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Abstract

Specific niches within the lymphoma tumor microenvironment (TME) provide sanctuary for
subpopulations of tumor cells through stromal cell-tumor cell interactions. These interactions
notably dictate growth, response to therapy and resistance of residual malignant B cells to
therapeutic agents. This minimal residual disease (MRD) remains a major challenge in the
treatment of B-cell malignancies and contributes to subsequent disease relapse. B-cell receptor
(BCR) signaling has emerged as essential mediator of B-cell homing, survival and environment-
mediated drug resistance (EMDR). Central to EMDR are chemokine- and integrin-mediated
interactions between lymphoma and the TME. Further, stromal cell-B cell adhesion confers a
sustained BCR signaling leading to chemokine and integrin activation. Recently, the inhibitors of
BCR signaling have garnered a substantial clinical interest because of their effectiveness in B-cell
disorders. The efficacy of these agents is, at least in part, attributed to attenuation of BCR-
dependent lymphoma—TME interactions. In this review, we discuss the pivotal role of BCR
signaling in the integration of intrinsic and extrinsic determinants of TME-mediated lymphoma
survival and drug resistance.
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Introduction

Despite advances in clinical care, most mature B-cell malignancies remain incurable. This
is, in part, because of the complex growth and survival signaling provided by the tumor
microenvironment (TME). Within the context of genetic diseases, specific mature B-cell
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malignancies depend on the microenvironment for survival, proliferation and resistance of
residual malignant cells to therapy. This minimal residual disease (MRD) remains the major
challenge for long-term in the treatment of B-cell lymphomas and related disorders. In a
number of mature B-cell malignancies early transforming events are not ‘sufficient’ to foster
environment-independent growth. This is likely the case in chronic lymphocytic leukemia
(CLL), follicular lymphoma (FL), diffuse large B-cell lymphoma (DLBCL), mucosa-
associated lymphoid tissue (MALT), mantle cell lymphoma (MCL) and multiple myeloma
(MM). In these tumor subtypes, interdependence exists between malignant cells and the
specific TME. The microenvironment provides support via extrinsic soluble and physical
factors including cytokines, chemokines and adhesion to ECM (extracellular matrix)
components as well as to heterogeneous populations of fibroblast-like stromal cells (Figure
1).1-5 These factors facilitate B-cell migration and adhesion (homing) in specific niches.5:”
Extrinsic stimuli, in turn, are translated into intrinsic biochemical signaling cascades. Of
critical importance, the B-cell receptor (BCR) and its downstream effectors are emerging as
central modulators of B-cell homing, survival and drug resistance within the context of B-
cell microenvironment.8-12 As such, the BCR may serve as a central hub at the crossroads
between extrinsic and intrinsic events.

Each B-cell malignancy is the consequence of genetic and epigenetic anomalies occurring at
different stages of B-cell lymphopoiesis. Therefore, each malignancy is associated with a
distinct, yet inter-related TME. B-cell homing to the bone marrow and/or secondary
lymphoid organs as well as niches within these tissues is controlled by the dynamic interplay
between chemokine networks and cellular adhesion molecules. In B-cell cancers an
expanding body of evidence has revealed a central role BCR signaling events have in
coordinating tumor cell-TME interactions.>8:13 As such, BCR and downstream signaling
effectors are emerging as a novel therapeutic targets in B-cell lymphomas and MM. Within
this review, we discuss the evidence that the BCR is a central modulator of the extrinsic B-
cell microenvironment and intrinsic survival signaling pathways. Specifically, we will
discuss the role of BCR in regulating the interplay between ‘outside-in’ and ‘inside-out’
signaling by CXCR4 and very late antigen-4 (VLA-4; a4/B1 integrin heterodimers); thus,
the contribution of BCR to TME homing, EMDR (environment-mediated drug resistance),
MRD, eventual therapy resistance and relapse.>6:14

