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Abstract
CARMA-BCL10-MALT1 signalosomes play important roles in antigen receptor signaling

and other pathways. Previous studies have suggested that as part of this complex, MALT1

functions as both a scaffolding protein to activate NF-κB through recruitment of ubiquitin li-

gases, and as a protease to cleave and inactivate downstream inhibitory signaling proteins.

However, our understanding of the relative importance of these two distinct MALT1 activi-

ties has been hampered by a lack of selective MALT1 protease inhibitors with suitable phar-

macologic properties. To fully investigate the role of MALT1 protease activity, we generated

mice homozygous for a protease-dead mutation in MALT1. We found that some, but not all,

MALT1 functions in immune cells were dependent upon its protease activity. Protease-

dead mice had defects in the generation of splenic marginal zone and peritoneal B1 B cells.

CD4+ and CD8+ T cells displayed decreased T cell receptor-stimulated proliferation and IL-

2 production while B cell receptor-stimulated proliferation was partially dependent on prote-

ase activity. In dendritic cells, stimulation of cytokine production through the Dectin-1, Dec-

tin-2, and Mincle C-type lectin receptors was also found to be partially dependent upon

protease activity. In vivo, protease-dead mice had reduced basal immunoglobulin levels,

and showed defective responses to immunization with T-dependent and T-independent an-

tigens. Surprisingly, despite these decreased responses, MALT1 protease-dead mice, but

not MALT1 null mice, developed mixed inflammatory cell infiltrates in multiple organs, sug-

gesting MALT1 protease activity plays a role in immune homeostasis. These findings high-

light the importance of MALT1 protease activity in multiple immune cell types, and in

integrating immune responses in vivo.
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Introduction
The discovery that theMALT1 (Entrez Gene ID 10892) and BCL10 genes are involved in trans-
locations commonly found in B-cell lymphomas of mucosa-associated lymphoid tissue (MALT
lymphomas) in turn led to the identification of the so-called ‘CBM signalosome’, which is a
heterotrimeric complex between any one of several different members of the CARMA protein
family, with BCL10 and MALT1 [1]. CBM complexes have emerged as important regulators of
NF-κB-mediated signaling, not only in tumorigenesis, but also in normal physiology down-
stream of many different receptors [1]. For example, the CARMA1-containing CBM complex
has been implicated in signaling through the T cell receptor (TCR) [2–4], and a CBM complex
containing the CARMA-related protein CARD9 mediates signaling downstream of the Dectin-
1 and Dectin-2 C-type lectin receptors (CLRs) [5–7].

In T and B lymphocytes, antigen receptor engagement results in stimulation of the canoni-
cal NF-κB signaling pathway. This is due in part to Protein Kinase C-mediated phosphoryla-
tion of CARMA1 and its assembly into a CBM signalosome [1,8,9]. As part of the CBM
complex, oligomerized MALT1 then acts as a scaffold to recruit critical downstream signaling
proteins, such as the ubiquitin ligase TRAF6 which enables K63-polyubiquitination of the reg-
ulatory subunit of IKK, NEMO, leading to phosphorylation of IκB [10–13]. The ensuing pro-
teosomal degradation of IκB permits NF-κB nuclear translocation and transcription of genes
involved in lymphocyte proliferation, differentiation, and effector functions.

The importance of the CBM signalosome in antigen receptor signaling has been demon-
strated using mice in which theMalt1 gene was knocked out [14,15]. In these studies, MALT1
was found to be required for TCR/CD28-costimulation of T cell proliferation and IL-2 produc-
tion through activation of NF-κB. However, MALT1 is not required for positive or negative se-
lection of thymocytes [16], and its role in BCR signaling remains controversial [14,15,17].
MALT1 knockout mice also displayed defects in the development of marginal zone (MZ) B
cells in the spleen and peritoneal B1 B cells [14,15]. Further, basal serum immunoglobulin lev-
els were severely reduced, and the in vivo response to T-dependent and T-independent anti-
gens was compromised [14,15].

MALT1 has also been implicated in receptor-mediated signal transduction in a wide variety
of other cell types [1]. In dendritic cells, a CARD9-containing CBM complex activates NF-κB
downstream of the C-type lectin receptor (CLR) Dectin-1 [6,7,18]. Two other CLRs, Dectin-2
and Mincle, have also been shown to signal through CARD9 [19], suggestive of a role for
MALT1 in initiation of innate anti-microbial responses and directing adaptive immune re-
sponses through production of cytokines that promote T helper cell differentiation to the Th1
and Th17 subsets [7,18,19]. MALT1 has also been implicated in NF-κB activation in mast cells
following FcεRI activation [20] and in fibroblasts following lysophorphatidic acid treatment
[21], as well as in MAPK activation following NK cell receptor stimulation [22].

MALT1 contains a domain that is related to the protease active sites of caspases [23], and
the role of MALT1 protease activity has been investigated using an irreversible protease inhibi-
tor, Z-VRPR-FMK. These studies are challenging to interpret due to the potential off-target ac-
tivity and poor pharmacologic properties of this compound, which necessitate the use of very
high concentrations in cellular assays, as well as preventing its use in vivo. However, studies
using Z-VRPR-FMK have suggested that MALT1 protease activity plays an important role in
immune cells. For example, MALT1 protease activity is thought to contribute to optimal TCR
responses [24–27], but is not required for TCR-induced IκB phosphorylation and degradation,
suggesting a modulatory role independent of IKK activation [25,28–30]. In support of this
view, MALT1 proteolysis of the inhibitory deubiquitinases A20 and CYLD potentiates NF-κB
and JNK, respectively [24,31], while cleavage of the RNase Regnase-1 prolongs mRNA stability
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of T cell effector genes [30]. In addition, proteolysis of RelB is proposed to release suppression
of RelA and c-Rel to enhance NF-κB activation independent of the IKK complex [32]. MALT1
can also cleave its signaling partner BCL10 [25]. These multiple layers of signaling inhibition
regulated by MALT1 protease activity suggest that this function is pivotal in executing antigen
receptor responses.

Given the importance of MALT1 in lymphocyte activation and adaptive immune responses,
and its emerging role in innate immunity [6,20,22], it is of central importance to unravel the
relative contributions of MALT1 scaffolding and protease activities. To this end, we describe
the immune properties of homozygous MALT1 protease-dead knockin (Malt1PD/PD) mice in
comparison to homozygous MALT1 null knockout (Malt1-/-) mice. Ex vivo, we found that
many key cellular functions are driven by MALT1 protease activity, including T cell activation
and CLR-induced production of some cytokines by dendritic cells. However, a distinct set of
MALT1-dependent functions are independent of MALT1 protease activity, and presumably
represent functions that only require MALT1 scaffolding activity. In vivo, MALT1 protease ac-
tivity was essential for the development of innate-like B cell populations and the maintenance
of basal immunoglobulin levels. Further, Ig-responses to immunization with both T-dependent
and T-independent antigens were dependent upon MALT1 protease activity. However, despite
the generally decreased responses observed ex vivo and in vivo inMalt1PD/PD mice, these ani-
mals also developed inflammatory cell infiltrates in multiple organs. These results demonstrate
that MALT1 protease activity plays key roles in both innate and adaptive immune responses,
and in regulating immune homeostasis in vivo.

