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Mucosa-associated lymphoid tissue 1 (Maltl) regulates immune cell function by mediat-
ing the activation of nuclear factor kB (NF-kB) signaling through both its adaptor and pro-
teolytic function. Malt1 is also a target of its own protease activity and this self-cleavage
further contributes to NF-kB activity. Until now, the functional distinction between Maltl
self-cleavage and its general protease function in regulating NF-kB signaling and immune
activation remained unclear. Here we demonstrate, using a new mouse model, the impor-
tance of Maltl self-cleavage in regulating expression of NF-kB target genes and subse-
quent T cell activation. Significantly, we further establish that Treg homeostasis is criti-
cally linked to Malt1 function via a Treg intrinsic and extrinsic mechanism. TCR-mediated
Malt1 proteolytic activity and self-cleavage was found to drive I12 expression in conven-
tional CD4* T cells, thereby regulating 112 availability for Treg homeostasis. Remark-
ably, the loss of Maltl-mediated self-cleavage alone was sufficient to cause a signifi-
cant Treg deficit resulting in increased anti-tumor immune reactivity without associated
autoimmunity complications. These results establish for the first time that inhibition of
MALT1 proteolytic activity could be a viable therapeutic strategy to augment anti-tumor
immunity.
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Introduction

Antigen receptor signaling controls lymphocyte development and
is a key step regulating T cell and B cell activation. Antigen recog-
nition by the T cell receptor (TCR) is one of the most complex
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pathways of the immune system, where depletion of key signaling
enzymes results in severe immunodeficiency in both humans and
mice [1-4]. Binding of the TCR to the peptide-major histocom-
patibility complex (MHC) leads to the formation of the CARMAL,
BCL10, and MALT1 (CBM) protein complex, resulting in NF-kB
activation [5, 6]. As an adaptor, MALT1 is integral for the forma-
tion of the CBM complex by binding to BCL10 and CARMA1, which
is key for phosphorylation of IkBa and NF-kB activation [7-10].
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The MALT1 protease function catalyzes proteolytic cleavage of
multiple negative regulators of NF-kB signaling, including RELB,
CYLD and MCPIP1. As a consequence, Malt1 knock-out (Malt1~/~)
and Maltl protease-dead mice (Malt1’®) show defective T-cell
responses [11, 12]. This finding makes Maltl protease activ-
ity an attractive target for the treatment of auto-inflammatory
diseases,
development.

More recently, we and others have demonstrated that MALT1
also possesses auto-proteolytic activity, resulting in two MALT1
fragments, p16 and p76 [13, 14]. The auto-proteolytic removal
of the so-called N-terminal death domain (pl6) results in the
formation of an active C-terminal p76 fragment of MALT1
that dissociates from BCL10 and oligomerizes to promote the
transcriptional activity of NF-kB complexes in a TRAF6-dependent
manner [13, 14]. In vitro data suggest that a self-cleavage resis-
tant MALT1 (MALT15R) results in defective activation of NF-kB
target genes [13], thereby adding another level of complexity in
how MALT1 regulates NF-«kB function.

Regulatory T cells (Treg) are a specialized subpopulation of
CD4™ T cells, characterized by the expression of the transcription

with multiple inhibitors currently in pre-clinical

factor Foxp3 [15]. Treg cells act to suppress immune reactivity
against self-antigens, thus preventing autoimmunity. The size of
the circulating Treg pool is dependent on I12 availability that is
primarily produced by CD4" T cells [16, 17]. Mice, genetically
deficient in I12, I12ra or Il2rb, have severely reduced Treg cell
numbers and develop lethal autoimmune disease [18-21]. Con-
versely, Treg enrichment within the tumor microenvironment can
protect tumor cells by inhibiting anti-tumor immunity [22].

To better understand the role of Maltl self-cleavage versus
its general protease activity in regulating NF-«kB signaling and
immune cell function in vivo, we generated a new Maltl self-
cleavage resistant mouse model and compared it to the Maltl
protease-dead mouse model. Our findings suggest that Malt1 self-
cleavage regulates TCR signal transduction via amplification of
NF-kB activation. This was most exemplified by the reduction of
thymic Treg differentiation in Malt15*%5® animals. Furthermore,
we report that the homeostasis of Tregs was altered due to Malt1-
impairment in a cell extrinsic manner. Here, Maltl proteolytic
function and its self-cleavage were pivotal for 112 production by
conventional CD4" T cells. This 112 deficiency prevented Treg
expansion and reduced the levels of phospho-Stat5 in Treg. As
a consequence, we also show that the disruption of the Treg pool
size in the Malt15%SR animals resulted in increased anti-tumor
immune reactivity.

Results

Self-cleavage defective Maltl does not alter IkBa
phosphorylation and retains global protease activity

MALT1 protease activity is required for TCR-mediated signal-
ing via NF-kB. Auto-proteolytic MALT1 cleavage after Arginine
149 results in two protein fragments, pl6 and p76 (Fig. 1A).

