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Functional disparities among BCL-2 members in
tonsillar and leukemic B-cell subsets assessed by
BH3-mimetic profiling

Victor Peperzak1, Erik Slinger1,2, Johanna Ter Burg1,2 and Eric Eldering*,1,3

For successful treatment of malignant B-cells it is crucial to understand intrinsic survival requirements in relation to their normal
progenitors. Long-lived humoral immunity as well as most B-cell malignancies, originate in the germinal center (GC). Murine GC
B-cells depend on pro-survival protein MCL-1, but not BCL-XL. In contrast, naive and memory B-cells depend on BCL-2, but not
BCL-XL or MCL-1. For human B-cell subsets, the functional relationships among BCL-2 members are unclear, and also if and how
they shift after malignant transformation. We here dissect these aspects in human tonsil and primary leukemia (CLL) cells by single
and combined treatment with novel, highly specific BH3-mimetics. We found that MCL-1 expression in GC B-cells is regulated post-
translationally and its importance is highlighted by preferential binding to pro-apoptotic BIM. In contrast, BCL-XL is
transcriptionally induced and binds solely to weak sensitizer BIK, potentially explaining why BCL-XL is not required for GC B-cell
survival. Using novel BH3-mimetics, we found that naive and memory B-cells depend on BCL-2, GC cells predominantly on MCL-1,
whereas plasma cells need both BCL-XL and MCL-1 for survival. CLL cells switch from highly sensitive for BCL-2 inhibition to
resistant after CD40-stimulation. However, combined inhibition of BCL-2, plus BCL-XL or MCL-1 effectively kills these cells, thus
exposing a weakness that may be therapeutically useful. These general principles offer important clues for designing treatment
strategies for B-cell malignancies.
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The intrinsic apoptotic pathway is controlled by the BCL-2
protein family. Expression of the pro-survival members,
namely BCL-2, BCL-XL, BCL-W, MCL-1, BFL-1 and BCL-B,
varies greatly and strongly depends on the cell type, its
environment and activation state.1 Understanding the regula-
tion and degree of expression is key to determine which
pro-survival protein(s) is (are) essential for survival of certain
cell types at different stages of differentiation or activation.
An important distinction can be made for the BH3-only

proteins of the BCL-2 family. Although certain members can
induce apoptosis by directly binding to effectors BAX and BAK
(BIM, BID and P53 up-regulated modulator of apoptosis
(PUMA); also referred to as activators), other members can
only indirectly regulate apoptosis by sequestering pro-survival

proteins (BAD, NOXA, BIK and so on; referred to as
sensitizers).1

Overexpression of pro-survival BCL-2 family members can
allow survival of proliferating cells that would otherwise be
deleted via apoptosis. As a consequence, oncogenic muta-
tions that can arise in the germinal center (GC) combined with
overexpression of pro-survival BCL-2 proteins, facilitates
cancer development.1,2 BH3-mimetics were developed to
block specific pro-survival BCL-2 proteins and force cells that
depend on them to undergo apoptosis. BCL-2-specific BH3-
mimetic ABT-199 (Venetoclax) has shown great promise in
the treatment of chronic lymphocytic leukemia (CLL), as CLL
cells uniformly over-express BCL-2.3 Like BCL-2, MCL-1 is
often over-expressed in different B-cell malignancies, such as
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diffuse large B-cell lymphoma, follicular lymphoma (FL), CLL
and multiple myeloma.4–6 In addition to BCL-2-specific BH3-
mimetics, novel BH3-mimetics have become available for
in vitro use that specifically target MCL-1 (A-1210477) or BCL-
XL (WEHI-539).7,8

Most lymphomas derive from GC B cells or their
descendants.9 Thus, predicting efficacy of BH3-mimetics in
B-cell malignancies requires detailed insight into expression
of BCL-2 family proteins, their interaction profile and sensi-
tivity to BH3-mimetics in healthy B cells. High-level MCL-1,
BCL-XL and reduced BCL-2 protein expression has been
previously detected in the human and murine GC.10–13

