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I M M U N O L O G Y

Phosphorylation of serine-893 in CARD11 suppresses 
the formation and activity of the CARD11-BCL10-MALT1 
complex in T and B cells
Kerstin Kutzner1†, Simone Woods1†, Ozge Karayel2, Torben Gehring1, Hongli Yin1, 
Andrew Flatley3, Carina Graß1, Nicole Wimberger1, Marie J. Tofaute1, Thomas Seeholzer1, 
Regina Feederle3, Matthias Mann2, Daniel Krappmann1*

CARD11 acts as a gatekeeper for adaptive immune responses after T cell or B cell antigen receptor (TCR/BCR) ligation 
on lymphocytes. PKC/-catalyzed phosphorylation of CARD11 promotes the assembly of the CARD11-BCL10-MALT1 
(CBM) complex and lymphocyte activation. Here, we demonstrated that PKC-dependent CARD11 phosphorylation 
also suppressed CARD11 functions in T or B cells. Through mass spectrometry–based proteomics analysis, we 
identified multiple constitutive and inducible CARD11 phosphorylation sites in T cells. We demonstrated that a 
single TCR- or BCR-inducible phosphorylation on Ser893 in the carboxyl terminus of CARD11 prevented the activation 
of the transcription factor NF-B, the kinase JNK, and the protease MALT1. Moreover, CARD11 Ser893 phosphoryl-
ation sensitized BCR-addicted lymphoma cells to toxicity induced by Bruton’s tyrosine kinase (BTK) inhibitors. 
Phosphorylation of Ser893 in CARD11 by PKC controlled the strength of CARD11 scaffolding by impairing the 
formation of the CBM complex. Thus, PKC simultaneously catalyzes both stimulatory and inhibitory CARD11 
phosphorylation events, which shape the strength of CARD11 signaling in lymphocytes.

INTRODUCTION
Antigen binding to the cognate T and B cell receptors (TCR/BCR) 
on lymphocytes is critical for the initiation of an adaptive immune 
response. Antigen-induced assembly of caspase recruitment domain 
family member 11 (CARD11; also termed CARMA1), B cell lymphoma/
leukemia protein 10 (BCL10), and mucosa-associated lymphoid 
tissue protein 1 (MALT1) into the CARD11-BCL10-MALT1 (CBM) 
signaling complex is a key step in the activation of canonical IKK 
(IB kinase)/NF-B (nuclear factor B) and JNK (c-Jun N-terminal 
kinase) signaling (1, 2). CBM complex formation also triggers the 
activation of the protease MALT1, which modulates immune re-
sponses in T and B cells by cleaving substrates involved in cell 
signaling, gene transcription, and mRNA metabolism (3). The CBM 
complex not only induces a productive immune response in activated 
effector T cells but also controls peripheral tolerance by promoting 
the development and function of regulatory T (Treg) cells (4–7). 
Although defective CBM complex signaling causes combined im-
mune deficiency, chronic CBM complex activity drives survival and 
proliferation of aggressive lymphomas addicted to oncogenic activa-
tion of the BCR signaling pathway (8, 9). Thus, regulation of CBM 
complex assembly orchestrates the balance between immune acti-
vation and tolerance, and deregulation of these processes induces 
severe immune pathologies and cancer.

In the CBM complex, CARD11 acts as a molecular seed that 
recruits preassembled BCL10-MALT1 dimers, thereby inducing 

BCL10 oligomerization and formation of BCL10-MALT1 filaments 
(10–13). In resting lymphocytes, the multidomain scaffold CARD11 
is maintained in a closed, autoinhibited state (14). The central linker 
region of CARD11 acts as an inhibitory domain (ID) containing 
several repressive elements (REs), which make multiple intramolec-
ular contacts with the N-terminal CARD (caspase recruitment 
domain), the CC (coiled-coil) domain, and the C-terminal MAGUK 
(membrane-associated guanylate kinase) region (15, 16). Upon 
lymphocyte activation, these intramolecular associations are released 
and CARD11 converts to an open and signaling-active conforma-
tion (17). The conformational rearrangements that control CARD11 
scaffolding are regulated by posttranslational modifications (18). 
Upon antigenic stimulation, phosphorylation of Ser559 and Ser652 in 
CARD11 by protein kinase C (PKC) in T cells and PKC in B cells 
induces the open, active conformation, which allows BCL10 re-
cruitment (19–21). In addition, by phosphorylating Ser562, IKK 
triggers a positive feedback loop to activate robust CBM complex 
formation (22–24). Further, phosphorylation events mediated by 
AKT, hematopoietic progenitor kinase 1 (HPK1), and calcium/
calmodulin-dependent protein kinase II (CamKII) in the ID or the 
CARD-CC regions facilitate CARD11-dependent downstream sig-
naling (20, 25, 26). Moreover, CARD11 binding and catalytic activity 
of casein kinase1 (CK1) trigger CBM complex formation, but 
CK1-catalyzed CARD11 Ser615 phosphorylation also counteracts 
NF-B activation (27, 28). Thus, CARD11 is controlled by stimula-
tory and inhibitory phosphorylation events, but how the interplay 
between these phosphorylation events coordinates its scaffolding 
function remains unknown (29).

Global phosphoproteomic approaches in T or B cells have defined 
various putative CARD11 phosphorylation sites, but functional 
characterization of these sites has not been performed (30, 31). By 
mapping the phosphosites on CARD11 by immunoprecipitation–
mass spectrometry (IP-MS), we identified inducible C-terminal Ser893 
CARD11 phosphorylation as a critical inhibitory modification for 
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the coordination of complex assembly, 
activation, and signaling downstream of 
the CBM in T and B cells.

RESULTS
MS-based proteomics analysis 
identifies phosphorylation 
of Ser893 in CARD11
To identify CARD11 phosphorylation 
sites, we used Jurkat T cells expressing 
wild-type (WT) CK1 or a form with a 
kinase-inactive D136N mutation (CK1 
KI). CBM complex formation was abol-
ished in CK1 knockout (KO) cells after 
PMA (phorbol 12-myristate 13-acetate)/
ionomycin (P/I) stimulation, and re-
constitution experiments demonstrated 
that this process depended on CK1 
kinase activity (fig. S1, A to C). We en-
riched CARD11 protein by IP before 
digestion, peptide purification, and 
high- resolution, label-free l iquid 
chromatography–MS/MS (LC-MS/MS) 
analyses, and the data from which were 
processed for peptide and phospho-
peptide identification and quantification 
(32). Equivalent amounts of CARD11 
protein were retrieved from all purifica-
tions (fig. S1D). We identified seven 
CARD11 phosphopeptides, composed 
of six phosphoserine and one phospho-
threonine residue, with high probabilities 
and high phosphopeptide scores (Fig. 1A 
and data file S1). There are two possible 
start codons in the CARD11 gene, 
which lead to the expression of a longer 
(1154 amino acids) or shorter (1147 amino 
acids) CARD11 protein, and we will use 
the official nomenclature of the longer 
CARD11 variant (fig. S1E). Identified 
phosphorylation sites localized between 
amino acids 439 to 925 in the CARD11 
linker or MAGUK regions and the sites 
and surrounding sequences are evolutionarily highly conserved 
(Fig. 1B and fig. S1F). Constitutive phosphorylation of CARD11 
was detected at Ser644, Ser655, Ser886, and Ser925, and P/I treatment 
enhanced phosphorylation at Ser439, Thr654, and Ser893 (Fig. 1C and 
fig. S1G). None of these phosphorylation events relied on CK1 kinase 
activity. Although phosphorylation at Ser644, Ser886, and Ser925 has 
been identified in large-scale phosphoproteomic studies (30, 31), 
modifications at Ser439, Thr654, Ser655, and Ser893 have not been pre-
viously identified as CARD11 phosphorylation sites.

