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Abstract

The protease activity of the paracaspase Maltl has recently gained interest as a drug
target for immunomodulation and the treatment of diffuse large B cell lymphomas. To
address the consequences of Maltl protease inactivation on the immune response in
vivo, we generated knock-in mice expressing a catalytically inactive C472A mutant of
Maltl that conserves its scaffold function. Like Maltl-deficient mice, knock-in mice
had strong defects in the activation of lymphocytes, NK and dendritic cells and the
development of B1 and marginal zone B cells, and were completely protected against
the induction of autoimmune encephalomyelitis. Malt1 inactivation also protected the
mice from experimental induction of colitis. However, Malt1 knock-in mice but not
Malt1-deficient mice spontaneously developed signs of autoimmune gastritis that
correlated with an absence of Treg cells, an accumulation of T cells with an activated
phenotype and high serum levels of IgE and IgG1. Thus, removal of the enzymatic
activity of Maltl efficiently dampens the immune response, but favors autoimmunity
through impaired Treg development, which could be relevant for therapeutic Malt1-

targeting strategies.
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Introduction

The paracaspase Maltl is a signaling protein with homology to caspases, which is
essential for cellular activation by surface receptors with immunoreceptor tyrosine-
based activation motifs (ITAMs), such as the B cell receptor (BCR) or the T cell
receptor (TCR) (Rosebeck et al, 2011; Thome, 2008). Malt1-deficient mice show
defects in the activation of B- and T cells, and present with a general
immunodeficiency (Ruefli-Brasse et al, 2003; Ruland ef a/, 2003). Moreover, these
animals have defects in the development of follicular, marginal zone (MZ) and B1 B
cells, and a slightly altered thymic development, yet normal numbers of peripheral T
cells (Ruefli-Brasse et al, 2003; Ruland et al, 2003). Malt1-deficient mice are
protected against experimental autoimmune encephalomyelitis (EAE), a mouse model
of multiple sclerosis (Brustle et al, 2012; Mc Guire et al, 2013). Maltl acts not only
downstream of the BCR and TCR, but also of other ITAM-containing
immunoreceptors, such as the activating NK cell receptors NKG2D and Ly49D, or the
fungal recognition receptors Dectin-1 and Dectin-2 (Gringhuis et al, 2011; Gross et
al, 2006; Gross et al, 2008). As a consequence, Malt1-deficient mice also show an
impaired activation of NK and myeloid cells (Gringhuis et a/, 2011; Gross et al, 2006;
Gross et al, 2008).

An essential role for Maltl downstream of these immunoreceptors is
the activation of the transcription factor NF-kB, which drives the expression of
cytokines and survival factors that promote the inflammatory response. Malt1 also
plays an important role in B cell malignancy since it promotes the growth of cell lines
derived from the activated B cell subtype of diffuse large B cell lymphoma (ABC

DLBCL) (Ferch et al, 2007; Hailfinger et al, 2009), which depend on constitutive NF-



kB signaling and Maltl expression for their survival (Ferch et a/, 2009; Hailfinger et
al, 2009; Ngo et al, 2006).

The mechanism by which Maltl promotes NF-kB activation has been
intensively explored, and shown to rely on both, its scaffold and enzymatic functions.
Antigen receptor triggering induces formation of a Carmal-Bcl-10-Maltl (CBM)
signaling complex. This promotes the activation of the IkB kinase (IKK) complex
(Rosebeck et al, 2011; Thome et al, 2010), which phosphorylates the NF-kB inhibitor
IxB to target it for proteasomal degradation. Maltl has an essential scaffold function
in this process, since it physically recruits the ubiquitin ligase TRAF6, which
promotes the recruitment and activation of the IKK complex (Noels et a/, 2007;
Oeckinghaus et al/, 2007; Sun et al, 2004). The protease activity of Maltl is
dispensable for IKK activation and instead promotes NF-kB activation by the
cleavage of RelB, which acts as a negative regulator of canonical NF-kB activation in
lymphocytes (Hailfinger et a/, 2011; Marienfeld et al, 2003). Moreover, Malt1
cleaves the ubiquitin-editing enzyme A20 (Coornaert et al, 2008) and this most likely
generates an A20 fragment that inhibits NF-kB activation in an IKK-independent
manner.

The protease activity of Maltl not only affects NF-kB activation, but also
additional aspects of lymphocyte activation. Malt1-dependent cleavage of CYLD and
Bcl-10 has been proposed to regulate antigen-induced activation of the JNK/AP-1
transcriptional pathway and B1 integrin-dependent cellular adhesion, respectively
(Rebeaud et al, 2008; Staal et al, 2011). In addition, Malt1-dependent cleavage of the
RNAse Regnase-1 (also known as MCPIP-1 or Zc3h12a) was recently shown to

promote the stability of certain mRNAs in activated T cells (Uehata et al, 2013).



Collectively, these data have suggested that the protease activity of Malt1 is
important for lymphocyte responses in vitro, and identified Maltl as a potentially
attractive target for therapeutic immunomodulation and cancer therapy, since small
molecule Maltl inhibitors have recently been shown to effectively delay the growth of
xenografted human ABC DLBCL (Fontan et al, 2012; Nagel et al, 2012). However,
the consequences of a specific inactivation of the enzymatic function of Maltl on the
immune response, which is highly relevant for therapeutic applications, have not yet
been explored.

To address these issues, we have generated genetically modified knock-in (ki)
mice expressing a catalytically inactive form of Maltl (C472A-ki mice). These mice
phenocopied most of the immune defects of conventional Malt1-deficient mice, and
were protected from the induction of experimental autoimmune encephalomyelitis
and colitis. However, the knock-in mice developed a spontaneous form of
autoimmune gastritis. This correlated with high serum levels of IgG1 and IgE, an
accumulation of T cells with an activated phenotype and a cell-intrinsic defect in Treg
development. These findings suggest that complete inactivation of the protease
activity of Maltl leads to impaired lymphocyte activation but also blunts Treg

development, and can therefore favor the development of autoimmunity.



Results

Maltl C472A knock-in mice express catalytically inactive Maltl

To assess the biological relevance of the Maltl protease activity, we generated
genetically modified mice by homologous recombination with a targeting vector
carrying a TGTCGG ->GCCAGA mutation (nucleotides 168-173 of exon 11)
encoding a catalytically inactive C472A mutant of the Maltl protein (Fig E1 A). The
resulting modified Maltl gene can be distinguished from the natural Maltl gene by
PCR-based genotyping (Fig E1 B). The mice were born healthy and at Mendelian
ratios, suggesting that Maltl activity is dispensable for embryonic development. In
the spleen, thymus and isolated peripheral T and B cells, homozygous knock-in (ki/ki)
mice expressed similar levels of Maltl as wild-type (+/4) mice, in contrast to Malt1-
deficient mice (ko/ko) that completely lack Maltl protein expression (Fig 1 A and Fig
E1 C). To test whether the Malt] mutant expressed in the knock-in mice had indeed
lost catalytic activity, we stimulated splenocytes of these mice with PMA and
ionomycin, a combination of drugs that efficiently activates Maltl in lymphocytes
(Coornaert et al, 2008; Rebeaud et al, 2008). This stimulation led to efficient cleavage
of the Malt1 substrates Bcl-10, Regnase-1 and RelB in Malt1-proficient, but not in
Malt1-deficient nor in Maltl C472A mutant cells (Fig 1 B). Similar results were
obtained using isolated purified splenic B- and T cells stimulated with PMA and
ionomycin or with antigen receptor-triggering anti-IgM or anti-CD3 and anti-CD28
antibodies (Fig 1 C). These experiments also revealed the presence of a shorter
isoform of RelB, which is preferentially expressed in T cells and efficiently cleaved

by Maltl (Fig 1, B and C). Collectively, these findings show that lymphocytes of



Maltl C472A knock-in mice express normal levels of a catalytically inactive form of

Maltl.