In addition, transcriptional induction of BFL-1 was observed
by gene expression profiling in the human and murine GC
light zone (LZ).14 Although MCL-1 and BCL-XL proteins are
both highly expressed in murine GC B cells, only MCL-1
appeared to be important for their survival.13 The divergent
roles of MCL-1 and BCL-XL in GC B cells still remain
unexplained, and it is unknown if this also holds for human
B cells.
The aim of our current study is twofold; first, we aim to

investigate the expression, regulation and dependence on
pro-survival BCL-2 family members in healthy primary human
B cells from the tonsil, including GC B cells (discriminating
centroblasts (CB) from theGC dark zone (DZ) and centrocytes
(CC) from the LZ), and plasma cells (PC). Second, BH3-
profiling with peptides has been used to predict dependence
on pro-survival BCL-2 family members.15 Here, we use
another approach using BH3-mimetic compounds that have
become available and selectively inhibit either BCL-2, BCL-XL
or MCL-1. Recently, an innovative method, called mito-
priming, has tested such novel BH3-mimetics and confirmed
their selectivity and potency.16 To exploit potential differences
in sensitivity between healthy and malignant B cells we also
used primary CLL cells. These cells normally respond well to
inhibition with ABT-199,3 but upregulate BCL-XL, MCL-1 and
BFL-1 on stimulation via CD40, mimicking the protective
lymph node microenvironment and making them resistant to
ABT-199 and other conventional CLL drugs.17 CLL cells can
therefore be used as a model to study the dependence of
primary malignant B cells on expression of the different BCL-2
family members.

Results

BCL-2 family members are highly differentially
expressed in human B-cell subsets. To examine gene
expression of the different BCL-2 family members, B-cell
subsets were isolated from human tonsil specimens and
subjected to multiplex ligation-dependent probe amplification
assay (MLPA) covering both pro-apoptotic and pro-survival
members of the BCL-2 family (Figures 1a–c; Supplementary
Figure 1). Tonsil B cells were separated into naive B cells,
memory B cells, PC or GC B cells based on expression of IgD
and CD38 using flow cytometry. GC B cells were further
subdivided into CB or CC based on expression of chemokine
receptor CXCR4 and cell size (Figure 1a). We confirmed
mRNA expression of pro-survival members using more
sensitive quantitative real time polymerase chain reaction

(qPCR) (Figure 1d), which also allowed quantification of
BCL-2 family expression in the small PC population isolated
from the tonsil. Combined, this revealed that BCL2 gene
expression was virtually shut down when B cells enter the
GC reaction. In contrast, gene expression of BCLX and BFL1
was induced in the LZ of the GC, whereas gene expression of
MCL1 was significantly increased in PC only (Figures 1b–d).
Besides MCL1, a significant increase in BCLX gene expres-
sion was observed in PC (Figure 1d). The expression pattern
in memory B cells was not significantly different than in naive
B cells (Figures 1b–d). In addition to the differential regulation
of pro-survival BCL-2 family members, we also observed
significantly increased gene expression of pro-apoptotic
members BIM, BID, PUMA and especially BIK when B cells
enter the GC reaction (Figure 1; Supplementary Figure 2).
Increased gene expression of these pro-apoptotic BCL-2
family members was also observed in PC (Supplementary
Figure 3).

Pro-survival BCL-2 proteins are transcriptionally regu-
lated in tonsillar B cells, except MCL-1, that is regulated
at the post-transcriptional level. Protein expression of
differentially expressed BCL-2 family members was moni-
tored by western blot analysis on cells sorted as in Figure 1a.
In general, gene expression was largely consistent with
expression at the protein level (Figures 2a and b). Unlike
BCLX and BFL1, increased MCL1 gene expression was not
observed when B cells enter the GC reaction (Figures 1a–d).
MCL-1 protein however is highly induced in GC B cells as
measured by western blot and fluorescence microscopy
(Figures 2a–c). Quantification of multiple experiments
revealed that increased expression of MCL-1 and BCL-XL,
or decreased expression of BCL-2, in GC B cells did not
differ between CB or CC from the DZ or LZ, respectively
(Figure 2b). Although induction of BFL-1 protein expression in
CC seems to follow its regulation at the transcriptional level
(Figures 1b–d and 2a), the currently available tools to detect
BFL-1 protein did not allow quantification relative to naive B
cells. In contrast to GC B cells, high-level MCL-1 protein
expression was not observed in the T cell zone surrounding
the tonsillar GC as observed by fluorescence microscopy
(Figure 2c). Comparing MCL-1 protein expression to gene
transcription suggested that MCL-1 protein stability is
increased specifically in GC B cells (Figure 3a). Measuring
MCL-1 protein turnover using translation inhibitor cyclohex-
imide in highly purified naive B cells versus GC B cells indeed
revealed that MCL-1 protein stability in GC B cells is strongly
increased (Figure 3b; Supplementary Figures 4a and b).
MCL-1 protein half-life is dictated by the combined action of a
selection of specific kinases, phosphatases, deubiquitinases
and ubiquitin ligases.18 Which of these players is responsible
for the regulation of MCL-1 stability in GC B cells is currently
unknown, although we did observe a significant decrease
of known MCL-1-specific ubiquitin ligases in GC B cells
(Figure 3c).18 In addition, we observed that inhibition of
the protein phosphatase 2 (PP2A) complex using okadaic
acid (OA) reduced MCL-1 stability in GC B cells (Figure 3d).
The latter findings are in line with the observation that
protein phosphatases, such as PP2A, are highly active in
GC B cells.19
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Selective binding patterns of BCL-XL and MCL-1 in
tonsillar B cells. To further probe the differential roles of
MCL-1 and BCL-XL in tonsil B cells, we performed immuno-
precipitation (IP) experiments to detect their binding partners.
These IP experiments were performed on total B cells purified
from the tonsil and this population consists mainly of GC B
cells (CD38+; 36%), memory B cells (CD38−IgD−; 34%) and
naive B cells (CD38−IgD+; 29%), with only a small fraction of
PC (CD38++; 1.3%) (Supplementary Figure 5a). As protein
expression of BCL-2, BCL-XL and MCL-1 in tonsil B cells is
strictly cell-type specific (Figure 2b), with almost 90% of
BCL-2 protein expressed in naive and memory B cells and
over 80% of MCL-1 or BCL-XL protein expressed in GC B
cells (Supplementary Figure 5), we deduced that IPs for
MCL-1 or BCL-XL are mostly representative for GC B cells.
These IP experiments revealed that MCL-1 was predo-
minantly bound to BIM (Figure 4a) and not to other pro-
apoptotic proteins such as BIK, PUMA or BID (Figure 4a).
Expression of NOXA was barely detectable, but long