Materials and Methods

Mice
Malt1PD/PD andMalt1-/- lines were generated by genOway (Lyon, France) using animals and
breeding facilities at Charles River Laboratories (Lyon, France). The mouseMalt1 locus (with
the start and stop codons in exons 1 and 18, respectively) was modified by homologous recom-
bination in C57BL/6-derived embryonic stem cells in order to introduce a C472A (TGT>GCC;
numbering based on Uniprot Q2TBA3-1) mutation in exon 12 (Fig 1A). Mutation of this ac-
tive site catalytic cysteine has previously been shown to inactivate MALT1 protease activity
[24,25].Malt1PD/PD mice lacking the neo cassette, andMalt1-/- mice lacking exon 12 [which re-
sults in a premature stop codon in exon 13; since the endogenous poly(A) site is preserved in
the truncated mRNA and there are 5 splice junctions between the stop codon and the poly(A),
this strategy was predicted to induce nonsense-mediated mRNA decay and result in a null al-
lele], were generated by breeding to C57BL/6-Flp and C57BL/6-Cre deleter lines, respectively.
Malt1PD/PD mice were genotyped by PCR using primers 5’-CAGAGAAAGACAAACACG
TGGTCAG-3’and 5’-CAATATCATTTTGGGCTATTGAGGTAG-3’, yielding 289 bp and 385
bp bands for the wild type (Wt) and C472A alleles, respectively.Malt1-/- mice were genotyped
by PCR using primers 5’-GGATGCTAAGGCAGGAGGATT-3’ and 5’-ACCAGTTCATACTT
GGCTTCTTT-3’, yielding 975 bp and 205 bp bands for theWt and null alleles, respectively.
For each line, heterozygous mice were interbred and progeny were born at the expected Men-
dalian ratio. Real-time RT-PCR of splenic total RNA confirmed that the C472A allele did not
alterMalt1 gene expression in heterozygousMalt1+/PD orMalt1PD/PD mice, and the presence
of the mutation was confirmed by sequencing.Malt1PD/PD andMalt1-/- mice appeared out-
wardly normal at weaning, althoughMalt1PD/PD mice did displayed an ~10% decrease in body
weight relative toWtmice at 8 weeks of age.Malt1PD/PD mice were maintained under specific
pathogen-free conditions in sterilized microisolator cages, and studies were performed between
7–15 weeks of age.
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Ethics statement
All animal studies conducted at genOway or Charles River Laboratories were ethically reviewed
and approved by each institution’s Institutional Animal Care and Use Committee and were
carried out in accordance with European Directive 2010/63/EU and the GlaxoSmithKline
(GSK) Policy on the Care, Welfare and Treatment of Animals. All studies conducted at GSK
were conducted in accordance with the latter policy and were approved by the GSK Institution-
al Animal Care and Use Committee. Euthanasia was performed by CO2 asphyxiation followed
by either cervical dislocation or thoracotomy; every effort was made to minimize suffering.

Immunoblotting
B cells were purified from splenocytes using mouse CD45R (B220) MicroBeads (Miltenyi Bio-
tec), and subsequently stimulated with 200 ng/ml phorbol 12-myristate 13-acetate (Sigma) and
1 μM ionomycin (EMDMillipore) for 1 h at 37°C. For S2 Fig (RelB cleavage is impaired in acti-
vated B cells expressing MALT1 (C472A)), all samples were also treated with 10 μMMG-132
(Sigma, #M7449-1ML) at the time of stimulation. Cells were lysed in RIPA buffer containing a
protease inhibitor cocktail (Roche), subjected to SDS-PAGE, and transferred to nitrocellulose
membranes. Blots were probed with rabbit polyclonal anti-mouse RelB (Santa Cruz Biotech-
nology, #sc-226), rabbit polyclonal anti-human Bcl10 (Santa Cruz Biotechnology, #sc-5611),
rabbit polyclonal anti-human MALT1 (Santa Cruz Biotechnology, #sc-28246) and mouse
monoclonal anti-human CYLD (Santa Cruz Biotechnology, #sc-74435) antibodies. The anti-
body for detection of cleaved Bcl10 was generated by immunizing rabbits with a peptide N-ter-
minal to the cleavage site (ThermoFisher).

Flow cytometry
Splenocytes, thymocytes, and peritoneal cavity cells were resuspended in PBS containing 1%
FBS and Rat Anti-Mouse CD16/CD32 Mouse BD Fc Block (BD Biosciences). The following

Fig 1. A C472Amutation in MALT1 inactivates protease activity without changing protein expression. (A) Homologous recombination of theWtMalt1
locus (I) in C57BL/6-derived embryonic stem cells was used to introduce a catalytically inactive C472Amutation into exon 12 of theMalt1 gene (for clarity,
the genomic locus is not draw to scale). The resulting neo cassette-containing mice (II) were crossed to a Flp recombinase-expressing deleter mouse strain
to generate animals carrying the protease-dead allele (III) used in these studies. These mice were in turn crossed to a Cre recombinase-expressing deleter
strain to excise exon 12 and generate a null allele (IV). Close triangles, FRT sites; open triangles, loxP sites. (B) Purified total B cells from the spleens ofWt,
Malt1-/-, andMalt1PD/PD mice were treated with (+) or without (-) PMA plus ionomycin for 1 h and assessed byWestern blotting for expression of MALT1,
CYLD, Bcl10, and proteolytically cleaved CYLD and Bcl10. For clarity, the images were cropped. Uncropped western blots are shown in S1 Fig (Complete
western blots confirming MALT1 (C472A) expression and loss of protease activity).

doi:10.1371/journal.pone.0127083.g001
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antibody combinations were used: anti-CD4-PE (BD Biosciences, clone GK1.5) and anti-
CD8a-PerCP (BD Biosciences, clone 53–6.7); anti-IgD-PE (BD Biosciences, clone 11-26c.2a)
and anti-IgM-APC (SouthernBiotech, clone 1B4B1); anti-CD5-APC (BD Biosciences, clone
53–7.3) and anti-IgM-PE (SouthernBiotech, clone 1B4B1); and anti-CD21-APC (BD Biosci-
ences, clone 7G6) and anti-CD23-FITC (BD Biosciences, clone B3B4). Flow cytometry was
performed with a BD FACSCaliber and Flojo software (Treestar).