© 2018 The Authors. European Journal of Immunology published by
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Figure 1. Malt1 R155A knock-in mice express a catalytically active form
of Malt1 but lack self-cleavage activity (A) Schematic representation of
Malt1 protein and its functional death domain (DD), immunoglobulin-
like domains (Ig), auto processing site and catalytic site. (B) MALT1
protease reporter assays of 293T-BM cells transiently expressing a
mouse wild-type Maltl (mp-Maltl), the self-cleavage resistant R155A
mutant (mp-Malt1-SR), the protease-death C472A mutant (mp-Maltl-
PD) or empty vector (mock). Maltl protease-dependent luciferase activ-
ity is shown as fold induction of vector-transfected cells. The data are
shown as mean +SD of four pooled independent experiments, which
were each performed in triplicates. (C) Cell lysates were immunoblotted
with the indicated antibodies to detect MALT1, its N- and C-terminal
auto-cleavage fragments (p16 and p76 respectively) and its proteolytic
targets. Arrows indicate the cleavage fragments generated by Malt1 pro-
tease activity. (D) Immunoblot analysis of spleen of Malt1+/+, Malt1+/5R,
Malt15%/SR and Malt1PP’*P mice. Splenocytes from 4 mice were combined
and then incubated with or without PMA and ionomycin for the indi-
cated times. A non-specific band generated with the Mcpip1 antibody
was used a loading control. Data are representative of three indepen-
dent experiments.
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An un-cleavable MALT1-R149A mutant (self-cleavage resistant
MALT1) has been shown to induce normal activation of an NF-xkB
reporter gene expression, unaltered initial IkBa phosphorylation
and nuclear accumulation of NF-kB subunits [13].

We have previously shown that targeting MALT1 to the plasma
membrane via a N-terminal myristoylation-palmitoylation (mp-
MALT1) signal cells induces its cleavage into 16 and 76 kDa
fragments [13]. Mutation of the homologous mouse Malt1 auto-
proteolytic site arginine to alanine (R155A), similarly induced
normal activation of an NF-«kB reporter gene but prevented self-
cleavage of membrane-associated Malt1 (mp-Malt15%, Fig. 1B and
C). However, the R155A mutation did not affect the protease activ-
ity of Malt1 as measured via a Malt1 bioluminescent protease assay
or via the cleavage of known Maltl substrates (Fig. 1B and C).
Proteolytically inactive Maltl (C472A) (mp-Malt1*P), however,
abolished reporter activity and substrate cleavage (Fig. 1B and C).

To selectively disrupt Malt1 auto-proteolytic activity in vivo, we
generated a Maltl self-cleavage resistant knock-in mouse model
by introducing the R155A mutation through targeted homologous
recombination. Mice, heterozygous and homozygous for the Malt1
self-cleavage resistant (Malt15?) alleles were viable and born in
Mendelian ratios (data not shown). Western blotting of cell lysates
from the spleen of Malt1*/+, Malt1+/5} Malt15*/} and Malt1P>/PP
mice showed equivalent Maltl protein expression and protein sta-
bility (data not shown) and initial IkBa and Erk phosphorylation
upon PMA/ionomycin treatment, in line with our previous obser-
vations (Fig. 1D) [13]. Furthermore, Malt15*5R cells had normal
cleavage of the Maltl proteolytic substrate Mcpipl upon stimu-
lation, whereas Malt1PP/PP cells showed lack of cleavage of this
Maltl target (Fig. 1D). These results show that Malt15¥SR mice
have normal Maltl protein expression and protease activity but
are unable to undergo auto-proteolysis.

Maltl auto-proteolytic activity is required for optimal
NF-«B activation and T cell proliferation

Given the important role of Maltl in mediating TCR activation
and resulting T cell response, we next asked whether the lack
of Maltl auto-proteolysis downregulated TCR signaling to NF-kB.
To this end we performed RNA sequencing analysis on unstim-
ulated and anti-CD3/CD28 stimulated naive CD4" T cells from
Malt1*/*, Malt15*¥5R and Malt1PP/*P background. Analysis of the
induction of known NF-kB target genes globally in stimulated ver-
sus unstimulated CD4" T cells showed decreased upregulation of
these genes in Malt1??/?P T cells (Supporting Information Fig. 1A).
Blocking Malt1 auto-proteolytic activity also affected the induction
of NF-kB target genes upon TCR stimulation, but to a lesser extent
than observed in T cells harboring the proteolytically-inactive
Maltl (Supporting Information Fig. 1A). This general decrease in
both Malt1?P/PP and Malt15*/5R T cells was further corroborated
using quantitative real-time PCR analysis for key Malt1 protease-
dependent NF-«kB target genes, except for Bcl211 that remained
unchanged in Malt1S¥5® T cells (Supporting Information
Fig. 1B).
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Next, we asked whether Maltl self-cleavage resistance also
affected T cell proliferation in response to anti-CD3/CD28 stim-
ulation. Both Malt15%5R and Malt1PP/PP cells showed impaired
TCR-induced proliferation compared to Malt1*/+ CD4* T cells,
as measured by CFSE dilution (Supporting Information Fig. 1C).
However, the proliferation was significantly less in the complete
protease-dead Malt1 when compared to the self-cleavage resistant
Maltl (Supporting Information Fig. 1C). These findings implied
that the auto-proteolytically cleaved Maltl p76 protein product
directly mediates activation of NF-kB and the expression of NF-«kB
target genes. To test this hypothesis, full-length Malt1 or the p76
cleavage product were expressed in Jurkat cells. Here, expression
of p76, but not full-length Maltl, induced the activation of an
NF-kB luciferase-reporter gene in the absence of TCR stimulation
(Supporting Information Fig. 1D). Taken together, these results
show that the Malt1 self-cleavage activity is not required for ini-
tial IkBa activation or NF-kB translocation but is essential for the
optimal activation of NF-kB target genes. This is further elaborated
by the observation that Malt1 p76 by itself induced transcription
of common NF-kB target genes.

