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Metabolic pathways have been studied for a while in eukaryotic cells. During glycolysis,
glucose enters into the cells through the Glut1 transporter to be phosphorylated and
metabolized generating ATP molecules. Immune cells can use additional pathways to
adapt their energetic needs. The pentose phosphate pathway, the glutaminolysis, the fatty
acid oxidation and the oxidative phosphorylation generate additional metabolites to
respond to the physiological requirements. Specifically, in B lymphocytes, these
pathways are activated to meet energetic demands in relation to their maturation status
and their functional orientation (tolerance, effector or regulatory activities). These metabolic
programs are differentially involved depending on the receptors and the co-activation
molecules stimulated. Their induction may also vary according to the influence of the
microenvironment, i.e. the presence of T cells, cytokines … promoting the expression of
particular transcription factors that direct the energetic program and modulate the number
of ATP molecule produced. The current review provides recent advances showing the
underestimated influence of the metabolic pathways in the control of the B cell physiology,
with a particular focus on the regulatory B cells, but also in the oncogenic and autoimmune
evolution of the B cells.
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INTRODUCTION

There is now a growing body of evidence showing a complex interaction between metabolic
reprogramming and immunity. Innate cells and adaptive immune T cells have been studied largely,
but much little is still known about B cells. Because this now adds a new dimension to our
understanding of the immune system in health but also in disease, it is important to highlight what
is accepted for B lymphocytes. This review will also shed in light the importance of the metabolic
org September 2021 | Volume 12 | Article 7354631
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processes in the development of the functional regulatory
capacities of B cells and the implication in autoimmune and
cancer responses.
THE METABOLIC PATHWAY IN IMMUNE
B CELLS

Among the specialized cells of the adaptive immune system, B
lymphocytes play a pivotal role for the detection of danger signal
and the presentation of antigen to T cells to mount efficient
germinal center (GC) responses (1, 2). Following activation
signals subsequent to a fine dialogue with the T cells, B cells
acquire effector and regulatory functions leading to the
production of antibodies and the secretion of cytokines, and
thus develop humoral immune responses for antigen
neutralization and participate to the control of the cellular
immune responses (3, 4).

Three to six metabolic pathways have been described to play
important role in the survival, the proliferation and
differentiation of immune cells (5) which may also contribute
to the development and functions of B cells.

The Generic Pathways
Glucose Metabolism in B Cells
The main nutrient to provide energy needs for the B cell
development and maturation is glucose that is first catabolized
to pyruvate during glycolysis. Hexokinase generates successively
glucose 6-phosphate, fructose 6-phosphate, fructose 1,6-
biphosphate and then pyruvate in order to be fermented into
lactate which is then secreted. This reaction does not require
oxygen, is poorly energy efficient and is finely regulated.
Numerous molecules on B cells are involved in the control of
glucose metabolism either positively or negatively. After B cell
receptor (BCR) and CD40 stimulation of B cells, cMyc is
increased and enhances glycolysis and mitochondrial
biogenesis for the formation and maintenance of GCs (6).
Concomitantly, the NF-kB subunit cREL is activated and
increases the oxygen consumption and the glycolytic flux
favoring GC B cell survival (7) (Figure 1).

The mammalian target of rapamycin (mTOR) complex 1 is a
central controller of cell growth and proliferation. Thanks to
CD40 T cell help, mTORC1 is activated in the light zone of the
GC, promoting the anabolic program that sustains the B cell
proliferation in the dark zone of the GC (8). mTORC1 itself is
regulated by multiple signals such as growth factors, amino acids,
or cellular energy. Thus, under metabolic stress, anabolic
processes must be inhibited to ensure available nutrients. In
this situation, the 5’ adenosine monophosphate activated protein
kinase (AMPK) is one major regulator. This enzyme is activated
because available energy decreases. AMPK then reduces the
activity of mTORC1 to limit energy consumption (9) and
promotes B cell survival under starvation. Protein Kinase C-b
(PKCb) is another important key regulator of metabolic
reprogramming in B cells and B cell fate. PKCb activates
mTORC1 signaling leading to mitochondrial remodeling for
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plasma cell differentiation (10). Ras-related guanosine
triphosphate hydrolase (GTPase) R-Ras2 plays also a pivotal
role in the development of GC response and B cell expansion. R-
Ras2 is essential for the mitochondrial replication and glucose
metabolism to supply the energy required for the generation of
effective antibody responses (11).

Other Metabolisms in B Cells
Glucose can be also catabolized in the pentose phosphate
pathway by the glucose 6-phosphate dehydrogenase to ribose
5-phosphate used for nucleic acid synthesis (Figure 1). The
reaction is associated with the generation of NADH which is
needed for the fatty acid synthesis to provide the demands during
the proliferation and the differentiation responses of the B
cells (12).

Moreover, following glucose catabolization, pyruvate can be
transported into the mitochondrial matrix of B cells thanks to
Mitochondrial pyruvate carrier 2 (Mpc2) to be converted in
acetyl-CoA which is oxidized to CO2 in the tricarboxylic acid
(TCA) cycle also called Krebs or citric acid cycle. During this
cascade reactions, NADH and FADH2 are generated serving as
electron donors for the electron transport chain which is
required for the generation of ATP molecules. This oxidative
phosphorylation (OXPHOS) pathway inducing lipid metabolism
is efficient in the generation of ATP and is mainly engaged
during B cell proliferation. It is positively regulated by mTORC1,
cMyc, PKCb, cRel and R-Ras2, and negatively regulated by the
glycogen synthase kinase 3 (GSK3) which can participate in B
cell growth, proliferation and metabolic activity and the TNF
receptor associated factor 3 (TRAF3) (13).

Another substrate for energy production comes from
glutamine. This amino acid can be transformed into glutamate
and then catabolized to a-ketoglutarate for the Krebs cycle
during glutaminolysis. This pathway provides additional
substrate for the generation of ATP molecules required for the
B cell responses (12).

The Provision for the Maturation
Naïve Versus Activated, Memory, and
Plasma B Cells
All metabolic demands of B cells are adjusted to their functional
needs, naïve resting B cells having different metabolic
profile compared with stimulated activated B cells. Naïve
follicular B cells entering GCs preferentially use fatty acid
oxidation as an energy source over glycolysis (14). Differential
metabolite needs will have further consequences, particularly in
memory B cell functions, be it Ab-producing cell differentiation
or re-entry into GCs for additional somatic hypermutation.
Stimulation of B cell activating factor (BAFF) that provides
survival signal to B cells (15) increases glycolysis and
induces differentiation into Ab-producing cells (16). Upon
either Toll-like receptors (TLRs), CD40 or BCR stimulation,
control B cells have a balanced increase in lactate production and
oxygen consumption, with proportionally increased glucose
transporter 1 (Glut1) expression leading to enhance glucose
uptake and mitochondrial mass (17). Consistently, the
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glycolytic inhibition suppresses the B cell proliferation and Ab
secretion, and Glut1 defective expression reduces B cell numbers
and impairs Ab production. In contrast, anergic B cells remain
metabolically quiescent even after TLR stimulation, with only a
modest increase in glycolysis and oxygen consumption. The
Glut1-dependent metabolic reprogramming appears pivotal for
the B cell proliferation and Ab production, and is a critically
regulated pathway in tolerance.

Differential metabolic program clearly orients the B cell fate.
High PI3K/AKT/mTOR signaling inactivates the transcription
factor FOXO1 but induces the transcription factor IRF4 which
drives the plasma cell differentiation. This occurs through the
activation of genes encoding proteins among which GLUT1 that
contribute to glycolysis. In contrast, low PI3K/AKT/mTOR
Frontiers in Immunology | www.frontiersin.org 3
signaling drives self-renewal of the B cells and leads to features
of a memory or GC B cell fate inducing FOXO1 and PAX5 with
decreased IRF4 level (18). This alternative differentiation arises
likely through the inhibition of glycolysis (19). Blimp-1 which is
a well-known transcription factor involved in plasma cell
differentiation controls the size of plasma cells through the
regulation of mTORC1 (20) highlighting once again the
importance of precise metabolic reprogramming to adapt to
the energy needs and the B cell orientation.

