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The Journal of Immunology

Intracellular BH3 Profiling Reveals Shifts in Antiapoptotic
Dependency in Human B Cell Maturation and
Mitogen-Stimulated Proliferation

Joanne Dai and Micah A. Luftig

Apoptosis is critical to B cell maturation, but studies of apoptotic regulation in primary human B cells is lacking. In this study, we

sought to better understand the mechanisms of apoptotic regulation in normal and activated B cells. Using intracellular BH3

profiling, we defined the Bcl2 dependency of B cell subsets from human peripheral blood and tonsillar lymphoid tissue as well as

mitogen-activated B cells. We found that naive and memory B cells were BCL-2–dependent, whereas germinal center B cells were

MCL-1–dependent and plasma cells were BCL-XL–dependent. B cells stimulated to proliferate ex vivo by CpG or CD40L/IL-4

became more dependent on MCL-1 and BCL-XL. As B cell lymphomas often rely on survival mechanisms derived from normal

and activated B cells, these findings offer new insight into potential therapeutic strategies for lymphomas. The Journal of

Immunology, 2018, 200: 000–000.

T
he maturation of B cells into Ab-secreting cells is criti-
cal to immunity and is accomplished through either
T-independent or T-dependent B cell maturation. In

T-independent B cell maturation, Ag binding to the BCR stimulates
extrafollicular naive and memory B cells to proliferate (1). B cells
can also be activated via pathogen-associated molecular patterns,
such as CpG DNA, binding to TLR (2, 3). Activated B cells can
differentiate into short-lived plasmablasts or migrate into sec-
ondary lymphoid tissue to undergo T-dependent maturation. In the
germinal center (GC) reaction, the affinity for Ag is further refined
through somatic hypermutation and selection by apoptosis (4).
B cells also compete for survival signals in the form of Ag binding
to the BCR and CD40 receptor binding to cognate T follicular
helper cells. Outcompeted B cells are eliminated by apoptosis, and
surviving B cells exit the GC as long-lived memory B cells or
plasma cells.
Ultimately, the humoral repertoire is shaped by apoptosis de-

pendent on the multidomain Bcl-2 family proteins that select which
B cells die and which continue to propagate (5). The Bcl-2 family
is subdivided into three structural and functional classes: the

prosurvival Bcl-2 family members (BCL-2, BCL-XL, BCL-W,
MCL-1, and BFL-1), the BH3-only proapoptotic proteins (BAD,
BID, BIM, BMF, BIK, HRK, NOXA, and PUMA), and the pro-
apoptotic multidomain family members (BAK, BAX, and possibly
BOK). Apoptosis is initiated when BAX and BAK homo-
oligomerize to form higher molecular mass structures that facili-
tate mitochondrial outer membrane permeabilization to release
cytochrome c and proapoptogenic factors into the cytosol, which
activate a cascade of caspases that mediate DNA fragmentation,
protein degradation, and cellular blebbing (6). To prevent aberrant
activation, antiapoptotic proteins bind and sequester BAX and
BAK as well as the proapoptotic BH3-only proteins (named as
such because they share homology in their BH3 domain). Dys-
regulation of apoptosis typically accompanies the development of
lymphomas or autoimmunity, and understanding the mechanisms
of apoptosis regulation is key to provide insight and develop new
therapeutic strategies for these diseases (7).
New breakthroughs in studying apoptosis regulation during

B cell maturation have been made possible by the development of
BH3 mimetics, a class of small molecular inhibitors that mimic
proapoptotic proteins and have shown great promise as cancer
therapeutics (8). In mice, naive and memory B cells are sensitive
to the BH3 mimetic ABT-737, which inhibits BCL-2, BCL-XL,
and BCL-W, but pre-existing GC and plasma cells are resistant
(9), suggesting that apoptosis is regulated differently at various
stages of B cell maturation. Recently, human tonsillar GC B cells
were found to be sensitive to MCL-1 inhibition, which supports
previous findings that MCL-1 is essential for GC formation in
mice (10, 11). Nonetheless, there remain challenges associated
with studying apoptosis in primary human B cells, which have
short life spans in culture, spontaneously undergo apoptosis, and
are difficult to transfect. Additionally, how apoptotic regulation
changes specifically during B cell activation is poorly understood.
As a result, we used intracellular BH3 (iBH3) profiling to uncover
the dominant antiapoptotic mechanism at the mitochondria of
resting and activated primary human B cells (12, 13). The prin-
ciples behind iBH3 profiling are based on the selective interac-
tions between the pro- and antiapoptotic proteins of the Bcl2
family (14, 15). In short, the antiapoptotic proteins that are present
at the mitochondria dictate which proapoptotic BH3-only peptides
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can induce mitochondrial depolarization and cytochrome c re-
lease. In this way, we can identify the antiapoptotic dependency,
or Bcl2 dependency, of the sample. iBH3 profiling can also assay
the Bcl2 dependency of multiple populations in heterogeneous
samples, thereby eliminating the need for time-consuming and
expensive sorting experiments to study rare populations (13).
With the advent of iBH3 profiling and BH3 mimetics, we are

equipped with tools that allow us to study how apoptosis is reg-
ulated in human B cell subsets and activated B cells. Therefore, we
have used iBH3 profiling to determine the BH3 profiles of normal,
resting, and activated B cells, and validated the hypotheses gen-
erated by these profiles by treating normal and activated human
B cell subsets with BH3 mimetics.