Self-cleavage resistant Maltl mice do not develop
T cell mediated autoimmunity

Malt1?®PP  animals develop fatal autoimmune disease but
Malt1~/~ mice do not due to their inability to mount an immune
response [11, 12]. Therefore, we next sought to determine
whether the Malt15%5R mice would also develop a similar autoim-

mune disorder to Malt1FP/¥P

mice. As expected, the homozygous
Malt1?®PP mice developed symptoms of autoimmune disease,
starting at 8-10 weeks of age, exemplified by the significant weight
loss (Supporting Information Fig. 2A). Autoimmune disease in
Malt1P®/PP was confirmed by histological examination showing
severe multifocal lymphocyte infiltration and gastritis lymphoid
hyperplasia and pancreatic infiltration (Supporting Information
Fig. 2B). Strikingly, Malt15*/5R mice showed no signs of autoim-
mune disease after 15 weeks and gained weight comparable to
wild type Malt1%/* animals (Supporting Information Fig. 2C).

Self-cleavage resistant Maltl mice have normal levels
of T- and B cell frequencies

The lack of autoimmune disease in the Malt15%5} mice prompted
us to examine the peripheral lymphoid compartment in more
detail. The Malt15*/5R mice had normal frequencies of CD4* and
CD8" T cells and no increased effector memory T cells when
compared to Malt1?®FP mice which had an increased expan-
sion of CD8*% T cells and 2-fold increase of effector/memory
CD4* T cells (Fig. 2A--C). Interestingly, although Malt15%/SR ani-
mals displayed a ~25% decrease in natural killer (NK) cells, this
decrease was only half that as observed for Malt1">/*P (Fig. 2D).
There was no difference in B cell frequency among the differ-
ent cohorts (Fig. 2E), but marginal zone B cells were almost
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Figure 2. Maltl self-cleavage resistance rescues mice from T cell-mediated autoimmunity (A) Frequency of CD4" and CD8" T cells within the
spleen of Malt1*/+ (n = 12), Malt15¥SR (n = 9) and Malt1*®*P (n = 10) mice was analyzed by flow cytometry. (B) Representative flow cytometry data
and (C) frequency of CD4" T cells with an activated/memory (CD44hi, CD62Llo) or naive (CD44lo, CD62Lhi) phenotype. (D) Frequency of Nkp46" NK
cells and (E) CD19 + B cells of total splenocytes. (F) Frequency of marginal zone (MZ) B cells, as identified by CD23 and CD21 expression within the
total B cell population. (G) Frequency of Ifn-y -positive CD4 + T cell within the splenocyte population. (H) Ifn-y, I16 and Tnf cytokine concentration
was measured in the serum of mice of the different cohorts by cytometric bead array. Assay buffer was used as background fluorescence negative
control to assess relative serum concentrations (neg. CTL). Data are shown as mean + SD and are representative of three independent experiments
with four mice per experiment. Student’s t test was used for statistical analysis. Sample means were considered significantly different at p < 0.05,
with *p < 0.05, *p < 0.01 and **p < 0.001.
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absent in Malt1?P’?P mice, and unchanged in Malt15%SR animals
(Fig. 2F). Notably, the Malt15%/5% mice did not show any signs of
aberrant cytokine production or T cell polarization, in line with
the absence of signs of disease development (Fig 2G). This is in
contrast to the Malt1???P animals which showed a strong Th1
polarization of CD4" T cells and increased Ifn-y and 116 serum
cytokine levels concordant with the signs of autoimmune disease
(Fig. 2G, H).

