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MYC activity to promote mitochondrial function and
cellular expansion

Marc Rosenbaum1,2, Theresa Schnalzger1,2, Thomas Engleitner2,3,
Christin Weiß1,2, Ritu Mishra1,2, Cora Mibus1,2, Theresa Mitterer1,2,
Roland Rad2,3,4 and Jürgen Ruland1,2,4,5

1 School of Medicine, Institute of Clinical Chemistry and PathobiochemistryTechnical
University of Munich, Munich, Germany

2 TranslaTUM, Center for Translational Cancer Research, Technical University of Munich,
Munich, Germany

3 School of Medicine, Institute of Molecular Oncology and Functional GenomicsTechnical
University of Munich, Munich, Germany

4 German Cancer Consortium (DKTK), Heidelberg, Germany
5 German Center for Infection Research (DZIF), Partner Site Munich, Munich, Germany

Regulatory T cells (Tregs) are essential for the inhibition of immunity and themaintenance
of tissue homeostasis. Signals from the T-cell antigen receptor (TCR) are critical for early
Treg development, their expansion, and inhibitory activity. Although TCR-engaged activa-
tion of the paracaspase MALT1 is important for these Treg activities, the MALT1 effector
pathways in Tregs remain ill-defined. Here, we demonstrate that MALT1 protease activ-
ity controls the TCR-induced upregulation of the transcription factor MYC and the sub-
sequent expression of MYC target genes in Tregs. These mechanisms are important for
Treg-intrinsic mitochondrial function, optimal respiratory capacity, and homeostatic Treg
proliferation. Consistently, conditional deletion of Myc in Tregs results similar to MALT1
inactivation in a lethal autoimmune inflammatory syndrome.Together, these results iden-
tify aMALT1 protease-mediated link between TCR signaling in Tregs andMYC control that
coordinates metabolism and Treg expansion for the maintenance of immune homeosta-
sis.
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� Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

CD4+Foxp3+ regulatory T cells (Tregs) are crucial for the main-
tenance of immune homeostasis and for the prevention of
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immunopathology. However, Tregs are also frequently recruited
into tumor microenvironments where their suppressive function
can restrict effective antitumor immune responses [1]. Thus, there
is a strong interest in modulating the function of Tregs for thera-
peutic purposes [2].

Signals from the T-cell antigen receptor (TCR) are critical
for the development of Tregs in the thymus and periphery and
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for their subsequent expansion and differentiation into immune
suppressive effector Tregs (eTregs) [3, 4]. Here, TCR-induced
activation of the CARD11-BCL10-MALT1 (CBM) signalosome is
particularly important [5–8] given that loss-of-function mutations
in CARD11, BCL10, or MALT1 in both mice and humans result
in severe Treg deficiencies [9]. Upon TCR proximal signaling,
CBM complexes form large signalosomes that serve as scaffolds
for the recruitment of ubiquitin regulators, such as TRAF6 for
canonical NF-κB activation [10]. In addition, MALT1 functions as
a proteolytic paracaspase that can cleave, at least in conventional
T (Tconv) cells, a series of substrates, such as A20, CYLD, HOIL1,
and RELB, to finetune the NF-κB response as well as RNA stability
regulators, such as Roquins 1/2 and Regnase-1, to provide an
additional layer of T-cell control [11]. Given that this activity of
MALT1 can be inhibited with small molecule inhibitors, MALT1
is a clinically explored drug target for immune intervention
[12–14].

In Tregs, the proteolytic activity of MALT1 controls early Treg
differentiation and mature Treg function given that gene-targeted
knock-in mice that carry an inactivating point mutation in the
MALT1 proteolytic domain (MALT1 paracaspase mutant [PM]
mice) exhibit severe reductions in peripheral Foxp3+ Tregs [15–
18]. Within established Tregs, the proteolytic activity of MALT1
mediates immunosuppressive activity in peripheral tissues [5–7],
demonstrating that the proteolytic function of MALT1 is crucial
for Treg-controlled immune homeostasis. Importantly, pharmaco-
logical targeting of the MALT1 protease by small molecules can
release Treg-inhibitory effects in tumor microenvironments and
thereby augment antitumor immunity in vivo [5, 6]. Neverthe-
less, the MALT1 protease-controlled effector pathways in Tregs
that maintain immune homeostasis are unknown.

Here, we report that MALT1 protease activity in Tregs strongly
promotes the TCR-induced upregulation of MYC, which is criti-
cal for homeostatic expansion of Tregs. Using a genetic approach
with conditional Myc-deficient mice or pharmacologic interven-
tion with MYC activity, we further demonstrate that MYC is crit-
ical for mitochondrial function and Treg expansion and for the
prevention of immunopathology. Consistent with the key role of
the MALT1 protease in MYC regulation, MALT1 activity promotes
the expression of MYC-controlled mitochondrial regulators and

mitochondrial activity. Thus, our study reveals a previously unrec-
ognized link between TCR-induced MALT1 activity and MYC reg-
ulation for Treg-controlled immune homeostasis.