We used parental and CARD11 KO Jurkat T cells expressing an 
NF-B–enhanced green fluorescent protein (EGFP) reporter gene 
(13, 28) to detect changes in NF-B activation upon CD3/CD28 or 
P/I stimulation (fig. S2, A and B). We characterized the newly identi-
fied and inducible phosphorylation events in cells with homogeneous 
lentiviral transduction and expression of Flag-StrepII CARD11 WT 

and phosphomutant constructs at close to endogenous levels (Fig. 1D 
and fig. S2, C to G). Ablation or mutations in CARD11 did not affect 
NF-B activation in response to tumor necrosis factor  (TNF). 
Although CARD11 S439A, T654A, or S655A mutations did not sig-
nificantly affect NF-B activation, rescue with the phosphodefective 
CARD11 S893A mutant augmented NF-B reporter gene activation 
upon TCR/CD28 costimulation (Fig. 1D and fig. S2, C to E). Con-
versely, reconstitution of CARD11 KO Jurkat T cells with the phos-
phomimetic CARD11 S893D mutant severely compromised NF-B 
activation after TCR/CD28 costimulation (Fig. 1E).

To investigate the dynamics of CARD11 Ser893 phosphorylation, 
we generated a mouse monoclonal antibody that specifically recog-
nized this phosphorylation (clone 25B10). This antibody recog-
nized CARD11 WT, but not the S893A mutant, after pulldown 
of Flag-StrepII–tagged CARD11 from P/I-stimulated cells, and the 
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Fig. 1. Identification of inducible CARD11 Ser893 phosphorylation. (A) Overview of the CARD11 phosphorylated 
peptides identified by IP-LC-MS/MS in Jurkat T cells. Positions of phosphoserine/threonine residues according to the 
two CARD11 nomenclatures are indicated. (B) Domain structure and pictorial representation of phosphorylation sites 
identified in human CARD11. (C) The log2 fold changes assessed by LC-MS/MS analysis of the Ser893 phosphorylation 
site in untreated or P/I-treated (20 min) Jurkat T cells expressing CK1 WT or CK1 KI (kinase inactive). Unfilled circle 
indicates imputed value. Data are means of three biological replicates. Significance was determined by unpaired 
Student’s t test comparing the difference between the means of two unmatched groups with the SEs of the differ-
ence. *P ≤ 0.05 and ***P ≤ 0.001. (D and E) In Jurkat CARD11 KO NF-B–EGFP reporter cells transduced with CARD11 
S893A (D) or S893D (E), protein expression was analyzed by Western blot and NF-B activation was determined by 
normalizing the median fluorescence intensity (MFI) after CD3/CD28 stimulation to that in unstimulated cells. Data 
are means ± SEM of five biological replicates. Significance was determined by unpaired Student’s t test. *P ≤ 0.05 
and ****P ≤ 0.0001.
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detection was lost after -phosphatase treatment (fig. S2H). CARD11 
phosphorylated at Ser893 was also detected directly in lysates of 
Jurkat T cells expressing CARD11 WT but not the S893A mutant 
(Fig. 2A). Consistent with the data obtained by MS, Ser893 phos-
phorylation was increased (~4- to 6-fold) after 15 min of CD3/
CD28 or P/I stimulation (Fig. 2, B and C). In Jurkat T cells, CARD11 
Ser893 phosphorylation peaked within 5 to 30 min of CD3/CD28 or 
P/I stimulation and gradually decreased thereafter (Fig. 2, D and E). 
The onset of detectable CARD11 Ser893 phosphorylation preceded 
maximal IB or p65 phosphorylation. CARD11 Ser893 phosphoryl-
ation was induced by TCR ligation in the absence of the CD28 co-
stimulus, which is necessary for robust IB degradation (Fig. 2F). 
CARD11 Ser893 phosphorylation was also induced after P/I stimula-
tion and TCR or BCR crosslinking on primary murine and human 
T and B lymphocytes (Fig. 2, G to J, and fig. S2, I and J). Thus, 

CARD11 Ser893 phosphorylation is rapidly induced upon antigenic 
signaling in T and B cells.

CARD11 Ser893 phosphorylation controls the strength 
of NF-B signaling in T cells
We directly compared the effects of CARD11 phosphodefective 
S893A and phosphomimetic S893D mutants on NF-B activation 
and CBM complex signaling after reconstitution of CARD11 KO 
Jurkat T cells (Fig. 3A). Time-course analyses revealed that recon-
stitution with CARD11 S893A did not further enhance the robust 
NF-B reporter gene activation in response to P/I stimulation but 
significantly augmented NF-B activation between 2 and 6 hours 
after TCR/CD28 co-engagement or TCR ligation alone (Fig. 3, B and C, 
and fig. S3, A to D). Reconstitution with the phosphomimetic 
CARD11 S893D markedly reduced NF-B activation at all time 
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Fig. 2. Analyses of CARD11 Ser893 phosphorylation in lymphocytes. (A) Detection of phosphorylated Ser893 by Western blot analysis of P/I-stimulated CARD11 KO 
Jurkat T cells reconstituted with CARD11 WT or S893A. (B and C) Representative Western blot and quantification of CARD11 Ser893 phosphorylation after CD3/CD28 (B) or 
P/I (C) stimulation in Jurkat T cells. The phosphorylated Ser893 signal (normalized to total CARD11) was determined by densitometric analyses, and quantification of four 
biological replicates is shown. Significance was determined by unpaired Student’s t test. **P ≤ 0.01 and ****P ≤ 0.0001. us, unstimulated. (D and E) Kinetics of CARD11 
Ser893 phosphorylation in Jurkat T cells after P/I (D) and CD3/CD28 (E) stimulation. The onset of NF-B signaling was determined by IB phosphorylation/degradation 
and p65 phosphorylation. Representative of two biological replicates. (F) CARD11 Ser893 phosphorylation in Jurkat T cells after 20-min CD3, CD28, and CD3/CD28 stimu-
lation. Representative of two biological replicates. (G to J) CARD11 Ser893 phosphorylation in primary murine CD4+ T cells (G), human CD4+ T cells (H), murine B cells (I), 
and human B cells (J) that were stimulated as indicated. Representative of two biological replicates.
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points and in response to all stimulatory conditions. Next, we titrated 
the amounts of anti-CD3 cross-linking antibodies while keeping the 
amounts of anti-CD28–activating antibodies constant (Fig. 3D). Whereas 
NF-B transcriptional responses occurred at similar anti-CD3 

concentrations [median effective concentration (EC50), ~15 to 
18 ng/ml], the amplitude of the NF-B response was altered by ex-
pression of CARD11 WT, S893A, or S893D. Thus, early CARD11 
Ser893 phosphorylation reduces the strength of NF-B activation, 

Fig. 3. Functional analyses of 
CARD11 Ser893 phosphoryl-
ation after reconstitution. 
(A) Expression of Flag-StrepII–
tagged CARD11 constructs in 
CARD11 KO Jurkat T cells in 
comparison to parental Jurkat 
T cells by Western blot. (B and 
C) Induction of NF-B–EGFP ex-
pression by flow cytometry fol-
lowing CD3/CD28 stimulation 
[(B), representative experiment] 
was quantified by determining 
the fold changes in median 
fluorescence intensity (MFI) of 
CARD11 WT-expressing cells 
(which was set as 1) and mutant- 
expressing cells over the indi-
cated times (C). Data are means ± 
SEM of seven biological repli-
cates. Significance was deter-
mined on log2 fold changes to 
normalized values by one-sample 
Student’s t test. ***P ≤ 0.001 and 
****P ≤ 0.0001. (D) Induction of 
NF-B–EGFP reporter expression 
was measured after 4 hours of 
stimulation with increasing con-
centrations of anti-CD3 and con-
stant amounts of anti-CD28 
(1 g/ml). NF-B–EGFP–positive 
(pos.) cells were quantified, and 
EC50 values were determined. 
Data are means ± SEM of three 
biological replicates. (E and 
F) Effects of the expression of 
phosphodefective CARD11 
S893A (E) and phosphomimetic 
CARD11 S893D (F) in reconsti-
tuted CARD11 KO Jurkat T cells 
on NF-B signaling, DNA binding, 
and MALT1 protease activation 
after CD3/CD28 stimulation for 
the indicated times. Represent-
ative of two biological replicates. 
(G) Analyses of the induction of 
TNFAIP3 and NFKBIA in CARD11 
KO Jurkat T cells reconstituted 
with mock, CARD11 WT, CARD11 
S893A, or CARD11 S893D stim-
ulated with CD3/CD28 for 
4 hours. Transcript levels in 
stimulated cells were normalized 
to those in mock-transfected 
cells. Data are means ± SEM of 
four biological replicates. Significance was determined with a one-way ANOVA combined with Tukey’s multiple comparisons test. *P ≤ 0.05 and **P ≤ 0.01. ns, not significant. 
(H) Representative Western blot showing CYLD and HOIL-1 cleavage after 4 hours of CD3/CD28 stimulation of CARD11 KO Jurkat T cells reconstituted with CARD11 WT, 
S893A, or S893D. Quantification of the ratio of the cleavage products to full-length proteins after stimulation using densitometric analyses from four biological replicates. 
Significance was determined by one-way ANOVA combined with Tukey’s multiple comparisons test. *P ≤ 0.05, ***P ≤ 0.001, and ****P ≤ 0.0001. Ct, C terminus.
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but it does not alter the sensitivity of the 
T cells to respond to TCR stimulation.

