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(Background: UPR-associated death signals are activated during plasma cell differentiation.
Results: Bcl-x; sequesters Bim during plasma cell differentiation, preventing apoptosis.
Conclusion: Bcl-x; dependence during plasma cell differentiation protects the cell from the UPR activation necessary for ER

Significance: Bcl-2 family dynamics are crucial for both the development of plasma cells and the treatment of diseases of
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Although it is known that the unfolded protein response
(UPR) plays a significant role in the process of plasma cell dif-
ferentiation, the contribution of the individual sensors of the
UPR to this process remains unclear. In this study we examine
the death signals and compensatory survival signals activated
during B cell activation and the first stages of plasma cell differ-
entiation. During in vitro differentiation of both primary
murine B cells and the Bcll cell line, we demonstrate that in
addition to activation of the physiological UPR, changes in the
expression of several Bcl-2 proteins occur, which are consistent
with a lowering of the apoptotic threshold of the cell. Specifi-
cally, we observed decreased expression of Bcl-2 and Mcl-1 and
increased expression of the proapoptotic protein Bim. However,
these changes were countered by Bcl-x; induction, which is nec-
essary to protect differentiating cells both from ER stress-in-
duced death by tunicamycin and from the death signals inherent
in differentiation. Consistent with differentiating cells becom-
ing dependent on Bcl-x; for survival, the addition of ABT-737
resulted in apoptosis in differentiating cells through the inhibi-
tion of sequestration of Bim. Confirming this result, differenti-
ation in the context of RNAi-mediated Bcl-x; knockdown also
induced apoptosis. This cell death is C/EBP homologous protein
(CHOP)-dependent, connecting these events to the UPR. Thus
plasma cell differentiation proceeds through a Bcl-x, -depen-
dent intermediate.

Plasma cell differentiation involves striking changes in the
morphology and physiology of the cell. To become a profes-
sional antibody-secreting cell, the B cell must increase the size
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and capacity of the endoplasmic reticulum (ER)* and secretory
apparatus (1). To accomplish this end, the cell activates a set of
signaling pathways known as the unfolded protein response
(UPR) (2). During periods of ER stress when the protein load in
the ER outweighs its folding capacity, three sensors of ER stress,
activating transcription factor 6 (ATF6), inositol-requiring
enzyme 1 (IRE1), and PKR-like ER kinase (PERK), are activated
(3). These sensors reside across the ER membrane with their
luminal tails bound to the ER chaperone Bip (GRP78) keeping
them in an inactive state. When unfolded protein builds in the
ER, Bip is titrated off the luminal tails of these signaling mole-
cules. ATF6 translocates to the Golgi where it is cleaved to yield
p50ATF6, a transcription factor that up-regulates ER quality
control and capacity (4—8). IRE1 oligomerizes and activates its
ribonuclease, which splices x-box-binding protein 1 (XBP1)
mRNA (9-13). This spliced XBP1 mRNA yields a highly active
transcription factor that up-regulates chaperones and expands
ER function and capacity (14, 15). PERK oligomerizes and phos-
phorylates eukaryotic translation initiation factor 2 « (elF2a)
(16). Phosphorylated elF2« inhibits global protein translation
while favoring translation of activating transcription factor 4
(ATF4) mRNA (17). ATF4 also increases ER capacity as well as
strongly inducing C/EBP homologous protein (CHOP) (17—
19). Activation of these three signaling molecules results in the
up-regulation of ER protein folding capacity, quality control,
and ER-associated degradation while delaying further transla-
tion of mRNA. If ER stress is not resolved through the UPR,
CHOP induces apoptosis by inhibition of Bcl-2 and induction
of Bim (20, 21).

The expansion of the secretory capacity necessary for a B cell
to become a professional antibody-secreting cell makes use of
the UPR machinery already present in all cells. It must however
overcome the effects of PERK activation including translation
inhibition and apoptosis. ATF6 and IRE1 are activated and
XBP1 is spliced during plasma cell differentiation, and they are

2 The abbreviations used are: ER, endoplasmic reticulum; UPR, unfolded pro-
tein response; CHOP, C/EBP homologous protein; C/EBP, CCAAT-enhanc-
er-binding protein; PERK, PKR-like ER kinase.
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necessary to form plasma cells in vivo as animals deficient in any
of these genes lack plasma cells (2, 22—24). Conversely, perk '~
animals have plasma cells, and PERK is not significantly acti-
vated during plasma cell differentiation (25, 26). Although it is
true that ATF4, p50ATF6, and XBP1s all bind to the promoter
of CHOP, only ATF4 has been shown to be necessary for CHOP
activation (18). Therefore it stands to reason that inactivation
of PERK would inhibit ATF4 and CHOP, relieving the cell of
translation inhibition and the proapoptotic effects of CHOP.
However, it has also been shown that some activation of CHOP
is necessary for production of a maximally efficient plasma cell
as Chop~ '~ animals have plasma cells that secrete immuno-
globulin at a lower rate than wild type animals (27). Therefore
the proapoptotic aspects of CHOP signaling must be overcome
for optimal plasma cell differentiation.

