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Introduction
Diffuse large B cell lymphoma (DLBCL) is the most common sub-
type of B cell non-Hodgkin lymphoma (1). Gene expression profil-
ing enabled the subclassification of DLBCLs into distinct molecular 
subtypes, including germinal center B cell–like (GCB) DLBCL, acti-
vated B cell–like (ABC) DLBCL, and primary mediastinal B cell lym-
phoma (2, 3). These subtypes harbor diverse oncogenic lesions and 
are addicted to different signaling pathways, which render them 
sensitive or resistant to specific pathway inhibitors. Among the dif-
ferent DLBCL subtypes, ABC DLBCLs exhibit the most aggressive 
clinical behavior and are the least curable. Thus, the development of 
improved therapies for ABC DLBCL remains a high priority.

Constitutive activation of the NF-κB signaling pathway is a 
molecular hallmark of ABC DLBCL and confers proliferation and 
survival advantages to these tumor cells (2, 4). This aberrant acti-
vation has been attributed to somatic mutations affecting protein 
components of the B cell receptor (BCR) as well as the TLR path-
ways (5–9). The most frequent activating mutations in the BCR 
pathway occur within the coding region of CD79A/B (~20% of 
ABC DLBCLs) (5) and CARD11/CARMA1 (~10%) (10), whereas 

the most frequently inactivated BCR-related tumor suppressor 
is A20 (~23%) (7, 8). Notably, 70% of patients with ABC DLBCL 
show a gain or amplification of MALT1, which is located in 18q21 
(11). In the TLR pathway, MYD88 is the most commonly mutated 
protein (~37% of ABC DLBCL patients) (9).

As a part of the CARD11-BCL10-MALT1 (CBM) complex, MALT1 
plays a pivotal role in B cell activation. MALT1 is a paracaspase that 
belongs to the caspase family of proteases and shows arginine- 
specific cysteine protease activity (12, 13). Through proteolytic cleav-
age, MALT1 mediates the inactivation of inhibitors of the NF-κB 
signaling pathway, such as TNFAIP3/A20 (12), and the activation of 
proteins that favor NF-κB activity, such as BCL10 (13), CYLD (14), 
RelB (15), and several others (16–19). In addition, MALT1 serves as 
a scaffold to recruit additional signal transducers to activate NF-κB 
signaling (20).

Previous studies showed that the protease activity of MALT1 
is essential for the survival of ABC DLBCL cell lines that rely on 
constitutively active NF-κB signaling, pointing to MALT1 as a 
compelling therapeutic target (21, 22). Along these lines, sev-
eral small molecules and peptides that target MALT1 protease 
activity have been described but manifest significant liabilities, 
either because of poor selectivity or problematic pharmaco-
logic properties (23–25). Moreover, it has been difficult to 
evaluate the molecular targeting of MALT1, given the lack of 
cell-based quantitative target engagement assays. Hence, the 
development of more viable and selective MALT1 inhibitors as 
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it would be specifically activated by MALT1 (Figure 1A). For the 
initial cell model, we used Raji lymphoma cells, which are easily  
transducible and suitable for such studies, since they activate 
MALT1 upon stimulation with PMA and ionomycin (IO) (12, 13). 
To further confirm the suitability of the RelB MALT1 cleavage site 
as a substrate, we treated Raji cells with PMA and IO for 1 hour  
and analyzed RelB cleavage by Western blotting. Exposure of Raji 
cells to PMA and IO induced MALT1 protease activity as detected 
by the presence of the RelB cleaved band (Figure 1B).

Next, we generated a stable Raji MALT1-GloSensor reporter 
cell line and observed that luciferase activity was induced 10-fold 
following PMA and IO treatment (Figure 1C) (ANOVA followed by 
Tukey’s multiple comparisons test; P < 0.0001). To verify MALT1 
specificity, Raji cells expressing the MALT1-GloSensor reporter 
were infected by lentiviruses expressing either MALT1 shRNAs or 
a nontargeting control (shNT). We found that MALT1 knockdown 
caused a significant reduction in luciferase activity (by 58% and 
66% for shMALT1_1 and shMALT_2; ANOVA followed by Tukey’s 
multiple comparisons test; P < 0.0001 for both shRNAs), which 
was proportional to the knockdown efficiency of the shRNAs 
(Figure 1D), demonstrating that the GloSensor reporter activity 
was MALT1 specific. As an additional control, we tested whether  
the specific and irreversible MALT1 inhibitor peptide Z-VRPR- 
fmk could extinguish GloSensor activation by PMA and IO. 
Raji MALT1-GloSensor cells were pretreated with various doses  
of Z-VRPR-fmk for 30 minutes and then induced with PMA and 
IO for 1 hour. We observed that increasing concentrations of 
Z-VRPR-fmk resulted in a dose-dependent decrease in luciferase  
activity (Figure 1E). To rule out artifact due to interference of pep-

well as useful pharmacodynamic (PD) assays is highly desirable 
to advance this field.

Most protease inhibitor drugs are active site inhibitors that are 
often developed using a substrate-based peptidomimetic approach. 
Several of these inhibitors, such as aliskiren (renin inhibitor) (26), 
ritonavir (HIV protease) (27), and carfilzomib (proteasome inhibi-
tor) (28), have achieved a high degree of selectivity within the tar-
get class and reached the clinic. Toward the development of viable 
MALT1 inhibitors, we used a structure-function approach to design 
bona fide MALT1-selective, substrate-mimetic inhibitors and 
developed a suitable method to assess MALT1 target engagement.

Results
Development of a quantitative cell-based target engagement assay for 
MALT1 protease activity. High-throughput assessment of MALT1 
inhibitor activity in living cells is limited by the lack of a suitable 
quantitative target engagement assay. We therefore developed 
a robust and sensitive method for the detection of intracellular 
MALT1 paracaspase activity. We used the GloSensor split lucif-
erase method, which utilizes a bioluminescent chimeric protein 
composed of a genetically modified form of firefly luciferase split 
into 2 distinct domains by insertion of a cAMP-binding protein 
moiety (Figure 1A). Binding of cAMP induces a conformational 
change that reestablishes a functional luciferase protein resulting 
in luminescence. We engineered our reporter so that this confor-
mational change, instead of being induced by cAMP, was caused 
by MALT1-induced cleavage, and hence luciferase activity would 
be a surrogate of endogenous protease activity. We used the RelB 
MALT1 cleavage site sequence in our GloSensor construct, so 

Figure 1. Development of a cell-based MALT1 protease reporter assay. (A) Schematic illustration of the MALT1-GloSensor reporter assay. C, carboxy ter-
minus; N, amino terminus. (B) Induction of MALT1 protease activity in Raji cells treated with vehicle or 200 ng/ml PMA and 1 μM IO for 1 hour. Protein was 
extracted and blotted for RelB. FL, full length; Cl, cleavage band. (C) Luciferase activity of the MALT1-GloSensor reporter was measured after MALT1 knock-
down with 2 independent hairpins against MALT1 or a nontargeting (shNT) control and normalized to Renilla control. Cells were stimulated with vehicle or 
200 ng/ml PMA and 1 μM IO for 2 hours. FC relative to the nontargeting shRNA (shNT). Results are representative of 2 independent experiments  
performed in triplicate. ****P < 0.0001, by ANOVA with Tukey’s multiple comparisons adjustment. (D) MALT1 expression in MALT1-knockdown Raji 
MALT1-GloSensor reporter cells assayed in C. Numbers below the blot indicate MALT1 expression FC versus shNT (MALT1/actin). (E) Dose-dependent inhi-
bition of MALT1 reporter activity in response to Z-VRPR-fmk. Cells were pretreated for 30 minutes with the inhibitor before PMA and IO stimulation, as in 
B. RLU, relative luciferase units. Data represent the mean ± SD of 1 representative experiment.
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also confirmed to bind MALT1 specifically (35). Therefore, we 
replaced arginine with valine at P3, and, in order to minimize the 
number of H-bond donors, we chose to keep proline at P2 and gen-
erated Z-LVPR-fmk (compound 1) (Figure 2A). Compound 1 had 
a Ki similar to that of Z-VRPR-fmk in the biochemical assay (Fig-
ure 2B) but displayed a 10-fold improvement in cell-based, Raji 
MALT1-GloSensor protease inhibition (Figure 2C), and OCI-Ly3 
growth inhibition (Figure 2D) assays, probably due to improved 
cell permeability. The reversible analog of compound 1 (reversible 
control; Supplemental Figure 2B) that is based on the same tetra-
peptide but lacks the fmk group showed no effects in the cellular 
MALT1-GloSensor protease inhibition or cell proliferation assays 
(Figure 2, C and D), in agreement with the finding of no activity 
against LZ-MALT1 at 5 μM (LZ-MALT1 inhibition <2%). These data 
confirm the importance of covalent binding to the MALT1 catalytic 
site in achieving potent inhibition of MALT1 protease activity.