exposures in some western blots did show a specific associ-
ation with MCL-1, as expected based on the known specificity
of NOXA (Supplementary Figure 6a). Aspecific bands in the
IP fraction were visualized by incubation with labeled secon-
dary antibodies only, and indicated by stars (Figure 4a).
Extended running of the western blot containing IP fractions
revealed that the BIMEL band was partly masked by an
aspecific background band, but that in addition to BIMS

and BIML, the BIMEL form is also associated with MCL-1
(Supplementary Figure 6a). BCL-XL, on the other hand,
was not associated with BIM, but was associated with BIK
instead, and no binding of BCL-XL to PUMA, BID or NOXA
was detected (Figure 4a; Supplementary Figure 6a). MCL-1
IP could not completely deplete the total lysate of BIM, which
either suggests saturation of the beads, or that part of the
BIM protein pool was also associated with other proteins than
MCL-1. BCL-2 IPs indeed showed that a small but detectable
fraction of BIM was also bound to BCL-2. In addition to BIM,
PUMA was found associated to BCL-2 (Supplementary

Figure 1 Differential gene expression of BCL-2 family members in primary human B cells. (a) Gating strategy for isolation of naive B cells (Bn, IgD+CD38−), memory B cells
(mem, IgD−CD38−), plasma cells (PC, IgD−CD38++) and germinal center B cells (GC, IgD−CD38+) from the human tonsil after gating on CD19+CD3− B cells. GC B cells were
further subdivided in either centroblast (CB, CXCR4+FSC-A+/− ) or centrocyte (CC, CXCR4−FSC-A−) cells (right panel). (b) Expression profiling by RT-MLPA of human B cells
purified directly ex vivo as shown in a. Gene induction of pro- and anti-apoptotic molecules is represented in a heat-map after log2 transformation of expression levels, relative to
averaged values of naive B cells. Data is shown from four individual patients (three for memory B cells). (c) Averages of values shown in (b) relative to naive B cells. (d) Real time
qPCR of indicated BCL-2 family members in purified cells as shown in a, corrected for expression of household gene Hprt and relative to naive B cells. Data are average of three
(BCLX, BFL1) or five (BCL2, MCL1) experiments with s.e.m. Statistics were calculated in relation to Bn cells. *P⩽ 0.05, **P⩽ 0.01
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Figure 6b), whereas BIK was not bound to BCL-2 (Supple-
mentary Figure 6c). As almost 90% of BCL-2 protein in the
total B-cell lysate is derived from naive or memory B cells,
these observed associations are also mostly reflective of
these cell subsets. Thus, MCL-1 associates with BIM and
NOXA and BCL-XL with BIK in GC B cells, whereas BCL-2
associates with PUMA and BIM in naive and/or memory
B cells. Unfortunately, with the currently available BFL-1
antibodies, we were unable to successfully perform BFL-1
IPs to test a possible interaction of BIM or BIK to BFL-1. To
test if the novel MCL-1-inhibitor A-1210477 could abrogate
the interaction between MCL-1 and BIM, IP experiments
were performed in the presence of A-1210477 and demon-
strated a strong reduction of the interaction between MCL-1
and BIM (Figure 4b). Similarly, BCL-XL-BIK complexes
could be dissociated using the BCL-XL-inhibitor WEHI-539
(Figure 4c). Combined, our data reveal a clear distinction in
regulation as well as functional interactions between MCL-1
and BCL-XL in human tonsil B-cell subsets.

