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Introduction

The B-cell receptor (BCR) controls the fate of normal B
cells. The main component is surface immunoglobulin (sIg)
that has no fixed ligand but continually senses the environ-
ment for molecules that bind with significant avidity. BCR
responses vary with signal strength and are modulated by co-
receptors, with outcome ranging from a low level, antigen-
independent ‘tonic’ signal essential for survival, to strong
antigen-mediated signals which drive the cell toward activa-
tion, differentiation or apoptosis.
Surface Ig (sIg) expression generally persists in mature

malignant B cells, suggesting a role post-transformation.1,2  As
for other B-cell malignancies, the molecular nature of the sIg
in chronic lymphocytic leukemia (CLL) has provided insight
into the development and pathogenesis of the disease. We
recently reviewed this topic3 and will summarize it only
briefly here. A significant finding has been the identification
of two major subsets that arise at distinct points of differen-
tiation and express unmutated or mutated IGHV genes: U-
CLL and M-CLL, respectively. The clinical behavior of the
two subsets differs substantially, with U-CLL having a poorer
prognosis.4,5 This is underlined by the fact that most genomic
aberrations are found in U-CLL, and that transformations to
Richter syndrome are mostly from this subset.6-8

Investigation of the underlying biology has indicated that
growth-promoting BCR signaling is generally higher in U-

CLL,9,10 offering a possibility of therapeutic inhibition.  In fact,
new inhibitors of BCR-associated kinases are already radical-
ly altering treatment.11 Interestingly, although fewer patients
with M-CLL require treatment, early data suggest that this
subset responds differently from U-CLL to the BTK inhibitor
ibrutinib.12 It appears that, although lymph node shrinkage
and clinical benefit occur in both subsets, lymphocytosis
tends to persist in patients with M-CLL.13 In fact, it is becom-
ing clear that within the two broad divisions, there are further
heterogeneities in both biology and clinical behavior, some of
which may arise from genomic changes. Within M-CLL,
there is a surprisingly wide variability in BCR-mediated sig-
naling,9 not obviously connected to chromosomal changes. It
would be useful to understand the biology behind this and to
probe this subset further for the importance of signaling for
predicting disease progression. It would also be useful to find
associated biomarkers both for prognosis and for assessing
responses to kinase inhibitors. 
If antigen is driving the tumor cells, the main question con-

cerns the outcome of this interaction in terms of proliferation,
which is undesirable, or anergy, which may be less danger-
ous. In this review, we describe the variable responses to
engagement of sIg and discuss their influence on tumor cell
behavior in CLL (Figure 1). We will integrate those concepts
with recent findings from clinical trials of novel drugs target-
ed towards kinases associated with the BCR, bearing in mind
that the same kinases are involved in pathways mediated by
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gression and of likely response to kinase inhibitors, which could assist therapeutic decisions.
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other receptors.  For all CLL, the predominant BCR
response in vivo appears to be anergy, a mechanism of tol-
erance whereby autoreactive B cells are rendered non-
responsive to activation via their cell surface BCRs.14 This
is observed at variable levels and would be expected to
hold the disease in check, explaining its generally chronic
nature. However, a small proportion of cells within the
clone might engage whatever T-cell help is available and
these would then proliferate. The balance between ‘posi-
tive’ signaling leading to proliferation/survival and anergy
will determine the behavior of the tumor. It seems to be
set differently in U-CLL and M-CLL, and this distinction is
likely to explain differences in prognosis. 

Antigen recognition by CLL cells

Unequivocal evidence for interaction of CLL cells with
antigen in vivo is provided by the observed downregula-
tion of sIgM expression in circulating cells.9 The fact that it
can be reversed in vitro is consistent with “endocytosis in
vivo” occurring following engagement in tissue sites.
Antigens recognized by CLL cells are not a single entity
but, from patterns of growth and persistent effects, are
most likely to be autoantigens. U-CLL appears to develop
from naïve, possibly CD5+ B cells of the natural antibody
repertoire and the relatively conserved variable region
sequences reflect this origin.15,16 M-CLL may derive from
rare, post-germinal center CD5+CD27+ cells.16 There is no
evidence for crossover between U-CLL and M-CLL, and
IGHV gene usage differs markedly indicating a distinct
origin.17 
Candidate antigens have been identified for both U-CLL

and M-CLL.18-22 Antigens which influence established dis-
ease need not be those which stimulated the B cells of ori-

gin but may be cross-reacting substitutes of lower affinity.
Some of these could be autoantigens, with auto/polyreac-
tivity more common in U-CLL than M-CLL18 possibly
reflecting their normal B-cell counterparts.23 However,
specificity for the initiating antigen may be retained in
some cases. A small number of U-CLL IGHV1-69-encoded
BCRs react with a cytomegalovirus phosphoprotein and a
proportion of M-CLL IGHV3-7/IGKV2-24-encoded BCRs
recognize fungal β-(1,6)-glucan.21,22 In these cases, the
pathogen-derived antigen might influence malignant cell
growth.   
Autonomous signaling has also been described whereby