B-Cell Receptor Signaling

The defining characteristic and functional component of B cells is the BCR. The BCR
remains essential in normal B-cell development, B-cell survival and the evolution of B-cell
malignancies.>8 The BCR is a transmembrane protein located on the outer surface of B
cells. It is a heterodimer composed of heavy-chain and light-chain immunoglobulins (Igs),
CD79A/Iga and CD79B/IgB. Upon ligation by antigen, the immune receptor tyrosine
activation motif domains of CD79A and CD79B are phosphorylated by the src-family
tyrosine kinase, LYN, and spleen tyrosine kinase, SYK.>15 BCR phosphorylation facilitates
recruitment of additional kinases and adapter proteins including Bruton's tyrosine kinase
(BTK), the guanine exchange factor VAV protein, and the adapter proteins GRB2 and
BLNK (B-cell linker) forming a large protein multimer or signalome.1® Signalome
formation induces BCR-specific signaling via phospholipase C (PLC)-y2,
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phosphatidylinositol (PI)-3 kinases and BTK.516 In an antigen-dependent or -independent
manner, intrinsic signaling from the BCR is mediated by SYK, PLC-y2, BTK and PI3Ks.
PLC-y2 is phosphorylated by SYK and BTK leading to the production of diacyglyerol and
inositol 1,4,5 triphosphate second messengers.15:17 Diacyglyerol facilitates activation of
protein kinase C, a key downstream effector of BCR signaling and positive regulator of
nuclear factor (NF)-xB signaling.1® Inositol 1,4,5 triphosphate also facilitates specific
downstream BCR events including calcium release from the endoplasmic reticulum.>1> The
BCR also signals through PI3K. Upon BCR activation, the p85 subunit is recruited to the
plasma membrane and BCR signalome leading to the activation of the p110 delta subunit,
phosphorylation of phosphatidylinositol 4,5 bisphosphate, leading to the recruitment of the
kinases AKT and BTK. BTK is a member of Tec tyrosine kinase family initially linked to
BCR signaling and B-cell development in X-linked agammaglobulinemia.>15> BTK is
activated following phosphorylation by SYK and LYN.17:18 BTK activation mediates
downstream signaling via both PI3K/AKT as well as NF-xB signaling via activation of the
IxB kinase.1®19 CD79A/CD79B, LYN, SYK, PLCy2, PI3Ks and BTK comprise the core
intrinsic signaling determinants of BCR.

Sustained activation of BCR signaling and its effectors has been demonstrated to be critical
in a number of mature B-cell malignancies.120 In activated B cell, diffuse large B-cell
lymphoma activating CD79A and CD79B immune receptor tyrosine activation motif
mutations have been shown to correlate with sensitivity to BTK inhibition.2! However, even
these molecular events require sustained stimulation by foreign (or self-) antigens and/or the
TME for BCR activation emphasizing the role of the TME in the survival of malignant
cells.21 Continuous BCR signaling within the context of the TME also modulates key
extrinsic and intrinsic pathways. BCR signaling mediates the inside-out activation of a4/p1
integrins and CXCRA4 facilitating B-cell adhesion.®11 BCR signaling components BTK and
PLCy2 are targets of outside-in activation by the CXCL12/stromal cell-derived factor
(SDF)-1 and integrins promoting B-cell migration and adhesion.>22 These observations
suggest a role for the BCR at the crossroads of key components of malignant B-cell homing
within the TME. This hypothesis is further supported by the effectiveness in B-cell disorders
treated with BCR signaling inhibitors specifically targeting BTK, SYK and PI3K5 alone and
in combination with cytotoxic agents.1023-28 These anti-BCR signaling agents facilitate
transient lymphocytosis and decreased lymph node size attributable to the attenuation of
BCR-dependent lymphoma-TME interactions (decreased homing). It is also important to
note that the BCR signaling determinants BTK, PI3K, SYK and PLCy are also targets of
outside-in signaling following stimulation of B cells by effectors of the TME (for example,
chemokines, cytokines and integrins).515:22

TME, Homing (Migration and Adhesion) and BCR Signaling in B-Cell

Malignancies

The TME consists of a host of ECM components and supportive fibroblast-like stromal cells
including mesenchymal stromal cells, dendritic cells, tumor-associated macrophages (nurse-
like cells), osteoclasts, osteoblasts and endothelial cells among others. Niche cells contribute
to trafficking and adhesion of malignant cells to/within the TME via the dynamic interplay
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between chemokine networks and cellular adhesion molecules, with the BCR emerging as a
critical component of these signaling networks.