Cellular assays
Splenic lymphocytes were purified using Mouse CD45R (B220) MicroBeads, Mouse CD4+ T
Cell Isolation Kit II, and Mouse CD8a+ T Cell Isolation Kit II (Miltenyi Biotech). For cell acti-
vation studies in 96-well plates, 1 x 105 B cells/well were stimulated with 20 μg/ml anti-IgM F
(ab’)2 (Jackson ImmunoResearch) or 20 μg/ml of ultrapure LPS (InvivoGen), and 5 x 104 cells/
well CD4+ or CD8+ T cells were stimulated with anti-CD3/CD28 Dynabeads (Life Technolo-
gies), with or without pretreatment with 126 μMMALT1 inhibitor Z-VRPR-FMK (Enzo Life
Sciences). For proliferation assays, cells were stimulated for 72 h at 37°C, pulsed with 1 μCi/
well 3H-thymidine at 37°C for 24 h, and harvested on a glass fiber plate (Millipore). Cytokine
production was measured after 20 h stimulation at 37°C using a electrochemiluminescent
Meso Scale Discovery SECTOR Imager 6000 (MSD) and the appropriate single- or multi-plex
analyte plates.

For anti-IgM dose response proliferation assays, B220+ B cells were labelled with 5-(and 6)-
Carboxyfluorescein diacetate succinimidyl ester (CFSE) (C-1157; Invitrogen) and then plated
in 96-well round bottom plates. 2 x 105 B cells/well were stimulated with the indicated concen-
trations of anti-IgM F(ab’)2 (Jackson ImmunoResearch). After three days, cells were analyzed
for proliferation as determined by CFSE dilution. Cells were also analyzed for survival by pro-
pidium iodide staining (BD Bioscience). Flow cytometry was performed as above.

Bone marrow-derived dendritic cells (BMDCs) were prepared by culturing bone marrow
cells in 20 ng/ml mouse GM-CSF (Peprotech) for 12 days, and replacing the media every 3
days. BMDCs were purified using CD11c magnetic beads (Miltenyi Biotec), and 1 x 105 cells/
well in 96-well plates were stimulated with 100 μg/ml of the Dectin-1 ligand curdlan (Invivo-
Gen) or 10 μg/ml of the Mincle ligand trehalose-6,6-dibehenate (TDB; InvivoGen) for 20 h at
37°C. For Dectin-2 stimulations, 1 x 105 cells/well were incubated with 5 mg/ml anti-mouse
Dectin-2 (Miltenyi) for 2 h at 25°C, transferred to plates pre-coated with 10 μg/ml rat anti-Fcγ
IgG F(ab’)2 (Jackson ImmunoResearch Laboratories), and incubated for 20 h at 37°C. Where
appropriate, cells were pretreated with 126 μMZ-VRPR-FMK for 45 min. Culture superna-
tants were analyzed for cytokine production as above.

T-dependent and T-independent immunizations
Basal serum Ig levels were determined by ELISA (eBioscience). Immunizations were performed
by i.p. injection of 50 μg of keyhole limpet hemocyanin (KLH; EMD) in complete Freund's ad-
juvant (Sigma) or 25 μg of 2,4,6-trinitrophenyl (TNP)-Ficoll (Biosearch Technologies), and
serum samples were collected after 7, 14, 21, and 28 days. KLH- or TNP-specific IgM and IgG
levels were determined by ELISA (Life Diagnostics).

Histopathology
Nineteen different tissues (adipose, adrenal gland, brain, colon, eye, heart, jejunum, kidney,
liver, lung, mesenteric lymph node, optic nerve, ovary, pancreas, skeletal muscle, spleen, stom-
ach, testes, and thymus) were collected from 10–15 week oldWt (n = 3),Malt1-/- (n = 3),
Malt1PD/PD (n = 6), andMalt1+/PD (n = 2) mice, and processed to slides at 5 μm thickness
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using standard methodology, and stained with hematoxylin and eosin. Histology was evaluated
in a blinded fashion by a veterinary pathologist (MAR).

Immunohistochemistry
Immunohistochemistry (IHC) staining for T cells, B cells and macrophages was performed
on formalin-fixed, paraffin-embedded 5 μm tissue sections. Slides were placed on the Ven-
tana Discovery System XT and all reagents, except as noted below, were obtained from Ven-
tana Medical Systems. Briefly, sections were deparaffinized with EZ Prep and subjected to
heat antigen retrieval with an EDTA-based buffer CC1 (anti-CD45R and anti-CD3) or Prote-
ase I (anti-F4/80). Non-specific staining was blocked with a protein block (Dakocytomation),
endogenous biotin (Biotin Blocking Kit) and endogenous peroxidase (Inhibitor D). Primary
antibodies against mouse T cells (anti-CD3; DAKO; 1:1000), B cells (anti-CD45R; BDPhar-
mingen; 0.1ug/mL), and macrophages (anti-F4/80; ABDSerotec; 5ug/mL) were applied for
1 hr. An isotype and concentration matched control slide was included as a negative control.
Primary antibodies were labeled with either rabbit Ultra MAP-HRP (anti-CD3), rat Ultra-
MAP-HRP with 5% normal mouse serum (anti-F4/80) or a mouse-absorbed anti-rat biotiny-
lated secondary antibody (Vector Labs; 1:200) followed by strepavidin-HRP. Immunoreaction
was detected with 3’3’-diaminobenzidine (DAB). Slides were counterstained, dehydrated,
cleared, and cover-slipped.

In this study, anti-CD45R and anti-CD3 immunostaining were considered to be highly se-
lective in mouse tissues for identifying general B cell or T cell populations, respectively, yielding
little to no noticeable background staining. However, IHC markers in mice that permit exclu-
sive macrophage identification from formalin-fixed, paraffin-embedded sections are lacking.
This laboratory has found anti-F4/80 to be one of the better commercially available general
macrophage markers in mouse tissues. Compared to the antibodies used for lymphocyte iden-
tification, our experience has been that anti-F4/80 is much less selective as a macrophage mark-
er and results in a higher background staining of non-histiocytic cells (neutrophils,
erythrocytes, and mesenchymal cells). Therefore, reliable interpretation of the anti-F4/80 re-
sults for mouse macrophage identification requires additional consideration of cellular staining
intensity, cellular/nuclear morphology of stained cells, and taking into account concurrent
staining pattern of the mixed inflammatory population with other immunomarkers (anti-CD3
and anti-CD45R).