BCRs derived from CLL, but not normal or other malig-
nant B cells, induce intracellular calcium (iCa2+) mobiliza-
tion in reconstituted pro-B cells without additional cross-
linking.24 This appears to be due to inter- or intra-molecu-
lar interactions between CLL BCRs. However, the rele-
vance of these interactions in vivo, where cells are sur-
rounded by high levels of serum Ig that would be expected
to compete with these Ig/Ig interactions, even in tissues of
CLL patients with hypogammaglobulinemia, is unclear.  
Exposure of CLL cells to either foreign or autoantigen is

most likely to occur in lymphoid tissues following
extravasation and migration, processes mediated by adhe-
sion molecules and chemokine gradients.25,26 Unprocessed
antigens may be presented by conventional dendritic cells
in the perivascular area, but CLL cells appear to remain
extrafollicular, with no evidence for germinal center for-
mation. Instead, cell division occurs within looser agglom-
erates known as proliferation centers (PC), where interac-
tions with antigen and other microenvironmental ele-
ments presumably coalesce to promote survival and pro-
liferation.25 Although CD4+ T cells are present,27,28 there is
no evidence for substantial cognate T-cell help, an absence
expected for autoantigens where tolerance operates. For
normal B cells in this setting, anergy would be a likely out-
come and it appears to occur in the majority of CLL cells.
Whatever the outcome of engagement of antigen in tis-
sues, CLL cells will exit to the circulation and these cells
carry a temporary imprint of their prior stimulation (Figure
2). This then decays, or reverses, while cells are circulat-
ing, priming them for re-entry into tissues for iterative
rounds of stimulation. Careful analysis of blood CLL cells
can, therefore, reveal the consequences of prior tissue-
based responses.

The nature of BCR-mediated anergy in normal 
B cells

Anergy, as defined by a failure to respond to BCR-medi-
ated stimuli, is a component of normal B-cell behavior.14 It
is a state of cellular lethargy resulting from binding of anti-
gen by B cells (signal 1) in the absence of significant CD4+
T-cell help (signal 2). In effect, the B cells are left suspend-
ed in an unresponsive state and are prone to apoptosis. To
probe the mechanism, it was necessary to develop mouse
models where anergy can be induced in a controlled man-
ner by creating a chronic interaction between antigen-spe-
cific B cells and antigen.14 A favorite model is the hen egg
lysozyme (HEL) double transgenic mouse, where persist-
ent co-expression of a high affinity HEL-specific BCR and
soluble HEL results in anergy. In a parallel arsonate (Ars)-
specific model, the transgenic BCR has modest affinity for
the Ars hapten, but cross-reacts weakly with endogenous
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Figure 1. Differential BCR signaling responses and variable clinical
outcome in CLL.



antigen (most likely single-stranded DNA) with a similar
anergic outcome. This may be reminiscent of the autoanti-
genic drive on CLL cells.
Although the models differ in detail, common features

have emerged. In both cases, chronic exposure to antigen
leads to a selective downmodulation of sIgM, whereas
sIgD levels are relatively unaffected.29,30 Anergic cells also
have raised basal ERK phosphorylation and iCa2+.30-32
Signaling responses, including induction of activation
markers such as CD80 and CD86, proliferation and anti-
body secretion, are reduced or absent following BCR stim-
ulation, as compared to control B cells.14 Anergy is depend-
ent on continual antigen binding and is, therefore,
reversible following removal of antigen, consistent with
anergy being a variable cell state, rather than a distinct B-
cell lineage.32,33 Interestingly, many of these features are
characteristic of CLL cells,9,24,34,35  supporting earlier specula-
tion that CLL appears to be a tumor of largely anergic B
cells which are protected from death.36 
Although studies of anergy have focused on transgenic

models, many of the key features identified have also
been observed in naturally occurring anergic B cells. For
example, anergy as assessed by selective downmodulation
of sIgM, but not sIgD, and raised iCa2+, has been observed
both in minor cell populations from non-transgenic mice
and in human cells from healthy individuals.37-40 In these
studies, potential anergic cells were enriched for autoreac-
tivity/polyreactivity and, consistent with the reversibility
of anergy, down-modulated sIgM expression/signaling
capacity recovered following culture in vitro.37,38 

BCR signaling in anergic cells

The pathways of positive BCR signaling in normal B
cells which activate the signalosome and downstream
pathways linked to proliferation, survival and migration
have been described in our previous review3 and are
shown in Figure 3A.41 Much less is known about signaling
pathways operating in anergic cells. Chronic antigen sig-
naling appears to lead to a shift in the balance between
BCR-activation pathways and opposing inhibitory path-
ways but the means of achieving this are unclear. The role
of receptor endocytosis may be important since this
reduces the level of sIg. One study reported that there is
an unsheathing of CD79A/B molecules from sIg, thereby
curtailing signaling and facilitating endocytosis.42 The
same group also showed that chronic BCR signaling in
anergic B cells is associated with mono-phosphorylation
of CD79A/B rather than the dual-phosphorylation which
underlies positive signaling (Figure 3B).43 Since SYK con-
tains dual SH2 domains, its activation is substantially
decreased in anergic cells with CD79A/B mono-phospho-
rylation. 
Like positive signaling, ITAM mono-phosphorylation

