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Summary

Signals emanating from the B cell receptor (BCR) promote proliferation and survival in diverse 

forms of B cell lymphoma. Precision medicine strategies targeting the BCR pathway have been 

generally effective in treating lymphoma, but often fail to produce durable responses in diffuse 

large B cell lymphoma (DLBCL), a common and aggressive cancer. New insights into DLBCL 

biology garnered from genomic analyses and functional proteogenomic studies have identified 

novel modes of BCR signaling in this disease. Herein, we describe the distinct roles of antigen-

dependent and antigen-independent BCR signaling in different subtypes of DLBCL. We highlight 

mechanisms by which the BCR cooperates with TLR9 and mutant isoforms of MYD88 to drive 

sustained NF-κB activity in the activated B cell-like (ABC) subtype of DLBCL. Finally, we 

discuss progress in detecting and targeting oncogenic BCR signaling to improve the survival of 

patients with lymphoma.
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1 Introduction

Lymphomas comprise the 7th most frequently diagnosed form of human cancer (1). No less 

than six dozen forms of human lymphoma with distinct clinical presentations and prognoses 

have been described (2). These comprise aggressive non-Hodgkin lymphomas, including 

diffuse large B cell lymphoma (DLBCL) and Burkitt lymphoma (BL), and more indolent 

lymphomas, including follicular lymphoma (FL), marginal zone lymphoma (MGZL) and 

others. Most non-Hodgkin lymphomas are the malignant counterpart of mature B 

lymphocytes at various stages of differentiation and activation, with only a minority (~10%) 

derived from T lymphocytes (2). This pronounced skewing toward the B cell lineage is 

driven, in part, by the generation and expression of the B cell receptor (BCR). The BCR is of 

central importance to the biology of normal B cells, but the genetic processes of DNA 
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rearrangement and somatic hypermutation that generate the BCR pose a risk of 

chromosomal translocations and oncogenic mutations. In addition to these genetic insults, 

intensive research over the past decade has revealed that various signals originating from the 

BCR can sustain malignant B cell growth and survival. These insights have enabled the 

clinical application of therapeutic agents targeting kinases that signal downstream of the 

BCR. Targeted precision medicine agents have been a game-changer in the treatment of 

lymphoma, particularly when used in combination with other cancer therapies. Nonetheless, 

more work is needed to fully realize the therapeutic potential of targeting BCR signaling in 

aggressive lymphomas.

The application of functional proteogenomic technologies to BCR signaling in aggressive 

lymphomas has recently uncovered novel modes of signal transduction that are distinct from 

those reported thus far in normal B cells. In the activated B cell-like (ABC) subgroup of 

DLBCL, the BCR can directly collaborate with TLR9 and MYD88 to promote lymphoma 

growth and survival. In this review, we will summarize the varied modes of BCR signaling 

in lymphoma, with particular focus on BCR signaling in aggressive lymphomas. We will 

further explore how these insights from the laboratory can be optimally translated to the 

clinic. Particular emphasis will be given to how our new understanding of pathogenic BCR 

signaling mechanisms can be exploited to identify patients who will benefit from BCR 

pathway inhibitors and to devise strategies to overcome resistance to these therapeutic 

agents.

2 B cell receptor signaling

2.1 BCR expression

Every B cell expresses a unique BCR. In essence, the BCR is a membrane bound antibody 

that can transduce signals intracellularly by virtue of its non-covalent association with a 

CD79A-CD79B heterodimer. The antibody portion of the BCR is composed of two 

immunoglobulin heavy (IgH) and two immunoglobulin light (IgL) chains. The shuffling of 

gene segments that encode the IgH and IgL chains generates BCRs that can recognize a 

tremendous diversity of antigens, both foreign and self. The IgH locus on chromosome 14 is 

composed of numerous variable (V), diversity (D), joining (J) and constant (C) gene 

segments. In the process of V(D)J recombination, recombination activating genes (RAG)-1 

and RAG-2 combine the V, D and J segments to form an intact V region. Assembled V 

regions contain three hypervariable complementarity-determining regions (CDRs) that 

recognize antigen and are surrounded by more conserved framework (FR) regions that 

contribute to the three-dimensional structure of the V region. In addition to the diversity 

inherent in joining random V, D and J gene segments together, V(D)J recombination results 

in nucleotide loss and addition focused in the CDR3 region, adding substantial variation to 

the final amino acid sequence. To form a complete antibody, each IgH must pair with either 

and Igκ or Igλ light chain. Each light chain locus contains VL and JL gene segments that are 

rearranged by the same machinery that rearranges and diversifies VH gene segments. In 

naïve B cells, the assembled VH region is spliced to either the Cμ or Cδ constant region 

segments to generate IgM and IgD, respectively, and the assembled VL regions are spliced to 

the CL regions in their respective loci. Antigen exposure induces a germinal center reaction 
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in secondary lymphoid organs in which B cells undergo a second DNA rearrangement 

process known as immunoglobulin heavy chain class switch recombination (CSR), 

generating IgG, IgA or IgE.

2.1 BCR signaling mechanisms

The antibody portion of the BCR associates with a heterodimer of CD79A and CD79B to 

form a complete BCR on the cell surface, which binds antigen and initiates signal 

transduction (Fig. 1). Signaling is primarily mediated through the single Immunoreceptor 

Tyrosine-based Activation Motif (ITAM) motifs present in the cytoplasmic tail of both 

CD79A and CD79B (3). Each ITAM contains two tyrosine residues surrounded by a 

conserved YxxL/Ix(6–8)YxxL/I sequence. The BCR transmits low-level ‘tonic’ signals even 

in the absence of antigen, and this mode of signaling sustains the survival of all mature B 

cells. In contrast, antigen engagement induces aggregation of the BCR on the plasma 

membrane, leading to rapid phosphorylation of CD79A and CD79B ITAM tyrosines by Src-

family kinases (SFKs), including LYN, FYN and BLK (4). Phosphorylated ITAMs can then 

recruit SYK kinase by virtue of its tandem Src homology 2 (SH2) domains that can bind 

dually phosphorylated ITAMs, ultimately resulting in SYK activation (5). This active BCR 

signalosome recruits a host of adaptor proteins, including BLNK and LAT2, and additional 

kinases, including Bruton’s tyrosine kinase (BTK), phosphatidylinositol 3-kinase (PI3K) and 

AKT. Subsequently, antigen-stimulated BCR activation engages multiple signaling cascades 

to alter the proliferation, survival and differentiation of B cells (reviewed in detail in ref. 

(6)). Calcium signaling and consequent NF-κB activation is a dominant downstream 

pathway utilized by B cells to maintain their viability. Many of the kinases and adapters that 

mediate BCR signaling in normal B cells are altered genetically in lymphomas, leading to 

dysregulated, constitutive oncogenic signaling (Fig. 1)

2.3 The germinal center reaction

Foreign antigens can induce potent B and T cell activation, spurring B cell migration to the 

germinal center (GC), where these B cells hone the affinity of their BCR to antigen. The GC 

is a specialized immune structure in secondary lymphoid organs – including lymph nodes, 

tonsils and spleen – where B cells interact with T follicular helper (TFH) cells and follicular 

dendritic cells (FDCs) (reviewed in ref. (7)). Within the GC light zone, B cells (also known 

as centrocytes,) acquire antigen from FDCs and present it to TFH cells (8). These B cells 

upregulate MYC and enter the GC dark zone (referred to as centroblasts), where they rapidly 

proliferate and undergo somatic hypermutation (SHM) (9). SHM targets the V regions of 

IgH and IgL by activation-induced cytidine deaminase (AID), which catalyzes the 

deamination of cytosine to uracil. Deaminated bases often result in somatic mutations by a 

variety of mechanisms. Centroblasts exit the dark zone to return to the light zone, where 

only cells expressing the highest affinity BCRs can compete for pro-survival signals from 

TFH cells. Positively selected cells can again enter the dark zone and, following many 

iterative rounds of affinity selection, the B cells with high affinity BCRs receive signals to 

terminally differentiate into antibody secreting plasma cells or long-lived circulating 

memory B cells. The GC reaction also promotes AID-dependent CSR, which generates two 

double-stranded breaks in the IgH locus at switch regions upstream of the IgM constant 

region and one of the downstream constant regions, leading to deletion of the intervening 

Young et al. Page 3

Immunol Rev. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DNA and repair by non-homologous end joining. CSR can also occur outside of the confines 

of the GC in some instances (10). Whereas signaling by IgM BCRs promotes B cell 

proliferation, signaling by non-IgM BCRs instead promotes plasmacytic differentiation (11).

3 Diffuse Large B Cell Lymphoma

An appreciation of the cell-of-origin for cancer subtypes is important to understanding their 

underlying biology since the malignant cell inherits an epigenetic state that can influence the 

response to treatment. Categorization of lymphoma subtypes has evolved rapidly with the 

advent of various genomic technologies. DLBCL, the most common form of human 

lymphoma, is a good case in point. DLBCL was originally defined by histologic 

morphology, essentially as a diffuse proliferation of large, malignant B cells (12). By these 

criteria DLBCL was a single diagnostic entity, but this simplicity was inconsistent with 

differences in clinical presentation and response to chemotherapies. In an effort to make 

sense of this heterogeneity, gene expression profiling (GEP) studies were performed on a 

large cohort of DLBCL patient samples (13). Unsupervised clustering of these GEP data 

revealed two dominant molecular subgroups of DLBCL present at roughly equal 

frequencies. The germinal center B cell-like (GCB) subgroup is marked by expression of 

genes commonly found in germinal center B cells (13, 14). By contrast, the activated B cell-

like (ABC) subgroup expresses genes characteristic of blood B cells that have been acutely 

stimulated through the BCR, notably including many NF-κB target genes (13, 14). When 

treated with the current standard immuno-chemotherapy (Rituximab plus the CHOP 

regimen; R-CHOP), DLBLB patients with ABC tumors have a substantially lower overall 

survival than those with GCB tumors (13, 15, 16).

The gene expression subgroups of DLBCL differ profoundly in both regulatory mechanisms 

and oncogenic pathways. The viability of ABC DLBCL cells is strongly dependent on 

constitutive NF-κB activation, which is the hallmark of this subgroup (17) and likely 

contributes to its resistance to immuno-chemotherapy. The ABC subgroup resembles the 

plasmablast, which is a rare B cell that marks the transition between a GC B cell and an 

antibody-secreting plasma cell (14). Chronic NF-κB activity drives expression of the 

transcription factor IRF4, which is essential in ABC DLBCL (18), and is highly expressed in 

normal and neoplastic plasma cells (19). In fact, IRF4 expression alone is sufficient to drive 

plasma cell differentiation (20, 21), but full terminal differentiation is frequently suppressed 

in ABC DLBCL by genetic inactivation of PRDM1 (encoding BLIMP-1) (22) and by two 

other repressors of IRF4, SPIB and BCL6, which are overexpressed by copy number 

amplification and translocation, respectively (23, 24). By definition, GCB DLBCL expresses 

genes that are characteristic of normal GC cells (13, 14), specifically those expressed by 

centrocytes in the GC light zone (8). Genetic inactivation of several chromatin modifiers 

promotes the GC differentiation of mature B cells, including KMT2D (MLL2), CREBBP, 

and EP300 (25–28). The histone lysine N-methyltransferase EZH2 maintains the GC 

phenotype by repressing gene expression as part of the polycomb repressive complex (29, 

30), and recurrent EZH2 mutations in GCB DLBCL create mutant isoforms that promote tri-

methylation of lysine 27 of the histone H3 tail (31). In addition to these two defined 

molecular subgroups, roughly 15–20% of DLBCL cases fall between the gene expression 
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extremes of GCB to ABC and are declared “Unclassified”. Their nature was elusive prior to 

the deep genetic analysis of DLBCL described below.

