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Discovery of novel small molecule inhibitors of Bcl10-MALT1 interaction for the treatment
of aggressive diffuse large B-cell lymphoma

Heejae Kang, PhD

University of Pittsburgh, 2020

The CARMA1/Bcl10/MALT1 (CBM) signaling complex mediates antigen receptor-
induced activation of the pro-survival NF-kB transcription factor in lymphocytes to support normal
adaptive immunity. Gain-of-function mutations in the CARMAL moiety or its upstream regulators
trigger antigen-independent assembly of oligomeric CBM complexes, leading to constitutive
activation of both the protease and scaffolding functions of MALTZ, inappropriate NF-kB activity,
and development of an aggressive Activated B-Cell subtype of Diffuse Large B-Cell Lymphoma
(ABC DLBCL).

Since MALT1 activation relies on its recruitment to the CBM complex via its interaction
with Bcl10, we sought to identify inhibitors of Bcl10-MALT1 interaction in order to target both
the protease and scaffolding activities of MALTL as a potential approach for treating ABC
DLBCL. After confirming that Bcl10 residues 107-119 and the tandem Ig-like domains of MALT1
are critical for interaction, we performed a structure-guided in silico screen of 3 million compounds
based on a computational model of the experimentally identified interaction interface.

Compound K691-0124 from the initial screening hits and its structural derivative,
compound K691-0122, show dose-responsive inhibition of Bcll0-MALTL1 interaction.
Functionally, both compounds inhibit both the protease and scaffolding activities of MALT1 in
Jurkat T cells, as demonstrated by its inhibition of CD3/CD28-induced RelB and N4BP1 cleavage,

and inhibition of IKK phosphorylation, respectively. Both compounds also block IL2 transcription



and IL-2 secretion by PMA/ionomycin-stimulated Jurkat T cells, as well as constitutive CBM-
dependent secretion of IL-6 and 1L-10 by ABC DLBCL cells. Accordingly, these two compounds
selectively suppress the growth of ABC DLBCL cell lines, but does not affect the growth of
MAVLT1-independent GCB DLBCL cell lines.

In conclusion, we have developed two early-stage small molecule compounds that inhibit
Bcl10-MALTL interaction, impair both protease and scaffolding activities of MALTL, inhibit
secretion of cytokines encoded by MALT1-controlled downstream NF-kB target genes, and
specifically inhibit proliferation of MALT1-driven ABC DLBCL cell lines. This new class of
protein-protein interaction inhibitors has the potential for a more complete and efficacious
blockade of MALTL1, while offering protection from undesirable autoimmune side effects of
unbalanced blocking of only the protease activity of MALTL, in the treatment of this aggressive

form of lymphoma.
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1.0 Introduction

The cancer death rate declined by 29% from 1991 to 2017, including a 2.2% drop from
2016 to 2017, the largest single-year drop in cancer mortality ever reported (1). This improvement
was in significant part due to advances in treatment — mainly immunotherapy and targeted
therapies — which has improved the conventional foundation of cancer treatment of chemotherapy,
surgery, and radiation therapy. These advances in precision medicine have helped transform cancer
treatment: patients with leukemia, melanoma, as well as breast, lung, and colorectal cancers
routinely undergo molecular testing in order to select treatments tailored to the genetic profile of
an individual’s tumor that improve survival and reduce adverse systemic effects. For example, the
5-year relative survival rate for chronic myeloid leukemia increased from 22% in the mid-1970s
to 70% for those diagnosed during 2009-2015, and most people treated with tyrosine kinase
inhibitors now have nearly normal life expectancy (1). Despite the profound declines in overall
mortality, a lack of improvement in survival rates in many cancers largely reflect a lack of major
treatment advances, and cancer remains the second leading cause of death globally, responsible
for an estimated 9.6 million deaths in 2018 (World Health Organization).

This thesis aims to investigate a largely unexplored area in targeted cancer therapy
development: inhibition of protein-protein interactions. The majority of intracellular drug targets
in targeted drug discovery field have focused on enzymes, such as kinases, that catalyze reactions.
Enzymatic targets have proven easier to develop drugs against, primarily due to the ease of
screening against enzymes in high-throughput biochemical assays and due to the fact that enzymes
already have discrete active sites with small pockets or grooves for binding substrates. Protein-
protein interactions (PPIs), on the other, have long been considered “undruggable” until recently,
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because of the relatively flat, large, and featureless interface between interacting protein partners,
seemingly rendering them unable to bind small molecule drugs. Despite these challenges, 650,000
PPIs have been estimated by proteomics studies, compared to only 20,000 protein coding genes
(2, 3), and PPIs have always been highly desirable targets in cancer therapy development, as the
structured assembly of protein complexes and its regulation are of critical importance in nearly all
normal cellular functions, including gene expression, cell division, protein homeostasis, and
modulating key signaling pathways in the cell. Correspondingly, this organized coordination of
assembly and dynamics of multi-protein complexes is hijacked in many pathologies, including
cancer and autoimmune disorders. Importantly, because the assembly process of multi-protein
complex has evolved as a strategy that uses sequential obligate steps in space and time to increase
selectivity in molecular recognition, PPI interfaces tend to be less conserved and more diverse than
active sites of enzymes. Moreover, the requirement of multiple constituent proteins coming
together to initiate a signal in and of itself allows for greater specificity and signal-to-noise ratio
(4, 5). Thus, PPI inhibitors are generally thought to have a greater opportunity for being selective
compared to enzymatic inhibitors. In addition, advances in highly sensitive methods, such as
NMR, X-ray diffraction, electron microscopy, and surface plasmon resonance, have improved our
structural and biological understanding of PPIs, facilitating the discovery and development of
small molecule PPI-targeting drugs. Finally, the declining cost of computational power has led to
wider accessibility and routine use of virtual screening with increasing number of compounds from
in silico libraries, greatly accelerating the pace of PPI therapeutic development over the past few
years. Although more challenging to develop compared to enzymatic inhibitors, targeting PPIs has

a tremendous potential for therapeutic intervention in cancer.



Since the discovery of Bcl10-MALT1 protein-protein interaction in MALT lymphoma two
decades ago, we have gained detailed understanding of the critical importance of NF-kB-activating
signaling complex comprising the CARMAL1, Bcl10, and MALT1(CBM) proteins in a variety of
B-cell and T-cell lymphomas and leukemias. Although the function of CBM complex is best
known in the context of TCR and BCR signaling in adaptive immune cells, more recent studies
have discovered that the multimeric CBM complex containing CARMAZ3 instead of CARMAL is
ubiquitously expressed and operates downstream of various receptors in non-lymphoid cells. A
variety of G-protein-coupled receptors (GPCRs) (e.g. AGTR1, PAR1, CXCR4) and receptor
tyrosine kinases (RTKSs) (e.g. EGFR, HER2/neu) have been shown to rely on the CBM complex
to mediate NF-kB activation. Accordingly, CBM hyperactivity due to inappropriate
overexpression or activation of GPCRs or RTKs is attributed to various oncogenic processes in
solid tumors, including tumor growth, epithelial-mesenchymal transition, angiogenesis, and
metastasis. (6-10) Moreover, aberrant overaction of MALT1 has been implicated in multiple
sclerosis and other Th17-dependent autoimmune inflammatory disorders.

Thus, deregulated CBM signaling is a common factor underscoring major subsets of
hematological malignancies, solid tumors, and autoimmune diseases. Given this broad range of
therapeutic applicability of CBM-specific targeted therapies, there has been considerable interest
and effort in the field to develop drugs to target MALT1 activity. Although this thesis focuses on
the efficacy of two promising lead compounds to terminate inappropriate CBM activity in a
specific model of diffuse large B-cell lymphoma, we see substantial potential in multiple disease

models.



1.1 Diffuse large B-cell lymphoma (DLBCL)

Diffuse large B-cell lymphoma (DLBCL) is the most common type of non-Hodgkin
lymphoma (NHL), accounting for roughly 40% of newly diagnosed NHL cases globally. (Sehn et
al Blood 2015) According to the US National Cancer Institute’s SEER database, the estimated
incidence of DLBCL is 7 per 100,000, affecting approximately 20,000 people every year in the
US. The current standard of care, R-CHOP, consists of a chimeric monoclonal antibody against
CD20 expressed on the surface of B cells (Rituximab), a combination of three chemotherapy drugs
(cyclophosphamide, doxorubicin hydrochloride, vincristine), and a corticosteroid (prednisolone).
Approximately 40% of patients with DLBCL who are treated with R-CHOP will relapse or
develop refractory disease (11). There are two major molecularly distinct subtypes of DLBCL
identified by gene expression profiling: activated B-cell (ABC) and germinal center B-cell (GCB).
This molecular classification of DLBCL carries important prognostication difference, with the
ABC subtype being associated with significantly lower survival compared to the GCB subtype
(35% 5-year OS in ABC subtype vs. 60% in GCB subtype). Despite this significant difference in
prognosis, the current R-CHOP regimen has remained the same between two distinct molecular
subtypes, and thus, subtype testing for frequently recurring mutations are currently not routinely
used. These two subtypes are driven by distinct intracellular oncogenic signaling pathways, which
can be differentially targeted as a therapeutic approach. Novel therapies targeting mutations that

occur in the ABC type is needed to improve patient outcome and survival.



1.1.1 Germinal center B-cell diffuse large B-cell lymphoma (GCB DLBCL)

Using cell of origin (COQ) as a subtype classification, approximately 40-50% of DLBCL
are classified as germinal center B-cell subtype (12-14). GCB DLBCLs are derived from lymphoid
cells in the germinal center. Approximately 30-40% of GCB DLBCLs have a t(14;18)
translocation, 30% have c-rel amplification, 20% have mutations of the histone methyltransferase
EZH2, and deletion of tumor suppressor PTEN is observed in 55% of GCB DLBCL (15), all of
which are typically not seen in ABC DLBCL. Constitutive activation of phosphatidylinositol 3
kinase (PI3K)/AKT/MTOR signaling pathway in GCB DLBCL lacking PTEN drives the growth

and metabolism of tumor cells, spurring development of multiple inhibitors against this pathway.

1.1.2 Activated B-cell diffuse large B-cell lymphoma (ABC DLBCL)

ABC DLBCL is the more aggressive and chemoresistant subtype with poor prognosis,
accounting for 30-40% of DLBCL (12-14). ABC DLBCL is derived from B cells at a plasmablastic
stage, just before exiting the germinal center, and therefore display gene expression profile of
mature plasma cells. The pathogenic hallmark of ABC DLBCL is the antigen-independent,
constitutive activation of the NF-kB pathway in B lymphocytes, largely due to inappropriate
activation of the CBM signaling complex (composed of proteins CARMAL1, Bcl10, and MALT1),
which is normally only transiently active following antigen stimulation. A loss-of-function RNA
interference (RNAI) screening by Ngo et al in 2006 revealed that all(16) genes critical for the
survival of ABC DLBCL are involved in regulating NF-kB activity. These genes included
CARMA1, BCL10, MALT1, and IKKg. Silencing individual CBM proteins using RNAI was toxic

to ABC DLBCL cell lines, but not to GCB-DLBCL cell lines. Subsequent studies found that
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approximately 10% of ABC DLBCLs harbor activating mutations of CARMAL, and 20% of cases
harbor mutations in the components of the BCR complex, CD79A/B, thereby engaging the CBM
pathway downstream. Mutations in MYD88 have been identified in ~30% of ABC DLBCL,
leading to upregulation of both NF-kB and Janus kinase-signal transducer and activator of
transcription (JAK/STAT) pathways. Of note, the activating missense mutations within the coiled-
coil domain of CARMAL disrupt the intra-and intermolecular interactions that are critical for
maintaining its autoinhibition by the ID domain of CARMAL, resulting in constitutive assembly
of the CBM complex and constitutive activation of NF-kB (17).

In ABC DLBCL, autocrine IL-6 production has been shown to provide proliferative and
antiapoptotic signals, and elevated IL-6 levels in patient serum correlate with adverse outcome
(18, 19). Previous studies have shown that ABC DLBCL cell lines, OCI-Ly3 and TMDS,
spontaneously secrete IL-6 and IL-10 (20), and that transcription and expression of these two
cytokines depend on MALTL1 protease activity (21).

Considerable knowledge has been gained in the field of CBM biology in the context of not
only ABC DLBCL, but also in increasing number of T and B cell malignancies recognized to
trigger CBM assembly to drive chronic antigen receptor signaling. Disrupting the intra- and
intermolecular interactions within the CBM complex can modulate downstream NF-kB signaling
in ABC DLBCL as well as various hematologic malignancies whose pathogenic hallmark is

constitutive NF-kB activation.



1.2 The CARMA1-Bcl10-MALT1 (CBM) signaling complex

The CBM signaling complex, which is composed of proteins Caspase recruitment domain-
containing MAGUK proteinl (CARMAL, also known as CARD11), B-cell lymphoma 10 (Bcl10)
and Mucosa-associated lymphoid tissue lymphoma translocation protein 1 (MALTL1), is a critical
signaling complex that mediates T-cell receptor (TCR) and B-cell receptor (BCR)-dependent NF-
kB activation. T and B cells isolated from mice deficient in CARMAL, BCL10, or MALT1 display
impaired cellular activation and proliferation, aberrant cytokine secretion, and defective cell
differentiation, resulting in diminished immunity. CARMA1, BCL10, and MALT1 are bona fide
oncogenes: mutations, chromosomal translocations, and overexpression of CBM component
proteins have shown to directly lead to multiple lymphoid malignancies, including activated B-
cell diffuse large B-cell lymphoma (ABC DLBCL). In resting cells, the CBM members exist in an
inactive form in the cytoplasm. CARMAL is kept in an inactive monomeric form, whereas the
catalytically inactive paracaspase MALTL1 is constitutively bound to Bcl10. Upon receptor
ligation, TCR or BCR engages the proximal antigen receptor signaling cascades that converge in
the activation of protein kinase C (PKC) 0 or B, respectively, leading to phosphorylation-dependent
activation of CARMAL1 and the subsequent recruitment of Bcl10 and MALTL1 to form the CBM
complex (22-24). This inducible assembly of the CBM complex involves the formation of a high-
order filamentous structure that serves as a docking surface for the recruitment of downstream
signaling mediators of NF-xB. MALT1, the effector molecule of the CBM complex, promotes
downstream NF-kB signaling via both its scaffolding and protease functions.

Then, given the critical role that the CBM complex plays in normal adaptive immune

response as well as inappropriate CBM hyperactivation in oncogenic settings that needs to be



dampened, disrupting this complex for cancer therapeutic purpose requires a consideration of

delicate immunomodulation.

1.2.1 The role of the CBM complex in hematological malignancies

Since the discovery of Bcl10-MALT1 interaction in MALT lymphoma two decades ago,
multiple groups have identified constitutive CBM signaling in an increasing number of B and T
cell lymphomas, including diffuse large B-cell lymphoma (DLBCL), mantle cell lymphoma
(MCL) (25-27), acute T-cell leukemia/lymphoma (ATLL) (28), chronic lymphocytic leukemia
(CLL) (29), cutaneous T-cell lymphoma (CTCL) (30, 31), peripheral T-cell lymphomas (PTCL)
(32), and B-cell expansion with NF-kB and T-cell anergy (BENTA) disease (33-35).

In addition to ABC DLBCL (detailed in section 1.1), in which the pathogenic role of CBM
signaling is best described, a subset of MCL has been shown to depend on chronic BCR-driven
constitutive MALT1 signaling and NF-kB activation (26). Germline gain-of-function mutations in
the CARD or between the CARD and coiled-coil domain of CARMAL were identified in patients
with BENTA disease. Of note, patients with BENTA have an increased risk of developing
lymphoma, which suggests that CARMAL mutations are predisposing, but not sufficient for
lymphomagenesis by itself (33-35). Beyond B-cell malignancies, gain-of-function mutations in
CARMAL1 (in the coiled-coil domain and in the linker domain) or in upstream TCR signaling
components, such as PLCy1, PKCf, CD28 were also identified in adult T-cell leukemia/lymphoma
(ATLL) (28) and in an aggressive leukemic form of cutaneous T-cell lymphoma called Sezary
syndrome (30, 31). Taken together, the CBM complex represents a critical hub for oncogenic

signaling pathway in an increasing number of B-cell and T-cell malignancies.



1.2.2 The role of the CBM complex in inflammatory autoimmune diseases

As expected, MALT1-deficient mice display general immunodeficiency with defects in B
and T cell activation, B1 and marginal zone B cell development (36, 37). These mice fail to
produce detectable amounts of antigen-specific IgM or 1gG antibodies. Total number and
distribution of CD4+ and CD8+ T cells in the spleen or lymph node are unaffected, but there is
complete absence of regulatory T cells (Tregs) in the thymus and periphery. Moreover, MALT1
KO mice were found to be protected from induction of multiple sclerosis model of experimental
autoimmune encephalitis (EAE) (38, 39), highlighting the fact that CBM signaling mediates both
protective and pathologic immune responses.

In MALT1 protease-dead knock-in mice (MALT1 PD mice), where a catalytically inactive
MALTL is expressed by replacing the active site cysteine with alanine (MALT 1car2a/car2a), the
MALT1 protease function is lost, while the scaffold function for NF-kB activation is preserved.
These MALT1 PD mice were found to phenocopy most of the immune defects of completely
MALT1-deficient mice, but an unexpected destructive autoimmunity with inflammation of several
organs with immune cell infiltration was also observed, including the development of spontaneous
autoimmune gastritis (40-43). These animals displayed a severe deficiency in the development of
FoxP3+ regulatory T cells (Tregs), and adoptive transfer of functional Tregs reduced autoimmune
symptoms (41). Although MALT1 KO mice are characterized by even more severe deficiency of
Tregs, they are protected from the development of autoimmunity, because they also lack the
immune activation from the loss of both the protease and scaffold functions of MALTL. To recap,
the inflammatory phenotype of MALT1 PD mice is believed to be caused by residual immune

activation in which T cells are still able to activate NF-kB by the preserved MALT1 scaffold



function, combined with defective peripheral tolerance from impaired Treg development, resulting
in T cell activation that cannot be checked by Tregs.

