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Abstract
B lymphocytes, like all mammalian cells, are equipped with the unfolded protein response (UPR),
a complex signaling system allowing for both pro- and mal-adaptive responses to increased
demands on the endoplasmic reticulum (ER). The UPR is comprised of three signaling pathways
initiated by the ER transmembrane stress sensors, IRE1α/β, PERK and ATF6α/β. Activation of
IRE1 yields XBP1(S), a transcription factor that directs expansion of the ER and enhances protein
biosynthetic and secretory machinery. XBP1(S) is essential for the differentiation of B
lymphocytes into antibody-secreting cells. In contrast, the PERK pathway, a regulator of
translation and transcription, is dispensable for the generation of antibody-secreting cells.
Functioning as a transcription factor, ATF6α can augment ER quality control processes and drive
ER expansion, but the potential role of this UPR pathway in activated B cells has not been
investigated. Here, we report studies of ATF6α-deficient B cells demonstrating that ATF6α is not
required for the development of antibody-secreting cells. Thus, when B cells are stimulated to
secrete antibody, a specialized UPR relies exclusively on the IRE1-XBP1 pathway to remodel the
ER and expand cellular secretory capacity.
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1. Introduction
The differentiation of B lymphocytes into antibody-secreting plasma cells is fundamental to
the generation of humoral immunity (Calame et al., 2003). This developmental process is
marked by substantial increases in rough endoplasmic reticulum (ER) and in production of
immunoglobulin (Ig) heavy and light chains (Tagliavacca et al., 2003; Wiest et al., 1990),
the building blocks of functional antibodies. The ER is a multi-functional organelle, serving
as a platform for protein and lipid biosynthesis and as an oxidative, chaperone-rich protein
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folding compartment (Lykidis and Jackowski, 2001; van Anken and Braakman, 2005). As
such, the ER is the site for Ig synthesis, folding and assembly. Thus, when B cells are
stimulated to secrete antibody, the escalation in Ig production increases demands on the
protein biosynthetic and folding capacity of the ER. The mechanisms by which
differentiating B cells cope with these challenges and how such mechanisms influence
antibody output, the efficiency of humoral responses and the lifespan of antibody-secreting
cells are not fully understood.

All eukaryotic cell types are equipped with the unfolded protein response (UPR) signaling
system that can assist in balancing client protein load with ER capacity (Walter and Ron,
2011). The UPR consists of three distinct pathways triggered by the ubiquitously expressed
ER transmembrane proteins inositol-requiring enzyme 1 (IRE1α/β) (Tirasophon et al., 1998;
Wang et al., 1998), protein kinase RNA activated (PKR)-like ER kinase (PERK) (Harding et
al., 1999; Shi et al., 1998) and activating transcription factor 6 (ATF6α/β) (Haze et al.,
2001; Haze et al., 1999). IRE1α is ubiquitously expressed (Tirasophon et al., 1998), whereas
IRE1β is restricted to the gut epithelium (Wang et al., 1998). When IRE1 is activated, its
cytoplasmic endoribonuclease domain initiates a novel mRNA splicing mechanism that
modifies X-box binding protein 1 (XBP1) transcripts to encode XBP1(S) (Calfon et al.,
2002; Shen et al., 2001; Yoshida et al., 2001). As a transcriptional activator, XBP1(S) up-
regulates expression of many secretory pathway proteins including factors involved in entry
of nascent polypeptides into the ER, protein folding, ER-associated degradation (ERAD)
and vesicular transport (Shaffer et al., 2004; Sriburi et al., 2007). Also, XBP1(S) regulates
lipid biosynthesis and plays a key role in directing expansion of rough ER (Lee et al., 2005;
Shaffer et al., 2004; Sriburi et al., 2007; Sriburi et al., 2004). Therefore, the IRE1-XBP1
pathway can enhance cellular biosynthetic and secretory capacity. Upon PERK activation,
its cytoplasmic serine/threonine kinase domain phosphorylates the α subunit of eukaryotic
initiation factor 2 (eIF2α). This modification effectively attenuates total protein synthesis,
thereby reducing the flow of new client polypeptides into the ER (Harding et al., 1999; Shi
et al., 1998). The ATF6α and ATF6β proteins are activated upon transport to the Golgi
where they undergo intramembrane cleavage by the site 1 and site 2 proteases (Ye et al.,
2000). This event liberates the ATF6 cytosolic domain from the membrane, allowing it to
traffic into the nucleus and function as a basic leucine zipper transcription factor. Both
ATF6α and ATF6β are capable of regulating expression of certain ER stress-responsive
genes (Haze et al., 2001; Haze et al., 1999). However, studies of gene knockout mouse
embryo fibroblasts indicate that ATF6α, but not ATF6β, is required for induction of various
ER resident molecular chaperones, folding assistants and ERAD components under
conditions of ER stress (Wu et al., 2007; Yamamoto et al., 2007). In addition to enhancing
ER quality control mechanisms (Adachi et al., 2008), ATF6α has the capacity to promote
lipid biosynthesis and ER biogenesis (Bommiasamy et al., 2009; Maiuolo et al., 2011).

