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Abstract

Limited amounts of reactive oxygen species are necessary for cell survival and signaling, but their excess causes
oxidative stress. H,O, and other reactive oxygen species are formed as byproducts of several metabolic path-
ways, possibly including oxidative protein folding in the endoplasmic reticulum. B- to plasma-cell differentiation
is characterized by a massive expansion of the endoplasmic reticulum, finalized to sustain abundant immu-
noglobulin (Ig) synthesis and secretion. The increased production of disulfide-rich Ig might cause oxidative
stress that could serve signaling roles in the differentiation and lifespan control of antibody-secreting cells. Here
we show that terminal B-cell differentiation entails redox stress, NF-E2-related factor-2 (Nrf2) activation, and
reshaping of the antioxidant responses. However, plasma-cell differentiation was not dramatically impaired in
peroxiredoxin (Prx)1-, 2-, 3-, and 4-, glutathione peroxidase 1-, and Nrf2-knockout splenocytes, suggesting
redundancy and robustness in antioxidant systems. Endoplasmic reticulum (ER)-resident Prx4 increases dra-
matically during differentiation. In its absence, IgM secretion was not significantly affected, but more high-
molecular-weight covalent complexes accumulated intracellularly. Our results suggest that the early intracellular
production of H,O, facilitates B-cell proliferation and reveal a role for the Nrf2 pathway in the differentiation
and function of IgM-secreting cells. Antioxid. Redox Signal. 13, 1133-1144.

Introduction cells acquire the ability to form and secrete IgM polymers (11,

43). Igs are rich in disulfide bonds, whose formation in the

UPON ANTIGEN OR MITOGEN STIMULATION, B lymphocytes
start a differentiation process that culminates with
massive production and secretion of antibodies. Differentia-
tion entails radical changes in the structure (development of
the secretory apparatus), function (immunoglobulin [Ig] se-
cretion), and life-span control (8). After a few days of intense
secretion, plasma cells that do not home into the bone marrow
undergo apoptosis, limiting antibody responses (14, 40, 46).
To sustain massive Ig secretion, plasma cells are exposed to
different metabolic stresses (8, 12, 19) likely including redox
disequilibria (30, 42). Redox regulation controls also the onset
of IgM secretion. Naive B cells are unable to form polymers
and, hence, retain and eventually degrade unpolymerized
subunits via thiol-dependent mechanisms. In contrast, plasma

endoplasmic reticulum (ER) is catalyzed by protein disulfide
isomerase (PDI) and Erol flavoproteins (32, 50). In vitro, the
latter can utilize oxygen as an electron acceptor, yielding
H,0; in equimolar amounts to the disulfides formed (13, 49,
54). If a similar pathway is also operating in living cells, the
formation of up to 10° disulfides per second by a single
plasma cell (30, 42) could generate abundant reactive oxygen
species (ROS). Besides Erol members, other ER-resident en-
zymes (e.g., cytochrome P450s, flavin-containing mono-
oxygenases, and prolyl and lysyl hydroxylases) can generate
ROS as byproducts (3). In professional secretory cells, there-
fore, the ER can become an important source of ROS (30).
ROS are often associated with cell-damaging events, senes-
cence, and death. However, they also act as key messengers,
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causing rapid and reversible posttranslational modifications,
similar to protein phosphorylation. Many findings indicate that
ROS, particularly H,O,, are essential for cell functions (10, 20,
24, 26, 27), including B-cell receptor (BCR) signaling (38). In-
creased Ig production in differentiating B cells could generate
ROS that act as signaling devices, first by promoting prolifer-
ation and architectural rearrangements and later on to cause
oxidative stress and cytotoxicity (30). This signal/stress di-
chotomy is reminiscent of nitric oxide and offers a new view on
the potential roles of peroxide. Although the presence of nitric
oxide synthases has not yet been demonstrated in the ER,
reactive nitrogen species (RNS) could also be formed in this
organelle, because nitrosylated PDI was found to accumulate in
brains manifesting neurodegenerative diseases (51).

Under physiologic conditions, excess ROS accumulation is
prevented by enzymatic and nonenzymatic mechanisms that
can either scavenge ROS or prevent their formation. Enzy-
matic antioxidant defenses include glutathione peroxidases
(GPx), the thioredoxin-thioredoxin reductase system, perox-
iredoxins (Prx), glutaredoxins, superoxide dismutases (SOD),
and catalases. Six Prx have been identified in mammalian
cells, differing in their subcellular localization and recycling
mechanisms. Prx1, 2, and 6 are localized in the cytosol, Prx3 is
mitochondrial, whereas Prx4 is an ER-resident protein (17).
Glutathione (GSSG/GSH), nicotinamide adenine dinucleotide
(NAD/NADH), nicotinamide adenine dinucleotide phos-
phate (NADP/NADPH), and certain vitamins also provide
efficient buffers against redox alterations (28). In addition,
owing to the potential toxicity of ROS, cells can rapidly acti-
vate antioxidant responses aimed at restoring redox balance.
NF-E2-related factor-2 (Nrf2) is a prototype transcription
factor whose nuclear transport is redox regulated. Nrf2 is
normally bound to Keapl in the cytosol. Following H,O,-
dependent oxidation, Keap1 releases Nrf2 that can reach the
nucleus and bind to antioxidant response elements in the
promoter of target genes, inducing their expression (25).

