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B-Cell Metabolic Remodeling and Cancer
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Cells of the immune system display varying metabolic profiles to fulfill their
functions. B lymphocytes overcome fluctuating energy challenges as they
transition from the resting state and recirculation to activation, rapid prolifer-
ation, and massive antibody production. Only through a controlled interplay
between metabolism, extracellular stimuli, and intracellular signaling can
successful humoral responses be mounted. Alterations to this balance can
promote malignant transformation of B cells. The metabolic control of B-cell
fate is only partially understood. Here, we provide a compelling overview of
the current state of the art and describe the main metabolic features of B cells
during normal development and oncogenesis, with emphasis on the major
B-cell transcriptional and metabolic regulators, including myelocytomatosis
virus oncogene cellular homolog (Myc) and hypoxia-inducible factor 1-«
(HIF-1®).

Metabolism and Protective Immunity

Over the last ten years, immune functions have been linked with cellular metabolism (see
Glossary) [1]. The study of metabolic signatures and pathways and their influence on immune
function is known as immunometabolism [2] (Box 1 and Figure 1). When triggered, resting
immune cells go through transitional stages of activation, proliferation, and differentiation into
effector cells. Extensive research revealed much of the transcriptional circuits underlying each
stage [3-6] and made clear the roles of antigen receptors, co-receptors, cytokines, and
chemokines in lymphocyte development. However, elucidation of how B lymphocytes meet
the substantial energy requirements for activation and execution of effector functions has
lagged behind.

From a bioenergetic viewpoint, the immune response to a pathogen appears to be rather
costly [7]. Changes in B cells initiated by antigen recognition, such as proliferation and
differentiation, followed by population contraction and eventually the generation of mem-
ory, require a sustained supply of energy that matches the fluctuating cellular needs at
different stages. Indeed, several studies showed that, rather than simply being involved
in biosynthesis, metabolic regulators such as the myelocytomatosis virus oncogene
cellular homolog (Myc), hypoxia-inducible factor 1-a (HIF-1«), mechanistic target of
rapamycin (MTOR), and the glycogen synthase kinase 3 (Gsk3) can shape the immune
response [8-10].

Studies of the energy metabolism of immune cells are beginning to shed light on metabolic
mechanisms that sustain disease progression, and have revealed new pathways that can
potentially be targeted to treat inflammatory conditions such as autoimmunity, chronic viral
infections, and cancer [11,12]. In the tumor settings, for example, uncontrolled cell proliferation
together with impaired programmed cell death sets the stage for neoplastic progression and
metastasis. Moreover, cell-extrinsic factors may alter cellular metabolism. Indeed, as the cell
number increases, the tumor microenvironment is altered, and the pH as well as concentrations
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Energy metabolism has a significant
role in immune responses because it
sustains signal transduction within and
between activated immune cells.

Immune cells continuously experience
changing microenvironments and pro-
duce metabolites that direct diverse
cell functions and differentiation
patterns.

The transitions in morphology and
function of naive, activated, and mem-
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regulators and allow the massive pro-
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B-cell lymphoma undergoes metabolic
adaptations that may be potentially tar-
geted while sparing nontransformed
cells.
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Box 1. Immunometabolism at a Glance

Immunometabolism links two research areas formerly thought as distinct: immunology and metabolism. Studies of
immunometabolism have provided new insights into how lymphocytes perform their functions, including how they
mature, migrate, and secrete cytokines. Cells of the immune system are geared to patrolling the body, sensing
pathogens, and eliminating them to avoid disease. Immune cells generally detect pathogens using a broad spectrum of
intracellular and extracellular sensors. These sensors activate mediators that launch specific molecular pathways,
resulting in the downstream activation of effector molecules needed to support the functional state of a given immune
cell. This molecular activation necessarily depends on the cell’s metabolism, which consists of a highly integrated
network of biochemical reactions. A cell’s metabolism fuels all its biological programs, but which part of the network is
activated at any one time is dictated by the environmental context.

The field of immunometabolism investigates how immune cells adopt a specific metabolic configuration to sustain a
particular response, and, conversely, how different inflammatory settings influence metabolic pathways within a cell [7].
The overall outcome of an immune response is thus the result of several factors, including triggering and effector
mechanisms that have to be initiated and regulated for a successful response. In addition, various metabolic nuances
can either sustain or dampen an immune response, adding a new layer of complexity to the established paradigm of
lymphocyte actions during immune responses (Figure 1). These findings open up the possibility of interfering with
metabolism as a means of regulating immune cell behavior, thereby potentially uncovering new avenues for innovative
therapeutic approaches.

of crucial nutrients such as glucose, glutamine, and oxygen fluctuate and become limiting
[13,14]. As a result, the tumor core becomes hypoxic. This dynamic environment affects both
the tumor cells and the tumor-infiltrating immune cells.