appears to be catalyzed by LYN; anergic B cells have ele-
vated levels of LYN activation31 and, despite its role in pos-
itive signaling, LYN deletion in mice results in BCR hyper-
reactivity and autoimmunity.44,45 As part of feedback con-
trol, ITAM mono-phosphorylation results in inhibition of
signaling via phosphatases.46 SHIP1 activation appears to
play a prominent role in anergy since SHIP1 is constitu-
tively phosphorylated in anergic cells and its deletion is
associated with rapid onset of autoimmunity in the HEL
model.40,43,37 Other phosphatases, including SHP1 and

PTEN are also likely to contribute.46 What causes the par-
tial activation of downstream signaling responses, such as
increased ERK phosphorylation and activation of NFAT
(without increases in other kinases and transcription fac-
tors associated with positive responses, including AKT
and NF-κB)34 is also unknown. Selective activation of a
subset of responses otherwise associated with positive
signaling may reflect lower thresholds for activation of
these specific signaling responses14 or differences in the
kinetics of activation, perhaps linked to increased BCR
recycling in anergic cells.48
Another important feature of anergic cells is suppression

of remote receptors (trans-inhibition).14 In the HEL model,
antigen occupancy of less than 30% is associated with
profound lack of BCR signaling so mechanisms must exist
to facilitate ‘spreading’ of non-responsiveness to non-
engaged BCRs (Figure 3B). Signaling via other receptors,
such as CXCR4, which binds the chemokine CXCL12
(SDF1) and is thought to be important for migration of
CLL cells into tissues, may also be suppressed in a similar
way.47 SHIP1 and its partner DOK1 are thought to play an
important role in trans-inhibition since, once activated,
SHIP1/DOK1 complexes can reduce PI3K-mediated sig-
naling at remote receptors. ERK activity may play a role in
inhibition of signaling responses via TLR9, which can also
be suppressed in anergic cells.49 
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Figure 2. A model for CLL recirculation and receptor modulation.
Engagement of sIgM and CXCR4 by antigen and CXCL12 (from stro-
mal cells), respectively, leads to downmodulation of these receptors
and exit of cells into the blood where they are accessible for study.
These cells therefore carry a temporary “imprint” of prior tissue-
based stimulation. In the absence of stimulation there is recovery of
sIgM and CXCR4 expression which primes these cells for re-entry into
tissues and antigen restimulation and can be modelled by incubating
cells in vitro. New inhibitors targeted towards BCR-associated kinas-
es are likely to act at multiple points (indicated in red boxes), poten-
tially blocking chemokine signals required for homing and migration
into tissues, as well as signaling via sIg.



BCR-mediated anergy in CLL

There are two reasons to study anergy in CLL. First, to
understand how BCR engagement bifurcates into either
proliferation or anergy and second, to know why the
apoptosis that awaits normal anergic B cells is avoided. A
cautionary note is that, although anergy may be more
desirable than proliferation, the state is reversible and
anergic CLL cells cannot be assumed to be harmless since
they may act as a reversible source for subsequent positive
restimulation. Mouse models have been used to illuminate
the process in normal B cells and this insight may be useful
for understanding CLL cells.

Variable levels of anergy in U-CLL and M-CLL
Studies of anergy in CLL have so far been confined to

circulating cells. These generally co-express low levels of
sIgM and sIgD (although a minor subset have undergone
class-switching) and, although overall sIgM-mediated
responses are weak compared to naive B cells,50 signaling
is particularly down-modulated in a proportion of cases.9,51
There is a strong tendency for the anergic profile of sIgM
downmodulation and reduced signaling  to be in cases
with a good prognosis, especially in M-CLL and/or
ZAP70-negative samples.9,10,50-55 This has been confirmed
by single cell network profiling56 and directly linked to
good clinical outcome.53 The same overall clinical rele-
vance of signaling has been found using proteomic analy-
sis.57 
The constitutive features of anergy in CLL, derived from

several studies and summarized in Table 158-63 are seen to
reflect those of normal anergic B cells and, in terms of the
two subsets of CLL, confirm that they are more evident in
M-CLL/ZAP70-negative cases. While it is difficult to prove
that the constitutive changes in signaling molecules
detected in circulating cells are due solely to prior BCR
stimulation in vivo, elevated basal iCa2+, ERK1/2 phospho-
rylation and NFAT activation in the absence of other fea-
tures of BCR signaling, such as AKT activation, are consis-
tent with anergy.24,34,35 Expression and phosphorylation of
SHIP1, an important mediator of anergy-associated signal-
ing, is also mainly observed in ZAP70-negative CLL.58
Taken together, these studies reveal variable levels of a

constellation of anergic features in CLL. Importantly,
where tested, these features are associated with relatively
good prognosis, underlining the association between more
pronounced anergy and favorable outcome. LYN is also
over-expressed and activated in some CLL samples, and
this appears to be linked to inhibitory signaling since it is
required for activation of SHP1 via effects on CD5.64,65
However, the extent of LYN activation is not clearly linked
to ZAP70 expression or IGHV mutation status; this com-
plexity may reflect the dual role of LYN in normal B cells
in both stimulation and inhibiting signaling via sIg.65 