Moreover, MALT1-deficient mice also show severe impairment in the differentiation of T
helper 17 (Th17) cells and loss of MALTL1 has been shown to interfere with IL-17 and GM-CSF
production, indicating that MALT1 signaling is necessary for Th17 differentiation and function
(39, 44). Th17 cells are key inflammatory drivers characterized by their production of IL-17, IL-
21, IL-22, TNF, and GM-CSF, and they are regarded as the main effector/pathogenic cell type in
multiple sclerosis and other autoimmune diseases. The MALT1 protease cleaves and inactivates a
number of mMRNA stability regulators, including Regnase-1, Roquin-1, and Roquin-2, such that
inactivation of MALT1 protease leads to excessive interferon gamma (IFN-y) secretion by effector
lymphocytes, contributing to the observed destructive autoinflammation in MALT1 PD mice (40,
45). MALT1 protease-mediated cleavage of A20, RelB, CYLD, and Regnase-1 have also been
shown to contribute to TCR-induced IL-2 secretion in mouse T cells (46), which is essential for
Treg development and function. Accordingly, T cells deficient in CARMAL, Bcl10, or MALT1
which leads to impairment in NF-kB activation downstream, each exhibits defective TCR-
mediated IL-2 production (36, 47-51). Cleavage of Regnase-1, Roquin-1, and Roquin-2 also
stabilize several mRNAs of c-Rel, IRF-4, IL-6, IL-12b, and ICOS, that encode proteins important
for optimal Th17 differentiation (45, 52, 53). The observation that MALT1-deficient mice are
completely protected against the induction of EAE (38, 39), combined with another study that the
MALT1 protease inhibitor, Mepazine, is able to partially attenuate EAE induction and progression
(54), supports the therapeutic potential of MALT1 inhibitors in the treatment of MS, especially of
an inhibitor that can block both the protease and scaffold activity of MALT1 in its entirety to

suppress both effector T cells and regulatory T cells.
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Thus, beyond its key role in lymphomagenesis and anti-cancer target, MALT1 also plays
an essential role in differentiation and function of Th17 cells, making it an attractive therapeutic
target for chronic, T-cell mediated autoimmune inflammatory disorders, including multiple
sclerosis, as well as other Thl7-mediated diseases, such as rheumatoid arthritis, psoriasis,
ulcerative colitis, etc.). MALTL1 has been associated with multiple sclerosis in humans from a

genome-wide association study (55).

1.2.3 The role of the CBM complex in solid tumors

Given the ubiquitous expression of CARMAL/3, Bcl10, and MALT1 in multiple cell types
and its critical role in normal adaptive immunity under multiple types of receptors in both
lymphoid and non-lymphoid cells, deregulated CARMAS3, Bcl10, and MALT1 (C3BM) complex
has also been implicated in multiple solid tumors, including breast cancer (6, 9, 10), osteosarcoma

(7), ovarian cancer (56), oral squamous cell carcinoma (57), and lung cancer (8, 58).

1.3 Structural architecture of the CBM signaling complex

1.3.1 CARMAL1 - a multi-modular scaffold protein

CARMAL, a member of the caspase recruitment domain (CARD)-containing membrane-
associated guanylate kinase (MAGUK) family, is an essential signaling component that mediates
antigen receptor-induced NF-kB activation in lymphocytes. CARMAL contains an N-terminal

CARD, a coiled-coil (CC) domain, a linker region, and a MAGUK signature motif comprising a
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PDZ domain, a Src homology 3 (SH3) domain and a GUK domain in the C-terminus (59) (Figure
1). In its resting state, CARMAL is kept inactive in a closed, auto-inhibited conformation via
intramolecular interactions. Upon antigen receptor engagement, phosphorylation of the CARMA1
linker region (also referred to as the Inhibitory Domain) converts CARMAL to an active, open
conformation, allowing it to associate with signaling proteins and leading to IKK activation (17,
60, 61).

CARD of CARMAL has been shown to associate directly with the CARD of Bcl10 (62,
63). The CARMAL CARD, like all CARDs, possesses acidic and basic surfaces which carry
opposite charges to mediate their interactions. The CC domain of CARMAL, which contains
approximately four discontinuous coiled-coil motifs, mediates the oligomerization that is required
for TCR-induced NF-kB activation. A CARMAL construct comprising the N-terminal CARD and
the first coiled-coil segment exists in solution as a trimer, while a CARMAL construct with two
CC motifs produces a soluble protein with a higher oligomerization state, and CARMA1 constructs
containing more than the first two coiled-coil segments produced only insoluble proteins,
indicating even higher-order oligomerization and aggregation. Intra- and inter-molecular
interactions of the SH3 and GUK domains of CARMAL also play a role in the oligomerization
and membrane recruitment of CARMAL and CARMAL1 microcluster formation.

Gain-of-function mutations within the CARD and CC domains of CARMAL occur in a
variety of lymphoid neoplasms, including activated B-cell diffuse large B-cell lymphoma (ABC
DLBCL), and these mutations disrupt multiple repressive elements in the linker region to allow
partial conversion of CARMAL to an open, active state (60, 61, 64). Taken together, CARMAL is
a multi-modular scaffold protein, and only carefully coordinated conformational changes of

distinct domains are able to drive the formation of the CBM complex. Accordingly, disruption of
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intra- and inter-molecular interactions within CARMAL via gain-of-function mutations leads to
dysregulation of CBM assembly and NF-kB signaling, and inappropriate proliferation and survival

of lymphoma cells.

1.3.2 Bcl10 — a filamentous adapter

Bcl10 contains an N-terminal CARD domain and an unstructured C-terminal
serine/threonine-rich motif (Figure 1). The key function of Bcl10 is to serve as the linker within
the CBM complex. Endogenous Bcl10 displays a diffuse cytosolic distribution, whereas
overexpression of Bcll10 in the cell induces formation of filament-like structures shown by
fluorescence microscopy. The CARD of Bcl10 is necessary and sufficient to promote filamentous
oligomerization, evidenced by the ability of C-terminal-truncated forms of Bcl10 to still self-
aggregate (65, 66). Bcl10 oligomerization through its CARD (AA 1-119) is able to strongly induce
NF-kB activation (67). In T cells, TCR stimulation can induce formation of punctate and
filamentous structures called POLKADOTS (punctuated and oligomeric Killing or activating
domains transducing signals), which are cellular foci of enriched interactions between Bcl10 and
partner signaling proteins that mediate NF-kB activation (68, 69).

Unlike the CARMAL CARD, purified Bcl10 CARD has a tendency to aggregate and does
not remain in a soluble state. Since Bcl10 CARD forms filaments spontaneously in vitro and in
cells, solving the crystal structure of Bcl10 has proven to be a challenge. However, the E53R
mutation within the Bcl1l0 CARD generates monomeric Bcl10, allowing for its structural
determination in solution using nuclear magnetic resonance (NMR) (Protein Data Bank (PDB) ID:
2MB9). NMR analysis of this monomeric mutant of Bcl10 CARD revealed that the Bcl10 CARD
is quite different from other DD superfamily structures, with unusually long a1 and a6 helices.
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Negative-staining EM reconstruction of Bcl10 CARD (AA 1-115) filament showed that there are
two major types of interfaces between Bcl10 subunits within the filament: interstrand and
intrastrand interfaces (70). Subsequent cryo-EM analyses of the Bcl10 (AA 1-205) filament (PDB
ID: 6BZE) and full length Bcl10 (PDB ID: 6GK?2) identified three distinct types of Bcl10 CARD-
CARD interactions: type | and Il interactions represent interstrand contacts between adjacent
Bcl10 monomers, whereas the type 111 interaction facilitates the charge-charge intrastrand contacts
(71, 72). The Bcl10 E53R mutant, which involves the type Il interaction, completely disrupted
filament formation. On the other hand, Bcl10 with mutations targeting type | and Il interfaces
(Bcl10 R62E and R36E, respectively) still formed filaments at high protein concentrations,
suggesting that the type 11l charge-charge intrastrand contacts facilitate the strongest interaction
for filament formation (71).

Through CARD-CARD interactions, Bcl10 assembles into a hollow helical filament with
a left-handed symmetry and three to four Bcl10 subunits per helical turn. Time-lapse confocal
microscopy showed that Bcl10 polymerization occurs in a unidirectional manner. When the cryo-
EM structure of Bcll0 CARD in filament form was superimposed with the previous NMR
structure of monomeric Bcl10 CARD in solution, the most notable mismatches occurred at a.2,
a3-o4 loop, and ob5-a6 loop. These misaligned regions coincide with the positively charged
surfaces on the growing end of the filament that interact with the negatively charged surfaces on
the next Bcl10 monomer joining the filament. Compared to the negatively charged surface, the
positively charged surface in a Bcl10 filament showed greater conformational difference between
monomeric solution form and the filament form. These differential conformational changes govern

the unidirectional polymerization of Bcl10 (71).
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1.3.3 MALT1 - a protease and a scaffold

The human paracaspase, MALTL, is a caspase-like Bcl10-binding protein that is integral
to CBM-dependent NF-kB activation by acting as the effector protein of the complex. MALTL is
characterized by an N-terminal death domain (DD) followed by two immunoglobulin (I1g)-like
domains (Igl and 1g2), a C-terminal caspase-like enzymatic domain and a third Ig-like domain
(1g3) (Figure 1). MALT1 and Bcl10, both independent targets of chromosomal translocation in
MALT lymphoma, were first discovered to interact with each other to mediate synergistic
activation of the NF-kB signaling pathway (73). MALTL1 has been shown to constitutively
associate with Bcl10 in cells without stimulation (73, 74). Mutational analyses coupled with co-
immunoprecipitation suggest that a small region at the C-terminal end of the Bcll0 CARD
extending into the serine/threonine-rich motif and N-terminal region of MALT1 containing the
DD and the two Ig-like domains mediate their association (69, 73, 75). Recently, Schlauderer et al
examined the cryo-EM structure of the complex of full-length Bcl10 and MALT1 (AA 29-722).
This Bcl10-MALT1 complex showed a helical arrangement that is similar to that of the overall
Bcl10 CARD core filament. Remarkably, the MALT1 DD rigidly attached to Bcl10 at the rim of
the Bcl10 CARD core filament in a 1:1 stoichiometry with the C-termini of MALT1 DDs pointing
away from the core filament (Figure 1). MALT1 binds to the C-terminal end of helix a6 of Bcl10
CARD, forming a distinct interface that is separate from the above mentioned Bcl10 filament
interfaces I-111. In the Bcl10-MALT1 interaction, residues V81 and L82 in helix a4 of MALT1
are located at the center of the interacting site I (BM-I). The opposing hydrophobic surface in
Bcl10 is formed by V103 and L104 in helix o6 and V83 and 196 in helices o5 and a6, respectively.

Mutation in either MALT1 (V81R or L82D) or Bcl10 (L104R) completely blocks the constitutive
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binding of Bcl10 and MALTL in resting cells. Interestingly, these mutations at the Bcl10-MALT1
interface also impaired the binding of Bcl1l0 to CARMAL, which suggests that constitutive
association of Bcl10 and MALT1 may be a prerequisite for recruitment to CARMAL and thus the
assembly of the CBM complex (72).

At a lower resolution of the EM density, MALTL1 Igl domain is shown to be pointing away
from the Bcl10 core-MALT1 DD filament, thus separating the MALT1 C-terminal domains from
the inner core of the filament (Figure 1). The top view of the EM structure illustrates a “paddle
wheel-like” architecture of the Bc110-MALT1 complex with the MALTL1 Igl-1g2 and paracaspase
domains forming a more adaptable periphery of the filament. This structural arrangement
facilitates the anti-parallel dimerization of the MALT1 paracaspase domains, which is required for
MALT]1 protease activation (76, 77).

As the effector protein of the CBM signalosome, MALT1 carries out two known functions:
1) scaffolding activity to recruit key downstream signaling mediators, and 2) protease activity to
cleave and inactivate specific cellular proteins, notably negative regulators of downstream NF-kB
signaling (Table 1) (78, 79). Protein-protein interactions facilitated by MALT1 scaffolding
function lead to the recruitment and activation of several ubiquitin ligases and kinases, including
inhibitor of kB kinase (IKK) complex. This MALT1 scaffold-dependent IKK activation rapidly
but transiently leads to NF-kB activation, and MALTL1 protease-dependent cleavage of negative
regulators of NF-kB, including RelB and A20 (Table 1 for comprehensive list of MALT1
substrates) ensures sustained and amplified NF-kB activation (52, 80, 81). The protease activity
of MALT1 modulates NF-kB activation independently of the IKK complex, evident by the
observations that 1) catalytically inactive MALT1-Cys464Ala knock-in mice and 2) inhibition of

MALT1 protease in vitro both affect NF-kB activation without noticeable effect on the
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phosphorylation of IkBo. or IkBf and p65 (78, 82, 83). Thus, MALT1 scaffolding activity to recruit
IKK complex is largely independent of MALTL proteolytic activity.

Although the protease activity of MALTL is dispensable for canonical NF-kB signaling, it
supports the direct scaffolding activity by modulating the intensity and persistence of the NF-kB
response, and the protease activity is also required for optimal T cell activation (78, 81, 82). The
active site of MALTL, which includes C464 located in the paracaspase domain, is structurally
related to the enzymatic domains of the caspase family of proteins. Unlike true caspases, which
specifically cleave their substrates after aspartic acid, MALTL cleaves its substrates after arginine.
Activation of MALT1 is thought to occur through a two-step process: dimerization of the MALT1
paracaspase domain followed by structural rearrangement in the active site that could be induced
by substrate binding to stabilize the active site conformation. The first step, dimerization of
MALT1 paracaspase domains, is a necessary step toward MALT1 activation, evidenced by
complete loss of proteolytic activity with site-specific mutation R551E at the homodimer interface.
Crystal structures of the MALT1 paracaspase and Ig3 domains (339-719 or 334-719) in either the
active conformation (PDB ID 3UOA, 3UO8, or 3V4L) or the inactive conformation (PDN ID
3V55) both show the paracaspase domains of two monomers forming an antiparallel homodimer.
This antiparallel homodimer is formed through interactions between (36 strands and o5 helices of
each monomer. However, dimerization by itself is not sufficient for MALTL1 activation. The
second step in MALTL1 activation depends on specific conformational changes that alter the
interface between the paracaspase domain and the 1g3 domain of MALTL1. Most notably, the L2
loop, which contains the catalytic cysteine, is disordered in the inactive, ligand-free conformation,
but becomes substantially stabilized in the active conformation upon binding of the covalent

peptidic inhibitor that mimics MALT1 substrate at the active site (76). In this active conformation,
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the a2 helix and 2 strand of the paracaspase domain interact with B5/36 and 32/83 loops within
the 193 domain (84).

In addition to promoting MALTL protease activity, the assembled CBM complex also
serves as a docking surface for the recruitment of downstream signaling mediators via MALT1
scaffolding activity. Binding the C-terminal region of MALT1 proteins within the filament induces
the oligomerization of the E3 ligase, tumor necrosis factor receptor (TNFR)-associated factor 6
(TRAF®6), leading to polyubiquitination of MALT1 and recruitment of the IKK complex to

culminate in NF-kB activation (85, 86).
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Table 1. Known MALT1 substrates and effects of proteolysis by MALT1.

Substrate Role Cleavage site Effect of proteolysis | Reference
by MALT1

A20 Deubiquitinase Arg439 Enhances NF-kB (80)
activation

RelB Non-canonical NF-kB | Arg85 Enhances NF-kB (52)

transcription factor activation

MALT1 CBM complex protein | Argl149 Dissociation from (87, 88)
Bcl10

CYLD Deubiquitinase Arg324 AP-1 transcription (46)
factor activation,
endothelial cell
permeability

Regnase-1 | RNase Arglll, Stabilizes T-cell (45, 53)

Arg510 effector mMRNAs and

Th17 differentiation
factors

Roquin-1/2 | RNA binding protein | Arg579 Stabilizes T-cell (45)
effector mRNAs and
Th17 differentiation
factors

Bcl10 CBM complex protein | Arg228 Promotes leukocyte (78)

adhesion to fibronectin
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HOIL1 Subunit of LUBAC, Argl65 Enhances NF-kB (83, 89)
E3 ubiquitin ligase for activation
linear ubiquitination

N4BP1 RNase Arg509 Promotes viral (90)

reactivation
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Figure 1. Domain structures of CARMAL, Bcl10, and MALT1 and overall supramolecular filamentous
organization of the CBM complex.

Upon PKC-dependent phosphorylation, CARMAL, with its multiple coiled-coil matifs, forms short helical segments
to nucleate Bcl10 filaments through heterotypic CARD-CARD interactions. Bcl10 CARD, which is constitutively
associated with MALT1 at the DD interface, polymerizes to form a helical filament, with the 1g domains of MALT1
pointing away from the Bcl10 core. This filamentous structural arrangement enables the antiparallel dimerization of

MALT1 caspase domains, leading to MALT1 activation.

21



1.4 A review of novel targeted drugs for ABC DLBCL and the current state of the MALT1

inhibitor field as a therapeutic approach to treating ABC DLBCL

Diffuse large B cell lymphoma (DLBCL) is a molecularly heterogeneous disease with
identifiable subsets that are at high risk for treatment failure with standard immunochemotherapy,
R-CHOP. Gene expression profiling has led to the categorization of DLBCL subtypes, ABC and
GCB, and has identified driver mutations that represent the critical Achilles heel of these tumors.
The majority of patients who fail to respond to, or relapse after the standard R-CHOP treatment,
have the ABC subtype of DLBCL, whose pathogenic hallmark is the constitutive activation of NF-
kB. Recurrent genetic alterations that drive constitutive activation of the NF-kB pathway include
mutations in CARMA1 and CD79A/B downstream of BCR, and MY D88 downstream of the toll-
like receptor, and biallelic deletion of TNFAIP3 (A20) (91). Mutations in CARMAL1 are found in
10% of cases of ABC DLBCL, and mutations in the B cell co-receptor CD79A/B occur in 21% of
cases of ABC DLBCL. Thus, approximately 30% of patients with  ABC DLBCL may benefit
from MALT1 blockade. Screening patient tumors for the presence of these identified driver
mutations (CARMAL and CD79A/B) that induce constitutive MALT1 activity in this subset of
patients will be a crucial counterpart to targeted therapy development in this field.

