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The ability to inhibit mitochondrial apoptosis is a hallmark of B-cell non-Hodgkin lymphomas (B-NHL). Activation of
mitochondrial apoptosis is tightly controlled by members of B-cell leukemia/lymphoma-2 (BCL-2) family proteins via
protein-protein interactions. Altering the balance between anti-apoptotic and pro-apoptotic BCL-2 proteins leads to
apoptosis evasion and extended survival of malignant cells. The pro-survival BCL-2 proteins: B-cell leukemia/lymphoma-2
(BCL-2/BCL2), myeloid cell leukemia-1 (MCL-1/MCL1) and B-cell ymphoma-extra large (BCL-XL/BCL2L1) are frequently
(over)expressed in B-NHL, which plays a crucial role in lymphoma pathogenesis, disease progression, and drug
resistance.
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| 1. Introduction

Apoptosis is an active form of programmed cell death, in which a controlled sequence of events leads to the elimination of
aged, damaged and unnecessary cells . The ability to block apoptosis is a hallmark of many cancers, including
hematologic malignancies. Several other types of cell death have been described so far such as necrosis, necroptosis,
pyroptosis, ferroptosis, oncosis or autophagy that differ from each other in the triggering process mediating cell death, the
involved pathways and/or the impact on the surrounding microenvironment [&. There are two main apoptotic pathways,
the extrinsic or death receptor pathway and the intrinsic or mitochondrial pathway. The extrinsic pathway is triggered by
ligation of cell surface death receptors of the tumor necrosis factor (TNF) superfamily, such as TNF receptor 1 or FAS,
with specific death ligands Bl. On the contrary, the intrinsic or mitochondrial pathway is triggered by various cellular
stresses such as hypoxia, oxidative stress or DNA damage (Eigure 1).
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Figure 1. The perforin-granzyme, intrinsic (mitochondrial) and extrinsic apoptotic pathway. The extrinsic pathway is
triggered via ligation of cell surface death receptors from the tumor necrosis factor (TNF) receptor family with death
ligands (e.g., FAS ligand or TNFa) on the outside of the cell membrane. Subsequently, a multiprotein complex: death-
inducing signaling complex (DISC) is created on the cytosolic side of the cell membrane resulting in activation of pro-
caspase 8. The initiator caspase 8 subsequently activates the effector caspases (caspase-3 and 7), that cleave cellular
proteins and promotes the apoptotic machinery. The perforin-granzyme and intrinsic apoptotic pathways are described in
the text.

The two main apoptotic pathways meet at the same execution step resulting in the activation of effector enzymes,
cysteine-dependent aspartate-directed proteases, called caspases (Figure 1). Activated caspases possess proteolytic




activity and can cleave proteins at aspartic acid residues and target cytoskeletal or nuclear proteins resulting in highly
controlled cell disintegration. Another apoptotic pathway has been described, which is mediated by cytotoxic T cells and
natural killer (NK) cells (Eigure 1). These immune cells can effectively kill infected or transformed cells via the perforin-
granzyme apoptotic pathway. Target cells are first exposed to perforin, the protein capable of creating pores in the plasma
membrane. Subsequently, secretory granules containing granzyme A and B are released by the immune cells, entering
the target cells through the pores. It has also been shown, that perforin and granzymes enter the target cell via receptor-
mediated endocytosis (Figure 1) ¥l Granzyme A and B are serine proteases that can cleave proteins at aspartate

residues, thus capable of activating caspases and triggering apoptosis 2. Granzyme B also triggers caspase activation
indirectly by activation of pro-apoptotic BH3-only proteins, such as BH3-interacting domain death agonist (BID) which
results in the activation of the mitochondrial apoptotic pathway (in detail described below) €. In addition, granzyme A can
also cleave nuclear proteins and induce single-strand DNA breaks (Figure 1) [,