IKK and JNK activation is normal in lymphocytes of Maltl C472A knock-in
mice

To test whether other parameters of lymphocyte activation were affected by the
catalytic inactivation of Maltl, we next assessed purified B and T cells of knock-in
mice for the inducible activation of the MAPKs ERK and JNK, and the IKK-
dependent phosphorylation of the NF-kB inhibitor [kBa. ERK activation, which is
Maltl-independent (Rebeaud et al, 2008), was comparable in Malt1-proficient, Malt1-
deficient and C472A mutant mice (Fig 1 D). The IKK-dependent phosphorylation of
IxBa, on the other hand, was unaltered in Malt1 knock-in T cells but strongly
impaired in T cells of Maltl-deficient mice, consistent with previous reports (Ruefli-
Brasse et al, 2003; Ruland et al, 2003). Maltl C472A mutation also did not affect
inducible IkBa phosphorylation in B cells, while we noticed a partial defect of IkBa
phosphorylation and degradation in Malt1-deficient B cells, as described before
(Ruefli-Brasse et al, 2003; Ruland et al, 2003). Controversial findings have been
reported concerning the relevance of Maltl for JNK activation in T cells (Ruefli-
Brasse et al, 2003; Ruland et a/, 2003). We noticed a strong or partial reduction of
JNK activation in B or T cells, respectively, of Malt1-deficient mice, while JNK
activation was fully preserved in Maltl C472A mutant mice (Fig 1 D). This suggests
that the Malt1-dependent activation of JNK and IKK depends on the scaffold, and not

the enzyme function of Maltl.

Lymphocyte activation is impaired in Maltl C472A knock-in mice



Despite normal IKK activation, naive T cells of both knock-in and knock-out mice
showed a dramatic reduction of anti-CD3 and anti-CD28-induced IL-2 production and
proliferation, a defect that was only minimally stronger in knock-out compared to
knock-in cells (Fig 2, A and B). Nevertheless, knock-in mice had normal numbers of
total thymocytes and normal numbers of total, CD4- and CD8- double negative (DN),
CD4- and CD8- double positive (DP), and of CD4- or CD8- single positive (SP)
thymocytes (Fig E2 A). Maltl deficient mice have strongly increased total and
relative numbers of CD25CD44" (DN4) thymocytes (Ruefli-Brasse et al, 2003).
Malt1 knock-in mice showed only a mild increase in this subset, but share with
Maltl-deficient mice the presence of DN4 cells that have strongly increased surface
levels of CD3 and intracellular TCRaf chains (Fig E2 B - D). Thus, the protease
activity of Maltl is required for T cell activation, and contributes to the Malt1-
dependent abnormality in thymocyte development.

Maltl-deficent mice also have defects in B cell development, in particular in
the generation of peritoneal B1 B cells and splenic marginal zone (MZ) B cells
(Ruefli-Brasse et al, 2003; Ruland et al, 2003). Interestingly, Malt1 knock-in mice
also showed an almost complete lack of peritoneal B1 B cells, and dramatically
reduced numbers of MZ B cells (Fig 2, C and D), which were confirmed by
histological examination (Fig 2 E). Additionally, we noticed a clear increase in the
levels of IgM surface expression on total and follicular splenic B cells that is common
to Maltl-deficient and Maltl knock-in mice (Fig E3 A). These changes were
accompanied by a significant reduction in the numbers of total and B220" cells in the
spleen but not the bone marrow, which did not affect the percentages of the CD19",
follicular, T1 and T2 subsets (Fig E3 B). Analysis of serum Ig levels of Malt1 knock-

in mice revealed normal levels of IgA and slightly elevated levels of IgG1, but a



strong reduction in the levels of IgM, IgG2a and IgG3 and a partial reduction of the
levels of IgG2b, all of which were slightly more pronounced in Maltl deficient mice
(Fig 2 F). Moreover, both Malt1-deficient and Maltl knock-in mice showed a
complete block in the production of serum IgM and IgG3 in response to immunization
with the T-independent antigen NP-ficoll (Fig 2 G). In addition, Maltl knock-in mice
showed strongly reduced production of serum IgM and IgG1 in response to the T-
dependent antigen NP-CGG (Fig 2 H), including the germinal center-dependent
generation of high affinity antibodies (Fig E4), while these responses were completely
blocked in Maltl-deficient mice (Fig 2 H). Collectively, these findings show that the
protease activity of Maltl is essential for the activation of B and T cells, for normal
development of thymocytes, Bl and MZ cells and for the generation of efficient

humoral immune responses.

Malt1 activity is required for the activation of NK and dendritic cells
Maltl-deficient mice also show defects in the activation of NK and myeloid cells by
ITAM-containing receptors (Gross et al, 2006; Gross et al, 2008). Compared to wild-
type mice, knock-in mice had similar numbers and percentages of NK1.1" splenic NK
cells (Fig 3 A) but isolated NK cells had impaired IFN-y and MIP-1a responses to
stimulation with PMA and ionomycin or agonistic antibodies directed against the
activating receptors NK1.1, NKG2D and Ly49D (Fig 3 B). Stimulation-induced
LAMP-1 upregulation, which is indicative of the release of cytotoxic granules, was
not significantly altered (Fig ES). Thus, the protease activity of Maltl is required for
efficient cytokine responses, but not the degranulation of NK cells.

Next, we assessed the mice for the presence of dendritic cells (DCs) in the

spleen by flow cytometry, which revealed relatively normal numbers of CD11¢" DCs



(Fig 3 C). To assess whether Malt1 activity was relevant for DC activation, we
stimulated bone marrow-derived DCs with zymosan, which activates the ITAM-
containing receptor Dectin-1 and signals via Maltl (Brown & Gordon, 2001; Gross e?
al, 2006), or with LPS, which triggers DC activation via a distinct, TLR4- and
MyD88-dependent yet Maltl-independent signaling pathway (Kawai et al, 1999;
Poltorak et al, 1998; Zhang et al, 1999). Zymosan-, but not LPS treatment efficiently
activated Malt1, leading to cleavage of the Maltl substrates Bcl-10, RelB and CylD
(Fig 3 D, Fig ES B). No Maltl-dependent Bcl-10 cleavage was detected in DCs of
knock-in or knock-out mice (Fig 3 D). Compared to wild-type cells, Malt1 knock-in
BMDC:s also showed strongly impaired TNF-a and partially reduced IL-6 responses
to zymosan. These responses were almost absent in Maltl-deficient cells (Fig 3, E and
F), consistent with previous findings (Gross et al, 2006). In contrast, Malt1-
inactivation or -deficiency did not compromise the LPS-induced secretion of these
cytokines. Collectively, these finding suggest that the protease activity of Maltl is

required for the full activation of NK cells and DCs by ITAM-containing receptors.

Maltl inactivation prevents development of autoimmune encephalomyelitis and
colitis

The observation that the Maltl knock-in mice showed strongly impaired T cell
responses in vitro suggested that T cell responses to autoantigens should also be
compromised in vivo, and that specific inhibition of the Maltl protease activity might
have potential for therapeutic immunomodulation. To test this hypothesis, we first
evaluated the response of Maltl knock-in mice to the induction of experimental
autoimmune encephalomyelitis, a mouse model of multiple sclerosis induced by

immunization with myelin oligodendrocyte glycoprotein (MOG). Using this protocol,
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control mice developed signs of EAE starting at day 9 after immunization, which
gradually increased in severity over several days until mice were sacrificed (Fig 4 A).
Interestingly, both Malt knock-in and Malt1-deficient animals were completely
protected against EAE induction (Fig 4 A). This correlated with a dramatic reduction
of CNS-infiltrating CD4" cells (Fig 4 B) and a complete absence of IFN-y, IL-17A or
GM-CSF producing CD4" cells in the CNS of knock-in mice (Fig 4 C). Consistent
with these findings, splenic CD4" T cells isolated from immunized mice showed
strongly impaired cytokine secretion upon in vitro restimulation with increasing doses
of MOG (Fig 4 D). Thus, mice expressing catalytically inactive Maltl are fully
protected from T cell mediated EAE.