Migration and adhesion of malignant and normal B cells to the bone marrow and secondary
lymphoid tissues are modulated by the homeostatic chemokine CXCL12/stromal cell-
derived factor-1(SDF-1) and its cognate receptor CXCR4 and subsequent inside-out
regulation of integrin expression and function.2930 Ligation of the membrane-spanning G-
protein-associated receptor CXCR4 with CXCL12/SDF-1 modulates intracellular pathways
integral to chemotaxis, cell proliferation and cell survival.”-2%:30 CXCR4 signals through
heterotrimeric G proteins (Ga, Gp and Gv) facilitating the activation of (1) PI3K-Akt, (2)
Raf/Ras/MEK1/2/ERK1/2, (3) the small GTPases Rac and Rho, and (4) PLC and production
of second messengers inositol 1,4,5 triphosphate and diacyglyerol signaling cascades.30-31
One of the key functions of CXCR4 is to modulate homing of B cells to CXCL12/SDF-1-
rich regions of TME via two mechanisms: (1) increased expression of integrin subunits and
(2) inside-out activation of integrins.”11:25.31-35 Ngo et al.32 demonstrated that the bone
marrow localization of lymphoplasmacytic cells correlated with the increased expression of
CXCR4 and VLA-4 relative to peripheral circulating tumor cells, indicating that increased
expression of these determinants correlated with homing to the bone marrow. Further, loss
of CXCR4 expression correlates with B-cell migration from the bone marrow niche.36 In
addition to expression, CXCR4 modulates integrin ligand affinity through inside-out
activation of VLA-4 in a manner dependent upon the GTPases RhoA and Rac1.3! Integrins
are expressed on lymphocytes as monomers constrained in a ‘bent’ (inactive) confirmation.
In response to stimuli, integrins undergo conformational changes to an ‘open’ (active)
confirmation and undergo membrane clustering.11:34:37:38 | the active confirmation,
integrins are competent for high-affinity adhesion. The converse can also occur, integrins
trigger signals for both increased CXCR4 expression and function.3? To this end, the
relationship between CXCR4 and VLA-4 is complex constituting bidirectional outside-in
and inside-out signaling systems. Accumulating evidence indicates that the BCR is integral
in this bidirectional signaling between chemokine receptors and integrins contributing to
lymphoma migration and cell adhesion in B-cell malignancies, such as CLL, MCL and
MM.5’6’32

The BCR represents a central modulator of the interplay between the intrinsic and extrinsic
CXCRA4/CXCL12-mediated migration and VLA-4-mediated adhesion (Figure 2).30:34
Quiroga et al.*% demonstrated that BCR activation enhances CLL cell homing in tissue
microenvironments. Further, in CLL cells the tyrosine kinase inhibitor dasatinib has been
shown to decrease CXCL12-induced migration in a manner similar to direct BCR
inhibitors.41 Specific targeting of SYK with the inhibitor R406 attenuated CXCL12/SDF-1-
mediated malignant B-cell homing signals and AKT phosphorylation.1” Inhibition of PI3K§
with idelalisib/GS1101 inhibited the expression of specific chemokines and cytokines
amplified in tumor nurse-like cell coculture models.2? The BCR has also been shown to
induce VLA-4 high-affinity binding via inside-out signaling.>:11:40 Spaargaren et al.11
demonstrated that BCR signaling-induced high-affinity binding state of VLA-4 was
dependent on the sequential activation of the components of the BCR effectors LYN, SYK,
PI3K8, BTK and PLCy2-mediated release of calcium. These data underscore the importance
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of BCR signaling in the upstream modulation of interactions between lymphocytes and the
microenvironment.