Apoptosis is accompanied by characteristic morphological changes of the dying cells. These morphological features are
visible via light microscopy and typically include cell shrinkage and nuclear pyknosis caused by chromatin condensation.
Another characteristic feature of apoptosis is plasma membrane blebbing with subsequent formation of apoptotic bodies
consisting of cytoplasm, intact organelles and nuclear fragments . The apoptotic bodies are cleared via phagocytes
without releasing pro-inflammatory cell contents into the surrounding area.

| 2. Mitochondrial Apoptotic Pathway

In this review, we focus on the mitochondrial apoptotic pathway, which plays a critical role in pathogenesis and drug
resistance of distinct hematologic malignancies and has been extensively studied and targeted therapeutically. The
activation of the mitochondrial pathway leads to increased mitochondrial outer membrane permeability (MOMP), loss of
mitochondrial transmembrane potential and oxidative phosphorylation and release of multiple pro-apoptotic molecules
such as second mitochondrial-derived activator of caspases/direct inhibitor of apoptosis binding protein with low pl
(Smac/DIABLO), the serine protease HtrA2/Omi and cytochrome c. Smac/DIABLO, as well as HtrA2/Omi, promote
apoptosis via interaction with inhibitor of apoptosis proteins (IAPs) B9 |APs can interact with caspases, inhibit their
function and protect cells from apoptosis L. Cytochrome c is normally sequestered within the mitochondrial
intermembrane space playing an essential role as an electron carrier in the respiratory chain. Once released from
mitochondria, cytochrome c associates with apoptotic protease-activating factor 1 (APAF-1), deoxyadenosine triphosphate
and procaspase 9, assembling a multiprotein complex called apoptosome. In the apoptosome the initiator procaspase 9 is
processed and activated into caspase 9, harboring the proteolytic activity to cleave the effector procaspase 3. Activated
caspase 3 subsequently cleaves cellular proteins and promotes the apoptotic machinery (Figure 1) (12,

The permeability of the outer mitochondrial membrane is tightly controlled by members of BCL-2 family proteins via
protein-protein interactions. The BCL-2 family of proteins consists of more than 20 different members classified based on
the protein structure and key functions into three main subgroups, the anti-apoptotic proteins, the pro-apoptotic multi-
domain effector proteins, and pro-apoptotic BCL-2 homology (BH)3 domain-only proteins 12l Altering the balance
between anti-apoptotic and pro-apoptotic BCL-2 proteins can lead to disruption of the apoptotic process and the aberrant
survival of cancer cells 14!, The pro-survival BCL-2 proteins comprise B-cell leukemia/lymphoma-2 (BCL-2), myeloid cell
leukemia-1 (MCL-1), B-cell lymphoma-extra large (BCL-XL; BCL2L1), B-cell lymphoma-w (BCL-W/BCL2L2), BCL2-like
protein 10 (BCL-B/BCL2L10) and BCL-2 related gene Al (A1/BCL2A1; also known as BFL-1). The pro-survival BCL-2
proteins sequester the pro-apoptotic BCL-2 proteins thereby mediating their anti-apoptotic activity. The anti-apoptotic
BCL-2 proteins share a common structure with a transmembrane domain, which is necessary for anchoring to cellular
membranes, and four conserved motifs called BH domains (BH1, BH2, BH3, BH4). BH1, BH2, and BH3 domains create a
hydrophobic pocket, which is critical for interaction with pro-apoptotic BCL-2 proteins. Interestingly, some proteins of this
group have isoforms translated from the same gene that possess pro-apoptotic activity. For example, there are three
known isoforms of MCL-1 including full-length MCL-1 (MCL-1L), MCL-1 short (MCL-1S) and MCL-1 extra short (MCL-
1ES) generated by alternative splicing of the same gene. In contrast to the anti-apoptotic protein MCL-1L, both MCL-1S
and MCL-1ES have different protein structures and display pro-apoptotic activities 12,

Based on their protein structure and key functions, the pro-apoptotic proteins of the BCL-2 family can be divided into
following groups: (1) multi-domain effector proteins including BCL-2—associated X protein (BAX), BCL-2 antagonist/killer 1
(BAK1) and BCL-2 homologous antagonist killer (BOK), and (2) BH3 domain-only proteins that comprise BCL-2-
interacting mediator of cell death (BIM/BCL2L11), BID, NOXA/PMAIP1, BCL-2 antagonist of cell death (BAD), p53
upregulated modulator of apoptosis (PUMA/BBC3) and harakiri (HRK).



