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Abstract

The NF-xB pathway, a critical regulator of apoptosis, plays a key role in many normal cellular
functions. Genetic alterations and other mechanisms leading to constitutive activation of the NF-
kB pathway contribute to cancer development, progression and therapy resistance by activation of
downstream anti-apoptotic pathways, unfavorable microenvironment interactions, and gene
dysregulation. Not surprisingly, given its importance to normal and cancer cell function, the NF-
xB pathway has emerged as a target for therapy. In the review, we present the physiologic role of
the NF-xB pathway and recent advances in better understanding of the pathologic roles of the NF-
xB pathway in major types of lymphoid neoplasms. We also provide an update of clinical trials
that use NF-xB pathway inhibitors. These trials are exploring the clinical efficiency of combining
NF-xB pathway inhibitors with various agents that target diverse mechanisms of action with the
goal being to optimize novel therapeutic opportunities for targeting oncogenic pathways to
eradicate cancer cells.
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1. Introduction

B-cell lymphomas are a heterogeneous group of neoplasms that originate from B cells that
normally reside in lymphoid structures and extra-nodal tissues. Molecular analysis of
lymphomas has shown that lymphoma cells co-opt normal cellular pathways to support their
own growth and dissemination. In addition, the tumor microenvironment is important to the
survival of lymphoma cells via tumor cell-microenviroment cellular interactions [1-3]. One
of the most important normal cellular pathways is the nuclear factor-kappaB (NF-xB)
pathway. NF-xB transcription factor family members are involved in many physiologic
cellular functions including inflammation, apoptosis, cell survival, proliferation,
angiogenesis, and innate and acquired immunity.

Constitutive activation of the NF-xB pathway is a feature of most types of B-cell lymphoma.
NF-xB can be activated by acquired genetic lesions of different NF-xB members or key
signaling molecules including cancer-related chromosomal translocations, deletion or
mutations. These signaling molecules include mucosa-associated lymphoid tissue 1
(MALT1), BCL-10, caspase recruitment domain-containing protein 11 (CARD11), tumor
necrosis factor receptor-associated factors 3 (TNFAIP3, A20), NF-xB2, and infection by
viruses that produce oncoproteins [4-9]. Constitutive activation of the NF-xB pathway
inhibits cell differentiation andapoptosis, promotes cell proliferation, and increases
angiogenesis, cancer-related inflammation and metastatic potential [3, 10]. Consequently,
activated NF-xB is one of the prime therapeutic targets in lymphoma cells.

In this review, we summarize the essential functions of the NF-xB pathway and its signaling
components in normal and lymphoma cells with a particular focus on novel molecular,
clinical and preclinical studies. NF-xB functions as a crucial modulator of the extrinsic B-
cell TME and intrinsic survival signaling pathways. Recent advances have greatly enhanced
our understanding of NF-xB expression and have led to new insights into mechanisms
involved in dysregulated gene expression in various subtypes of lymphoma. The new
knowledge has yielded cellular targets of mechanism-mediated drug resistance and pointed
to new therapeutic approaches for the treatment of patients with lymphoma.

2. Two NF-xB pathways

The NF-xB transcription factor family is composed of five subunits: RelA or p65, RelB, c-
Rel or Rel, and p50 and p52 (with their precursors p105 and p100, respectively and known
as NF-xB 1 and NF-xB2). The Rel homology region, a ~300 residue long homologous
element shared by all subunits, is responsible for dimerization, inhibitor binding, nuclear
localization, and DNA binding. Homodimeric and heterodimeric combinations formed by
NF-xB proteins allow for functional NF-xB activation, with the exception of RelB that does
not form a stable, detectable homodimer, but forms heterodimers selectively with p50 and
p52 [11]. In quiescent cells, NF-xB transcription factors are located in the cytoplasm,
whereas IxBa releases NF-xB factors allowing their translocation into the nucleus as
stimulated by intracellular cues through a variety of surface receptors [12].
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NF-xB signaling is categorized into canonical and non-canonical pathways that represent
two independent, yet interlinked, pathways. The canonical pathway preferentially involves
certain receptors, such as the B cell receptor (BCR), Toll-like receptors (TLRS), nucleotide
oligomerization domain-like receptors, and TNF family receptors. Engagement of these
receptors by ligands gives rise to activation of the heterotrimeric 1B kinase (IKK) complex,
which consists of a, b, and ¢ (NEMO) subunits [13]. Activated IKK directly phosphorylates
IxBa, and, in its active form, starts the recognition and polyubiquitination by the bTrCP
ubiquitin ligase, followed by proteasome degradation and release NF-xB to the nucleus [14]
(Figure 1).

Unlike the canonical pathway, the non-canonical NF-xB pathway depends on activation of
the RelB subunit associated with p50 or p52. This pathway is activated preferentially by
stimulation receptors, including the B-cell activating factor belonging to the TNF family
receptors and CD40. These receptors activate NF-xB-inducing kinase, causing
phosphorylation of a distinct inhibitor of the IKK complex that is composed of two IKKa
subunits. This form of IKK phosphorylates p100, leading to its proteolytic processing into
the NF-xB subunit p52, followed by the heterodimer, p52 and RelB, and translocation to the
nucleus [13, 15] (Figure 1).

These two NF-xB pathways regulate several different functions dependent on the cell type
and stimulus applied [16, 17]. The canonical pathway promotes inflammation, cell
proliferation, and cell survival through the production of several inhibitors of apoptotic
signaling, and also contributes to angiogenesis, tumor promotion and metastasis. The non-
canonical pathway, instead, has anti-inflammatory activity and regulates lymphoid
development and organization. In normal cells, regulation of NF-xB signaling is homeostatic
and activation of these pathways is transient and stimulus dependent; various negative
regulators modulate feedback mechanisms to terminate NF-xB signaling, such as re-
accumulation of 1xBa and induction of A20, an ubiquitin-editing enzyme. Interruption of
homeostatic regulation of NF-xB signaling by a host of genetic aberrations in B cells plays
an important role in the pathogenesis of lymphoid malignancies.

3. NF-xB function and pathway development in normal lymphoid tissues

Both canonical and non-canonical NF-xB pathways are essential for B-cell maturation at
different differentiation stages. Compared with pro-B cells, pre-B cells have a more active
canonical NF-xB pathway that promotes their transition from large to small pre-B cells [18].
The canonical and non-canonical NF-xB pathways control the production of A-chain B-cells
[19]. Those immature B-cells become transitional B cells through T1 and T2 stages, and
develop into either mature follicular B cells or non-circulating marginal zone B-cells. At this
stage, BCR cross-linking induces the activation of NF-xB and c-Rel to produce anti-
apoptotic protein [20], induces the survival signaling mediated by BAFF, and increases the
expression of Nfxb2. These events lead to generation of p100 protein [21], which, in turn,
mediates the activation of the non-canonical NF-xB pathway. Notably, during B-cell
generation and maintenance, NF-xB subunits have many physiological functions and play
unique roles in the development and function of mature B lymphocytes (Table 1).
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NF-xB activity is required for the functional activation of T-cell development and selected
effector functions (Table 1). In the thymus, CD4-CD8" double negative thymocytes progress
into CD4*CD8* double positive thymocytes and eventually into the mature CD4* or CD8* T
cells, which exit the thymus to enter the circulation. Constitutive NF-xB activity occurs at
all stages of thymocyte differentiation throughout T cell development, and it is especially
activated in the double negative phase during the pre-T cell receptor (TCR) assembly. NF-
kB activity may be attributable to TCR that activates NF-xB to pro-apoptotic activities in
negative section and anti-apoptotic/pro-survival activities in positive selection [22].
Additionally, NF-xB participates in the generation and suppressive functions of thymic T
regulatory cells [23]. The NF-xB component of c-Rel, RelA or p50 subunits also play a role
in the development of effector T-cells [24].

receptors and NF-xB in B-cell lymphoid malignancies

B-cell lymphomas are characterized by altered signaling of the BCR pathway. This pathway
is the organizing principle of B-cell physiological behavior and is also involved in many
obligatory cellular functions, including B-cell survival, development, humoral immunity and
antigen-driven clonal selection. Neoplastic B cells of most lymphoma types generally retain
BCR expression and have intact BCR complexes. Interaction of the BCR with self or
environmental antigens provides neoplastic B cells with growth and/or survival signals that
play a vital role in the pathogenesis of lymphoma. NF-xB is constitutively activated, more or
less strongly, and plays a pathogenic role in many B-cell lymphomas [25, 26]. In large part,
the NF-xB pathway is activated because it is a major downstream effector of the BCR
pathway, conveying pro-survival and proliferation signaling [26], summarized in the
following sections.

Bruton tyrosine kinase (BTK), primarily expressed in B cells, but not in T-cells or plasma
cells, is a non-receptor tyrosine kinase that belongs to the Tec kinase family [27]. Upon
activated by LYN or spleen tyrosine kinase (SYK), BTK phosphorylates phospholipase C-v,
which in turn forms a complex with BTK that activates protein kinase C (PKC), leading to
recruitment of CARD11, B-cell lymphoma 10 (BCL10), and MALT1 into a multi-protein
CBM complex. IKK is in conjunction with this complex just upstream of NF-xB, which
transfers signaling toward the NF-xB effectors and plays a prominent role in B-cell
malignancies [13, 15, 28, 29]. Ultimately, IKK is activated thereby triggering activation of
the NF-xB pathway. A number of targeted inhibitors to BTK have been (or are being)
developed and clinical trials have shown benefit in combination therapies for patients with
relapsed or refractory lymphomas [30] (Figure 2).