Next, to allow for easier preparation of compounds with 
potentially improved pharmacological properties, we also eval-
uated covalent tripeptides. A previous study using the Ac-VSR-
ACC substrate showed that MALT1 was unable to cleave sub-
strates shorter than tetrapeptides (32). While we found that a 
VPR-fmk tripeptide with a methylamine cap at the N-terminus 
showed very little activity in our assays, in contrast, a VPR-fmk 
tripeptide with a Cbz protecting group (compound 2, Z-VPR-
fmk) lost some cellular potency while retaining good in vitro 
potency compared with Z-VRPR-fmk (Figure 2, A–D). This made 
it a more attractive starting point for further optimization, given 
the ease of synthesis and reduced molecular weight. Therefore, 
it became the lead for further optimization of the series that ulti-
mately yielded the 4-bromo-benzamide derivative compound 3. 
This compound exhibited 10- and 100-fold improved potency 

tides with the luminescence signal, we tested Renilla activity in 
parallel, which indeed was not affected by Z-VRPR-fmk (Supple-
mental Figure 1; supplemental material available online with this 
article; https://doi.org/10.1172/JCI99436DS1).

Development of a selective substrate-mimetic inhibitor of MALT1. 
In order to develop superior MALT1 catalytic activity inhibitors, 
we used the following 3 different assays to support structure- 
activity relationship (SAR) studies: (a) an in vitro biochemical 
assay using a recombinant form of MALT1 (aa 340–789) fused to 
a leucine zipper dimerization motif (LZ-MALT1) that promotes 
MALT1 dimerization and activation (23); (b) an assay using the 
above-described cell-based GloSensor reporter that measures 
MALT1 protease activity in live cells (Figure 1, A–E); and (c) a dif-
ferential growth inhibition assay of ABC versus GCB DLBCL cell 
lines. Equipped with these tools, we used Z-VRPR-fmk as a start-
ing point to develop substrate-mimetic MALT1 inhibitors.

Z-VRPR-fmk was derived from the optimal tetrapeptide sub-
strate for the metacaspase AtmC9 (29) and incorporates an elec-
trophilic fluoromethyl ketone warhead, which forms a covalent 
bond with the active site cysteine residue (Figure 2A). Although 
Z-VRPR-fmk has detectable activity in cell-based assays (22, 30), 
its efficacy is highly limited because of poor cell penetration, prob-
ably due to the 2 arginine residues. Previous studies of MALT1 
substrate specificity based on positional scanning libraries (31, 
32) and co-crystal structures with Z-VRPR-fmk (31, 33) had sug-
gested that the P1 arginine might be critical, given the multiple 
interactions with acidic residues in the P1 pocket, but that the P3 
arginine could be replaced (Supplemental Figure 2A). Moreover, 
of 11 reported MALT1 substrates, only BCL10 has a P3 arginine,  
whereas all of them have a P1 arginine (34). An activity-based 
probe for MALT1 using the LVSR tetrapeptide sequence was 

Figure 2. Compound 3 shows maximal inhibition of MALT1 activity in in vitro and cell-based assays. (A) Schematic illustration of the chemical structures  
of MALT1 inhibitors based on Z-VRPR-fmk. (B) In vitro MALT1 Ki values for the examples in A in an LZ-MALT1 biochemical assay. Results represent the 
mean ± SEM of 3 independent experiments. **P < 0.01 and ****P < 0.0001, by ANOVA with Tukey’s multiple comparisons adjustment. (C) Cell-based 
reporter assay showing inhibition of cellular MALT1 activity in Raji MALT1-GloSensor cells following treatment with different inhibitors, as in Figure 1. 
Dashed line indicates GI50. Results represent the mean ± SEM of at least 3 independent experiments. (D) Growth suppression in the MALT1-sensitive cell 
line OCI-Ly3 in response to the indicated MALT1 inhibitors. Graph shows cell growth relative to vehicle-treated cells and the concentration of the com-
pound. Dashed line indicates GI50. Results are the average ± SEM of at least 3 independent experiments.
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resolution, respectively (Supplemental Table 3). The electron den-
sity clearly revealed the covalent bond between the active site res-
idue C464 and the ligands (Figure 3C). Compared with Z-VRPR- 
fmk, the tripeptides maintained the main chain interactions with 
MALT1, but differed in capping group orientations (Figure 3D). 
The Cbz group of compound 2 occupied a hydrophobic pocket 
for the valine in Z-VRPR-fmk and stacked with F499 (Figure 3D), 
which increased the binding affinity and explained its improved 
inhibition of MALT1 in vitro. In contrast, the 4-Br-phenyl capping 
group of compound 3 could not associate with the hydrophobic 
pocket because of the shortened linker and instead interacted 
with a Y389 residue from a neighboring MALT1–caspase domain 
dimer (Figure 3, C and E), which is consistent with the tetramer 
observation in solution. Compared with the dimer orientation in 
the MALT1-VRPR complex structure, one MALT1–compound 3 
subunit slides 4.5 Å in the dimer structure, which contributes to 
the formation of the tetramer interface (Figure 3, E and F). Resi-
due Y389 shifts 6.6 Å from its position in the MALT1-VRPR struc-
ture and forms a halogen bond with the 4-Br in compound 3 (Fig-
ure 3G). In addition, residues E388, E396, K404, E437, H540,  
and K543 locate in an interface between caspase domain dimers, 
which may help stabilize the compound 3–MALT1 oligomer (Fig-
ure 3E). Notably, removal of the 4-Br from compound 3 abolished 
MALT1 oligomerization (Figure 3H) and significantly reduced  
its potency in vitro and in vivo (Ki = 10 nM vs. 71 nM, GloSensor 
IC50 0.06 μM vs. 0.65 μM, OCI-Ly3 GI50 0.10 μM vs. 0.66 μM),  
suggesting that compound 3–induced oligomerization may con-
tribute to MALT1 inhibition.

Response to compound 3 precisely defines the degree of MALT1 
dependency in ABC DLBCLs. We next examined the effects of 
compound 3 on cell growth using a large panel of ABC DLBCL 
and GCB DLBCL lymphoma cell lines. We found that compound 
3 significantly suppressed the growth of the ABC DLBCL cell lines 
HBL1, TMD8, OC1-Ly10, and OCI-Ly3 compared with that of all 
other cell lines (P < 0.0001, ANOVA) (Figure 4A and Supplemen-
tal Table 4), suggesting that these cells are MALT1 dependent. In 
contrast, other ABC DLBCLs (U2932, SU-DHL-2, HLY1, RC-K8) 
and all of the GCB DLBCLs (OCI-Ly7, OCI-Ly1, SU-DHL-4) were 
resistant to compound 3 (Figure 4A), suggesting that these cell 
lines do not rely on MALT1 protease activity for their growth. Even 
at a concentration of 20 μM, nearly 200-fold higher than the GI50 
of the sensitive cell lines, compound 3 inhibited cell growth by less 
than 15% in the resistant cell lines (Supplemental Table 4).