Materials and Methods
Cells and mitogens

Peripheral B cells were obtained from normal human donors through the
Gulf Coast Regional Blood Center (Houston, TX). Buffy coats were layered
over Ficoll–Histopaque-1077 gradient (H8889; Sigma-Aldrich) and
washed three times with FACS buffer (5% FBS in PBS) and cultured in
RPMI 1640 supplemented with 15% FBS (Corning), 2 mM L-glutamine,
100 U/ml penicillin, 100 mg/ml streptomycin (Invitrogen), and cyclosporin
A. To track proliferation, PBMCs were stained with CellTrace Violet
(CTV; C34557; Invitrogen) for 20 min in PBS at 37˚C, washed in FACS
buffer, and then cultured with the appropriate mitogens.

Tonsillar B cell subsets were obtained from discarded, anonymized tonsil-
lectomies from the Duke Biospecimen Repository and Processing Core
(Durham, NC). Tonsillectomies were manually disaggregated, filtered through a
cell strainer, and isolated by Ficoll–Histopaque-1077 (H8889; Sigma-Aldrich).
The harvested lymphocyte layer was washed three times with FACS buffer and
cultured in RPMI 1640 supplemented with 15% FBS (Corning), 2 mM L-
glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin (Invitrogen), and
cyclosporin A. For dose-response curves performed with S63845, tonsillar
B cells were stained and sorted for CD19+ B cell subsets with a MoFlo Astrios
cell sorter at the Duke Cancer Institute Flow Cytometry Shared Resource.

TLR9 ligand CpG oligonucleotide (ODN 2006) was purchased from
Integrated DNA Technologies and used at 2.5 mg/ml (2). Human rIL-4
(AF200-04; PeproTech) was used at 20 ng/ml. Hemagglutinin-tagged
CD40L (6420-CL; R&D Systems) was used at 5 ng/ml with an anti-
hemagglutinin cross-linking peptide (MAB060; RRID: AB_10719128;
R&D Systems) at a concentration of 0.2 mg/ml.

Intracellular BH3 profiling and validation

iBH3 profiling was performed with recombinant peptides synthesized by New
England Peptides (sequences listed below). Stock peptides were resuspended at
10 mM in DMSO and aliquoted and stored at 280˚C. To prepare peptides for
iBH3 profiling, peptides were diluted to 200 mM in 0.004% digitonin in DTEB
buffer (135 mM trehalose [T9449; Sigma-Aldrich], 20 mM EDTA [E6758;
Sigma-Aldrich], 20 mM EGTA [E3889; Sigma-Aldrich], 5 mM succinic acid
[S3674; Sigma-Aldrich], 0.1% IgG-free BSA [100182-742; VWR], 10 mM
HEPES [H4034; Sigma-Aldrich], 50 mM potassium chloride [P9541; Sigma-
Aldrich], adjusted to pH 7.5 with potassium hydroxide). Recombinant Bim
peptide concentrations were used at 10, 1, and 0.1 mM. Alamethicin (BML-
A150-0005; Enzo Life Sciences) was used at 25 mM.

PBMCs and tonsillar cells were iBH3 profiled immediately after pro-
cessing, whereas mitogen-stimulated cells were profiled on day 6 post-
stimulation. To prepare samples for iBH3 profiling, cells were stained with
the Zombie Aqua viability dye (423101; BioLegend) in serum-free PBS for
15 min at room temperature and then stained with FACS Abs for surface
markers for 30 min at 4˚C. Because Zombie Aqua and CTV fluoresce in the
same channel, mitogen-stimulated cells were centrifuged at low speed and
washed to remove dead cells (i.e., trypan positive) before staining. After
staining, cells were pelleted and resuspended at 4 3 106 cells/ml in DTEB
buffer. Equal volumes (50 ml) of cells and peptides were incubated in
polypropylene tubes for 1 h at room temperature in the dark. To stop the
reaction, 30 ml of 4% paraformaldehyde in PBS was added and incubated
at room temperature for 10 min. To neutralize the fixation, 30 ml of neu-
tralization buffer (1.7 M Tris base, 1.25 M glycine [pH 9.1]) was added for
5 min. Intracellular levels of cytochrome c were probed by adding 20 ml of
staining buffer (1% saponin, 10% BSA, 20% FBS, 0.02% sodium azide in
PBS) with 1 ml of Ab for human cytochrome c. Samples were stained
overnight and then transferred into polystyrene tubes for analysis the next
day. The amino acid sequences of the recombinant peptides are (Ac, acetyl,

NH2, amide): Bad, Ac-LWAAQRYGRELRRMSDEFEGSFKGL-NH2;
Bim, Ac-MRPEIWIAQELRRIGDEFNA-NH2; Bmf, Ac-HQAEVQIAR
KLQLIADQFHRY-NH2; Hrk, Ac-WSSAAQLTAARLKALGDELHQ-NH2;
Noxa, Ac-AELPPEFAAQLRKIGDKVYC-NH2; MS1, Ac-RPEIWMTQ
GLRRLGDEINAYYAR-NH2; Puma, Ac-EQWAREIGAQLRRMADDLNA-
NH2; Puma2A, Ac-EQWAREIGAQARRMAADLNA-NH2.

