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ABSTRACT 
 

Upon cognate antigen encounter, naïve (antigen-inexperienced) B cells activate shifting 

from a state of quiescence to rapid clonal expansion and differentiation into germinal center (GC) 

B cells, antibody-secreting plasma cells (PCs), and memory B cells. During activation, B cell 

receptor (BCR) editing, in the form of somatic hypermutation (SHM) and class switch 

recombination (CSR), is initiated resulting in the production of high affinity and class diverse 

antibodies. Most lymphomas are of B cell origin, and specifically, of activated GC-derived B cells. 

In addition, normal aging leads to disruption of B cell activation and function, along with increased 

risk for B cell malignancy. A full understanding of the mechanistic causes of B cell aging and 

lymphomagenesis is lacking. Here, we study the roles of the proteins retinoic acid receptor 

responder 1 (RARRES1) and sirtuins (SIRTs) 1 and 2 in the process of B cell activation, 

differentiation, and homeostasis.  

RARRES1 is among the most commonly methylated loci in multiple cancers. RARRES1 

regulates mitochondrial and fatty acid metabolism, stem cell differentiation, and survival of 

immortalized cell lines in vitro. Here, we created constitutive RARRES1 knockout (RARRES1-/-) 

mouse models to study RARRES1 function in vivo, and show that RARRES1 loss leads to a dose-

dependent incidence of follicular lymphoma (FL). Prior to lymphoma formation RARRES1-/- B 

cells have compromised activation, maturation, differentiation into antibody-secreting plasma 

cells, and cell cycle progression. RARRES1 ablation increased B cell survival and led to activation 

of the unfolded protein response (UPR) and heat shock response (HSR). These findings reveal that 
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RARRES1 is a bona fide tumor suppressor in vivo, promotes cell survival, and reduces B cell 

differentiation.  

SIRTs are a family of conserved NAD+-dependent deacetylases that regulate gene 

expression, cell cycle progression, differentiation, and cell survival. Here, we show SIRT1 and 

SIRT2 help regulate GC maturation, CSR, and PC differentiation of B cells. In addition, we 

observe that SIRT2 is necessary for B cell adaptation to oxidative, genotoxic, and metabolic stress. 

As SIRTs are implicated in aging such knowledge of SIRTs in B cells may uncover potential 

therapeutic avenues for rejuvenation and lymphomagenesis prevention of aged B cells. 
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CHAPTER I: INTRODUCTION 
 

1.1 B Cell Introduction 

Adaptive immunity provides specific and persistent protection against pathogen exposure. 

The adaptive immune system is organized into two interdependent arms: the cell-mediated and the 

antibody-mediated.1,2 The cell-mediated arm, executed by T cells, recognizes and destroys 

pathogen infected host cells. On the other hand, B cells secrete antibodies that neutralize 

extracellular pathogens and toxins in the blood and interstitial spaces throughout the body. The 

specificity of the adaptive immune system is conferred by antigen-specific T cell receptors and 

antibodies.3,4 The persistence is derived from immunological memory encoded in the production 

of antigen-specific long-lived T and B cells that can be reactivated upon secondary encounter with 

the antigen.5–7 

B cell biology originated with the discovery, over a century ago, of antibodies that 

conferred immunity against diphtheria and tetanus.8 Cells derived from the chicken organ bursa of 

Fabricus, thereafter named B cells, where identified as possessing antibody production ability.9 

Mammalian equivalents of B cells were identified and further characterized giving rise to the 

current knowledge of B cell function and humoral immunity.10 B cells are responsible for antibody 

production, generation of immunological memory, antigen presentation, and production of 

cytokines that regulate immune system homeostasis.11 Beyond their role in humoral immunity, the 

exacting specificity of antibodies for cognate antigens has been leveraged into applications in 

experimental science and clinical medicine.12–14 In particular, the use of monoclonal antibody 

therapy has revolutionized treatment of autoimmune diseases and cancers.15,16 
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1.2 B Cell Activation 

Upon cognate antigen encounter, naïve (antigen-inexperienced) B cells, within secondary 

lymphoid organs such as spleen and lymph nodes, activate and shift from a state of quiescence to 

rapid proliferation and differentiation into antibody secreting plasma cells (PCs) and memory B 

cells.17–19 B cell activation mounts a robust, specific, and long-lasting humoral immune response. 

Dysfunction in the process can result in malignancy, autoimmune disease, or immunodeficiency. 

