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In chronic lymphocytic leukemia (CLL), increasing knowl-
edge of the biology of the tumor cells has led to transfor-
mative improvements in our capacity to assess and treat
patients. The dependence of tumor cells on surface immu-
noglobulin receptor signaling, survival pathways, and
accessory cells within the microenvironment has led to a
successful double-barreled attack with designer drugs.
Studies have revealed that CLL should be classified based
on the mutational status of the expressed IGHV sequen-
ces into 2 diseases, either unmutated (U) or mutated (M)
CLL, each with a distinctive cellular origin, biology, epige-
netics/genetics, and clinical behavior. The origin of U-CLL
lies among the natural antibody repertoire, and domi-
nance of IGHV1-69 reveals a superantigenic driver. In

both U-CLL and M-CLL, a calibrated stimulation of tumor
cells by self-antigens apparently generates a dynamic reit-
erative cycle as cells, protected from apoptosis, transit
between blood and tissue sites. But there are differences
in outcome, with the balance between proliferation and
anergy favoring anergy in M-CLL. Responses are modu-
lated by an array of microenvironmental interactions.
Availability of T-cell help is a likely determinant of cell
fate, the dependency on which varies between U-CLL
and M-CLL, reflecting the different cells of origin, and
affecting clinical behavior. Despite such advances, cell-
escape strategies, Richter transformation, and immuno-
suppression remain as challenges, which only may be
met by continued research into the biology of CLL.

Introduction
During the past 35 years, progress in understanding the biology of
chronic lymphocytic leukemia (CLL) has transformed our manage-
ment and treatment of patients with this disease. Although tumor-
associated genetic lesions are of clear importance, much of the
progress has been achieved through a better understanding of
the cellular biology. The fact that CLL is a relatively indolent tumor,
readily obtained from the blood or marrow, has allowed investiga-
tion into early tumor behavior before the perturbation of therapy.
It also has enabled comparison with the likely normal counter-
parts, CD51 B cells.1

The picture that has emerged illustrates a fundamental princi-
ple: while initial genetic changes provide developing tumor
cells with a backdrop of protection against cell death, the
forces underpinning the growth and survival of the neoplastic
cells are mainly shared with that of their normal B-cell counter-
parts. The influence that the B cell of origin has on tumor
behavior is striking and persistent, operating until later stages,
when proliferation allows accumulation of other, often varied
genomic changes that provide a selective survival or growth
advantage to subclones of the tumor population.2 The cells
giving rise to CLL originate from 2 different stages of B-cell dif-
ferentiation distinguished by the absence or presence of
somatic mutations in the rearranged immunoglobulin variable
region (IGV) genes of the B-cell receptor (BCR). This finding
revealed that the B cell of origin has a strong influence on
the subsequent clinical behavior of the tumor.3,4

Therapy, when required, can now be calibrated to target 2 main
vulnerabilities, BCR signaling and anti-apoptotic pathways, with
major successes already evident.5,6 This Perspective offers a
view of the evolution of CLL and integrates the biology with the
clinical effects of precise targeting of the pathways essential for
growth/survival of tumor cells.

Overcoming bottlenecks in tumor
development
Tumor cells in general are opportunistic and variable in exploit-
ing mutational changes and the surrounding microenviron-
ment. A primary bottleneck for B-cell tumorigenesis, in
general, is protection against death, a fate that awaits unse-
lected normal B cells exposed to antigen. Indeed, it is esti-
mated that we make .100 million B cells each day, with
estimated daily proliferation rates ranging from 0.46% to
2.66% for naive and memory-type B cells.7 Most of these newly
formed B cells will incur an unceremonious death unless they
activate survival pathways induced through the BCR and other
surface receptors. Activation of such pathways is also important
for the survival of neoplastic CLL B cells, providing support for
their clonal expansion but also revealing an Achilles heel that
can be targeted by newly developed therapies.