Malt1 is essential for thymic development
of regulatory T cells

Previously, the autoimmunity observed in Malt1">*P mice was
linked to defective thymic Treg development [11, 12]. We, there-
fore, sought to determine whether Treg development was also
altered within the Malt15®} mice. Thymic tissue from aged
matched Malt1?P’?P and Malt15¥5® mice had normal numbers
of CD4*, CD8" double-positive, CD4SP and CD8SP cells (Fig 3A).
However, Malt15%SR mice, on the other hand, had a ~44% reduc-
tion in thymic Treg (Fig. 3B). In line with this, Malt1™~ mice
were reported to be almost completely depleted of thymic Treg
cells [11, 23]. Malt1?”’® mice, on the other hand, had ~81%
reduction in Treg cells. Interestingly, heterozygous animals still
had ~22% reduced Treg numbers in the thymus (Fig. 3B).

The upregulation of Foxp3 has been shown to depend on the
NF-kB subunits RelA and c-Rel, which are controlled by Maltl
protease activity. Consistent with this idea, we observed that anti-
CD3 stimulation mediated upregulation of Foxp3 in naive CD4"
T cells was impaired in Malt15®SR and Malt1"®?P mice (Sup-
porting Information Fig. 3). Malt15®/5R cells were still able to
upregulate Foxp3, but to a lesser extent than Malt1™/* T cells.
Malt1PP/PP CD4+ T cells, however, showed almost no Foxp3 induc-
tion in response to CD3 stimulation, in line with previous obser-
vations [11].

Thus, Maltl has an important function in regulating TCR sig-
naling and might help to translate signaling strength to NF-«kB
transcriptional activity and Foxp3 induction through its adaptor,
self-cleavage and proteolytic functions.

Maltl mediated I12 expression controls peripheral
Treg homeostasis

Treg homeostasis is a plastic process and numbers rapidly nor-
malize after perturbation of Treg cell population. In models of
impaired thymic Treg differentiation or inducible Treg depletion,
cell numbers are compensated through expansion of the remain-
ing Treg pool in an I12 dependent manner [24-27]. We, there-
fore, analyzed the peripheral Treg compartment in Malt1S?/SR
and Malt1?®PP animals compared to Malt1*/* mice and found
that Malt15®5® mice had a ~25% reduction in Treg numbers
in the spleen whilst the Malt1"®’*® mice had a ~65% decrease
(Fig. 3C). Since Maltl controls the downstream TCR signaling
pathway, we hypothesized that Treg homeostasis was impaired

© 2018 The Authors. European Journal of Immunology published by
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due to the decreased TCR-mediated proliferation signals. Treg
from both Malt15®5R and Malt1?”/*P mice displayed increased
proliferative activity, as measured by Ki67-positivity (Fig. 3D).
Furthermore, acquisition of an activated/memory Treg phenotype
(CD44M¢h CD6211°), previously shown to be TCR-signaling depen-
dent [28], was not blocked in Malt15*5R or Malt1P>/*P animals
and both subgroups even showed a subtle increase in their fre-
quency (Fig. 3E).

Treg cell homeostasis and their survival is also critically linked
to 112 availability which is primarily produced by CD4" T cells
[17, 29, 30]. However, TCR-signaling mediated expression of the
direct NF-«B target gene I12 was impaired in both Malt15*/5R and
Malt1PP/PP CD4* T cells (Fig. 3F). Indeed, in vivo frequencies of
112 producing CD4* T cells was significantly reduced in Malt15%/SR
mice and further reduced in Malt1*®*P animals (Fig. 3G), indi-
cating 112 deficiency in these animals. Therefore, we next asked
if this observed 112 deficiency directly affected Treg cells. I12r sig-
naling in Treg induces Stat5 phosphorylation and activation of its
downstream target genes [29]. We assessed the levels of phos-
phorylated Stat5 in Treg from the different mouse cohorts and
the levels of phospho-Stat5 correlated to the 112 availability. The
Malt15¥/SR Treg cells showed only a minor, but significant, reduc-
tion in phospho-Stat5 levels when compared to Malt1”™/"P Tregs
that had a much larger and more significant decrease in phospho-
Stat5 levels (Fig. 3H). In order to confirm that Treg frequencies
were reduced due an I12 deficiency and not due to the Treg cells
being refractory to 112, we treated mice with an I12 complex,
as described previously [31]. Indeed, increasing Il12 availability
expanded the Treg population in Malt15%SR and Malt1°P/PP ani-
mals, indicating that Malt1-deficiency does not alter 112 respon-
siveness (Fig. 3I). In conclusion, self-cleavage and protease activity
of Malt1 are critical within CD4™ T cells for I12 production, thereby
regulating Treg homeostasis in a cell extrinsic manner.

Maltl-mediated Treg deficiency results in increased
anti-tumor immune response

The previous in vivo observations that the Malt1S¥5R and
Malt1??/PP mice have reduced Treg led us to speculate that 112
mediated Treg de-regulation and impaired Treg homeostasis could
result in an increased anti-tumor immune response. To this end,
the MC38 colon carcinoma cell line was implanted into syngeneic
Malt1*/+, Malt15®SR or Malt1PP/?P mice. Caliper measurements

15R/SR and an

showed significantly reduced tumor growth in Malt
even stronger reduction in Malt1*?*P animals (Fig. 4A). Further-
more, Malt1l impairment resulted also in a significant reduction of
the tumor weight at end stage (Fig. 4B).

