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ABSTRACT OF THE DISSERTATION 

 

B Cell Activation: Roles of AMP-activated Protein Kinase,  

Liver Kinase B1, and Metabolism in Establishing  

Humoral Immune Responses 

 

by 

 

Lynnea Rae Waters 

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2018 

Professor Michael A. Teitell, Chair 

 

B cells are a core component of the adaptive immune system that make specific antibodies 

to fight off infections. When a B cell recognizes an antigen they become activated and can 

differentiate into antibody-secreting plasma cells in a process called the germinal center reaction. 

The signaling pathways involved in this activation are not well characterized. Previously, our lab 

discovered a pathway induced by DNA double strand breaks that signals through ATM, LKB1, 

and an AMPK family member to phosphorylate the transcriptional coactivator CRTC2, which 

leaves the nucleus allowing for plasma cell differentiation. In this dissertation, we investigated first 

the role of LKB1, then the role of AMPK during B cell activation. Finally, spurred by metabolic 

functions of AMPK, we identified key metabolic pathways that regulate B cell activation.  

LKB1 is a serine/threonine kinase, a tumor suppressor, and the genetic cause of Peutz-

Jeghers syndrome. B-cell specific knockout of LKB1 (BKO) resulted in spontaneous germinal 

center formation in the absence of antigenic stimulation and a 100 fold increase in the number of 

germinal center B cells. BKO mice exhibit splenomegaly driven by an increase in T cell numbers, 
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likely driven by LKB1 knockout B cells that exhibit an increase in production of activating cytokines 

and chemokines. Additionally, we show that loss of LKB1 in B cells results in activation of NF-κB, 

which controls the expression of IL-6, driving TFH differentiation. For this reason, we believe that 

Lkb1 acts as a regulator of GC entry. Contextualizing these findings with previous reports that 

LKB1 is also required for GC exit and plasma cell differentiation, we posit that LKB1 is a critical 

regulator of the GC reaction by controlling both entry and exit.  

The main target of LKB1 is AMPK, which is another understudied signaling pathway in B 

cell activation. Here, we report surprising AMPK activation upon B cell stimulation in vitro in the 

absence of energy stress coupled with rapid biomass accumulation. An IP-MS substrate screen 

to identify AMPK targets revealed only seven canonical AMPK target proteins. Despite AMPK 

activation and a controlling role for LKB1 in B cell activation, knockout of AMPK did not 

significantly affect B cell activation, differentiation, nutrient dynamics, gene expression, or humoral 

immune responses. Instead, AMPK loss specifically repressed the transcriptional expression of 

IgD and its regulator, Zfp318. 

Finally, studies of the metabolic regulator AMPK prompted dissection of the metabolic 

reprogramming B cells undergo upon activation. We found that B cells upregulate glucose uptake, 

but not glycolysis, and undergo a switch to OXPHOS. Isotopomer tracing showed that glucose 

was not being utilized in the TCA cycle but was instead shunted towards nucleotide and lipid 

biosynthesis. Finally, we showed that mitochondria undergo major remodeling upon stimulation.  

 In summary, these findings reveal critical roles for novel signaling pathways and metabolic 

regulation during B cell activation.  
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CHAPTER 1:  

Introduction 
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B CELLS AND HUMORAL IMMUNITY (Related to Chapters 2-5) 

In 1930, as a graduate student, Elvin Kabat discovered that the component of human 

serum that granted immune activities was a gamma globulin protein, today called an antibody. In 

1966, Max Cooper, a postdoctoral scholar in the lab of Robert Good, linked humoral immunity to 

a distinct lymphocyte lineage by finding that removal of the bursa of chickens resulted in loss of 

antibodies, plasma cells, and germinal centers. This led to the naming of the “B lymphocyte,” for 

the bursa of Fabricus (Cooper, 2015; Cooper et al., 1966). In the more than 50 years since the 

discovery of the B cell, much has been learned about how these cells develop and function in the 

immune system to provide a robust humoral immune response.  

In humans and mice, B cells develop in the bone marrow from hematopoietic stem cells 

(HSCs). Mature B cells each express a unique cell surface antibody called a B cell receptor (BCR). 

This receptor is able to recognize unique protein molecules called antigens (Ags) with very high 

specificity (Murphy, 2012). The BCR is made up of two light chains and two heavy chains joined 

by disulfide bonds. The Y-shaped dimer is further classified by two regions, the constant region 

and the variable region. As its name suggest, the constant region remains mostly the same across 

antibodies, and is where the antibody is recognized by other immune cells like macrophages. In 

mature B cells, this region can be one of nine different subtypes with distinct immune functions: 

IgM, IgD, IgE, IgA1/2, and IgG1/2/3/4. The variable region sits at the two far tips of the Y and is 

where the antibody or BCR interacts with Ags (Schroeder and Cavacini, 2010). Variability in this 

region is coded by an array of DNA building blocks called V, D and J regions. In the bone marrow, 

B cells rearrange unique combinations of these regions to generate a vast array of diverse 

receptors, roughly 3 x 1011 possible combinations (Tonegawa, 1983). After receptor 

rearrangement and removal of self-reactive clones in the bone marrow, B cells then migrate to 

secondary lymphoid organs (SLOs) including the spleen and lymph nodes (Murphy, 2012).  

Mature B cells populate follicles within SLOs but will also circulate through the blood and 

lymphatic systems during their lifetime. In the periphery, BCR engagement by its cognate Ag 
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results in B cell activation. B cell activation can occur in one of two different manners: T-

dependent, and T-independent. T-dependent activation proceeds after a B cell recognizes an 

antigen, which it then internalizes, processes into peptides, and presents on its surface in a 

complex with the major histocompatibility complex class II (MHCII) to be recognized by T cells. 

Recognition of this peptide:MHCII complex by an activated T cell provides the second signal 

required for B cells to divide and differentiate. This includes ligation of co-stimulatory molecules 

on the B cell like CD40, and CD86. T-independent activation occurs by crosslinking of antigens 

that can override the need for T cells help, including polyvalent antigens that massively crosslink 

the BCR, and antigens that engage both the BCR and other signaling molecules like toll-like 

receptors (TLRs) (Murphy, 2012).  

Upon T-dependent activation, mature B cells may then undergo a second selection 

process to further refine their BCR by two processes: class switch recombination (CSR) and 

somatic hypermutation (SHM). Mature B cells in the periphery express both IgD and IgM 

subtypes, and upon Ag recognition, the DNA for the constant region can be rearranged to one of 

the seven other subtypes, which is directed by the presence of other signaling molecules near 

the B cell. For example, presence of IL-4 drives CSR to the IgG1 and IgE subtypes, whereas 

presence of IL-5 drives CSR to the IgA subtype. In addition to CSR, B cells can refine the affinity 

of the variable region through SHM. Introduction of random point mutations in the 

complementarity determining regions (CDRs) codes for variants of the BCR that are then tested 

for their affinity and selected for, resulting in highly specific, high affinity antibodies (Murphy, 

2012). 

 Both SHM and CSR take place in anatomical sites within SLOs known as germinal centers 

(GCs). Within the germinal center, B cells migrate and cycle between dark and light zones within 

the follicle (Victora and Nussenzweig, 2012). The dark zone consists of densely packed, 

proliferating B cells (centroblasts), one of the most rapidly dividing cells in the human body that 

can divide once every 6-12 hours (Allen et al., 2007; MacLennan, 1994). The dark zone is also 
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where SHM and CSR occur. After rearrangement and proliferation, B cells migrate to the light 

zone, which consists of a mixture of B cells (centrocytes), as well as specialized T, dendritic, and 

other immune cells. In the light zone, B cells test their BCR by competing for recognition of Ag 

presented on follicular dendritic cells, or rescue signals by T follicular helper (TFH) cells. Without 

recognition, B cells within the GC undergo apoptosis, but antigen-selected B cells can re-enter 

the dark zone to proliferate and continue cycling or can differentiate and exit the germinal center. 

One fate for differentiation includes long lived plasma cells, which secrete the BCR in a soluble 

form, then termed an antibody (Ab). The alternative fate for B cells exiting the germinal center is 

a memory B cell, which remain in circulation and provide a rapid response to re-encountered 

antigens (Victora and Nussenzweig, 2012). 

 B cell activation is a unique and tightly controlled process that combines DNA mutation 

and rapid proliferation. In a normal immune response, selection mechanisms keep this potentially 

dangerous combination in check through programmed apoptosis. However, the pathways that 

promote proliferation and DNA damage are often hijacked during B cell lymphomagenesis. This 

leads to the induction of germinal center-derived lymphomas including Burkitt, follicular, and 

diffuse large B cell lymphoma (DLBCL), which make up 80% of B cell non-Hodgkin lymphomas 

(Basso and Dalla-Favera, 2015). Understanding the normal B cell pathways that are altered in 

lymphoma may be critical to developing treatment paradigms that can target specific lymphoma 

subtypes.  

LIVER KINASE B1 (Related to Chapters 2 and 3) 

 In 2010, our lab described a pathway that linked DNA double strand breaks (DSBs), 

required for both CSR and SHM, to signaling pathways that promote GC exit and plasma cell 

differentiation. DNA DSBs initiated by the GC-specific enzyme Activation-Induced Cytidine 

Deaminase (AID), trigger activation of the DNA-damage sensor ATM, which signals through the 

serine/threonine kinase Liver Kinase B1 (LKB1) to the CREB co-activator CRTC2. 
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Phosphorylation of CRTC2 leads to translocation out of the nucleus, causing upregulation of a 

transcriptional program for plasma cell differentiation (Sherman et al., 2010). While LKB1 is a very 

well-studied protein, it’s role in B cells was previously unknown and warranted further study. 

 LKB1 was identified in 1998 as the genetic loci responsible for Peutz-Jeghers Syndrome 

(PJS), a pathology that presents with benign polyps and predisposition to development of 

malignant tumors (Hemminki et al., 1998). Many PJS patients exhibit mutations in the kinase 

domain of LKB1, and mutations in LKB1 have been linked to wide array of human cancers, 

including up to 30% of non-small cell lung cancers and 20% of cervical cancers (Alessi et al., 

2006; Sanchez-Cespedes et al., 2002; Wingo et al., 2009). LKB1 phosphorylates 14 kinase 

targets including and related to 5’AMP-acitvated Protein Kinase, AMPK. Through these family 

members, LKB1 can control many cellular functions including cell growth and protein synthesis, 

cell polarity, and metabolism to exert its tumor suppressor function (Shackelford and Shaw, 2009).  

 While completely unstudied in B cells prior to our work, LKB1 has some known functions 

in HSCs and T cells. In 2010, three groups simultaneously published Cre-inducible excision of 

LKB1 in HSCs (Gan et al., 2010; Gurumurthy et al., 2010; Nakada et al., 2010). Researchers 

found that immediately after excision, HSCs demonstrated increased proliferation, but underwent 

apoptosis by day 18. The authors concluded that LKB1 in HSCs maintains quiescence through 

regulation of metabolism and cell cycle in both AMPK-dependent and -independent manners. In 

T cells and thymocytes, LKB1 deletion led to reduced peripheral T cells, and decreased 

proliferation when stimulated in vitro (Cao et al., 2010; MacIver et al., 2011; Tamas et al., 2010). 

Interestingly, T cells lacking LKB1 demonstrate increased activation and cytokine production in 

both CD4 and CD8 subsets. Similar to HSCs, the authors observed both AMPK-dependent and -

independent phenotypes, as loss of AMPK in T cells also led to metabolic and activation defects 

but did not fully recapitulate loss of LKB1 (MacIver et al., 2011). 
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AMP-ACTIVATED PROTEIN KINASE (Related to Chapter 4) 

 The major downstream target of LKB1 is AMPK, which stimulated our studies into AMPK 

function in lymphocytes. AMPK is a heterotrimeric protein made up of an alpha, beta and gamma 

subunit. Ampk has 2 α, 2 β, and 3 γ isoforms, resulting in 12 possible heterotrimeric combinations 

(Hardie, 2014). The alpha subunit contains the catalytic kinase domain, as well as a critical 

regulatory phosphorylation site on a loop that contains Threonine 172 (T172)(Hawley et al., 1996). 