The NF-kB pathway was first validated in 2005 as a selective therapeutic target in ABC
DLBCL by an inhibitor of IkB kinase (IKK) complex (92). Bortezomib, which targets the
chymotrypsin-like activity of the proteasome and blocks the degradation of the inhibitory protein
IkBa., has been shown to selectively sensitize patients with ABC DLBCL to chemotherapy (93).
However, bortezomib often induces dose-limiting toxicity, including painful peripheral
neuropathy in approximately 30-40% of patients (94). Carfilzomib is a second-generation

proteasome inhibitor with higher selectivity and better tolerated than the first-generation
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proteasome inhibitors (95). A combinatorial therapy of carfilzomib with a histone deacetylase
(HDAC) inhibitor, Vorinostat, was shown to have synergistic activity in vitro and in vivo for both
ABC and GCB DLBCL, but failed to correlate with clinical response in a phase 1 study of patients
with relapsed or refractory B-cell lymphomas (96). Lenalidomide, an analogue of thalidomide, is
an oral immunomodulatory drug with multiple direct and indirect anti-tumor mechanisms,
including natural killer cell- and monocyte-mediated antibody-dependent cell-mediated
cytotoxicity, impairment of pro-inflammatory cytokines, as well as decreased NF-kB activity and
DNA synthesis arrest (97, 98). Lenalidomide has been shown to selectively kill ABC DLBCL cells
by downregulating IRF-4, leading to increased production of toxic IFN-B and decreased NF-kB
activity (99, 100). Lenalidomide has shown single-agent activity in multiple relapsed or refractory
aggressive and indolent B-cell NHL, including mantle cell lymphoma (MCL) and follicular
lymphoma, in addition to DLBCL. Lenalidomide has been approved by the FDA for the treatment
of relapsed or refractory MCL, and the feasibility of combinatorial therapy of lenalidomide with
R-CHOP in previously untreated ABC DLBCL has been demonstrated in phase Il trials (101).
However, in a phase I11 trial of lenalidomide with R-CHOP vs placebo with R-CHOP in previously
untreated ABC DLBCL, the primary endpoint of progression-free survival (PFS) was not met
(102).

In addition to the direct NF-kB pathway inhibitors, therapeutic strategies to target the BCR
signaling pathway for NF-kB pathway regulation in ABC DLBCL have led to drugs that target
Bruton tyrosine kinase (BTK) and PKC-f (103). Knocking down BTK using short hairpin RNAs
(shRNA) was shown to be highly toxic to ABC DLBCL cell lines with wildtype CARMA1 (HBL-
1, TMD8, U2932, OCI-Ly10), but not to ABC DLBCL cell line with mutant CARMAL1 (OCI-Ly3)

(104). Ibrutinib is an oral small molecule that irreversibly inhibits BTK by covalently binding
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cystine-481. A phase Il trial of R-CHOP with or without ibrutinib in patients with newly
diagnosed non-GCB DLBCL did not meet its primary end point of event-free survival in the intent-
to-treat (ITT) population and the ABC DLBCL subgroup (105). PKC- is a serine/threonine kinase
with an essential role of phosphorylating CARMAL in BCR signaling and required for activation
of the NF-kB pathway and survival in DLBCL (106). Sotrastaurin, a PKC-f inhibitor, has been
shown to selectively inhibit the growth of CD79 mutant DLBCL in vitro and in vivo. Mutations in
CD79B correlated with sensitivity to sotrastaurin, but CARMAL mutations resulted in resistance
to the PKC-p inhibitor, similar to a BTK inhibitor (107). A phase I study in patients with relapsed
or refractory DLBCL that harbor CD79A or CD79B mutation was started by Novartis, but
terminated due to enrollment challenges and availability of other options for DLBCL patients.
Another phase | trial of sotrastaurin and everolimus in patients with DLBCL harboring the
CD79A/B mutation or with the ABC DLBCL subtype did not progress into phase Il due to
suboptimal tolerability of the combination treatment.

MALT1, as the effector signaling component of the CBM complex that is critical for
upstream activation of NF-kB, and downstream of the recurrently mutated CARMAL, has been an
attractive new therapeutic target that has garnered considerable attention recently. ABC DLBCL
tumors with CARMAL1 mutations would be expected to be sensitive to MALTL inhibitors, unlike
inhibitors of BTK or PKC-p. Inhibitors of MALT1 has shown promising preclinical effects in
ABC DLBCL that rely on MALT1 for BCR signaling. To date, termination of MALT1 signaling
as a therapeutic approach has focused on blockade of only the protease activity of MALT1. Several
MALTL1 protease inhibitors have been developed preclinically over the last decade, and these
agents have been shown to dampen MALT1-dependent NF-kB signaling and to inhibit

proliferation of ABC DLBCL cells (21, 108).
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The first reported MALTL1 protease inhibitor, z-VRPR-fmk (78), is a peptide that
irreversibly binds to the active site in the MALT1 paracaspase domains. X-ray crystallography
studies show that the P1 arginine of the inhibitor interacts with the MALT1 active site residues,
including C464 (76, 84). Although z-VRPR-fmk inhibitor exerts selective toxicity in ABC DLBCL
cells, and not in GCB DLBCL cells, its use in humans is limited due to low potency and low cell
permeability, which is thought to be due to the two arginine residues (21, 108). Subsequent high-
throughput screening identified the small molecule MI-2 as an irreversible MALT1 inhibitor (109).
Docking studies suggest that similar to z-VRPR-fmk, MI-2 also binds to the active site within the
paracaspase domain. MI-2 has been shown to inhibit the growth of ABC DLBCL cells at a
significantly higher potency compared to z-VRPR-fmk. However, there is a concern for lack of
specificity and toxicity with MI-2. Given this concern, structure-activity relationship (SAR)
studies were used recently to develop a new MALT1 active site inhibitor, “compound 3,” with in
vitro and in vivo activity against ABC DLBCL (110). X-ray crystallography of MALT1
paracaspase-1g3 (AA 339-719) with compound 3 demonstrates that unlike z-VRPR-fmk, which
promotes MALT1 paracaspase domain dimerization, compound 3 promotes the formation of larger
MALT1 oligomers. Oligomerization occurs secondary to covalent binding of compound 3 to C464
in the active site of one MALT1 fragment and Y389 in an adjacent MALT1 fragment (110). The
final MALT1 active site inhibitor, 3-lapachone, was identified from a high-throughput screen of a
small molecule library followed by chemical synthesis. Modeling experiments suggest that -
lapachone and its structural derivatives covalently bind to C464 within the MALTL1 protease
domain in a manner similar to z-VRPR-fmk or MI-2 (111). Additional studies showed that
incorporating electron-withdrawing substituents at the C8 position of B-lapachone improved its

potency (111).
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In addition to direct inhibitors of the active site of the MALT1 protease domain, allosteric
inhibitors of MALT1 protease function have also been reported. Phenothiazine derivatives, namely
mepazine, thioridazine, and promazine, were identified as MALT1 protease domain inhibitors
after a screen of 18,000 compounds in the ChemBioNet library (112). Phenothiazines have been
known as first generation antipsychotics and were in clinical use for treatment of psychiatric
disorders since the 1950s (113). Mepazine, under the brand name Pacatal, was in clinical use as an
antipsychotic drug, but was removed from market in the 1960s after failing to show significant
antipsychotic response in clinical trials (114). Phenothiazines have now been repurposed as
noncompetitive reversible inhibitors of MALT1 protease function with selective toxicity in ABC
DLBCL in vitro and in vivo. X-ray crystallography showed that phenothiazines bind to a
hydrophobic pocket located between the paracaspase and 1g3 domains of MALT1 (115). Binding
of phenothiazines to this allosteric site prevents a conformational change in MALTL1 that is
required for activation. More recently, two additional allosteric MALTL inhibitors with nanomolar
potency, MLT-748 and MLT-747, were identified using a high-throughput screen of more than a
million compounds in the Novartis compound library. These inhibitors bind to the same allosteric
sites as the phenothiazines, between the paracaspase and 1g3 domains, locking the catalytic residue
C464 into an inactive conformation. Interestingly, these allosteric MALT1 inhibitors were used as
a molecular corrector to rescue MALT1 function in an immunodeficient patient’s MALT I muymut
lymphocytes (116).

Most recently, a preclinical development of a series of proteolytic targeting chimera
(PROTAC) compounds against MALTL has been reported by the same group that has developed
MI-2 and compound 3. PROTACSs induce selective proteolysis by targeting proteins of interest to

E3 ligases for directed proteasomal degradation. By fusing their parental MALT1-targeting
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allosteric compound with a Cereblon (CRBN) binding moiety, the CRBN E3 ligase complex is
brought to close proximity of MALTL, promoting its ubiquitination and proteasomal degradation,

and effectively targeting both the protease and scaffolding activities of MALT1 (117).

1.5 Study Overview

Given the critical role CBM plays in lymphomagenesis, the pharmaceutical industry has
shown considerable interest in developing inhibitors of MALT1 activity, with potential initial
application in the treatment of various types of lymphoma. Currently, inhibition of the CBM
signalosome as a therapeutic approach for the treatment of ABC DLBCL and potentially other
MALT1-addicted neoplastic and inflammatory diseases have focused almost exclusively on
blockade of MALT1 protease activity (118). However, inhibiting the MALTL1 protease activity
only partially interferes with the CBM signalosome and is not expected to impair MALT1
scaffolding activity, which is integral to downstream NF-kB signaling. As reviewed above, an
intact high order filamentous structure is essential for the activation of MALT1 and MALT1-
mediated NF-kB signaling. Thus, protein-protein interactions within the CBM complex itself
could be targeted at three levels: CARMAL1-Bcl10, Bcl10-Bcl10, and Bcl10-MALT1 interactions,
in order to block both the protease and scaffolding activities of MALT1.

While the development of small molecule inhibitors of protein-protein interaction (PPI)
has proven difficult in cases where interactions occur over broad surfaces, there are many
successful examples of PPI inhibitors when the targeted interaction interface is more defined (3,
119-128). Whereas the interaction between the CARD domains of CARMAL1 and Bcl10 involves

broad regions of contact, previous studies suggest that the interaction between Bcl10 and MALT1
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occurs through a small and limited interface. The two immunoglobulin (1g)-like domains of
MALT1 are similar to the antigen recognition domains in antibodies. Previous studies have
reported that these Ig-like domains of MALT1 mediate interaction with Bcl10 (69, 73, 74). In
addition, a small internal peptide (AA 107-119) within Bcl10 serves as the site of recognition for
the MALTL1 Ig domains (69, 73).

Thus, we hypothesize that this limited and well-defined antibody-epitope-like site of
Bcl10-MALTL interaction is druggable, sharing properties with other PPIs that have been
successfully targeted with small molecule PPI inhibitors, and that an inhibitor of the Bcl10-
MALT1 interaction will inhibit CBM-dependent signaling and selectively kill ABC DLBCL cells.
This new class of CBM inhibitors hold promise as novel therapeutic options for the treatment of
MALT1-dependent neoplastic and inflammatory disorders associated with deregulated NF-kB

signaling.
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Figure 2. Graphical abstract showing a strategy of inhibiting the critical Bcl10-MALTL1 interaction.

Inhibition of Bcl10-MALTL1 interaction is proposed as a therapeutic approach to treating diffuse large B-cell
lymphomas where activating mutations in the CARMAL1 moiety of the CBM complex leads to antigen-independent

constitutive CBM complex assembly and constitutive NF-kB activation.
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2.0 Materials and Methods

2.1 Cell lines and reagents

The DLBCL cell lines, OCI-Ly1, OCI-Ly3, and OCI-Ly7, were provided by Dr. Mark
Minden (University Health Network, Toronto, Ontario, Canada). TMD8 cells were provided by
Dr. Louis Staudt (NCI, NIH). OCI-Ly1 and OCI-Ly7 cells were cultured in Iscove’s Modified
Dulbecco’s Medium (IMDM) supplemented with 10% FBS. OCI-Ly3 cells were cultured in
IMDM supplemented with 20% FBS. TMDS8 and Jurkat T cells were cultured in RPMI11640
medium with 10% FBS. HEK293T cells were cultured in DMEM medium with 10% FBS. All
media were supplemented with 100 U/ml penicillin streptomycin. Stimulation of Jurkat cells was
conducted by adding 5 ng/ml of phorbol 12-myristate13 acetate (PMA) (Sigma-Aldrich) and 1 uM
ionomycin (Calbiochem), or by adding 5-10 puL/mL of ImmunoCult Human CD3/CD28
(STEMCELL Technologies). Proteasome inhibitor MG132 (Calbiochem) was used at a final

concentration of 5uM for RelB cleavage detection.

2.2 Antibodies

Rabbit Phospho-1KKa/b antibody (Cell Signaling #2078)
Rabbit IKKa/b antibody (H-470) (Santa Cruz #sc-7607)
Rabbit Phospho-p44/42 MAPK (Erk1/2) antibody (Cell Signaling #9101)

Rabbit P44/42 MAPK (Erk1/2) antibody (Cell Signaling #9102)
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Rabbit RelB antibody (C1E4) (Cell Signaling #4922)

Rabbit N4BP1 antibody (Cohesion Biosciences #CPA2415)

Mouse GAPDH antibody (6C5) (Santa Cruz #sc-32233, Lot# H0411)
Rabbit MALT1 (Cell Signaling #2494)

Mouse Bcl10 (331.3) (Santa Cruz Cat# sc-5273)

2.3 In vitro experimental methods

Mammalian Two-Hybrid system

In the Mammalian Two-Hybrid system, wildtype full-length Bcl10 (AA 1-233), and two
Bcl10 deletion mutants (Bcl10A107-119 and Bcl10A90-119) were cloned into the pBIND vector
containing the yeast GAL4 DNA-binding domain. MALT1 (AA 1-330) containing both the death
domain and the 1g1-1g2 domains were cloned into the pACT vector containing the herpes simplex
virus VP16 activation domain. The pG5Iluc vector containing five GAL4 binding sites upstream of
the firefly luciferase gene and pEF1-BOS-B-gal vector were co-transfected along with pACT-
MALTL1 and pBIND-Bcl10 constructs into HEK293T cells using Lipofectamine 3000 (Thermo
Fisher Cat# L3000001) in 24-well, 96-well, or 384-well plates. Two to three days after
transfection, the cells were lysed, and the amount of firefly luciferase and p-galactosidase are
quantitated using the Luciferase Reporter Assay system (Promega Cat# E1501) and the B-
galactosidase enzyme assay system (Promega Cat# E2000). The pBIND-Id and pACT-MyoD
vectors that encode and express two proteins known to interact in vivo were used as positive

controls. The pM3-VP16 vector (Takara Cat# 630305), which expresses a fusion of the GAL4
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DNA binding domain to the VP16 activation domain, was used as an additional positive control

vector.

Surface Plasmon Resonance (SPR)

SPR is a real-time, label-free optical technique to detect biomolecular interactions. All SPR
experiments were performed on Biacore 2000. Full-length Bcl10 molecules were immobilized on
a gold sensor chip surface and analyte solution containing MALT1 DD+Igl-l1g2, MALT1 Igl-1g2,
or MALT1 DD protein was injected over the surface through a series of flow cells. During the
course of the interaction, polarized light is directed toward the sensor surface and the angle of
minimum intensity reflected light is detected. This angle changes as molecules bind and dissociate
and the interaction profile is recorded in real time in a sensorgram. The binding kinetic parameters
were obtained using the Langmuir model (129) for global fitting 1:1 binding ratio where one ligand
molecule interacts with one analyte molecule. To verify the binding constants, additional local

fitting was performed.

ELISA-based protein-protein interaction assay

On a high-binding 96-well ELISA microplate (Greiner Cat# 655061), 100 ng of His-
tagged recombinant human full-length Bcl10 protein (ProteinTech Cat# Ag12162) in 100 ul PBS
was allowed to adhere overnight in 4°C. The plate was blocked with 5% BSA in PBS for 1 hour
at room temperature. After washing twice with PBS-T, a mixture of 100 ng of GST-tagged
recombinant human full-length MALT1 protein (Novus Biologicals Cat# H00010892-P01) and
compound that was preincubated for 1 hour in 100 ul PBS was added to the plate for 1 hour at

room temperature. After washing three times with PBS-T, anti-MALTL1 antibody in 5% BSA in
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PBS was added at 1:1000 dilution for 1 hour at room temperature. After washing three times with
PBS-T, HRP-conjugated secondary antibody in 5% BSA in PBS was added at 1:5000 dilution for
1 hour at room temperature. After washing three times with PBS-T, 100ul of TMB was added for
5 minutes, and 100ul of 2M sulfuric acid was added to stop the reaction. The plate was read at 450

nm using a spectrophotometer (Molecular Devices SpectraMax i3).

In silico screening

LibDock program from Discovery Studio 3.5 was used to perform a structure-guided in
silico screen of 3 million compounds to identify candidate molecules that could potentially fit
within the identified groove of MALT1 Igl-1g2 domain and disrupt the interaction between the
Bcl10 helix and MALTI. Lipinski’s rule of five filters were applied to enrich for compounds with

drug-like properties.

qRT-PCR

Total RNA extraction was performed using RNeasy Plus Mini Kit (Qiagen Cat# 74136).
RNA was transcribed into cDNA using High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems Cat# 4368814) according to manufacturer’s instructions. The following probes were
used for qRT-PCR: IL2 TagMan probe Hs00174114 m1 (Cat# 4331182), CXCL8 Tagman probe

Hs00174103_m1 (Cat# 4331182).