Statistics
Data were analyzed using JMP 11.0.0 software (SAS Institute). Except for Fig 3D–3F, due to a
lack of normality and unequal variances in the data, a log10 transformation was performed on
all endpoints. For Fig 2 and Fig 5, an Analysis of Variance (ANOVA) was performed for each
log-transformed endpoint using mouse genotype as the factor. For Fig 3A–3C and Fig 4, an
ANOVA was performed for each log-transformed endpoint by day using mouse genotype and
plate as the factors. For Fig 6, an ANOVA was performed for each log-transformed endpoint
by day using mouse genotype as the factor. The p values for associated differences of interest
were adjusted for multiple comparisons using Tukey’s test. A two-sided t-test was performed
to compareWt and Malt1PD/PD for each of the four highest concentrations in Fig 3D and for
Fig 3E and 3F. Symbols representing adjusted p values are listed in each figure legend. Statistics
were performed by a Ph.D.-trained statistician (ADA).

Protease Activity-Dependent and -Independent Functions of MALT1

PLOSONE | DOI:10.1371/journal.pone.0127083 May 12, 2015 6 / 20



Results

Generation of mice with MALT1 protease-dead and null mutations
To examine the role of MALT1 protease activity in immune cells, we generated homozygous
Malt1PD/PD protease-dead knockin mice by insertion of a catalytically inactive C472A mutation
into exon 12, which encodes the protease active site (Fig 1A). To identify MALT1 functions
that are independent of its protease activity, we also generated homozygousMalt1-/- null
knockout mice by deletion of exon 12 (Fig 1A). Analysis of total splenic B cells confirmed that
MALT1 protein expression (Fig 1B) was similar inWt andMalt1PD/PD mice, but absent in
Malt1-/- mice. As shown in Fig 1B and S2 Fig, PMA plus ionomycin stimulation of MALT1
protease activity resulted in the expected cleavage of MALT1 substrates CYLD [31], Bcl10 [25],
and RelB [32] in B cells fromWtmice, but notMalt1PD/PD mice, confirming that the C472A
mutation inactivated MALT1 protease function (S2 Fig—RelB cleavage is impaired in activated
B cells expressing MALT1 (C472A)).

MALT1 protease activity is required for the development of MZ and B1 B
cells
To determine if lymphocyte development is dependent upon MALT1 protease function, we ex-
amined the abundance of the major T and B cell populations by flow cytometry. As illustrated

Fig 2. The development of MZ and B1 B cells populations is dependent upon MALT1 protease activity.Representative flow cytometry analysis of
lymphocyte populations in MALT1Wt,Malt1-/-, andMalt1PD/PD mice. (A) CD4+CD8a+, CD4+CD8a-, and CD4-CD8a+ T cell populations in the thymus. (B)
CD4+CD8a+, CD4+CD8a-, and CD4-CD8a+ T cell populations in the spleen. (C) Mature follicular (IgDhiIgMlo), transitional T1 (IgDloIgMhi), and T2 (IgDhiIgMhi)
B cell populations in the spleen. (D, F) MZ B cell (CD21-CD23+) population in the spleen. (E, G) B1 B cell (IgMhiCD5lo) population in peritoneal fluid. Bar
graphs represent average cell numbers for 3–4 mice/group. Significance was determined relative to theWt groups, with *p < 0.05, **p < 0.01. Error bars
represent +/- SEM.

doi:10.1371/journal.pone.0127083.g002
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in Fig 2A and 2B, the CD4+CD8a+, CD4+CD8a-, and CD4-CD8a+ T cell populations in the thy-
mus and spleen were unchanged betweenWt,Malt1-/-, andMalt1PD/PD mice. Similarly, mature
follicular B cell (IgDhiIgMlo), transitional T1 B cell (IgDloIgMhi), and transitional T2 B cell
(IgDhiIgMhi) populations in the spleen were indistinguishable across all three genotypes (Fig
2C). However, despite normal follicular B cell development, bothMalt1-/- andMalt1PD/PD

mice exhibited significantly decreased MZ B cells (CD21-CD23+) in the spleen (Fig 2D and
2F). The B1 B cell (IgMhiCD5lo) population was also almost completely absent in peritoneal
fluid ofMalt1-/- andMalt1PD/PD mice (Fig 2E and 2G). These results are consistent with those
previously reported forMalt1-/- mice [14,15], and indicate that MALT1 is not required for T
cell and follicular B cell maturation in the spleen. However, MALT1 protease activity is crucial
for the development of the innate-like MZ and B1 B cell populations, which are known to rap-
idly respond to blood-borne antigens in a T cell-independent manner [33].

Antigen receptor-mediated activation of T cells, but not B cells, is
dependent on MALT1 protease activity
We next examined the role of MALT1 protease activity in the ex vivo activation of T and B
cells. CD4+ and CD8+ T cells were purified from the spleens ofWt,Malt1-/-, andMalt1PD/PD

mice, and co-stimulated with bead-bound anti-CD3 and anti-CD28. As shown in Fig 3A and

Fig 3. MALT1 protease activity is required for TCR- but not BCR-mediated lymphocyte activation. (A) CD4+ T cells and (B) CD8+ T cells from the
spleens ofWt,Malt1-/-, andMalt1PD/PD mice were activated by co-stimulation with anti-CD3 and anti-CD28 beads, and proliferation was measured after 96 h
by 3H-thymidine incorporation, and IL-2 production after 24 h by MSD. The total IL-2 produced by CD4+ and CD8+ T cells fromWtmice was approximately
2–3 ng/ml and 100–400 pg/ml, respectively. Where indicated, T cells were treated with 126 μM of the MALT1 inhibitor Z-VRPR-FMK (VRPR) for 45 min prior
to stimulation. (C) B220+ B cells from the spleens ofWt,Malt1-/-, andMalt1PD/PD mice were stimulated with 20 μg/ml anti-IgM or 20 μg/ml LPS and
proliferation was measured after 96 h by 3H-thymidine incorporation. Bar graphs from Fig 3A-C represent the average response expressed as a percent of
the stimulatedWt control (LPS treatment for B220+ cells) for 4–6 mice/group, and are representative of 3 or more studies. (D) Splenic B220+ B cells fromWt
andMalt1PD/PD mice were labeled with CFSE prior to stimulation with anti-IgM and proliferation was analyzed by FACS three days post stimulation.Wt
EC50 = 2.6 μg/ml;Malt1PD/PD EC50 = 6.4 μg/ml. Each data point represents the average response of five mice expressed as a percent ofWt proliferation at
the highest dose. (E) Splenic B220+ B cells were either unstimulated or (F) stimulated with α-IgM (20 μg/ml) for three days and viability was analyzed by
FACS. Each bar is an average from five mice. Significance was determined relative to the stimulatedWt groups, with *p < 0.05, **p < 0.01, †p < 0.001,
‡p < 0.0001. Error bars represent +/- SEM.