Phosphorylation at T172 is required for AMPK activity, and is the target of multiple kinases 

including LKB1, CAMKK2, and TAK1 (Hawley et al., 2003; Hawley et al., 2005; Xie et al., 2006). 

The beta subunit is thought to regulate both substrate specificity and subcellular localization of 

AMPK, through myristolation and glycogen-binding motifs (Warden et al., 2001). The gamma 

subunit regulates AMPK activity through four nucleotide binding sites that interchangeably bind 

AMP, ADP and ATP. Through these nucleotide binding pockets, AMPK can sense energy stress 

--during times of energy surplus, presence of ATP in the nucleotide pocket inactivates AMPK, but 

during energy-depleted conditions, AMP or ADP can bind the pocket and induce conformational 

changes to protect T172 from dephosphorylation (Chen et al., 2012). Different heterotrimeric 

complex composition has been demonstrated to have unique substrates and sensitivity to AMPK 

activators/inhibitors (Olivier et al., 2018), however B cells are only known to express the α1/β1/γ1 

and α1/β1/γ2 trimers (Faubert et al., 2013; Wöhner et al., 2016). 

 A proteomic screen recently identified an AMPK substrate motif, LxRxxpS/pT, with 

flexibility at the -5/-3 positions to include other hydrophobic residues (Gwinn et al., 2008). Upon 

energy stress, AMPK activation leads to phosphorylation of downstream targets containing this 

motif that inhibit anabolic processes, like protein synthesis, and promote catabolic processes, like 

fatty acid oxidation. Through these substrates, AMPK acts to restore energy balance in a cell by 

promoting ATP generation while inhibiting ATP consumption. For example, AMPK phosphorylates 

TSC2 and RAPTOR, leading to inhibition of mTOR and protein synthesis. Simultaneously, AMPK 
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phosphorylates TBC1D1, which results in the upregulation of GLUT4 and increased glucose 

import. AMPK also has targets related to mitochondrial biogenesis, autophagy, and lipid 

synthesis, cementing its role as a metabolic regulator (Hardie, 2014).  

 In addition to its role as a metabolic “brake”, AMPK has been described as a contextual 

oncogene (Liang and Mills, 2013; Zadra et al., 2015). In some cancers, including breast, 

colorectal, and liver, AMPK acts as a tumor suppressor by inducing cell cycle arrest and 

suppression of anabolic pathways (Baba et al., 2010; Hadad et al., 2009; Zheng et al., 2013; 

Zulato et al., 2014). However, in other contexts, such as prostate, gastric, and lung cancer, AMPK 

acts as an oncogene by conferring cells with resistance to metabolic stress and through 

transcriptional regulation of survival genes (Choudhury et al., 2014; Kang et al., 2012; Nanjundan 

et al., 2010; Tennakoon et al., 2014). While no overall hypothesis or prediction has be made to 

describe when AMPK is oncogenic or tumor suppressive, it is likely that the AMPK targets in each 

context define the unique role AMPK plays.  

While there are few studies of AMPK in B lymphocytes, the role in T lymphocytes has 

been better characterized. The first description of AMPK in lymphocytes came from Tamas et al., 

who showed that activation by CD3 or calcium induced a transient activation of AMPK that was 

CAMKK dependent (Tamas et al., 2006), and that AMPK activation declined to a low level in 

proliferating T effector cells (Kishton et al., 2016). In addition to activation by CD3 and calcium, 

AMPK can also be activated by nutrient limitation in T cells (Blagih et al., 2015). In vitro, total 

knockout of AMPKα1, the only subunit expressed in lymphocytes, left cells unable to survive 

oxidative stress when treated with the ATP synthase inhibitor Oligomycin. In vivo, however, 

AMPKα1 KO mice had no defects in immune responses to Ars-KLH immunization (Mayer et al., 

2008). AMPKα1-deficient T cells, however, exhibit reduced glucose uptake and mitochondrial 

mass in vivo, and decreased responses to viral and bacterial pathogens (Blagih et al., 2015), and 

fail to generate robust memory responses (Rolf et al., 2013). These contradictory in vivo results 
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nevertheless demonstrate that further study in both B and T lymphocytes is needed to fully 

elucidate the role of AMPK during an immune response. 

LYMPHOCYTE METABOLISM AND MITOCHONDRIA (Related to Chapter 5) 

 B cells are the most proliferative non-cancerous cell in the human body and can divide 

once every 6-12 hours (Allen et al., 2007; MacLennan, 1994). Naïve B cells are metabolically 

quiescent, and antigen recognition starts signaling cascades that result in major metabolic 

reprogramming to support rapid proliferation. The first study into B cell metabolism in 2006 

showed that upon receptor crosslinking, B cells upregulate glucose uptake and direct glucose 

towards the pentose phosphate pathway during the G1/S transition. This was found to be 

dependent on PI3K signaling to upregulate GLUT1 on the cell surface (Doughty et al., 2006). 

Later studies showed that IL-4 could also induce increased glucose uptake in a STAT6-dependent 

manner (Cho et al., 2011; Dufort et al., 2007).  

 While upregulation of glucose is widely interpreted as upregulation of glycolysis, leading 

to the production of lactate, few studies have directly measured lactate secretion. Instead studies 

use proxy measurements like extracellular acidification rates (ECAR), which can be attributed to 

lactic acid or CO2 excretion, and thus is not a specific measure of glycolysis (TeSlaa and Teitell, 

2014). Despite this, many papers in the B cell field still interpret increases in glucose uptake or 

ECAR as an increase in glycolysis, ignoring alternative fates for glucose. Recently, some studies 

have shown that activation of B cells also increases the oxygen consumption rate (OCR), a 

measure of oxidative phosphorylation and TCA cycle activity (Caro-Maldonado, 2014). Glucose 

uptake could fuel TCA cycle rather than lactate production/export in these cells. Additional studies 

have shown that radiolabeled glucose is incorporated into lipids upon activation with LPS or 

IgM/IL-4 stimulation, again suggesting alternative glucose fates (Dufort et al., 2014). While studies 

of individual metabolites may inform pieces of how B cells metabolically support activation and 
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differentiation, a global approach is needed to fully ascertain the metabolic landscape of B cell 

biology. 

 Despite recent interest in energy production and increased OCR in B cells, little attention 

has been paid to mitochondria in B cells. Mitochondria are a dynamic double-membrane bound 

organelle that generate ATP by building a proton gradient in their inner membrane space to drive 

ATP synthase activity. In addition to energetic roles, mitochondria are also involved in additional 

cellular processes with key ties to immune function including calcium signaling, generation of 

reactive oxygen species (ROS), and apoptosis (Weinberg et al., 2015). Few studies on 

mitochondria in B cells exist, however, studies in T cells have shown a critical link between 

mitochondria and T cell effector function. For example, it has been shown that mitochondria are 

required for immune synapse formation (Baixauli et al., 2011; Quintana et al., 2011) and migration 

(Campello et al., 2006) in T cells. Additionally, mitochondrially generated ROS is required to drive 

cytokine secretion in activated T cells (Kaminski et al., 2010), linking functions other than ATP 

production to effective immune responses. 

Much of a mitochondria’s function can be determined by its size and morphology, with 

longer, fused mitochondria associated with increased oxygen consumption rate (ORC), and 

smaller, fragmented mitochondria associated with nutrient deprivation or inhibition of OXPHOS 

(Galloway et al., 2012). While functional studies of mitochondria in T lymphocytes are available, 

few imaging studies of lymphocyte mitochondria exist, owing in large part to the small size of both 

T and B cells. Some studies do exist however, for example, in T cells from mice with GFP-tagged 

mitochondria, it was shown that re-stimulation of T cells induces mitochondrial expansion and 

fragmentation (Ron-Harel et al., 2016).  In B cells, one imaging study showed an increase in 

TMRE labeling, a measure of mitochondrial membrane potential, upon activation of B cells, but 

was unable to determine whether the increase was due to an increase in mitochondrial mass or 

an increase in membrane potential (Jellusova et al., 2017).  
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This thesis addresses gaps in the field related to LKB1 (Chapter 2 and 3), AMPK (Chapter 

4) and metabolism (Chapter 5), with the aim of better understanding the normal signaling and 

metabolic landscape of B cell activation and germinal center formation, to better study potential 

oncogenic signaling events and provide targets to augment the humoral immune response.   
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CHAPTER 2: 

Lkb1 inhibition of NF-κB in B cells prevents T follicular helper cell differentiation and germinal 

center formation 
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Ampk regulates IgD expression but not energy stress with B cell activation 
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ABSTRACT 

Ampk is an energy gatekeeper that responds to decreases in ATP by inhibiting energy-consuming 

anabolic processes and promoting energy-generating catabolic processes. Recently, our lab 

showed that Lkb1, an understudied kinase in B lymphocytes and the major upstream kinase of 

Ampk, had critical and unexpected roles in activating naïve B cells and germinal center formation. 

We therefore sought to determine whether Lkb1 activities during B cell activation depend on 

Ampk. Here, we report surprising Ampk activation upon B cell stimulation in vitro in the absence 

of energy stress coupled with rapid biomass accumulation. An IP-MS substrate screen to identify 

Ampk targets revealed only seven canonical Ampk target proteins. Despite Ampk activation and 

a controlling role for Lkb1 in B cell activation, knockout of Ampk did not significantly affect B cell 

activation, differentiation, nutrient dynamics, gene expression, or humoral immune responses. 

Instead, Ampk loss specifically repressed the transcriptional expression of IgD and its regulator, 

Zfp318. We also find that early activation of Ampk by phenformin treatment impairs germinal 

center formation but does not significantly impair antibody responses. Combined, our results show 

an unexpectedly specific role for Ampk in the regulation of IgD expression during B cell activation. 

Word Count: 195 
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INTRODUCTION 

B lymphocyte activation is an early step in a humoral immune response, whereby a B cell with a 

unique receptor recognizes its cognate antigen to trigger growth, division, and differentiation. After 

activation, selected B cells can develop into long-lived plasma cells that secrete antigen-specific 

antibodies to fight infections1. During receptor-mediated activation, B cells undergo class switch 

recombination (CSR), also called immunoglobulin isotype switching, to modify the type of B cell 

antigen receptor (BCR) expressed by the B cell, such as IgM or IgG1 isotypes2. Many of the early 

signaling events linked to engagement of the BCR are well studied3. Recently, we reported a role 

for the tumor suppressor Lkb1 in B cell activation because Lkb1 knockout (KO) caused 

spontaneous B cell activation in vivo without specific, added antigenic stimulation, and this further 

caused a robust germinal center (GC) reaction4,5. This result was interesting because Lkb1 

signaling had not been previously implicated in B cell activation and few models of spontaneous 

GC formation exist6. We therefore sought to determine the mechanism(s) whereby Lkb1 controls 

B cell activation and logically examined a known, major downstream Lkb1 target, 5’ AMP-

activated protein kinase (Ampk).  Ampk is an energy sensor that couples metabolism with nutrient 

availability during periods of energetic stress, as might occur during rapid B cell expansion and 

differentiation7. Ampk does this by sensing increasing levels of ADP or AMP in a cell, which 

triggers the phosphorylation of well characterized substrate proteins including Tsc2, Acc1/2, and 

Tbc1d1 to inhibit protein synthesis, promote fatty acid oxidation, upregulate glycolysis, and restore 

overall cell energy balance8. 

