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ABSTRACT

The differentiation of B cells into Ig-secreting plasma
cells requires the expansion of secretory organelles to
cope with the increased cargo load. To evaluate the
timeline of this process, we have quantitated the kinet-
ics of secretory organelle expansion relative to Ig se-
cretion and examined regulatory components of secre-
tory transport following in vitro activation of human B
lymphocytes. Unstimulated B cells contain minimal en-
domembranes. After activation, ER membrane induc-
tion appears as tightly packed spherical structures of
0.5-1 um diameter concentrated in a juxtanuclear posi-
tion. When the cells differentiate into plasmablasts,
there is dramatic cell-size increase, but the ER remains
concentrated close to the nucleus and only later fills the
entire cell. In sharp contrast, previous studies in other
cell types have found that the ER expands in synchrony
with increasing cell size during interphase, by extension
of ER tubules under the PM. In this study, the Golgi re-
mains consistently as a single juxtanuclear structure
but linearly expands sixfold in volume during B cell acti-
vation. Furthermore, following active cell proliferation,
ER exit sites proliferate rapidly, increasing almost four-
fold in number, in parallel with a sharp increase in Ig se-
cretion. These findings demonstrate that the control of
organelle biogenesis and expansion in primary human
B cells are differentially regulated by cargo flux caused
by Ig synthesis. J. Leukoc. Biol. 87: 245-255; 2010.
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ATFB=activating transcription factor 6, Bimp1=B lymphocyte-induced
maturation protein-1, COPI/I=coat protein complex I/ll, DAPI=4'6-dia-
midino-2-phenylindole, ER=endoplasmic reticulum, ERGIC-53=ER-Golgi
intermediate compartment 53, IRF-4=IFN-regulatory factor 4, IRE1=
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cal Medicine, MRC=Medical Research Council, Pax6=paired box gene
5, PFA=paraformaldehyde, PM=plasma membrane, PWM=pokeweed
mitogen, gRT-PCR=quantitative RT-PCR, RER=rough ER, SAC=
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TBP=TATA box-binding protein, TEM=transmission electron micros-
copy, UPR=unfolded protein response, XBP-1=X box-binding
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Introduction

Plasma cells are terminally differentiated key mediators of the
humoral immune response, formed when resting B lymphocytes
are activated by antigen. B cell morphogenesis into large anti-
body-secreting plasma cells demands total commitment to protein
synthesis through the expansion of the secretory pathway to form
a highly developed endomembrane transport network.

The secretory pathway is ubiquitous to all cells and essential
for the export of proteins. Resting B cells characteristically
contain minimal cytoplasm, rudimentary ER, and express only
surface Ig. Following antigen stimulation, surface Ig is down-
regulated, and the cell starts to secrete soluble Ig, and by ter-
minal plasma cell stage, copious secretion rates of up to 3000
antibody molecules/s are achieved [1]. To accommodate this
secretory load, plasma cells form an elaborate ER network,
containing a host of chaperones required for correct folding
and assembly of Ig molecules. From the ER, assembled pro-
teins are recruited to ER exit sites—small, specialized domains
along the length of the ER—and are packaged by the sequen-
tial action of coat proteins (COPII then COPI) into carriers des-
tined for the Golgi apparatus [2, 3]. In the Golgi, Ig molecules
undergo further glycosylation before transport to the PM.

Differentiation of lymphocytes is accompanied by progressive
changes in the cell-surface protein repertoire. During plasma cell
generation, mature, naive B cells (CD19*, CD20", CD38™,
CD138") convert to a characteristic plasma cell phenotype
(CD19*, CD20~, CD38" CD138") [4]. Recent molecular studies
have shed light on the interplay among transcription factors, in-
cluding Pax5, XBP-1, while Blimpl, underlying these phenotypic
changes in controlling cellular differentiation [5, 6]. Pax5 inhib-
its plasmacytic differentiation through transcriptional repression
of several B cell differentiation factors, including XBP-1 and
Blimp1 [5], which are key factors essential for plasma cell forma-
tion, while Blimp1 acts as a transcriptional activator necessary for
high-level Ig synthesis and a repressor of Pax5 [6]. XBP-1 regu-
lates plasma cell differentiation [7] and is one of the three trans-
ducers of the UPR in B cells [8]. The UPR is a cellular response
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to excessive amounts of unfolded proteins, which place high
amounts of stress on the ER. In the context of B cell differentia-
tion, UPR signaling, activated during plasma cell differentiation,
results in increased transcription of ER chaperones and other
components that aid Ig folding and secretion [9] and, poten-
tially, plays a key role in the final expansion of membranes that
ultimately lead to cell death.

A number of cytokine and mitogen-based assays have been
developed to monitor primary human B cell differentiation
in vitro [10-12]. In this study, a multivalent stimulation with
pokeweed mitogen, SAC, and CpG DNA, originally described
in ref. [13], was found to facilitate most effectively full differ-
entiation of primary circulating human B cells to plasma cells
within a timeframe that could be followed by microscopy.
Here, this in vitro activation assay has been used in conjunc-
tion with quantitative light and electron microscopy tech-
niques to profile changes in the ER, together with the Golgi
and ER exit sites, throughout the B cell differentiation pro-
cess. The findings offer important insights into the coordina-
tion of organelle dynamics in the course of Ig secretion in
early effector B cells and antibody-producing plasma cells.

MATERIALS AND METHODS
Chemicals and antibodies

All chemicals were from Sigma-Aldrich (Poole, Dorset, UK) unless other-

wise stated. Antibodies used in this study are described in Supplemental
Table 1.