During all stages of B cell development, there are prosurvival
and proapoptotic proteins responsible for determining which B
cells are propagated and which are deleted from the repertoire.
The Bcl-2 family of proteins responsible for regulating the
intrinsic pathway of apoptosis plays a major role in this survival
signaling (28 —30). This is true in mature B cells and in plasma
cells, but less is known about this pathway during the transition
between these cell types. The multidomain antiapoptotic pro-
teins Bcl-2, Mcl-1, and Bcl-x; are important in B cell survival.
They function by binding and sequestering proapoptotic BH3-
only proteins, such as Bim (31, 32). This prevents Bim from
activating Bax and Bak, which when active induce mitochon-
drial outer membrane permeabilization, resulting in cyto-
chrome c release that leads to downstream caspase activation
and apoptosis. This function of antiapoptotic proteins can now
be targeted by a class of drugs called BH3 mimetics. These are
small molecules that bind to and antagonize the antiapoptotic
proteins. ABT-737, a mimetic of the BH3-only protein Bad,
binds to Bcl-x;, Bcl-2, and Bcl-w, displacing Bim and leading to
apoptosis in cells that are dependent on one of these proteins
for survival (33). ABT-737 does not bind Mcl-1 and therefore
will not cause apoptosis in a cell that is dependent on Mcl-1 for
survival. In murine immunization models, it has been shown
that germinal center B cells and existing plasma cells are insen-
sitive to ABT-737 (34). Accordingly, it has also been shown that
these cell types are dependent on Mcl-1 for survival (30, 35).
These studies did show that there was a deficit in newly formed
plasma cells in the presence of ABT-737; however, the molec-
ular basis for this deficit was not fully defined. In this study we
define the molecular basis of differential Bcl-2 family depen-
dence during plasma cell differentiation.

EXPERIMENTAL PROCEDURES
Cell Culture

The Bcll cell line, clone CW13.20.3B3, was acquired from
ATCC (CRL-1699). Primary murine B cells were prepared from
splenocytes isolated from C57BL/6 spleens and depleted of
non-B cells and activated B cells by magnetic bead column sep-
aration (Miltenyi B cell isolation kit 130-090-862, LS columns).
All cells were cultured in RPMI 1640 supplemented with 10%
fetal bovine serum, 2 uMm L-glutamine, 100 IU penicillin/strep-
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tomycin, 10 mm HEPES buffer, 1 mMm sodium pyruvate, nones-
sential amino acids, and 50 um 2-mercaptoethanol.

In Vitro Differentiation—Bcll cells were cultured at a con-
centration of 0.3 X 10° cells/ml in complete growth medium
supplemented with 10 ng/ml IL-5 (R&D Systems) and 10 ug/ml
lipopolysaccharide (Sigma L-4391) for up to 96 h. UPR was
activated with 0.5 ug/ml tunicamycin (Sigma T7765) followed
by replacement with complete growth medium. Primary
C57BL/6 B cells were cultured at a concentration of 1 X 10°
cells/ml in complete growth medium supplemented with 20
ng/ml IL-4 (PeproTech) and 20 ug/ml lipopolysaccharide
(Sigma L-6216) for up to 96 h. ABT-737 and ABT-199 were a
generous gift of Abbvie (North Chicago, IL).

Lentiviral Knockdown—Virus was prepared in 293T cells
using the MISSION shRNA TORCI system (Sigma SHCLNG-
NM_004083) or with pLKO.1 vector control. Bcll cells were
then infected and selected with puromycin. Transductants
were kept in selection during passage and verified by Western
blot and quantitative RT-PCR. Experiments were carried out in
the absence of puromycin.

Flow Cytometry

Cells were collected at the various time points and treat-
ments. 0.25— 0.5 million cells were washed with PBS and resus-
pended in 100 ul of FACS buffer (1% BSA in PBS containing
0.01% sodium azide) and the appropriate amount of antibody
for 30 min at 4 °C. Cells were then washed in FACS buffer and
resuspended in 0.5 ml of FACS buffer with 5 ul of 7-aminoacti-
nomycin D and incubated at room temperature for 5 min. Sam-
ples were then assayed on a BD FACSCanto II.

