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Abstract

B cells are responsible for protective antibody production after differentiation into antibody-

secreting cells during humoral immune responses. From early B cell development in the bone 

marrow, to their maturation in the periphery, activation in the germinal center, and differentiation 

into plasma cells or memory B cells, B cells display ever-changing functions and properties. 

Autophagy and mitochondria play important roles in B cell development, activation, and 

differentation to accommodate the phenotypic and environmental changes encountered over the 

lifetime of the cell. Among their many functions, mitochondria and autophagy generate energy, 

mediate cell survival, and produce/eliminate reactive oxygen species that can serve as signal 

molecules to regulate differentiation. As B cells mature and differentiate into plasma or memory 

cells, both autophagic and mitochondrial functions undergo significant changes. In this review, we 

aim to provide an overview of the role of the autophagosome and mitochondria in regulating B cell 

fate, survival, and function. Moreover, we will discuss the interplay between these two highly 

metabolic organelles during B cell development, maturation, and differentiation.
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INTRODUCTION

Vertebrates have developed various strategies to counter the constant and myriad barrage of 

pathogens they face throughout their lifespans. The adaptive arm of the immune system is 

capable of discriminating between different pathogens by recognizing the unique molecular 

markers, or antigens, that distinguish the various pathogens (Litman et al., 2010; Parra et al., 

2013). This allows immune responses to tailor their response to specific pathogens, to 

remember previous pathogen encounters, and to mount a rapid and potent response upon 

subsequent exposure to the same pathogen (Litman et al., 2010; Parra et al., 2013). 
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Lymphocyte activation, proliferation, and effector functions, as well as the formation of 

memory cells, are linked to dynamic changes in cellular metabolism (Buck et al., 2017). The 

metabolic functions of lymphocytes rely heavily on the mitochondria, the cellular metabolic 

hub that regulates energy production through coordination of the electron transport chain 

(ETC) and the tricarboxylic acid (TCA) cycle. Moreover, mitochondria catabolize nutrients, 

including glucose, amino acids, and fatty acids, to produce building blocks for cell activation 

and expansion (Ahn and Metallo, 2015). In order for the cell to meet its metabolic demands, 

they have to change their mitochondrial volume, membrane potential (ΔΨm), and location in 

response to nutrient availability and growth stimuli. The engagement of various metabolic 

pathways is controlled by growth factors and nutrient availability dictated by competition 

between other interacting cells, as well as the balance of internal metabolites, reactive 

oxygen species (ROS), and reducing and oxidizing substrates (Buck et al., 2017).

Mitochondria couple metabolite oxidation to aerobic respiration, making them a major 

energy producer within a cell. Glucose and fatty acids, after being catabolized through 

glycolysis and β-oxidation, form acetyl-CoA, which fuels the TCA cycle. Acetyl-CoA is 

further oxidized into carbon dioxide to generate NADH and FADH2, the main sources of 

electrons for the electron transport chain (ETC). The ETC transfers electrons provided by 

NADH and FADH2 to oxygen, while generating ΔΨm with proton gradient across the 

mitochondrial inner membrane. This proton gradient is further utilized to produce ATP 

(Weinberg et al., 2015). Mitochondria also contribute to lipid and amino acid synthesis to 

build macromolecules. Glutamine uptake provides another source of carbons that can be 

used either for oxidative metabolism or anabolism after conversion into nucleic acid 

precursors and other amino acids (Boothby and Rickert, 2017). At present, the balances 

among these varied processes have not yet been fully elucidated in specific B lineages. 

Mitochondria bridge nutrient metabolism to fulfill the bioenergetic demands of the cell 

through the coordination of the TCA cycle and ETC (Boothby and Rickert, 2017; Chao et 

al., 2017). It will be important to determine the functions of mitochondria in the regulation 

of B cells at different stages of differentiation.

During differentiation into effector and memory cells, deleterious products, such as oxidized 

proteins and lipids, can accumulate in the cells (Bhattacharya and Eissa, 2015; Bullon et al., 

2016; Puleston and Simon, 2013; Rathmell, 2012). Autophagy is an intracellular 

homeostatic mechanism important for the degradation of waste components from the 

cytoplasm in acidic lysosomal compartments (Yang and Klionsky, 2010). Originally, surplus 

parts of the cytoplasm that acted as targets for autophagy were thought to comprise only 

cellular organelles and proteins, but this has now been extended to include a range of 

pathogens (Kuballa et al., 2012). Autophagy is involved in the regulation of cell survival and 

homeostasis in B and T cells (Bhattacharya and Eissa, 2015; Puleston and Simon, 2013; 

Rathmell, 2012). In the thymus, autophagy can modulate the selection of certain CD4+ T 

cell clones, while in the bone marrow autophagy is needed for B cell differentiation and 

survival at specific stages (Arnold et al., 2016; Bhattacharya and Eissa, 2015; Puleston and 

Simon, 2013).