PKCPB expression is essential for the pathogenesis of B cell malignancies. In the BCR
pathway PKC functions downstream BTK through IKK to activate NF-xB transcription
factors [2, 31, 32]. Of note, progression of chronic lymphocytic leukemia (CLL) in a murine
TCL1 model depends on PKC expression [33], whereas disruption of PKC in stromal cells
inhibits CLL cell survival in a murine TCL1 model [34]. On the other hand, overexpression
of PKC-associated kinase (PKK) activates NF-xB signaling in diffuse large B-cell
lymphoma (DLBCL) cells, whereas suppression of PKK expression inhibits NF-xB activity
in these cells. In particular, the survival of DLBCL cells /n vitrois impaired and tumor
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growth of xenografted DLBCL cells is inhibited, as PKK is knocked down in mice [35].
PKC inhibition has growth inhibitory effects due to inhibition of the NF-xB pathway,
inducing G-phase cell-cycle arrest and/or cell death [36]. Additionally, enzastaurin, a PKCpB
inhibitor that has been used in preclinical and clinical trials for B-cell malignancies, adds
benefit in combination therapy approaches.

Phosphoinositol-3 kinase (PI3K), involved in a wide variety of cellular processes, is
essential for B-cell development and serves as one of the drivers of lymphoma development
[31]. PI3K can be activated by different factors, including many cell surface chemokines and
cytokine receptors and BCR-related LY N-dependent phosphorylation of the immunereceptor
tyrosine-based activation motifs (ITAM) in the cytoplasmic domain of CD19 [37-39]. PI3K
catalyzes the production of phosphatidylinositol 3,4,5-triphosphate, which recruits and
activates Akt thereby regulating downstream signaling including mammalian target of
rapamycin, NF-JB, or other factors, eventually activating NF-xB [40]. Mice lacking PI3Ka
and 6 show severe defects in B-cell development [41], whereas constitutively active PI3Ka
can rescue resting B cells lacking BCR expression from apoptosis [42]. In addition, PI3K
and IKK1 synergistically drive peripheral B-cell differentiation and survival in a context-
dependent manner [43]. In activated B-cell like (ABC) DLBCL, PI3K inhibition reduces
NF-xB activity and decreases the expression of NF-xB target genes that promote survival of
affected ABC-DLBCL cells [44]. Furthermore, chemical blockade of SYK can selectively
induce apoptosis of BCR-dependent DLBCL cells through decreased BCR signaling
including PI3K/AKT and NF-xB [45]. These data suggest an important role for the
interaction of PI3K and NF-xB in the pathogenesis of B-cell malignances (Figure 2).

5. The pathogenic modes of activation of NF-xB in B-cell lymphomas

Frequent dysregulation of the NF-xB pathway influences survival, proliferation, and
apoptosis of lymphoma cells. The first hint of the importance of NF-xB came from the
discovery that p50is homologous to v-ref, a highly transforming oncogene carried within the
genome of an avian reticuloendotheliosis virus [46, 47]. Subsequently, it was discovered that
NF-xB heterodimers constitutively accumulate in the nucleus of Hodgkin/Reed-Sternberg
(HRS) cells in HL and that inhibition of NF-xB was shown to reduce the proliferation and
survival of HL cell lines [48]. Subsequent investigations revealed truncating mutations in
/xBa in HL cell lines and primary HRS cells [49-51]. These results showed that NF-xB
pathway activation enables oncogenesis. There are three modes of activating NF-xB
constitutively (Figure 2).

The first way lies in activation of BCR signaling through transition from extrinsic BCR
activation into intrinsic activation. Acquired mutation or loss function mutations have an
important role in antigenic drive in lymphomagenesis. For example, several ABC-DLBCL
cell lines and about 20% of primary ABC-DLBCL tumors carry a mutation in the crucial
tyrosine residue in the ITAM of CD79B [2]. This mutation increases the signaling response
by preventing BCR internalization and by interfering with activation of LYN. However, this
mutation, by itself, is not sufficient to initiate BCR activation; PI3K and BTK signaling
remain essential for NF-xB activation for this subset of ABC-DLBCL cells [44].

Blood Rev. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuetal.

Page 6

CARDL11, another BCR pathway component is a key scaffolding protein that connects BCR
activation to NF-xB signaling and plays a vital role in some lymphomas. About 10% of
ABC-DLBCL cases have activating mutations of CARD11 that are sufficient to intrinsically
activate NF-xB signaling in malignant B cells, obviating the need for upstream BCR
signaling in this subset of tumors [52]. Also, loss of function mutations of 7AFA/IP3 (A20),
a negative regulator of NF-xB, contributes to NF-xB pro-survival signaling in ABC-DLBCL
tumors [9, 53]. API2-MALT1, involved in a subset of MALT lymphomas, forms a complex
with overexpressed BCL10, and can activate NF-xB independent of upstream BCR
signaling [6, 54], responsible for failing to regress after eradication of the underlying
infection (Figure 2, left panel).

MYD88 mutations represent a second mode of NF-xB activation. MYD88 mutations are one
of the cytosolic adapters of Toll-like receptors (TLR) and are shared by all TLRs except
TLR3. The interleukin-1 receptor-associated kinases (IRAK1, IRAK2, and IRAK4) link to
MY D88 through hemophilic interactions involving their death domains, forming a helical
protein complex [55]. Within this complex, IRAK4 phosphorylates IRAK1, then IRAK1
binds the ubiquitin ligase TRAF6, which, in turn, catalyzes lysine 63-linked
polyubiquitination of the kinase TAK1, which forms complexes with the TAB2 and TAB3
zinc finger proteins to become enzymatically active. TAK1 phosphorylates IKKb and
mitogen-activated protein kinases, which respectively triggers the NF-xB and c-Jun NH2-
terminal kinase and p38/mitogen-activated protein kinase signaling pathways, leading to
production of inflammatory cytokines and growth factors [56]. Although many different
recurrent MYDS88 mutations are reported, the most prevalent mutation substitutes a proline
residue for a leucine residue at position 265 in the protein. MYD&8 s a significant
oncogenic mechanism in B-cell lymphoid malignancies (Figure 2, right panel).

A third mode by which NF-xB is activated constitutively appears to be a strong selective
pressure to maintain a functional IgM-type for malignant B-cells. 1gG signaling promotes
plasmacytic differentiation whereeas IgM signaling promotes primarily cell proliferation as
well as NF-xB activation. However, irrespective of pre- or post-germinal center origin, most
mature B-cell malignancies express an IgM type BCR. Some evidence supports the concept
that these malignancies derive a selection bias from antigen-dependent BCR signaling [57].
In ABC-DLBCL, acquired mutations in the IGH switch regions prevent isotype switching
and thereby maintain the expression of an IgM type BCR by lymphoma cells [58]. For
example, follicular lymphoma, characterized by t(14;18)(q32;921) that leads to
overexpression of BCL-2, has a productively rearranged Ig heavy chain locus that encodes
the IgM type BCR expressed on the cell surface [59, 60].

6. NF-xB signaling and apoptotic pathways

The cellular commitment to apoptosis provides a fundamental benefit to the organism, and
errors in this process may give rise to cancer. Recent studies have shown that NF-xB exerts
its function mainly as an antagonist to p53 transactivation. p53, one of the key tumor
suppressor genes, induces activation of the intrinsic apoptotic pathway. Furthermore, p53
tumor suppressor and transcription factor serve as one of the first lines of defense against the
effects of genotoxic damage, oncogene activation, metabolic changes, and hypoxia [61].
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Upon transcriptional induction of genes encoding anti-apoptotic and antioxidant proteins,
NF-xB blocks cell apoptosis along the apoptotic pathways by regulating p53 [15]. Briefly,
p53 up-regulates NOXA and PUMA (bbc3), two proteins of the Bcl-2 family that interact
with Bax and Bak at the mitochondrial site where they form the signaling complex or
apoptosome that initiates apoptosis. Subsequently, the effector caspases-3, -6 and -7 are
activated to complete apoptosis (Figure 3).

The different units of the canonical and non-canonical NF-xB pathways participate in
mediating pro-apoptotic effects through p53. In particular, the canonical pathway seems to
have a major role. IKKp has been shown to induce activation of NF-xB and expression of
HDMZ2 (known as MDMZ2 in mice), which functions as an e3 ubiquitin ligase. As a result,
p53 proteolysis is induced resulting in inhibition of the apoptotic pathway [62]. On the other
side, RelA can antagonize the activation of p53 through the sequestration of co-activators, by
binding p300 and CReB (CBP) [63, 64]. In addition, upon TRAIL-R2 induction, RelA is
able to cooperate with pro-apoptotic signaling to stabilize p53 [65].

The non-canonical pathway also antagonizes p53. RelB can inhibit cell proliferation and
tumor growth through p53transactivation. IKKa switches the binding preference of CBP
from p53 to NF-xB through phosphorylation of CBP [64]. Additionally, p52 has been shown
to associate directly with the p53-regulated promoters to regulate p53 target genes such as
PUMA, TRAIL-R2 [65].

The NF-xB pathway interacts with p53 through various mechanisms in different types of B-
cell lymphoma. In CLL, NF-xB up-regulates anti-apoptosis BCL2-family members that
function as a major downstream effector of p53-driven apoptosis [66], whereas in ABC-
DLBCL and extranodal MZL, the forkhead transcription factor cooperates with NF-xB
signaling to encode the p53 -regulatory proteins that repress transcription of pro-apoptotic
genes, consequently promoting B-cell survival and contributing to B-cell lymphomagenesis
[67]. Extranodal MZL, characterized by t(11;18)(g21;q21)/API12-MALT, depends on NF-xB
to inhibit DNA damage-induced and p53-mediated apoptosis [68]. In ABC-DLBCL, NF-xB
binds to the promoter regions of GADD45a. and REDD1 and regulates these molecules
through collaborating with p53 to mediate cyclin G2 expression, suggesting a central role for
NF-xB in maintaining genomic integrity and prevention of apoptosis [69].

