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Regulation of metabolic supply and demand during B

cell activation and subsequent differentiation
Takeshi Egawa' and Deepta Bhattacharya®

B cell activation and differentiation are associated with marked
changes in proliferative and effector functions. Each stage of B
cell differentiation thus has unique metabolic demands. New
studies have provided insight on how nutrient uptake and
usage by B cells are regulated by B cell receptor signals,
autophagy, mammalian target of rapamycin, and
transcriptional control of transporters and rate-limiting
enzymes. Arecurring theme is that these pathways play distinct
roles ranging from survival to antibody production, depending
on the B cell fate. We review recently published data that define
how these pathways control metabolic flux in B cells, with a
particular emphasis on genetic and in vivo evidence. We further
discuss how lessons from T cells can guide future directions.
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Introduction

The primary role of B cells is to produce antibodies
against infectious pathogens. To accomplish this seem-
ingly simplistic goal, a highly regulated process is initi-
ated to clonally expand relevant B cells, followed by a
massive contraction to narrow the response to the mini-
mal set of cells required to maintain protection against re-
infection. In a conventional T cell-dependent (TD)
response, naive B cells are initially activated through
cognate interactions between antigen and the B cell
receptor (BCR). This triggers activation signals, internal-
ization and processing of antigen to display to cognate
CD4+ T cells, and co-stimulation through CD40:CD40L
interactions. After a period of limited clonal expansion, B
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cells then differentiate either into plasma cells (PCs),
germinal center (GC) B cells, or directly into IgM+
memory B cells [1]. PCs formed early in the response
are localized to the extrafollicular regions and mostly live
for a period of a few days [2]. GC B cells engage multiple
rounds of rapid proliferation-coupled with isotype class
switching, somatic hypermutation (SHM) of their immu-
noglobulin genes, and selection by CD4+ follicular helper
'T" cells for high affinity variants [3]. Rare memory B cells
and PCs emerge from the GC through selection processes
that remain incompletely understood. Together, these
cell types maintain long-term immunity against the
offending pathogen and its relatives, sometimes for life
[4]. The metabolic requirements of each of these stages
differ [5,6]. We discuss below a number of recent studies
that help explain how stage-specific metabolic require-
ments are communicated to B cells, and then how the
resultant nutrients are used to support function.

Metabolic demands of initial B cell activation
Because of the difficulties in following the very early
stages of B cell activation 7z vivo, most work in this area
has come from z# vitro studies. As much of the historical
work has been reviewed recently [5], we focus instead on
studies published within the past few years. Naive B cells
minimally proliferate and thus have relatively few bioe-
nergetic requirements [7], such that lineage-determining
transcription factors such as Pax5 and lkaros suppress
glucose uptake and ribonucleotide synthesis [8°°9].
BCR-activated B cells must thus markedly change their
metabolic profiles to expand, proliferate, and generate
ATP, much of which is driven by enhanced glucose
uptake through the transporter GLUT1 [10-12]. BCR-
induced metabolic changes are dependent on PKC},
which is required for the metabolic switch to glycolysis
and for downstream mT'OR activation, mitochondrial
function, and heme biosynthesis [11,13].

As with T cells, antigen receptor-stimulated B cells use
second signals such as Toll-like receptor- or CD40-
engagement to become fully activated, thereby reducing
the chances of autoimmunity. In the absence of these
secondary signals, B cells accumulate mitochondrial cal-
cium and produce excessive amounts of superoxides,
eventually leading to activation-induced cell death
[14]. Costimulatory signals such as TLR activation
enhance uptake of glucose and glutamine, which are used
as carbon sources for the pentose phosphate pathway to
support proliferation, e novo lipogenesis to expand the
endoplasmic reticulum [15], and for mitochondrial
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respiration and anaplerosis [16]. Nutrient uptake and the
extent of B cell activation is tempered by the expression
of the let-7 microRNA cluster, which suppresses glucose
and glutamine transporter expression. In the absence of
let-7, excessive antibodies are produced in response to T-
independent antigens iz vivo. These studies collectively
provide a valuable baseline that begins to explain how B
cells integrate antigen-specific signals with metabolic
programs to support subsequent differentiation
(Figure 1).