Upregulation of BCL2 plays an important role in mitigating the
normal tendency of B cells to undergo apoptosis. This require-
ment appears to be the case for many B-cell tumors, where
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remarkably different strategies can be engaged to maintain
expression. CLL cells express high levels of BCL2, more than
other B-cell malignancies, such as follicular lymphoma (FL),
which commonly harbors chromosomal translocations that jux-
tapose the BCL2 locus on chromosome 18 with the IG heavy
chain (IGH) promoter present on chromosome 14, representing
the t(14;18) translocation. Although CLL cells of a few patients
may harbor similar translocations,8 these are much less fre-
quent than in FL.9 Instead, CLL cells more commonly (�80%
of cases) have loss or repressed expression of 2 non-coding
microRNAs, namely miR-15a/16-1,10 mainly due to
del(13)(q14). Since these microRNAs ordinarily repress the
expression of BCL2,11 their loss or repression accounts in part
for the very high-level expression of BCL2. However, although
they generally have a higher expression of BCL2 than the neo-
plastic cells in FL, CLL cells have a greater sensitivity to the cyto-
toxic effect of BCL2 inhibitors, such as the BH3 mimetic
venetoclax.12 This may be partly due to expression of high lev-
els of BH3-only pro-apoptotic molecules, such as BCL2-inter-
acting mediator of cell death (BIM). This sequesters BCL2 and
primes CLL cells for death, causing CLL cells to balance
between life or death on the razor’s edge of the BCL2:BIM
ratio.13

The second bottleneck for CLL is to express a BCR “tuned” for
stimulation of growth and survival. The BCR is composed of
antigen-binding surface immunoglobulin (sIg) and accessory mol-
ecules required for BCR signaling upon ligation of the sIg. A func-
tional BCR is required for the survival of normal B cells14 and for
most mature B-cell malignancies, including CLL. The BCR of CLL
cells appears engaged by environmental or self-antigen, leading
to constitutive signaling in vivo.15-17 However, this is not a simple
on-off switch; cellular outcome for B cells depends on the level of
BCR signaling, as seen in B-cell acute lymphoblastic leukemia,
where high levels of sIg ligation can induce cell death.18 This
has also been shown for a murine B-cell lymphoma19 and normal
memory B cells, which, in the absence of CD41 cells, may be sus-
ceptible to “death by antigen” mediated via mitochondrial dys-
function and accumulation of reactive oxygen species.20 On the
other hand, too little stimulation fails to provide the signal
required for the metabolic demands of tumor cells. Clearly, an
adequate level of engagement is required, so the ideal lies some-
where in the middle. This is reminiscent of the story of Goldilocks
and the 3 bears, where only the porridge that is not too hot or too
cold but is “just right” is acceptable.21 It is becoming clear that
this Goldilocks principle applies to many biological systems,
including T-cell responses to pathogens in the gut22 and the con-
trol of critical intracellular pathways such as phosphatidylinositol 3-
kinase.23

One way of achieving this Goldilocks level for CLL cells is likely to
be a reduced level of expression of sIg (�10% of normal B cells)
and expression of inhibitors of BCR stimulation such as CD5 and
FcgRIIb.24 Many other factors, including ZAP-70, may also modu-
late signaling, and the importance of the consequently tuned BCR
pathway toCLL cells is amply illustrated by the therapeutic success
of targeted inhibition.

The cytogenesis of CLL
In 1996, a review of CLL by Guillaume Dighiero concluded by say-
ing “Unfortunately, the results so far still give no clear indication

from which B-cell population the CLL cells are derived.”25 This
was about to change dramatically due to the ability to sequence
IG DNA/complementary DNA and the mapping of human germ-
line IGV,D (diversity), and J (joining) regions in the 1990s.26,27 The
analysis of IGHV(D)J rearrangements in CLL cases revealed 2 crit-
ical features: (1) asymmetric usage of available IGHV regions, with
predominance of IGHV1-69 (51p1)28; and (2) �40% of cases had
unmutated genes (.98% homology to germline sequence, a cut-
off selected to allow for polymorphisms, with the remainder hav-
ing significant levels (,98% homology) of somatic
hypermutation.29 This led to the designation of 2 subsets of
CLL, unmutated (U) and mutated (M).3,4

CLL cells with unmutated IGHV were deduced to originate from a
B cell that had not undergone somatic hypermutation in the
IGV(D)J region, a process known to occur in the germinal center.30

On the other hand, CLL cells with mutated IGV apparently arise
from a post-germinal center B cell. A minority of cases (6% to
10%) had also undergone isotype switch recombination.29

It has been suggested that the percent IGHV germline homology
be considered more of a continuous variable based on outcome
analyses of patients treated with fludarabine, cyclophosphamide,
and rituximab chemoimmunotherapy.31 However, the relatively
few CLL cases with intermediate levels include those that express
IGHV3-21with 96% to 98% germline homology; such cases have a
clinical course that is more typical of those that use an unmutated
IGHV.32 They could originate from B cells that have exited early
from the germinal center.33 In any case, the working definition
for unmutated IGHV of $98% homology a reliable threshold for
the majority.