Immature Versus Mature B Cells
In line with the fine control of the metabolic profile, the
Hypoxia-inducible factor (HIF) HIF-1a is a transcription
factor recently described able to reprogram immune cell
FIGURE 1 | Overview of the metabolic pathways and stimulatory signals in activated B cells. Glucose has a pivotal role in the supply of energy and biomolecules.
GLUT1 regulates glucose transport allowing glucose to fuel the glycolytic pathway and the TCA cycle within the mitochondria. The TCA cycle produces NADH and
FADH2, which deliver electrons flux to the Electron Transport Chain for ATP generation during the oxidative phosphorylation. B cell metabolism can shunt from these
pathways toward the pentose phosphate pathway (PPP) to increase nucleotide biosynthesis. In activated B cells, the high flux of glucose grants the biomolecules
required for the cell expansion. Because of that, there is a large production of lactate and increased lipid synthesis. Fatty acid oxidation and glutaminolysis reactions
are also increased to sustain the TCA cycle and replace the intermediates consumed in other biological processes. Stimulatory signals from the BCR and TLRs or
from CD40 or BAFFR co-stimulatory molecules activate intra-cellular pathways with the recruitment of transcription factors leading to the transcription of glycolysis
genes in the nucleus. The induction of the metabolic programs is under the control of numerous transcription factors, miRNA and enzymes that have positive
(pointed arrow) or inhibitory (flattened arrow) effects. Only intermediates, transcription factors, enzymes and signaling molecules mentioned in the review are shown.
a-KG, a-ketoglutarate; AMPK, AMP-activated protein kinase; ATP, adenosine triphosphate; BCR, B cell receptor; F1,6BP, Fructose 1,6-bisphosphate; F2,6BP,
Fructose 2,6-bisphosphate; F6P, Fructose 6-phosphate; G6P, Glucose 6-phosphate; G6PD, Glucose-6-phosphate dehydrogenase; GPI1, glucose-6-phosphate
isomerase; 6PGL, 6-Phosphogluconolactonase; GSK3, glycogen synthase kinase 3; HK2, Hexokinase 2; LDHA, lactate dehydrogenase A chain; OXPHOS, Oxidative
phosphorylation; PEP, Phosphoenolpyruvate; PFK1, Phosphofructokinase 1; PFK2, Phosphofructokinase 2; PP2A, Protein phosphatase 2; TLR, Toll-like receptor.
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metabolism by the activation of genes encoding glucose
transporters and glycolytic enzymes for the importation of
glucose and its conversion into lactate. HIF-1 expression is
essential for B cell development as its activity varies from high
into human and murine bone marrow pro-B and pre-B cells to
low into the immature B cell stage. Genetic activation of HIF-1a
in murine B cells lowered surface BCR, CD19 and BAFF receptor
and increased expression of pro-apoptotic BIM molecule. These
modifications are associated with reduced repertoire diversity,
decreased BCR editing and lead to developmental arrest of
immature B cells. The HIF dynamic suppression and the
associated decreased BIM expression are thus required for
normal B cell development (21). Furthermore, by shifting from
oxidative metabolism to glycolytic metabolism HIF-1a also
regulates proliferation and function of mature B cells. HIF-1a
is induced after stimulation of the BCR through the ERK-STAT3
pathway and by stimulation of TLR via the NF-kB pathway (22).
The HIF-1a-associated enhanced glucose transport activity
correlates with an induced mRNAs expression of Glut1, Hk2,
pyruvate kinase M2 (Pkm2), lactate dehydrogenase A (Ldha),
phosphoinositide-dependent kinase 1 (Pdk1), and glucose-6-
phosphate isomerase 1 (Gpi1), all enzymes involved in
glycolysis. During proliferation, lactate production increases
together with consumption of essential amino acids. The
ensuing plasma cell differentiation and Ig secretion are linked
with alanine and glutamate production, amino acids
consumption, and increased production of lactate and 5’-
methylthioadenosine (MTA), glutamine being used as carbon
and energy sources (23).

Antigenic Influence for Antibody Production
To go further in the complexity of the metabolic reprogramming,
pathways will also differ depending on the antigenic stimulation
and the subsets of B cells activated. During the T cell-
independent (TI) short-lived plasma cell (SLPC) production
from marginal zone (MZ) B cells, glycolysis is involved with
mTOR activating transmembrane activator and CAML
interactor (TACI) receptor pathway via MyD88. This
intracellular signaling induces proliferation of MZ B cells and
genetic recombination for the SLPC differentiation (24). The TI
antigen-induced IgM antibody production is regulated by
different pathways. Specifically, the acquisition and utilization
of key nutrients, including glucose and glutamine, are under the
control of the Let-7 miRNAs members. They inhibit the B cell
activation due to suppression of glucose and glutamine
utilization, through a mechanism regulating c-Myc to directly
target the hexokinase Hk2 and repress the glutamine transporter
Slc1a5 as well as a key degradation enzyme glutaminase (Gls).
Restricting the availability of necessary nutrients alters the TI
IgM production without any effect on the OXPHOS
pathway (25).

In contrast to what is observed in SLPC, during the T cell-
dependent (TD) class-switching and long-lived plasma cell
(LLPC) production, nutrient and glucose uptake are elevated,
and provide survival and energy metabolism for antibody-
secreting activities (26). Throughout the development of the
TD response, glycolysis is not affected in stimulated B cells, but
Frontiers in Immunology | www.frontiersin.org 4
the OXPHOS is increased, and the TCA cycle and the nucleotide
biosynthesis are also elevated to respond to the metabolic
demands of the B cell growth and differentiation (27). There is
a positive effect of glucose uptake and catabolism on plasma cell
longevity and function. LLPCs take higher levels of glucose and
glutamine than do SLPCs under homeostatic conditions.
Furthermore, nutrients that can be provided through
autophagy are also higher in LLPCs to be catabolized and
directed to mitochondria for ATP generation. These
metabolites can be used in synthesis and glycosylation of
antibodies. It should be noted that while endoplasmic
reticulum stress is equivalent between plasma cell subsets,
SLPCs degrade antibody molecules more than LLPCs.
Consequently, despite equivalent rates of protein and antibody
synthesis, LLPCs secrete more antibody molecules than SLPCs.
Then, under limiting nutrient availability and low ATP
generation, LLPCs increases their basal respiratory capacity to
compensate, in contrast to SLPCs that are unable to mobilize this
function and therefore initiate programmed cell death
pathways (28).

L‐glutamine is known for a while to be essential for both
proliferation, plasma cell differentiation and Ab production of
human B cells (29). Tryptophan is another essential amino acid
with significant role in sustaining immune function. Its
catabolism is under the control of indoleamine-2,3-
dioxygenase (IDO), using the metabolic-stress sensing protein
kinase GCN2 as a primary downstream effector. However, the
role of IDO is still complex to maintain proper B cell responses.
IDO-1 can be associated with an immunosuppressive role whilst
IDO-2 is rather associated with pro-inflammatory responses
(30). Interestingly, activation of GCN2 reduces anti-DNA
autoantibodies and protects lupus-prone mice from disease.
This indicates that GCN2 is another additional metabolic
enzyme in B cells playing a key role in regulating the
tolerogenic response to apoptotic cells and limiting
autoimmunity (31).

Overall, the metabolic pathways of glucose, fatty acid and
amino acids appear remarkably interconnected and can be finely
co-regulated to influence the B cell behavior. As an example,
mTOR regulates both glycolysis and fatty acid synthesis in
activated B cells, detects amino acids and growth factors,
promotes mRNA translation and lipid synthesis, all pathways
oriented to support B cell growth (32). The involvement of
numerous physiological signaling highlights the complex
interplay between cell surface receptors and the different
metabolic pathways to govern the B cell maturation.
THE INTRA-SIGNALLING PATHWAYS IN
THE REGULATORY FUNCTIONS

Metabolic programs are clearly involved in the B cell
development from precursor to immature stage until activation
for GC responses and terminal plasma cell differentiation.
However, metabolic nutrients are also required for immune
cell function acquisition (33) and to switch from effector
September 2021 | Volume 12 | Article 735463
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immune cells to regulatory immune cells (34). While largely
delineated in T lymphocytes (35), there is much less data
available in B lymphocytes (36, 37).

Based on their phenotype, B cells are grouped into B1 and B2
cells which are CD11b+ and CD11b-, respectively. The majority
of B cells classified into follicular (FO) B cells located in
lymphoid follicles of secondary lymphoid tissues and the
circulation, and MZ B cells mainly found in the spleen belongs
to B2 cells. B1 cells found in the fetal liver and in peritoneal
cavity can be further divided into CD11b+CD5+ B1a cells and
CD11b+CD5- B1b cells (38).

Regulatory B (Breg) lymphocytes have been described for
decades now in mice and in humans. It is still unclear whether
Breg cells originated from specific precursors or appeared
following stimulation of various populations from B1 and/or
B2 cells. The abundant literature strongly suggests that they
correspond to diverse subpopulations of B cells issued from
different groups and/or from different maturation stages
according to their phenotypes and/or activities. In mice, CD5+

B1a cells, CD5+CD1dhigh B10 cells, CD21highCD23- MZ cells,
CD21hiCD23hiCD24hiCD1dhi transitional type 2 MZ precursor
(T2-MZP) cells, Tim1+ B2 cells, CD24highCD27+ memory cells,
CD138+CD44high plasmablast, or CD138+B200+ plasma cells
have been identified as Bregs. Likewise, CD5+ Br3 cells,
CD24highCD27+ B10 cells, CD24highCD38high transitional
cells, CD25highCD71highCD73- Br1 cells, CD24highCD27+

memory cells, or CD24highCD27intCD38+ plasmablast in
humans have been associated with regulatory activities (39).
They participate to the control of tolerance and restrain the
development of improper immune responses through direct cell-
to-cell contact with targeted cells and/or through the production
of cytokines such as IL-10, TGFb or IL-35 (Table 1). Hence,
dysfunctional Bregs have been suspected to contribute to the
expansion of aberrant autoimmunity (40–42), of uncontrolled
inflammatory responses (43), of inappropriate tumor
development (44), as well as graft rejection (45) or allergic
reactions (46). Notwithstanding their important contributions
in the control of various immune-mediated responses, little is
known about the intracellular pathways leading to their
Frontiers in Immunology | www.frontiersin.org 5
differentiation and governing the acquisition of their functions
as well as the incidence of metabolic programs (47, 48).

The Activation Pathways
Generally speaking, activation of B cells is triggered through
ubiquitous pathways. Syk tyrosine kinase phosphorylates the
phospholipase C gamma 2 (PLCg2) leading to the cleavage of
the phosphatidylinositol-4,5-bisphosphate (PI (4,5)P2) into
inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG).
With calcium entry, binding of IP3 on its receptor on the
endoplasmic reticulum induces activation of the calmodulin
kinase (CaMK II) and of the calcineurin (phosphatase 2B). The
phosphatase activity of calcineurin enables activation of the p38
Mitogen-activated protein kinase (MAPK) cascade for the
translocation of NFAT into the nucleus to launch the B cell
response (49). These pathways can be differentially activated to
orient the B cell regulatory activities based on the stimulating
receptor engaged.

Stimulation of the BCR can generate calcium-dependent
signals responsible for the development of Breg function
specifically the production of the anti-inflammatory cytokine IL-
10 due to induction of the store-operated calcium (SOC) influx
(50). SOC influx is triggered by depletion of calcium from the
endoplasmic reticulum which is dependent on the stromal
interaction molecule (STIM) 1 and STIM2 sensors. B cell-
specific deletion of STIM1 and STIM2 in mice causes altered
NFAT activation after BCR stimulation and subsequently
decreased production of IL-10 resulting in exacerbation of
autoimmune disease. These observations highlight the STIM-
dependent SOC influx following BCR engagement as a critical
signal for the development of effective Breg cells capable to
limit autoimmunity.