CD19-V450 (560375), CD138-PE (553714), and CD44-FITC
(553133) antibodies and 7-aminoactinomycin D were pur-
chased from BD Biosciences. IgM-FITC (69819) was purchased
from Santa Cruz Biotechnology. Apoptosis was assayed with
annexin V-FITC (BioVision 1001-1000) and propidium iodide
(2 ug/ml Sigma) staining and measured with a BD FACSCanto
II as described previously (36).

Immunoblotting and Immunoprecipitation

Western blotting was performed on lysates collected at the
various time points and treatments as described previously
(36). Samples were run on 4—15% Bio-Rad TGX mini gels. Gels
were transferred to nitrocellulose membrane and blocked as
described previously (36).

ATF4 rabbit polyclonal antibody was purchased from
Abcam. Bcl-2 hamster (3F11) and Syrian and Armenian ham-
ster-HRP mouse antibodies were purchased from BD Biosci-
ences. Bcl-2 rabbit (50E3), Bip rabbit (C50B12), CHOP rabbit
(D46F1), phospho-elF2« (Ser-51) rabbit (D9GS8), phospho-
elF2« (Ser-51) rabbit (119A11), elF2a mouse (L57A5), GRP94
rabbit polyclonal antibodies and p58IPK rabbit (C56E7) and
Mcl-1 rabbit (D35A5) antibodies were purchased from Cell Sig-
naling Technology. Rabbit IgG-HRP donkey and mouse-IgG-
HRP sheep antibodies were purchased from GE Healthcare.
Bim rabbit polyclonal antibody was purchased from Millipore.
B-Actin mouse (AC-15) and B-actin rabbit polyclonal antibod-
ies were purchased from Sigma Aldrich. Bcl-x; mouse (2A1)
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and Bcl-x; rabbit polyclonal antibodies (13.6) have been previ-
ously described (37).

Co-immunoprecipitation was performed with the Immu-
noCruz Optima C kit (Santa Cruz Biotechnology) as described
previously (36). Lysates were prepared in 2% CHAPS buffer. 100
g of protein was used for each antibody for each sample. Sam-
ples were precleared with protein G and preclearing matrix for
2 h. Immunoprecipitation matrices were prepared using 3 ug of
the appropriate antibody. Precleared lysates were rocked in
immunoprecipitation matrices overnight. Samples were eluted
in 2:1 radioimmunoprecipitation assay buffer: 6X loading dye
under nonreducing conditions after a 5-min incubation at
95 °C.

Mcl-1 mouse (B6) antibody was purchased from Santa Cruz
Biotechnology. Bcl-2 mouse (Bcl/10C4) antibody was pur-
chased from Novus Biologicals. Bcl-x; mouse (7B2.5) was pre-
viously described (37).

Gene Expression

¢DNA was prepared from RNA harvested at specified time points
using the ABI high capacity cDNA kit (Applied Biosystems). Real-
time PCR was performed using TagMan gene expression master mix
(ABI 4368814) with an ABI 9600 Fast thermocycler as described
previously (38). The following probes were used: Mcl-1 (mcll)
Mm00725832_s1, Bcl-2 (hcl2) Mm00477631_ml, Belx, (bcl2ll)
MmO00437783_m1, Bim (bcl2[11) MmO00437796_ml, Blimp-1
(prdmI) Mm004761289_ml, Bcl-6 (bcl6) Mm00477633_ml, and
GAPDH 4352932-0912031 were purchased from Applied
Biosystems.

ELISA

ELISA was performed according to protocol using the
mouse IgM ELISA kit (Bethyl Laboratories). Supernatants
were diluted 1:4 and loaded at 25 ul/well and then calibrated
to live cell number counted using trypan blue exclusion.
Lysates were loaded at 2.5 ug of total protein/well. 3,3', 5,5;-
Tetramethylbenzidine (TMB) substrate (Invitrogen) and
color change were used to measure concentration. Color
change was measured as A,5,—As5- IgM concentrations
were reported as IgM per cells in culture or IgM per cells
contributing to the lysate loaded and were calculated against
the four parameter logistic curve fit of dilutions of standard
mouse serum with known IgM concentration.