Signaling through Toll-like receptor 4 (Peng, 2005), bacterial lipopolysaccharide (LPS)
activates mouse B cells to proliferate and to differentiate into antibody-secreting cells, a
process involving increased expression of Ig heavy and light chains, elevated synthesis of
membrane lipids and expansion of the rough ER (Fagone et al., 2009; Fagone et al., 2007;
Lewis et al., 1985; Rush et al., 1991; van Anken et al., 2003; Wiest et al., 1990). Thus, LPS-
stimulated differentiation provides an appropriate in vitro system in which to investigate the
role of the UPR in the generation of antibody-secreting B cells. During this developmental
process, the IRE1-XBP1 pathway is activated (Calfon et al., 2002; Gass et al., 2002) and
XBP1(S) plays essential roles in driving ER expansion, Ig synthesis and antibody secretion
(Hu et al., 2009; Iwakoshi et al., 2003; McGehee et al., 2009; Shaffer et al., 2004; Tirosh et
al., 2005; Todd et al., 2009). In contrast, there is very little PERK activation in LPS-
stimulated B cells (Gass et al., 2008; Ma et al., 2010) and the PERK pathway is not required
for antibody secretion (Gass et al., 2008). ATF6α is activated in LPS-stimulated B cells

Aragon et al. Page 2

Mol Immunol. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Brunsing et al., 2008; Gass et al., 2002; Gass et al., 2008), suggesting that this UPR
transcription factor might participate in the expansion of the secretory machinery when B
cells transition into antibody secretion. To investigate this hypothesis, we assessed the
differentiation of ATF6α-deficient B cells in vitro and evaluated humoral immune responses
in ATF6α-deficient mice.

2. Materials and methods
2.1. Animals

ATF6α knockout mice, as previously described (Yamamoto et al., 2007), are of a C57BL/6
background and are deleted for exons 8 and 9 which encode the entire basic leucine zipper
domain and the majority of the ATF6α transmembrane domain. Adult mice (6 to 12 weeks
of age) were used for experiments. Maintenance of breeding colonies and all procedures
involving mice were perfomed according to protocols approved by the University of South
Alabama Institutional Animal Care and Use Committee.

2.2. Cell culture
Splenic B cells were isolated from mice using erythrocyte lysis and positive selection with
the MACS B cell isolation kit (Miltenyi Biotec, Auburn, CA). Cells were cultured in
RPMI-1640 supplemented as described (Gass et al., 2002) at 1×106c/ml and stimulated with
10μg/ml LPS (E. coli 055:B5, Sigma, St. Louis, MO) for various intervals. Cells were
counted using trypan blue dye exclusion to determine viability.

2.3. Flow cytometry and assessment of lymphocyte populations
Spleen preparations were subjected to erythrocyte lysis, and single cell suspensions of
splenic mononuclear cells were subsequently stained with combinations of the following
antibody conjugates: FITC anti-CD21/CD35 (clone 7G6), FITC anti-CD8α (53-6.7), PE
anti-CD93 (AA4.1), PE anti-CD138 (281–2), PE-Cy7 anti-CD23 (B3B4), PE-Cy7
streptavidin, APC anti-IgM (Nov-41), Alexa 647 anti-GL7 (GL7), Pacific Blue anti-CD45R
(RA3-6B2), biotin anti-IgD (11–26), biotin anti-CD45.2 (104), APC-Cy7 anti CD4 (GK1.5)
and streptavidin (eBioscience, San Diego, CA and BD Biosciences, San Jose, CA).
Peritoneal lavage cells were stained with FITC anti-CD11b (M1/70), PE anti-CD5 (53-7.3),
in addition to anti-B220, anti-CD23, anti-IgD, and anti-IgM antibodies. Sample acquisition
was performed using a FACSCanto II (BD Biosciences), using visible light scatter
properties to distinguish lymphocytes (R1 = lymphocyte gate). Data were analyzed using
FlowJo software (Tree Star Ashland, OR).