T and B cells are the major lymphocyte lineages for adaptive immunity (Litman et al., 2010; 

Parra et al., 2013). B cells have a semi-nomadic life cycle due to their role in patrolling the 
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body for foreign antigens. However, cell activation and differentiation can lead to the 

retention of B cells in distinct microenvironments that differ in nutrient availability, oxygen, 

and redox species (Boothby and Rickert, 2017). B cells are specifically responsible for 

mediating the humoral arm of the adaptive immune system (Hoffman et al., 2016). Humoral 

immunity involves the production of antibodies that recognize antigens via a unique antigen-

binding pocket (Schroeder and Cavacini, 2010; Sela-Culang et al., 2013). Antibodies, also 

known as immunoglobulins, exist as in a membrane-bound form before secretion, where 

they serve as the B cell antigen receptor (BCR) (Hoehn et al., 2016; Hoffman et al., 2016). 

The immunoglobulins expressed by a given B cell have the same antigenic specificity to 

recognize a particular antigen (Hoehn et al., 2016). In this section, we will summarize how 

mitochondria and autophagy control B cell fate and long-term maintenance.

Mitochondria in early B cell development and maturation

In mammals, conventional B cells are generated from the common lymphoid progenitor and 

undergo early development in the bone marrow (Hoffman et al., 2016). One of the essential 

tasks of a developing B cell is to assemble a complete immunoglobulin gene from a diverse 

pool of gene segments in order to express a functional pre-B cell receptor (BCR) (Melchers, 

2015). Early B cell development is characterized by alternating states of quiescence and 

activation in response to BCR and IL-7 receptor (IL-7R) signaling (Heizmann et al., 2013; 

Herzog et al., 2009; Stein et al., 2017). Pro-B cells represent the earliest stage of B cell 

development, and transition to the pre-B cell stage following the successful rearrangement of 

their immunoglobulin heavy chain gene loci to form the pre-BCR (Figure 1), one of the first 

major checkpoints in B cell development (Herzog et al., 2009). Pre-B cells can be further 

subdivided into the immature, actively dividing large pre-B cell stage and the more mature, 

quiescent small pre-B cell stage (Herzog et al., 2009; Stein et al., 2017). Pro-B cells develop 

in IL-7-rich regions in the bone marrow, with IL-7 serving to induce cell division and 

survival (Clark et al., 2014; Hamel et al., 2014; Heizmann et al., 2013). As pro-B cells 

transition to large pre-B cells, they undergo a burst of proliferation (Clark et al., 2014; 

Hamel et al., 2014). However, pre-BCR signaling antagonizes IL-7R signaling, constraining 

the clonal expansion of large pre-B cells to several divisions (Clark et al., 2014; Hamel et al., 

2014; Smart and Venkitaraman, 2000). Large pre-B cells start to lose IL-7 responsiveness 

and migrate towards IL-7-poor regions, causing them to exit the cell cycle and develop into 

small pre-B cells (Clark et al., 2014; Hamel et al., 2014; Smart and Venkitaraman, 2000).

The development of pro-B cells into small pre-B cells is driven by pre-BCR and IL-7R-

induced metabolic changes involving the mitochondria (Heizmann et al., 2013; Stein et al., 

2017). Withdrawal of IL-7 in pre-B cell line cultures results in down-regulation of genes 

related to mitochondrial function (Heizmann et al., 2013). Compared to small pre-B cells, 

large pre-B cells have increased mitochondrial membrane potential, glucose uptake, and 

reactive oxygen species (ROS) levels, consistent with their proliferative state (Stein et al., 

2017). Swiprosin-2, a calcium-binding inner mitochondrial membrane protein, regulates a 

metabolic program triggered as pro-B cells develop into small pre-B cells (Stein et al., 

2017). Swiprosin-2 is expressed in proB cells but is repressed in pre-B cells due to the 

expression of the pre-BCR (Stein et al., 2017). Knockout of swiprosin-2 in a pro-B cell line 

results in decreased oxidative phosphorylation, but increased glycolysis, relative to wild-type 
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controls (Stein et al., 2017). A metabolic switch regulated by swiprosin-2 is triggered as 

dividing pro-B cells develop into quiescent small pre-B cells.

After the initial development stages in the bone marrow, B cells migrate to the spleen and 

undergo maturation (Hoffman et al., 2016). Maturing B cells can develop into follicular B 

cells or marginal zone B cells (Hoffman et al., 2016; Pillai and Cariappa, 2009). Follicular B 

cells are circulating cells that represent the majority of mature B cells, whereas marginal 

zone B cells are non-circulating cells that reside in the marginal zone of the spleen (Hoffman 

et al., 2016; Pillai and Cariappa, 2009). The choice of becoming a follicular B cell or a 

marginal zone B cell depends upon the strength of BCR signaling, with strong signaling 

favoring a follicular B cell fate, while weak signaling favoring a marginal zone B cell fate 

(Hoffman et al., 2016; Pillai and Cariappa, 2009). Additionally, signaling through the 

Notch2 receptor is crucial to drive marginal zone B cell development (Hoffman et al., 2016; 

Pillai and Cariappa, 2009). Compared to follicular B cells, marginal zone B cells have 

increased size and a lower threshold for activation (Jellusova et al., 2017; Pillai and 

Cariappa, 2009). Moreover, marginal zone B cells are also long-lived and can undergo self-

renew (Pillai and Cariappa, 2009). Activated B cells increase glucose uptake and 

mitochondrial mass, resulting in increased glycolysis and oxidative phosphorylation (Table 

1) (Caro-Maldonado et al., 2014). Marginal zone B cells seem to exhibit increased glucose 

uptake compared to follicular B cells (Jellusova et al., 2017). The metabolic demands are 

high in the proliferative early B cell stages and decrease in the pre-B, immature, and 

transitional stages. Glucose uptake, which increases substantially after B cell activation 

(Caro-Maldonado et al., 2014; Cho et al., 2011; Dufort et al., 2007), provides the substrate 

for glycolysis (Table 1). Whether marginal zone B cells also increase their mitochondrial 

mass and oxidative phosphorylation remains to be investigated.