Dichotomy in IgM- or IgD-mediated signaling 
in CLL cells 
In CLL, there is an overall reduction of sIgM and sIgD

expression as compared to normal naïve B cells.  However,
there is in addition a reversible downmodulation of sIgM
expression, but not of sIgD, a differential now recognized
as a key characteristic of anergy.9 A similar dichotomous
behavior of these isotypes has been reported both in
mouse models of anergy and in normal human anergic B
cells.14,37-40 In CLL clones, it is difficult to explain given that
the two isotypes carry identical Ig variable regions and
will recognize the same antigen. It could reflect the differ-
ent topography of the two Igs66 or differences in the num-
ber of molecules expressed, which is not easy to compare.
However, engagement of sIgM alone by antigen is also
indicated by a change in the N-glycosylation pattern of the
constant regions of the surface IgM m heavy chain, with no
change in the d chain of sIgD.67 
The lack of perturbation of expression by antigen means

that levels of sIgD are stably maintained in vivo and, in
contrast to sIgM, do not increase in vitro.9 Consistent with
expression, the vast majority of CLL samples retain the
ability to transmit signals via sIgD.9,51 However, sIgD-
mediated signaling responses in vitro in CLL cells differ
from sIgM (in responsive samples) in being more transient
and in failing to effectively activate downstream respons-
es, including MYC.68 sIgD signaling responses have been
relatively poorly characterized in non-malignant anergic
cells so the significance of this remains unclear but could
include a reduced ability to recruit signaling mediators.
However, the kinetics of ERK phosphorylation and iCa2+
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Table 1. Comparison of features of anergy in non-malignant B cells and CLL.
Anergic cellsa CLL Links to prognosis Refs

Attenuated sIgM responsesb + + M-CLL > U-CLL (9, 50, 51)
ZAP70– > ZAP70+

sIgM downmodulation (>sIgD)b + + M-CLL > U-CLL
ZAP70- > ZAP70+ (9)

Raised basal ERK1/2 phosphorylationb + + ZAP70– > ZAP70+ (34, 35)
Raised basal intracellular Ca2+ + + NKc (24)
Raised basal NFAT + + ZAP70– > ZAP70+ (34)
Constitutive SHIP-1 phosphorylation + + ZAP70– > ZAP70+ (58)
Reduced responses to CpG-ODN + + M-CLL > U-CLL (59)
Reduced responses to CXCL12b + + ZAP70– > ZAP70+ (60),(61)
Increased basal BIM expression + + M-CLL > U-CLL (62, 63) and 

ZAP70– > ZAP70+ our unpublished data
Shortened survival + - - -

aFeatures of B-cell anergy14,37-40; bReversible following culture in vitro; cnot known



responses that have been observed in CLL cells following
sIgD stimulation are similar to those in anergized cells in
the HEL model.69 It seems, therefore, that, in CLL, sIgD
may not have a substantial role in activating proliferative
events. Its role, if any, in anergic normal cells or in CLL
cells remains unknown.

Effects of BCR-mediated signaling on remote receptors
in CLL 
The phenomenon of trans-inhibition, whereby BCR-

induced anergy can affect remote receptors (Figure 3B),
described above for normal B cells, appears also to operate
in CLL cells (Table 1). Thus, as in anergic B cells,14 CLL cells
generally have reduced proliferative responses to the
TLR9 ligand CpG-ODN, especially in M-CLL and ZAP70-
negative CLL.59 Also, some CLL samples have reduced
CXCR4 responsiveness, and, in one study, this has been
linked to decreased ZAP70 expression.60,70 Similar to other
features of anergy, reduced CXCR4 signaling capacity
reverses following culture in vitro.70 However, since
CXCR4 expression recovers during culture in vitro,71 it is
not clear whether this is a direct consequence of receptor
recovery per se, or reflects reversal of BCR-mediated
trans-inhibition. Mechanisms of trans-inhibition have not
been explored directly in CLL, but, as for normal anergic
cells, the increased ERK49 or SHIP1 activity47 that character-
izes anergic CLL cells may play important roles. For
CXCR4, it has been proposed that impaired endosomal
recycling of Rap1 is important.61
In addition to these studies which potentially reveal a

trans-inhibitory effect of prior antigen engagement in vivo,
other modes of BCR crosstalk have been demonstrated
following sIgM engagement in vitro with clear effects on
the expression and function of the chemokine receptor
CXCR4 and the adhesion molecule CD49d.72-74 For
CXCR4, sIgM engagement has been shown to reduce
expression of CXCR4 but can either enhance or decrease
CXCL12-dependent migration.72,74 One important determi-
nant of these differential responses is likely to be BCR sig-
naling strength. For example, in immature B cells, low con-
centrations of anti-IgM enhance, whereas high concentra-
tions inhibit CXCR4-dependent migration towards
CXCL12.47 Low-level BCR engagement may enhance
migration allowing CLL to ‘search’ for antigen-rich tissue
sites, whereas subsequent high-level BCR engagement
within these depots then inhibits migration allowing cells
to effectively engage supporting interactions. Given the
key role of the BCR and CXCR4 in determining the clini-
cal behavior of CLL, it will be essential to understand the
detailed interactions between these molecules, and others
such as CD49d, and how these interactions are affected by
clinical signaling inhibitors.