2.4. Analysis of IgM secreted in vitro
At various intervals of LPS stimulation, B cells were counted, washed twice in warm media
and then replated at defined cell densities for various intervals. Culture supernatants were
then harvested and assessed for IgM by ELISA as described (Gass et al., 2002).

2.5. RNA isolation, quantitative real-time RT-PCR and analysis of Xbp1 mRNA splicing
Total RNA was extracted from cells using the RNeasy® Plus Mini Kit (Qiagen, Valencia,
CA). Equivalents amounts of RNA were reverse transcribed into cDNA using the Improm-
II™ Reverse Transcription System (Promega, Madison, WI). Real-time PCR was performed
using a C1000™ Thermocycler with a CFX96 Optic Module Real-Time Detection system
(Bio-Rad, Hercules, CA). Reactions were done in triplicate using the IQ™ SYBR® Green
Supermix (Bio-Rad) and the following mouse-specific forward and reverse primers: 5′-
TAGAAAGAAAGCCCGGATGAGCGA-3′ and 5′-
GTGTCCATTCCCAAGCGTGTTCTT-3′ (total Xbp1) 5′–
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CCCGCCTCACATTGAAATCC–3′ and 5′– GCGTATGTATCAGTCTCAGTGG–3′
(β2M); 5′-AGACTGCTGAGGCGTATTTGGGAA-3′ and 5′-
CAGCATCTTTGGCTTGTCGCT-3′ (Hspa5); 5′-
CACTCAAATCGAACACGGCTTGCT-3′ and 5′-
AGAAGATTCCGCCTCCTTTCTGCT-3′ (Hsp90b1); 5′-
TTGGCTTCATGTTTGGAGGAACCC-3′ and 5′-
CTGGCCACAGGCTTGTTTCTAACT-3′ (Dnajb11); 5′-
AAGTACTCGCAAGCAGCAAACAGC-3′ and 5′-
TATCTCGCCCAGTCAATGAACGCT-3′ (Ero1lb). Transcript levels were normalized to
β2- microglobulin mRNA levels (ΔCT) and the normalized data were used to determine
changes in gene expression (2−ΔΔCT). Analysis of UPR-mediated splicing of Xbp1 mRNA
splicing was performed as described (Gunn et al., 2004) using RT-PCR and primers that
flank the 26 nt intron, yielding products of 237 and 211 nts from unspliced and spliced Xbp1
mRNA, respectively.

2.6 Preparation of cell extracts and immunoblotting
Cell lysates were prepared using lysis buffer containing 0.5% NP-40, 0.5% DOC, 150mM
NaCl, 50mM Tris pH 7.5, sodium azide, 10 mM β-glycerol phosphate, and 1μl/ml protease
inhibitor cocktail (Sigma). Clarified lysates from equivalent number of cells/sample were
combined with an equal volume of 2x sample buffer (125mM Tris-HCl, pH 6.8, 10% 2-
mercaptoethanol, 20% glycerol, 4% SDS, and 0.02% bromophenol blue) and separated by
electrophoresis in 10% SDS-polyacrylamide gels. Proteins were electrophoretically
transferred to Immobilon-P membranes (Millipore, Billerica, MA) using a CAPS-buffered
system and placed in blocking buffer [PBS pH 7.4, 5% non-fat milk, 0.1% Tween-20 (PBS-
T)]. Immunoblotting was performed using rabbit antibodies specific for BiP, GRP94,
TRAPα, Ig μ heavy chain, Ig κ light chain (Gass et al., 2002; Gunn and Brewer, 2006), a
rabbit anti-ATF6α antibody (kindly provided by Dr. Laurie H. Glimcher, Weill Cornell
Medical College, New York, NY) and a mouse anti-β-actin antibody (Sigma) as primary
reagents and horseradish peroxidase-conjugated donkey antibodies specific for either rabbit
IgG or mouse IgG as secondary reagents (Jackson Immuno Research, West Grove, PA).
Chemiluminescence signals were detected using Super Signal West Dura (Thermo
Scientific, Rockford, IL) and captured using a Fuji-LAS-1000 imaging system (Fujifilm,
Tokyo, Japan).