The multi-domain effector proteins BAX, BAK1, and BOK contain a transmembrane domain and three BH3 domains (BH1,
BH2, BH3). Activated proteins BAX and BAK form homodimers and heterodimers and create pore-like structures in the
outer mitochondrial membrane resulting in its increased permeability for intermembrane space molecules 18], The precise
function of the third member of this family, BOK remains elusive 4. The so-called BH3 domain-only pro-apoptotic
proteins contain only one BH3 domain and some of them also one transmembrane domain. Two models of apoptosis
induction have been proposed. In the direct activation model, the BH3 domain-only proteins act either as direct activators
of apoptosis (BIM, BID, and perhaps PUMA), possessing the ability to activate the effectors BAX and BAK1, or as
sensitizers (NOXA, BAD, HRK). Because the sensitizers cannot directly interact with BAX or BAK1, their pro-apoptotic
effect is mediated through binding to anti-apoptotic BCL-2 proteins and subsequent release of BH3 domain-only
activators. In the second, indirect model of apoptosis, permanently active forms of BAX and BAK1 are bound to the anti-
apoptotic BCL-2 proteins. Increased expression of pro-apoptotic proteins leads to the displacement of these active forms
of pro-apoptotic effector proteins, which triggers the mitochondrial apoptosis. Selective binding and different affinities
between anti-apoptotic and BH3 domain-only proteins have been shown. While BH3 domain-only activators bind to all
anti-apoptotic proteins, BH3 domain-only sensitizers display selective interactions with anti-apoptotic proteins (NOXA-
MCL-1, HRK-BCL-XL) caused by differences in the amino acid sequence of the BH3 domain & (Figure 2). Importantly, it
has been repeatedly demonstrated that cancer cells, whose anti-apoptotic BCL-2 proteins are occupied by BH3 domain-
only activators are so-called “primed for death” 18], Such cells can undergo rapid apoptosis, when exposed to BH3
domain-only sensitizers or BH3 mimetics, a class of anti-tumor molecules that displace BH3 domain-only activators to
activate BAX/BAK1 and trigger apoptosis 19,
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Figure 2. Binding profile of pro-apoptotic BH3 domain-only proteins and multi-domain effector proteins to pro-survival
proteins. BH3 domain-only proteins are depicted in orange (direct activators) and pink (sensitizers).

| 3. B-Cell Non-Hodgkin Lymphomas: Pathogenesis and Classification

B-cell non-Hodgkin lymphomas (B-NHLS) represent a heterogeneous group of hematologic malignancies, each arising
from different non-malignant lymphoid counterparts (Figure 3) 29, B cells develop from hematopoietic stem cells in the
bone marrow compartment, the primary lymphoid organ and upon their release into peripheral blood, B cells mature in
secondary lymphoid tissues including lymph nodes, spleen or tonsils. B cell development comprises different stages,
during which lymphocytes undergo critical processes necessary for their proper development, including generation and
expression of a functional surface B-cell receptor (BCR). One of the first events to occur is VDJ recombination, the
process in which double-strand DNA breaks are randomly introduced by recombinase activating gene RAG1 and RAG2
into gene segments encoding variable (V), diversity (D) and joining (J) regions of the BCR with following DNA repair by
non-homologous end joining 4. This process ensures high variability of BCRs on the surface of B-cells capable to face
multiple antigens during the immune response 22, Once the surface BCR is expressed, B cells leave the bone marrow,



