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The Pathogenesis of Chronic Lymphocytic Leukemia

Suping Zhang and Thomas J. Kipps
Department of Medicine, Moores Cancer Center, University of California, San Diego, La Jolla,
California 92093

Thomas J. Kipps: tkipps@ucsd.edu

Abstract

Chronic lymphocytic leukemia (CLL) is characterized by the clonal expansion of CD5+CD23+ B

cells in blood, marrow, and second lymphoid tissues. Gene-expression profiling and phenotypic

studies suggest that CLL is probably derived from CD5+ B cells similar to those found in the

blood of healthy adults. Next-generation sequencing has revealed recurrent genetic lesions that are

implicated in CLL pathogenesis and/or disease progression. The biology of CLL is entwined with

its microenvironment, in which accessory cells can promote leukemia cell growth and/or survival.

Recently, much attention has been focused on the CLL B cell receptor (BCR) and on chemokine

receptors that enable CLL cells to home to lymphoid tissues and to establish the leukemia

microenvironment. Agents that can interfere with BCR signaling or chemokine– receptor

signaling, or that target surface antigens selectively expressed on CLL cells, promise to have

significant therapeutic benefit in patients with this disease.
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INTRODUCTION

Chronic lymphocytic leukemia (CLL), the most common adult leukemia in the Western

world (1, 2), is characterized by the clonal expansion of CD5+CD23+ B cells in blood,

marrow, and secondary lymphoid tissues. Although CLL cells in the blood appear to be

predominantly resting lymphocytes in G0 (3), focal aggregates of different-sized

lymphocytes are scattered throughout the lymphoid tissue and are presumably where

leukemia cells proliferate (2, 4–9). Heavy-water (deuterium) labeling studies have found that

some patients have high rates of leukemia cell turnover; 0.1–1% of their entire leukemia cell

population is produced each day (10). Because such growth kinetics can be observed in

patients who have relatively stable disease, the high growth rate observed in such patients is

presumably counterbalanced by a high rate of spontaneous apoptosis.
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Some patients have progressive disease and require therapy relatively soon after diagnosis,

whereas others have highly indolent disease that does not require treatment for many years

(11, 12). This variability reflects intrinsic heterogeneity in the disease biology. For example,

in approximately half of all cases, the leukemia cells express immunoglobulin (Ig) encoded

by unmutated Ig heavy-chain variable-region genes (IGHVs), which are associated with

more aggressive disease (13, 14). By contrast, patients with CLL cells that express Ig

encoded by mutated IGHVs generally have more indolent disease. Our understanding of

pathological mechanism(s) involved in CLL may have implications for the development of

new treatments.

This review focuses on recent advances in our understanding of factors governing the

pathogenesis and progression of CLL that have been made through analyses of leukemia cell

gene expression and next-generation sequencing. Insights gained through these studies are

guiding the development of targeted therapies that may be more effective and better

tolerated than currently available treatments for patients with CLL.

ORIGIN OF CHRONIC LYMPHOCYTIC LEUKEMIA

CLL B cells express CD5, CD19, CD23, and low levels of surface Ig (2). This phenotypic

profile differs from that of most normal B cell subsets. However, recent gene-expression

profiling studies have confirmed that CLL is probably derived from CD5 B cells similar to

those found in the blood of healthy adults.

CD5+ B Cells

The coexpression of CD5 and B cell surface antigens on leukemia cells prompted

speculation that CLL is a malignancy of CD5+ B cells (15, 16); some investigators maintain

that these cells constitute a distinct B cell lineage (17). However, similarities between CLL

and splenic marginal zone (sMGZ) B cells led to a proposal that CLL arises from sMGZ B

cells (18). On the basis of a study of specific IGHV rearrangements, other investigators

proposed that CLL cells that use unmutated IGHVs are derived from conventional naïve B

cells (19). However, gene-expression studies on CLL cells found that the leukemia cells that

express either unmutated or mutated IGHVs share a common gene-expression profile,

suggesting that they have a common origin (20, 21). Studies on CLL cells and normal