Isolation and stimulation of peripheral human B cells

PBMC were isolated by density centrifugation over Ficoll Histopaque-1077
from fresh, anonymous, human donor blood obtained under ethical con-
sent from a pool of healthy volunteers at LSHTM. CD20* B cells were posi-
tively selected using MACS Microbeads (Miltenyi Biotec, Surrey, UK), ac-
cording to the manufacturer’s instructions, and counted on a Neubauer
hemocytometer. Typically, 1-3 X 10° CD20" B cells were isolated from a
single donation of 50 ml peripheral blood, and three to five donors were
used for each experiment. Immediately upon isolation, B cells were diluted
to 5 X 10° cells/ml in B cell medium (HEPES-buffered RPMI, 10% FCS, 2
mM glutamine, 0.1 mg/ml streptomycin, 100 U/ml penicillin), supple-
mented with the combined antigen mixture (hereafter, mitogenic antigen
mixture) of 100 ug/ml SAC, 10 ug/ml PWM, and 1 ng/ml CpG2006 (Eu-
rogentec Ltd., Romsey, UK) to induce differentiation [13], and incubated
in a single pooled culture, unless otherwise indicated, at 37°C with 5%
CO,. Cells were analyzed by removal of an appropriate aliquot from the
stimulated culture at the time-points indicated in the text—over a period
of up to 7 days—and processed according to the experimental method.

Flow cytometry

B cells (1X10°) were washed with FACS buffer (PBS, 1% FCS, 0.1% NaN,),
stained with directly conjugated cell-surface marker antibodies (Supple-
mental Table 1) or their isotype controls, for 30 min at room temperature,
washed in FACS buffer, then fixed in 4% PFA in FACS buffer for 15 min at
room temperature, and washed again. Acquisition was performed on a
FACSCalibur (BD Biosciences, Oxford, UK) and data analyzed using
FlowJo software (Version 8.1.1, Tree Star, Ashland, OR, USA).

Ig ELISA

CD20" B cells were stimulated with mitogenic antigen mixture, and super-
natants were collected at daily intervals. Duplicate supernatants were as-
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sayed for secreted IgM levels by sandwich ELISA. Briefly, Maxisorp Immu-
lon 4HBX plates (Thermo Life Sciences, Basingstoke, UK) were coated
with rabbit anti-human IgM and incubated with serially diluted (1:1-1:500)
B cell supernatants for 2 h at 37°C. Plates were washed in PBS/0.05%
Tween 20 and incubated with HRP-conjugated anti-IgM antibody for 1 h.
Plates were developed with SureBlue substrate solution (Insight Biotechnol-
ogies, Middlesex, UK), terminated with 1 M H,SO,, and the absorbance
read at 492 nm in Dynex MRX plate reader (Worthing, UK). Standard
curves were created from readings of serially diluted, purified human IgM
(1-125 ng/ml). Secreted IgG levels were measured using the human IgG
ELISA quantitation kit (Bethyl Laboratories, Cambridge Bioscience, UK),
according to the manufacturer’s protocol.

Proliferation assay

Purified CD20" B cells were incubated in 96-well round-bottomed microti-
ter plates at 1 X 10° cells/well in 200 ul B cell medium in the absence
(unstimulated) or presence of mitogenic antigen mixture (stimulated). For
the last 16 h of the incubation time indicated, 0.5 uCi methyl—[gH]—thymi—
dine (TRK120, GE Healthcare, Piscataway, NJ, USA) was added. DNA from
the cell cultures was harvested onto filter papers using a Dymax washer and
harvester (Tomtec, Hamden, CT, USA). [EH]—Thymidine incorporation was
determined using a Wallac Trilux™ 1450 MicroBeta liquid scintillation
counter (Perkin Elmer, Wellesley, MA, USA). Results shown are mean

cpm * sp of triplicate cultures from one representative experiment.

Immunofluorescence and live cell stains

B cells were adhered to poly-L-lysine-coated #1 coverslips for 60 min, fixed
in 2% PFA in PBS at room temperature (anti-giantin and B cell surface
markers) or methanol at —20°C for 10 min (anti-Sec24C). Cells were incu-
bated with antibody diluted in PBS containing 5% FCS and 0.1% saponin
for 1 h at room temperature with washes in 5% FCS/PBS. Cells were
mounted in Fluoromount G (Cambridge Biosciences, UK) with DAPI to
label nuclei. DRAQ5™ (Biostatus Ltd., Leics, UK) and calcein (Live/Dead®
viability/ cytotoxicity kit, Molecular Probes, Invitrogen, Paisley, UK), which
are vital dyes for nuclei and live cells, respectively, were used per the manu-
facturers’ instructions, and live, stained cells were imaged in Nunc Lab-
Tek™ eight-chambered coverglasses (VWR International, UK) with the mi-
croscope stage heated to 37°C. Cells were stained with 0.1 uM
ER-Tracker™ Blue-White DPX in PBS (Molecular Probes) at 37°C for
20-30 min, washed in PBS, then stained, with antibodies to B cell pheno-
typic markers for 15 min in B cell media at 37°C, and washed again. Cell
suspension was applied to an imaging chamber described in ref. [14],
sealed with a poly-L-lysine-coated coverslip, inverted to enable cells to stick
to poly-L-lysine, and imaged with the microscope stage heated to 37°C.

Confocal microscopy

Fluorescence images were obtained with a Zeiss LSM 510 confocal micro-
scope using 405 nm, 488 nm, 543 nm, and 633 nm laser lines for the ap-
propriate dyes. Live cells were imaged at 37°C on the stage with a 100X 1.4
numerical aperture objective set at a pinhole diameter equivalent to 1-1.3
Airey units. Images were analyzed using the Zeiss LSM software or Volocity
4.2 (Improvision, UK).