The predominating IGHV1-69 cases are almost entirely in U-CLL,
and in this subset, there is evidence for restriction in usage of
IGHD and IGHJ, leading to the concept of “stereotypic” sequen-
ces, in some cases with selected IGV light chains, indicating a
shared antigen specificity.34,35 Asymmetry of IGHV is less striking
in M-CLL, with the initially suggested predominance of IGHV4-34
likely due mainly to increased usage in the normal aged reper-
toire.36 In contrast, there is a clear preferential usage of IGHV4-34
in the subset of CLL that has undergone isotype switching to IgG.36

While this information provided biological insight, identification of
the 2 subsets electrified the clinical community as tumor progres-
sion differed dramatically, with cases of U-CLL having a more
aggressive disease and a worse prognosis than patients with M-
CLL.3,4 In the vast majority of cases, the IGHV mutational status
of CLL cells is fixed, reflecting little or no interchange between
the 2 subsets. It confirms that the parental B cell influences subse-
quent tumor behavior, as is the case for the wide range of tumors
that develop from B cells at distinctive stages of differentiation.

Accumulation of genomic mutations will be influenced by the rate
of proliferation, which is higher in U-CLL, where most of the clinically
relevant changes are found.37 Although it is not resolved
whether activation-induced cytidine deaminase is involved in
generating such mutations, an activation-induced cytidine
deaminase–associated signature is actuallymore evident inM-CLL.38

In the past, much effort was put into chasing the cell of origin of
CLL by phenotypic similarity. It does appear that CD51 B cells
might be the source of both U-CLL and M-CLL.1 However, while
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expression of CD5 is associated with B1 cells and with anergy in
mice, this is less clear for human B cells.39 Also, tumor cells may
modulate their surface receptors as they interact with the leukemic
microenvironment. One feature that has been revealing is the pat-
tern of DNAmethylation; the striking difference in profile between
normal naive and memory B cells is, perhaps surprisingly, main-
tained in U-CLL and M-CLL.40 It appears that an epigenetic mem-
ory of the B cell of origin persists through transformation and
marks the 2 subsets.41 Again a minority of cases show an interme-
diate signature, but these include the outlier IGHV3-21 cases.
Clearly, tumor-related changes also occur in the epigenome,
but the influence of the parental B cell is retained.42

Clues from IGHV1-69 predominance in
U-CLL
The prevalent usage of IGHV1-69 is tumor related, as there is no
increase in the aged population.43 There is also apparent selective
use of certain alleles of IGHV1-69 in CLL.44 Moreover, the mean
number of codons encoding the third complementarity determin-
ing region (CDR3) of the IGHV1-69 genes tends to be greater than
that of the normal adult B-cell repertoire.44 This is partly due to
preferential usage of IGHJ6 in �57% of IGHV1-69–expressing
cases as compared with �29% in normal B cells.43-45 Any asym-
metry in expression of an IGHV indicates a drive on the framework
region, possibly also extending toCDR3 and IGHJ. Large multiva-
lent superantigens can bind in this way and, for IGHV1-69, can be
derived from pathogens such as Streptococcus pneumoniae,
cytomegalovirus,46 hepatitis C virus,47 or self-antigens.48,49 It
results in conserved sequences in the IGHV of stimulated B cells
exactly as found in CLL. In fact, it was possible to detect very sim-
ilar sequences in normal blood and spleen,43,50 thereby revealing
the likely cell of origin.