BH3-mimetic profiling reveals a divergent dependence
on pro-survival BCL-2 family members in healthy B cells
and exposes weaknesses in resistant leukemic B cells.
In mouse models, expression of MCL-1 is essential for GC
B-cell survival.13 The importance of MCL-1 expression for

human B cells is currently unknown and was tested with
A-1210477 by treating tonsil cells with different doses of the
inhibitor, followed by flow cytometric determination of cell
viability after gating on the different B cells subsets, as shown
in Figure 1a. This revealed increased sensitivity of GC B cells
and PC to inhibition of MCL-1 as compared with either
naive or memory B cells (Figure 5a). A-1210477 is highly
specific for MCL-1, although relatively high concentrations
are necessary to displace BIM from MCL-1 and promote
apoptosis.7 It can be expected that more potent inhibitors will
reveal bigger differences in MCL-1 sensitivity between cell
types in the future. Next, sensitivity to the BCL-XL-specific
inhibitor WEHI-539 was tested in a similar manner. Although
BCL-XL protein expression is strongly increased in GC B
cells (Figures 2a and b), these cells are not sensitive
to inhibition with WEHI-539 (Figure 5a). Importantly, this
confirms earlier findings in mice in vivo,13 and is in line
with BCL-XL binding to weak BH3 member BIK. PC in
human tonsil are however sensitive to inhibition of BCL-XL
(Figure 5a), in correlation with very high BCL-XL mRNA
expression in PC (Figure 1d), and increased overall expres-
sion of BH3 members BIM, PUMA, BIK and BAD (Supple-
mentary Figure 3). Finally, we tested dependence on BCL-2
exclusively using the BCL-2-specific inhibitor ABT-199.
Comparable to mouse experiments using ABT-737, that

Figure 2 Differential protein expression of BCL-2 family members in primary human B cells. (a) Western blot analysis for indicated BCL-2 family members in tonsil B cells,
fluorescence-activated cell sorting (FACS)-purified as shown in Figure 1a. Data is representative of two (BFL-1, BIK and BIM) to four (BCL-2, MCL-1 and BCL-XL) independent
experiments. (b) Quantified western blots shown in a corrected for expression of Actin and relative to naive B cells. BFL-1 expression could not be quantified due to the low
expression level. Data are average values of three to four different experiments with S.E.M. (c) Fluorescence microscopy image of a tonsil section showing MCL-1 protein staining
in a CD20+ GC in the tonsil. Scale bar, 100 μm in overview image (left panel) and 20 μm in selection (right panel). Images are representative of three individual experiments.
Statistics were calculated in relation to Bn cells. *P⩽ 0.05, **P⩽ 0.01
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blocks both BCL-2 and BCL-XL,20 naive and memory human
B cells were highly sensitive to specific BCL-2 inhibition,
whereas GC B cells and PC were not (Figure 5a). The

differential sensitivities of tonsil subsets for the BH3-mimetics
ranged from 10-fold (A-1210477) to 4100-fold (WEHI-539,
ABT-199).

Figure 4 MCL-1 associates with BIM and BCL-XL associates with BIK in tonsil B cells. (a) Western blots after IP experiments in total B cells purified from the tonsil. Shown are
the indicated proteins in the lysate after IP (cleared lysate) or the indicated proteins that were pulled down (IP). Background bands in the IP fraction were visualized by incubation
with only the labeled secondary antibody and are indicated by (*). The experiment shown is representative of four individual experiments. (b) IP as in (a), but either with or without
treatment of 30 μM A-1210477 for 4 h at 37 ºC. Experiment is representative of two individual experiments. (c) IP as in (a), but either with or without treatment of 10 μMWEHI-539
for 4 h at 37 °C. Experiment is representative of two individual experiments