Recent studies have shown that microRNAs (miRNAS) participate in apoptosis in B-cell
malignances by being involved in the NF-xB pathway and p53 [70]. P53 induces the
expression of miR-214, functioned as tumor suppressor, which represses p65 expression,
leading to inhibition of expression of MYC/BCL2 and suppression of cell survival in B-cell
lymphoma [71].

7. Relevance of the Microenvironment in B-cell lymphomagenesis

The tissue microenvironment (TME) in which malignant cells arise and subsequently reside
contains variable numbers of immune cells, blood vessels, stromal cells and extracellular
matrix [3]. The molecular analysis of the B-cell lymphoma cells has resulted in a
considerably improved understanding of the pathogenesis of lymphomas. By comparison,
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the importance of the TME in providing cellular contact, survival and proliferation signals,
and immune evasion has been relatively neglected. Nevertheless, there is increasing evidence
to support an important role for the TME plays in lymphomagenesis and progression [3],
and the NF-xB pathway participates in interactions between lymphoma cells and TME cells.

The NF-xB pathway plays a crucial role in crosstalk with chemokine receptors and adhesion
molecules, as has been highlighted in recent studies. For example, the CC-chemokine
receptor 7 (CCRY7) that is highly expressed by lymphoma cells functions in homing of
lymphoma cells to lymph nodes. In several HL-derived cell lines and in HL tumors,
constitutive NF-xB activity up-regulates CCR7 which might contribute to confinement of
neoplastic cells and specific localization within target organs. Furthermore, NF-xB
cooperates with AP-1 to stimulate expression of the cell-cycle regulator cyclin D2, proto-
oncogene C-MET and the lymphocyte homing receptor CCR7 in primary HRS cells [72].
The mechanisms underlying the observed relationships between the chemokine receptor and
NF-xB pathway in lymphomas is not fully understood.

Several studies have shown that the NF-xB pathway is involved in bidirectional crosstalk
with stromal cells in B-cell lymphomas. By co-culturing CLL bone marrow-derived B-cells
and bone marrow-derived stromal cells, one study has shown that the presence of high RelB
activity, together with RelA activity, confers survival advantages to bone marrow CLL cells
[73]. Another study reported that expression of PKC-BI1I and subsequent activation of NF-
xB in stromal cells of bone marrow plays an essential role in support of survival for CLL,
acute lymphoblastic leukemia and mantle cell lymphoma (MCL) [34], indicating that NF-xB
involves mechanisms that promote the survival and growth of B-cell lymphomas. Moreover,
bone marrow stromal cells protect the non-Hodgkin lymphoma cell lines SUDH-4 and
SUDH-10 cells against apoptosis, partly by activation of NF-xB dependent mechanisms that
up-regulate NF-xB mediated anti-apoptotic proteins [74].

Cooperation between neutrophils and fibroblast involves the NF-xB pathway and plays an
essential role in the proliferation of lymphomas. With mutual contact directly or indirectly
among lymphoma cells, neutrophils and fibroblasts, contact-dependent supportive effects
trigger and sustain the survival and growth of follicular lymphoma (FL) and DLBCL, and
among them tumor-associated neutrophils can activate fibroblasts via the NF-xB pathway,
resulting in the recruitment of additional monocytes and neutrophils through the release of
CCL2 and IL-8 [75]. On the other hand, blocking antibodies that target CXCR4 and VLA-4,
molecules involved in environment-mediated drug resistance in the Jeko-1 (MCL) cell line,
can induce Jeko-1 cells to migrate into protective stromal cells and also enhance sensitivity
to a chemotherapy agent that targets NF-xB, associated with decreased phosphorylation of
ERK1/2, AKT and NF-xB [76].

In addition, there is increasing evidence that immune regulation mediates the proliferation of
B-cell malignancies via the NF-xB pathway. The cells of CLL with unmutated IGH variable
regions shows a high rate of spontaneous apoptosis, but peripheral blood mononuclear cells
can protect the survival of CLL cells through recovered expression of NF-xB pathway
components and Bcl-2 [77]. In Burkitt lymphoma (BL) cell lines, RelB transcriptional
activity directly increases antigen presentation of MHC class | and CD40 synthesis [78]. The
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molecular chaperone heat shock protein 90 (HSP90) has both immune regulatory activity
and direct antitumor activity in HL /n vitroand in vivo, whereas blockade of HSP90 inhibits
constitutive activity of NF-xB, independent of 1xB mutations [79].

The summarized data support that the concept that the NF-xB pathway plays an important
role in the cell growth and survival of the lymphoma TME. Despite the recent focus on
mechanisms of NF-xB activation in B-cell malignancies, increasing evidence has shown that
NF-xB participates in interactions between stromal elements and non-malignant cells that
constitute the TME, in both initiation and maintenance of B-cell lymphoma growth and
survival, as well as immune escape strategies.

8. NF-xB pathway and MicroRNAs

MiRNAs are important regulators of gene expression. MiRNA regulation has subtle roles in
buffering stochastic fluctuations in gene expression as well as in cell developmental fate
decisions [80]. MiRNA participates in pathways fundamental to B-cell development [70, 81]
and also has essential functions in the initiation of B-cell neoplasia and development [70].
As one of the important signaling pathways, NF-xB has been shown to have an essential role
in miRNA regulation of B-cell malignancies [70], however the association between
expression levels of various miRNAs and the NF-xB pathway are not yet clearly defined.

Using ChIP assays in BL and DLBCL, it was shown that the p65 subunit of NF-xB
associates with a transcription start site (TSS) of miRNA, which occurs together with
changes at histone H3K27me3 and H3K4me3, highlighting the relationship between NF-xB
and epigenetically mediated miRNA control in B-cell transformation and DLBCL [85].

Among these miRNAs, miR-155 is strongly associated with NF-xB activation in
lymphocyte development and B-cell malignancies, including DLBCL, FL, CLL and MCL
[82-86]. MiR-155 is aberrantly up-regulated and present at a significantly higher level in
ABC-DLBCL compared with germinal center B cell-like (GCB) DLBCL [82, 84, 87].
miR-155 is important in DLBCL pathogenesis, proven by the fact that high-grade
lymphomas in Eg-miR-155 transgenic mice can be caused by the dysregulation of B-cell
miRNA alone [88]. In these mice, miR-155 down-regulates SHIP-1, which in turn
phosphorylates C/EBP, blocking B-cell differentiation and initiating a chain of events that
results in a polyclonal B-cell neoplasia [89]. Through their promoters, NF-xB and MYB can
directly activate miR-155 expression, which leads to lower PU.1 expression and reduced
levels of CD10 [90]. Overexpression of miR-155 contributes to the inferior survival of
patients with ABC-DLBCL. Overexpression of miR-155 can down-regulate SMASS5,
identified as a modulator of the TFG-B signaling way, rendering DLBCL cells resistant to
growth-inhibitory effects of TFG-B1 and BMP through impaired cell arrest and defective
p21 induction. Additionally, miR-155 can promote lymphomagenesis and cell migration by
targeting HGAL, a lymphocyte motility inhibitor [86, 91]. These effects are related to the
more aggressive behavior of B lymphoma cells in miR-155-expressing ABC-DLBCL
(Figure 4).
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B-cell transformation mediated by Epstein-Barr virus (EBV) infection involves significant
changes in gene expression of cellular miRNAs, such as miR-155, miR-146a, miR-34a,
miR-150, miR199 and miR193/miR365 [92-94]. It also has been shown that EBV latent
membrane protein type 1 (LMP1) activates NF-xB and up-regulates miR-155 expression
[92]. Upon NF-xB activation, LMP1 induces expression of miR-146 and miR-155 which is
associated with the levels of LMP1; low LMP1 levels in EBV-latency type | BL cells have
low levels of miRNA whereas higher LMP1 levels in EBV-latency type 111 BL cells have
increased miRNA levels [92, 93]. MiR-146a plays a role in the induction or maintenance of
EBV latency by modulating innate immune responses in virus infected host cells [95]. On
the other hand, NF-xB activation inhibits miR-34a impairing the growth of EBV-
transformed cells.

MiRNAs are also able to interact with NF-xB pathway acting as a feedback regulatory loop
that can influence the pre- or post-transcriptional expression of multiple genes. For example,
A20, known as a negative NF-xB regulator, is a direct target of miR-125a and miR-125b and
these miRNAs are commonly over-expressed in DLBCL cell lines and patient tumors. NF-
xB activity can be elevated by ectopic expression of miR125a/miR125b in these cells,
whereas A20 inhibits genetic expression of these miRNA to suppress NF-xB signaling.
However, miR-125 can terminate A20 function, thus promoting and prolonging NF-xB
activity, suggesting the presence of a positive self-regulatory loop among miRNA-125, NF-
xB and A20 [9].