To shed light onto the dynamics of redox responses during
B-cell differentiation, we analyzed here lipopolysaccharide
(LPS)-activated B splenocytes from mice lacking one or more
antioxidant enzymes. Our results reveal two waves of ROS
production during B-cell differentiation, corresponding to
the proliferative and secretory phases, respectively. The ER-
resident Prx4 increases concomitantly with the development
of the secretory phenotype. The absence of H,O, scavengers
enhances proliferation, whereas splenocytes lacking Nrf2
display defective IgM secretion. Altogether, our findings
suggest that redox remodeling is important for orchestrating
B- to plasma-cell differentiation.

Materials and Methods
Animal models

Male C57BL6] mice were obtained from Jackson Laboratory
(Bar Harbor, ME) and maintained on a 12-h light, 12-h dark
cycle. Breeding pairs of Nrf2-knockout (Nrf2~/~) mice were
obtained from RIKEN BioResource Center (Tsukuba, Japan),
and Nrf2*/* littermates were used as wild-type (WT) controls.
WT and Prx1, 2, and 3 knockout mice with 129/Sv] back-
ground were maintained in the pathogen-free authorized fa-
cility in the Division of Life and Pharmaceutical Sciences, Ewha
Womans University. Prx4~/~ were generated and maintained
as previously described (18). For control experiments, we uti-
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lized mice from FVB/N background (Charles River, Milano,
Italy). Mice were around 8-10 weeks of age and were allowed
free access to food and water. All animal experiments were
approved by the Animal Care and Use Committees of Ewha
Womans University and San Raffaele Scientific Institute.

Cell cultures and spleen B-cell isolation

CD19+ B splenocytes were purified by magnetic isolation
with anti-CD19 beads (Miltenyi Biotec, Bergisch Gladbach,
Germany) and large size (LS)+ magnetic-activated cell sorting
(MACS) separation columns following the manufacturer in-
structions and cultured in Roswell Park Memorial Institute
medium (RPMI) with 10% endotoxin-free fetal calf serum
(FCS; Hyclone Serum-Defined; Celbio, Milano, Italy), 100 U/
mL Pen/Strep, 1 mM sodium pyruvate, 2mM N-glutamine
(Gibco-Invitrogen, Carlsbad, CA), and 50 uM 2-mercaptoethanol.
Primary B cells were induced to differentiate by addition of
2-20 ug/mL LPS (Sigma, St. Louis, MO). Cells were never
allowed to reach a cell density higher than 2x10° mL ™" to
avoid risk of starvation. Cultures were diluted with complete
medium without LPS. Cells from two or three spleens of mice
with the same genotype, sex, and age were pooled together
for each differentiation experiment. Proliferation curves were
plotted by calculating the putative final cell number on the
different time points of differentiation using different batch
cultures for different days.

Flow cytometry

About 5x10° to 1x10° differentiating B cells were washed
in phosphate-buffered saline/0.5% bovine serum albumine
(BSA) and stained with each of the following reagents for the
indicated time periods: 0.5 ug/mL propidium iodide (15 min),
5mM Peroxy Green 1 (15min; Peroxy-Green 1 was kindly
provided by Dr. Chris Chang, Berkley) (33), 5uM 2',7'-
dichlorofluorescein (H,DCF-DA) (30 min at room temperature;
Molecular Probes-Invitrogen, Eugene, OR), 1:200 phycoery-
thrin (PE)-conjugated anti-CD138 (30min; BD Pharmingen,
San Diego, CA), and 1:10,000 fluorescein isothiocyanate
(FITC)-conjugated anti-u (30 min; Cappell-ICN Pharmaceu-
ticals, Costa Mesa, CA). Apoptosis was assessed by Annexin
V-propidium iodide (PI) staining following the manufactur-
er’s instructions (BD Bioscience, San Jose, CA). After extensive
washing, samples were analyzed by FACSCalibur and data
were analyzed by the CellQuestPRO (BD Bioscience) or FCS
Express (De Novo Software, Los Angeles, CA) softwares.