To quantitate ER exit site distribution, z-stacks of cells labeled for
Sec24C and DAPI were acquired by confocal microscopy and imported into
Volocity. ER exit sites were labeled manually and counted for each cell in a
3D projection for each day during the time course. Four independent
COPII labeling experiments were used. Golgi morphology was assessed by
3D confocal imaging of differentiating B cells labeled by immunofluores-
cence of the Golgi marker giantin. z-stacks were imported into Volocity and
used for volumetric analysis. Seven independent Golgi-labeling experiments
were used for quantification.

Electron microscopy

B cells (1X107) were fixed in 2.5% glutaraldehyde/2% PFA/0.1 M Na cacody-
late, pH 7.4, and washed in 1% PFA/0.1 M Na cacodylate. The cells were post-
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fixed in osmium tetroxide, embedded in agar, dehydrated in methanol, and
embedded in TAAB hard resin (TAAB, Berks, UK). Ultrathin sections were
cut on a Leica Ultracut R microtome, stained with Reynolds lead citrate, and
observed in a Jeol JEM 1200EX II transmission electron microscope.

TEM images were imported into the imaging software Adobe Photoshop®.
Using a graphics pen, the rough ER membrane, nucleus, and total cell area
were overlaid manually as separate components. The masked images were cali-
brated and quantified in Volocity (Supplemental Fig. 1). The nuclear envelope
was not included in total ER measurements, as for the purposes of ER expan-
sion, the nucleus does not vary greatly in size during differentiation.

Real-time qRT-PCR to determine mRNA expression
level

Standards for each gene of interest were generated by conventional PCR from
PBMC-derived cDNA, followed by purification using the QIAquick PCR purifi-
cation kit (Qiagen, Valencia, CA, USA) and quantified using the PicoGreen®
method (Invitrogen). Copy numbers were calculated based on the fragment
length, and standards were used in subsequent assays to generate standard
curves ranging from 10° copies to 10 copies/reaction. RNA was prepared from
stimulated B cells using the RNeasy mini kit (Qiagen) according to the manu-
facturer’s instructions, and 50 ng total RNA was reverse-transcribed in dupli-
cate using an oligo dT primer and Superscript II enzyme (Invitrogen). The
20-pul reaction mix was diluted to 100 ul with water. The expression levels of
the indicated genes were measured by real-time qRT-PCR using SYBR® Green
(Applied Biosystems, Foster City, CA, USA) incorporation in an ABI Prism
7000 sequence detection system (Applied Biosystems) by reference to the stan-
dard curve for each gene. Results are shown normalized to TBP mRNA copy
number, as this gene was found to be the most stably expressed housekeeping
gene in stimulated B cells using the geNorm application (S. J. Kirk and J. M.
Cliff, unpublished observations; ref. [15]). Each reaction was performed with 5
ul cDNA, 12.5 ul SYBR Green Mastermix, 1 ul each primer (final concentra-
tion, 400 nM), and 5.5 ul water. PCR conditions were 10 min 95°C denatur-
ation step, followed by 40 cycles of 95°C:15 s/60°C:1 min. At the end of all of
the cycles, a dissociation analysis was performed to ensure the presence of only
one specific PCR product.

Primer sequences were: ERGIC-53 SP: GACATCAAAGAGCACCTGCACA,
AP: ACAAACATGATGGAAATGGTGGT; Blimpl SP: CGGGAGAAAAGCCA-
CATGAA, AP: TCCAGAATGGAGTCGCAGGT; IRE1 SP: TCTCCTCCGAGC-
CATGAGAA, AP: GGGGGAAGCGAGATGTGAAG; IRF-4 SP: CCTG-
CAAGCTCTTTGACACACA, AP: TGGAAACTCCTCTCCAAAGCA;
Sec24C SP: CCAGAGCCTTTTCAGCGTCTC, AP: GCCTCGAACCTTCTT-
GGACA; Sec31A SP: GCTGCCTTTCTTCAGCAACAG, AP: TCGAGTT-
TCAATGCTCCTTGC; XBPI-S SP: AGAGGAGGCGGAAGCCAAG, AP:
GTCCAGAATGCCCAACAGGA; XBPI-U SP: AGAGGAGGCGGAAGC-
CAAG, AP: TCTGGAGGGGTGACAACTGG.

Immunoblotting

At the given time-points, 3 X 10° B cells were lysed in 200 pl sample buffer
(10% glycerol, 2% SDS, 250 mM Tris, pH 6.8, 0.01% bromophenol blue,
20 mM DTT). Extract equivalent to 3 X 10° cells was resolved by reducing
SDS-PAGE as described previously [14]. Western blot images were acquired
by detection of antibody-protein complexes using ECL (GE Healthcare).

RESULTS

In vitro B cell stimulation assay leads to terminal
plasma cell-like differentiation

To test whether the mixed mitogenic antigen-stimulation proto-
col was able to induce differentiation of primary B cells to termi-
nal stage plasma cells, cell-surface phenotype, morphology, and
Ig secretion were analyzed over 7 days. To monitor B cell surface-
antigen expression, purified CD20™" peripheral primary human B
cells were cultured with mitogenic antigen mixture for 7 days,
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and aliquots were removed for phenotypic analysis (CD19, CD38,
and CD138) on Days 0 and 7 (Fig. 1A). CD19 was expressed on
resting CD20™ B cells (Day 0) and reduced to low levels by Day
7, indicating down-regulation of expression over time. By con-
trast, CD38 expression was up-regulated, and cells at Day 7 had
high levels of surface expression compared with unstimulated
cells. CD138 was not expressed at early time-points but was found
on up to 30% of cells following 67 days’ stimulation. As a result
of rapid death of terminally differentiated cells, this number may
be lower than the total percentage that becomes CD138". Com-
parative flow cytometric analysis similarly showed that between
Days 0 and 7, CD19% cell numbers decreased, and CD38™ cell
numbers increased, with 68% B cells at Day 7 found to be
CD38" (Supplemental Fig. 2). Forward- and side-scatter analysis
showed that with increase in CD38 expression, cells exhibited
increased size and granularity.