human B cell subsets indicated that CLL cells have a gene-expression profile that is more

similar to that of memory B cells than to that of CD5+ B cells isolated from neonatal cord

blood (20). However, cord-blood CD5+ B cells appear to have a gene-expression profile that

is distinct from that of CD5+ B cells found in the blood of healthy adults (22–24), and a

more recent study of CLL cells and normal naïve B cells, sMGZ B cells, adult CD5+ B cells,

class-switched B cells, and IgM+ memory B cells found that CLL cells have a gene-

expression profile that is very similar to that of CD5+ B cells found in the peripheral blood

of healthy adults (25). IGHV mutation analyses revealed that CD5+ blood B cells are

clonally expanded and include a small number of post–germinal center B cells, a finding that

is consistent with the existence of two classes of CLL defined by the presence or absence of

IGHV hypermutation. On the basis of these studies, investigators now believe that CLL cells

with unmutated IGHVs are derived from mature CD5+CD27− B cells with unmutated
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IGHVs and that CLL cells with mutated IGHVs are derived from a distinct, previously

unrecognized, subset of CD5+CD27+ post– germinal center B cells with mutated IGHVs.

Monoclonal B Cell Lymphocytosis

The blood of a significant subset of healthy adults contains oligoclonal/monoclonal

expansions of B lymphocytes with a surface-antigen phenotype similar to that of CLL cells.

Such oligoclonal/monoclonal B cell expansions, known as monoclonal B cell lymphocytosis

(MBL), have been identified in the blood mononuclear cells of approximately 13% of adult

siblings of patients with CLL (26). MBL is observed at a lower rate (3.5%) of healthy adults

older than 45 who have no family history of CLL (27, 28). Sometimes the B cells in MBL

have chromosomal abnormalities similar to those observed in CLL (29), suggesting that

MBL represents early CLL, or a precursor lesion that evolves into CLL, in some individuals.

The risk of MBL developing into CLL may be influenced by polymorphisms in genes

controlling key functions in B cell development. In any case, because adults with MBL

develop CLL or other B cell lymphomas at a low rate (approximately 1% per year) (29), the

B cells in MBL apparently must acquire additional genetic or epigenetic changes before

becoming CLL B cells (Figure 1). The same may be true for B cells in MBL that

subsequently evolves into other B cell lymphomas (30).

ROR1+ B Cells

Recent studies have found that CLL cells also express receptor tyrosine kinase–like orphan

receptor 1 (ROR1), which ordinarily is expressed only by cells during embryonic

development (31–35). Further studies have found that ROR1 can also be expressed on a

small subset of normal precursor B cells known as hematogones (36). These cells may

coexpress CD5, CD10, and B cell differentiation antigens and typically are found in the

marrow of pediatric patients recovering from myeloablative chemotherapy (37). These cells

are present at very low levels in the blood of healthy adults (at frequencies of 0.01% to 0.1%

of blood mononuclear cells). ROR1+ B cells isolated from the blood mononuclear cells of

healthy donors have a heterogeneous phenotype; specifically, they may express CD19 and

CD27, but not CD38, or they may express CD19 and CD38, but not CD27. In contrast to the

subpopulation of ROR1+ B cells that express CD27, the subpopulation of ROR1+ B cells

that express CD38 have relatively high levels of CD5 and CD23, both of which are

considered markers of CLL B cells (38). These studies suggest that ROR1+CD38+ B cells in

healthy adults may be the precursor of CLL. This hypothesis needs further testing, possibly

through comparison between the transcriptome of ROR1+ normal B cells and that of ROR1+

CLL B cells and through functional studies on normal ROR1+ B cells and CLL B cells.

Stem Cells?