doi:10.1371/journal.pone.0127083.g003
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3B, TCR activation induced robust proliferation and IL-2 production by CD4+ and CD8+ T
cells fromWtmice. In contrast, CD4+ T cells fromMalt1-/- orMalt1PD/PD mice displayed
~2-fold reduced proliferation and IL-2 production (Fig 3A), whereas little or no response was
detected for CD8+ T cells from these mice (Fig 3B). These results are consistent with those

Fig 4. CLR stimulation of cytokine production by BMDCs involves MALT1 protease activity. BMDCs fromWt,Malt1-/-, andMalt1PD/PD mice were
stimulated with (A) curdlan to activate Dectin-1, (B) anti-Dectin-2 antibody to activate Dectin-2, and (C) TDB to activate Mincle. IFN-γ, IL-1β, IL-10, IL-12 p70, IL-
6, KC (IL-8 homologue), and TNF-α levels were measured after 20 h byMSD, and results are shown only for cytokines for which significant expression was
detected. Maximum cytokine concentration ranges detected were: curdlan, 1–3 ng/ml IL-1β, 4–20 ng/ml IL-6, 4–9 ng/ml KC, 0.5–1 ng/ml IL-10, 0.2–0.4 ng/ml IL-
12p70, and 40–100 ng/ml TNF-α; anti-Dectin-2, 0.1–0.3 ng/ml IL-6, 0.5–2 ng/ml KC, and 3–15 ng/ml TNF-α; TDB, 0.3–0.6 ng/ml KC, and 0.3–2 ng/ml TNF-α.
Where indicated, cells were treated 126 μMZ-VRPR-FMK (VRPR) for 45min prior to stimulation. All bar graphs represent the average response expressed as a
percent of the stimulatedWt control for 6 mice/group, and are representative of 3 or more studies. Significance was determined relative to the stimulatedWt
groups, with *p < 0.05, **p < 0.01, †p < 0.001, ‡p < 0.0001. Error bars represent +/- SEM.

doi:10.1371/journal.pone.0127083.g004
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previously reported for total T cells fromMalt1-/- mice [14,15], although others have observed
only a minimal effect of MALT1 deficiency on anti-TCRβ-stimulated proliferation of CD8+

T cells [34], which is a stronger stimulus than provided by the anti-CD3/CD28 stimulation
used herein. Decreased proliferation was also observed following pretreatment of CD4+ and
CD8+ T cells fromWtmice with the MALT1 inhibitor Z-VRPR-FMK (Fig 3A and 3B), al-
though in many experiments we found that the MALT1 inhibitor treatment tended to result in
a weaker effect than was observed inMalt1PD/PD mice, consistent with its known poor potency
in cellular assays. These findings demonstrate that MALT1 protease activity plays an important
role in TCR-mediated T cell activation.

B220+ B cells were also purified from the spleens ofWt,Malt1-/-, andMalt1PD/PD mice, and
stimulated ex vivo with a high dose of anti-IgM. As shown in Fig 3C, B cells fromMalt1PD/PD

andWtmice displayed similar levels of proliferation (Fig 3C). In contrast, B cells fromMalt1-/-

mice had severely reduced proliferation in response to B cell receptor (BCR) ligation, demon-
strating that MALT1 is required for BCR-mediated B cell proliferation, although this has been
controversial [14,15], while its protease activity appears not. One interpretation of this result is
that BCR induces proliferation independently of MALT1 protease activity at high agonist

Fig 5. Decreased basal serum Ig levels in MALT1 null and protease-deadmice. ELISA analysis of IgA, IgG1, IgG2a, IgG2b, IgG3, and IgM levels in non-
immunized sera fromWt,Malt1-/-, andMalt1PD/PD mice (n = 6/group). Data represents Ig levels in individual animals, and averages are indicated by
horizontal lines. Significance was determined relative to theWt groups, *p < 0.05, **p < 0.01, †p < 0.001, ‡p < 0.0001.

doi:10.1371/journal.pone.0127083.g005
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concentrations. However, it is possible that MALT1 protease activity contributes to responses
at lower agonist doses. To address this possibility, we performed anti-IgM dose reponse studies
withMalt1PD/PD andWt B cells. We found thatMalt1PD/PD B cells are partially defective in
achieving a maximal proliferative response and require two to three-fold increase in effective
dose to achieve 50% maximal proliferation (EC50) (Fig 3D). In addition to evaluating prolifera-
tion, we also examined MALT1 protease contribution to B cell survival in unstimulated and
BCR stimulated cells. AlthoughMalt1PD/PD B cells appeared slightly less viable thanWt cells
after three days of culture in each condition, we observed no statistical difference in survival
rates between both genotypes (Fig 3E and 3F). Overall, these findings support our view that
MALT1 protease dependent and independent activites contribute to optimal proliferative
signaling.

Since conflicting results have been reported regarding the role of MALT1 in the response of
B cells to stimulation with bacterial LPS [14,15], we also examined LPS-stimulated proliferation
of B220+ B cells fromWt,Malt1-/-, andMalt1PD/PD mice. However, as shown in Fig 3C, no dif-
ferences were observed in the LPS response of B cells across all three genotypes. Taken togeth-
er, these results demonstrate that MALT1 protease activity plays an important role in signaling
through the TCR and a more subtle role in signaling following BCR stimulation.

CLR-stimulated cytokine production by dendritic cells involves MALT1
protease activity
CBM complexes have been implicated in receptor-mediated signal transduction in a variety of
non-lymphocyte cell types, including through CLRs in dendritic cells [6,7,18,19]. To evaluate
the role of MALT1 protease activity in CLR signaling, we differentiated BMDCs from bone
marrow precursors isolated fromWt,Malt1-/-, andMalt1PD/PD mice, stimulated them with dif-
ferent CLR ligands, and assessed the production of a panel of cytokines. Simulation of BMDCs
fromWtmice with the Dectin-1 ligand curdlan induced production of IL-1β, IL-10, IL-12 p70,

Fig 6. MALT1 protease activity is required for maximal T-dependent and T-independent antibody responses in vivo. (A)Wt,Malt1-/-, andMalt1PD/PD

mice (n = 6/group) were immunized with the T-dependent antigen KLH, and serum anti-KLH antibody titers were measured by ELISA on days 7, 14, 21 and
28 after immunization. (B)Wt,Malt1-/-, andMalt1PD/PD mice (n = 4-5/group) were immunized with the T-independent antigen TNP-Ficoll, and serum anti-TNP
antibody titers were measured by ELISA on days 7, 14, 21 and 28 after immunization. Data represents Ig levels in individual animals, and averages are
indicated by horizontal lines. Significance was determined relative to theWt groups, with *p < 0.05, **p < 0.01, †p < 0.001.

doi:10.1371/journal.pone.0127083.g006
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IL-6, KC (IL-8 homologue), and TNF-α (Fig 4A). Of these cytokines, IL-10 and TNF-α were
significantly reduced in curdlan-stimulated BMDCs from bothMalt1-/- andMalt1PD/PD mice,
and there was a trend towards reduced IL-1β (p = 0.06) (Fig 4A). In contrast, KC production
was dramatically reduced only in BMDCs fromMalt1-/- but notMalt1PD/PD mice, whereas IL-
6 and IL-12 p70 were not decreased irrespective of genotype (Fig 4A). Consistent with these re-
sults, pre-treatment of BMDCs fromWtmice with Z-VRPR-FMK also inhibited production of
IL-1β, IL-10, and TNF-α, but not IL-6, KC, or IL-12 p70 (Fig 4A).