Importantly, it is becoming apparent that the TME also influences the BCR signaling.
Carrasco and Batista*? showed B-cell activation by membrane-bound antigens is facilitated
by the interaction of VLA-4 with vascular cell adhesion molecule-1. Vascular cell adhesion
molecule-1, the major ligand for VLA-4, is highly expressed on the surface of follicular
dendritic cells; as such, VLA-4 acts not only as an initial tether for the B cells allowing
antigen recognition by the BCR, but also in signaling synergistically with the BCR to
promote tight adhesion and to enhance B-cell activation and survival. In addition, the
chemokine CXCL12/SDF-1 also induces outside-in activation of BCR signaling effectors
BTK, PLC-y, SYK and PI3K.22:4344 Taken together, these results suggest that the BCR is
also a downstream target of the coordinated action of chemokines and integrins. These data
further support the pivotal role of BCR signaling in the integration of intrinsic and extrinsic
determinants of TME.

TME-Mediated Survival, EMDR and BCR Signaling in B-Cell Malignancies

Microenvironment-associated survival is modulated by a host of both soluble factors
(cytokines, chemokines and growth factors) and physical factors (ECM components and
juxtaposed cellular components). Given the central role of the BCR in B-cell homeostasis
and TME interactions, it is not surprising that BCR signaling is also critical for EMDR.

Soluble factor(s)-mediated drug resistance

There are a number of soluble factors associated with malignant B-cell survival, including
interleukin (IL)-6, B-cell activating factor (BAFF), IL-10 and CXCL12/SDF-1 to list a few.
Within this section, we will discuss evidence that BAFF and IL-6 are critical examples of
soluble TME determinants. BAFF targets B lymphocytes, promoting proliferation,
activation, differentiation, survival and stimulation of Ig production both in vitro and in
vivo.*® The role of BAFF in B-cell homeostasis became evident from studies in BAFF-null
and BAFF-transgenic mice.#6-49 Mice lacking BAFF have reduced circulating mature B
cells; in contrast, BAFF-overexpressing mice have increased numbers of mature splenic and
lymph node B cells, elevated Ig levels and manifestations of autoimmune disease.*”:>0
BAFF also affords malignant B cells a resistance to therapeutics, as demonstrated by reports
in CLL and MM. Kern et al.>! demonstrated that addition of soluble BAFF protected B-CLL
cells against spontaneous and drug-induced apoptosis; conversely, addition of soluble anti-
BAFF antibodies enhanced CLL cell apoptosis. In MM, Moreaux et al.>2 demonstrated that
BAFF modulated the survival of primary MM cells and attenuated dexamethasone-induced
apoptosis. Our group also demonstrated that B-cell lymphoma adhesion-induced BAFF
expression by bone marrow stromal cells (BMSCs) stimulated a NF-xB survival pathway
and subsequently protected various lymphoma cells from apoptosis.! This observation was
further supported by a recent report revealing that mesenchymal stromal cells protect MCL
cells from spontaneous and drug-induced apoptosis and long-term expansion through
secretion of BAFF and activation of the canonical and non-canonical NF-iB pathways.53
Taken together, B cell and stromal cell interactions create sanctuary niches for lymphomas
with high BAFF availability. Importantly, the BCR was recently demonstrated to be critical
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for BAFF-dependent B-cell survival.>* BAFF-induced SYK and PI3K-mediated B-cell
survival required intact BCR and CD79A indicating that sustained BCR signaling was
required for soluble factor-dependent B-cell survival.

IL-6 remains the prototypical growth and survival factor in myeloma as well as B-cell
lymphomas.556 |L-6 binds its receptors on lymphoma cells to induce drug resistance.57:58
IL-6 binding and receptor multimerization facilitates the phosphorylation of gp130 and
initiation of three major signaling pathways in MM cells: (1) the Ras/Raf-mitogen-activated
protein kinase kinase—ERK (extracellular signal-related kinase) 1/2 pathway; (2) the PI3K
pathway; and (3) the JAK (Janus kinase)/STAT3 (signal transducer and activator of
transcription) pathway. Each of these signal transduction pathways has been implicated in
IL-6-mediated resistance to both physiological and chemotherapy-mediated apoptosis. 5960
IL-6 was found to contribute to this effect by increasing the expression of the anti-apoptotic
protein FLIP. Earlier work by Catlett-Falcone et al.59 demonstrated that IL-6-induced
STAT3 signaling protects myeloma cells from FAS-mediated apoptosis by upregulating
transcription of the anti-apoptotic molecule BCL-2-like protein 1 (BCL-X, ). Zhang et al.1?
demonstrated that autocrine and/or paracrine IL-6 is involved in MCL growth or survival,
and clearly showed that IL-6 is an important cytokine involved in MCL growth, survival and
EMDR. Importantly, Baran-Marszak et al.51 demonstrated that the BCR activity was critical
for IL-6-specific STAT3-dependent MCL survival. Taken together, these studies indicate
that ‘optimal’ BAFF and IL-6-induced B-cell survival may be dependent on intact and
sustained BCR activity.