Xenogeneic transplantation studies have found that hematopoietic stem cells (HSCs)

isolated from CLL patients are apparently primed to undergo differentiation into B cell

progenitors that may subsequently develop into mono- or oligoclonal B cells with a CLL-

like phenotype (39). The B cells that developed in such xenografts did not express the same

IGHVs or have the same chromosomal abnormalities as those of the original CLL B cell

clone, suggesting that these cells were generated from disparate clones of B cell progenitors

that underwent de novo IGHV rearrangement. These data indicate that HSCs of patients
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with CLL could develop into B cells that have features of B cell CLL. Whether these cells

constitute a type of stem cell for CLL is uncertain, but it does appear that other genetic or

epigenetic changes are required for such B cells to become neoplastic (Figure 1). Moreover,

studies on telomere length and telomerase expression (40) suggest that CLL cells (especially

those that use unmutated IGHVs) have undergone extensive cell division prior to leukemic

transformation.

IMMUNOGLOBULIN REPERTOIRE

B cells are crucial to adaptive immune responses. They are responsible for the production of

antigen-specific antibodies that help eliminate exogenous, as well as autologous, threats to

homeostasis (41). This fundamental function depends on a process that involves at least two

major steps. The first requires generation of a diverse repertoire of antigen receptors. The

second requires selection of B cells that express Ig that has appropriate binding activity for

the selecting antigen. Indeed, the immune system relies on the formation of an extremely

diverse population of B cells, each of which expresses one type of Ig on its surface that

serves as the B cell receptor (BCR) for antigen in adaptive immune responses. The

probability that two independent B cell clones carry exactly the same BCR is extremely low

(e.g., less than 10−12). However, CLL cells isolated from different patients often express

similar, if not identical, BCRs with common stereotypic features and/or structural

similarities (42).

Certain IGHVs, such as IGHV1–69, IGHV4–34, and IGHV3–7, are used by CLL cells at

higher frequencies than those observed in normal B cells (43–46). Furthermore, the

incidence of somatic hypermutation is not uniform among IGHVs in CLL cells; for

example, IGHV1–69 has few or no mutations, whereas IGHV3–7, IGHV3–23, and IGHV4–

34 generally show substantial somatic mutations (46). In any case, one can identify shared

(stereotypic) primary structures among the Ig expressed by CLL B cells that are not readily

apparent in the highly diverse Ig repertoire of normal B cells. The marked restriction in the

Ig gene repertoire of CLL cells highlights the role played by one or more common self-or

environmental antigens in leukemic B cell selection.

ANTIGENS THAT MAY PLAY A ROLE IN LEUKEMIA B CELL SELECTION

Some of the Ig expressed in CLL can react with antigen expressed by cells undergoing

apoptosis, including cytoskeletal proteins (47–50). Some Ig react with nonmuscle myosin

heavy chain IIA, which is expressed on some apoptotic cells, namely myosin-exposed

apoptotic cells (MEACs). Binding to MEACs is more commonly observed on CLL cells

expressing unmutated IGHVs than on CLL cells expressing mutated IGHVs (51, 52). Ig

with different stereotypic features have distinct patterns of antigen reactivity (47–51),

suggesting that more than one antigen or antigenic epitope may be responsible for driving

selection of the distinctive repertoire expressed in CLL.

In addition to self-antigen, several othermicrobial or virus-associated antigens may

contribute to the selection of the Ig expressed in CLL. For example, CLL-associated Ig

encoded by IGHV1–69 can react with various grampositive or gram-negative bacteria (53)
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or with highly conserved antigens of cytomegalovirus or other herpes viruses (54–56). Such

antigens may also contribute to the selection of B cells in other pathological conditions (57).

GENETIC ALTERATIONS IN CHRONIC LYMPHOCYTIC LEUKEMIA

CLL cells commonly harbor deletions at 13q14, 11q22–q23, or 17p13 or may have an extra

copy of chromosome 12 (trisomy 12); such genetic alterations are significantly associated

with clinical outcome (1, 2, 59, 60). The advent of next-generation sequencing technologies,

coupled with gene copy-number analyses, have identified additional genetic lesions in CLL,

such as mutations in NOTCH1, SF3B1, and BIRC3 (61–64). Such mutations could be used

as potential therapeutic targets or as biomarkers that can distinguish among patients who

may have disparate clinical outcomes (61–67).