Real-time polymerase chain reaction

Total RNA was isolated from cells by using Trizol (In-
vitrogen) following the manufacturer instructions and its
quality checked by OD 260-280 readings and electrophoresis.
Total RNA (0.5-1 ug) was retrotranscribed by the Super-Script
I kit (Invitrogen) in a final volume of 10 uL, and 0.5-1 uL of
the latter was used in each polymerase chain reaction. Real-
time polymerase chain reaction was performed with Sybr
Green Master Mix in a final volume of 25 uL. by the ABI7900
HT thermal cycler (Applied Biosystems, Foster City, CA).
Data were analyzed by the automated software SDS 2.1
(Applied Biosystems). The increase of each transcript at a
given time point of differentiation relatively to day 0 was
calculated by the AACt method using histone 3 as reference
gene. The specific primers used were: forward 5'-tcagtccttgga



REDOX HOMEOSTASIS DURING B-CELL DIFFERENTIATION

gttgcaca-3’ and reverse 5'-acacagcaggaggcaagatt-3’' (for glu-
tamate cysteine ligase modifier); forward 5'-ccactgagctgg
gaagagac-3’ and reverse 5'-tcatgatcgaaggacaccaa-3’ (for
GCLC); forward 5'-acgcatatacccgctacctg-3' and reverse 5'-
aaggcggtcttagectette-3' (for heme oxygenase 1 [HMOXI]);
forward 5'-agcaaagccaagatctccaa-3' and reverse 5'-ttcaattcg
atccccaaaag-3’ (for PRX4); forward 5'-tgccagatggacaattcaaa-3'
and reverse 5'-ggtcccaatectecttgttt-3' (for PRX1); forward 5'-
tggacaccagagtccectac-3’ and reverse 5'-tcaaggcattggaaggattc-3'
(for PRX3); forward 5'-agtccaccgtgtatgecttc-3' and reverse
5'-tctgcagatcgttcatctcg-3' (for GPX1); forward 5'-tcaccattgtgg
caagtgtt-3’ and reverse 5'-gtgcccacagagcectagaag-3' (for SRX1).

Western blotting

Total cell extracts were prepared by lysis in a buffer con-
taining 25 mM Tris, 100 mM NaCl, 3 mM ethylenediaminete-
traacetic acid, 2% sodium dodecyl sulfate (SDS) plus freshly
added protease inhibitors (Roche, Basel, CH), and 10 mM N-
Ethylmaleimide (NEM) (Sigma), followed by sonication to
fragment DNA and heating for 10-15min at 95°C. Post-
nuclear supernatants were prepared by lysing cells in 10mM
Tris HCI (pH 7.4), 150 mM NaCl, 1% NP40 plus freshly added
protease inhibitors, and 10 mM NEM. Nuclear extracts were
prepared by resuspending nuclear pellets in 25mM Tris,
100 mM NaCl, 3 mM ethylenediaminetetraacetic acid, 2% SDS
plus protease inhibitors, and 10 mM NEM.

To detect IgM assembly intermediates, total cell lysates
were separated on polyacrylamide gradient gels (4%—14%).
Stacking gels were also blotted to visualize high-molecular-
weight (HMW) IgM aggregates that do not enter the resolving
gel (29). To detect other proteins, conventional SDS-
polyacrylamide gel electrophoresis was performed.

Polyclonal anti-Prx 1-6 antibodies were purchased from
AB Frontier (Seoul, South Korea), anti-u from Zymed (South
San Francisco, CA), anti-H3 histone from Abcam (Cambridge,
MA), and monoclonal antiactin from Sigma. Western blot
(WB) images were acquired with the Chemidoc-it Imaging
System (UVP, Upland, CA) and processed with Adobe Pho-
toshop 7.0 (Adobe Systems, Inc., San Jose, CA). Densitometric
analyses were performed using the Image Quant 5.2 software
(Molecular Dynamic, Sunnyvale, CA).

Secretion assays and enzyme-linked
immunosorbent assay

Differentiating B cells were washed twice in phosphate-
buffered saline and cultured in Hybridoma—SFM or OptiMem
Medium (Gibco) in the absence of FCS for 4 h at a cell density
of 1x10° mL~'. After centrifugation, spent media were sup-
plemented with protease inhibitors and 10mM NEM and
analyzed by Western blotting or enzyme-linked immuno-
sorbent assay. Aliquots of suitably diluted samples were
added to anti-u—coated plates and incubated overnight at 4°C.
After extensive washes, anti-u-HRP 1:1000 (Southern Bio-
technology, Birmingham, AL) was added and incubated for
1h at room temperature. The assay was developed with Sig-
ma OPD fast read or tetramethylbenzidine (Invitrogen) and
the plates were read at 450 nm.

Statistical analyses

Data are expressed as mean =+ standard error of the mean
(SEM) or standard deviation (SD), as indicated. Two-tailed
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Student’s t-tests were used for comparing different samples,
and significant differences were defined by p-values of <0.05
(*), <0.01 (**), or more (***), unless otherwise stated.