There is another means of mutual negative feedback regulation between miRNAs and the
NF-xB pathway. MiR-124, a negative regulator of MYC and BCL2 expression in B-cell
lymphoma, serves as a miRNA-dependent regulatory circuit that links p53 to NF-xB.
Concordantly, stable or transient ectopic expression of miR-124 inhibits cell proliferation
and survival, whereas genetic suppression of this miRNA promotes tumor growth. A
promoter region of miR-124 matches a functional binding site of wild-type p53, but not
mutant, which can increase miR-124 levels and inhibit p65, MYC and BCL2. Overall, there
is a mutual negative feedback loop among miR-124, p53 and NF-xB [71]. These data show
that precise gene dose regulation by miRNAs has important regulatory roles in the
pathogenesis of B-cell lymphomas and that NF-xB contributes to these regulatory circuits.
However, a detailed understanding of the regulatory circuits between NF-xB and miRNAS
remains largely unknown.

Recent studies have shown that B-cell lymphomas are exposed to a promiscuous signaling
network of miRNAs and not a single miRNA. In DLBCL patients, loss of essential miRNAs,
such as miR-200c, miR-203 and miR-31, are found and it affects multiple targets including
NF-xB components. Simultaneous depletion of the key miRNAs promotes translation of
multiple targets and causes chronic activation of the NF-xB, Ras-Erk, and PI13K/Akt
pathways that cooperate in B-cell transformation [71]. In nodal marginal zone lymphoma, it
also has been shown that enriched expression of multiple miRNAs rather than by a single
miRNA ensure robustness of biological processes [96].

Those results suggest that identifying miRNA targets is difficult as a large number of genes
and pathway can be influenced by various miRNAs. Through the NF-xB pathway, a number
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of miRNASs are intimately connected to the development and progression of neoplastic B-
cells. Both NF-xB and its associated miRNAs participate in the construction of a complex
biologic network in B-cell lymphomas, which includes miR-contribution to the regulation of
critical signaling pathways, indicating their potential use as predictive and prognostic
markers. The relevance of miRNAs and NF-xB for the regulation of normal and malignant
B-cell physiology requires more and advanced investigations.

9. NF-xB pathway and different types of lymphoma

9.1. Chronic lymphocytic leukemia

Patients with CLL have an extremely variable clinical outcome, with a subset of patients
who have an indolent clinical course and another subset who have rapidly progressive
disease. Through the BCR and Toll-like receptor, the NF-xB pathway is ubiquitously
activated in CLL cells by signaling cascades of cell surface receptors to a variable degree,
regardless of the disease stage or treatment status. Clinical stratification of CLL patients has
shown that NF-xB contributes to a small set of patients with tumors that harbor cytogenetic
alterations and somatic mutations and is associated with a poor prognosis.

L265P MYD88 mutant occurs in 3% of CLL patients who are approximately 20 years
younger than the average age of CLL patients and have advanced clinical stage at diagnosis
[97]. Further studies have shown that CLL cells bearing the L265P MY D88 mutant have
activation of both NF-xB and STAT3, which responds to TLR ligands and secretes greater
amounts of cytokines and chemokines than CLL cells with wild type MYD88[97] (Figure
5b).

In a recent report, somatic mutations in nuclear factor of kappa light polypeptide gene
enhancer in B-cells inhibitor gene occur in 7% of CLL cases. This gene encodes IxBe, a
negative regulator of NF-xB in normal B-cells, and increases p65 inhibition along with
decreasing phosphorylation and nuclear translocation of p65, thereby sustaining the survival
of CLL cells. This aberration occurs predominantly in poor-prognosis CLL patients [98, 99].
Consequently, this mutation may be a novel mechanism of NF-xB dysregulation
contributing to disease progression.

The retinoblastoma (Rb) protein is a major route of crosstalk between the non-canonical NF-
xB pathway and p53 in CLL. NF-xB up-regulates the activity of Rb, which induces
expression of the polycomb protein EZH2 in CD40L stimulated cells from CLL patients.
EZH2 antagonizes a group of p53 target genes, inhibiting tumor suppressor function and
promoting tumorigenesis [100]. Therefore, there is a considerable magnification of the non-
canonical NF-xB pathway and TP53 by dysregulated Rb and EZH2, strongly accelerating
the development of CLL via their oncogenic cooperation, and responsible for poorer
prognosis.

Cooperation of the NF-kB pathway with several other oncogenes, such as TCL-1, renders
CLL moreaggressive clinically [101]; PKC-B-dependent activation of NF-xB in stromal
cells is found to be essential for the survival of CLL cells in vivo[34]. Although only a
small subset CLL cases overexpress NF-xB, they often show a poorer prognosis, suggesting
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that targeting the NF-xB pathway could be an attractive therapeutic strategy in this patient
subset.

9.2. Marginal zone lymphoma

Marginal zone lymphomas represent a group of indolent small B-cell lymphomas that are
subdivided into three subtypes: extranodal marginal zone lymphoma (MZL), also known as
mucosa-associated lymphoid tissue (MALT) lymphoma; splenic MZL, and nodal MZL.
Based on gene profiling and genome-wide sequencing, both the canonical and non-canonical
NF-xB pathways can be activated among these subtypes, especially in MALT lymphoma
and splenic MZL. NF-xB dysregulation can result from a variety of mechanisms, from
molecular alterations and post transcriptional deregulation to epigenetic modifications.

9.2.1 Extranodal marginal zone lymphoma of mucosa-associated lymphoid
tissue—MALT lymphoma commonly arises in the settingf chronic antigen stimulation,
often as a result of extrinsic BCR activation attributable to an infectious agent or
autoimmune stimulus. With tumor progression, the cell transitions to intrinsic activation and
these advanced cases often fail to regress after eradication of the underlying extrinsic cause.
There are several molecular mechanisms responsible for those advanced cases.

The first mechanism is a number of recurrent chromosomal translocations. In MALT
lymphomas, there are four well-known translocations and others mentioned in case reports.
The most common is t(11;18) which results in AP/2-MALTI1 fusion. Other translocations
include t (14;18)//GH-MALTI,t (1;14)/BCL10-/GH and t (3;14)/ FOXP3-IGH [6, 102].
BCL10 together with MALT1, a paracaspase, and CARD11 form a complex to recruit IKK
leading to activation of the canonical NF-xB pathway. Moreover, NF-xB can be activated by
the other translocations independent of upstream BCR signaling [8, 102-104].

In addition, receptor interacting protein-1, a novel API2-MALT 1-associated protein, has
been shown to be essential for activation of the canonical NF-xB pathway. API2-MALT1
promotes ubiquitination of receptor interacting protein-1 at lysine (K) 377, which is essential
for full NF-xB activation, indicating that receptor interacting protein-1 is a critical
component of API2-MALT1-dependent lymphomagenesis [7]. Another pathway involves
NF-xB-inducing kinase (NIK) at arginine 325. AP12-MALT1 induces proteolytic cleavage
of NIK, which results in deregulated NIK activity and is associated with constitutive non-
canonical NF-xB signaling, thereby leading to enhanced B-cell adhesion, and resistance to
apoptosis [105] (Figure 5c).

9.2.2 Splenic marginal zone lymphoma—Splenic MZL is an indolent B-cell neoplasm
that involves the spleen, abdominal lymph nodes, and the bone marrow and can have a
leukemic phase. NF-xB pathway activation is very common in splenic MZL suggesting that
active NF-xB is essential for the generation and/or maintenance of normal marginal zone B-
cells [106]. Positive and negative mutations of NF-xB regulators are seen in 30-40% of
splenic MZL patients, providing support for NF-xB dysregulation being a major contributor
to the pathogenesis of this disease.

Blood Rev. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuetal.

Page 13

Canonical NF-xB pathway signaling is deregulated via a variety of mechanisms. TNFAIP
(AZ20) is inactivated in 10-15% of SMZL due to nonsense or frame-shift mutations, which
commonly occurs at a later event in the clonal evolution compared with KLF2or NOTCHZ2
mutations [107, 108]. Lysine 171 mutations in /KBKB, which encodes the IKKp protein,
constitutively activate the canonical NF-xB pathway and occur in 10% of SMZL [109].
Additionally, the L265 MYDS88 mutation occurs in 3-5% and CARD11 is mutated in 5-10%
of SMZL [110].

Activation of the non-canonical NF-xB pathway accounts for 10-15% of SMZL cases.
BIRC3 mutations are seen in 10% of SMZL, which, along with TRAF2 and TRAF3,
activates the non-canonical NF-xB pathway [111]. Furthermore, TRAF3, as a central
activator of the non-canonical NF-xB pathway, is mutated in 5% SMZL [107, 111].

9.3. Diffuse large B cell lymphoma

Diffuse large B-cell lymphoma (DLBCL) is the most common type of non-Hodgkin
lymphoma, representing roughly 40% of all adult cases. There are three molecular subtypes
of DLBCL distinguished by gene expression profiling signatures: activated B-cell (ABC),
germinal center B-cell (GCB) and primary mediastinal B-cell lymphoma (PMBL). The
activity of NF-xB is up-regulated in PMBL and ABC-DLBCL [112], but not in GCB-
DLBCL. Compared with GCB-DLBCL patients with similar clinical risk factors, PMBL
patients have a relatively favorable overall survival rate whereas patients with ABC-DLBCL
patients have a worse outcome [113]. We have compared various clinical features between
patients with DLBCL with or without expression of canonical or non-canonical pathway.
DLBCL patients with predominantly activation of the non-canonical pathway of NF-xB
showed a better response when treated with R-CHOP compared with DLBCL patients with
canonical NF-xB pathway activation; this was true forboth the ABC and GCB subtypes.
Among DLBCL patients with canonical pathway activation were more commonly men, for
all patients and for ABC-DLBCL subtype, but not for GCB-DLBCL subtype.