To further explore the basis for MALT1 paracaspase depen-
dency of particular DLBCL cell lines, we assessed MALT1 activ-
ity by monitoring the cleavage status of RelB. Cell lines were 
pretreated with vehicle or 200 nM compound 3 for 30 minutes, 
followed by an additional 1.5 hours of treatment with MG-132 (to 
block degradation of the cleavage products) and then analysis 
by Western blotting using an antibody directed against RelB. As 
shown in Figure 4B, all MALT1-dependent cell lines manifested  
MALT1 paracaspase activity, as evidenced by the presence 
of RelB cleavage products after MG-132 treatment. In con-
trast, MALT1 was not active in MALT1-independent cell lines, 
except for U2932 (Figure 4B). Notably, administration of com-
pound 3 caused efficient inhibition of RelB cleavage in MALT1- 
dependent cells as well as U2932 cells, whereas all cell lines neg-

in vitro and in vivo, respectively, compared with Z-VRPR-fmk 
(Figure 2, A–D). Compound 3 was also significantly (3-fold) more 
potent in vitro than compound 2 (Figure 2B), while it was 35-fold 
and 73-fold more potent in the Raji MALT1-GloSensor protease 
inhibition and OCI-Ly3 growth inhibition assays, respectively  
(Figure 2, C and D, and Supplemental Table 1). All the com-
pounds retained excellent ABC versus GCB DLBCL differential 
growth inhibition (Supplemental Table 1). During our efforts 
to develop early peptidomimetic MALT1 inhibitors, we studied 
IC50 values of 111 derivatives of Z-VRPR-fmk in the MALT1- 
GloSensor and OCI-Ly3 growth inhibition (GI50) assays. IC50 
and GI50 values for those assays in our SAR series showed a very 
significant correlation (Pearson’s R = 0.78, P < 0.001) for all the 
Z-VRPR-fmk–derivative peptides (Supplemental Figure 2C). 
This is an indicator of the robustness of the GloSensor approach 
for the study of endogenous MALT1 protease activity and the 
selectivity of the compound series for its target in cells.

To more precisely assess the specificity of compound 3 for 
MALT1, we tested its activity against a panel of 26 cysteine  
proteases including caspases, cathepsins, and others (Supple-
mental Table 2). We found that compound 3 had minimal activ-
ity against these other proteases and inhibited only 3 of them 
by more than 50% at 100 nM, which was 10-fold weaker than 
its effect on MALT1 in vitro. Therefore, our rationally designed 
MALT1 active site protease inhibitor, compound 3, has excel-
lent biochemical and cellular potency and a good overall prote-
ase selectivity profile.

Structural basis for improved compound 3 activity involves 
aberrant MALT1 oligomerization. To further define the structural 
and biochemical features of peptidomimetic MALT1 inhibitors, 
we used compound 2 or compound 3 to form complexes in vitro 
with  the purified MALT1 caspase-Ig3 domain. While it is known 
that MALT1 alone forms dimers upon activation or by binding to  
substrate-mimetic ligands (31) in the context of the CBM com-
plex, MALT1 activation may rely on induced proximity within the  
higher-order structure assembly of BCL10 filaments (36). There-
fore, aiming to determine the impact of our compounds on MALT1 
assembly, we subjected MALT1 compound complexes to gel fil-
tration and multi-angle light scattering (MALS), which is used to  
calculate the molecular mass of oligomeric assemblies. We 
observed that compound 2 induced MALT1 dimerization, similar 
to what we observed and was also reported for Z-VRPR-fmk (Fig-
ure 3A) (31). In contrast, the compound 3–MALT1 complex formed 
larger oligomers, peaking at a molecular mass of approximately 
450 kDa (4% error), in addition to smaller peaks of dimers and 
monomers (monomer molecular weight [MW] = 44 kDa) (Figure 
3A and Supplemental Figure 3A). Chymotrypsin digestion of the 
large oligomer fraction resulted in the removal of the Ig3 domain 
and reduced the oligomer mainly to a compound 3–MALT1–
caspase domain tetramer with a molecular mass of approximately 
102 kDa (5% error) and a dimer with a molecular mass of approxi-
mately 58 kDa (4% error) by MALS (monomer MW = 27 kDa) (Fig-
ure 3B and Supplemental Figure 3, B and C), indicating that both 
domains, caspase and Ig3, contributed to oligomerization.

To elucidate the mechanism of action of these drugs, we solved 
the crystal structures of the compound 2–MALT1 dimer and the 
compound 3–MALT1–caspase domain tetramer at 2.2 Å and 1.9 Å 
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ibrutinib. Taken together, these data demonstrate that com-
pound 3 is a highly selective inhibitor with virtually no toxic 
effects in MALT1-independent cell lines. Another feature of 
most MALT1 inhibition–resistant ABC DLBCL cell lines (3 of 4) 
is TNFAIP3 loss. Homozygotic loss of TNFAIP3 in ABC DLBCL 
(RC-K8, SU-DHL-2, and HLY1) correlates with a lack of MALT1  
activity and, consequently, a lack of response to MALT1 inhi-
bition. We do not understand how TNFAIP3 loss results in  
attenuated MALT1 activity. However, TNFAIP3 lesions have 

ative for MALT1 activity were resistant to compound 3. U2932 
was previously reported to harbor a S417A mutation in TGF-β  
activated kinase 1 (TAK1), which activates NF-κB signaling 
downstream of MALT1 in the BCR pathway (8). Although 
the significance of TAK1 S417A mutation has not been estab-
lished, U2932 cells were sensitive to the TAK1 inhibitor (5Z)-7- 
oxozeaenol (Supplemental Figure 4A). Therefore, TAK1 muta-
tions should be considered before treatment with MALT1 
inhibitors or other inhibitors upstream in the pathway, such as 

Figure 3. Compound 3 binds 
covalently to the catalytic 
cysteine of MALT1. (A) MALS 
with in-line gel filtration 
chromatography showing 
that compound 3 induced 
MALT1 oligomerization, while 
other inhibitors predominantly 
induced dimerization. The 
measured molecular masses 
by MALS are shown. The 
molecular mass measurement 
error is shown in parentheses. 
(B) Molecular mass measured 
by MALS showing that after 
chymotrypsin treatment, 
which removes the Ig3 domain, 
compound 3 mainly induced 
caspase domain tetramer-
ization. The molecular mass 
measurement error is shown 
in parentheses. (C) The 2Fo-Fc 
map (1.0 σ) of the MALT1– 
compound 2 complex crystal 
structure shows the covalent 
bond between inhibitor and 
MALT1 active site residue 
C464. (D) Structure alignment 
showing that the binding of 
MALT1 inhibitors mainly differs 
in the capping group orienta-
tion. (E) Compound 3–MALT1 
tetramer structure showing  
the interface between dimers. 
(F) Structure alignment 
between compound 3–MALT1 
caspase and VRPR-MALT1 
caspase dimers showing differ-
ences in dimer orientation. (G) 
The 4-Br group of compound 
3 forms a halogen bond with 
Y389 of a neighboring MALT1 
molecule. (H) Gel filtration 
analysis of compound 3–MALT1 
caspase compared with the 
same compound without Br, 
suggesting that 4-Br is neces-
sary for compound 3–induced 
MALT1 oligomerization.
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been shown to confer ibrutinib resistance in ABC DLBCL 
patients (37) and cell lines (38).

To determine whether the observed biological effects of 
compound 3 treatment were linked to its effects on MALT1 
paracaspase activity, we monitored the impact of increasing 

concentrations (2, 20, and 200 nM) of compound 3 on RelB 
cleavage inhibition in MALT1-dependent DLBCL cells. As 
shown in Figure 4C and Supplemental Figure 4B, proteolysis 
of RelB was impaired in a dose-dependent manner. At 200 nM 
compound 3, RelB cleavage was inhibited by 96% in OCI-Ly3, 