 Studies of Lkb1 and Ampk have shown overlapping but also unique functions in 

hematopoiesis. For example, Lkb1 maintains hematopoietic stem cell quiescence by regulating 

metabolism and the cell cycle using Ampk-dependent and -independent mechanisms9-11. In T 

cells and thymocytes, Lkb1 deletion reduced peripheral T cells and decreased T cell proliferation 

when stimulated in vitro. However, while loss of Ampk in T cells also led to metabolic and 

activation defects, it did not fully recapitulate the loss of Lkb112-14. There is only one reported study 
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of Ampk in B cells, which showed that whole mouse knockout of Ampk left isolated B and T cells 

unable to survive in vitro oxidative stress when exposed to the ATP synthase inhibitor, 

oligomycin15. Given the unexpected role of Lkb1 loss in B cells in triggering a GC response, we 

sought to determine role(s) for Ampk during B cell activation. 
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RESULTS 

Ampk activation during B cell stimulation. Initially, we investigated whether Ampk, the major 

downstream target of Lkb1, was required for B cell activation4,5. Previous studies in T cells showed 

Ampk activation after T cell receptor stimulation16. We examined the phosphorylation of Ampk at 

T172, a marker residue for Ampk activation17 and determined that Ampk activation occurs 

between 18 – 24 h post-stimulation of B cells with anti-CD40 and interleukin (IL)-4 and persists at 

least through 72 h (Figure 1A). Activation of Ampk should initiate cellular processes that halt the 

accumulation of biomass required for cell division8. However, anti-CD40 plus IL-4 stimulated B 

cells to divide rapidly between 48 – 72 h (Figure 1B). Ampk activation with energy stress has been 

reported many times and occurs by sensing decreasing amounts of ATP linked to increasing 

ratios of AMP:ATP and ADP:ATP18. Therefore, we determined the nucleotide metabolite levels at 

24 h post-stimulation. UHPLC-MS metabolomics data of 13C6-glucose nutrient labeling during 

initial B cell activation showed unexpected AMP:ATP and ADP:ATP ratios declining at 24 h with 

ATP steady-state levels significantly increasing (Figure 1C)19. Additional measurements of 

extracellular nutrients shows maintained high levels of both glucose and glutamine in the culture 

medium (Figure 1D), indicating that Ampk activation occurs in stimulated B cells during energy 

replete conditions. 

 Since Ampk activation typically inhibits protein, lipid and additional biosynthetic processes, 

we turned to live cell interferometry as a high precision and reproducible approach to quantify 

changes in biomass accumulation during early B cell activation20 (Figure 1E). We discovered that 

isolated naïve mouse B cells steadily increase cell biomass over the first 48 h of anti-CD40 plus 

IL-4 stimulated activation (Figure 1F). Interestingly, the specific growth rate calculated as a 

percentage of biomass change per h accelerates for the first 18 h and then plateaus (Figure 1G). 

This growth rate peak coincides with the timing of Ampk activation (Figure 1A), although despite 

Ampk activity B cells continue to acquire biomass at the peak (plateau) rate. This growth rate 
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profile suggests that Ampk activation may damp further growth rate acceleration, perhaps as a 

rate-limiting step, but does not impede the overall growth of B cells. 

 

Non-canonical Ampk substrates. We were surprised by Ampk activation in stimulated naïve 

mouse B cells because a major accepted role for Ampk in inhibiting lipid and protein synthesis 

seems incompatible with the high growth rate and cell division of activated B cells. We therefore 

determined target Ampk substrate proteins by an immunoprecipitation-mass spectrometry (IP-

MS) screen for phosphorylated Ampk motifs in naïve and stimulated B cells (Figure 2A). 

Immunoprecipitation with an antibody made against the Ampk substrate motif21 followed by mass 

spectrometry analysis identified 2,109 phosphopeptides in B cells corresponding to 677 unique 

proteins, and 1,040 phosphopeptides were >2-fold enriched at 24 h of stimulation (Figure 2B, 

Table S1). Motif analysis of the enriched phosphopeptides revealed high sequence similarity to 

the established Ampk motif (Figure 2C). Plotting log2 fold-change (Log2FC) for the area under the 

curve (AUC) for independent experiments of lysates from at least 10 mice per time point shows 

general concordance between study replicates, as well as the expected majority of enriched 

phosphopeptides versus decreased phosphopeptides, consistent with activation of Ampk (Figure 

2D). Additionally, 331 proteins were present in both batches, although there were more peptides 

detected overall in batch 2. Out of 30 canonical Ampk substrates8, our screen detected 26 

peptides from 8 different substrates, of which only 7 proteins were enriched in at least one sample, 

including Hdac5, Tbc1d1, and Mff (Figure 2E). Interestingly, enriched proteins tended to be those 

that regulate glucose metabolism, whereas canonical targets inhibiting protein or lipid synthesis 

were absent. These results suggest that Ampk substrate specificity may be regulated by an 

unknown mechanism to limit Ampk roles to those that are compatible with cell growth, without 

activating substrates that would prevent biomass accumulation and cell division during B cell 

activation.  
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Ampk is not required for B cell activation or differentiation. With a unique list of candidate 

Ampk substrate proteins, and a surprising role for Lkb1 in GC formation, we sought to determine 

whether Ampk was required for B cell activation. Because Ampkα1, encoded by Prkaa1, is the 

only α subunit expressed in trimeric Ampk proteins in mature B cells22, deletion of this catalytic 

subunit abolishes all Ampk activity. We generated a B cell specific Ampkα1 KO by crossing 

Prkaa1fl/fl mice with CD19-Cre recombinase driver mice to delete Ampk activity in post-pro/pre B 

cells. To monitor deletion efficiency, we crossed mice with a Rosa26 lox-STOP-lox YFP reporter 

allele (Figure 3A). Deletion efficiency measured by YFP+ B220+ B cells was >80% in both WT 

(Prkaa1+/+ x CD19-Cre) and Ampk KO (Prkaafl/fl x CD19-Cre) mice (Figure 3B), suggesting that 

there is no B cell survival disadvantage with loss of Ampk, in contrast to a major B cell survival 

disadvantage with Lkb1 loss4. Analysis of lysates from YFP-sorted, B220+ B cells confirmed loss 

of Ampkα1 protein in YFP+ B cells, and also that there was no compensatory expression of the 

Ampkα2 subunit (Figure 3C).  

 To determine whether Ampk deletion effects B cell activation, we stimulated isolated WT 

and Ampk KO B cells with anti-CD40 plus IL-4 and assessed activation and differentiation of YFP+ 

B cells. Surprisingly, despite Ampk activation at 24 h, no changes in the levels of expression of 

activation markers CD69, CD86 or MHCII occur for the Ampk KO B cells compared to WT B cells. 

At later time points, no changes in GC-like differentiation at day 3 and a minor reduction in CSR 

to IgG1 were seen in Ampk KO compared to WT B cells. By day 5, there was a small trending 

increase in plasmablast differentiation in Ampk KO versus WT B cells (Figure 3D). These data 

strongly contrast with deletion of Lkb1 in B cells, which causes opposing results with increased 

activation marker expression and GC-like differentiation, an increase in CSR, and a decrease in 

plasmablast differentiation4. Together, the results suggest that Ampk is not required for normal B 

cell function and is not required for Lkb1-dependent B cell phenotypes.  
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Ampk is dispensable for activation-induced glucose uptake. B cell activation in response to 

a range of triggering stimuli causes increased glucose import19,23,24 and the deletion of Ampk in T 

effector cells reduces glucose uptake in vivo25. We identified Tbc1d1 phosphorylation at 24 h of 

anti-CD40 plus IL-4 stimulation in WT B cells (Figure 2D, 2E), which increases Glut4 translocation 

to the cell surface to increase glucose uptake26.  Therefore, we hypothesized that Ampk KO B 

cells might have defects in glucose uptake. To test this postulate, we utilized a fluorescent glucose 

analog, 2-NBDG, to measure glucose import in B cells from WT and Ampk KO mice that lack the 

Rosa26 lox-STOP-lox YFP tracer, because YFP and 2-NBDG fluorophore emission overlaps 

(527nm and 540nm, respectively). Unexpectedly, there was no difference between Ampk KO and 

WT B cells in increased glucose uptake during 5 days of B cell activation (Figure 3E). Thus, Ampk 

activation does not regulate glucose import into activated B cells, suggesting an alternative 

glucose import mechanism.  

 

Ampk does not control a humoral immune response in vivo. We next examined whether 

Ampk deletion from B cells affects antibody responses in vivo. Prior studies showed that whole 

mouse KO of Ampk did not affect IgG responses to Ars-KLH antigen in vivo15; however, other 

potential effects on the GC reaction, CSR, or antibody specificity were not examined.  We 

inoculated Ampk KO and WT mice with the T cell-dependent antigen, NP-(28)-CGG, and 

analyzed B cells on day 14 post-immunization. We observed no differences in GC formation or 

CSR (Figure 3F), and serum IgG1 levels were similar, between WT and Ampk KO mice, with a 

slight but statistically insignificant difference in total IgM (Figure 3G). Multivalent NP antigen 

enables detection of highly specific antibodies by probing for binding to specific NP molar ratios, 

with fewer NP molecules revealing higher specificity responses. Our data show that both broad 

spectrum and highly specific IgG1 against NP antigen were similar in WT and Ampk KO mice 

(Figure 3G). These results show that Ampk is dispensable for a T cell-dependent humoral immune 
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response, although Ampk may be critical in other contexts, such as T cell-independent, mucosal, 

or antiviral immune responses.  

 

Ampk does not affect glucose or glutamine B cell nutrients. Ampk activation at 24 h may 

impact nutrient choice or routing without affecting B cell differentiation or antibody responses. 

With an established role for Ampk in regulating glucose metabolism and our detection of relevant 

phosphorylated Ampk substrates (Figure 2D), we performed metabolomics profiling with 13C6-

glucose and 13C5-glutamine in resting and anti-CD40 plus IL-4 stimulated WT and Ampk KO B 

cells (Table S2). Principal component analysis (PCA) of total intracellular metabolites revealed 

that the major segmentation was from differences between stimulation time points, and not by 

differences between genotypes within each time point (Figure 4A). We generated correlation 

circle plots by fitting each of the metabolites to 4 vectors based on the observed clustering (Figure 

4B), which indicated metabolites that are known to be changed upon activation, including 

increases in ATP with activation and decreases in the AMP/ATP ratio, consistent with prior results 

(Figure 1C)19. With no significant differences in total metabolites between WT and Ampk KO B 

cells at rest or for any stimulated time point, we next analyzed specific 13C-isotopomer labeling. 

PCA of molecular IDs for isotopomers (Figure 4C, top) derived from the glucose label (left) or 

glutamine label (right) showed similar segmentation to the total metabolites, with the largest 

differences from stimulation time point rather than from genotype. We then assessed whether any 

biologically relevant metabolites were different between WT and Ampk KO at each time point. As 

a discovery tool, we plotted the non-corrected P-values for naïve, resting (middle row) and anti-

CD40 plus IL-4 stimulated (bottom row) B cells labeled with glucose (left) or glutamine (right) 

(Figure 4C). The data failed to identify any biologically relevant differentially produced 

isotopomers (DPIs) linked to known functions of Ampk. These labeling patterns occurred despite 

>90% uptake of labeled glucose or glutamine in each respective experiment for all conditions 

examined (Figure 4D). To further investigate whether there were any DPIs between WT and Ampk 
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KO B cells irrespective of time point, we calculated P-values and could not identify metabolites 

below the corrected false discovery rate of 0.05 (Figure 4E). Because of the phosphorylation of 

Ampk targets related to glycolytic activity (Figure 2D), we considered that some metabolic 

differences may not be discernible at the individual DPI level, and small changes may accumulate 

and reveal deficiencies or surpluses in whole pathways. We therefore performed Metabolite Set 

Variation Analysis (MSVA) utilizing curated KEGG metabolic pathways and again identified 

significant changes occurred only between naïve and stimulated B cells, with no separation by 

genotype (Figure 4F). Together, these results show that Ampk is not modulating metabolism 

during B cell activation, despite known metabolic roles for Ampk and phosphorylation of Ampk 

targets specifically related to glucose metabolism at 24 h (Figure 2D). 

