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Abstract

The B cell receptor (BCR) pathway plays a crucial role in the survival, proliferation, and 

trafficking of chronic lymphocytic leukemia (CLL) cells. Inhibitors of the key kinases in this 

pathway, including spleen tyrosine kinase (SYK), mammalian target of rapamycin (mTOR), 

phosphoinositide 3’-kinase (PI3K), and Bruton's tyrosine kinase (BTK), have been found in pre-

clinical models to decrease CLL cell viability both directly and indirectly through modulation of 

the microenvironment. Recently, oral agents targeting each of these kinases have been explored in 

early phase clinical trials in patients with CLL. BCR pathway antagonists appear to be highly 

active in relapsed refractory CLL, independent of high-risk disease makers such as del(17p). 

These agents have shown a unique pattern of inducing early transient lymphocytosis which 

typically is associated with nodal response. Here, we review the biology of the BCR, the kinases 

within this pathway, and their interaction with the CLL microenvironment. We also discuss data 

from recent and ongoing clinical trials of BCR antagonists. We address the development of 

potential biomarkers for response to these agents such as ZAP-70, IGHV status, and CCL3, and 

discuss where these exciting new drugs may fit in the evolving landscape of CLL therapy.
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INTRODUCTION

Although chronic lymphocytic leukemia (CLL) is the most prevalent leukemia in the 

Western world, the disease is incurable by conventional therapy[1]. A common clinical 

observation is that in response to chemotherapy, CLL cells in the peripheral blood are often 

effectively treated, yet disease persists in the lymph nodes and bone marrow[2]. These 

observations support the hypothesis that CLL is incurable because even though our current 

treatments are effective at putting the disease into remission, resistant cells remain in 

sanctuary sites in lymph nodes or bone marrow and lead to relapse. Until recently, little 

mechanistic evidence was available to support this hypothesis.
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In the last few years, significant progress has been made in our understanding of the 

molecular pathogenesis underlying treatment resistance in the CLL microenvironment. 

Increasing evidence suggests that CLL cells in lymph nodes and bone marrow are protected 

from cell death by a variety of proliferative and prosurvival signals, such as CD40L, BAFF, 

APRIL, and adhesion molecules[3]. A key recent discovery is the critical role that the B cell 

receptor (BCR) pathway plays in this pathophysiology of CLL cells in the stromal 

microenvironment[4]. For example, lymph node-derived CLL cells were found to have a 

gene expression profile similar to activated B cells, and showed increased proliferation 

compared to samples from the same patients’ peripheral blood[5]. In addition to its role in 

promoting B cell proliferation and survival[5], BCR signaling also appears to be essential 

for CLL cell trafficking and interaction with the stromal microenvironment[5,6]. Recently, a 

variety of novel kinase inhibitors have been developed to target various components of the 

BCR pathway, including SYK[7], mTOR[8], PI3K[9], BTK[10], and others (Table I). These 

agents share a unique pattern of response that results in nodal reduction with redistribution 

lymphocytosis, which likely reflects microenvironment modulation. BCR pathway 

antagonists appear to be equally efficacious in the setting of traditional high-risk prognostic 

abnormalities such as del(17p). These oral therapies are also better tolerated than 

combination chemotherapy regimens in older, less-fit patients. Inhibitors of the BCR 

pathway have therefore generated significant excitement in the field by raising the 

possibility that they may bring us closer to curing CLL by providing a powerful new 

treatment option.

Here, we review the biology of the BCR pathway and its component proteins, as well as data 

from recent and ongoing clinical trials of these agents. We also discuss where these exciting 

new drugs may fit in to the evolving landscape of CLL therapy.

OVERVIEW OF THE B CELL RECEPTOR PATHWAY

The BCR pathway is utilized by normal B cells to promote cell proliferation, differentiation, 

and function, including production of antibodies[11]. A simplified version of the BCR 

pathway and its molecular interactions with the CLL microenvironment is shown in Figure 