XBP1 Splicing Assay

cDNA was prepared from RNA collected from samples at
specified time points with the various treatments. The region of
the splice site was amplified using primers flanking the splice
site. Products were amplified using the DreamTaq kit (Fermen-
tas) and a custom PCR routine: 94 °C/4 min, 40 cycles of
94°C/30's, 65 °C/30's, 72 °C/30 s, and then 72 °C/10 min. PCR
products were run on 3% high resolution agarose gels (Invitro-
gen). 10-cm gels were run at 50 V for 6 h. Primers were: forward,
5'-GAACACGCTTGGGAATGGACAC-3', and reverse, 5'-
AGAAAGGGAGGCTGGTAAGGAAC-3'.

RESULTS

IL-5 and LPS Treatment Induces Differentiation in Bcll Cells—
The murine B cell leukemia cell line Bcll can be stimulated to
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differentiate to an antibody-secreting cell using lipopolysaccha-
ride (LPS) and cytokines (39, 40). We tested combinations of
previously described differentiation stimuli including IL-2,
IL-5, and LPS and found that the combination of IL-5 and LPS
was as efficient a differentiation stimulus as the combination of
all three (not shown). Consistent with published data (40), this
cell line has high basal expression of the IL-5 receptor (not
shown). Differentiating Bcll cells display phenotypic changes
associated with the early stages of plasma cell differentiation
including up-regulation of CD138, CD19, and CD44 along with
down-regulation of surface IgM (Fig. 14). To examine the
effects of UPR activation on plasma cell differentiation, we
induced ER stress with an inhibitor of N-linked glycosylation,
tunicamycin. A 5-h pulse of tunicamycin activated the UPR as
demonstrated by increased expression of CHOP and XBP1 (not
shown). These cells rapidly underwent apoptosis unless LPS
was included in the differentiation stimulus following the tuni-
camycin pulse (Fig. 1B, and not shown). Although IL-5 was not
sufficient on its own to protect cells, only those cells that
received both LPS and IL-5 produced and secreted antibody at
a rate similar or greater than cells that did not receive tunica-
mycin pretreatment (Fig. 1, C and D, and not shown). These
data demonstrate that Bcll cells are sensitive to ER stress-in-
duced cell death yet are protected by LPS signaling during
differentiation.

Differentiating Bcll Cells Activate CHOP Independent of
PERK—Because plasma cell differentiation induces parts of the
unfolded protein response, we chose to further examine the
activation of this pathway during ER stress and differentiation.
All cells treated with the combination of LPS and IL-5 displayed
a large increase in the ER chaperones GRP94 and GRP78 (Bip)
regardless of tunicamycin treatment (Fig. 24). Consistent with
this observation, activation of IRE1, as measured by XBP1 splic-
ing, was highest in cells treated with both LPS and IL-5
throughout the time course (Fig. 2B). Together these data sug-
gest that differentiation of Bcll cells results in the activation of
a physiologic UPR and that tunicamycin does not influence this
response. In cells pulsed with tunicamycin for 5 h, we observed
phosphorylation of eIF2« at higher levels than untreated cells at
24- and 48-h time points by Western blot (Fig. 24). Phosphor-
ylated elF2a was not observed when cells were differentiated in
the absence of tunicamycin, a finding consistent with PERK
activation not being part of plasma cell differentiation. Protein
levels of ATF4 and CHOP, both downstream effectors of the
PERK arm of the UPR, were also increased by tunicamycin
addition. Cells that received tunicamycin without differentia-
tion stimulus do not show as robust activation of this arm
downstream of elF2« phosphorylation, but it is important to
note that the viability of these cells was very low at these time
points (Fig. 1B). Surprisingly, all cells treated with LPS and IL-5
in the absence of tunicamycin also demonstrated robust and
prolonged expression of both ATF4 and CHOP in the absence
of elF2« phosphorylation. Moreover, cells receiving both IL-5
and LPS also showed induction of the negative regulator of
PERK, p58* (Fig. 24). These data demonstrate that during
differentiation, Bcll cells activate a robust UPR including
downstream elements of XBP1 activation and the ATF4/CHOP
arm of the UPR, without measurable activation of PERK.
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Bcl-x; Is Induced during Cytokine- and LPS-driven
Differentiation—Having observed CHOP activation in differ-
entiating Bcll cells and given that CHOP induction can lead to
apoptosis, we investigated the survival signaling inherent to
the differentiation stimuli. During a 4-day time course of IL-5-
and LPS-driven differentiation in Bcll cells, Bcl-x; mRNA
increased more than 10-fold, whereas mRNA for both Bcl-2
and Mcl-1 decreased (Fig. 2C). At the protein level, Mcl-1
decreased dramatically when cells were treated with both IL-5
and LPS, whereas Bcl-x; reciprocally increased (Fig. 2D). Bcl-2
protein levels did not change significantly. Although IL-5 and
LPS treatment alone did not induce Bim, cells that were pulsed
with tunicamycin prior to IL-5 and LPS treatment displayed
large increases in Bim protein by 72 h. Interestingly, this was
not sufficient to cause significant apoptosis in cells also treated
with LPS and IL-5, suggesting that induction of Bcl-x; was suf-
ficient to protect these cells.