NOTCH1 encodes a ligand-activated transcription factor (NOTCH1) that regulates several

downstream pathways that induce the differentiation of hematopoietic progenitors into

immature T cells and of mature B cells into antibody-secreting cells (68, 69). Activating

mutations in NOTCH1 occur in ∼60% of T-lineage acute lymphoblastic leukemias (70). In

CLL, activating NOTCH1 mutations have been detected in ∼10% of newly diagnosed cases,

but in 15% to 20% of progressive and/or relapsed CLL cases (61, 62, 66). NOTCH1

mutations are also more frequent in CLL cell populations that express unmutated IGHVs

and that have trisomy 12 (61, 62, 66, 71, 72). Cases with NOTCH1 mutations appear to have

a distinctive gene-expression profile (62, 72) and define a high-risk subgroup of patients

with clinical outcomes comparable to those of cases with disruptions in TP53, independent

of other risk factors (61, 62, 66). NOTCH1 mutations in CLL are restricted to the C-terminal

PEST [proline (P), glutamate (E), serine (S), and threonine (T)] domain, which normally

limits the intensity and duration of NOTCH1 signaling (61, 62, 66). Removal of the PEST

domain impairs the degradation of NOTCH1, allowing for accumulation of the active form

of NOTCH1 (70). One recurrent mutation (c.7544_7545delCT) accounts for ∼77% of all

NOTCH1 mutations in CLL (45–47) and can be rapidly detected by a simple polymerase

chain reaction–based strategy, providing a potential approach for a first-level screening of

NOTCH1 alterations (66).

SF3B1 encodes the splicing factor 3B sub-unit 1 (SF3B1), which is a critical component of

both major (U2-like) and minor (U12-like) spliceosomes that are required for the precise

excision of introns from pre-mRNA (73). Mutations in SF3B1 were observed in ∼10% of

newly diagnosed CLL cases and in ∼17% of cases with progressive, late-stage disease

requiring therapy (64, 65). SF3B1 mutations are apparently acquired during clonal

evolution, and the proportionate representation of sub-clones harboring SF3B1 mutations

can increase over time, independently of cytoreductive therapy (74, 75). That such mutations

play a role in leukemia pathogenesis and/or progression is supported by the clustering of

these mutations in evolutionarily conserved hot spots localized within HEAT domains (64,

65). Because SF3B1 regulates the alternative splicing program of genes controlling cell-

cycle progression and apoptosis, mutations in SF3B1 may enhance CLL cell proliferation

and/or survival (64, 65).
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Disruption of BIRC3 associates with unfavorable clinical outcome, independently of other

risk factors (67). BIRC3 encodes the baculoviral inhibitor of apoptosis (IAP) repeat–

containing 3 protein (BIRC3), which is a member of the IAP family of proteins that can

inhibit apoptosis by binding to tumor necrosis factor (TNF) receptor–associated factors 1

and 2 (TRAF1 and TRAF2), possibly by interfering with activation of ICE-like proteases

(caspases). BIRC3 can act as an E3 ubiquitin–protein ligase that regulates nuclear factor κB

(NF-κB) signaling, acting to promote canonical NF-κB signaling while suppressing

constitutive activation of noncanonical NF-κB signaling (76). Activation of canonical NF-

κB signaling can promote the growth and survival of CLL cells in vitro and in vivo (77–79).

BIRC3 mutations in CLL are predicted to disrupt the C-terminal RING domain, which is

essential for proteasomal degradation of MAP3K14 (mitogen-activated protein kinase kinase

kinase 14) by BIRC3 (67). Consistently, CLL cells harboring mutations in BIRC3 display

constitutive NF-κB activation (67) and appear less responsive to conventional chemotherapy

than CLL cells without such mutations. As such, inhibitors of NF-κB may have clinical

activity in CLL, particularly in cases harboring alterations in BIRC3 (78–81).