1. Once stimulated by antigen, the activated BCR recruits other kinases such as spleen 

tyrosine kinase (SYK) and LYN kinase, which phosphorylate immunoreceptor tyrosine-

based activation motifs (ITAMs) on the cytoplasmic Ig domains of the receptor[12]. ITAM 

phosphorylation sets off a cascade of downstream events, including activation of Bruton's 

tyrosine kinase (BTK) and phosphoinositide 3-kinase (PI3K). Activated BTK and PI3K 

promote calcium mobilization and activation of downstream kinases such as PKC-β, AKT 

kinase, mammalian target of rapamycin (mTOR), and MAP kinase (ERK). These events 

promote increased survival and proliferation of B cells, largely mediated by the upregulation 

of transcription factors such as nuclear factor Κ-beta (NF-ΚB) and nuclear factor of 

activated T cells (NFAT)[13]. These activated kinases also have a profound influence on B 

cell trafficking by promoting B cell chemotaxis towards CXCL12/13, migration beneath 

stromal cells, and upregulation of CLL cell chemokine secretion[2]. It is likely that the 

prosurvival signals stimulated by both BCR activation and stroma are amplified by the 

convergence of these pathways on common downstream kinases.
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Although the BCR is usually activated by antigen in normal B cells, the receptor has also 

been found to undergo ligand-independent (tonic) signaling[14]. This tonic signaling is 

thought to contribute to the pathogenesis of CLL, as well as a variety of other B cell 

malignancies, including diffuse large B cell lymphoma[15] and mantle cell lymphoma[16]. 

Recently, it has been reported that one third of patients with CLL have stereotyped B cell 

receptors, which may respond differently to antigen than non-stereotyped B cell 

receptors[17]. A deeper understanding of these B cell receptor structures has the potential to 

enhance our biologic understanding of the disease and may eventually guide therapy, as 

different stereotyped subsets are associated with distinct clinical characteristics.

Given that several of the key mediators of the BCR pathway are kinases, the potential 

efficacy of small molecule kinase inhibitors has been widely recognized. A variety of 

different kinases in the BCR pathway have now been targeted, both in pre-clinical studies as 

well as in clinical trials. Other non-kinase targets that indirectly affect the BCR pathway, 

including inhibitors of NF-ΚB, BCL-2, and monoclonal antibodies to target surface proteins 

such as CD19 are in various stages of development, but are beyond the scope of this review.

B CELL RECEPTOR PATHWAY TARGETS

Spleen Tyrosine Kinase (SYK)

Biology—The spleen tyrosine kinase (SYK) is thought to be critical to normal B cell 

development, as mice deficient in SYK typically exhibit severe B cell lymphopenia[18,19]. 

Given its proximity to the BCR, SYK is critical for initiating downstream events and 

amplifying the BCR signal[11]. SYK also is thought to play a particularly important role in 

tonic BCR signaling in malignant lymphoid cells[15]. Compelling pre-clinical data in 

lymphoma patient samples demonstrated that inhibition of SYK could lead to proliferation 

arrest and apoptosis, both of which were associated with the degree of overexpression of 

SYK[20]. Inhibition of SYK decreases CLL cell migration toward chemokines such as 

CXCL12, thereby reducing the numbers of CLL cells that benefit from protective effects of 

stroma[21]. Furthermore, SYK inhibition leads to decreased BCR-dependent secretion of the 

chemokines CCL3 and CCL4 by CLL cells, CLL cell migration beneath stromal cells, and 

extracellular signal-regulated kinase (ERK) phosphorylation after BCR triggering[22]. 

These in vitro observations have also been confirmed in the Eu-TCL-1 transgenic mouse, an 

in vivo model of CLL[23]. In this model, SYK inhibition effectively inhibited BCR 

signaling, induced a transient early increase in circulating lymphocytes, reduced the 

proliferation and survival of the malignant B cells, and prolonged survival of the treated 

mice.

Therapy

Fostamatinib (R788): Fostamatinib (R788) is an orally-bioavailable prodrug that gets 

converted in the body to an active metabolite, R406, which acts as a potent inhibitor of 

SYK, with an IC50 in vitro of 41 nM [24]. The compound is not entirely specific for SYK, 

and is thought to have several potential off target effects. Early trials of fostamatinib in 

patients with rheumatoid arthritis showed potent anti-inflammatory effects[25]. The largest 

study to date in CLL was a phase I/II study of single-agent fostamatinib in patients with 
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relapsed refractory lymphoid malignancies[7]. In phase I, a dose of 200 mg twice daily was 

relatively well-tolerated, with dose-limiting toxicities of neutropenia, thrombocytopenia, and 

diarrhea. Six of the 11 CLL patients (55%) in the phase II portion of the study had an 

objective response according to lymphoma response criteria[26], the highest response rate of 

any histology on the study. An early lymphocytosis of greater than 50% of baseline was 

observed in 9 of the patients with CLL, initially prompting concern for possible progression 

of disease. However, given that these patients with lymphocytosis were also experiencing 

lymph node reduction, the authors speculated that inhibition of SYK may have disrupted the 

nodal microenvironment and led to increased trafficking of CLL cells out of nodal tissues 

and into the peripheral blood where they would then eventually die.