Multiple metabolic mechanisms provide support for the three basic needs of dividing tumor
cells: increased energy supply, sustained biosynthesis of macromolecules, and maintenance of
redox balance. Altered metabolism is thus considered to be a hallmark of cancer [15].
The current view in the field is that cancer cells and the immune cells trying to suppress them
co-exist in a crowded and nutrient-limited microenvironment that forces them to compete for
fuel [16,17]. Highly aggressive tumors are often better equipped for this competition than are
the immune cells and end up modulating T-cell functionality in a way that contributes to tumor
progression. Thus, controlled manipulation of these altered metabolic programs and changes
may uncover new targets for cancer immunotherapy.
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Figure 1. Immune Responses Demand Tight Metabolic Regulation. When immune cells are activated by a
pathogen, they respond to clear the infection. The factors invoked to mount protective immunity and inflammation depend
on the specific pathogen antigen (trigger) and the cell type involved in the response. Immunometabolism regulates the
interplay between metabolic and immunological responses. Dysregulation of these pathways has been associated with
aberrant immune responses and/or the development of hematological malignancies.
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Glossary

Antibody class switching:
exchange of immunoglobulin (Ig)
gene segments encoding the
constant region of a given Ig heavy
chain while retaining its variable
region. This process involves a DNA
recombination event and changes
the effector functions of the resulting
antibodly.

CD138: transmembrane
proteoglycan involved in many
cellular functions, including cell-cell
adhesion and cell-matrix adhesion.
CD138 is a major plasma cell
marker.

Chaperones: molecular helpers that
assist other proteins with folding.
Chaperones are essential for correct
protein synthesis and need an
oxidative environment in the
endoplasmic reticulum to be active.
Glucose transporter 1 (Glut1): the
major glucose transporter located in
the plasma membrane of mammalian
cells.

Hexokinase-2 (HK2): enzyme that
catalyzes the irreversible first step of
glycolysis by phosphorylating
glucose, causing it to be
sequestered intracellularly.
Hypoxia-inducible factor-1a (HIF-
1a): transcription factor induced in
response to low oxygen levels. HIF-
1a binds to hypoxia-responsive
elements in the cell’s DNA to activate
the transcription of more than a
hundred genes promoting adaptation
and survival.

Metabolism: the sum of all
biochemical reactions associated
with the generation of energy via
catabolism and the synthesis of
macromolecules via anabolism.
MYC: transcription factor that
regulates normal cell cycle
progression and apoptosis. Myc
overexpression is tightly associated
with the initiation of cancer.
Noncanonical NF-«B activation:
pathway involving the
phosphorylation and processing of
the p52 precursor, p100, into the
mature protein, followed by the
formation of the RelB:p52
heterodimer, and the subsequent
translocation of this heterodimer into
the nucleus, where it activates
expression of NF-«kB target genes.
Only a small number of receptors
(including BAFF) are known to
activate noncanonical NF-«kB.
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Our understanding of the metabolic rewiring in cells of the innate and adaptive arms of the
immune system is increasing exponentially. B cells, however, have remained relatively under-
studied. B cells take on the role of producing and secreting the antibodies critical for humoral
immunity. These specialized functions are driven by several mechanisms, including antibody
class switching and affinity maturation that are exclusive to B cells and impose distinct
metabolic demands and warrant further investigation. In this review, we discuss the most
recent findings on immunometabolism of B cells and the puzzling questions that remain.

Bioenergetic Profiles of B Cells

Development and Maturation

Naive B cells develop in the bone marrow, recirculate throughout the spleen and lymph nodes,
and eventually head back to the bone marrow until death or encounter with a specific antigen.
Binding of an antigen to its B-cell receptor (BCR) triggers B-cell proliferation and differentiation
into plasma cells that produce thousands of clone-specific antibodies. B-cell activation requires
a massive metamorphosis of cellular architecture and the secretory apparatus to comply with
the new function of secretion [18]. It has now become apparent that these changes are likely
coupled to the nutritional status of the B cell’'s immediate microenvironment (Box 2) that
influences B-cell metabolism (Figure 2).