This location and certain shared features point to B cells express-
ing the natural antibody repertoire as the source of U-CLL.34 In
addition to IGHV1-69, this repertoire includes a range of other
IGHV and conserved sequences, and several are mirrored in
CLL. Natural antibodies are generally IgM with unmutated IGHV
and show a broad low affinity/high avidity innate reactivity, often
polyreactive, against common pathogens.51 The expressing cells
are mainly CD20/CD27/CD5, with moderate levels of CD43/
CD38, very similar to U-CLL.52 Production of natural antibody is
rapid, providing immediate protection against infections and,
importantly, considered to be T-cell independent. Intriguingly,
natural antibodies often display autoreactivity, and they appear
to be involved in the clearance of apoptotic cells or misfolded pro-
teins, indicating a role in regulating inflammation and maintaining
immune homeostasis.52

The crossover between infection and autoimmunity is nicely illus-
trated for IGHV1-69, which is preferentially used by antibodies
against hepatitis C virus and a co-induced autoreactive IgM anti-
IgG rheumatoid factor (RF).34,47,53 The complexes formed among
viral antigens, antibodies, and RF can lead to mixed cryoglobuli-
nemia with fixation of complement causing a purpuric rash.54 In
this case, chronic infection has induced an IGHV1-69–encoded
pathological autoantibody. sIgM with similar RF autoreactivity
also is expressed by CLL cells,55 again supporting a link to natural
antibodies.

The next question is how the B cells expressing IGHV1-69 develop
into CLL. There has been much debate around the relationship of
monoclonal B-cell lymphocytosis (MBL) to CLL, and there is evi-
dence for clonal B-cell expansions in older age.56,57 However,
low-count MBL tends to be of IGHV-mutated B cells and does
not include significant levels of IGHV1-69,58 suggesting that these
are not the precursors of U-CLL. It is more likely, although unpro-
ven, that they relate to M-CLL. In contrast, high-count MBL (B-cell
count .0.5 3 109/L) can be of B cells with unmutated IGHV that
include IGHV1-69 at frequencies similar to U-CLL, and these invari-
ably progress to overt CLL.59,60

Function of the BCR in CLL
The BCR is the key receptor for all B cells, and CLL is no exception.
There is evidence for activation of the BCR pathway in vivo, and
targeting of the intracellular pathways has shown striking clinical
success.61 The most advanced data are from ibrutinib, which is
aimed at Bruton tyrosine kinase (BTK), and, although not entirely
specific for the BCR, the clinical results support its importance
and are impressive.

It turns out that the status of the BCR varies in CLL, with evidence
of repetitive engagement by a ligand, presumably a self-antigen,
in vivo. There is clear downregulation of expression of sIgM, espe-
cially in M-CLL. Recovery of expression occurs in vitro, consistent
with reversible endocytosis.16 The resulting levels of sIgM on the
circulating CLL are variable in vivo and lead to a rheostat of signal-
ing capacity.62 This is analogous to normal B cells undergoing
chronic antigenic stimulation, where downregulation of BCR
expression is accompanied by a low level activation of intracellular
pathways.63 A state of anergy is induced with increased levels of
the negative regulator SHIP1 and NFAT2 and reduced responses
to chemokines and Toll-like receptor ligands.39 A similar variable
increase in NFAT2 is evident in anergized CLL cases, and, in par-
allel with the increase in sIgM, this is reversed by incubation in
vitro.64

Anergy clearly exists in CLL at different levels, being more marked
in M-CLL. In fact levels of expression and function of the residual
sIgM in CLL can provide a useful prognostic marker.65 It could be
relevant especially within M-CLL, where there appears to be a sig-
nificant proportion of patients with deeply anergic tumor cells,16

who may not require treatment, but others with levels that
approach those of U-CLL, who are projected to progress to treat-
ment requirement and need to be monitored in clinic over time.65

The hypothesis that the tumor BCR is influenced by chronic expo-
sure of antigens at tissue sites has been reinforced by studies in
CLL patients receiving ibrutinib.66 By inhibiting BTK-dependent
pathways, including BCR-mediated signaling/adhesion, and
CXCL12-induced migration,67 ibrutinib redistributes leukemic
cells from tissue to peripheral blood.68 There, the CLL cells specif-
ically increase levels of sIgM, mimicking the recovery in vitro.16