2.7. Analysis of ER abundance
On day 3 of LPS stimulation, splenic B cells were counted, washed in Hanks Balanced Salt
Solution (HBSS) and then cultured at 1×106 c/ml in HBSS containing 1μM ER-Tracker™

Green (glibenclamide BODIPY® FL) (Molecular Probes™, Invitrogen, Eugene, OR) for 25
min. Stained cells were washed with PBS, resuspended in PBS and analyzed by flow
cytometry using a Canto II (BD Biosciences, San Jose, CA).

2.8. Quantification of phosphatidylcholine
Cells (2 × 107) were pelleted by centrifugation, flash frozen and stored at −80°C until
analysis. Lipids were isolated and then detected and quantified by flame ionization as
described (Fagone et al., 2007).

2.9. Analysis of hapten-specific antibody responses
For analysis of T cell-dependent antibody responses, mice were immunized intraperitoneally
with 50 μg of the hapten conjugate NP5-KLH (4-hydroxy-3-nitrophenylacetic-keyhole
limpet hemocyanin) precipitated in alum and received a booster immunization (50μg NP5-
KLH in alum) 3 weeks later. Sera samples were obtained by tail bleeds at day 0, 3 weeks
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post-immunization and at 3 and 24 weeks postboost. For analysis of T cell-independent
antibody responses, mice were immunized intraperitoneally with 50 μg of the hapten
conjugate NP-Ficoll (NP-aminoethylcarboxymethyl-FICOLL) (Biosearch Technologies,
Novato, CA) in PBS. Sera samples were obtained by tail bleeds at day 0 and 3 weeks
postimmunization. High-affinity NP-specific antibodies were assessed by ELISA using NP5-
BSA as a capture reagent, biotinylated goat anti-mouse IgM, biotinylated goat anti-mouse
IgG, streptavidin-horseradish peroxidase (HRP) and HRP-conjugated goat anti-mouse IgG3
antibodies (Southern Biotechnology Associates, Birmingham, AL). Serial dilutions of sera
were assayed and absorbance signals ≥ 2 times background (pre-immune sera) were used to
determine titers of anti-NP antibodies.

2.10. Statistical analysis
Statistical differences between groups were assessed using the Student’s t-test. A 95%
confidence interval was considered statistically significant, and for all data sets P > 0.05. In
figures, error bars represent mean ± standard deviation (S.D.).

3. Results and Discussion
3.1. Expression of ATF6α in B cells

The active form of ATF6α which traffics into the nucleus (ATF6α(N)) is detectable in LPS-
stimulated splenic B cells (Brunsing et al., 2008; Gass et al., 2002; Gass et al., 2008).
Building on these data, we assessed the expression of ATF6α in B cells. We found that
Atf6α mRNA is present in freshly isolated, resting splenic B cells and is up-regulated upon
LPS stimulation (Fig. 1A). Interestingly, by our immunoblot assay, the full-length, precursor
form of ATF6α (ATF6α(P)) is extremely difficult to detect in resting B cells, but increases
substantially upon LPS stimulation (Fig. 1B). This is in sharp contrast to the IRE1α and
PERK proteins, which are both readily detectable in resting B cells and remain at relatively
constant levels over the course of LPS stimulation (Gass et al., 2008; Zhang et al., 2005).
These data, coupled with previous evidence for ATF6α activation in activated B cells,
suggested that the ATF6α branch of the UPR might play a vital role in the development of
antibody-secreting B cells.