Next, we assessed the role of the Malt1 protease activity in a T cell dependent
mouse model of colitis that is initiated by intraperitoneal transfer of purified naive T
cells from wild-type mice into Rag2-/- mice, which lack endogenous B and T cells. In
this lymphopenic host, the transferred T cells expand and trigger a T cell dependent
form of colitis that is characterized by T cell infiltration in the intestinal mucosa. Such
signs of colitis became apparent in Rag2-/- mice when receiving naive FACS-sorted T
cells isolated from Malt1-proficient mice, but not from Malt1-deficient mice (Fig 4
E). T cells isolated from Maltl knock-in mice induced colitis with lower penetrance,
since in each of two independent experiments, only 1 out of 4 mice tested showed T
cell infiltration in the colon (Fig 4, E and F). These findings correlated with a partial
and strong reduction of the numbers of total and CD4 TFN-y" cells in the mesenteric
lymph nodes of Maltl-inactive and Malt1-deficient mice, respectively (Fig 4 F).
Collectively, these observations support an essential role for the protease activity of

Maltl in two independent models of T cell dependent autoimmune diseases.
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Mice expressing catalytically inactive Maltl have an activated T cell phenotype
When analyzing the immune status of Maltl C472A knock-in mice beyond 6 weeks,
we noticed the appearance of strongly swollen lymph nodes (Fig 5 A). This feature
was not present in Malt1-proficient littermates or heterozygous animals, and much
less pronounced in Maltl-deficient mice (Fig 5 B and Fig E6 A). In contrast, Malt1
C472A knock-in mice had a reduction in the total numbers of splenocytes, similar to
knock-out mice (Fig 5 B). Flow cytometric analysis of the peripheral lymph nodes of
the knock-in animals revealed a massive increase in the total numbers of B and T cells
(Fig E6 B) and an increased percentage and number of T cells with an
activated/memory phenotype, that is characterized by high surface expression of
CD44 and low levels of surface CD62L (Fig 5, C and D). In the spleen, the total
number of CD4" T cells was strongly reduced in both, knock-in and knock-out mice
(Fig 6E C), and cells with a CD62L1o CD44hi phenotype were overrepresented only
in the knock-in mice (Fig 5, C and D). T cells from Maltl knock-in mice showed an
increased production of the TH1 cytokine IFN-y and the TH2 cytokine IL-4, but no
increase in IL-17 production after in vitro stimulation with PMA and ionomycin (Fig
5 E). Collectively, these data demonstrate an excessive lymphocyte expansion and an
accumulation of T cells with an activated phenotype in the lymph nodes of Maltl

knock-in mice.

Maltl C472A knock-in mice develop autoimmune gastritis

Beyond the age of 6 weeks, we also noticed a loss of weight of Malt1l knock-in mice
that was not apparent in control or Maltl-deficient mice (Fig 6 A). Histological
analysis of the gastrointestinal tract of knock-in mice demonstrated the presence of

numerous CD3" cells in the mucosa of the stomach (Fig 6 B), but not in the lung,
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liver, pancreas, kidney, heart and skin (unpublished observations). No or only very
few CD3" cells were present in the stomach mucosa of control or knock-out mice,
respectively (Fig 6 B). We also saw no obvious increase in CD3" cells in the small or
large intestine (unpublished observations). Compared to control and knock-out mice,
the serum of Maltl knock-in mice contained increased levels of IgE and IgG1, that
are typically associated with autoimmunity (Liston et a/, 2008), and these became
more severe with age (Fig 6 C). Interestingly, the serum of 16 week-old Malt1-knock-
in mice, but not of Malt1-proficient littermates, showed strong immunoreactivity
towards the mucosa of the stomach, in particular the parietal cells of the tubular
glands (Fig 6 D). Collectively, these findings suggest that mice expressing a
catalytically inactive form of Maltl develop an autoimmunity that preferentially

targets the stomach.

Maltl C472A knock-in mice have a cell-intrinsic defect in Treg development
Next, we tested whether the observed autoimmunity phenotype of the knock-in mice
was due to an impaired development CD4'CD25 FoxP3" regulatory T (Treg) cells,
which are required to limit immune responses and prevent autoimmunity. Indeed,
FoxP3" Treg cells were virtually absent from the thymus, and strongly reduced in the
spleen and lymph nodes from knock-in and knock-out mice (Fig 7 A). The
upregulation of FoxP3, which is required for the development and function of
regulatory T cells (Fontenot et al, 2003; Hori et al, 2003), has been shown to depend
on the NF-kB subunits RelA and c-Rel (Deenick et al, 2010; Isomura et al, 2009;
Ruan et al, 2009; Visekruna et al, 2010), and in particular on a c-Rel-dependent
modification of the chromatin conformation in the CNS3 enhancer region of the

FoxP3 locus (Long et al, 2009; Zheng et al, 2010). The Maltl protease activity
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controls RelA and c-Rel activation independently of IkBa, via the cleavage of RelB
(Hailfinger et al, 2011), which acts as an inhibitor of canonical NF-kB activation in T
cells (Ishimaru et al, 2006; Ruben et al, 1992; Weih et al, 1995; Weih et al, 1996).
Therefore, we next assessed the levels of RelB in thymocytes of Maltl knock-in and
wild-type mice. The absence of thymic Treg cells in the knock-in mice correlated with
increased thymic RelB levels (Fig 7 B), suggesting that Malt1-dependent RelB
downregulation might be required for the efficient NF-kB-dependent generation of
FoxP3" Treg cells. Consistent with this idea, we observed that anti-CD3 and anti-
CD28-induced upregulation of FoxP3 on naive T cells in vitro, which at least partially
depends on the NF-kB pathway (Long ef al, 2009; Ruan et al, 2009), was also
significantly impaired in Maltl knock-in mice compared to wild-type mice (Fig 7 C).
In contrast, we saw no effect of the Maltl inhibitor z-VRPR-fmk nor of genetic
inactivation or loss of Maltl on the stability of FoxP3 mRNA in this system (Fig E7,
A and B). To assess whether the lack of Treg cells in the knock-in mice was due to a
cell-intrinsic defect, we reconstituted CD45.1" lethally irradiated wild-type mice with
a 1:1 mixture of CD45.1" wild-type and CD45.2" wild-type or Maltl knock-in bone
marrow cells. Analysis of the lymph nodes, spleen and thymus of the mice 8 weeks
after bone marrow transfer showed that equal ratios of total single positive CD4" T
cells developed from wild-type and knock-in bone marrow (Fig 7 D). However,
thymic and peripheral Treg cells could develop from wild-type bone marrow, but no
Treg development was detectable from Maltl knock-in bone marrow (Fig 7 E). To
exclude that the thymic stroma of Malt1 knock-in mice had a defect in supporting
Treg development, we also performed reciprocal bone marrow chimeras. These
experiments showed that Treg cells developed normally from bone marrow cells of

wild-type origin upon transfer into either knock-in or wild-type hosts (Fig 7 F). Thus,
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normal development of Treg cells depends on the protease activity of Maltl in a cell-

Intrinsic manner.

Treg transfer rescues autoimmune symptoms in Maltl C472A knock-in mice

To assess whether the lack of Treg cells accounted for the autoimmune symptoms of
Malt1 knock-in mice, we adoptively transferred FACS-purified CD4 FoxP3 GFP"
Treg cells into newborn Maltl knock-in mice. Total Treg cell numbers remained
lower than in the non-reconstituted Maltl knock-in mice but transferred Treg cells
represented more than 40 % of the total Treg cells in the lymph node and spleen of the
reconstituted mice (Fig E8, A and B). In contrast to the endogenous Treg cells, these
low numbers of transferred Tregs were sufficient to suppress autoimmunity, since
adoptive Treg transfer restored a normal weight gain of the mice for at least 15 weeks
(Fig 8 A) and led to a normalization of the size of the lymph nodes (Fig 8 B). In
contrast to untreated knock-in mice, the mice receiving an adoptive Treg transfer had
reduced signs of T cell activation (Fig 8 C), showed lower levels of IFN-y, IL-4 and
IL-17 production (Fig 8 D), had lower serum IgE levels than untreated knock-in mice
(Fig 8 E) and showed an absence of CD3" T cells in the stomach mucosa (Fig 8 F).
Thus, the lack of functional Treg cells in the Maltl C472A knock-in mice plays a

major role in the development of autoimmune symptoms.
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Discussion

Here, we provide several lines of evidence for a differential role of the Maltl protease
and scaffold function in the control of the immune response. First, Maltl protease
activity was required for cellular immune responses of lymphocytes, NK and dendritic
cells and the development of follicular, marginal zone and B1 B cells. Second, the
protease activity was required for the induction of T cell dependent autoimmune
diseases, such as EAE and colitis. Most importantly, we show that inactivation of the
protease activity of Malt1 impaired the development of Foxp3" Treg cells in a cell-
intrinsic manner, and favored the development of an early onset autoimmune gastritis.
This autoimmunity was clearly dependent on the Maltl scaffold function, since
Maltl-deficient mice did not show signs of autoimmunity despite absence of Treg
cells. Interestingly, autoimmunity features were also absent in heterozygous (+/ki)
mice, arguing against a potential dominant negative effect of the catalytically inactive
Malt]l mutant.