TLR9 is another well-known potent activator of Breg
functions (51, 52). Recently, TLR9 stimulation has been shown
to induce production of IL-10 as well as the pro-inflammatory
cytokine IL-6 but through partially disconnected intra-cellular
pathways. IL-10 and IL-6 secretion are both dependent on the
Syk and Bruton’s tyrosine kinases. However, the TLR9-induced
IL-10 production and secretion by Breg cells specifically requires
TABLE 1 | Diverse regulatory B cell subsets.

B cell type Species Associated cytokines Location

CD5+ B1a cells Mouse IL-10 Spleen and Bone marrow
CD5+CD1dhigh B10 cells Mouse IL-10 Spleen
CD21highCD23- Marginal Zone (MZ) cells Mouse IL-10 Spleen
CD21highCD23highCD24highCD1high Transitional type 2-MZ Precursor cells Mouse IL-10 Spleen
Tim1+ B2 cells Mouse IL-10 Spleen and lymph nodes
CD25highCD69high B2 cells Mouse TGFb Blood and inflammation sites
CD24highCD27+ memory cells Mouse IL-10 Blood
CD138+CD44high plasmablasts Mouse IL-10 draining lymph nodes
CD138+B200+ plasma cells Mouse IL-10 and IL-35 Spleen
CD5+ Br3 cells Human TGFb Blood
CD24highCD27+ B10 cells Human IL-10 Blood
CD24highCD38high transitional cells Human IL-10 and TGFb Blood and inflammation sites
CD24highCD27+ memory cells Human IL-10 and TGFb Blood and inflammation sites
CD25highCD71highCD73- Br1 cells Human IL-10 Blood
CD24highCD27intCD38+ plasmablasts Human IL-10 Blood
September 2021 |
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calcineurin pathway with increased phosphorylation of CaMKII,
whilst IL-6 production is not associated with this calcium-
dependent pathway (53). Nevertheless, the TLR9-dependent
IL-10 production does not require the phosphatase activity of
calcineurin and is negatively regulated by NFAT (54).

Aryl hydrocarbon receptor (AhR) described as an important
regulator of the development and function of innate and adaptive
immune cells (55) is the latest identified transcription factor
involved in the control of the differentiation and function of
Bregs, among which the IL-10-producing CD21hiCD24hi Breg
cells in mice and in humans. AhR retrains their differentiation
into cells that contribute to inflammation, since the loss of AhR
orients the cells towards inflammatory profile with diminished
production of IL-10 (56). AhR-deficient mice show significant
reduction in IL-10-producing Breg cells and regulatory T (Treg)
cells, and display increased Th1 and Th17 cells associated with
exacerbated inflammation and arthritis. Arthritic mice, similarly
to rheumatoid arthritis (RA) patients who have lower butyrate
levels compared to healthy controls, have a significant reduction
in microbial-derived short-chain fatty acids (SCFAs) (57). A
SCFA butyrate supplementation can induce two AhR ligands
associated with Trp metabolism, 5-hydroxyindole-3-acetic acid
and kynurenic acid, which lead to an increased production of
IL-10 transcription in T2-MZP Breg cells, likely through the
downstream p38 MAPK activation (58). The AhR-dependent
orientation of B cells into IL-10 Breg is correlated with the
inhibition of GC and plasmablast differentiation and ultimately
with a reduction of the pro-arthritogenic response.

Importantly, the B cell fate also depends on the BCR signal
strength. A recent study demonstrated that weak BCR
engagement induces apoptosis due to the inability to activate
NF-kB-driven anti-apoptotic gene expression. In contrast strong
BCR engagement triggering robust calcium response promotes
NF-kB-dependent survival and NFAT-, mTORC1-, and c-Myc-
dependent survival and proliferative response (59). CD40 or
TLR9 co-stimulation, known to be inducers of functional Bregs
(60) avoid these calcium-regulated checkpoints compensating
for weak BCR/calcium signals to rescue NF-kB- and mTORC1-
dependent fates. These observations suggest that CD40 and
TLR9 activation providing stronger stimulating signals allow
Breg function to develop by bypassing stimulating NF-kB and
mTORC1 pathways in B cells.

The Metabolic Pathways
Despite the high diversity of subset, little information is
beginning to emerge on the behavior of metabolic pathways in
Breg cells. The development of Bregs and Breg functions seem to
be also closely associated with metabolic reprogramming
(Figure 2). HIF-1a and HIF-2a transcription factors are
essential for the induction of cellular response to hypoxia.
Their regulatory functions have been demonstrated in
macrophages and T lymphocytes showing their involvement in
inflammatory and infection responses (61, 62). In B
lymphocytes, TLR or BCR stimulation also induces the
expression of HIF-1a, in an oxygen-independent way. The
induction of the HIF-1a gene is mediated by the ERK-STAT3
pathway, with Ser727 phosphorylation of STAT3 (22).
Frontiers in Immunology | www.frontiersin.org 6
In HIF-1a-B cell deficient mice, a reduced number of
CD5+CD1dhi Breg cells is observed in the peritoneum with a
decreased production of IL-10. The reduced Breg number is
associated with lowered number of Tr1 Treg cells and intensified
autoimmune manifestation. HIF-1a is important for the
expansion of the IL-10 Bregs not only in the peritoneal cavity
but also in the bone marrow, the spleen and the inguinal lymph
nodes of the mice (22). CD5+CD1dhi Breg cells preferentially use
the glucose metabolism since they display an increased glucose
transport activity compared to the CD5-CD1dlow B cells. The
impaired expansion of CD5+CD1dhi IL-10 Bregs in HIF-1a-
deficient mice is associated with a decreased expression of the
Glut1, Pkm2, Hk2, Ldha, Pdk1 and Gpi1 glycolytic enzymes in all
compartments. These observations highlight the glucose
metabolism as an essential mechanism for the expansion of the
B1a Bregs regardless of the compartment (63). In wild-type mice,
TLR or BCR activation induces the expression of HIF-1a which
binds to hypoxia response elements in the IL-10 promoter
essential for the production of IL-10. By induction of
glycolysis, HIF-1a also participates in the expansion of the
CD5+CD1dhi Breg cells which then recruit Treg lymphocytes
for a better control of tolerance (64).

However, the development of B1 B cells and their related Breg
functions are still not completely understood and the metabolic
program is increasingly an underestimated safeguard. The
IKAROS transcription factor encoded by the IKZF1 gene is a
multifunctional protein regulating not only hematopoietic stem
cells and lymphopoiesis (65), but also coordinating self-renewal
which is a main characteristics of B1 B cells (38, 66). Deletion of
IKAROS in mice leads to an increase of splenic and bone marrow
B1 cells with down-regulation of signaling components
important for inhibiting proliferation and immunoglobulin
production (67). IKZF1 enforces a state of chronic energy
deprivation, resulting in constitutive activation of the energy-
stress sensor AMPK (68) and reduced mTORC1 activity (9) to
limit energy consumption. Hence, IKAROS appears as a negative
regulator of the development and the functions of B1 B cells
through the control of the AMPK-dependent metabolic pathway.

Balance between positive and negative regulators influences
the development of B1 B cells. It is also interesting to note that B1
B cells, considered as innate like B cells involved in the first line
of defense against pathogens (69), are bioenergetically more
active than normal B2 B cells. They not only depend on
glycolysis but show higher rates of glycolysis and oxidative
phosphorylation. They take up exogenous fatty acids and store
lipids in droplet form. These specific characteristics suggest that
B1 B cells follow distinct metabolism to adapt to their specific
functional properties (70) as well as their particular localization
(71). cMyc which is up-regulated in B1 B cells (72) could be a
pre-determining genetic factor in the unique B1 B cell metabolic
characteristics as it is a positive regulator of glycolysis and
oxidative phosphorylation (16, 73), and subsequently an
intrinsic factor in the orientation towards Breg capacities.

The PI3Kd-AKT-GSK3 cascade is an alternative signaling
pathway of Breg cells. This pathway drives IL-10 production
under the control of cholesterol metabolism. Synthesis of the
metabolic intermediate geranylgeranyl pyrophosphate (GGPP) is
September 2021 | Volume 12 | Article 735463

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Iperi et al. Metabolic Program of Regulatory B Cells
required to specifically drive the BLIMP1-dependent IL-10
production in all Breg subsets measured. The provision of
GGPP is mandatory for the induction of the regulatory function
to attenuate Th1 responses. Thus, patients with inherited gene
mutations in cholesterol metabolism develop severe auto
inflammatory syndrome associated with poor IL-10 production
(74). Metabolic supplementation with GGPP can reverse the
defect, and synthesis of this metabolic intermediate, from the
Acetyl-CoA cascade prior to stimulation, activates intracellular
pathways inducing the transcription factor BLIMP1, known to
contribute to the plasma cell differentiation (75). Stimulation of
TLR9 can activate the PI3Kd-AKT-GSK3 cascade inducing
BLIMP1, which unexpectedly promotes IL-10 gene expression
(76) driving the regulatory function of B cells (Figure 2).