Flow cytometry

To track proliferation, cells were stained with CTV (C34557; Invitrogen).
Cells were washed in FACS buffer (5% FBS in PBS), stained with fluo-
rescently conjugated Abs for 30 min to 1 h at 4˚C in the dark, and then
washed again before being analyzed on a BD FACSCanto II. To normalize
acquisition, Spherotech AccuCount (ACBP-50-10) beads were included
in each tube. Abs used for flow cytometry are as follows: PE mouse
anti-human IgD (555779, RRID:AB_396114; BD Pharmingen), allo-
phycocyanin mouse anti-human CD38 (303510, RRID:AB_314362;
BioLegend), PE-Cy7 mouse anti-human CD19 (25-0198-42, RRID:
AB_10671548; eBioscience), FITC mouse anti-human cytochrome c
(612304, RRID:AB_2090159; BioLegend), FITC mouse anti-human
CD27 (555440, RRID:AB_395833; BD Pharmingen).

Dose-response curves and isobolograms

Small molecule inhibitors used in this study were ABT-737 (S1002;
Selleckchem), ABT-199 (A12500; AdooQ Bioscience), WEHI-539
(A3935; ApexBio), A-1210477 (S7790; Selleckchem), S63845 (A8737;
ApexBio), and staurosporine (STS; S5921-0.5MG; Sigma-Aldrich). Dose-
response curves were generated by treating primary cells for 24 h at 37˚C.
Mitogen-activated cells were treated on day 3 poststimulation for 3 d and
assayed on day 6. Counts of viable cells were determined by forward light
scatter/side light scatter by flow cytometry and normalized to a DMSO,
untreated (vehicle-only) control. Curves were drawn in GraphPad Prism 7
to calculate IC50 values and 95% confidence intervals based on a Hill slope
factor of 1.

Isobolograms were generated based on dose-response curves with in-
dividual drugs (drug 1, drug 2) and combinations of drugs (drug 1 plus drug
2) (29). Individual drug dose-response curves were used to identify drug
concentrations at IC30, IC50, and IC70. Similarly, at a constant concentra-
tion of drug 1, the concentrations of drug 2 were determined at the IC30,
IC50, and IC70 points of the combination dose-response curve. To calculate
the combination index (CI), the following equation was used.

CI50 ¼ ½Drug 1� ðIC50; in combinationÞ
½Drug 1� ðIC50; aloneÞ

þ ½Drug 2� ðIC50; in combinationÞ
½Drug 2� ðIC50; aloneÞ

The CI was also calculated for CI30 (with IC30 values) and for CI70 (with
IC70 values). We classified the interaction between the combination of
drugs based on the following CI values: CI . 1, antagonistic; CI = 1,
additive; CI , 1, synergistic.

Protein expression

Mitogen-stimulated PBMCs were sorted on day 6 poststimulation on the
MoFlo Astrios cell sorter at the Duke Cancer Institute Flow Cytometry
Shared Resource. Cells were pelleted and washed in PBS and lysed in 0.1%
Triton X-100–containing buffer with complete protease inhibitors
(11697498001; Sigma-Aldrich). Protein lysates were run on NuPage
4–12% gradient gels (NP0322BOX; Thermo Fisher) in MES buffer and
transferred to polyvinylidene difluoride membrane (GE Healthcare).
Membranes were blocked in 5% milk in TBST and stained with primary
Ab overnight at 4˚C. Membranes were then washed in TBST and incubated
with secondary Ab diluted in 5% milk in TBST for 1 h at room temper-
ature. Protein levels were quantified by densitometry (Syngene) and nor-
malized to b-actin levels. Abs used for protein expression are as follows:
mouse anti–BCL-2 (BD551107; BD Biosciences), rabbit anti–MCL-1
(sc-819; Santa Cruz Biotechnology), rabbit anti–BCL-XL (2762S; Cell
Signaling Technology), rabbit anti–b-actin (600-401-886; Rockland
Immunochemicals).

Gene expression analysis

Total RNAwas isolated from cells by using a Qiagen RNeasy kit and reverse
transcribed to generate cDNAwith a high-capacity cDNAkit (4368814;Applied
Biosystems). Quantitative PCR was performed by using SYBR Green (Quanta
Biosciences) and run on an Applied Biosystems StepOnePlus instrument.
Results were normalized to SetDB1.Oligonucleotides used for quantitative PCR
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are as follows: BCL-2 (forward, 59-GGTGGGGTCATGTGTGTGG-39, reverse,
59-CGGTTCAGGTACTCAGTCATCC-39), BCL-XL (forward, 59-GAGCTGG
TGGTTGACTTTCTC-39, reverse, 59-TCCATCTCCGATTCAGTCCCT-39),
MCL-1 (forward, 59-GTGCCTTTGTGGCTAAACACT-39, reverse, 59-AGT
CCCGTTTTGTCCTTACGA-39), BCL-W (forward, 59-GCGGAGTTCA-
CAGCTCTATAC-39, reverse, 59-AAAAGGCCCCTACAGTTACCA-39), BFL-1
(forward, 59-TTACAGGCTGGCTCAGGACT-39, reverse, 59-AGCACTCTG-
GACGTTTTGCT-39), SetDB1 (forward, 59-TCCATGGCATGCTGGAGCGG-39,
reverse, 59-GAGAGGGTTCTTGCCCCGGT-39).

Statistical analysis

A Student two-way ANOVA and two-tailed t test were calculated using
GraphPad Prism 5.0 software. A p value , 0.05 was considered signifi-
cant. IC50 values were calculated by nonlinear regression using GraphPad,
and 95% confidence intervals were reported.