Mitochondria in activated B cells

Upon encountering cognate antigen and receiving costimulation from T cells, antigen-

specific naïve B cells become activated and migrate to secondary lymphoid tissues, where 

they undergo rapid growth and proliferation in regions called germinal centers (GC) (Litman 

et al., 2010; Parra et al., 2013; Wykes, 2003). In the GC, B cells undergo class switch 

recombination (CSR) to different classes of immunoglobulins, as well as editing their 

immunoglobulin genes through somatic hypermutation (SHM) to generate high affinity 

BCRs, a process known as affinity maturation (Litman et al., 2010; Parra et al., 2013). GC B 

cells that have successfully completed affinity maturation undergo differentiation into either 

antibody-secreting plasma cells or long-lived memory B cells (Bhattacharya et al., 2007). 

Additionally, in response to certain types of antigens, naïve B cells can become activated 

without T cell help and differentiate directly into short-lived antibody-secreting plasma cells 

(Tangye et al., 2003).

B cells can be activated by a variety of signals, including ligation of the BCR, Toll-like 

receptors (TLRs), CD40, and cytokine receptors. The type and extent of activation depends 

upon the specific signal(s) involved, with some of these signals capable of synergizing to 

produce a more potent or different activation than they would individually. Different signals 

may exert their effect in B cells by differentially modulating mitochondrial status and 
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metabolic activity. Activated B cells likely have increased energy requirements and switch to 

a more anabolic metabolism compared to their quiescent naïve B cell counterparts. 

Metabolism in B cell has long been considered to be similar to that in T cells. Activated T 

cells are known to preferentially increase glycolysis over oxidative phosphorylation (van der 

Windt and Pearce, 2012). However, B cells activated through toll-like receptor 4 (TLR4) or 

the BCR increase both oxidative phosphorylation and glycolysis in a balanced manner 

(Table 1) (Caro-Maldonado et al., 2014). TLR4 and BCR-induced upregulation of glycolysis 

relies upon activation of phosphoinositide 3 kinase (PI3K), a key regulator of glucose 

metabolism (Donahue and Fruman, 2003). IL-4, a B cell survival factor, also increases 

glucose uptake and glycolytic activity in B cells, though in a PI3K-independent manner 

(Dufort et al., 2007). PI3K signaling antagonizes expression of the transcription factor 

Foxo1 (Sander et al., 2015). The interplay between PI3K and Foxo1 regulates B cell 

development at different stages (Dominguez-Sola et al., 2015; Inoue et al., 2017; Ochiai et 

al., 2012; Sander et al., 2015). During early B cell development, in the bone marrow, PI3K 

promotes proliferation, while Foxo1 promotes cell cycle arrest and differentiation (Ochiai et 

al., 2012). IL-7 signaling in pre-B cells downregulates Foxo1 through the PI3K pathway; 

failure to attenuate IL-7 signaling thus inhibits the differentiation of pre-B cells (Ochiai et 

al., 2012). The PI3K/Foxo1 signaling axis also regulates the GC B cell compartment 

(Dominguez-Sola et al., 2015; Inoue et al., 2017; Sander et al., 2015). The germinal center 

can be divided into a dark zone, containing proliferating, somatically hypermutating cells 

known as centroblasts, and a light zone, containing quiescent cells known as centrocytes 

(Figure 1) (Klein and Dalla-Favera, 2008; Zhang et al., 2016). Centroblasts differentiate into 

centrocytes and migrate to the light zone; centrocytes undergo positive selection for re-entry 

into the dark zone as centroblasts or germinal center exit and differentiation into plasma 

cells or memory B cells (Figure 1) (Klein and Dalla-Favera, 2008; Zhang et al., 2016). 

Interestingly, Foxo1 expression is highest in the proliferating centroblasts, whereas PI3K 

signaling is highest in the quiescent centrocytes (Dominguez-Sola et al., 2015; Sander et al., 

2015). Deletion of Foxo1 or forced expression PI3K signaling in GC B cells both result in 

impaired CSR and loss of the germinal center dark zone (Dominguez-Sola et al., 2015; 

Inoue et al., 2017; Sander et al., 2015).

