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Abstract

Significance: On the one hand, redox emerges as a key mechanism in regulating intra- and intercellular signaling
and homeostatic systems. On the other hand, cells of the B lineage provide powerful systems to unravel the
intra- and intercellular mechanisms that coordinate the processes of development and terminal differentiation.
Recent Advances: This essay summarizes a few paradigmatic examples of redox regulation and signal modu-
lation that emerged from, or were confirmed by, studies on the development, differentiation and function of B
cells. Critical Issues: While a role for intra- and intercellular redox signaling has been firmly established for
differentiating B cells, many fundamental questions remain open, including the cellular sources of reactive
oxygen species (ROS), the spatial and temporal constraints of ROS signaling, and the functional role of the
antioxidant response. Future Directions: Given their robustness and biotechnological and clinical interest, cells of
the B lineage continue to be fruitful goldmines from which redox biologists can dig novel mechanistic knowl-
edge of general relevance. Antioxid. Redox Signal. 16, 1139–1149.

Introduction

Cells of the B lineage provide a powerful system to
unravel the intra- and intercellular mechanisms that co-

ordinate the processes of development and terminal differ-
entiation. Owing to their intrinsic, biotechnological and
clinical interest, and the relative ease in obtaining precursors
and clones capable of differentiating in vitro, many chapters in
genetics and molecular cell biology textbooks are based on
information gathered from B cells at various stages of their
education, life and death (see (22) and references therein).
Undoubtedly, they will continue to be a goldmine for scien-
tists with diverse interests.

B cells are designed to produce antibodies (Ab). Fulfilling
this task entails many formidable difficulties, including the
sequential recombination of immunoglobulin (Ig)-genes, al-
lelic exclusion, isotype switch, somatic mutation, assembly
and expression of functional B cell receptors, and finally the
secretion of large quantities of antigen-specific antibodies of
the most suited class (22).

In addition to cytokines and chemokines, a key yet still
poorly recognized role is played in these processes by the
physicochemical features of the B cell microenvironment,
including metabolism (17), oxygen tension, and redox state.
These parameters vary considerably in the different organs
crossed by B lymphocytes during their journeys from the
bone marrow to the periphery. As shown in Figure 1, the O2

tension is highest in the blood, intermediate in the bone
marrow where the first differentiation steps occur, and very
low in lymph nodes, where mature resting B cells are
stimulated by antigens to become Ab producing cells. In-
terestingly, the molecular oxygen (O2) levels and redox
status are tightly entangled (42). Thus, mitochondrial re-
active oxygen species generation at Complex III is induced
by hypoxia in spite of the lower O2 levels and mitochon-
drial respiration. In turn, ROS trigger hypoxia-induced
transcriptional programs through activation and stabiliza-
tion of hypoxia-induced Factor 1a (HIF-1a) (12). Interest-
ingly, HIF-1a not only induces the expression of several
genes involved in the adaptation to hypoxia but also up-
regulates antioxidant genes.

A limitation in the studies on the role of ROS and redox
signaling in B cell activation/differentiation has long been the
difficulty to reliably measure hypoxia, ROS formation and
tissue redox remodeling in vivo. Recently developed staining
techniques allow monitoring redox changes in lymphoid or-
gans during lymphocyte activation/differentiation (10, 54).
Comparing these in vivo studies with the results obtained
from experiments in vitro has provided new insights on the
role of redox signaling in B lymphocyte differentiation.

The main steps of the development of a hematopoietic stem
cell in the bone marrow to a short-lived plasma cell in the
periphery are summarized in Figure 2. Analyzing all the im-
munological events that occur throughout this long path goes
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beyond the aims of this review. Here we will discuss a few
paradigmatic examples in which redox regulation plays a
role, focusing our attention on how the successful outcome of
the complex B lymphocyte differentiation process depends on
a finely tuned interaction between intra- and extracellular
redox reactions.

Redox and B Lymphocyte Development

The processes of somatic recombination and mutation
necessary to generate high affinity antibodies are intrinsically
error prone. As a consequence, numerous checkpoints are
present along B cell development imposing survival/pro-
gression/death decisions based on the successful accom-
plishment of each crucial step. Moreover, at the end of the
differentiation line, most plasma cells are short lived to limit
antibody responses.

The hormetic nature of oxygen and its reactive species,
essential for survival but toxic when in excess, seems well
suited to regulate these crucial life/death decisions. Indeed,
evidence is accumulating for a role of ROS and redox re-
modeling at many levels of B cell existence and progression.