Metabolic changes in B cells are triggered by a group of conserved metabolic regulators. One of
those regulators is HIF-1a, which triggers homeostatic transcriptional responses to limited
oxygen levels, and also mediates the expression of genes encoding glucose transporters and
glycolytic enzymes [19]. However, in B cells, Kojima and colleagues [20,21] showed that HIF-1a
not only controls transcriptional hypoxic responses, but also functions in a stage-specific
manner to regulate B lymphocyte differentiation and proliferation. During early B-cell develop-
ment in the bone marrow, HIF-1a-mediated glycolytic metabolism is more crucial for some
B-cell precursors than others. Specifically, HIF-1a deficiency decreases the expression of
glucose transporters (Glut1 and Glut3) and phosphofructokinase (Pfkfb3), blocking the
transition from pro- to the pre-B cell stage [22]. HIF-1« also sustains the metabolic demands of
antigen-experienced germinal center (GC) B cells [23], implying that HIF-1a exerts its metabolic
modulation at various stages. However, HIF-1a is dispensable for the metabolic reprogram-
ming of naive B cells triggered by lipopolysaccharide stimulation, suggesting that other
metabolic regulators, like Myc, are involved [24].

Tumor necrosis factor (TNF) receptor-associated factor-3 (TRAF3) is another critical
regulator of B lymphocyte metabolism. TRAF3-deficient B cells abnormally upregulate key
genes involved in the very early stages of the glycolytic cascade, including Glut1 and inducible

Box 2. Environment Composition Influences the Immune Response

In the course of an immune response, responding cells migrate through tissues to reach the target site, and in so doing
may dramatically change their functional state. In a local microenvironment, the cells are exposed to extremely variable
environments, depending on the nature of the pathogen, the inflammatory state of the surrounding tissue and its cellular
composition, and the presence of secreted products. Collectively, these factors may alter the nutrients and oxygen
availability in the tissue. Because immune cells lack significant storage of substrates such as glucose, amino acids, and
fatty acids, their effector functions critically depend on nutrient uptake from the microenvironment [97]. In this scenario,
nutrient sensing by the responding cells plays a pivotal role and affects their metabolism, maturation, and effector
actions toward the pathogen. Fortunately, immune cells possess the almost unique ability to switch their metabolic
configurations, enabling them to cope with changing and challenging metabolic conditions. B cells, for instance, are
exposed to different nutrients and oxygen concentration within the GC niche. In addition, B-cell proliferation and
anabolic rates differ between the dark and light zones [10]. For this reason, a B-cell metabolic and signaling capacity
must be flexible enough to maintain viability and develop further in the GC response to generate memory and plasma
cells.
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Pentose phosphate pathway
(PPP): anabolic pathway that utilizes
glucose to generate both five-carbon
sugars for nucleotide synthesis and
reducing equivalents (NADPH) for
maintaining optimal redox status.
Phosphofructokinase (Pfkfb3):
enzyme that catalyzes the rate-
limiting step in glycolysis by adding a
phosphate group from ATP to
fructose-6-phosphate, producing
fructose-1,6-bisphosphate.

Reactive oxygen species (ROS):
highly chemically reactive molecules
produced mainly by incomplete
reduction of O, in the mitochondrial
electron transport chain.

Somatic hypermutation: process
of antibody diversification to generate
high-affinity antigen-binding sites
through mutations, which are mainly
single-base substitutions, with
occasional insertions and deletions.
TNFa receptor-associated factor
3 (TRAF3): crucial component of the
signalosome formed upon CD40 and
BAFF stimulation. TRAF3 is primarily
involved in the regulation of
noncanonical NF-«kB activation.
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Figure 2. Metabolic Remodeling in B Cells. The metabolic requirements of B cells depend on the state of activation.
Nalive B cells expend little energy as they recirculate throughout the body. Antigen challenges induce a structural change in
the B-cell energetic profile because the biosynthetic machinery requires ATP generated through glycolysis to support B-
cell maturation and differentiation. In particular, energy is consumed in expanding the secretory machinery that will be
needed for antibody production by plasma cells. Plasma cell differentiation is a multistep process associated with
increased mitochondrial respiration designed to meet maximum energy needs, a process that generates copious reactive
oxygen species. At the same time, a few activated B cells differentiate into antigen-experienced memory B cells. Memory B
cells persist in a relatively quiescent state until further antigen encounter but retain specific metabolic features that allow
them to quickly reactivate when needed.