Cell adhesion-mediated drug resistance

Cell adhesion-mediated drug resistance is defined by the drug resistance modulated by
adhesion of tumor cells to the extracellular matrix protein fibronectin via 1 integrins or
adjacent cells.®2 Studies have suggested that the binding of the b1 integrins, VLA-4 and
VLA-5 may be involved in protecting malignant B cells from apoptosis.53 The binding of
CLL patient isolates to fibronectin resulted in an increase of the anti-apoptotic protein Bcl-2
and an increase in the cellular ratio of Bcl-2 to Bax, compared with cells grown in
suspension.84 Pedersen et al.5% showed that stromal cell-induced survival of CLL cells was,
in part, through the upregulation of Mcl-1. Lwin et al.%8 demonstrated that direct contact
with the human BMSC line 5 (HS-5) afforded protection from spontaneous and drug-
induced apoptosis in various lymphomas including large cell lymphoma and MCL. In MM,
cell adhesion-mediated drug resistance-DR was linked to activation of NF-xB signaling,
specifically RELB/p50.87 Stroma-induced activation of NF-«xB and the upregulation of NF-
kB-regulated anti-apoptotic proteins XIAP and clAP contribute to EMDR. Interactions with
the bone marrow microenvironment have also been shown to affect physiological mediators
of cell death such as CD95 (FAS).%8.69 These effects were mediated by the regulation of the
anti-apoptotic protein c-FLIP, .88:69 |n addition, G; cell cycle arrest induced by p1 integrin
adhesion of myeloma cells is associated with drug resistance via the post-translational
upregulation of p27 and inactivation of cyclin-associated kinase activity.’® Subsequently,
Lwin et al.”! showed that adhesion-mediated upregulation of p27 was mediated by
proteasomal degradation of S-phase kinase-associated protein 2, a negative regulator of p27
protein stability.
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Soluble and physical determinants of the bone marrow microenvironment both confer the
EMDR phenotype in vitro. However, logic dictates that these soluble and physical
environmental effectors function in concert in vivo. This network involves autocrine/
paracrine signaling as well as regulatory events mediated by adhesion of lymphoma cells to
stromal cells. Tumor-stimulated production of soluble factors by the stroma increases
EMDR not only by directly upregulating anti-apoptotic molecules but also by inducing
increased integrin expression and/or affinity for their ligands on tumor cells. Soluble factors
not only increase integrin affinity by inside-out signaling, but integrin-mediated adhesion
also increases the activation of cytokine signaling pathways. Shain et al.2 demonstrated that
adhesion of myeloma cell lines to immobilized fibronectin through p1 integrin amplifies
IL-6-induced STAT3 signaling, demonstrating that soluble and physical factors cooperate in
conferring EMDR. Together, these results suggest that examination of crosstalk between
intra-cellular signaling networks may identify specific components and contribute more (or
less) significantly to malignant B-cell therapy resistance and proliferation. To this end,
identification of prominent signaling molecules under co-stimulatory conditions may direct
us toward more appropriate drug targets. Emerging evidence indicates that the BCR
represents a critical point of integration between the extrinsic effectors of the TME and
intrinsic survival signaling pathways. More specifically, the BCR contributes to the interplay
between outside-in and inside-out signaling regulation of CXCR4, integrins and subsequent
EMDR.56