becoming mature naive B cells ready to be exposed to various antigens. Another two events modifying the coding
sequence of BCR occur in secondary lymphoid tissues: somatic hypermutation (SHM) and class switch recombination
(CSR). Both events are mediated by activation-induced cytidine deaminase (AID) 23!, In the case of SHM, AID introduces
random mutations into the coding sequence of the variable region of the BCR, which results in a changed affinity for the
immunizing antigens. While a randomly increased affinity to antigen would foster the pro-survival signaling from BCR and
increase the mitotic activity of the lymphocyte, a decreased affinity would lead to triggering apoptosis and demise of the
lymphocyte clone. CSR that enables the switching of the heavy chain class of Ig molecule (e.g., from IgM to 1gG) is
implemented by DNA recombination. Unfortunately, VDJ recombination, SHM, and CSR are prone to mistakes that can
introduce genetic alterations of the developing lymphocytes and contribute to their malignant transformation (Eigure 3) 29,
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Figure 3. Pathogenesis of B-cell non-Hodgkin lymphomas. Simplified scheme of B cell development showing distinct
types of B-NHLs arising from different non-malignant lymphoid counterparts. Reprinted with permission. © (2020)
American Society of Clinical Oncology. All rights reserved. Nogai, H. et al.: J. Clin. Oncol. 29, 2011: 1803-1811 29,

The recent World Health Organization (WHO) classification of lymphoid malignancies identifies approximately fifty mature
lymphoproliferative disorders of B-cell origin with distinct clinical, pathological and genetic features 24, Lymphomas can
be divided into aggressive (high-mitotic activity) and indolent (low-mitotic activity) subtypes, which reflects the clinical
behavior of these entities. Aggressive lymphomas require immediate treatment, while indolent lymphomas can be subject
to watchful waiting in a large proportion of patients. Diffuse large B-cell ymphoma (DLBCL) represents the most common
lymphoma subtype and accounts for 30%—40% cases in adults 22, DLBCL is an aggressive lymphoma subtype requiring
treatment upon diagnosis. Two, histologically indistinguishable DLBCL subtypes have been identified by gene expression
profiling, each arising from a different cell of origin (COO) 28, Germinal center B-cell-like (GCB) and activated B-cell-like
COO DLBCL subtypes are each driven by distinct oncogenic pathways, display different clinical behavior and have
different clinical outcomes, with ABC DLBCL having significantly worse outcome compared to GCB DLBCL [2728],
Follicular lymphoma (FL) is the second most prevalent subtype of malignant lymphomas and accounts for approximately
20% of all lymphoma cases in adults 25, |t is typically an indolent disease with long term survival. Other frequently
diagnosed aggressive B-NHL include mantle cell lymphoma (MCL) and Burkitt lymphoma (BL), while other prevalent
indolent lymphomas comprise marginal zone lymphoma (MZL) and small lymphocytic lymphoma (SLL). On a molecular
level, SLL refers to the same disease as chronic lymphocytic leukemia (CLL) with specific differences in the clinical
picture. CLL is the most common leukemia of the adult in the Western hemisphere but is a rare disease in the Far East.
CLL typically presents with hyperlymphocytosis, while the dominant finding in the clinical picture of patients with SLL is
lymph node involvement.

| 4. Deregulation of BCL-2 Proteins in B-Cell Non-Hodgkin Lymphomas

Deregulation of mitochondrial apoptosis is a hallmark of lymphomas. Indeed, BCL-2 was originally discovered because of
its involvement in translocation t(14;18) in follicular lymphoma 22, Later on, it was discovered that the aberrant expression
of BCL-2 protein contributes to the pathogenesis of many types of human malignancies, including leukemias, lymphomas,
and cancers. Within B-NHL BCL-2 overexpression commonly arises from genetic abnormalities. Importantly, the
frequency of these alterations, as well as the extent of BCL2 mRNA and protein expressions, are substantially different in
distinct lymphoma subtypes (Table 1).

Table 1. Mechanisms of B-cell leukemia/lymphoma-2 (BCL-2) overexpression in B-cell non-Hodgkin lymphomas (B-NHL).