ELISA
Expression of cytokines from cell culture supernatants was measured 24h after treatment

with 0, 0.01, 0.03, 0.1, 0.3, 1, or 3 uM of compounds using the following ELISA kits according to
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the manufacturer’s instructions: Human IL-2 ELISA (BioLegend Cat# 431804), Human IL-6

ELISA (BioLegend Cat# 430504), and Human IL-10 ELISA (BioLegend Cat# 430604).

Immunoprecipitation and Western blot analysis

For immunoprecipitation, cells were rinsed in PBS and lysed in buffer (150mM NaCl,
2mM EDTA, 10% glycerol, 1% Nonidet P-40, 20mM Tris Hcl, pH 7.4) containing protease and
phosphatase inhibitors. Supernatants were incubated with specific antibody for 1 hour at 4C
followed by 30ul protein A/G beads overnight at 4C. with gentle rotation. Beads were then pelleted
at 1000 rpm for 2 min and washed 3 times with buffer. Antibody-protein conjugates were removed
from beads by boiling for 5 minutes, and samples were then subjected to SDS-PAGE and

immunoblotting.

Cell proliferation, viability, and cell cycle arrest assays

Cell number was counted using the trypan blue dye exclusion method with Vi-CELL cell
viability analyzer (Beckman Coulter) at days 7, 10, and 12 of treatment with compounds.

CellTrace Violet reagent (ThermoFisher Cat# C34571) was used as a cell division tracking
dye for OCI-Ly3 and OCI-Lyl cells treated with 1uM of compound K691-0124, where the
intensity of the staining decreases with each round of cell division. At days 0, 3, and 6 after staining
of DMSO- and compound-treated cells, CellTrace Violet fluorescence was measured by flow
cytometry and analyzed by FlowJo.

CellTiter-Glo luminescence assay (Promega Cat# G7570) was used to quantify ATP levels
in DLBCL cells treated with compounds for 48 hours or 96 hours as a surrogate marker of

metabolic viability
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Annexin V FITC and SYTOX Blue Dead Cell stains were used to detect apoptosis in

DLBCL cells treated with 1uM compounds for 6 days and analyzed with flow cytometry.

Cellular Thermal Shift Assay (CETSA)

CETSA assesses drug-protein interaction in the protein’s native cellular environment,
based on ligand-induced changes in protein thermal stability. To evaluate target engagement by
the compounds within cells, HEK293 cells were treated with 1 uM compounds for 30 minutes to
1 hour, then harvested, washed with PBS, and suspended in ImL PBS supplemented with Halt
protease and phosphatase inhibitor cocktail, and the same dose of compounds or DMSO as initial
treatment. 100ul volume of cell suspension from different samples was aliquoted into a PCR tube
for each temperature to be tested. Samples were heated at their designated temperatures for 2
minutes in Applied Biosystems Veriti 96-well thermal cycler with six independent temperature
blocks. Immediately after heating, tubes were removed and incubated on ice for 3 minutes Then,
in order to lyse cells, three freeze-thaw cycles in liquid nitrogen was performed. The tubes were
briefly vortexed after each thawing. Cell debris along with precipitated and aggregated proteins
were removed by centrifuging samples at 20,000 g for 20 minutes at 4C. Loading buffer was added
to the cell lysate samples and boiled for 5 minutes at 90C for Western blot analysis. Both Bcl10
and MALT1 was probed with anti-Bcl10 (Santa Cruz H-197) and anti-MALT1 (Cell Signaling

#2494) antibodies.

Proximity ligation assay (PLA)
Duolink in situ detection reagents Orange kit (Sigma-Aldrich DU092102) was used to

perform PLA. TMD8 cells were treated with 1uM compounds or equivalent volume of DMSO for
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30 minutes, and plated onto a 15 well ibiTreat chamber slide (Ibidi) and allowed to adhere to the
surface for 30 minutes at 37C. Cells were fixed with 4% paraformaldehyde for 20 minutes at room
temperature, then washed with PBS. Cellular membranes were labelled with 5 ug/ml Wheat Germ
Agglutinin (WGA) conjugated to Alex Fluor 488 (Invitrogen) for 10 minutes at room temperature.
Cells were permeabilized in cold methanol for 10 minutes, washed with PBS, then blocked in
Duolink Blocking buffer for 30 minutes at room temperature. Primary antibodies were diluted in
Duolink Antibody Diluent and incubated overnight at 4C. Cells were then washed for 20 minutes
in PBS with 1% BSA, followed by incubation with Duolink mouse and rabbit secondary antibodies
for 1 hour at 37C, then washed with TBST with 0.5% Tween-20 for 10 minutes. Ligation and
amplification steps were performed according to the manufacturer’s instruction. Cells were
mounted in Duolink mounting medium with DAPI. Images were acquired using Zeiss LSM

confocal microscope and PLA spots were counted using CellProfiler.

Statistical Analysis

All values are represented as mean + SEM. Data were analyzed, and statistics performed
using GraphPad Prism 8 software. Student’s t-test was used for comparing two groups and
ANOVA test was used for comparing three or more groups. Dose-response curves were fitted
using the following equation: Y = bottom + (top-bottom)/(1+10"(X-LoglC50), with the top and
bottom representing the plateaus in the units of Y axis. In vivo tumor growth curve was evaluated

using two-way ANOVA and Sidak’s multiple comparison tests.
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2.4 In vivo mouse model

Pharmacokinetic study

Preliminary pharmacokinetic bioanalysis was done by Touchstone Biosciences. Male CD-
1 mice were fasted overnight before being dose with compound K691-0124 via intraperitoneal
injection in the lower right quadrant of the abdomen at 20 mg/kg. All blood samples (30-50ul per
sample) are taken via tail vein at 5, 15, and 30 minutes, and 1, 2, 4, 6, 8, and 24 hours after dosing.
Blood samples are collected in Greiner MiniCollect K2EDTA tubes, placed on ice, and within 30
minutes, centrifuged at 15,0009 for 5 minutes to obtain plasma samples. All plasma samples are
stored at -70C until analysis. Plasma samples were prepared for analysis by LC-MS/MS, and key
PK parameters, including terminal half-life (t12), initial plasma concentration (Co), area under the
plasma concentration vs. time curve (AUC), volume of distribution at steady-state (Vss), total

plasma clearance (CLp), and mean residence time (MRT), were measured.

Xenograft model of DLBCL

Tumors were engrafted into 8-week old female SCID NOD.CB17-Prkdcscid/J (nonobese
diabetic/severe combined immunodeficiency) mice from Jackson Laboratory by subcutaneous
injection of 10x10s TMD8 cells resuspended in Matrigel (Cultrex Basement Membrane Extract,
type 3, Pathclear; Trevigen) into the right flank of individual mice, with 10 mice for DMSO vehicle
control, 10 mice for compound K691-0124, and 10 mice for compound K691-0122. After visual
appearance of tumor (i.e. when tumors reach an average volume of 100 mms), mice were
randomized to DMSO vehicle control or K691-0124 or K691-0122, and received once daily
intraperitoneal injection of 50 mg/kg of K691-0124 (corresponding to 42 ul for a 25g mouse) or

equivalent volume of DMSO for up to 12 days. Tumor size was measured three times a week using
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a caliper and calculated using the formula: (smallest diameter2 x largest diameter)/2. Mice were
sacrificed 24 hours after the 12t injection. Tumors and various organs, including lung, heart, liver,
and kidney were collected for histological analyses. Mice were sacrificed when tumors reached
2500 mmas. All experimental procedures involving animals have been approved by University of

Pittsburgh IACUC.
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3.0 Results

3.1 Bcl10 AA 107-119 and MALT1 Igl-1g2 domains are critical regions that mediate Bcl10-

MALT1 interaction.

Previous studies have indicated that a small region at the C-terminal end of the Bcl10
CARD and extending into the serine/threonine-rich motif between amino acids 107 and 119 is
necessary for binding MALTL1 and critically important for NF-kB activation (69, 73). On the
MALT1 side, several papers have reported that the tandem Igl and 1g2 domains are critical for
binding Bcl10, mostly through co-immunoprecipitation analyses (69, 73, 74). To confirm these
previous reports of the regions important in mediating Bcl10-MALT1 interaction and for potential
use as a high-throughput screening assay, a mammalian two-hybrid system was developed. One
major advantage of the mammalian two-hybrid system over the yeast system is that mammalian
protein interactions can be studied in an environment that is more conducive to that in vivo, such
as post-translational modifications, folding, and localization of eukaryotic proteins. In this system,
the modular DNA-binding domain and the transcriptional activation domain, produced by separate
plasmids, are able to associate closely when one protein fused to a DNA binding domain interacts
with a second protein fused to a transcriptional activation domain, resulting in the transcription of
the firefly luciferase reporter gene.

Human MALT1 (AA 1-330), which includes both the death domain and the tandem Igl
and 1g2 domains, was cloned into pACT vector, which contains the herpes virus VP16 activation
domain. Three different Bcl10 constructs were cloned into pBIND vector, which contains the yeast

GAL4 DNA-binding domain: full-length wild-type Bcl10, Bcl10 deletion mutant lacking the
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aforementioned putative MALT1-binding residues 107-119, and Bcl10 deletion mutant lacking
residues 90-119 that cuts into the C-terminal end of the CARD domain (Figure 3). Interaction
between the two test protein partners expressed as GAL4-Bcl10 and VP16-MALT1 fusion
constructs, results in an increase in luciferase expression over the background negative controls.
MyoD, a myogenic regulatory protein expressed in skeletal muscle and the Id protein are known
to interact in vivo, and are used as positive controls in this system (130). For negative controls, the
background level of luciferase is measured in the presence of GAL4 and VP16 (from empty vectors
pBIND and pACT, respectively), as well as in the presence of an empty vector and its partner
plasmid with either Bcl10 or MALTL (e.g. pACT with pBIND-Bcl10 or pBIND with pACT-
MALT1). The level of interaction was assessed by measuring firefly luciferase activity normalized

for B-galactosidase expression in cell extracts 2-3 days after transfection.
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Figure 3. Deletion of Bcl10 residues 107-119 significantly impairs its ability to bind MALT1(1-330) using the

mammalian two-hybrid system in HEK293 cells.

A schematic representation of the mammalian two-hybrid assay system (A) with Bcl10 mutants and MALT1 construct

used are shown (B). 2.5 x 10s HEK293 cells were transfected with 400 ng of pACT-MALT1(1-330) and either 100ng

of pBIND-Bcl10-Myc, 500ng of pBIND-Bcl10A107-119-Myc, or 100ng of pBIND-Bcl10A90-119-Myc. WT Bcl10

displays robust interaction with MALT1, while the interaction is significantly impaired with Bcl10 lacking AA 107-

119 and with Bcl10 lacking AA 90-119 (C). VP16-MALT1 fusion protein was immunoprecipitated using anti-VP16

antibody, and both total lysates and immunoprecipitated products were analyzed by Western blot (D). Statistical

analysis was performed using one-way ANOVA and Dunnett test to correct for multiple comparisons in GraphPad

Prism software (**** p < 0.0001).
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As shown in Figure 3, interaction between wild-type Bcl10 and MALT1 (AA 1-330)
increased the luciferase activity by approximately 100-fold. Consistent with previous reports,
deletion of only 13 amino acids in Bcl10 between residues 107-119 drastically reduced its ability
to bind MALT1 (AA 1-330). In co-immunoprecipitation analysis, VP16-MALT1 (AA 1-330)
construct was again shown to efficiently bind GAL4-Bcl10, while GAL4-Bcl10A107-119 and
GAL4-Bcl10A90-119 showed absolutely no interaction with MALT1 (AA 1-330) (Figure 3). With
the intention of using the mammalian two-hybrid system as a high-throughput compound
screening platform, we successfully miniaturized the assay system into 384-microwell plates with

similar robust signal (Figure 4).
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Figure 4. Miniaturization of the mammalian two-hybrid system in a 384-well microplate platform for high-
throughput screening.

Mammalian two-hybrid system was successfully miniaturized to a 384-well microplate with luciferase activity signals
that are comparable to that in a 24-well plate. Statistical analysis was performed using one-way ANOVA and Dunnett

test to correct for multiple comparisons in GraphPad Prism software (mean + SEM; N = 6; **** p < 0.0001).

Previous studies have performed co-immunoprecipitation studies to show that MALT1 DD
by itself cannot bind Bcl10 (69, 73), while MALT1 Igl-lg2 domain by itself is sufficient to bind
Bcl10 (69). To evaluate whether MALT1 DD or MALT1 Ig1-lg2 by itself is able to bind Bcl10 in
the mammalian two-hybrid system, MALT1 DD construct (AA 2-124) and MALT1 Igl-Ig2
construct (AA 128-330) were cloned into the pACT vector, and co-transfected with pBIND-Bcl10.
Neither MALT1 DD-only nor MALT1 Igl-Ig2-only constructs showed interaction with Bcl10 in
the mammalian two-hybrid system (Figure 5A). Interestingly, upon Western blot analysis to check

for expression of these proteins, it was evident that MALT1 Igl-lg2 construct failed to express,
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while MALT1 DD construct expressed well (Figure 5B). Thus, from the mammalian two-hybrid
experiments, we are only able to conclude that MALT1 DD by itself is not sufficient to interact

with Bcl10.
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Figure 5. Mammalian Two-Hybrid assay with MALT1 domain constructs and corresponding protein
expression of MALT1 domain constructs.

A) MALTL1 DD alone and MALT1 Ig domain alone showed significantly reduced interaction with GAL4-Bcl10,
compared to MALT1 DD+lg in the mammalian two-hybrid system. Statistical analysis was performed using one-way
ANOVA and Dunnett test to correct for multiple comparisons in GraphPad Prism software (mean + SEM; N = 3; **
p <0.01). B) Protein expression of VP16-MALT1-DD was robust, whereas VP16-MALT1-lg domain was not detected

by Western blot.

Next, surface plasmon resonance (SPR) analysis of Bcl10-MALT1 binding was performed
in collaboration with the laboratory of Zaneta Nikolovska-Coleska at University of Michigan. For
SPR, one interaction partner, Bcl10 is immobilized onto a gold-plated chip, and the other partner,

MALTL, is injected over the chip in liquid phase. Interaction between the ligand and analyte
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molecules alters the resonance of polarized light that is directed at the chip, and data is converted
into real-time Kkinetic measurements that can precisely quantify binding affinity (Kp) and other
kinetic parameters, such as association and dissociation constants (Kon, Koff).

The Langmuir model, which describes a 1:1 interaction where one ligand molecule (e.g.
Bcl10) interacts with one analyte molecule (e.g. MALT1), was used to globally fit the data. This
model assumes that the binding is equivalent and independent for all binding sites in first-order
kinetics, and that the reaction is not limited by mass transport (129). Interestingly, in a cell-free
environment with purified recombinant proteins, MALT1 Igl-Ig2 domain showed strong binding
with Bcl10 (Figure 6B), with similar binding kinetic parameters as that of MALT1 protein that
contains both DD and Ig1-1g2 domains (Figure 6A). Both MALT1 DD + Igl-Ig2 and MALT1 Igl-
Ig2 constructs displayed rapid association, with the plateau of association being reached within
200 seconds. The dissociation constant, ko, for MALT1 DD + Ig1-1g2 is 25nM, and for MALT1
1g1-1g2 is 29nM, representing similarly high affinity between the two interacting proteins (Figures
6A, 6B). Consistent with previously published reports (69, 73) and the mammalian two-hybrid
results, MALT1 DD by itself showed no binding to Bcl10 (Figure 6C). Thus, the SPR analysis

indicates that the Ig1-1g2 domains are required for interaction with Bcl10.
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Figure 6. MALT1 Ig domain is sufficient and necessary to bind Bcl10 by surface plasmon resonance (SPR).

A schematic of surface plasmon resonance (SPR) platform is shown. Bcl10 proteins are immobilized on the sensor
chip and a range of concentrations of three MALT1 domains in liquid phase are flowed over the sensor chip to detect
real-time binding. Association between the two proteins occurs during analyte (MALT1) injection onto ligand (Bcl10)
surface until equilibrium is reached, when the rate of association equals the rate of dissociation. In the dissociation
phase, the analyte is removed from the flow and comes to a concentration of zero. Association and dissociation are
measured in arbitrary Response Unit (RU) in a typical SPR sensorgram. SPR interaction was fitted using the Langmuir
model for 1:1 interaction in which one ligand molecule interacts with one analyte molecule, follows pseudo-first-order
kinetics, binding is assumed to be equivalent and independent for all binding sites, and reaction is assumed to be not
limited by mass transport. The rate of formation of the complex is represented by the association constant kon, the rate

of complex decay is represented by the dissociation constant Koff, and the equilibrium constant is represented by Kp.
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Taken together, different assay environments have revealed the complexity of Bcll10-
MALT1 interaction. As detailed before, Schlauderer et al has reported their cryo-EM study that
shows the N-terminal MALT DD serving as the rigid Bcl10-binding interface, while the 1g1-1g2
and the paracaspase domains flexibly protrude at the filament periphery (72). They have also
demonstrated that the mutation of key residues in the MALT1 DD (V81R and L82D) completely
blocks constitutive Bcl10-MALT1 interaction in resting cells. They concluded that the 1g1-1g2
domains, although outside the direct Bcl10-MALTL interface, are critical for the conformation of
the protein complex, and are thus indirectly involved in facilitating the interaction, as well as
enabling an arrangement that allows for dimerization of MALT1 paracaspase domains, which is
necessary for MALTL protease activation (115). Indeed, the crystal structure of the MALT1 DD
alone shows that the a6 helix is not kinked in the absence of the Ig1-lIg2 domains, which could
prevent Bcl10 from binding or paracaspase dimerization (131). Moreover, although an interaction
between the MALT1 DD and Bcl10 was not observed by immunoprecipitation of overexpressed
proteins in HEK293T cells (69, 73), FRET analysis suggests that the MALT1 DD certainly
contributes to Bcl10-MALT1 interaction directly or indirectly. Deletion of both the DD and 1g1-
Ig2 domains has consistently been shown to abolish the interaction.