The company developing fostamatinib decided to pursue a registration strategy in 

rheumatoid arthritis, and therefore no follow-up studies in CLL have been performed to 

date. Clinical trials are proceeding with the drug in diffuse large B cell lymphoma, but it 

remains unclear whether fostamatinib will be available in the future for study in CLL. Other 

highly specific SYK inhibitors including PRT318 and P505-15 have since been developed 

by another company. Preliminary reports showed potent pre-clinical activity of these 

compounds in CLL[20], and follow-up studies confirmed that PRT318 and P505-15 are both 

highly effective at promoting CLL cell apoptosis and disrupting CLL cell tissue homing 

circuits, supporting the future clinical development of these drugs in CLL[22].

Mammalian Target of Rapamycin (mTOR)

Biology—The mammalian target of rapamycin (mTOR) is a highly conserved, ubiquitously 

expressed serine/threonine kinase with two major isoforms (mTOR1 and mTOR2) that 

serves as a key regulator of the initiation of translation and as a critical downstream 

mediator of BCR signaling[27]. mTOR also regulates the cell cycle by allowing progression 

from G1 to S phase through increasing cyclin E and cyclin A levels, thereby leading to 

upregulation of cyclin-dependent kinase 2 (CDK2) activity[28]. Rapamycin binds to mTOR, 

and has been found ex vivo to decrease CLL cell progression into S phase, leading to G1 

arrest. The pro-survival factor survivin, a member of the inhibitors of apoptosis proteins 

(IAPs) family, has been previously shown to be expressed in CLL proliferation centers and 

is completely suppressed in the presence of rapamycin[29]. Interestingly, unlike most CLL 

cells, which undergo growth arrest in response to rapamycin, CLL cells deficient in the 

tumor suppressor TP53 undergo apoptosis[30], suggesting that mTOR inhibitors may be 

particularly active in CLL patients with the poor prognosis del(17p) genotype, which 

typically lacks TP53 function. mTOR inhibitors typically have differential specificity for 

mTOR1 or mTOR2, and a theoretical mechanism of drug resistance is the compensatory 

upregulation of the less well-inhibited isoform.

Therapy—Everolimus (RAD001) is a rapamycin analog FDA-approved for relapsed renal 

cell carcinoma that selectively inhibits mTOR and has been shown in vitro to induce cell 

cycle arrest in CLL cells without inducing apoptosis[31]. By blocking downstream in the 

BCR pathway, everolimus is also theoretically disruptive to the proliferative signals induced 

in CLL cells by stroma. A phase II pilot trial of everolimus (5 mg/day) in 7 patients with 

advanced CLL was stopped early due to toxicity concerns, which included four life-
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threatening immunosuppression-related infectious complications[32]. Some clinical activity 

was observed, with one patient achieving a partial response and 3 patients with stable 

disease. The authors suggested that the lack of mandated antimicrobial prophylaxis on this 

study contributed to these serious infectious complications.

Building on this early experience, the Mayo clinic group conducted a phase II study of oral 

single-agent everolimus (10 mg/day) for relapsed refractory indolent lymphoid 

malignancies[8]. Although only 4 of the 22 patients with CLL (18%) achieved a partial 

remission by NCI Working Group 1996 criteria, an additional 6 of these 22 patients (27%) 

achieved a nodal response with increased absolute lymphocyte count. The pattern of 

lymphocytosis with nodal response was similar to that observed with SYK inhibition, 

suggesting again that these patients were likely experiencing redistribution of lymphocytes 

rather than progressive disease. Including these patients with discordant blood and lymph 

node response, 45% of patients derived clinical benefit from everolimus monotherapy. Five 

serious infections (including 2 fatal infections) were observed on this study, again 

supporting the need for mandatory antimicrobial prophylaxis and growth factor support for 

future studies with this drug. The authors concluded that although the single-agent activity 

of everolimus was modest, the drug did lead to lymphocyte redistribution and therefore 

could be valuable in combination with other effective therapies for CLL. Second generation 

mTOR inhibitors, such as temsirolimus and deforolimus, have somewhat different 

specificity and toxicity profiles and are worthy of further investigation in CLL.