B-NHL

BCL-2 Positivity * Mechanism of BCL-2 Overexpression
Subtype
BCL2 translocation in GCB DLBCL (30% of cases)
[33]
%— [30][31][32]
DLBCL 49%-67% BCL2 amplification in ABC DLBCL (20% of cases)
[34]
FL > 909 [351[361(37] BCL2 translocation (90% of cases) [351[36]
. 13q14.3 loss (55% of cases) [22
. [38]
McL BCL-2 positive 18q21 gains (20% of cases) [271[39]
BL BCL-2 negative, weak expression in up to 20% [20] NA
BCL-2 positive (high expression in majority of th 13q14.3 loss (68% cases) 12
CLL/SLL 2 positive (hig CZSES‘)&?LO ajority ot the BCL2 gene hypomethylation [43]
BCL2 translocation (rare, < 5%) 41
MzL >80% [44] unknown

Chromosomal translocation £(14;18)(q32;921), juxtaposing BCL2 gene (18q) under the control of the immunoglobulin
heavy chain gene promoter (14q), leads to constitutive expression of BCL-2, inhibition of apoptosis and extended cell
survival 481, Translocation t(14;18)(q32;q21) is a genetic hallmark of follicular lymphoma (FL) and is detected in
approximately 90% of all FL cases. The remainder 10% FL cases lack BCL2 gene translocation and display distinct
molecular features with activated B cell-like, NFKB and proliferation expression profiles and frequent lack of BCL-2 protein
expression. Interestingly, no differences in overall survival have been shown between translocation-positive and negative
FL cases 25, Genetic alterations (chromosomal translocations, gene amplification, and single nucleotide variants) of
BCL2 genes are frequent abnormalities in DLBCL, however, the frequency of distinct alterations, as well as prevalence of
BCL-2 positivity differ between the two major COO subtypes. The translocations t(14;18)(q32;q21), detected in more than
30% GCB DLBCL have been associated with high BCL-2 protein expression and poor outcome B3l Interestingly, this
chromosomal aberration is not detected in ABC DLBCL [23l48]  ampilifications of 18g21 locus resulting in BCL-2
overexpression are in contrary significantly more prevalent in ABC DLBCL and are detected in approximately 20% of ABC
DLBCL cases 24, BCL2 SNVs can be found in approximately 8% of all DLBCL cases and are more frequently detected in
the GCB than in the ABC DLBCL subtype 8l BCL2 SNVs usually co-occur with BCL2 translocation, possibly as a
consequence of ongoing aberrant somatic hypermutation 44, SNVs tend to be located in the flexible loop domain of BCL2
gene, while mutations in BH domains that could impact interaction with BH3 mimetics are rare 7. Some studies showed
that BCL2 SNVs were associated with shorter progression-free survival while other studies did not 47 |n mantle cell
lymphoma (MCL), BCL-2 protein is overexpressed in virtually all cases. Similarly to ABC DLBCL, BCL2 amplification is
frequently found in MCL, while the translocations are rare 2. Another cytogenetic abnormality contributing to high BCL-2
protein expression in MCL is loss of 13q14 locus by deletion 8. The cluster at 13q14.3 contains genes for two
microRNAs, miR-15a and miR-16-1, both of which negatively regulate BCL2 at the posttranscriptional level. The loss of
this chromosomal region thus results in high BCL-2 expression 4. Similarly, high BCL-2 protein expression can be
documented in virtually all patients with CLL and deletion of 13g14 is common in CLL M3IB3IBI Another mechanism
contributing to high BCL-2 expression in CLL is hypomethylation of BCL2 gene 3. In contrast to the above mentioned B-
NHLs, the level of BCL-2 expression in Burkitt lymphoma is low or undetectable, which has been used as a part of the
diagnostic algorithm of this lymphoma subtype 49,