Analysis of the immune cell composition within the tumors
revealed that regulatory T cell frequency in tumor infiltrating
lymphocytes was significantly reduced in Malt15¥5® tumors
and even further reduced in Malt1??*® tumors (Fig. 4C, D).
Indeed, tumor-infiltrating Treg from Malt15¥SR and Malt1P>/PP
mice also showed significantly decreased expression levels of
CD25 on their cell surface, indicating reduced I12 availability
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in the microenvironment of these tumors (Fig. 4E) [32, 33].
Strikingly, although the Malt15%5% mice only had minor decrease
in Treg frequency compared to the Malt1"P/PP mice, there were
equivalent frequencies of tumor infiltrating CD8™' T cells in both
Malt15%5R and Malt1?>*P tumors (Fig. 4F). There was also a

Tumor immunology

reduced number of NK cells within the tumor of these animals,
which might also be linked to the 112 deficiency (Fig. 4F). Inter-
estingly, increased infiltration of CD4* effector T cells was only
observed in Malt1*?’?P tumors (Fig. 4F). The increased anti-tumor
immune response was further characterized by a more activated
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effector phenotype of the infiltrating CD8* T cells, as measured
by the expression of the activation markers CD44 and Klrgl
(Fig. 4G).

Taken together, these data show that a minor reduction in
Treg numbers within the tumor microenvironment mediated by
the self-cleavage deficient Malt1 protein is sufficient to drive an
improved anti-tumor response.

Discussion

Our recent work and that of others have established that Maltl
cleaves itself in response to TCR activation [13, 14]. Here, we
provide several lines of evidence for an essential role of MALT1
auto-proteolysis in vivo in regulating NF-«kB target genes and
most significantly regulatory T cell numbers. Blocking Malt1 self-
cleavage reduced NF-«B target genes induction upon TCR stim-
ulation, albeit to a lesser extent than observed in protease-dead
Maltl T cells. Consequently, TCR stimulation induced prolifera-
tive response of CD4™ T cells was reduced in Malt1 self-cleavage
resistant animals, but not to the same extent than in Malt1">/PP
cells. In Jurkat cells, however, expression of self-cleavage resis-
tant Maltl completely abrogated NF-kB mediated transcription
in response to TCR stimulation [13]. Interestingly, we show that
expression of Maltl p76 by itself induced transcription of NF-kB
target genes. Thus, in vivo data suggest that the formation of an
active C-terminal p76 fragment of Maltl, dissociating from Bcl10
and oligomerizing to promote the transcriptional activity of NF-kB,
amplifies TCR signaling and NF-«B activity.

In Treg cell precursors, TCR stimulation triggers the activa-
tion of NF-kB family members, which bind to the Foxp3 promoter
and enhancer regions, initiating transcription [34]. Interestingly,
the selective inactivation of Maltl proteolytic activity, disrupted
Foxp3 induction, but to a slightly lesser extent than complete
Malt1-inactivation [11]. Here we show that self-cleavage of Malt1
has an important function in TCR-mediated NF-«B activation and
subsequent Foxp3 induction. Malt1 self-cleavage resistant animals
had an intermediate decrease in Treg frequency when compared
to the proteolytically inactive Malt1 mice, suggesting that the level
of Malt1 activity together with its ability to undergo self-cleavage

i
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all aid to translate the TCR signaling strength to an output in terms
of Foxp3 expression.

In the current study we further validated that disruption
of TCR-signaling via Maltl-impairment in Malt1??’?P animals
resulted in severe autoimmune disease. Previous work indicated
that this autoimmunity was at least in part due to the thymic defi-
ciency in generating thymic Treg cells [11, 12]. Here we show,
that Malt15%5R mice, however, were protected from autoimmu-
nity. Indeed, Malt15®%SR animals only had a 40% reduction in Treg

1PP/PD mijce. Therefore,

numbers, in comparison to 80% in Malt
this reduced loss of Tregs was sufficient to prevent development
of autoimmune disease and also indicates that a Treg threshold
exists below which auto-immunity results.

The most significant and novel finding was the observed
defective Treg homeostasis in both Malt1?®/*P and Malt15?/SR
animals. In line with previous reports, Maltl protease activity
and self-cleavage contributed significantly to NF-kB-mediated
112 transcription [9, 11, 13]. Interestingly, mice deficient in I12,
I12ra or I12rb have severely reduced regulatory T cell numbers
and develop lethal autoimmune disease, which was also true for
mice with Treg-specific deletion of Il12ra or I12rb [18-21, 29].
In this report, we show that I12 deficiency in Malt15%5} and
Malt1P/PP Tregs also reduced levels of phosphorylated Stat5,
the major downstream regulator of I12 signaling. However,
Tregs were still 112 responsive and administration of anti-112/112
complex did restore Treg numbers suggesting that the Tregs
are not defective and only limited in number due to reduced
I12 availability. Similarly, previous studies showed that in c-Rel
deficient mice, Treg deficiency could also be restored by exoge-
nous IL-2 administration [35]. In line with these observations,
patients with Malt1 loss-of-function mutations, also show signs of
autoimmune disease, IL-2 deficiency and reduced Treg frequency
[3, 36].