Consistent with increased oxidative phosphorylation activity, activated B cells have also 

been shown to have increased mitochondrial mass and mitochondrial ROS production (Table 

1) (Jang et al., 2015; Wheeler and Defranco, 2012). Although mitochondrial ROS is best 

known as an inducer of oxidative stress, it has also been identified as a signaling molecule 

for T cell activation. ROS has been reported to regulate self-renewal and differentiation of 

hematopoietic stem cells (Ho et al., 2017; Sena et al., 2013). Similarly, B cell activation and 

fate decisions have been linked to changes in mitochondrial activity and ROS levels (Jang et 

al., 2015). Neutralizing ROS with the antioxidant N-acetylcysteine (NAC) attenuates 

activation and proliferation of BCR-stimulated B cells (Wheeler and Defranco, 2012). The 

transcription factor Blimp1 reduces mitochondrial mass in B cells, which results in lower 

levels of mitochondrial ROS, antagonizing CSR and promoting commitment to the plasma 

cell lineage (Jang et al., 2015). B cells stimulated in vitro with LPS and IL-4 undergo CSR 

and plasma cell differentiation (Jang et al., 2015). Inhibition of ROS with the antioxidant 

ascorbic acid enhances plasma cell differentiation while inhibiting CSR in B cells stimulated 
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with LPS and IL4 (Jang et al., 2015). In contrast, treatment with the glycolysis inhibitor 2-

deoxyglucose or the Krebs cycle substrate methyl pyruvate, increases the percentage of cells 

that display high mitochondrial content and activity, as well as mitochondrial ROS levels in 

LPS- and IL-4-stimulated B cells. As a result, these treatments result in reduced formation 

of plasma cells (Table 1) (Jang et al., 2015).

Glycogen synthase kinase 3 (Gsk3) has been shown to regulate GC B cell survival and 

differentiation by acting as a metabolic sensor (Jellusova et al., 2017). The light zones of 

germinal centers are regions where GC B cells reduce division and compete to undergo 

positive selection to survive and differentiate (Figure 1) (Klein and Dalla-Favera, 2008; 

Zhang et al., 2016). Light zones are hypoxic regions where nutrient and cytokine availability 

is limited (Cho et al., 2016). This harsh environment places a constraint upon GC B cell 

survival and proliferation (Jellusova et al., 2017). In response to these conditions, GC B cells 

undergo metabolic reprogramming, increasing mitochondrial mass, glucose uptake, and 

HIF1-α-dependent glycolysis (Table 1) (Jellusova et al., 2017). In the absence of Gsk3, GC 

B cells exhibit increased metabolic activity and proliferation, suggesting that Gsk3 serves to 

constrain GC B cell growth and proliferation when nutrients are limited (Jellusova et al., 

2017). Gsk3 has been reported to suppress mammalian target of rapamycin complex 1 

(mTORC1), a nutrient sensor that inhibits autophagy but promotes cell growth and 

proliferation (Jellusova et al., 2017). However, Gsk3-deficient GC B cells do not exhibit 

increased mTORC1 signaling, suggesting that this pathway is not responsible for the 

elevated growth and proliferation of Gsk3-deficient GC B cells. The phenotype of Gsk3-

deficient GC B cells may be in part due to increased activity of c-Myc, a transcription factor 

that is well characterized for its role in mitochondrial biogenesis and cell growth, 

proliferation and differentiation (Jellusova et al., 2017). Therefore, Gsk3 plays an important 

role in linking mitochondrial metabolic functions to the regulation of GC B cells.

Recently, non-canonical autophagy has been shown to play an important role during the GC 

B cell response (Martinez-Martin et al., 2017). Autophagy (which translates to “self-eating”) 

is a process in which cells engulf a portion of their own cytoplasm via a double membrane-

bound organelle called the autophagosome, and deliver it to the lysosome for degradation 

(Codogno et al., 2011). Canonical autophagy requires the coordinated action of a core set of 

autophagy proteins to assemble the autophagosome (Codogno et al., 2011). In non-canonical 

autophagy, autophagosome formation is able to proceed using only a subset of the 

autophagy proteins (Codogno et al., 2011). Naïve follicular B cells activated in vitro by BCR 

or CD40 stimulation transition from canonical to non-canonical autophagy (Table 1) 

(Martinez-Martin et al., 2017). Similarly, naïve follicular B cells in vivo adopt a non-

canonical autophagy program as they develop into GC B cells (Martinez-Martin et al., 

2017). The subsequent differentiation of GC B cells into plasma cells or memory B cells 

involves a return to canonical autophagy (Martinez-Martin et al., 2017). The switch between 

canonical and non-canonical autophagy in B cells is regulated by WD repeat domain 

phosphoinositide interacting 2 (WIPI2), a protein involved in early autophagosome 

biogenesis (Martinez-Martin et al., 2017). In the absence of WIPI2, B cells exhibit a loss of 

canonical autophagy and a concomitant increase in non-canonical autophagy (Martinez-

Martin et al., 2017). WIPI2 is highly upregulated in GC B cells versus other B cell subsets, 

and WIPI2 knockout mice have significantly reduced numbers of GC B cells and plasma 
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cells post-immunization (Martinez-Martin et al., 2017). Interestingly however, WIPI2 

knockout B cells more readily undergo differentiation to plasma cells in vitro, compared to 

their wild-type counterparts (Martinez-Martin et al., 2017). This indicates a metabolic 

control of B cell fate decisions, similar to what has been reported in T cells. Mitochondrial 

status and metabolic activity have been implicated as signals regulating B cell differentiation 

(Jang et al., 2015). In the absence of WIPI2, naïve B cells have increased mitochondrial 

content, mitochondrial ROS, and mitochondrial membrane potential, and also show elevated 

basal oxidative phosphorylation and glycolytic activity (Martinez-Martin et al., 2017). Thus, 

WIPI2, in its role as a regulator of autophagy and mitochondria, serves to modulate B cell 

activation and differentiation.