hexokinase-2 (HK2). Loss of TRAF3 alters B-cell metabolism and increases mitochondrial
respiration without increasing reactive oxygen species (ROS) production [25]. The full
activation of B cells requires costimulation through CD40-B-cell activating factor (BAFF)
receptor interaction, which also induces proteasomal degradation of TRAF3 and the accumu-
lation of nuclear factor-kB (NF-«kB)-inducing kinase (NIK) in the cytoplasm [26]. NIK activates
lkappaB kinase alpha (IKKa) and causes nuclear translocation of NF-kB, leading to transcrip-
tion of target genes. Loss of both NIK and TRAF3 in double knockout mice results in decreased
Glut1 expression and low mature B-cell counts, suggesting that noncanonical NF-«B signaling
regulates glucose influx [25]. In line with this finding, BAFF-exposed naive B cells show
enhanced glucose uptake and a higher basal mitochondrial capacity when activated with
lipopolysaccharide [24]. These studies suggest that B-cell costimulation is involved in metabolic
remodeling. Particularly, the noncanonical NF-kB pathway may play a role in B-cell metab-
olism and proliferation through the TRAF3-NIK-NF-«B axis, a pathway that can contribute to
the initiation of B-cell malignancies.

In addition, the transcription factors Pax5 and lkaros affect B-cell lineage decisions and cellular
bioenergetics. Pax5 regulates the transition of lymphoid progenitors to the B lymphoid lineage
in the bone marrow [27]; and Ikaros controls the transition from pro-B cell to pre-B cell by
promoting pre-BCR signaling, cell migration, and proliferation [28]. Both factors are considered
antioncogenes and their loss contributes to the development of B-cell acute lymphoblastic
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leukemia (B-ALL) [28,29]. Pax5 and l|karos partially exert their tumor-suppressor function
through alteration of B-cell metabolism [30], which will be discussed in the following sections.

Activation and Differentiation

B-cell activation is a dynamic process that leads to antibody class-switching, somatic hyper-
mutation, and plasma cell differentiation. Upon BCR engagement or CD40/interleukin-4 (IL-4)
stimulation, activated B cells expand in cell size [23,31-35] and increase the overall protein
content and CD138 expression [35]. Moreover, BCR signaling leads to glucose uptake and
Glut1 expression in a phosphoinositide 3-kinase (PI3K)-dependent mechanism [31], and
glucose catabolism is diverted from glycolysis to the pentose phosphate pathway (PPP)
to generate NADPH crucial for the maintenance of proper redox status [31] (Figure 3). As a
result, expression of glycolytic enzymes such as glyceraldehyde 3-phosphate dehydrogenase
and a-enolase, as well as amino acid-metabolizing enzymes such as ornithine and phospho-
serine aminotransferases, steadily increases in newly activated B cells, with peak levels of
activity at three days postactivation [35]. Previous studies of primary splenic B cells revealed
increased glucose uptake following activation [36], and studies of B-cell metabolome indicated
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Figure 3. B-Cell Activation Drives Metabolism. B cells require B-cell receptor (BCR) engagement and costimulation
via CD40 for proper activation. In addition, interleukin-4 (IL-4) stimulates cell cycle entry [92]. Glycolysis and glucose uptake
are boosted as a consequence of hypoxia-inducible factor 1-a (HIF-1a) transcriptional control. Activation is conferred by
protein kinase A (PKA) and protein kinase B (Akt) [93], which both repress glycogen synthase kinase 3 (Gsk3) activity [94].
Thus, cyclin D3 and Myc support cell growth and proliferation. Upon activation, reactive oxygen species (ROS) are
generated either by mitochondrial activity and/or NADPH oxidase (NOX). GLUT1, glucose transporter 1; mTOR, mechan-
istic target of rapamycin; Myc, myelocytomatosis virus oncogene cellular homolog; OXPHOS, oxidative phosphorylation;
PPP, pentose phosphate pathway.
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that glucose oxidation and lactate accumulation are prominent in activated B cells [37]. Amino
acid consumption and production of alanine and glutamate are also elevated during B-cell
activation [38]. Glucose is needed to support cell activation and is in part used to support de
novo lipogenesis via the activity of ATP—citrate lyase (ACLY), supplying the activated B cell with
enough phospholipids to sustain the morphological change [39]. In addition, glucose flux is
diverted to the hexosamine pathway to allow antibody glycosylation in long-lived plasma cells
[40]. In addition to glycolysis, the tricarboxylic acid (TCA) cycle plays an important role in the
differentiation of naive B cells in the intestinal compartment. In particular, vitamin B+ is required
as a cofactor for several enzymes within the TCA cycle, and the initiation of the intestinal
antibody response [41].