Results
Preswitched and switched human B cells circulating in the
periphery depend on BCL-2 for survival

We sought to determine the mechanism of apoptosis regulation in
human peripheral blood B cells from within the bulk PBMC
population (12). After staining for cell-specific surface markers,
cells were incubated with recombinant BH3-only peptides and
digitonin, which selectively permeabilizes the outer cellular
membrane and exposes intact mitochondria to the peptide treat-
ment (Fig. 1A). Following peptide treatment, the cells were fixed,
incubated with saponin to permeabilize mitochondria, and stained
with a fluorescently labeled Ab to quantify the remaining levels of
intracellular cytochrome c. The extent of cytochrome c release
was measured as the dynamic range between total levels of cy-
tochrome c, determined by treating with an inert recombinant
PUMA BH3-only peptide (PUMA2A) and alamethicin, which can
induce 100% cytochrome c release.
Initially, we identified the antiapoptotic dependencies of pre-

switched and switched B cells in PBMCs. Preswitched (CD19+

IgD+) and switched (CD19+IgD2) B cells were distinguished by
IgD expression (Fig. 1B). iBH3 profiling revealed that the mito-
chondria in preswitched and switched B cells in the peripheral
blood were highly sensitive to BIM, BAD, PUMA, and BMF,
moderately sensitive to HRK, and relatively resistant to NOXA
(Fig. 1C). This pattern of sensitivity, along with previously pub-
lished reports in mice (9), suggested that both preswitched and
switched B cells were dependent on BCL-2 for survival, but the
moderate sensitivity to HRK also suggested a dependency on
BCL-XL for survival (Fig. 1D).
To validate these hypotheses and distinguish between BCL-2 and

BCL-XL dependency, we treated PBMCs with the following BH3
mimetics: ABT-737 (BCL-2, BCL-XL, BCL-W inhibitor), ABT-
199 (BCL-2 inhibitor), or WEHI-539 (BCL-XL inhibitor)
(Fig. 1E). Preswitched and switched B cells were both sensitive to
ABT-737 and ABT-199 (IC50 , 1 mM), although switched
(CD19+IgD2) B cells were less sensitive than preswitched B cells
to BCL-2 inhibition. This could be explained by their iBH3 pro-
file, in which switched B cells were slightly more responsive to the
HRK peptide and therefore possibly more dependent on BCL-XL.
However, both subsets were resistant to WEHI-539 (IC50 . 1 mM),
therefore confirming that preswitched and switched B cells are
exclusively dependent on BCL-2 for survival. This also corrobo-
rates previously published results of BCL-2 dependency in murine
naive and memory B cells from the periphery and highlighting
the importance of using BH3 mimetics in validating hypothe-
ses posed by iBH3 profiling (Fig. 1F) (9). The observed sensi-
tivities of preswitched and switched B cells to ABT-199 also
precluded the possibility of either subset being dependent on
BCL-W, which has identical binding partners as BCL-2 (Fig. 1D).

Finally, we found that both B cell subsets were equally capable of
undergoing BAX/BAK-dependent apoptosis based on their sen-
sitivity to the pan-kinase inhibitor STS (16).
Because preswitched B cells included both naive and non-

switched memory B cells, we also assessed the sensitivities to BH3
mimetics in B cell subsets costained for IgD and CD27. Inter-
estingly, we found that nonswitched memory B cells (CD19+IgD+

CD27+) were equally sensitive to BCL-2 inhibition as naive
B cells (CD19+IgD+CD272) (Supplemental Fig. 1). Both of these
IgD+ populations were more sensitive than the switched memory
population (CD19+IgD2CD27+), and all three populations were
resistant to WEHI-539 (Supplemental Fig. 1).

B cell maturation is associated with changes in Bcl-2 family
dependency

To determine the changes in apoptotic regulation that take place
during human B cell maturation, we queried the apoptotic regu-
lation of CD19+ naive (IgD+CD382), memory (IgD2CD382), GC
(IgD2CD38mid) B cells, and plasma cells (IgD2CD38hi) from
tonsillar tissue (Fig. 2A). Similar to naive and memory B cells in
peripheral blood, tonsillar naive and memory B cells were highly
sensitive to BIM, BAD, PUMA, and BMF and were predicted to
be BCL-2–dependent (Fig. 2B, 2C). GC B cells, however, had a
modestly lower response to BAD and a significantly heightened
response to NOXA, suggesting that GC B cells were dependent on
MCL-1 for survival. Plasma cells were much less responsive to
BH3 peptide treatments compared with the other B cell subsets.
However, we hypothesized that within the reduced dynamic range
of plasma cell responses, lower NOXA sensitivity as compared
with BAD and HRK suggested dependence on BCL-XL for
survival.
To validate the hypotheses generated from iBH3 profiling, we