Re-expressed sIgM retains signaling function at the level of phos-
phorylation of SYK upstream of BTK blockade.65 There is also the
reconstitution of complex N-glycosylated structures in the cons-
tant region, another feature of disengagement from antigen.69

These phenomena are selective for sIgM and contrast with the
expression of sIgD and of the majority of other receptors that
gradually decline.66 The increase of sIgM levels and signaling
capacity, with no change in sIgD, is again a defining feature of
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recovery from the anergic state preinduced by chronic antigen
engagement in normal B cells.63 Among the other receptors,
CD20 is one of the most downmodulated during therapy,65 pos-
sibly via inhibition of an activating SDF-1–mediated CXCR4
signal.70

It is in the peripheral blood that ibrutinib-treated CLL cells will lack
the nourishing signals from (self-)antigen, consigning them to
limbo, where apoptosis might be expected and is evident from
induction of BIM expression.66 However apoptosis could be

slowedby constitutionally abundant BCL2.66 Concomitantly, auto-
phagocytic events are also promoted, including cell contraction
and induction of the autophagosome-associated LC3B-II.65 The
majority of CLL cells will eventually die, but cells with relatively
higher sIgM levels may overcome BTK blockade by ibrutinib.71

A fraction also will have high CXCR4 levels.62 If they maintain
somemigratory capacity, CLL cells with high sIgM andCXCR4 lev-
els may traffic to tissue, reencounter antigen, and receive BCR-
induced signals able to circumvent BTK blockade and eventually
drive a re-expansion of the disease. Any such escaping cells might

Wnt5a

ROR1
VLA
CD44

CCR7

CCR1/3
CCL3/4

C
C

L17/22

CD40

CCR4

slg

IL-4
1L-6

CD38

CD31

IL-4

IL-10

Antigen

CCL3/4
CCL1/3

CD267 (TACI)
CD257 (BAFF)

CD256 (APRIL)

CD269 (BCMA)
CD268 (BAFF-R)

CD40L

HA

HEV

CCL21

CCL19

CD38

FrzSmo
Ptch1/2

WntHh

Hh

CXCL12

CXCL13

CXCR4

CXCR5

Wnt5a

VCAM-1

Figure 1. The CLL microenvironment. The main types of accessory cells in the CLL microenvironment are depicted surrounding the CLL B cell, which is located at the
center.33 CLL cells enter the lymphoid tissue through HEVs (depicted on the right), which also may elaborate chemokines, such as CCL21 and CCL19, which bind CCR7
and can attract CLL cells. HEVs also produce hyaluronic acid (HA), which can activate CD44 on the CLL cell, as it attaches to HEVs via L-selectin (CD62-L) to egress
from the blood (CD62-L). In the bottom left corner is a nurse-like cell (NLC), a lymphoma-associated macrophage (LAM) that secretes a number of chemokines, such as
CXCL12 or CXCL13, which bind to CXCR4 or CXCR5, respectively, on the CLL cell, attracting it to the microenvironment. The leukemia cell in turn can elaborate chemo-
kines, such as CCL3 and CCL4, which bind to CCR1 and CCR3 (CCR1/3), or CCL17 and CCL22, which bind CCR4, to recruit T cells (depicted in the bottom right) and mono-
cytes, which are the cells that can differentiate into NLCs. Cognate interactions between CD31 and CD38 on NLCs and CLL cells, respectively, may promote CLL-cell
survival. The NLC also expresses proteins of the TNF family, such as BAFF (CD257) and a proliferation inducing ligand (APRIL or CD256), which in turn activate TNF-
family receptors such as transmembrane activator and calcium-modulator and cyclophilin ligand (CAML) interactor (TACI or CD267), B-cell maturation antigen (BCMA
or CD269), or BAFF-receptor (BAFF-R or CD268) on the CLL cell, inducing activation of nuclear factor k-light chain B (NF-kB). NLCs and stromal cells (depicted on top)
also can produce factors that stimulate the CLL cell, such as various Wingless-related integration site (Wnt) factors, with interact with Frizzled (Frz) receptors, or noncanonical
Wnt factors, such as Wnt5a, which can bind and activate ROR1 on the CLL cell. Wnt5a also can activate NF-kB via ROR1 signaling, which induces production of cytokines,
such as IL-6, which can stimulate signal transducer and activator of transcription 3 (STAT3) in the CLL cell or NLCs. NLCs and stromal cells may elaborate Hedgehog (Hh)
factors, which interact with surface Pitch 1 (Ptch1) and Ptch2, blocking their capacity to inhibit Smoothened (Smo), allowing for activation of the Hedgehog-signaling path-
way in the CLL cell. Cognate interactions between surface cell adhesion molecules, such as vascular cell adhesion molecule-1 (VCAM-1 or CD106) on the stromal cell, with
CLL integrins, such as very late antigen (VLA), enhances CLL cell survival. Self- or environmental antigen (depicted at the bottom of the figure) that is recognized by the sIg
expressed by the CLL cell can lead to activation of the BCR signaling pathway. Cognate interactions between the CLL cell and the T cell in the microenvironment also can
involve other TNF-family factors, such as CD40 ligand (CD40L or CD154), which enhance expression of chemokines and cytokines, such as IL-4, that further influence the
cellular composition of the microenvironment Collectively, the crosstalk between the CLL cell and the accessory cells within this microenvironment provides the perfect
niche to foster leukemia-cell proliferation, forming the so-called proliferation centers within lymphoid tissues of patients with CLL. Adapted from Kipps and Choi80 with
permission.
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be those to target by combined therapeutical approaches, includ-
ing BH3 mimetics.6