The proliferative burst of activated B cells leads to the synthesis of immunoglobulin (Ig) proteins
and the generation of antibody-secreting plasma cells. In parallel with proliferation, B cells
reorganize the synthetic machinery to accommodate higher antibody production. In particular,
protein trafficking through the endomembrane system is sharply increased (Figure 3). Too
much of this trafficking can lead to protein overload and the accumulation of unfolded or
misfolded proteins in the lumen of the endoplasmic reticulum (ER), which may ultimately induce
an ER stress response. To avoid this, generation of plasma cell relies on the overlapping
activities of B lymphocyte-induced maturation protein-1 (Blimp-1, a transcriptional repressor)
and X-box binding protein 1 (XBP-1, a transcription factor downstream of Blimp-1) [42].
While Blimp-1 is implicated in the regulation of the mTOR kinase activity and the unfolded
protein response [43], XBP-1 plays a central role in defining the B-cell secretory phenotype [32].
Furthermore, the folding of newly synthesized Ig proteins often requires disulfide bond forma-
tion, which generates a flux of ROS [44]. Because the ER greatly expands during plasma cell
generation [32], B cells become more oxidative, which affects their overall intracellular redox
equilibrium. Hence, it is not surprising that B cells control oxidative stress by linearly upregulat-
ing proteins involved in proteostasis and the redox system, including cytosolic and mitochon-
drial chaperones [heat shock protein 90a (HSP90«) and B, HSP70] [35] and NF-E2-related
factor-2 (NRF2) [45].

Proteins function normally when ROS production and detoxification are tightly controlled to
maintain appropriate redox homeostasis. Alterations in ROS balance are implicated in hemato-
poietic malignancies and are associated with resistance to treatment [46]. It was shown that
mitochondrial mass, membrane potential, and ROS are strongly associated with B-cell fate
determination [33]. For example, class-switch recombination in activated B cells and plasma
cell differentiation have different requirements for the depicted mitochondrial activity [33]. On a
molecular level, Gsk3 has been linked to ROS accumulation and B cell’s metabolic activity [23].
Gsk3 has an important role in glycogenesis and its dysfunction correlates with progression of
solid tumors [47]. Nonactivated Gsk3-deficient B cells displayed the metabolic phenotype of
their activated wild-type counterpart, exhibiting increases in cell size, protein content, and
glucose consumption [23-25,48]. Gsk3-deficient B cells are characterized by elevated mito-
chondrial mass and ROS levels. However, when humoral responses were assessed in GCs
in vivo, Gsk3-deficient B cells were prone to apoptosis and the mutant mice could not mount a
robust immune response. GCs contain a broad collection of functionally diverse immune and
nonimmune cells [49], where metabolites and metabolic by-products likely influence cell
differentiation [50] and oxygen tension alters B-cell physiology and function [51] (Box 2).
Hypoxia in GCs increases the rate of glucose consumption [51], implying that oxygen availability
represents a stringent threshold during GC responses that regulate B-cell survival. Jellusova
and coworkers [23] showed that the survival of B cells in GCs was most likely dependent on the
availability of high levels of glucose needed for vigorous glycolysis and to sustain the PPP and
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the viability of Gsk3-deficient B cells was impaired when the cells were cultured in glucose-free
medium. As mentioned earlier, the metabolism of a newly activated B cell adapts to support its
ensuing proliferation and funnels glucose to the PPP to produce NAPDH to offset ROS [31],
which correlates with the Pax5/lkaros-mediated upregulation of the glucose-6-phosphate
dehydrogenase (G6PD) [30]. Consequently, activated B cells that lack Gsk3 in a glucose-
limited environment cannot counterbalance the high levels of ROS generated by proliferation,
which in tumn leads to cell death [52]. When Gsk3 is present, it promotes cell cycle progression
[63] and acts as a sensor of the metabolic status of B cells, switching from proliferation to death
depending on the oxygen levels in the surrounding microenvironment. Interestingly, BCR
signaling inhibits Gsk3 [23,54], which enhances Myc expression to support cell growth,
proliferation, and metabolic adaptation. Gsk3 inhibition upon BCR stimulation has been studied
in the context of Myc-driven lymphoma by Casola et al. [54]. In this study, the authors showed
that BCR* lymphoma cells outgrow the BCR™ counterparts. This effect is promoted by Gsk3,
as its pharmacologic inhibition abolished the competitive advantage of the BCR* cells [54].
Thus, restraining Gsk3 activity upon BCR engagement (along with PI3KS signaling [54])
supports Myc-transformed B cells. These studies underline the importance of Gsk3 in the
control of Myc-dependent proliferation in B cell and its intimate connection with B-cell pro-
tumorigenic transformation. We will discuss the significance of Myc-dependent oncogenic
transformation in the next paragraph. Overall, metabolic control in B-cell subsets depends on
specific metabolic regulators and the picture of metabolic adaptation in activated B cells is far
from complete (Figure 4).