As B cell activation leads to clonal expansion in vivo, it
was necessary to test whether the mitogenic antigen mixture
was able to induce cell proliferation. Incorporation of [*H]-
thymidine is a measure of DNA synthesis, which can be used
as an indicator of cell proliferation. [*H]-Thymidine uptake
over the 7-day assay period was assessed (Fig. 1B). Upon
stimulation, B cells underwent cell division rapidly, with
rate of [*H]-thymidine uptake peaking at Day 2, after
which, cells terminally differentiated as nonproliferating
plasma cells, as indicated by diminished [*H]-thymidine up-
take. Analysis of cell viability over the time course demon-
strated an increase in the proportion of dead cells only at
Days 6 and 7 (data not shown), which indicated that the
decline in proliferation was not linked to cell death.

The effects of the mitogenic antigen mixture on Ig produc-
tion were investigated (Fig. 1, C and D) by daily sampling of
supernatants from cultures of stimulated B cells. Sandwich
ELISAs revealed induction of IgM from Days 3 to 4 with maxi-
mum levels detected by Day 7 (Fig. 1C). IgG levels were found
to increase rapidly from Day 4, reaching a plateau by Day 6
(Fig. 1D). This indicated that Ig secretion induction occurred
following the proliferative phase.

Using calcein and DRAQ5™, freshly isolated CD20™ B cells
were found to have a uniform appearance, 5 um in diameter, an
almost spherical shape, few membranous extensions, and sparse
cytosol around the nucleus (Fig. 1E). Cells at Day 7 were
smoother, more ovoid, with the nucleus pushed to one side by
the volume of cytosol, in a manner characteristic of plasma cells.

These morphologic changes, together with evidence of in-
duction and increasing secretion of Ig molecules, demon-
strated clearly that the mixed mitogenic antigen method of
stimulation was driving naive, resting B cells to terminal
plasma cell differentiation.

Expansion of the internal membranes precedes
up-regulation of Ig secretion

ER membrane configuration was investigated by looking at
the cell ultrastructure at different stages of plasma cell bio-
genesis (Fig. 2A). At Day 0, most cell profiles exhibited a
single layer of ER around the nucleus, corresponding to the
nuclear envelope, and, in most cases, no peripheral strands
of ER were observed in the cytosol, correlating with the
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Figure 1. The combination of CpG,
SAC, and PWM induces terminal differ-
entiation of peripheral blood B cells.
After isolation, primary human B cells
were stimulated with mitogenic antigen
mixture for a period of 7 days. (A) Un-
stimulated B cells (Day 0) and plasma
cells (Day 7) were stained for the ex-
pression of B cell markers CD19
(green) and CD38 (purple) and plasma
cell marker CD138 (red), with DAPI
(blue) to label nuclei, and visualized by
confocal microscopy. Original bar, 5
pm. (B) Equal numbers of cells, stimu-
lated by antigen mixture, were pulsed
with [SH]—thymidinc and then harvested
at the indicated times (from stimulation
start-point). Cell proliferation was deter-
mined by [SH]—thymidinc incorporation
as a measure of DNA synthesis, repre-
sented as cpm. Each experiment value is
a mean of triplicates = sp from one
representative experiment. To investi-
gate the levels of secreted Ig, superna-
tants were harvested from the stimu-
lated B cells at daily intervals. The pres-
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compact size of the nonactivated B cells. By Day 3, prolifer-
ation of the ER was clear, and at Day 7, there was a highly
compacted ER ultrastructure, densely coated in ribosomes,
indicating RER proliferation (Fig. 2, A and B). In some
cells, this ER structure was distorted, showing greatly dilated
RER cisternae and highly crystalline proteinaceous lumenal
content (Fig. 2B). Fine strands were sometimes visible in
the distended ER lumen (Fig. 2B). Up-regulation of the pe-
ripheral ER was quantitated by manual overlay of the elec-
tron micrographs (Fig. 2C and Supplemental Fig. 1). Mea-
surement of total peripheral RER profile and cell cytosol
revealed that the ER:cytosol ratio expanded >140-fold be-
tween Days 0 and 3 (P<0.01; Student’s #test) and doubles
again between Days 3 and 7 (P<0.01). Interestingly, ER ex-
pansion seemed to occur within specific areas of the cell. At
Day 3, RER was up-regulated greatly, but there were regions
of cytosol lacking ER (Fig. 2A and Supplemental Fig. 1). In
comparison, the ER in Day 7 cells extended throughout the
cytosol, with exclusion zones only for other organelles such
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as mitochondria (Fig. 2A). This was verified when ER was
quantified (Fig. 2C), where the further doubling of the ER:
cytosol ratio reflected increased density of ER membranes
throughout the cytosol. In contrast, mitochondrial numbers
were found to increase significantly between Days 0 and 3,
but no further increase was seen between Days 3 and 7
(Supplemental Fig. 3).