Following the pioneering work of the Tonks and Rhee labs
showing that intracellular ROS control tyrosine kinase sig-
naling (36, 49), it became clear that ROS generation is essential
for Toll-like receptors (TLR) and—at the mature B cell stage—
B cell receptors (BCR) to transmit their signals upon binding
of cognate ligands. The intense utilization of the antibody
factory, forced to produce thousands of Ig molecules per
second at the plasma cell level, entails massive redox re-
shaping and ROS production that likely contribute in limiting
their lifespan (11).

Intracellular Sources of ROS During
B Lymphocyte Differentiation

Although the occurrence of redox changes during B to
plasma cell differentiation is well supported, the underlying
mechanisms remain largely unknown.

A first unsolved problem concerns where, how, and why
ROS are produced. As the physiological generation of ROS
occurs as a byproduct of respiration, mitochondria are tradi-
tionally considered the major intracellular source of ROS.
However, other intracellular organelles can generate ROS,
under both physiological and stress conditions.

Mitochondria

Mitochondrial respiration produces ROS through Com-
plexes I and III. A considerable fraction of the oxygen con-
sumed may end up into superoxide anion, depending on the
cell type and activity (20, 44). The large basal production of
ROS by Complexes I and III makes it difficult to determine
whether mitochondrial ROS increase, and have a role, in B
cell activation/differentiation. An inhibitor of the electron-
transport chain, rotenone, decreases but does not abolish ROS
production both in resting B cells and upon lipopolysaccha-
ride (LPS) stimulation (54), indicating that ROS are simulta-
neously produced by different sources. At the mitochondrial
level, the redox enzyme p66Shc, that catalyzes the reduction of
O2 to hydrogen peroxide (H2O2) (18), may conceivably be
implicated in ROS production by B lymphocytes. Indeed, a
number of evidence indicate that p66Shc is involved in the
maintenance of lymphocyte homeostasis. Firstly, its defi-
ciency results in age-related splenomegaly and spontaneous
T- and B-cell activation and proliferation (15). Secondly,
p66Shc promotes B-cell apoptosis by uncoupling the BCR
from v-akt murine thymoma viral oncogene homolog (Akt)/
extracellular-signal-regulated kinase (Erk)-dependent survival
pathways. Finally, p66Shc expression is impaired in chronic
lymphocytic leukemia (CLL) B cells (7).

FIG. 1. Different oxygen tensions are encountered by
cells of the B lineage. The figure highlights the physiological
oxygenation of different lymphoid organs. Thymus, spleen,
and lymph nodes are more hypoxic (dark gray/black) than
bone marrow (light gray). The oxygen tension in lymphoid
organs ranges between 4 and 34 torr, or 0.5%–4.5% oxygen
concentration, values much lower than those of the atmo-
sphere and the blood (about 150 torr, 20% oxygen). Under
hypoxic conditions, a decrease in the electron-transport rate
in mitochondria may occur, thus leading to increased ROS
generation and enhanced nitric oxide synthase. These factors
likely contribute to stabilization of HIF-1a, a master regulator
of metabolic adaptation to hypoxia (12, 42).

FIG. 2. Main steps of B cell
development and differentia-
tion.
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Oxidative folding

Although there is evidence for redox regulation of endo-
plasmic reticulum (ER)-related functions such as protein
folding and secretion (11), which enzymatic systems actually
generate ROS in the early secretory compartment during
lymphocyte differentiation, is still unclear. Among ER en-
zymes, ER-oxidoreductin 1 (Ero1) oxidases produce stoi-
chiometric amounts of H2O2 for every disulfide bond formed
in vitro (19, 56), which, presumably, also occurs in the cellular
context (14). Therefore, huge amounts of ROS should be
generated during Ig biosynthesis in Ab secreting cells. Ero1-
derived ROS have been proposed to affect cell physiology and
induce stress, a situation that manifests itself most clearly in
cell types with high secretory activity, such as plasma or
pancreatic b-cells (11, 40).

The role of Ero1 flavoproteins as sources of ROS in differ-
entiating B cells is however questioned by the finding that
protein synthesis inhibitors only modestly affect ROS levels in
LPS stimulated B lymphocytes (4, 54), suggesting that neither
Ig biosynthesis nor Ig oxidative folding are responsible for the
strong ROS increase. That ROS are generated at high levels
even when Ig production is blocked is only apparently odd.
Rather, it is in agreement with previous findings that, on ac-
tivation, B cells expand their metabolic capacity and secretory
machinery well before IgM secretion starts (51). The increased
energetic metabolism in antibody producing cells and the
massive expansion of the secretory apparatus may account for
ROS production before Ig production starts. In the absence of
Ig synthesis, the involvement of Ero1 is unlikely. However,
O2

- � can be generated by other ER-resident enzymes, such as
nicotinamide adenine dinucleotide phosphate (NADPH) cy-
tochrome p450, and b5 family proteins ((58) and references
therein) and the less studied microsomal NADH oxidore-
ductase (28).