3.1 Genetic subtypes of DLBCL

Since the discovery of the ABC and GCB subgroups, a variety of genomic studies have 

revealed that they differ strikingly in the frequency of particular genetic aberrations (23, 24, 

32–36). These observations suggested that a normal B cell may be transformed into a 

malignant DLBCL by more than one evolutionary path, each of which entails the stepwise 

acquisition of a constellation of genetic aberrations and results in phenotypic differences 

discernable by gene expression profiling. An integrated approach involving whole exome 

sequencing, deep-amplicon DNA sequencing, array comparative genomic hybridization and 

RNA-seq was used to discover four genetic subtypes of DLBCL (Fig. 2) (37).

The analytic approach to discover DLBCL genetic subtypes began with the observation that 

certain genetic abnormalities co-occur in the same DLBCL tumors more often than expected 

by chance. For example, mutations affecting the BCR subunit CD79B and a particular 

oncogenic MYD88 mutation, L265P, frequently co-occur in tumors that are the most ABC-

like based on gene expression profiling, and these mutations are highly enriched in the 

“MCD” genetic subtype. Conversely, the many GCB-like tumors frequently had both EZH2 
mutations and BCL2 translocations, and these genetic aberrations are characteristic of the 

“EZB” subtype. NOTCH2 mutations often co-occur with BCL6 translocations, leading to 

the discovery of the “BN2” subtype. BN2 tumors were enriched among “Unclassified” 

DLBCLs, providing the first indication that tumors with this indeterminant gene expression 

phenotype might be genetically distinct. Finally, the “N1” genetic subtype is defined by 

NOTCH1 mutations that are present in a subset of ABC tumors that lack NOTCH2 
mutations. An automated algorithm termed GenClass was devised to iteratively re-assort 

DLBCL tumors into one of these four genetic subtypes in order to maximize an overall 

genetic distinctiveness statistic. Using this method, roughly half of the DLBCL tumors were 

genetically assigned while the remainder of tumors were declared “Other” (37). Additional, 

less prevalent, genetic subtypes may exist among these unassigned tumors. Ongoing efforts 

aim to use Bayesian methods to assign a probability that a given tumor belongs to a specific 

genetic subtype. Such probabilistic methods are analytically distinct from GenClass, which 

is essentially a clustering procedure, and are likely to classify a higher fraction of DLBCL 

tumors into one of the genetic subtypes.

Each genetic subtype is characterized by scores of genes that were either mutated and/or 

altered in copy number (Fig. 2). Additional validation that these genetic subtypes represent 

biologically distinct malignancies was provided by: (1) significant differences in gene 

expression signatures of B cell differentiation, oncogenic pathways, and the tumor 

microenvironment; (2) differences in overall survival following treatment with R-CHOP 

chemotherapy. Of note, the ABC gene expression subgroup was comprised of tumors 

belonging to the MCD, BN2, and N1 genetic subtypes, and R-CHOP therapy was not 

equally effective in these ABC subsets, with the MCD and N1 having an having inferior 

prognosis and the BN2 subtype having a more favorable prognosis that was similar to that of 

GCB DLBCLs. Of note, a separate study using entirely distinct analytical methods reported 
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equivalent genetic subtypes of DLBCL that also differed in survival following R-CHOP 

therapy, demonstrating that the genetic subtypes are a consistent feature of multiple DLBCL 

cohorts (38).

4 Chronic active BCR signaling

The first direct evidence connecting the BCR to survival of human lymphoma cells was 

provided with the discovery of chronic active BCR signaling in ABC DLBCL (Fig. 3A) 

(34). Previous work demonstrated that the ABC DLBCL cells are highly dependent on NF-

κB for their viability (17, 39). This prompted a search for mechanisms that are responsible 

for the constitutive NF-κB activity in ABC cells. Large-scale loss-of-function RNA 

interference screens identified genes that were essential for the proliferation and/or survival 

of ABC cells (39). These screens revealed that the signaling adapter CARD11 is required for 

the survival of ABC, but not GCB, cell line models. This insight led to the discovery of 

oncogenic mutations in DLBCL tumors that target the coiled-coil (CC) region of CARD11, 

resulting in spontaneous formation of the CARD11, BCL10, MALT1 (CBM) complex, 

which activates IκB kinase β (IKKβ), the principle kinase in the classical NF-κB pathway 

(40). CARD11 mutations are present in ~15% of ABC tumors, but the trigger for NF-κB in 

the remainder of ABC cases was revealed by subsequent RNA interference screens that 

implicated the BCR (34). The viability of ABC lines with wild type CARD11 is sustained 

by signals generated by the BCR, which engage various effectors of BCR-dependent NF-κB 

activation (e.g. SYK, BLNK, PLCG2 and PRKCB) (34). This mode of BCR signaling is the 

sine qua non of ABC DLBCL and was dubbed “chronic active BCR signaling” to recognize 

its constitutive nature and its similarity to antigen-dependent BCR signaling. This pathway is 

rich in kinases that can be targeted by small-molecule inhibitors, including the selective and 

irreversible BTK inhibitor ibrutinib that is specifically toxic for ABC lines with chronic 

active BCR signaling (34, 41).

In conjunction with these functional genomic studies, targeted resequencing of genes in the 

BCR pathway revealed recurrent mutations affecting the ITAM motifs of both CD79B and 

CD79A, which in together are present in ~29% of ABC tumors, but are present in only 3% 

of GCB tumors (34, 37). The most frequent mutations change the first ITAM tyrosine in 

CD79B to another amino acid, eliminating this phosphorylation site (Fig. 4A). Importantly, 

CD79B mutant isoforms cannot initiate BCR signaling de novo, but rather potentiate 

ongoing BCR signaling, thus functioning more like a rheostat than an on/off switch (34). 

CD79A mutations are less common (~4% of ABC biopsies) and more heterogeneous, but 

typically remove the complete ITAM region. Initially, it seemed puzzling that mutations 

targeting tyrosine residues that are critical for downstream BCR signaling would be selected 

in lymphomas that depend on BCR signaling for survival. Further confounding was the 

observation that the CD79B/A mutant isoforms are not absolutely required for the survival 

of BCR-dependent ABC lines, since provision of either wild-type or mutant isoforms fully 

rescued survival following knockdown of the endogenous CD79B/A mutant isoforms. 

However, these mutant isoforms increase expression of the BCR on the plasma membrane to 

a greater extent that their wild-type counterparts, presumably enhancing proximal BCR 

signaling (Fig. 4B) (34, 41). Moreover, CD79B mutant isoforms do not activate LYN kinase 

as efficiently as the wild type CD79B isoform. LYN is unique among the SFKs in that it is a 
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potent negative regulator of BCR signaling, and consequently, Lyn deficient mice develop 

autoimmune disease (42). Together, these observations suggest a model in which the 

CD79B/A mutant isoforms minimize negative feedback mechanisms, thereby enhancing 

BCR signaling (Fig. 4B).

The lymphoma BCR mutations revealed a previously unappreciated dichotomy between the 

function of CD79A and CD79B, and between the first and second ITAM tyrosines (43). The 

CD79B ITAM in isolation cannot mediate BCR endocytosis due to cis-acting inhibitory 

residues within the ITAM, but the presence of the CD79A ITAM relieves this inhibition. Of 

the two tyrosines in CD79B, only the first is important for endocytosis (43). This leads to a 

simple hypothesis that the CD79A/B mutations increase the dwell time of the BCR on the 

plasma membrane, presumably augmenting proximal BCR signaling. An important genetic 

observation is that 94.2% of the CD79A/B mutations are heterozygous (37), meaning that a 

proportion of the CD79A-CD79B heterodimers in the BCR will both be fully wild type. 

Therefore, a complete model accounting for the selection of CD79A/B mutations in ABC 

DLBCL would posit that they prevent endocytosis and promote proximal signaling by the 

subset of BCRs with mutant isoforms while allowing the subset with wild type BCRs to 

transit internally (Fig. 4C). As will be discussed in detail below, one destination for this 

latter subset of BCRs is an endolysosomal compartment containing TLR9 (44)

BCR signaling in ABC DLBCL activates the NF-κB pathway (34), which is a feature of 

antigen-dependent but not tonic BCR signaling in normal mature B cells (44–46). 

Examination of BCR on the surface of DLBCL cells by total internal reflection fluorescence 

(TIRF) microscopy revealed distinct BCR puncta on the surface of ABC cell lines and 

patient samples (34). These clusters resembled that formed during acute BCR engagement 

by antigens on the surface of normal B cells (47). By contrast, the BCRs in GCB DLBCL 

cell lines and patient samples were diffusely distributed in the plasma membrane and did not 

form discernable clusters. Thus, the modes of BCR signaling in ABC and GCB DLBCL are 

fundamentally distinct in both their biochemical mechanisms and signaling consequences 

(see below).

5 Self-antigen-driven BCR signaling in lymphoid malignancies

Although chronic active BCR signaling in ABC DLBCL shares characteristics with antigen-

dependent BCR signaling, this mode of BCR signaling in normal B cells is tightly regulated 

and self-limited by the availability of antigen and other negative controls. This observation 

led to the hypothesis that the constant engagement of the BCR by a self-antigen might 

account for the sustained nature of chronic active BCR signaling (48).

A role for antigenic stimulation of the BCR in the genesis of lymphoma has long been 

postulated (49). Indeed, certain forms of lymphoma are associated with viral or bacterial 

infections. For example, hepatitis C virus (HCV) infection is linked to the development of 

splenic marginal zone lymphoma (SMZL) (50). Treatment of SMZL patients with type I 

interferon to clear HCV infection eliminates the lymphoma in 75% of cases (51). These 

results could suggest antigenic stimulation of the BCR sustains lymphoma survival, or 

alternatively, it is possible that chronic infection results in an inflammatory environment that 
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promotes lymphoma development. In the case of HCV-associated SMZL, a single BCR 

specific to a glycoprotein in the envelope has been described (52), implicating HCV-driven 

BCR signaling. Likewise, Helicobater pylori infection has been associated with gastric 

MALT lymphomas and antibiotic treatment often leads to remission of this lymphoma (53), 

either by removing the source of BCR-specific antigens or quenching the localized 

inflammation that provides more general stimulation for lymphoma growth. In addition to 

foreign antigens, BCR stimulation by self-antigens has been correlated with 

lymphomagenesis. Epidemiological studies have identified associations between 

autoimmune diseases, including systemic lupus erythematosus (SLE) and Sjogren’s 

syndrome, with an increased risk of lymphomas (54). However, the correlative nature of 

these observations makes it is difficult to establish causality and distinguish between 

potential oncogenic effects of inflammation and BCR signaling.