The comparison of Malt1-deficient and Maltl knock-in animals has also
allowed us to clearly dissect the relevance of the scaffold and the enzymatic function
of Maltl for signaling. The protease activity was not required for the antigen receptor-
induced activation of the IKK complex, which required only the scaffold function of
Maltl. These findings are consistent with previous studies using the Maltl
tetrapeptide inhibitor z-VRPR-fmk, which does not impair IKK activation (Duwel et
al, 2009; Hailfinger et al, 2011). Additionally, the protease activity of Maltl was
dispensable for antigen receptor induced JNK activation. A previous study had
reported that Malt] protease activity controls T cell receptor-induced JNK activation
by the cleavage of the deubiquitinase CYLD (Staal et al, 2011). The authors observed

a strong effect of a non-cleavable CYLD mutant on the upregulation of the JNK target
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c-Jun, despite the fact that Malt1 inhibition with z-VRPR-fmk had only a minimal
impact on JNK activation (Staal et al, 2011). Together with our findings, this suggests
that CYLD cleavage may regulate c-Jun expression in a JNK-independent manner
that remains to be explored.

An interesting discovery of the present study is that both Malt1 knock-in and
Maltl-deficient mice showed an almost complete absence of thymic and a strong
reduction of peripheral FoxP3" regulatory T cells that was due to a cell-intrinsic
defect, since FoxP3" Treg cells could not develop from Maltl knock-in bone marrow
in a mixed chimera setting. A loss of the development of thymic Treg cells and
strongly reduced peripheral Treg numbers had been previously noticed in mice with
defects in the CARMA1- and Bcl-10 genes (Barnes et al, 2009; Medoff et al, 2009;
Molinero et al, 2009; Salisbury et al, 2014; Schmidt-Supprian et al, 2004), and more
generally in animals with a genetic defect in the TCR-NF-kB signaling axis (Gupta et
al, 2008; Schmidt-Supprian et al, 2003; Schmidt-Supprian et a/, 2004). This has been
attributed to a requirement of NF-kB for the expression of FoxP3 (Deenick et al,
2010; Isomura et al, 2009; Long et al, 2009; Ruan et al, 2009; Visekruna et a/, 2010;
Zheng et al, 2010). We have previously shown that the protease activity of Maltl

controls NF-kB activation by the cleavage and subsequent degradation of RelB
(Hailfinger et al, 2011), which acts as an inhibitor of canonical NF-kB activation in T
cells (Ishimaru et al, 2006; Ruben ef al, 1992; Weih et al, 1995; Weih et al, 1996).
Together with our present findings, this suggests a role for Malt1-dependent cleavage
of RelB in controlling the TCR-Carmal-Bcl10-Malt]1-NF-kB signaling pathway that
is essential for the development of FoxP3" thymic and peripheral Treg cells. We also
explored a possible involvement of the Malt1 substrate Regnase-1, which might affect

FoxP3 mRNA stability (Uehata et al. 2013). However, we did not observe an effect
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of inhibition or genetic inactivation of Maltl on the mRNA stability of FoxP3 in the
in vitro 1Treg induction system. Nevertheless, it remains likely that a combined
absence of cleavage of multiple Maltl substrates accounts for the observed defect in
Treg cell development.

An unexpected finding of the present study was that mice expressing
catalytically inactive Maltl developed an early onset autoimmune gastritis despite
strongly compromised immune responses. This phenotype was rescued by the transfer
of highly purified Treg cells. Moreover, it required a minimal capacity of lymphocyte
activation through the scaffold function of Maltl, since Malt1-deficient mice did not
develop autoimmunity despite an even stronger Treg deficiency. Indeed, Malt1
knock-in mice retained minimal capacities for proliferation and cytokine responses of
T cells and Ig production of B cells, while these responses were completely blunted in
the Malt1-deficient mice. Of note, mice with a point mutation in Carmal
(unmodulated mice), which show a partial defect in T cell stimulation, also develop
enlarged lymph nodes and increased serum levels of IgE with age, and progress to
atopic dermatitis, although they do not seem to manifest other features of
autoimmunity (Jun et al, 2003). It is possible that Malt1 knock-in mice would acquire
additional symptoms of autoimmunity upon ageing, but that these are occluded by the
fact that the mice succumb early to gastritis.

Interestingly, autoimmunity has been reported as a common but poorly
understood feature of mice and humans with partial TCR signaling defects (Aguado et
al, 2002; Holst et al, 2008; Siggs et al, 2007; Sommers et al, 2002; Toyabe et al,
2001). The autoimmune phenotype has been attributed to an impaired balance
between immunogenic and tolerogenic TCR signals, including an impairment of Treg

development or function and compromised tolerogenic signaling due to a change in
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the TCR signaling threshold required for the negative selection of autoreactive T cells
in the thymus (Liston ef al, 2008). Maltl knock-in mice have reduced numbers of
FoxP3" Treg cells, but the mechanisms involved in breaking tolerance in these mice
are unclear. Maltl has been previously shown to be dispensable for thymic negative
selection (Jost et al, 2007), nevertheless, it remains possible that compromised TCR
signaling in the Malt1 knock-in thymocytes promotes subtle changes in the TCR
repertoire that allow the escape of autoreactive T cells from negative selection in the
thymus.

The fact that knock-in mice expressing catalytically inactive Maltl have
impaired Treg development raises the concern that treatment of patients with Maltl
inhibitors may also lead to a decrease in Treg cell numbers. This may be of concern
in the context of organ transplantation and the treatment of autoimmune diseases,
however it may possibly be an advantage in the treatment of cancer patients, where a
reduction in Treg numbers may actually favor the anti-tumor immune response. Since
the requirement of Maltl protease activity for the maintenance and function of
peripheral Treg cells is not yet known, Treg numbers should be carefully monitored in
preclinical trials with Maltl inhibitors.

Despite possible concerns about compromised Treg development, our mouse
model of a genetic inactivation of the protease activity of Maltl provides support to
the concept that therapeutic Maltl inhibition could be useful in the treatment of
multiple sclerosis, since mice expressing catalytically inactive Maltl were completely
resistant to the induction of EAE. Moreover, naive T cells from Maltl knock-in mice
were strongly impaired in their capacity to induce autoimmune colitis. Together with
our result that the knock-in mice had dramatically reduced responses to immunization,

and that Maltl knock-in lymphocytes show an almost complete inhibition of
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activation-induced cytokine and proliferative responses in vitro, this demonstrates that
the protease activity of Maltl accounts for most of its immunological functions.

Malt1 inhibitors might therefore be useful for immunomodulation in selected
autoimmune diseases and more generally in the treatment of inflammatory conditions.
Finally, therapeutic Maltl inhibition remains highly attractive as a pathway-specific
therapy to treat lymphomas with constitutive Maltl activity, such as ABC DLBCL

and MALT lymphomas.
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Materials and Methods

Mice

To generate a targeting vector a ~8.9 kb region was first sub cloned from a positively
identified C57BL/6 BAC clone (RPCI23 405H16). The region was designed so that
the long homology arm extended ~5.8kb 3’ to exon 11 which contains the TGTCGG -
>GCCAGA mutations (nucleotides 168-173 of exon 11) leading to a Cys472Ala
(C472A) mutation in the Maltl protein. The additional base changes were engineered
to create an additional restriction site for Mscl. A neomycin resistance cassette
flanked by FRT sites was inserted on the 5’ side of exon 11. The short homology arm
extended ~2.1 kb 5’ to exon 11 and the neomycin resistance cassette. The linearized
targeting vector was electroporated into C57BL/6 embryonic stem cells and positive
ES clones were used for injection into Balb/c blastocysts (inGenious Targeting
Laboratory). To delete the neomycin resistance cassette in the resulting Malt1-KI-neo
mice, they were bred to C57BL/6 FLP mice (The Jackson laboratory), and Neo
deletion was confirmed by PCR. Malt1-knock-in mice were genotyped by PCR
mediated amplification of a 500 bp fragment of exonl1 (F: 5°-
TATTATGCAGGGCACGGTTA-3’, R: 5’-ACTTCTGACCCTTGGGGAAT-3"),
which upon digestion by Mscl gives rise to two fragments of 340 and 160 bp, whereas
the Malt1l wild-type fragment is not cut. Homozygous Malt1-knock-in mice
(C57BL/6-Malt1tmC472A) have a poor breeding performance and mating was
therefore routinely done with heterozygous mice.