Constitutive activation of the NF-xB pathway is hallmark of ABC-DLBCL and the
canonical pathway acts as a major oncogenic event in ABC-DLBCL pathogenesis. It has
been shown that various molecular mechanisms contribute to the activation of the NF-xB
pathway in ABC-DLBCL. Chronic active BCR signaling h NF-xB as been identified as one
of the mechanisms responsible for NF-xB activation in the ABC-DLBCL subtype.
Approximately 10% of ABC-DLBCL cases have mutations in CARD 11 and 20% of cases
have mutations in the /TAM of CD79B, both of which constitutively activate NF-xB [2].
When the NF-xB pathway is inhibited by using a non-degradable form of 1xBa, or by
treatment with a small molecule IKK inhibitor, the growth of ABC-DLBCL cells lines is
suppressed [112]. Among the subunits of NF-xB, Ikb-( interaction with p50 and p52 plays
an essential role in regulating a specific set of NF-xB target genes [114].

MYD88 mutations are the most frequently mutated oncogene in DLBCL. L265P MY D88
mutation is present in most ABC-DLBCL cell lines as well as about 30% of ABC-DLBCL
biopsy specimens. An additional 10% of ABC-DLBCL cases have MYDS88 mutations other
than L265P, which occur at a comparable frequency in GCB-DLBCL.
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Gene expression profiling has shown that about half of ABC-DLBCL cases express an NF-
B target gene signature, as well as a set of STAT3-dependent target genes that are
associated with high I1L-6 expression and STAT3 phosphorylation [115]. Once these
cytokines bind to their receptors in an autocrine fashion, they activate JAK family kinases
that phosphorylate the transcription factor STAT3. STAT3 can then interact with NF-xB
heterodimers, subsequently enhancing transactivation of NF-xB target genes [116]. In
addition, in ABC-DLBCL JAK kinase inhibitors can synergize with an IKK inhibitor in
killing ABC-DLBCL cells indicating that both JAK kinases and NF-xB deliver survival
signals [116] (Figure 5a).

Other mechanisms are involved in ABC-DLBCL pathogenesis. There are genetic alterations
that interfere with terminal B cell differentiation. In normal B-cells, /RF4is an NF-xB target
gene that is activated by constitutive NF-xB activity, and which transactivates PRDM1 in
antigen-stimulated normal B-cells to encode Blimp-1, a master transcriptional regulator that
propels B-cells towards plasma cell differentiation [117, 118]. NF-xB and IRF4 are both up-
regulated in ABC-, but not in GCB-DLBCL [117]. However, due to inactivating point
mutations and deletions, epigenetic silencing or repression of transcription is induced by
Bcl-6 and Spi-B [118-121]. Blimp-1 is not highly expressed in most ABC-DLBCL tumors;
this leads to plasmacytic differentiation being arrested at the plasmablastic stage, eventually
resulting in ABC-DLBCL [31]. This model has been supported by mice experiments [121].
In addition, miRNAs influence the development and correlate with aggressiveness of ABC-
DLBCL. MiR-155, miR-21, miR-17-92, miR-15a, miR-29a/b/c, miR-34a, miR-150,
miR-155, miR-21 and miR-17-92 are associated with lymphoma cell proliferation, invasion,
and resistance to chemotherapy, whereas miR-15a, miR-29a/b/c, miR-34a and miR-150 are
related to down-regulation of apoptosis. These data suggest that ABC-DLBCL cells are
oncogenically addicted to high NF-xB activity for their survival and proliferation. Therefore,
NF- xB appears to be an attractive therapeutic target in patients with ABC-DLBCL.

The NF-xB canonical and non-canonical pathways are expressed in both ABC- and GCB-
DLBCL, but their prognostic impact differs significantly between this two subtypes. The
expression of NF-xB, via the canonical or non-canonical pathway, is associated with a
particularly poor outcome in patients with ABC-DLBCL compared with patients with GCB-
DLBCL [122-124]. In ABC-DLBCL, dysregulation of the NF-xB canonical and non-
canonical pathways is associated with inferior prognosis [123, 125]. In GCB-DLBCL,
patients with P52+ and P52+/RelB+ which activate the non-canonical pathway are
associated with better overall survival and progressive-free survival than patients with P52-
and P52-/RelB- [123]; A worse overall survival occurs in patients with c-Rel+ DLBCL,
associated with the canonical pathway, compared with the survival of patients c-Rel-tumors
[126]. However, there are heterogeneous expression patterns in many patients and there are
no well characterized studies correlating each of these subtypes. Based on our recent studies,
we proposed that molecular heterogeneity responsible for canonical pathway activation is
different between the DLBCL GCB and ABC subtypes. The difference is also apparent for
non-canonical pathway activation between GCB and ABC subtypes in regards to signaling
mechanisms. In GCB-DLBCL, canonical pathway activation predominates and is mediated
through p50 activation, whereas in ABC-DLBCL p65 activation is more critical. For non-
canonical pathway activation in GCB-DLBCL, RelA plays important role, whereas in ABC-
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DLBCL, p52 and c-REL are significantly dysregulated. These differences contribute to the
underlying molecular events and likely explain the variation of response to the current NF-
kB pathway inhibitors.

9.4. Epstein-Barr virus related lymphoma

Epstein-Barr virus (EBV), a ubiquitous c-herpes virus, has a tendency to preferentially infect
B lymphocytes and canestablish lifelong latent infection in over 90% of the adult population
worldwide. /n vitro analysis has shown that human peripheral blood B lymphocytes can be
transformed by EBV into continuously proliferating lymphoblastoid cell lines. Due to its
preferred tendency to infect B lymphocytes, B-cell lymphomas related with EBV are
common including lymphomatoid granulomatosis, lymphomas arising in immunosuppressed
patients, BL, HL and EBV-positive DLBCL shown in the Table 2.

EBYV infection leads to the activation of specific viral gene expression patterns of latent
infection that can be classified as types I, Il, or I11. Type 11 is characterized by the
expression of all 6 EBV nuclear antigens (EBNAL, 2, 3A, 3B, 3C, and LP), latent membrane
proteins (LMP1, 2A, and 2B), and EBV encoded RNA (EBER). Type Il latency is related to
expression of EBNA1, LMP1, LMP2A, and EBER and is common in classical HL, whereas
only EBNA1 and EBER are expressed in type | latency as is characteristic of BL.

Most EBV-positive B-cell lymphomas are characterized by prominent NF-xB activation
occurring via mechanisms that differ from other B-cell lymphomas. Viral antigens of EBV,
in particular LMPL1, is thought to be the primary pathogenic initiating factor. LMP1
functionally mimics CD40, a molecule that is expressed constitutively on the B-cell
membrane and involved in B-cell activation and proliferation. The C-terminal tail of LMP1
has two distinct domains including the C-terminal activation regions 1 and 2 (CTARL and 2).
LMP1 aggregation provides a platform for CTAR1 and CTAR2 to interact and activate the
NF-xB pathway [127-129].

Our knowledge regarding the role of PD-1 in lymphomas is limited. In EBV associated
malignancies such as nasopharyngeal carcinoma, LMP1 can up-regulate PD-L1 through the
NF-xB pathways. In ovarian tumors, expression of PD-1 in myeloid dendritic cells paralyzes
NF-xB leading to block a NF-xB-dependent cytokine release independent of adapter protein
SHP-2 [130]. These findings show that PD-1 acts in a distinct manner in innate immune
cells and indicating that further investigation of PD-1 and NF-xB pathways controlled in
lymphomas will be essential [131].

Recent studies have shown that virally encoded miRNAs participate in EBV-mediated
growth and transformation of B-cells and involve the NF-xB pathway. EBV and human
miRNAs co-target oncogenic and apoptotic viral and human genes during latency [132]. NF-
kB subunit p65 associated directly with a transcription start site mediates epigenetic
deregulation of common miRNAs in EBV-mediated transformation of B-cells and
lymphomas; this occurs together with a change at histone H3K27me3 and H3K4me3 [133]
(Table 2 and Figure 4).
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9.4.1 Burkitt lymphoma—Endemic (African) BL is a highly aggressive lymphoma that
occurs in children and is almost always associated with EBV infection. In contrast, a
sporadic form of BL occurs in developed nations and mostly lacks the virus. Restricted virus
genes including EBNA-1, EBERs and distinct clusters of viral miRNA are expressed in BL
cells [134] and are characterized by a very low basal level of NF-xB activity consisting of
RelB-containing heterodimers.

NF-xB is activated by LMP-1 and ligand-independent signaling through overexpression
CD30 in patients with BL. Most nuclei of BL cells contain the activated NF-xB subunits
p50, c-Rel, RelB, and p52, but not p65, whereas sublines of EBV associated BL cells with
activated p65 are resistant to anti-EBV therapy [135]. Through the CART1 and CART2,
LMP-1 activates NF-xB and increases CD69 expression at the transcriptional level, which
acts as a signal transducer in inflammatory processes and as an intrinsic negative modulator
of T cell responses [136]. Moreover, NF-xB in combination with Myc is responsible for the
phenotype, biological properties and growth pattern of cells driven into proliferation by EBV
[137]. On the other hand, LMP-1 and NF-xB endow a net evolutionary benefit to the
survival of BL cells. Furthermore, LMP-1 and overexpressed CD30 increase 1xB-(
expression at the transcriptional level in BL cell lines, whereas 1xB- C inhibits NF-xB
activation by LMP-1 and CD30, suggesting that NF-xB-induced IxB-( negatively modulates
NF-xB hyper-activation to achieve homeostatic balance.