Mouse models of lymphoma provided more direct evidence that antigens can drive 

lymphomagenesis. Mice expressing a MYC transgene under the control of the IgH enhancer 

(EμMYC mice) develop lymphomas consisting of pro- and pre-B cells that do not express a 

BCR (55). Addition of a BCR transgene that is specific for hen egg lysozyme (BCRHEL) 

results in more aggressive tumors made up of mature naïve B cells (56). The further 

transgenic addition of soluble HEL (sHEL), the cognate antigen for BCRHEL, produced very 

aggressive tumors composed of GC-like B cells (56). In this case, enforced expression of the 

MYC oncogene prevents antigen-induced tolerance and allows the proliferation of B cells 

expressing BCRHEL and sHEL, whereas such B cells would be rendered anergic in the 

absence of MYC (57). Genetic knockdown of CD79A was lethal to tumor cell lines derived 

from either EμMYC/ BCRHEL or EμMYC/ BCRHEL/sHEL, indicating an essential role for 

both the BCR and its cognate antigen in driving lymphomas in this model system. Moreover, 

inhibition of SYK and BTK activity prolonged survival in mice with transplanted EμMYC/ 

BCRHEL/sHEL tumors (58, 59), confirming that these antigen-dependent tumors signaled 

through these proximal kinases, akin to chronic active BCR signaling in ABC DLBCL.

Circumstantial evidence for antigen-dependent BCR signaling in human lymphomas comes 

from the study of BCR V regions from malignant B cells. Sequence analysis of IgH V 

regions from cohorts of patients with chronic lymphocytic leukemia (CLL) has been used to 

distinguish two CLL subtypes. In one subtype with an indolent clinical course (M-CLL), 

SHM generates highly mutated IgH V regions (>2% mutant residues), whereas the other 

subtype (U-CLL) with an aggressive clinical course has few or no IgH V region mutations 

(<2% mutant residues) (60, 61). These CLL subtypes are also molecularly distinct, as judged 

by their differing gene expression signatures (62). Ensuing analysis of larger patient cohorts 

revealed that CLL recurrently utilizes certain V regions. The IgH locus codes for ~110 V 

genes, 23 D genes and 6 J genes that can be combined to create over 15,180 unique V 

regions. These V regions have been divided into over 300 subsets based on sequence 

homology to each other (63). The BCRs of both M-CLL and U-CLL cells preferentially 

utilize heavy chain variable (VH) segments VH4–34, VH1–69, VH3–31 and VH3–7 (64). 

Moreover, the CLL clones from over a third of patients express ‘stereotyped’ BCRs that are 

identical or nearly identical throughout their VH-DH-JH and VLJL sequences to BCRs 

present in unrelated CLL patients (65). The odds of two B cells having the same BCR V 

regions is vanishingly small, suggesting that stereotyped BCRs are selected in CLL to 
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perform an essential function, most likely antigen binding. Similar BCR V region stereotypy 

has been described in mantle cell lymphoma (MCL) (66), again suggesting a role for 

antigen-mediated selection in the pathogenesis of this lymphoma type.

What is the nature of antigens that drive BCR selection and stereotypy in CLL and MCL? 

CLL BCRs have been proposed to be polyreactive (67) or bind to antigens derived from 

apoptotic cells (68, 69). Alternatively, a study found that all CLL-derived BCRs could 

induce spontaneous signaling when reconstituted in murine B cells lacking an endogenous 

BCR (70). The authors ascribed this to the ability of these BCRs to recognize a conserved 

framework 2 (FR2) residue in the BCR VH, a self-association that is akin to an idiotype/anti-

idiotype interaction (71). As outlined below, this FR2 residue is also recognized by some 

BCRs in DLBCL (48). Nonetheless, this simple hypothesis did not account for the 

heterogeneity among CLL patients with respect to utilization of particular stereotypical 

BCRs by the malignant clone, a heterogeneity that has been linked to prognosis (72). A 

resolution of this paradox was provided by a structural analysis of CLL-derived stereotypic 

BCRs that showed that CLL BCRs do indeed react with themselves, but each stereotyped 

BCR binds to a different BCR residue (73). Remarkably, the self-association binding 

constant (KD) is lower for stereotypic BCRs that are associated with an indolent CLL course 

than for stereotypic BCRs that are associated with an aggressive clinical course.

These studies do not distinguish between a role for BCR self-reactivity in initiating the 

oncogenic process versus a role in sustaining malignant cell survival and/or proliferation in 

an ongoing fashion. Evidence in favor of the latter hypothesis was provided by studying cell 

line models of ABC DLBCL with chronic active BCR signaling (Fig. 5) (48). In ABC 

DLBCL, a single VH gene segment, VH4–34, is utilized in roughly one third of cases (48) 

(Fig. 6A), in agreement with a study that identified enrichment of VH4–34 in non-GCB 

DLBCL cases (74). VH4–34+ BCRs are autoreactive, with specificity for glycoproteins that 

bear N-acetyl-lactosamine sugars (75). The binding of VH4–34+ BCRs to such cell surface 

glycoproteins requires particular residues within the VH framework 1 (FR1) region (76), and 

normally renders B cells anergic and incapable of participating in GC reactions (77). 

Interestingly, however, if anergic B cells are provided a co-stimulatory signal through Toll-

like receptors, they are more prone to form germinal centers than non-anergic B cells (78), 

suggesting a mechanism by which anergic B cells might be precursors of GC-derived B cell 

malignancies.

The contribution of individual amino acids within the BCR VH to malignant survival was 

measured by testing the ability of mutated BCRs to rescue an ABC cell line from death 

following knockdown of its endogenous IgH gene (48). In one ABC line (HBL1) that has a 

VH4–34+ BCR, exogenous provision of a VH4–34 IgH isoform with a FR1 mutation that 

abrogates glycoprotein binding failed to rescue survival following knockdown of the 

endogenous VH4–34 IgH chain, as was also the case for patient-derived VH4–34+ IgH 

chains (48). This FR1 mutation also blocked the ability of these VH4–34+ BCRs to bind to 

the surface of malignant B cells. This suggests that chronic active BCR signaling in VH4–

34+ ABC DLBCLs is maintained by continuous exposure of the BCR to its ligand on the 

surface of adjacent malignant cells in a tumor, thereby sustaining survival of the malignant 

cell.

Young et al. Page 9

Immunol Rev. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sugars appear to play a distinct but also essential role in BCR signaling in follicular 

lymphoma and GCB DLBCL (79–81). In normal B cells, N-linked glycosylation is 

restricted to the constant region (Fc) portion of the IgH chain but in FL and GCB DLBCL, 

SHM produces mutations in the IgVH and IgVL regions that introduce novel acceptor sites 

for N-linked glycosylation. In these cases, the BCR may be crosslinked by the binding of N-

glycans to lectins present on the surface of tumor microenvironmental cells (82), thereby 

initiating constitutive BCR signaling.

In addition to glycoprotein binding by VH4–34+ BCRs, the BCRs in other ABC cases also 

react to autoantigens (48). Chronic active BCR signaling in the ABC cell line OCI-Ly10 is 

initiated by binding of the BCR to an antigen present in debris from apoptotic cells (48). 

Apoptotic debris is continually produced in DLBCL tumors since dying cells are often 

observed histologically. The survival of this cell line depended on the antigen specificity of 

the BCR since mutating charged amino acids within CDR2 and CDR3 of the IgVH3–7 

region rendered the BCR insensitive to this antigen, and consequently this mutated BCR was 

unable to maintain cell viability. ABC patient-derived IgVH3–7 heavy chains could also 

sustain survival of this cell line, again in a fashion that depended on charged residues in 

CDR2. Since these charged CDR residues were introduced by SHM, this observation 

demonstrates that the process of lymphomagenesis selects for rare GC B cells that have BCR 

mutations that foster constitutive BCR signaling.

In another instance, the ABC cell line TMD8 relied on homotypic interactions with its own 

FR2 domain to sustain chronic active BCR signaling, similar to the phenomenon observed in 

CLL (70). Mutation of the residues responsible for FR2 binding prevent these BCRs from 

sustaining viability of this ABC cell line (48). Thus, multiple types of self-antigen can drive 

chronic active BCR signaling in ABC DLBCL, suggesting that selection for this phenotype 

may be an early event in lymphomagenesis.

6 Genetic abrogation of BCR anergy

While the majority of normal B cells are presumed to be autoreactive as they emerge from 

the bone marrow, these cells are rendered ineffectual by anergy and eventual deletion (83, 

84). Given the apparent BCR autoreactivity in ABC lymphomas with chronic active BCR 

signaling, it is logical that this anergy checkpoint must be overcome for these B cells to 

become malignant. One of the characteristic features of anergic cells is low expression of the 

BCR on the plasma membrane, which presumably limits their ability to signal effectively 

(85). CD79B mutations that are acquired in ABC DLBCL block internalization of the BCR 

by inhibiting association of the BCR with clathrin coated pits, thereby supporting higher 

levels of proximal BCR signaling at the cell surface (34, 43). In addition, LYN, a kinase that 

promotes B cell anergy (77), is not activated efficiently by BCRs containing ITAM-mutant 

CD79B isoforms. CD79A mutations also potentiate BCR signaling (41), albeit in a 

mechanistically distinct fashion (see below).

These observations suggest the hypothesis that the CD79B and CD79A mutations in 

DLBCL could be selected, in part, due to an ability to enhance signaling in anergic B cells, 

allowing them to engage in a GC response. Anergic B cells in the human are exemplified by 
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the subset naïve blood B cells expressing a VH4–34+ heavy chain, which constitute ~7% of 

blood B cells (86). These anergic B cells react with self-glycoproteins, have an IgDhigh, 

IgMlow surface phenotype, fail to mobilize calcium upon BCR cross-linking and are 

excluded from GC reactions. As mentioned above, VH4–34 heavy chains are significantly 

overrepresented in the ABC subgroup and are underrepresented in the GCB subgroup (Fig. 

6A) (48). We have extended this analysis by assessing the enrichment of VH4–34 heavy 

chains among various genetic subsets, using available data from 343 cases (Fig. 6A) (37, 

48). The prevalence of VH4–34 among the DLBCL genetic subtypes mirrored the difference 

between the ABC and GCB subgroups, with the VH4–34 being significantly enriched in the 

ABC-enriched MCD subtype compared with the GCB-enriched EZB subtype.