However, the main recognized mechanism linked to disease
re-expansion during ibrutinib is the accumulation of mutations in
the BCR-associated kinases BTK and PLCg2. BTKmutations affect-
ing the cysteine residue at position 481 disrupt ibrutinib binding
and are the most common lesions.72 PLCg2mutations are less fre-
quent and appear to confer resistance mainly by activating path-
ways not involving BTK.73,74 In fact, CLL cells with strong BCR
activation can circumvent catalytically inactive BTK to mediate
increases in [Ca21].75 Resistance also can involve expansion of
preexisting subclones with a suite of genetic changes.74

Clearly, inhibition of BTK presents a not-insuperable block on the
ability of some CLL cells to generate the Goldilocks level of signal-
ing. Tumor cells may bypass BTK73,74 or activate alternative strat-
egies via mutation.

Migration to tissue sites
CLL cells migrate from blood to marrow and lymph node sites,
where proliferation occurs. Entry to lymph nodes is via high endo-
thelial venules (HEVs), and CLL cells can be seen in crowded pock-
ets following extravasation.76 Transmigration depends on L-
selectin–mediated interaction with endothelial sialomucins, fol-
lowed by chemokine-induced activation of integrins. In fact, upre-
gulated CD49d/VLA4 and CXCR4 are known negative prognostic
factors even within M-CLL.77,78 Sensing and response to dendritic
cell–associated (self-)antigen by B cells can occur soon after
extravasation and before migration along “exit ramps” formed
by fibroblastic reticular cells, which traffic cells to the follicles.76

Retention of CLL cells in the lymph node may be extended
because of reduced expression of sphingosine-1-phosphate
receptors, particularly in U-CLL, thereby prolonging tissue-based
nourishing signals.79 The ability of ibrutinib and possibly other
drugs to inhibit migration and adhesion67 may contribute to the
accumulation of CLL cells in the blood after treatment.

Microenvironmental influences
CLL cells in the lymphoid tissues form so-called proliferation cen-
ters15 instead of normal germinal centers. In such sites, CLL cells
interact with stromal cells, nurse-like cells (lymphoma-associated
macrophages), and T cells. The multiple influences of surrounding
cells are shown in Figure 1.80 Signaling derived from ligation of the
BCR by environmental or self-antigen can induce B-cell activation
and proliferation in tissue sites, but only a small percentage of the
CLL cells may undergo proliferation, with the remainder being
either unstimulated or driven into anergy.81 Nonetheless, within
these sites, all CLL cells can be stimulated by chemokines, integ-
rins, cytokines, and survival factors (such as tumor necrosis factor
[TNF] ligand superfamilymember 13B, also known as B-cell activa-
tion factor [BAFF] or TNF ligand superfamily member 13 [APRIL]),
which activate canonical NF-kB.82