NADPH oxidases

NADPH oxidases (NOX) are complex enzymes that trans-
fer electrons across biological membranes to O2 generating
superoxide. First discovered in phagocytes, isoforms of NOX
and dual oxidase (DUOX) are present in other cell types, with
important consequences upon signaling (3). NOXes are lo-
calized mainly in the plasma membrane and secretory gran-
ules. However, increasing evidence indicate the presence of
active NOX enzymes in various subcellular compartments,
including specialized plasma membrane domains and nu-
cleus. The compartmentalization of NOX is likely to influence
the function of both the signaling mechanisms that activate
the specific oxidases, and the regulatory pathways they con-
trol. Among NOX enzymes, B lymphocytes express NOX2
and DUOX1 (3, 34, 41). DPI, a NOX inhibitor, decreases ROS
generation upon B cell stimulation (54) and impairs B-cell
activation/differentiation as well as the efficiency of IgM se-
cretion, indicating a role for NOX-dependent ROS at various
steps along the transition of B lymphocyte to plasma cell (4,
54). This result is in line with the previous suggestion that
H2O2 may act as a secondary messenger in the initiation and
amplification of signalling after BCR triggering (34) (see be-
low). Mutations in gp91phox, the prototypic NOX expressed
by phagocytes, or associated proteins are the cause of chronic
granulomatous disease (55). Although patients affected by
this disease have a clear defect in macrophage and neutrophil

function, they do not display the general block in B lympho-
cyte development that one would expect from molecules
playing a crucial role in lymphocyte activation. The same has
been found in gp91phox–deficient mice (37). Other enzymes
must hence be at work in cells of the B lineage, including
DUOX1 (41). Nonetheless, murine gp91phox -/- B cells generate
fewer ROS after BCR ligation (37) and are hyper-responsive to
BCR stimulation. Since gp91phox - / - B cells stimulated with
LPS proliferate at normal levels, ROS could help sustain
negative cell cycle regulation, acting basically on Ag-specific
functions of B cells (37).

Phagocyte NOX function is supported by voltage-gated
proton currents, which prevent membrane depolarization,
caused by the transport of electrons from the intracellular
NADPH to extracellular or phagosomal superoxide. Without
the charge compensation provided by proton channels, NOX
activity would eventually inhibit itself (35). The hydrogen
voltage-gated proton channel 1 (HVCN1) modulates also BCR
signal strength (Fig. 3). In fact, HVCN1-deficient B cells show
pronounced alterations in their ROS-generating activity,
which result in attenuated BCR signaling and downstream
metabolism (6). The discrepant phenotypes of gp91phox -/-

and hvcn1 -/- could be due to the fact that ROS measurements
in gp91phox -/- B cells miss a minor but physiologically rele-
vant local ROS production close to the BCR. Actually what
makes these studies difficult is that ROS can be produced by
various systems in multiple locations and are counter-
balanced by antioxidant defense mechanisms. These could
represent a way of fine-tuning redox homeostasis in B cells
when they need to develop their most important physiologic
feature, antibody production. The correlation between ROS
generation and B cell activation/proliferation remains a key
issue: the function of NOXes, DUOXes, and HVCN1 in se-
lectively regulating BCR-dependent proliferation and differ-
entiation clearly deserves further investigations.

How Do B Cells React to Oxidative Stress?

Elaborate antioxidant defense mechanisms—largely coor-
dinated by transcription factor NF-E2-related factor 2
(Nrf2)—allow cells to neutralize excess ROS and handle oxi-
dative stress (Fig. 4). These include scavenging enzymes, ox-
idoreductases, and small nonprotein molecules such as
reduced glutathione (GSH) (see (4) and references therein).
Mice or plants lacking individual factors display no or mild
phenotype, implying a high degree of redundancy (4,5) likely
reflecting an evolutionary pressure to cope with oxidative
stress. Indeed, the presence of ROS is an inevitable aspect of
life under aerobic conditions. Furthermore, ROS have been
exploited as signaling molecules in several fundamental
processes (16). A fast and efficient control is therefore required
not only to avoid oxidative stress but also to ensure the correct
outcome of these processes. This is particularly true in cells of
the innate and adaptive immune systems (26, 45, 46).