We tested how reconstitution with 
the CARD11 phosphomutants affected 
NF-B and mitogen-activated protein 
kinase (MAPK) signaling and protease 
activation of MALT1 downstream of the 
CBM complex. Reconstitution with the 
phosphodefective CARD11 S893A mu-
tant enhanced canonical NF-B signal-
ing after TCR/CD28 costimulation, as 
shown by the increases in IB phos-
phorylation and degradation, in p65 
phosphorylation, and in NF-B DNA 
binding (Fig. 3E). As expected from 
the reporter assays, the response to the 
strong P/I stimulus was mildly elevated 
by reconstitution with the phospho-
defective CARD11 S893A mutant (fig. 
S4A). In contrast, reconstitution with the 
phosphomimetic CARD11 S893D mutant 
impaired NF-B signaling and DNA 
binding in response to CD3/CD28 or 
P/I stimulation (Fig. 3F and fig. S4B). 
Consistent with these findings, CD3/
CD28 induction of the NF-B target 
genes TNFAIP3 (TNF-induced pro-
tein 3) and NFKBIA (NF-B inhibitor ) 
was mildly enhanced or strongly di-
minished by reconstitution with the S893A 
or S893D mutants, respectively (Fig. 3G). 
Time-course analyses revealed that in-
ducible MALT1 substrate cleavage was 
not notably altered in CARD11 S893A 
mutant-expressing Jurkat T cells but 
was reduced in CARD11 S893D mutant- 
expressing cells (Fig. 3, E and F, and fig. 
S4, A and B). Quantification of CYLD 
and HOIL-1 cleavage indicated that 
MALT1 protease activity was decreased 
by expression of the CARD11 S893D 
variant (Fig. 3H and fig. S4C). In addi-
tion, JNK phosphorylation was in-
creased and decreased in CARD11 
S893A– and CARD11 S893D-expressing 
Jurkat T cells, respectively, whereas 
extracellular signal–regulated kinase 
(ERK) phosphorylation was unchanged (fig. S5, A to D). Thus, in-
ducible CARD11 Ser893 phosphorylation inhibits TCR signaling by 
impairing NF-B, JNK, and MALT1 activation downstream of the 
CBM complex.

To determine whether the extent of phosphorylation can tune 
T cell activation, we overexpressed CARD11 WT, S893A, and S893D in 
Jurkat T cells in the presence of endogenous CARD11. Viral trans-
duction led to similar expression of exogenous Flag-StrepII–tagged 
CARD11 WT, S893A, or S893D in a ~50:50 ratio with endogenous 
CARD11 (Fig. 4A and fig. S6A). NF-B activation in response to 
TNF stimulation was not altered by expression of the mutants 
(fig. S6, B and C), whereas NF-B reporter gene activation after 

TCR/CD28 costimulation was augmented by expression of the 
phosphodefective CARD11 S893A and reduced by that of the phos-
phomimetic CARD11 S893D (Fig. 4B). As expected, TCR/CD28- 
inducible Ser893 phosphorylation of endogenous or transduced 
CARD11 WT, but not those of the Ser893 mutants, was detected 
(Fig. 4C). Expression of CARD11 S893A was augmented, whereas 
CARD11 S893D counteracted NF-B signaling and DNA binding 
in the presence of endogenous CARD11 in Jurkat T cells (Fig. 4C). 
Thus, increased CARD11 Ser893 phosphorylation affects NF-B 
activation in a dominant-negative manner, showing that the extent 
of Ser893 phosphorylation tunes the strength of CARD11 signaling 
upon TCR/CD28 stimulation.
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CARD11 Ser893 phosphorylation controls CBM-mediated 
survival signaling in lymphoma cells
To address the functional relevance of CARD11 Ser893 phosphoryl-
ation in B cells, we transduced NF-B–EGFP reporter and CARD11 
KO BJAB B cells and achieved homogeneous transduction and 
equivalent expression of CARD11 constructs. However, transduc-
tion yielded CARD11 overexpression compared to the amount of 
endogenous CARD11 parental BJAB cells (fig. S7, A and B), unlike 
in Jurkat T cells. NF-B activity in response to lipopolysaccharide 
(LPS) stimulation, which does not require the CBM, was not affected 
by expression of the CARD11 phosphomutants (fig. S7C). The 
strong NF-B reporter induction in CARD11 WT cells was not 
significantly increased in CARD11 S893A mutant cells, but NF-B 
activation was nearly abolished by expression of the phosphomimetic 
CARD11 S893D mutant after P/I stimulation (Fig. 5A). P/I-induced 
NF-B signaling was elevated and impaired in BJAB B cells recon-
stituted with the CARD11 S893A and S893D mutants, respectively 
(Fig. 5B). Further, expression of CARD11 S893A enhanced and that 
of CARD11 S893D reduced the cleavage of MALT1 substrates, 
which was confirmed by quantifying the ratio of cleaved to full-
length HOIL-1 (Fig. 5C). Thus, Ser893 phosphorylation of CARD11 
inhibits CBM-dependent events in B cells.

Because oncogenic CARD11 mutations bypass BCR upstream sig-
naling to drive survival of diffuse large B cell lymphoma (DLBCL) 
cells (33), we assessed whether constitutive NF-B activation by 
oncogenic CARD11 relies on Ser893 phosphorylation. We transduced 
CARD11 KO BJAB B cells containing the NF-B–EGFP reporter 
with oncogenic CARD11 L232LI bearing the C-terminal S893A or 
S893D mutations (fig. S7, D and E). Neither the phosphodefective 
nor the phosphomimetic CARD11 Ser893 mutants altered constitu-
tive NF-B reporter gene activity or MALT1 substrate cleavage by 
reconstitution with oncogenic CARD11 L232LI (Fig. 5D and fig. S7E). 
Moreover, CARD11 Ser893 phosphorylation was not induced by ex-
pression of CARD11 L251P or L232LI, and the oncogenic mutants 
even suppressed CARD11 Ser893 phosphorylation after P/I stimula-
tion, suggesting that oncogenic CARD11 activation impedes and 
bypasses the impact of the C-terminal phosphorylation (Fig. 5E). 
Expression of the BENTA (B cell expansion with NF-B and T cell 
anergy) variant CARD11 E134G and the hypomorphic dominant- 
negative mutation CARD11 L194P caused a similar decrease in 
inducible phosphorylation at Ser893 (fig. S7F) (34, 35). The decrease 
was more robust in BJAB B cells compared to that in Jurkat T cells, 
in which expression of CARD11 E134G, L194P, or L251P only 
slightly reduced Ser893 phosphorylation in response to P/I or CD3/
CD28 stimulation (fig. S7, G and H). In BJAB B cells, CARD11 
L232LI inhibited Ser893 phosphorylation in endogenous CARD11, 
showing that CARD11 oncogenic driver mutations can impair this 
inhibitory phosphorylation event in cis or trans (Fig. 5F). Compared 
to activated Jurkat T cells, neither activated B cell–type (ABC) nor 
germinal center B cell–type (GCB) DLBCL cell lines displayed in-
creased Ser893 phosphorylation, despite the addiction to oncogenic 
lesions in BCR signaling components and chronic CBM complex 
assembly in ABC DLBCL cell lines (Fig. 5G). CARD11 Ser893 phos-
phorylation was induced by anti–immunoglobulin M (IgM) stimula-
tion in SUD-HL6 cells and was sensitive to the Bruton’s tyrosine kinase 
(BTK) inhibitor ibrutinib (Fig. 5H). Thus, acute, but not chronic, BCR 
signaling can induce CARD11 Ser893 phosphorylation in DLBCL cells.