Dysfunctional Metabolism in B-Cell Malignancies

To support rapid proliferation, cancer cells exhibit a hypermetabolic phenotype that is distinct
from that of nontransformed cells [55]. This metabolic adaptation is closely linked to genetic
mutations and oncogenic signaling pathways, which often include PI3K/protein kinase B (Akt),
HIF-1a, Myc, Pax5, and Ikaros [30,56]. These tumorigenic signals often initiate a vicious loop by
directing metabolic reprogramming, which in turn generates metabolites that positively support
these metabolic pathways [57].

Myc is the dominant oncogene associated with B-cell malignancies, and its dysregulation by
gene rearrangement (including translocation and amplification) in B cells leads to its upregu-
lation and overcomes the inhibitory effect of physiological repressors such as B-cell ymphoma
6 (BCL6) in GC B cells or Blimp-1 in differentiated B cells [58,59]. Myc is a transcription factor
that promotes cell cycle entry in almost all dividing cells and is triggered downstream of multiple
signaling pathways promoting cell growth, survival, and metabolism. Although Myc over-
expression alone does not cause lymphomagenesis, it is classified as oncogenic driver
because of its pleiotropic effect on many cellular functions [60].

Early studies of the role of Myc in the regulation of normal B-cell proliferation during the GC
reaction produced conflicting results [61-63]. These contradictions were attributed to differ-
ences in the experimental detection systems, target subpopulations analyzed, and/or the
transient stability of Myc. More recently, Myc function was investigated at the single B-cell
level [64,65]. Studies of small numbers of proliferating Myc* B cells in both mature and
immature GCs showed that these cells expressed both cyclin D2 and D3 mRNAs, which
likely contributed to the proliferative phenotype. Within a GC, light zone Myc™ B cells represent
those cells that undergo positive selection and survive to interact with cognate T cells and
follicular dendritic cells. These activated B cells then migrate to the GC’s dark zone (D2),
proliferate, and establish DZ proliferation foci. During this transition, the B cells activate BCL6
and lose Myc expression [65], although they maintain a high rate of proliferation [64]. Why Myc
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Figure 4. Metabolic Profiles of B Cells at Different Stages. B cells display changing functional, structural, and energetic configurations throughout their life span.
B-cell development takes place in the bone marrow, where B cells feed their energetic requirements through glycolysis guided in part by hypoxia-inducible factor 1-a
(HIF-1a). However, given the energy demands associated with selection and proliferation, it is likely that glucose is further oxidized in the respiratory chain. Naive mature
B cells in the periphery maintain their metabolic balance through the glycolytic pathway driven by nuclear factor-kappa B (NF-kB) and HIF-1a. Upon activation by
antigen, the ensuing metabolic rewiring is mainly orchestrated by myelocytomatosis virus oncogene cellular homolog [Myc; particularly in the germinal center (GC)
reaction], with glycogen synthase kinase 3 (Gsk3) also playing an important role. Glycolysis is upregulated together with the pentose phosphate pathway (PPP) to
counterbalance the oxidative stress generated by the expansion of the endomembrane system needed to support antibody production. Differentiated B cells can
become either memory cells or plasma cells. Although the longevity and persistence of these cells is controversially discussed [95,96], they are both able to produce and
secrete massive amounts of antibodies. B-cell dormancy is maintained in part by low mitochondrial activity and slow fatty acid oxidation. The aforementioned scheme is
necessarily oversimplified and compresses the main phases of B-cell development and maturation while ignoring several other important B-cell subpopulations (such as
regulatory B cells) and metabolic regulators [mechanistic target of rapamycin (MTOR) complexes, Forkhead box protein O1 (FOXO1), and others]. Thus, much more
research on the metabolic restructuring of B cells at all stages and in all subsets is required. TRAF3, Tumor necrosis factor (TNF) receptor-associated factor-3.

expression is lost in normal dividing DZ B cells is a puzzling question since Myc is thought to be
ubiquitously expressed in proliferating cells.

Myc also influences several metabolic pathways. Genomic studies established that Myc
regulates genes involved in glycolysis [66] and Myc is crucial for the induction of Glut1 during
B-cell activation [24]. In Burkitt ymphoma cells, upregulated Myc and HIF-1« induce expres-
sion of HK2 and pyruvate dehydrogenase kinase-1, enzymes which favor aerobic glycolysis
[67]. This induction of glycolytic proteins by Myc suggests a functional correlation and prefer-
ence toward the upregulation of the glycolytic pathway in B cells, which fits with previously
published work [58,68]. However, although Myc* B cells have enhanced glycolytic activity, they
are more susceptible to mitochondrial perturbation than to glycolytic inhibition [69]. Oncogenic
Myc also promotes constitutive expression of lactate dehydrogenase A [70], which diverts
glucose-derived pyruvate into lactate, thereby preventing its conversion to acetyl-CoA and its
further oxidation in the TCA cycle. Despite this diversion, Myc-transformed cells display
increased mitochondrial mass and O, consumption [71,72], which is consistent with the
finding that several Myc targets are involved in mitochondrial biogenesis and function [73].