In B cells, an important antioxidant defense is played by
peroxiredoxin 4 (Prx4) and other peroxidases residing in the
secretory pathway. Prx4 increases dramatically during plas-
ma cell differentiation, paralleling Ig production, and coun-
teracts in part the strong increase of ROS in the ER (4).
Consistent with the notion that Prx4 metabolizes Ero1a-
derived H2O2 (60), increased levels of hyperoxidized Prx4 are
detected under conditions of augmented Ero1a activity in
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cells (47). Since Prx4 couples the degradation of H2O2 to the
generation of disulfide bonds (60), its dramatic upregulation
in Ig secreting cells may reflect an adaptive response to the
increased oxidative demand. However, Prx4 -/- mice have
only a marginal defect in Ig production (4), implying the ex-
istence of additional pathways.

In addition to the antioxidant defenses described above, a
crucial role in B cell responses and other pathophysiologic
processes, including inflammation and tumor development
and progression, is played by the cysteine/cystine redox cycle
(13, 25). The cycle is basically composed by system xc-; the
redox couple cystine/cysteine; and intracellular oxido-
reductases including thioredoxin (Fig. 5A). System xc- is a
Nrf2-regulated, oxidative stress-inducible, cystine/glutamate
antiporter that imports oxidized cystine releasing equimolar
glutamate into the extracellular space. It consists of two pro-
tein components, the 4F2 heavy chain, necessary for mem-
brane targeting of the heterodimer, and the xCT protein,
responsible for transport activity (13).

While cysteine is more abundant in the reducing milieu of
the cytosol, cystine prevails extracellularly. Once internalized,
cystine is reduced to cysteine by thioredoxin. Internalized
cysteine was long thought to be merely used for protein and
GSH synthesis. However, increasing evidence indicates that
some cysteine is actively released extracellularly via the
neutral amino acid transport systems. There, cysteine is rap-
idly oxidized to cystine, and consequently taken up by system
xc-. If this cystine/cysteine cycle persists, a steady state is
reached, and cysteine remains reduced due to a switch of the
extracellular redox state from a oxidizing to a reduced state.

In vitro evaluations of cysteine release by immune and tu-
mor cells following an oxidative hit revealed that the levels of
extracellular cysteine may reach surprising amplitudes. For
instance, the 24-hour spent medium of 106 primary human
monocytes contains up to 15 lM/ml. These cells secrete more
than three-fold more cysteine if exposed to LPS (Fig. 5B),
which induces ROS generation, and a consequent antioxidant
response entailing further upregulation of the cystine–cyste-
ine cycle (45, 46). In monocyte-derived dendritic cells (DC),
the cycle is even more active, reaching up to 100 lM/ml of
cysteine/106 DC/24h (1). Treatment of human melanoma
cells with arsenic, a pro-oxidant drug that upregulates xCT,
results in the release of similar cysteine levels and a conse-
quent switch of the oxidizing physiologic extracellular redox
to a reduced state (53). Therefore, the cystine/cysteine redox

FIG. 3. Involvement of NOXes and HVCN1 in modulat-
ing BCR signaling strength. Antigen binding to the BCR
results in phosphorylation of ITAMs in the Iga/b hetero-
dimer, creating docking sites for Syk. This leads to PI3K
activation, activation of Akt, and increased glucose uptake
and metabolism. Nevertheless, Syk has also a serine kinase
activity that inhibits and limits signaling output from BCR
receptor (21). PTPs are probably recruited through the Syk-
mediated phosphorylation of Iga Ser197. The finding that
Syk is a dual-specificity kinase with opposing activities
shows that the regulation of BCR signaling is more sophis-
ticated than appreciated by the current models (21). BCR
stimulation results in ROS generated extracellularly by
NADPH oxidase enzymatic complex. It is still unclear if
H2O2 can diffuse freely or needs transporter(s) to cross the
membrane, but what is clear is that the target of ROS in-
hibitory action is the phosphatase SHP-1, which dephos-
phorylates Syk, counterbalancing ITAM-Syk-mediated signal
amplification. HVCN1 sustains NADPH oxidase activity.
Therefore, in the absence of HVCN1, the oxidizing environ-
ment cannot be maintained and this results in SHP-1 re-
maining more active, reducing BCR-signal strength.

‰
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cycle affects also the redox state of the microenvironment,
with important pathophysiological consequences (38).