Figure 3 MCL-1 protein is stabilized in GC B cells. (a) Ratios of protein (average of quantified western blot experiments shown in Figure 2b, with n= 2–4) over mRNA
(average of real time qPCR experiments shown in Figure 1d, with n= 3–5) in B-cell subsets for MCL-1, BCL-2 and BCL-XL expressed in arbitrary units (a.u.) (b) Western blot
analysis on FACS-purified naive or GC B cells for MCL-1 and Actin after culture for 0, 2 or 4 h (h) with cycloheximide (CHX), an inhibitor of protein synthesis. Data are
representative of two individual experiments. (c) Real time qPCR of known MCL-1-specific ubiquitin ligases Mule (HUWE1), FBW7 (FBXW7) and βTrCP1 (BTRC) in purified cells
as shown in Figure 1a, corrected for expression of household gene Hprt and relative to naive B cells. Data are average of five experiments with S.E.M. Statistics were calculated in
relation to Bn cells. (d) Western blot analysis on MACS-enriched GC B cells for MCL-1 and Actin after culture for 0, 2 or 4 h (h) with cycloheximide (CHX), with or without
PP2A-inhibitor okadaic acid (OA). Cells in (b) and (d) were cultured in standard tissue culture medium (Iscove's modified Dulbecco's media) supplemented with 10% (v/v)
heat-inactivated fetal calf serum and antibiotics, but without additional cytokines. *P⩽ 0.05, **P⩽ 0.01
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Like GC B cells, CLL cells stimulated via CD40 have
increased expression of BCL-XL, MCL-1 and BFL-1 when
compared with unstimulated CLL cells that mainly express
BCL-2.17,21 CLL cells can therefore be used as a model to
study dependence of primary malignant B cells on expression
of the different BCL-2 family members, with unstimulated
CLL cells behaving as naive or memory B cells and CD40-
stimulated CLL cells as GCB cells. However, in contrast to GC
B cells, CLL cells do retain their high expression of BCL-2.17

As expected based on recent studies with ABT-199, CD40-
stimulated CLL cells were insensitive to single treatment with
specific BH3-mimetics (Figure 5b). However, different combi-
nations of drugs were used to test potential additive or
synergistic effects and revealed that ABT-199 plus WEHI-539
or ABT-199 plus A-1210477 efficiently induced apoptosis of
CD40-stimulated CLL cells (Figure 5c).

Discussion

The maintenance of cancer cells is to a large extent controlled
by the BCL-2-regulated or intrinsic apoptotic pathway. Target-
ing pro-survival BCL-2 family members using a novel class of

therapeutics, called BH3-mimetics, can thus significantly
improve the treatment of cancer.22 Although BH3-mimetic
ABT-199 (Venetoclax) has been successfully used in clinical
trials,20 there is still a lack of knowledge concerning the role
and regulation of pro-survival BCL-2 proteins in healthy versus
malignant B cells. Our expression analyses confirm transcrip-
tional upregulation ofBCLX andBFL1 in GCB cells,12,14 which
seems to be induced in the GC LZ and may be induced on
signaling via CD40 by T follicular helper cells in the LZ.
MCL-1 protein half-life is short in most cell types where

it varies between 30 and 45 min,23–25 but conditions have
been described for healthy26 and malignant27 T cells where
proteasomal degradation of MCL-1 is inhibited, resulting in a
prolonged protein half-life. Our transcriptional and protein
analyses in purified cell populations demonstrate a signifi-
cantly enhanced MCL-1 protein stability in the GC. As most
B-cell malignancies originate in the GC, this observation is
highly relevant and aberrant protein regulation of MCL-1 may
underlie the observed overexpression in FL and diffuse large
B-cell lymphoma cells.4,28 The down-regulation of MCL-1-
specific ubiquitin ligases Mule, FBW7 and βTrCP1, as well as
the impact of PP2A-inhibitor OA on MCL-1 degradation may

Figure 5 Differential sensitivity of healthy and leukemic B cells upon inhibition of MCL-1, BCL-XL or BCL-2. (a) Total B cells purified from the tonsil were incubated with
MCL-1-specific inhibitor A-1210477, BCL-XL-specific inhibitor WEHI-539 or BCL-2-specific inhibitor ABT-199 for 24 h at 37 °C with indicated drug concentrations (1 nM–10 μM
for WEHI-539 and ABT-199, 50 nM–50 μM for A-1210477). B-cell populations (naive B cells; Bn, GC B cells; GC, PC or memory B cells; mem) were discriminated using
antibodies recognizing IgD and CD38 as shown in Figure 1a. Specific apoptosis was calculated by measuring the altered percentage of TOPRO3− (live) cells within indicated
B-cell populations, compared with untreated cells. Data are average values of four different patient samples with S.E.M. and is representative of two independent experiments.
Statistics were calculated in relation to Bn cells. (b) Experiment as in a, using primary CLL cells co-cultured with 3T3 cells without (unstimulated) or with (stimulated) expression of
CD40L (3T40) in the presence of indicated drug concentrations (1 nM–10 μM). Data are average values of three different patient samples with S.E.M. and is representative of two
independent experiments. Statistics were calculated in relation to unstimulated CLL cells. (c) Evaluation of combination effects of A-1210477 (5000 nM), WEHI-539 (5000 nM) or
ABT-199 (1000 nM) on stimulated CLL cells. Experiment performed as in (b) with CLL cells co-cultured with 3T40 cells, shown are average values of nine different patient samples
with S.E.M. Statistics were calculated in relation to single treatment with indicated drug. *P⩽ 0.05, **P⩽ 0.01
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suggest their involvement in regulation of MCL-1 stability. The
exact mechanism(s) of altered MCL-1 protein stability in GC B
cells is subject of ongoing studies, and may include differential
activity of additional kinases, phosphatases, ubiquitin ligases
and deubiquitinases.18 Our finding that PP2Amay be involved
in the regulation of MCL-1 protein stability in GC B cells is in
line with earlier findings that describe highly increased activity
of phosphatases in GC B cells specifically, including PP2A.19