Figure 4. Compound 3 selectively inhibits the growth of MALT1-dependent cell lines by decreasing cell proliferation and increasing apoptosis. (A) Com-
pound 3 effect on cell growth over DMSO control in a panel of 11 cell lines. Cells were exposed to compound for 4 days. Results represent the average of 2 
independent experiments. (B) Western blot analyses of RelB and MALT1 after a 30-minute pretreatment with 200 nM compound 3 or vehicle, followed by 
5 μM MG-132 proteasome inhibitor for 1.5 hours in the indicated cell lines. Arrowhead indicates the cleaved product. (C) Dose-dependent RelB cleavage  
inhibition by compound 3. Cells were treated as in B with the indicated amounts of compound 3. (D) Assessment of proliferation by CFSE dilution in the 
indicated cell lines after treatment with 1 μM compound 3 for 6 days. DAPI– single cells (104 cells) were gated for analysis. Bar graph shows CFSE mean 
fluorescence intensity (MFI). Data represent the mean ± SD of 1 representative experiment performed in triplicate. The experiment was performed 3 
times with similar results. (E) OCI-Ly3 and HBL-1 cells treated with 1 μM compound 3 for 24 hours were BrdU pulse labeled for 15 minutes, and cell-cycle 
distribution was analyzed by flow cytometry. Bar graph shows the percentage of cells in different phases of the cell cycle following treatment with vehicle 
or compound 3. Data represent the mean ± SD of 2 independent experiments. (F) Apoptosis was assessed by annexin V+DAPI– in cell lines treated with 
compound 3 for 6 days (treatment was repeated every 48 h). The y axis shows the percentage of annexin V+DAPI– cells. Data represent the mean ± SD of 1 
representative experiment. Each experiment was performed at least twice with similar results. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by 
unpaired, 2-tailed Student’s t test.
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93% in OCI-Ly10, 88% in TMD8, and 30% in HBL-1 cells. The 
level of MALT1 inhibition by compound 3 was congruent with 
the growth-suppressive effects observed in the various cell 
lines. In fact, we observed a significant negative correlation 
(Pearson’s R = –0.97, P = 0.02) between MALT1 inhibition (cal-
culated as the percentage of RelB cleavage inhibition at 200 

nM compound 3) and compound 3 GI50 in MALT1-dependent 
cell lines (Supplemental Figure 4C).

Specific inhibition of MALT1 paracaspase suppresses the prolifer-
ation and survival of DLBCL cells. To further characterize the cell-
growth inhibition mechanism of compound 3, we investigated its 
effects on proliferation and apoptosis. ABC DLBCL cell lines (HBL-

Figure 5. Compound 3 regulates immune signaling. (A) Heatmap showing differentially expressed genes in OCI-Ly3 cells treated for 8 or 24 hours with 
compound 3 relative to their vehicle controls. Highlighted are genes for relevant significantly enriched pathways: Roquin targets, JAK/STAT pathway, or 
MHC class II [MHCII]) genes. (B) GSEA for Roquin targets in OCI-Ly3 and TMD8 at 8 and 24 hours. cpd, compound; veh, vehicle. (C) Heatmap showing sta-
tistically significant pathways enriched in the upregulated or downregulated genes 24 hours after compound 3 treatment in OCI-Ly3 cells by hypergeomet-
ric test. PID, Pathway Interaction Database. (D) Western blot for p-STAT3 (Y705) in cell extracts of OCI-Ly3 and TMD8 treated for 8 or 24 hours with 100 nM 
or 1 μM compound 3. Results are representative of 2 experiments. (E) Heatmap of MHC class II genes showing log2 FC expression of compound 3–treated 
cells versus vehicle-treated cells for OCI-Ly3 and TMD8 at 8 and 24 hours. (F) Schematic representation of the changes in mRNA expression for compound 
3–regulated genes and their relationship to MALT1.
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Remarkably, 50% of the overlapping downregulated genes 
in OCI-Ly3 and TMD8 cells 8 hours after compound 3 treatment 
were Roquin targets (Supplemental Figure 5C). Roquin is a nucle-
ase that degrades mRNAs related to inflammation and immunity  
including, among others, NFKBID, IL10, and IL6 (17). Roquin is 
inactivated by MALT1-mediated proteolytic cleavage (17, 39), 
therefore, MALT1 inactivation is linked to reduced expression of 
Roquin targets. Consistent with this finding, we detected signifi-
cant enrichment of a “Roquin targets” signature (40) among genes 
downregulated by compound 3 in both cell lines and at both time 
points using GSEA (Figure 5B) or a hypergeometric test (Roquin 
targets, P = 7.60 × 10–6) (Figure 5C). Compound 3–mediated down-
regulation of the Roquin targets NFKBID, IL10, IL6, and RC3H1 
was confirmed by quantitative PCR (qPCR) in both OCI-Ly3 and 
TMD8 cells (Supplemental Figure 5D), while TNF was significantly  
downregulated only in OCI-Ly3 at 8 hours.

Pathway analysis using a hypergeometric test in OCI-Ly3 
compound–treated cells showed that IL-10 target genes and 
STAT3 signatures were significantly downregulated (STAT3 
pathway genes, MSigDB [STKE], P = 8.3 × 10–5 and STAT3_up_
OCILy10, Staudt db, P = 3.00 × 10–8; Figure 5C), while there 
was upregulation of STAT3-repressed genes (DAUER_STAT3_ 
TARGETS_DN, MSigDB, P = 9.3 × 10–30; Figure 5C). Along these 
lines, the treatment of OCI-Ly3 and TMD8 cells with 100 nM 
or 1 μM compound 3 for 8 or 24 hours decreased the levels of 
phosphorylated STAT3 (p-STAT3) (Y705) (Figure 5D), which is 
a marker of STAT3 activation (41). ABC DLBCLs rely on IL-10 
signaling and the JAK/STAT pathway for survival signaling (41, 
42). MALT1 may thus be required to maintain the activity of these 
pathways, suggesting its crosstalk with IL-10 and STAT3 signaling 
pathways and that this crosstalk may be linked to MALT1 regula-
tion of Roquin, which ultimately modulates IL10 mRNA levels. In 
contrast, at 24 hours, the OCI-Ly3 compound 3 data set revealed 
enrichment for the NF-κB signature in both up- and downregu-
lated NF-κB target genes (Figure 5C). NF-κB genes induced at 24 
hours included the negative regulators of NF-κB signaling RELB 
and NFKB2 and the IκB genes NFKBIA and NFKBIE, as well as 
numerous cytokines including the T cell–attracting factors CCR7 
and CCL22. Yet, among the downregulated NF-κB targets at 24 
hours were the key ABC DLBCL transcription factors NFKB1, 
IRF4, and BATF, which are required for the survival of these cells. 
Consistent with our finding that compound 3 induces apoptosis 
in MALT1-sensitive cell lines (Figure 4F), we found enrichment 
of positive regulators of apoptosis in the upregulated genes (Pos-
itive regulation of apoptosis, GO:0043065, P = 0.00017; Figure 
5C) and enrichment of negative regulators in the downregulated 
genes after compound 3 treatment (Negative regulation of apop-
tosis  GO:0043066, P = 2.42 × 10–7; Figure 5C).

Finally, compound 3 strongly upregulated IFN signaling (IFN 
Signaling, Reactome, P = 1.4 × 10–25; IFNA Pathway, Biocarta, P =  
3.1 × 10–5; Figure 5C) after 24 hours of treatment. This is consistent 
with a previous study, in which increased IFN expression was found 
in the effector T cells of MALT1-knockin protease-dead mice (39). 
In line with this, MHC class II and IL-12–mediated signaling genes, 
which are induced by IFN (43), were also significantly enriched in 
the upregulated genes at 24 hours (P = 4.5 × 10–5 and P = 0.5 × 10–3, 
respectively; Figure 5C). The increase in MHC class II genes was 

1, TMD8, OCI-Ly10, and OCI-Ly3) were labeled with CFSE, and 
cell division was tracked after compound 3 treatment by flow cyto-
metric analysis of dye dilution in viable cells. As shown in Figure 4D, 
CFSE dilution was markedly delayed in compound 3–treated cells 
compared with vehicle-treated cells, demonstrating a significant 
decrease in cell proliferation (Figure 4D). To determine whether 
compound 3–mediated growth suppression is linked to cell-cycle 
arrest, we quantified the cell-cycle distribution of OCI-Ly3 and 
HBL-1 cells by BrdU pulse labeling. After a 24-hour exposure (1 μM 
compound 3), we observed a significant accumulation of cells in G0–
G1 phases (Δ 29% and 56% for OCI-Ly3 and HBL-1, P = 004 and P 
= 0.002, 2-tailed Student’s t test, respectively) that was associated 
with a significant decrease in S-phase entry (Δ –69% and –24% for 
OCI-Ly3 and HBL-1, P = 0.05 and P = 0.005, 2-tailed Student’s t 
test, respectively) (Figure 4E). To assess the effects of compound 3 
on apoptosis, HBL-1, TMD8, OCI-Ly10 and OCI-Ly3 cell lines were 
exposed to 1 μM concentration compound 3 for 6 days, and apopto-
sis was analyzed by annexin V and DAPI flow cytometry. We found 
that compound 3 significantly increased the fraction of annexin V+ 
cells (Figure 4F and Supplemental Figure 4D), indicating that com-
pound 3 induced apoptosis in ABC DLBCL cells.