BCR signaling and EMDR

Several lines of evidence demonstrated that lymphoma TME activates BCR signaling and
confers a sustained BCR signal in lymphoma microenvironment. Although BCR signaling is
generally thought to depend on ligand-induced aggregation, additional studies highlight the
important role of continuous BCR maintenance or survival signals in the absence of receptor
engagement. Lam et al.20 first demonstrated that the inducible loss of murine BCR resulted
in the death of peripheral B cells, highlighting the requirement for continued BCR
expression for B-cell survival.”? Further, the selective excision of the Iga immune receptor
tyrosine activation motif and ablation of Iga signaling led to the loss of mature B cells,
further emphasizing the role of chronic BCR signaling in B-cell survival and maturation.1®
Gene expression profiles from CLL cells comparing peripheral blood versus lymph node-
resident tumors cells demonstrated a significant upregulation of BCR pathway genes in the
lymph node microenvironment relative to circulating cells involving SYK phosphorylation
and NF-xB and NFAT signaling.”® Coculture experiments with stromal cells have also
shown activation of SYK and AKT in lymphoma cells.>* These data indicate that sustained
BCR signaling confers survival and proliferation signals in the bone marrow and lymph
node microenvironment niches. Further evidence that supports the importance of BCR
signaling pathway in microenvironment-induced survival signals comes from the in vitro
effects of BCR kinase inhibitors. Buchner et al.1” demonstrated that the SYK inhibitor R406
blocked stroma-mediated lymphoma survival, reduced homing and CXCL12-induced AKT
activation. Similarly, Hoellenriegel et al 2’ revealed that the PI3KS inhibitor idelalisib/
GS1101 inhibits CLL cell viability in coculture with nurse-like cells and downregulates
chemokines and cytokines amplified in this coculture model. Similarly, idelalisib/GS1101
attenuated myeloma cell growth and EMDR conferred by IL-6, insulin-like growth factor-1
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and BMSC coculture.” Further, idelalisib/GS1101 demonstrated synergistic activity in
combination with bortezomib in myeloma cells. The BTK inhibitor ibrutinib/PC132765 also
antagonizes microenvironment signals.10:15.23.44.75 Herman et al.23 demonstrated that
ibrutinib/PCI132765 blocked BAFF, IL-6 and IL-10 expression as well as CLL cell adhesion
to FN (fibronectin) and stromal cells. In myeloma, ibrutinib/PCI32765 was most potent
against stromal-dependent myeloma cells in coculture with patient-derived BMSCs or
osteoclasts, suggesting that ibrutinib-mediated cytotoxicity was the result of targeting the
bone marrow microenvironment and potentially BCR signaling.10 Ibrutinib strongly reduced
secretion of multiple cytokines and chemokines in myeloma cocultures with BMSCs.10 The
authors further demonstrated that attenuation of BTK signaling decreased myeloma cell
growth in in vivo models of the TME. Rushworth et al.”> demonstrated that ibrutinib/
PCI132765 and the BTK inhibitor LFM-A13 enhanced bortezomib and lenalidomide
cytotoxicity in myeloma. Collectively, these data indicated that the BCR and its signaling
effectors are critical to orchestrating malignant B-cell survival and EMDR.