9.4.2 EBV-positive diffuse large B-cell ymphoma—EBV-associated DLBCL was
included in the 2008 World Health Organization (WHO) classification as a provisional entity
and designated as EBV+ DLBCL of the elderly. This entity was defined as an EBV-positive
monoclonal large B-cell proliferation occurring in patients >50 years of age without known
immunodeficiency or history of lymphoma. In the upcoming 2016 WHO classification, the
designation of the elderly will be dropped as these tumors also occur in young patients.

The genomic features of EBV+ DLBCL remain sparsely characterized. Most of these tumors
have an ABC immunophenotype and show prominent canonical and alternative NF-xB
pathway activation, suggesting a strong association between NF-xB activation and the
presence of EBV infection in DLBCL [138, 139]. Genes such as EZH2, CD79B, CARD11
and MYD&8 are dysregulated and affect NF-xB pathway signaling in EBV-associated
DLBCL [140]. EBV-mediated activation of NF-xB has an essential role in enforcing B-cell
receptor signaling. CD30 expression may be another driver of EBV-associated DLBCL;
CD30 is commonly expressed in EBV-associated DLBCLSs and is associated with an adverse
outcome [139].

Several studies have shown that cellular miRNAs, modulated by viral proteins, contribute to
EBV-induced oncogenesis and activation of the NF-xB pathway. Mir-34a, induced by LMP1
through NF-xB signaling, promotes the growth of EBV-transformed cells [94]. Mir-155,
especially shown in the ABC subtype, induces LMP1 via the NF-xB pathway [92].
MiR-155, through direct 3"UTR interactions, targets oncogenic and apoptotic genes as well
as INPP5D (SHIP1), a key target implicated in lymphomagenesis [132, 141]. Some miRNAs
indirectly contribute to NF-xB activation, for example, EBV-miR-BART?5 targets and
degrades p53-upregulated modulator of apoptosis [142], and EBV-miR-BART9 and
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BART17-5p can down-regulate BCL6 expression which represses the NF-xB pathway [143,
144] (Figure 4 and Table 2). Overall, considering the different heterogeneity of patients or
cell lines in these studies, the precise function of miRNAs related to the NF-xB pathway in
EBV-associated DLBCL and their prognostic value remain to be elucidated in a large series
of patients.

9.5. Hodgkin lymphoma

In HL, the neoplastic HRS cells are characterized by constitutive activation of NF-xB. These
cells usually represent 1% or less of all cells and are present in a reactive inflammatory cell
background. The various inflammatory cell types in HL provide abundant cytokines that
activate NF-xB. Jungnickel et al. found that HRS cells have deleterious 1«B mutations, that
play a role in the pathogenesis of HL [51].

Hodgkin lymphoma is often associated with EBV infection and EBV LMP-1 activates the
canonical and non-canonical NF-xB signaling pathways. LMP1 promotes proteasome-
mediated proteolysis of p100 NF-xB2 with the existence of IKKgamma/NEMO, leading to
the activation of p52, which, in turn translocates to the nucleus in a complex with the p65
and RelB. In cases lacking IKKgamma/NEMO, LMP1 mediated proteolysis of p100 only
results in nuclear translocation of p52 [28]. LMP-1 also induces overexpression of the
polycomb group protein, Bmi-1, which down-regulates the ataxia telangiectasia-mutated
(ATM) tumor suppressor, causing HL in transgenic mice through NF-xB signaling [145].
NF-xB constitutive activation also has been observed in EBV-negative HL cell lines where
CD30 is responsible for its activation [146]. NF-xB mediated transcription, c-Jun activation
and TRAF2 dependent signaling act as a common pathogenetic denominators of both EBV
negative and EBV positive HL [147].

The non-canonical NF-xB pathway is responsible for maintaining the HL phenotype.
Schwarzer et al. found that Notch1l induces the processing of the NF-xB2 gene product p100
into its p52 active form whereas Notchl inhibition reduces NF-xB target genes as well as
impairs the survival of HRS cells [148]. On the other side, p50/p50 dimers that are
constitutively active in HL are induced by the overexpression of Bcl3, a protein that shares
structural features with IxBa. proteins, which have an anti-apoptotic effectin Band T
lymphocytes and are tumorigenic in several malignancies [149] (Figure 5d, Figure 4 and
Table 2).

10. Therapeutic approaches

Genetic abnormalities of NF-xB regulators result in many B-cell neoplasms becoming
dependent on the NF-xB pathway. This pathway is a prime target for NF-xB therapies
preferentially aimed at lymphoma cells compared with normal immune cells. However, it is
predicted that long-term treatment of lymphoma patients with NF-xB inhibitors will
eventually impair immune function considering its physiology, whereas short-term
administration of such agents might be possible and manageable. Combining NF-xB
inhibitors with cytotoxic chemotherapeutic drugs is a logical and rational therapeutic
strategy that is being employed currently. Technically, the NF-xB pathway can be inhibited
by targeting NF-xB components directly or indirectly by inhibiting upstream signaling
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pathway components. However, some agents aimed at NF-xB havenot shown significant
benefit, for example, dasatinib and enzastaurin which target LYN and PKC respectively,
have induced acomplete response in only 5% patients [33, 150-153]. Therefore, optimization
of combination and personalized approaches is critical and needs to be well defined. Here,
we focus on agents that have been used for the treatment of patients with B-cell lymphomas
and have shown promising responses (Figure 6 and Table 3).

10.1. Bortezomib

Bortezomib, a proteasome inhibitor, suppresses NF-xB activity by preventing the
degradation of phospho-lxBa. Treatment with bortezomib alone is ineffective in DLBCL
patients, but combining bortezomib with cytotoxic chemotherapy was beneficial in a phase
Il study of patients with relapsed or refractory DLBCL,; patients with ABC-DLBCL had a
higher complete response rate and longer median and overall survival compared with
patients with GCB-DLBCL [154, 155]. Bortezomib also has therapeutic efficacy and
improves long-term survival rates in patients with untreated FL and high tumor burden
[156]. Consequently, the combination of bortezomib with cytotoxic chemotherapy or other
monoclonal antibody targeted agent may be a particularly effective way to improve the
prognosis in patients with lymphoma associated with constitutive NF-xB activity.

10.2. MLN4924

MLN4924, a potent and selective small molecule inhibitor of NEDD8-activating enzyme
(NAE), is capable of blocking phospho-1«Ba degradation effectively causing NF-xB
inhibition. MLN4924 can inhibit DLBCL cell line growth including ABC and GCB
subtypes and can inhibit ABC-DLBCL tumors in xenograft mice models [157]. Another
study found that MLN4924 is active in MCL and improves rituximab activity /n vivo patient
care [158]. In a phase | study, it was shown that 71% of 42 patients with relapsed and/or
refractory lymphoma who had =1 post-baseline disease assessment achieved stable disease.
Of these, 7 patients with lymphoma who received =5 cycles lasted stable disease 3.25 to
9.53 months [159]. Moreover, MLN4924 has dose-limited toxicities including febrile
neutropenia, muscle cramps, transaminase elevations, and thrombocytopenia. Among them
common grade =3 events were anemia (19%) and neutropenia (12%). These results provide
preliminary evidence that MLN4924 may be potential for treatment in relapsed/refractory
lymphoma.

10.3. Hsp90 inhibitor

Targeting HSP90 might be an alternative strategy for treating lymphoma patients. HSP90, a
chaperone molecule that is an integral component of the IKK complex, prevents the
proteasomal degradation of IKKa and IKKB [29]. Several HSP90 inhibitors are now in
clinical trials and early results suggest that HSP90 inhibitors are well tolerated and long-
lasting stabilizations of disease can be obtained in patients with refractory solid tumor
malignancies and lymphomas [160]. Further studies showed that KW-2478, a novel HSP90
inhibitor, had no dose-limiting toxicities and did not manifest retinal or ocular toxicity in
patients with relapsed/refractory B-cell malignancies, whereas 24 of 25 (96%) evaluable
patients showed stable disease, with 5 being free of disease progression for =6 months [161].
Furthermore, HSP90 inhibitors are synergistic with bortezomib and fludarabine to induce
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apoptosis of lymphoma cell lines [162]. The HSP90 inhibitor SNX-7081 overcomes
bortezomib resistance in MCL /n vitro and in vivo by down-regulation of the pro-survival
ER chaperone [163], providing valuable insight into the synergistic effect and which may
reduce the effective dose of the HSP90 inhibitor minimizing toxicity. However, HSP90 is
dependent on numerous other client proteins for its proper function, making it difficult to
combine HSP90 inhibitors with other drugs.

10.4. Fostamatinib

An attractive notion is to target upstream signaling pathways of NF-xB and other synergistic
survival pathways simultaneously. Many interesting therapeutic targets, such as BTK, SYK,
SRC-family kinases and PKCP has been targeted by drugs in early phase clinical trials of
patients with ABC-DLBCL. Fostamatinib is a SYK kinase inhibitor that has shown activity
as a single agent in phase I/11 trials involving patients with a variety of B-cell lymphoma
types. Fostamatinib is generally well tolerated and produced complete and partial responses
in 55% of relapsed/refractory patients in CLL/SLL [164], whereas 13% of DLBCL patients
achieved linical benefit (at least stable disease). However, none of the patients with clinical
benefit had an ABC signature [165].

10.5. BTK inhibitor

Ibrutinib, a highly selective BTK inhibitor, is toxic to ABC-DLBCL and CLL cells at low
nanomolar concentrations. lbrutinib has shown promising results in clinical trials for patients
with relapsed or refractory DLBCL, MCL, and CLL. At a median follow-up of 17 months in
phase 11 study of previously treated CLL/SLL patients, progression-free survival was
significantly improved in the ibrutinib group, 17 months versus 13.3 months in the placebo
group and rogression-free survival at 18 months was 79% in the ibrutinib group compared
with 24% in the placebo group [166]. The treatment was well tolerated and the most
frequent adverse events were neutropenia and nausea [166, 167]. In another trial of 111
relapsed/refractory patients with FL, 68% patients achieved an objective response and 21%
had a complete response after follow-up of 15.3 months [168].