This imbalance between the residual partial T cell activation
potential on the one hand, and the lack of regulatory T cells on
the other hand, led us to ask which effect would dominate in a
setting of an anti-cancer immune response. Here, the observed
Treg-deficiency was more important as shown by reduced growth
of MC38 tumors in Malt1?”*P and Malt15%/5R animals. Even
though Malt15®SR animals had a more moderate reduction of

<«

Figure 3. Malt1 self-cleavage is required for thymic Treg differentiation and impairs peripheral Treg homeostasis (A) Representative flow cytometry
data and frequency CD4, CD8 double negative (DN), double positive (DP), CD4 single-positive (CD4SP) and CD8 single-positive (CD8SP) thymocytes.
The data are shown as mean + SD of three pooled independent experiments, which were each performed in triplicates with three animals per
group. (B) Representative flow cytometry data and frequency of Foxp3* regulatory T cells within CD4SP thymocytes. The data are shown as
mean + SD of three pooled independent experiments, which were each performed in triplicates with three animals per group. (C) Representative
flow cytometry data and frequency of Foxp3* Treg within CD4* splenocytes. The data are shown as mean + SD of three pooled independent
experiments, which were each performed in triplicates with three animals per group. (D) Treg proliferation was measured by Ki67-positivity within
CD4* Foxp3* splenocytes. The data are shown as mean -+ SD of three pooled independent experiments, which were each performed in triplicates
with three animals per group. (E) Frequency of Treg with an activated/memory phenotype, as measured by the expression of CD44 and CD62L.
The data are shown as mean + SD of three pooled independent experiments, which were each performed in triplicates with three animals per
group. (F) Real-time quantitative PCR analysis 112 induction in stimulated versus unstimulated naive CD4* T cells from Malt1*/+, Malt15¥SR and
Malt1PPPP mice (n = 3 animals per group). (G) Frequency of 112 producing cells within the population of CD4+ T cells in mice of the different
cohorts. Experiments were performed with Malt1*/+ (n = 12), Malt15¥R (n = 9) and Malt1?®*P (n = 10) mice in three independent experiments.
Data were pooled and are shown as mean + SD. (H) Mean florescence intensity (MFI) of phospho-Stat5 (Tyr694) in CD4" Foxp3™* cells are shown as
mean + SD for two pooled experiments with 4 mice per group. (I) Frequency of CD4" Foxp3™ cells in mouse splenocytes of the different cohorts
after treatment with the anti-I12/112 complex or control treatment. Data are shown as mean + SD with Malt1** n = 6, treated Malt1S¥/sR n = 8,
treated Malt1?P/PP n = 6, untreated Malt15¥5R n = 4, untreated Malt1?®’?P n = 6 animals per group.

© 2018 The Authors. European Journal of Immunology published by
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Figure 4. Maltl-deficiency reduces MC38 tumor growth, by improving anti-tumor immunity due to Treg impairment (A) Tumor volume was deter-
mined by blinded repeated caliper measurements at indicated time points in animals of the different cohorts. (B) Tumor weight at end stage. (C)
Frequency of CD4* Foxp3* regulatory T cells in the tumor microenvironment was measured by flow cytometry (Malt1/+ n = 10, Malt1¥SR n = 10,
Malt1?P’?D n — 10). (D) Frequency of total tumor infiltrating Treg as percentage of infiltrating CD45" lymphocytes (Maltl*/+ n = 10, Malt15¥sR
n = 10, Malt1?P?P n = 10). (E) CD25 MFI was measured by flow cytometry on tumor infiltrating Treg(Malt1** n = 10, Malt15¥sR n = 10,
Malt1PPPP n = 10). (F) Frequency of total tumor infiltrating CD4* Foxp3~ T cells, CD8" T cells and Nkp46t NK cells (Malt1*/* n = 10, Malt15¥/S}
n = 10, Malt1?P’?P n = 10). (G) Expression of the activation marker CD44 and (H) Klrgl on CD8+ T cells within the tumor microenvironment. The
data are shown as mean +SD (Malt1™+ n = 10, Malt15¥5R n = 10, Malt1"®*P n = 10) and are representative of three independent experiments.