Bcl10 constitutively forms a heterodimer complex with MALT1, and this interaction has
been observed to stabilize each other, as knockout of BCL10 or MALT1 reduces MALT1 or Bcl10
levels, respectively (132), and shown by Western blot analysis in Figure 5, where co-expression
of Bcll10 stabilizes MALTL, bolstering its protein expression level. It has also been previously
shown that either deletions in the DD or Ig1-1g2 domains in MALT1 or mutations and deletions
in the CARD and serine/threonine-rich C-terminus region of Bcl10 impair the interaction (69, 73,

75, 133). In Figure 5, we speculate that the deletion of 1g1-Ig2 domains, which may have triggered
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complete loss of the stabilizing force of Bcl10 binding, in turn destabilized the MALTL protein
and targeted for degradation. Thus, despite the apparently conflicting results on which domain is
necessary or sufficient, efficient interaction between Bcl10 and MALT1 seems to rely on the
overall conformation of both proteins, with contributions from both DD and Ig1-Ig2 domains of

MALTI.

3.2 Computational modeling of Bcl10-MALT1 interaction and in silico screening of

compounds with potential for inhibition of Bcl10-MALT1 interaction.

Before the cryo-EM study by Schlauderer et al was published, we had proceeded to focus
on targeting the MALT1 1g1-1g2 domains for an in silico compound screening based on previous
co-immunoprecipitation analyses and our current SPR results (Figure 7A). In collaboration with
Dr. Bill Chen, we first used the crystal structure data of MALT1 Ig1-Ig2 (PDB ID: 3KOW) to guide
our screening approach. Electrostatic surface representations revealed that a region at the junction
of the two Ig domains has a highly negative charge and forms a linear and hydrophobic groove,
features strongly suggestive of an interaction pocket (Figure 7B). The structure of Bcl10 (AA 1-
119) was modeled based on the NMR structure of Bcl10 CARD (AA 1-115) (PDB ID: 2MB9)
(70) with the a6 helix extended to include the entirety of the putative MALT1-binding peptide
residues 107-119 (RNIKLEHLKGLKC) (73). Since this stretch of the peptide is rich in positively
charged lysine residues and forms an elongated a-helix (70, 71), we speculated that the identified
groove in MALTL1 Igl-1g2 crystal structure may serve as the docking site for Bcl10. Subsequent
computer modeling to identify best-fit docking positions for Bcl10-MALT1 interaction supports
this model (Figure 7C).
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Figure 7. Bcl10 and MALT1 interaction interface models.

A) Model of Bcl10-MALT1 interaction domains based on previous co-immunoprecipitation analyses and our SPR
study, which indicate that MALT1 Ig1-Ig2 domains are necessary and sufficient to bind Bcl10.

B) Electrostatic surface representation of the 1gl-1g2 domains of MALT1. A region of high negative charge is
highlighted in red. This region also displays a linear groove-like feature at the junction of the two Ig domains.

C) Best fit docking of Bcl10 (AA 1-119) onto MALT1 Igl-1g2 suggests that the region between residues 107-119 of

Bcl10 forms an a-helix and fits into the identified MALT1 groove.

Next, the LibDock program from Discovery Studio 3.5 was used to perform a structure-
guided in silico screen of 3 million compounds from ChemDiv chemical libraries in order to
identify candidate molecules that could potentially fit within the identified groove of MALT1 Igl-
g2 domain and disrupt the interaction between the Bcl10 helix and MALT1. To enrich for
compounds with drug-like properties, the traditional Lipinski’s rule of five filters were applied to
the screening process. Lipinski’s rule of five applies to a molecule with: 1) a molecular mass less
than 500 Da, 2) no more than 5 hydrogen bond donors, 3) no more than 10 hydrogen bond
acceptors, and 4) a partition coefficient between octanol and water (LogPow) not greater than 5
(134). Two decades ago, Lipinski et al proposed that the rule of five could predict the likelihood
that a given small molecule will be orally active, such that early prioritization for compounds that
do not violate these criteria will increase the likelihood of developing a successful drug. Their

proposal was based on their analyses of properties and descriptors of 341 FDA-approved oral drugs
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from 1900 to 1997 (134), and that these parameters correlated with the permeability and solubility
needed for a molecule to be orally absorbed, since 90% of oral drugs abided by these guidelines.
Although Lipinski’s rule of five is predictive of oral bioavailability, and has become a standard
metric in the drug discovery field to filter libraries of compounds, there are many examples of
FDA-approved drugs that violate the rule (16% of oral drugs violate at least one criterion and 6%
fail two or more), notably atorvastatin (Lipitor) and montelukast (Singulair), both of which fail
more than one of the five rules (135). Moreover, the molecular weight and number of hydrogen
bond acceptors have increased substantially over the past 20 years, and the new generation of
molecules derived from combinatorial chemistry is seeing decreasing resemblance to the

traditional parameter distribution of previously approved oral drugs (136, 137).

3.3 Dose-dependent inhibition of Bcl10-MALT1 interaction by initial screening hits.

With these considerations in mind, we assembled a group of 9 candidate compounds with
top docking scores and screened them for activity in three complementary biochemical assays to
each quantitate Bcl10-MALTL interaction. We first attempted to use the mammalian two-hybrid
assay in HEK293 cells to test the ability of the screening hits to inhibit the interaction between the
fusion constructs of Bcl10 and MALTL1. However, the nine compounds showed the same profile
of effects on both Bcl10-MALT1 interaction and control MyoD-Id interaction in the mammalian
two-hybrid system (Figure 8A, B), indicating that the apparent inhibition of Bcl10-MALT1
interaction by these compound hits are nonspecific in this particular assay, as they are also
inhibiting an unrelated protein-protein interaction. Therefore, we decided to test the effect of these

compounds on additional control protein-protein interaction, between a fusion construct of the
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GAL4 DNA binding domain and mouse p53 and a fusion construct containing VP16 activation
domain and SV40 large T-antigen, which is known to interact with p53 (138). Again, the
compounds displayed a similar profile of effects on the control pM53 and VP16-T interaction,
suggesting that these compounds may be promiscuously inhibiting multiple protein-protein
interactions (Figure 8D). Finally, we tested the effect of these compounds in the presence of a
single construct that expresses a fusion of the GAL4 DNA binding domain to the VP16 activation
domain to test whether these compounds are interfering with any process other than protein-protein
interaction in the mammalian two-hybrid system, such as transcription of the luciferase gene or
translation of the luciferase reporter protein. Because this positive control plasmid pM3-VP16
expresses a single fusion protein with both the GAL4 DNA binding domain and VP16 activation
domain, this construct does not depend on any protein-protein interaction for the expression of the
luciferase reporter. If the compounds show inhibition of luciferase activity in the presence of this
single control construct, then it is indicative that the compounds are affecting some common
process in the mammalian two-hybrid assay that is independent of any protein-protein interaction.
Indeed, the compounds displayed a similar inhibitory profile in the presence of this pM3-VP16
positive control (Figure 8E). Thus, we concluded that the mammalian two-hybrid assay system is
unsuitable for testing our screened compounds, as they were interfering with certain aspects of the
assay that are independent of our desired readout and we sought to develop a cell-free assay system

to test these compounds.
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Figure 8. Screening hits display off-target effects in the luciferase assay of the mammalian two-hybrid system.
Compounds inhibit luciferase activity induced by Bcl10-MALT1 interaction in the mammalian two-hybrid system
(A). Compounds display similar profiles of inhibitory effect for two control protein-protein interactions: MyoD and
Id interaction (B), as well as pM53 and VP16-T interaction (C). Compounds also inhibit luciferase activity in the
presence of a single fusion construct pM3-VP16, which contains both the GAL4 DNA binding domain and the VP16

activation domain and thus does not depend on protein-protein interaction (E).

Given the off-target effects of these compound hits in the mammalian two-hybrid system,
we proceeded to test the candidate molecules using purified recombinant Bcl10 and MALTL in

two different cell-free platforms: surface plasmon resonance (SPR) and an ELISA-based assay for
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Bcl10-MALTL interaction. First, in the SPR platform, full-length Bcl10 is immobilized and a
preincubated mixture of 50 nM MALT1 Ig1-1g2 construct and 100 uM compound is flowed over
the Bcl10-bound chip. In this platform, two compounds, K691-0124 and C260-1255, showed
complete blockade of Bcl10-MALTL interaction at 100 uM concentration (Figure 9A, B). Next,
these two compounds were tested at different concentrations and shown to demonstrate dose-
dependent inhibition of Bcl10-MALT1 interaction, with an 1C50 of approximately 20 uM for each

compound (Figure 9C, D).
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Figure 9. Compounds K691-0124 and C260-1255 show dose-dependent inhibition of Bcl10-MALT1 interaction
by surface plasmon resonance (SPR).

The in silico screening hits, compounds K691-0124 (A) and C260-1255 (B), display complete inhibition of Bcl10-
MALTL1 binding in SPR at 100uM. Compound K691-0124 shows dose-dependent inhibition of Bcl10-MALT1

interaction, with an EC50 of 22uM (C), and compound C260-1255 shows similar dose-dependent inhibition of Bcl10-
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Early efforts to optimize drug-like physicochemical properties of lead compounds are
crucial for successful progression to drug candidates, and consensus optimal ranges and limits for
key molecular properties are routinely used in ADME prediction models (139, 140). The predicted
bioavailability by SwissADME predictive modeling (141) and structures of our two compounds
are shown in Figure 10. This modeling was used in order to assess the predicted absorption,
distribution, metabolism, and excretion (ADME) parameters, pharmacokinetic properties, drug-
like nature and medicinal chemistry friendliness of these two hits from SPR and ELISA-based PPI
assays (141). The six physicochemical properties of the compound, including lipophilicity, size,
polarity, solubility, flexibility, and saturation, are displayed in hexagonal axes, called
“bioavailability radar,” for rapid appraisal of drug-likeness. The pink shaded area within the
hexagon represents the optimal range for each property that contribute to optimal oral
bioavailability (141-143) (Figure 10).

Compound K691-0124 violates one criterion of Lipinski’s rule of 5, in that its molecular
weight is >500 Da, at 594.66 g/mol. In terms of lipophilicity, the consensus estimation of LogPow
(octanol-water partition coefficient log P) for compound K691-0124 is 3.77, which generally
represents a compound of intermediate polarity, balanced aqueous and lipid solubility, and
medium absorption and distribution. Reduced molecular flexibility, as measured by the number of
rotatable bonds, is found to be an important predictor of good bioavailability (144). Compound
K691-0124 has 10 rotatable bonds, deviating slightly from the optimal “flexibility” property of no
more than 9 rotatable bonds in the SwissADME model. Other models suggest 10 or fewer rotatable
bonds for high probability of good oral bioavailability (142, 144). Rotatable bonds are defined as
any single bond not in a ring, bound to a non-terminal heavy (i.e. non-hydrogen) atom, with the

amide C-N bonds excluded due to their high rotational energy barrier. In general, the number of
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rotatable bonds increases with molecular weight, and it has been found to be one of the effective
predictors of oral bioavailability. The Abbott bioavailability score, which represents the
probability that a compound will have >10% bioavailability in a rat (139) is 0.55. The optimal
carbon bond “saturation” property, which denotes that the fraction of sps hybridized carbons over
the total carbon count of the molecule (Fsps = number of sps hybridized carbons/total carbon
count), must not be less than 0.25 (141, 142). This property has been shown to correlate with
solubility, and also represents one surrogate measure of the complexity of molecules, which is
often associated with target selectivity (142, 145). Thus, Fsps is an important physical property for
predicting successful progression of compounds from discovery into clinical development.
Compound K691-0124 displays a lower than optimal carbon bond saturation of 0.17. The synthetic
accessibility characterizes the estimated ease of synthesis of drug-like molecules, scored from 1
(easy to make) to 10 (very difficult to make). This estimation of the synthetic accessibility score
is based on 1) a combination of fragment contributions obtained by analyzing the chemical
structures of a million synthesized PubChem molecules and 2) a complexity penalty, which takes
into account the presence of non-standard structural features, such as large rings, ring fusions, high
number of stereocenters, and molecule size (146). Compound K691-0124 displays an optimal
synthetic accessibility score of 3.9.

Compound C260-1255 violates the same criterion of Lipinski’s rule of 5, in that its
molecular weight is >500 Da, at 518.54 g/mol. The consensus LogPow is 3.19, representing
intermediate polarity with better aqueous solubility, compared to compound K619-0124. From its
bioavailability radar, C260-1255 also deviates from optimal “flexibility” property of no more than
9 rotatable bonds, with 12 rotatable bonds. The Abbott bioavailability score (139) is also 0.55 for

C260-1255. The Fspz of C260-1255 is 0.21, slightly lower than the optimal carbon bond
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“saturation” fraction of 0.25. The synthetic accessibility score is 3.52, representing optimal

estimated ease of synthesis.
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Figure 10. Structures and graphical representation of predicted bioavailability of two compound hits from in
vitro protein-protein interaction screening assays.

This “bioavailability radar” shows a first glance look at the drug-likeness of these two molecular structures. The pink
area illustrates the optimal range of oral bioavailability for each physicochemical property (lipophilicity, MW,
polarity, solubility, saturation, and flexibility). To be estimated as drug-like, the red line of the compound should
ideally be included within the pink area. Properties that could be improved in compound K691-0124 for optimal
bioavailability includes reducing the size, reducing the number of rotatable bonds, and increasing the ratio of sp3
hybridized carbons over the total carbon count. Properties that could be improved in compound C260-1255 for optimal
bioavailability similarly includes decreasing the number of rotatable bonds and increasing the ratio of sp3 hybridized

carbons.
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In order to corroborate that these two SPR hits inhibit Bcl10-MALT1 interaction, a second
cell-free ELISA-based protein-protein interaction (PPI) assay was developed, modified from those
previously described (147-150). As shown in Figure 11A, the ELISA-based PPl assay was
validated with negative controls that contain only one interacting protein partner as well as a pair
of proteins known to not interact with each other (Bcl10 and GRK?2). First, 50uM of K691-0124
and C260-1255, two compounds that showed dose-dependent inhibition of Bcl10-MALT1 by
SPR, along with one other compound, V001-9748, which did not show inhibition by SPR, were
each preincubated with full-length recombinant purified human MALTL1 protein for an hour. The
preincubated mixtures were allowed to interact with full-length recombinant purified human Bcl10
immobilized on a plate. After washing away unbound proteins, the samples were probed with anti-
MALT1 antibody, followed by HRP-conjugated secondary antibody, and TMB substrate solution
was added for reaction to occur. Consistent with the SPR findings, both compounds K691-0124
and C260-1255 showed inhibition of Bcl10-MALTL1 interaction compared to control Bcll10-
MALT1 reaction without any compounds. Also consistent with SPR, compound V001-9748 did

not show inhibition of Bcl10-MALT1 interaction in the ELISA platform (Figure 11B).
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Figure 11. Compounds K691-0124 and C260-1255 show dose-dependent inhibition of Bcl10-MALT1
interaction by ELISA-based protein-protein interaction assay.

Schematic of ELISA-based protein-protein interaction (PPI) assay and validation of the assay are shown (A). SPR
hits, C260-1255 and K691-0124, show reduction in the level of Bcl10-MALT1 interaction at 50uM, compared to
DMSO control interaction in the ELISA-based PPI assay. Compound VV001-9748, which did not show inhibition of
Bcl10-MALT1 interaction by SPR, also does not reduce binding in the ELISA (N = 2, not significant) (B). Dose-
dependent inhibition of Bcl10-MALT1 interaction by compounds in the ELISA was determined using the following
equation: Y = bottom + (top-bottom)/(1+10"(X-LogIC50), with the top and bottom representing the plateaus in the
units of Y axis, and with the assumption of one-site binding that is reversible and at equilibrium. Compounds K691-
0124 and C260-1255 display dose-dependent inhibition of Bcl10-MALT1 binding with an IC50 of 89 uM and 17 uM,
respectively. Compound VV001-9748, which failed to show inhibition of the interaction by SPR, also does not display

dose-dependent inhibition in the ELISA.
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Next, dose-response inhibition of Bcl10-MALTL1 interaction shown in SPR was confirmed
in the ELISA platform. Compound K691-0124 demonstrated an 1C50 of 89 uM, and compound
C260-1255 had an 1C50 of 17 uM. Again, compound VV001-9748 did not show inhibition of Bcl10-
MALTL interaction at 100 uM, the highest concentration tested (Figure 11C, D, E).

As alluded to previously, although the complexity of a molecule can confer greater target
selectivity and potency, unnecessarily complex substructures of a starting compound can render it
unsuitable for lead optimization, as synthetic accessibility decreases (146). Compounds have been
shown to become more complex as they advance through sequential stages of drug development
to increase potency, solubility, and other physicochemical properties or improve ADME properties
(142, 151). With these considerations, we decided to pursue the development of compound K691-

0124 with a simpler backbone.

3.4 Structure-activity relationship (SAR) study of compound K691-0124.

Next, we identified three derivative compounds that have modification of specific chemical
groups of compound K691-0124 for an initial structure-activity relationship (SAR) study for the
purpose of improving in vitro potency. The structures of three derivative compounds, K691-0122,
K691-0185, and K691-0182 are shown, with regions of structural alteration from the parent
compound K691-0124 indicated with red arrows in Figure 12. Either the replacement of the 1,3-
dioxolane group at the terminal end of the compound with a 4-methoxy group or the removal of
the carbon linker in the middle of the compound effectively change the length of the compound

and potentially the fit into the linear groove that was identified in MALT1 Igl-1g2 domain.
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K691-0122

Figure 12. Structures of K691-0124 and its three derivative compounds.

K691-0124

K691-0185

&

K691-0182

Red arrows indicate regions of structural alteration that differ from the parent compound K691-0124.

Again, the potency of these three derivative compounds in inhibiting in vitro Bcl10-

MALT1 interaction was tested in the ELISA-based PPI assay. Remarkably, we observed increased

potency as the length of the compounds decreased and the overall conformation became more
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linear. One site-fit loglC50 model was used to fit the data on GraphPad Prism. The relative IC50
values of compounds K691-0122, K691-0185, and K691-0182 are 8.45uM, 0.71uM, and 0.40uM,
respectively (Figure 13), representing substantial improvement from the 1C50 value of 89uM for
compound K691-0124.