Most lymphomas are of B cell origin, and specifically, of activated B cell origin.20 Autoimmune 

diseases are the result of naïve B cell clones that have been activated and expanded by self-antigens 

resulting in auto-antibody mediated tissue destruction.21,22 Immunodeficiency, such as primary 

hyper-IgM syndrome, can result from the inability of B cells to fully activate leading to insufficient 

antibody production to fend off life-threatening infection.23  

B cell activation occurs in response to antigen exposure from pathogens, vaccines, or, in 

pathological circumstances, self-antigens (autoimmune disease or cancer) and environmental 

antigens (allergies). Depending on the nature of the antigen, B cells activate in either a T cell-

independent (TI) or T cell-dependent (TD) manner. B cell activation leads to clonal expansion, 

and differentiation into antibody producing short-lived PCs (SLPCs) and long-lived PCs (LLPCs), 

and memory B cells.7,24,25 

TI activation is initiated mainly by non-protein antigens, such as lipids, nucleic acids and 

polysaccharides, that can either activate toll-like receptors (TLR) or extensively cross-link B cell 

receptors (BCRs). For the most part, activation induced by TI antigens leads to rapid expansion 

and differentiation into SLPCs though LLPCs and memory B cells can be produced.26 Little class 

switch recombination (CSR) and somatic hypermutation (SHM) occur during TI activation, thus 

mostly IgM antibody of weak affinity for antigen is produced.  
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TD activation is initiated by protein antigens that activate the BCR and requires additional 

signaling from T cells in the form of CD40 ligand (CD40L; which binds CD40 on B cells), and 

cytokines such as IL-4. Unlike TI activation, TD activation leads to the formation of germinal 

centers (GCs)17,27, which are specialized microenvironments that stimulate clonal expansion, CSR 

and affinity maturation via SHM. CSR enables the production of different antibody isotypes (IgG, 

IgA, IgE), aside from IgM, that have different functional abilities within the immune system.28 

Affinity maturation occurs when SMH places random mutations within the variable domains of 

the immunoglobulin gene to increase antibody affinity. The enzyme activation induced deaminase 

(AID) is responsible for both SHM and CSR through its ability to deaminate cytosine bases to 

uracil resulting in improper base paring and permanent DNA mutation.29  

Ultimately, the GC reaction results in differentiation of B cells into SLPCs and LLPCs that 

produce diverse high affinity antibodies of different classes, and memory B cells. LLPCs will 

home to the bone marrow, which provides a microenvironment for indefinite survival and antibody 

production even in the absence of antigen. Memory B cells persist indefinitely and surveil the body 

for antigen re-exposure. Immunological memory, a hallmark of the adaptive immune response, 

results from the survival of antigen-experienced LLPCs and memory B cells. 

 

1.3 Metabolic Reprogramming 

Antigen and costimulatory signaling are necessary, but not sufficient for B cell activation. 

Since the process of B cell activation results in cell cycle entry, proliferation (clonal expansion), 

and differentiation, the supply of energy and biosynthetic building blocks must meet the demand.30 

Thus, both anabolic and catabolic metabolic capacity ramp up to prevent B cell activation blockage 

due to energy exhaustion and incapacity for biosynthesis.  
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Activated B cells exhibit a similar phenotype to rapidly proliferating cancer cells. Cancer 

cells reprogram all levels of metabolism to satisfy energy production and build biomass.31–34 First, 

cancer cells increase nutrient uptake. In particular, glucose and glutamine uptake increase. Second, 

metabolic pathways are actively upregulated or downregulated in order to use nutrients and 

metabolites as efficiently as possible. Commonly, nutrients are funneled into glycolysis, pentose 

phosphate (PPP), and tricarboxylic acid (TCA) cycle for biosynthesis and nicotinamide adenine 

dinucleotide phosphate (NADPH) production. Third, intermediate metabolites can influence 

cellular fate by regulating global protein post-translational modifications (PTMs) and epigenetics, 

a phenomenon known as metabolite signaling.35,36 For example, change in one carbon metabolism 

can influence global methylation of DNA and histones in glioblastoma. Reprogramming of 

nutrient uptake and metabolic pathways is an active process orchestrated by extracellular and 

intracellular signaling, but metabolite signaling is a way for cell intrinsic metabolism to feed back 

on the signaling pathways and influence cell fate.  