Myc activity is also associated with increased glutamine metabolism [24]. Although glutamine is
not usually used by tumor cells for ATP generation under non-glucose-limiting conditions, it is
critical for biosynthetic reactions and for feeding the TCA cycle [74]. In addition, cell viability is
impaired in an Myc-dependent manner under conditions of glutamine starvation [69,74,75],
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indicating a strong metabolic addiction to this essential amino acid. Myc induces the expres-
sions of glutamine transporters and glutaminase that accelerate the flux of glutamine to
glutamate and upregulate glutamine catabolism [73]. Because glutamate cannot passively
exit the cell through the plasma membrane, this amino acid either promotes TCA cycle
anaplerosis or is used by the cystine antiporter xCT for cystine intake. This cystine is then
reduced to cysteine via the glutathione buffer system, and the resulting cysteine is used for
protein biosynthesis [76].

As reported, Myc levels are negatively controlled by phosphorylation through Gsk3 [23].
By contrast, cyclin D3 counteracts Gsk3 by increasing Myc expression in GC B cells [64].
Cyclin D is also negatively regulated by phosphorylation at Thr283 by Gsk3, and this site is
frequently mutated in patients with Burkitt lymphoma [77], leading to the conclusion that gain-
of-function mutation of cyclin D might cause Myc-driven lymphomagenesis. Many other types
of B-cell lymphomas, which include diffuse large B-cell ymphoma (DLBCL) and plasmablastic
lymphoma, overexpress Myc as a result of translocation events. DNA breaks in the Myc locus
that lead to translocation of Myc into the Ig gene loci are thought to be caused by activation-
induced cytidine deaminase, an enzyme that usually participates in |g gene somatic hyper-
mutation [59]. The prominent role of Myc in the regulation of metabolic features of cancer might
help to develop new treatment options or a more detailed classification of Myc-associated
cancers.

Another important metabolic sensor of relevance to B-cell lymphomas is mTOR. Within any cell,
the mTOR protein resides in two distinct complexes: mTOR complex 1 (NTORC1), whose
signaling is triggered by nutrient conditions and helps to drive protein synthesis enhancing
cellular metabolism, and mTOR complex 2 (MTORC2), which is activated independently of
nutrients and regulates cell survival/metabolism and the cytoskeleton. The absence of
mTORCT results in early inhibition of murine B-cell development and defective antibody
response, with the cells displaying decreased proliferation and reduced glycolytic and mito-
chondrial capacities [78,79]. Interestingly, inhibition of PI3K in splenic B cells was reported to
completely arrest B-cell growth [80]. In addition, a functional deficiency of mMTORC2 results in
impaired NF-kB1 and NF-kB2 nuclear induction [81] and enhanced IL-7-dependent survival
[82], although it does enhance Ig recombination [82]. Mechanistically, this increase was
attributed to loss of mMTORC2 normal ability to activate Akt2 and thereby inhibit Forkhead
box protein O1 (FOXO1) [82,83]. These studies show that mTORC2, by modulation of FOXO1,
is involved in the control of B-cell development.

Future work is required to elucidate the precise roles of Myc, mTOR, and FOXO1 in normal B-
cell metabolism, as well as in the genomic instability and malignant transformation of GC B cells
leading to B-cell lymphoma. The molecular hierarchy, if any, is not yet fully understood and
these factors all alter each other’s activity. For instance, Myc overexpression alone is unable to
sustain B-cell growth and proliferation independently of mTORC1 [23], and other work has
suggested that Myc is required for the activation of mTOR-dependent phosphorylation of a
translational repressor [4E-binding protein 1 (4EBP1)], promoting protein translation [84].
In addition, gain-of-function mutations that induce mTORC1 caused increased Ig secretion
in non-B cells [44], but the molecular details of how mTORC1 contributes to Ig secretion in
B cells are not clear.