Among all genetic aberrations in this cohort of DLBCL tumors, the most significantly 

associated with VH4–34 heavy chain utilization were mutations and/or amplification of 

CD79B or CD79A (p=1.0E-4), and this association was also true within the ABC subgroup 

(p=3.4E-3) (Fig. 6B). Both CD79B and CD79A aberrations were independently associated 

with VH4–34 utilization, with a prevalence of 37% and 56%, respectively. By contrast, VH4–

34 was not significantly enriched among ABC tumors with the oncogenic MYD88L265P 

mutation (see below) or among tumors with other MYD88 mutations. Tumors with CD79B 
mutation or amplification (CD79BMut/Amp cases) in the absence of MYD88L265P were 

significantly enriched for VH4–34 (p=9.4E-3), but somewhat unexpectedly, those with a 

coincident MYD88L265P mutation were not (Fig. 6C). By contrast, the enrichment of VH4–

34 among CD79AMut/Amp tumors (42% prevalence) was even more pronounced in those 

with coincident MYD88L265P (75% prevalence).

These genetic observations allow us to speculate that enhanced BCR signaling in tumors 

with either CD79BMut/Amp or CD79AMut/Amp can break B cell anergy, potentially allowing 

the B cell to enter into a GC reaction, where it may acquire additional genetic alterations on 

the road to DLBCL (Fig. 6D). The disparate effect of MYD88L265P on VH4–34 prevalence 

in the context of CD79BMut/Amp and CD79AMut/Amp might reflect quantitative or qualitative 

differences in oncogenic signaling between these genotypes. The CD79BMut/Amp/

MYD88L265P genotype far outnumbers the CD79AMut/Amp/MYD88L265P genotype among 

ABC tumors (11.9% vs. 2.7%) and identifies tumors that are highly addicted to BCR 

signaling and responsive to ibrutinib (see below). One model to account for these 

observations would be that the CD79BMut/Amp/MYD88L265P genotype engenders such 

potent BCR signaling that B cells with relatively low self-antigen reactivity can become 

activated and enter into a GC center reaction, whereas the degree of BCR signaling in 

CD79AMut/Amp/MYD88L265P tumors may only be sufficient to promote GC differentiation 

of strongly self-reactive B cells, such as those with a VH4–34+ BCRs. In other words, the 

lower prevalence of VH4–34 among CD79BMut/Amp/MYD88L265P tumors reflects the 

dilution of VH4–34+ tumors by tumors with other V regions that have lower intrinsic self-

reactivity. A test of this model and other scenarios awaits the reconstitution of these 

oncogenic DLBCL mutations in transgenic mice that are also engineered to develop B cell 

anergy.
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7 IgM as the initiator oncogene in lymphoid malignancies

Under normal circumstances, naïve B cells co-express an IgM-BCR and an IgD-BCR on 

their surface, but often switch to an IgG-BCR in the GC. By contrast, B cell lymphomas that 

are reliant on chronic active BCR signaling or similar antigen-dependent BCR signaling 

often retain expression of an IgM-BCR, despite their apparent cell-of-origin being a GC or 

post-GC B cell (87). On some level, it is even surprising that malignant B cells express a 

BCR at all, in light of the AID-directed mutagenesis and frequent chromosomal 

translocations that target the immunoglobulin heavy and light chain loci in lymphomas. 

However, the signals that emanate from the BCR give malignant B cells a substantial growth 

and survival advantage, and failure to maintain BCR expression would reduce their 

competitive fitness relative to other tumor clones (88). This may be particularly true for the 

IgM-BCR, which potently promotes normal B cell proliferation, in contrast to the IgG-BCR, 

which preferentially triggers B cell differentiation programs (11, 89–91).

ABC DLBCL tumors express an IgM-BCR in ~80% of cases, compared to only ~34% in 

GCB DLBCL (23, 48). Somatic mutations targeting the switch μ region (Sμ), which is 5’ of 

the Cμ gene segment, are frequently acquired in ABC tumors and interfere with class switch 

recombination from IgM to another isotype (23). These mutations only target the in-frame, 

productive IgH allele, leaving the other non-productive allele to undergo CSR in most cases 

(92). In contrast to ABC DLBCL, GCB tumors do not have Sμ mutations and consequently, 

the majority have an IgG-BCR (48). In follicular lymphoma, the t(14;18) translocation that 

characterizes this disease prevents IgH transcription and instead places BCL2 under the 

control of the IgH enhancers. This IgH allele typically undergoes CSR, but remarkably, the 

non-translocated IgH allele remains IgM in the majority of cases. Although the mechanisms 

that maintain IgM expression in FL have not be investigated, this phenotypic selection 

strongly suggests that IgM is pro-oncogenic in this context (93).

All naïve mature B cells have an IgM-BCR but only a minority become lymphomas. As 

discussed above, BCR signaling in CLL often involves particular VH-DH-JH and VL-JL 

recombination events that create stereotyped BCRs, which are rare recombination events that 

are nonetheless selected independently in different CLL patients. Likewise, chronic active 

BCR signaling in ABC DLBCL can rely on particular somatic mutations that are acquired 

by the malignant clone and hence are rare in the B cell population as a whole. The 

somatically acquired mutations in FL that create novel N-linked glycosylation sites 

presumably allow the malignant B cell to engage in a type of BCR signaling in the tumor 

microenvironment that is unavailable to other B cells. It is plausible that these are early 

events in lymphomagenesis that may precede most other oncogenic aberrations that are 

acquired by the malignant cells.

Indeed, clonal proliferation of “normal” B cells occurs in SLE and could be viewed as quasi-

oncogenic (94, 95). Similarly, cold agglutin disease, in which B cells make a pathogenic 

VH4–34+ antibody, has recently been shown to be due to a non-malignant, clonal 

proliferation of B cells that have acquired somatic mutations that improve binding to self-

glycoproteins (96, 97). Remarkably, these non-malignant clones frequently acquire 

inactivating mutations in KMT2D (MLL2) and gain-of-function mutations in CARD11, two 
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bona fide oncogenes in human lymphomagenesis, and some of the specific mutations 

reported in cold agglutin disease have also been observed in lymphoid malignances (37, 98). 

These considerations support the notion that IgM can be viewed as an oncogene that initiates 

proto-malignant expansion of normal B cells. Extended survival and rapid proliferation of 

such cells clearly requires cooperating oncogenic events, such as translocation of BCL2 and 

MYC.

8 MYD88 and BCR signaling

The BCR is not the only source of NF-κB activity in ABC DLBCL. RNA interference 

screens in DLBCL lines revealed that MYD88 is an essential gene in ABC DLBCL cell 

lines, but not in control GCB lines (35). MYD88 is an adaptor protein that coordinates a 

signaling complex connecting the interleukin-1 receptor (IL-1R) and Toll-like receptors 

(TLRs) to downstream kinases in IRAK family, including IRAK1 and IRAK4. Accordingly, 

IRAK1 and IRAK4 are also essential in ABC lines (35, 99). RNA-sequencing of DLBCL 

tumors uncovered a recurrent point mutation in MYD88 that changes the leucine at position 

265 in the TIR domain to proline (MYD88L265P) (35). MYD88L265P is present in ~29% of 

ABC tumors, making it the more recurrent point mutation in this lymphoma subtype, but is 

rare or absent in GCB DLBCL, BL and primary mediastinal B cell lymphoma (PMBL). In 

addition to MYD88L265P, other mutations affecting the TIR domain of MYD88 are recurrent 

in ABC, GCB and Unclassified DLBCL tumors. Knockdown of MYD88L265P led to a 

substantial decrease in both NF-κB activity and STAT3 phosphorylation in ABC cell lines. 

Ectopic expression of MYD88L265P, but not wild type MYD88, rescued survival of ABC 

lines following knockdown of endogenous MYD88L265P expression, demonstrating that 

these ABC lines are addicted to this mutant MYD88 isoform (35). Moreover, ectopic 

expression of MYD88L265P or other mutant isoforms was sufficient to drive high levels of 

NF-κB activity relative to expression of wild type MYD88 (35). Computational modeling of 

the MYD88L265P surface suggested that increased homo-dimerization could contribute to its 

spontaneous activity (100, 101). Co-immunoprecipitation studies revealed that MYD88L265P 

selectively associates with a hyper-phosphorylated form of IRAK1 (35). This form of 

IRAK1 does not associate with wild type MYD88 or any other mutant MYD88 isoforms, 

suggesting that MYD88L265P has unique signaling properties, perhaps explaining its high 

incidence in ABC DLBCL.

Subsequent studies reported a high prevalence of MYD88L265P in other lymphoid 

malignancies, including a 90% prevalence in Waldenström’s macroglobulinemia (WM) 

(102). As a class, primary aggressive lymphomas occurring in extranodal sites are highly 

enriched for MYD88L265P, including primary central nervous center lymphoma (PCSNL; 

~56%), primary testicular lymphoma (~73%), and primary cutaneous lymphoma (~83%) 

(reviewed in ref. (103)). These primary extranodal tumors constitute a subtype of DLBCL 

that typically has an ABC-like gene expression profile. Notably, MYD88L265P co-occurs 

with CD79B mutations in ABC DLBCL more often than expected by chance (35). This 

intersection is even more pronounced in primary extranodal tumors (103), raising the 

possibility that BCR signaling can collaborate with signaling by MYD88L265P. In BCR-

dependent ABC lines expressing MYD88L265P, MYD88 knockdown or treatment with a 
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MYD88 dimerization inhibitor decreased markers of proximal BCR signaling (41), 

suggesting a functional “cross-talk” between BCR and MYD88 signaling.

A clinical trial testing the efficacy of the BTK inhibitor, ibrutinib, in DLBCL provided 

additional evidence of a functional link between chronic active BCR signaling and 

MYD88L265P. This phase 1b/2 trial demonstrated correlated clinical responses with the 

mutational status of CD79B and MYD88 in ABC patients. A 37% objective response rate 

(ORR) (complete response (CR) + partial response (PR)) was achieved in ABC patients, 

compared with only a 5% ORR in GCB DLBCL, as predicted by pre-clinical studies (41). 

When subdivided by mutations, ABC cases with CD79B ITAM mutations had an improved 

56% ORR, as compared with a 31% ORR in cases with wild type CD79B. Nonetheless, in 

absolute numbers, the majority of ibrutinib responders had wild type CD79B, demonstrating 

that chronic active BCR signaling can occur in the absence of BCR mutations, consistent 

with the possibility that self-antigens drive BCR signaling in these cases. Patients with 

tumors harboring both MYD88L265P and a CD79B mutation had an 80% ORR, whereas 

those with only a MYD88 mutation did not respond, again suggesting that the MYD88/

CD79B double mutant genotype identifies tumors that are hyper-addicted to BCR-dependent 

NF-κB signaling and are therefore hyper-responsive to ibrutinib.

9 The My-T-BCR supercomplex

In normal cells, MYD88 can bind to the TIR domain of different TLRs to assemble and 

activate IRAK kinases. Whole-genome CRISPR-Cas9 screens identified TLR9 and its 

chaperones, UNC93B1 and CNPY3 as essential to the survival of ABC lines with mutant 

CD79B/A isoforms and MYD88L265P, but not in other ABC or GCB lines (44). Copy 

number gains and amplifications of MYD88, TLR9, UNC93B1 and CNPY3 are also 

recurrent in ABC biopsies, providing genetic evidence that the TLR9-MYD88 pathway has 

an important role in the pathogenesis of ABC DLBCL.