MALT1 inhibition extensively reprograms immune signaling path-
ways in ABC DLBCL cells. The more potent and specific activity of 
compound 3 as compared with previous MALT1 inhibitors afforded  
us the opportunity to more fully explore pathways downstream 
of MALT1 paracaspase activity. We therefore performed RNA- 
sequencing (RNA-seq) in OCI-Ly3 cells, which was the cell line most 
sensitive to MALT1 inhibition. We treated cells for 8 and 24 hours with 
100 nM compound 3 to study early and delayed effects of MALT1 
paracaspase inhibition at the mRNA level. After 8 hours, compound 
3 treatment mainly resulted in downregulation of gene expression, 
with 71 genes downregulated and 19 genes upregulated (fold change 
[FC] >1.2 and adjusted P < 0.01) (Figure 5A). Given the early nature of 
these changes in gene expression, such downregulation is probably a 
direct effect stemming from loss of MALT1 activity. After 24 hours, we 
observed secondary waves of transcriptional changes in OCI-Ly3, 
which now showed a shift toward gene upregulation, with upreg-
ulation of 533 genes versus downregulation of 189 genes (FC >1.2 
and adjusted P < 0.01). To confirm these findings, we treated 
TMD8 cells with 100 nM compound 3 for 8 or 24 hours and per-
formed RNA-seq. As with OCI-Ly3, we observed a wave of down-
regulated genes at 8 hours in TMD8 cells (with downregulation 
of 140 genes and upregulation of 5 genes, FC >1.2 and adjusted  
P < 0.01), while at 24 hours, there were considerably fewer  
differentially expressed genes in TMD8 cells than in OCI-Ly3 
cells (30 genes were upregulated and 52 were downregulated, 
FC = 1.2 and adjusted P < 0.01). Gene set enrichment analysis 
(GSEA) of these differentially expressed genes used as signa-
tures showed significant enrichment of the OCI-Ly3 signatures 
in TMD8 cells and vice versa (Supplemental Figure 5A). The 
more extensive gene expression changes in OCI-Ly3 cells were 
concordant with the fact that this is the cell line most sensitive 
to MALT1 inhibition (GI50 = 87 ± 6 nM), as shown in Figure 4 
and Supplemental Table 4. As expected, Z-VRPR-fmk signatures 
obtained in HBL-1 and TMD8 cells using microarrays were sig-
nificantly enriched in compound 3–treated OCI-Ly3 and TMD8 
cells at 24 hours (Supplemental Figure 5B).
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of NF-κB targets at 8 hours, 
followed by upregulation at 24 
hours, knockdown of MALT1 
did not induce an increase in 
NF-κB targets. This might be 
due to the MALT1 scaffolding 
activity in compound 3–treated 
cells that was abolished when 
MALT1 was absent. Contrary to 
compound 3 treatment, MALT1 
knockdown did not significan tly 
affect Roquin targets or IL-10/ 
STAT3 target genes (Suppleme-
ntal Figure 5F).

As shown in Figure 5F, 
compound 3 inhibition of 
MALT1 protease activity favors 
Roquin activity over its tar-
get genes, and, as a result, the 
expression of these genes is 
decreased. Decreased expres-
sion of the Roquin targets 
IL10 and IL6 in turn causes 
loss of STAT3 activation. Also, 
by an unknown mechanism, 
but potentially through the 
increase in NF-κB signaling 
observed at 24 hours, com-
pound 3 promotes upregula-
tion of the HLA genes CD74 
and CIITA, which are involved 
in antigen presentation and 
whose expression is generally 
low or lost in DLBCL (Figure 
5E). These findings suggest 
that MALT1 inhibition could 
potentiate the antitumoral 

immune response, an effect that might further enhance the ther-
apeutic effect of these compounds.

Compound 3 inhibits MALT1 paracaspase activity in vivo. These 
data underline the potential therapeutic impact of MALT1 inhib-
itors. Therefore, we tested the pharmacokinetic (PK) and PD 
MALT1-inhibitory properties of compound 3 in vivo. Compound 3 
was unlikely to have good oral bioavailability because of the argi-
nine residue. Therefore, we collected mouse PK data upon i.v. and 
i.p. injection dosing (Supplemental Figure 6) and observed rea-
sonable plasma concentrations. Next, TMD8-xenografted NOD-
SCID mice were treated with 30 mg/kg compound 3 by i.p. injec-
tion, which is more convenient for long-term treatment than i.v.  
injection. Groups of 3 mice were sacrificed at 15 and 30 minutes and 
then 2, 6, 12, and 24 hours after injection, and plasma, serum and 
tumor samples were collected to evaluate the levels of compound 
3 and target engagement. Levels of free compound 3 in plasma and 
tumor tissues were assessed by liquid chromatography tandem 
mass spectrometry (LC-MS/MS) (Figure 6A). Compound 3 lev-
els remained above in vitro IC50 values for up to 6 hours in tumors 
(average compound 3 concentration at 6 hours was 146 ± 50 nM). 

a delayed effect, since increased expression was exclusive of the 
24-hour time point (Figure 5E).

RNA-seq performed in OCI-Ly3 and TMD8 cells after 
MALT1 knockdown with 2 independent shRNAs versus a non-
targeting control yielded an effect on gene expression similar 
to that of compound 3. In the case of OCI-Ly3 cells, the normal-
ized enrichment score (NES) was 2.2 and the FDR was less than 
0.001 for compound 3–upregulated genes, and the NES was 
–2.12 and the FDR was less than 0.001 for downregulated genes 
in OCI-Ly3 shMALT1–knockdown cells. In TMD8 cells, the NES 
was 1.22 and the FDR was 0.208 for upregulated genes, and the 
NES was 1.17 and the FDR was 0.212 for downregulated genes 
in TMD8 shMALT1–knockdown cells (Supplemental Figure 5E). 
This is probably due to the milder response to both compound 3 
and MALT1 knockdown in TMD8 cells. GSEA analysis of MALT1 
knockdown showed a significant increase in the IFN signaling  
signature in both OCI-Ly3 and TMD8 cell lines, which was similar 
to that observed at 24 hours with compound 3 treatment, although 
we did not detect as much of an increase in MHC class II genes. 
On the other hand, while compound 3 caused a downregulation 

Figure 6. PK and PD of compound 3. (A) Levels of compound 3 in plasma and tumors from TMD8-xenografted mice 
at the indicated time points after drug administration (n = 3 mice/time point). Dotted line represents the in vitro 
compound 3 GI50 dose. (B) Serum levels of human IL-10 measured by ELISA in TMD8-xenografted mice at the indi-
cated time points after drug administration (n = 3 mice/time point). (C) Western blot for MALT1 targets BCL10 and 
Roquin in TMD8-xenografted tumors treated with 30 mg/kg compound 3 at the indicated time points. Histogram 
shows quantification of the Western blot results normalized to actin and relative to control mice. (D) mRNA levels 
for compound 3 targets in TMD8-xenografted tumors treated with 30 mg/kg compound 3 at the indicated time 
points (n = 3 mice/time point). mRNA levels were normalized to HPRT and are relative to vehicle-treated cells at 
the indicated time points. *P ≤ 0.05 and **P ≤ 0.01, by ANOVA with Dunnett’s multiple comparisons adjustment (B 
and D) and ANOVA with Tukey’s multiple comparisons adjustment (C).
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We also explored other markers of response to MALT1 inhi-
bition by Western blot analysis of MALT1-mediated cleavage of 
BCL10 and Roquin and by qPCR of relevant targets in tumor sam-
ples. As shown in Figure 6, C and D, we observed an increase in 
uncleaved BCL10 protein at 6 hours that was sustained at 12 and 
24 hours, although there was certain variability among individu-
als. In the case of Roquin, its cleavage inhibition was maximal at 2 
and 6 hours, and then at 12 and 24 hours, cleaved Roquin returned 
to baseline levels. Roquin cleavage inhibition preceded hIL-10 
protein downregulation (Figure 6B), suggesting that hIL-10 reduc-

We studied target engagement in the same experiment by measur-
ing human IL-10 (hIL-10) levels in collected serum samples. Since 
previous studies had shown that IL-10 secretion in ABC DLBCL is 
dependent on MALT1 protease activity (21, 22), and given that IL-10 
protein has a short half-life (44), we considered hIL-10 in the serum of 
xenografted mice to an appropriate PD marker of MALT1 inhibition. 
Indeed, we observed a near-complete suppression of hIL-10 protein 
expression at 6 hours following compound 3 treatment (Figure 6B). 
hIL-10 levels increased at later time points, correlating inversely with 
decreased plasma levels of compound 3 at 12 and 24 hours.