 

Ampk regulates IgD levels but not transcripts controlling B cell fate. Additional canonical 

Ampk substrates identified by IP- MS include Hdac4 and Hdac5, proteins that deacetylate 

histones and thereby regulate gene expression27 (Figure 2D). To assess potential differences in 

steady-state RNA expression, and to investigate potential alternative processes regulated by 

Ampk, we performed RNA-Seq in bulk cultured WT and Ampk KO B cells on days 0 through 5 

using anti-CD40 plus IL-4 stimulation (Table S3). At day 0, there are no PCA plotted statistical 

differences between WT and Ampk KO B cells. However, as B cells differentiate from day 1 

through day 5, Ampk KO B cells cluster separately from their WT counterparts, but follow a similar 

trajectory towards differentiation (Figure 5A). We confirmed reduced Prkaa1 expression in bulk 

Ampk KO B cells, as expected (Figure 5B). To determine whether loss of Ampk conveyed a 

specific gene signature during 5 days of differentiation, we analyzed differentially expressed 

genes (DEGs) for days 0 through 5 of stimulation and identified 168 genes that were either 

consistently increased or decreased each day in Ampk KO compared to WT B cells (Figure 5C). 

Pathway enrichment analysis of these 168 genes did not reveal any pathways related to B cell 

activation or differentiation, with the exception of 5 genes linked to apoptotic signaling in response 
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to endoplasmic reticulum stress (Grina, Atf4, Trib3, Lrrk2, Chac1) (Table S3). Endoplasmic 

reticulum stress has an important role in plasma cell differentiation and antibody secretion28. 

Therefore, we analyzed activation, GC B cell, and antibody-secreting cell (ASC) gene expression 

signatures29 as previously reported in our data set (Figure 3D). Similar to our earlier data, Ampk 

KO and WT B cells activate similarly and increase GC transcripts equally. Expression of ASC 

signature genes were similar between WT and Ampk KO samples (Figure 5D), although Ampk 

KO B cells showed increases in some ASC transcripts, including Prdm1 at days 4 and 5 (Figure 

5D). This finding is consistent with a trend towards an increase in plasmablasts at day 5 (Figure 

3D), and a divergence in the PCA plot of days 4 and 5 WT versus Ampk KO B cells (Figure 5A).  

Because of the potential for increased ASCs in Ampk KO mice, despite similar amounts 

of secreted IgM and IgG1 from in vivo immunizations (Figure 3G), we evaluated the levels of 

immunoglobulin transcripts in WT and Ampk KO B cells. We determined that heavy chain variable 

(Ighv) region expression levels were similar for WT and Ampk KO B cells, although there was an 

increase in some transcripts including Ighv6-3 and Ighv14-3 in Ampk KO B cells (Figure 6A). From 

in vivo immunization data, we also detected a slight but insignificant increase in secreted IgM, so 

we analyzed transcripts for immunoglobulin constant regions to identify potential isotype biases. 

Whereas Ighm transcripts matched our observations in vivo with a minor but insignificant increase 

at day 5 for Ampk KO versus WT B cells, we were surprised to discover that Ighd expression was 

severely repressed in Ampk KO B cells from day 1 stimulation onwards (corrected P-value = 

9.5x10-30 at day 1) (Figure 6B).  IgD is normally co-expressed with IgM on the surface of all mature, 

naïve B cells, and is a relatively understudied antibody class that has potential implications in 

mucosal immune responses30. The expression of IgD is not impacted by activation-induced 

cytidine deaminase (AID) like most isotype switched immunoglobulins but is instead regulated by 

Zfp31831,32. Interestingly, the most robust DEGs at day 3 are Ighd and Zfp318, each of which are 

greater than an order of magnitude repressed than the next most differentially expressed gene 

(Figure 6C). In fact, Zfp318 expression is repressed throughout the stimulated time course in 
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Ampk KO B cells (Figure 6D), coinciding with the drop in Ighd expression (Figure 6B). Further 

supporting the specificity of Ampk loss on Zfp318 regulation of Ighd levels, expression of Aicda, 

encoding AID which regulates CSR, is the same in WT and Ampk KO B cells from days 0-4 and 

increased on day 5 of B cell activation (Figure 6D). To confirm that the loss of Ighd transcripts 

affects IgD protein levels, we analyzed surface expression over 5 days of differentiation by flow 

cytometry, which shows that Ampk KO B cells have decreased IgD expression from days 2 

through 5, particularly evident for the loss of IgD-high B cells (Figure 6E). Given the limited number 

of DEGs, it appears that Ampk exerts highly specific control of IgD during B cell activation, likely 

through regulation of Zfp318 expression. 

 

Pharmacological activation of Ampk. The limited impact scope of Ampk loss on B cell 

physiology seems surprising, so we wondered whether the timing of Ampk activation could 

regulate B cell functions. Therefore, we utilized two pharmacological activators of Ampk, 

phenformin and A-769662, to alter the timing of Ampk activation. Phenformin is a mitochondrial 

electron transport chain complex I inhibitor that activates Ampk by inhibiting ATP production, 

thereby increasing AMP/ATP and ADP/ATP ratios, and is an analogue of the diabetes drug 

metformin, whereas A-769662 is a direct and specific activator of Ampk18. We examined early 

activation of Ampk by treating B cells with each activator at the time of anti-CD40 plus IL-4 

stimulation and observed that both drugs decreased CD86 activation biomarker expression, but 

only phenformin reduced CD69 expression (Figure 7A). Phenformin had a drastic effect on B cell 

differentiation by day 3 with greatly decreased CSR to IgG1 and inhibited differentiation into GC 

B cells (Figure 7B). By contrast, A-769662 had little effect on GC differentiation and only a slight 

defect in CSR (Figure 7B). These results show that electron transport chain activity and ATP 

production per se, and not accelerated Ampk activation, are critical for B cell activation, 

differentiation, and CSR, in agreement with an effect mainly targeting markedly reduced Zfp318 

and Ighd expression levels in stimulated Ampk KO B cells (Figure 6). 
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Because of recent interest in using metformin and phenformin clinically to treat B cell 

malignancies33, we further evaluated the impact of phenformin on B cell function. To determine 

whether the effects of phenformin in vitro replicate in vivo, we immunized mice with NP-(28)-CGG 

to induce a T cell-dependent humoral immune response while delivering phenformin or sucralose 

vehicle in the drinking water (Figure 7C). In vivo results show that 14-day treatment with 

phenformin substantially decreased the percentage of GC B cells in the spleen and reduced the 

percentage of IgG1+ isotype switched B cells (Figure 7D). Interestingly, however, mice on 

phenformin had similar amounts of total IgM and IgG1 in their serum (Figure 7E). There was a 

minor but non-significant defect in the generation of NP8-specific high affinity IgG1 antibody in 

phenformin treated mice, but no effect on broader NP20 IgG1 antibodies (Figure 7F). Overall, 

these findings suggest that phenformin reduces GC formation, but still allows for generation of 

antigen-specific antibody production.  
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DISCUSSION 

Our recent results showing that loss of Lkb1 kinase signaling triggers the B cell GC reaction4,5 

prompted studies of Ampk as a main Lkb1 target kinase during B cell activation. A key role for 

activated Ampk in mammalian cells is to block anabolic processes that consume energy by target 

protein phosphorylation in response to energy stress. To our surprise, B cell activation with rapid 

biomass accumulation and cell proliferation coincides with sustained Ampk activation in the 

absence of energy stress (Figures 1A, 1B). We anticipated the opposite result, that Ampk activity 

would prevent biomass accumulation. Subsequent analysis of Ampk target proteins provides a 

potential explanation for this unexpected result, as major anabolic target proteins including Acc1, 

Tsc2 and Raptor were not identified by IP-MS in activated B cells (Figure 2E). Although unlikely, 

we cannot completely exclude that IP-MS missed these phosphopeptides, and instead favor that 

Ampk target specificity somehow changes during B cell activation. Supporting this idea, we 

identified 363 unique candidate proteins with a phosphorylated Ampk activation motif on day 1 of 

stimulation, suggesting a broader role for Ampk in B cells beyond blocking anabolism that remains 

to be studied (Figure 2B). Of note, the identified target list likely includes false positives, as the 

phosphorylated Ampk substrate motif contains similarities to other kinase motifs, including Akt34. 

However, new Ampk target proteins are still being discovered35 and the target Mff protein was 

only first described in 2016 to regulate mitochondrial morphology36. Additionally, Ampk has less 

well studied roles in mitosis and cytokinesis37, and studies in Ampk KO stem cells showed a role 

for Ampk in regulating lysosomes38. We have yet to discover the potential roles that new candidate 

Ampk target proteins may have in B cell biology. 

To study Ampk during B cell activation in vivo, we made a B cell specific KO of the catalytic 

Ampk alpha subunit, Prkaa1 that achieved >80% deletion efficiency, but did not detect a 

phenotype similar to B cell specific Lkb1 KO mice4. In fact, Lkb1 loss increases CSR and 

decreases plasmablast differentiation, whereas Ampk loss instead decreases CSR and slightly 



61 
 

increases plasmablast differentiation (Figures 3D, 5D). These results suggest that Lkb1 acts 

through substrates other than Ampk to regulate B cell activation and GC formation.  

We were further surprised to find no evidence for Ampk in regulating metabolism in B cells. 

Nutrient uptake and routing was identical in WT and Ampk KO B cells, despite differential 

phosphorylation of target proteins related to glucose metabolism (Figures 2E, 3E, 4). One 

possibility is that Ampk is dispensable for homeostatic nutrient handling but required for metabolic 

adaptations under stressful conditions not examined here. Supporting this idea, studies in T cells 

show that Ampk can regulate glutamine metabolism during glucose deprivation25 and total body 

loss of Ampk makes B and T cells unable to survive ATP synthase inhibition with oligomycin15. 

Recent studies show that GCs in mice are hypoxic microenvironments39 and Ampk has been 

linked to inflammation in hypoxia40. 

Resting and activated Ampk KO B cells express genes and gene profile signatures similar 

to WT B cells, except for two repressed transcripts, Zfp318 and Ighd. This specificity is remarkable 

and replicates the specificity of Zfp318 KO B cells, in which there were only two differentially 

expressed genes, Ighd and Sva, an antigen related to the Vav-Cre recombinase deletion 

construct31. The role(s) of IgD in B cells remains elusive, as IgD is present at very low levels in 

human serum and not at all in rodent serum41, suggesting that IgD expression is not critical for a 

humoral immune response. Because IgM and IgD are co-expressed in immature B cells, IgD has 

been suggested to sequester signaling molecules from IgM to negatively regulate BCR 

signaling42, and IgD may play a similar role in mature B cells. Regardless of the role of IgD, the 

specific regulation of Zfp318 and Ighd by Ampk provides new insight into immunoglobulin gene 

regulation as a non-canonical role for Ampk.  
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MATERIALS AND METHODS 

Mice. C57BL/6J, Prkaa1fl/fl, CD19-Cre, and Rosa26 lox-STOP-lox EYFP mice (JAX: 000664, 014141, 

006785, and 006148) were housed in a specific pathogen-free animal facility at UCLA. All studies were 

on mixed-sex mice between 6 to 16 weeks of age with approval from the UCLA Institutional Animal 

Research Committee. Figures 1, 2, and 7 used WT C57BL/6J mice, and Figures 3, 4, 5 and 6 used B 

cell specific Ampk KO or Ampk WT littermate mice. Genotypes for WT (Prkaa1+/+) and Ampk KO (Prkaa1-

/-) mice were as follows: Prkaa1wt/wt or Prkaa1fl/fl, respectively, with CD19-Cre+/-, and Rosa26-YFP+/+ or +/- 

for experiments requiring YFP (Figures 3 B,C,D, and F) or Rosa26-YFP-/- for experiments without YFP 

tracer (Figures 3E, 3F, 4, 5, and 6). 