Whole-exome sequencing studies performed on CLL cells have revealed mutations in

several other genes, albeit at low frequencies (61–64). Mutations in MYD88 are observed in

3% to 10% of CLL cases at diagnosis (62, 64). MYD88 encodes a critical adaptor molecule

of the Toll-like receptor (TLR) complex that is also mutated in other B cell malignancies,

such as lymphoplasmacytic lymphoma (83), diffuse large B cell lymphoma (DLBCL), and

marginal zone B cell lymphoma (83, 84). Mutations in other genes encoding proteins

involved in the activation of TLR signaling and NF-κB have also been observed in DLBCL

(85). In contrast to the mutations in NOTCH1 or SF3B1, mutations in MYD88 appear to be

present in the vast majority (if not all) cells within the CLL clone; therefore, MYD88 appears

to be an early driver mutation in at least a subset of CLL cases. Further evaluation of the

frequency of MYD88 mutations at diagnosis and in late-stage disease may further clarify the

role of TLR signaling in the pathogenesis or progression of CLL.

Mutations in genes encoding proteins involved in the Wnt signaling pathway have also been

observed in CLL (20, 86). Although any one mutation might be observed in only a small

proportion of cases, collectively the mutations in genes encoding any one of several proteins

involved in Wnt signaling account for a fairly large proportion of the mutations observed in

CLL (64). Prior studies identified activation of Wnt signaling in CLL cases, particularly

those that express unmutated IGHV genes (87). The identified mutations may be responsible

for the aberrant activation of Wnt pathway in CLL, so Wnt may be a target for the

development of new therapies (87). Indeed, several inhibitors of Wnt signaling that have

selective cytotoxicity for CLL cells have been identified (88, 89).

CLONAL EVOLUTION

Whole-genome sequencing (WGS) provides resolution of the subclonal architecture

involved in CLL clonal evolution (90). Using WGS, Schuh et al. (91) examined three

patients with CLL cells that expressed unmutated IGHVs. These patients provided leukemia

samples at each of five time points for up to 7 years. Each patient received treatment with an

alkylating agent, then fludarabine-based chemotherapy, and finally chemoimmunotherapy
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with anti-CD20 antibody. Across all time points, subclonal populations were observed; each

sample harbored up to five distinct clonal subpopulations. Some mutations were detected in

all the cells and at all time points and were considered to represent events in the founder

subclone. Other mutations were considered secondary events because they were common to

only a subset of leukemia cells in any one subpopulation and had varying allelic frequencies

before and after treatment. Notably, although a several log reduction in white blood cell

counts was observed in each patient after therapy, three very different temporal patterns of

repopulation were observed. One patient had an apparently stable equilibrium of five

subpopulations over the course of years, even in the setting of therapy. In contrast, in

another patient one leukemia subclone was almost completely replaced by another following

therapy. Finally, the third patient demonstrated a hybrid pattern, namely an apparently stable

subclonal distribution that, over time, became distorted by the apparent expansion of one

sub-clone, which became the dominant subclone prior to the patient’s death from CLL (91).

These distinct subclonal patterns may account in part for the highly variable clinical course

of CLL patients before and after therapy. This study also highlights the challenge in

distinguishing early, initiating driver mutations from secondary events associated with

subclonal diversification and disease progression.

B CELL RECEPTOR SIGNALING IN CHRONIC LYMPHOCYTIC LEUKEMIA

BCR signaling plays a crucial role in the pathogenesis of CLL (92). Engagement and

signaling by the BCR trigger pathways that govern the fate of normal or leukemia B cells.

Activation of BCR recruits kinases, such as spleen tyrosine kinase (SYK) and the SRC

kinase LYN, that phosphorylate immunoreceptor tyrosine–based activation motifs (ITAMs)

of the accessory proteins of the BCR complex, namely CD79a and CD79b. Phosphorylation

of the ITAMs of CD79a and CD79b allows for recruitment of adaptor proteins and other

kinases, such as Bruton’s tyrosine kinase or phosphatidylinositol 3-kinase (PI3K), to the

BCR accessory molecule complex. Activation of these signaling molecules leads to

downstream activation of AKT/mTOR (mammalian target of rapamycin), NF-κB, and/or

ERK (extracellular signal–regulated kinase). Studies on CLL cells demonstrated that BCR

signaling can be enhanced by the ζ-associated protein of 70 kD (ZAP-70) (Figure 2) (93,

94), which is expressed by approximately half of all CLL cases, particularly those that have

a relatively aggressive clinical disease and use unmutated IGHV genes. ZAP-70 can enhance

BCR signaling in CLL not by depending on its kinase activity, but rather by facilitating

recruitment of other kinases, such as SYK, to the BCR complex. In any case, the enhanced

signaling potential afforded by expression of ZAP-70 probably accounts for its association

with aggressive disease (95).