treated primary tonsillar B cells with ABT-199, ABT-737, WEHI-
539, and STS (Fig. 2D, 2E). All cells were sensitive to STS, in-
dicating that all subsets were capable of intrinsic apoptosis. As
predicted, naive and memory B cells were sensitive to BCL-2
inhibition by ABT-199 and ABT-737. Plasma cells were
uniquely sensitive to BCL-XL inhibition by WEHI-539, confirm-
ing their dependence on BCL-XL. The difference in the sensitivity
of plasma cells to ABT-737 and WEHI-539 may be due to a
difference in their binding affinities for BCL-XL (ABT-737 IC50 =
35 nM versus WEHI-539 IC50 = 1.1 nM) (8, 17). GC B cells were
resistant to ABT-737, ABT-199, and WEHI-539 because none of
these drugs inhibited MCL-1. However, GC B cells were also
resistant to the MCL-1–specific BH3 mimetic A-1210477, but
display selective sensitivity to low doses of S63845, which
binds to MCL-1 with greater affinity than does A-1210477
(Supplemental Fig. 2A, 2B) (18, 19). Furthermore, when tonsillar
B cells were iBH3 profiled with low doses of S63845 and MS1, an
engineered recombinant peptide with higher affinity and speci-
ficity for MCL-1 than NOXA (20), the mitochondria of GC B cells
were significantly more responsive to MCL-1 antagonism than
were the other subsets (Supplemental Fig. 2C). In sum, MCL-1
regulates the survival of GC B cells. These findings support an
existing model that B cells adjust their Bcl-2 family dependency
throughout T-dependent B cell maturation. Moreover, iBH3 pro-
filing proved to be reliable in querying Bcl-2 family dependencies
in heterogeneous cell populations.

CD40L/IL-4–stimulated B cells are sensitive to NOXA and
HRK peptides, yet remain sensitive to BCL-2 inhibition

We next sought to model B cell maturation with mitogen stimulation
of peripheral blood B cells. To track proliferation, PBMCs were
stainedwith CTV,which becomes diluted upon cell division (Fig. 3A).

The Journal of Immunology 3
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FIGURE 1. The iBH3 profiles of normal, resting human B cells from the peripheral blood. (A) Schematic of the iBH3 process, including how the percentage

of cytochrome c release is quantified. (B) Representative flow cytometry plot of CD19+ naive (IgD+) and memory B cells (IgD2) from human PBMCs. (C) iBH3

profiles of naive and memory B cells from three human donors. Mean and SEM are plotted; mean values are summarized in table below. Percentage of

cytochrome c release is normalized to alamethicin (Alm) as positive control and Puma2A as negative control. BIM 10, 10 mM BIM; BIM 1, 1 mM BIM; BIM

0.1, 0.1 mM BIM. (D) Left, schematic of selective interactions between pro- and antiapoptotic members of the Bcl-2 protein family and, right, BH3 mimetics

and the antiapoptotic proteins that they inhibit. Green boxes indicate a binding interaction between the two proteins that leads to cytochrome c release. (E) Dose-

response curves generated from treating PBMCs for 24 h with ABT-737 (BCL-2, BCL-XL, BCL-W inhibitor; eight human donors), ABT-199 (BCL-2 inhibitor;

eight human donors), WEHI-539 (BCL-XL inhibitor; three human donors), and STS (naive, nine human donors; memory, eight human donors), a broad kinase

inhibitor that can induce apoptosis. Percentage survival is measured as a percentage of DMSO-treated controls. Mean and SEM are plotted, and statistical

analyses were performed by two-way ANOVA. At 100 nM ABT-737, ****p , 0.0001; at 1000 nM, *p = 0.0337. At 100 nM ABT-199, ***p = 0.0002; at

1000 nM, *p = 0.0383. (F) Average IC50 values with 95% confidence intervals for naive and memory B cells are plotted from (E).
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CTV was retained during permeabilization with digitonin, thereby
making it suitable in iBH3 profiling. We induced proliferation in
peripheral blood B cells ex vivo by treating with CD40L and IL-4 to

mimic T cell–derived signals important in B cell survival in the GC.
CD19+ B cells began proliferating 3 d after treatment with CD40L/
IL-4, as shown previously (21, 22).

FIGURE 2. The iBH3 profiles of normal, resting human B cells from tonsillar lymphoid tissue. (A) Representative flow cytometry plot of CD19+ B cell subsets

found in human tonsillar tissue: naive (IgD+ CD382), memory (IgD2CD382), GC (IgD2CD38mid), and plasma cells (IgD2CD38hi). Inset, a color-coded schematic of

the GC reaction. (B) iBH3 profiles of tonsillar B cell subsets from four to five human donors. Mean and SEM are plotted; mean values are summarized in the table

below. Percentage of cytochrome c release is normalized to alamethicin (Alm) as positive control and Puma2A as negative control. In samples treated with Noxa-

derived recombinant peptides, *p = 0.0467, by an unpaired two-tailed Student t test. (C) Same as in (B), but showing each subset’s profile individually. (D) Dose-

response curves generated from treating disaggregated tonsils for 24 h with ABT-737 (BCL-2, BCL-XL, BCL-W inhibitor; three human donors), ABT-199 (BCL-2

inhibitor; three human donors), WEHI-539 (BCL-XL inhibitor; three human donors), and STS (four to six human donors), a broad kinase inhibitor that can induce

apoptosis. Percentage survival is measured as a percentage of DMSO-treated controls. Mean and SEM are plotted, and statistics were performed by a two-way

ANOVAwith multiple comparisons. At 100 and 1000 nMABT-737: naive versus GC, naive versus plasma, and memory versus GC, ****p, 0.0001. Memory versus

plasma, ***p = 0.0003. Naive versus memory and GC versus plasma were not significant. At 100 and 1000 nM ABT-199, naive versus GC, naive versus plasma,

memory versus GC, and memory versus plasma, ****p , 0.0001. Naive versus memory and GC versus plasma were not significant. At 1000 nM WEHI-539, naive

versus GC, ***p = 0.0009. Naive versus plasma, memory versus GC, memory versus plasma, GC versus plasma, ****p, 0.0001. Naive versus GC, ***p = 0.0009.