Germinal center metabolism

Following initial T-dependent activation, antigen-spe-
cific B cells and CD4+ T cells form GCs, which are
specialized anatomical structures located within the cen-
ters of B cell follicles. GCs are divided into two distinct
areas, light- and dark-zones (I.Z and DZ), in which B cells
exist in distinct proliferative and metabolic states [17,18].
In the LZ, B cells are mostly in a non-proliferative state
where they compete with one another for CD4+ T cell
help by presenting peptide on MHC class I1. Only a small
fraction of LLZ B cells are selected by T cells to enact a
proliferative program as they migrate to the DZ to divide
for several days. These proliferating B cells are the
templates for AID-mediated SHM, and are thus critical
for the emergence of protective antibodies with affinity-
enhancing mutations. This proliferative program is
enabled by an anabolic response driven by the transcrip-
tion factor ¢-MYC, which not only regulates cell cycle
progression but also promotes expression of transporters
of nutrients and enzymes for glycolysis and glutamino-
lysis [19-21]. GC B cells require both BCR and CD40
signals for c-MYC induction, thus enforcing a stringent
selection checkpoint dependent on CD4+ T cell help
[22]. As a counterexample, either BCR or CD40 engage-
ment is sufficient for naive B cells to induce ¢-MYC and
proliferation. Despite the absolute requirement for c-
MYC in GC B cells, its expression is restricted to a small
fraction of LLZ B cells and becomes undetectable in
proliferating DZ B cells [17,20,21]. This paradox is
explained by a MYC-induced transcription factor AP4,
which maintains many ¢c-MYC target genes, including
nutrient transporters and metabolic enzymes after down-
regulation of ¢-MYC [23°]. Activity of mTORC1 corre-
lates well with engagement of the MYC-AP4 pathway.
mTORCI1 is activated upon selection of GC B cells in the
LZ and is required for cell growth, sustained expansion,
and dwelling of selected B cells in the DZ [24°°]. Thus, c-
MYC-dependent and mTORC1-centered metabolic pro-
grams, both of which are activated by T cell help, inde-
pendently or synergistically support durable proliferation
of DZ B cells.

While cell-intrinsic programs triggered in selected GC B
cells by T cell-derived help enact metabolic pathways to
meet the demands of DZ B cell proliferation, environ-
mental factors specific to the GC microenvironment also
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modulate GC B cell differentiation. One such example is
restriction of mTORCI activation and AID expression in
LLZ B cells by hypoxia [25]. Hypoxic conditions in the L.Z
induce elevated activity of HIF transcription factors.
HIFs in turn inhibit activity of mTORC1 and expression
of AID, and thereby restrict proliferation of GC B cells
and 1sotype class switching [25]. As a result, overexpres-
sion of HIFs through genetic deletion of their inhibitor
VHL leads to diminished GC responses. Given that
oxygen availability is normally controlled by proximity
to blood vessels, it is unclear how hypoxia is preferentially
induced in LZ versus. DZ cells, or whether the reciprocal
deletion of HIF transcription factors would be sufficient
to cause exaggerated GC responses. The enzyme glyco-
gen synthase kinase 3 (GSK3) is also important for GC B
cell responses. Through restriction of ¢-MYC, GSK3
protects proliferating B cells from deprivation of nutri-
ents, such as glucose and amino acids [26]. Since GCs
contain a high density of activated cells with elevated
glycolytic and mTORCI1 activity, GC B cells may have
adapted or been desensitized to nutrient deprivation in
the  microenvironment  through  GSK3-mediated
pathways.

The engagement of autophagy is another notable meta-
bolic program in GC B cells. Compared to resting B cells,
autophagy is upregulated in GC B cells, which is consis-
tent with the demand for nutrients to support rapid
proliferation [27]. Interestingly, B cells lacking WIPI2,
a component in the autophagy pathway, differentiate
preferentially to ASCs at the expense of GC B cells,
and this altered B cell differentiation is associated with
a specific increase in non-canonical autophagy and ele-
vated mitochondrial activity. Although the detailed
mechanism is unknown, a shift between distinct autop-
hagy pathways or autophagy-independent function of
WIPI2, may control the checkpoint between GC B cells
and PCs. These recent findings are collectively summa-
rized in Figure 2.

Metabolic programs to support plasma cells
and memory B cells

The major goal of the GC reaction is to output affinity-
matured memory B cells and antibody-secreting PCs, the
principal effectors within the B cell lineage. A model of
LPS-induced differentiation 7z vivo has shown that PCs
are formed by a series of transcriptional changes down-
stream of the canonical PC transcription factor BLIMP1
and EZH2 [28-30]. These transcriptional changes are
division-dependent and related to ER stress genes, oxi-
dative metabolism enzymes, and amino acid transporters,
thereby leading to mTORCI1 activation and enhanced
antibody secretion [31,32°]. Other studies have shown
that autophagy is also activated and required to regulate
ER stress responses, antibody secretion, and energy
metabolism [33].
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Metabolic changes following initial B cell activation.

Resting naive B cells import relatively little glucose, in part due to repression by the transcription factors Pax5 and Ikaros. After ligation of the BCR
and co-ligation of either CD40 or Toll-like receptors (TLR), an influx of glucose and glutamine is triggered. Accompanying this elevated nutrient
import, the size of the cell expands, mitochondrial mass increases, and transcriptional changes are enacted to support metabolic function.

In general, PCs formed early in the response tend to be
relatively short-lived, while those formed later from the
GC reaction are long-lived [34°]. Yet throughout the
immune response, PCs of varying lifespans are generated,
demonstrating a far greater complexity belied by the
simple short lived versus long lived designation [35].