Concluding Remarks: Implication to target BCR Signaling for Lymphoma
Treatment

By elucidating the role of the TME in the pathogenesis of B-cell malignancies, recent
studies have provided the framework for identifying and validating novel therapies that
target both lymphoma cells and the TME. The studies reviewed here support that both the
extrinsic and intrinsic determinants have a central role in the survival, drug resistance and
progression of B-cell disorders. The extrinsic signals are generated by the lymphoma
microenvironment and include chemokine receptors (CXCR4) and adhesion molecules
(VLA-4). The intrinsic factors encompass biochemical signaling determinants of cell cycle
and prosurvival pathways. To this end, targeting the malignant TME and overcoming MRD
and EMDR can be implemented through several strategies. Optimally, this strategy would
target a critical regulatory component of the dynamic relationship between malignancy and
TME. The data discussed in this review indicate that the BCR is a central hub for the
integration between the extrinsic B-cell microenvironment and the intrinsic signaling
pathways. More specifically, the BCR orchestrates the interplay between outside-in and
inside-out by CXCR4, integrins and other key effectors of the TME, thereby having a
critical role in malignant B-cell homing, survival and EMDR. Therefore, targeting the BCR
pathway molecules will attenuate growth and survival signals emanating from both B-cell
intrinsic abnormalities and from the TME, serving as a novel ‘double-hit’ strategy: targeting
both BCR-regulated survival signaling and BCR-regulated lymphoma—-TME interactions
releasing lymphoma cells from their microenvironment, resulting in sensitization and
enhanced cytotoxic killing. This hypothesis has been substantiated by recent clinical trials of
BCR inhibitors in B-cell lymphoma patients with encouraging results (Figure 3). Recently,
early-stage clinical trials with the SYK inhibitor FosD,’6 the BTK inhibitor ibrutinib?’ and
the PI3K$ inhibitor GS1101/idelalisib’® revealed that patients with CLL and some B-cell
lymphomas are particularly sensitive to inhibitors of BCR-associated kinases. Clinical
responses are characterized by an early redistribution of tissue-resident CLL cells into the
blood, resulting in rapid resolution of lymphadenopathy and organomegaly, along with a
transient surge in lymphocytosis during the first weeks of therapy consistent with the
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attenuated B-cell migration and adhesion to the TME.”7:"® Subsequently, the antigrowth and
antisurvival activities of these agents become more apparent and resulted in the
normalization of lymphocyte counts and remissions in a majority of patients consistent with
attenuated EMDR. The encouraging clinical and preclinical results obtained with FosD,
PCI132765 and CAL-101/GS1101 support the idea that therapeutic targeting of BCR
signaling pathways is an effective strategy for treatment of CLL and other B-cell
malignancies.

However, these exciting results represent only an initial step to optimal clinical success with
BCR-targeting agents. It will be important to consider the merit of targeting other molecules
within the BCR signal pathways in the setting of therapy resistance. Targeting downstream
BCR signaling pathways hold advantage of direct modulation of the cell survival and
proliferation machinery; however, clinical evidence suggests that the effect of BCR
inhibitors (as single agents) in aggressive lymphomas is modest in terms of duration of
clinical efficacy, although encouraging response rates relapse remains inevitable.”6.77.79
These clinical failures are the consequence of therapy resistance and the evolution/selection
of compensatory survival pathways. As discussed, the complexity of the survival networks
induced by the TME mitigates the prolonged success of single-agent therapy. Therefore,
dual targeting of parallel survival pathways or sequentially activated effectors of a single
pathway may be necessary. From this perspective, the continued success of BCR inhibitor
therapy in lymphoma will require the rational design of combination of targeted agents, a
deep understanding of the nature of signaling pathways and their interactions with TME.

Finally, the optimal therapeutic setting (or sequencing) of BCR inhibitors also needs to be
assessed. The bane of cancer remains MRD. MRD represents important limitations in our
technology to detect ‘small” populations of disease as well as limitations in our therapeutic
armamentarium. This residual population of cells represents cells that have evaded therapy.
Subsequent expansion of these residual cells correlates with relapse frequently, with a MDR
phenotype making salvage therapy less successful. Although the precise biological rationale
for MRD is complex, it has been proposed that the TME and EMDR are important
determinants contributing to MRD and eventual acquisition of multidrug resistance.
Targeting BCR, a central orchestrator of the TME, will foster greater success in the
eradication of B-cell tumors via a reduction in MRD. Currently, only rituximab is utilized as
a maintenance agent in non-hodgkins lymphoma (NHL). With the development of well-
tolerated oral agents such as the BCR inhibitors, their use in a maintenance setting is very
attractive. Further rationale for the use of BCR inhibitors in B-cell malignancies is supported
by the success of maintenance therapy in other myeloma with lenalidomide, with significant
improvements in long-term disease control.8%:81 As clinical use of BCR inhibitors continues
to evolve, we must (1) define optimal combination strategies with current
chemotherapeutics, (2) identify mechanisms of resistance (compensatory pathways) for the
development of success design of multiagent-targeted therapies and (3) determine the
optimal utilization of BCR inhibitors in therapy (primary therapy, maintenance and/or
salvage). To determine these issues, continued bench-to-bedside (and bedside-to-bench)
research will be needed to continue to define the role of BCR in B-cell malignancies and
their interactions with the TME.
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Figure 1.
The malignant B cell and the TMEs. Malignant B cells have a dependent relationship with