Since resting T, pre-B, and B lymphocytes do not express
xc-, cysteine must be made available to sustain their activation
and proliferation (1). The extracellular redox hence provides a
rheostat for immune responses. In the case of T lymphocytes,
the ‘‘wetnurse’’ has been shown to be the dendritic cell (1) (Fig
5B). Which cell(s) provide cysteine to B lymphocytes during
their differentiation/activation remains to be firmly estab-
lished. In B-CLL, lymph node stromal cells have been pro-
posed to supply neoplastic B lymphocytes with thioredoxin,
which protect them from apoptosis ((2) see below). Whether
stromal cells make available reducing equivalents to normal B
cells as well is still unknown (Fig. 5B). Interestingly, upon
activation, both T and B lymphocytes undergo a rapid
‘‘weaning’’, due to expression of system xc-. The transporter
allows cystine uptake and therefore releases lymphocytes
from the requirement of cysteine feeding. Moreover, activated
B lymphocytes, but not T cells, start to release reduced cys-
teine themselves (54). It is conceivable that, as in myeloid cells,
TLR stimulation upregulates the cystine/cysteine cycle via
sequential ROS and antioxidant response waves (54), result-
ing in a shift of the redox balance toward the reductive side.

Remarkably, the redox remodeling characterized by an
oxidative step followed by an antioxidant response is not re-
stricted to selected immune cell populations stimulated
in vitro but is evident also in vivo. By using biochemical

quantification of nonprotein thiols (GSH and cysteine) and
histochemical staining of frozen tissues, we demonstrated
that lymphoid organs are generally more reduced than av-
erage tissues (10). Moreover, the thioredoxin and free thiol
content of lymph-nodes increases dramatically during the
immune response (10, 54) (Fig. 6). Interestingly, not only do
DCs contribute to the generation of the reducing microenvi-
ronment in secondary lymphoid organs, confirming their
feeding activity toward T cells (1), but also B lymphocytes
dramatically increase thioredoxin and cysteine production
upon activation, resulting in highly ‘‘reduced’’ germinal cen-
ters. This strong ‘‘reduction’’ of immune lymphoid tissues
represents conceivably a response to an oxidative stress, since
increased ROS levels are present in immunized mouse spleens
(54).

A fascinating question is whether the antioxidant response
to ROS production is only a defense mechanism aimed at
restoring the redox homeostasis or it also exerts functional
effects on B lymphocytes differentiation. Indeed, an active role
for the antioxidant response has been already established in
various processes of the innate and adaptive immunity, in-
cluding IL-1b secretion (45, 46) and T cell activation (1). Si-
milarly, in vitro exposure of B lymphocytes to exogenous
antioxidants revealed that highly reducing conditions are
detrimental in the early phases of B-cell activation whereas
promote IgM secretion later on during differentiation (54).
Therefore also the antioxidant response plays a role in B cell

FIG. 4. Multiple ROS sources
and circuits underlie B cell func-
tional control. A key cellular
defense against oxidative or elec-
trophilic stress is the activation of
Nrf2, a transcription factor con-
trolling the expression of genes
involved in the detoxification and
elimination of reactive oxidants
(29). Not surprisingly, therefore,
Nrf2 translocates to the nucleus in
LPS-stimulated splenocytes, binds
to the antioxidant responsive ele-
ments (ARE) on target genes, and
HMOX1 and GLCM transcripts
are increased (4). The circular inset
shows an immunoblot of Nrf2
protein in nuclear and cytoplas-
mic extracts of B splenocytes
treated or not with LPS (adapted
from Ref. 5). Actin and histone H3
were used as cytoplasmic and
nuclear loading controls, respec-
tively. A profound reshaping of
antioxidant responses (including
Prx1, Prx2, Prx3, Prx4, GPx1, and
catalases) is evident during B- to
plasma-cell differentiation. The
main possible ROS sources are il-
lustrated in the figure: respiratory
chain and p66Shc in the mito-
chondria, Ero1 other resident oxi-
dases in the ER, and NOX/DUOX
enzymatic complexes at the plas-
ma membrane.
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FIG. 5. The cystine/cysteine redox cycle in the control of T cell activation and expansion. (A) The cycle is based on the
initial uptake of cystine, its reduction to cysteine by the powerful cytosolic reductase activities, and the secretion of cysteine
into the extracellular space. Cystine (Cys-S-S-Cys), the oxidized form of cysteine that prevails extracellularly is imported via
the glutamate/cystine antiporter system xc-. This system is composed of a specific light chain, xCT, and a heavy chain, 4F2,
linked by a disulfide bridge. 4F2 is required for targeting the heterodimer to the plasma membrane, whereas the xCT protein
is responsible for transport activity (10). System xc