We determined the influence of CARD11 Ser893 phosphorylation 
on signaling and proliferation of the ABC DLBCL cell line HBL1, 

which carries an activating mutation in the BCR adaptor CD79B 
that drives BCR survival signaling through the CBM complex (36). 
Lentiviral transduction of CARD11 WT, S893A, S893D, or L232LI 
yielded homogeneous transduction and expression in HBL1 cells 
(Fig. 5I and fig. S7I). The expression of CARD11 S893D was con-
sistently slightly below that of the other CARD11 proteins, suggestive 
of a counterselection against the phosphomimetic mutant. Expres-
sion of oncogenic CARD11 L232LI enhanced CBM complex activity, 
as shown by augmented p65 phosphorylation and MALT1 protease 
activity and insensitivity of CBM activation to BTK inhibition by 
ibrutinib (Fig. 5I). Although the expression of CARD11 S893D was 
less compared to that of WT or S893A, its expression reduced p65 
phosphorylation and impaired constitutive MALT1 substrate cleavage. 
CARD11 mutants did not alter overall HBL1 cell viability and pro-
liferation (fig. S7J). We assessed the viability of HBL1 cells expressing 
CARD11 WT and mutants after treatment with the BTK inhibitor 
ibrutinib and the MALT1 inhibitor (S)-mepazine, both of which are 
toxic to ABC DLBCL cells (Fig. 5J and fig. S7K) (37, 38). As predicted, 
expression of CARD11 L232LI protected HBL1 cells from cytotoxicity 
induced by ibrutinib, but not from that induced by (S)-mepazine. In 
contrast, expression of the CARD11 S893D mutant rendered HBL1 
cells more sensitive to BTK inhibitor treatment but did not affect 
the response to downstream MALT1 inhibition. Thus, CARD11 
Ser893 phosphorylation status can affect CBM complex activity in 
B cell lymphomas and can modulate the sensitivity of ABC DLBCL 
cells to inhibitors that target BCR upstream signaling.

PKC-catalyzed CARD11 Ser893 phosphorylation impairs 
CBM complex formation
CARD11 Ser893 is rapidly phosphorylated after T cell stimulation, 
and phosphosite predictions revealed that Ser893 in CARD11 localizes 
to a putative consensus motif for phosphorylation by novel PKC 
isoforms (fig. S8A). In Jurkat T cells, the PKC-selective inhibitor 
AEB071 (also known as sotrastaurin) (39, 40) efficiently inhibited 
inducible CARD11 Ser893 phosphorylation at a concentration suffi-
cient for abolishing canonical NF-B signaling (Fig. 6A and fig. S8B). 
Further, recombinant PKC catalyzed phosphorylation at Ser893 in 
a CARD11 peptide (amino acids 885 to 901) comprising the PKC 
phosphoconsensus site Ser893 in an in vitro kinase reaction, demon-
strating that PKC can function as the kinase that phosphorylates 
this site (Fig. 6B). We determined whether CARD11 Ser893 was phos-
phorylated in Jurkat T cells deficient for MALT1, BCL10, or CK1, 
which are all critical for efficient CBM complex assembly (12, 28). 
MALT1, BCL10, or CK1 deficiency prevented NF-B signaling but 
did not impair CARD11 Ser893 phosphorylation (Fig. 6C and fig. S8C). 
To investigate whether Ser893 phosphorylation occurs within or 
outside of the CBM complex, we performed size exclusion chroma-
tography (SEC) to detect the high–molecular weight CBM complex 
after stimulation (41). In extracts of CARD11 WT-containing 
Jurkat T cells, CARD11 phosphorylated at Ser893 comigrated with 
free, CBM-unbound CARD11 (fractions 14 to 18), but not with 
CARD11 in the higher-order CBM complex (fractions 6 to 9) after 
P/I stimulation (Fig. 6D and fig. S8D). Thus, CBM complex forma-
tion is not obligatory for PKC-driven Ser893 phosphorylation, and 
the majority of CARD11 phosphorylated at Ser893 does not appear 
to be integrated into the CBM complex.

To explore the impact of Ser893 modification on the CARD11 
interactome, we performed MS after pulldown of Flag-StrepII–
tagged WT or mutant CARD11 from Jurkat T cells. CARD11 WT 
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Fig. 5. CARD11 Ser893 phos-
phorylation suppresses acute 
and chronic CBM complex 
in B cells. (A) NF-B–EGFP in-
duction was determined by 
flow cytometry in CARD11 KO 
BJAB B cells reconstituted 
with CARD11 WT, S893A, or 
S893D following P/I stimula-
tion (4 hours). NF-B–EGFP 
expression was quantified by 
normalizing the MFI of mutant- 
expressing cells to the MFI of 
CARD11 WT-expressing cells. 
Data are means ± SEM of four 
biological replicates. Signifi-
cance was determined on log2 
fold changes to normalized 
values by one-sample Student’s 
t test. **P ≤ 0.0001. (B) Effects 
of the reconstitution of CARD11 
KO BJAB B cells with the phos-
phodefective CARD11 S893A 
or phosphomimetic CARD11 
S893D mutants on NF-B sig-
naling and MALT1 protease 
activation after P/I stimulation 
for the indicated times. Rep-
resentative of two biological 
replicates. (C) Representative 
Western blot showing HOIL-1 
cleavage after 1 hour of P/I 
stimulation in CARD11 KO 
BJAB B cells reconstituted with 
CARD11 WT, S893A, or S893D.  
Quantification of the ratio of 
the cleavage product to full-
length HOIL-1 after stimulation 
using densitometric analyses 
from four biological replicates. 
Significance was determined 
by a one-way ANOVA com-
bined with Tukey’s multiple 
comparisons test. *P ≤ 0.05 and 
**P ≤ 0.01. (D) NF-B–EGFP in-
duction in CARD11 KO NF-B–
EGFP reporter  BJAB cel ls 
reconstituted with CARD11 
L232LI ,  L232LI/S893A,  or 
L232LI/S893D mutants was 
analyzed by flow cytometry. 
Data are means ± SEM of three 
biological replicates compar-
ing fold change in the MFIs 
of CARD11 WT- and mutant- 
expressing cells . (E) CARD11 Ser893 phosphorylation was determined in CARD11 KO BJAB cells reconstituted with CARD11 WT or oncogenic CARD11 L251P or L232LI 
mutants before or after P/I stimulation. Representative of two biological replicates. (F) Ser893 phosphorylation of endogenous and overexpressed CARD11 WT or L232LI 
was determined in BJAB cells before or after P/I stimulation. Representative of three biological replicates. (G) CARD11 Ser893 phosphorylation was determined in four ABC 
and three GCB DLBCL cell lines by Western blot. Representative of two biological replicates. (H) Induction of CARD11 Ser893 phosphorylation in SUD-HL6 cells in response 
to IgM (15 min) and sensitivity to ibrutinib treatment. Representative of three biological replicates. (I) Effects of CARD11 WT, S893A, S893D, or L232LI expression in HBL1 cells 
on p65 phosphorylation and MALT1 substrate cleavage without or with ibrutinib treatment (18 hours) were assessed by Western blot. Representative of two biological 
replicates. (J) Effects of CARD11 WT, S893A, S893D, or L232LI expression on HBL1 cell proliferation in the absence or presence of ibrutinib or S-mepazine treatment. The 
changes in the relative viability of mutant-expressing cells normalized to that of CARD11 WT-expressing cells after 4 days of inhibitor treatment are shown. Data are 
means ± SEM of four (ibrutinib) or three (S-mepazine) biological replicates. Significance was determined on log2 fold changes to normalized values by one-sample 
Student’s t test. *P ≤ 0.05 and **P ≤ 0.01.
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and S893A, but not S893D, recruited BCL10 
after P/I stimulation (Fig. 6E and fig. S8E). 
Similarly, P/I induced the recruitment of 
TNF receptor–associated factor 2 (TRAF2) 
and baculoviral IAP repeat containing 2 
(BIRC2; also known as CIAP1) to CARD11 
WT and S893A, but not to S893D. We did 
not detect significant changes in the bind-
ing of other non-CBM–related interaction 
partners to CARD11 S893D (data file S2), suggesting that the 
primary function of the C-terminal phosphorylation was to prevent 
CBM complex formation. To confirm the impact of CARD11 Ser893 
phosphorylation on CBM complex assembly, we performed Western 
blotting after pulldown of Flag-StrepII–tagged WT or mutant CARD11 
from Jurkat T cells (Fig. 6F and fig. S8, F and G). Whereas the 
association of BCL10, ubiquitinated MALT1, and TRAF2 after P/I 