Mitochondria and autophagy in plasma cell survival and function

GC B cells that survive the germinal center reaction have the choice of differentiating into 

plasma cells or memory B cells (Bhattacharya et al., 2007). Plasma cells are the effector 

cells of the humoral adaptive immune system. They are terminally differentiated B cells that 

downregulate most B cell markers and secrete large quantities of antibodies to neutralize 

pathogens (Holmes et al., 2008; Klein and Dalla-Favera, 2008). Plasma cells can be broadly 

divided into short-lived plasma cells that die soon after the contraction of the primary 

antibody response, and long-lived plasma cells, which migrate to the bone marrow and 

continue to secrete antibodies long after clearance of the immunizing antigen (Connor et al., 

2002). For most of their lifespans, B cells express membrane-bound immunoglobulin, and 

differentiation into plasma cells dedicated to immunoglobulin secretion demands significant 

phenotypic changes (Pengo et al., 2013). Plasma cells significantly increase their 

endoplasmic reticulum (ER) network, and concomitantly reduce their mitochondrial content 

and activity (Jang et al., 2015; Pengo et al., 2013). Plasma cells face heightened ER stress 

compared to other B cell subsets due to their elevated synthesis and secretion of 

immunoglobulins, and the inevitable accumulation of misfolded immunoglobulins during 

this process (Pengo et al., 2013). Autophagy has been reported to degrade superfluous ER, 

as well as to eliminate misfolded proteins (Hoyer-Hansen and Jaattela, 2007). Through a 

mouse model with B cell-conditional deletion of an essential autophagy gene Atg5, both 

short-lived and long-lived plasma cells have been demonstrated to require autophagy in 

order to manage and survive the ER stress induced by their role as dedicated 

immunoglobulin-secreting cells (Pengo et al., 2013). Atg5−/−plasma cells exhibit an 

expanded ER network and increased immunoglobulin synthesis compared to their wild-type 

counterparts (Pengo et al., 2013). However, Atg5−/−plasma cells also display increased ER 

stress signaling, reduced ATP levels and decreased survival, indicating that plasma cells use 

autophagy both to generate metabolic substrates and to constrain immunoglobulin 

production in order to maintain viability (Oliva and Cenci, 2014; Pengo et al., 2013). These 

findings are also applicable to various disease settings where plasma cells play an important 

role. In infectious and non-infectious intestinal inflammation models, protective antibody 

responses by plasma cells are defective in the absence of autophagy (Conway et al., 2013). 

Loss of autophagy impairs plasma cell differentiation and autoantibody production in lupus 

models, indicating that autophagy can be targeted to ameliorate certain autoimmune disease 

phenotypes (Arnold et al., 2016; Clarke et al., 2015).
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Zbtb32, a transcription factor critical for the proliferative burst of NK cells responding to 

viral infection, is highly expressed in memory B cells compared to naïve B cells (Jash et al., 

2016). Zbtb32−/− mice exhibit normal primary antibody responses, but undergo more rapid 

and prolonged production and maintenance of secondary plasma cells, indicating that 

Zbtb32 serves to keep secondary antibody responses under control (Jash et al., 2016). 

Compared to wild-type controls, Zbtb32−/− secondary plasma cells in the bone marrow were 

found to express elevated levels of genes encoding mitochondrial ribosomal proteins, which 

are required for translation of electron transport chain proteins (Jash et al., 2016). B cells 

activated under conditions of plasma cell differentiation increase glucose uptake through up-

regulation of the glucose transporter Glut1, which stimulates glycolysis and increases 

electron transport chain activity (Table 1) (Caro-Maldonado et al., 2014). Long-lived plasma 

cells undergo further metabolic adaptation distinct from short-lived plasma cells, which 

allows them to prolong their survival (Lam et al., 2016). Relative to short-lived plasma cells, 

long-lived plasma cells have similar basal oxidative phosphorylation activity, but 

substantially greater maximal capacity for oxidative phosphorylation (Lam et al., 2016). 

Long-lived plasma cells and short-lived plasma cells have similar levels of mitochondria, so 

increased spare respiratory capacity of long-lived plasma cells is due to a difference in 

substrate uptake (Lam et al., 2016). Indeed, long-lived plasma cells can be distinguished 

from short-lived plasma cells by their increased expression of Glut1 and the mitochondrial 

pyruvate carrier (Lam et al., 2016). As a result, long-lived plasma cells exhibit constitutively 

increased glucose uptake and mitochondrial pyruvate import compared to short-lived plasma 

cells (Table 1) (Lam et al., 2016). Increasing the diversity and quantity of substrates for 

mitochondrial activity allows long-lived plasma cells to switch between different metabolic 

states, and therefore survive when there are fluctuations in the local environment.