- is highly specific for cystine and imports one mole of cystine while
releasing one mole of glutamate. Following intracellular reduction, cysteine (Cys-SH) is employed in the biosynthesis of
proteins and glutathione (GSH), and in part is released out of the cell contributing to reduce the extracellular environment.
(B) Resting lymphocytes lack the xCT antiporter and are therefore unable to uptake oxidized cystine from the extracellular
fluids. Since T cells lack the enzymes required to convert methionine into cysteine, they depend on an external source of
cysteine to produce GSH and proliferate. In the early phases of immune responses, DCs, which express high levels of system
xc

-, nurse T cells by taking up oxidized cystine and releasing cysteine that is easily internalized by T cells, allowing their
proliferation (1). xCT is however expressed by T cells upon activation (10), thus weaning T cells from their need to have a
cysteine supply. Neither pre-B nor resting B lymphocytes express sytem xc

-, implying that, like T cells, they depend on
exogenous cysteine. However, which cell(s) provide cysteine to B lymphocytes is so far unknown. Since lymph node stromal
cells have been shown to supply thioredoxin to B-CLL cells, maintaining them alive (2), the cartoon surmises that stromal
cells may nurse also normal B lymphocytes, providing them the essential cysteine. As in the case of T cells, xCT is expressed
following BCR stimulation, so that activated B cells emancipate from cysteine requirement.
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differentiation, as well as ROS, before considered only a waste
product, which instead turned out to be crucial intracellular
signaling molecules (34).

ROS as Second Messengers in Lymphocyte Activation

In the last decades, intracellular ROS, H2O2, and nitric
oxide have been recognized as second messengers in the
activation of numerous signaling pathways (16, 43). The
molecular mechanisms for H2O2 signaling generally involve
the reversible oxidation of low pKa protein cysteine thiols to
sulfenic acid (-SOH) on specific target proteins. However,
these protein cysteine thiols are also susceptible to irreversible
oxidation at higher H2O2 concentrations, with the generation
of sulfinic and sulfonic derivatives. Therefore, the level of

ROS, as well as their intracellular diffusion, must be tightly
controlled. How far does H2O2 diffuse within cells? Is it per-
meant to cell membranes? Spatial regulation and topological
constraints are key issues (50) that need further mechanistic
understanding. Also some of the antioxidants that damp
down H2O2 signal propagation are spatially regulated, often
via sophisticated molecular circuits that control their activity
by site-specific post-translational modifications (52). For in-
stance, Prx1 activity is inhibited by phosphorylation, so as to
allow tyrosine kinase signaling while limiting it in space and
time (57). Intriguingly, work in Zebrafish suggest that a H2O2

gradient promotes leukocyte migration to the wound sites
(30). We can therefore envision ROS signaling as a dynamic
process that occurs within cells between different organelles,
as well as between cells over long distances (27).

FIG. 6. Redox gradients regulate B lymphocyte activation. (A) ROS and nonprotein small thiols staining cluster in
germinal center of immunized spleens. Sections from spleens removed from mice immunized with sheep red blood cells were
double stained with Peroxy Green-1 (PG1) that detects ROS, and Mercury Orange (MerOr) that detects free thiols, and
analyzed by confocal microscopy. Unlike non-immunized spleen (54), spleens from immunized animals showed a diffuse
staining with H2DCF-DA (green), which was stronger in clusters of cells within germinal centers. Remarkably, cells highly
stained with the ROS probes were also the most positive to Mercury Orange (red). The specificity of the ROS and free thiol
staining was confirmed by control experiments using DTT or N-ethyl-maleimide to prevent DCF or Mercury Orange staining,
respectively (54). Of note, in addition to the few B cells highly reacting to the dyes specific for ROS and free thiols, all
germinal centers resulted diffusely stained. This observation suggests that ROS and free thiols are not confined within the
producing cells but are released in the microenvironment where they diffuse and generate redox gradients. Indeed, cysteine is
actively secreted by differentiating B lymphocytes through the cystine/cysteine cycle and ROS can be generated extracel-
lularly by NADPH oxidases and perhaps secreted as well. Magnification 60X. (B) ROS production by activated B lympho-
cytes in vitro. B lymphocytes isolated from non-immunized spleens were activated with LPS for 48 h and stained with
H2DCF-DA (DCF). B cells were then fixed with paraformaldehyde, permeabilized with Triton-X 100, and stained with Texas
Red-anti IgM (red). Notice that ROS appear to increase in cells with less membrane expression of IgM, in agreement with the
observation that ROS production increases during B cell differentiation to plasma cells (4, 54). (To see this illustration in color,
the reader is referred to the web version of this article at www.liebertonline.com/ars).
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In the BCR, membrane-bound Ig molecules and Ig-ab het-
erodimers function as antigen-binding and signaling subunits,
respectively (39). At least three PTKs (v-yes-1 Yamaguchi sar-
coma viral related oncogene homolog (Lyn), spleen tyrosine
kinase (Syk), and Bruton agammaglobulinemia tyrosine kinase
(Btk)) and one protein tyrosine phosphatase (PTP), SHP-1, are
involved in signal transduction from the BCR. The negative
regulator SHP-1 is inhibited by ROS, which oxidize a cysteine
residue in the catalytic site of the enzyme (see Fig. 3 legend for
details). This explains why suitable doses of H2O2 can mimic
antigen binding, triggering the same phosphorylation cascade
as BCR cross-linking (34). Moreover, H2O2-treated B cells ex-
hibit PTK-dependent inositol 1,4,5-trisphosphate (IP3) genera-
tion and Ca2 + release (33). The initial, low-intensity activation
of BCR signaling is amplified by the Ca2 + -dependent, self-
sustaining feedback loop (41). Thus, oxidants and Ca2 + coop-
eratively regulate the strength and duration of BCR signaling,
crucial parameters for determining the subtype of B cell gen-
erated from transitional, immature B cells (9).