Induction of UPR has been implicated in alteration of ER
dimensions [16]. As B cell differentiation uses UPR pathways,
ER dimensions were investigated in this system. Tracing of tu-
bule diameters showed a clear change in lumenal volume dur-
ing differentiation (Fig. 3A). Notably, there was no discernible
difference between peripheral ER and the nuclear envelope in
naive B cells (Day 0; Fig. 3, A and B). By contrast, in plasma
cells, the nuclear envelope maintained its original dimensions,
and the peripheral ER exhibited marked lumenal enlargement
(Day 7; Fig. 3, A and B). Measurements of the lumen diameter
clearly demonstrated shifting ER lumenal profiles among dif-
ferent time-points (Fig. 3C), changing from 20.5 nm * 9.2 in
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Figure 2. ER membranes are up-
regulated during B cell differentia-
tion. Purified human CD20* B cells
were stimulated with mitogenic anti-
gen mixture. (A) Electron micro-
graphs of unstimulated B cells (Day
0) or B cells stimulated for 3 and 7
days. Representative cells are shown.
N, Nucleus; M, mitochondrion; G,
Golgi. Original bar, 500 nm. (B) En-
largement of electron micrograph of
plasma cell RER (Day 7) to show
proteinaceous lumenal content. Ar-
rows point to strands inside ER lu-
men. (C) TEM images of cells were
used to quantify the increase in RER
membranes through B cell differenti-
ation. Masks were created of nuclei,
ER membranes, and total cell area in
Adobe Photoshop and then cali-
brated and quantitated in Volocity,
and ER as a proportion of cytosol
was calculated (see Supplemental
Fig. 1). Data are presented as

mean * sp. Statistical significance is

unstimulated cells to 41.3 nm * 27.0 at Day 3 and 68.3 nm =*
34.4 at Day 7, which was statistically significant (P<107" in all
combinations). Variable ER morphology found in plasma cells,
with some thinner tubules and other greatly expanded sec-
tions, was reflected in the increased sp. ER tubules measuring
>50 nm were not found in undifferentiated cells (Fig. 3D),
whereas the frequency of dilated ER tubules had increased
significantly by Day 3, and by Day 7, 60% of ER measurements
exhibited distension >50 nm.

CD20™ cells were stained with ER-Tracker to examine ER
membrane induction in live cells at early time-points during B
cell differentiation. In unstimulated cells, the ER labeled as a
thin line of fluorescence, around the nucleus closely aligned
to the PM and some concentrated membranes located in nu-
clear invaginations. This indicated that the majority of ER at
this stage was confined to the nuclear envelope with minimal
amounts in the periphery (Fig. 4, A-C). After stimulation (Day
1), cells showed morphological variation, with the nuclei often
appearing distended, and the peripheral ER began to proliferate
but remained closely underlying the PM (Fig. 4, D-F). The ER
proliferated as distinct fluorescent puncta polarized to one side
of the nucleus (Fig. 4E and Supplemental Movie 1). On Day 2,
cell size and ER membranes were visibly expanded (Fig. 4, G-I),
the latter appearing as tightly packed spherical structures (0.5-1
pm diameter) associated with the nucleus. Spaces lacking ER un-
derneath the PM (labeled for surface antigen) were apparent
(Fig. 4, G, I, J, L). Areas in the cytosol without ER were similarly
found at EM level (Supplemental Fig. 1, Day 3). As cells contin-
ued to differentiate, the tightly packed ER spheres appeared to
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expand to fill the cytosol, and ring-like structures were seen in
many cells (Fig. 4, N, O, Q). This data suggest that ER expansion
is not synchronized to cell size/shape in differentiating B cells
and that ER biogenesis may occur by accumulation of mem-
branes close to the nucleus before expansion through the cell.

With respect to changes in the Golgi apparatus during plasma
cell biogenesis, from Day 0 to Day 7, Golgi membranes changed
from a small, compact 1 um juxtanuclear structure to an ex-
panded, lobed structure (Fig. 5A), comparable with enlarged
Golgi found in CD138™ cells isolated directly from peripheral
blood (data not shown). Quantitation studies showed that the
membranes increased linearly in size by 6.5-fold throughout dif-
ferentiation (Fig. 5C). At an ultrastructural level, tightly packed
cisternae apparent at Day 0 (Fig. 5B) became dilated at Day 7
(plasma cell stage) with pronounced accumulation of vesicular
membranes in the vicinity of the Golgi cisternae.

To investigate changes in the ER exit sites, isolated CD20" B
cells were stimulated, fixed at indicated time intervals, and
stained for Sec24C (Fig. 5E), a component of the COPII coat
that selectively associates with ER exit sites [2, 3]. At Day 0, ER
exit sites were sparsely, but evenly, distributed around the nuclear
envelope in sharp punctate structures. At early time-points (Days
1-3) following stimulation, these punctate structures persisted,
and at later time-points (Days 5-7), the number of ER exit sites
visibly increased and was found eccentrically distributed to one
side of the nucleus. Quantitation of ER exit sites (Fig. 5D) dem-
onstrated a marked increase between Days 3 and 7, paralleling
the onset and up-regulation of Ig synthesis.
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Figure 3. ER dilation during B cell
differentiation. Electron micrographs
show peripheral ER (A) and the nu-
clear envelope (B) at Days 0 and 7.
Each image shows a representative
example of a section of peripheral or
nuclear envelope ER, alongside an
image overlaid to delineate the mem-
brane paths. Peripheral ER is repre-

sented in red and nuclear envelope in 7 &
green. Images were acquired at
X40,000 original magnification. Origi- C D
nal bars, 500 nm. (C) TEM images 25 70 : .
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ER exit site components are up-regulated during
differentiation

Investigation of components involved in up-regulation of en-
domembranes and Ig secretion showed that key transcription
factor mRNA levels are differentially regulated during B cell
differentiation (Fig. 6A). Pax5, which is a transcriptional re-
pressor of several B cell differentiation factors [5], was re-
pressed from the outset, whereas mRNA encoding late B cell
regulators Blimpl and IRF-4 [17, 18] was induced, with ex-
pression peaking on Days 4-5. Interestingly, IRF-4 additionally
showed an early induction peak on Day 1, a pattern not found
in the other B cell transcription factors investigated, indicating
a potential early role for IRF-4 in B cell activation.