Bcl-x, Sequestration of Bim Protects Differentiating Bcl-1
Cells—Because the expression patterns of the Bcl-2 family of
proteins are consistent with B cells traversing a Bcl-x; -depen-
dent state during plasma cell differentiation, we determined the
effects of the Bcl-x; inhibitor ABT-737 on Bcll differentiation.
ABT-737 binds to the BH3 binding pocket of Bcl-2 and Bcl-x;,
but not Mcl-1, blocking the interaction with proapoptotic fac-
tors such as Bim. Bcll cells were pulsed with tunicamycin for
5hand then treated with IL-5, LPS, or a combination of both in
the presence or absence of 600 nm ABT-737. At 24 h after treat-
ment, LPS was able to protect cells from tunicamycin-induced
apoptosis (Fig. 34). This LPS-mediated protection was com-
pletely abrogated in the presence of ABT-737, demonstrating
that the protective factor was Bcl-x; or Bcl-2. We then exam-
ined the survival signaling during differentiation in the absence
of tunicamycin. Bcll cells were given IL-5 and LPS over a 96-h
time course. Cells were treated with varying doses of ABT-737
only during the last 24 h prior to collection, and apoptosis was
determined. ABT-737 sensitivity increased as the cells differen-
tiated through the 72- and 96-h time points, suggesting that the
cells become more Bcl-2- or Bcl-x; -dependent as they differen-
tiate (Fig. 3B).

To interrogate the mechanism behind this protection, co-
immunoprecipitation was performed on cells treated with IL-5
and LPS for 72 h in the presence or absence of ABT-737. We
immunoprecipitated the antiapoptotic proteins Bcl-x;, Mcl-1,
and Bcl-2 and blotted for Bim to determine the Bim binding
pattern (Fig. 3C). In untreated Bcll cells, Bim was primarily
bound to Mcl-1 and Bcl-2. However, in cells treated with IL-5
and LPS, Bim was almost completely bound to Bcl-x; . Interest-
ingly, this was not due to changes in Bcl-2 expression, which are
unchanged during differentiation (Fig. 2D). Association of Bim
with Bcl-x; suggests that these cells are Bcl-x; -dependent, a
finding that is consistent with the change in ABT-737 sensitiv-
ity during differentiation. To further investigate Bcl-x; depen-

Bcl-x, Protects from UPR-associated Apoptosis

dence during B cell differentiation, we determined the effects of
ABT-737 on Bim binding to Bcl-2 proteins during differentia-
tion. As seen in Fig. 3C, the addition of ABT-737 in undifferen-
tiated cells resulted in a shift of Bim from being bound by both
Bcl-2 and Mcl-1 to exclusive binding to Mcl-1. This explains
why these cells are not sensitive to ABT-737 (Fig. 34). In con-
trast when cells are differentiated, Bim is now exclusively
bound to Bcl-x;, and the addition of ABT-737 results in release
of Bim. However, in these cells, there is no Mcl-1 available to
sequester Bim, allowing for induction of apoptosis.

Bcl-x, Induction in Differentiating Primary Murine B Cells—
To validate these findings in a non-transformed cell, we per-
formed in vitro differentiation of primary murine B cells. Of the
various treatments examined for differentiation, IL-4 and LPS
in combination yielded the most robust response as shown by
increased Blimp-1 and Bcl-x; expression (not shown). Purified
primary resting B cells were cultured with IL-4 and LPS for up
to 96 h to induce differentiation of antibody-secreting cells. We
first examined the mRNA levels of the Bcl-2 family proteins. As
seen with Bcll cells, mRNA for both Mcl-1 and Bcl-2 decreased
and Bcl-x; mRNA increased with treatment (Fig. 4A).
Increased Blimp-1 expression and decreased Bcl-6 expression
were also observed (Fig. 4B). Western blotting demonstrated a
loss in Bcl-2 protein accompanied by a reciprocal increase in
Bcl-x; protein (Fig. 4C). Mcl-1 protein expression did not
decrease along with the loss of mRNA or as ithad in the Bcl1 cell
line. Also somewhat unlike the Bcll cell line, differentiation
stimulus alone was sufficient to induce Bim in primary cells.
ATF4 and CHOP protein expression was observed by Western
blot after 72 and 96 h of differentiation, respectively, indicating
UPR activation (Fig. 4D). Intracellular light chain expression
also increased throughout the treatment course, indicating an
increase in immunoglobulin production (Fig. 4D). We per-
formed a co-immunoprecipitation to examine Bim binding in
these differentiating primary cells (Fig. 4E). In primary murine
B cells, at time of harvest, Bim was bound to Bcl-2. After 48 h of
treatment with IL-4 and LPS, Bim was bound to Bcl-2 and to a
lesser extent Mcl-1. After 72 h of treatment, Bim was found
almost exclusively on Bcl-x; . Importantly, when ABT-737 was
added during the last 24 h of treatment, Bim displaced from
Bcl-2 by ABT-737 was able to bind Mcl-1 at 48 h. However, at
72 h, Bim displaced from Bcl-x; by ABT-737 did not in great
measure bind to Mcl-1.