Results and discussion

MALT1 protease activity controls the TCR-induced
upregulation of MYC

To investigate the mechanisms by which MALT1 proteolytic
activity affects the function of Tregs, we FACS-purified
naïve CD4+EYFP+CD62L+ resting Tregs (rTregs) from
Rosa26LSL-EYFP;Foxp3IRES−Cre (FIC) mice, which express an EYFP
reporter upon Cre recombinase-mediated deletion of the loxP-
flanked STOP cassette (LSL) selectively in FoxP3+ Treg cells
[19, 20]. Subsequently, we stimulated these rTregs via their
TCR and the CD28 coreceptor with or without acute block-
age of MALT1 paracaspase activity using the MALT1 inhibitor
(MALT1i) mepazine [21]. Sixteen hours later, we performed RNA
sequencing analysis and compared the gene expression signatures
of MALT1-inhibited TCR/CD28-stimulated rTregs to dimethyl
sulfoxide (DMSO)-treated control cells. Altogether, we identified
four gene sets from the hallmark gene set collection of the
Molecular Signatures Database with significantly less expression
in MALT1i-treated Tregs compared to the control. Intriguingly,
among these four hallmark gene sets were the two MYC target
gene sets v1 and v2 (Fig. 1A). The MYC target gene set v1 repre-
sented the top differentially expressed gene set with the highest
normalized enrichment score in the entire gene set enrichment
analysis (Fig. 1B). At the individual gene level, the expression of
Myc mRNA itself was also significantly increased in stimulated
noninhibited compared with MALT1-inhibited Tregs (Fig. 1C and
D and Supporting Information Fig. 1A). Furthermore, TCR/CD28
triggering of control rTregs increased intracellular MYC protein
expression, this upregulation of MYC was significantly impaired
in MALT1i-treated rTregs (Fig. 1E). Thus, TCR/CD28 triggering
in primary naïve rTregs induces Myc mRNA and MYC protein
expression in a MALT1 protease-dependent manner, which drives
MYC v1 and v2 target gene expression.

�
Figure 1. TCR-induced upregulation of MYC requires MALT1 protease activity. Gene set enrichment analysis (A) and enrichment plot of hallmark
MYC targets v1 (B) in sorted splenic CD4+EYFP+CD62L+ rTregs from Rosa26LSL-EYFP;FICmice after 16 h of treatmentwith theMALT1 inhibitor (MALT1i)
mepazine (5 μM) versus DMSO as a control and concurrent anti-CD3/28 bead stimulation. NES: normalized enrichment score; FDR: false discovery
rate. (C) Heat map ofMyc expression from RNAseq data shown in (A). (D) qRT-PCR analysis ofMycmRNA expression in rTregs sorted and treated as
noted in (A). Statistical differenceswere assessed using aWilcoxon signed-rank test. (E) Median fluorescence intensity (MFI) ofMYC in splenic rTregs
sorted and stimulated as noted in (A). Corresponding biological replicates between the indicated conditions were treated as repeated measures,
and significant differences between conditions were assessed by mixed-effects analysis with Geisser–Greenhouse correction and Tukey’s multiple
comparisons test. (F) Schematic representation of the acute genetic deletion of the MALT1 paracaspase function in Tregs. (G) Enrichment plot of
hallmark MYC targets v1 in sorted peripheral CD4+EGFP+ Tregs frommaleMalt1fl/PM;Foxp3eGFP-Cre-ERT2 mice (MALT1 PM) andMalt1fl/+;Foxp3eGFP-Cre-ERT2