BCR-mediated positive signaling in CLL

Although anergy is observed in CLL cells, especially M-
CLL, there is a proliferative fraction in all CLL patients.75 It
is clear that this positive response to antigen engagement
occurs in a minority of cells located in specific tissue sites,
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Figure 3. BCR signaling in naive and anergic B cells.
Antigen triggers signaling that differs between naive and
chronically stimulated anergic cells. (A) In naive B cells,
antigen engagement triggers activation of SRC-family
kinases, including LYN, which catalyzes the dual phospho-
rylation of immunoreceptor tyrosine-based activatory
motifs within CD79A and CD79B. This results in recruit-
ment and activation of SYK and triggers activation of
downstream effectors, including protein kinases (AKT,
BTK) and adaptors (BLNK), as well as lipid metabolism via
lipid kinases (PI3K) and lipases PLCγ2 leading to the pro-
duction of lipid metabolites, PIP3, DAG and IP3. These
pathways are naturally inhibited by LYN-dependent activa-
tion of both protein (SHP1) and lipid (SHIP1) phos-
phatases. (B) In anergic cells, chronic BCR engagement
favors mono-phosphorylation of CD79A/B which results in
weak SYK activation but efficient LYN activation. Activation
of phosphatases, especially SHIP1, further suppress SYK-
dependent signaling by preventing accumulation of PIP3,
and suppresses activation of BCRs and distinct receptors
such as CXCR4. Anergic cells are often characterized by
raised basal levels of iCa2+ and ERK phosphorylation.
Adapted from Yarkoni et al.41



particularly within PC in lymph nodes (LN).76 In a power-
ful gene expression analysis of matched CLL cells from
blood, bone marrow and LN, enhanced activation of BCR-
associated signaling pathways was observed in LN,77 and
was higher in cases of U-CLL. Immunohistochemical
analysis also showed that proliferation (Ki-67 staining)
was preferentially increased in PCs.27,68,78 Significant levels
of phosphorylated ERK and of the growth-promoting
oncoprotein MYC, known to be induced in CLL cells fol-
lowing sIgM stimulation,68 have also been detected in
PCs. In circulating cells, levels of MYC mRNA were noted
to be higher in patients with progressive disease.79,80 

Heterogeneity within M-CLL
Whereas sIgM signaling is relatively homogeneous in U-

CLL, sIgM expression and responses in M-CLL are more
heterogeneous, with responses that range from essentially
no signaling through to responses typical of U-CLL.9
Heterogeneity within M-CLL was also noted in the pro-
teomic analysis57 and in the gene-expression analysis of
LN samples.77 Our early studies investigating anti-IgM-
induced BIM phosphorylation suggest that this ability
may be a useful discriminator. We reported that, overall,
BCR-induced BIM phosphorylation was more evident in
U-CLL than in M-CLL.81 Also, although numbers were
small, we noted that within the M-CLL group, activity of
this signaling pathway was associated with requirement
for treatment.81
Thus, IGHV-gene mutation status is not the only deter-

minant of positive signaling. Other influences may include
ZAP70, which can enhance signaling via the BCR and
other receptors;60,82,83 high expression may, therefore, favor
positive signaling over anergy. CD38 expression may also
be inversely correlated with sIgM-induced anergy since
increased CD38 is associated with retained sIgM signal-
ing.9,84 There is increasing evidence that CD38 can modu-
late signaling responses in CLL,85 although direct effects
on BCR responses were not evident in our study of cases

with a bimodal expression of CD38.9 In M-CLL, most, but
not all, cases are negative for ZAP70, and CD38 tends to
be less often expressed than in U-CLL, but a significant
minority is discordant, again indicative of heterogeneity.86
While intrinsic features of the cell of origin of each of the
major subsets may be the predominant factor influencing
positive signaling versus anergy, multiple factors, includ-
ing genomic changes and environmental interactions, are
likely to influence responses.   