Naive versus memory was not significant. (E) Average IC50 values with 95% confidence intervals for each subset are plotted from (D). PC, plasma cell.
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CD40L/IL-4–stimulated B cells were iBH3 profiled 6 d post-
stimulation (Fig. 3B). Proliferating B cells displayed modestly
increased sensitivity to NOXA and HRK peptide treatment rela-
tive to nonproliferating B cells, suggesting an increasing depen-
dence on MCL-1 and BCL-XL for survival. This hypothesis is also
bolstered by increased expression of MCL-1 protein and BCL-XL

mRNA in proliferating naive and memory B cells compared with
nonproliferating B cells (Fig. 3C, 3D). MCL-1 expression is
tightly regulated, and observed increases in MCL-1 protein levels
in proliferating B cells may be due to posttranslational modifi-
cations that can rapidly upregulate MCL-1 protein stability and
total protein levels without increasing mRNA levels (11, 23, 24).
Interestingly, BCL-2 mRNA and protein levels remain relatively
consistent among proliferating and nonproliferating subsets.
The robust increase in HRK sensitivity in the iBH3 profiling

assay correlated with increased susceptibility of proliferating
B cells to the BCL-XL inhibitor WEHI-539 (Fig. 3E, 3F). How-
ever, these cells remained moderately sensitive to ABT-199 and
ABT-737 (0.1 mM , IC50 , 1 mM), suggesting that BCL-2 still
plays an important role in CD40L/IL-4–stimulated B cell survival
(Fig. 3E, 3F). Furthermore, in proliferating subsets, there is
an increase in sensitivity to low doses of BIM, suggesting an in-
crease in “priming” or overall sensitivity to apoptosis (15). This
increase in priming could offset the increase in NOXA sensitivity
observed in proliferating B cells that would otherwise confer
MCL-1 dependence and subsequent resistance to BCL-2 inhibi-
tors. As a result, nonproliferating and proliferating subsets are
equally sensitive to BCL-2 inhibition. Finally, proliferating sub-
sets are more sensitive to STS compared with nonproliferating
B cells (Fig. 3E, 3F), most likely due to inhibition of kinase ac-
tivity induced by CD40 ligation (25, 26).

A CD38hi, plasmablast-like subpopulation in CpG-stimulated
B cells becomes sensitive to NOXA and HRK in iBH3 profiling
and becomes resistant to BCL-2 inhibition

In B cells activated to proliferate ex vivo by CpGDNA, a pathogen-
associated molecular pattern that stimulates the TLR9 pathway, we
observed similar changes in apoptotic regulation in proliferating
B cells. However, in CpG-stimulated cells, a subset of B cells that
have undergone the most cellular divisions upregulate high levels
of CD38 surface expression, suggesting that they have differen-
tiated into plasmablast-like B cells (CTVloCD38hi; Fig. 4A)
(3, 27). This population consisted predominantly of IgD2 memory
B cells (∼80–95%) and is noticeably absent in CD40L/IL-4–
stimulated B cells because IL-4 promotes differentiation of
memory B cells (CD38lo) over plasma cells (CD38hi) (28).
Nonetheless, not all proliferating B cells upregulated CD38 ex-
pression, and the CTVloCD38lo population included both IgD+

(naive) and IgD2 (memory) B cells. In iBH3 profiling of CpG-
stimulated B cells, nonproliferating B cells were predicted to be
BCL-2–dependent (Fig. 4B). As they proliferate they become
more responsive to NOXA and HRK peptides, with CD38hi

B cells as the most responsive to NOXA and HRK (Fig. 4B). The
increased sensitivity to NOXA and HRK can further be explained
by increased expression at the protein and mRNA levels of MCL-1
and BCL-XL, which NOXA and HRK antagonize, respectively
(Fig. 4C, 4D). Additionally, BCL-2 protein levels were reduced in
proliferating subsets compared with nonproliferating B cells,
suggesting that the antiapoptotic dependency in proliferating
B cells switches from BCL-2 to a combination of MCL-1 and
BCL-XL (Fig. 4C, 4D).
To test this hypothesis, we treated CpG-stimulated B cells with

BH3 mimetics. Nonproliferating and CD38lo proliferating B cells
were within the same range of sensitivity to ABT-199 and ABT-

737 and were refractory to WEHI-539, indicating that as B cells
proliferated in response to CpG, BCL-2 remained important in
regulating survival (Fig. 4E, 4F). CD38hi B cells, in contrast, were
less sensitive to ABT-199 and ABT-737 and were slightly more
sensitive to WEHI-539.
The overall increase in apoptosis resistance in the CD38hi subset

is not because of impaired BAX and BAK activation, because
CD38hi cells were sensitive to STS, but rather it may be due to an
increasing dependence on MCL-1 as indicated by increasing
sensitivity to NOXA in their iBH3 profile. In fact, of the prolif-
erating subsets, the response of the CD38hi subset to NOXA was
significantly different from that of nonproliferating B cells
(p = 0.0292). Thus, to inhibit both BCL-XL and MCL-1, we
tested the efficacy of combining WEHI-539 with A-1210477 in
CpG-stimulated PBMCs (29). CpG-stimulated B cells were re-
fractory to high concentrations of A-1210477 (Supplemental Fig.
3A, 3B). However, a combination of A-1210477 and sub-IC50

levels of WEHI-539 resulted in synergism (CI , 1) in the CD38hi

subpopulation (Supplemental Fig. 3C). This effect was specific to
MCL-1, as ABT-199 did not synergize with WEHI-539 (CI � 1)
(Supplemental Fig. 3D).