TLR9 function in ABC DLBCL was illuminated by an unbiased proteomic screen to identify 

TLR9-interacting proteins. TLR9 was fused to the promiscuous biotin ligase (BioID2, that 

can biotinylate proteins within a 10 nm distance (104),) and overexpressed in TLR9-

dependent ABC lines. Mass spectrometry of biotinylated proteins purified from these cells 

identified CNPY3, MYD88, and the CD79A and CD79B subunits of the BCR, suggesting 

that TLR9 defines a supramolecular complex that includes the BCR and mutant MYD88.

Cooperative signaling between the BCR and TLRs has been reported previously in the 

context of normal and pathological immune responses in the mouse. For example, BCR 

ablation in mouse B cells impairs their proliferative response to TLR9 stimulation (105). 

Also, the antibody response to virus-like particles containing TLR9 ligands depends on 

MYD88 in GC B cells (106). In a murine model of SLE, pathological B cell proliferation 

depends on endosomal TLR7 and/or TLR9 binding ligands in complex self-antigens that are 

internalized by the BCR (107). Finally, MYD88L265P augments self-antigen-driven 

proliferation of mouse B cells in a TLR9-dependent fashion, especially in the presence of a 

Bcl2 transgene (108).
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The proteomic data suggested a model in which TLR9 coordinates BCR and MYD88 

signaling in a MyD88-TLR9-BCR (My-T-BCR) supercomplex (Fig. 3B). The interaction 

between the BCR, TLR9 and MYD88 was visualized in situ using the proximity ligation 

assay (PLA), an imaging technique that can identify protein-protein interactions within 40 

nm of each other (109). An IgM and TLR9 PLA yielded robust puncta throughout the 

cytosol of ABC lines with MYD88L265P and chronic active BCR signaling, but this protein-

protein interaction was not prominent in other ABC and GCB cell lines. The cytoplasmic 

location of the IgM:TLR9 interaction is consistent with the endolysosomal localization of 

TLR9, which is promoted by its chaperones UNC93B1 and CNPY3.

The PLA method also provided an opportunity to visualize the My-T-BCR in primary 

patient samples. Robust signals from an IgM:TLR9 PLA were detected in ABC DLBCL, 

PCNSL and WM biopsies, but were generally absent from GCB DLBCL, CLL and MCL 

samples. No IgM:TLR9 interactions were observed in normal B cells in and around the GC 

in normal tonsillar tissue, suggesting that the My-T-BCR supercomplex may be a feature of 

malignant but normal B cells. Of interest, TLR9 was never observed to interact with an IgG-

BCR, suggesting a unique mode of cooperative signaling that is specific to the IgM-BCR. 

Indeed, MYD88L265P is preferentially enriched among IgM-BCR-expressing tumors (110). 

These findings suggest that the PLA method may prove useful in developing precision 

diagnostics to identify tumors with oncogenic My-T-BCR signaling (see below).

The My-T-BCR coordinates the majority of pro-survival NF-κB signaling in cells in which it 

is assembled, and this signaling occurs on the surface of endolysosomes (44). Various 

proteomic techniques revealed that the My-T-BCR supercomplex contains known mediators 

of NF-κB activation in ABC DLBCL, including the CBM complex, IκB kinase (IKK) in its 

phosphorylated and active form, and the NF-κB transcription factor subunit p50 (NFKB1). 

Thus, the My-T-BCR coordinates NF-κB signaling by MYD88 and the CBM, itself a multi-

protein complex consisting and CARD11, BCL10, MALT1, and TRAF6 (111). Evidence 

that active NF-κB signaling takes place at the My-T-BCR was the presence in the 

supercomplex of the substrate of IKK, IκB alpha, in its phosphorylated form. Importantly, 

the My-T-BCR was disrupted by ibrutinib treatment, revealing why this drug potently 

inhibits NF-κB activation in these cells.

The My-T-BCR model accounts for two distinct pools of the BCR, each with an important 

and non-redundant function. BCR expressed on the surface is continually stimulated by self-

antigens to promote chronic activation of signaling mediators proximal to the BCR, 

including SYK, BLNK and BTK. Proximal BCR signaling at the plasma membrane 

promotes My-T-BCR formation in two ways: (1) activation of PLCγ2 and PKCβ, which 

induce formation of the CBM complex, and (2) promotion of BCR internalization to 

Lamp1+ endolysosomes where the BCR can join TLR9 to form the My-T-BCR. As 

discussed above, the predominantly heterozygous nature of the CD79B and CD79A 
mutations in ABC DLBCL ensures that some pool of BCRs in CD79B/A mutant cases will 

be composed of wild type CD79B and CD79A subunits, which can be endocytosed and form 

the My-T-BCR, while other BCRs with mutant CD79B/A isoforms engage proximal 

signaling mediators on the plasma membrane. From this perspective, it is not surprising 
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CD79B/A mutations often co-occur with MYD88L265P in ABC DLBCL and PCNSL, which 

often have My-T-BCR supercomplexes.

Unexpectedly, MYD88-BioID2 revealed that the My-T-BCR is in close proximity to the 

mTORC1 complex, which is also located in endolysosomal vesicles (112) and transduces 

PI3 kinase signaling to downstream targets of mTOR. Remarkably, ibrutinib cooperated with 

mTORC1 inhibitors in dispersing the My-T-BCR, leading to virtually complete inhibition of 

IKK phosphorylation as well as phosphorylation of the MTOR targets S6 kinase and 4E-

BP1. The net result was strong cooperation between these two drugs in killing ABC cell 

lines in vitro and stalling the growth of ABC xenografts in vivo. These findings provide a 

mechanistic understanding of previous reports that documented synergism of ibrutinib and 

PI3 kinase pathway inhibitors in killing ABC cell lines (113–116), and provide a strong 

mechanistic rational for combination clinical trials that exploit the cooperation between 

mTOR and BCR-dependent NF-κB activation in sustaining the survival of ABC DLBCL 

cells with the My-T-BCR.

10 Toncogenic BCR signaling

Tonic BCR signaling was initially described in mature murine B cells based on the 

observation that conditional ablation of either IgH or CD79A in mature B cells causes a 

severe reduction of peripheral B cell numbers (117, 118). Further work demonstrated that 

constitutive PI3K, but not NF-κB, signaling could rescue B cells following ablation of the 

BCR, and that these cells could initiate GC reactions (45). However, an open question 

remained as to whether this type of BCR-dependent survival signaling plays a role in the 

pathogenesis of human lymphomas. Subsequently, PI3K signaling was identified as an 

essential survival pathway in both murine (119) and human (46) models of BL. This survival 

signaling depends on proximal BCR signaling since knockdown of CD79A or SYK in BL 

lines decreased phosphorylated AKT levels, as did treatment with PI3K inhibitors (46). The 

similarities between this mode of BCR signaling in BL and the essential BCR signaling in 

non-transformed mouse B cells led to suggestion that BLs co-opt tonic BCR signaling for 

their malignant survival.

In contrast to other forms of lymphoma, the essential nature of the BCR in GCB DLBCL has 

been unclear until recently. In initial RNA interference studies, quantitative knockdown of 

the BCR subunits CD79A and CD79B was not toxic for GCB lines, but did affect the 

viability of both ABC and BL lines. Also unlike ABC DLBCL, GCB cell lines do not have 

BCR clusters in the plasma as judged by TIRF microscopy (34, 46). As mentioned above, 

GCB DLBCL tumors do not often acquire mutations targeting the ITAM regions of CD79A 

or CD79B. Nor do they acquire mutations in TCF3 and ID3 that increase constitutive BCR 

signaling in BL by promoting TCF3-dependent repression of PTPN6, encoding the negative 

regulator of BCR signaling SHP-1 (46). However, GCB lines are sensitive to SYK inhibitors 

and SYK knockdown decreased PI3K activity (120, 121). The involvement of SYK 

downstream of several surface receptors, including integrins, as well as the off-target effects 

of some available SYK inhibitors left the direct role of the BCR in GCB DLBCL viability 

unresolved (122).
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Genome-wide CRISPR screens revealed that a subset of GCB DLBCL lines are indeed 

dependent on the BCR subunits CD79A, CD79B for survival (44) (Fig. 3C). The BCR 

dependency of GCB lines had not been evident using RNA interference, which only partially 

knocks down gene expression, but is clear when BCR subunits are fully inactivated using the 

CRISPR methodology. The survival of BCR-dependent GCB lines also requires the 

proximal BCR signaling components LYN, CD19 and CD81, which are not required for the 

survival of ABC lines but are essential in BL lines (44). LYN is one of several SFKs that can 

initiate BCR signaling (123), but is redundant with BLK and FYN at several stages of B cell 

differentiation (4). While LYN kinase is essential in GCB lines, no single SFK is essential to 

ABC lines, possibly due to functional redundancy. Notably, the phosphatase CD45, a 

regulator of SFKs, is an essential gene in CRISPR screens of GCB lines, but by contrast, its 

deletion in ABC lines promoted their outgrowth. A related observation is that BCR-

dependent differentiation in normal B cells is CD45-dependent whereas antigen-induced 

active BCR signaling is relatively independent of CD45 (124).

The proximal BCR tyrosine kinase SYK is essential in both ABC and GCB lines, which is 

notable given that small molecule SYK inhibitors are in clinical trials (see below). 

Nonetheless, the signal cascades stemming from SYK activity appear to differ between the 

DLBCL subtypes. SYK mediates PI3K signaling in normal B cells by several mechanisms, 

including direct interaction with the PI3K p85 subunit as well as phosphorylation of CD19 

and BCAP (PIK3AP1) (reviewed in ref. (125)). As mentioned, CD19 was selectively 

essential in GCB lines, as was CD81, which facilitates CD19 localization to the plasma 

membrane (126). While ABC lines do not depend on CD19, they do require BCAP. 

Although CD19 and BCAP are functionally redundant in normal mouse B cells (127), these 

results indicate that this is not the case in DLBCL and suggest that each DLBCL subtype 

uses a distinct mechanism to engage PI3K (127).

Since tonic BCR signaling promotes the survival of all mature B cells, this process is 

presumed to be antigen-independent given the vast repertoire of BCRs expressed by normal 

B cells. In contrast to tonic BCR signaling, chronic active BCR signaling in ABC DLBCLs 

is antigen-dependent (see above). The antigen-independence of GCB lines was elegantly 

demonstrated by CRISPR-mediated replacement of the IgVH and IgVL CDR regions with 

sequences taken from normal B cell immunoglobulins, whereas similar substitutions in ABC 

cell lines made them less fit in competitive growth assays (128), in accord with other studies 

(48).