Stimulation of CLL via activation of BCR signaling or by coculture with accessory cells,

such as nurselike cells, can enhance CLL cell expression of important chemokines, namely

CCL3 and CCL4 (also known as MIP-1α and −1β, respectively) (96). Release of these

chemokines by activated CLL cells attracts to the leukemia microenvironment additional

accessory cells, such as regulatory T cells (97, 98). Activated CLL cells isolated from lymph

nodes appear to express high levels of CLL3 and CCL4 (99), suggesting that BCR also plays

an important role in creating the microenvironment that in turn supports CLL cell growth

and/or survival.
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CD38 is a marker of unfavorable prognosis and an indicator of activation and proliferation

of CLL cells (100–102). A ligand for CD38 is CD31, which is expressed by nurselike cells

and other accessory cells in the leukemia microenvironment (83). Ligation of CD38 on CLL

cells can activate ZAP-70 and ERK1/2 signaling pathways to enhance CLL cell proliferation

and chemotaxis (5, 84); interaction between CD38 and ZAP-70 may enhance BCR signaling

(93, 84). More recent research has identified a macromolecular complex of CD38, CD49d,

CD44, and matrix metalloproteinase (MMP)-9 on the CLL cells that express ZAP-70 (103,

104); this complex may promote additional cross talk between BCR signaling and CD44

(Figure 2).

CD44 is a receptor for hyaluronic acid (HA), which is found on the basement membranes of

high endothelial venules of lymphoid tissue in the leukemia microenvironment. The

interactions between CD38 and CD44, MMP-9, and CD49d may influence CLL cell

migration, invasion, and homing. Thus, the enhanced signaling leading to growth or survival

of CLL cells that is afforded by complexes composed of CD38, CD44, MMP-9, CD49d, and

ZAP-70 may help explain why the expression of ZAP-70 and/or CD38 is associated with

more aggressive disease.

The CXCR4 chemokine receptor CD184 is expressed at high levels on CLL cells isolated

from blood (105). However, proliferating Ki-67+ CLL cells found in bone marrow or in

lymphatic tissues express substantially lower levels of CXCR4 and CXCR5, probably

reflecting chemokine-induced surface-receptor downmodulation of these chemokine

receptors (106). CXCR4 signaling, which can be inhibited by pertussis toxin, induces

calcium mobilization, activation of PI3Ks (49, 105) and p44/42 MAPKs (107), and STAT3

(serine phosphorylation of signal transducer and activator of transcription 3) (108). CXCR4

signaling plays a major role in leukemia cell chemotaxis and migration beneath cells that

express the ligand for CXCR4, namely CXCL12 (105). CXCL12 also induces prosurvival

signaling in CLL via CXCR4 (107, 109). Labeling studies involving ingestion of heavy

water revealed high uptake by CLL cells with low levels of CXCR4 and high expression

levels of CD38 and CD5 (110). Because BCR signaling can also downmodulate expression

of CXCR4 (111, 112), the increased uptake of heavy water by CLL cells that express low

levels of CXCR4 is consistent with a model in which chemokines and antigen ligation of the

CLL cell BCR help drive leukemia cell growth in the characteristic proliferation centers

found in the lymphoid tissues of CLL patients (99).

TLRs are cell-surface receptors that form part of the innate immune system; they bind

structurally conserved microbial antigens and, in turn, activate innate immune responses.

Recent studies have found that various TLRs are expressed and functional in CLL;

stimulation of these TLRs could induce surface expression of activation markers such as

CD25 and CD80 (113).