 

1.4 B Cell Nutrient Signaling  

 Like cancer cells, metabolic reprogramming during B cell activation is under the control 

of extracellular signals and metabolic sensors that activate intracellular signaling networks that 

modulate metabolism for specific functionality, a process collectively known as nutrient signaling. 

For B cell activation, extracellular signals are the antigens that either activate BCRs or TLRs, co-

stimulatory signals from T cells, and nutrients within the extracellular environment. Metabolic 

sensors are cell intrinsic proteins that measure the levels of key metabolites to finely tune metabolic 

pathway flux for appropriate cellular function. Critical signaling pathways and metabolic sensors 

necessary for B cell activation and metabolic reprogramming include: PI3K/AKT/mTOR, GSK3, 
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PKCβ, RAS/RAF/MEK/ERK, JAK/STAT, LKB1/AMPK, and PPARs. The following is a brief 

discussion of each pathways effect on B cell function and metabolism.  

Phosphoinositide 3-kinase (PI3K) resides on the inner cell membrane and phosphorylates 

the lipid phosphatidylinositol 4,5-bisphosphate (PIP2) to generate phosphatidylinositol (3,4,5)-

trisphosphate (PIP3).37 AKT binds to PIP3 lipid at the cell membrane. Phosphoinositide dependent 

kinase 1 (PDPK1 at threonine 308) or mammalian target of rapamycin complex 2 (mTORC2 at 

serine 473) phosphorylate and activate AKT. Activated AKT can switch on mTORC1 (mammalian 

target of rapamycin complex 1) and other mTORC1 independent pathways, and also inhibit 

glycogen synthase kinase 3 (GSK3) and other signaling pathways. Generally, AKT activation 

stimulates glycolysis by increasing glucose uptake through glucose transporters (GLUTs), and 

activating multiple glycolytic enzymes including hexokinase, a key rate limiting step of 

glycolysis.38 

GSK3 is an important metabolic sensor during B cell activation.39 GSK3, which can be 

inactivated by PI3K, mTOR, or Wnt signaling, has many metabolic functions including inhibition 

of protein translation and glycogen synthesis via elF2b and glycogen synthase inactivation, 

respectively.40 GSK3 can also regulate β-catenin signaling, NF-kB signaling, apoptosis, cell 

survival, and cell cycle progression. GSK3-deficicent B cells, in mice immunized with sheep red 

blood cells, have diminished GC reactions and generate fewer antigen specific IgM and IgG 

antibodies. GSK3 expression protects cells from apoptosis under glucose restriction, which is 

common in the nutrient limited microenvironment of the GC reaction, in part by inhibiting MYC 

induced growth. In addition, GSK3 tempers mitochondrial oxidative phosphorylation (OXPHOS) 

and reactive oxygen species (ROS) levels, and can thus, inhibit ROS induced apoptosis during the 

GC reaction.   
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The activation of mTORC1 is a major AKT output with wide-ranging effects on cellular 

metabolism.41,42 AKT phosphorylation of mTORC1 is necessary, but not sufficient for mTORC1 

activation. mTORC1 senses levels amino acids, in particular leucine and arginine. As low amino 

acids levels fail to activate mTORC1, it acts as a metabolic sensor that integrates cell signaling 

activation and nutrient levels. Once activated mTORC1 regulates cell growth by stimulating 

multiple anabolic pathways that increase protein and lipid synthesis. In terms of metabolic 

proteins, mTORC1 promotes hypoxia-inducible factor 1𝛼 (HIF1𝛼) translation, a transcription 

factor that heterodimerizes with HIF-1β to increases transcription of glucose transporters and 

glycolytic enzymes.43–45 mTORC1 is also the major negative regulator of autophagy, a key process 

that increases nutrient availably during times of nutrient deprivation.  

B cell activation and GC reactions require mTOR signaling for robust antibody 

responses.46,47 Cessation of mTOR signaling prevents PC differentiation48, while enhanced mTOR 

signaling promotes PC differentiation49. mTOR signaling is also essential for PC function as 

BLIMP-1, an essential transcription factor for PC differentiation and antibody secretion, activates 

mTOR signaling.50 BLIMP-1 increases expression of amino acid transporters- including CD98 

(SLC3A2), which imports leucine thereby supporting mTOR activation. BLIMP-1 represses 

expression of sestrin 1 and 3, a family of proteins that activates AMP-activated protein kinase 

(AMPK) signaling, which negatively regulates a mTOR activation.  