3.2. Lymphocyte development in ATF6α-deficient mice
To further investigate the potential roles of ATF6α in B cells and humoral immunity, we
utilized ATF6α knockout mice in which the entire basic leucine zipper domain and the
majority of the transmembrane domain of ATF6α were removed by gene-targeted deletion
(Yamamoto et al., 2007). As previously published (Wu et al., 2007; Yamamoto et al., 2007),
ATF6α-deficient mice are generally healthy and do not exhibit obvious phenotypes under
normal conditions. Flow cytometry analysis of splenocytes revealed that the frequencies of
immature transitional (T1) B cells (IgMhighIgD−/low), mature follicular (FO) B cells
(IgMlowIgDhigh) and marginal zone (MZ) B cells (IgMhighIgDlow) in the spleen are
comparable in wild-type and ATF6α-deficient mice (Fig. 2, left panels and Table 1).
Likewise, the frequencies of B1 (CD11b+) and B2 (Cd11b−) cells in the peritoneal cavity
(Fig. 2, right panels and Table 1) and of mature CD4+ and CD8+ T cells in the spleen are
normal in ATF6α-deficient mice (Table 1). These data demonstrate that ATF6α is not
required for lymphocyte development.

3.3. In vitro differentiation of LPS-stimulated ATF6α-deficient B cells
Normal lymphocyte development in ATF6α knockout mice made it possible for us to
explore the functionality of ATF6α-deficient B cells. We began by utilizing the in vitro
system of LPS-induced differentiation of antibody-secreting B cells. First, we assessed the
expression of several genes encoding ER proteins that are up-regulated in the differentiation
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process. We found that transcripts for Hspa5 (encodes the ER chaperone BiP/GRP78),
Hsp90b1 (encodes the ER chaperone GRP94), Dnajb11 (encodes the ER chaperone co-
factor ERdj3) and Ero1lb (encodes the ER folding enzyme ERO1-like β) increase similarly
in wild-type and ATF6α-deficient B cells cultured in the presence of LPS (Fig. 3). This
correlates with comparable increases in the abundance of ER proteins in LPS-stimulated
wild-type and ATF6α-deficient B cells as revealed by immunoblot analysis of BiP/GRP78,
GRP94 and TRAPα, a transmembrane component of the ER translocon (Fig. 4). These data
demonstrate that ATF6α is not essential for enhancement of ER protein folding machinery
during the differentiation of antibody-secreting B cells.

When B cells are stimulated to secrete antibody, proliferation of the rough ER requires an
increased supply of membrane lipids as well ER resident proteins. Indeed, the synthesis and
abundance of phosphatidylcholine (PtdCho), the major phospholipid in cellular membranes
including ER membranes, increases markedly in LPS-stimulated B cells (Fagone et al.,
2009; Fagone et al., 2007; Rush et al., 1991). We found similar levels of PtdCho in wild-
type and ATF6α-deficient B cells that had been stimulated with LPS for three days (Fig.
5A). This correlated with comparable levels of ER as revealed by staining with ER-
Tracker™, an ER-specific fluorescent dye (Fig. 5B). Therefore, while ATF6α has the ability
to enhance PtdCho synthesis and ER biogenesis (Bommiasamy et al., 2009; Maiuolo et al.,
2011), this UPR transcription factor is not required for either of these critical processes
during the differentiation of antibody-secreting B cells.

LPS-stimulated mouse B cells strongly up-regulate Ig expression, primarily synthesizing Ig
μ heavy chains and κ light chains and secreting IgM antibodies. Consistent with the analysis
of ER protein folding machinery and ER abundance (Figs. 3, 4 and 5), we found that wild-
type and ATF6α-deficient B cells express similar levels of Ig μ and κ chains (Fig. 4) and
secrete comparable amounts of IgM (Fig. 6A) in response to LPS activation. In addition, the
viability of ATF6α-deficient B cells over four days of LPS stimulation was
indistinguishable from that of wild-type B cells (Fig. 6B). These data establish that ATF6α
is not essential for either development or survival of antibody-secreting B cells in vitro.
Finally, the expression of Xbp1 mRNA (Fig. 7A) and its IRE1-mediated splicing (Fig. 7B)
were up-regulated similarly in LPS-stimulated wild-type and ATF6α-deficient B cells.
These findings argue that the normal differentiation and survival of ATF6α-deficient
antibody B cells in vitro (Figs. 3, 4, 5, 6 and 7) is not due to compensatory effects of
increased XBP1(S).