Intraclonal heterogeneity in CLL

If anergy and positive signaling are both evident within
individual clonal populations of CLL cells, it is important
to identify the features of cells capable of positive signal-
ing, since these are more likely to proliferate and accumu-
late genetic abnormalities.  We do not suggest that anergy
and positive signaling occur simultaneously in an individ-
ual cell. There is likely to be heterogeneity amongst the
tissue-based events and, therefore, in the imprint that
remains in individual circulating cells (Figure 2). An
approach to analysis of the variable coupling between the
BCR and positive/anergic responses at single cell level is
illustrated in Figure 4 where the responses of individual
cells are essentially binary (i.e. anergy or positive signal-
ing), but it is the proportion of cells that undergo these dis-
tinct responses that is linked to outcome. Heterogeneity
will also arise from differences in the length of time indi-
vidual cells have been in the circulation. Thus, the most
recent emigrants from tissue sites will carry the strongest
imprint of their prior responses compared to earlier emi-
grants that will have undergone variable degrees of recov-
ery. This intraclonal heterogeneity is revealed by analysis
of variation within the circulating malignant population.
CD5brightCXCR4dim cells appear to be new emigrants,
enriched for recently divided cells, and with a distinct gene
expression profile indicative of stimulation.87 We have
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Figure 4. Variable BCR signaling
responses influence clinical out-
come via differential effects on
anergy and positive signaling.
Antigen engagement appears to
be ongoing in all CLL with anergy
being the predominant out-
come. However, low levels of
growth promoting positive sig-
naling may tip the balance
towards progressive disease. A
temporary imprint of these dif-
ferent tissue-based responses
can be detected in circulating
CLL cells. Thus, markers of aner-
gy (sIgM downmodulation,
raised basal ERK phosphoryla-
tion and NFAT) are more promi-
nent in good prognosis subsets,
whereas markers of positive sig-
naling (MYC and MCL1) are
associated with a poor progno-
sis. The balance between anergy
and positive signaling is likely to
be determined by both intrinsic
and extrinsic factors.



focused on the variable levels of sIgM expression within
CLL clones and, by using the differential ability of cells to
bind beads coated with anti-IgM we have been able to
identify sub-groups.71 We found that the bulk of the malig-
nant clone was present in a sub-group with low sIgM
expression and consequent weak signaling response. This
subgroup had low CXCR4 expression and contained the
Ki-67 positive cells.88 We share the interpretation from a
previous study that this subgroup includes recent emi-
grants with down-modulated CXCR4 resulting from bind-
ing to CXCL12 in tissues. However, we also detected low
levels of sIgM, presumably down-regulated by exposure
to antigen. This subgroup could contain two co-existing
populations, both unable to respond significantly to BCR
engagement or to chemokine. The Ki-67 expressing frac-
tion has evidently proliferated and the remaining bulk of
cells may be those most recently driven to anergy.
We also identified a small population of cells with rela-

tively high levels of sIgM and CXCR4, and with strong
inducible anti-IgM signaling responses. This subgroup pre-
sumably represents earlier emigrants that have recovered
expression of both receptors. Although a minor fraction of
the clone, these cells may be particularly dangerous since
they are primed for re-entry into tissues and for a response
to antigen.71 They may be the key target for drug therapy,
and ibrutinib was shown to be able to inhibit signaling.
However, nothing is stable in CLL and it would be antici-
pated that, once in the tissues, these cells undergo the
same cyclical changes on encountering antigen. Whether
all CLL cells recirculate in this way or whether there are
distinct sub-populations of recirculating and tissue resi-
dent cells is unclear. Regardless, careful analysis of blood
CLL cells can reveal, at least partially, the consequences of
previous BCR stimulation.

Determinants of BCR signaling outcomes in CLL

Since the extent of anergy versus positive signaling
appears to influence disease outcome, then a key question
is what determines the choice between these responses.  If
the driver antigens are in fact autoantigens, they are likely
to be widely expressed. That this is the case is indicated
by the fact that almost all cases of CLL exhibit some
degree of downregulation of sIgM, presumed to be medi-
ated by antigen. However, proliferation requires more
than just antigen engagement and, for normal B cells, the
most important are CD40L and cytokines, both provided
by CD4+ T cells.   
Cognate T-cell help is normally provided following

recognition by CD4+ T cells of peptide bound to the MHC
Class II molecules of the B cells. In CLL, toleragenic pres-
sure against autoreactivity will have eliminated the high
affinity antigen-specific T cells. This means that substan-
tial T-cell help is unlikely to be available and, in addition,
T cells in CLL commonly have an inverted CD4:CD8 ratio
and display markers of exhaustion.89 However, activated
CD4+ T cells are known to be present in close proximity to
dividing tumor cells in PCs28 and, although technically dif-
ficult to confirm, a proportion was reported to express
CD40L.27 Competition among CLL cells for the low levels
of competent T cells could mean that only those members
of the clone, possibly those expressing the highest levels
of sIgM, and, therefore, most efficient at internalizing and
presenting antigen, receive effective cognate T-cell help. 

The ability to receive T-cell help seems to be set differ-
ently in U-CLL and M-CLL and this may reflect CLL cell
intrinsic differences, or variation in T-cell status between
the two disease subsets. An alternative possibility is that
of obtaining some level of innate stimulation from various
cell sources which could promote survival and even iso-
type switch.90 This includes stimulation of Toll-like recep-
tors, and some studies have demonstrated that U-CLL
appears to be more responsive to the cell survival and pro-
liferation promoting effects of CpG-ODN.59 It is unclear to
what extent this might facilitate BCR signaling, or if the
difference between subsets reflects trans-inhibition of
TLR9 function in anergy-prone M-CLL.
The PTPN22 phosphatase may also be an important

determinant of signaling in CLL.91 This phosphatase is
over-expressed in CLL and selectively reprograms BCR-
associated signal transduction, down-modulating phos-
phorylation of LYN, SYK, ERK1/2 and p38 MAPK while
increasing phosphorylation of AKT and enhancing sur-
vival responses. However, the relationship between
PTPN22 and anergy remains unclear since its expression is
not clearly associated with either IGHVmutation status or
sIgM signaling capacity. 