Acalabrutinib (ACP-196), a more selective and irreversible BTK inhibitor, has shown a 95%
overall response rate in patients with relapsed CLL with promising safety and efficacy
profiles. Notably, patients with chromosome 17p13.1 deletion had a 100% overall response
rate [169]. The advantage of this BTK inhibitor lies in a cysteine residue in the active site of
only 10 kinases in the human genome to covalently modify BTK, which insures highly
selectivity for BTK, thereby endowing it with favorable pharmacodynamics properties. More
clinical trials are in ongoing to better address the role of agents targeting BCR signaling in
the future (Table 4).

10.6. Opportunities and challenges for targeted therapy

Concomitant inhibition of two pathways has been shown to be synergistically toxic for many
lymphomas, as dual pathway blockage synergistically removes co-tumorigenisis signals and
thus enhances antitumor effect. Superior antitumor activity has been shown in patients with
B-cell lymphomas by combining bortezomib with cytotoxic chemotherapy or HSP90
inhibitor, as described. The combination of agents may prove particularly effective in
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selected patients with some positive mutant genes and this approach will likely have a
promising future for the treatment of patients with B-cell malignancies. Based on promising
results for trials designed to inhibit the NF-xB pathway many clinical trials of novel agents
are ongoing in patients with B-cell lymphomas (Table 4).

Patients treated with these inhibitors typically experience an increase in lymphocytosis and a
decrease in lymph node size, which may represent a disruption of the nodal
microenvironment, thereby resulting in trafficking of lymphoma cells from the lymphoid
compartment into blood. As a result, the true clinical benefit of such agents may be
underestimated when judging by using traditional response criteria, as only a portion of
patients may qualify as having achieved an objective response according to standard
International Working Group criteria. Nevertheless the use of these inhibitors opens up new
avenues for targeted therapies as they have apparent biologic and clinical activity to treat
patients with B-cell lymphomas.

Each inhibitor will have off-target effects that actually might be responsible for its toxicity.
Although agents are developed to inhibit a specific enzyme, it should be emphasized that
more than one enzyme is often inhibited by these small molecules. Moreover, even though a
drug may block only one particular enzyme, this blockage does not guarantee that effects of
the drug can be ascribed soley to its ability of inhibiting that particular enzyme.
Consequently, potential off-target effects of a drug may be understated.

11. Concluding remarks

The NF-xB pathway has an anti-apoptotic role and activation of this pathway is a common
feature of many malignancies, independent of cell of origin. Although this statement seems
simple enough, the reality is more complex.. Different B-cell lymphomas have specialized
mechanisms for activating NF-xB. In addition, the subunits of the NF-xB pathway are
closely associated with physiological functions and are preferentially expressed in lymphoid
organs in which the development and activation of B-cell malignancies occur. The receptors
that regulate the NF-xB pathway are strongly associated with the processes of immune
response and lymphocyte survival. For these reasons, B-cell lymphomas act as a preferential
site for the action of the NF-xB signaling. Further knowledge of the canonical and non-
canonical NF-xB pathways in each of the B-cell lymphoma subtypes is needed to better
define the relative role of NF-xB pathway and its components.

NF-xB is an Achilles heel of many B-cell neoplasms and therapies targeting this pathway
have shown encouraging therapeutic effects with minimal toxicity in patients with these
diseases. New therapies designed to specifically target NF-xB pathways are being
developed. Combination chemotherapy with NF-xB pathway inhibitors has achieved a
favorable outcome and may overcome tumor resistance and benefit patients. Furthermore,
the multitude of available agents with various mechanisms creates diverse possibilities for
combination therapy; each combination provides an opportunity to improve the therapeutic
response for various types of lymphomas. Additionally, agents targeting the NF-xB pathway
have shown less toxicity and appear to be well tolerated. Hence, the goal in treating patients
with B-cell lymphoma should be to combine NF-xB inhibitors rationally with other targeted
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agents or chemotherapy to synergistically block several pathways and induce apoptosis,
hopefully achieving more cures with less toxicity.

Many questions remain regarding the long-term administration of NF-xB inhibitors related
to overwhelming infections. Moreover, it is also necessary to establish criteria for evaluating
clinical response. Despite the preliminary results obtained from clinical trials for patients
with relapsed/refractory DLBCL and CLL/SLL, it is currently unknown whether NF-xB
inhibitors will be effective for patients with other types of B-cell lymphoma or as first-line
therapy. Further knowledge and more clinical trials targeting NF-xB pathways among
different B-cell lymphomas are needed to shed light upon the rationale for combination
regiments. NF-xB inhibitors have a promising future for the treatment of patients with B-cell
lymphomas.
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12. Practice points

Activation of the NF-xB pathway plays a vital role in the pathogenesis of
lymphoma as a downstream effector of the BCR pathway to convey pro-
survival and proliferation signals in the neoplastic B cells.

NF-xB blocks the intrinsic apoptotic pathway and is an antagonist to p53
transactivation by down-regulation Bcl-2 family.

MiRNAs, TME, and viral antigens of EBV in association with NF-xB
participate in the construction of a complex biologic network in the context of
B-cell lymphomas.

NF-xB pathway inhibitors have shown encouraging therapeutic effects in
patients with relapsed/refractory lymphomas, including DLBCL, MCL, CLL/
SLL, and FL.

NF-xB inhibitors, combined with immunotherapy agents, are under robust
clinical evaluation and show great promise in cancer immunotherapy.
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13. Research agenda

Improved understanding the mechanisms of the canonical and non-canonical
NF-xB pathways in each type of B-cell lymphoma.

Identify the genetic basis and possible environmental factors of NF-xB
pathways in the regulation of normal and different malignant B-cell biology.

Assessment of the NF-xB pathway or its subunits in various types of B-cell
lymphoma for improved risk stratification.

More clinical trials targeting NF-xB pathways among different B-cell
lymphomas as first-line therapy or with combination regiments.
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Figure 1.

The canonical and non-canonical NF-xB pathways. The canonical and non-canonical NF-
xB signaling pathways are shown in the left and right of the figure. The canonical pathway
is activated by the C-like receptors 4, TNF receptors' family and the antigen receptors BCR
and TCR, while the non-canonical pathway is activated by other receptors, such as BAFF-R,
CD40, RANK, CD30, and LTB-R. Arrows indicate activating steps.
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Figure 2.
The activation modes of NF-xB in the pathogenesis of B cell lymphoma. There are three

main modes: BCR, PI3K/AKT, and MYD88. (1). BCR is activated by antigen binding or
cell autologous interaction, resulting in ITAMs phosphorylation in the cytoplasmic domains
of CD79A and CD79B. Then SYK amplifies the initial activation signal by
autophosphorylation and further ITAMs phosphorylation, which activates BTK and BLNK,
leading to subsequent activation of PKCP and CARD11-BCL10-MALT1 complex. (2).
CD19 provides a docking site for the p85, followed by subsequent activation of BTK and
BLNK. (3). MyD88 mutations are bound to IRAK kinase forming a helical protein, which
activates the complex of CARD11-BCL10-MALTL. (4). A20 is a negative regulator of NF-
xB. (5). IKK is phosphorylated to activate NF-xB transcription factors that regulate gene
expression of several survival factors. The arrows indicate direction of signaling from
plasma membrane toward effectors and bars indicate inhibitory steps.
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Figure 3.
The apoptotic pathways of NF-xB: TRAIL mediating the extrinsic pathway and p53

mediating the intrinsic pathway. Numbers in circles indicate the steps of the apoptotic
pathways inhibited by molecules that are induced by NF-xB activation including c-FLIP,

Bcl-2 family's molecules, and 1APs. (1), the activation of procaspase 8 and 10 is inhibited by

cFLIP. (2), the prosurvival signals, such as Bcl2, Bcl-XL, Mcl-1 inhibit the pro-apoptotic
molecules Bak/Bax. (3), the inhibitors of apoptosis (IAPs) family proteins inhibit the

effector caspases 3, 6 and 7. (4), NF-xB inhibits directly or indirectly the transcription factor

p53. Arrows indicate activating steps, and bars indicate inhibitory steps.
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Figure 4.
EBV-mediated critical cellular signaling is shown in HL and EBV-positive DLBCL of the

elderly. LMP-1 gene polymorphisms associate with enhanced NF-xB activation, which not
only increases the expression of cycling D1, BelXL, FLIP1, and Surviving to induce
lymphomagenesis, but also inhibits apoptosis mediated by up-regulation of different anti-
apoptotic proteins. MicroRNA, such as miR-34a, miR-155, contribute to EBV-positive
DLBCL of the elderly lymphomagenesis by up-regulation NF-xB activation, while Northl
and BCL-6 down-regulate the NF-xB pathway activation.
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Figure 5.

Extrinsic and intrinsic signaling of BCR signaling activates NF-xB in B-cell malignancies.
a, In ABC-DLBCL, ITAM, CARD11, and MYD88 independence of BCR. b, In CLL, L265
MY D88 mutation and RelB activation. ¢, In MALT, overexpression of BCL10 or MALT1
fusion protein. d, In HL, EBV, CD30 and Notchl.
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Figure 6.