Phosphoinositide 3’-kinase (PI3K)

Biology—Phosphoinositide 3’-kinase (PI3K) is a particularly crucial downstream mediator 

of BCR signaling[33], and CLL cells generally express high levels of active PI3K[34]. In 

addition to promoting B cell survival and proliferation, PI3K also acts as a key intermediary 

signaling molecule between the microenvironment and the CLL cell, transmitting signals 

from membrane receptors such as the BCR, CXCR4, and CD40 to downstream pro-survival 

mediators such as AKT[35]. The delta-isoform of the p110 catalytic subunit of PI3K is the 

predominant form expressed in leukocytes, and PI3K-δ inhibition partially reverses the 

chemoresistance observed in stroma-exposed CLL cells and also reduces CLL cell 

chemotaxis into stroma[36]. In vitro, PI3K-δ inhibition leads to a modest degree of 

apoptosis, both in the presence or absence of stroma[37].

Pre-clinical in vitro studies are ongoing to determine which drugs might best complement 

the activity of a PI3K-δ inhibitor by blocking other pathways that contribute to CLL cell 

survival. One interesting in vitro study combined PI3K inhibition with lenalidomide, an 

immunomodulatory agent known to cause an immune-mediated tumor flare in CLL patients 

starting on the drug[38]. Pharmacologic inhibition or siRNA knockdown of PI3K-δ was 

found to abrogate CLL cell activation, costimulatory molecule expression, and vascular 

endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) gene 

expression that would otherwise have been induced by lenalidomide. These findings suggest 

that PI3K might be an important mediator of the lenalidomide-induced tumor flare, and 

support the idea of studying the combination of PI3K inhibitors with lenalidomide clinically 

to mitigate this effect.
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Therapy

CAL-101 (GS1101): CAL-101 (GS1101) is a small molecule that potently and specifically 

inhibits the delta-isoform of PI3K[9]. The drug is thought to kill primarily through induction 

of apoptosis, and has been shown to kill primary CLL cells ex vivo in a dose- and time-

dependent fashion[39]. Importantly, CAL-101 (GS1101) is able to kill CLL cells effectively 

in the presence of stroma.

A large phase I study of approximately 190 patients with relapsed refractory hematologic 

malignancies was conducted with CAL-101 (GS1101)[40]. Fifty-five CLL patients were 

included on this study, the majority of whom were high risk, with a median of 5 prior 

therapies and 82% with bulky lymphadenopathy. As with earlier studies of BCR pathway 

inhibitors such as fostamatinib (SYK) and everolimus (mTOR), the majority of CLL patients 

on the CAL-101 (GS1101) monotherapy study (58%) experienced transient lymphocytosis, 

again likely due to mobilization of CLL cells out of the lymph nodes and bone marrow. The 

lymphocytosis was clearly not related to disease progression, as eventually all evaluable 

CLL subjects had a decrease in lymph node size. The overall response rate (ORR = CR + 

PR) by IW-CLL criteria was a modest 24% due to the fact that the lymphocytosis induced 

by the drug again precluded counting many patients as responders. When including patients 

with discordant nodal and blood response, the rate of clinical benefit was greater than 90%, 

and even patients with poor prognostic factors such as del(17p) derived significant benefit. 

The median progression free survival (PFS) thus far is 15 months, and 21 patients remain on 

study after 1 year with continued benefit, suggesting that responses to CAL-101 (GS1101) 

can be quite durable. Importantly, in vivo correlative studies found that patients on CAL-101 

(GS1101) experienced a rapid decline in plasma concentrations of the chemokines CCL3, 

CCL4, and CXCL13, and reduced constitutive expression of phospho-AKT, demonstrating 

pharmacodynamic inhibition of activated PI3K signaling.

Combination studies with CAL-101 (GS1101) in the relapsed/refractory setting are also now 

underway. A recent preliminary report was presented on a phase I study of CAL-101 

(GS1101) in combination with rituximab or bendamustine in patients with relapsed 

refractory CLL[41]. Twenty-seven patients have been reported to date, and the combinations 

have had a favorable safety profile and > 80% ORR. Unlike with monotherapy, the transient 

lymphocytosis phenomenon has been significantly reduced, particularly with bendamustine, 

likely due to its rapid cytotoxic effects. Moving forward, registration studies are being 

initiated, and other studies of the activity of CAL-101 (GS1101) in combination with 

chemotherapy or immunotherapy will also be explored in the frontline and relapsed settings.