Overall, B1 and B2 cells exhibit distinct metabolic profiles and
B1a and numerous Bregs produce IL-10 through distinct
metabolic pathways. These observations raise two important
Frontiers in Immunology | www.frontiersin.org 7
questions. The first is to know whether common metabolic
program can be found in all Breg subpopulations or if each
Breg subset develops regulatory activity through specific
metabolic cascades. The second is to determine which
metabolic programs are altered in Bregs in pathological
situations. The consideration of the Breg subset involved and
their particular environment should likely help to understand the
trigger signals. Further investigations are needed.
MALIGNANT AND AUTOIMMUNE
SITUATIONS OF B CELLS

The Abnormal Metabolic Program
The importance of the metabolic remodeling in malignant B cell
development is now well documented. cMyc but also HIF-1a are
FIGURE 2 | Survey of metabolic programs in Breg cells. Metabolic and regulatory programs share common signaling cascades in B cells developing regulatory
properties. Activation signals from the BCR and TLR9 induce different intracellular pathways triggering HIF-1a a key player that govern transcription of the prototypic
regulatory cytokine IL-10 gene and genes involved in the metabolic programs into the nucleus. The polarization into Breg cells is under the control of a number
of transcription factors and enzymes having positive (pointed arrow) or inhibitory (flattened arrow) effects. Glycolysis has a central role to generate energy and
biomolecules. Through the GLUT1 transporter, glucose fuels the TCA cycle within the mitochondria. During the TCA cycle, energy is generated through oxidative
phosphorylation and fatty acid oxidation brings additional substrates to the TCA cycle and increases lipid synthesis. One intermediate of this pathway, the GGPP
molecule produced during cholesterol metabolism induces Blimp1 another key transcription factor of the Breg program following TLR9 stimulation leading to
enhanced IL-10 production. The co-stimulatory CD40 molecule can also stimulates HIF-1a to circumvent the BCR-dependent cascade and contributes to the Breg
polarization. a-KG, a-ketoglutarate; AMPK, AMP-activated protein kinase; ATP, adenosine triphosphate; BCR, B cell receptor; GGPP, geranylgeranyl
pyrophosphate; GSK3, glycogen synthase kinase 3; OXPHOS, Oxidative phosphorylation; STIM, stromal interaction molecule; TLR, Toll-like receptor.
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important regulators of the glucose metabolism involved in the
oncogenic transformation of the B cells (77). Moreover, cholesterol,
GGPP, oxysterols and SCFAs are lipid metabolites that affect the
lipid metabolism and favor the oncogenic transformation. The
microenvironment factors such as hypoxia and nutrients
competition affect also the B cell lipid metabolism which
contribute to the development of tumor-associated B cells (78).

Furthermore, the metabolic regulation of B cells is of
importance for the understanding of their role. In‐vitro studies
have shown that glucose impairs B1 cell function in diabetes. In
high concentrations, glucose reduces the differentiation of B1
cells into antibody‐producing cells and their secretion of IgM in
association with decreased proliferation and increased apoptosis
(79). Although not clearly understood, these observations
highlight the importance of the metabolic environment for the
functional orientation of the B cells and likely enough into Breg
cells, and the impact that metabolic deregulation can have on
autoreactive and malignant B cell development (80).

Additional molecules are involved in the control of B cell
metabolism to impede the malignant transformation by the
restriction of nutrients. The transcription factors PAX5 and
IKAROS are not only critical for B cell development but act
also as negative regulators to control aberrant B cell
transformation. They enforce a state of chronic energy
deprivation, by limiting the glucose uptake and the ATP levels
acting as gatekeeper in B cell malignancies. PAX5 and IKZF1
genes are thus altered in B cell acute lymphoblastic leukemia or
in BCR-ABL1-transformed pre-B cells in which glucose uptake
and ATP levels are increased (68). The feedback inhibitors of the
MyD88-NF-kB signaling pathway are thus impaired in
malignant transformation of B cells leading to systemic
inflammation due to increased glucose uptake and energy
supply. Moreover, there is a constitutive low PPP activity in
normal B cells and a transcriptional repression of G6PD and
other key PPP enzymes by PAX5 and IKZF1 to avoid the B cell
transformation. In tumor B cells, the serine/threonine-protein
phosphatase 2A (PP2A) redirects glucose from glycolysis to the
PPP utilization to salvage oxidative stress, reprogram the
increased metabolic demand and activate the oncogenic
transformation (81). B cell malignancies are clearly associated
with an uncontrolled specific metabolic program. When
energetic needs required for proliferation and maturation
during the B cell development are no longer under control,
aberrant cell growth and malignant transformation arise which
might also affect Breg subsets.

Autoimmunity is another abnormal situation of particular B
cell expansion or tolerance breakdown associated with
modification of the metabolic profile. Systemic lupus
erythematosus (SLE) B cells exhibit elevated mTORC1 activity
facilitating the plasmablast expansion (82). TLR9 stimulation
associated with IFN-a activate mTORC1 and produce lactate
that induce the differentiation of CD27+IgD+ unswitched
memory B cells into CD27highCD38high plasmablasts (83). In
contrast, TLR9 stimulation alone activates AMPK and suppress
mTORC1 leading to the differentiation of the CD27+IgD+

unswitched memory B cells into CD27-IgD- memory B cells
associated with elevated cytokine production. While plasma cells
Frontiers in Immunology | www.frontiersin.org 8
mainly rely on glycolysis and memory B cells mostly depend on
oxidative phosphorylation, this study indicates that aberrant
mTORC1 expression in SLE contributes to increased
plasmablast expansion that might also influence activities of Bregs.

Susceptibility gene that characterizes autoimmune situations
could be associated with metabolic-dependent B cell
dysfunctions. As a recent example in mice, increased
expression of solute carrier family 15 member 4 (SLC15A4)
encoded protein, an endosomal transporter regulating
endosomal pH, lowered endolysosomal pH and therefore
reduces the threshold for mTOR-dependent TLR7 or TLR9
activation (84). This unexpected link would facilitate an
aberrant IFN type I response in human SLE patients in which
SLC15A4 susceptibility gene has been observed although this has
yet to be demonstrated (85). Such dysfunctions could be
extended to the effectiveness of Breg activities, but this remains
also to be evaluated.

The Inappropriate Activation
Aberrant activation of metabolic programs could result from
improper stimulatory signals. Deficiency of the transcription
factor IKAROS, encoded by the IKSF1 gene, is not only
associated with decreased number of B cells and lack of plasma
cells (86) but also with hyper-activation of TLR signaling in
autoreactive B cells (87). Through the promotion of the BCR
anergy and the restriction of TLR signaling, IKAROS appears to
be another gatekeeper preventing autoimmunity in its property
of modulating the metabolic nutrients in B cells.

Other molecules can be also involved. As mentioned earlier,
BAFF and BCR signals increase glucose metabolism
and glycolysis. They promote pyruvate influx into the
mitochondria, which is essential for the survival of LLPC due
to an increased expression of mTORC1 (88). Moreover, BAFF
overexpression contributes to autoimmune disorders in mice as
well as in humans (15, 89). In accordance with this differential
activated cascades, inhibition of mTORC1 pathway by
rapamycin treatment of Raji and Daudi human B cell lines
inhibit BAFF-induced proliferation and survival by activation
of PP2A and suppression of the mTOR-mediated Erk1/2
signalings (90). The generation of antibody-secreting cells is
then abrogated (91). Similarly, in lupus-prone mice, B cells
hyperexpressed PI3K/AKT/mTOR molecules. Rapamycin
inhibit the B cell survival, proliferation and autoantibody
production (90). As suggested in SLE, these observations are
consistent with the idea that autoimmune B cells may be
associated with mTORC1-dependent increased metabolic
activity (92, 93). Thus, in a transgenic mouse model, B cells
overexposed to BAFF exhibit high glycolytic phenotype and
produce increased lupus-like autoantibodies (16).

TRAF3 is an adaptor molecule able to drive metabolic
reprogramming supporting autoreactive B cell activation.
Deficiency of TRAF3 leads to the induction of Glut1 and HK2
accompanying glucose uptake, increased anaerobic glycolysis and
oxidative phosphorylation (94). Moreover, deletion of this
signaling molecule in mice enhances cell survival leading to B-
cell lymphoma development associated with hyperglobulinemia
and enhanced TI-antibody responses (95). And as the
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mice aged, the pathological situation progresses into autoimmune
manifestations (96). TRAF3 appears as another critical regulator of
peripheral tolerance. Its defective expression results in
autoimmunity through metabolic reprogramming in B cells.

Among recent molecules identified has metabolic regulators
in B lymphocytes, GSK3 is instrumental for the generation and
maintenance of GC B cells (97). GSK3 limits cell growth,
proliferation and metabolic activity in resting B cells. But
after BCR stimulation and CD40 co-activation, GSK3
regulates the B cell size, the mitochondrial biogenesis, the
glycolysis and the production of ROS, to prevent apoptosis.
Activation of GSK3 and mTORC1 is induced by the PI3K
pathway to enhance glycolysis and respond to the novel energy
needs (37). The adaptor molecules Tandem PH domain
containing proteins (TAPPs) target the PI3K pathway and
can regulate this metabolic program. TAPPs bind with high
specificity to PI (3,4)P2. Uncoupling in TAPP Knock In (KI)
mice induces B cel l activation, abnormal GCs and
autoimmunity. Activation of TAPP KI B cells increases GSK3
activation and increases expression of glucose transport
GLUT1 and glycolysis contributing to the development of
autoreactive B cells (98). Inhibition of the PI3K may reverse
the TAPP-dependent increased metabolic activity, decreasing
GLUT1 expression and glucose uptake, and therefore reduces
the autoantibody production. These observations emphasize
that GSK3 and its regulators are involved in the control of
tolerance, and defective signals in autoimmune B cell expansion
through metabolic reprogramming.

Interestingly, GSK3b has been recently found highly expressed
in CD24hiCD27+ memory Breg cells. GSK3b specific inhibition
increases their proportion and immunosuppressive function
through enhanced expression of NFATc1 leading to IL-10
secretion (99). The proportions of the Breg subsets
CD24highCD38high transitional cells and CD24highCD27intCD38+

plasmablasts were also increased but not those of TIM1+ B2 cells
or CD25highCD71highCD73- Br1 cells. Inhibition of GSK3b thus
appears as an interesting approach to activate memory Bregs of
pathological situations in which inflammation is associated with
defective Bregs like chronic graft-versus host disease. However,
such strategy should be carefully planned. While CD24hiCD27+

memory Breg cells are also numerically decreased and functionally
impaired in the peripheral blood of RA patients, they are increased
in the synovial fluid and associated with bone destruction (100). In
this case, inhibition of GSK3b resulting in enhanced Breg activity
would be detrimental. Overall, future therapeutic strategy that
would target metabolic pathways of Breg cells must be cautionally
forecasted, however exciting it is and considered according to the
particularities of each disease.
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CONCLUSION

It has been recently postulated that metabolic restrictions might
pave the way for the elimination of malignant as well as
autoreactive B cells. This may happen through ATP
deprivation and oxidative damage called hyperactivation-
induced metabolic stress (101). Therapy targeting mTOR
activation with rapamycin or N-acetylcysteine could be also a
promising way to reduce the disease severity through the
restoration of efficient functional B cells. Regulation of the fatty
acid pathways, such as glucocorticoid treatment, is directly
linked to reduce leptin levels through inhibition of mTOR in
SLE patients. Therefore, drugs that modulate metabolic processes
might ameliorate the aberrant immune responses.