XBP-1, a regulator of the UPR that is essential for plasma cell
development, was also up-regulated in spliced and unspliced
forms. Splicing of XBP-1 mRNA is dependent on the activity of
IRE1 [8], an ER-resident stress-activated endonuclease. mRNA
encoding IRE1 was up-regulated at Day 4, correlating with the
increased levels of the spliced XBP-1 transcript. ERGIG-53 has
been linked to the UPR [19] and has been implicated in Ig sort-
ing and exit from the ER [20]. Concomitant with up-regulated
transcription factors, ERGIC-53 expression levels peaked at Day 5,
with an almost tenfold increase in expression, indicating that
ERGIC-53 expression is correlated to Ig output.

250 Journal of Leukocyte Biology Volume 87, February 2010

Time (days)

The COPII coat regulates exit from the ER, and its compo-
nent proteins must be up-regulated for proliferation of ER exit
sites to occur. We found that expression of COPII components
Sec24C and Sec31A was up-regulated 2.5-fold with a peak at
Days 4-5 as for up-regulated B cell differentiation factors. Sig-
nificantly, Sec24C showed an elevated level of expression at
Day 1, a pattern also seen in IRF-4 expression but not in other
transcription factors (Fig. 6A).

To validate that increase in mRNA expression reflects up-
regulation of the encoded protein, whole cell extracts were
immunoblotted for secretory pathway components. A sharp
increase was found in components involved in protein folding
in the ER (calreticulin), in regulation of ER exit (Sec24C),
and in cargo sorting (ERGIC-53) by Day 3 with further in-
creases by Day 7 (Fig. 6B), consistent with the mRNA expres-
sion pattern. Therefore, up-regulation of regulatory proteins
required for assembly and transport of Ig molecules through
the secretory pathway mirrors the onset of Ig synthesis and
subsequent high levels of secretion.

DISCUSSION

Historically, studies examining secretory components in differen-
tiating B cells have used electron microscopy predominantly to
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day 0

day 1

day 2

day 3

day 4

day 7

Figure 4. Gross ER morphology alters dramatically during differentiation. At
the indicated time-points, live cells were costained with Blue-White ER-
Tracker (green) and B cell markers, CD19-FITC (red), CD38-Alexa647 (pur-
ple), and CD138-PE (blue). Cells in suspension were mounted on an imag-
ing chamber and visualized by confocal microscopy. Unstimulated (Day 0,
A-C), Day 1 (D-F), Day 2 (G-I), Day 3 (J-L), Day 4 (M-O), and Day 7 cells
(P-R) are shown with a representative surface marker. For each time-point, a
cell crosssection (A, D, G, J, M, P) and a group of cells (C, F, I, L, O, R) at
lower magnification are shown to demonstrate morphological similarity. (B,
E, H) Projected Zseries of the crosssection panels to show total cell ER. (K,
N, Q) Single-cell sections in grayscale to show more clearly expanded ER
morphology. Arrows indicate individual ER tubules (K) or ringlike ER struc-
tures (N, Q); arrowheads indicate the gap between ER and PM (G, 1, ],
L). Cell-surface markers have been enhanced by modifying the im-
age to a nonlinear look-up table using the y-factor to enable visual-
ization of the limiting PM.
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demonstrate that plasma cells have extensive expansion of the
RER, often found as tightly packed lamellae in parallel arrays [21,
22], in conjunction with expansion of the Golgi apparatus [23,
24]. To date, quantitative studies have used mouse splenocytes or
stimulable murine cell lines [20, 23]. This study provides the first
characterization of progressive secretory organelle biogenesis dur-
ing primary human B cell differentiation.

Various combinations of cytokines and mitogens have been
found to induce in vitro differentiation of primary human B cells
[10-12]. In this study, a combination of three B cell mitogens,
PWM, SAC, and CpG, used previously to proliferate a memory B
cell population [13], was found to efficiently differentiate primary
peripheral B cells into plasma cells with CD38™ and CD138™ sur-
face staining over a period of 7 days, a timeline analogous to LPS
stimulation used in studies of mouse plasma cell formation (e.g.,
refs. [9, 25]). Using this method, B cells were activated swiftly, as
indicated by the early induction of cell proliferation, which
peaked at Day 2. Onset of IgM secretion was observed after the
proliferative peak (Days 3—-4), as the cells entered the lympho-
blastoid stage of differentiation, and a steady increase was found
for the duration of the assay with substantial IgM synthesis at late
time-points. Similarly, onset of secretion of IgG occurred at Day 4
but plateaued at later time-points, indicating a decrease in the
IgG secretion rate at the point at which CD138" cells were de-
tected. It has been shown previously that the majority of IgG"™ B
cells after stimulation with CpG alone is derived from CD27*
memory B cells, and naive CD27~ B cells are IgM+ [12]. There-
fore, although high levels of IgG secretion by plasmablast cells
derived from memory B cells are required in an immune re-
sponse, the lower levels of IgG at late time-points seen here may
reflect the behavior of long-lived CD138" IgG* plasma cells in
the bone marrow, where only low levels of secreted antibody
would be required to maintain protective immunity [12]. Inter-
estingly, no differences were observed in ER membrane up-regu-
lation kinetics in CD27" and CD27 B cell subsets following stim-
ulation with combined antigen mixture (data not shown).