Apoptosis and BCR signaling in CLL

It is clear that proliferative events occur predominantly
in the LN and that this is followed by exit to the blood.
Unlike normal B cells, CLL cells and their progeny are pro-
tected from death, with expression of the anti-IgM-
inducible survival-promoting MCL1 protein detected in
CLL blood cells and, like MYC, correlating with progres-
sive disease.50,92 Correlation with IGHV mutational status
is evident but, as for all candidate biomarkers, a careful
dissection of M-CLL is required. Induction of BIM phos-
phorylation downstream of sIgM may also play a role in
promoting survival of stimulated cells.93
Extended survival also appears to occur in the anergic

fraction, mainly M-CLL, and this runs counter to the
known vulnerability of normal anergic B cells which are
short-lived in vivo.14 One of the key regulators of apoptosis
in normal anergic B cells is BIM, a BH3-only apoptosis-
inducing protein.94 Increased expression of the two major
isoforms of BIM, BIMEL and BIML in anergic cells95 is impor-
tant for the rapid turnover of anergic cells in mouse mod-
els since deletion of BIM promotes the accumulation of
self-reactive B cells in vivo.96,97 Consistent with the idea that
CLL cells display multiple features of anergic cells, BIM
isoforms are also over-expressed in CLL cells compared to
normal human B cells.62 Within CLL, BIM isoform expres-
sion positively correlates with M-CLL (G Packham et al.,
unpublished data, 2014) and with low ZAP70 expression,63
reinforcing linkage between anergy and indolent clinical
behavior (Table 1). 
Since CLL cells over-express BIM, a key question is how

these malignant cells tolerate increased expression of this
pro-apoptotic molecule. CLL cells are highly dependent on
overexpression of BCL2 for their survival and ‘BH3 profil-
ing’ studies have demonstrated that the principal function
of BCL2 in CLL cells is to neutralize BIM.62 Indeed, CLL
cells are highly sensitive to BCL2 antagonists which pre-
vent association of BIM with BCL2, and other related anti-
apoptotic molecules, and appear to unmask the latent
apoptosis-inducing activity of BIM in CLL cells (Figure 5).
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This class of drugs includes the recently developed ABT-
199 which has shown very promising results in early trials
in CLL.98,99 The potent pro-apoptotic effects of these com-
pounds may, in part, reflect their ability to restore the
BIM-dependent apoptosis susceptibility that is a feature of
normal anergic B cells.100 One route to BCL2 overexpres-
sion in CLL may be via loss of 13q14, which deletes
miRNAs (miR15A/miR16) which normally act to down-
modulate BCL2 expression.101 This could explain why loss
of 13q14 is an early genetic event in CLL since it may be
required to counter anergy-associated apoptosis from an
early stage in disease development.
Other molecules associated with apoptosis control in

CLL may also relate to their function in modulation of sur-
vival of anergic cells (Figure 5). In particular, anergic B cells
compete poorly with non-anergic B cells for limited avail-
ability of the B-cell survival factor BAFF (B-cell activating
factor of the TNF family).95 BAFF appears to be required
for the survival of anergic B cells since it over-rides the
pro-apoptotic function of BCL2-related molecules, includ-
ing BIM. Indeed, in contrast to normal anergic B cells, Bim-
deficient anergic B cells are able to survive in the absence
of BAFF in vitro.97 Thus, BCL2 overexpression, via its
inhibitory effects on BIM, appears to be one mechanism
by which anergic CLL cells mitigate requirements for
BAFF. However, direct production of BAFF by CLL cells102
or by cells of the microenvironment103 may also provide
important sources of BAFF to counter anergy-associated
apoptosis. In some models, killing mediated via the cell
surface death receptor FAS has been implicated in apopto-
sis of anergic B cells and CLL cells are frequently resistant
to FAS-mediated apoptosis.104-106 

Therapeutic implications

The concept that BCR stimulation plays a critical role in
driving proliferation and survival of the malignant clone is
clearly supported by recent advances in the development
of inhibitors targeted towards BCR-associated signaling
kinases for treatment of CLL.11 New inhibitors of BCR-
associated signaling kinases, including ibrutinib (BTK
inhibitor), idelalisib (PI3Kd inhibitor) and fostamatinib
(SYK inhibitor), are showing particularly promising clini-
cal results and are likely to become a key component of
CLL therapy.11,107 These agents induce a transient lympho-
cytosis followed by long-term reductions in peripheral
blood cell counts, indicating an important interplay
between the BCR and tissue-homing events. However, it
is important to recognize that effects on antigen-indepen-
dent signaling pathways (e.g. downstream of chemokine
receptors and integrins) may also contribute to clinical
responses.73,108-110
In the light of the likely high costs of these agents, espe-