control animals (MALT1 WT) following tamoxifen administration. (H and I) Representative FACS experiment (H) and frequencies (I) of Ki67+ pro-
liferating cells in sorted splenic CD4+EYFP+CD62L+ rTregs from Rosa26LSL-EYFP;FIC mice after 3 days under the stimulation conditions of (A). (J and
K) qRT-PCR analysis of c-Rel mRNA expression (J) and flow cytometric analysis of c-Rel protein levels (K) in rTregs sorted and treated as noted in
(A). (L) Relative Myc mRNA levels in rTregs sorted and stimulated as in (A) in the presence of the c-Rel inhibitor pentoxifyllin (PTXF, 500 μg mL−1)
or DMSO as a control. (M) MFI of MYC in CD4+EYFP+-gated rTregs sorted as in (A) and stimulated for 16 h with anti-CD3 and anti-CD28-coated
beads and MG132 (5 μM) in the presence of the MALT1i mepazine (5 μM) or DMSO as a control. Bars in (D), (E), (J), (L), and (M) show the mean ±
SD, and statistical significance was assessed using a two-tailed ratio-paired t test (I, K, and M) or a Wilcoxon signed-rank test (D, J, and L). Data are
cumulative from n = 2 (E, K, and M) or n = 3 (D, I, J, and L) independent experiments, or representative of n = 3 independent experiments with a
total of n = 6 biological replicates (H).
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In order to exclude off-target effects by the pharmacologic
MALT1 inhibitor, we additionally employed a genetic approach
and intercrossed Malt1fl/PM mice with Foxp3eGFP-Cre-ERT2 animals,
which express a tamoxifen-responsive Cre-ERT2 recombinase from
the Foxp3 gene locus. We then utilized Malt1fl/PM;Foxp3eGFP-Cre-ERT2

mice or Malt1fl/+;Foxp3eGFP-Cre-ERT2 control offspring animals to
acutely delete the floxed Malt1 allele by tamoxifen administration
(Fig. 1F), retaining the Malt1PM allele, which is selectively para-
caspase defective. Consistent with our pharmacological data, the
acute genetic Treg-intrinsic ablation of the MALT1 paracaspase
function resulted also in a significant decrease in the expression
of the hallmark MYC target gene set v1 (Fig. 1G).

In addition to hallmark MYC targets, the other gene sets with
impaired expression in MALT1i-treated and genetically protease-
inhibited rTregs are the hallmark E2F target gene set and the hall-
mark G2M checkpoint gene set (Fig. 1A, Supporting Information
Fig. 1B and C ), which are both linked to cellular proliferation and
are also controlled by MYC in many different cell types [22].

Based on these intriguing results from gene expression anal-
ysis, we next investigated the functional roles of MALT1 pro-
teolytic activity on the proliferation of Tregs. Therefore, we
stimulated FACS-isolated rTregs in the presence or absence of
MALT1i with anti-CD3/28-coated beads and measured intracel-
lular Ki67 expression as a marker for cellular proliferation. Con-
sistent with the impaired expression of MYC target programs as
well as hallmark E2F targets and hallmark G2M checkpoint genes,
acute MALT1 inhibition also resulted in reduced proliferation of
TCR/CD28-stimulated rTregs (Fig. 1H and I). Thus, MALT1 pro-
tease activity regulates MYC expression and is required for the
efficient expansion of TCR/CD28-triggered Tregs.

Previously, it has been demonstrated that c-Rel can in princi-
ple transactivate Myc expression [23]. To explore a putative link
between MALT1, c-Rel, and MYC in Tregs, we next analyzed c-Rel
mRNA and protein levels in MALT1-inhibited rTregs. Intrigu-
ingly, upon TCR stimulation, c-Rel expression was significantly
impaired by MALTi treatment (Fig. 1J and K). Next, we blocked
c-Rel induction or activity in TCR/CD28-stimulated rTregs with
the chemical compounds pentoxifyllin (PTXF) or IT-603, which
inhibit anti-CD3-induced c-Rel expression and DNA binding of c-
Rel, respectively [24–26]. Both inhibitors significantly decreased

the transcription of Myc (Fig. 1L and Supporting Information
Fig. 1D), indicating together that the MALT1 protease controls
Myc mRNA at least in part via c-Rel. To study whether MALT1
could additionally regulate the proteasomal degradation of MYC,
we also treated the cells with the proteasomal inhibitor MG132.
However, this treatment did not mitigate the effects of the MALT1i
treatment on MYC protein levels in sorted TCR/CD28-stimulated
Tregs (Fig. 1M).

Myc is required for Treg expansion and prevents fatal
autoimmune disease

To directly analyze the biological functions of Myc in Tregs in
vivo, we selectively deleted Myc in Tregs by crossing Mycfl/fl mice
[27] with FIC animals, which express Cre recombinase under the
control of the X-chromosomally located Foxp3 locus [19] (Sup-
porting Information Fig. 2A and B). Both male Mycfl/fl;FIC and
female Mycfl/fl;FIC/FIC mice developed a lethal autoinflamma-
tory syndrome with splenomegaly and lymphadenopathy, requir-
ing euthanasia of the animals at approximately 57 days of age
(Fig. 2A and Supporting Information Fig. 2C). The wasting dis-
ease is characterized by a massive accumulation of CD4+ and
CD8+ CD44hiCD62Llo effector T lymphocytes and pathological B-
cell activation with autoantibody production (Fig. 2B–D, Support-
ing Information Fig. 2D and E). We observed a significant reduc-
tion in the percentage of CD4+Foxp3+ Tregs (Fig. 2E), which was
accompanied by a marked decrease in the frequency of Ki67+ pro-
liferating cells within this population (Fig. 2F), although the total
number of CD4+Foxp3+ Tregs were similar (Supporting Informa-
tion Fig. 2F). These data indicate that Tregs cannot counteract
the massive accumulation and activation of Tconv eff cells. The
overall phenotype of these animals is similar to the phenotype of
Treg-specific MALT1 paracaspase mutant (Malt1fl/PM;FIC) mice [5,
7] and consistent with a recently published independent study of
Myc in Tregs [28], indicating that MALT1-mediated Myc control is
important for the maintenance of immune homeostasis.