Examination of ER biogenesis demonstrated an up-regula-
tion of ER from essentially no peripheral ER in unstimulated
cells to extensive stacked, ribosome-studded membranes over
the course of activation to plasma cells, confirming the find-
ings of others. A study quantitating ER up-regulation in the
murine B cell line CH12 demonstrated a 3.7-fold increase in
ER volume following LPS stimulation [23]. In contrast, our
primary cells showed an effective 140-fold ER increase during
the first 3 days of activation and a further doubling between
Days 3 and 7. The discrepancy between these data is depen-
dent on the ER baseline of the starting cell population, where
CHI12, the B cell line, already has a significant quantity of en-
domembranes prior to stimulation. In both cases, the plasma
cell stage was found to contain similar relative amounts of
RER. Significantly, by electron microscopy and live cell fluores-
cence, we found that early ER expansion does not extend
throughout the cytosol, or in synchrony with cell expansion,
but, by the plasma cell stage, the ER fills the cell. Using BCR-
cross-linking to activate mouse splenic B cells, a previous study
found a substantial increase in cytoplasm but little simulta-
neous up-regulation of ER membranes [26]. Although this
stimulation assay may only recapitulate initial activation steps,
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Figure 5. The Golgi apparatus and
ER exit sites proliferate during B
to plasma cell differentiation. Puri-
fied human CD20" B cells were
stimulated with CpG, PWM, and
SAC for the times indicated. (A)
Cells were fixed and stained with
r-giantin (green), CD38-Alexa647
(purple), and DAPI (blue) and
viewed by confocal microscopy.
Original bar, 5 um. (B) Electron
micrographs of the Golgi region in
control, undifferentiated B cells
(Day 0) and plasma cells (Day 7).
Images acquired at X40,000 origi-
nal magnification. Original bar,
500 nm. Insets show magnification
of the indicated areas. Fixed cells
were stained for giantin (C) or
Sec24C (D) at daily intervals, and
serial Z-sections were acquired on
the confocal microscope. Stacks
were projected in Volocity. Golgi
volume was quantitated as pm®
(C), and ER exit sites were manu-
ally counted (D). Data are shown
from at least three independent
experiments. (E) Cells were fixed
and stained with anti-Sec24C
(green) and DAPI (blue) and
viewed by confocal microscopy.
Original bar, 5 um.

as the cells are unable to terminally differentiate into plasma
cells, this provides further evidence that differentiating B cells
are driven to expand in size asynchronously to ER synthesis
rather than ER expansion driving cell-size increase.
Additionally, ER proliferation in B cells appears to follow a
different mechanism compared with most animal cell types. In
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previous studies of mammalian epithelial and fibroblast cell
lines, cell growth occurs throughout interphase with simulta-
neous increase in organelle size/number [27-29]. ER prolifer-
ation in these cells occurs by extension along microtubules
toward the cell periphery, and ER tubules underlie the leading
edge of the PM [27, 30]. This process is dependent on micro-
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Figure 6. Regulatory molecules required for Ig egress from the ER are coordinately
up-regulated during B cell differentiation. (A) Purified human CD20" B cells were
activated with CpG, PWM, and SAC for 0-7 days, as indicated before RNA extraction
and qRT-PCR. TBP was used to normalize expression levels. (B) Protein extracts from
equal numbers of B cells stimulated over 7 days were analyzed by SDS-PAGE and West-
ern blotting for components of the secretory machinery. Actin was included as a load-

ing control.

Actin

tubule motors [31] and non-motor proteins such as cytoskele-
ton-linking membrane protein-63 [32]. Retraction of the ER
from the cell periphery is usually associated with nocodazole
treatment to depolarize microtubules, where the ER shrinks
back to the nucleus and converts from tubules to sheets [27,
33]. Other studies in this laboratory (unpublished) have
shown that the microtubule cytoskeleton remains intact in dif-
ferentiating B cells. Thus, the finding of tight juxtanuclear ER
membrane clusters in differentiating B cells reported here
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strongly suggests a novel route for ER biogenesis. How these
ER structures interact with the cytoskeleton, and whether the
activity of structural ER molecules usually associated with
maintenance of extended ER tubules is altered, require fur-
ther investigation.

The dramatic expansion of the ER during B cell differentiation
is mirrored by a similarly expanded and well-developed Golgi. At
the light level, the Golgi increases linearly in size throughout dif-
ferentiation from a small 1-um juxtanuclear structure to an en-
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larged organelle of 4 um diameter. The number of cisternae in
each Golgi stack did not change, but in contrast to the uniform
appearance of the stacks in undifferentiated cells, cisternae in-
creased in diameter in plasma cells, indicating that the Golgi ex-
pands by increasing the number of stacks or by lengthening and
distending its cisternae. The plasma cell Golgi exclusion zone
(area that excludes RER and mitochondria) is greatly expanded
and contains multiple vesicles in addition to the cisternae. In a
previous study, quantitation of this area showed a 3.4-fold in-
crease in volume in CH12 differentiation [23], whereas here
Golgi volume showed a 6.0-fold increase. End-point Golgi vol-
umes for each experiment were similar; therefore, the difference
in Golgi growth may reflect differing starting baseline endomem-
branes, highlighting the difference between primary resting B
cells used in the present study and B cell lines that are already
partially differentiated [23]. In mammalian cell lines, Golgi vol-
ume increases in response to Golgi enzyme up-regulation but not
in response to increased cargo flux [34]. Therefore, the gradual
expansion of the Golgi apparatus from the onset of B cell differ-
entiation may similarly reflect the up-regulation of Golgilocalized
glycosylation enzymes prior to cargo transport initiation, i.e., be-
fore Ig induction.