stimulation was enhanced in cells expressing the phosphodefective 
CARD11 S893A mutant, expression of the phosphomimetic CARD11 
S893D nearly abolished inducible binding of these factors. We com-
pared the effects of the phosphomutants to the N-terminal CARD11 
R42A mutant, which cannot mediate heterotypic CARD-CARD 
interaction between CARD11 and BCL10 (42). Expression of the 
CARD11 S893D or R42A mutants also decreased BCL10, MALT1, 
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Fig. 6. PKC-catalyzed CARD11 Ser893 phosphoryl-
ation counteracts CBM complex formation. (A) In-
hibition of CARD11 phosphorylation on Ser893 induced 
by CD3/CD28 stimulation by increasing concentra-
tions of the PKC inhibitor AEB071 was assessed by 
Western blot. Representative of two biological repli-
cates. (B) In vitro PKC kinase assay on GST-tagged 
CARD11 peptide [amino acids (aa) 885 to 901] was 
followed by detection of CARD11 phosphorylation on 
Ser893 by Western blotting and Coomassie staining. 
Representative of two biological replicates. (C) Jurkat 
T cells with KOs of the indicated CBM component 
were stimulated with CD3/CD28 (20 min), and CARD11 
Ser893 phosphorylation and IB phosphorylation/
degradation were assessed by Western blot. Repre-
sentative of two biological replicates. (D) Co-elution 
of Ser893 phosphorylated CARD11 with the CBM- 
unbound CARD11 was analyzed by SEC in lysates of 
CARD11 KO Jurkat T cells reconstituted with CARD11 
WT or mock-transduced. Western blot shows frac-
tions of CARD11 phosphorylated at Ser893 and CBM 
complex (CARD11/MALT1 comigration) after SEC of 
CARD11 WT cells unstimulated (top panels) or 
P/I-stimulated (middle panel). P/I-stimulated mock- 
transduced cells show lack of MALT1 migration to 
CBM fractions in the absence of CARD11 (bottom 
panels). Peak elutions of CBM complex and molecular 
weight standards are shown at the top. Representa-
tive of two biological replicates. (E) Enrichment of 
proteins bound to Flag-StrepII–tagged CARD11 WT, 
S893A, and S893D after streptavidin pulldowns of 
lysates of Jurkat T cells by LC-MS/MS analysis. Volcano 
plots show protein enrichment (log2 fold change) 
and significance (−log10 P values) calculated for each 
protein bound to CARD11 WT, S893A, and S893D 
before and after 20-min P/I stimulation from three 
biological replicates as depicted. (F) CBM complex 
formation after P/I stimulation (5, 10, or 30 min) was 
analyzed after streptavidin pulldowns (PD) of Flag-
StrepII–tagged CARD11 WT, S893A, or S893D from 
reconstituted CARD11 KO Jurkat T cells using Western 
blot. Representative of two biological replicates.
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and TRAF2 binding, revealing that phosphorylation in the CARD11 
MAGUK region affects the CBM holo-complex in a manner that is 
as severe as a destructive mutation in the CARD of CARD11 
(fig. S8G). Thus, PKC-catalyzed phosphorylation on Ser893 in the 
CARD11 C terminus is a potent inhibitory signal that suppresses CBM 
complex assembly and thereby counteracts lymphocyte activation.

DISCUSSION
Ser893 phosphorylation maintains CARD11 in the inactive confor-
mation, whereas unmodified Ser893 facilitates an active state, which 
is required to recruit BCL10-MALT1 dimers upon stimulation (14). 
The C-terminal MAGUK region is critical for CARD11 activity and 
CBM complex assembly (43–46), and our data demonstrate that 
posttranslational modifications in the C terminus are critical in 
controlling CARD11 scaffolding functions. Ser893 is located in a 
region termed the hook domain, which has been suggested to stabilize 
CARD11 (45), but we did not find evidence that Ser893 phosphoryl-
ation altered CARD11 stability. Structural modeling has indicated 
that the hinge region between the SH3 and GUK domains is un-
structured and that its deletion impairs intramolecular and favors 
intermolecular SH3-GUK associations (43). Ser893 phosphorylation 
in the hinge region may hinder the switch from an inactive intra-
molecular to an active intermolecular assembly of CARD11, which 
causes CARD11 oligomerization and BCL10-MALT1 filament for-
mation (10–12, 43). Structural analysis of the CARD11 C terminus 
will be required to determine the exact influence of the hinge region 
and Ser893 phosphorylation on CBM complex assembly.

Phosphodefective S893A acted like a gain-of-function (GOF) 
CARD11 variant after stimulation, but it was not sufficient to trigger 
constitutive CARD11 activity, as observed for the oncogenic or 
BENTA mutations (2, 9). In contrast, phosphomimetic CARD11 
S893D acted like a dominant-negative loss-of-function (LOF) mu-
tant that suppressed acute or chronic NF-B and MALT1 protease 
activation in T cells or lymphoma cells (9, 47). Thus, the level of 
CARD11 Ser893 phosphorylation can tune response magnitude. 
Of note, the lack of increased Ser893 phosphorylation after chronic 
BCR signaling or expression of BENTA- and DLBCL-derived CARD11 
GOF mutants suggested that oncogenic mechanisms may bypass the 
dominant-negative effect of this modification to allow the survival 
and growth of lymphoma cells. CARD11-activating mutations can 
even impede the inhibitory Ser893 phosphorylation of CARD11 WT 
in trans, which may at least partially explain the strong oncogenic 
potential of the CARD11-activating mutants in a heterozygous 
setting (33). Further, a dominant-negative CARD11 L194P mutant 
derived from a CADINS (CARD11-associated atopy with dominant 
interference of NF-B signaling) patient also suppressed Ser893 
phosphorylation. The CARD11 L194P mutation abolishes CBM 
complex formation, and its dominant-negative effect may disconnect 
CARD11 from both positive and negative upstream regulators (34). 
Of note, the counterbalancing effect of the GOF or LOF mutants on 
Ser893 phosphorylation was more pronounced in BJAB B cells than 
in Jurkat T cells. Whether differences in neutralizing the inhibitory 
Ser893 phosphorylation may account for some differential responses, 
such as of the BENTA mutants in T and B cells, will need further 
investigation (35). Our current analyses on the impact of CARD11 
mutants is limited by available cell line models, and it will be inter-
esting to study the level and impact of Ser893 phosphorylation in 
lymphocytes from CARD11-mutant BENTA or CADINS patients.