The structures of additional analogue compounds derived from C260-1255 and their
inhibitory effects on Bcl10-MALT1 interaction measured by ELISA is shown in Appendix Figures

2 and 3.

K691-0122 K691-0185 K691-0182
1201

=

n

o
==
L~
o

100+

-
o
(=]
L]

% of DMSO control
e s £ S 38 &
% of DMSO control

80+
604
40+

-]
o

604

g
8

204

IC50 = 8.45uM IC50=0.71uM IC50 = 0.40uM 3
0 0 T

100 102 107 10° 10" 102  10° 105 104 10% 102 10! 10° 10! 102 10 10 10% 102 10° 107
Concentration (uM) Concentration (uM) Concentration (uM)

20+

% of DMSO control

n
o

Figure 13. Derivative compounds show dose-dependent inhibition of Bcl10-MALT1 interaction with increasing

potency.

Dose-dependent inhibition of Bcl10-MALT1 interaction by compounds in the ELISA was determined using the
following equation: Y = bottom + (top-bottom)/(1+10"(X-LogIC50), with the top and bottom representing the plateaus
in the units of Y axis, and with the assumption of one-site binding that is reversible and at equilibrium. All three

structural analogues of K691-0124 display dose-dependent inhibition of Bcl10-MALT1 binding with increased

potency.

62



3.5 Compounds K601-0124 and K601-0122 show dose-response inhibition of MALT1-

dependent IL-2 production by Jurkat T cells.

With these four related candidate molecules (K691-0124, K691-0122, K691-0185, and
K691-0182) that show dose-response inhibition of Bcll0-MALTL1 interaction in vitro, we
proceeded to validate the downstream impact of these compounds on MALT1-dependent
signaling, which is vital for T cell activation. To that end, we tested for any changes in the
transcription of interleukin-2 (IL-2) gene and secretion of IL-2 cytokine after PMA/ionomycin
stimulation in Jurkat T cells treated with these compounds for 24 hours. We chose to focus on IL-
2 as one functional readout of the cellular effects of compounds because IL-2 is an NF-kB-
inducible cytokine produced in activated T cells after T-cell receptor ligation and thus, its
production is dependent on MALT1 activity (36, 82, 152). We found that both compounds K691-
0124 and K691-0122 show profound inhibition of IL-2 gene transcription as well as cytokine
secretion (Figure 14A, B), resulting from impaired MALT1-dependent canonical NF-kB
activation. Compound K691-0185 showed a modest reduction in IL-2 gene transcription, but no
significant inhibition of IL-2 production, while compound K691-0182 showed a modest inhibition
of IL-2 production, but no inhibition of IL-2 transcription (Figure 14A, B). Compound K691-0124
inhibited PMA/ionomycin-induced IL-2 secretion in a dose-responsive manner with an IC50 of
13nM (Figure 14C). Similarly, compound K691-0122 also displayed dose-dependent inhibition of
IL-2 secretion with an IC50 of 19nM (Figure 14C, D). Thus, these two compounds effectively
disrupt MALT1 function, evident in the dampened level of secreted IL-2 in the media of K691-

0124- or K691-0122-treated Jurkat T cells after PMA/ionomycin stimulation.
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Figure 14. Compounds K691-0124 and K691-0122 inhibit antigen receptor-induced MALT1-dependent
signaling in Jurkat T cells.

Compounds K691-0124, K691-0122, and K691-0185 impair PMA/ionomycin-induced IL-2 transcription in Jurkat T
cells at 1uM (A). Compounds K691-0124 and K691-0122, at 1uM, significantly reduce the level of PMA/ionomycin-
induced IL-2 secretion in media normalized to live Jurkat T cell count, similar to known MALT1 protease inhibitor,

Mepazine (B). Compound K691-0124 exhibits dose-response inhibition of IL-2 secretion with a relative IC50 of
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0.013uM (C) and compound K691-0122 exhibits dose-response inhibition of IL-2 secretion with a relative 1C50 of
0.019uM (D). Statistical analysis was performed using one-way ANOVA and Dunnett test to correct for multiple

comparisons in GraphPad Prism software (* p < 0.05, **** p < 0.0001).

3.6 Compounds K691-0124 and K691-0122 inhibit CBM-dependent secretion of NF-kB

targets, IL-6 and 1L-10, in ABC DLBCL cells.

Next, in order to determine the downstream impact of these compounds on MALT1-
dependent signaling in ABC DLBCL cells, we tested their effects on the constitutive secretion of
cytokines IL-6 and I1L-10 from two different ABC DLBCL cell lines. IL-6 and I1L-10 are cytokines
present in the lymphoma tumor microenvironment, and are known to promote the proliferation
and survival of malignant B cells. NF-kB-dependent gene expression of these cytokines are critical
for ABC DLBCL cell survival and growth (27). The autocrine IL-6 production contributes to the
oncogenic process in ABC DLBCL by providing proliferative and anti-apoptotic signals (20), and
both IL-6 and IL-10 are secreted by malignant cells purified from patients, with elevated IL-6
levels in patient serum correlating with adverse outcomes (18, 19). Previous studies have
demonstrated that ABC DLBCL cells, including OCI-Ly3 and TMDS8, spontaneously secrete
substantial levels of 1L-6 and IL-10, whereas GCB DLBCL cell lines express a negligible amount
of IL-6 and IL-10 (112, 153, 154). The transcription and expression of these two cytokines have
been shown to depend on MALT1 protease activity, and thus inhibition of MALT1 paracaspase
impairs the expression of IL-6 and IL-10 in ABC DLBCL cells (21).

Two ABC DLBCL cell lines, OCI-Ly3 and TMD8, were treated with 1 uM K691-0124,

K691-0122, K691-0185, or K691-0182 for 20 hours and the concentrations of secreted IL-6 and
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IL-10 in supernatants were determined by ELISA as previously described (112). Both K691-0124
and K691-0122 showed significant reduction in constitutively secreted I1L-6 and IL-10 in both
OCI-Ly3 and TMDS8 cell lines that harbor different CBM-dependent mutations (Figure 15) (Table
3). Despite the fact that compounds K691-0185 and K691-0182 showed the highest potency in
Bcl10-MALTL interaction in vitro, they both failed to affect MALT1-dependent secretion of 1L-6
or IL-10 in ABC DLBCL cells.

Moving forward, we decided to pursue the two compounds with the strongest effects on

MALT1 function and signaling in lymphocytes: K691-0124 and K691-0122.
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Figure 15. Treatment with K691-0124 or K691-0122 impairs MALT1-dependent expression of NF-kB targets,
IL-6 and IL-10, in ABC DLBCL cells.
Two ABC DLBCL cell lines were treated with 1uM K691-0124, K691-0122, K691-0185, or K691-0182 for 20 hours

and the levels of secreted IL-6 and IL-10 in the cell culture media were analyzed via ELISA (mean + SD; N = 3-4).
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Statistical analysis was performed using one-way ANOVA and Dunnett test to correct for multiple comparisons in

GraphPad Prism software (**** p < 0.0001).

Focusing on K691-0124 and K691-0122, we show dose-dependent reduction of both I1L-6
and IL-10 in both ABC DLBCL cell lines, TMD8 and OCI-Ly3 (Figure 16). IC50 values for each
compound, each cytokine, and each cell line are reported in Table 3. Following constraints were
applied for IC50 calculation: Minimum = 0, Maximum =y at x=0.001. With the exception of a
weak inhibition of IL-6 secretion in OCI-Ly3 cells by compound K691-0122, all other settings
showed remarkably robust blockade of MALT1-dependent constitutive secretion of IL-6 and IL-

10 in ABC DLBCL cells.
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Figure 16. Compounds K691-0124 and K691-0122 show dose-response inhibition of IL-6 and IL-10 secretion
in ABC DLBCL cells.

Dose-dependent inhibition of cytokine secretion by compounds was determined using the following equation: Y =
bottom + (top-bottom)/(1+107(X-LoglC50), with the top and bottom representing the plateaus in the units of Y axis,
and with the assumption of a standard slope equal to a Hill slope of -1.0. Compounds K691-0124 and K691-0122

display dose-dependent inhibition of both IL-6 and IL-10 secretion in two different ABC DLBCL cell lines.

Table 2. 1C50 values of compounds K691-0124 and K691-0122 in inhibiting IL-6 and IL-10 secretion in ABC

DLBCL cell lines

Cell line Compound IL-6 IL-10
TMDS8 K691-0124 0.64 uM 0.4 uM
K691-0122 0.65 uM 0.14 uM
OCI-Ly3 K691-0124 0.82 uM 0.66 uM
K691-0122 40.6 uM 1.72 uM

3.7 Compounds K691-0124 and K691-0122 impair both MALT1 protease and scaffolding

activities in Jurkat T cells.

Since the activation of MALT1 functions relies on its recruitment to the CBM complex via
its interaction with Bcl10, both the protease and scaffolding activities of MALT1 are expected to
be impaired if the interaction between Bcl10 and MALTL is truly blocked by these compounds in
cells. Thus, we first tested the ability of compounds K691-0124 and K691-0122 to inhibit the

cleavage of certain MALT1 substrates, RelB and N4BP1, upon T cell activation (52, 90, 155)
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(Table 1), to test their effects on MALTL protease activity. Both compounds K691-0124 and
K691-0122 show effective inhibition of RelB cleavage and N4BP1 cleavage in Jurkat T cells
stimulated with CD3/CD28. Compound V001-9748 is one of the 9 hits from the in silico screen
that did not show inhibition of in vitro Bcl10-MALT1 interaction on SPR or ELISA-based PPI
assays. Accordingly, compound V001-9748 does not show inhibition of either RelB cleavage or
N4BP1 cleavage by MALT1. Known protease inhibitor of MALT1, Mepazine, is included as a
positive control (112). Compounds K691-0124 and K691-0122 inhibited RelB cleavage to a
similar degree as Mepazine, but both compounds showed enhanced inhibition of N4BP1 cleavage

compared to Mepazine (Figure 15A, B).
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Figure 17. Compounds K691-0124 and K691-0122 inhibit MALT1 cleavage of its substrates, RelB and N4BP1,
in Jurkat T cells.

Jurkat T cells were treated with compounds for 20 hours, then 5uM MG132 was added for 1 hour before stimulation
with 5 ul/ml anti-CD3/CD28 for 1 hour. Treatment with compound K691-0124 or K691-0122 leads to reduced
cleavage of RelB (A) and N4BP1 (B) in response to anti-CD3/CD28 stimulation. MALT1 protease inhibitor,
mepazine, is shown as a positive control, and compound V001-9748 is shown as a negative control. Quantification of
the ratio of cleaved band / full-length band is shown below. Statistical analysis was performed using one-way ANOVA
and Dunnett test to correct for multiple comparisons in GraphPad Prism software (mean + SEM; N = 4; * p < 0.05,

% 1) < 0.001, **** p < 0.0001).

In addition to being a protease, MALT1 is also a scaffold protein. MALTL1 binds the
ubiquitin ligase TRAF6, which modifies itself, Bcl10, and NEMO by K63-linked polyubiquitin
chains to phosphorylate the IkB kinase (IKK) complex (81, 85, 86, 156-160). The IKK complex,

consisting of the catalytic kinase subunits IKKa (IKK1) and IKKB (IKK2) and the regulatory
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component NEMO/IKKYy, phosphorylates the inhibitor of kappa B (IkB) inhibitory proteins,
targeting them for ubiquitin-dependent degradation by proteasome, and releasing NF-kB dimer for
nuclear translocation for DNA binding and target gene transcription (161, 162). In order for the
IKK complex to become activated, IKKo needs to be phosphorylated on Ser 176 and 180, and
IKKp needs to be phosphorylated on Ser 177 and 181, which is mediated by TRAF6 ubiquitin
ligase and TAK1 kinase, which in turn depends on oligomerized Bcl10-MALT1 complex after
antigen receptor ligation (156, 163, 164). Thus, if these compounds truly inhibit B¢cl10-MALT1
interaction and hence MALT1 function, the scaffold activity of MALTL is also expected to be
impaired, in addition to the protease activity. Thus, the phosphorylation of either 1kB or the IKK
complex is an established surrogate marker for MALT1 scaffold activity (82, 116, 165-167). Jurkat
T cells were treated with 1uM K691-0124 or 1uM K691-0122 for 16 hours, while the cells in the
control group were incubated with an equal volume of DMSO (0.05%) for 16h. After 16h
treatment, the Jurkat T cells were stimulated with CD3/CD28 for 0, 5, 10, 15, or 20 minutes, then
probed for phosphorylation of IKKao/p by Western blot analysis. Cells treated with either K691-
0124 or K691-0122 exhibited significantly dampened phosphorylation of IKK o/ over the total
IKK. These compounds further show that they are specifically disrupting only the MALT1
scaffold-dependent activity, as the TCR-ligation induced, yet MALT1-independent ERK
phosphorylation is unaffected. Quantification of Western blot band intensity by ImageJ and
statistically significant difference between control DMSO and treatment group for each stimulation

timepoint is shown (Figure 16A, B).

73



A)

B)

Relative pIKK expression

DMSO K691-0124
CD3/CD28 (min) O 5 10 15 20 0 5 10 15 20
T — — — w— S pIKKa/B
—— — — — — w— w— w— w—— |KK0O/B
= = s = SN SRS SENS e DERK1/2
e 2 £ _F & 3§ § § BNV
GAPDH

normalized to IKK

1.5

1.09

0.54

0.0+

s 1.0+ Il DMSO control
g < o i T T ]‘ K691-0124
o w
3 g 0.6+
- T
£8 02
g
€ 0.0-
S S S s F S S
CD3/CD28 stimulation CD3/CD28 stimulation
DMSO K691-0122
CD3/CD28 (min) 0 5 10 15 20 0 5 10 15 20
a_— pIKKa/B
- —_— ———-—-_ IKKa/B
S SN TR TR WS S SN GNP S e PERK1/2
_ == =
= == ----- ERK1/2
GAPDH

Relative pIKK expression

normalized to IKK

2.0

1.54

1.0+

0.5+

--------

ok

%

0.0+

A A

CD3/CD28 stimulation

Relative pERK expression
normalized to ERK

74

Il DMSO control
K691-0122

1.04 T L T

0.54
T

0.0+
O A A AR RO

CD3/CD28 stimulation



Figure 18. Compounds K691-0124 and K691-0122 impair MALT1 scaffolding activity by inhibiting
phosphorylation of IKK in Jurkat T cells stimulated with CD3/CD28.

Jurkat T cells were treated with compounds for 20 hours, then stimulated with 5 ul/ml anti-CD3/CD28 for 0, 5, 10,
15, and 20 minutes. Treatment with compound K691-0124 (A) or K691-0122 (B) leads to reduced anti-CD3/CD28-
induced phosphorylation of IKK. However, neither compound affects the phosphorylation of ERK, which is TCR-
ligation induced, yet MALT1-independent, showing specificity. Quantification of the ratio of phospho-IKK / total
IKK as well as the ratio of phospho-ERK / total ERK are shown below. Statistical analysis was performed using

unpaired t-test comparing each stimulation timepoint in GraphPad Prism software (mean + SEM; N = 5; * p < 0.05,

** < 0.01).
Table 3. NF-kB activating mutations present in DLBCL cell lines used

DLBCL Cell line CD79A/B | MYDS88 CARD11 | TNFAIP3 | TAK1
subtype (104) (27) (168) (169) (169)
ABC TMDS8 Y196HHeT | L265P WT WT WT
(MALT1- OCI-LY3 |WT L265P L251P Hem del WT
dependent)
GCB OCI-LY1 |WT WT WT WT WT
(MALT1- OCI-LY7 | WT WT WT WT WT
independent)
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3.8 Compounds K691-0124 and K691-0122 selectively suppress the growth of ABC DLBCL

cells, but do not affect the growth of GCB DLBCL cells.

Finally, we tested the selective killing ability of these two lead compounds. Starting with
a low number of DLBCL cells, they were treated with a single 1uM dose of either K691-0124,
K691-0122, or Mepazine, or 5uM Mepazine and allowed to proliferate undisturbed for 12 days.
Samples were taken on days 7, 10, and 12 and cell numbers counted using the trypan blue dye
exclusion method. The two MALT1-dependent ABC DLBCL cell lines, OCI-Ly3 and TMDS8, both
displayed inhibition of colony expansion after 12 days by both K691-0124 and K691-0122.
Compound K691-0124 showed higher potency in suppressing cell growth, compared to K691-
0122 and Mepazine at the same 1uM dose. Compound K691-0122, in turn, was more potent in
suppressing cell growth than Mepazine at the same 1uM dose. In contrast, the two MALT1-
independent GCB DLBCL cell lines, OCI-Ly1 and OCI-Ly7, did not show any significant changes
in cell growth trend compared to the DMSO control group (Figure 20). After 10 days of no media
change, OCI-Ly7 cells, including the DMSO control group, had mostly died at the day 12 count.

Only data up to day 10 count is shown for OCI-Ly7.
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Figure 19. Compound K691-0124 and K691-0122 selectively suppress ABC DLBCL cell colony expansion, but

does not affect the growth of GCB ABDLCL cells.

DLBCL cell lines are treated with a single initial dose of 1JuM K691-0124, K691-0122, Mepazine, or 5uM mepazine
for 12 days and cell number is counted at days 7, 10, and 12 using trypan blue dye. Data are mean + SEM of 3-6
independent experiments. Statistical analysis was performed using one-way ANOVA at day 12 and Dunnett test to
correct for multiple comparisons in GraphPad Prism software (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p <

0.0001).