Protein kinase C β (PKCβ) is a member of the PKC family and can be activated by 

intracellular calcium and second messenger diacylglycerol. BCR signaling activates PKCβ, which 

is able to initiate NF-kB singling, an essential transcription factor for B cell activation.51,52 PKCβ-

deficient B cells fail to undergo TD GC reaction and PC differentiation.53 PKCβ-null mice are 

unable to generate antibody to TD antigen challenge, but the secondary antigen challenge results 
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in a partial ability to generate antibody response, suggesting that PKCβ affects PC generation and 

not memory B cell generation.54 Loss of PKCβ in B cells abates mTOR mediated metabolic 

reprogramming and prevents  PC. 

AMPK senses levels of AMP in the cell.55 AMPK is phosphorylated and activated by liver 

kinase B1 (LKB1) when levels of AMP rise within the cell.56 Independently of AMP and LKB1, 

AMPK can be phosphorylated and activated by CaMKKβ when cellular levels of calcium increase. 

Activated AMPK stimulates catabolic pathways that increase ATP to ameliorate the low 

ATP/AMP level, and conversely, AMPK diminishes anabolic pathways that consume ATP. The 

catabolic pathways activated are fatty acid β-oxidation, glycolysis, OXPHOS, and autophagy. 

AMPK stimulates mitochondrial biogenesis by activating peroxisome-proliferator-activated 

receptor gamma coactivator 1 α (PGC-1α), a master regulator of mitochondrial biogenesis. The 

anabolic pathways inhibited are fatty acid synthesis, sterol synthesis, rRNA synthesis, and protein 

synthesis.  

Depletion of LKB1 in B cells leads to spontaneous B‐cell activation and secretion of IL-6, 

via NF-kB signaling, causing T cell activation, expansion, and differentiation into T follicular 

helper (TFH) cells.57,58 TFH cells are a specialized subpopulation of CD4+ T‐helper (Th) cells that 

localize to GCs and secrete IL‐21, a critical cytokine for GC development, antibody production, 

and differentiation into memory B cells and PC. The expansion TFH cells leads to a roughly 100-

fold increase in GC B cells. Thus, LKB1 through intrinsic and extrinsic mechanisms is able to 

regulate TD B cell activation and immunity. Surprisingly, loss of AMPK, which is downstream of 

LKB1, does not result in defects of B cell activation and differentiation.59 However, expression of 

IgD antibody declined in AMPK deficient B cells. For B cell activation and GC formation, it is 
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likely that either LKB1 does not signal through AMPK or other LKB1 targets compensate for the 

loss of AMPK. 

Activation of the RAS/RAF/MEK/ERK pathway leads to ERK (aka MAPK) 

phosphorylation (at Serine 62) and stabilization of MYC, a transcription factor that increases 

expression of enzymes involved in glycolytic, mitochondrial, lipid, nucleotide, amino acid, and 

carbohydrate metabolism.60–63 Additionally, MYC regulates transcription of genes regulating 

proliferation, apoptosis, and stem cell self-renewal.64–66 Many B cell malignances have increased 

MYC function.67–69 The pathogenesis of Burkitt's lymphoma involves translocations involving 

MYC. For B cell activation, MYC provides orchestration of metabolic reprogramming. 38,38,39,70 

Many cytokines, including IL-4, signal through the JAK/STAT pathway. IL-4 binding to 

its receptor results in STAT6 activation by phosphorylation, which allows STAT6 to enter the 

nucleus to induce transcription of target genes. IL-4 increases glucose uptake through GLUT1 and 

glycolysis levels in a STAT6 dependent manner.38 

Peroxisome proliferator-activated receptors (PPARs) are activated by free fatty acids, 

eicosanoids, and vitamin B3. PPARs regulate fatty acid and glucose metabolism. B cell activation 

increases PPARγ, a key regulator of adipose tissue differentiation and fatty acid metabolism. 

PPAR agonists increase B cell proliferation, differentiation, and antibody secretion upon 

activation.71 These effects are reversed by PPARγ antagonists.  

 

1.5 B Cell Activation Metabolic Reprogramming  

Ultimately upon B cell activation, all the extracellular signals and internal signaling 

networks are integrated and result in a coherent metabolic program that supplies adequate amounts 

of energy and biosynthetic building blocks. As activation proceeds to differentiation, metabolic 
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needs change, and metabolic pathway wiring adjusts to accommodate demand. The following will 

discuss the metabolic signature of activated and differentiated B cells (Figure 1).  