To further extend these findings and to specifically address
the Treg-intrinsic functions of Myc without confounding effects
of inflammation, we analyzed female Mycfl/fl;FIC/+ mice. Due

�
Figure 2. Myc prevents a fatal autoimmune disease and is essential for the expansion of Tregs. (A) Survival curves of male Mycfl/fl;FIC (n = 10) and
female Mycfl/fl;FIC/FIC (n = 10) mice compared to male Myc+/+;FIC and Myc+/fl;FIC (n = 54) as well as female Myc+/+;FIC/FIC and Myc+/fl;FIC/FIC (n =
17) control mice. Statistical significance between survival curves was calculated using a log-rank (Mantel–Cox) test. (B) Frequency of CD4+Foxp3–

and CD8+ CD44hiCD62Llo effector (eff) T cells in the spleens of diseased male Mycfl/fl;FIC in comparison to control mice (Mycfl/fl, Myc+/+;FIC,
Myc+/fl;FIC) as measured by FACS. (C) Median fluorescence intensity (MFI) of cell surface MHCII on CD19+-gated splenic B cells of diseased male
Mycfl/fl;FIC and control mice (Mycfl/fl,Myc+/+;FIC). (D) Immunoglobulin levels of anti-ssDNA and anti-dsDNA in the sera of diseased male Mycfl/fl;FIC
mice compared to control mice (Mycfl/fl, Myc+/+;FIC, Myc+/fl;FIC). (E and F) Frequency of viable CD4+Foxp3+ Tregs (E) and Ki67+ proliferating cells
(F) within the splenic viable CD4+Foxp3+ Treg population of diseased male Mycfl/fl;FIC versus control mice (Mycfl/fl, Myc+/+;FIC). (G) Schematic
illustration of Tregs from Mycfl/fl;Rosa26LSL-EYFP;FIC/+ mice. (H and I) FACS profiles (H) and frequencies (I) to detect either EYFP– (left) or EYFP+

(right) CD62Lhi rTregs and CD44hiCD62Llo eff Tregs in the viable splenic CD4+Foxp3+ Treg population from female Myc+l+;Rosa26LSL-EYFP;FIC/+ and
Mycfl/fl;Rosa26LSL-EYFP;FIC/+ mice. Plots are representative of ≥8 mice each. (J) Frequencies of EYFP− and EYFP+-gated Ki67+-proliferating cells in the
viable splenic CD4+Foxp3+CD44hiCD62Llo eff Treg population of female Myc+l+;Rosa26LSL-EYFP;FIC/+ and Mycfl/fl;Rosa26LSL-EYFP;FIC/+ mice. (K and L)
MFI of phospho (p)-S6 Kinase (S6K) (K) and p-4E-BP1 (L) in CD4+EYFP+-gated Tregs from adult femaleMycfl/fl;Rosa26LSL-EYFP;FIC/+ mice in comparison
toMyc+/+;Rosa26LSL-EYFP;FIC/+ andMyc+/+;Rosa26LSL-EYFP;FIC control mice. Statistical significance was assessed using a two-tailed unpaired Student’s
t test (B–F, K, and L) or a standard one-way ANOVA combined with Tukey’s multiple comparisons test (I and J); bars represent the mean ± SD. Data
are cumulative from five (B), two (C, K, and L), and three (E, F, I, and J) independent experiments.
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to random X inactivation and FIC-mediated Cre expression in
only half of the Treg population [29], female Mycfl/fl;FIC/+ mice
exhibit a mosaic Treg population and thus carry Myc-expressing
and Myc-deficient Tregs (Fig. 2G). Given that we did not observe
any significant differences in the activation of Tconv and B cells in
female Mycfl/fl;FIC/+ mice (Supporting Information Fig. 3A–C),
the MYC-expressing (Mycfl/fl;+) population is sufficient to main-
tain immune homeostasis and allows the study of MYC-deficient
(Myc−/−;FIC) Tregs in a noninflammatory environment. To dis-
tinguish MYC-deficient from MYC-expressing Tregs within female
Mycfl/fl;FIC/+ mice, we additionally crossed a Rosa26LSL-EYFP

reporter allele [20] into compound mutant animals, which
allowed monitoring of Cre recombinase activity within individual
cells due to EYFP expression after deletion of the LSL cassette
(Fig. 2G). Under these noninflamed conditions, the frequency
of EYFP+ Myc−/−;FIC eTregs was reduced compared to that
of EYFP– Mycfl/fl;+ eTregs from Mycfl/fl;FIC/+ mice or EYFP+