SAR245408 (S08): Since PI3K-δ is highly expressed in leukocytes, it was logical that 

isoform-specific PI3K inhibition was the first strategy explored in CLL. However, given the 

ubiquitous nature of PI3K dysregulation in human cancers, pan-PI3K inhibition is also 

worthy of exploration in CLL. Alpha and gamma p110 isoforms of PI3K are expressed in 

CLL, and their upregulation in CLL cells would be a logical mechanism of resistance to a 

delta-isoform specific inhibitor. Furthermore, T cells are known to provide stromal support 

for CLL cells, and express the gamma isoform of PI3K[42]. Pan-PI3K inhibitors have 

already been studied in patients with solid tumors and have generally been found to be safe 
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and well-tolerated[43], and the first efforts to evaluate pan-PI3K inhibitors in lymphoid 

malignancies are now underway.

SAR245408 (S08) is a class I pan-PI3K inhibitor that was previously found to be well-

tolerated in patients with solid tumors[43]. A small pilot study in 5 patients with refractory 

CLL found that the drug was well-tolerated[44]. Although none of the 5 patients achieved an 

objective response, 3 patients (60%) benefited from a nodal response with transient 

lymphocytosis and remain on treatment. Though these early results in CLL have been 

promising, the company producing SAR245408 (S08) has decided to focus the development 

of the drug on solid tumors, and instead to study the activity of a dual pan-PI3K/mTOR 

inhibitor in lymphoid malignancies, including CLL (see below).

Dual PI3K/mTOR

Biology—Another theoretical resistance mechanism to PI3K inhibitor monotherapy is 

mTOR activation through alternative upstream pathways such as the RAS/MEK/ERK 

pathway. Resistance to mTOR inhibitor monotherapy could develop if PI3K were to 

preferentially activate alternative downstream messengers such as PKCβ and NF-ΚB. A 

drug able to inhibit upstream at PI3K and downstream at mTOR would have the potential to 

overcome both of these types of resistance mechanisms. PI3K and mTOR inhibitors also 

likely work by different mechanisms, with PI3K inhibitors directly inducing apoptosis in 

CLL cells, and mTOR inhibitors primarily causing induction of growth arrest. Targeting 

both PI3K and mTOR simultaneously would therefore potentially disrupt both CLL cell 

survival and proliferation, and has the potential to lead to a high level of clinical activity in 

CLL.

Therapy

SAR245409 (S09): SAR245509 (S09) is a small molecule dual PI3K/mTOR inhibitor 

currently being evaluated in clinical trials. In a PTEN-deficient mantle cell lymphoma cell 

line, the drug inhibited PI3K and ERK, and led to a marked decrease in proliferation 

markers such as Ki-67 (unpublished data). SAR245509 (S09) was relatively well-tolerated 

in a phase I dose-escalation study of patients with advanced solid tumors[45], and is now 

being explored at the recommended phase 2 dose of 50 mg BID in a large, multicenter phase 

II study in patients with CLL, follicular, and mantle cell lymphomas. A phase I study of 

SAR245509 (S09) in combination with bendamustine and/or rituximab in the same patient 

population is also underway. Additional combination studies of SAR245509 (S09) are also 

in development.

Bruton's Tyrosine Kinase (BTK)

Biology—Bruton's tyrosine kinase (BTK) is a Tec family kinase member which lies near 

the B cell membrane and plays a key role in upstream BCR signaling[46]. Mutations in BTK 

were first discovered in patients with X-linked Bruton's agammaglobulinemia[47], a 

disorder that results in marked impairment of B cell function and number. BTK inhibition 

blocks BCR signaling in human peripheral B cells in vitro, and inhibits autoantibody 

production in a mouse model of autoimmune disease[10]. In CLL cells, inhibition of BTK 
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decreases ERK1 and AKT phosphorylation, NF-ΚB DNA binding, and CpG mediated 

proliferation[48].

In addition to its role in CLL cell survival and proliferation, BTK also appears to be 

intricately intertwined in the biology of the CLL microenvironment. For example, BTK 

inhibition significantly decreases integrin-mediated adhesion and cell migration, response to 

chemotactic factors such as CXCL12 and 13, and CLL cell production of the chemokines 

CCL3 and CCL4[49,50]. In the TCL1 mouse model of CLL, BTK inhibition leads to a 

transient early lymphocytosis and profoundly inhibits CLL progression, as measured by 

weight, development, extent of hepatosplenomegaly, and survival[49]. Because BTK is 

expressed primarily in B cells (and not T cells or plasma cells)[51], BTK inhibition should 

theoretically lead to less immunosuppression than other agents that affect multiple types of 

immune cells.