Although the role of other anti-apoptotic proteins in the pathogenesis of B-NHL is less clear, it is probable that various B-
NHL subtypes rely on more than one anti-apoptotic protein 2. The potential role of MCL-1 in lymphoma pathogenesis
was demonstrated in transgenic mouse models in which MCL-1 transgenic mice developed B-cell lymphomas at high
frequency B3, Limited data show that MCL-1 protein is highly expressed in aggressive B-NHL, including DLBCL (84%
cases), BL (89% cases) and in grade 3 FL (100%). Other B-NHL subtypes (MCL, MZL, SLL) display lower and less
frequent MCL-1 positivity 54551 Molecular mechanisms leading to aberrant MCL-1 expression have been studied in
DLBCL. It has been shown that high MCL-1 expression is more frequent in the ABC subtype. MCL1 locus (1g21)
gain/amplification and constitutive activation of the STAT3 pathway were identified as key drivers of aberrant MCL-1
expression in this lymphoma subtype 281,

Although BCL-XL appears to be frequently expressed, its overexpression responsible for resistance to specific BCL-2
inhibitors has been observed in response to pro-survival signaling from the lymph node microenvironment rather than
genetic alterations. Moreover, BCL-XL is critical for the proper development of platelets, and targeted inhibition of BCL-XL
has been associated with thrombocytopenia (see Section 5.). Another anti-apoptotic protein, BCL-W has been shown to



be overexpressed in the majority of aggressive and indolent lymphoma, including DLBCL (equally in both COO subtypes),
BL, MCL, FL, and MZL, making it a potential therapeutic target in B-NHL (52,

Although overexpression of pro-survival BCL-2 proteins as a consequence of genetic alterations is a frequent event in B-
NHL, the delicate balance between anti-apoptotic and pro-apoptotic BCL-2 proteins might be disrupted by lack of pro-
apoptotic BCL-2 proteins, leading to apoptosis evasion and survival advantage. The key role of pro-apoptotic protein BIM
in the pathogenesis of MCL has been proposed in a transgenic mouse model, when cyclin D1-transgenic mice harboring
BIM-deficient B cells developed lymphomas with histopathologic and molecular features of human MCL B4, Although
approximately one-third of currently available MCL cell lines harbor mono- or biallelic BIM/BCL2L11 deletion, we have
shown that this alteration is rarely found in patients with newly diagnosed MCL 28!, Even though a complete lack of BIM
protein expression as a result of gene deletion is probably rare, the level of BIM protein expression was shown to
negatively correlate with prognosis in MCL 22,

Besides frequent alterations of genes encoding BCL-2 proteins, lymphomas may evade apoptosis through activated
signhaling pathways, resulting in transcriptional deregulation of BCL-2 proteins. Deregulation of the phosphate and tensin
homolog (PTEN)-phosphatidylinositol 3-kinase (PI3K) pathway plays an important role in the pathogenesis of GCB
DLBCL. Loss of PTEN, either by gene deletion or amplification of miR-17-92, which suppresses PTEN, can be found in
approximately 55% GCB DLBCL 9 | oss of PTEN leads to activation of PI3K-AKT pathway and upregulation of
downstream targets, including e.g., transcription factor MYC, thus promoting growth, survival, and proliferation 9. |t has
been shown that Akt-mediated phosphorylation inhibits the pro-apoptotic protein BAD. Akt phosphorylates BAD at serine
112 resulting in its dissociation from BCL-2 to form a complex with the 14-3-3 adaptor protein, which is associated with
cell survival [81. On the contrary, constitutive activation of NFkB pathway is a hallmark of ABC DLBCL and several studies
have shown the dependence of ABC DLBCL on NFkB signaling B3], NFkB is a family of related transcription factors that
are normally kept inactive in the cytoplasm by interaction with specific inhibitors. Stimulation through various receptors,
including the surface B-cell receptor, results in the release of NFKB factors, their activation, translocation to the nucleus
and transcription of target genes. Three upstream molecules CARD11, BCL-10/BCL10 and MALT-1, forming a CBM
complex, are necessary to convert signals from the BCR into the cell to activate the so-called canonical NFKkB pathway
(631 Missense mutations of CARD11, leading to strong activation of NFkB signaling, are frequent events in both GCB and
ABC DLBCL [281841 another pathogenic mutation identified a few years later was a gain of function mutation of MYD88, an
adaptor protein that mediates toll and interleukin (IL)-1 receptor signaling and activates NFkB pathway in distinct
lymphoma subtypes. MYD88 (L265P) can only be detected in ABC DLBCL and in a subset of MZL called mucosa-
associated lymphoid tissue (MALT) lymphoma 3], Other well-defined molecular events deregulating the CBM complex
have been reported in MALT lymphomas. Chromosomal translocations t(14;18)(g32;921) and t(1;14)(p22;932), bringing
MALT1 and BCL10 under the control of the immunoglobulin heavy chain promoter have been associated with this
lymphoma subtype. Both MALT1 and BCL10 translocations can make CBM complex formation independent of upstream
signaling, resulting in constitutive NFKB pathway activation B867 The third translocation involved in aberrant NFkB
signaling in this lymphoma subtype is the t(11;18)(q21;g21), resulting in the expression of a chimeric IAP2-MALT-1
protein. IAP2-MALT-1 can interact and deregulate components of a multiprotein IkB-kinase (IKK) complex, resulting in
NFkB pathway activation B8, Known NFkB targets that promote cell survival via inhibition of apoptosis include anti-
apoptotic BCL-2 proteins BCL-XL and Al, caspase inhibitors from the IAP family and Cellular FLICE (FADD-like IL-1(3-
converting enzyme)-inhibitory protein (c-FLIP) (6,