Bernard Malissen (Centre d'Immunologie de Marseille-Luminy, Marseille, France)
kindly provided FoxP3-eGFP B6 mice (Wang ef al/, 2008) and Vishva Dixit

(Genentech, San Francisco, USA) kindly provided Malt1-deficient mice (Ruefli-
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Brasse et al, 2003). Rag2 deficient mice, B6 and CD45.1 (Ly5.1") mice were from
The Jackson Laboratory. Mixed—bone marrow chimeras were generated by mixture of
bone marrow from CD45.1" wild-type and CD45.2" Malt1 wild-type or Maltl knock-
in mice at a ratio of 1:1 and injection into CD45.1" wild-type recipients after lethal
irradiation. Chimeras were analyzed 8 weeks after reconstitution. All mice were
maintained in the specific pathogen—free animal facility of the University of

Lausanne. All mouse experiments were authorized by the Swiss Federal Veterinary

Office.

FACS analysis

Single cell suspensions from thymus, spleen, lymph nodes, and BM were prepared by
mechanical dissociation of respective tissues and passage of cells through a 70-um
filter. Spleen cells were counted after erythrocyte lysis in hypotonic Tris-NH4Cl
buffer. Fc receptors were blocked by incubating cells in staining buffer (PBS
supplemented with 2 % heat-inactivated FCS) with anti-CD16/CD32 antibodies
(2.4G2, hybridoma supernatant). Staining was performed in staining buffer on ice for
30 min with optimal dilutions. Intracellular staining for FoxP3, IFN-y and IL-17A was
performed using the Cytofix/Cytoperm kit (BD) according to the manufacturer’s
instruction. 7AAD and DAPI were routinely used to exclude dead cells. For
intracellular cytokine staining: cells were re-stimulated in vitro with PMA (40 ng/mL;
Alexis) and ionomycin (1 pM; Calbiochem) in the presence of Brefeldin-A (10 pg/ml,
eBioscience) for 4-6 h at 37 °C. Dead cells were excluded using fixable viability dye
(eBioscience). Data were acquired on a FACSCanto or LSR II flow cytometer (both

BectonDickinson) and were analysed with FlowJo software (TreeStar).
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Stimulation and western blotting

Splenocytes and thymocytes were isolated by mechanical tissue separation and
subsequent red blood cell lysis in hypotonic Tris-NH4ClI buffer. Cells were washed
with PBS and resuspended in prewarmed RPMI 1640 supplemented with 10 % FCS
for 10 min at 37 °C before stimulation. Lymphocyte stimulation was initiated by
addition of PMA (40 ng/mL; Alexis) and ionomycin (1 uM; Calbiochem), by
immobilized anti-CD3 (145-2C11) and anti-CD28 (37.51) (eBioscience) or by
addition of anti-IgM (AffiniPure F(ab')2; Jackson Immunoresearch) for the indicated
times at 37°C at the indicated concentrations. Where indicated, cells were pretreated
with MG-132 (5 uM; Calbiochem) for 30 min prior to stimulation.

Pelleted cells were lysed in lysis buffer containing 50 mM HEPES, pH 7.5, 150 mM
NacCl, 1% Triton X-100, protease inhibitors (Complete; Roche) and phosphatase
inhibitors (NaF, NasP,O7 and Na3;VO,) and cell lysates were fractionated by SDS-
PAGE and subjected to immunoblot assays with the indicated antibodies.

Primary antibodies used in this study were: rabbit anti-RelB (4954), rabbit anti-IkBa
(L35A5), rabbit anti-phospho-IkBa (5A5), anti SAPK/JNK, rabbit anti-CYLD
(D1A10) (all Cell Signaling), rabbit anti-IkBa (Sigma), mouse anti-phospho ERK
(MAPK-YT) (Sigma), mouse anti-tubulin (B-5-1-2) (Sigma), rabbit anti—Bcl-10 (H-
197; Santa Cruz), p-JNK (Bioscource), Regnase-1 (Clone 604421) (R&D systems),
rabbit anti-Maltl (H-300) (Santa-Cruz). An antibody specific for cleaved Bcl-10 was
generated as described (Rebeaud et al, 2008). Western blots were revealed using
HRP-coupled goat anti-mouse or anti-rabbit antibodies (Jackson Immunoresearch).
Primary mouse CD4" T cells and B-cells were isolated from spleens and lymph nodes,
using anti-CD4-coated MACS beads or the B-cell isolation kit, respectively,

according to the manufacturer's description (Miltenyi). Naive T cells were sorted by
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flow cytometry from CD4" enriched populations as CD4 CD62L"CD44°CD25 and

were typically more than 99 % pure.

T cell proliferation and differentiation

Sorted CFSE-labelled naive T cells were stimulated by plate-bound anti-CD3 and
anti-CD28 for 48 hours, and CFSE dilution was analyzed by flow cytometry. For in
vitro induction of FoxP3" Treg cells, purified peripheral naive CD4" T cells were
stimulated for the indicated times with plate-bound anti-CD3 (5 ug/mL) and anti-
CD28 (5 ug/mL) in presence of TGF-f (5 ng/mL) and human IL-2 (100 U/mL). To
analyze FoxP3 mRNA stability, cells were treated with actinomycin D (5 ug/ml) for

the indicated times.

BMDC generation and activation

Bone marrow—derived DCs (BMDCs) were generated by differentiation by GM-CSF.
Briefly, BM cells were obtained from femurs of B6 mice by crushing bones with a
mortar. After filtering through a 70-um mesh, BM cells were cultured for 10 days in
complete Iscove modified Eagle medium (IMDM; Invitrogen) containing HEPES (10
mM), penicillin (50 [U/mL), streptomycin (50 pg/mL), f-mercaptoethanol (50 pM),
10 % FCS, and 10 % (vol/vol) GM-CSF—containing culture supernatant (A02 line
donated by Fabienne Tacchini-Cottier, Lausanne, Switzerland) in untreated 100-mm
plastic dishes. Medium was changed on days 3, 6 and 9 of culture. BMDCs (day 10)
were stimulated with LPS (LPS-EK Ultrapure, Invivogen) or zymosan (hot alkali
treated, depleted; Invivogen) at the indicated concentrations. Supernatants were

harvested after 24 h for ELISA.
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mRNA expression

For analyzing RNA expression, total cellular RNA was isolated by TRIzol reagent
(Life technologies) and cDNA was synthesized from 0.1 - 1ug total RNA with the
GoScript Reverse transcriptase kit (Promega) using random hexamers. Quantitative
real-time PCR with SYBR green was done with the LightCycler480 system (Roche)
and expression normalized to SDHA expression. Primer sequences were as follows:
mouse TNF-a, F: 5’-CTGTAGCCCACGTCGTAGC-3’,R: 5’-
TTGAGATCCATGCCGTTG-3’; mouse IL-6, F: 5°-
GCTACCAAACTGGATATAATCAGGA-3’,R: 5°-
CCAGGTAGCTATGGTACTCCAGAA-3’, mouse SDHA: F: 5’-
AAGTTGAGATTTGCCGATGG-3’, R: 5’-TGGTTCTGCATCGACTTCTG-3’,
mouse FoxP3: F: 5>-GGAAACACCCAGCCACTC-3’, R: 5’-

CTTCCAAGTCTCGTCTGAAGG-3’.