Taken together, these above observations suggest that the mode of constitutive BCR 

signaling in GCB DLBCL is distinct both from the autoantigen-dependent chronic active 

BCR signaling in ABC DLBCL. However, other considerations suggest that BCR signaling 

in GCB DLBCL is also distinct from tonic BCR signaling. CD19 and CD81 are unlikely to 

contribute to tonic BCR signaling since conditional deletion of CD19 or CD81 in the mouse 

does not promote massive loss of mature B cells, yet both proteins are required for the 

survival of BCR-dependent GCB DLBCL and BL lines. Likewise, B cell numbers are not 

reduced in LYN knockout mice, which instead accumulate autoimmune B cells, whereas 

BCR signaling in GCB lines is LYN-dependent. We therefore proposed the term 

“constitutive germinal center BCR signaling” to characterize the oncogenic BCR signaling 
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in BL and GCB DLBCL (44). We now propose the less cumbersome term “toncogenic” 

BCR signaling to acknowledge that it promotes malignant B cell survival in a PI3K-

dependent, NF-κB-independent fashion that is mechanistically distinct from tonic BCR 

signaling in normal mouse B cells and chronic active BCR signaling in ABC DLBCL (Fig. 

3C).

11 Genetic alterations that augment BCR pathway activation

Available evidence from clinical trials of ibrutinib suggests that genetic aberrations targeting 

CD79B and CD79A may not fully account for the apparent addiction of some DLBCLs to 

BCR-dependent NF-κB activation. In a phase 1b/2 trial of ibrutinib in relapsed refractory 

DLBCL (41), the response rate was 31% in ABC DLBCL cases with wild-type CD79B and 

CD79A, and 64% of all responses were observed in this patient subset. In PCNSL, which 

has a high frequency of BCR subunit mutations (53%), ibrutinib was also highly active, but 

28% of the responses occurred in cases with wild type CD79B (129, 130). While 

engagement of the BCR by self-antigens may be sufficient to account for ibrutinib-

responsive BCR signaling in some cases, it is also possible that additional genetic 

abnormalities affecting other components in the BCR-dependent NF-κB signaling pathway 

may contribute to BCR signaling quantitatively or qualitatively (Fig. 1).

Among the first gain-of-function mutations described in DLBCL targeted the signaling 

adapter CARD11 in ~14% of DLBCL cases (37, 40), and these have since been observed in 

a variety of other mature B cell malignancies. In some cases, CARD11 mutations promoted 

ibrutinib resistance since they act downstream of BTK to foster the formation of large multi-

protein signaling hub that activates NF-κB (34, 40). Normally, CARD11 activation is tightly 

controlled, requiring BTK-dependent PKCβ activity to phosphorylate an inhibitory “linker” 

domain in CARD11(131), leading to BCL10 recruitment and cooperative assembly of a 

cytoplasmic filament containing (at a minimum) MALT1 and TRAF6 (111, 132). Some 

CARD11 mutations do indeed promote ibrutinib resistance in ABC cell lines (34), and 

potentially also in some DLBCL tumors treated with ibrutinib (41, 130, 133–135).

Some caution in interpreting the impact of CARD11 mutations is warranted, however, since 

the signaling strength of different CARD11 mutant isoforms varies considerably, which 

correlates with their ability to form intracellular signaling foci (40). Indeed, weak CARD11 

alleles render cells hyper-responsive to upstream signals (40), so that rather than conferring 

ibrutinib resistance, such mutations may identify tumors that are ibrutinib-sensitive. A 

comprehensive, quantitative analysis of the recurrent CARD11 mutant isoforms would 

therefore be needed before they could confidently be used as exclusion criteria in clinical 

trials of ibrutinib.

Recent comprehensive genomic profiling of DLBCL has uncovered new genetic aberrations 

that impinge on the BCR signaling pathway (37). DLBCLs frequently acquire inactivating 

mutations and deletions targeting an array of negative regulators of proximal BCR signaling 

(Fig. 7A). These can occur singly in tumors with wild type CD79B or CD79A, but often 

tumors acquire inactivating lesions in multiple negative regulators, suggesting that they 

quantitatively and additively augment BCR signaling (Fig. 7B). As a group, genetic 
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aberrations affecting BCR negative regulators are more prevalent among DLBCL tumors 

than any other genetic aberrations that activate BCR-dependent NF-κB signaling (Fig. 7C).

The DLBCL gene expression subgroups and genetic subtypes each have genetic 

abnormalities in the BCR pathway, but differ with respect to which particular BCR signaling 

components are targeted (Fig. 7D, 7E). MCD tumors are enriched for lesions targeting the 

BCR subunits CD79B and CD79A whereas BN2 tumors are instead enriched for lesions 

targeting distal components of the pathway, particularly PRKCB, BCL10, TRAF6 and the 

A20 negative regulatory module (i.e. TNFAIP3 and TNIP1). Cases with genetic aberrations 

targeting BCR negative regulators or CARD11 were drawn more equally from each genetic 

subtype. These observations make clear that aberrant activation of the BCR pathway is a 

unifying principle throughout DLBCL pathogenesis, but that the genetic trajectories of each 

DLBCL genetic subtype must impose distinct selective pressures that favor the acquisition 

of mutations targeting different BCR pathway components.

12 Therapy of lymphoma using BCR signaling inhibitors

Signal transduction through the BCR engages a multitude of protein and lipid kinases that 

can be inhibited with drugs that are currently in the clinic or in clinical development. As 

discussed above, lymphomas generally utilize either chronic active or toncogenic BCR 

signaling, each of which engages distinct signaling effectors (Fig. 3). The recent discovery 

of the My-T-BCR supercomplex revealed that chronic active BCR signaling may be further 

dissected into mechanistically distinct signaling modes that may influence the efficacy of 

various signaling inhibitors. Below, we review the more promising targets for BCR pathway 

inhibition in lymphoma, including the non-receptor tyrosine kinases BTK and SYK, as well 

as effectors in the PI3K pathway.

12.1 BTK

Following BCR activation in normal B cells, BTK is recruited to the BCR signalosome at 

the plasma membrane, where it is then activated, causing it to phosphorylate and activate the 

lipid hydrolase PLCγ2 (136, 137). BTK is an essential gene in ABC cell lines, but is 

dispensable in GCB lines (34, 44), indicating that BTK contributes to chronic active, but not 

toncogenic, BCR signaling. The BTK inhibitor ibrutinib, developed by Pharmacyclics, 

irreversibly binds to cysteine 481, which is adjacent to the active site of BTK (138). Only 9 

other kinases have cysteine residues in homologous positions near their active sites, and 

consequently, off-target effects from ibrutinib are generally limited. The T cell-expressed 

kinase ITK is one of the other kinases targeted by ibrutinib, an activity that may be 

beneficial in certain scenarios. For example, ibrutinib therapy can improve the efficacy of 

anti-PD1/PDL1 therapies by skewing the ratio of Th1 and Th2 T cells (139).

Pre-clinical studies determined that ibrutinib is lethal to ABC DLBCL cell lines at low nM 

concentrations, but has virtually no effect on GCB lines at substantially higher doses (34, 

41). Ibrutinib is also toxic for cultured primary CLL cells, even in the presence of stromal 

cells that mimic the tumor microenvironment (140, 141). More recently, Acerta 

Pharmaceuticals and AstraZeneca have developed a second generation BTK inhibitor, 

acalabrutinib, that also covalently binds to cysteine 481 of BTK. Acalabrutinib has improved 
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specificity, with no activity against ITK and other kinases with cysteine residues proximal to 

their active site, and has clinical activity in CLL that is comparable to the efficacy of 

ibrutinib (142).

Ibrutinib has shown exceptional clinical activity as a single agent against indolent 

lymphomas, and was approved by the FDA for the treatment of MCL is 2013, CLL in 2014 

and WM in 2015. Likewise, acalabrutinib was approved by the FDA for the treatment of 

MCL in 2017 and is pending approval for treating CLL. Ibrutinib is generally well tolerated 

at the standard dose of 560 mg per day, but severe adverse events include bleeding, atrial 

fibrillation, and diarrhea can occur (143). Acalabrutinib is reported to have similar types of 

adverse events, albeit at a potentially lower frequency (144).

As mentioned above, a phase 1b/2 clinical trial of ibrutinib monotherapy in relapsed/

refractory DLBCL reported an objective response rate of 37% in the ABC subgroup 

compared with only 5% in GCB, consistent with the role of BTK in chronic active BCR 

signaling in ABC DLBCL but not in toncogenic BCR signaling GCB DLBCL (41). 

Correspondingly, ibrutinib treatment resulted in median overall survival of 10.3 months in 

patients with ABC DLBCL, but only 3.3 months in GCB patients. Exceptional responses to 

ibrutinib monotherapy were observed in 4/38 (10.5%) patients with relapsed/refractory ABC 

DLBCL, who survived at least 2 years, with one patient alive without evidence of disease 

after 8 years of ibrutinib monotherapy.

In an effort to identify genetic markers that predict ibrutinib response in ABC DLBCL, 

genes frequently mutated in this subgroup were sequenced and correlated with clinical 

responses. As noted above, ABC tumors harboring CD79B ITAM mutations were more 

likely to respond to ibrutinib monotherapy than tumors with wild-type CD79B (55% vs. 

31%). However, a substantial number of ABC tumors with wild type CD79B responded, 

suggesting either that self-antigens are sufficient to drive chronic active BCR signaling in 

these cases or that other genetic lesions targeting negative regulators of BCR signaling play 

a role (34, 48). The presence of oncogenic MYD88 mutations alone had no effect on clinical 

response. However, ABC tumors with both MYD88L265P and a CD79B mutation had 

outstanding sensitivity to ibrutinib monotherapy, with an 80% (4/5) response rate (41). This 

double mutant genotype is the hallmark of the MCD subtype of ABC DLBCL and also of 

extranodal tumors such as PCNSL, which is not adequately treated by conventional 

chemotherapy approaches. Accordingly, ibrutinib monotherapy had exceptional activity in 

PCNSL, producing objective responses in 77–89% of cases (129, 130).

Cooperative signaling between the BCR and MYD88 is the hallmark of the My-T-BCR (44) 

and these results suggested that ABC cells that utilize the My-T-BCR to drive NF-κB 

activity may be particularly sensitive to ibrutinib. My-T-BCR detection in clinical biopsy 

samples by IgM:TLR9 PLA was exclusively found in ibrutinib-sensitive ABC tumors (44). 

None of the ABC tumors tested expressed mutant isoforms of MYD88, indicating that 

detection of the My-T-BCR by IgM:TLR9 PLA may have predictive value beyond 

mutational analysis (44). The My-T-BCR was also observed by PLA in 80% of PCNSL 

cases (44), consistent with the frequent co-occurrence of MYD88L265P and CD79B 

mutations in lymphomas and their exceptional sensitivity to ibrutinib (145–153). Hence, the 
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My-T-BCR may serve as a predictive biomarker for ibrutinib responsiveness in aggressive 

lymphomas and PLA-based methods for its detection may complement genetic analysis, a 

possibility that should be evaluated prospectively in clinical trials of these agents.