cially associated with treatment of chronic disease, the
key emerging challenge is to develop markers to predict
which patients would benefit most from these drugs. The
recent observation that normalization of blood counts
after lymphocytosis is more pronounced in U-CLL pro-
vides some evidence that responses may be linked to BCR
status.12 One potential strategy to identify appropriate
patients is to characterize the signaling features of each
individual patient’s circulating cells. The balance between
markers of positive signaling and anergy might reveal
patients most suited for treatment, and potentially aid
selection between different BCR-targeted agents. This
could be most useful in M-CLL, where signaling responses
appear particularly heterogeneous.9 Analyses will ideally
capture single-cell information on multiple parameters to
gain a comprehensive picture of signaling status and intra-
clonal heterogeneity. Potential profiling would include
sIgM expression, markers of anergy versus positive signal-
ing (e.g. SHIP1 phosphorylation vs.MCL1), and/or assess-
ment of anti-IgM responses in vitro. Multi-parametric, sin-
gle cell flow cytometry linking phenotype and signaling
responses, combined with systems level data analysis,
could be a particularly useful approach to integrate multi-
ple responses to strengthen predictive power.56 Given the
reversibility of at least some features of BCR signaling in
blood CLL cells, rapid delivery and processing of samples
in the laboratory would be essential to capture a represen-
tative picture of signaling in vivo.
Another exciting therapeutic approach that may be

influenced by the anergic status of CLL cells is BH3
mimetics. As described above, BCL2 is commonly over-
expressed in CLL and its principal function may be to
counter the pro-apoptotic function of anergy-associated
BIM. One of the earlier BH3 mimetics, navitoclax has
shown promising clinical responses, but its efficacy is lim-
ited by thrombocytopenia. The more recent compound
ABT-19998 may offer particular promise since this drug has
a modified selectivity profile and reduced platelet toxicity.
However, tumor lysis syndrome has emerged as a compli-
cation that will require addressing. 
It is not yet clear whether specific subsets of disease will

differ in their clinical response to BH3 mimetics. Studies of
BCL2-family expression, potentially linked to anergic phe-
notypes, using either expression or functional ‘BH3 profil-
ing’ of CLL-derived mitochondria, could be a valuable
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Figure 5. Potential mechanisms of suppression of anergy-associated
apoptosis in CLL. In normal B cells, anergy is associated with
increased expression of BIM, and reduced BAFF responsiveness
(boxed). In CLL, overexpression of BCL2, commonly associated with
loss of suppressive miRNAs on chromosome 13, appears to
sequester BIM to suppress apoptosis. Autocrine or paracrine produc-
tion of BAFF may also play an important role promoting additional
survival signals. BH3 mimetics, such as ABT-199 and navitoclax,
reverse sequestration of BIM by survival molecules such as BCL2,
potentially revealing the pro-apoptotic potential of anergic CLL cells.



approach to select patients. Indeed, initial studies have
shown that patients with high BIM/BCL2 ratios may be
particularly responsive.100 As discussed above, elevated
BIM may be a feature of anergy in these cells. Although
the anergic fraction could be viewed as a rather ‘benign’
component of the malignant clone, it is important to bear
in mind that this state is reversible. Targeted depletion of
these cells using BH3 mimetics could deliver a ‘pre-emp-
tive’ strike prior to reversal and positive responses. Indeed,
combinations of kinase inhibitors, to prevent positive sig-
naling, and BH3 mimetics, to unmask inherent apoptosis
susceptibility, may be particular effective. Navitoclax does
not bind MCL1 and high-level expression of this protein
can mediate drug resistance. Thus, an added benefit of
such a combination approach would be that kinase
inhibitors would prevent BCR-mediated induction of
MCL1 and therefore circumvent this important mecha-
nism of BH3-mimetic resistance. Finally, direct targeting of
anergic-associated signaling molecules may offer an
approach to selectively ablate anergic CLL cells. For exam-
ple, recent studies have shown that inhibition of the ERK
pathway, using the MEK1/2 inhibitors UO126 or CI1040
or the ERK1/2 inhibitor NMS6E, or VIVIT, a peptide that
blocks NFAT nuclear translocation, promotes apoptosis
preferentially in strongly anergized samples.35 

Concluding remarks

Over the last ten years or so, laboratory studies have

propelled the BCR to center stage in CLL. The role of the
receptor is complex, as befits such an adaptive and flexible
signaling molecule. The balance between anergy and pos-
itive signaling appears to be critical for outcome, but the
regulation of these responses largely reflects the checks
and balances that act on normal B cells. The key influence
of the BCR opens avenues for therapeutic attack and new
kinase inhibitors which can deprive CLL cells of growth-
supporting antigen signaling are set to revolutionize treat-
ment. Continued discussion between the biologist and the
clinician, which has become a tradition in the CLL com-
munity, will be essential to understand more fully the
function of the BCR in CLL and to provide new markers
which can assist the clinician in decisions about therapy.
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