NK cell isolation and activation

Splenic NK cells were purified by non-adherence to nylon wool followed by depleting
non-NK cells using the NK Cell Isolation Kit II and a MACS separator (Miltenyi
Biotec). Purified NK cells were cultured in DMEM with 10 % FCS, Gentamicin (10
ug/ml), 2-Mercaptoethanol (50 uM), MEM NEAA (0.1 uM), L-Glutamine (4 uM)
and 500 ug/ml recombinant human IL-2 (a gift from N. Rufer, University of
Lausanne). After 5 days, cells were harvested and stimulated with plastic immobilized
mAbs to NK1.1 (PK136, BioXCell) (5 ug/ml), NKG2D (191004, R&D Systems) (5
ug/ml), Ly49D (4ES5, BD Pharmingen) (2.5 ug/ml) or by the addition of PMA (50
ng/ml) and Ionomycin (1 ug/ml). GolgiPlug and GolgiStop were added after 1 h of

culture and the cells were harvested 4 h later. Cells were incubated with Aquadead
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(Invitrogen) (to exclude dead cells) and anti-CD16/32 (2.4G2) hybridoma supernatant
before staining with fluorescent mAbs to NK1.1 (PK136), NKp46 (29A1.4), CD3¢
(17A2), CD19 (6D5) (all from BD Biosciences). Intracellular staining for IFN-y
(XMG1.2, e-Bioscience) was performed using the BD Cytofix/Cytoperm
Fixation/Permeabilization Kit (BD Biosciences). Cells were analyzed on a LSRII flow

cytometer (BD Biosciences) and analyzed with FlowJo (Tree Star).

Mouse immunization.

Wild-type, Malt1 ki/ki littermates and sex- and age-matched Maltl ko/ko mice (68
wk old) were immunized by subcutaneous injection of 50 pg NP-CGG (Biosearch
Technology) in alum or intraperitoneal injection of 25 ng NP-Ficoll and bled at the

indicated times to analyze serum antibody concentration.

ELISA

For NP-specific antibody detection, Nunc Immuno Plate MaxiSorp plates (Thermo
Fisher Scientific) were coated with 50 ug/ml NP26-BSA and incubated overnight at 4
°C. After blocking with 1 % BSA in PBS, the plates were incubated with serially
diluted serum samples and then with biotin-conjugated detection antibodies (Southern
biotech) followed by streptavidin-conjugated HRP (Jackson ImmunoResearch). After
colorimetric reaction (SigmaFAST OPD tablets), the absorbance at 490 nm was
measured using an ELISA plate reader and absolute values were calculated with an
internal standard (wild-type serum at day 14 of immunization). For IgG detection,
Nunc plates were coated with 5 pg/ml anti—Ig capture antibody (Southern biotech) in
50 mM sodium bicarbonate and incubated overnight at 4°C. The coated plates were

incubated with serially diluted serum samples and detected with isotype specific
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antibodies (Southern Biotech), and developed as described above. IL-6, TNF-a., IL-2,
IL-17A, GM-CSF and IFN-y concentrations in culture supernatants were determined

using ready-set go kits (eBioscience) according to the manufacturer’s protocols.

Induction and Assessment of Experimental Autoimmune Encephalomyelitis
Maltl wild-type, Maltl knock-in and Maltl knock-out mice were immunized s.c. with
200 pg of MOG 35-55 peptide (Gutcher ef al, 2006) in CFA (Chondrex, inc), and two
1.p. injections of 200 ng of pertussis toxin (Enzolifescience) at day 0 and day 1.
Starting from day 4, mice were monitored daily for the appearance of clinical signs of
disease. The following clinical score was used: 0, no detectable signs of EAE; 0.5,
distal limp tail; 1, complete limp tail; 1.5, limp tail and hind limb weakness; 2,
unilateral partial hind limb paralysis; 2.5, bilateral partial hind limb paralysis; 3,
complete bilateral hind limb paralysis; 3.5, complete hind limb paralysis and
unilateral forelimb paralysis; 4, total paralysis of fore and hind limbs; 5, death. Mice
were killed between 10-18 d after immunization. CD4" splenocytes isolated at day 10
after immunization were restimulated with titrated doses of MOG 35-55 peptide and
CD4 depleted and Mitomycin C treated (50 ug/ml, 30 min) splenocytes. After 72 h,

cytokine content in supernatants was assessed by ELISA.

Colitis

For induction of colitis Rag2 ™~ mice were injected i.p. with 5x10° sorted naive
purified T cells (CD4"CD62"CD44"CD25") isolated from Malt1- wild-type, knock-in
and knock-out mice. Mice were weighed, assessed for clinical symptoms of colitis

weekly, and killed 8 weeks after transfer. The frequency of CD4" cells in the
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mesenteric lymph nodes expressing IFN-y was assessed by intracellular staining after

5 h of PMA- and ionomycin-stimulation in the presence of Brefeldin-A.

Adoptive Treg transfer

GFP' Treg cells were isolated from spleens and lymph nodes of FoxP3-EGFP mice,
by enrichment using a Treg isolation kit, according to the manufacturer's description
(Miltenyi), and further purified by flow cytometric sorting of GFP'CD4'CD25" cells,
to obtain Treg cells that were typically more than 99 % pure. 10° purified Treg cells

were adoptively transferred by i.p. injection into 3-8 day-old neonates.

Immunohistochemical and immunofluorescence stainings

Organs (spinal cord, colon, stomach) were removed from sacrificed mice, fixed in
10% neutral buffered formalin, embedded in paraffin, and sectioned. 4-5 um sections
were stained with hematoxylin and eosine or anti-CD3 using standard methods.

For detection of autoantibodies in serum, wild-type stomach tissue was embedded in
OCT (Sakura Tissue-Tek) and sections of 5 um were cut with a Leica cryostat and
fixed in acetone. Sections were blocked with 0.1 % BSA and 1 % normal mouse
serum in PBS and then incubated with 1/300 diluted serum from 16 week-old Maltl
+/+ and Maltl ki/ki mice. After washing with PBS, the sections were incubated with
biotinylated goat anti-mouse IgE+IgG1 (Invitrogen and Southern biotech) in blocking
buffer followed by Streptavidin-Alexa 488 (Molecular Probes). After a wash with
PBS, slides were mounted using DAPI-containing ProLong antifade kit (Molecular
Probes). For immunofluorescence staining of OCT-embedded spleen tissues, acetone-
fixed 5-8 um cryosections were preblocked with normal mouse and normal donkey

serum. Then they were labelled with the following primary antibodies: sheep anti-IgD
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(Binding Site, clone 1/70), rat anti-CD35 (CR1, clone 8C12). The secondary and

tertiary reagents used were: donkey anti-rat Ig Cy3, donkey donkey anti-sheep Ig

Alexa-488, Streptavidin Alexa-488 (Invitrogen). After DAPI staining, slides were
mounted using DABCO. All images were captured with an Axio Imager.Z1

microscope (Zeiss) and analysed using Adobe Photoshop.

Statistical analysis.

Statistical significance was determined by two-tailed unpaired Student’s ¢ test or two

way ANOVA using GraphPad Prism (GraphPad Software).
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Figure legends

Figure 1. Maltl C472A knock-in mice express a catalytically inactive form of

Maltl.

A

Immunoblot analysis of spleen and thymus of Malt1-proficient (+/+), Malt1-
deficient (ko/ko) or knock-in mice expressing a C472A mutant form of Malt1
(ki/ki).

Immunoblot analysis of splenocytes, incubated with or without PMA and
ionomycin (PMA+Iono) for 30 min, for the presence and cleavage of Maltl
substrates. Cleaved Bcl10 was detected using an antibody directed against the
cleavage-specific neoepitope.

Immunoblot analysis of purified splenic T or B cells, stimulated with or
without PMA and ionomycin (PMA-+Iono) for 30 min or the indicated
antibodies (anti-IgM, a-IgM; anti-CD3 and anti-CD28, a—-CD3+a-CD28) for
60 min, for the presence and cleavage of RelB.

Immunoblot analysis of purified T cells or B cells of wildtype (+/+), knock-in
(ki/ki) and knock-out (ko/ko) mice, stimulated with PMA and ionomycin

(PMA-+Iono) for the indicated times.

Samples in (B) and (C) were treated with MG-132 prior to stimulation to prevent

proteasomal degradation of the RelB cleavage fragments. Immunoblotting for tubulin

served as a loading control. Open and black arrowheads indicate uncleaved and

cleaved Maltl substrates, respectively. Asterisk (*) indicates an unspecific band. Cells

of three mice per genotype were pooled in C and D. Data are representative of three

(A), four (B and D) and two (C) experiments.
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Figure 2. Lymphocyte activation and B cell development are impaired in Maltl

C472A knock-in mice.