12.2 SYK

SYK kinase transduces both chronic active and toncogenic BCR signals, making it an 

attractive therapeutic target to treat all BCR-dependent lymphomas. SYK inhibitors were the 

subject of the first preclinical studies of BCR pathway inhibitors in lymphoma. Fostamatinib 

(R788) is the pro-drug version of the SYK inhibitor R406. Fostamatinib treatment prolonged 

survival in mouse models of lymphoma that relied on either tonic or antigen-dependent BCR 

signaling (58), as well in Eμ-TCL1 mice, which model CLL (154). R406 treatment was toxic 

to cell line models of BL (58), GCB DLBCL (120) and ABC DLBCL (34), and to primary 

purified CLL cells (155). Unfortunately, fostamatinib had limited selectivity for SYK (156, 

157), and although it demonstrated clinical activity against CLL and DLBCL (158), its 

toxicity profile precluded further clinical development. More selective SYK inhibitors are in 

development, including PRT062607 from Portola Pharmaceuticals and entospletinib 

(GS-9973) from Gilead Sciences, which have demonstrated selective toxicity in vitro (44, 

159). A phase 2 study of entospetinib in relapsed/refractory indolent lymphomas and MCL 

demonstrated that this agent has manageable toxicity but modest efficacy as monotherapy 

(160), while a similar study in relapsed/refractory DLBCL yielded no objective responses 

(161). These findings suggest that SYK inhibitors may need to be combined with other 

targeted agents, as long as this can be done safely (see below).

12.3. PI3K and mTOR inhibitors

PI3K signaling is deregulated in many forms of human cancer (162), likely due to its ability 

to promote protein translation and nutrient utilization, thereby fostering malignant cell 

growth and survival. Like SYK, the PI3K pathway is engaged in both chronic active and 

toncogenic BCR signaling. PI3K is a lipid kinase that phosphorylates the 3-hydroxy position 

of PI(4,5)P2 to form phosphatidylinositol (3,4,5)-trisphosphate (PIP3). BCR-dependent PI3K 

activity results in localized increases in PIP3, which can recruit signaling effectors 

containing PH, FYVE and PX domains (163), including AKT and BTK. PI3K-dependent 

recruitment of the serine/threonine kinase AKT to the plasma membrane leads to its 

phosphorylation and activation by PDPK1. Active AKT has many potential substrates, but 

its phosphorylation and activation of mTOR is key since mTOR is a master regulator of 

cellular metabolism that is constitutively active in many lymphomas (164).

Three classes of PI3K exist, but only the class I PI3Ks signal proximal to the BCR (165). 

Class I PI3Ks contain a regulatory p85 subunit paired to one of four catalytic p110 subunits 

to form PI3Kα, PI3Kβ, PI3Kγ, PI3Kδ. A constitutively active form of PI3Kα can substitute 

for tonic BCR signaling (45), and PI3Kα and PI3Kδ are both essential for B cell 

development in mice (166). Pre-clinical studies demonstrated that inhibition of PI3K activity 

with the pan-class I PI3K inhibitor, BKM-120, is toxic for ABC lines harboring CD79B 

ITAM mutations (167), and for BL lines (46). However, PI3Kα and PI3Kβ are ubiquitously 

expressed, and pan-PI3K inhibitors such as BKM-120 can have significant adverse effects 

(168), which may limit their usage to treat GCB DLBCL and BL tumors that rely on 
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toncogenic signaling. In contrast, PI3Kδ expression is restricted in expression to 

lymphocytes and is specifically activated following BCR ligation (169), making it an 

appropriate target in lymphomas with chronic active or toncogenic BCR signaling.

Idelalisib (CAL-101/GS-1101), a specific PI3Kδ inhibitor developed by Gilead Sciences, 

has been approved for the treatment of FL as well as relapsed/refractory CLL and small 

lymphocytic lymphoma (SLL). Copanlisib (BAY 80–6846) is a dual inhibitor of PI3Kδ and 

PI3Kα that is approved for treatment of relapsed/refractory FL. Pre-clinical studies of PI3K 

inhibitors in cell line models of ABC DLBCL demonstrated that selective PI3Kδ inhibition 

is quickly countered by an increase in PI3Kα activity, which can be targeted by copanlisib 

(114, 115).

There are numerous mTOR inhibitors available in the clinic, with rapamycin (sirolimus) 

being the first mTOR inhibitor discovered over 40 years ago (170). The related mTOR 

inhibitors temsirolimus and everolimus produced objective responses in 28% and 30% of 

patients with relapsed/refractory DLBCL, respectively, although the remissions were 

typically short lived (171, 172).

Going forward, studies of PI3K pathway inhibitors in DLBCL clinical trials should include 

molecular profiling since the cause and consequence of PI3K signaling differs between 

genomic subtypes. In GCB DLBCL, PI3K signaling is initiated by frequent genetic 

inactivation of PTEN and amplification of the miR17–92 locus, which encodes microRNAs 

that suppress PTEN expression (24, 173). ABC tumors lack these alterations, presumably 

because chronic active BCR signaling provides ample PI3K activation. Moreover, as 

discussed above, the mTORC1 complex is a component of the My-T-BCR supercomplex in 

ABC DLBCLs of the MCD subtype (44). Treatment of ABC lines with ibrutinib reduced the 

association of mTOR with other My-T-BCR components and decreased mTOR activation of 

downstream pathways. Treatment of these same lines with the mTOR inhibitor AZD2014 

augmented the ability of ibrutinib to disrupt the My-T-BCR, resulting in a marked decline in 

NF-κB activity (44, 116), supporting clinical evaluation of this and other combinations 

targeting both BTK and the PI3K pathway in ABC DLBCL.

12.4 Other therapeutic targets in oncogenic BCR signaling pathways

As is obvious from the wiring diagram in Fig. 1, there are numerous enzymes in the BCR 

signaling pathway that could be used to attack BCR-dependent lymphomas. One interesting 

target is protein kinase C β (encoded by PRKCB), which lies downstream of BTK in the 

BCR signaling cascade (Fig. 1) and can inhibited by sotrastaurin (174, 175). Interestingly, 

sotrastaurin blocks chronic active BCR signaling in both ABC DLBCL and MCL models, 

which likely induce NF-κB by fundamentally different mechanisms. Whereas the chronic 

active BCR signaling in the ABC models depends on the My-T-BCR (Fig. 3B), the BCR-

dependent NF-κB activation in MCL lines is presumably MYD88-independent since they 

lack MYD88L265P mutations. This latter, more “conventional” mode of chronic active BCR 

signaling (Fig. 3A) is also likely engaged in the BN2 subtype of DLBCL, which acquires 

activating mutations in PRKCB (37).
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Toncogenic BCR signaling in GCB DLBCL and BL offers some unique therapeutic 

possibilities, including the Src-family kinase LYN. Normal B cell development is not 

compromised in Lyn-deficient mice due to functional redundancy with other Src family 

kinases (4). Moreover, LYN is not essential for the activation of mature B cells, and in fact 

inhibits BCR signaling in this context (176), as it does in ABC DLBCL (34). Thus, targeting 

of LYN would be predicted to have a good therapeutic window and would be specifically 

efficacious in lymphomas with toncogenic BCR signaling. The challenge this poses, 

however, is the identification of LYN-selective Src-family kinase inhibitors, since Src-family 

kinases perform diverse critical functions in multiple cells types.

A non-kinase target in chronic active BCR signaling is MALT1, which is a unique among 

proteases in cleaving substrates following arginine residues. Given the essential role of 

MALT1 in the CBM complex, several groups have identified MALT1 as a therapeutic target 

in ABC DLBCL and have identified prototype small molecule MALT1 inhibitors (167, 177–

180). While these MALT1 inhibitors have selective toxicity for ABC DLBCL lines in vitro, 

clinical applications will require the development of much more potent inhibitors.

13 Resistance to BCR pathway inhibitors

BCR pathway inhibitors rarely elicit durable clinical responses in aggressive lymphomas. 

Generally, these responses last for a few months followed by progression as described 

above. In contrast, CLL is highly sensitive, with extended response durations. Resistance to 

ibrutinib monotherapy in CLL has been attributed to mutations targeting cysteine 481 on 

BTK, which destroy the ability of ibrutinib to covalently bind to BTK and are observed at 

high frequency in relapsed CLL (181, 182). These targeted mutations bear similarities to 

resistance mutations in other cancers, including the T790M mutation in EGFR that sterically 

blocks erlotinib from binding its active site (183) and the T315I mutation in BCR-ABL that 

blocks hydrogen bonding with imatinib (184). Additionally, gain-of-function mutations 

targeting PLCG2 have been observed at a lower frequency in ibrutinib-treated CLL patients, 

allowing CLL clones to bypass the need for BTK activity (181, 182). As with many 

malignancies, there is substantial sub-clonal heterogeneity in CLL. Resistance mutations 

likely pre-exist in subclones within the large pool of malignant CLL in each patient, 

potentially because they confer a modest growth advantage or ability to access supportive 

microenvironmental niches. Ibrutinib treatment provides the selective pressure to favor 

outgrowth of the mutant subclones. That said, the above ibrutinib resistance mutations and 

other rare genetic events only account for 28% of the patients who experience disease 

progression on ibrutinib, suggesting that other, perhaps non-genetic, mechanisms may 

contribute (185).

While a clinical trial demonstrated that ibrutinib can induce complete and partial responses 

in relapsed/refractory ABC DLBCL, the median PFS of these patients was only 6.41 

months, indicating that ibrutinib resistance develops rapidly in this lymphoma subgroup 

(41). For example, a patient with extensive abdominal disease achieved a near CR after 3 

weeks of ibrutinib monotherapy yet the lymphoma rapidly progressed by 6 weeks. Notably, 

the pre-treatment biopsy from this patient had a minor subclone harboring a CD79A 
mutation (~5% mutant allele frequency) that was much more prominent in a biopsy taken 
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after only 3 days on treatment (~27% mutant allele frequency). In another study, the BTK 

C481S mutation that prevents ibrutinib binding was detected upon relapse in circulating 

tumor DNA of 2/3 patients (186). However, given the diversity of survival pathways in ABC 

DLBCL (reviewed in ref. (103)), it is conceivable that non-genetic mechanisms may 

contribute to ibrutinib resistance in this setting as well.

14 Combination Therapies

Aggressive lymphomas rely on an integrated network of cellular signaling cascades to 

promote malignant growth. Inhibition of a single pathway can be compensated by either 

mutation or biochemical re-wiring of these signal networks, which likely accounts for the 

limited frequency and durability of responses to individual targeted agents. Thus, inhibition 

of parallel survival pathways can not only result in synergistic killing of malignant cells, but 

also reduce the emergence of therapy resistance. The challenge is to identify drug 

combinations that can synergistically kill malignant B cells while minimizing side effects. In 

part, this can be done rationally by considering the wealth of data generated on the genetics, 

biology and oncogenic signaling in lymphoma. For example, ABC DLBCL relies on a 

minimum of 5 pathways to remain viable: (1) NF-κB; (2) PI3K/mTOR; (3) JAK1/STAT3; 

(4) BCL2 family; (5) lineage-defining transcription factors (reviewed in ref. (103)).