3.4. In vivo antibody responses in ATF6α-deficient mice
We then investigated the capacity of ATF6α-deficient B cells to differentiate into antibody-
secreting plasma cells in vivo. Antibody responses to protein antigens are primarily
mediated by follicular B cells and require the assistance of CD4+ T helper cells which
promote Ig isotype switching and memory B cell development (Allman and Pillai, 2008;
Jacob et al., 1991). The marginal zone and B1 subsets of B lymphocytes are responsible for
responding to T cell-independent antigens, such as bacterial polysaccharides, and produce
IgM and, in smaller amounts, IgG3 (Martin and Kearney, 2001; Martin and Kearney, 2002;
Martin et al., 2001). Thus, we immunized mice with haptenated T cell-dependent and -
independent antigens and measured specific antibody responses by hapten-specific ELISA.
In response to the T cell-dependent antigen NP-KLH, wild-type and ATF6α-deficient mice
generated similar primary responses (3 weeks post-immunization) including IgM anti-NP
(Fig. 8A) and IgG anti-NP (Fig. 8B) antibodies. Upon re-challenge with NP-KLH, both
genotypes of mice exhibited robust secondary responses (6 weeks post-immunization),
yielding comparable titers of IgM anti-NP (Fig. 8A) and IgG anti-NP (Fig. 8B) antibodies.
These data indicate that ATF6α is not essential for antibody secretion by antigen-activated
follicular B cells in vivo. Moreover, these findings reveal that T cell help, development of
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memory B cells and isotype switching proceed normally in ATF6α-deficient mice.
Importantly, the titer of IgG anti-NP antibodies several months (27 weeks) post-
immunization with NP-KLH was analogous in wild-type and ATF6α-deficient mice (Fig.
8B), suggesting that ATF6α is not required for either plasma cell longevity or the
maintenance of humoral immunity in vivo. In response to the T cell-independent antigen
NP-Ficoll, wild-type and ATF6α-deficient mice mounted comparable IgM and IgG3 anti-
NP antibody responses (Fig. 8C). These results indicate that ATF6α is not required for
antibody secretion by antigen-activated marginal zone B cells and B1 cells in vivo. In
agreement with these studies, we observed similar concentrations of total IgM and IgG in
the serum of non-immunized wildtype and ATF6α-deficient mice (Supplemental Fig. S1).

4. Conclusions
The UPR transcription factor ATF6α has been implicated in the physiology of several cell
types including hepatocytes (Cinaroglu et al., 2011; Yamamoto et al., 2010; Wang et al.,
2009; Wu et al., 2007), dopaminergic neurons (Egawa et al., 2011), skeletal muscle cells
(Wu et al., 2011), pancreatice β-cells (Teodoro et al., 2011) and dormant tumor cells
(Schewe and Aguirre-Ghiso, 2008). The ability of ATF6α to up-regulate many genes
associated with ER quality control processes (Adachi et al., 2008), promote lipid synthesis
and drive ER biogenesis (Bommiasamy et al., 2009; Maiuolo et al., 2011), coupled with the
strong induction of ATF6α expression in LPS-stimulated B cells (Fig. 1), suggested that this
UPR pathway might also play a critical role when B cells are stimulated to secrete antibody.
However, our studies of ATF6α-deficient B cells demonstrate that ATF6α, like the PERK
pathway, is dispensable for B cell development and the differentiation of antibody-secreting
B cells.