A, B IL-2 production (A) and proliferation (B) and of naive T cells stimulated with
the indicated concentrations of plate-bound anti-CD3 and anti-CD28 antibodies
(pooled from three mice and stimulated in triplicates).

C,D Analysis of the presence of peritoneal CD5 IgM" B1 B cells and splenic
marginal zone CD19°CD23"°CD21" B cells in wild-type (+/+), knock-in (ki/ki)
or knock-out (ko/ko) mice (n=3).

E Fluorescence staining of spleen sections for the presence of CD21/35" marginal
zone B cells (cyan) and IgD" follicular B cells (red). Scale bar represents 100
um.

F Analysis of total basal immunoglobulin (Ig) levels in the serum of wild-type
(+/+), knock-in (ki/ki) or knock-out (ko/ko) mice (n=8).

G, H NP-specific immunoglobulin (Ig) levels in the serum after immunization with

NP-ficoll (G) or NP-CGG (H) (n = 8).

Bars represent means + SD; differences were statistically significant with P<0.01
(unpaired t-test) unless indicated otherwise (*** P<0.001, n.s., not significant). Data

are representative of four (A, B), three (C, D, E) and two (F, G, H) experiments.
Figure 3. Maltl activity is required for the activation of NK and dendritic cells.

A Analysis of the number and percentage of NK1.1" NK cells in the spleen of

wildtype (+/+) and Malt1 knock-in mice (ki/ki) (n=3).
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EF

Analysis of the percentage of NK cells producing IFN-y or MIP-1a following
stimulation with PMA and ionomycin (PMA-+Iono) or agonistic antibodies
directed against NKG2D, NK1.1 or Ly49D.

Analysis of the number and percentage of CD11c" dendritic cells in the spleen
of wildtype (+/+) and Maltl knock-in mice (ki/ki) (n=3).

Immunoblot analysis of BMDCs stimulated with or without zymosan (100
ug/ml) or LPS (10 ng/ml), for the cleavage of the Malt1 substrate Bcl-10.
Immunoblotting for tubulin served as a loading control.

Analysis of TNF-a and IL-6 cytokine secretion (E) or gene transcription (F) by
BMDCs of wild-type (+/+), knock-in (ki/ki) or knock-out (ko/ko) mice,
stimulated with or without the indicated concentrations of zymosan or LPS for

24 hours, and with 100 ug/ml zymosan and 10 ng/ml LPS in for 6 hours (F).

Bars represent mean + SD, *P<0.05, ** P<0.01 (unpaired t-test) in (A), (B) and (F);

*#%p<(0.001 (two way ANOVA test) in (E). Data are representative of three (A), two

(B), two (C), two (D) and three (E and F) experiments.

Figure 4. Inactivation of the Maltl protease activity prevents development of

autoimmune encephalomyelitis and attenuates T cell induced colitis.

A

Development of clinical disease in wildtype (+/+, n=5), knock-in (ki/ki, n=6)
and knock-out (ko/ko, n=4) mice after immunization with MOG.
Immunohistochemical detection of CD3" T cells in the spinal cord of mice of
the indicated genotypes at day 14 after immunization with MOG. Scale bar,

200 wm. The lower panel shows insets in higher magnification.
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C Flow cytometric analysis of CD3'CD4" T cells expressing IFN-y, IL-17A or
GM-CSF in the spinal cord of wild-type (+/+) and knock-in (ki/ki) mice at day
14 after immunization with MOG.

D Analysis of cytokine production of splenic CD4" T cells of the indicated
genotypes at day 10 after immunization, restimulated in vitro with the indicated
concentrations of MOG peptide and CD4-depleted splenocytes for 3 days.

E Immunohistochemical analysis of RAG2-deficient mice 8 weeks after adoptive
transfer of naive CD4" T cells of wild-type (+/+, n=3), knock-in (ki/ki, n=4)
and knock-out (ko/ko, n=4) mice, for the presence of CD3" T cells in the colon;
scale bar, 200 um.

F Flow cytometric analysis of the numbers of total, CD3"CD4" T cells, and
CD3'CD4'TFN-y" cells in mesenteric lymph nodes of RAG2-deficient mice 8

weeks after transfer of naive CD4" T cells of the indicated genotypes.

Bars in (C) and (D) represent means + SD. Each symbol in (F) represents an
individual mouse, horizontal lines represent means. * P<0.05, ** P<0.005 (unpaired
t-test). Data are representative of three (A and B) and two (C-F) independent

experiments.

Figure 5. Mice expressing catalytically inactive Maltl have enlarged lymph

nodes and accumulate T cells with an activated phenotype.

A, B Analysis of the anatomical size (A) and cellularity (B) of lymph nodes (LN; c:
superficial cervical, i: inguinal, a: axillary, m: mesenteric) and spleens (SP) of
wild-type (+/+, n=4) and Maltl knock-in (ki/ki, n=4) mice at the age of 8 (A)

and 6 (B) weeks.
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Analysis of the expression of CD62L and CD44 on CD4" cells isolated from
lymph nodes (LN) or spleens (SP) of 6 week-old mice of the indicated
genotypes.

Quantification of data shown in (C), obtained with wild-type (+/+, n=4), Malt1
knock-in (ki/ki, n=4) and knock-out (ko/ko, n=3) mice.

Intracellular cytokine expression in CD4" cells isolated from the lymph nodes
(LN) or spleens (SP) of 6 week-old mice of wild-type (+/+, n=4), Malt1 knock-

in (ki/ki, n=4) and knock-out (ko/ko, n=3) mice.

Bars represent means + SD, *P<0.05, ** P<(.005, *** P<(0.0005 (unpaired t-test).

Data are representative of six (A and B), four (C and D) and two (E) experiments.

Figure 6. Mice expressing catalytically inactive Maltl develop autoimmune

gastritis.

A

Weight curves of heterozygous (+/ki, n=4), knock-in (ki/ki, n=4) and knock-out
(ko/ko, n=6) mice after week 6 of age.

Immunohistochemical analysis of the gastric mucosa of 12 week-old mice of
the indicated genotypes for the presence of CD3" lymphocytes. Morphological
staining was performed using hematoxylin and eosin (H&E); scale bar, 100

um.

Comparison of the basal serum levels of IgE and IgG1 of wild-type and knock-
in (ki/ki) littermates or knock-out (ko/ko) mice of the indicated ages (between 3

and 7 mice were analyzed for each time point and genotype).
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D

Immunofluorescence analysis of sections of the gastric mucosa of wild-type
mice stained with serum of 16-week old mice of the indicated genotypes

(green, Ig; blue, DAPI). Scale bar, 100 um.

Bars represent means + SD, * P< (.05, ** P<0.005, *** P<0.0005 (unpaired t-test),

n.s., not significant. Data are representative of two (A, C, D) and four (B)

experiments.

Figure 7. Maltl C472A knock-in mice have a cell-intrinsic defect in Treg

development.

A

Analysis of wild-type (+/+, n=4), knock-in (ki/ki, n=4) and knock-out (ko/ko,
n=3) mice for the presence of thymic (TH) and peripheral CD4 CD25 Fop3"
Treg cells. SP, spleen; LN, lymph node.

Western blot analysis of RelB expression in total thymocytes of wild-type and
knock-in mice.

FoxP3 mRNA levels in naive CD4 " peripheral T cells after stimulation with
anti-CD3 and anti-CD28 in the presence of TGF-f and IL-2.

Analysis of CD45.1 wild-type mice that were lethally irradiated and
reconstituted with a 1:1 ratio of wild-type CD45.1" to CD45.2" wild-type (+/+,
n=3) or knock-in (ki/ki, n=4) bone marrow cells, eight weeks after transfer.
Cells from lymph nodes (LN), spleen (SP) and thymus (TH) were analyzed.
The CD45.1/CD45.2 ratio was determined in total CD4" T cells (D) and in

CD4'CD25FoxP3" Treg cells (E).

47



F

CD45.2 control (+/ki) or Maltl knock-in mice (ki/ki) were lethally irradiated
and reconstituted with wild-type CD45.1" bone marrow cells (reciprocal

chimeras) and T cell development analyzed eight weeks after transfer (n = 3).