Next, we wanted to explore the mechanism of the observed cell growth suppression by the
two lead compounds in more detail, beyond viability. To this end, we specifically tested for the

ability of DLBCL cells to divide and proliferate. First, we treated ABC and GCB DLBCL cells
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with 1uM K691-0124 or 1JuM Mepazine for a short period (3 days) and longer period (6 days), and
examined cell divisions using a dye dilution method by flow cytometry (CellTrace Violet,
Invitrogen) on viable cells at days 0, 3, and 6. Compound K691-0124 blocked cell division at day
6 in OCI-Ly3 cells, similar to Mepazine, whereas OCI-Ly1 cell division was not affected by either
compound, corroborating the ABC DLBCL-selective effects on cell proliferation exerted by K691-
0124 (Figure 21). The effect of compound K691-0122 on DLBCL cell division is currently being

tested.
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Figure 20. Compound K691-0124 arrests ABC DLBCL cell proliferation without affecting GCB DLBCL cell
proliferation.

CellTrace Violet was used as a cell division tracking dye for OCI-Ly3 and OCI-Ly1 cells treated with 2uM compound
K691-0124, where the intensity of the staining decreases with each round of cell division. At days 0, 3, and 6 after
staining, CellTrace Violet fluorescence was measured by flow cytometry and analyzed by FlowJo. While K691-0124
does not affect the proliferation of the MALT1-independent OCI-Ly1 cells, it blocks the proliferation of MALT1-

dependent OCI-Ly3 cells, compared to DMSO. Mepazine is included as a positive control.
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We also indirectly assessed DLBCL cytotoxicity by measuring the levels of ATP
bioluminescence as a proxy for metabolic health (170) after 0, 48, and 96 hours of treatment with
1uM K691-0124, 1uM K691-0122, or 1-10uM Mepazine. After 48 hours of treatment, none of the
1uM compound groups affected ATP levels in TMDS8, OCI-Ly3, or OCI-Ly1 cells. By 96 hours,
however, compounds K691-0124 and K691-0122 showed reduced levels of ATP and metabolic
viability, compared to same dose Mepazine treatment in both ABC DLBCL cell lines. The GCB
DLBCL cell line, OCI-Ly1, did not show reduction in ATP levels after 96 hours of treatment with

K691-0124 or K691-0122 (Figure 22).
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Figure 21. Compounds K691-0124 and K691-0122 are selectively toxic to ABC DLBCL cells.
ATP bioluminescence levels were measured after 48 hours and after 96 hours of treatment with 1uM K691-0124, 1uM
K691-0122, or 1-10uM Mepazine in TMD8, OCI-Ly3, and OCI-Ly1 cells. Data are mean + SEM with 6 biologic

replicates. Statistical analysis was performed using one-way ANOVA and Dunnett test to correct for multiple

comparisons in GraphPad Prism software (** p < 0.01, **** p < 0.0001).

Of note, treatment of DLBCL cells with 10uM Mepazine nonspecifically reduced
metabolic viability of both ABC and GCB DLBCL cells, and 1uM Mepazine was not effective at

reducing metabolic viability of ABC DLBCL cells. Compounds K691-0124 and K691-0122
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display more potent and selective toxicity to ABC DLBCL cells, compared to Mepazine, which
blocks only the protease arm of MALT1.

Next, we directly tested for the ability of our lead compounds to induce apoptosis and
enhance ABC DLBCL cell death to eradicate tumor cells. ABC and GCB DLBCL cells were
treated with 1uM K691-0124 or 1uM Mepazine for 6 days, and apoptotic cells were detected by
Annexin V and Sytox blue dead cell DNA staining for flow cytometry. For the GCB DLBCL cell
line, OCI-Ly1, the majority of cells were limited to the lower left Q4 with Annexin-/Sytox- for
control DMSO, K691-0124, and Mepazine groups, confirming that K691-0124 does not induce
apoptosis in MALT1-independent OCI-Ly1 cells. On the other hand, ABC DLBCL cell line, OCI-
Ly3, displayed higher number of cells in the early apoptosis (Q3) and late apoptosis (Q2) stages,

similar to Mepazine (Figure 23).
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Figure 22. Compound K691-0124 selectively induces apoptosis in ABC DLBCL cells.

DLBCL cell lines were incubated with 1uM K691-0124 or Mepazine for 6 days. Cells were labeled with Annexin V-

FITC and Sytox Blue dead cell stain for flow cytometry. K691-0124 does not induce apoptosis in OCI-Ly1 cells,

compared to DMSO. Higher proportion of apoptotic OCI-Ly3 cells is observed in early apoptosis (Q3) and late

apoptosis (Q3) quadrants when treated with K691-0124.
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3.9 Pharmacokinetic study of compound K691-0124

Pharmacokinetics (PK) is the study of the rates of absorption, distribution, metabolism, and
excretion of a drug and its metabolites in the body in order to evaluate the dosing and frequency
regimen of a potential drug to maintain target efficacy. As a favorable PK profile is vital to the
therapeutic success of a drug, a preliminary in vivo PK study of compound K691-0124 was
performed by Touchstone Biosciences lab. There were no abnormal clinical symptoms in three
mice observed during the 24 hours of the preliminary in vivo PK study to evaluate the clearance
of compound K691-0124. LC-MS/MS was performed to analyze the plasma collected at multiple
time points (5, 15, and 30 minutes, and 1, 2, 4, 6, 8, and 24 hours) after intraperitoneal injection of
compound K691-0124. Non-compartmental PK modeling was used to fit the pharmacokinetic
data. From the concentration vs. time curve in the semi-log scale (Figure 24), a linear regression
was performed on the terminal linear phase. The elimination rate constant was determined from
the slope of the line. The area under the plasma concentration vs. time curve was calculated using
the linear trapezoidal rule. The following key pharmacokinetic parameters for extravascular
administration of the test compound were measured:

e Maximum concentration (Cmax) and time of maximum concentration (tmax): The peak
concentration of test compound in the matrix (e.g. plasma) and the time at which the
maximum concentration is reached.

e Areaunder the plasma concentration-time curve (AUC): AUC is the definite integral in the
concentration-time curve and a measure of overall drug exposure. The noncompartmental

model estimates AUC parameters using linear trapezoidal approximation of the integral.

AUC = f0°° C(t)dt, where C(t) = plasma concentration at time t
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e Terminal half-life (tu2): The time required to clear 50% of the drug from the matrix (e.g.
plasma) after reaching pseudo-equilibrium.

e Mean residence time (MRT): The estimated time the drug molecule spends in the body as
measured in the plasma. MRT is a function of the steady-state volume of distribution and
time-averaged clearance. The concept behind MRT calculation is that each drug molecule
spends a different amount of time in the body, with some molecules staying in the body for

a short time and others lasting longer. MRT can be calculated by the following formula:
MRT = AUMC / AUC, where AUMC = [.” tC(t)dt
(AUMC is the area under the moment curve, representing concentration vs. time plotted

against time. AUMC can also be estimated from the sum of the area of each trapezoid

multiplied by time.)
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Figure 23. In vivo pharmacokinetic profile of compound K691-0124.

Following intraperitoneal injection of 20 mg/kg of K691-0124, the test compound rapidly
reached a mean peak plasma concentration, Cmax of 681 ng/mL within 30 minutes (tmax). After

reaching Cmax, the plasma concentration of the compound declined in a multiphasic manner with
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the last measurable concentration Ciast, 0f 8.06 ng/mL at hour 24. The compound exhibited a
moderate terminal half-life of 6.33 hours. Total systemic exposure (AUCinf) was 1921 hour *
ng/mL. Mean residence time (MRT) was approximately 5 hours. Complete PK data of each animal

and mean parameters are summarized in Table 4.

Table 4 In vivo pharmacokinetic parameters of 20 mg/kg of compound K691-0124

Animal #
1 2 3 Mean (N=3) SD | CV%
tiz (hr) | 6.06 6.16 6.76 6.33 0.38 6.01
tmax (hr) 0.5 0.5 0.5 0.5 0 0
Cmax (ng/mL) 596 775 671 681 89.9 13.2
Cmax/D (ng/mL) | 29.8 38.8 33.6 34 4.49 13.2
tiast (hr) 24 24 24 24 0 0
Cilast (ng/mL) | 9.14 7.17 7.87 8.06 1 12.4
AUCiast (hr*ng/mL) | 1991 1953 1602 1849 214 11.6
AUCinf (hr*ng/mL) | 2070 2016 1678 1921 212 11.1
AUCinf/D (hr*ng/mL) 104 101 83.9 96.1 10.6 11.1
MRTinf (hr) |  5.45 4.48 5.29 5.07 052 | 10.3

3.10 Compound K691-0124 suppresses the growth of ABC DLBCL in vivo.

In light of our in vitro observation that our two lead compounds selectively suppress
MALT1-dependent ABC DLBCL cells (Figure 19), we next examined the impact of compound
K691-01244 on lymphoma growth in vivo. To test the in vivo efficacy of compound K691-0124,
we used a mouse xenograft model of ABC DLBCL. To determine whether compound K691-0124

can suppress ABC DLBCL in vivo, we subcutaneously injected 10 million TMD8 cells suspended
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in 50% Matrigel into the right flank region of 8-week-old NOD-SCID male mice, as previously
reported (109, 110). Once tumors reached an average volume of 100 mms [calculated using the
formula: (smallest diameter2 x largest diameter)/2], mice were randomized to receive daily IP
injection of 50 mg/kg of the test compound or equivalent volume of vehicle DMSO (50 ul) for 12
days (Figure 24). Based on the results of preliminary PK study discussed previously, we deemed
that 50 mg/kg/day of the compound will provide sufficient daily drug exposure. One day after the
last IP injection, tumors were harvested for histologic analysis. The heart, lungs, liver, and kidneys

sections were stained with H&E to assess for any drug toxicity.
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Figure 24. Schematic diagram of in vivo testing of compounds in ABC DLBCL xenograft model.
TMDS8 cells resuspended in Matrigel were transplanted into the flank of NOD/SCID mice on day 0. Once tumors
reached an average volume of 100 mms within one week, mice were randomized into control (N = 8) and treatment

(N = 8) groups, and daily IP injection of compound K691-0124 was initiated for 12 days.

The size of the xenograft tumor as well as the weight of the mice were measured three
times a week during the two weeks of IP injection of compound or DMSO. The growth of the
ABC DLBCL tumors with K691-0124 treatment was significantly suppressed, compared to the

growth of tumors with DMSO treatment. Treatment with K691-0124 led to significantly reduced
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tumor weight and volume (Figure 25A, B). Mice treated with K691-0124 showed a small but
statistically significant reduction in body weight after 12 days of compound administration (Figure

25C). No abnormal clinical signs or indicators of sickness was observed during 12 days of

treatment.
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Figure 25. Compound K691-0124 suppresses ABC DLBCL tumor in vivo.

Treatment of mice with K691-0124 leads to significantly reduced tumor volume (A) and weight (B) in a xenograft
model of ABC DLBCL. NOD/SCID mice were inoculated with TMD8 cells (10 x 10s). Tumors were measured three
times weekly with calipers, and tumor weight was determined 24 hours after the 12t day of compound injection.
Resected tumors from DMSO control group (N = 8) and K691-0124 group (N = 8) are shown in (B). Two-way
ANOVA and Sidak’s multiple comparison tests were performed to show tumor growth difference between DMSO
control and K691-0124 groups. Unpaired t-test was performed for tumor weight and mouse body weight. (* p < 0.05,

*% 1) < 0.001, **** p < 0.0001).

H&E stained heart, lung, liver, and kidney tissues in mice treated with 50 mg/kg K691-
0124 daily for 12 days showed no histologic abnormality or signs of tissue damage. Testing of
compound K691-0122 in this TMD8 xenograft model, as well as testing the effects of both

compounds in an additional ABC DLBCL (OCI-Ly3) xenograft model, as well as in GCB DLBCL
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(OCI-LY1) xenograft model are planned. Moreover, testing for synergistic effect of our lead
compounds in combination with chemotherapeutics or with maintenance therapy with
immunomodulatory agents such as lenalidomide in a xenograft model will inform therapeutic

strategies for clinical trials.
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4.0 Discussion

4.1 Conclusions

In conclusion, we have identified small molecule compounds K691-0124 and K691-0122
that block the interaction between Bcl10 and MALT1 proteins within the CBM complex, thereby
inhibiting the activation of the effector protein MALT1 and effectively blocking both arms of
MALT1 function (Figure 24). This novel class of Bcl10-MALT1 PPI inhibitors demonstrates
profound inhibitory effects on 1) TCR-induced MALT1-dependent expression of IL-2, which
promotes proliferation and survival of activated T cells, 2) constitutive secretion of pathogenic
NF-kB target cytokines IL-6 and IL-10, which are negative prognostic factors in DLBCL, 3)
MALT1 protease-mediated cleavage of RelB and N4BP1, 4) MALT1 scaffold-mediated
phosphorylation of IKKao/p, and 5) proliferation of ABC DLBCL cells by inducing apoptosis
without affecting the growth of MALT1-independent GCB DLBCL cells, and lastly displays a
favorable PK profile in vivo.

Dysregulation of MALT1 function as a consequence of upstream driver mutations is an
underlying cause of a number of T- and B-cell malignancies, as aberrant activation of MALT1 acts
as a critical hub that directs inappropriate survival, proliferation, and anti-apoptotic signals toward
oncogenesis. Despite this knowledge of MALT1 as a pathogenic driver of ABC DLBCL and
increasing number of other hematologic malignancies mentioned previously, current standard
treatment regimens do not include agents to specifically target MALTL. Thus, there is a clear
unmet need for the development of MALT1-specific targeted therapies. Although there is no

commercial MALT1 inhibitor in market, a Phase I clinical trial of an experimental MALT1
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inhibitor, JNJ-67856633, recently launched (NCT03900598) (171), and there has been a growing

interest and effort in developing MALTL inhibitors by targeting its obvious protease activity.
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Figure 26. Schematic of sites of action in the CBM signaling pathway by Bcl10-MALT1 PPI inhibitors vs.
MALT1 protease inhibitors.

MALTL is the key effector protein in the CBM signaling pathway an exhibits two activities (scaffolding and protease)
that drive oncogenesis in lymphoma and dysregulated inflammation in certain autoimmune diseases. Existing
compounds that inhibit MALT1 protease activity are partially therapeutic in preclinical models, and cause incomplete
and unbalanced inhibition of MALT1 activity that results in undesirable immune dysfunction. By targeting the Bcl10-
MALT1 interaction that is necessary for MALT1 activation, our lead compounds, K691-0124 and K691-0122, block

both arms of MALT1 activity.

Compared to Mepazine, a MALT1 protease inhibitor that has been preclinically developed,

which is incompletely effective as it blocks only one of the two actions of MALTL1 (the protease
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activity of MALTL, but not the scaffolding activity), we show that our new class of Bcl10-MALT1
PPI-targeting compounds display higher potency and specificity by disrupting both functions of
MALTI.

Despite the potent cellular effects with 1C50s in downstream signaling that range from
0.013uM to 1uM, we have been intrigued by the fact that the effective dose of the compounds in
cells is significantly less than the measured in vitro IC50 concentration at which 50% inhibition of
Bcl10-MALTL interaction is observed. This phenomenon has been seen in another MALT1
protease inhibitor, MI-2, developed by Fontan et al (109). The growth inhibition GI50 for MI-2 in
multiple DLBCL cell lines were < 1uM, lower than its in vitro 1C50 of 5.84 uM obtained from in
vitro MALTL1 protease cleavage assay. They have speculated that this is likely explained by the
irreversible binding of MI-2 to MALT1, but also could be due to intracellular accumulation of the
compound, as they observe up to 30-fold increase in MI-2 intracellular concentration in
experiments where cells are exposed to certain initial doses of MI-2 and then cellular concentration
of the compound measured by LC-MS two hours later. It is certainly possible that our PPI
inhibitors behave similarly as an irreversible inhibitor. The terminal groups of K691-0124
containing the 1,3-dioxolane moiety and the terminal group of K691-0122 containing the anisole
group could potentially modify the groove within the MALT1 Igl-1g2 domain covalently. The
dioxolane ring of 1,3-benzodioxole group in K691-0124 may have to be deprotected by hydrolysis
first, whereas the methoxy group of anisole in K691-0122 can readily react. This may also explain
why K691-0124, despite showing higher cellular potency compared to K691-0122, has a much
higher in vitro IC50 in the ELISA-based assay. In a cell-free environment, the carbonyl protecting
group of K691-0124 may impede or delay prerequisite reactions that need to occur in order to

competitively bind MALTL1, decreasing its apparent availability. But in a cellular environment, the
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carbonyl protecting group may confer the advantage of intracellular stability until the compound
can cross the cell membrane and reach the target reactive site, increasing its apparent availability
compared to the unprotected methoxybenzene group of K691-0122. Alternative explanation for
the lower cellular effective dose may lie in the nature of the Bcll-MALT1 interaction. As
mentioned in the introduction, Bcl10 and MALT1 are thought to stabilize each other through the
interaction itself. Knocking out Bcl10 or MALT1 reduces MALTL or Bcll0 protein levels,
respectively (132) and deletions of MALT1 domains that contribute to binding Bcll or mutations
and deletions of Bcl10 residues that are critical to binding MALT1 impair the level of expression
(69, 73, 75). Given that the stability of Bcl10 and MALT1 proteins depend on its interaction, our
compounds may cause the degradation of both Bcl10 and MALTL in cells by blocking their
interaction, leading to higher cellular potency, compared to in vitro potency. The level of Bcl10
and MALT1 proteins in ABC DLBCL cells will be probed after treatment with our compounds to
test this hypothesis.

The iterative process of structure-activity relationship (SAR) study, in vitro and in vivo
efficacy analyses, and comprehensive pharmacological evaluations will be performed to continue
developing these two lead molecules into clinical-grade compounds toward effective treatment of

aggressive ABC DLBCL.
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4.2 Future Directions

4.2.1 Validate the ability of compounds to block endogenous Bcl10-MALT1 interactions in

situ.