B cell activation leads to an overall increase in metabolic capacity. TD and TI stimulation 

increases both mitochondrial OXPHOS and glycolytic metabolism, progressively during 

activation and differentiation.72,73 Unlike T cell activation, which increases glycolytic flux 

disproportionately, oxygen consumption rate (OCR), a measure of OXPHOS, and extracellular 

acidification rate (ECAR), a measure of glycolysis, increase in equal proportions, which suggest 

that B cells need robust mitochondrial metabolism for activation.74 

Gene expression profiling shows that the metabolic enzymes of glycolysis, PPP, TCA 

cycle, and electron transport chain (ETC) increase upon activation.72,75 Moreover, activated B cells 

increase expression of glucose, glutamine and other amino acid, and fatty acid transporters to 

facilitate nutrient uptake. These nutrients provide both, energy, stored within bonds for the 

generation of ATP, and carbon and nitrogen, for biosynthesis of macromolecules. Exometabolome 

profiling, in which extracellular metabolite levels are measured, shows that activated B cells 

undergoing proliferation, consume glucose, glutamine, and other essential amino acids 

(phenylalanine, tryptophan and tyrosine).76 

Glycolytic metabolism is required for B cell activation.74 Pharmacological inhibition of 

glycolysis in vitro and in vivo suppresses proliferation and antibody production of activated B 

cells. Genetical ablation of GLUT1 in B cells decreases B cell numbers and impairs antibody 

production in vivo. Reprogramming of glucose metabolism facilitates energy generation and 

biosynthesis.  

In terms of energy, glucose is used for aerobic and anerobic energy generation. Glucose is 

used to generate acetyl-CoA that can enter the TCA cycle, and ultimately used to make ATP via 
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OXPHOS when stimulated by CD40L/IL-4.75 Exometabolome analysis show that lactate 

production, in both mouse and human activated B cells, is increased during the clonal expansion 

phase of activation. 76,77 However, a large part of glucose flux is used to for biosynthesis. In 

particular, glucose fluxes to the PPP. PPP produces ribose-5-phosphate, which is necessary for 

nucleotide synthesis, and NADPH.75 Often forgotten, NADPH provides elections for biosynthetic 

reactions to make fatty acids, cholesterol, nucleotides, and amino acids. Equally important, 

NADPH helps maintain redox homoeostasis and is necessary for regenerating reduced glutathione 

(GSH), which is a reducing agent that detoxifies the cells of excess ROS.78 

Glucose is also used for de novo lipid synthesis.79 Proliferation necessitates doubling of 

lipid contents, and antibody production and secretion requires augmentation of the endomembrane 

system. B cell activation increases levels of key lipid synthesis enzymes. ATP citrate lyase 

(ACLY) and its activation via phosphorylation are increased. ACLY converts citrate to acetyl-

CoA, an important first step for fatty acid synthesis in the cytoplasm. HMG-CoA reductase 

(HMGCR), the rate-limiting enzyme in cholesterol biosynthesis pathway, is increased during B 

cell activation.75 CD40/IL-4 promotes glucose conversion to cytidine disphosphate ethanolamine 

(CDP-ethanoloamine), a precursor for phosphatidylethanolamine, a key phospholipid of 

membranes.75 Overall, glucose fluxes toward biosynthesis of nucleotides, NADPH, and lipids, in 

addition to being used for ATP generation.  

B cell activation leads to an increase in all functional aspects of mitochondrial metabolism. 

As previously noted, OCR progressively increases throughout activation and differentiation. In 

addition, mitochondrial membrane potential, the electrochemical gradient across the inner 

mitochondrial membrane that dives ATP synthesis, is also increased.80,81 Mitochondrial OXPHOS 

is necessary for B cell activation. Inhibition of OXPHOS pharmacologically with oligomycin 



 11 

decreased CD40/IL-4 activation, PC differentiation, and CSR.75 Augmentation of OXPHOS 

promotes PC differentiation. Pyruvate dehydrogenase kinase (PDK) inactivates pyruvate 

dehydrogenase (PDH) by phosphorylation. Inhibition of PDK by dichloroacetate increases 

pyruvate dehydrogenase activity, and thus, OXPHOS. Treating LPS/IL-2/IL-5 activated B cells 

with dichloroacetate promotes OXPHOS and increases the frequency of CD138+ PCs without 

increasing proliferation.72 The increase in OXPHOS was dependent on BLIMP1, an essential 

transcription factor for PC differentiation. Thus, OXPHOS may be important for supporting 

differentiation to PCs, and less so for clonal expansion. However, one group observed that 

rotenone, a complex III ETC inhibitor, and dichloroacetate had no effect on IgM production in 