the TME. The TME consists of a host of extracellular matrix (ECM) components and
supportive fibroblast-like stromal cells including mesenchymal stromal cells, dendritic cells,
tumor-associated macrophages (nurse-like cells), osteoclasts, osteoblasts and endothelial
cells among others. These cells contribute to both the soluble and physical dynamics of the
TME. The soluble factors CXCR4, BAFF (B-cell activating factor), interleukin (IL)-6 and
insulin-like growth factor-1 are produced by the tumor cells and the cellular components of
the TME. These can function to recruit tumor cells to the TME where malignant B cells are
afforded a survival advantage. Malignant B-cell survival, therapy resistance and MRD is
controlled by the dynamic interplay between these chemokine networks and cellular
adhesion molecules. Extrinsic stimuli, in turn, are translated to intrinsic biochemical
signaling cascades modulating B-cell homing, survival and drug resistance within the
context of B-cell microenvironment, with the BCR emerging as a critical component of
these signaling networks.
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The B-cell receptor (BCR) is a central mediator of malignant B-cell homing, survival and
EMDR. B-cell homing to the bone marrow and/or secondary lymphoid organs as well as
niches within these tissues is controlled by the dynamic interplay between chemokine
networks and cellular adhesion molecule. The BCR regulates the interplay between ‘outside-
in” and ‘inside-out’ signaling by CXCR4 and VLA-4 (a4/B1 integrin heterodimers). As
such, the BCR is positioned as a central modulator of homing, environment-mediated drug
resistance (EMDR), MRD, eventual therapy resistance and relapse within the context of the
TME. Continuous BCR signaling within the context of the TME modulates key extrinsic
and intrinsic pathways. BCR signaling mediates the inside-out activation of a4/B1 integrins
facilitating B-cell adhesion. BCR signaling components Bruton's tyrosine kinase (BTK) and
phospholipase C (PLC)-y2 are targets of outside-in activation by the CXCL12/SDF-1 and
integrins promoting B-cell migration and adhesion. These observations suggest a role for the
BCR at the crossroads of key components of malignant B-cell homing within the TME. This
hypothesis is further supported by the striking responses in B-cell disorders treated with
BCR signaling inhibitors specifically targeting BTK, SYK and P13K3 alone and in
combination with cytotoxic agents. It is apparent that the TME also influences the BCR
signaling.
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Figure 3.

Targeting BCR signaling attenuates homing, survival, EMDR and MRD of malighant B
cells. The BCR is a transmembrane protein located on the outer surface of B cells. It isa
heterodimer composed of heavy-chain and light-chain 1gs, CD79A and CD79B. Upon
ligation by antigen, the immune receptor tyrosine activation motif domains of CD79A and
CD79B are phosphorylated by the src-family tyrosine kinase, LYN, and spleen tyrosine
kinase, SYK. BCR phosphorylation facilitates recruitment of additional kinases and adapter
proteins including Bruton's tyrosine kinase (BTK), B-cell linker (BLNK) and other adapter
proteins forming a large protein multimer or signalome. CD79A/CD79B, LYN, SYK,
PLCy2, PI13Ks and BTK comprise the core intrinsic signaling determinants of BCR. The
data discussed in this review indicate that the BCR is a central hub for the integration
between the extrinsic B-cell microenvironment and the intrinsic signaling pathways, thereby
playing a central role in malignant B-cell homing, survival and EMDR. To this end,
targeting the BCR pathway will attenuate growth and survival signals emanating from both
B-cell intrinsic abnormalities and from the TME. BCR-targeting strategies using SYK
inhibitor fosamatinib, the BTK inhibitor ibrutinib and the PI3KS3 inhibitor GS1101/idelalisib
revealed that patients with malignant B-cell disorders are particularly sensitive to inhibitors
of BCR-associated kinases.
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