Surprisingly, Lee et al. found that activation of effectors like
Erk, c-Jun N-terminal kinase ( JNK), p38, and Akt by the BCR
was relatively insensitive to ROS depletion (23). Also che-
mokine receptor type 4 (CXCR4), which binds chemokines
involved in B cell development and trafficking, activates MAP
kinases via ROS-independent pathways, but its ability to ac-
tivate Akt depends on ROS (23). In contrast, the surface re-
ceptor CD40, important to receive T cell costimulatory signals,
activates JNK, p38 and Akt for the most part via ROS-
dependent pathways that are sensitive to ROS scavengers
such as N-acetyl-cysteine or ebselen. The role of HVCN1 in
BCR signaling (see above, Fig. 3) confirms that oxidation is
needed, the activation of Syk and Akt being impaired in
HVCN1-deficient cells. Akt activation depends on production
of phosphatidylinositol 3,4,5-triphosphate (PIP3) by PI3K (23).
The discrepant results concerning Akt activation could be due
to the fact that HVCN1 deletion probably affects directly PI3K
in a ROS-independent fashion, while ROS scavengers mod-
ulate the general intracellular redox status and Akt only in-
directly. However, not all signaling pathways downstream of
Syk were equally impaired removing the proton flux that
sustains electrogenic ROS production. Ca2 + mobilization and
Erk activation were not impaired in the absence of HVCN1,
possibly indicating different activation thresholds (6). These
results imply that a complex interplay between distinct
pathways regulates the outcome of a signal.

Organelle movement and the cytoskeleton could play a
central role in distributing ROS signals. Positive and negative
signals mediated through Btk and SH2 (Src homology 2)-
containing inositol phosphatase-1 (SHIP-1) regulate B cell
membrane dynamics and spatio-temporal organization of
surface BCRs via actin reorganization (24). The magnitude of
aggregation and the mobility of aggregates regulate BCR
signaling capability. This interplay between actin reorgani-
zation and signaling reveals a mechanistic basis for feedback
regulation for BCR and other receptors. The development and
utilization of more mutants deficient in ROS signaling and
additional ROS imaging tools will allow the identification of
additional molecular linkers and a better definition of the
interplays between the actin cytoskeleton, ROS, and BCR
signaling pathways.

The complexity and interdependence of redox networks and
the inadequacy of robust readouts have hampered a detailed

mechanistic dissection of ROS signaling. Innovative approaches
with organelle-specific ROS reporters in vitro and in vivo may
allow spatio-temporal monitoring of redox reactions.

(Dys)regulation of Redox Homeostasis
in B Cell Malignancies

B cell malignancies recapitulate the different stages of B-cell
maturation. B lymphoblastic leukemia/lymphoma are pre-
cursor B cell neoplasms, most lymphomas (follicular, Burkitt,
Hodgkin, and diffuse large B cell lymphoma) derive from
germinal center B cells, whereas CLL/small lymphocytic
lymphoma and myeloma are the malignant counterparts of
post-germinal centers cells that include both long-lived plas-
ma cells and memory/marginal B-cells.

The redox state of the different B cell malignancies compared
to the corresponding normal B cells is still poorly defined. Most
studies are restricted to chronic B cell malignancies and focus
on the redox response to therapy rather than on the baseline
differences between normal and neoplastic B cells. In general,
the effects of chemotherapy on redox homeostasis are strong, as
in solid tumors (53). For instance, O�2 radical levels are sig-
nificantly higher in CLL cells isolated from patients previously
treated with anti-tumor drugs than in untreated patients (59).
This is true not only for classical chemotherapeutic agents, but
also for proteasome inhibitors, that have been found to de-
crease intracellular GSH in neoplastic plasma cells from mul-
tiple myeloma patients (29).