Results

Production of H.O. and proliferation during B-cell
differentiation in WT and Prx-deficient mice

To determine whether the transition from B lymphocytes to
antibody-secreting plasma cells entails redox stress, we
monitored H,O, production, staining LPS-activated spleno-
cytes with Peroxy Green 1, whose caged fluorophore is acti-
vated specifically by H,O, (33). Intracellular H,O, levels
changed significantly during B-cell differentiation, increasing
sharply in the first days after LPS activation (Fig. 1A) and
rising again at the end of the culture period, before massive
apoptosis ensues. The H,O, increase was more marked in
larger differentiated cells than in smaller ones (Supplemental
Fig. 1, see www liebertonline.com/ars). Although this bi-
phasic increase was evident in most experiments, the intensity
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FIG. 1. H,0, production and proliferation in differenti-
ating B splenocytes. (A) CD19" B cells were isolated from
C57BL/6] mice, stimulated with LPS in vitro, stained with
Peroxy Green 1 to detect intracellular H,O,, and analyzed by
flow cytometry. Data are expressed as median fluorescence
intensity (MFI) in living cells = SD (mean of seven indepen-
dent experiments). *p <0.05, **p <0.01. (B) HyO, levels in
activated B splenocytes from wild-type (WT) (129/SV]x
C57BL/6 background) and peroxiredoxins (Prx)-knockout
mice (each symbol represents a sample from WT [white tri-
angles] or the three different knockout mice, Prx1~/",
Prx2~/~, and Prx3~/~ [black circles]) at 24 and 48 h after LPS
stimulation. The different H,O, levels in WT with respect to
A likely reflect strain differences. p > 0.05. (C, D) Cell pro-
liferation and cell death after LPS induction were determined
as described in Materials and Methods, taking the number of
B cells isolated from three spleens as starting point. Average
of three mice + SEM. **p < 0.01. In D, there is no statistically
significant difference between WT and KO splenocytes; the
p-values by t-test are 0.51 for day 1 and 0.37 for day 2,
respectively.
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FIG. 2. Reshaping of antioxidant responses in LPS-treated mouse B splenocytes. (A) The panel shows a representative
immunoblot of antioxidant proteins in differentiating B cells from FVB/N mice. Actin served as a loading control. (B)
Densitometric quantification of the mean of four independent experiments similar to the one shown in A. *p < 0.05, **p < 0.01,
***p <0.001, #p <0.06. (C) Prx1, Prx3, Prx4, and glutathione peroxidase 1 (GPx1) transcripts were evaluated by real-time
polymerase chain reaction (PCR). Histone H3 was used as a control. The results, relative to two independent experiments
(FVB/N mice), are expressed as fold increase after normalization against H3 and relative to the untreated sample. The
average of three samples & SEM was used. **p < 0.01, ***p < 0.001.

and timing of the peaks varied significantly from strain to
strain and to a minor extent also within single experiments.
Similar results were obtained with 2/,7’-dichlorofluorescein
(DCF), which reacts with H,O, and other ROS (53). Taken
together, these results indicate that B-cell differentiation en-
tails accumulation of intracellular ROS, particularly H,O,.

Higher proliferative rates in B cells
lacking antioxidant enzymes

ROS signaling is of prime importance for cell physiopa-
thology and host defenses (34). H,O, is an important second
messenger in BCR activation (38), as for other tyrosine kinase

receptors (48, 55). To determine whether the H,O, rise ob-
served in the first phase of B-cell differentiation could con-
tribute to proliferation, we analyzed splenocytes from mice
lacking Prx1, 2, or 3. More Prx~/~ than WT cells accumulated
after 2 days of culture with LPS (Fig. 1C). Cell death patterns
were similar (Fig. 1D), suggesting higher proliferation rates in
Prx~/ cells. Consistent with a proliferative role of H,O, in the
early phases of B-cell differentiation (22), slightly higher H,O,
levels were observed in the knockout mice in the first 2 days
after LPS stimulation, when B cells undergo proliferation
(Fig. 1B).

Next, we quantified the protein and mRNA levels of en-
zymes that protect cells against oxidative stress. Amongst
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these, Prx scavenge hydrogen peroxide, peroxynitrite, and a
wide range of organic hydroperoxides (ROOH) (39). As de-
tected by Western blots (Fig. 2A, B), Prx1, 3, and 4 levels
increased during B-cell differentiation, although with differ-
ent temporal expression patterns. Prx1 and 3 peaked at days 2
and 3 and decreased thereafter, whereas Prx4 sharply in-
creased especially in the last days of culture (note the different
scale bar in Fig. 2B). A similar pattern was observed when the
corresponding transcripts were analyzed (Fig. 2C). In con-
trast, GPx1 (15) rapidly decreased after B cells were exposed
to LPS (Fig. 2A-C). Thus, Prx1 and 3 could counteract the rise
in HyO; levels in the first days of differentiation, despite
the decrease in GPx1. The subsequent relative reduction of
the cytosolic and mitochondrial buffering capacity and the
increase in Prx4 parallel the development of the necessary ER
and onset of IgM secretion (29, 52).