Myc+/+;FIC eTregs from Myc+/+;FIC/+ control mice (Fig. 2H
and I). Notably, the frequency of Ki67+-proliferating cells in
the EYFP+ Myc-deficient eTreg population was also significantly
decreased compared to EYFP– eTregs from Mycfl/fl;FIC/+ mice or
EYFP+ eTregs from Myc+/+;FIC/+ control mice (Fig. 2J), indicat-
ing that the presence of Myc is critical for eTreg proliferation and
the establishment of a proper eTreg compartment to maintain
immune homeostasis. In line with a critical role of Myc in Treg
expansion, we also observed a significantly reduced proliferation
of TCR/CD28-stimulated rTregs upon Myc deficiency (Supporting
Information Fig. 3D). MALT1i treatment did not further affect
the proliferation of these Myc-deficient stimulated rTregs (Sup-
porting Information Fig. 3D), indicating no additional MALT1
protease-dependent proliferative effects for Treg expansion. Since
MYC can interact with the mTOR pathway [30, 31], we also
probed mTORC1 signaling in Tregs from female Mycfl/fl;FIC/+
mice. The phosphorylation of S6 kinase, S6, and 4E-BP1 were
all significantly decreased in Myc-deficient CD4+EYFP+ Tregs
compared to their Myc-proficient control cells (Fig. 2K and 2L
and Supporting Information Fig. 3E). Thus, MYC and mTORC1
pathway cross-talk in Tregs and defective mTORC1 signaling
presumably contributes to the impairment of Myc-deficient
Tregs.

The MALT1-MYC axis regulates mitochondrial
function in Tregs

MYC is a central transcription factor controlling metabolic pro-
grams in multiple cell types, including Tconv cells [32]. Here,
MYC activity is critical to provide sufficient energy and to sup-
ply building blocks for clonal expansion and effector function
upon activation [30]. Because Tregs preferentially rely on mito-
chondrial metabolism for their proliferation and survival [33–35]
and given that MYC can control oxidative phosphorylation [36],
we next studied the putative role of MYC in the mitochondrial
function of Tregs. To this end, we isolated Tregs from WT ani-
mals to obtain sufficient numbers of Tregs for Seahorse mito-

chondrial stress test analysis and acutely blocked MYC activity
during TCR/CD28 stimulation with the MYC inhibitor 10058-
F4, which disrupts the MYC-MAX interaction [37]. In the mito-
chondrial stress test, we detected a decrease in maximal respira-
tion and a reduced spare respiratory capacity in MYC-inhibited
cells compared to control cells (Fig. 3A–C). These respiratory
deficiencies were accompanied by a significantly reduced mass
of active mitochondria, which is indicated by reduced labeling
of the cells with MitoTracker Deep Red stain (Fig. 3D). Sim-
ilar defects were previously observed in the mitochondria of
MYC-deficient rats and murine fibroblasts, which exhibit severe
structural defects and functional deficits in electron transport
chain complexes [38, 39]. Because MALT1 controls MYC in
Tregs, we next investigated whether MALT1 inhibition would
also affect their mitochondrial function. Therefore, we stimulated
rTregs from Rosa26LSL-EYFP;FIC mice in the presence or absence
of MALT1i with anti-CD3/CD28-coated beads and first examined
the expression of previously established MYC-regulated mitochon-
drial factors [40]. Interestingly, MALT1 protease inhibition sig-
nificantly impaired mRNA expression of the electron transport
chain component Cox5a, the mitochondrial import receptor sub-
unit Tomm70a and the mitochondrial chaperonins Hspd1 and
Hspe1 (Fig. 3E). Next, we studied mitochondrial numbers and
activities in MALT1-inhibited rTregs after TCR/CD28 stimulation.
Using MitoTracker Deep Red staining and confocal microscopy,
we also detected significantly reduced numbers of mitochon-
dria in MALT1i-treated stimulated rTregs compared to DMSO-
treated control cells (Fig. 3F and G). Moreover, using extracel-
lular flux analysis, we detected that MALT1i-treated TCR/CD28-
stimulated Tregs exhibited a significant reduction in maximal
respiration and spare respiratory capacity that was similar to
MYC-inhibited Tregs compared to DMSO-treated control cells
(Fig. 3H–J).