Few are the available systematic analyses of the redox state
of B cell malignancies from untreated patients. A transcrip-
tional redox signature score that identifies diffuse large B-cell
lymphoma patients with poor prognosis has been described
(48). Malignant cells from these patients had decreased ex-
pression of catalase, glutathione peroxidase (GPx), Mn- su-
peroxide dismutase (SOD), and thioredoxin-binding protein-
2 (TBP-2, also known as VDUP-1 and TXNIP), a protein that
inhibits thioredoxin (Trx) activity. The incongruity between
fewer antioxidant enzymes and increased Trx is only appar-
ent. The former likely results from the increased stress that
characterizes neoplastic cells (8). The concomitant decrease of
TBP-2 and consequent increase of Trx activity is possibly re-
lated to the poor prognosis of these B cell lymphomas, since
Trx prevents apoptosis and promote cell growth (31). Inter-
estingly, Trx has been implicated also in B-CLL cell survival
(31, 32). However, B-CLL cells express very low levels of en-
dogenous Trx. In this case, therefore, protection from apo-
ptosis is likely provided by exogenous Trx, secreted by lymph
node stromal cells (2).

It would be of great interest to assess the presence and the
regulation of xc- in neoplastic B cells. A dysregulated ex-
pression of the transporter, allowing cystine internalization,
may release resting B cells from the control exerted by the
environment, thereby allowing unwanted proliferation. Also
a better definition of the local, intercellular redox circuits may
shed light on the biology of these malignancies and pave the
way to novel therapeutic approaches.

Concluding Remarks

Over the last years, it has become clear that not only ROS
production but also the antioxidant systems they elicit have
profound impacts on the survival and differentiation of cells
of the B lineage. An emerging point is that the antioxidant
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response, through enhanced activity of the cystine/cysteine
redox cycle, goes beyond the cell border and increases the
extracellular redox potential, generating a reduced microen-
vironment. Profound redox reshapings with an extracellullar
impact are shared by other cell types, with implications on
pathological processes (e.g., chronic inflammation, tumor
progression, and drug resistance). A better understanding of
these events may lead to new approaches exploiting redox
modulation as a therapeutic tool.
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Università Vita-Salute San Raffaele Scientific Institute
Milano 20132

Italy

E-mail: sitia.roberto@hsr.it

Date of first submission to ARS Central, December 15, 2011;
date of acceptance, January 2, 2012.

1148 BERTOLOTTI ET AL.



Abbreviations Used

Ab¼ antibodies
BCR¼B cell receptor
CLL¼ chronic lymphocytic leukemia
DC¼dendritic cell

DUOX¼dual oxidase
ER¼ endoplasmic reticulum

Erk¼ extracellular-signal-regulated kinase
Ero1¼ER-oxidoreductin 1
GPx¼ glutathione peroxidase
GSH¼ reduced glutathione

HIF-1a¼hypoxia-induced factor-1a
H2O2¼hydrogen peroxide

HVCN1¼hydrogen voltage-gated channel 1

Ig¼ immunoglobulin
LPS¼ lipopolysaccharide

NADPH¼nicotinamide adenine dinucleotide
phosphate

NO¼nitric oxide
NOX¼NADPH oxidase
Nrf2¼NF-E2-related factor 2

Prx¼peroxiredoxin
PTP¼protein tyrosine phosphatase
ROS¼ reactive oxygen species
SOD¼ superoxide dismutase
Syk¼ spleen tyrosine kinase

TBP-2¼ thioredoxin-binding protein-2
TLR¼Toll-like receptors
Trx¼ thioredoxin

REDOX REGULATION OF B CELL DIFFERENTIATION 1149



This article has been cited by:

1. Anita Söderberg , Akter Hossain , Anders Rosén . A Protein Disulfide Isomerase/Thioredoxin-1 Complex Is Physically
Attached to Exofacial Membrane Tumor Necrosis Factor Receptors: Overexpression in Chronic Lymphocytic Leukemia
Cells. Antioxidants & Redox Signaling, ahead of print. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with
Links]

http://dx.doi.org/10.1089/ars.2012.4789
http://online.liebertpub.com/doi/full/10.1089/ars.2012.4789
http://online.liebertpub.com/doi/pdf/10.1089/ars.2012.4789
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2012.4789
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2012.4789