We also examined BMDC cytokine production stimulated through the Dectin-2 and Mincle
CLRs using an anti-Dectin-2 antibody and TBD as ligands, respectively. In BMDCs fromWt
mice, anti-Dectin-2 stimulated production of only IL-6, KC, and TNF-α, while TBD stimulated
production of only KC and TNF-α (Fig 4B and 4C). For Dectin-2 signaling, IL-6 and TNF-α
production was decreased in BMDCs from bothMalt1-/- andMalt1PD/PD mice, while KC was
significantly decreased only inMalt1-/- cells. Similarly, for Mincle signaling, KC and TNF-α
production was also decreased in BMDCs from bothMalt1-/- andMalt1PD/PD mice (Fig 4C).
Treatment with Z-VRPR-FMK gave results similar to those described above for Dectin-2
and Mincle (Fig 4B and 4C). These results indicate that the production of some, but not all
cytokines following stimulation of CLRs in dendritic cells is dependent upon MALT1 protease
activity.

MALT1 protease activity is required for T-dependent and T-independent
immune responses in vivo
The above results indicate that some, but not all cellular functions that are mediated by CBM
complexes are dependent upon MALT1 protease activity in ex vivo cultured immune cells,
whereas others are likely only dependent on MALT1 scaffolding activity, or are entirely MAL-
T1-independent. To explore how these aspects of MALT1 function are integrated in the more
complex in vivo setting, we next examined the role of MALT1 protease activity in immune re-
sponses in mice. Consistent with previous results [14,15], naiveMalt1-/- mice displayed severe-
ly reduced basal serum Ig levels (Fig 5).Malt1PD/PD mice, while having significantly reduced
serum IgM, IgG2b, and IgG3 levels, were relatively normal with respect to other Ig isotypes
(Fig 5).

We next examined the in vivo antibody responses ofWt,Malt1-/-, andMalt1PD/PD mice to
immunization with T cell-dependent and-independent antigens. When immunized with the
T-dependent antigen KLH,Wtmice produced high titers of anti-KLH IgM from days 7
through 28, and the expected Ig class switch occurred by day 14, with the anti-KLH IgG con-
centration increasing through day 28 (Fig 6A). As previously reported [14,15],Malt1-/- mice
were unable to mount anti-KLH IgM and IgG responses (Fig 6A). Similarly,Malt1PD/PD mice
also displayed poor IgM and IgG responses to KLH immunization, although this effect was not
as dramatic as observed inMalt1-/- mice (Fig 6A). Immunization ofWt,Malt1-/-, andMalt1PD/
PD mice with the T-independent type II antigen TNP-Ficoll yielded a similar IgM profile to
what was observed for T-dependent immunizations, however, the IgG response ofMalt1PD/PD

mice was not significantly affected (Fig 6B). These results demonstrate that MALT1 protease
activity contributes to T-dependent and T-independent antibody responses in vivo.

MALT1 protease-dead mice develop inflammatory cell infiltrates in
multiple organs
Malt1PD/PD mice did not display any externally obvious differences fromWt andMalt1-/-

mice at weaning. However, asMalt1PD/PD mice aged, we noted that they gradually developed a
hunched appearance, behaved in a lethargic manner, and eventually developed clinically
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progressive hind limb paresis, necessitating humane euthanasia. By 22 weeks of age, 100%mor-
bidity was observed in a cohort of 20 male and femaleMalt1PD/PD mice, whereas none of these
phenotypes were observed inWt orMalt1-/- mice of similar age. To determine the basis for this
morbidity, we performed a histological screen of 19 different tissues fromWt,Malt1-/-,
Malt1PD/PD, andMalt1+/PD mice. We observed distinct histopathological phenotypes only in
Malt1PD/PD mice, most commonly in the lung, eye, and stomach (Fig 7A–7H), and more infre-
quently in a variety of other tissues, such as brown and white adipose, liver, skeletal muscle,
and testes. The lungs ofMalt1PD/PD mice consistently displayed vasculocentric mononuclear
inflammatory cell infiltrates that were comprised predominately of lymphocytes with fewer
histiocytic cells (Fig 7A and 7B). Immune infiltrates were confined mostly to larger pulmonary
veins, with occasional penetration into the cardiac muscle layer. The eyes in a majority of the
Malt1PD/PD mice also contained a neutrophilic infiltrate within the substantia propria in the
limbic region of the cornea (Fig 7C and 7D). The non-glandular portion of the stomach of all
Malt1PD/PD mice displayed minimal to marked hyperkeratosis of the stratum corneum and/or
hyperplasia of the stratified squamous epithelium (Fig 7E and 7F). Mixed inflammatory infil-
trates were also observed in the mural wall of the glandular region of stomach inMalt1PD/PD

mice (Fig 7G and 7H).
Additional lung and stomach sections fromMalt1PD/PD mice with notable findings were

evaluated by IHC to characterize the mononuclear cell populations of the inflammatory infil-
trates. In this study, the noted lung infiltrates ofMalt1PD/PD mice that were often surrounding
pulmonary vessels, were considered to be comprised of a mixed mononuclear population of T
cells, B cells, and macrophages based on IHC staining (Fig 8A–8C). In stomachs, there was a
tendency for the inflammatory infiltrates inMalt1PD/PD mice to vary with anatomical region
affected. Inflammatory infiltrates subadjacent to regions of hyperplastic epithelium in non-
glandular stomach were mixed, but dominated by neutrophilic populations, readily identified
on H&E sections by their multilobate, polymorphonuclear feature (inset, Fig 7F). In affected
mice with deeper, mural infiltrates (tunica adventitia) in glandular portions of stomach, the in-
flammatory infiltrates were of a mixed mononuclear nature. IHC of these regions in these af-
fected areas demonstrated mixed populations of T cells, B cells, and macrophages, similar to
the perivascular infiltrates in lung of theMalt1PD/PD mice (Fig 8D–8F).

Although the exact cause of the clinical demise inMalt1PD/PD mice is unclear, it is likely that
the presence of multi-organ inflammatory infiltrates was a contributing factor.