We then examined the ABT-737 sensitivity of these differen-
tiating primary B cells. Primary B cells were treated with IL-4
and LPS for a period of 72 h. ABT-737 was added to the cells
during the last 24 h of differentiation. ABT-737 treatment
caused a loss of large, differentiating, CD138* cellsand a gain in
small B cells in the live cell subset (Fig. 5, A and B). Further-
more, the viability of total CD138" cells was significantly
decreased, whereas the change in viability of CD138 ™~ and total
cells did not meet significance (Fig. 5, C-E). This indicates

FIGURE 1. Bcl1 cells differentiate with IL-5 and LPS treatment. A, Bcl1 cells were treated with IL-5 and LPS for 72 h prior to collection and staining. B cell and
plasma cell markers were measured by flow cytometry. B-D, Bcl1 cells were untreated (NT) or pretreated with tunicamycin (Tm) for 5 h prior to treatment with
IL-5 and/or LPS for 96 h. B, apoptosis was measured by annexin V and propidium iodide staining. C, IgM was measured by ELISA of the supernatant of the various
treatment groups and is reported as a function of the live cell number. D, IgM was measured by ELISA of the lysates of the various treatment groups and is
reported as a function of the live cell number contributing to the lysate. Data are represented as the mean = S.E. of three independent experiments (¥, p < 0.05,

® p < 0.01).
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FIGURE 3. Bcl-x, mediates protection from ER stress- and differentiation-induced apoptosis in Bcl1 cells. A, Bcl1 cells were pretreated with tunicamycin
(Tm) for 5 h prior to treatment with IL-5, LPS, or a combination of both for 24 h with or without 600 nm ABT-737. Apoptosis was measured using annexin V and
propidium iodide staining. B, Bcl1 cells were treated with IL-5 and LPS for 96 h. Samples were treated with varying doses of ABT-737 for the final 24 h prior to
collection, and apoptosis was measured by annexin V and propidium iodide staining. C, Bcl-1 cells were treated with IL-5 and LPS with or without 600 nm
ABT-737 for 72 h. Immunoprecipitation (/P) was performed on lysates prepared from individual treatments. IB,immunoblot. Data are presented as the mean =
S.E. of three independent experiments (¥, p < 0.05, **, p < 0.01, ***, p < 0.001).

an increase in ABT-737 sensitivity during plasma cell experiments (not shown). The cells were treated with IL-5 and
differentiation. LPS for 72 h. ABT-737 was added to the cells 24 h prior to

ABT-737-induced Apoptosis Is CHOP-dependent—To inves-  collection. Knockdown of ATF4 was able to block a significant,
tigate the link between UPR activation and Bcl-x; dependence  although modestamount of ABT-737-induced apoptosis in dif-
during differentiation, we silenced ATF4 and CHOP in Bcll ferentiating cells (Fig. 6A), whereas knockdown of CHOP
cells. Sets of five short hairpin lentiviral constructs were stably reduced apoptosis in ABT-737-treated differentiating cells
infected and tested for both ATF4 and CHOP. The two con- from 50% in pLKO.1 vector control cells to 30% in shCHOP
structs that displayed the best knockdown of ATF4 or CHOP  cells (Fig. 6B). This protection from ABT-737-induced apopto-
following treatment with IL-5 and LPS were used for further sis corresponded to the level of knockdown of ATF4 and CHOP