Therapy

PCI-32765: PCI-32765 is a highly potent, orally bioavailable small molecule BTK inhibitor 

(in vitro IC50 0.5 nm) that forms a specific and irreversible bond to cysteine-481 in 

BTK[52]. An initial phase I study found that PCI-32765 monotherapy was well-tolerated 

and demonstrated a clear efficacy signal[53]. The follow-up study of PCI-32765 

monotherapy is a large phase Ib/II study in patients with CLL which includes both relapsed 

refractory patients of all ages and treatment-naïve elderly patients in dosing cohorts of 420 

mg/day and 840 mg/day continuous dosing. The updated data for the relapsed refractory 

cohorts were presented at the 2011 ASH annual meeting[54]. Sixty-one patients were 

enrolled (n=27 at 420 mg/day and n=34 at 840 mg/day), and the median follow-up for the 

two cohorts was 12.6 and 9.3 months, respectively. The drug has been well-tolerated, with 

grade 1/2 diarrhea, fatigue, nausea, and ecchymosis being the most frequently reported 

adverse events. The characteristic pattern of transient early lymphocytosis observed with 

other inhibitors of the BCR pathway was again observed in the majority of patients on this 

study. Early in therapy, the majority of patients showed nodal response with lymphocytosis, 

but over time, as lymphocytosis resolved, many of these patients converted to PR, such that 

objective responses by IW-CLL criteria were achieved in 67% of patients, with an additional 

24% of patients achieving nodal response in the setting of transient lymphocytosis. 

Therefore, clinical benefit was achieved in over 90% of patients. The responses to 

PCI-32765 have thus far proven to be durable, with several patients still benefitting from the 

drug now for over two years. The median PFS thus far has been 86% at 12 months, and 

clinical activity was observed to be independent of poor-risk clinical or genetic factors.

Several combination studies of PCI-32765 with chemoimmunotherapy and antibodies in 

both the relapsed refractory and frontline settings are currently ongoing or in development. 

Registration trials are initiating this year. Like CAL-101 (GS1101), PCI-32765 would be 

expected to mitigate the tumor flare reaction observed in the majority of patients on 

lenalidomide, and therefore combination studies of PCI-32765 with lenalidomide in the 

relapsed/refractory setting are also being planned.
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AVL-292: Another promising BTK inhibitor in development is AVL-292, which has a 

similar mechanism of action and higher binding affinity (in vitro IC50 <0.5nm) compared to 

PCI-32765. Detailed pharmacokinetic and pharmacodynamic studies were obtained in a 

preliminary study of AVL-292 in healthy human subjects [55]. The drug was found to be 

safe and well-tolerated following oral administration at dose levels ranging from 0.5-7.0 

mg/kg. Based on these results, a phase I study of AVL-292 in patients with relapsed 

refractory CLL and lymphoma is now ongoing, and plans for future combination studies are 

also in development.

PREDICTING RESPONSE TO B CELL RECEPTOR INHIBITION

Although the overall response rates to BCR pathway inhibitors are high, a substantial 

minority of patients either do not respond or progress relatively shortly after starting on 

therapy. Therefore, identifying biomarkers that may predict for response to BCR pathway 

inhibitors would be valuable. Efforts are currently underway to study both conventional 

CLL prognostic markers and novel biomarkers as predictors of response to these agents. To 

date, the three markers that have been studied the most in preclinical models are ZAP-70, 

the mutation status of the immunoglobulin heavy chain (IGHV), and CCL3.

ZAP-70 is a cytoplasmic tyrosine kinase, normally associated with the T cell receptor, which 

is abnormally upregulated in the malignant B cells of a subset of CLL patients[56]. 

Increased ZAP-70 is associated with activation of the BCR pathway, and is often associated 

with unmutated IGHV status and more aggressive disease[57]. ZAP-70 may also promote 

increased CLL cell motility, as evidenced by its ability to increase CLL cell responsiveness 

to the chemokines CCL19, CCL21, and CXCL12[58]. Given these findings that increased 

ZAP-70 expression is associated with higher signaling through the BCR pathway, one would 

hypothesize that BCR antagonists would be more effective in patients with ZAP-70 positive 

CLL, though this has not yet been shown in clinical trials.