In addition to increased expression of BCL-XL, BFL-1 and
MCL-1 in GC B cells, increased expression of pro-apoptotic
BIM and BIK was also observed at both the mRNA and protein
level and expression of both genes was already initiated in the
DZ of the GC. BIK has been shown previously to be induced
upon IgM ligation on B cells,29 and by transforming growth
factor beta (TGF-β) in Burkitt lymphoma cell lines and GC
cells.30 BIK may therefore be involved in selection of B cells in
the GC. More recently it was shown that not only BIK, but also
BIM and NOXA are up-regulated upon B-cell receptor (BCR)
stimulation and that induction of all three is important for BCR-
signaling-induced cell death.31 Thus, our findings show that
the induction of pro-apoptotic BIM and BIK is countered by the
induction of MCL-1 and BCL-XL in those cells that, at the
moment of analysis, survived the selection process in the GC.
Our IP experiments performed with purified tonsil B cells

revealed preferential binding of MCL-1 to BIM and of BCL-XL
to BIK in GC B cells. These findings indicate that inhibition of
MCL-1 releases BIM that is capable of inducing apoptosis by
activating BAX and BAK, thereby explaining the central role for
MCL-1 in human GC B cells.1 It also explains why inhibition of
BCL-XL in GC B cells does not immediately result in
apoptosis, as released BIK cannot directly activate BAX and
BAK.1 Increased levels of free BIK may however sensitize GC
B cells to other apoptotic stimuli. The latter may also be the
case for PC that do seem to depend on BCL-XL expression.
As PC highly express BIM and PUMA, in addition to BIK, it is
unclear which BH3-only protein is the direct activator of
WEHI-539-induced apoptosis. An alternative option is that in
PC BCL-XL does bind to apoptotic activators such as BIM,
BID or PUMA. As the percentage of PC in the tonsil is very
small (Supplementary Figure 5a), the contribution of binding
partners for BCL-XL in PC may not have been detected in our
IP experiments. Previously, we found that in contrast to GC B
cells, primary CLL cells do not express BIK, but highly express
NOXA.32 In CLL, MCL-1 is bound to NOXA, whereas BIM is
also bound to other pro-survival proteins such as BCL-2 and
BCL-XL, in addition to MCL-1.33

Thus, binding patterns of BCL-2 family members can vary
between normal and malignant cell types and may cause
differential sensitivity to specific BH3-mimetic drugs. The
specificity of this approach was recently validated using
specifically constructed cell lines, and was dubbed mito-
priming.16 Our data using primary cells revealed that both GC
B cells and tonsillar PC are significantly more dependent on
MCL-1 expression than naive andmemory B cells. In contrast,
only PC are sensitive to inhibition of BCL-XL. Although long-
lived PC in the BM do not depend on BCL-XL expression,34

newly generated PC and plasma blasts do.13,35–37 This
supports the view that, as observed for platelets,38 BCL-XL
acts as a survival timer for PC. BCL-XL expression induced
during the GC reaction may protect PC en route to protective

BM niches where local survival signals induce expression
of MCL-1. As a large portion of tonsil PC are short-lived
(multiple days instead of months to years for long-lived PC),39

dependence on BCL-XL fits with this hypothesis.
PC and GC B cells are highly insensitive to selective

inhibition of BCL-2 using ABT-199, in contrast to naive and
memory B cells. These findings are in line with experiments
in mice where treatment with ABT-737 significantly reduces
the naive andmemory B-cell populations.35 Bfl-1/A1 promotes
the survival of mature follicular B cells in mice,40,41 and we
observed increased expression of BFL-1 in humanGCB cells.
The current lack of BFL-1-specific inhibitors unfortunately
precludes this type of BH3-mimetic profiling analysis in
primary human B cells.
Combined, our experiments using healthy cells reveal a

