi: 10.1038/ng.3415
103. Davis RE, Ngo VN, Lenz G, Tolar P, Young RM, Romesser PB, et al. Chronic
active B-cell-receptor signalling in diffuse large B-cell lymphoma. Nature
(2010) 463:88–92. doi: 10.1038/nature08638
104. Dai B, Grau M, Juilland M, Klener P, Horing E, Molinsky J, et al. B-cell
receptor-driven MALT1 activity regulates MYC signaling in mantle cell
lymphoma. Blood (2017) 129:333–46. doi: 10.1182/blood-2016-05-718775
105. Lohr JG, Stojanov P, Lawrence MS, Auclair D, Chapuy B, Sougnez C, et al.
Discovery and prioritization of somatic mutations in diffuse large B-cell
lymphoma (DLBCL) by whole-exome sequencing. Proc Natl Acad Sci USA.
(2012) 109:3879–84. doi: 10.1073/pnas.1121343109
106. Zhang J, Grubor V, Love CL, Banerjee A, Richards KL, Mieczkowski PA, et al.
Genetic heterogeneity of diffuse large B-cell lymphoma. Proc Natl Acad Sci
USA. (2013) 110:1398–403. doi: 10.1073/pnas.1205299110
107. Ngo VN, Young RM, Schmitz R, Jhavar S, Xiao W, Lim KH, et al.
Oncogenically active MYD88 mutations in human lymphoma. Nature (2011)
470:115–9. doi: 10.1038/nature09671
108. Rahal R, Frick M, Romero R, Korn JM, Kridel R, Chan FC, et al.
Pharmacological and genomic profiling identifies NF-kappaB-targeted
treatment strategies for mantle cell lymphoma. Nat Med. (2014) 20:87–92.
doi: 10.1038/nm.3435
109. Wu C, de Miranda NF, Chen L, Wasik AM, Mansouri L, Jurczak W, et al.
Genetic heterogeneity in primary and relapsed mantle cell lymphomas:
impact of recurrent CARD11 mutations. Oncotarget (2016) 7:38180–90.
doi: 10.18632/oncotarget.9500
110. Saba NS, Wong DH, Tanios G, Iyer JR, Lobelle-Rich P, Dadashian
EL, et al. MALT1 inhibition is efficacious in both naive and ibrutinibresistant chronic lymphocytic leukemia. Cancer Res. (2017) 77:7038–48.
doi: 10.1158/0008-5472.CAN-17-2485
111. Vallois D, Dobay MP, Morin RD, Lemonnier F, Missiaglia E, Juilland
M, et al. Activating mutations in genes related to TCR signaling in
angioimmunoblastic and other follicular helper T-cell-derived lymphomas.
Blood (2016) 128:1490–502. doi: 10.1182/blood-2016-02-698977
112. Ngo VN, Davis RE, Lamy L, Yu X, Zhao H, Lenz G, et al. A loss-of-function
RNA interference screen for molecular targets in cancer. Nature (2006)
441:106–10. doi: 10.1038/nature04687

Frontiers in Immunology | www.frontiersin.org

14

August 2018 | Volume 9 | Article 1927

Juilland and Thome

132.

133.

134.

135.

136.

137.

138.

MALT1 and CBM Signaling

subtype of diffuse large B-cell lymphoma. J Med Chem. (2015) 58:8491–502.
doi: 10.1021/acs.jmedchem.5b01415
139. Xin BT, Schimmack G, Du Y, Florea BI, van der Marel GA,
Driessen C, Krappmann D, Overkleeft HS. Development of new
Malt1 inhibitors and probes. Bioorg Med Chem. (2016) 24:3312–29.
doi: 10.1016/j.bmc.2016.03.035
140. Bardet M, Unterreiner A, Malinverni C, Lafossas F, Vedrine C, Boesch D,
et al. The T-cell fingerprint of MALT1 paracaspase revealed by selective
inhibition. Immunol Cell Biol. (2018) 96:81–99. doi: 10.1111/imcb.1018
141. Li Y, Huang X, Huang S, He H, Lei T, Saaoud F, et al. Central role of
myeloid MCPIP1 in protecting against LPS-induced inflammation and lung
injury. Signal Transduct Target Ther. (2017) 2:17066. doi: 10.1038/sigtrans.
2017.66

and -independent signaling pathways. Signal Transduct Target Ther. (2016)
1:16013. doi: 10.1038/sigtrans.2016.13
Chiba T, Soeno Y, Shirako Y, Sudo H, Yagishita H, Taya Y, et al. MALT1
inhibition of oral carcinoma cell invasion and ERK/MAPK activation. J Dent
Res. (2016) 95:446–52. doi: 10.1177/0022034515621740
Arteaga CL, Engelman JA. ERBB receptors: from oncogene discovery to
basic science to mechanism-based cancer therapeutics. Cancer Cell (2014)
25:282–303. doi: 10.1016/j.ccr.2014.02.025
Rosebeck S, Lucas PC, McAllister-Lucas LM. Protease activity of the
API2-MALT1 fusion oncoprotein in MALT lymphoma development and
treatment. Future Oncol. (2011) 7:613–7. doi: 10.2217/fon.11.35
Fontan L, Yang C, Kabaleeswaran V, Volpon L, Osborne MJ, Beltran E, et al.
MALT1 small molecule inhibitors specifically suppress ABC-DLBCL in vitro
and in vivo. Cancer Cell (2012) 22:812–24. doi: 10.1016/j.ccr.2012.11.003
Streubel B, Lamprecht A, Dierlamm J, Cerroni L, Stolte M, Ott G,
et al. T(14;18)(q32;q21) involving IGH and MALT1 is a frequent
chromosomal aberration in MALT lymphoma. Blood (2003) 101:2335–9.
doi: 10.1182/blood-2002-09-2963
Nagel D, Spranger S, Vincendeau M, Grau M, Raffegerst S, Kloo B, Hlahla
D, et al. Pharmacologic inhibition of MALT1 protease by phenothiazines as
a therapeutic approach for the treatment of aggressive ABC-DLBC. Cancer
Cell (2012) 22:825–37. doi: 10.1016/j.ccr.2012.11.002
Lim SM, Jeong Y, Lee S, Im H, Tae HS, Kim BG, et al. Identification of
beta-lapachone analogs as novel MALT1 inhibitors to treat an aggressive

Frontiers in Immunology | www.frontiersin.org

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2018 Juilland and Thome. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

15

August 2018 | Volume 9 | Article 1927