FIGURE 2. Differentiating Bcl1 cells activate the unfolded protein response and up-regulate Bcl-x, . Bcl1 cells were pretreated with tunicamycin (Tm) for
5 h prior to treatment with IL-5, LPS, or a combination of both for 96 h. A, protein levels of UPR-related proteins were determined by Western blot. B, XBP1
splicing was determined by amplification of the spliced region and running the PCR products on agarose gels. U and S designate unspliced and spliced PCR
products, respectively. C, Bcl1 cells were treated IL-5 and LPS for 96 h. Quantitative RT-PCR was performed on RNA collected at 24-h periods. Cycle numbers
were normalized to GAPDH and presented as relative quantitation (RQ) as a function of untreated samples. Data are represented as the mean = S.E. of three
independent experiments. D, Bcl1 cells were pretreated with tunicamycin for 5 h prior to treatment with IL-5, LPS, or a combination of both for 96 h. Protein
levels of Bcl-2 family proteins were determined by Western blot.
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FIGURE 5. ABT-737 sensitizes primary B cells to differentiation-induced apoptosis. Primary murine B cells were treated with IL-4 and LPS for 96 h. ABT-737
was added during the final 24 h prior to collection. A and B, live cells determined by negative 7-aminoactinomycin D (7AAD) staining were gated into small B
cells or large differentiating cells (representative experiment in A) and are quantified in B. C and D, total cells were gated into CD138-positive and CD138-
negative fractions (C is representative of gating), and 72-h cell death was measured as the proportion of 7-aminoactinomycin D-positive (7AAD-pos.) cells
(representative experiment in D) and is quantified in E. Data in B and E are presented as the mean = S.E. of six independent experiments. (¥, p < 0.05, **, p <

0.01). n.s., not significant.

as measured by Western blot (Fig. 6, C and D). This indicates
that activation of ATF4/CHOP is responsible for cell death by
Bcl-x; /Bcl-2 inhibition during LPS- and cytokine-driven
differentiation.

Bcl-x, Silencing Sensitizes Cells to Differentiation-induced
Apoptosis—To verify that the protective factor induced by dif-
ferentiation was Bcl-x; , we used shRNA to knock down Bcl-x;.
expression in Bcll cells. We tested five shRNA hairpins for
Bcl-x; knockdown during differentiation against a hairpin tar-
geting GFP as a control and chose the two with the best knock-
down for further experiments (Fig. 6E and not shown). Differ-
entiation with IL-5 and LPS treatment alone induced apoptosis
in Bcll cells expressing shRNA to Bcl-x; but not in control cells
expressing shRNA to GFP (Fig. 6F). In shBcl-x; cells but not
shGFP cells, the addition of ABT-199, which binds to and
inhibits only Bcl-2 (41), increased apoptosis to levels compara-

ble with cells treated with ABT-737 during differentiation
regardless of hairpin. This suggests that although differentia-
tion favors Bim sequestration by Bcl-x;, in conditions where
Bcl-x; expression is abrogated, Bim can bind to available Bcl-2.

DISCUSSION

Although itis established that the UPR is integral to the proc-
ess of plasma cell differentiation, the precise role and activation
of components of this pathway have not been completely elu-
cidated. It stands to reason that activation of the downstream
effectors of the ATF6 and IRE1/XBP1 arms of the UPR is ben-
eficial to the process of becoming a professional protein-secret-
ing cell such as a plasma cell. However, activation of the PERK
arm includes aspects of the UPR that are in direct contrast to
the needs of the plasma cell, namely translation inhibition and
apoptosis. Consistent with this model, PERK is neither neces-

FIGURE 4. Bcl-x, is induced during plasma cell differentiation in primary B cells. A and B, primary murine B cells were treated with IL-4 and LPS for 96 h.
Quantitative RT-PCR was performed on RNA prepared from samples collected at 24-h intervals. Cycle numbers were normalized to GAPDH and presented as
relative quantitation (RQ) as a function of untreated time 0 samples. Data are represented as the mean = S.E. of three independent experiments. C and D,
primary murine B cells were treated with IL-4 and LPS for 4 days. 600 nm ABT-737 was added to cultures 24 h prior to collection. Bcl-2 family members were
assayed by Western blot at the indicated times. E, primary murine B cells were treated with IL-4 and LPS for 72 h. ABT-737 was added to the cultures in the final
24 h of treatment. Co-immunoprecipitation (/P) was used to assess Bim binding at 0-, 48-, and 72-h time points. /B, immunoblot.
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FIGURE 6. Knockdown of CHOP abrogates differentiation induced ABT-737 sensitivity. Bcl1 cells infected with shATF4, shCHOP, or pLKO1 vector control
lentivirus were treated with IL-5 and LPS for 72 h. 600 nm ABT-737 was added 24 h prior to collection. A-D, apoptosis was measured at 72 h. Western blots were
prepared at 72 h (representative experiments in C and D). Data are presented as four independent experiments. (¥, p < 0.05, **, p < 0.01). E and F, Bcl1 cells
stably infected with shBcl-x, or shGFP lentivirus were untreated or treated with IL-5 and LPS for 72 h. ABT-737 (600 nm) or ABT-199 (600 nm) was added 24 h prior
to collection. E, Western blots were prepared at 72- and 96-h time points to verify knockdown. F, apoptosis was measured at 72 h. Data in F are presented as the