 

Stimulation of isolated mouse B cells. Red blood cell-lysed mouse spleen cells were enriched for B 

cells using CD43 negative magnetic selection (Miltenyi). Cells were grown in RPMI1640 supplemented 

with 10% FBS and 50 μM β-mercaptoethanol. B cells were stimulated with 1 μg/ml anti-CD40 mAb (BD 

Pharmingen) and 25 ng/ml IL-4 (R&D Systems). At day 3, anti-CD40 was washed out and cells replated 

in medium containing only IL-4 until day 5. For early Ampk activation, phenformin (Sigma) was 

resuspended in 1x PBS, pH 7.4, and used at 100 µM, and A-769662 (Abbott) was resuspended in DMSO 

and used at 50 µM at the time of stimulation. 

 

Immunoblotting. Cells were lysed in Lysis Buffer containing 50 mM Tris HCl pH 7.4, 100 mM NaCl, 1 

mM EDTA and 1% Triton X-100 supplemented with Protease Inhibitor and Phosphatase Inhibitor 

Cocktails 2 and 3 (Sigma). Extracts were quantified and denatured by boiling with DTT and 10-30 µg 

protein separated by SDS-PAGE and transferred to nitrocellulose before blocking in 5% milk in TBST. 

Membranes were incubated overnight in the indicated antibodies in 5% BSA in TBST. Membranes were 

then incubated in fluorescent secondary antibody and imaged using the Odyssey Fc imaging system (LI-

COR). Primary antibodies included rabbit anti-phospho-Ampk T172 (40H9, 1:1000, Cell Signaling), goat 

anti-Ampkα (C-20, 1:100, SCBT), and mouse anti-β-tubulin (T4026, 1:1000, Sigma). 
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Flow cytometry. Single cell suspensions were incubated with Fc Block (BD Pharmingen) at 1:500 for 15 

min, then washed and stained for 20 min in 50 µl FACS buffer (2% FBS in PBS) on ice in the dark. Data 

were obtained on a BD LSRII or BD Fortessa (BD Biosciences) and analyzed with FlowJo software 

(Treestar). Antibodies included AlexaFluor700-B220, V450-CD86, V450-CD69, V450-IgG1 (BD Horizon), 

PE-B220, PE-CD95/Fas, PE-CD138 (BD Pharmingen), AlexaFluor700-MHCII, eFluorV450-IgD, and 

eFluorV450-GL7 (eBioscience) at 1:200 dilution. Assessments of glucose import used a 2-NBDG 

Glucose Uptake Assay Kit (Biovision) according to the manufacturer’s instructions. 

 

Extracellular metabolite analysis. Glutamine levels in full media and after 24 h of stimulation were 

measured by plating 106 cells/ml in 2 ml, centrifuging to remove cells and debris, and analyzing using a 

BioProfile Basic Analyzer (NOVA Biomedical). 

 

Live cell interferometry. Live cell interferometry (LCI) was used to measure biomass accumulation 

rate20. Cells were plated at 7.5 x 105 cells/ml on Poly-L-Lysine (Sigma) coated μ-Slide 2-Well Ph+ glass 

bottom slides (Ibidi) and imaged every 15 min for 72 h in a custom-built chamber as previously 

described43. LCI was performed on a Zeiss Axio Observer A1 with stage-top incubation system (Zeiss) 

using using a 20x 0.4 NA objective. LCI data were captured with a SID4Bio (Phasics) QWLSI camera44. 

MATLAB (Mathworks) was used to analyze LCI data. Quantitative phase microscopy data was processed 

using SID4Processing (Phasics) to generate phase-shift images compatible with MATLAB. A custom 

MATLAB script was used to track the mass of individual cells as previously described45.   

 

Ampk substrate screen. Ampk substrate peptides in naïve and 24 h stimulated mouse B cells were 

prepared with the PTMScan Phospho-Ampk Substrate Motif Kit (Cell Signaling Technology) according to 

the manufacturer’s instructions. Briefly, isolated spleen B cells were lysed in urea buffer immediately after 

isolation or after 24 h of stimulation with anti-CD40 plus IL-4. Lysates were combined and 10 mg of protein 



64 
 

per condition was digested with LysC (Wako Chem) overnight at room temperature. After C18 purification 

(Waters) and lyophilization for 2 days, peptides were precipitated using immunoaffinity purification (IAP) 

by incubating peptides with antibody-bead slurry for 2 h at 4°C while rotating. After elution and 

concentration, peptides were digested with trypsin (Promega) for 2 h at 37°C before final purification and 

elution in 2% acetonitrile with 0.1% formic acid. This pulldown was performed in two independent 

experiments and subsequently analyzed by duplicate LC-MS/MS runs. Peptides were separated with an 

UltiMate 3000RSLC (Thermo Scientific) on a 15 cm x 75 μm Acclaim Pepmap RSLC 2 um C18 analytical 

column (Thermo Scientific) using a 80 min linear gradient from 3-40% CAN. MS/MS data was acquired 

on a Q Exactive Plus (Thermo Scientific) with a MS1 resolution of 70K and a MS2 resolution of 35K.The 

combined datasets are provided as a supplemental excel file (Table S1). 

 

Immunization and ELISA. Mice were immunized with 50 µg NP-(28)-CGG (Biosearch Technologies) in 

ImJect Alum (Thermo Scientific) via intra-peritoneal injection. Blood was collected at 14 days and 

assayed by ELISA. Serum Ig concentrations were determined using anti-mouse Ig as a capture antibody 

and developed with isotype-specific goat anti-mouse antibodies conjugated to HRP (Southern Biotech). 

Antigen-specific ELISA was performed by coating a plate with NP-(8)- or NP-(20)-BSA and developed 

with an isotype specific goat anti-mouse antibody conjugated to HRP. For immunizations with 

phenformin, mice were given water containing either vehicle (5 mg/ml sucralose, Sigma) or phenformin 

(1.8 mg/ml, Sigma) with vehicle in amber bottles one day before immunization, and water was changed 

twice per week. 

 

Metabolomics. B cells were grown for 24 h in glucose or glutamine free RPMI (Gibco) supplemented 

with 2 g/L [U-13C] glucose or 3 mM [U-13C] glutamine, respectively (Cambridge Isotope Laboratories) and 

non-dialyzed FBS. Metabolites were extracted with cold 80% methanol and measured using Ultra High 

Performance Liquid Chromatography Mass Spectrometry (UHPLC-MS), as previously described19,46,47. 

To extract intracellular metabolites, cells were pelleted by centrifugation (1000 RPM, 4°C) and rinsed with 
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cold 150 mM ammonium acetate (pH 7.3), pelleted again, followed by addition of 1 ml cold 80% MeOH 

in water. To the cell suspensions, 10 nmol D/L-norvaline were added and rigorously mixed followed by 

centrifugation (1.3x104 rpm, 4°C). The supernatant was transferred into a glass vial and pellet was further 

extracted with 200 µl cold 80% MeOH in water. After centrifugation, supernatant was combined, 

metabolites dried down under vacuum, and resuspended in 70% acetonitrile. For the mass spectrometry-

based analysis of the sample, 5 μl were injected onto a Luna NH2 (150 mm x 2 mm, Phenomenex) 

column. The samples were analyzed with an UltiMate 3000RSLC (Thermo Scientific) coupled to a Q 

Exactive mass spectrometer (Thermo Scientific). The Q Exactive was run with polarity switching (+3.50 

kV / -3.50 kV) in full scan mode with an m/z range of 65-975. Separation was achieved using A) 5 mM 

NH4AcO (pH 9.9) and B) ACN. The gradient started at 15% A) going to 90% A) over 18 min, followed by 

an isocratic step for 9 min and reversal to the initial 15% A) for 7 min. Metabolites and isotopomers thereof 

were quantified with TraceFinder 3.3 using accurate mass measurements (≤ 3 ppm) and retention times. 

For isotopologue distribution measurements, data was corrected for naturally occurring 13C as described 

in 48. Fractional contributions were calculated using the formula 𝐹𝐶 =  
∑ 𝑖∗𝑚𝑖

𝑛
0

𝑛 ∑ 𝑚𝑖
𝑛
0

  as described49, where 𝑚𝑖 

denotes the intensity of the isotopologue, and 𝑛 marks the number of carbons in a given metabolite. Data 

were normalized to cell counts. Metabolite relative amounts, isotopomer distribution values, MSVA 

scores, and DPI lists are included in a supplemental excel file (Table S2). 

 

RNA extraction. At least 107 WT and Ampk KO B cells were grown in biological triplicates and RNA 

purified immediately after isolation, or 24 h after anti-CD40 plus IL-4 stimulation using the RNeasy Mini 

Kit (Qiagen) and RNase-free DNase (Qiagen) following the manufacturer’s protocols. All samples showed 

an A260/280 ratio > 1.99. Prior to library preparation, quality control of the RNA was performed using the 

Advanced Analytical Technologies Fragment Analyzer (Advanced Analytical, Inc.) and analyzed using 

PROSize 2.0.0.51 software. RNA Quality Numbers (RQNs) were computed per sample between 8.7 and 

10, indicating intact total RNA per sample prior to library preparation. 
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RNA-seq library preparation. Strand-specific ribosomal RNA (rRNA) depleted RNA-Seq libraries were 

prepared from 1 µg of total RNA using the KAPA Stranded RNA-Seq Kit with Ribo-Erase (Kapa 

Biosystems, Roche). Briefly, rRNA was depleted from total RNA samples, the remaining RNA was heat 

fragmented, and strand-specific cDNA was synthesized using a first strand random priming and second 

strand dUTP incorporation approach. Fragments were then A-tailed, adapters were ligated, and libraries 

were amplified using high-fidelity PCR. All libraries were prepared in technical duplicates per sample and 

resulting raw sequencing reads merged for downstream alignment and analysis. Libraries were paired-

end sequenced at 2x150 bp on an Illumina NovaSeq 6000. 

Lists of transcript/gene-level expression values, KO signature ORA results, and differentiation 

signature GSVA results are included in a supplemental excel file (Table S3).  

 

Data and code availability. All raw RNA-Seq reads, transcript abundance values, and processed gene 

count matrices were submitted to the NCBI Gene Expression Omnibus (GEO) under accession 

GSE121025. All substrate screen phospho-proteomics, metabolomics, and downstream transcriptomics 

datasets have been provided as supplemental material in this study (Tables S1, S2, and S3). All custom 

code used for phospho-proteomic/metabolomic/transcriptomic analyses are available on Atlassian 

BitBucket at http://bitbucket.org/ahsanfasih/AmpkBcell/src/master and detailed descriptions of data 

analysis can be found in the Supplementary Methods.  

 

Statistical analyses. All phospho-proteomics, metabolomics, and transcriptomics statistical analyses 

are described in the above methods. Values represent mean ± S.D. or S.E.M. Data were analyzed with 

Prism 6 (GraphPad) (Figures 1, 3, 4, 7), MATLAB (Mathworks) (Figure 1 E-G) or R (Figures 2, 4, 5, 6). 

Parametric data were analyzed using unpaired two-tailed Student’s t-tests, or 2-way ANOVA with 

Bonferroni correction for multiple comparisons. Transcriptomic volcano and kinetic time course 

expression plots were analyzed using DESeq2 Wald tests with Benjamini-Hochberg FDR correction for 

http://bitbucket.org/ahsanfasih/AmpkBcell/src/master
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multiple comparisons. For all data sets, P ≤ 0.05 was considered significant. *P ≤ 0.05, **P ≤ 0.01, ***P 

≤ 0.001, ****P ≤ 0.0001. 
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FIGURES  

 

Figure 1. Activation of Ampk upon stimulation of B cells is independent of energy stress and 

does not result in lowered biomass accumulation. 