Therapeutic targets in B cell lymphoma of NF-xB activation. The pathogenesis of B cell
lymphoma activation involves constitutive activation of BCR, MyD88, and NF-xB pathway
promoting cell survival through NF-xB signaling pathways. Small molecule inhibitor is
designed to target specific signals in these complex networks to inhibit NF-xB in B cell
lymphomas, including: (1), SYK (Fostamatinib/R406). (2), BTK (Ibrutinib; Acalabrutinib).
(3), PKCb (Enzastaurin). (4), IKK (MLN120B). (5), HSP90 (KW-2478; SNX-7081). (6),
proteasome (Bortezomib). (7), NEDD8-activating enzyme (MLN4924). (8), IRAK4 (RNAI).

(9), Src-family kinase (Dasatinib).
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Table 1
Role of the components of the canonical and non-canonical NF-xB pathway in the
differentiation and activation of B cells
subunits B cell survival and B cell activation Mouse phonotype
differentiation
RelA/p65 Necessary for signal Essential to differentiate to IgM+ and to Lethality: embryonic (days 15.5).
transduction pathways for secrete immunoglobulin;Dispensable for Cause: fetal hepatocyte apoptosis.
lymphocyte the normal amount secretion of 1gG1 and
proliferation;Required for IgA.
proliferative responses to
stimulation.
RelB Necessary for normal production of Ag- Lethality: 3 months (50% mice).

1gG in response to T cell-dependent and —
independent stimuli.

Cause: defects in acquired and innate
immunity and multiple pathological
lesions; multiorgan inflammation and
hematopoietic abnormalities.

P52/p100/NF-Kb2

Necessary for maintenance cell
population of the peripheral B,
bone marrow, and lymph nodes;
Required for development of
normal spleen architecture.

Required for response o stimulations and
normal antibody production.

Mice development normally

Rel/c-Rel

Required for B cell survival,
differentiation, and inducing
anti-apoptotic gene.

Dispensable for isotype switching,
cytokine and immune molecules'
production

Mice are viable; Hematopoiesis is not
affected, but defect in the immune
system.

P50/p105/NF-Kb2

Required for survival of non-
activated B cells.

Dispensable for proliferate in response to
bacterial lipopolysaccharide;Required for
basal and specific antibody production.

Show no developmental
abnormalities,Exhibit multifocal defects
in immune responses involving B
lymphocytes and nonspecific responses
to infection.

RelB+P50 Required for multiple functions Dispensable for inflammatory infiltrates. Lethality: premature death within three
in B cell development. to four weeks after birth.
Cause: myeloid hyperplasia and thymus
atrophy
RelA+Rel Essential for the survival of Dispensable for the late antigen- Lethality: embryonic (days 13.5).

progenitors cells;Dispensable for
regulating differentiation.

independent stages of B-cell maturation
and the survival of peripheral B cells.

Cause: multiple hematopoietic cell
defects.
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Table 3
Targeted therapies for the NF-xB pathway in clinical development for B-cell malignancies directly and
indirectly.
Target/Agent Pt Histology Grade>3 adverse events Clinical response
NF-xB, Bortezomib (+EPOCH) 12 ABC-DLBCL (R/R) Platelet transfusion 52%, CR: 41.5%; PR: 41.5 %. [154]
Thrombocytopenia 20%, Anemia
20%, Neutropenia 20%,
Neutropenia and Fever 20%.
NF-xB, Bortezomib (+rituximab) 33 FL (untreated)5 MZL Neutropenia 5%, Fever 5%, CR: 25%; ORR:72% [156]
(untreated)3 SLL Infection 5%, Infusion reaction 5%,
(untreated) Cardiac 5%, Fatigue 5%,
Thrombocytopenia 2%, Diarrhea
2%, Hypokalemia 2%, Bowel
obstruction 2%, Dehydration 2%.
NF-xB, Bortezomib (+CHOP) 40 DLBCL, 36MCL Neutropenia 25%, DLBCL: CR 86%, PR14%. [155]
(untreated) Thrombocytopenia 25%, Anemia MCL: CR/CRu72 %,
13%, Sepsis 8%, Febrile 12%. PR8 %.
LYN, Dasatinib 11 CLL 17p (wt), 4 CLL Neutropenia 67%, Anemia 13%, PR: 20%. [150]
17p (del), (R/R) Platelets 40%, infection 13%.
LYN, Dasatinib+ Fludarabine 20 CLL (fludarabine-refract ~ Monotherapy: Thrombocytopenia PR: 16.7%; Majority of [151]
ory CLL) 4%, Hematoma 1%, Infectious 2%, patients obtained some
Left ventricular dysfunction 2%, reduction in lymph node
Toxicodermial%, Vomiting 1%. size.
PKC, Enzastaurin 55 DLBCL (R/R) Fatigue 4%; Mg 2%. CR: 5%, SD >20 months: [33]
7%.
60 MCL (R/R) Anemia 2%, Diarrhea 2%, Syncope ~ ORR: 0%. [152]
2%, Vomiting 2%.
grade 1 or 2 FL (untreated)  Grade 3 toxicity and one (1.5%) ORR: 26.4%, CR: 3.8%. [153]
patient had grade 4 toxicity.
BTK, PCI-32765 578 (R/R) Neutropenia 54%, CR 10.4%, PR72.3%. [166]
Thrombocytopenia 15%, Febrile
neutropenia 12%, Pneumonia 8%,
Anemia 3%, Fatigue 3%.
16 FL, 16 CLL/SLL, 9 Pain 2%, Fever 2%, Respiratory MCL.: CR: 33%; PR: 44%. [167]
MCL, 7DLBCL (R/R) nitric oxide 7%, Diarrhea 4%. CLL/SLL: CR: 13%; PR:
63%.
FL: CR: 19%; PR: 19%.
DLBCL: PR: 29%.
111 FL (R/R) Neutropenia 16%, CR: 21%; PR: 47%. [168]
Thrombocytopenia 11%, Anemia
10%, Diarrhea 6%, Dyspnea4%.
SYK, Fostamatinib disodium 23DLBCL, 21FL, 11SLL/ Leukopenia 23%, Neutropenia ORR: DLBCL22%; [161]

CLL, 9MCL (R/R).

23%, Anemia 23%, Diarrhea 8%,
Fatigue8%.

FL10%; SLL/CLL,; 55%,
MCL11%.

Abbreviations: pt: patients; EPOCH, etoposide, prednisone, oncovin, cyclophosphamide, hydroxydaunorubicin; CHOP, cyclophosphamide,
doxorubicin, vincristine, and prednisone; ABC, activated B-cell like; DLBCL, diffuse large B-cell lymphoma; CLL, chronic lymphocytic leukemia;
SLL, small lymphocytic lymphoma; FL, follicular lymphoma; MCL, mantle cell lymphoma; PKC, protein kinase C; BTK, Bruton tyrosine kinase;
SYK, spleen tyrosine kinase; CR: complete remission, PR: partial remission, SD: stable disease, ORR: overall response rate, RR: relapsed /

refractory
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Table 4
Ongoing clinical trials of novel agents in patients of B-cell lymphomas association with NF-xB pathway
inhibited.
Agent Targeting site Phase  Type of patients Clinical Trial.gov ID
Bortezomib NF-xB 1] 11-1V newly diagnosed T-Cell lymphoblastic lymphoma NCT02112916
NF-xB 1l High-risk 11-1V stage FL NCT01216683
Dasatinib LYN 1 Refractory DLBCL NCT00918463
LYN 171 Relapsed or refractory NHL NCT00550615
ACP 196 BTK | Relapsed or refractory FL NCT02180711
BTK 1] Previously treated, high risk CLL NCT02477696
Ibrutinib BTK 171 Refractory/recurrent primary or secondary central nervous ~ NCT02315326
system lymphoma
BTK 1] Newly diagnosed non-GCB DLBCL NCT01855750
BTK 1 Newly diagnosed young patients with MCL NCT02427620
NCT02242097
BTK | Treatment-naive CLL/SLL NCT02556892
BTK 1 Minimal residual disease in patients with CLL after front- ~ NCT02649387
line therapy
BTK 1 Untreated young high risk DLBCL NCT02670317
BTK ] Advanced FL NCT02451111
BTK 1 Newly diagnosed Epstein-Barr virus-positive DLBCL NCT02670616
BTK 171 Relapsed/refractory MM NCT02548962
BTK | Relapsed and refractory T-cell Lymphoma NCT02309580
Bbuparlisib PI3K | Relapsed or refractory indolent B-cell lymphoma NCT02049541
PI3K 1 Refractory/recurrent primary/secondary central nervous NCT01799889
system lymphoma
RP6530 PI3K | Relapsed and refractory T-cell lymphoma NCT02567656
CUDC-907 PI3K | Refractory or relapsed lymphoma or MM NCTO01742988
Copanlisib PI3K 1I/111 - Relapsed, indolent or aggressive NHL NCT01660451
NCT02626455
Entospletinib SYK 1 Relapsed or refractory hematologic malignancies NCT01799889
TGR-1202 and Ibrutinib PI3K and BTK | CLL, MCL or other NHL NCT02268851
NCT02006485
Nelfinavir and Bortezomib  PI3K and NF-xB 111 Progressive MM NCT01555281
Buparlisib and Ibrutinib PI3K and BTK | Relapsed or refractory CLL NCT02614508
Ibrutinib and Bortezomib BTK and NF-xB 111 Relapsed and refractory MCL NCT02356458

Abbreviations: DLBCL, diffuse large B-Cell Lymphoma; NHL, non-Hodgkin's lymphoma; CLL, chronic lymphocytic leukemia; SLL, small
lymphocytic lymphoma; HL, follicular lymphoma; MCL, mantle cell lymphoma; MM, multiple myeloma.
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