Figure 7. Compound 3 suppresses 
the growth of ABC DLBCL tumors 
in vivo. (A) Tumor growth curve 
for xenografts of the ABC DLBCL 
cell lines TMD8 (from NOD-SCID 
mice; n = 9/group) and OCI-Ly3 
(from NSG mice; n = 10/group) 
following compound 3 treatment. 
Mice were treated with 30 mg/
kg b.i.d. compound 3 or the 
same dose of vehicle for 16 or 24 
consecutive days, respectively. 
(B) Tumor volumes for control- 
and compound 3–treated animals 
bearing TMD8 or OCI-Ly3 xeno-
grafts as indicated. The growth of 
each tumor was measured as the 
AUC. (C) hIL-10 serum levels at 
the endpoint of the experiment 
for TMD8 and OCI-Ly3 xenografts. 
(D) Western blot results for the 
MALT1 targets BCL10 and Roquin 
in OCI-Ly3–xenografted tumors. 
Graph shows quantification of 
the indicated genes normalized 
to actin and relative to vehicle. 
(E) mRNA levels for compound 3 
targets in OCI-Ly3–xenografted 
tumors (n = 9/group). mRNA 
levels were normalized to HPRT 
and are relative to vehicle-treated 
cells at the indicated time points. 
(F) Live imaging of MALT1 proteo-
lytic activity in xenografted OCI-
Ly3 MALT1-GloSensor cells at the 
indicated time points. NSG mice 
were treated b.i.d. with 30 mg/
kg as in A. (G) Bioluminescence 
signal intensity quantification. 
Images are of mice used in the 
study. Data represent the mean ± 
SEM. *P ≤ 0.05, **P ≤ 0.01, ***P 
< 0.001 (A–E), and P = 0.02 (F), 
by unpaired, 2-tailed Student’s 
t test.
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engagement was verified in vivo in the blood and tumors of  
xenografted mice.

We next generated OCI-Ly3–GloSensor reporter xenografts 
to quantify the degree of MALT1 suppression in vivo during treat-
ment. MALT1 activity was evaluated at 5, 7, and 14 days of 30 mg/
kg b.i.d. compound 3 treatment. A significant decrease in biolumi-
nescence was observed in animals treated with compound 3 com-
pared with vehicle on day 14 (P = 0.02, 2-tailed Student’s t test) 
(Figure 7F), indicating a sustained suppression of MALT1 in vivo 
by compound 3. Representative bioluminescence images of xeno-
grafted mice are shown in Figure 7G.

Ex vivo–cultured DLBCL patient–derived xenografts main-
tain MALT1 dependency and respond to compound 3. Finally, to 
determine the effect of compound 3 on the growth and survival 
of primary human DLBCL, we cultured DLBCL patient–derived 
xenograft (PDX) samples ex vivo. We collected tumors from mice 
xenografted with PDX samples for maintenance and expansion. 
Tumor masses were digested as indicated in Methods, and DLB-
CL single cells were isolated. Cells were cultured in the presence 
or absence of the engineered murine cell line 40LB as previously 
reported for mouse splenocytes (45), and in either 2D or 3D con-
ditions, depending on their need. Samples were grown with the 
minimal requirements allowing their proliferation, which was 
measured as CFSE dilution. We obtained 7 PDX samples, 6 DLB-
CL samples (3 GCB-like and 3 non–GCB-like according to IHC 
classification), and 1 follicular lymphoma (FCL) sample. Protein 
extracts from all samples were kept to determine MALT1 acti-
vation status in the primary samples. As expected, GCB DLBCL 
and FCL samples showed no cleavage bands for Roquin or CYLD 
and had high levels of uncleaved BCL10 (Figure 8A). Converse-
ly, the 3 non-GCB DLBCL presented cleavage bands for Roquin 
and CYLD and low levels of uncleaved BCL10 compared with the 
rest of the samples (Figure 8A), indicating that MALT1 is active in 
these specimens in ex vivo culture conditions. Next, we sought 
to characterize the response to compound 3 in these specimens. 
Cells were CFSE labeled and treated every 3 days for a total of 6 
days under the specified conditions. The following criteria were 
established to assign a sample as being evaluable: (a) vehicle  
control cell viability of greater than 50% at the end of the exper-
iment on day 6 and no lower than the starting percentage of via-
bility; and (b) CFSE dilution in the vehicle control sample showed 
active proliferation in culture. Four specimens were evaluable for 
growth inhibition and survival under those conditions. As shown 
in Figure 8B, cell counts significantly decreased in response to 
compound 3 in a dose-dependent manner in the non-GCB DLB-
CL specimens, which had active MALT1. CFSE dilution was 
dose dependent in non-GCB specimens DLBCL-5 and DLBCL-6 
(Figure 8C). DLBCL 6 showed the greater effect in proliferation 
inhibition. Prompted by our finding that the CARD11-mutant 
cell line OCI-Ly3 was the cell line most sensitive to MALT1 inhi-
bition, we assessed the mutational status of CARD11 in all the 
PDX specimens tested. Again, the specimen that was most sen-
sitive to MALT1 inhibition, DLBCL 6, carried a CARD11 F130I 
mutation, which has been previously reported to be a CARD11- 
activating mutation in ABC DLBCL (6). Mutations in CARD11 
directly activate the CBM complex and MALT1 protease activity 
and could make tumors especially dependent on MALT1 activity.

tion could be due to its mRNA degradation by Roquin (17). Indeed, 
mRNA expression of the Roquin targets IL10, IL6, NFKBID, IRF4, 
and TNF also decreased after compound 3 treatment at 6 hours 
in xenografted tumors as shown by qPCR (Figure 6D). The levels 
for some of these transcripts remained low at 12 and 24 hours. In 
the case of IL10, mRNA levels were back to control levels at 12 
hours, in concordance with hIL-10 protein levels in serum (Fig-
ure 6B). IL6 and TNF mRNA levels returned to baseline 24 hours 
after injection (Figure 6D). Given the PK and PD of compound 3 in 
mice, we decided to treat mice every 12 hours (b.i.d.) to study the 
efficacy of compound 3 in vivo.

Compound 3 inhibits the growth of MALT1-dependent ABC 
DLBCL xenografts. For efficacy studies, we engrafted TMD8 or 
OCI-Ly3 ABC DLBCL cells and OCI-Ly1 GCB DLBCL cells into 
the right flank region of NOD-SCID (TMD8 and OCI-Ly1) or 
NSG mice (OCI-Ly3). Once tumors reached approximately 100 
mm3 in volume, the mice were randomized to receive 30 mg/
kg b.i.d. compound 3 or vehicle by i.p. injection (n = 10 mice for 
each treatment of TMD8 and OCI-Ly3; n = 4 mice for OCI-Ly1).  
Animals were sacrificed 4 hours after the last injection of the drug 
or vehicle. Compound 3 suppressed the growth of both TMD8  
(P = 0.025, 2-tailed Student’s t test) and OCI-Ly3 (P = 0.003, 
2-tailed Student’s t test) xenografts compared with vehicle (Figure 
7, A and B), while it did not affect the growth of OCI-Ly1 xenografts 
(Supplemental Figure 7, A and B). The body weight of animals was 
not affected by compound 3 treatment, and it was similar to that 
of vehicle-treated mice (Supplemental Figure 7C). Histological 
examination using a TUNEL assay showed a significant increase 
in apoptotic cells in compound 3–treated TMD8 (P = 0.0045, 
2-tailed Student’s t test) and OCI-Ly3 (P = 0.0002, 2-tailed Stu-
dent’s t test) xenografts relative to their respective vehicle controls 
(Supplemental Figure 7D). Representative TUNEL images are 
shown in Supplemental Figure 7E.