Given the role played by BCR signaling and the microenvironment in sustaining the growth

or survival of CLL cells, the signaling pathways activated by these receptors represent new

targets for therapy (92). Drugs that can inhibit BCR signaling, such as ibrutinib (formerly

known as PCI-32765) and idelalisib (formerly known as GS-1101 or CAL-101), appear to

exert significant activity in clinical trials involving CLL patients (92). In addition to their
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capacity to inhibit stimulation leading to leukemia cell proliferation and survival, such drugs

can affect the capacity of CLL cells to home to the tissue microenvironment. Patients treated

with such agents generally experience rapid reductions in lymph node size and spleen mass

that are often associated with increased lymphocytosis (114). With continued treatment, the

lymphocytosis may decrease, possibly reflecting the spontaneous cell death of leukemia

cells caused by their inability to access survival/growth signals provided by the CLL

microenvironment.

THE CHRONIC LYMPHOCYTIC LEUKEMIA MICROENVIRONMENT

The tissue microenvironment plays a central role in the pathogenesis of CLL (5). As

mentioned above, whereas the vast majority of circulating CLL cells in blood are

nondividing and resting, tissue CLL cells proliferate at a relatively high rate. CLL cell

proliferation occurs in microanatomical sites termed proliferation centers or pseudofollicles

(5, 115). Proliferating Ki-67+ CLL cells are in intimate contact with accessory cells, such as

T cells (97, 98), stromal cells of mesenchymal origin (116), and/or monocyte-derived

nurselike cells (117). Gene-expression studies have found that CLL cells isolated from

lymph nodes and, to a lesser extent, the marrow have higher expression of E2F and MYC

than do CLL cells in the blood (99). In such tissues, particularly in the secondary lymphoid

tissues, there appears to be enhanced leukemia cell BCR signaling and activation of

receptors of the TNF family, such as the transmembrane activator and calcium modulator

and cyclophilin ligand interactor (TACI), B cell maturation antigen (BCMA), and B cell–

activating factor (BAFF) receptor 3 (99; reviewed in Reference 5).

Chemokine receptors and adhesion molecules expressed by CLL cells are critical for

homing and retention of CLL cells within the tissue compartments (118). CLL cells receive

prosurvival signals via contact with accessory stromal cells in the leukemia

microenvironment (5, 107, 119, 120). For example, nurselike cells express the chemokines

CXCL12 and CXCL13, whereas marrow stromal cells express predominantly CXCL12.

Nurselike cells and marrow stromal cells attract CLL cells via the G protein–coupled

chemokine receptors CXCR4 and CXCR5, which are expressed at high levels on CLL cells.

Nurselike cells also express the TNF family member BAFF and a proliferation-inducing

ligand, providing survival signals to CLL cells via the corresponding receptors (BCMA,

TACI, BAFF receptor). Integrins, particularly very late antigen 4 integrins (CD49d),

expressed on the surface of CLL cells cooperate with chemokine receptors in establishing

cell– cell adhesion through respective ligands on the stromal cells (vascular cell adhesion

molecule 1 and fibronectin). Marrow stromal cells also express high levels of Wnt5a, which

can promote CLL cell survival by stimulating signaling through ROR1 expressed by CLL

cells (33).

Another important molecule involved in the interactions between leukemia cells and their

microenvironment is CD44. CD44 is a receptor for HA that also interacts with other surface

and cytosolic proteins expressed by CLL cells, such as CD38; CD49d; MMP-9; and, most

recently, ZAP-70 (104). A humanized monoclonal antibody (mAb), RG7356, that is specific

for CD44 has direct cytotoxic activity for CLL cells; however, RG7356 has little effect on

normal B cells. The cytotoxic activity of this mAb was not mitigated when the CLL cells
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were cocultured with marrow stromal cells or stimulated with HA or BCR ligation (104).

The selective toxicity in vitro and complete clearance of CLL cells by this mAb in vivo

should encourage clinical evaluation of this mAb in the treatment of CLL patients.