Unmutated IGHV status confers a poorer prognosis and predicts a shorter time to first 

treatment compared to mutated IGHV status[59]. Pre-clinical data predict that mutation 

status may serve as a marker of response to BCR pathway inhibition. When BCR ligation is 

induced by IgM stimulation in vitro, significant differences in gene expression occur 

between unmutated and mutated CLL cases[60]. For example, functional gene groups, 

including signal transduction, transcription, cell-cycle regulation, and cytoskeletal 

organization were all up-regulated in unmutated but not mutated CLL cases. Furthermore, 

IGHV unmutated CLL cells cultured ex vivo are more prone to spontaneous apoptosis and 

more dependent on stromal prosurvival signals from cell-to-cell contact and soluble factors 

compared to mutated CLL cells[61]. Ongoing investigation will determine whether patients 

with unmutated IGHV benefit differentially from BCR antagonists compared to mutated 

IGHV patients.

CCL3 is a chemokine of the CC subfamily that is produced by both normal and malignant 

lymphocytes and acts through the chemokine receptors CCR1 and CCR5 as a 

chemoattractant for other lymphocytes and adaptive immune cells[62]. CCL3 is secreted by 

CLL cells when they are activated via the BCR pathway[63]. Moreover, CCL3 is expressed 

Davids and Brown Page 9

Leuk Lymphoma. Author manuscript; available in PMC 2015 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in higher levels in CLL cells derived from the lymph node compared to those derived from 

the peripheral blood[5], suggesting that stroma can induce higher levels of CCL3 

expression. Given these observations, one would hypothesize that agents that target the BCR 

pathway and disrupt stromal support signals would lead to decreased CCL3 levels. Indeed, 

both SYK[64] and PI3K-δ inhibition[37] have been shown to decrease CLL secretion of 

CCL3 in a nurse-like cell in vitro model. In addition, patients treated with the PI3K-δ 

inhibitor CAL-101 (GS1101) were found to normalize their CCL3 values in the peripheral 

blood after 28 days[37]. These findings support the hypothesis that elevated CCL3 levels 

may also serve as a predictive biomarker of lymphocytosis due to BCR pathway 

antagonism, though this hypothesis still needs to be formally evaluated in the clinic.

Although ZAP-70 and IGHV mutation status as well as CCL3 expression are all promising 

biomarkers for response to BCR pathway inhibition, thus far a definitive evaluation of their 

predictive value in vivo has not been possible due to the relatively small size of the clinical 

studies. Given the counterintuitive nature of poor risk markers such as ZAP-70 positivivity 

and unmutated IGHV predicting improved response to BCR pathway antagonists, it will be 

important to confirm these hypotheses in larger clinical trials. These larger studies are now 

underway, and in addition to looking at traditional prognostic markers, these trials should 

also incorporate novel biomarker evaluations, including genetic predictors of response, such 

as the novel mutations recently described in CLL such as SF3B1, NOTCH1, MYD88 and 

others[65-67]. These larger studies will hopefully provide useful information about how 

well these markers predict response to BCR pathway inhibitors in CLL. Given the 

preclinical data, one would theoretically expect that even patients with high-risk CLL who 

have short-lived responses to conventional therapy might have more durable responses to 

BCR pathway antagonists.

CONCLUSION

The explosion of knowledge over the last few years regarding the key role of the BCR 

pathway in the pathophysiology of CLL has fueled the development of a plethora of small 

molecule inhibitors of several key kinases in this pathway. The compounds that have moved 

the furthest along in the clinic thus far include inhibitors of SYK, mTOR, PI3K- δ, and 

BTK. Agents with broader activity, including dual PI3K-mTOR and pan-PI3K inhibitors are 

also now in clinical studies. Smaller studies are exploring inhibition of other kinases in the 

BCR pathway such as LYN kinase, which is inhibited by dasatinib[68], and AKT, which is 

inhibited by MK2206. The unique pattern of nodal response with redistribution 

lymphocytosis first observed with the SYK inhibitor fostamatinib is now clearly a class 

effect of BCR inhibitors, and may serve as a useful pharmacodynamic marker of pathway 

inhibition. Given that the IW CLL 2008 response criteria were devised prior to knowledge 

of the lymphocyte redistribution effect of BCR pathway antagonists, investigators are 

currently grappling with understanding the clinical utility of the established response criteria 

in the context of these new agents. A discussion is ongoing about modifying these criteria to 

acknowledge that an increasing lymphocyte count early in therapy with one of these agents 

should not be considered progressive disease in the absence of other evidence of disease 

progression.
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As the CLL field tries to move away from effective but often toxic chemoimmunotherapy 

regimens, the BCR pathway inhibitors may form the backbone of a new therapeutic 

paradigm. The prospect of using small molecule BCR pathway inhibitors, either as 

monotherapy or in combination, to achieve long term disease remission without the toxicity 

and inconvenience of chemotherapy would potentially be quite beneficial for patients with 

CLL. But given the availability of numerous new agents and the complexity of the BCR 

pathway, several important questions need to be addressed in future studies.