To evaluate MALT1 suppression by compound 3 in treated 
tumors, we examined hIL-10 levels in serum. As shown in Figure 
7C, compound 3 treatment resulted in a significant decrease in 
serum levels of hIL-10 in TMD8 (P = 0.003, 2-tailed Student’s t 
test) and OCI-Ly3 (P = 0.0003, 2-tailed Student’s t test) xeno-
grafted mice. OCI-Ly1 xenografts did not express any detectable 
levels of hIL-10. We also evaluated the effect of compound 3 on 
BCL10 and Roquin cleavage by MALT1 in responder xenografts. 
As shown in Figure 7D for OCI-Ly3 and Supplemental Figure 7F 
for TMD8, compound 3 treatment significantly decreased the 
levels of cleaved Roquin in OCI-Ly3 (P = 0.002) but not in TMD8 
xenografts, in which the reduction was not significant. However  
increased levels of uncleaved BCL10 were significant in both 
cell lines (P = 0.009 and P = 0.002, 2-tailed Student’s t test, for  
OCI-Ly3 and TMD8, respectively), reflecting the suppression of 
MALT1 protease activity. Next, we tested the levels of Roquin 
targets at the mRNA level, and, as shown in Figure 7E and Sup-
plemental Figure 7G, compound 3 treatment resulted in a sig-
nificant decrease in the levels of IL6, IL10, NFKBID, and IRF4 
in OCI-Ly3 xenografts (P = 0.03; P = 0.005; P = 0.02 and; P =  
9.8 × 10–4 respectively, 2-tailed Student’s t test). We observed 
a greater individual variability in TMD8 xenografts, in which 
only NFKBID mRNA levels were significantly decreased (P = 
0.01, 2-tailed Student’s t test). Therefore, compound 3 target 
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specimens (23, 46). Although tool compounds that target MALT1 
were previously reported, none of them was suitable for clinical 
testing for various reasons (23–25).

Here, we have developed a new class of irreversible MALT1 
inhibitors inspired by the Z-VRPR-fmk tetrapeptide and based 
on the structures of known MALT1 natural substrates, positional 
scanning libraries (31, 32), and MALT1 co-crystal structures with 
Z-VRPR-fmk (31, 33). Several rounds of SARs prompted us to lead 
compound 3, an improved substrate-mimetic peptidic inhibitor 
of MALT1 protease activity. Compound 3 binds irreversibly to the 
active site cysteine of MALT1. Covalent catalysis is characteristic 
of all cysteine proteases; substrates react covalently to the active 
site cysteine and form a substrate-enzyme intermediate. The 
activity of compound 3 as a MALT1 inhibitor is absolutely depen-
dent on its covalent binding to MALT1 C464, since a reversible 
version of compound 1 is inactive. While other substrate-mimetic  
compounds promoted the formation of stable, dimeric species 
of MALT1, as previously shown for Z-VRPR-fmk (31), compound 
3 induced MALT1 oligomerization in vitro. Whether this mecha-
nism contributes to the increased potency of compound 3 in cells 

We next measured IL-10 secretion by PDXs on day 6. IL-10 secre-
tion inhibition by compound 3 was restricted to non-GCB primary 
PDX samples (Figure 8D). IL-10 levels were decreased by compound 
3 in DLBCL-5 and DLBCL-6, while the compound did not affect 
DLBCL-2 IL-10 levels. DLBCL-3 did not express any IL-10.

Overall, in vivo xenograft and ex vivo primary data in dicate  
that MALT1 active site therapeutic targeting using substrate-mimetic 
peptides is effective at suppressing the growth of ABC DLBCL.

Discussion
MALT1 is required for the survival of ABC DLBCLs, other types 
of lymphomas such as mantle cell lymphoma (46), primary effu-
sion lymphoma (47), and chronic Lymphocytic leukemia (48), and 
potentially other tumors, hence, there is great interest in devel-
oping potent inhibitors for this target. MALT1 is part of the CBM 
complex, which is central to BCR activation. MALT1 functions as a 
scaffold to activate NF-κB and as a protease to modulate the abun-
dance of at least 9 protein targets, including itself (49). Accord-
ingly, inhibition of its protease activity is sufficient to inhibit the 
growth of subsets of ABC DLBCL and MCL cell lines and primary 

Figure 8. Compound 3 suppresses 
the growth of DLBCL PDXs ex vivo. 
(A) Western blots for MALT1 targets 
Roquin, CYLD, and uncleaved BCL10 
in PDX specimens were used to 
establish the MALT1 activation state 
in each specimen. (B) Cell counts 
relative to vehicle-treated cells for 
the indicated DLBCL PDX specimens 
ex vivo. Four different concentra-
tions of compound 3 were assayed. 
Data represent the mean ± SD of 
1 representative experiment. Each 
experiment was performed at least 
twice with similar results. (C) CFSE 
dilution assay results for 2 different 
concentrations of compound 3 in the 
indicated PDX specimens. (D) CFSE 
MFI FC relative to the mean of the 
vehicle-treated cells. (E) hIL-10 levels 
in the supernatant of PDX ex vivo 
culture. Data represent the mean ± 
SEM of 1 representative experiment 
performed in quadruplicate. **P 
≤ 0.01, ***P < 0.001, and ****P < 
0.0001, by ANOVA with Dunnett’s 
multiple comparisons adjustment 
(B and D) and unpaired, 2-tailed 
Student’s t test (E).
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MALT1 protease–related effects on JAK/STAT and type I IFN sig-
naling. Compound 3 was efficacious in vivo against ABC DLBCL 
xenografted tumors when used b.i.d. and provides the basis for the 
development of clinically tractable MALT1 protease inhibitors for 
use in patients with B cell lymphomas and other tumors.

Methods
Further information can be found in Supplemental Methods.

Compound synthesis. The procedures for the preparation of com-
pounds 2, 3, and 4 are described in the international patent application 
WO2017040304 (58). Compound 1 and its reversible control were 
prepared by very similar methods.

Cell culture. OCI-Ly1, OCI-Ly3, and OCI-Ly10 were cultured in 
Iscove’s medium supplemented with 20% FBS. The remaining cell 
lines were cultured in RPMI supplemented with 10% FBS and 10 
mM HEPES. HBL-1, HLY-1, and U2932 were obtained from Jose A.  
Martinez-Climent (Universidad de Navarra, Pamplona, Spain);  
OCI-Ly3 cells were obtained from Anas Younes (Memorial Sloan 
Kettering Cancer Center, New York, New York, USA); OCI-Ly1, OCI-
Ly7, and OCI-Ly10 cell lines were obtained from the Ontario Cancer 
Institute (OCI); TMD8 was obtained from Louis M. Staudt (National 
Cancer Institute, Bethesda, Maryland, USA); RC-K8 and SU-DHL-4 
were obtained from the Deutsche Sammlung von Mikroorganismen 
und Zellkulturen or German Collection of Microorganisms and Cell 
Cultures GmbH (DSMZ); and SU-DHL-2 was obtained from Ameri-
can Type Culture Collection (ATCC). All cell lines were authenticated 
by the University of Arizona Genetic Core and grown in the presence 
of penicillin G and streptomycin and 2 mM L-glutamine at 37°C in a 
humidified atmosphere of 5% CO2.