As observed for the activating CARD11 phosphorylation of Ser559 
and Ser652 (19–21), PKC also catalyzes the inhibitory Ser893 phos-
phorylation in T cells. Kinases downstream of PKC may be in-
volved, but the rapid parallel onset of activating and inhibiting 
modifications after TCR/CD28 ligation suggest that similar or iden-
tical pathways are operational (23, 28). Thus, PKC has two opposing 
functions for lymphocyte activation, and we showed that the level of 
inhibitory Ser893 phosphorylation affected the strength of the TCR 
response. We showed that Ser893 phosphorylation affected T cell ac-
tivation in two ways. First, anergic TCR stimulation alone triggered 
Ser893 phosphorylation without a costimulus. Thus, phosphorylation 
of Ser893 may raise the threshold for signaling to occur and thereby 
prevent T cell activation from tonic signaling in resting cells or in 
the absence of costimulation in anergic cells (48). Second, the inhib-
itory effect of PKC-mediated Ser893 phosphorylation may facilitate 
the switch-like activation of the CARD11 scaffold (22). PKC/ 
alone is not sufficient to trigger CBM complex activation, and a 
positive feedback loop is required, in which the downstream kinase 
IKK phosphorylates additional residues in CARD11 (22–24). 
Although PKC-catalyzed Ser893 phosphorylation will favor the 
inactive “off” state of CARD11 in T cells prone to tonic or anergic 
TCR stimulation without a costimulus, the combined action of 
PKC and IKK after costimulation will shift signaling toward acti-
vating kinases that foster CBM assembly and activity. The inhibitory 
Ser893 CARD11 phosphorylation occurs within minutes after anti-
genic stimulation. Similar kinetics have been described for stimula-
tory CARD11 phosphorylation events (20, 23, 28). It will be necessary 
to delineate the interdependency and exact chronologic order of 
these stimulatory and inhibitory modifications, but now we are 
limited by a lack of antibodies that recognize the stimulatory phos-
phorylation events. In other systems, the combined action of posi-
tive and negative regulators can generate robust responses in a 
multistable system (49). A similar scenario has been proposed for 
CK1, whose catalytic activity is required for CBM assembly, but 
Ser615 phosphorylation of CARD11 by CK1 also suppresses NF-B 
activation (27, 28). By these mechanisms, stimulatory and inhibitory 
CARD11 phosphorylation events can cooperate to set signaling 
thresholds and to shape the dynamics of CBM complex assembly, 
which orchestrates lymphocyte activation. Understanding the mech-
anisms that regulate CARD11 may guide strategies for improving 
therapeutic T cell responses for the treatment of immune diseases 
and cancer.

MATERIALS AND METHODS
Cell culture
Human embryonic kidney (HEK) 293T cells were cultured in 
Dulbecco’s modified Eagle’s medium [with 10% fetal bovine serum 
(FBS) and penicillin/streptomycin (P/S; 100 U/ml)] and were 
passaged upon reaching 80% confluency. Cells were trypsinized 
(0.05% trypsin/EDTA) and then seeded at the appropriate density 
for experiments. Jurkat T cells and BJAB B cells (including all KO 
and reconstituted cells) were cultured in RPMI 1640 [with 10% FBS 
and P/S (100 U/ml)]. Generation of CARD11, MALT1, BCL10, and 
CK1 KO Jurkat T cells and CARD11 KO BJAB B cells has been 
described previously (12, 13, 28, 50). DLBCL cell lines (HBL1, 
TMD8, OciLy3, U2932, SUD-HL4, and SUD-HL6) were cultured 
in RPMI 1640 [with 15% FBS and P/S (100 U/ml)]. Suspension cell 
lines were maintained at a density of 0.5 × 106 to 1.5 × 106 cells/ml. 
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Cell lines were regularly checked for mycoplasma contamination. 
Primary murine splenocytes were isolated from spleen and treated 
with Red Blood Cell Lysis Solution (Miltenyi). Lymphocytes were 
purified using the Mouse CD4+ T Cell Isolation Kit (Miltenyi) or 
the Mouse B Cell Isolation Kit using magnetic-activated cell sorting 
(MACS). Primary murine cells were suspended in RPMI 1640 con-
taining 10% FBS (heat-inactivated), P/S (100 U/ml), 1% Hepes 
(pH 7.5), 2 mM l-glutamine, 1% minimum essential medium 
nonessential amino acids, 1 mM sodium pyruvate, and 50 M 
-mercaptoethanol at 2 × 106 cells/ml for treatment. Acquisition and 
isolation of primary human CD4+ T cells and B cells from blood of 
donors were performed as previously described using the Human 
CD4+ T Cell and Human B Cell Isolation Kit (Miltenyi) using MACS.  
Human CD4+ T cells and B cells were suspended in T cell medium 
[RPMI 1640–10% FBS, P/S (100 U/ml), 50 M -mercaptoethanol] 
at a density of 2 × 106 cells/ml for treatment. Animal care was in 
accordance with institutional guidelines. Written consent and ap-
proval by the ethics board of the Medical Faculty at the Technical 
University Munich were obtained for the use of peripheral blood 
from healthy donors.

Cell stimulation and treatment
Cells were stimulated with P/I (200/300 ng/ml; Merck). Except when 
specified otherwise, anti-CD3/CD28 stimulation was performed 
using murine anti-human CD3 antibody (1 g/ml) and murine anti- 
human CD28 antibody (3.3 g/ml), in addition to anti-mouse IgG1 
and anti-mouse IgG2a antibodies (1.6 g/ml) in 300 l of medium. 
Cells were stimulated with TNF (20 ng/ml; Sigma-Aldrich) in 2 ml 
of medium and LPS (Sigma-Aldrich) at a concentration of 5 g/ml. 
Inhibitors were dissolved in dimethyl sulfoxide, and cells were 
treated with 20 nM ibrutinib (LC Laboratories), 20 M S-mepazine, 
and 10 nM to 3 M ABE071 (Biozol). IgM stimulation of human 
and murine B cells was performed at 10 g/ml with the appropriate 
goat anti-IgM (Jackson ImmunoResearch).

Generation of monoclonal antibodies against CARD11 
Ser893 and MALT1
Mouse monoclonal antibodies against the CARD11 Ser893 phos-
phorylation site were generated by immunization of Balb/c mice with 
ovalbumin-coupled peptides comprising phosphorylated Ser893 
(Peps 4LS, Heidelberg). Animals were injected subcutaneously and 
intraperitoneally with 40 g of peptide, 5 nmol CpG (Tib Molbiol, 
Berlin, Germany), and an equal volume of incomplete Freund’s 
adjuvant (IFA). Mice received a booster immunization without IFA 
after 11 weeks, and spleen cells were fused with P3X63Ag8.653 
myeloma cells using standard procedures. Hybridoma supernatants 
were screened for binding to biotinylated phosphopeptides coupled 
to streptavidin beads (PolyAn Red4 Multiplex Beads, Berlin, Germany) 
in a multiplex flow cytometry immunoassay (iQue, Intellicyt; Sartorius, 
Göttingen, Germany). Specificity was confirmed by negative screen-
ing on the appropriate nonphosphorylated peptide. Positive super-
natants were further validated by Western blot analysis using 
conditions used for phosphopeptide identification by LC-MS/MS.  
Hybridoma cells from selected supernatants were subcloned at least 
twice by limiting dilution to obtain stable monoclonal cell clones 
that recognize phosphorylated Ser893. To verify phosphorylation, 
-phosphatase (160 U; New England Biolabs) was incubated for 
30 min at 30°C after streptavidin pulldown of Flag-StrepII–tagged 
CARD11 before samples were analyzed by Western blot. Experiments 

in this work were performed with hybridoma supernatant CARP 
25B10 (IgG2a/k).

Rat monoclonal antibodies against human MALT1 were gener-
ated by immunizing Wistar rats with 70 g of recombinant MALT1 
protein (amino acids 339 to 719). Hybridoma supernatants were 
generated as described above and screened for binding to or capturing 
of recombinant his-tagged MATL1 protein by binding or capture 
enzyme-linked immunosorbent assay, respectively. Positive super-
natants were further validated by Western blot and IP assays. 
Hybridoma supernatant MLT1 17C11 (IgG2b/k) was used in this 
work for detection of MALT1 after SEC.