Discussion
It has become increasingly clear that a wide variety of different receptor families signal through
CBM complexes to activate NF-κB [1]. In these different contexts, MALT1 is thought to con-
tribute to NF-κB activation through a combination of both its scaffolding and protease activi-
ties. Although studies examining TCR signaling have established a link between MALT1
scaffolding and IKK activation, the relative contribution of MALT1 protease activity (which
does not impact IKK activation) has not been well characterized or examined in an in vivo con-
text due to the poor pharmacologic properties of available MALT1 inhibitors. By comparing
mice homozygous for either null or catalytically inactive mutations in MALT1, we found that
many, but not all MALT1 functions were dependent upon its protease activity, and that
MALT1 protease activity plays a crucial role that complements its scaffolding activity across
multiple immune cell types and in immune responses in vivo. In the absence of MALT1 prote-
ase activity, CD4+ and CD8+ T cells displayed decreased activation-induced proliferation and
IL-2 production while B cell receptor stimulated proliferation was partially dependent on pro-
tease activity. In dendritic cells, stimulation of cytokine production through the Dectin-1,
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Fig 7. MALT1 protease-deadmice develop inflammatory cell infiltrates in multiple organs.H&E-stained histological sections of tissues fromMALT1Wt
(left panels A, C, E, G; n = 3) andMalt1PD/PD (right panels B, D, F H; n = 6) mice. Results fromMalt1-/- (n = 3) andMalt1+/PD (n = 2) mice were identical toWt
mice. (A, B) Lung at 100X magnification. Airways ofWt andMalt1PD/PD mice, including the B, bronchiolar (B) and terminal airways (TA) were relatively clear
of inflammatory infiltrates. Distinctive findings were present in the lungs ofMalt1PD/PD mice, which featured pulmonary veins (V) surrounded by a prominent
mixed mononuclear inflammatory cell infiltrate predominated by lymphocytes and histiocytic cells (inset, 400X magnification). (C, D) Limbic region of eye
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Dectin-2, and Mincle CLRs was also found to be partially dependent upon protease activity.
Protease-dead mice displayed reduced basal immunoglobulin levels, and defective T-depen-
dent and T-independent antibody responses. Despite these generally decreased responses,
Malt1PD/PD mice, but notMalt1-/- mice, progressively developed inflammatory cell infiltrates
in multiple organs, ultimately leading to morbidity due to hind limb paresis. These findings
demonstrate the importance of MALT1 protease activity in mounting effective immune re-
sponses and in maintaining immune homeostasis in vivo.

In lymphocytes, we found that while MALT1 protease function alone was required for opti-
mal TCR activation of CD4+ and CD8+ T cells, protease dependent and independent activities
were required for BCR ligation-induced B cell activation. In the context of isolated cellular re-
sponses, these data lead to a number of interesting interpretations. First, the scaffolding activity
of MALT1 is not necessarily intertwined with its protease activity, and it is sufficient to dictate
a specific set of cellular responses. Likewise, it is formally possible that MALT1 protease activity
may also function in isolation to direct a completely different set of responses, although this
cannot be determined by comparingMalt1-/- andMalt1PD/PD mice. We also cannot exclude
the possibility that in alternate cell types MALT1 protease activity may act strictly in tandem
with scaffolding activity to achieve a combined threshold capable of stimulating downstream
responses. However, it is apparent that the relative importance of MALT1 scaffolding and pro-
tease activities can vary substantially between different receptors and cell types.

In general, these interpretations also extend to the role of MALT1 in innate immune re-
sponses to fungal-derived carbohydrates that signal through CLRs. We find that in isolated
dendritic cells, depending upon the specific CLRs and cytokines that were examined, cytokine
responses can be: MALT1 protease-activity dependent; MALT1-dependent, but protease activ-
ity-independent; or entirely MALT1-independent. For example, activation of Dectin-1 induces
a range of cytokines, including: KC, IL-10, and TNF-α. While we found IL-10 and TNF-α to be
MALT1 protease activity-dependent cytokines, KC appeared to be dependent only on MALT1
scaffolding activity. Similar differential requirements for either MALT1 scaffolding or protease
activities were also seen for Dectin-2 and Mincle. The composite effect of the outputs mediated
by MALT1 scaffolding and protease activities in lymphocytes and dendritic cells is likely to cul-
minate in optimally orchestrated immune responses in vivo.

The importance of MALT1 protease activity in an in vivo context is highlighted by our ob-
servation thatMalt1PD/PD mice display diminished basal serum IgM, IgG2b, and IgG3 levels,
although the decrease in serum Ig was more pronounced inMalt1-/- mice. This finding is mir-
rored by the fact that MALT1 protease activity is also required for the maintenance of innate-
like MZ and B1 B cell populations, of which B1 B cells are notable for producing the majority
of serum IgM and IgG3 [35]. While untested in our study, MALT1 protease activity may main-
tain these populations by contributing to survival signals or activation induced proliferation.

(150Xmagnification). Cornea fromWt eye demonstrates typical anatomical features of a thin corneal epithelium (CE) overlying the substantia propria (SP).
Occasional linear nuclei in the SP are part of the normal fibroblast populations. Sclera (S), pigmented iris (I) and lens (L) are normal inMalt1PD/PD mice.
Cornea fromMalt1PD/PD mice consistently had neutrophilic inflammatory cell infiltrates (arrows) of varying severity in the substantia propria of the cornea.
This particularMalt1PD/PD mouse also had a florid neutrophilic infiltrate towards the central portion of the cornea (inset, 150Xmagnification). (E, F) Non-
glandular stomach (50Xmagnification). Normal non-glandular stomach was comprised of stratified squamous epithelium (Ep) with a small amount of
keratinized stratum corneum (Sc) and only occasional inflammatory cells evident in the submucosa (Sub). Non-glandular stomach fromMalt1PD/PD mice
demonstrated marked hyperkeratosis of the stratum corneum and prominent hyperplasia of the epithelium. A mixed inflammatory infiltrate was commonly
present in the mural wall, with this particular mouse having a moderate neutrophilic infiltrate in the submucosa (arrow). (G, H) Glandular stomach (50X
magnification). The fundic mucosa (Muc) of theWtmouse is regular, even, and is formed by undulating gastric pits. The relatively acellular tunica adventitia
(Ta) is the thin tissue layer (arrow) sandwiched between the thicker tunica muscularis (Tm) and the adipose tissue (Ad) / pancreas (Pan). Reactive
hyperplasia of the glandular mucosa was present inMalt1PD/PD mice, and characterized by prominent thickening of the mucosa and loss of regular and even
mucosal architecture. Mixed inflammatory cell infiltrates were increased in the mural wall of stomachs fromMalt1PD/PD mice, with this particular mouse
demonstrating an intense inflammatory infiltrate of the tunica adventicia that is predominated by populations of lymphocytes and histiocytic cells.