Because Bregs are functional B cells that control the immune
responses, they must be considered as potent therapeutic cells in
autoimmunity (40), in cancer (102), but also in transplantation
(103) and in allergy (104). Targeting Bregs could go through the
metabolic programming (105) opening new field of treatment
investigations either to enhance or to decrease their activities
depending on the pathophysiological conditions.

In conclusion, metabolic networks appear more than ever as
interesting targets for safe therapeutic modulation of the signaling
pathways that direct the regulatory function of the B cells. Taken
as a whole, deciphering the metabolic programs of normal and
disease-associated B cells, and in particular Breg cells should help
in the identification of drugs capable of restoring normal behavior
to set up the proper orientation of dysfunctional B cells underlying
malignant and autoimmune situations.
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funded by the Université de Brest and the Région Bretagne.

ACKNOWLEDGMENTS

We are thankful to Missilya Peden and Valérie Le Troadec for
secretarial assistance.
REFERENCES
1. Goodnow CC, Vinuesa CG, Randall KL, Mackay F, Brink R. Control

Systems and Decision Making for Antibody Production. Nat Immunol
(2010) 11(8):681–8. doi: 10.1038/ni.1900

2. Kennedy DE, Clark MR. Compartments and Connections Within the
Germinal Center. Front Immunol (2021) 12:659151. doi: 10.3389/
fimmu.2021.659151
3. Achour A, Simon Q, Mohr A, Seite JF, Youinou P, Bendaoud B,
et al. Human Regulatory B Cells Control the TFH Cell Response.
J Allergy Clin Immunol (2017) 140(1):215–22. doi: 10.1016/j.jaci.
2016.09.042

4. Ding T, Su R, Wu R, Xue H, Wang Y, Su R, et al. Frontiers of
Autoantibodies in Autoimmune Disorders: Crosstalk Between Tfh/Tfr
and Regulatory B Cells. Front Immunol (2021) 12:641013. doi: 10.3389/
fimmu.2021.641013
September 2021 | Volume 12 | Article 735463

https://doi.org/10.1038/ni.1900
https://doi.org/10.3389/fimmu.2021.659151
https://doi.org/10.3389/fimmu.2021.659151
https://doi.org/10.1016/j.jaci.2016.09.042
https://doi.org/10.1016/j.jaci.2016.09.042
https://doi.org/10.3389/fimmu.2021.641013
https://doi.org/10.3389/fimmu.2021.641013
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Iperi et al. Metabolic Program of Regulatory B Cells
5. O’Neill LA, Kishton RJ, Rathmell J. A Guide to Immunometabolism for
Immunologists. Nat Rev Immunol (2016) 16(9):553–65. doi: 10.1038/
nri.2016.70

6. Calado DP, Sasaki Y, Godinho SA, Pellerin A, Kochert K, Sleckman BP, et al.
The Cell-Cycle Regulator C-Myc is Essential for the Formation and
Maintenance of Germinal Centers. Nat Immunol (2012) 13(11):1092–100.
doi: 10.1038/ni.2418

7. Heise N, De Silva NS, Silva K, Carette A, Simonetti G, Pasparakis M, et al.
Germinal Center B Cell Maintenance and Differentiation are Controlled by
Distinct NF-KappaB Transcription Factor Subunits. J Exp Med (2014) 211
(10):2103–18. doi: 10.1084/jem.20132613

8. Ersching J, Efeyan A, Mesin L, Jacobsen JT, Pasqual G, Grabiner BC, et al.
Germinal Center Selection and Affinity Maturation Require Dynamic
Regulation of Mtorc1 Kinase. Immunity (2017) 46(6):1045–58 e6.
doi: 10.1016/j.immuni.2017.06.005

9. Inoki K, Kim J, Guan KL. AMPK and mTOR in Cellular Energy
Homeostasis and Drug Targets. Annu Rev Pharmacol Toxicol (2012)
52:381–400. doi: 10.1146/annurev-pharmtox-010611-134537

10. Tsui C, Martinez-Martin N, Gaya M, Maldonado P, Llorian M, Legrave NM,
et al. Protein Kinase C-Beta Dictates B Cell Fate by Regulating
Mitochondrial Remodeling, Metabolic Reprogramming, and Heme
Biosynthesis. Immunity (2018) 48(6):1144–59.e5. doi: 10.1016/j.immuni.
2018.04.031

11. Mendoza P, Martinez-Martin N, Bovolenta ER, Reyes-Garau D,
Hernansanz-Agustin P, Delgado P, et al. R-Ras2 is Required for Germinal
Center Formation to Aid B Cells During Energetically Demanding
Processes. Sci Signal (2018) 11(532):eaal1506. doi: 10.1126/scisignal.aal1506

12. Ganeshan K, Chawla A. Metabolic Regulation of Immune Responses. Annu
Rev Immunol (2014) 32:609–34. doi: 10.1146/annurev-immunol-032713-
120236

13. Jellusova J. Cross-Talk Between Signal Transduction and Metabolism in B
Cells. Immunol Lett (2018) 201:1–13. doi: 10.1016/j.imlet.2018.11.003

14. Weisel FJ, Mullett SJ, Elsner RA, Menk AV, Trivedi N, Luo W, et al.
Germinal Center B Cells Selectively Oxidize Fatty Acids for Energy While
Conducting Minimal Glycolysis. Nat Immunol (2020) 21(3):331–42.
doi: 10.1038/s41590-020-0598-4

15. Lahiri A, Pochard P, Le Pottier L, Tobon GJ, Bendaoud B, Youinou P, et al.
The Complexity of the BAFF TNF-Family Members: Implications for
Autoimmunity. J Autoimmun (2012) 39(3):189–98. doi: 10.1016/
j.jaut.2012.05.009

16. Caro-Maldonado A, Wang R, Nichols AG, Kuraoka M, Milasta S, Sun LD,
et al. Metabolic Reprogramming is Required for Antibody Production That
is Suppressed in Anergic But Exaggerated in Chronically BAFF-Exposed B
Cells. J Immunol (2014) 192(8):3626–36. doi: 10.4049/jimmunol.1302062

17. Akkaya M, Traba J, Roesler AS, Miozzo P, Akkaya B, Theall BP, et al. Second
Signals Rescue B Cells From Activation-Induced Mitochondrial Dysfunction
and Death. Nat Immunol (2018) 19(8):871–84. doi: 10.1038/s41590-018-
0156-5

18. Lin WH, Adams WC, Nish SA, Chen YH, Yen B, Rothman NJ, et al.
Asymmetric PI3K Signaling Driving Developmental and Regenerative Cell
Fate Bifurcation. Cell Rep (2015) 13(10):2203–18. doi: 10.1016/j.celrep.2015.
10.072

19. Wilhelm K, Happel K, Eelen G, Schoors S, Oellerich MF, Lim R, et al.
FOXO1 Couples Metabolic Activity and Growth State in the Vascular
Endothelium. Nature (2016) 529(7585):216–20. doi: 10.1038/
nature16498

20. Tellier J, Shi W, Minnich M, Liao Y, Crawford S, Smyth GK, et al. Blimp-1
Controls Plasma Cell Function Through the Regulation of Immunoglobulin
Secretion and the Unfolded Protein Response. Nat Immunol (2016) 17
(3):323–30. doi: 10.1038/ni.3348

21. Burrows N, Bashford-Rogers RJM, Bhute VJ, Penalver A, Ferdinand JR,
Stewart BJ, et al. Dynamic Regulation of Hypoxia-Inducible Factor-1alpha
Activity is Essential for Normal B Cell Development. Nat Immunol (2020) 21
(11):1408–20. doi: 10.1038/s41590-020-0772-8

22. Meng X, Grotsch B, Luo Y, Knaup KX, Wiesener MS, Chen XX, et al.
Hypoxia-Inducible Factor-1alpha is a Critical Transcription Factor for IL-
10-Producing B Cells in Autoimmune Disease. Nat Commun (2018) 9
(1):251. doi: 10.1038/s41467-017-02683-x
Frontiers in Immunology | www.frontiersin.org 10
23. Garcia-Manteiga JM, Mari S, Godejohann M, Spraul M, Napoli C, Cenci S,
et al. Metabolomics of B to Plasma Cell Differentiation. J Proteome Res
(2011) 10(9):4165–76. doi: 10.1021/pr200328f

24. Sintes J, Gentile M, Zhang S, Garcia-Carmona Y, Magri G, Cassis L, et al.
mTOR Intersects Antibody-Inducing Signals From TACI in Marginal Zone
B Cells. Nat Commun (2017) 8(1):1462. doi: 10.1038/s41467-017-01602-4

25. Jiang S, Yan W, Wang SE, Baltimore D. Let-7 Suppresses B Cell Activation
Through Restricting the Availability of Necessary Nutrients. Cell Metab
(2018) 27(2):393–403.e4. doi: 10.1016/j.cmet.2017.12.007

26. LamWY, Jash A, Yao CH, D’Souza L, Wong R, Nunley RM, et al. Metabolic
and Transcriptional Modules Independently Diversify Plasma Cell Lifespan
and Function. Cell Rep (2018) 24(9):2479–92.e6. doi: 10.1016/j.celrep.
2018.07.084