Lentiviral transduction
For stable expression of proteins, parental or KO cells were trans-
duced with lentiviruses expressing pHAGE-hCD2-T2A-CARD11 
or pHAGE-hCD2-T2A-CK1 WT or mutant constructs. The list 
of DNA constructs used is shown in table S1, and viral transduction 
was performed as previously described (28).

Western blotting and electrophoretic mobility shift assays
For NF-B signaling, 1 × 106 to 3 × 106 Jurkat T cells were harvested 
(300g, 5 min, 4°C) and washed with phosphate-buffered saline (PBS) 
before being lysed in 60 to 120 l of high-salt buffer [20 mM Hepes 
(pH 7.9), 350 mM NaCl, 20% (v/v) glycerol, 1 mM MgCl2, 0.5 mM 
EDTA, 0.1 mM EGTA, 1% NP-40, 1 mM dithiothreitol (DTT), 
10 mM NaF, 8 mM -glycerophosphate, and 300 M sodium vanadate] 
and protease inhibitor cocktail (Roche) for 20 to 60 min at 4°C.  
Lysates were cleared by centrifugation (20,000g, 15 to 60 min, 4°C). 
For MALT1 substrate cleavage, the same procedure was done with 
co-IP buffer [25 mM Hepes (pH 7.5), 150 mM NaCl, 1 mM glycerol, 
0.2% NP-40 (v/v), 1 mM DTT, 10 mM NaF, 8 mM -glycerophosphate, 
and 300 M sodium vanadate] and protease inhibitor cocktail 
(Roche). Protocols for Western blotting and electrophoretic mobility 
shift assays were performed as previously described (28). Western 
blot images were recorded using the ECL ChemoCam Imager with 
the ChemoStar software and quantified using LabImage 1D L340 
software (INTAS Science Imaging). Antibodies are listed in table S2.

Analyses of NF-B target gene expression
Total RNA was prepared from 3 × 107 Jurkat T cells after stimula-
tion with anti-CD3/CD28 (4 hours) using the RNeasy Mini Kit (74106, 
Qiagen). Reverse transcription (RT) of RNA into complementary 
DNA (cDNA) was performed using a Verso cDNA synthesis kit 
(AB1453B, Thermo Fisher Scientific). Quantitative RT-PCR (poly-
merase chain reaction) was performed using Takyon No ROX SYBR 
2X MasterMix blue dTTP (UF-NSMTB0710, Eurogentec), and 
samples were measured on a Roche LightCycler 480 II instrument. 
RNA polymerase II (RPII) served as internal standard. The following 
primers were used: RPII [5′-GTTCGGAGTCCTGAGTCCGGATG-3′ 
(forward) and 5′-CCTGCCTCGGGTCCATCAGC-3′ (reverse)], 
TNFAIP3 [5′-CTGAAAACGAACGGTGACGG-3′ (forward) 
and 5′-CGTGTGTCTGTTTCCTTGAGCG-3′ (reverse)], and 
NFKBIA [5′- AGGACGGGGACTCGTTCCTG-3′ (forward) and 
5′-CAAGTGGAGTGGAGTCTGCTG-3′ (reverse)].

Protein interaction studies
Cells (3 × 107 to 6 × 107) were lysed in 800 l of co-IP buffer [25 mM 
Hepes (pH 7.5), 150 mM NaCl, 1 mM glycerol, 0.2% NP-40 (v/v), 
1 mM DTT, 10 mM NaF, 8 mM -glycerophosphate, and 300 M 
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sodium vanadate] and protease inhibitor cocktail (Roche). Lysates 
were incubated with rotation (30 to 60 min at 4°C) and then centri-
fuged (20,000g, 20 min, 4°C). Aliquots of supernatant (input) were 
retained for Western blotting. For BCL10 co-IP, 0.5 g of BCL10 
antibody (C-17, Santa Cruz Biotechnology) was added and incubated 
with rotation overnight at 4°C. Protein G Sepharose 4B beads (25 l; 
1:1 suspension; Life Technologies) were added for 1 to 2 hours at 
4°C. For streptavidin pulldowns, 30 l of Strep-Tactin Sepharose 
(1:1 suspension, IBA) was added and rotated (overnight at 4°C). 
Beads were subsequently washed three times with 500 l of ice-cold 
co-IP buffer without protease and phosphatase inhibitors (200g, 
2 min, 4°C). The supernatant was removed, 15 to 25 l of 2x SDS 
loading buffer (Roti-Load, Roth) were added, and the beads were 
boiled (95°C, 7 min) and then analyzed by Western blot.

Flow cytometry
To assess hCD2 surface expression of infected cells, approximately 
0.2 × 106 cells were stained with anti-CD2–APC antibody (human; 
dilution, 1:400) for 15 to 20 min at 4°C in the dark. To assess NF-B 
reporter gene activity by the EGFP reporter, 0.5 × 105 cells were 
stimulated as depicted in the figure legends. Cells were washed and 
resuspended in 300 l of PBS and analyzed on Attune Acoustic 
Focusing Cytometer. Data analysis was performed with FlowJo 
software 10.7.1, either by gating the number or by calculating the 
mean fluorescence intensity (MFI) of the cells. Calculations of change 
in MFI (MFI) were performed by normalization to WT control.

Liquid chromatography and tandem mass spectrometry
To identify CARD11 phosphosites, CK1 KO Jurkat T cells recon-
stituted with CK1 WT or D136N were used. Cells (6 × 107 per 
sample) were left untreated or stimulated for 20 min with P/I before 
lysis in 1% NP-40 buffer [150 mM NaCl, 50 mM tris-HCl (pH 7.5), 
10 mM Na-pyrophosphate, 10 mM Na-glycerophosphate, 1% NP-40, 
20 mM NaF, 1 mM EGTA, 1 mM EDTA, 1 mM DTT, 10% glycerol, and 
protease inhibitors]. CARD11 IP [anti-CARD11 N20 (3 g per 
sample), sc-20458] was performed overnight, and binding to pro-
tein G Sepharose 4B beads (Life Technologies) was performed for 
2 hours at 4°C. To identify interactors of C-terminal Flag-StrepII–
tagged CARD11 WT, S893A, or S893D, cells were left untreated or 
stimulated for 20 min with P/I and streptavidin pulldowns were 
performed as described earlier using CARD11 KO Jurkat T cells 
reconstituted with the respective CARD11 constructs (6 × 107 cells 
per sample). After IPs or pulldowns, beads were washed twice in 1% 
NP-40 buffer and twice in 50 mM tris-HCl (pH 7.5) buffer before 
resuspending in 50 mM tris-HCl (pH 7.5) buffer to perform over-
night on-bead digestion at 37°C using trypsin in 2 M urea [dissolved 
in 50 mM tris-HCl (pH 7.5)]. The resulting peptides were purified 
using in-house prepared SDB-RPS (Empore) stage tips (51) before 
LC-MS/MS analysis as described previously (52).