Gut mucosal humoral immunity is dominated by IgA-secreting plasma cells, which are 

generated in the intestinal mucosa in response to intestinal antigens (Kunisawa et al., 2015). 

The differentiation of naive B cells in Peyer’s patches to IgA+ plasma cells in the lamina 

propria of the intestine involves a metabolic shift; intestinal naïve B cells and plasma cells 

both use the Krebs cycle, but only intestinal plasma cells exhibit high glycolytic activity 

(Kunisawa et al., 2015). Interestingly, intestinal IgA+ plasma cells also have much higher 

levels of glycolysis compared to splenic plasma cells, indicating that their metabolic 

program is a product of their local environment, rather than being intrinsic to plasma cells 

(Kunisawa et al., 2015). Dietary depletion of vitamin B1 in mice inhibits the Krebs cycle 

without suppressing glycolysis (Kunisawa et al., 2015). Thus diet-induced vitamin B1 

deficiency in mice results in a loss of naive B cells in Peyer’s patches, while IgA+ plasma 

cell maintenance is normal (Kunisawa et al., 2015).

Mitochondria and autophagy in memory B cell survival

The majority of GC B cells undergo apoptosis when antigens are cleared (Klein et al., 2003). 

However, a small fraction of the GC B cells are selected to survive and exit the germinal 

center to become long-lived, quiescent, antigen-experienced cells known as memory B cells 

(Chen et al., 2014; Klein et al., 2003). Memory B cells form the basis of humoral 

immunological memory, acting as sentinels primed to recognize and respond to previously 

encountered antigens (Chen et al., 2014; Tangye et al., 2003). Upon antigen re-exposure, 
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memory B cells rapidly expand and differentiate into antibody-secreting plasma cells (Chen 

et al., 2014; Tangye et al., 2003). Naïve B cells, like memory B cells, are quiescent cells that 

can be stimulated by cognate antigen to divide and differentiate into plasma cells (Tangye et 

al., 2003). However, memory B cells differ from naïve B cells in a number of important 

respects. Memory B cells have a lower threshold for activation, requiring less antigen and 

costimulation. Additionally, memory B cells have a greater proliferative capacity, entering 

the cell cycle more rapidly upon activation and undergoing more rounds of division. 

Moreover, memory B cells are able to persist up to decades after formation, even in the 

absence of antigen stimulation (Arpin et al., 1997; Maruyama et al., 2000; Tangye et al., 

2003). Therefore, the formation of memory B cells can lead to long-lasting protection 

against new infections after previous infections are cleared.

How are memory B cells able to survive over a prolonged period of time, in contrast to other 

B cell subsets? At least part of the answer can be found in the mitochondria. The Bcl-2 

family of proteins regulates mitochondrial apoptosis, and includes both anti-apoptotic and 

pro-apoptotic members (Gross et al., 1999). Bcl-2 family proteins control permeabilization 

of the outer mitochondrial membrane, which culminates in the release of apoptosis-inducing 

molecules, such as cytochrome c, apoptosis-inducing factor (AIF), and endonuclease G 

(EndoG) (Arnoult et al., 2003; Chipuk and Green, 2008; Cregan et al., 2004). Bcl-2 inhibits 

outer mitochondrial membrane permeabilization, and thus acts as an anti-apoptotic member 

of the Bcl-2 family (Dlugosz et al., 2006). It is expressed at low levels in GC B cells, but 

becomes highly up-regulated in memory B cells (Bhattacharya et al., 2007; Smith et al., 

1994). In mice, transgenic overexpression of Bcl-2 boosts recruitment of GC B cells into the 

memory B cell compartment, increases the size of the memory B cell compartment, and 

enhances the survival of adoptively transferred memory B cells in recipient mice (Nunez et 

al., 1991; Smith et al., 1994).

Memory B cells must balance long-term survival in a quiescent state with the need to be 

poised for rapid reactivation. This requires active and tightly regulated suppression of the 

cell cycle and differentiation programs, an energy-consuming process. Thus, in addition to 

blocking mitochondrial apoptosis, memory B cells are likely to alter their metabolic 

programs to prolong cell survival and to maintain their quiescence. Recently, the roles of 

AIF in B cell development, functions and cell death have been examined (Milasta et al., 

2016). AIF is a mitochondrial intermembrane space protein that supports normal oxidative 

phosphorylation by promoting the assembly of complex I (NADH-ubiquinone 

oxidoreductase) of the electron transport chain (Milasta et al., 2016). However, AIF also 

mediates caspase-independent apoptosis when released from the mitochondria. After 

translocating to the nucleus, AIF induces widespread chromatin condensation and DNA 

fragmentation (Milasta et al., 2016). In a mouse model with B cell-specific deletion of AIF, 

early B cell development in the bone marrow and subsequent maturation in the spleen were 

found to be normal, despite a partial deficiency in complex I (Milasta et al., 2016). B cell 

functions, including proliferation and primary antibody production, were also found to be 

normal in the absence of AIF (Milasta et al., 2016). Moreover, despite the role of AIF as a 

cell death molecule, AIF deficiency did not rescue B cells from normal caspase-dependent 

and caspase-independent cell death (Milasta et al., 2016). These findings are in contrast with 

T cells which are regulated by AIF in their survival and function (Milasta et al., 2016). 
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However, memory B cell survival and function in the absence of AIF has not been studied. 