Tregs than Malt1"P/PP mice, this was overcome by the increase

in TCR responsiveness in these animals. Therefore, our data
indicate that affecting the balance between Treg and effector
cells, by disruption of 112 driven Treg homeostasis, might be an
effective strategy to augment anti-tumor immunity without neces-
sarily triggering intolerable systemic auto-immunity. Indeed, clin-
ical studies in cohorts of patients affected by multiple distinct
neoplasms, also showed that increased tumor Treg cells were asso-
ciated with a high rate of mortality [37-39]. Therefore, strategies
to impair Tregs, such as MALT1 inhibition, may be suitable to
improve anti-tumor responses seen with other immunotherapies
such as checkpoint blockade.

© 2018 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

-erials and methods

Immunoblot analysis and plasmids

Cells were lysed in ice-cold HEPES-NaCl lysis buffer (50 mM
HEPES pH 7.4, 150 mM NacCl, 1% Triton-X-100) complemented
with protease inhibitor cocktail (Sigma). Cell lysates were
boiled with reducing SDS sample buffer, size separated on
SDS-polyacrylamide gels (Criterion XT Bis-Tris gel 4-15%) and
immunoblotted according to standard protocols. Primary antibod-
ies specific for the Flag epitope (M2) were from Sigma-Aldrich,
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MCPIP1 (MAB7875) from R&D systems, A20 (A-12, sc-166692)
and CYLD (E10, sc-74435) from Santa Cruz Biotechnology, and
P-IkB-a (Ser32/36, 5A5) and P-ERK (Thr202/Tyr204, #9101)
from Cell Signaling Technology. Anti-MALT1-C and anti-p76 neo
were reported previously (Baens 2006 Cancer research, Baens
2014 Plos one).

Constructs for expressing proteins in eukaryotic cells were
made in pcDNA3.1 (Clonetech Laboratories) encoding an
N-terminal Flag- epitope, with or without the myristoyla-
tion/palmitoylation (mp) motif of Lck (MGCVCSSNPEDD)
inserted in front of the Flag epitope (pcD-mp-F-Maltl) to direct
membrane association of Maltl. For expression of native p76, its
coding sequence was cloned in frame with HA-tagged ubiquitin at
the N-terminus in pcDNA3.1.

Mice

The KU Leuven animal ethics committee approved all experi-
ments. Malt15}® and Malt1"P mice were generated by Cyagen Bio-
sciences using homologous recombination or Crispr/Cas9 tech-
nology respectively with C57BL/6 ES cells. Mice were housed in
a specific pathogen-free facility according to the FELASA recom-
mendations.

Cell culture

HEK293T cells deficient for MALT1 and BCL10 (293T-BM)
were cultured in DMEM-F12 (Life Technologies) supplemented
with 10% fetal calf serum (FCS) at 37°C in 5% CO,. Jurkat
T cells were grown in RPMI medium 1640 (Life technologies)
supplemented with antibiotics and 10% FCS. For electroporation,
Jurkat cells were washed twice with serum free medium and one
million cells were electroporated with 5 ug DNA of full-length
Maltl or Maltl p76 expression plasmids or control DNA, using a
BioRad Gene-Pulser Xcell. Jurkat clones were incubated for 18 h
prior to luciferase measurements. As positive control, cells were
stimulated with 75 ng/ml PMA - 150 ng/mL ionomycin for 4 h.

Primary mouse naive CD4" T cells or total CD4" T cells
were isolated using negative selection kits (Thermo Fisher
Scientific). Cells were cultured in RPMI medium, supplemented
with 2 mM L-Glutamine, 10 mM HEPES, antibiotics and 10% FCS.
Cells were labeled with 1 uM CFSE (Thermo Fisher Scientific)
and stimulated using mouse T-activator CD3/CD28 dynabeads
(Thermo Fisher Scientific).

Quantitative RT-PCR and RNA sequencing

RNA isolation (NucleoSpin RNA Plus; Macherey-Nagel) and cDNA
synthesis (GoScript Reverse Transcription System; Promega)
were performed using standard protocols. Quantitative RT-PCR
was performed with the LightCycler 480 SYBR Green I mas-
ter mix (Roche Diagnostics) and analyzed using the 2(—AACt)

© 2018 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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method with Hprtl as a reference control. For RNA sequenc-
ing, the libraries were prepared according to the standard Illu-
mina TruSeq RNA sample preparation protocol (Illumina). The
single-end RNA- sequencing data was first cleaned (i.e. removal
of adapters and low-quality parts) with the fastq-mcf software
after which a quality control was performed with FastQC. The
reads were then mapped to the Mus Musculus (mm10) genome
with Tophat2. To identify the gene expression HTSeq-count was
used to count the number of reads per gene. These read count
numbers were then normalized to the sample size. Differen-
tial gene expression analysis was performed with the R-package
DESeq2. Gene-set for NF-kB targets (http://www.bu.edu/nf-
kb/gene-resources/targetgenes) were used for global analysis of
NF-kB target gene induction.