Indeed, different vaccines and infections lead to a wide
range of durations of antibody production [4], though
what distinguishes the underlying PCs remains a mystery.
Moreover, while it has generally been assumed that T
cell-independent responses fail to generate long-term
immunity, many studies have conclusively demonstrated
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Metabolic and transcriptional regulation of germinal center B cell response.

B cell clones that express BCRs with higher affinity than neighboring clones are selected by follicular helper T cells. The selected clones
upregulate transcription factors c-MYC and AP4 and activate mTORC1 to support their rapid proliferation, which may be modulated by local

environmental factors, such as hypoxia or nutrient deprivation.

that this is not the case. In fact, through activation of B-1
cells, T-independent responses robustly yield persistent
PCs that constitutively secrete antigen-specific [gM [36—
39]. Recent studies have demonstrated that PC subsets of
varying lifespans and antibody secretion rates can be
distinguished based on uptake of a fluorescent glucose
analog, surface expression of amino acid transporters, and
autophagic markers [35,40°]. PCs with relatively long
lifespans import more glucose and predominantly use it
to glycosylate antibodies [40°], consistent with their sin-
gle-minded focus on antibody production. Upon bioener-
getic shortages, this glucose can be diverted away from
glycosylation to glycolysis and the resultant pyruvate
transported into the mitochondria to restore homeostasis
[40°]. Similarly, long-lived PCs use glutamine both as a
building block for antibodies and for mitochondrial res-
piration and anaplerosis [35]. These data suggest a link
between immunoglobulin production and bioenergetic
metabolism, and indeed, long-lived PCs secrete antibo-
dies at a greater rate than do their short-lived counterparts
[35]. Yet surprisingly, very few ER stress responses or

transcriptional changes are associated with these pro-
found metabolic differences [35,41]. These data demon-
strate that there is no obligatory link between transcrip-
tional regulation and metabolism, and some caution is
warranted when such assumptions are made (Figure 3).

Metabolic support of memory B cells and
recall responses

Unlike their memory T cell counterparts, which have
been the subject of many metabolic studies, only a few
reports have described propertiecs of memory B cell
metabolism. An elegant set of studies have shown that
memory B cells lacking the autophagy gene ATG7 form
normally, but fail to persist after immunizations with
haptens or infections with influenza [42,43]. As a result,
recall responses are severely diminished. ATG7 protects
memory B cells against an unusual form of death related
to oxidative stress rather than conventional apoptosis or
RIPK1-driven necrosis. Another recent study showed that
upon stimulation with TLR ligands and IFNa, human
IgD+ memory B cells rapidly become glycolytic, activate
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Metabolic, but not transcriptional changes distinguish short lived from long |
Short-lived plasma cells import less of a fluorescent glucose analog and am

ived plasma cells.
ino acids than do long-lived plasma cells. However, these cell types

are highly similar in ER stress responses and transcriptional profiles. Adapted from Ref. [35].

mTORCI, and differentiate into plasmablasts to a greater
extent than do naive B cells [44]. Whether these differ-
ences between memory and naive B cells reflect an
intrinsically distinct metabolic wiring or simply the mag-
nitude of TLR signaling remains to be determined.

Future directions: lessons from T cells

Studies of B cell metabolism lag behind those of their T’
cell cousins. Yet this provides opportunities for analogous
concepts to be adopted and tested while avoiding some of
the pitfalls already encountered by other immunometa-
bolism studies. Some of these issues are technical.

Inhibitors such as etomoxir, which antagonizes long-chain
fatty acid oxidation, are plagued by off-target effects [45],
resulting in inconsistencies between genetic and phar-
macological studies [46,47]. Yet relying on genetic studies
alone can also be problematic, as deletion of genes such as
Cptla can be compensated by the paralogs Cptlb and
Cptlc, leading to incomplete ablation of fatty acid oxida-
tion [46]. Choosing non-redundant genes such as Cpt2
that are essential to a pathway to perform genetic studies
[48], and carefully titrating pharmacological inhibitors are
the best ways to avoid such issues as the B cell immu-
nometabolism field moves forward.
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A key biological question that has emerged in the T cell
field is whether metabolic pathways are supportive of a
given lineage, as opposed to instructive, which implies
the suppression of alternate fates. In most contexts, the
evidence suggests that metabolic programs play support-
ive roles. For example, memory T cells normally depend
on fatty acid oxidation and spare respiratory capacity for
formation and function [47], but functional cells can also
be generated by maintaining glycolysis after the effector
stage [49]. Thus, a specific metabolic pathway is required
for neither enforcing memory T cell fate nor for extin-
guishing the effector lineage. In most cases we suspect a
supportive role will be the dominant metabolic mecha-
nism in B cells as well. For example, although mTORC1
activation assists in the expression of the germinal center-
determining transcription factor BCL6 [50], this pathway
is activated in plasma cells as well [32°]. Nonetheless, if
anything is to be gleaned from recent years of immuno-
metabolism research, it is to expect the unexpected.
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