Bars represent means + SD, *P<0.05, **P<0.005, n.s., not significant (unpaired t-

test). Results are representative of four (A), two (B, C, F) and three (D, E)

experiments.

Figure 8. Treg transfer rescues autoimmune symptoms in Maltl C472A knock-

in mice.

A

B-E

Weight curves of untreated wild-type and heterozygous mice (control, n=3 for
each) and of knock-in mice (ki/ki) with (n=3) or without (n=4) transfer of 10°
Treg cells at the age of 8 days.

Analysis of the total lymph node (LN) cellularity (per gram body weight) (B),
the percentage of CD4" cells with a CD62L"°CD44™ phenotype (C), the
percentage of cytokine-positive CD4 " cells isolated from lymph nodes (LN) or
spleens (SP) (D) and the serum IgE levels (E) of 5-week old wild-type (+/+)
and knock-in (ki/ki) mice, and of knock-in mice having received an adoptive
transfer of 10° Treg cells (ki/ki + Treg) at the age of 3 days (n=3).
Immunohistochemical analysis of CD3" cells in stomach sections of mice

described in (B-E); scale bar, 100 wm.

Bars represent means + SD, *P<0.05, **P<0.005, n.s., not significant (unpaired t-

test). Results are representative of two experiments (A-F).
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Expanded View legends

Figure E1. Generation of Maltl C472A knock-in mice expressing a catalytically

inactive form of Maltl.

A

The targeting vector carries a TGTCGG -> GCCAGA mutation (nucleotides
168-173 of exon 11 of the MALT1 gene) leading to a C472A mutation in the
Malt1 protein, and a neomycin resistance gene (Neo) that is flanked by flippase
recombinase target (FRT) sites. In the Maltl knock-in mice used for this study,
the neomycin resistance cassette was removed by crossing to mice expressing
the flippase recombinase (FLP). The position of naturally occurring EcoRI
sites (R) is indicated.

Wild-type mice (+/+), Maltl C472A knock-in mice (ki/ki) and heterozygous
littermates (+/ki) were genotyped by PCR amplification of a 500 bp fragment
comprising the TGTCGG -> GCCAGA mutation of exon 11, which leads to a
C472A mutation in the Maltl protein and simultaneously generates a Mscl
restriction site that is absent in the wild-type gene. In the presence of the
inactivating Maltl mutation, digestion of the PCR fragment with Mscl yields
two fragments of 340 and 160 bp.

Immunoblot analysis of peripheral T cells and B cells of wild-type (+/+), Maltl
C472A knock-in (ki/ki) and Maltl-deficient (ko/ko) mice for the levels of
Maltl. Immunoblotting for tubulin served as loading control. Data are

representative of two independent experiments.

Figure E2. Analysis of thymocyte subpopulations in Maltl knock-in mice
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B-D

Analysis of the total number of thymocytes, double negative CD4 CD8" (DN),
double positive CD4'CD8" (DP), and of CD4" or CDS8" single positive (SP)
thymocytes in 6 week-old wild-type (+/+), Maltl C472A knock-in (ki/ki) and
Maltl-deficient (ko/ko) mice. Thymocytes were stained with a lineage mix
containing antibodies against B220, y0TCR, NK1.1, CD11b and Terl119, and
further subdivided by staining against CD4 and CDS8. One representative
experiment out of four performed is shown with n>3 for each genotype.

Flow cytometric analysis of thymocytes of 6 week-old wild-type (+/+), Maltl
C472A knock-in (ki/ki) and Maltl-deficient (ko/ko) mice (n>3) for the total
number and percentage of CD4'CDS8" double negative (DN) cells with a CD25
CD44" phenotype (DN4) (B), the levels of surface CD3 expression on DN4
thymocytes (C), and the levels of intracellular TCRa and TCRf chains
(icTCRa and icTCRp, respectively) (D). One representative experiment out of

four performed is shown. *P < 0.0002, unpaired t-test.

Figure E3. Analysis of splenic B-cell subsets in Malt1 knock-in mice.

A

Flow cytometric analysis of the expression of surface IgM and IgD on CD19"
and CD19'CD24°CD23"CD21" follicular (FO) splenic B cells.

Analysis of the numbers of total and B220" bone marrow and spleen cells, and
of the percentage of CD19", follicular (FO), CD19"CD24"CD21"CD23"™ (T2)
and CD19"CD24™CD21" (T1) B cells in wild-type (+/+), Maltl C472A knock-
in (ki/ki) and Maltl-deficient (ko/ko) mice (n>3). One representative

experiment out of six performed is shown. *P < 0.005, unpaired t-test.

Figure E4. Analysis of immunization-induced immunoglobulin (Ig) levels.
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Analysis of total immunization-induced immunoglobulin (Ig) levels in the serum of
wild-type (+/+), knock-in (ki/ki) or knock-out (ko/ko) mice (n = 8; 8 weeks old).
Immunizations were performed using i.p. injection of nitrophenyl (NP)-Ficoll (d), and
serum was analyzed for the presence of high affinity antibodies using BSA-NP-4.
Bars represent means + SD and differences were statistically significant with £<0.01

(unpaired t-test), unless indicated otherwise (n.s., not significant).

Figure ES. Stimulation-induced LAMP-1 upregulation by NK cells.

A Analysis of the percentage of NK cells producing LAMP-1 following
stimulation with PMA and ionomycin (PMA-+Iono) or agonistic antibodies
directed against NKG2D, NK1.1 or Ly49D. Bars represent mean + SD,
*P<0.05 (unpaired t-test). Data are representative of two experiments (n=4).

B Immunoblot analysis of BMDCs stimulated with or without zymosan (100
ug/ml) for 90 min for the cleavage of the Maltl substrates RelB and CYLD.
Immunoblotting for tubulin served as a loading control. Data are representative

of two experiments.

Figure E6. Analysis of lymphocyte subsets of lymph nodes and spleens of Maltl

C472A knock-in mice

A Analysis of the lymph nodes and spleens of Maltl-proficient (+/+) and
heterozygous littermates carrying one Maltl knock-in allele (+/ki) (n>3; 8
weeks old). Total numbers of lymph node and spleen cells are shown. One

representative experiment out of three performed is shown.
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B Flow cytometric analysis of the total numbers and percentages of CD4", CD8"
and CD19" lymphocytes in the lymph nodes (LN) (A) and spleens (B) of wild-
type (+/+), C472A knock-in (ki/ki) and Maltl-deficient (ko/ko) mice (n>3, 6

weeks old). One representative experiment out of 4 performed is shown.

Bars represent mean + SD, *P < 0.05, ** P < 0.005 (unpaired t-test).

Figure E7. Assessment of FoxP3 mRNA stability.

A Naive CD4" T cells of wild-type mice were stimulated with anti-CD3 and anti-
CD28 (1 ug/ml each) under polarizing conditions (mTGF-f, 5 ng/ml; hIL-2,
100 U/ml) for 96 h, treated for additional 24 h with z-VRPR-fmk, and then
treated with actinomycin D for the indicated times (n=3). FoxP3 mRNA levels
were analyzed by qPCR and are shown relative to SDHA levels.

B Naive CD4" T cells were stimulated with anti-CD3 and anti-CD28 (1 ug/ml
each) under polarizing conditions (mTGF-f, 5 ng/ml; hIL-2, 100 U/ml) for 48
h, and upon addition of Actinomycin D, FoxP3 mRNA levels were analyzed by
qPCR at different time points (n=3, for each genotype T cells from 3 mice were
pooled before stimulation). FoxP3 mRNA levels are shown relative to SDHA

levels.

Data in A and B are representative of two experiments.

Figure E8. Detection of adoptively transferred Treg cells in the hosts.
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A Analysis of the percentage of total CD25" FoxP3" cells amongst CD4" T cells
isolated from lymph nodes and spleens of mice of the indicated genotypes, with
or without adoptive Treg cell transfer.

B Flow cytometric analysis (upper panel) and quantification (lower panel) of the
presence of adoptively transferred GFP" Treg cells amongst total Treg cells in

mice of the indicated genotypes.

Data in A and B are representative of two experiments (n=3, analyzed 4.5 weeks after

transfer).
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