As mentioned previously, B-ALL is frequently associated with genetic aberrations in Pax5 and

lkaros. Chen et al. [30] proposed a model in which these B-lymphoid transcription factors act as
metabolic gatekeepers by repressing energy metabolism in early B cells. Indeed, reconstitution
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of Ikaros and Pax5 diminished Akt activation and decreased protein levels of glucose trans-
porters (Glut1, Glut3, and Glut6) and effectors of glucose and antioxidant metabolism such as
HK2 and G6PD [30]. As a consequence of the metabolic repression, Pax5 and Ikaros sustain
the activation of the energy sensor AMPK, which regulates the metabolic response by
balancing catabolic and anabolic processes depending on the AMP-to-ATP ratio [30,85].
Thus, B-ALL cells sustain proliferation due to an altered Pax5/Ikaros/AMPK metabolic barrier.
More details are needed to unravel the complex molecular and metabolic circuits that are
crucial for lymphogenic transformation.

Manipulating B-Cell Metabolism as a Therapeutic Strategy

Despite the metabolic heterogeneity of B-cell lymphomas [86], therapeutic targeting of a
common metabolic crossroad may provide a way to inhibit uncontrolled proliferation or deviate
cell adaptation, perhaps fostering a favorable antitumor immune response. However, because
all cells rely on the same housekeeping metabolic machinery for self-maintenance, it has been
assumed that any druggable metabolic target would adversely affect normal tissues. Therefore,
finding a therapeutic window in which a drug kills lymphoma cells while sparing normal
proliferating cells has been a major barrier to the development of successful therapies. Another
attractive approach is to compare metabolic fluxes in cancer cells versus normal cells. Rather
than blocking individual pathways or metabolites, it might be worthwhile to therapeutically
restrict metabolic fluxes that are exacerbated in malignant cells so that they are restored to
normal levels. Defining these metabolic profiles and unique adaptations of cancer cells is
thus crucial. Recently, AMPK has been revealed as a novel target for B-cell malignancies.
Pharmacological targeting of AMPK by BML275 in pre-B-ALL cells abolished its enzymatic
activity (thus mimicking the metabolic firewall imposed by Pax5/Ikaros) and Akt signaling and
had a synergistic effect with glucocorticoids, which are routinely administered to pre-B-ALL
patients [30].

In general, cancer cells rely on the engagement of aerobic glycolysis and increase their glucose
consumption even in the presence of oxygen, which is known as the Warburg effect [87].
However, DLBCL were found to upregulate genes that are involved in oxidative phosphory-
lation (OXPHQOS) and displayed enhanced mitochondrial activity coupled with better antioxidant
defenses [88]. These DLBCLs were efficiently killed by inhibition of the nuclear receptor
peroxisome proliferator-activated receptor gamma, which regulates the expression of many
genes encoding mitochondrial proteins [89].

Moreover, few studies have examined the metabolic profiles of chronic lymphocytic leukemia B
cells and found that OXPHOS correlated with the aggressiveness of the disease [90]. OXPHOS
is associated with PI3K activation, although the stromal microenvironment might play a role in
shaping B-cell bioenergetics [91]. Overall, tumors that rely on OXPHOS display a good cellular
fitness compared with glycolytic tumors, and this may guide the development of a better
classification and new treatments.

Concluding Remarks

Recent studies have advanced our understanding of the complexity of B-cell metabolism and
signaling. Nevertheless, many questions remain unanswered (see Outstanding Questions). For
example, what are the metabolic features of memory B cells and regulatory B cells? Although
we know that activated B cells consume more glucose and glutamine than do resting B cells,
the metabolic states of memory and regulatory B cells are unclear and the nature of the
metabolic switch between them (if any) is far from being understood. How do B cells control
intracellular reorganization and the rise of ROS upon activation? One possibility is that
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Outstanding Questions

How is BCR signal transduction influ-
enced by the cell metabolic state at
various stages of its life cycle?

What is the role of the mitochondria in
supporting and/or regulating the func-
tions of memory B cells and regulatory
B cells?

How are ROS and ER stress kept in
check during the structural rewiring
that characterizes B-cell activation?

To what extent is costimulation
involved in the immunometabolic
reprogramming of B cells?
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costimulatory activity mediated, for example, by CD40/BAFF has an effect on the metabolism of
activated B cells that compensates for ROS accumulation. Most of our current knowledge is
derived from in vitro analyses. While these studies represent a good starting point, the
dissection of how metabolic alterations influence cancer progression in vivo is necessary to
truly uncover druggable pathways. A combination therapy taking different concepts into
account might be necessary; that is, inducing metabolic stress in malignant B cells followed
by a drug targeting the metabolic adaptation to the induced stress. This might increase
specificity and widen the therapeutic window to minimize toxicity to normal tissues. Thus,
defining the particular metabolic profiles of malignant B cells and then exploiting this knowledge
with rational drug targeting may serve as an exciting new approach for the treatment of
hematological malignancies.
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