Maltl bioluminescent protease assay

A bioluminescent Maltl protease assay was developed using a
circularly permuted form of firefly luciferase (Fan et al, Curr Chem
Genomics 2008 2:16-28). Maltl-mediated cleavage of the RelB
recognition sequence (LVSR) cloned in the linker region joining
the native enzyme termini efficiently activates luciferase activity.
HEK-293T cells deficient for MALT1 (293T-M) were generated
using TALENSs that target a Bfal site (ttctttctgttgctttcAGTTGCC-
TAGACCTGgagcagtgttctcttaa) in the 5 end of exon2 of MALT1
(Cellectis). Successive disruption of BCL10 expression (293T-BM)
was obtained via genome editing with CRISPR/Cas9 technology
(Bcl10 CRISPR/Cas9 KO Plasmid, sc-400483) and confirmed via
immunoblotting (Suppl 293T-BM). 293T-BM cells (5 x 10°) were
transfected with 1 pg DNA containing 100 ng Maltl-protease
luciferase reporter, 20 ng P-galactosidase expression vector
(pEL1-B-gal) and 50 ng of the expression constructs to test
using GeneJuice Transfection Reagent (Millipore). Twenty-four
hours after transfection, cells were harvested and lysed in 30 pL
Passive lysis buffer (Promega). Cell lysates (5 pL) were assayed
for luciferase and B-galactosidase activities using a FLUOstar
Galaxy Plate Reader (BMG Labtechnologies). Fold Malt1 protease
activation was calculated by dividing the luciferase activity,
normalized to B-galactosidase activity for each sample, by that
observed in the control containing only empty expression vector.

Flow cytometry analysis

Single cell suspension was prepared from thymus, spleen and
lymph nodes. Splenocytes were lysed with red blood cell lysis
buffer prior to staining. For flow cytometry analysis cells were
incubated with a fixable viability dye (Thermo Fisher Scientific)
and stained with the following antibodies (Thermo Fisher Sci-
entific, eBioscience): CD4 (clone GK1.5), CD8 (53-6.7), CD25
(PC61.5), CD44 (IM-7), CD62L (MEL-14), Klrgl (2F1), CD19
(eBiolD3), CD21/35 (eBio4E3), CD23 (B3B4), Nkp46 (29A1.4),
CD45 (30-F11).
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For intracellular stainings cells were fixed with Transcription
Factor staining Buffer set (Thermo Fisher Scientific), followed by
staining with Foxp3 (FJK-16) and/or Ki67 (SolA15).

For intracellular staining of cytokines, splenocytes were incu-
bated for 4h with cell stimulation cocktail (Thermo Fisher Scien-
tific), followed by cell fixation (IC fix buffer; Thermo Fisher Sci-
entific). For intracellular staining the following antibodies were
used: Ifng (clone XMG1.2), I1-2 (JES6-5H4).

For serum cytokine measurements, the BD Cytometric Bead
Array (CBA) was used following the instruction manual.

For co-staining of Foxp3 and p-Stat5 splenocytes were cultured
for 4h in the presence of anti-CD3/CD28, followed by fixation
with the transcription factor phospho buffer set (BD Bioscience).
Subsequently, cells were permeabilized with perm Buffer III (BD
Bioscience) and stained for CD4, Foxp3 and p-Stat5 (SRBCZX).

Cells and CBA were analyzed on a FACS Verse flow cytometer
(BD Biosciences). Data were analyzed with FlowJo software (Tree
Star). Flow cytometry data were analyzed according to the guide-
lines for the use of flow cytometry and cell sorting in immunolog-
ical studies [40].

Foxp3 induction

For in vitro Foxp3 induction experiments purified peripheral naive
CD4" T cells were stimulated with indicated amounts of plate-
bound anti-CD3 (clone 17A2, eBioscience) in the presence of TGF-
B (5 ng/mL, PeproTech) and mouse IL-2 (100 U/mL, PeproTech).

Treatment with anti-I1-2-11-2 mAb complexes

Mice were injected i.p. at day 0, 1 and 2 with anti-IL-2-IL-2
immune complexes containing 1 pg recombinant murine IL-2
(Thermo Fisher Scientific) and 5 g anti-IL-2 antibody (JES6-
1A12 clone; Thermo Fisher Scientific) diluted in PBS (Webster
et al., JEM 206 (4): 751-760). Mice were sacrificed at day 5 and
splenocytes were analyzed by flow cytometry.

MC38 cancer growth

Malt1*/+, Malt15*/SR and Malt1”?/*® C57/Bl6 mice were subcu-
taneously injected with 1*10% MC38 cells. Mice were monitored
daily for disease and tumors volume was determined by multiple,
independent and double-blinded caliper measurements. Tumors
were weight at takedown and single cell suspension for flow cyto-
metric analysis was prepared by using the mouse Tumor Dissoci-
ation Kit (Miltenyi Biotec).

Statistical analysis

Sample means were compared using the Student’s t test using
GraphPad Prism software. Sample means were considered signifi-

© 2018 The Authors. European Journal of Immunology published by
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cantly different at p < 0.05, with p < 0.05 (*), p < 0.01 (**) and
p < 0.001 (¥*%).
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