To test whether these effects of MALT1 are specific to Tregs, we
also treated TCR/CD28-stimulated naïve CD4+ Tconv cells with
MALT1i. Interestingly, the same MALT1i treatment as in Tregs did
not affect the expression of Myc mRNA and MYC-regulated mito-
chondrial factors in naïve CD4+ Tconv cells, nor did it alter mito-
chondrial respiration (Supporting Information Fig. 4A–D). Thus,
MALT1 protease activity regulates MYC and mitochondrial func-
tion in a Treg-specific manner.

Concluding remarks

Together, our data demonstrate that MALT1 protease activity in
Tregs couples TCR signaling to the activation of the transcription
factor MYC to induce MYC-dependent gene transcription. This
pathway is important for Treg mitochondrial metabolism and opti-
mal respiratory capacity to orchestrate Treg proliferation for the
maintenance of immune homeostasis. In line with this hypoth-
esis, conditional deficiency of Myc in FoxP3+ Tregs results in a
fatal autoimmune disease, which is consistent with an indepen-
dent study [28] that was published while our manuscript was in
preparation. In addition, the MALT1-dependent MYC pathway is
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Figure 3. The MYC-MALT1 axis controls mitochondrial function in Tregs. (A) Seahorse Mito stress test of sorted CD4+CD25+CD45RBlo Tregs from
C57BL/6N WT mice after 16-h stimulation using anti-CD3/28 beads in the presence of the MYC inhibitor (MYCi) 10058-F4 (64 μM) or DMSO as
a control. Data are representative of n = 2 independent experiments with duplicate measurements per condition. (OCR) Oxygen consumption
rate. (B) Maximal respiration calculated by subtracting the nonmitochondrial oxygen consumption rate (OCR) under rotenone/antimycin A (t =
121 min) from the OCR under FCCP (t = 96 min) as shown in (A). (C) Spare capacity calculated by subtracting the basal OCR (t = 10 min) from
the maximal OCR under FCCP (t = 96 min) as shown in (A). (D) Median fluorescence intensity (MFI) of MitoTracker Deep Red after labeling sorted
CD4+EYFP+CD62L+ rTregs from Rosa26LSL-EYFP;FIC mice treated as noted in (A). (E) Relative mRNA expression of the indicated genes as analyzed by
qRT-PCR in sorted splenic CD4+EYFP+ CD62L+ rTregs from Rosa26LSL-EYFP;FIC mice after 16 h of stimulation using anti-CD3/28 beads in the presence
of MALT1i mepazine (5 μM) or DMSO as a control. (F and G) Confocal microscopic analysis (F) with a 63× magnification of sorted CD4+EYFP+CD62L+

rTregs from Rosa26LSL-EYFP;FIC mice treated as in (E) and subsequent MitoTracker Deep Red labeling to determine the number (Nr.) of mitochondria
(G). (H) Seahorse Mito stress test of sorted CD4+CD25+CD45RBlo Tregs from C57BL/6N WT mice treated as noted in (E). Data are representative of
n = 2 independent experiments with n ≥ 2 measurements per condition. (I) Maximal respiration calculated by subtracting the nonmitochondrial
oxygen OCR under rotenone/antimycin A (t = 104 min) from the OCR under FCCP (t = 87 min) as shown in (H). (J) Spare capacity is calculated by
subtracting the basal OCR (t = 10 min) from the maximal OCR under FCCP (t = 87 min) as shown in (H). Bars in (A–C), (E), (G–J) represent the mean
± SD, and statistical significance was assessed using a two-tailed unpaired Student’s t test (B, C, G, I, and J), a two-tailed ratio-paired t test or a
Kruskal–Wallis test with Dunn’s multiple comparisons test (E). Data are cumulative from two (B–E, G, I, and J) and three (Cox5a in E) independent
experiments.

critical for the homeostatic expansion of Tregs under noninflamed
conditions. Although MALT1 protease activity can also regulate
MYC activity in cell line models of mantle cell lymphoma [41],
the MALT1-MYC axis seems to operate and regulate mitochondrial
function in a cell type-specific manner. Our data further suggest

that the mechanisms by which MALT1 proteolytic activity con-
trols MYC in Tregs involves c-Rel-dependent Myc gene transcrip-
tion [23]. Additional direct or indirect effects via mRNA stabil-
ity regulators such as Regnase-1 or Roquin are conceivable, since
these are not cleaved in MALT1 paracaspase-mutated Tregs [5].
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Because our pharmacological and genetic data indicate a critical
function of the MALT1-MYC pathway for Treg-mediated immune
suppression and current strategies aim at restricting Treg activ-
ity in tumor microenvironments to enhance antitumor immune
responses, our results suggest further exploration of the poten-
tial function of the Treg-intrinsic MALT1-MYC pathway as a drug
target for immuno-oncology.