Activation of NF-kB can induce expression of miR-155, which in
turn can enhance BCR signaling and its downstream activation
by reducing expression of INPP5D, which encodes SHIP1 phos-
phatase.83 As CLL cells exit to the blood, they are relatively
deprived of environmental antigen, chemokine, and growth/sur-
vival factors, thereby reducing activation of NF-kB and lowering

expression of miR-155.83 This may amplify anergy due to conse-
quent upregulation of SHIP1 phosphatase83,84 and contribute to
the variable recovery in sIgM expression and function.16,62,66

Cytokines produced by T cells, such as interlukin-4 (IL-4), upregu-
late sIgM, thereby potentially enhancing BCR-signals. Elaboration
of various WNT proteins by cells in the microenvironment can acti-
vate canonical and noncanonical WNT signaling pathways.85,86

Activation of ROR1 byWNT5amay also activate NF-kB to enhance
BCR activation and proliferation,87 as well as promote migration in
response to chemokines.88 In part for this reason, high expression
of ROR1 on CLL cells is associated with accelerated disease pro-
gression and shorter overall survival both in U-CLL and M-CLL.89

Activation of NF-kB in CLL cells can produce cytokines, such as
IL-6, which in turn may induce activation of STAT3 in both leuke-
mic and local accessory cells. Activated CLL cells can produce
large amounts of IL-10,90 a feature associated with regulatory B
cells,91 which intriguingly express a surface phenotype very similar
to that of CLL,92,93 while potentially sustaining an autocrine pro-
survival loop on the CLL cells. This could have relevance for the
immune suppression observed in patients with CLL.93

Hedgehog signaling in response to Desert Hedgehog (DHH) pre-
sent in the microenvironment may provide pro-survival and
growth stimulation for at least a subset of patients,94 particularly
those with trisomy 12.95,96 Some cases with trisomy 12 and ele-
vated levels of GLI1 and PTCH1 transcripts have autocrine DHH
and may be particularly responsive in vitro to SMOOTHENED
(SMO) inhibitors, which were less effective when the CLL cells
were cultured on DHH-expressing stroma.96 The capacity of
stroma to mitigate that activity of SMO inhibitors, and/or the
acquisition of somatic mutations encoding proteins in the Hh p-
signaling pathway that are downstream of SMO or PTCH1,94

could account for the apparent lack of clinical response of in the
small numbers of patients treated with SMO inhibitors.97

Because expression of CXCR4 is downmodulated in response to
CXCL12,98 CLL cells just exiting lymphoid tissues are CXCR4dim

and have higher expression of activation-induced CD5 (known
as CD5bright cells)65 relative to the CLL cells poised to re-enter lym-
phoid compartments.99 However cells expressing these 2
extremes form a very low percentage of the CLL cells in the blood,
with the majority expressing intermediate levels of both.99

Although variable, a higher level expression of chemokine recep-
tors by transiting CLL cells deprived of their microenvironment
incentivizes their migration back into the lymphoid tissues. A
rather counterintuitive finding is that the small fraction of the
recent emigrants from tissue express higher levels of sIgM.100

This suggests that, in contrast to loss by endocytosis, some influ-
ences, possibly including locally derived IL-471,101 and/or auto-
crine IL-6,87 are upregulating sIgM expression in tissue sites.

The role of T cells
The effect of T cells on CLL cells is likely to be critical, since, by
analogy with normal B cells, T-cell help is the determinant of cell
fate and would allow escape from anergy.102 However T-cell pop-
ulations in patients are difficult to investigate, mainly because the
profile may be perturbed by reactivation of herpes viruses such as
Epstein-Barr virus, in the context of immunosuppression.103 The
relatively high level of CD81 T cells is consistent with this, as is