It is important to note that questions remain regarding ATF6α and its possible role in B
cells. First, our analysis of gene expression in ATF6α-deficient B cells was restricted to a
subset of UPR-regulated targets. A more comprehensive assessment might reveal that
ATF6α does contribute to the regulation of certain genes, such as additional ERAD
components or factors involved in lipid metabolism, in activated B cells. Next, while our
data indicate that Ig production is not compromised in ATF6α-deficient B cells, it should
not be assumed that the synthesis and maturation of all secretory pathway proteins proceeds
normally under these conditions. Further analysis of ER protein folding, including the level
of chaperone-associated proteins, in ATF6α-deficient B cells that have been stimulated to
secrete antibody and/or treated with pharmacologic agents that disrupt the ER environment
is warranted. Finally, we cannot exclude the possibility that ATF6β might play a
compensatory role in ATF6α-deficient B cells. ATF6α-and ATF6β-single knockout mice
develop normally, whereas ATF6α/β-double knockout animals exhibit embryonic lethality
(Yamamoto et al., 2007). Thus, ATF6α and ATF6β can compensate for each other, at least
during certain stages of embryonic development. Whether such compensatory activities
occur in cell types such as B lymphocytes remains to be investigated. To this end, we have
found that Atf6β mRNA is expressed at similar levels in freshly isolated, resting wild-type
and ATF6α-deficient B cells and is comparably up-regulated in response to LPS in both B
cell genotypes (data not shown). However, it would certainly be interesting to assess the
level of ATF6β(N) protein in activated wild-type and ATF6α-deficient B cells and,
potentially, to employ a conditional deletion approach to generate B cells lacking both
ATF6α and ATF6β.

In summary, our findings further support the idea that a specialized, limited UPR is utilized
when B cells are stimulated to secrete antibody (Gass et al., 2002; Gass et al., 2008; Ma et
al., 2010; Masciarelli et al., 2010). In this normal, developmental process, a physiologic
UPR featuring the IRE1-XBP1 pathway effectively copes with the escalation of Ig synthesis
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and antibody assembly necessary for high-rate antibody output. The possibility that the
entire UPR or distinct UPR pathways might play significant roles in dysfunctional B cells
involved in pathophysiologic processes such as autoimmunity or malignancy awaits further
study.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ATF6 activating transcription factor 6

ER endoplasmic reticulum

ERAD ER-associated degradation

IRE1 inositol-requiring enzyme 1

KLH keyhole limpet hemocyanin

MEFs mouse embryo fibroblasts

NP nitrophenyl

nt nucleotide

PERK PKR-like ER kinase

PKR protein kinase RNA-activated

PtdCho phosphatidylcholine

qRT-PCR quantitative RT-PCR

UPR unfolded protein response

XBP1 X-box binding protein 1
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Highlights

• The UPR factor ATF6α is up-regulated and activated in LPS-stimulated B cells.

• ATF6α is not required for lymphocyte development.

• ATF6α is not required for development of antibody-secreting B cells in vitro.

• ATF6α is not essential for humoral immune responses in vivo.