Discussion
Proper regulation of apoptosis is critical for B lymphocyte de-
velopment and maturation. Much of our mechanistic understanding
of B cell apoptosis is derived from murine studies due to technical
limitations in studying B cell subsets in humans (9, 10, 30). Two
recent studies have characterized Bcl-2 family dependency in
human primary and secondary lymphoid tissue (11, 31). Sarosiek
et al. (31) characterized how apoptosis is regulated in healthy
tissues, from young and aged mouse models, and found that
younger tissues, which often have higher levels of c-Myc activity,
are more sensitive to apoptosis and subsequent mitochondrial
outer membrane permeabilization. Similar to their study, ours
identified dynamic apoptotic regulation that occurs during devel-
opment; however, Sarosiek et al. used a plate-based BH3 profiling
method on homogenized tissues whereas we used a FACS-based
intracellular version of BH3 profiling that allows us to charac-
terize the apoptotic regulation of heterogeneous tissues.
Peperzak et al. (30) used “BH3 mimetic profiling,” in which

they used BH3 mimetics to query the antiapoptotic mechanisms in
B cell subsets and in cell lines derived from chronic lymphocytic
leukemia. In short, this is the method that we used to verify the
hypotheses generated by iBH3 profiling. Our work both corrob-
orated and strengthened Peperzak et al.’s results showing that GC
B cells upregulate MCL-1 expression and are sensitive to MCL-1
inhibition by A-1210477. With iBH3 profiling, we showed that the
mitochondria of GC B cells are extremely sensitive to apoptosis
induced by the BH3-only peptide NOXA, which selectively binds
MCL-1, as well as the NOXA-derived peptide MS1 and a new
MCL-1 inhibitor S63845. This suggests that, functionally, MCL-1
is a critical regulator of survival at the mitochondrial surface of
GC B cells.
Furthermore, another distinction between our work and others is

that we characterize the changes in apoptotic regulation that ac-
company proliferation and differentiation in B cells stimulated by
cytokines in vitro. By using a proliferation tracking dye, we have
expanded upon the utility of iBH3 profiling. Ultimately, changes in
apoptotic regulation occur in response to intracellular stress that
accrues due to proliferation and differentiation.
In this study, we used the newly developed iBH3 profiling

technique to query the mechanisms underlying apoptotic regulation
both in heterogeneous lymphoid tissue as well as upon activation of
normal B cell subsets ex vivo (13, 32). Our experimental approach
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FIGURE 3. Changes in apoptotic regulation in activated, proliferating B cells stimulated by CD40L/IL-4. (A) Representative flow cytometry plot

of CD19+ B cells that have been stimulated to proliferate by CD40L/IL-4, day 7 after stimulation. Dilution of CTV with each division distinguishes

proliferating (Prolif; CTVlo) cells from nonproliferating (NP; CTVhi) cells. Cells that have proliferated the furthest also upregulate CD38 surface

expression to some extent, but the size of this population has been inconsistent across donors. Both naive and memory B cells proliferate in response

to CD40L/IL-4 stimulation. (B) iBH3 profiles of different subsets of CD40L/IL-4–stimulated B cells from three to five human donors. Mean and

SEM are plotted; mean values are summarized in the table below. Percentage of cytochrome c release is normalized to alamethicin as positive

control and Puma2A as negative control. ns, not significant by unpaired two-tailed Student t test. (C) Representative Western blot of non-

proliferating (NP), proliferating naive (N), and proliferating memory (M) B cells sorted from CD40L/IL-4–stimulated B cells day 6 posttreatment.

Quantified protein levels are normalized to the nonproliferating subset and b-actin. (D) Quantitative PCR of antiapoptotic genes from subsets sorted

from CD40L/IL-4–stimulated B cells. mRNA was isolated from three biological donors and values were normalized to SetDB1. (E) Dose-response

curves generated from treating three human donors for 3 d with ABT-737 (six human donors), ABT-199 (four to nine human donors), WEHI-539

(three human donors), and STS (six human donors). Mean and SEM are plotted, and statistics were performed by two-way ANOVA with multiple

comparisons. At 10,000 nM WEHI-539, NP versus Prolif. CD38lo naive, **p = 0.0060; NP versus Prolif. CD38lo memory, *p = 0.0101. At 30,000

nM WEHI-539, NP versus Prolif. CD38lo naive, **p = 0.0060; NP versus Prolif. CD38lo memory, **p = 0.0012. (F) Average IC50 values with 95%

confidence intervals for each subset are plotted from (E).
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FIGURE 4. Changes in apoptotic regulation in activated, proliferating B cells stimulated by CpG. (A) Representative flow cytometry plot of CD19+ B

cells that have been stimulated to proliferate by CpG, day 6 after stimulation. Dilution of CTV with each division distinguishes proliferating (Prolif) cells

from nonproliferating (NP) cells. Cells that have proliferated the most also upregulate high CD38 surface expression (CD38hi). Both naive and memory B

cells proliferate in response to CpG stimulation. (B) iBH3 profiles of different subsets of CpG-stimulated B cells from four human donors. Mean and SEM

are plotted; mean values are summarized in the table below. Percentage of cytochrome c release is normalized to alamethicin (Alm) as positive control and