For sample analysis after CARD11 IPs, peptides were separated 
on a 50-cm reversed-phase column [75 m inner diameter, packed 
in-house with ReproSil-Pur C18-AQ 1.9 m resin (Dr. Maisch GmbH)] 
with a binary buffer system of buffer A [0.1% formic acid (FA)] and 
buffer B (80% acetonitrile plus 0.1% FA) over 60-min gradient (5 to 
30%, 30 to 60%, and 60 to 95% of buffer B for 40, 4, and 4 min, 
respectively, and 12-min wash time) using the EASY-nLC 1200 sys-
tem (Thermo Fisher Scientific) with a flow rate of 300 nl/min. 
Column temperature was maintained at 60°C. The nLC system was 
coupled to a Q Exactive HF-X mass spectrometer (Thermo Fisher 

Scientific) that acquired full scans [300 to 1650 mass/charge ratio 
(m/z), maximum injection time of 20 ms, resolution of 60,000 at 
200 m/z] at a target of 3 × 106 ions. The 10 most intense ions were 
isolated and fragmented with higher-energy collisional dissociation 
(HCD) (target of 1 × 105 ions, maximum injection time of 60 ms, 
isolation window of 1.4 m/z, and NCE of 27%) and detected in the 
Orbitrap (resolution of 15,000 at 200 m/z). Dynamic exclusion was 
set to 20 s. For streptavidin pulldowns of CARD11 WT, S893A, and 
S893D, peptides were separated on a 50-cm reversed-phase column 
[75 m inner diameter, packed in-house with ReproSil-Pur C18-AQ 
1.9 m resin (Dr. Maisch GmbH)] with a binary buffer system of 
buffer A (0.1% FA) and buffer B (80% acetonitrile plus 0.1% FA) 
over 60-min gradient (5 to 30%, 30 to 65%, and 65 to 95% of buffer B 
for 35, 5, and 5 min, respectively, and 15-min wash time) using the 
EASY-nLC 1200 system (Thermo Fisher Scientific) with a flow rate 
of 300 nl/min. Column temperature was maintained at 60°C. The 
nLC system was coupled to an Orbitrap Exploris 480 mass spec-
trometer (Thermo Fisher Scientific) that acquired full scans (300 to 
1650 m/z, maximum injection time of 25 ms, and resolution of 
60,000 at 200 m/z) at a target of 3 × 106 ions. The 12 most intense 
ions were isolated and fragmented with HCD (target of 1 × 105 ions, 
maximum injection time of 28 ms, isolation window of 1.4 m/z, and 
collision energy of 28%) and detected in the Orbitrap (resolution of 
15,000 at 200 m/z). Dynamic exclusion was set to 30 s.

For data analysis, raw MS files were processed within the 
MaxQuant environment (versions 1.5.3.15 and 1.6.0.15) using the 
MaxLFQ algorithm for label-free quantification and the integrated 
Andromeda search engine with a false discovery rate (FDR) of <0.01 
at the protein and peptide levels (32, 53, 54). The search included 
variable modifications for oxidized methionine (M), acetylation 
(protein N-term), and phosphorylation (STY) and fixed modifica-
tions for carbamidomethyl (C). Up to two missed cleavages were 
allowed for protease digestion. Peptides with at least seven amino 
acids were considered for identification, and “match between runs” 
was enabled with a matching time window of 0.7 min to allow the 
quantification of MS1 features not identified in every measurement. 
Peptides and proteins were identified using a UniProt FASTA data-
base from Homo sapiens (2015) containing 21,051 entries.

For bioinformatics analysis, the freely available software PERSEUS 
(55) (versions 1.5.4.1 and 1.6.1.3) and GraphPad Prism version 7.03 
were used to perform all statistical and bioinformatics analyses and 
for visualization. To determine interaction partners, the proteins 
identified only by site modification or found in the decoy reverse 
database and the contaminants were filtered out before data analysis. 
MaxLFQ intensities were taken for quantification and transformed 
into log2 scale. Three biological replicates of each pulldown were 
grouped, and a minimum of three valid values was required in at 
least one group. Missing values were imputed on the basis of a normal 
distribution (width = 0.3, down-shift = 1.8). Significance was assessed 
by two-sample Student’s t test (two-sided) including a permutation- 
based FDR of 5% and an S0 value of 0.1. For CARD11 phosphoryl-
ation analysis, the phosphopeptides found in the decoy reverse 
database and the contaminants were filtered out before data analysis. 
The intensities were taken for quantification and transformed into 
log2 scale. Three biological replicates of each pulldown were grouped, 
and a minimum of three valid values was required in at least one 
group. Missing values were imputed on the basis of a normal distri-
bution (width = 0.3, down-shift = 1.8). We took the median of the 
phosphopeptide intensities in three biological replicates of each 
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pulldown and normalized all values to the median intensity of the 
WT unstimulated conditions.

PKC in vitro kinase assay
N-terminally glutathione S-transferase (GST)–tagged CARD11 pep-
tide (amino acids 885 to 901 of human CARD11 WT or S893A) was 
expressed in Escherichia coli BL21-CodonPlus (DE3)-RIPL cells and 
purified using GSTrap High Performance columns (GE Healthcare) 
as previously described in (28). For in vitro kinase assays, 100 ng of 
recombinant PKC (Thermo Fisher Scientific) was incubated with 
1 g of GST-CARD11 WT or S893A in 20 l of kinase assay buffer 
[25 mM Mops (pH 7.2), 12.5 mM glycerol 2-phosphate, 25 mM 
MgCl2, 5 mM EGTA, and 2 mM EDTA]. Freshly prepared DTT 
(0.25 mM) and adenosine 5′-triphosphate (ATP) (0.25 mM) were 
added to the samples, which were incubated for 1 hour at 30°C. SDS 
loading buffer (Roti-Load1, Roth) was added to stop the reaction, and 
samples were boiled for 5 min. Phosphorylation was assessed by 
Western blotting using phosphorylated Ser893 CARD11 antibody, 
and loading was checked by Coomassie staining.

Size exclusion chromatography
SEC was performed using ÄKTApurifier System in combination 
with a Superose 6 10/300 GL column according to the protocol of 
the manufacturer (GE Healthcare). For each run, extracts prepared 
from 1 × 108 Jurkat T cells were loaded and preparation of extracts 
was performed as described previously (56). Fractions (0.5 ml) were 
collected and analyzed by Western blot. MALT1 detection in SEC 
was performed with monoclonal rat anti-MALT1 (17C11) antibody.

Statistical analysis
All experiments showing quantifications were performed with three 
to seven biological replicates, and values represent means ± SEM. For 
quantification of proteomic data (Fig. 1C and fig. S1G), phospho-
peptide intensity values were normalized according to the median 
of three control replicates (CK1 WT), and log2-transformed values 
were subjected to an unpaired t test to determine statistical signifi-
cance of changes in CK1 WT P/I or CK1 KI P/I. For data shown 
in Figs. 3C and 5 (A and J) and figs. S3 (B and D) and S7C, values 
were normalized to CARD11 WT, and statistical significance was 
determined on the log2 fold changes to the normalized values by 
one-sample t test. To compare statistical significance between two 
groups (Figs. 1, D and E, and 2, B and C, and fig. S2, C to G), values 
were analyzed by unpaired Student’s t test. To compare statistical 
significance between more than two groups, one-way analysis of 
variance (ANOVA) combined with Tukey’s (Figs. 3, G and H, and 
5C and figs. S4C and S7K) or Dunnett’s (Fig. 4B) multiple compar-
isons tests was used. Statistical significance is indicated by P values 
or by asterisk: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 
ns indicates not significant.

SUPPLEMENTARY MATERIALS
www.science.org/doi/10.1126/scisignal.abk3083
Figs. S1 to S8
Tables S1 and S2
Data files S1 and S2

View/request a protocol for this paper from Bio-protocol.
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Abstract

One-sentence summary: PKC-mediated phosphorylation of the CBM component CARD11 restrains antigen 
receptor–induced activation of T and B cells.

Editor’s Summary:
Putting the brakes on lymphocyte activation

Stimulation of antigen receptors on T or B cells leads to the formation of a complex consisting of the scaffolding 
protein CARD11, the linking factor BCL10, and the protease MALT1 (CBM), which ultimately results in T or 
B cell activation. The ability of CARD11 to recruit BCL10 and MALT1 is regulated by multiple phosphorylation 
events mediated by various kinases. Using biochemical techniques and T and B cell lines expressing phos-
phorylation mutants of CARD11, Kutzner et al. identified Ser893 as an inhibitory phosphorylation site that 
restrained antigen receptor–induced CBM formation and lymphocyte activation. This phosphorylation event 
prevented the activation of T cells without coreceptor stimulation and sensitized B cell lymphomas to inhibitors 
used to treat this cancer type. Because PKC also mediates stimulatory phosphorylation events for CARD11, 
the authors speculate that the combination of stimulatory and inhibitory phosphorylation events sets signaling 
thresholds for lymphocyte activation.
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