For example, will BCR antagonists need to be combined with chemotherapy to achieve 

maximum effect, or will they be effective enough as monotherapy or in combination with 

antibodies to reduce the need for chemotherapy in this disease? What resistance mechanisms 

might arise with these new agents and how can they be addressed? Though overall response 

rates in the initial trials have been impressive, how durable will these responses ultimately 

be? What role might BCR pathway inhibitors have in the maintenance setting, either post 

chemoimmunotherapy or post allogeneic stem cell transplantation? Will BCR pathway 

inhibitors be effective enough to significantly reduce the need for allogeneic stem cell 

transplantation in relapsed refractory CLL?

Though clinical trials will help elucidate the answers to some of these questions, equally 

essential to the successful future development of these agents will be ongoing pre-clinical 

investigation to gain further insight into mechanisms of resistance and to help determine 

optimal drug combinations. Translating the findings of this pre-clinical work into the clinic 

will be critical to optimizing the therapeutic potential of inhibition of the BCR pathway in 

CLL.
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Figure 1. 
The B cell receptor (BCR) signaling pathway and molecular interactions in the CLL 

microenvironment. Upon engagement with antigen (and independent of antigen in some 

cases), the BCR activates LYN and SYK kinases, which stimulate several downstream 

mediators. BTK activation leads to a variety of downstream effects that eventually regulate 

key transcription factors for B cell survival and proliferation. PI3K stimulation leads to 

activation of mTOR and AKT. mTOR promotes cell cycle progression from G1 to S and 

activates important pro-survival transcription factors. AKT has an anti-apoptotic effect, the 

mechanism of which remains incompletely defined. The microenvironment promotes CLL 

survival in a variety of complex ways. CLL cells can produce chemokines such as CCL3 

and CCL4, which recruit immune cells such as T cells, which exert pro-survival signals 

through CD40/CD40L interactions. Nurse-like cells (NLC) have anti-apoptotic effects on 

the CLL cell through a variety of mediators, including APRIL, BAFF, and CD31, the latter 

of which interacts with CD38 and ZAP-70 to drive CLL cell proliferation. Bone marrow 

stromal cells (BMSC) contribute to CLL survival both through direct cell-cell contact and by 

producing soluble factors. Ligands such as VCAM-1 and fibronectin (FN) on the BMSC cell 

surface interact directly with integrins such as CD49d (VLA-4) on the CLL cell. BMSCs 

also produce chemokines such as CXCL12, which recruit CLL cells into the 

microenvironment through interactions with receptors on the CLL cell such as CXCR4.
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Table I

B cell receptor (BCR) inhibitors and their clinical efficacy in chronic lymphocytic leukemia (CLL)

Kinase Function in CLL Inhibitor(s) Lymphocytosis Rate Response Rate by 
2008 IW CLL 

Criteria

Spleen tyrosine kinase (SYK) Upstream 
amplifier of BCR 

signal through 
ITAM 

phosphorylation, 
mediates tonic 
BCR signaling

Fostamatinib (R788) 9/11 patients (82%)
6/11 patients (55%)

*

Mamallian target of rapamycin 
(mTOR)

Downstream 
mediator of BCR 

signaling, 
regulates cell 

cycle and 
translation

Everolimus 6/22 patients (27%) 4/22 (18%)

Phosphoinositide 3’-kinase (PI3K) Intermediary 
signaling between 
microenvironment 
and downstream 

pro-survival 
factors AKT and 

mTOR

Delta-Specific: CAL-101 (GS1101) 32/55 patients (58%) 13/55 patients (24%)

Pan-PI3K: SAR245408 (S08) 3/5 patients (60%) 0/5 patients (0%)

Bruton's tyrosine kinase (BTK) Upstream 
mediator of 

stroma-mediated 
pro-survival 

signals through 
BCR pathway

PCI-32765 56/61 patients (91 %) 41/61 patients (67%)

AVL-292 TBD TBD

*
by lymphoma response criteria
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