Puma2A as negative control. In samples treated with Noxa-derived peptide, *p = 0.0292, by unpaired two-tailed Student t test. (C) Representative Western

blot of nonproliferating (NP), proliferating CD38lo naive (N) and memory (M) B cells, and CD38hi B cells sorted from CpG-stimulated B cells at day 6

posttreatment. Quantified protein levels are normalized to the nonproliferating subset and b-actin. (D) Quantitative PCR of antiapoptotic genes from subsets

sorted from CpG-stimulated B cells. mRNA was isolated from three biological donors and values were normalized to SetDB1. (E) Dose-response curves

generated from CpG-stimulated PBMCs for 3 d with ABT-737 (five to seven human donors), ABT-199 (five to seven human donors), WEHI-539 (three

human donors), and STS (six to seven human donors). Mean and SEM are plotted, and statistics are performed by two-way ANOVA, multiple comparisons.

At 1000 nM ABT-737, NP versus CD38hi, ****p , 0.0001; CD38hi versus Prolif CD38lo naive, ***p , 0.001; CD38hi versus Prolif CD38lo memory, ***p ,
0.001. At 1000 nMABT-199, CD38hi versus the three other subsets, ****p, 0.0001. (F) Average IC50 values with 95% confidence intervals for each subset are

plotted from (E). #For these subsets, there is no detectable sensitivity and therefore no calculable IC50 value.
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coupled proliferation tracking with cell surface markers to mea-
surement of intracellular cytochrome c release in response to BH3
peptides to define Bcl2 family member dependency at the single
cell level in heterogeneous B cell populations. The addition of a
proliferation tracking dye expanded upon the utility of iBH3
profiling and allowed us to characterize changes in apoptotic
regulation due to proliferation in in vitro experiments.
Validation of iBH3 profiling with BH3 mimetics defined

transitions during B cell maturation from BCL-2 dependency in
naive and memory B cells to MCL-1 in GC B cells, and to BCL-
XL in plasma cells from secondary lymphoid tissue. Then, upon
stimulation by CpG or CD40L/IL-4, the Bcl2 dependency of
proliferating B cells shifts from BCL-2 to a combination of
BCL-XL and MCL-1. This shift is apparent by the increased
resistance to BCL2-specific BH3 mimetics and is most pro-
nounced in the most differentiated subset of CpG-stimulated
B cells.
Our findings corroborate several in vivo studies in mice that

suggest that stage-specific Bcl2 dependency occurs throughout
B cell maturation. Our work indicates that human naive and
memory B cells, similar to those in mice, are sensitive to BCL-2
inhibition, whereas GC and plasma cells are refractory (9). In
mouse GC B cells or those induced to differentiate into plasma
cells ex vivo, MCL-1 is important in promoting survival (10,
30). Furthermore, murine plasma cells depend on BCL-XL

protection from apoptosis due to the unfolded protein response
(33). These parallels in mouse studies with our findings in
human B cells suggest that intrinsic apoptotic regulation in
B cell maturation is highly conserved and functionally critical
to humoral immunity.
Proliferating B cells in the GC as well as ex vivo mitogen-

stimulated B blasts display evidence of oxidative and metabolic
stress as well as DNA damage, which if left unresolved can lead to
apoptosis (21, 34–36). Our findings indicate that GC cells display
a heightened response to NOXA in iBH3 profiling, suggesting an
increased dependence on MCL-1. Additionally, our laboratory has
found that following EBV infection of primary human B cells,
which is characterized by hyperproliferation and activation of the
DNA damage response (37), there is a shift in Bcl2 dependency
from BCL-2 to MCL-1 (38). This suggests that upon proliferation,
MCL-1 expression is rapidly induced to respond to apoptosis-
inducing intracellular stress resulting from rapid expansion and
differentiation.
Constitutive activation of gene expression and survival programs

found in normal B cell maturation can promote the development of
lymphomas. For example, in follicular lymphoma, a t(14;18)
chromosomal translocation induces BCL-2 overexpression in naive
B cells, thereby promoting survival in the B cell follicle of a GC
(39, 40). Consistent with our findings and those of others linking
GC survival to MCL-1 upregulation (10, 11), a subset of diffuse
large B cell lymphomas that arise from the GC often display
MCL-1 copy number gains (41). Indeed, c-Myc–driven Burkitt
lymphomas are thought to have arisen from GC B cells, express
high levels of MCL-1, and are sensitive to MCL-1 inhibition (19,
42–44). MCL-1 is also often overexpressed in plasma cell–derived
multiple myelomas, mimicking the requisite upregulation of
MCL-1 induced by stromal interactions in the bone marrow (45,
46). Interestingly, a subset of plasma cell–derived tumors also
displays codependence of MCL-1 and BCL-XL (47), similar to our
findings in CpG-induced CD38hi plasmablasts. Overall, these data
strongly support the importance of defining B cell survival
mechanisms in normal and mitogen-stimulated human B cells
toward understanding the underlying basis of B lymphoma cell
survival.
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