One strategy is to perform unbiased large-scale screens of clinically active compounds. One 

such screen profiled toxicity in an ABC DLBCL line treated with increasing doses of 

ibrutinib versus titrations of over 500 active compounds (113). These screens revealed 

synergy of ibrutinib in combination with inhibitors of SYK, the PI3K pathway, and the 

BCL2 family, as well as with standard chemotherapy agents. Additional studies observed 

synergy between ibrutinib and inhibitors of JAK1 (187), IRAK family kinases (99), BET 

proteins (188) and the lineage-defining transcription factor IRF4 (18).

These pre-clinical drug combination studies are already fueling clinical advances. The recent 

characterization of genetic subtypes within DLBCL defined the MCD subtype, in part, by 

the presence of CD79B and MYD88L265P mutations (37, 38). The MCD subtype is enriched 

for extranodal lymphomas of the ABC phenotype, including primary testicular lymphoma, 

primary cutaneous lymphoma and PCNSL. As mentioned above clinical trials evaluating 

response to ibrutinib monotherapy in PCNSL reported a high rate of responses (77–89%), 

but the responses were short-lived, with a median progression-free survival of 4.6 months 

(129, 130). Standard chemotherapy alone does not provide lasting benefit for the majority of 

these patients (189), potentially because the high NF-κB activity in these ABC-like tumors 

could block the apoptotic action of chemotherapy agents (190). The combination of ibrutinib 

with combination chemotherapy in the DA-TEDDi-R regimen produced complete responses 

in 86% of PCNSL patients that have been sustained for at least 2 years in 67% of patients 

with relapsed/refractory disease (129). These encouraging results await further confirmation 

in an ongoing phase 2 trial.

Recently, a double-blind phase 3 trial randomly assigned 838 patients with non-GCB 

DLBCL into two treatment arms comparing R-CHOP chemotherapy plus placebo, to R-

CHOP plus ibrutinib (191). Younger patients under 60 years of age had significantly 
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improved survival on the R-CHOP plus ibrutinib arm, with ibrutinib increasing the 5-year 

overall survival rate by roughly 12%. Patients over the age of 60 experienced increased 

toxicity when ibrutinib was included that led to discontinuation of both ibrutinib and 

chemotherapy, resulting in correspondingly worse clinical outcomes and accounting for the 

selective activity of ibrutinib in younger patients. This is the first randomized phase 3 trial in 

17 years to report a regimen that produces a significantly higher rate of long-term survival 

than achieved with R-CHOP alone. The success of this platform may be extended in the 

future with the addition of targeted agents that synergize with ibrutinib.

This phase 3 trial used immunohistochemistry to select patients with non-GCB DLBCL. 

Most tumors were also analyzed by gene expression profiling and were found to be enriched 

for ABC and Unclassified cases, as expected. Interestingly, the effect of ibrutinib was not 

significantly greater in the pure ABC subset than in the entire cohort, possibly because the 

non-ABC tumors had genetic lesions in the BCR-dependent NF-κB pathway. In line with 

this hypothesis, genetic lesions in the BCR pathway are infrequent in GCB DLBCL, but are 

clearly overrepresented in both ABC and Unclassified DLBCL (Fig. 7D). An understanding 

of the molecular determinants of response to the combination of R-CHOP plus ibrutinib 

awaits the comprehensive genomic characterization of biopsies from this trial.

In another recent phase 2 trial, treatment naïve CLL patients were treated with a 

combination of ibrutinib and the BCL2-family inhibitor, venetoclax, both of which produce 

prolonged responses in CLL as monotherapy. An early report from this trial states that this 

regimen was safe and produced complete responses with no evidence of minimal residual 

disease in the blood in 9/11 (82%) of evaluable patients (192). If such combinations can 

overcome ibrutinib resistance mechanisms, one can envision a future in which CLL is either 

cured or maintained in long-term remission by the correct drug combination.

This wealth of knowledge could fuel decades of clinical trials, but care is needed to select 

drug combinations that are both efficacious and safe. Although many candidates for 

combination trials have known safety profiles as single agents, unexpected toxicities may 

occur in combination with other agents. For example, two patients died and others fell ill of 

pneumonitis on a combination trial of idelalisib and entospletinib, due to release of 

inflammatory cytokines (193). In PCNSL patients treated with the DA-TEDDi-R regimen 

mentioned above, opportunistic Aspergillosis infections were detected in the lung and/or 

brain in 7/18 patients and resulted in two deaths (129). Some of these infections occurred 

when the patients were only receiving ibrutinib monotherapy in a two-week window prior to 

the addition of chemotherapy, suggesting that these infections were potentially due to an 

effect of ibrutinib on the immune system. Interestingly, BTK mutant mice showed increased 

susceptibility to invasive and uncontrolled Aspergillus infections (129), providing evidence 

that the infections seen in PCNSL patients were an on-target consequence of ibrutinib, most 

likely due to the role of BTK in TLR signaling in innate immune cells (194). Steroids are 

also known to inhibit immune responses to Aspergillus (195), suggesting that the frequent 

treatment of PCNSL patients with steroids to minimize brain swelling likely contributed to 

the invasive Aspergillus infections. Invasive Aspergillus infections have also been reported 

in 33 CLL patients treated with ibrutinib, over half of whom were potentially 

immunosuppressed for other reasons, including by treatment with corticosteroids (196). 
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While these infections can likely be prevented by anti-fungal prophylaxis, this example 

highlights the new spectrum of on-target toxicities that may arise as combinations of 

targeted agents are tested in the clinic.

15 An integrated approach to precision therapy of aggressive lymphomas

Patients with lymphoid malignancies and clinical investigators studying these diseases are 

fortunate to have an ever-increasing armamentarium of inhibitors targeting kinases in the 

BCR pathway at their disposal. When used as single agents, these BCR pathway inhibitors 

typically yield short-term responses followed by progression, although a small, but 

significant, fraction of patients can be effectively ‘cured’ by single agent therapies. The 

challenge ahead is two-fold: (1) identify drug combinations that can overcome drug 

resistance and relapse, while limiting unanticipated on-target and off-target toxicities; and 

(2) identify molecularly-defined subtypes of lymphoid malignancies for which particular 

BCR pathway inhibitors produce a high rate of meaningfully durable remissions. The 

identification and prioritization of drug combinations for testing in clinical trials should be 

based on a deep mechanistic understanding of oncogenic signaling and an appreciation of 

the parallel mechanisms that sustain survival of cancer cells. The identification of tumors 

likely to respond to certain drug combinations will require the application of genetic 

profiling (37, 38), RNA profiling (13, 197) and evaluation of biomarkers of BCR signaling, 

such as PLAs for protein-protein associations to detect active signaling even in the absence 

of a genetic marker (44). The path forward is clear: conduct large phase 2 trials with deep 

molecular profiling of tumors to identify those with the constellation of abnormalities that 

foster addiction to oncogenic survival pathways targeted by the drug combination under 

study.

Finally, an interesting opportunity for combination therapy has arisen with the success of 

CAR-T therapy for lymphoma and leukemia (198, 199) and the efficacy of an anti-CD47 

monoclonal antibody (Hu5F9-G4) plus Rituximab in lymphoma (200). Though effective, 

these immunotherapies do not work in all patients and it is conceivable that in some cases, 

failure is essentially kinetic with tumor growth outstripping the rate at which 

immunotherapy can kill the malignant cells. Therapies targeting the BCR may improve 

outcomes in such patients by massively depleting the malignant tumor mass, allowing the 

immunotherapies a chance to clear the residual cells.
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Figure 1. 
A simplified schematic of BCR signaling in lymphoma depicting genes frequently targeted 

for gain-of-function (red) or loss-of-function (green) genetic alterations. Percentages are 

estimate of frequency in all DLBCL subtypes. Frequencies include mutation and copy 

number alterations. Data are derived from ref. (37).
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Figure 2. 
Comparison of DLBCL subtypes. Relationships between genetic subtypes and gene 

expression subgroups (left), the gene expression signatures and associated genetic alterations 

(middle), as well as potential therapeutic drug classes that may have activity within these 

subtypes (right). Abbreviations used: inh.: drugs that inhibit the indicated targets; Immune 

act.: Immune activation by immune checkpoint blockade.
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Figure 3. 
Modes of BCR signaling in lymphoma. (A) Chronic active BCR signaling, (B) My-T-BCR 

signaling and (C) Toncogenic BCR signaling. The lymphoma subtypes that may utilize these 

different modes of BCR signaling are listed in the upper left-hand corner of each panel. See 

text for details.
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Figure 4. 
Mechanisms of CD79A/B ITAM mutations that sustain proximal BCR signaling. (A) 

Pictorial representation of common mutations affecting CD79B and CD79A. (B) CD79B 

Y196 mutations disrupt BCR internalization (left) and reduce LYN kinase activity, thereby 

abrogating LYN-dependent negative feedback mechanisms (right). (C) My-T-BCR signaling 

relies on two pools of BCR. One pool of BCR enriched for mutant isoforms of CD79B 

sustains proximal BCR signaling at the plasma membrane to activate the CBM complex. 

Another pool of BCR enriched for wild-type CD79B is preferentially internalized and 

ultimately interacts with TLR9 in endolysosomes to form the My-T-BCR. The My-T-BCR 

requires the CBM complex to activate IKK.
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Figure 5. 
Diverse self-antigens initiate chronic active BCR signaling in lymphoma. Lymphomas 

expressing an IgVH4–34 BCR recognize N-acetyl-lactosamine sugars attached to cell 

surface proteins (top). Additionally, self-antigens found in debris from dying cells (middle) 

or found within the framework region of the BCR itself can drive chronic active BCR 

signaling. Adapted from ref. (48).
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Figure 6. 
Breaching immunological tolerance is critical to B cell transformation. (A) Frequency of 

IgVH4–34 expression within DLBCL gene expression subgroups (left) and genetic subtypes 

(right); (B) or within patients with indicated mutation; (C) or within patients with combined 

genetic alterations. The number of IgVH4–34+ patients within each classification is shown 

above each bar; p-values are listed in parentheses from Fisher’s exact test. (D) A model for 

how BCR and/or MYD88 mutations help to overcome mechanisms of B cell tolerance/

anergy that normally silence low-affinity autoreactive BCRs. Data for panels A-C are taken 

from ref. (37) and ref. (48). Frequencies were normalized to reflect predicted population-

based frequencies using gene expression subgroup distributions (201) as described (37).
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Figure 7. 
Genetic alterations of BCR pathway genes promote BCR signaling in DLBCL. (A) 

Frequency of gain-of-function (red) and loss-of-function (green) genetic alterations that 

affect the BCR pathway. (B) Oncoprint representation of the presence of genetic alterations 

in common BCR pathway genes in DLBCL. DLBCL subtypes and genetic classes are 

depicted. Cases lacking these alterations are not shown. The prevalence of BCR pathway 

mutations in (C) all DLBCL samples, (D) in ABC, GCB and Unclassified forms of DLBCL, 

or (E) within defined genetic subtypes of DLBCL. Data for panels B-E are taken from ref. 

(37). Frequencies in panels C-E were normalized to reflect predicted population-based 

frequencies using gene expression subgroup distributions (201) as described (37).
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