Activation of Nrf2-dependent responses
during B-cell differentiation

Following H,O,-dependent Keapl oxidation, Nrf2 is re-
leased and can migrate to the nucleus where it activates the
transcription of genes with antioxidant response element box
in their promoters (25). Consistent with the sharp increase in
H,O, (Fig. 1A), LPS induced nuclear accumulation of Nrf2
(Fig. 3A, B). Total Nrf2 levels increased as well in the first 2
days of differentiation, corresponding to the proliferative
phase. This pattern correlated with the activation of two Nrf2-
dependent genes, that is, glutamate cysteine ligase modifier
involved in GSH biosynthesis and HMOX1. These results
confirmed that the Nrf2 pathway is activated early upon LPS
stimulation (Fig. 3C).

Terminal B-lymphocyte differentiation
in mice lacking Prx3 or 4

To investigate more deeply the antioxidant network acti-
vated during B- to plasma-cell differentiation, we first com-
pared Nrf2 activation in WT and Prx3~/~ cells (Fig. 4A, B).
Consistent with an H,O,-scavenging role of Prx3 in the mi-
tochondria, cells lacking this enzyme had higher basal levels
of Nrf2. However, Nrf2 increased less sharply upon LPS
challenge. This correlated with less-efficient IgM secretion, as
revealed by immunoblotting (Fig. 4C) or enzyme-linked im-
munosorbent assay (Fig. 4D) and delayed CD138 expression
in Prx37/~ cells (Fig. 4E).

In view of the sharp increase of Prx4 during terminal B-cell
differentiation (Fig. 2A-C), we analyzed splenocytes lacking
this ER-resident scavenger (Fig. 5). Surprisingly, as assessed
by DCF staining, we could not detect significant differences
in the ROS levels between WT and Prx4 /'~ cells (Fig. 5A),
and plasma-cell differentiation proceeded rather normally,
as judged by monitoring proliferation, CD138 expression, and
apoptosis (Fig. 5B-D). Prx4 /= ASC accumulated more
intracellular u chains (Fig. 5F), even though IgM secretion
was not significantly impaired (Fig. 5E). HMW IgM polymers
were more abundant in Prx4 '~ ASC (Fig. 5G). Panel H shows
a gel that was overrun on purpose, to better document the
accumulation of HMW complexes in Prx4 ™/~ splenocytes.
Similar covalent complexes can be induced by exposing
cells to diamide (J.M. Garcia-Manteiga and R. Sitia, unpub-
lished results). Taken together, these results suggest that
the process of IgM polymerization and quality control are

1137
A days post LPS
0 1 2 3 4
Nuc Nrf2 -
Cyt Nrf2 —
H3 - & e wp
Acting - Gy e e
B 125 mm Cyt Nrf2
3 Nuc Nrf2
« 100
B 75
g2
Z|5 50
8
= 25
0 0 1 2 3 4
C 14 HMOX 1
12 .
2 10 | |
o 8 * Kk
g 1
5 6
e 4
; H ]
0 ,-.-I
0 1 2 3 4
14 F ek
[ ] GCLM
12 ek ———
o 10 I
w0
S 8
5}
£ 6
o
s 4 H
2
0 ]
0 1 2 3 4
days post LPS

FIG. 3. Activation of NF-E2-related factor-2 (Nrf2)-
dependent responses during B-cell differentiation. (A) Im-
munoblot of Nrf2 protein in nuclear and cytoplasmic extracts
of B splenocytes treated with LPS for the indicated times.
Actin and histone H3 were used as cytoplasmic and nuclear
loading controls, respectively. (B) Densitometric quantifica-
tion of the mean of three independent experiments similar to
the one shown in A. Each bar indicates total cellular Nrf2,
divided into nuclear and cytosolic Nrf2 (white and black
sections, respectively). (C) Heme oxygenase 1 (HMOX1) and
glutamate cysteine ligase modifier (GCLM) mRNAs were
evaluated by real-time PCR. Histone H3 served as a control.
The results are expressed as fold increase after normalization
against H3 and relative to the untreated sample. Bars rep-
resent means of two independent experiments & SD (FVB/N
background mice). ***p < 0.001.
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impaired in the absence of Prx4. Although enough native
polymers are secreted, more transport-incompetent, dis-
ulfide-linked HMW complexes are formed and/or ineffi-
ciently reduced, leading to intracellular accumulation. This
seems to cause ER stress, as more ER-resident chaperones
accumulate in Prx4 /"~ cells (Fig. 5I). In addition, higher levels
of Trx1, Trx2, Prx1, and Prx2 were present in Prx4~/~ ASC,
suggesting activation of compensatory responses (Fig. 5I).