mean * S.E. of three independent experiments. (*, p < 0.05, **, p < 0.01).

sary nor is it activated during plasma cell differentiation despite
having an activation step nearly identical to IRE1 (25, 26). How-
ever, it has been shown that one of the main downstream effec-
tors of PERK, CHOP, is necessary for a maximally efficient
plasma cell (27). Activation of CHOP has also been shown to
induce Bim and inhibit Bcl-2, leading to apoptosis (20, 21). In
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this study we have verified that the UPR of the differentiating
Bcll cell includes activation of ATF4 and CHOP but lacks phos-
phorylation of elF2«a (Fig. 2A4). Examining the effects of PERK
activation on this differentiation, we demonstrated that Bcll
cells were very sensitive to tunicamycin-induced apoptosis, yet
were protected when they were subsequently given LPS as a
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FIGURE 7. Schematic of proposed Bcl-2 family BH3 protein interactions in
differentiation. LPS- and cytokine-driven differentiation induces Bim while
decreasing expression of Mcl-1 and Bcl-2. Bcl-x, isinduced and binds Bim that
is displaced. ABT-737 blocks Bcl-x, releasing Bim, which is then free to acti-
vate Bax and Bak, resulting in the induction of apoptosis.

differentiation stimulus (Fig. 34). This led us to hypothesize
that there was survival signaling inherent in the differentiation
contributing to this protection. We examined the Bcl-2 family
of antiapoptotic proteins and showed that Bcl-x; was induced
by differentiation both in the Bcll cell line and in primary
C57BL/6 B cells (Figs. 2, Band D, and 4, A and C). Additionally,
in primary B cells, we saw the decrease of Bcl-2 and increase of
Bim levels along with CHOP activation (Fig. 4D). These data
suggest that the differentiating B cells become dependent on
Bcl-x;, and consistent with this possibility, differentiating cells
are more sensitive to ABT-737. Although LPS treatment pro-
vided immediate protection from ER stress-induced apoptosis
(Fig. 3A), only after 72 h of stimulation was there a shift to
Bcl-x; dependence (Fig. 3B), suggesting that differentiation is
necessary for this shift. This is consistent with previous studies
demonstrating that newly formed plasma cells are lost in ani-
mals treated with ABT-737, whereas no loss occurs in mature B
cells in the germinal centers and spleen or in long lived bone
marrow plasma cells (30, 34, 35). This would suggest that Bcl-x;
dependence only occurs at an intermediate stage of plasma cell
differentiation. The sensitive population of differentiating pri-
mary B cells were CD138", CD19'"€", indicative of an early
plasma blast phenotype (Fig. 5 and data not shown). The molec-
ular basis for the change in ABT-737 sensitivity was due to a
change in sequestration of Bim by Bcl-2 and Mcl-1 to Bel-x;.
during this stage of differentiation.

From these data we propose a model in which differentiation
induces a loss of Mcl-1 and Bcl-2 and induction of Bim associ-
ated with UPR activation. Although we have not directly dem-
onstrated the mechanism of differentiation-induced apoptosis,
we have shown that it is at least partially dependent on ATF4
and CHOP, which are part of the UPR. However, differentiation
also induces Bcl-x; which is sufficient to sequester Bim, pre-
venting apoptosis (Fig. 7). Presumably, this stage is short lived
as it has been shown that long lived plasma cells are reliant on
enforced expression of Mcl-1 along with survival signals pro-
vided by their stromal niche (35). Although some of this change
in dependence is certainly due to changes in expression, there is
evidence that expression alone does not determine Bim binding
(38). This may explain why in normal B cell differentiation, Bim
released from Bcl-x, is unable to bind to Mcl-1, yet prior to this
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point in differentiation, Bim released from Bcl-2 can bind to
Mcl-1. It may also explain why we see changes in the expression
of antiapoptotic Bcl-2 proteins throughout lymphocyte devel-
opment and differentiation, although these proteins all have the
same basic function in regulating apoptosis.
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