doi:10.1371/journal.pone.0127083.g007
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Fig 8. Mixed inflammatory infiltrates of T cells, B cells, andmacrophages in MALT1 protease-deadmice. IHC photomicrographs (80X magnification,
insets 400X magnification) of inflammatory cell infiltrates surrounding vessels (V) of the lung and tunica adventicia of glandular stomach inMalt1PD/PD mice,
using antibodies against: (A, D) CD3 to detect T cells; (B, E) CD45 to detect B-cell; and (C, F) F4/80 to detect macrophage. Non-selective background
staining was higher with the F4/80 antibody, as evident with the pale staining of erythrocytes within the vessel lumen (V, Fig 8C). Therefore, macrophage
identification was made by considering the higher staining intensity and morphology of cells stained (inset, Fig 8C). IHC photomicrographs of inflammatory
cell infiltrates in lung ofMalt1PD/PD mice (8A, C) demonstrates a mixed population of T-cells, B-cells and macrophages comprising the perivascular cuffs of
pulmonary vessels. Similar to the lung infiltrates ofMalt1PD/PD, inflammatory infiltrates in deeper glandular portions of stomach had mixed population of T
cells, B cells and macrophages in the tunica adventicia (Fig 8D, F).

doi:10.1371/journal.pone.0127083.g008
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By contrast, MALT1 scaffolding activity serves a reciprocal role by maintaining appropriate
basal levels of all other Ig isotypes. Although it is not clear how these basal serum Ig levels are
maintained, tonic (unstimulated) or stimulated BCR signaling via MALT1 scaffolding activity
may be a contributing factor.

As yet, we do not have a well-defined mechanistic view of all MALT1 activities across differ-
ent cellular contexts. Indeed, a complicating factor stems from the different modes by which
MALT1 has been shown to activate NF-κB. For example, in TCR signaling, MALT1 is respon-
sible for activating all relevant NF-κB family members, including RelA and c-Rel [14,15]. In
contrast, others have reported that during BCR signaling MALT1 only activates c-Rel, while
Bcl10 activates RelA in a MALT1-independent manner [17]. As a consequence, MALT1 is not
required for RelA-mediated B cell proliferation, but is required for c-Rel survival mechanisms
[15,17]. For reasons that are currently unclear, our observation that MALT1 is required for
BCR-induced proliferation is not consistent with these findings. Despite this discrepancy, the
view that MALT1 selectively activates c-Rel in specific cell types is gaining support. Indeed, a
recent examination of Dectin-1 and Dectin-2 signaling in human dendritic cells has also linked
MALT1 exclusively to c-Rel, and further identified a critical role for MALT1 protease activity
[7]. Given these similar observations involving disparate receptor classes and cell types, it is
highly probable that MALT1 protease-mediated c-Rel activation will emerge as a common
theme.

Unexpectedly, despite the generally decreased cellular and in vivo responses we observed in
Malt1PD/PD mice, these animals also developed inflammatory cell infiltrates in multiple organs.
Although this phenotype has the potential to confound the analysis of immune cell populations
inMalt1PD/PD mice, it is important to note the concordance between our results with protease-
dead mice and treatment ofWt cells with a MALT1 protease inhibitor. The epithelial pathology
(non-glandular stomach) and inflammatory histomorphologic phenotype (lung and stomach)
associated with theMalt1PD/PD mice is intriguing, given the minor histomorphological pheno-
types previously described withMalt1-/- knockout. Based on the similar makeup of mononuclear
inflammatory infiltrate surrounding vessels of both the lung and stomach, it is tempting to posit
a causal link between the histopathology and the protease dysfunction in these mice. Considering
the function of the gene in B cell orchestration, coupled with the nature and location of the infil-
trates, two immediate mechanisms of pathogenesis are worthy of considering, with regards to
Malt1PD/PD alteration: aberrant/ectopic mucosa-associated lymphoid tissue formation; and im-
mune mediated (dys)function. A more thorough characterization ofMalt1PD/PD pathology will
be required, along with functional in vivo assessments of gene perturbations, to firmly establish
any causal link between the MALT1 protease function and the pathology observed inMalt1PD/PD

mice. The underlying reason why this pathology is entirely absent fromMalt1-/- mice is not clear
and will also require further study. However, this does suggest that MALT1 scaffolding and pro-
tease activities must be in balance to support normal immune homeostasis in vivo. Given the
growing interest in developing selective MALT1 inhibitors for treatment of autoimmune disor-
ders and other diseases [2,3,36–38], it will be important to further explore this potential negative
consequence of inhibiting MALT1 protease activity.

This work, along with two papers published during our review process [39,40], represent a
key step in uncovering the physiological contributions of MALT1 scaffolding and protease ac-
tivities in innate and adaptive immunity. Collectively, we and others identify MALT1 protease
activity as a critical determinant for development of MZ and B1 B cells and control of autoim-
mune inflammation [39,40]. Surprisingly the role of MALT1 protease activity in lymphocyte
activation is not consistent across all studies; however, work from our group and Thome’s
group [39] strongly support the notion that MALT1 protease activity is critical for adaptive
and innate immune cell responses. As outlined above, these results reinforce our view that
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MALT1 protease activity does not merely adjust IKK mediated NF-κB activation, but contrib-
utes significantly at the cellular and organism level to maintain normal systemic immunity. A
key remaining question revolves around the mechanism by which MALT1 scaffolding and pro-
tease activities integrate signaling downstream of different receptors in different cell types. The
identification of additional MALT1 proteolytic substrates will undoubtedly reveal alternate
pathways that are regulated by MALT1, such as the cleavage of CYLD and its regulation of
JNK [31]. MALT1 protease-dead mice should also prove useful to explore the role of MALT1
in other cellular contexts.

Supporting Information
S1 Fig. Complete western blots confirming MALT1 (C472A) expression and loss of prote-
ase activity. Purified total B cells from the spleens ofWt,Malt1-/-, andMalt1PD/PD mice were
treated with (+) or without (-) PMA plus ionomycin for 1 h and assessed by Western blotting
for expression of MALT1, CYLD, Bcl10, and proteolytically cleaved CYLD and Bcl10. All sam-
ples were run on the same western blot. A single blot was probed sequentially for MALT1 and
CYLD. A duplicate blot with the same samples was probed for Bcl10 and cleaved Bcl10.
Cropped versions of these images are shown in Fig 1B.
(TIF)

S2 Fig. RelB cleavage is impaired in activated B cells expressing MALT1 (C472A). In a sepa-
rate experiment from Figs 1B and S1, purified splenic B cells fromWt,Malt1-/-, andMalt1PD/PD

mice were treated with MG-132 and ± PMA plus ionomycin for 1 h and assessed by Western
blot for proteolytically cleaved RelB and Bcl10. The same samples were used for all blots shown.
(TIF)
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