Impaired IgM secretion by plasma cells lacking Nrf2

Having shown that Nrf2-dependent responses are acti-
vated early during B-cell differentiation, we next investigated
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the consequences of interrupting this pathway. As expected,
the Nrf2-regulated genes GCLC, HMOX1, and SRX1 (1, 2, 9)
were not induced in LPS-stimulated Nrf2~/~ B cells (Fig. 6A).
Interestingly, in the last days of differentiation, HMOX1
transcripts became slightly more abundant also in Nrf2 ™/~
splenocytes. This result may be related to our previous ob-
servation that HMOX1 transcripts increase in day-4 WT ASC
when Nrf2 is barely detectable in the nucleus and GCLC is no
longer transcribed (Fig. 3) and it suggests alternative, Nrf2-
independent pathways for HMOX1 activation. In contrast, the
expression patterns of other antioxidant factors were similar
in Nrf2~/~ splenocytes, except for a slightly lower increase in
Prx1 protein levels at days 3 and 4, a slightly delayed induc-
tion of thioredoxin (Trx), a key regulator of redox homeostasis
and Prx catalytic cycle (39), and of calreticulin (Crt), an ER-
resident lectin chaperone (Fig. 6B, C). The basal levels of GPx1
and catalase (a peroxisomal hydrogen peroxide detoxifier)
were lower in Nrf2 /™ than in control B splenocytes. Catalase
was also downregulated in differentiating B cells, albeit at a
lower level than GPx1 (Fig. 6B, C).

Nrf2~/~ cells showed similar proliferation rates with re-
spect to WT littermates (Fig. 7A). The onset of cell death was
slightly delayed (Fig. 7B) and CD138 expression reached
lower levels compared with WT (Fig. 7C; see also Supple-
mental Fig. 2; see www liebertonline.com/ars). Nrf2 =/~ cells
also tended to accumulate slightly less H,O, (Fig. 7D), an
unexpected result in view of the lower induction of Prx1 and
other H,O,-detoxifying enzymes in cells lacking the tran-
scription factor. Although the above differences were rather
subtle, a clear difference was evident with respect to IgM se-
cretion (panels E-G). Differentiating Nrf2~/~ cells secreted
less IgM (panels E and G). The reduction in IgG secretion was
less marked (Fig. 7G, lower panel). Nrf2~/~ cells accumulated
slightly less intracellular Ig-u chains (panel F), intracellular
polymers being selectively underrepresented (panel E). This
pattern differs significantly to the one observed in Prx4 ™/~
splenocytes, where normal secretion was accompanied by
increased intracellular accumulation. In contrast, the reduced
IgM secretion observed in Nrf2 ™/~ splenocytes is reminiscent
of the phenotype of Prx3 ™/~ ASC, in which Nrf2 levels were
lower (Fig. 4).

FIG. 4. Analysis of Prx3~/~ LPS-stimulated splenocytes.
(A) Immunoblot of Nrf2 protein in cytoplasmic extracts of B
splenocytes from WT and Prx3 /" mice treated with LPS for
the indicated times. Actin was used as a loading control. The
two bands observed here are consistent with the binding
pattern observed for other commercially available antibodies
to Nrf2; the heaviest one may correspond to ubiquitinated
Nrf2. (B) Densitometric quantification of cytosolic Nrf2 band
in cytoplasmic extracts of the experiment shown in A. Bars
represent triplicates from a single experiment+SD. (C, D)
IgM secretion was monitored by analyzing aliquots of the
spent media collected after 4h of culture (10° cells/mL) in
fresh medium by immunoblotting with anti-u (C), or by en-
zyme-linked immunosorbent assay (ELISA) (D). Bars repre-
sent the means of two experiments+SD. The differences
were not statistically significant (p-values =0.4, 0.6, and 0.1
at days 3, 4, and 5, respectively). (E) Surface expression of
CD138/syndecan-1 was monitored by fluorescence-activated
cell sorting (FACS) analyses. Bars represent duplicates from
one experiment+SD (two different sets of samples were
used for WT littermates of the same strain).
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Discussion

Terminal B-lymphocyte differentiation provides a power-
ful system to dissect how dramatic changes in cell architec-
ture, protein synthesis, secretion, and life-span control are
integrated (30). We show here that partially redundant redox
responses are activated and contribute to orchestrate plasma-
cell differentiation.