CHRONIC LYMPHOCYTIC LEUKEMIA blood® 9 SEPTEMBER 2021 | VOLUME 138, NUMBER 10 831

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/138/10/827/1821451/bloodbld2020010029c.pdf by guest on 17 M

ay 2024



the “exhausted” phenotype, which is a feature of chronic antigenic
stimulation. Multiple chronic viral infections, including Epstein-Barr
virus, lead to downregulation of T-cell function, accompanied by
expression of inhibitory receptors such as PD-1.104 Tumor-
specific T cells will be hard to find, since CLL driver antigens are
likely to be derived from self. In that case, the majority of
antigen-specific (cognate) CD41 T cells will be either deleted or
regulated. Normal naive B cells are less dependent on cognate
T-cell help, relying instead on help from innate cells, including
invariant natural killer T cells, neutrophils, monocyte-derived cells,
and/or dendritic cells.102 It is likely that cells of U-CLL retain this
capacity and could be more resourceful in capturing available
help for survival and proliferation. Normal post-germinal center B
cells aremore dependent on cognate T-cell help, whichwill be lim-
ited. Death by antigen awaits memory B cells denied T-cell sup-
port.20 Cells of M-CLL could reflect this and may rely more
heavily on antiapoptotic mechanisms for survival. While this is
speculative and based on analogy with normal B and T cells, it
could be an important factor in distinguishing tumor behavior in
the 2 subsets. All this begs the question of the role of CD40L,
known to be a stimulatory factor for CLL cells in vitro but very dif-
ficult to detect in proliferation centers. Moreover, CD40L activates
both the canonical and noncanonical NF-kB signaling pathways,
while the gene expression profile of CLL isolated from lymph
nodes indicates primarily activation of the canonical pathway
alone,15 suggesting that receptors other than CD40 contribute
to cell activation in vivo.82,87

Autonomous signaling
It iswell known that Ig-Ig interactionsoccur in theB-cellmembrane.
Oligomerization can now be observed at the nanoscale level with
the spontaneous formation of nanoclusters of sIgM and sIgD.105

These can form distinct compartments in the cell membrane that
incorporate different groups of proteins and lipids. They include
proteins such as CD45 andCD22, which canmodulate BCR signal-
ing. Only upon exposure to antigen are these nanoclusters reor-
ganized to allow a calibrated level of signaling and activation.106

It has been proposed that an Ig-Ig interaction in the absence of
exogenous antigen drives B-cell responses in CLL.17 This is postu-
lated to occur via interaction between amino acids in HCDR3 and
an internal epitope of another Ig molecule. The question that
arises concerns the function of this interaction and whether it
occurs in vivo in the presence of serum Ig. Even so, a model pro-
posing that CLL is stimulated exclusively via Ig-Ig interactions
independent of exogenous antigen cannot readily explain the dif-
ferences in clinical behavior or Ig-signaling noted for U-CLL versus
M-C LL or the ability to reverse anergy of CLL cells that are cul-
tured in vitro.

The most detailed documentation of Ig-Ig effects appears to be
for 2 exceptional subsets of CLL: (1) IgG-positive cases expressing
IGHV4-34, which interact via IGHVCDR3/FR1 with the CH1 of a

second Fab,107 and (2) the unusual cases of IGHV3-21 with the
associated IGLV3-21*01 light chain, which can acquire a facilitat-
ing mutation at the IGLJ-IGLC border.108 Even there, the interac-
tions are very weak, and although one role might be to create a
“readiness to signal,” it remains to be seen if those Ig-Ig interac-
tions alone can influence proliferation or survival in vivo.

Concluding remarks
CLL remains a focus for linking biology to therapy, and themodern
dual approaches of targeting the BCR and apoptosis are having a
dramatic impact on this tumor. Defining the 2 major subsets pro-
vides information on prognosis that can be part of clinical assess-
ment, especially as new genetic techniques for assigning patients
are becoming available. However, gaps in our knowledge remain,
including thenatureofdrivingself-antigens,T-cell involvement, the
control of cell migration through tissues, and how inhibitors
impinge on the overall behavior of tumor cells in vivo. Develop-
ment of therapy resistance generally is inevitable with tumors that
are not eradicated by treatment. Understanding the molecular
and biologic mechanisms responsible for such resistance is
required for the development of salvage therapy or combination
therapy more likely to eradicate the neoplastic clone. Transforma-
tion to a more aggressive disease continues to be a concern, and
gene-based probing is revealing significant changes.109 Opportu-
nities to target CLL at all stages as required will emerge as biology
continues to reveal pinch points of vulnerability in the tumor cells.
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