27. Waters LR, Ahsan FM, Wolf DM, Shirihai O, Teitell MA. Initial B Cell
Activation Induces Metabolic Reprogramming and Mitochondrial
Remodeling. iScience (2018) 5:99–109. doi: 10.1016/j.isci.2018.07.005

28. D’Souza L, Bhattacharya D. Plasma Cells: You are What You Eat. Immunol
Rev (2019) 288(1):161–77. doi: 10.1111/imr.12732

29. Crawford J, Cohen HJ. The Essential Role of L-Glutamine in Lymphocyte
Differentiation In Vitro. J Cell Physiol (1985) 124(2):275–82. doi: 10.1002/
jcp.1041240216

30. Dagenais-Lussier X, Loucif H, Beji C, Telittchenko R, Routy JP, van
Grevenynghe J. Latest Developments in Tryptophan Metabolism:
Understanding its Role in B Cell Immunity. Cytokine Growth Factor Rev
(2021) 59:111–7. doi: 10.1016/j.cytogfr.2021.02.003

31. Ravishankar B, Liu H, Shinde R, Chaudhary K, Xiao W, Bradley J, et al. The
Amino Acid Sensor GCN2 Inhibits Inflammatory Responses to Apoptotic
Cells Promoting Tolerance and Suppressing Systemic Autoimmunity. Proc
Natl Acad Sci USA (2015) 112(34):10774–9. doi: 10.1073/pnas.1504276112

32. Murray PJ, Rathmell J, Pearce E. Snapshot: Immunometabolism. Cell Metab
(2015) 22(1):190–e1. doi: 10.1016/j.cmet.2015.06.014

33. Pearce EL, Poffenberger MC, Chang CH, Jones RG. Fueling Immunity:
Insights Into Metabolism and Lymphocyte Function. Science (2013) 342
(6155):1242454. doi: 10.1126/science.1242454

34. Norata GD, Caligiuri G, Chavakis T, Matarese G, Netea MG, Nicoletti A,
et al. The Cellular and Molecular Basis of Translational Immunometabolism.
Immunity (2015) 43(3):421–34. doi: 10.1016/j.immuni.2015.08.023

35. MacIver NJ, Michalek RD, Rathmell JC. Metabolic Regulation of T
Lymphocytes. Annu Rev Immunol (2013) 31:259–83. doi: 10.1146/
annurev-immunol-032712-095956

36. Boothby MR, Hodges E, Thomas JW. Molecular Regulation of Peripheral B
Cells and Their Progeny in Immunity. Genes Dev (2019) 33(1-2):26–48.
doi: 10.1101/gad.320192.118

37. Boothby M, Rickert RC. Metabolic Regulation of the Immune Humoral
Response. Immunity (2017) 46(5):743–55. doi: 10.1016/j.immuni.
2017.04.009

38. Youinou P, Jamin C, Lydyard PM. CD5 Expression in Human B-Cell
Populations. Immunol Today (1999) 20(7):312–6. doi: 10.1016/s0167-5699
(99)01476-0

39. Baba Y, Saito Y, Kotetsu Y. Heterogeneous Subsets of B-Lineage Regulatory
Cells (Breg Cells). Int Immunol (2020) 32(3):155–62. doi: 10.1093/intimm/
dxz068

40. Jamin C, Morva A, Lemoine S, Daridon C, de Mendoza AR, Youinou P.
Regulatory B Lymphocytes in Humans: A Potential Role in Autoimmunity.
Arthritis Rheum (2008) 58(7):1900–6. doi: 10.1002/art.23487

41. Matsushita T. Regulatory and Effector B Cells: Friends or Foes? J Dermatol
Sci (2019) 93(1):2–7. doi: 10.1016/j.jdermsci.2018.11.008

42. Moore DK, Loxton AG. Regulatory B Lymphocytes: Development and
Modulation of the Host Immune Response During Disease.
Immunotherapy (2019) 11(8):691–704. doi: 10.2217/imt-2018-0185

43. Wu H, Su Z, Barnie PA. The Role of B Regulatory (B10) Cells in
Inflammatory Disorders and Their Potential as Therapeutic Targets. Int
Immunopharmacol (2020) 78:106111. doi: 10.1016/j.intimp.2019.106111

44. Shang J, Zha H, Sun Y. Phenotypes, Functions, and Clinical Relevance of
Regulatory B Cells in Cancer. Front Immunol (2020) 11:582657.
doi: 10.3389/fimmu.2020.582657

45. Alhabbab RY, Nova-Lamperti E, Aravena O, Burton HM, Lechler RI,
Dorling A, et al. Regulatory B Cells: Development, Phenotypes, Functions,
September 2021 | Volume 12 | Article 735463

https://doi.org/10.1038/nri.2016.70
https://doi.org/10.1038/nri.2016.70
https://doi.org/10.1038/ni.2418
https://doi.org/10.1084/jem.20132613
https://doi.org/10.1016/j.immuni.2017.06.005
https://doi.org/10.1146/annurev-pharmtox-010611-134537
https://doi.org/10.1016/j.immuni.2018.04.031
https://doi.org/10.1016/j.immuni.2018.04.031
https://doi.org/10.1126/scisignal.aal1506
https://doi.org/10.1146/annurev-immunol-032713-120236
https://doi.org/10.1146/annurev-immunol-032713-120236
https://doi.org/10.1016/j.imlet.2018.11.003
https://doi.org/10.1038/s41590-020-0598-4
https://doi.org/10.1016/j.jaut.2012.05.009
https://doi.org/10.1016/j.jaut.2012.05.009
https://doi.org/10.4049/jimmunol.1302062
https://doi.org/10.1038/s41590-018-0156-5
https://doi.org/10.1038/s41590-018-0156-5
https://doi.org/10.1016/j.celrep.2015.10.072
https://doi.org/10.1016/j.celrep.2015.10.072
https://doi.org/10.1038/nature16498
https://doi.org/10.1038/nature16498
https://doi.org/10.1038/ni.3348
https://doi.org/10.1038/s41590-020-0772-8
https://doi.org/10.1038/s41467-017-02683-x
https://doi.org/10.1021/pr200328f
https://doi.org/10.1038/s41467-017-01602-4
https://doi.org/10.1016/j.cmet.2017.12.007
https://doi.org/10.1016/j.celrep.2018.07.084
https://doi.org/10.1016/j.celrep.2018.07.084
https://doi.org/10.1016/j.isci.2018.07.005
https://doi.org/10.1111/imr.12732
https://doi.org/10.1002/jcp.1041240216
https://doi.org/10.1002/jcp.1041240216
https://doi.org/10.1016/j.cytogfr.2021.02.003
https://doi.org/10.1073/pnas.1504276112
https://doi.org/10.1016/j.cmet.2015.06.014
https://doi.org/10.1126/science.1242454
https://doi.org/10.1016/j.immuni.2015.08.023
https://doi.org/10.1146/annurev-immunol-032712-095956
https://doi.org/10.1146/annurev-immunol-032712-095956
https://doi.org/10.1101/gad.320192.118
https://doi.org/10.1016/j.immuni.2017.04.009
https://doi.org/10.1016/j.immuni.2017.04.009
https://doi.org/10.1016/s0167-5699(99)01476-0
https://doi.org/10.1016/s0167-5699(99)01476-0
https://doi.org/10.1093/intimm/dxz068
https://doi.org/10.1093/intimm/dxz068
https://doi.org/10.1002/art.23487
https://doi.org/10.1016/j.jdermsci.2018.11.008
https://doi.org/10.2217/imt-2018-0185
https://doi.org/10.1016/j.intimp.2019.106111
https://doi.org/10.3389/fimmu.2020.582657
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Iperi et al. Metabolic Program of Regulatory B Cells
and Role in Transplantation. Immunol Rev (2019) 292(1):164–79.
doi: 10.1111/imr.12800

46. Ma S, Satitsuksanoa P, Jansen K, Cevhertas L, van de Veen W, Akdis M. B
Regulatory Cells in Allergy. Immunol Rev (2021) 299(1):10–30. doi: 10.1111/
imr.12937

47. Amrouche K, Jamin C. Influence of Drug Molecules on Regulatory B Cells.
Clin Immunol (2017) 184:1–10. doi: 10.1016/j.clim.2017.04.011

48. Mauri C. Novel Frontiers in Regulatory B Cells. Immunol Rev (2021) 299
(1):5–9. doi: 10.1111/imr.12964

49. Hemon P, Renaudineau Y, Debant M, Le Goux N, Mukherjee S, Brooks W,
et al. Calcium Signaling: From Normal B Cell Development to Tolerance
Breakdown and Autoimmunity. Clin Rev Allergy Immunol (2017) 53
(2):141–65. doi: 10.1007/s12016-017-8607-6

50. Matsumoto M, Fujii Y, Baba A, Hikida M, Kurosaki T, Baba Y. The Calcium
Sensors STIM1 and STIM2 Control B Cell Regulatory Function Through
Interleukin-10 Production. Immunity (2011) 34(5):703–14. doi: 10.1016/
j.immuni.2011.03.016

51. Yanaba K, Bouaziz JD, Matsushita T, Tsubata T, Tedder TF. The
Development and Function of Regulatory B Cells Expressing IL-10 (B10
Cells) Requires Antigen Receptor Diversity and TLR Signals. J Immunol
(2009) 182(12):7459–72. doi: 10.4049/jimmunol.0900270

52. Lemoine S, Morva A, Youinou P, Jamin C. Regulatory B Cells in
Autoimmune Diseases: How do They Work? Ann N Y Acad Sci (2009)
1173:260–7. doi: 10.1111/j.1749-6632.2009.04651.x

53. Jansen K, Cevhertas L, Ma S, Satitsuksanoa P, Akdis M, van de Veen W.
Regulatory B cells, A to Z. Allergy (2021) 76(9):2699–715. doi: 10.1111/
all.14763

54. Ziegler S, Gartner K, Scheuermann U, Zoeller T, Hantzschmann J, Over B,
et al. Ca(2+) -Related Signaling Events Influence TLR9-Induced IL-10
Secretion in Human B Cells. Eur J Immunol (2014) 44(5):1285–98.
doi: 10.1002/eji.201343994