Upon ex vivo LPS stimulation, B lymphocytes experience
oxidative stress, as shown by increased H,O, production and

profound reshaping of the antioxidant responses. Prx1 and 3
follow the pattern of other cytosolic and mitochondrial pro-
teins (52). Prx4 parallels the dramatic expansion of the ER (52),
however, increasing more sharply than PDI and calreticulin
(CRT). GPx1 instead rapidly decreases. Thus, the changes
observed reflect more than the simple architectural meta-
morphosis that hallmarks B- to plasma-cell differentiation. It
will be of interest to unveil the regulatory elements controlling
the transcription of these enzymes, as some of which can
become targets for altering Ig production and plasma-cell
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FIG. 6. Altered antioxidant responses in differentiating B cells lackmg Nrf2. (A) Real time PCR was used to quantify the

expression of the Nrf2-regulated genes GCLC, HMOX1, and

SRX in WT and Nrf2 ™/~ differentiating B cells (C57BL/6]

background). The results are expressed as fold increase after normalization agamst H3 and relative to the untreated sample.

Bars represent means of two 1ndependent experlmentsiSD
quantification of redox-involved proteins in WT and Nrf2~/

lifespan, a potentially important endeavor in amyloidosis and
multiple myeloma (8, 44).

The initial rise in H,O, correlates with proliferation, which
is more rapid in B cells lacking Prx1 or Prx3 (Fig. 1C). This
adds fuel to the notion that BCR signaling is promoted by the
concomitant production of H,O, (38). However, despite their
lower H,O, content during the initial phase, Nrf2 /= cells
proliferate similarly, suggesting the involvement of addi-
tional regulatory pathways. In our experiments, LPS stimu-
lation proceeds independently from BCR activation. However,
TLR4 stimulation generates ROS in cells involved in innate
immunity (31). As H,O, can activate BCR signaling also in
the absence of antigen (38), it is possible that its initial rise
plays an important role in TLR4-dependent B-cell activation.

*p <0.03, *p<0.06. (B, C) Immunoblot and densitometric

B cells.

In support of this hypothesis, GPx1, an antioxidant enzyme
abundant in resting B cells, decreases sharply after LPS
stimulation (Fig. 2A, B). Catalase, another ROS-scavenging
enzyme shown to negatively affect cell-cycle progression in
endothelial cells (36), also decreases (Fig. 6B, C). The high
initial levels of GPx1 and catalase could account for a rapid
ROS scavenging during the first hours after activation; in-
deed, only a marginal increase in ROS levels was detected
before 24 h of activation (53). H,O, production during the first
days of differentiation parallels the induction of Prx1 and Prx3
(localized in the cytosol and the mitochondria, respectively).
The initial reshaping of the antioxidant defense could help
sustain the signaling role of H,O,; the downregulation of
GPx1 and catalase could be balanced by the induction of Prx1
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and Prx3 to prevent H,O, toxicity or to modulate the dura-
tion of the proliferative signal, as the peak in their induc-
tion coincides with the end of the proliferation phase (Fig. 2B).
The first wave of ROS is most probably of mitochondrial
origin (53), where Prx3 is located; splenocytes from Prx3
null mice proliferated more and accumulated more H,O,
(Fig. 1B, C).

A key cellular defense against oxidative or electrophilic
stress is the activation of Nrf2, whose pathway controls the
expression of genes involved in the detoxification and elimi-
nation of reactive oxidants (35). Not surprisingly, therefore,
Nrf2 translocates to the nucleus in LPS-stimulated spleno-
cytes and HMOX1 and GLCM transcripts are increased (Fig.
3A-C).

Having shown the activation and reshaping of several an-
tioxidant mechanisms, we analyzed their physiological rele-
vance using splenocytes from knockout (KO) animals. In the
absence of Prx3, the basal levels of Nrf2 are higher, likely re-
flecting reduced mitochondrial H,O, scavenging. After LPS
stimulation, however, Nrf2 increases less in Prx3~/~ cells to
fight against a compromised redox environment. This fact,
with the unexpected observation that deletion of Prx4 has ra-
ther minor consequences on plasma-cell differentiation, sug-
gests redundancy in the antioxidant systems and may explain
why other oxidative stress indicators were not significantly
affected. A corollary of these observations is that either addi-
tional scavenging systems exist in the secretory compartment,
or ROS can be scavenged across compartments. Ruddock and
coworkers recently proposed that HO, can sustain native
disulfide formation using bovine pancreatic trypsin inhibitor
(BTPI) as a model substrate (22). The abundant HMW covalent