Compared to naïve follicular B cells, memory B cells appear to have increased energy 

demands. As a result, memory B cells may be more susceptible to AIF deficiency and the 

consequent electron transport chain defects compared to naïve follicular B cells.

Unlike GC B cells, memory B cells cannot rely upon antigen, T cells and cytokine-rich 

niches in the germinal center for their maintenance. Instead, memory B cells have to survive 

in comparatively barren environments in the periphery (Maruyama et al., 2000). Autophagy, 

an evolutionarily conserved process that involves the sequestration of a portion of cytoplasm 

for lysosomal degradation, has been demonstrated to play a critical role in the long-term 

survival of memory B cells (Chen et al., 2014). Memory B cells exhibit increased basal 

levels of autophagy compared to both naïve and GC B cells (Chen et al., 2014). TLR ligands 

and cytokines may preferentially stimulate memory B cells compared to other B cell subsets; 

since TLR signaling has been reported to promote autophagy in B cells, it promote the long-

term maintenance of the memory B cell compartment, though it does not appear to be 

required (Bernasconi et al., 2002; Meyer-Bahlburg et al., 2007; Pengo et al., 2013). In a 

mouse model with B cell-specific deletion of the essential autophagy gene Atg7, early B cell 

development and naïve and GC B cell numbers are normal. However, memory B cell 

survival is severely impaired in these mice, although memory B cell formation is not 

affected (Chen et al., 2014; Chen et al., 2015). The decreased survival of Atg7−/− memory B 

cells is not due to an increase in caspase activity. Instead, mitochondrial function appears to 

be perturbed in these cells, which exhibit reduced mitochondrial membrane potential and 

increased mitochondrial ROS production (Chen et al., 2014). In vivo treatment with the ROS 

scavenger NAC partially rescues the survival of Atg7−/− memory B cells, indicating that 

elevated mitochondrial ROS levels contribute to the impaired maintenance of 

Atg7−/ −memory B cells (Chen et al., 2014). The role of autophagy in memory B cells can be 

compared and contrasted to its role in another important population of memory 

lymphocytes, memory CD8+ T cells. Impaired autophagy, in both genetic and aging models, 

results in decreased numbers of memory CD8+ T cells, similar to what is observed with 

memory B cells (Puleston et al., 2014; Schlie et al., 2015; Xu et al., 2014). However, 

whereas autophagy is required for the survival of memory B cells, but not their formation, 

loss of autophagy does impair the formation of memory CD8+ T cells, due to compromised 

survival at the effector T cell stage (Chen et al., 2015; Puleston et al., 2014; Schlie et al., 

2015; Xu et al., 2014). The differentiation of effector CD8+ T cells into memory CD8+ T 

cells involves a metabolic switch from glycolysis to mitochondrial fatty acid oxidation (Cui 

et al., 2015; O'Sullivan et al., 2014). In contrast, the metabolic transition of GC B cells to 

memory B cells is unclear. However, if memory B cells also rely upon fatty acid oxidation, 

autophagy may, in addition to an antioxidant role, also generate the lipid substrates required 

to drive this pathway.

While the molecular mechanisms by which autophagy protects memory B cells from cell 

death remain to be fully elucidated, the evidence suggests that autophagy regulates 

mitochondrial quality and quantity to maintain memory B cell survival (Figure 2). For many 

years, autophagy was thought to be a non-selective, bulk degradation process to recycle 

cellular components and generate nutrients under stress conditions (Zaffagnini and Martens, 

2016). However, many specific forms of autophagy have been discovered over the past 
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couple of decades, including mitochondrial autophagy, the selective clearance of 

mitochondria by autophagy (Sandoval et al., 2008; Schweers et al., 2007; Zaffagnini and 

Martens, 2016). Mitochondrial autophagy is critical for the development and survival of 

various cell types, including reticulocytes and memory natural killer (NK) cells (O'Sullivan 

et al., 2015; Sandoval et al., 2008; Schweers et al., 2007). Deficiencies in mitochondrial 

autophagy may lead to accumulation of dysfunctions mitochondria to induce accelerated cell 

death in memory B cells (Figure 2). Recently, hematopoietic stem cells have been found to 

prune healthy mitochondria through autophagy, maintaining mitochondrial homeostasis in 

order to prevent excessive metabolic activity that could trigger unwanted differentiation (Ho 

et al., 2017). Memory B cells may be comparable to hematopoietic stem cells due to their 

common properties of prolonged lifespan, self-renewal, and quiescence (Lucky et al., 2006). 

Given their molecular and phenotypic similarities to hematopoietic stem cells, it is probable 

that memory B cells also depend upon mitochondrial homeostasis for their survival and self-

renewal. Mitochondrial homeostasis has been implicated in T and B cell differentiation 

(Adams et al., 2016). LPS-stimulated B cells can differentiate into plasma cells, which 

repress the B cell lineage commitment transcription factor Pax5 (Adams et al., 2016). 