(A) Representative time course western blot for phosphorylated Ampkα (T172), Ampkα, and β-tubulin 

during anti-CD40 plus IL-4 stimulation of B cells. (B) Representative flow cytometry of B220+ B cells 

at 0, 24, 48 and 72 hours post anti-CD40 plus IL-4 stimulation stained with Cell Trace Violet. (C) 

Relative fold change UHPLC- MS metabolomics data for adenine nucleotides from 19 24 hours post 
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stimulation with anti-CD40 plus IL-4  relative to naïve B cells (n = 3). (D) Measurement of extracellular 

glucose and glutamine at 24 hours post stimulation with anti-CD40 plus IL-4 (n = 3). (E) Live cell 

interferometry (LCI) images of anti-CD40 plus IL-4 activated B cells 1, 24, and 48 h post stimulation 

showing significant growth, as confirmed by (F) a significant increase in average cell mass over time, 

binned into 3 h increments. (G) Average specific growth rate, computed as the instantaneous slope 

of mass over time for each cell normalized by cell mass, shows a peak at 24 h, coincident with Ampk 

inactivation (n = 5 independent experiments of at least 200 cells). Data represent mean ± SD (C, D) 

or SEM (F, G). P values determined by 2-way ANOVA with Bonferroni correction for multiple 

comparisons (C) or a paired two-tailed Student’s t-test (D). **P ≤ 0.01. 
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Figure 2. IP-MS screen for Ampk substrates reveals both canonical and non-canonical targets. 

(A) Schematic of sample preparation for IP-MS Ampk substrate screen. Lysates from naïve and 24 h 

stimulated B cells were digested with LysC, and peptides immunoprecipitated with a mixture of 

monoclonal antibodies against the phosphorylated Ampk substrate motif. Peptides were further 

digested with trypsin and run on an LC-ESI-MS/MS before quantification and analysis. (B) Table 

summary of findings from two independent experiments of 10 mice per condition. (C) Phosphorylated 

Ampk substrate motif from CST compared to enriched motif from experimental PTMScan for -7/+7 

amino acids demonstrates enrichment of target sequences after immunoprecipitation. (D) Log2 fold 
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change (FC) values for peptides at 24 h vs naïve B cells from two independent replicates, and Venn 

diagram of represented proteins in each batch (E) Log2FC of canonical Ampk targets from 8 that are 

expressed in naïve and stimulated B cells (TPM value > 1) (n = 2 independent runs of pooled lysates 

from at least 10 mice per timepoint). 
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Figure 3. Ampk deletion does not significantly impair B cell function. 

(A) Strategy for generating B-cell lineage specific knockout of Prkaa1 by crossing CD19-Cre 

recombinase (JAX: 006785) mice with Prkaa1fl/fl (JAX: 014141) mice and Rosa26 lox-STOP-lox YFP 

(JAX: 006148) mouse lines, yielding mice where CD19+ B cells lack the catalytic Ampkα subunit. (B) 

Quantification of Cre-recombinase efficiency by measurement of percentage of B220+ B cells that 

have YFP expression by flow cytometry in WT and Ampk KO B cells (n = 3). (C) Representative 

Western blot for Ampkα and β-tubulin in YFP-sorted CD43 negative splenocytes from Prkaa1-/- mice. 
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(D) Flow cytometry of WT and Ampk KO B cells during activation with anti-CD40L plus IL-4, including 

activation markers (MHCII, CD86, CD69) at 24 h, GC differentiation (GC, %B220+ Fas+ GL7+) and 

CSR (%B220+ IgG1+) at day 3, and plasmablast differentiation (%B220lo CD138+) at day 5 (n = 5 for 

MHCII, CD86, CD69, and PB, n = 6 for GC, and n = 7 for CSR). (E) Representative flow cytometry 

for 2NBDG glucose uptake at day 1, 3, and 5 post stimulation with anti-CD40 plus IL-4, and 

quantification at day 0 through 5 in WT and Ampk KO B cells (n = 3). (F) Total IgM, total IgG1, NP8 

IgG1, NP20 IgG1, and NP8/NP20 IgG1 ratio in serum 14 days after immunization of WT and Ampk 

KO mice with NP-(20)-CGG (n = 4 each WT and KO). Data represent mean ± SD (B, D, E-G). P 

values determined by Student’s t-test (B, D-G), *P ≤ 0.05. 
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Figure 4. Ampk does not control metabolism during B cell stimulation. 

(A) PCA from UHPLC-MS metabolomics analysis of total metabolites isolated from naïve and 

stimulated B cells from WT and Ampk KO mice. (B) K means clustering analysis of variable loading 

plots, indicating the contribution of metabolites to variation across principal components in four groups 

(k = 4). Projection arrow tips indicate Pearson correlation of the listed metabolite. Transparency 

denotes cosine2 value or the strength of metabolite representation. Shown are the top 4 metabolites 

contributing to each cluster.  (C) Principal component analysis and volcano plots of UHPLC-MS 

metabolomics of 13C6-glucose labeled or 13C5-glutamine labeled isotopomers (MID) in naïve and 

stimulated B cells from WT and Ampk KO mice. Plotted are non-corrected P values for KO/WT 

amounts of specific isotopomers (n = 3). (D) Isotopomer distribution of labeled glucose or labeled 

glutamine in naïve or stimulated WT and Ampk KO B cells shows uptake of labeled respective carbon 

source. (E) Quantification of Differentially Produced Isotopomers (DPIs) analyzed both by day and by 

genotype shows no DPIs between genotypes, only between time points for uncorrected or Benjamini-

Hochberg corrected P values < 0.05. (F) Heatmap of significant (Benjamini-Hochberg FDR adjusted 

P value < 0.05) metabolite set variation analysis (MSVA) pathway activity scores across WT and 

Ampk KO naïve and stimulated B cells for curated KEGG metabolic pathways. Data represent the 

mean ± SD (D) of relative metabolite amounts from n = 3 independent experiments. Data from 

separate glucose and glutamine labeling experiments were pooled, and relative amounts analyzed 

for (A, B). P values determined by Student’s t test (C), 2-way ANOVA with Bonferroni correction for 

multiple comparisons (D), or empirical Bayes with Benjamini-Hochberg correction for multiple 

comparisons (F). 
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Figure 5. B cell activation and differentiation expression signatures are maintained despite 

loss of Ampk. 

(A) PCA from bulk RNA sequencing analysis of total RNA isolated from day 0 through day 5 stimulated 

B cells from WT and Ampk KO mice. PC1 and PC2 are shown. (B) Kinetic time course expression 

plot of Prkaa1 during stimulation. (C) Heat map of KO signature gene expression across averaged 

samples. KO signature was generated as the intersection of all KO/WT DEGs at each time point from 

day 1 to day 5 of stimulation (adjusted P value < 0.05, abs(log2FC) > 0.5 at each time point 
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comparison). (D) Heat maps for B cell activation, germinal center, and ASC gene signatures from 29. 

Genes shown were selected as the top 55 differentially expressed from the Shi 2015 signatures 

between WT day 0 and day 2 (activation), WT day 0 and day 3 (GC), and WT day 0 and day 5 (ASC), 

with Prdm1 included post hoc. Pathway scores represent total GSVA enrichment of the respective 

Shi 2015 signatures for each comparison (adjusted P value < 0.05).  Heat map values represent row 

z-score (n = 3 each WT and KO for each time point). Adjusted P values determined by Wald test (B). 

**** P ≤ 0.0001 
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Figure 6. Ampk specifically regulates expression of IgD via downregulation of Zfp318 during 

activation. 

(A) Heat maps for immunoglobulin heavy-chain variable region expression (Ighv) across naïve and 

day 4/day 5 stimulated B cells. Genes were selected based on significant differential expression 

between WT naïve and day 5 stimulation (adjusted P value < 0.05). Values represent row z-score. 



86 
 

(B) Kinetic time course expression plots for immunoglobulin heavy-chain constant region (Igh) 

expression across genotype and stimulation. (C) Volcano plot of differentially expressed genes 

between Ampk KO and WT at day 3 of stimulation. Adjusted P value cutoff represents values < 0.05 

calculated using the Wald test following DESeq2 normalization. (D) Kinetic time course expression 

plot of Zfp318 and Aicda across genotype and stimulation. (E) Representative flow cytometry plot of 

IgD at day 0 through day 5 of stimulation in WT and Ampk KO B cells and quantification (n = 3 each 

WT and Ampk KO). P values were determined by Student’s t-test (E), adjusted P values were 

determined by Wald test (B,D) *P ≤ 0.05, **P ≤ 0.01, **P ≤ 0.001, ***P ≤ 0.0001. 
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Figure 7. Early pharmacological activation of Ampk modifies B cell function both in vitro and 

in vivo. 

(A-B) Representative flow cytometry plots and quantification of activation markers (CD86, CD69) at 

24 hours (A), and germinal center differentiation (GC B Cells, %B220+ Fas+ GL7+) and class switch 

recombination (CSR, %B220+ IgG1+) at day 3 (B) of cells during in vitro activation with anti-CD40 plus 

IL-4 and phenformin (100 µM) or A-769662 (50 µM) (n = 3). (C) Strategy for in vivo assessment of B 

cells responses with Ampk activation. Prior to immunization, mice were given phenformin or vehicle 

(sucralose) in their water. Water was changed 2x/week, and samples collected 14 days post 

immunization with NP-(28)-CGG. (D) Flow cytometry of total splenocytes after immunization. 

Representative plots and quantification of GC differentiation (GC B Cells, B220+ Fas+ GL7+) and CSR 

(B220+ IgG1+) 14 days post-immunization with NP-(28)-CGG (n = 4). (E) Anti-NP8 and anti-NP32 

IgG1 serum response and NP8/NP32 IgG1 ratio by ELISA 14 days after immunization with NP-(28)-

CGG (n = 4). Data represent mean ±SD. P values determined by 2-way ANOVA with Bonferroni 

correction for multiple comparisons (A, B), or Student’s t-test (D, E), *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 

0.001, ****P ≤ 0.0001. 
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SUPPLEMENTAL FILES 

Table S1. List of phosphopeptides from IP-MS screen of Ampk substrate motif in naïve and anti-

CD40 plus IL-4 stimulated B cells. Related to Figure 2.  

Waters et al Ampk 

B Cells Sci Rep Table S1.xlsx
 

 

Table S2. List of relative metabolite amounts, and isotopomer distribution results from Prkaa1-/- and 

WT naïve and stimulated B cells with 13C6-glucose or 13C5-glutamine labeling. Related to Figure 4. 

Waters et al Ampk 

B Cells Sci Rep Table S2.xlsx
 

 

Table S3. List of transcript/gene-level expression values, GO term overrepresentation results, and 

signature differentiation pathway scores from RNA-Seq datasets for WT and Ampk KO B cells over 

5 days of differentiation under GEO: GSE121025. Related to Figure 5 and 6. 

Waters et al Ampk 

B Cells Sci Rep Table S3.xlsx
 

 

Supplementary Methods. Data analysis for phosphoproteomics, metabolomics, and RNA 

sequencing. Related to Figures 2, 4, 5, and 6. 
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SUPPLEMENTARY METHODS  

Phosphoproteomics data analysis. Raw data files were processed with Proteome Discoverer 1.4 

(Thermo Scientific) using the SwissProt mouse proteome (downloaded 10/2016) and the following 

parameters: precursor mass tolerance of 10 ppm, fragment mass tolerance of 0.02 Da; max 2 missed 

cleavages; min 6 aa peptide length; static modification: carbamidomethyl on C; dynamic modifications: 

Ox of M, phospho on STY; decoy database search with target FDR of 0.01. PhosphoRS3.0 was used to 

determine phosphosite probability. Quantification was done using Skyline1 (MacCoss Lab Software). 