radical disparity in the expression of- and dependence on-
pro-survival BCL-2 family members, which is schematically
summarized in Figure 6. Naive and memory B cells mainly
depend on BCL-2 expression for survival. GC B cells solely
depend on expression of MCL-1, whereas PC in the tonsil
require expression of both MCL-1 and BCL-XL. The abun-
dance of MCL-1, BCL-2 or BCL-XL protein correlates well with
the shifts in cellular dependence. Expression of MCL-1 in GC
B cells is important for cell survival as it sequesters BIM,
whereas expression of BCL-XL in these cells seems less
important for survival as it is bound to BIK. Expression of
BCL-2 in naive and memory B cells promotes cell survival
through sequestration of PUMA and BIM.
CLL cells directly isolated from the blood efficiently under-

went apoptosis on treatment with either ABT-199, less so for
WEHI-539 or A-1210477, whereas CD40-stimulated CLL cells
were significantly more resistant to all three compounds. The
acquired resistance can be explained by the CD40-mediated
induction of BCL-XL, MCL-1, BFL-1 and overexpression of
BCL-2.17,21 BCL-XL contributes significantly to ABT-199
resistance as determined by knockdown experiments in
primary CLL cells.17 In line with these findings, we show here
that combined use of BH3-mimetics, especially the combina-
tion of ABT-199 plus WEHI-539 or ABT-199 plus A-1210477,
induced apoptosis of stimulated CLL cells much more
efficiently than single drug treatment. Synergistic effects of
A-1210477 and ABT-263 (navitoclax), the orally bioavailable
version of BCL-2- and BCL-XL-inhibitor ABT-737, have also
recently been observed for multiple cancer cell lines.7 Thus,

Figure 6 Model of expression and dependence on BCL-2 family proteins.
Schematic representation of the dependence of naive B cells, GC B cells, PCs or
memory B cells on pro-survival proteins BCL-2, BCL-XL or MCL-1 (black bold). Pro-
apoptotic proteins that associate with indicated pro-survival proteins are show in gray.
Interaction between BCL-XL and BIK in GC B cells (between brackets) seems not
involved in cell survival. Arrows indicate possible routes of differentiation after
activation of naive B cells
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increased sensitivity of primary malignant B cells to combined
treatment may enlarge the therapeutic window of BH3-mimetic
drugs for the treatment of B-cell malignancies. These findings
can be exploited, possibly using combinations of novel BH3-
mimetics, in therapeutic strategies targeting malignant B cells.

Materials and Methods
Tonsils, CLL cells and flow cytometry. Tonsils were obtained from
patients undergoing tonsillectomy for chronic tonsillitis. The tonsillar tissue was cut
into small pieces and forced through a cell strainer to generate single-cell
suspensions. Single-cell suspensions were stained with the following antibodies:
anti-CD19 (HIB19), anti-CD3 (UCHT1), anti-IgD (IA6-2), anti-CD38 (HB7) and anti-
CXCR4 (12G5). Stained cells were analyzed on a FACSCanto II or LSRFortessa
cytometer (Beckton Dickinson (BD) Biosciences, San Jose, CA, USA). B-cell
populations were sorted using a FACSCanto II cytometer to a purity of 98%. CLL
cells were obtained and cryopreserved as previously described.21 The study was
approved by the medical ethics committee at the Academic Medical Center and
written informed consent was obtained in accordance with the Declaration of
Helsinki. Expression of CD5 and CD19 (both Beckton Dickinson (BD) Biosciences)
on leukemic cells was assessed by flow cytometry (FACScanto; BD Biosciences).
CLL samples included in this study contained 81–99% CD5+/CD19+ cells. Data in
Figure 5b represents CLL cells from three patients (two with unmutated and one
with mutated IgVH gene sequences) where two patients were untreated before
sampling and one patient was treated with fludarabine, cyclophosphamide and
rituximab (FCR). Data in Figure 5c represents CLL cells from nine patients (four
with unmutated and five with mutated IgVH gene sequences) where seven patients
were untreated, one patient was treated with FCR and one patient was treated with
chlorambucil, cyclosporin, prednisolone and rituximab.