FIG. 7. Lack of Nrf2 slightly delays plasma-cell differ-
entiation and impairs IgM secretion. B splenocytes isolated
from WT and Nrf2~/~ spleens (C57BL/6] background) were
incubated in the presence of LPS, and plasma-cell differen-
tiation and IgM production and secretion were monitored
following different parameters. (A) Cell proliferation was
determined as described in the Materials and Methods sec-
tion, taking the number of B cells isolated from one spleen as
starting point. There is no statistically significant difference
between WT and KO; p-values are 0.95 and 0.73 for days 1
and 2, respectively. (B) Cell death was monitored by count-
ing Pl-positive cells. *p <0.03. (C) Surface expression of
CD138/syndecan-1 was monitored by FACS. *p < 0.03. (D)
Peroxy Green 1 staining for H,O, in WT and Nrf2/~ B
lymphocytes at different times upon exposure to LPS. Data
are expressed as MFI in living cells + SEM. All data represent
the mean of seven independent samples. **p < 0.01. (E) To
analyze IgM polymerization, total protein extracts (LYS) and
4-h spent media (SEC) from WT and Nrf2™/~ B cells
(C57BL/6] background) were subjected to sodium dodecyl
sulfate—polyacrylamide gel electrophoresis in nonreducing
conditions. The nitrocellulose filter was decorated with anti-u
antibodies. The main IgM assembly intermediates are indi-
cated on the left-hand margin. (F) Intracellular Ig-u chain
content was assessed by flow cytometry after staining cells
with FITC-conjugated anti-u (FACS, n=7) or by ELISA
(n=3) for IgM on total cell lysates; values are average+
SEM. *p <0.07. (G) Secretion efficiency of WT and Nrf2 /-
ASC at 3, 4, and 5 days after LPS stimulation was tested by
ELISA measurements of IgM and IgG concentrations after
4h of culture (10° cells/mL) in fresh medium; values are
average of seven experiments - SEM. *p < 0.03.
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IgM polymers observed in Prx4~/~ cells could reflect H,0O,
scavenging by abundant substrate proteins. Accumulation of
transport-incompetent aberrant IgM correlates with higher ER
chaperone content, suggesting ER stress conditions. However,
the price paid by plasma cells [intrinsically short-lived and
constitutively stressed elements (8)] is low, considering that
IgM secretion is essentially normal. Therefore, it is not sur-
prising that Prx4~/~ mice do not display an overt immuno-
logical phenotype. Moreover, it is possible that members of the
GPx family reside in the ER, which could compensate for the
absence of Prx4. To be effective, cross-compartmental scav-
enging would require rapid H,O, diffusion across membranes,
which contrasts with experimental data obtained in yeast (5). A
better understanding of H,O, transport is required to address
these important issues (38).

GCLC, HMOX1, and Srx1 (2, 37, 41) were not activated in
Nrf2~/~ splenocytes, confirming the involvement and rele-
vance of the pathway (Fig. 5A). Some HMOX1 was expressed
at day 4, implying the existence of Nrf2-independent activa-
tion pathway(s). The delayed induction of Trx and calreticulin
could be related to the observation that in mouse liver cells
these two proteins are induced by sulforaphane in an Nrf2-
dependent manner (16). As Trx plays a role in the Prx catalytic
cycle (39), its delayed appearance might also reflect the lower
expression of Prx1 in Nrf2~/~ cells.

Although proliferation was not significantly affected, the
expression of CD138, a marker of plasma-cell differentiation,
and the onset of apoptosis were slightly delayed in Nrf2~/~
cells (Fig. 7A-C), suggesting impaired ASC differentiation.
Indeed, Nrf2 =/~ cells secreted fewer IgM molecules (Fig. 7E-
G) and the overall lifespan of ASC was shown to be related to
the load of protein production and secretion (4, 6, 7). Sur-
prisingly, the lack of Nrf2 translated into lower intracellular
H,0; levels both in basal conditions and upon LPS activation,
indicating either the activation of compensatory mechanisms,
or that H,O,-production pathway(s) exist, which are at least
in part dependent on Nrf2. LPS is known to increase the
transcription of SOD (45), an H,O,-producing enzyme; we
also detected higher expression of the protein early after LPS
stimulation (data not shown). Mitochondrial SOD2 is thought
to be regulated by Nrf2 (47), and Juarez ef al. reported de-
creased H,O, production and signaling in cells defective in
SOD activity (21). We found lower SOD2 levels in Nrf2 /-
cells (our unpublished results). Further, it has been shown
that CD138 is upregulated in response to exogenous H,O,
(23), which may correlate with its lower levels in Nrf2 =/~
ASC.

The lack of protecting Nrf2-dependent antioxidant re-
sponses might be compensated by the dramatic increase in
Prx4, an ER-resident enzyme that could scavenge ROS pro-
duced during the last phases of differentiation. This raises the
questions of whether the flavoprotein-dependent oxidative
folding in the ER is a source of H,O,, as demonstrated in vitro,
and to what extent Prx4 can operate as an H,O, scavenger,
because Srx1 is not found in the exocytic compartment.
Blocking protein synthesis has only a marginal effect on H,O,
accumulation (53). Experiments with organelle-specific re-
porters are needed to determine the origin of H,O, and its
diffusibility across biological membranes. One limitation of
our experimental system has been so far the inability to effi-
ciently transfect B lymphocytes without severely perturbing
their differentiation properties. An effort to circumvent this

BERTOLOTTI ET AL.

obstacle is certainly worth, as it will be of great interest to
precisely dissect the dynamic redox changes that underlie B-
cell differentiation.
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