Using Excel and R, both datasets were combined, Log2FC of the Total Area intensities calculated, and 

maximum PhosphoRS scores added from PD1.4. Motif analysis was done with the Berkeley WebLogo 

Motif Analysis Generator2 with sequences -7/+7 from the identified phosphopeptides. Log2FC heatmap 

of the two pulldowns was generated by sorting sumFC/sqrt(n). For canonical substrates, peak boundaries 

were manually validated and Log2FC values were plotted for Ampk substrates listed before 3, in which a 

RNA expression TPM value > 1 at day 0 and day 1 occurred (Supplemental Table 3). Heat maps were 

plotted using R package pheatmap v. 1.0.8. The combined datasets are provided as a supplemental 

excel file (Table S1). 

 

Metabolomics data analysis. Data analysis, including principal components analysis (PCA) and 

clustering, was performed using the statistical language R v3.4.4 and Bioconductor v3.6.0 packages. 

Metabolite abundance was normalized per µg of protein content per metabolite extraction, and 

metabolites not detected were set to zero. Metabolite normalized amounts were scaled and centered into 

Z-scores for relative comparison using R base function scale() with parameters “scale = TRUE, center = 

TRUE”. Volcano plots were prepared using R package ggplot2 v. 2.2.1; adjusted P values were calculated 

using R base functions t.test() and p.adjust() with parameter “method = ‘BH’” using corrected isotopomer 

distribution (MID) values. 
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PCA was performed using R packages FactoMineR v1.34 and factoextra v1.0.5. Normalized 

metabolite amounts were standardized using a log2(normalized amounts + 1) transformation, and PC 

scores computed with function PCA() using parameters “scale.unit = TRUE, ncp = 10, graph = FALSE”. 

PCA individual score plots were displayed using function fviz_pca(). PCA variable loadings plots were 

generated using function fviz_pca_var(), extracting metabolite scores for contributions to the top ten 

principal components, strength of representation on the factor map (cosine2) and variable coordinates 

indicating Pearson correlation coefficient r of each metabolite to the top ten principal components. For 

whole relative amounts PCA, variable loadings were classified into k=4 separate clusters using k-means 

clustering in function kmeans() using parameters “set.seed(123), centers = 4 , nstart 25”. K-means 

clustering of glutamine and glucose MID tracing variable loadings were perform using k=2 clusters with 

parameters “set.seed(123), centers = 2, nstart = 25”. 

Pathway-level relative amounts metabolite set variation analysis (MSVA) was performed 

using R Bioconductor package GSVA v1.26.04. Metabolite normalized relative abundances were 

standardized using a log2(normalized amounts + 1) transformation, and metabolites per sample were 

converted to a pathways per sample matrix using function gsva() with parameters “method = gsva, rnaseq 

= FALSE, abs.ranking = FALSE, min.sz = 5, max.sz = 500”. GSVA pathway enrichment scores were then 

extracted and significance testing between conditions was calculated using R Bioconductor package 

limma v3.34.9, fitting a linear model to each metabolite and assessing differences in normalized 

abundance using an empirical Bayes moderated F-statistic with an adjusted P value threshold of 0.05, 

using the Benjamini-Hochberg false discovery rate of 0.055,6. Pathway metabolite sets were constructed 

using the KEGG Compound Database and derived from the existing Metabolite Pathway Enrichment 

Analysis (MPEA) toolbox 7,8. Assessment of differentially produced isotopomers (DPI) was calculated 

between time point (D1/D0, all samples) or genotype (KO/WT, all samples), using R base function t.test, 

and corrected for multiple testing using p.adjust() with parameter “method = ‘BH’”. DPIs were threshold 

at P < 0.05 or adjusted P < 0.05. 
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Metabolite relative amounts, isotopomer distribution values, MSVA scores, and DPI lists are 

included in a supplemental excel file (Table S2). 

 

RNA-Seq data processing. Raw sequencing runs were filtered for low quality reads and adapter 

contamination using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc), SeqTK 

(https://github.com/lh3/seqtk), and Cutadapt9. rRNA contaminants carried over from the rRNA-depletion 

library preparation were filtered and removed using BBDuk from the BBTools (v. 38.08) suite 

(https://jgi.doe.gov/data-and-tools/bbtools/), comparing reads to rRNA species located in the SILVA 

rRNA database10. Filtered reads were quantified and quasi-mapped to the Mus musculus Gencode M17 

(GRCm38.p6) reference transcriptome using the alignment-free transcript level quantifier Salmon 

v.0.9.111-13. The resulting estimated transcript counts were summarized into normalized gene level 

transcripts per million (TPM) and estimated count matrices using R (v. 3.4.0) Bioconductor (v. 3.5) 

package tximport (v. 1.4)14.  

The resulting sample gene count matrix was normalized and analyzed for differential gene 

expression using R (v. 3.4.0) Bioconductor (v. 3.5) package DESeq2 v1.16.015,16. Significance testing 

was performed using the Wald test, testing for the significance of deviance in a full design “Batch + 

Genotype-Stimulation”, modeling the genotype effect at each stimulated and unstimulated timepoint while 

accounting for batch variance between matched stimulation replicates. Resulting P values were adjusted 

for multiple testing using the Benjamini-Hochberg procedure5. DEGs were filtered using an adjusted false 

discovery rate (FDR) P value < 0.05 and an absolute log2(Fold Change) > 0.5 in either the stimulated or 

unstimulated paired conditions. KO signatures were prepared by intersecting the list of all DEGs at each 

timepoint between day 1 to day 5 stimulation. GO term over-representation analysis (ORA) was 

performed for the KO signature using R package clusterProfiler v. 3.6.0 using default parameters and the 

organism database org.Mm.eg.db v. 3.5.0 in function enrichGO()17.  

Volcano plots were made with ggplot2 as described above, using the DESeq2 output adjusted 

P values and log2-fold changes per KO/WT comparison at each timepoint. Time course kinetic plots were 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc
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made using ggplot2 with DESeq2 size factor normalized counts using function plotCounts(). Gene 

expression heat maps were prepared using pheatmap() with row Z-scores calculated as the variance 

stabilized transform (VST) subtracted by the row mean. PCA was plotted using VST values with function 

plotPCA() with parameter “ntop = 100000”. GSVA on B cell differentiation signatures were performed 

similarly to metabolomics data as noted above. Pathway-level signature gene set enrichment analysis 

was performed using R Bioconductor package GSVA v1.26.0 function gsva() with parameters “method = 

gsva, rnaseq = FALSE, abs.ranking = FALSE, min.sz = 5, max.sz = 500” using a log2(TPM + 1) 

transformed gene expression matrix4. GSVA pathway enrichment scores per sample were extracted and 

assessed for significance using R Bioconductor package limma v3.34.9, as described above except with 

a Benjamini-Hochberg adjusted P value threshold = 0.01. Differentiation signature gene sets was 

obtained for 24 h anti-CD40 plus IL4 activated B cells18,19, GC B cells19,20, and ASCs19,20. The top 55 

genes for each signature were selected by adjusted P value ranks between WT day 0 - WT day 2 

(activation), WT day 0 - WT day 3 (GC), and WT day 0 – WT day 5 (ASC).   

Lists of transcript/gene-level expression values, KO signature ORA results, and differentiation 

signature GSVA results are included in a supplemental excel file (Table S3).  
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CHAPTER 5: 

Initial B cell activation induces metabolic reprogramming and mitochondrial remodeling 
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Table S1. Comparison of key metabolic studies related to B cell activation. Related to Figures 1, 

2, 4 and 5, Figures S2, S3, and S4, and Table S2. 

20180622 Waters et 

al 2018 iScience Table S1.xlsx
 

 

Table S2. List of relative metabolite amounts and isotopomer distribution results from naïve and 

stimulated B cells with 13C6-glucose labeling. Related to Figures 1, 2, 3 and S3. 

20180622 Waters et 

al 2018 iScience Table S2.xlsx
 

 

Table S3. List of GSEA results, gene sets tested, and transcript/gene-level expression values 

analyzed from RNA-Seq datasets under GEO: GSE77744. Related to Figures 1-5, Figures S2-

S4, and Table S2. 

20180622 Waters et 

al 2018 iScience Table S3.xlsx
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CHAPTER 6: 

Conclusions 
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Despite the key role of B cells in adaptive immunity and antigen recognition responses, 

there are many signaling pathways that drive B cell function that remain understudied. Less than 

8 years ago, our lab published a signaling pathway that had not previously been implicated in B 

cell biology yet was critical for differentiation of plasma cells after activation (Sherman et al., 

2010). Our lab showed that DNA double strand breaks induced by class switch recombination 

signal through ATM, LKB1, and CRTC2 to regulate gene signatures related to plasma cell 

differentiation. While DNA damage has been extensively studied in B cells, LKB1 remained 

undefined as to its role in B cell function. 

We hypothesized that loss of LKB1 would recapitulate loss of plasma cells seen in our 

previous studies and generated a B-cell specific knockout of LKB1 using a CD19-Cre driver and 

a LKB1 floxxed mouse system. Surprisingly, however, we found that mice with LKB1-deficient B 

cells (BKO mice) spontaneously generated germinal centers in the absence of antigen. We found 

that B cell numbers remained consistent between WT and BKO mice, however, BKO mice had 

higher T cell counts, as well as increased activation of T cells. Further investigation found that B 

cell intrinsic deletion of LKB1 led to increased NFκB activation, and increased expression of IL-6. 

IL-6 secretion from B cells then drove differentiation of T cells to T follicular helper cells, a critical 

cell type for germinal center formation. Combined, the activation of NF-κB in B cells and the 

increased T follicular helper cell differentiation contributed to the spontaneous generation of 

germinal centers observed in our mouse model (Walsh et al., 2015).  

This surprising result implicated LKB1 at the beginning of the germinal center reaction to 

inhibit activation, as loss of LKB1 drives improper B cell activity. This suggested to us that LKB1 

must be regulated in normal B cells to inhibit improper activation. Indeed, we were able to link B 

cell receptor signaling to regulation of LKB1 through the activation of ERK, which resulted in the 

phosphorylation of LKB1 at Ser431, a residue associated with LKB1 inhibition (Walsh et al., 2015). 

We hypothesize that BCR engagement and recognition of antigen results in phosphorylation and 

inhibition of LKB1, allowing for NF-κB activity and expression of IL-6 to drive a germinal center 
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response. Then, DNA damage upon recombination of immunoglobulin genes reactivates LKB1 

through ATM to allow for differentiation into a plasma cell (Waters et al., 2015).  

This surprising role of a ubiquitously expressed protein in a specific immunological context 

that had not previously been observed led us to further examine this pathway. LKB1 

phosphorylates 14 different AMPK family member proteins, the best studied being the namesake, 

AMPK. Previous studies of AMPK in B cells were limited, although previous work in T cells 

suggested that AMPK could be activated upon immune stimulation (Tamas et al., 2006). We found 

that AMPK was activated in B cells upon stimulation, however, AMPK was not performing any of 

its canonical functions. While AMPK normally restores energy balance in times of low ATP by 

inhibiting biomass synthesis, B cells did not have low ATP levels, and continued accumulating 

biomass during times of AMPK activity.  

 A screen for phosphorylated AMPK substrates revealed a lack of canonical substrates 

that regulate biomass synthesis, but enrichment of some canonical AMPK substrates involved in 

glucose metabolism and gene regulation. Interestingly, however, B cell specific knockout of AMPK 

had little effect on B cells – either metabolically or transcriptionally. Metabolomics of labeled 

glucose and glutamine showed only minor differences in carbon handling, and RNA-Sequencing 

showed that loss of AMPK had little effect on gene expression. Activation of AMPK knockout B 

cells had no differences in standard B cell readouts either in vivo or ex vivo.  