We plan to further validate these two candidate compounds in a more physiologic context,
by testing their ability to disrupt endogenous Bcl10-MALT1 complexes within cells. To this end,
we will utilize proximity ligation assay (PLA), which precisely identifies protein-protein
interactions only when these interactions occur in extremely close proximity, at < 40 nm (165,
172, 173). We have performed preliminary PLA experiments that probe for endogenous control
protein-protein interactions, including CARMAL1-Bcl10 and Bcl10-MALT1 interactions, in ABC
DLBCL cells, and quantified PLA signals over number of cells (Figure 25, Appendix Figure 8).
Further optimization to increase the PLA signal of control Bcl10-MALT1 interaction by testing
primary antibody dilution, total reaction volume, and amplification duration is underway.
Ultimately, we plan to test the effect of our lead compounds on endogenous Bcl10-MALT1

interaction in ABC DLBCL cell lines in situ.
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CARMA1-Bcl10 PLA

Bcl10-MALT1 PLA

Bcl10 only PLA

Figure 27. Proximity ligation assay (PLA) development for endogenous Bcl10-MALT1 interaction in TMD8
cells.

Confocal images of PLA spots are visible in red, indicating positive interactions of CARMAZ1-Bcl10 and Bcl10-
MALTL1. A negative control with anti-MALT1 primary antibody omitted shows minimal PLA probe background

(Bcl10 only PLA).
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4.2.2 Experimental evaluation of direct MALT1 target engagement by compounds.

Importantly, we have to verify target engagement by both of our compounds. As our design
and development of these compounds were predicated on the in silico modeling of Bcl10-MALT1
interaction, we need to experimentally test the predicted model of how these compounds achieve
its in vitro effects. To this end, cellular thermal shift assay (CETSA) will be used. CETSA
evaluates drug-protein interaction in cell lysates, based on ligand-induced changes in protein
thermal stability. Equilibrium binding of ligands to protein usually increases protein thermal
stability (i.e. protein melting temperature) by an amount proportional to the concentration and
affinity of the ligand. However, binding of ligands have been observed to destabilize proteins in
multiple cases, seen by reduction of protein melting temperature. A ligand may bind to the native
(N) and/or unfolded (U) protein. If the ligand binds to the native form of the protein more strongly
than to the unfolded state, then the protein is stabilized by the ligand, shifting the protein melting
temperature up. If the ligand binds to the unfolded protein more strongly than to the native protein,
then the protein is destabilized by the ligand, shifting the protein melting temperature down. The
assay involves heating intact cells to different temperatures and quantifying the level of target
protein in the soluble fraction by western blotting. A protein melting curve generated from CETSA
quantifies the target engagement. A preliminary CETSA experiment of endogenous proteins in
HEK?293 cells with limited heating temperature range shown below in Figure 26 is inconclusive,

and needs to be repeated with a wider temperature range.
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Figure 28. CETSA in HEK293 cells to evaluate MALT1 engagement by compounds.

A complicating factor in evaluating MALT1 engagement by the compounds again lies in
the nature of the Bcl10-MALT1 interaction. Bcl10 and MALT1 are thought to stabilize each other
through the interaction itself, as disrupting the interaction or knocking down one partner leads to
degradation of its binding partner (132). With this consideration, we also plan to perform CETSA
in HepG2 Bcl10 KO cell line that the Lucas lab has made in order to assess compound binding of

MALT1 without the confounding factor of Bcl10 displacement leading to MALT1 destabilization.

4.2.3 Resolving the potentially context-dependent Bcl10-MALT1 binding mechanism to

reconcile the conflicting reports of the putative Bcl10-binding domain of MALT1.

It will be important to address the conflicting reports of whether DD and 1g1-1g2 domains
of MALT1 is necessary and sufficient to bind Bcl10. Although our SPR data along with co-
immunoprecipitation studies done by others (69, 74, 75) all indicate that 1g1-1g2 domains without
DD is sufficient to bind Bcl10, and that DD alone without the Ig domains cannot bind Bcl10, the
direct interface at which MALT1 binds Bcl10 has been reported to be the DD according to a cryo-

EM study (72). Schlauderer et al has also shown that a V81R mutation in the DD completely
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abrogates Bcl10 binding. Moreover, FRET analysis by Langel et al (69) strongly suggests that
MALT1 DD directly or indirectly contributes to stabilizing the Bcl10-MALTL1 interaction in vivo.
We also performed site-directed mutagenesis where several negatively charged residues within the
MALT1 Igl-1g2 domains were mutated to positively charged Lysine residues, and these MALT1
Ig mutants, along with MALT1 DD V81R mutant, were co-immunoprecipitated with Bcl10, as
shown in Figure 27. Although the co-IP needs to be repeated and confirmed, residues 220 and 224

in the 1g1-1g2 are shown to be critical for Bcl10 binding (Figure 27).

Myc-Bcl10

IP: HA

e ] ———— e e s B HA
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Figure 29. Point mutations within the MALT1 Igl-1g2 domains and DD disrupt Bcl10 binding.

Negatively charged residues within the MALT1 Ig1-1g2 domain were mutated to a positively charged lysine residue.
MALT1 DD point mutant VV81R that has been previously described to completely abolish Bcl10 binding was included
as a control. Mutation of MALT1 residues D220 and E224 in the Ig1-1g2 domain led to reduced Bcl10 binding in co-

immunoprecipitation analysis.

Taken together, it is reasonable to conclude that both the DD and the Ig domains of MALT1

contribute significantly to Bcl10 binding. While DD is reported to be the physical interface of
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interaction with Bcl10, there is strong evidence that the g domains are necessary to facilitate and
stabilize the specific conformation of the Bcl10 CARD and MALTL1 DD that is required for
interaction. We plan to perform alanine scanning mutagenesis in the MALT1 Ig1-1g2 domains on
a larger scale to elucidate which residues specifically contribute to Bcl10 binding.

However, it will still be necessary to reconcile how the Ig domain by itself seems to be able
to bind Bcl10 while lacking the reported physical interface. We hypothesize that the endogenous
constitutive Bcl10-MALT1 interaction at the resting, unstimulated state prior to receptor ligation
and incorporation into oligomeric filament is different from the induced Bcl10 oligomer-MALT1
oligomer interactions within the filamentous structure, as illustrated in Figure 28. Since the level
of local protein concentration has a strong influence on filament assembly, previous studies where
Bcl10 and MALT1 proteins were overexpressed only capture protein-protein interactions in the
context of an oligomerized higher-order structure. In contrast, endogenous MALT1 has been
shown to constitutively associate with endogenous Bcl10 in cells without stimulation (74).
Previous studies have also shown that endogenous Bcl10 displays a diffuse cytosolic distribution,
whereas overexpression of Bcl10 induces filament formation demonstrated by fluorescence
microscopy (65, 66). Moreover, when only MALTL1 with two different tags were expressed
without Bcl10 overexpression, MALT1 did not show association with each other in co-
immunoprecipitation analysis (73). Thus, in an unstimulated cellular environment with
endogenous or near-endogenous protein concentration, Bcl10-MALT1 interaction appears to be
between monomeric units. Thus, to study the potentially distinct mechanism of resting Bcl10-
MALT1 dimeric interaction, we have made Bcl10 oligomerization mutants, R42E and E53R (70,
72) in order to recapitulate an endogenous environment where oligomerization cannot be induced.

While these mutations in Bcl10 CARD abrogate Bcl10-Bcl10 oligomerization, Bcl10-MALT1
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interaction has been shown to be retained (70, 72). We also have in our toolkit CARMAL1-deficient
Jurkat T cells, JPM50.6 (50), in which Bcl10 and MALT1 theoretically cannot form filaments.
Using these systems that are free of Bcl10 oligomerization, we plan to first examine whether
MALT1 DD or MALT1 Igl-1g2 is able to bind monomeric Bcl10 by co-IP. Schlauderer et al has
also shown that MALT1 DD mutant VV81R is unable to bind Bcl10 in MALT1 KO Jurkat cells in
both resting and PMA/ionomycin stimulated states. Thus, even in the context of resting Bcl10-
MALT1 interaction, DD seems to be indispensable for binding Bcl10. We will also perform co-1P
to test the ability of MALT1 Igl-1g2 mutants to bind monomeric Bcl10. Ultimately, solving the
crystal structure of dimeric Bcl10-MALT1 complex at resting state will be crucial to definitively

address this hypothesis.
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Figure 30. Hypothesized model of adaptable Bcl10-MALT1 interaction mechanisms in the process of

oligomerization and filament formation.

4.2.4 In vitro assessment of toxicity and ADME properties of lead compounds

In vitro pharmacological profiling in early drug discovery process is critical for identifying
undesirable off-target activity profiles and reduce safety-related drug attrition. Approximately 75%

of all adverse drug reactions are reported to be dose-dependent, and can be predicted from the
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pharmacologic profile of the candidate compound (174, 175). The pharmacologic profile of a
candidate compound includes primary and secondary effects. Primary effects represent the potency
of the compound as it relates to its action at its intended target, and secondary effects represent
off-target interactions leading to undesirable side effects (176). Thus, evaluation of secondary
pharmacologic profiles of our candidates is crucial to reduce the risk of adverse drug reactions.
To this end, a commercial panel of 47 targets that are distinct from our intended therapeutic target
will be tested to identify any potential undesirable off-target activities by our compounds. The
panel will test a broad range of targets, including GPCRs, kinases, non-kinase enzymes,
neurotransmitter transporters, ion channels, and nuclear receptors. Moreover, a commercial
ADME panel will be used to determine compound solubility, permeability, protein binding,
intrinsic clearance, and lipophilicity for comprehensive assessment of the pharmacokinetic
properties of our lead compounds. As the absorption of oral drugs require movement of the
compound across the intestinal epithelial barrier, intestinal permeability is critical for determining
in vivo absorption and evaluating the bioavailability of a compound. The Caco-2 human colon
adeno-carcinoma cell line that resembles the epithelial lining of the human small intestine will be
used to test drug transport and permeability. The extent of a compound’s reversible and saturable
binding to plasma or serum proteins determines drug distribution and elimination. Thus, the in
vitro plasma/serum protein binding will be used to predict in vivo hepatic clearance. Metabolic
stability, which determines how rapidly a compound is metabolized in the liver, and thus predicts
oral bioavailability, will be evaluated in a human liver microsome model. Compound solubility
will be simulated in gastric fluid and intestinal fluid.

Evaluating the off-target profile and pharmacokinetic properties of lead compounds early

in development through these predictive assays will allow us to make informed decisions on
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improving compound safety and pharmacokinetic properties, as we continue to progress our lead

compounds further into development.

4.3 The role of MALTL inhibitors in refining rational treatment strategies for ABC

DLBCL in the era of precision oncology

In this era of precision medicine where targetable driver mutations and pathway addictions
are pinpointed through molecular profiling in clinical practice, challenges still remain in translating
these discoveries into clinical grade drugs. The main source of clinical trial failures of
investigational drugs has been and remains an inability to demonstrate efficacy or safety (177).
Advancing effective and safe drugs through clinical trials remain difficult, as the specificity and
selectivity of one novel compound often does not withstand the complexity of tumor biology,
where multiple redundancies and crosstalk between pathways can lead to rapidly acquired
resistance.

As reviewed in detail in section 1.4, many promising drug candidates for ABC DLBCL
have failed to progress in clinical trials mainly due to suboptimal tolerability or failure to meet the
primary endpoint of a statistically significant improvement in progression-free survival (PFS) in
patients with ABC DLBCL. Thus, to improve the odds of success through clinical trials, rigorous
vetting of the drug-like properties (e.g. solubility, permeability, metabolic stability, transporter
effects) of early-stage compounds in preclinical models is critical in evaluating and refining
ADME and toxicity profiles of the compounds.

Considering clinical trials, we would select patients expected to benefit from MALT1

blockade by screening patient tumors for CARMAL or CD79A/B driver mutations. Our MALT1
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inhibitors would not be expected to be efficacious in ABC DLBCL tumors with mutations
downstream of MALTL, including A20 homozygous deletion and TAK1 mutation. Thus, targeted
sequencing of recurrently mutated alleles in patients will be central for the rational deployment of
MALT1 therapeutics. We envision pairing a molecular diagnostic “companion” test with the
therapeutic application of our MALT1 inhibitor, in combination with the current front-line
treatment of R-CHOP or an immunomodulatory agent.

Given the complex heterogeneity in the mutational landscape within ABC DLBCL, asingle
agent targeting a single driver mutation or activated pathway is unlikely to have a durable effect.
A rational combination of targeted therapies against cooperating mutations as well as
immunomodulatory agents will likely be necessary to overcome drug resistance mechanisms and
exert durable effects. Thus, testing our lead compounds in combination with an
immunomodulatory drug, lenalidomide, as well as with R-CHOP in in vivo models is part of our
future directions. Moreover, there is evidence that targeting both MALT1 and MY D88 to terminate
the cooperating BCR and TLR signaling pathways in ABC DLBCL cell lines is more toxic that
targeting either one alone (27, 99). Recurrent MYD88 mutation occurs in about 30% of ABC
DLBCL, often overlapping with MALT1-dependent mutations. Thus, a combination of these
agents that target cooperating BCR-NF-kB and TLR-NF-kB signaling axes may exert synergistic

and more effective anti-cancer effects, compared to either one by itself.
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4.4 The broad therapeutic potential of Bcl10-MALT1 interaction inhibitor beyond ABC

DLBCL

As previously discussed in detail, we have learned that MALT1 protease activity is
essential for the normal immunosuppressive function of Tregs from studying MALT1 protease-
dead mice that develop multiorgan inflammation and destructive autoimmunity. When only the
protease arm of MALTL is defective and Treg development is blunted, the preserved MALT1
scaffold mediates T cell activation and generation of effector T cells without the counterbalancing
suppression by the Tregs, leading to autoimmunity. However, mice treated with chemical MALT1
protease inhibitors do not exhibit severe autoimmune side effects, at least in the short-term. This
discrepancy in side effects compared to the MALT1 PD genetic model is consistent with the
observation that T cells have different signaling requirements during development and at naive
and effector stages. Long-term MALTL1 protease inhibitor treatment study will be necessary to
monitor potential spontaneous autoimmune phenotype as in the MALT1 PD genetic model.
Additionally, complete MALT1 KO mice where both the protease and scaffold functions of
MALTL are lost, both Treg development as well as T cell activation and differentiation into Teff
are impaired, leading to immune suppression.

Multiple studies have demonstrated that pharmacologic inhibition of MALT1 holds great
promise for the treatment of autoimmune disorders. A MALT1 protease inhibitor, mepazine has
been shown to attenuate the severity of multiple sclerosis in EAE mouse model (54); mepazine
and another protease inhibitor, MI-2, have both been shown to prevent the development of
experimental colitis (178); and another MALT1 protease inhibitor, MLT-827, developed by
Novartis (166), has been shown to reduce psoriatic skin disease in mice with CARD14-induced
psoriasis (179).
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We believe that our Bcl10-MALTL1 PPI inhibitors that block both the scaffolding and
protease activities of MALTL in its entirety to suppress both effector T cells and regulatory T cells
are particularly well-suited to treat Thl7-mediated autoimmune diseases, such as multiple
sclerosis, psoriasis, ulcerative colitis, and rheumatoid arthritis, where complete suppression of
autoinflammatory immune response is desired. To this end, we have also proposed to test our

compounds in an EAE mouse model of multiple sclerosis (Figure 30).

o 7‘@ o of 5-50 ma/ke
\P \n;ect\o unds Jaily
—_—
: i D
C57BL/6 MS0o solvent
mouse
|
Day 01 Day 1&2: Day 7. Daily IP injection and Day 24:
MOG peptide  Pertussis toxin Start clinical scoring Sacrifice

injection  (PTX) injection treatment

Figure 31. Schematic diagram of in vivo testing of compounds in EAE mouse model of multiple sclerosis.

Moreover, a recent study by DiPilato et al (180) reported that the deletion of CARMAL in
Tregs leads to production of IFN-y in the tumor microenvironment, generating potent local anti-
tumor activity. Treatment with MALTL1 protease inhibitors, Mepazine and MI-2, in a melanoma
model induced an inflammatory phenotype in Tregs with increased IFN-y and TNF, and elevated
expression of MHC-1 and PD-L1 on tumor cells. Thus, small molecule inhibitors of MALT1 holds
great promise as a part of solid tumor therapeutic, by inducing an inflammatory phenotype in Tregs

to prime the tumor microenvironment for immune checkpoint therapy.
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The complex interplay between the immunogenic and tolerogenic functions of MALT1 has
great implications for the use of MALTL inhibitors as a therapeutic for different pathologies.
Investigating the exact mechanisms of protective and pathologic immune responses by MALT1
inhibition in immunocompetent mouse models will be critical. Targeting different components of
MALT1 function will be an important consideration for therapeutic strategies in the contexts of
autoimmune disorders, immunodeficiency diseases, solid tumors, and cancers of the immune
system. The challenge will lie in striking the right balance in sufficiently tampering overactive

CBM signaling while minimizing compromises to host defense mechanisms.
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Appendix A Supplemental Figures
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Appendix Figure 1. Expression of purified recombinant MALT1 domain constructs used for surface plasmon

resonance.
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Appendix Figure 2. Effects of additional compounds derived from two screening hits (K691-0124 and C260-

1255) on Bcl10-MALT1 interaction in vitro.
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Appendix Figure 3. Structures of analogue compounds derived from two screening hits, K691-0124 and C260-

1255.
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Appendix Figure 4. Repeat Western blot analyses of cleavage of RelB by MALT1 in Jurkat T cells.
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Appendix Figure 5. Repeat Western blot analyses of cleavage of NABP1 by MALT1 in Jurkat T cells stimulated

with CD3/CD28.
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Appendix Figure 6. Repeat Western blot analyses of the effect of compound K691-0124 on the phosphorylation

of IKK and ERK relative to total IKK and ERK in Jurkat T cells stimulated with CD3/CD28.
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Appendix Figure 7. Repeat Western blot analyses of the effect of compound K691-0122 on the phosphorylation

of IKK and ERK relative to total IKK and ERK in Jurkat T cells stimulated with CD3/CD28.
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Appendix Figure 8. Quantification of PLA signals for CARMAL-Bcl10 and Bcl10-MALT1 interactions in

TMD8 cells using CellProfiler.
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