Another important mechanism of how lymphomas evade apoptosis is the deregulation of the DNA damage pathway. TP53
alterations (deletions, mutations) are recurrently found in aggressive lymphomas but are rather rare in indolent
lymphomas 9. Prognostically, TP53 aberrations have repeatedly correlated with adverse outcome and chemoresistance
(7278 |n indolent lymphomas, TP53 aberrations have been associated with the transformation to aggressive
lymphomas [48, p53 directly transactivates pro-apoptotic BH3-only proteins PUMA and NOXA I As a
consequence of structural or functional p53 inactivation, the critical DNA damage response is disrupted, which increases
genomic instability and facilitates the survival of lymphoma cells in response to genotoxic cytostatics.

| 5. Therapeutic Inhibition of Anti-Apoptotic BCL-2 Proteins

Given the fact that anti-apoptotic BCL-2 proteins play a crucial role in lymphoma pathogenesis, disease progression and
drug resistance, the efforts to target them therapeutically have been underway for several decades. Moreover, therapeutic
targeting of BCL-2 proteins is upstream and, therefore, independent of TP53, the key tumor suppressor gene frequently
mutated in distinct lymphoid malignancies, overcoming the negative prognostic impact of this genetic alteration. Due to its
indisputable role in the pathogenesis of B-NHL, BCL-2 protein has been in the spotlight of extensive efforts to develop



targeted therapies. Several approaches have been explored to target this protein, including antisense oligonucleotides
inhibiting expression of BCL-2 protein, peptide inhibitors or small molecule inhibitors.

Oblimersen sodium (G3139, Genansense, Genta Inc, Berkeley Heights, NJ, USA) was the first BCL-2 inhibitor tested in
clinical practice. Oblimersen sodium is a phosphorothioated 18 basis DNA molecule, which was designed to
complementary bind to the first six codons of BCL2 mRNA leading to BCL2 mRNA degradation and decrease in BCL-2
protein expression 8, Despite evidence of efficacy in early clinical trials in hematological malignancies including CLL, the
phase Il trial combining oblimersen sodium with (immuno-) chemotherapy in patients with relapsed or refractory CLL
failed to show clear clinical benefit and oblimersen sodium has never been approved by the US Food and Drug
Administration (FDA) 22,

Another attempt to directly target anti-apoptotic BCL-2 proteins was made with small molecule inhibitor, obatoclax (GX-15-
070). Obatoclax binds to all key anti-apoptotic proteins, BCL-2, BCL-XL and MCL-1 resulting in the displacement of pro-
apoptotic proteins BAX, BAK or BIM and apoptosis induction 2. Other mechanisms of action of obatoclax have been
described including S/G2 cell cycle arrest resulting in growth inhibition. These observations indicate that besides anti-
apoptotic BCL-2 proteins obatoclax has other targets 1. Obatoclax has been tested in several phase 1-2 clinical trials in
various types of B-NHL and CLL. These trials showed modest clinical activity of obatoclax as a single agent and did not
confirm the synergistic effect of obatoclax with various anti-lymphoma agents suggested in preclinical studies. Moreover,
neurological toxicity has been observed in all these trials [B2I[83I84I85] Both, the modest clinical activity as well as the
toxicity profile limited development of obatoclax as a therapeutic agent in B/NHL and CLL.