GloSensor assay. The pGloSensor plasmid was custom designed to 
have 2 luciferase domains linked by the MALT1 proteolytic substrate 
sequence of RelB, MALT1-GloSensor reporter (Promega). Cleavage 
of the linker sequence by MALT1 allows conformational changes 
promoting large increase in luciferase activity. The assay was vali-
dated in 293T cells and subsequently optimized for 384-well plates. 
Raji-GloSensor cells were generated by electroporation (Amaxa) of 
pGloSensor containing the RelB cleavage sequence, followed by anti-
biotic selection. For further validation, Raji MALT1-GloSensor cells 
were transfected by electroporation (Amaxa) with 2 shRNAs targeting 
MALT1 and 1 nontargeting hairpin. MALT1-GloSensor was then sub-
cloned into the lentiviral backbone pLEX_306, which was a gift from 
David Root (Broad Institute of MIT and Harvard, Cambridge, Massa-
chusetts, USA) (Addgene plasmid 41391) and then used to infect OCI-
Ly3. Following antibiotic selection, a single clone was isolated by lim-
iting dilution, authenticated by short tandem repeat (STR) profiling  
and then used for in vivo experiments (OCI-Ly3 MALT1-GloSensor).

MALT1-compound complex crystallization and structure determi-
nation. Human MALT1 (UniProtKB: Q9UDY8) 339-719 was overex-
pressed and purified as described previously (31). The excess amount 
of compound was incubated with MALT1 for 2 to 16 hours, followed by 
Superdex 200 (GE Healthcare Life Sciences) purification. The com-
pound 2–MALT1 dimer was crystallized in 0.1 M 2-(N-morpholino)
ethanesulfonic acid (MES), pH 6.0, 0.2 M CaAC, 2% benzamidine, 
and 10% isopropanol. The compound 3–MALT1 oligomer was treated  
with 1:200 chymotrypsin (Hampton Research) for 2 hours and run 
through a Superdex 200. The tetramer peak was concentrated to 2 
mg/ml and crystallized in 0.1 M NaAc, pH 4.6, 0.4 M NH4 tartrate, 

has not been elucidated. However, it is conceivable that such 
mechanism could affect normal CBM complex dynamics.

One of the challenges in the development of MALT1 inhibitors 
has been the difficulty of testing MALT1 activity in cells with reli-
ability and high-throughput techniques. Most studies have relied 
on low-throughput assays based on Western blotting or indirect 
assays based on differential killing of MALT1-dependent and 
-independent cell lines. Here, we report a high-throughput MALT1 
protease activity in-cell reporter system. Our activation-based 
assay to study MALT1 inhibition in Raji cells provides a robust 
high-throughput assay to evaluate MALT1 inhibition. Moreover, 
we developed an OCI-Ly3 MALT1-GloSensor cell line to study in 
vivo target engagement that allows longitudinal studies of in vivo 
target engagement and drug PD.

In addition, using compound 3, we studied the consequences 
of MALT1 protease inhibition at the transcriptional level. MALT1 
inhibition triggered gene downregulation at 8 hours (early effects) 
that was followed by gene upregulation at 24 hours (late effects). 
Down-regulated pathways by MALT1 inhibition included NF-κB, 
IL-10, and JAK-STAT signatures, among others. Remarkably, but 
not unexpectedly, a Roquin signature (“Roquin targets”) was 
among the most significantly negatively enriched signatures. In 
fact, Roquin targets NFKBID, IL10, and IL6 were among the most 
downregulated genes by compound 3. Notably, Nfkbid-knockout 
animals show a phenotype very similar to that of MALT1-knockin 
protease-dead animals (50–53). Indeed, both mouse strains show 
lack of marginal zone and peritoneal B-1 B cells and impaired lym-
phocyte activation and germinal center formation (54). Both also 
lack mature Tregs and show resistance to Th17-dependent auto-
immune encephalomyelitis (EAE) (50, 55).

Compound 3 downregulated IL-10 protein expression in vitro 
and in vivo, and, in concordance, IL-10– and JAK-STAT–related 
transcriptional signatures were downregulated after compound 3 
treatment. MALT1 inhibition by compound 3 also led to decreased 
STAT3 phosphorylation in ABC DLBCL cells. Of note, IL-10  
signaling through IL-10RA and its signaling pathway (JAK/STAT3) 
was previously shown to be critical for ABC DLBCL survival (41). 
It is thus possible that disruption of IL-10 signaling contributes to 
the antilymphoma effect of MALT1 inhibitors. IL-10 constitutes, 
therefore, a candidate biomarker to test target engagement in 
patients treated with MALT1 inhibitors.

Among upregulated pathways by compound 3 treatment, the 
type I IFN pathway stands out as the most prominently enriched. 
Type I IFNs play an essential part in natural cancer immune sur-
veillance, mediating effects on tumoral cells (limiting prolifera-
tion and promoting senescence and cell death) and the immune 
system (activation of innate immunity) (56, 57). Therefore, upreg-
ulation of type I IFNs by MALT1 inhibition (along with MHC class 
II and IL-12 signaling upregulation) could be exploited therapeu-
tically to improve the response to immune checkpoint drugs (e.g., 
anti–PD-1 and anti-CTL4 antibodies). However, the timing of the 
treatments should be carefully planned and assessed in order to 
avoid unwanted effects (e.g., autoimmune responses).

In summary, compound 3 is a substrate-mimetic peptidic 
covalent MALT1 inhibitor and is quite selective in vitro and in 
vivo. Compound 3 has allowed us to study the downstream effects 
of MALT1 inhibition at the transcriptional level and to uncover 
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OCI-Ly1 engraftment, while NOD.Cg-rkdcscid Il2rgtm1Wjl/SzJ (NSG) 
mice were used for OCI-Ly3 engraftment. Both mouse strains were 
purchased from The Jackson Laboratory. Mice were injected s.c. with 
107  low-passage cells for TMD8 or 5 × 106 cells for OCI-Ly3 and OCI-
Ly1 suspended in PBS/Matrigel at 1:1. Treatment was initiated when 
tumors reached an average size of 100 mm3. Compound 3 was pre-
pared every 4 to 6 days in sterile saline solution (pH 7), stored at 4oC, 
and administered i.p. every 12 hours. Tumor size was measured with a 
digital caliper 2–3 times a week. Tumor volumes were calculated using 
the following formula: smallest diameter2 × largest diameter × 0.5.

Patient-derived tumor xenograft models and patient-derived tumor 
xenograft cell culture. Established patient-derived tumor xenograft 
(PDTX) samples were s.c. injected into NSG mice and allowed to grow 
until the tumor volume reached 1 < 1,500 × mm3. PDTX lines were 
previously analyzed and molecularly annotated (Sandra and Edward 
Meyer Cancer Center PDTX Shared Resource, Weill Cornell Med-
icine, New York, New York, USA). Once the tumors reached a suffi-
cient volume, the mice were euthanized and the tumors extracted. 
The tumors were then dissociated into single cells using a phosphate 
buffer containing collagenase A (25,000 U/ml), dispase II (12.5 U/ml),  
and DNAse (500 U/ml). Single cells were mixed with irradiated 40LB 
cells (30 Gy γ irradiation) at a 10:1 ratio of primary DLBCL/40LB. 
The cell mixture was then used to fabricate 3D organoids in 96-well 
plates using methods similar to those described in ref. 45, with 
20 μl 3D organoids containing 3% silicate nanoparticles and a 5%  
gelatin-IMDM medium solution. The 3D organoids were cultured in 
IMDM medium containing 20% FBS supplemented with antibiotics 
and normocin (InvivoGen) for 6 days, doubling the volume of medium  
after 3 days. The cell mixture was exposed to four 1:3 serial dilu-
tions of compound 3 starting at 5 μM or to vehicle control (DMSO) in 
triplicate for 6 days, with treatment a second time on day 3. After 6 
days of exposure, cell viability was assessed by flow cytometry using 
DAPI staining. Supernatant was collected, and hIL-10 was quantified  
using the hIL-10 ELISA Kit from eBioscience according to the manu-
facturer’s instructions.

Study approval. All procedures involving animals followed NIH 
protocols and were approved by the IACUC of Weill Cornell Med-
icine (protocol 2016-0019). Deidentified patients’ samples were 
obtained with informed consent and xenografted under Weill Cornell 
Medicine’s IRB-approved protocol 1410015560A002 and IACUC- 
approved protocol 2014-0024.

Statistics. All statistical analyses were performed with GraphPad 
Prism 6 (GraphPad Software). A P values of less than 0.05 was con-
sidered statistically significant. An unpaired, 2-tailed Student’s t test 
was used, except when multiple parameters and comparisons required 
ANOVA with a multiple comparisons test.
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