CONCLUSION

The clinical heterogeneity of CLL patients appears to reflect the diversity of the molecular

abnormalities that drive pathogenesis and progression of CLL. Through an improved

understanding of the molecular genetics and cell biology of CLL, we now have new

biomarkers with which to stratify patients, as well as new targets for the development of

novel and more selective treatments for patients with this disease.
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Glossary

CLL chronic lymphocytic leukemia

Ig immunoglobulin

IGHV Ig heavy-chain variable-region gene

sMGZ splenic marginal one

MBL monoclonal B cell lymphocytosis

ROR1 receptor tyrosine kinase–like orphan receptor 1

HSCs hematopoietic stem cells

BCR B cell receptor

MEACs myosin-exposed apoptotic cells

TNF tumor necrosis factor

TLR Toll-like receptor

WGS whole-genome sequencing

SYK spleen tyrosine kinase

ITAMs immunoreceptor tyrosine–based activation motifs

PI3K phosphatidylinositol 3-kinase

ZAP-70 ζ-associated protein of 70 kD

mAb monoclonal antibody
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Figure 1.
A model for the development of chronic lymphocytic leukemia (CLL). Mutations that

contribute to the development of CLL may occur at any stage of B cell development,

including in hematopoietic stem cells (HSCs). HSCs bearing oncogenetic mutations may

give rise to B cells with modest growth/survival advantages, which in the setting of T cell–

independent or T cell–dependent immune stimulation may progress to monoclonal B cell

lymphocytosis (MBL). CLL cells originating from B cells that have incurred

immunoglobulin (Ig) somatic mutation express mutated Ig heavy-chain variable-region

genes (IGHVs) and are defined as M-CLL, whereas CLL cells originating from B cells that

have not undergone Ig somatic mutations express germ-line IGHVs and are defined as U-

CLL. The expansion of a CLL (or MBL) clone is associated with de novo accumulation of

additional genetic lesions, as well as continued interactions between the leukemic cells and

accessory cells and antigen(s) in the leukemia microenvironment of lymphoid tissues (39,

58). Abbreviations: Ag, antigen; BCR, B cell receptor.
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Figure 2.
B cell signaling in chronic lymphocytic leukemia (CLL). Ligation of B cell receptor (BCR)

by antigen recruits kinases such as spleen tyrosine kinase (SYK) and the SRC kinase LYN

that phosphorylate immunoreceptor tyrosine–based activation motifs (ITAMs) on the

cytoplasmic domains of the immunoglobulin (Ig) coreceptors CD79a and CD79b. Such

phosphorylation recruits and activates Bruton’s tyrosine kinase (BTK) and

phosphatidylinositol 3-kinase (PI3K), subsequently activating many downstream targets,

including AKT/mTOR (mammalian target of rapamycin), nuclear factor κB (NF-κB), and

extracellular signal–regulated kinase (ERK). This signaling can be enhanced by ζ-associated

protein of 70 kD (ZAP-70). CD38, CD49d, CD44, and matrix metalloproteinase (MMP)-9

may form a supramolecular complex with ZAP-70. This complex can also recruit ZAP-70 to

the plasma membrane, where it can enhance BCR signaling. Following binding to any or all

of these receptors by ligands released by accessory cells in the leukemia microenvironment,

AKT and ERK undergo enhanced activation. CXCR4 can also directly interact with

CXCL12 to induce calcium mobilization, activation of PI3K/AKT, ERK, and serine

phosphorylation of signal transducer and activator of transcription 3 (STAT3). Activation of

Toll-like receptor (TLR) can also enhance or induce activation of NF-κB. Abbreviations:

GSK, glycogen synthase kinase; HA, hyaluronic acid; IKK, inhibitor of κB kinase; IP3,

inositol triphosphate; PAMP, pathogen-associated molecular pattern; PIP3,

phosphatidylinositol (3,4,5)-triphosphate; PLC, phospholipase C; SHIP, SH2-containing

inositol phosphatase; VCAM, vascular cell adhesion molecule.
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