The Golgi is maintained by a constant flux of proteins from
the ER [35], and both can be viewed as one system maintained
by a dynamic and constant cycling of proteins, lipids, and mem-
branes. When this system is expanded during B cell differentia-
tion, the balance of export and input to and from the ER must
be adapted accordingly to allow expansion. This study provides
the first evidence of ER exit site proliferation, concomitant with
COPII up-regulation, through B cell differentiation. ER exit site
biogenesis has been the focus of extensive research in other cell
types, and the details of this process are not fully understood yet.
Differentiating B cells provide an expanding system coupled to
increasing cargo release and is thus a useful model to investigate
ER exitsite regulation. In contrast to the effects on the Golgi,
cargo-flux increase causes up-regulation of size and number of
ER exit sites in adherent mammalian cell lines [34]. Although ER
exit sites slowly increase in number in early B cell differentiation,
which may reflect up-regulation of Golgi components, onset of Ig
production and increasingly high levels of antibody secretion are
paralleled by a rapid growth in ER exitsite numbers. It is also
possible that expansion of the ER could drive a proportional in-
crease in ER exitsite number. In interphase, ER exitsite numbers
increase with cell size and by inference, proportional ER growth,
such that immediately prior to prophase, cells have doubled the
number of ER exit sites than at the start of interphase [28]. This
ER exitsite biogenesis occurs in the absence of increased
amounts of cargo in the cell. Therefore, it follows that during B
cell differentiation, ER exit sites could proliferate in proportion
to ER expansion and further, following onset of cargo induction.
Furthermore, several of the COPII components have multiple
isoforms. Those investigated in this study were found to be pref-
erentially expressed in CD19" B lymphocytes and human B cell
lines [36] but whether these are specifically required for Ig secre-
tion remains to be elucidated.

Upon activation of B cells, mature B cell transcription fac-
tors (such as Paxb) are repressed, and repression of plasma
cell transcription factors (such as Blimpl, XBP-1, and IRF-4) is
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removed [5, 6]. This transcriptional network is reflected here
in the mRNA expression levels of these factors. XBP-1 is addi-
tionally regulated by UPR factors ATF6 and Irel, which coor-
dinate up-regulation of XBP-1 expression and splicing to form
the more stable XBP-1(S), respectively. Expression of XBP-
1(S) has been linked directly to ER expansion [25, 37]
through up-regulation of ER proteins [25, 38] and phospho-
lipid biosynthesis [39]. In mammalian cell lines, XBP-1(U)
negatively regulates XBP-1(S) and is thought to be involved in
recovery from the ER stress response [40]. As terminally differ-
entiated plasma cells are unable to recover from the UPR, it is
unclear whether XBP-1(U) has a direct role in differentiating
B cells, if the protein is unstable in the plasma cell environ-
ment and is degraded rapidly, or whether accumulation of
mRNA encoding XBP-1(U) is a by-product of overwhelming
the splicing machinery.

UPR has been implicated in ER dilation as well as expansion
in yeast cells under ER stress [16], increasing ER diameter 1.5-
fold. In B cell differentiation, the UPR causes large distension
of peripheral ER tubules (3.3-fold), and the nuclear envelope
remains unchanged and is therefore unlikely to be a major
site of Ig synthesis. We cannot discern whether the dilated pe-
ripheral ER is forming enlarged tubules or sheets, but given
that 60% of measurements in Day 7 cells is greater than 50
nm diameter, it seems likely that there is an increase in tubule
diameter and an increase in formation of ER sheets [41], pre-
sumably to accommodate the increased protein synthesis (i.e.,
to provide room for ribosomes on the ER surface) and to cre-
ate space for the folding machinery to assemble the Ig oli-
gomers correctly. The crystalline nature of the ER contents
apparent at high magnification was suggestive of ordered pro-
tein arrays, which might be expected to enable organized Ig
folding and assembly. The concentrated spherical patterns in
live ER are reminiscent of the whorls seen in cells overexpress-
ing GFP chimeras [42]. These have been suggested as regions
of segregation to protect the rest of the cell from potentially
pathogenic membrane protein accumulation. However, in the
case of B cells, this seems unlikely, as the ER proliferation is
engendered to provide maximum Ig production capacity.

ERGIC-53 is a ubiquitously expressed lectin that acts as a cargo
receptor to glycoproteins in the ER, facilitating their transition
through the ER exit sites onto the Golgi [43]. ERGIC-53 mRNA
was found to up-regulate 18.5-fold in this study. In mammalian
cell lines, ERGIC-53 is up-regulated during UPR through the ER
stress response factor, ATF6 [19, 44, 45], but its role is unclear.
Potentially, it could ensure that only correctly folded glycopro-
teins can proceed onto later compartments. A recent study has
linked ERGIC-53 to Ig secretion, specifically through facilitating
IgM polymerization, and has correlated up-regulated ERGIC-53
expression with increased Ig production in murine splenocytes
[20]. Whether ERGIC-53 up-regulation in differentiating B cells is
merely a by-product of UPR induction or is related more directly
to Ig secretion remains to be seen.

The differentiation of B cells provides an excellent model to
study organelle biogenesis in the secretory pathway to aid under-
standing of how these specialized cells expand and reorganize
organelles to accommodate the onset of Ig secretion. This system
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will provide a useful basis for further investigation of regulatory
components involved and their mechanism of action.
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