A breakthrough in the development of BCL-2 inhibitors was achieved with ABT-737, a small molecule inhibitor of BCL-2,
BCL-XL, and BCL-W. ABT-737 displays a much higher binding affinity to anti-apoptotic proteins than obatoclax, with
subsequent release of proapoptotic proteins and BAX/BAK1-dependent apoptosis induction B8, ABT-263 (Navitoclax,
Abbott Laboratories, North Chicago, IL, USA) is a chemically closely related agent with a similar binding affinity to BCL-2
proteins, which is orally available 2. The promising preclinical activity led to the clinical testing of Navitoclax in various B-
NHL and CLL. Phase 1 study of navitoclax in patients with relapsed or refractory lymphoid malignancies demonstrated
clinical activity across all histological subtypes with the best activity seen in CLL &l A follow-up phase 1 dose-escalation
study of single-agent navitoclax in patients with relapsed or refractory CLL confirmed the efficacy of navitoclax with
durable responses and median progression-free survival of 25 months in heavily pretreated CLL patients 2. The dose-
limiting toxicity of navitoclax observed in these trials was thrombocytopenia. Rapid reduction in platelet count (grade 3-5)
was observed in 28% of patients and prevented the exploration of higher doses of navitoclax 2. Thrombocytopenia was
caused by inhibition of BCL-XL in platelets, that was shown to be dependent on BCL-XL for survival 2981 Further phase
2 trial of navitoclax in combination with rituximab vs rituximab alone in patients with previously untreated CLL
demonstrated improved objective response rate (ORR) of rituximab plus navitoclax vs rituximab alone (50% vs 35%,
respectively), with a further increase of ORR (70%) when navitoclax with rituximab was administered until progression 22,
It has been shown that CLL patients with del(17p) or high levels of BCL-2 had significantly better clinical responses when
treated with navitoclax (22, This observation together with the navitoclax-induced thrombocytopenia caused by BCL-XL
inhibition led to efforts to develop a BCL-2 specific inhibitor.

Venetoclax (ABT-199/GDC-0199) was the first highly selective orally available BCL-2 inhibitor developed by the re-
engineering of navitoclax 22, Similarly to navitoclax, venetoclax displays high affinity for BCL-2 (K; < 0.010 nM), however
its binding affinity to other anti-apoptotic proteins including BCL-XL (K; = 48 nM), MCL-1 (K; > 444 nM) and BCL-W (K; =
245 nM) is much weaker 23, The mode of action of venetoclax is shown in Figure 4A. Preclinical in vitro and in vivo
studies in various human hematological cell lines and xenograft models demonstrated significant anti-tumor efficacy which
led to early clinical testing (93!,
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Figure 4. (A) Mechanism of action of venetoclax. Venetoclax binds to the BH3 domain of BCL-2 protein with subsequent

release of proapoptotic proteins, activation of BAX/BAK1 and apoptosis induction. (B) Mechanisms of resistance to

venetoclax. Four different mechanisms of inherited or acquired resistance to venetoclax include: 1. Lack of BCL-2 protein

expression, 2. Overexpression of other anti-apoptotic BCL-2 proteins that sequester pro-apoptotic BH3-only proteins
displaced from BCL-2 protein following its pharmacological inhibition by venetoclax, 3. Acquired mutations within the BH3

domain of BCL-2 abrogating venetoclax binding, 4. Acquired mutations of BAX preventing BAX activation and apoptosis

induction.
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