Materials and methods

Mice

All mouse experiments were legally approved by the Government
of Upper Bavaria(reference numbers ROB55.2-2532.Vet_02-15-
26, ROB55.2-2532.Vet_02-15-207 and ROB 55.2-2532.Vet_02-20-
94), and we complied with all relevant ethical regulations for ani-
mal testing, research, and euthanasia.

Foxp3IRES-Cre mice [19], Rosa26LSL-EYFP mice [20],
Foxp3eGFP-Cre-ERT2 mice [42], Malt1fl/PM mice [5, 15], and Mycfl

mice [27] (ordered from Jackson Laboratory) were bred at the
institute’s animal care facility under specific pathogen-free con-
ditions and genotyped using the indicated primers (Supporting
Information Table 1). The sex of the mice used is indicated in
the figure legends. Adult mice aged 6–12 weeks were used for all
experiments; littermate controls were used whenever possible.

In vivo tamoxifen treatment

Male Malt1fl/PM;Foxp3eGFP-Cre-ERT2 mice and Malt1fl/+;
Foxp3eGFP-Cre-ERT2 control mice were treated perorally on day
0 with 5 mg tamoxifen (Hexal) in ClinOleic 20% (Baxter). The
peroral administration of 5 mg tamoxifen was repeated each
second day to delete the floxed allele in newly emerging Tregs
until the final analysis on day 5.

RNA sequencing

Tregs were subjected to live/dead cell staining, and 1000 viable
cells per well were sorted into a 96-well PCR plate prefilled
with 10 μL of 1X TCL buffer (Qiagen) containing 1% (v v−1) β-
mercaptoethanol (Sigma-Aldrich). Library preparation for bulk 3′-
sequencing of poly(A)-RNA was performed as outlined by Parekh
et al. [43]. P5 and P7 sites were exchanged to allow sequencing
of the cDNA in read1 and barcodes and Unique Molecular Iden-
tifiers (UMIs) in read2 to achieve better cluster recognition. The
library was sequenced on the NextSeq 500 platform (Illumina)
with 75 cycles for cDNA and 16 cycles for barcodes and UMIs. Raw
sequencing data were processed with DropSeq-tools version 1.12
using gene annotations from the Ensembl GRCm38.87 database
to generate sample and genewise UMI tables [44]. Downstream
analysis was conducted with R v3.4.4 [45] and DESeq2 v1.18.1

[46], or limma v3.46.0 [47] in case of the genetic model. Gene set
enrichment analysis was performed in the preranked mode using
the hallmark gene set collection from the Molecular Signatures
Database (MSigDB) v7.4 [48].

Flow cytometry

Organs were meshed, and erythrocytes were lysed using G-DEXIIb
RBC Lysis Buffer (iNtRON Biotechnology). Following live/dead
cell staining using a fixable viability dye at 1:1000 dilution
(Thermo Fisher or Biolegend) and blocking by anti-CD16/32
clone 93 at 1:300 dilution (Thermo Fisher), surface antigens were
stained in PBS/2% FCS with fluorochrome-coupled antibodies
(1:400) purchased from Thermo Fisher, BD Biosciences, or BioLe-
gend: anti-CD4 (GK1.5), anti-CD8 (53-6.7), anti-CD19 (1D3),
anti-CD25 (PC61.5), anti-CD44 (IM7), anti-CD45RB (C363.16A),
anti-CD62L (MEL.14), and anti-MHCII (M5/114.15.2). Subse-
quently, cells were fixed with 2% formalin for 40 min, permeabi-
lized with 1× perm/wash buffer (Thermo Fisher), and stained
with anti-Foxp3 clone (FJK-16s; 1:300), anti-Ki67 (SolA15;
1:500), and anti-c-Rel (sc-71, Santa Cruz Biotechnology; 1:200)
or anti-MYC (D84C12, Cell Signaling; 1:100) followed by anti-
rabbit IgG-APC (A10931, Thermo Fisher; 1:1000). For Phos-
flow experiments, cell viability staining was performed directly
in the medium (Biolegend; 1:60) and cells were fixed with 4%
formaldehyde (Thermo Fisher) for 10 min. After permeabilization
with 100% ice-cold methanol for 30 min at –20°C, Fc blocked-
cells were stained in PBS/2% FCS with anti-phospho (p)-4EBP1
(#5536, Cell Signaling; 1:50), anti-p-S6 (#4858, Cell Signaling;
1:50), or anti-p-p70 S6 Kinase (#9234, Cell Signaling; 1:50)
for 1 h followed by an anti-rabbit IgG-APC secondary antibody
(A10931, Thermo Fisher; 1:2000). Mitochondrial staining was
performed for 15 min with 5 nM MitoTracker Deep Red (Thermo
Fisher) at 37°C and 5% CO2. For cell sorting, splenic T cells were
pre-enriched by a CD4+ T cell isolation kit (Miltenyi).