55. Zhou L. AHR Function in Lymphocytes: Emerging Concepts. Trends
Immunol (2016) 37(1):17–31. doi: 10.1016/j.it.2015.11.007

56. Piper CJM, Rosser EC, Oleinika K, Nistala K, Krausgruber T, Rendeiro AF,
et al. Aryl Hydrocarbon Receptor Contributes to the Transcriptional
Program of IL-10-Producing Regulatory B Cells. Cell Rep (2019) 29
(7):1878–92 e7. doi: 10.1016/j.celrep.2019.10.018

57. Rosser EC, Piper CJM, Matei DE, Blair PA, Rendeiro AF, Orford M, et al.
Microbiota-Derived Metabolites Suppress Arthritis by Amplifying Aryl-
Hydrocarbon Receptor Activation in Regulatory B Cells. Cell Metab
(2020) 31(4):837–51 e10. doi: 10.1016/j.cmet.2020.03.003

58. Zou F, Qiu Y, Huang Y, Zou H, Cheng X, Niu Q, et al. Effects of Short-Chain
Fatty Acids in Inhibiting HDAC and Activating P38 MAPK are Critical for
Promoting B10 Cell Generation and Function. Cell Death Dis (2021) 12
(6):582. doi: 10.1038/s41419-021-03880-9

59. Berry CT, Liu X, Myles A, Nandi S, Chen YH, Hershberg U, et al. BCR-
Induced Ca(2+) Signals Dynamically Tune Survival, Metabolic
Reprogramming, and Proliferation of Naive B Cells. Cell Rep (2020) 31
(2):107474. doi: 10.1016/j.celrep.2020.03.038

60. Lemoine S, Morva A, Youinou P, Jamin C. Human T Cells Induce Their
Own Regulation Through Activation of B Cells. J Autoimmun (2011) 36(3-
4):228–38. doi: 10.1016/j.jaut.2011.01.005

61. Cramer T, Yamanishi Y, Clausen BE, Forster I, Pawlinski R, Mackman N,
et al. HIF-1alpha is Essential for Myeloid Cell-Mediated Inflammation. Cell
(2003) 112(5):645–57. doi: 10.1016/s0092-8674(03)00154-5

62. Doedens AL, Phan AT, Stradner MH, Fujimoto JK, Nguyen JV, Yang E, et al.
Hypoxia-Inducible Factors Enhance the Effector Responses of CD8(+) T
Cells to Persistent Antigen. Nat Immunol (2013) 14(11):1173–82.
doi: 10.1038/ni.2714

63. Meng X, Bozec A. New Insights Into the Key Role of HIF-1alpha in IL-10-
Producing B Cells. Cell Stress (2018) 2(4):94–5. doi: 10.15698/cst2018.04.133

64. Berthelot JM, Jamin C, Amrouche K, Le Goff B, Maugars Y, Youinou P.
Regulatory B Cells Play a Key Role in Immune System Balance. Joint Bone
Spine (2013) 80(1):18–22. doi: 10.1016/j.jbspin.2012.04.010

65. Wang JH, Nichogiannopoulou A, Wu L, Sun L, Sharpe AH, Bigby M, et al.
Selective Defects in the Development of the Fetal and Adult Lymphoid
System in Mice With an Ikaros Null Mutation. Immunity (1996) 5(6):537–
49. doi: 10.1016/s1074-7613(00)80269-1
Frontiers in Immunology | www.frontiersin.org 11
66. Montecino-Rodriguez E, Dorshkind K. B-1 B Cell Development in the Fetus
and Adult. Immunity (2012) 36(1):13–21. doi: 10.1016/j.immuni.2011.
11.017

67. Macias-Garcia A, Heizmann B, Sellars M, Marchal P, Dali H, Pasquali JL,
et al. Ikaros is a Negative Regulator of B1 Cell Development and Function.
J Biol Chem (2016) 291(17):9073–86. doi: 10.1074/jbc.M115.704239

68. Chan LN, Chen Z, Braas D, Lee JW, Xiao G, Geng H, et al. Metabolic
Gatekeeper Function of B-Lymphoid Transcription Factors. Nature (2017)
542(7642):479–83. doi: 10.1038/nature21076

69. Grasseau A, Boudigou M, Le Pottier L, Chriti N, Cornec D, Pers JO, et al.
Innate B Cells: The Archetype of Protective Immune Cells. Clin Rev Allergy
Immunol (2020) 58(1):92–106. doi: 10.1007/s12016-019-08748-7

70. Clarke AJ, Riffelmacher T, Braas D, Cornall RJ, Simon AK. B1a B Cells
Require Autophagy for Metabolic Homeostasis and Self-Renewal. J Exp Med
(2018) 215(2):399–413. doi: 10.1084/jem.20170771

71. Jellusova J. Metabolic Control of B Cell Immune Responses. Curr Opin
Immunol (2020) 63:21–8. doi: 10.1016/j.coi.2019.11.002

72. Hayakawa K, Formica AM, Brill-Dashoff J, Shinton SA, Ichikawa D, Zhou Y,
et al. Early Generated B1 B Cells With Restricted Bcrs Become Chronic
Lymphocytic Leukemia With Continued C-Myc and Low Bmf Expression.
J Exp Med (2016) 213(13):3007–24. doi: 10.1084/jem.20160712

73. DeBerardinis RJ, Lum JJ, Hatzivassiliou G, Thompson CB. The Biology of
Cancer: Metabolic Reprogramming Fuels Cell Growth and Proliferation. Cell
Metab (2008) 7(1):11–20. doi: 10.1016/j.cmet.2007.10.002

74. Bibby JA, Purvis HA, Hayday T, Chandra A, Okkenhaug K, Rosenzweig S,
et al. Cholesterol Metabolism Drives Regulatory B Cell IL-10 Through
Provision of Geranylgeranyl Pyrophosphate. Nat Commun (2020) 11
(1):3412. doi: 10.1038/s41467-020-17179-4

75. Diehl SA, Schmidlin H, Nagasawa M, van Haren SD, Kwakkenbos MJ,
Yasuda E, et al. STAT3-Mediated Up-Regulation of BLIMP1 is Coordinated
With BCL6 Down-Regulation to Control Human Plasma Cell
Differentiation. J Immunol (2008) 180(7):4805–15. doi: 10.4049/
jimmunol.180.7.4805

76. Wang YH, Tsai DY, Ko YA, Yang TT, Lin IY, Hung KH, et al. Blimp-1
Contributes to the Development and Function of Regulatory B Cells. Front
Immunol (2019) 10:1909. doi: 10.3389/fimmu.2019.01909

77. Franchina DG, Grusdat M. Brenner D. B-Cell Metabolic Remodeling and
Cancer. Trends Cancer (2018) 4(2):138–50. doi: 10.1016/j.trecan.2017.12.006

78. Yang F, Wan F. Lipid Metabolism in Tumor-Associated B Cells. Adv Exp
Med Biol (2021) 1316:133–47. doi: 10.1007/978-981-33-6785-2_9

79. Jennbacken K, Stahlman S, Grahnemo L, Wiklund O, Fogelstrand L. Glucose
Impairs B-1 Cell Function in Diabetes. Clin Exp Immunol (2013) 174
(1):129–38. doi: 10.1111/cei.12148

80. Muschen M. Metabolic Gatekeepers to Safeguard Against Autoimmunity
and Oncogenic B Cell Transformation. Nat Rev Immunol (2019) 19(5):337–
48. doi: 10.1038/s41577-019-0154-3

81. Xiao G, Chan LN, Klemm L, Braas D, Chen Z, Geng H, et al. B-Cell-Specific
Diversion of Glucose Carbon Utilization Reveals a Unique Vulnerability in B
Cell Malignancies. Cell (2018) 173(2):470–84.e18. doi: 10.1016/j.cell.
2018.02.048

82. Huang N, Perl A. Metabolism as a Target for Modulation in Autoimmune
Diseases. Trends Immunol (2018) 39(7):562–76. doi: 10.1016/j.it.2018.04.006

83. Torigoe M, Iwata S, Nakayamada S, Sakata K, Zhang M, Hajime M, et al.
Metabolic Reprogramming Commits Differentiation of Human CD27(+)Igd
(+) B Cells to Plasmablasts or CD27(-)Igd(-) Cells. J Immunol (2017) 199
(2):425–34. doi: 10.4049/jimmunol.1601908

84. Heinz LX, Lee J, Kapoor U, Kartnig F, Sedlyarov V, Papakostas K, et al. TASL
is the SLC15A4-Associated Adaptor for IRF5 Activation by TLR7-9. Nature
(2020) 581(7808):316–22. doi: 10.1038/s41586-020-2282-0

85. Elkon KB, Briggs TA. The (Orf)Ull Truth About IRF5 and Type I Interferons
in SLE. Nat Rev Rheumatol (2020) 16(10):543–4. doi: 10.1038/s41584-020-
0472-7

86. Kuehn HS, Boisson B, Cunningham-Rundles C, Reichenbach J, Stray-
Pedersen A, Gelfand EW, et al. Loss of B Cells in Patients With
Heterozygous Mutations in IKAROS. N Engl J Med (2016) 374(11):1032–
43. doi: 10.1056/NEJMoa1512234