• The specialized UPR of differentiating B cells is not dependent on ATF6α.
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Fig. 1.
Expression of ATF6α in resting and LPS-stimulated splenic B cells. Splenic B cells were
isolated from wild-type mice and cultured in the presence of LPS for the indicated intervals.
(A) Atf6a expression was assessed by quantitative real-time RT-PCR (qRT-PCR). Data are
plotted as the level of Atf6a mRNA in LPS-stimulated cells relative to that in freshly
isolated, resting cells (set at 1) (mean ± S.D., n = 3). (B) Immunoblot analysis of ATF6α(P)
(full-length, precursor form), Ig μ heavy chain as a positive control for differentiation and β-
actin as a control for loading and sample integrity. Data are from a representative
experiment out of three repeats.
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Fig. 2.
Flow cytometry analysis of lymphocyte populations in wild-type and ATF6α-deficient mice.
Splenocytes and peritoneal cells were isolated from age- and gender-matched Atf6a+/+ and
Atf6a−/− mice, stained with fluorochrome-labeled antibodies specific for cell surface
markers that discriminate lymphocyte populations and analyzed by flow cytometry (R1 =
lymphocyte gate as determined by visible light scatter). (A) B220+ splenocytes were
assessed for levels of IgM and IgD to identify follicular (FO), marginal zone (MZ) and
transitional T1 subpopulations. These subsets were further analyzed for levels of CD21,
CD23, and CD93 to validate their identity and/or to identify additional subsets (Table 1 and
data not shown). (B) Peritoneal cells were stained with B220 and CD11b to reveal B1 and
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B2 B cells. Five mice for each genotype were analyzed and representative density plots are
shown.
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Fig. 3.
Expression of ER protein folding machinery in LPS-stimulated wild-type and ATF6α-
deficient B cells. Splenic B cells were isolated from Atf6a+/+ and Atf6a−/− mice and cultured
in the presence of LPS for the indicated intervals. Expression of (A) Hspa5, encodes ER
chaperone BiP/GRP78, (B) Hsp90b1, encodes ER chaperone GRP94, (C) Dnajb11, encodes
ER chaperone co-factor ERdj3 and (D) Ero1lb, encodes ER folding enzyme ERO1-like β
was assessed by qRT-PCR. Data are plotted as the level of each target mRNA in LPS-
stimulated cells relative to that in freshly isolated, resting cells (set at 1) (mean ± S.D., n =
4).
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Fig. 4.
Expression of ER proteins and Ig chains in LPS-stimulated wild-type and ATF6α-deficient
B cells. Splenic B cells were isolated from Atf6a+/+ and Atf6a−/− mice and cultured in the
presence of LPS for the indicated intervals. Immunoblotting was performed for the ER
proteins BiP/GRP78 and GRP94, the ER translocon component TRAPα, Ig μ heavy and κ
light chains, ATF6α(P) as an internal control for genotyping and β-actin as a control for
loading and sample integrity. Data are from a representative experiment out of three repeats.
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Fig. 5.
Phosphatidylcholine levels and ER abundance in LPS-stimulated wild-type and ATF6α-
deficient B cells. Splenic B cells were isolated from Atf6a+/+ and Atf6a−/− mice and cultured
in the presence of LPS for 3 days. (A) Lipids were extracted from equivalent numbers of
cells and the amount of phosphatidylcholine (PtdCho) was determined. The experiment was
performed in duplicate using B cells from two mice of each genotype; data are plotted as
mean ± S.D. of triplicate determinations. (B) Cells were left unstained (hashed lines) or
stained with ER-Tracker™ (solid lines) and analyzed by flow cytometry for ER abundance.
Data are from a representative experiment out of two repeats.
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Fig. 6.
Antibody secretion and viability of LPS-stimulated wild-type and ATF6α-deficient B cells.
Splenic B cells were isolated from Atf6a+/+ and Atf6a−/− mice and cultured in the presence
of LPS. (A) On the indicated days, cells were harvested, washed and replated at equivalent
densities for either 2 or 3 h. Culture supernatants were then collected and assessed for IgM
content by ELISA; data are plotted as the amount of IgM secreted by 5×105 cells/ml/h
(mean ± S.D., n = 5). (B) At the indicated intervals, cell viability was assessed by trypan
blue dye exclusion (mean ± S.D., n ≥ 5 for each interval).
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Fig. 7.
Expression and UPR-mediated splicing of Xbp1 mRNA in LPS-stimulated wild-type and
ATF6α-deficient B cells. Splenic B cells were isolated from Atf6a+/+ and Atf6a−/− mice and
cultured in the presence of LPS for the indicated intervals. (A) The level of total Xbp1
mRNA was assessed by qRTPCR. Data are plotted as the level of Xbp1 mRNA in LPS-
stimulated cells relative to that in freshly isolated, resting cells (set at 1) (mean ± S.D., n =
3). (B) The percentage of Xbp1 transcripts modified by UPR-mediated splicing (mean ±
S.D., n = 3) was determined by resolving RT-PCR products amplified from unspliced and
spliced Xbp1 mRNA (237 and 211 nts, respectively) by gel electrophoresis followed by
imaging and quantification.
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Fig. 8.
Antigen-specific antibody responses in wild-type and ATF6α-deficient mice. Age- and
gender-matched Atf6a+/+ and Atf6a−/− mice were immunized intraperitoneally with
haptenated antigens. Blood samples were obtained at various intervals, and serial dilutions
of sera were assayed by hapten-specific ELISA. Absorbance signals ≥ 2 times background
(pre-immune sera) were used to determine titers of anti-NP antibodies. (A and B) For the T
cell-dependent antigen NP5-KLH, mice received a primary immunization and a booster
immunization 3 weeks later. Serum samples were collected at 3, 6 and 27 weeks (wks) post-
primary immunization and analyzed for titers of (A) IgM and (B) IgG anti-NP antibodies
(mean ± S.D., n = 4). (C) For the T cell-independent antigen NP-Ficoll, serum samples were
harvested 3 weeks post-immunization and analyzed for titers of IgM and IgG3 anti-NP
antibodies (mean ± S.D., n = 6).
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