MLPA and qPCR. Total ribonucleic acid (RNA) for reverse transcriptase
multiplex ligation-dependent probe amplification (RT-MLPA) or quantitative real time
PCR was extracted using an RNA miniprep kit (Sigma, St. Louis, MO, USA). RT-
MLPA procedure was performed as previously described.42 qPCR was performed
with Fast SYBR Green Master Mix on a StepOne Plus machine (Life Technologies,
Breda, The Netherlands) using the following primers: Hprt forward 5′-
CCTGGCGTCGTGATTAGTGA-3′, Hprt reverse 5′-CGAGCAAGACGTTCAGTCCT
-3′, MCL1 forward 5′-TCGTAAGGACAAAACGGGAC-3′, MCL1 reverse 5′-CAT
TCCTGATGCCACCTTCT-3′, BCL2 forward 5′-ATGTGTGTGGAGAGCGTCAA-3′,
BCL2 reverse 5′-CAGTTCCACAAAGGCATCCCAG-3′, BCLX forward 5′-
GTATTGGTGAGTCGGATCGC-3′, BCLX reverse 5′-TGCTGCATTGTTCCCATAGA
-3′, BFL1 forward 5′-TCATATTTTGTTGCGGAGTTCA-3′, BFL1 reverse 5′-TCC
AGCCAGATTTAGGTTCAA-3′, HUWE1 forward 5′-TAATCATGCCGCAGAAGAAG
-3′, HUWE1 reverse 5′-CAACCTGCTGATTAGGCTCA-3′, FBXW7 forward 5′-
ACCAACTCTCCTCCCCATTC-3′, FBXW7 reverse 5′-TTTCCCAAAGAAAAAGA
GCG-3′, BTRC forward 5′-TGCAAGAGAAGGCACTCAAG-3′, BTRC reverse
5′-CCTGGGTTATACAGGCATCG-3′. The results were normalized to expression
of Hprt using the ΔΔCt method.34

Western blot. Western blotting was performed as described previously.17 Blots
were probed with anti-human BCL-2 (catalog number 4223 S, Cell Signaling,
Danvers, MA, USA), BCL-XL (catalog number 2764, Cell Signaling), MCL-1 (catalog
number ab32087, Abcam, Cambridge, UK), BIK (catalog number sc-10770, Santa
Cruz, Santa Cruz, CA, USA), BIM (catalog number SPC-113D, StressMarq,
Victoria, BC, Canada), PUMA (catalog number 4976, Cell Signaling), BID (catalog
number 2002, Cell Signaling), and Actin (catalog number sc-1616, Santa Cruz).
Anti-BFL-1 polyclonal rabbit antibodies were a kind gift from Prof. J Borst of the
Netherlands Cancer Institute, Amsterdam, The Netherlands. IRDye 680 donkey
anti-rabbit IgG or IRDye 800 donkey anti-goat IgG (Westburg, Leusden, The
Netherlands) were used as secondary antibodies.

Microscopy. Paraffin embedded tissue sections obtained from the Academic
medical center pathology department were de-waxed by immersion in xylene and
hydrated by serial immersion in ethanol and phosphate-buffered solution (PBS).
Antigen retrieval was performed by heating for 20 min in sodium citrate buffer
(10 mM sodium citrate, 0.05% Tween20, pH 6). Sections were washed with PBS
and blocked (Tris-buffered saline containing 10% bovine serum albumin and 0.3%
Triton X-100) for 1 h, and incubated with primary antibody: anti-CD20 (catalog
number 14-0202, eBioscience, San Diego, CA, USA) and anti-MCL-1, in SignalStain

(Cell Signaling) overnight at 4 °C. Slides were washed with PBS and incubated with
Alexa Fluor 488 labeled goat anti-mouse, Alexa Fluor 594 labeled goat anti-rabbit
antibodies (1/400, Invitrogen, Carlsbad, CA, USA) for 1 h, and stained for 10 min
with 4′,6-Diamidino-2-phenylindole (0.1 μg/ml in PBS). Sections were mounted with
Fluoromount-G (eBioscience) and immunofluorescence imaging was performed
using a Leica DMRA fluorescence microscope equipped with a cooled camera.
Images were acquired using Image Pro Plus (Media Cybernetics, Rockville, MD,
USA) and composed in Adobe Photoshop CS3.

B-cell enrichment and IPs. B cells from the tonsil were purified using a
Dynabeads Untouched human B cells kit (catalog number 11351D, ThermoFisher,
Waltham, MA, USA) and subjected to IP using a Dynabeads protein G
immunoprecipitation kit (catalog number 10007D, ThermoFisher) and antibodies
described in the western blot section.

BH3-mimetics and apoptosis assays. Purified B cells from the tonsil
were cultured with indicated concentrations of A-1210477 (catalog number
CT-A121, ChemieTek, Indianapolis, IN, USA), WEHI-539 (catalog number
1431866-33-9, MedChem Express, Monmouth Junction, NJ, USA) or ABT-199
(catalog number A0776, LKT Laboratories, St Paul, MN, USA) for 24 h at 37°C. Cell
viability after treatment was assessed by flow cytometry using the TO-PRO-3 dye
(catalog number T3605, ThermoFisher). Specific apoptosis was calculated by
measuring the altered percentage of TOPRO3− (live) cells within indicated B-cell
populations, compared with untreated cells and is defined as (% cell death in
treated cells)− (% cell death in medium control) / (% viable cells medium
control) × 100.

Statistical analysis. Statistical significance was determined using a two-tailed
Student’s t-test. P-valueso0.05 were considered statistically significant.
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