However, LPS-stimulated B cell populations are not homogenous, consisting of both Pax5hi 

and Pax5lo populations (Adams et al., 2016). The Pax5lo subset is irreversibly committed to 

plasma cell differentiation, whereas the Pax5hi subset can undergo self-renew and generate 

Pax5lo progeny. Pharmacological inhibition of mitochondrial clearance in LPS-activated B 

cells increases the proportion of Pax5lo cells (Adams et al., 2016). This phenotype can be 

countered by treatment with the ROS scavenger NAC (Adams et al., 2016). Therefore, 

mitochondrial ROS may be a powerful signal to regulate B cell differentiation (Table 1).

Future Directions

B cells can transit between rapidly proliferating and quiescent states to meet the demands of 

the adaptive immune response. Memory B cells and long-lived plasma cells, the mediators 

of long-term protective immunity, can persist for many years in humans. Memory B cells 

can recirculate and also undergo self-renewal, similar to long-lived hematopoietic stem cells, 

to prolong their survival (Boothby and Rickert, 2017; Luckey et al., 2005). Regulation of 

mitochondrial homeostasis and functions is likely to be critical for the development of B cell 

lineages, as well as maintenance of the quiescent status of memory B cells and B cells at 

other differentiation stages. Mitochondria respond to a variety of nutritional cues and 

metabolic demands to generate sufficient energy to either drive differentiation or 

maintenance. Mitochondria and autophagy work in concert to respond to both catabolic and 

anabolic demands of the cells. Together they provide the metabolic milieu that can promote, 

inhibit, or possibly kill the cells.

We still have a number of questions to address in terms of the metabolic needs for B cell 

lineages development and the maintenance of B cell quiescence. Changing the metabolic 

programming from catabolism to anabolism and vice versa shifts the B cell lineages to 

generate either more plasma cells or memory cells. Interestingly, Gsk3 inhibits the mTOR 

pathway in a manner dependent on the serine/threonine kinase AMP-activated protein kinase 

(AMPK) phosphorylation (Inoki et al., 2006). Although in Gsk3-deficient GC B cells mTOR 

was not affected, it raises the question whether AMPK pathway is altered (Jellusova et al., 
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2017). AMPK is a great candidate for the regulation of metabolic programming in B cell 

lineages due to its ability to regulate lipid and glucose metabolism, autophagy, and 

mitochondrial homeostasis/mitophagy (Herzig and Shaw, 2017).

Also, the interplay of both the mitochondria and autophagosomes in different B cell fate 

decisions need to be further elucidated. For example, is there a regulatory role for 

mitochondrial autophagy in B cell effector/memory maintenance (Figure 2)? Again, of both 

these organelles are in the metabolic trenches allowing B cells to shift and survive under 

different developmental and environmental stresses. Interestingly, both organelles contact 

other organelles such as the ER, lysosomes, and lipid droplets to allow for an effective and 

precise metabolic response. These contacts allow for signaling platforms to accelerate the 

metabolic needs of the cells. Further studies will need to be performed to understand the 

sophisticated nature of such contact-based signaling.

Understanding the metabolic requirements for individual B cell lineages will open new 

therapeutic avenues to induce and maintain individual B cell lineages for treatment of 

different disorders and vaccine development.
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Highlights

• Differentiating B cells undergo lineage-dependent metabolic reprogramming 

regulated by mitochondria and autophagy

• Mitochondrial ROS serves as a signaling molecule to regulate fate 

commitment

• The regulation of mitochondrial activity and autophagy by metabolic 

regulators

• Local environment modulates the metabolic program of B cells

• Autophagy is essential for survival of long-lived plasma and memory B cells

• B cell lineages rely on the interplay of mitochondria and autophagy for 

development, activation, and survival
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Figure 1. Development and maintenance of memory B cells
Naïve B cells activated by cognate antigen and T cell help migrate to secondary lymphoid 

organs and seed germinal centers (GCs). GC B cells rapidly divide and mutate their 

immunoglobulin genes to improve their affinity to the immunizing antigen. GC B cells with 

favorable mutations are selected to survive, while those with unfavorable mutations undergo 

apoptosis. Multiple rounds of proliferation, mutation, and affinity-based selection generate a 

B cell population with increased average affinity for the antigen. The majority of GC B cells 

die, but a small fraction survives to differentiate into antibody-secreting plasma cells or 

memory B cells. In response to re-challenge with the same antigen, memory B cells can 

rapidly differentiate into plasma cells or re-seed germinal centers. Memory B cells are long-

lived, and maintenance of mitochondrial homeostasis by autophagy is thought to contribute 

to their persistence.
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Figure 2. Model of maintenance of memory B cells by mitochondrial autophagy
Maintenance of mitochondrial homeostasis by autophagy contributes to the long-term 

persistence of memory B cells. Mitochondrial autophagy possibly serves as a regulator of 

mitochondrial homeostasis by removing superfluous or dysfunctional mitochondria to 

prevent the release of cell death molecules, mitochondrial DNA, and to maintain a quiescent 

metabolic state of glucose and lipid metabolism. In autophagy-deficient memory B cells, 

accumulation of mitochondria could lead to increased release of cell death molecules and the 

imbalance of quiescent metabolic program.
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