One potential pitfall to our AMPK studies may be the specific stimulation conditions we 

employed. Studies in T cells have shown that loss of AMPK has little effect in naïve cells unless 

T cells are deprived of glucose (Blagih et al., 2015). Our preliminary studies in glucose and 

glutamine-free media, as well as under hypoxic conditions, did not reveal any defects in B cell 

activation or differentiation in vitro (data not shown), however there may be additional 

environmental or metabolic perturbations required to ascertain the requirements of AMPK in B 

cells. Additional studies have shown that AMPK is required late in the T cell differentiation timeline  
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for T memory cell formation (Araki and Ahmed, 2013), and while we do not see any effects on 

terminal B cell fates like plasma cell differentiation or antibody production, it is possible that AMPK 

may play a role in B memory formation or recall responses.  

Another potential limitation of our studies is their two-dimensional nature. In vivo, B cells 

are packed into follicles in the spleen that facilitate cell surface contact with neighboring cells and 

migration. In vitro, cells aggregate during the course of a 5-day differentiation (Bjorck and Paulie, 

1993), however, initial activation and plating occur in a single-cell suspension. Activation of AMPK 

has recently been linked to mechanotransduction in epithelial cells through E-cadherin and LKB1 

(Bays et al., 2017). Additionally, integrins have also been linked to activation of NFκB in B cells in 

vivo (Raso et al., 2018), further supporting the link between physical forces and cellular activation-

related signaling in B cells. It is possible that AMPK signaling is activated in response to physical 

stimuli resulting from cellular aggregation at 24 hours, and thus the role of AMPK may be elusive 

in vitro and in vivo without considerations for three-dimensional cellular interactions.  

An additional layer of complexity comes from the use of soluble ligands to activate B cells, 

which removes directionality and polarity from canonical T-dependent B cell activation that 

generates an immune synapse at the plane of interaction between the two cell types (Dustin and 

Baldari, 2017). Formation of this synapse relies on polarity cues to increase membrane contact 

and reorganize surface proteins in a directional manner (Angus and Griffiths, 2013). Given the tie 

between LKB1 targets and polarity, it is possible that AMPK phenotypes may rely on directional 

interactions between B cells and T cells/dendritic cells to elucidate a role for AMPK. 

Given the striking phenotype of LKB1 knockout, the lack of phenotype upon AMPK loss is 

surprising. Many of the conclusions in both Sherman et al. (2010) and Walsh et al. (2015) were 

developed on the assumption that LKB1 signaled through AMPK to inactivate CRTC2 or inhibit 

NF-κB, however, loss of AMPK neither prevents plasma cell differentiation nor induces 

spontaneous germinal center activation. This finding leaves open the question of what LKB1 
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substrates are driving the IL-6 dependent germinal center phenotype and the plasma cell 

phenotypes. Salt Inducibe Kinase 2 (SIK2) and Microtubule Affinity Regulating Kinase 2 (MARK2) 

are LKB1 targets, and have also been shown to phosphorylated CRTC2 (Altarejos and Montminy, 

2011), which may drive phosphorylation of CRTC2 and nuclear export instead, accounting for the 

plasma cell phenotype. Downstream effectors of LKB1 that may drive the activation phenotype 

are more elusive however. Few other models of spontaneous germinal center formation exist, 

however loss of the Wiscott-Aldrich Syndrome protein (WASp) is linked to spontaneous germinal 

centers through regulation of the actin cytoskeleton and formation of the immune synapse 

(Domeier et al., 2017; Liu et al., 2013). The actin cytoskeleton is known to both positively and 

negatively regulate B cell activation. The exact mechanisms for negative regulation are unclear, 

but could include modulation of membrane rigidity required for contraction of the supramolecular 

signaling complexes (Song et al., 2013). LKB1 has also been linked to regulation of the actin 

cytoskeleton, interestingly independently of its kinase activity (Xu et al., 2010). It is possible then 

that loss of LKB1 drives spontaneous germinal center formation through improper regulation actin 

polymerization, similar to loss of WASp, to generate the spontaneous activation phenotype we 

observe. 

Given the known roles of LKB1 in regulating polarity molecules, including MARKs, BRSK 

and NUAK proteins (Shackelford and Shaw, 2009), one must also consider how these substrates 

may act to generate spontaneous germinal centers. Establishment of cellular polarity is required 

for asymmetric cell division (Neumuller and Knoblich, 2009), which has been observed in germinal 

center B cells (Barnett et al., 2012). While it is unclear the fate decisions of each daughter cell in 

asymmetric germinal center B cell division, in stem cells, one daughter cell acquires factors that 

allow differentiation, while the other retains the ability to self-renew (Knoblich, 2008). In T cells, 

which also undergo asymmetric cell division, one daughter retains inflammatory effector function, 

and the other daughter cell can differentiate into a memory phenotype (Arsenio et al., 2015). 
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Asymmetric germinal center B cell division may give rise to daughter cells with similar divergent 

functions: one that can continue to proliferate and divide, and one that can differentiate and exit 

the germinal center reaction. If LKB1 loss interferes with asymmetric division or preferentially 

drives one daughter fate over another, potentially the balance of GC entry and exit could be 

skewed, extending B cell responses past their normal resolution. Support for this hypothesis 

comes from studies of aPKC, which has been critically linked to asymmetric cell division (Metz et 

al., 2015), and is also known to interact with the LKB1 substrate PAR3, which is required for B 

cell activation (Reversat et al., 2015). This provides a potential link between LKB1 and asymmetric 

cell division, whereby activation of LKB1 may be required for the interaction of PAR3 and aPKC 

to allow for asymmetric cell division. Much more information is needed to first understand the role 

of asymmetric cell division in germinal center fate, as well as the role of LKB1 in that fate. 

While loss of AMPK failed to phenocopy LKB1 knockouts, we still observe activation of 

AMPK during B cell stimulation. Activation of AMPK in B cells occurs in an energy-independent 

fashion, as B cells increase their ATP levels at the timepoints when AMPK is activated. This 

leaves an open question as to how AMPK can be activated in these B cells. While LKB1 is the 

major upstream kinase for AMPK, AMPK can also be phosphorylated by CAMKK2 and TAK1 

(Carling et al., 2008; Neumann, 2018). Calcium-dependent activation of AMPK by CAMKK2 can 

occur even without energetic stress (Fogarty et al., 2010), and calcium signaling is a critical 

component of B cell activation (Baba and Kurosaki, 2016), thus activation of AMPK may be 

regulated by CAMKK2 in the absence of increasing AMP:ATP and ADP:ATP ratios in our system. 

Activation of AMPK by TAK1 is less well studied, and only occurs in specific contexts in response 

to particular ligands like TRAIL (Herrero-Martin et al., 2009) or RANKL (Lee et al., 2010). These 

contexts, however, do not inherently induce energetic stress, so perhaps activation of AMPK in B 

cells occurs in a TAK1-dependent manner in response to an as-yet-undefined stimuli.  
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Recently, there has been increased interest in the use of AMPK as a therapeutic target in 

cancer (Li et al., 2015). In 2005 it was observed that diabetic patients on the AMPK-activating 

drug metformin had a lower incidence of cancer (Evans et al., 2005). However, AMPK has been 

implicated as a contextual oncogene, whereby in some cancers, increased AMPK activation may 

confer a survival advantage to tumors by promoting survival under stress conditions (Liang and 

Mills, 2013). However, it is unknown whether B cell lymphomas would be a context in which AMPK 

is pro- or anti-tumorigenic. Loss of AMPK accelerates lymphomagenesis in mouse models with a 

Myc-driver by augmenting glycolysis (Faubert et al., 2013), and in leukemia initiating cells (LICs) 

AMPK deletion slows leukemogenesis through similar mechanisms (Saito et al., 2015). Thus, 

activation of AMPK by metformin would likely stall lymphomagenesis in a similar model by 

preventing biosynthetic processes required for proliferation. Our studies also suggest that 

metformin would have little effect on normal B cell immune function, allowing for potentially 

selective targeting of tumorigenic B cells while preserving normal B cell counterparts. 

Given the inherent tie between AMPK and metabolism, and the dearth of information on 

metabolic events that occur during B cell activation, we sought to describe at a broad -omics level 

the metabolic changes that occur during initial B cell activation. Utilizing LC-MS/MS metabolomics 

and glucose isotopomer tracing, we were able to show that, contrary to assumptions in the field, 

increases in glucose uptake were not directed towards glycolysis and lactate secretion, but 

instead towards nucleotide biosynthesis. Additionally, utilizing publicly available RNA-Sequencing 

data (Wöhner et al., 2016), we showed that the largest transcriptionally regulated metabolic 

change was an increase in TCA cycle and OXPHOS enzymes, which was accompanied by an 

increase in oxygen consumption, however, this was not fueled by glucose, but likely instead by 

glutamine (Waters et al., 2018).  

Upregulation of oxidative phosphorylation was accompanied by major remodeling of the 

mitochondrial structure. Utilizing cell-permeable dyes and live-cell confocal microscopy, we were 
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able to show that naïve B cells possess only few, elongated mitochondria with multiple nucleoids 

per mitochondria. This elongated mitochondrial shape is associated with an efficient use of 

oxidative phosphorylation (Galloway et al., 2012), and is concordant with the idea that quiescent 

cells “sip” nutrients from their environment, utilizing only those necessary to maintain cellular 

function (Valcourt et al., 2012). Upon activation, however, B cells completely remodel their 

mitochondria to round, punctate structures containing only a single nucleoid. This mitochondrial 

morphology is often associated with cellular stress or death as well as lower oxygen consumption 

rates (Galloway et al., 2012), however we observe large increases in oxygen consumption, and 

relative amounts of metabolites from the TCA cycle. We propose that “inefficient” OXPHOS and 

punctate mitochondrial structure allows for additional mitochondrial functions important for 

proliferation and differentiation, for example one-carbon metabolism, as seen in stimulated T cells 

(Ron-Harel et al., 2016). Further experiments are needed to determine the biological importance 

of this mitochondrial remodeling.  

Studies on mitochondria in T cells may inform potential roles in B cells. For example, 

mitochondria in T cells generate reactive oxygen species (ROS) that are critical for proper 

activation (Kaminski et al., 2010). They also localize to immune synapses to fuel ATP generation 

required for actin polymerization and remodeling of the membrane as the T cell interacts with an 

APC (Baixauli et al., 2011). Mitochondrial function at the immune synapse also require active 

fusion and fission (Quintana et al., 2011), and thus B cell mitochondrial remodeling may be 

involved in similar functions. 

Another crucial finding from our studies of B cell metabolism was that B cells do not rely 

on glucose for survival, proliferation, or differentiation. The state of the literature to this point has 

pointed to a critical role for glucose uptake and glycolysis during B cell activation (reviewed in 

Table S1, Waters et al., 2018). Additionally, many studies concluded that B cells increase 

glycolysis and lactate secretion upon activation, however, this data was often extrapolated from 
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increased media acidification and increased glucose uptake, but not direct lactate measurement. 

Our findings show that increased glucose uptake is diverted from glycolysis to other biosynthetic 

pathways, and that very little labeled glucose is incorporated into cellular lactate. Our findings 

highlight a key weakness in the field of metabolic study, and it will be important moving forward 

to critically review conclusions from prior literature relating to glucose utilization in B cells.  

The studies covered in this dissertation highlight unexpected roles for a protein new to the 

field of B cell biology, LKB1, and then further, the unexpected lack of importance for the major 

downstream target, AMPK. Additionally, these studies highlight how little is known about B cell 

metabolism, despite their spectacular ability to rapidly replicate their biomass. Many studies of B 

lymphocytes center around a handful of critical, canonical proteins, including BCL6, BLIMP1, and 

PAX5 (Basso and Dalla-Favera, 2010; Medvedovic et al., 2011; Tellier et al., 2016), or rely on 

extrapolation from similar studies in T lymphocytes despite their inherently distinct functions. The 

studies in this dissertation therefore stand as a reminder that much is left to be learned from these 

small cells, and that possibilities to harness or hamper their potential are still waiting to be 

discovered.  
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