87. Schwickert TA, Tagoh H, Schindler K, Fischer M, Jaritz M, Busslinger M.
Ikaros Prevents Autoimmunity by Controlling Anergy and Toll-Like
September 2021 | Volume 12 | Article 735463

https://doi.org/10.1111/imr.12800
https://doi.org/10.1111/imr.12937
https://doi.org/10.1111/imr.12937
https://doi.org/10.1016/j.clim.2017.04.011
https://doi.org/10.1111/imr.12964
https://doi.org/10.1007/s12016-017-8607-6
https://doi.org/10.1016/j.immuni.2011.03.016
https://doi.org/10.1016/j.immuni.2011.03.016
https://doi.org/10.4049/jimmunol.0900270
https://doi.org/10.1111/j.1749-6632.2009.04651.x
https://doi.org/10.1111/all.14763
https://doi.org/10.1111/all.14763
https://doi.org/10.1002/eji.201343994
https://doi.org/10.1016/j.it.2015.11.007
https://doi.org/10.1016/j.celrep.2019.10.018
https://doi.org/10.1016/j.cmet.2020.03.003
https://doi.org/10.1038/s41419-021-03880-9
https://doi.org/10.1016/j.celrep.2020.03.038
https://doi.org/10.1016/j.jaut.2011.01.005
https://doi.org/10.1016/s0092-8674(03)00154-5
https://doi.org/10.1038/ni.2714
https://doi.org/10.15698/cst2018.04.133
https://doi.org/10.1016/j.jbspin.2012.04.010
https://doi.org/10.1016/s1074-7613(00)80269-1
https://doi.org/10.1016/j.immuni.2011.11.017
https://doi.org/10.1016/j.immuni.2011.11.017
https://doi.org/10.1074/jbc.M115.704239
https://doi.org/10.1038/nature21076
https://doi.org/10.1007/s12016-019-08748-7
https://doi.org/10.1084/jem.20170771
https://doi.org/10.1016/j.coi.2019.11.002
https://doi.org/10.1084/jem.20160712
https://doi.org/10.1016/j.cmet.2007.10.002
https://doi.org/10.1038/s41467-020-17179-4
https://doi.org/10.4049/jimmunol.180.7.4805
https://doi.org/10.4049/jimmunol.180.7.4805
https://doi.org/10.3389/fimmu.2019.01909
https://doi.org/10.1016/j.trecan.2017.12.006
https://doi.org/10.1007/978-981-33-6785-2_9
https://doi.org/10.1111/cei.12148
https://doi.org/10.1038/s41577-019-0154-3
https://doi.org/10.1016/j.cell.2018.02.048
https://doi.org/10.1016/j.cell.2018.02.048
https://doi.org/10.1016/j.it.2018.04.006
https://doi.org/10.4049/jimmunol.1601908
https://doi.org/10.1038/s41586-020-2282-0
https://doi.org/10.1038/s41584-020-0472-7
https://doi.org/10.1038/s41584-020-0472-7
https://doi.org/10.1056/NEJMoa1512234
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Iperi et al. Metabolic Program of Regulatory B Cells
Receptor Signaling in B Cells. Nat Immunol (2019) 20(11):1517–29.
doi: 10.1038/s41590-019-0490-2

88. Zhang CX, Wang HY, Yin L, Mao YY, Zhou W. Immunometabolism in the
Pathogenesis of Systemic Lupus Erythematosus. J Transl Autoimmun (2020)
3:100046. doi: 10.1016/j.jtauto.2020.100046

89. Mielle J, Tison A, Cornec D, Le Pottier L, Daien C, Pers JO. B Cells in
Sjogren’s Syndrome: From Pathophysiology to Therapeutic Target.
Rheumatol (Oxford) (2019) 15:key332. doi: 10.1093/rheumatology/key332

90. Zeng Q, Zhang H, Qin J, Xu Z, Gui L, Liu B, et al. Rapamycin Inhibits BAFF-
Stimulated Cell Proliferation and Survival by Suppressing mTOR-Mediated
PP2A-Erk1/2 Signaling Pathway in Normal and Neoplastic B-Lymphoid
Cells. Cell Mol Life Sci (2015) 72(24):4867–84. doi: 10.1007/s00018-015-
1976-1

91. Jones DD, Gaudette BT, Wilmore JR, Chernova I, Bortnick A, Weiss BM,
et al. mTOR has Distinct Functions in Generating Versus Sustaining
Humoral Immunity. J Clin Invest (2016) 126(11):4250–61. doi: 10.1172/
JCI86504

92. Wu T, Qin X, Kurepa Z, Kumar KR, Liu K, Kanta H, et al. Shared Signaling
Networks Active in B Cells Isolated From Genetically Distinct Mouse
Models of Lupus. J Clin Invest (2007) 117(8):2186–96. doi: 10.1172/JCI30398

93. Stathopoulou C, Nikoleri D, Bertsias G. Immunometabolism: An Overview
and Therapeutic Prospects in Autoimmune Diseases. Immunotherapy
(2019) 11(9):813–29. doi: 10.2217/imt-2019-0002

94. Mambetsariev N, Lin WW, Wallis AM, Stunz LL, Bishop GA. TRAF3
Deficiency Promotes Metabolic Reprogramming in B Cells. Sci Rep (2016)
6:35349. doi: 10.1038/srep35349

95. Moore CR, Liu Y, Shao C, Covey LR, Morse HC3rd, Xie P. Specific Deletion
of TRAF3 in B Lymphocytes Leads to B-Lymphoma Development in Mice.
Leukemia (2012) 26(5):1122–7. doi: 10.1038/leu.2011.309

96. Xie P, Stunz LL, Larison KD, Yang B, Bishop GA. Tumor Necrosis Factor
Receptor-Associated Factor 3 is a Critical Regulator of B Cell Homeostasis in
Secondary Lymphoid Organs. Immunity (2007) 27(2):253–67. doi: 10.1016/
j.immuni.2007.07.012

97. Jellusova J, Cato MH, Apgar JR, Ramezani-Rad P, Leung CR, Chen C, et al.
Gsk3 is a Metabolic Checkpoint Regulator in B Cells. Nat Immunol (2017)
18(3):303–12. doi: 10.1038/ni.3664

98. Jayachandran N, Mejia EM, Sheikholeslami K, Sher AA, Hou S, Hatch GM,
et al. TAPP Adaptors Control B Cell Metabolism by Modulating the
Phosphatidylinositol 3-Kinase Signaling Pathway: A Novel Regulatory
Circuit Preventing Autoimmunity. J Immunol (2018) 201(2):406–16.
doi: 10.4049/jimmunol.1701440
Frontiers in Immunology | www.frontiersin.org 12
99. Li J, Gao J, Zhou H, Zhou J, Deng Z, Lu Y, et al. Inhibition of Glycogen
Synthase Kinase 3beta Increases the Proportion and Suppressive Function of
CD19(+)CD24(Hi)CD27(+) Breg Cells. Front Immunol (2020) 11:603288.
doi: 10.3389/fimmu.2020.603288

100. Guo X, Xu T, Zheng J, Cui X, Li M, Wang K, et al. Accumulation of Synovial
Fluid CD19(+)CD24(Hi)CD27(+) B Cells was Associated With Bone
Destruction in Rheumatoid Arthritis. Sci Rep (2020) 10(1):14386.
doi: 10.1038/s41598-020-71362-7

101. Sadras T, Chan LN, Xiao G, Muschen M. Metabolic Gatekeepers of
Pathological B Cell Activation. Annu Rev Pathol (2021) 16:323–49.
doi: 10.1146/annurev-pathol-061020-050135

102. Mohr A, Renaudineau Y, Bagacean C, Pers JO, Jamin C, Bordron A.
Regulatory B Lymphocyte Functions Should be Considered in Chronic
Lymphocytic Leukemia. Oncoimmunology (2016) 5(5):e1132977.
doi: 10.1080/2162402X.2015.1132977

103. Nouel A, Simon Q, Jamin C, Pers JO, Hillion S. Regulatory B Cells: An
Exciting Target for Future Therapeutics in Transplantation. Front Immunol
(2014) 5:11. doi: 10.3389/fimmu.2014.00011

104. Catalan D, Mansilla MA, Ferrier A, Soto L, Oleinika K, Aguillon JC, et al.
Immunosuppressive Mechanisms of Regulatory B Cells. Front Immunol
(2021) 12:611795. doi: 10.3389/fimmu.2021.611795

105. Amrouche K, Pers JO, Jamin C. Glatiramer Acetate Stimulates Regulatory B
Cell Functions. J Immunol (2019) 202(7):1970–80. doi: 10.4049/
jimmunol.1801235

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Iperi, Bordron, Dueymes, Pers and Jamin. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
September 2021 | Volume 12 | Article 735463

https://doi.org/10.1038/s41590-019-0490-2
https://doi.org/10.1016/j.jtauto.2020.100046
https://doi.org/10.1093/rheumatology/key332
https://doi.org/10.1007/s00018-015-1976-1
https://doi.org/10.1007/s00018-015-1976-1
https://doi.org/10.1172/JCI86504
https://doi.org/10.1172/JCI86504
https://doi.org/10.1172/JCI30398
https://doi.org/10.2217/imt-2019-0002
https://doi.org/10.1038/srep35349
https://doi.org/10.1038/leu.2011.309
https://doi.org/10.1016/j.immuni.2007.07.012
https://doi.org/10.1016/j.immuni.2007.07.012
https://doi.org/10.1038/ni.3664
https://doi.org/10.4049/jimmunol.1701440
https://doi.org/10.3389/fimmu.2020.603288
https://doi.org/10.1038/s41598-020-71362-7
https://doi.org/10.1146/annurev-pathol-061020-050135
https://doi.org/10.1080/2162402X.2015.1132977
https://doi.org/10.3389/fimmu.2014.00011
https://doi.org/10.3389/fimmu.2021.611795
https://doi.org/10.4049/jimmunol.1801235
https://doi.org/10.4049/jimmunol.1801235
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Metabolic Program of Regulatory B Lymphocytes and Influence in the Control of Malignant and Autoimmune Situations
	Introduction
	The Metabolic Pathway in Immune B Cells
	The Generic Pathways
	Glucose Metabolism in B Cells
	Other Metabolisms in B Cells

	The Provision for the Maturation
	Na&iuml;ve Versus Activated, Memory, and Plasma B Cells
	Immature Versus Mature B Cells
	Antigenic Influence for Antibody Production


	The Intra-Signalling Pathways in the Regulatory Functions
	The Activation Pathways
	The Metabolic Pathways

	Malignant and Autoimmune Situations of B Cells
	The Abnormal Metabolic Program
	The Inappropriate Activation

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