All cells were acquired on a FACSCanto II or sorted with a FAC-
SAria III (BD Biosciences) followed by data analysis with FlowJo
version 9.7.7. We adhered to the "Guidelines for the use of flow
cytometry and cell sorting in immunological studies" [49], and
the gating strategies used are depicted in Supporting Information
Fig. 5.

Treg culture

Sorted rTregs were plated in RPMI 1640 (Thermo Fisher) sup-
plemented with 10% (v v−1) FCS (Capricorn Scientific), 1%
(v v−1) penicillin-streptomycin-glutamine, 1 mM sodium pyru-
vate, 10 mM HEPES, 1× Gibco MEM NE-AA, and 56 μM β-
mercaptoethanol (Thermo Fisher) into a 96-well U-bottom plate.
After 30 min of pretreatment with the MALT1 protease inhibitor
mepazine (5 μM, Millipore), the MYC inhibitor 10058-F4 (64 μM,
Merck), the c-Rel inhibitors pentoxifyllin (PTXF, 500 μg mL−1,
Merck) and IT-603 (20 μM, Merck), or the proteasome inhibitor
MG132 (5 μM, Merck), cells were stimulated with Dynabeads
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Mouse T-Activator CD3/CD28 (Thermo Fisher) for 16 h or 3 days
at 37°C and 5% CO2.

qRT-PCR

Total RNA was isolated using the RNeasy Plus Micro kit (Qiagen),
reverse transcribed with qScript cDNA Super Mix (Quantabio),
and analyzed with No ROX SYBR MasterMix blue dTTP (Takyon)
and respective primers (Supporting Information Table S1) in a
Light Cycler 480II (Roche). Data were analyzed according to the
ddCt method.

Immunoblot

Washed cells were resuspended in RIPA buffer (50 mM Tris/Cl
pH 8.0, 150 mM NaCl, 1.0% (v v−1) NP-40, 0.5% (w v−1)
deoxycholate) supplemented with protease inhibitor cocktail
(Calbiochem), 10 mM NaF, and 4 mM Na3VO4. The cell lysate
was centrifuged, and the supernatant was subjected to WES
immunoblotting (ProteinSimple) according to the manufacturer’s
protocol using the following polyclonal antibodies: anti-MYC
(#9402, Cell Signaling; 1:20) and anti-β-Actin (#4967, Cell
Signaling; 1:100).

ELISA

Immunoglobulins against autoantigens in mouse sera were mea-
sured using autoantibody ELISA kits (Alpha Diagnostic Interna-
tional).

Metabolic assay

Tregs (2 × 105) were plated into a CellTak (22.4 μg x mL−1;
Fisher Scientific)-coated Seahorse XF96 Cell Culture Microplate in
Seahorse XF RPMI medium pH 7.4 (Agilent Technologies) supple-
mented with 25 mM glucose (Merck), 2 mM L-glutamine (Thermo
Fisher), and 1 mM sodium pyruvate (Thermo Fisher) and incu-
bated for 30 min in a non-CO2 incubator. OCR was measured in
a Seahorse XF96 extracellular flux analyzer with sequential injec-
tion of a final concentration of 1 μM oligomycin, 0.5 μM FCCP,
and 0.1 nM rotenone/0.5 μM antimycin A (Merck).

Confocal microscopy

Tregs were labeled for 15 min with 30 nM MitoTracker Deep Red
(Thermo Fisher) at 37°C and 5% CO2, resuspended in Live Cell
Imaging solution (Thermo Fisher) supplemented with 11.11 mM
D-Glucose (Merck), and analyzed on a Leica DMi8 with an HC PL
APO CS2 63x/1.20 water objective (Leica Microsystems). Total
numbers of mitochondria per cell were determined using Imaris

viewer software version 9.5 (Bitplane) and generating a surface
fitting the mitochondrial structure for all cells within one experi-
ment.

Quantification and statistical analysis

Statistical tests for α = 0.05 were performed with GraphPad Prism
7.0c software and are indicated in each figure legend. The median
fluorescence intensity (MFI) was calculated using FlowJo version
9.7.7.
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