LPS activated B cells. This could be a case in which different forms of antigen stimulation and 

cofactor signaling can lead to different metabolic dependencies.74 

Multiple mechanisms are responsible for the augmentation of oxygen consumption and 

mitochondrial membrane potential during B cell activation. Expression of TCA cycle genes (e.g. 

Sdhb, Sdhd, Sdha, Sdhc, and Pdhb) and ETC genes (e.g. Atp5g2, Atp5h, Atp5e, Atp5o, and 

Uqcr10) are increased for augmentation of TCA cycle and ETC flux.72 Total metabolite levels of 

TCA cycle intermediates increase.75 Tracing studies of labelled glucose indicate that glucose is 

not contributing carbon atoms to these intermediates. Likely, other nutrients such as glutamine, 

fatty acids, ketones, and lactate could be catabolized to fuel the TCA cycle.  

Activated B cells consume extracellular glutamine, especially during differentiation into 

antibody secreting cells.75,76 Glutamine enters the cell through amino acid transporter SLC1A5 

(also known as ASCT2), and within the mitochondria, glutaminase (GLS) deaminates glutamine 

to glutamate. Glutamate dehydrogenase (GDH) converts glutamate to α-ketoglutarate (α-KG), 
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which can enter the TCA cycle. Depleting glutamine leads to decreased B cell activation, PC 

differentiation, and CSR.  

Mitochondrial mass increases upon activation. Activated B cells possess more 

mitochondria per cell as determined by multiple methods. Mitochondrial targeted dyes (e.g. 

MitoTracker Green) that home to and measure mitochondrial content increase 81. Immunoblot and 

immunofluorescence analysis shows that mitochondrial specific proteins (e.g. TOM20, VDAC1, 

COXIV, TOM20, Sirt3 and Hsp60) increase.80 

Mitochondria are dynamic organelles capable of fusing and dividing (also called fission). 

The metabolic function of mitochondria can be influenced by mitochondrial dynamics. Naïve B 

cells have a small number of fused mitochondria. Activated B cells have a large number of round 

mitochondria.75 However, activated B cells do not increase mitochondrial DNA (mtDNA) number 

per cell, which is another measure of mitochondrial content. More research will be needed before 

a full understanding of how mitochondrial morphology informs B cell function.  

Overall, activated B cells increase flux into central carbon metabolism pathways—

glycolysis, PPP, TCA cycle—by increasing nutrient uptake and expression of pathway enzymes. 

Crucially, the enhanced flux increases output of biosynthetic building blocks and reducing 

equivalence in the form of NADPH, the ingredients necessary for production of macromolecules. 

Mitochondrial ETC activity, and thus production of ATP, also intensifies as result of increased 

mitochondrial mass and expression of ETC proteins.  

 

1.6 Metabolic Phenotypes of SLPCs, LLPCs, and Memory B Cells  

SLPCs and LLPCs exhibit distinct metabolic phenotypes. Both are antigen-experienced 

and secrete antibodies, but SLPCs are mitotically active and undergo apoptosis after days to weeks, 
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whereas LLPCs are mitotically quiescent and live indefinitely within the bone marrow and other 

specialized niches. LLPCs have increased mitochondrial spare respiratory capacity due to 

increased capacity for mitochondrial pyruvate import. Genetic ablation of mitochondrial pyruvate 

carrier in vivo leads to decreased LLPCs in bone marrow, but preserved levels of SLPCs in the 

spleen.73 Glucose uptake is greater in LLPCs, and that glucose is used for antibody glycosylation.82  

LLPCs express more amino acid transporter CD98 and increase amino acid uptake for antibody 

synthesis and energy generation. In particular, glutamine is used by LLPCs to generate glutamate, 

aspartate, and TCA cycle intermediates. Glutamine also increases oxidation of succinate, which 

provides electrons for the complex II of the ETC allowing for more OXPHOS. Fatty acids are used 

by LLPCs for basal respiration.  

Endoplasmic reticulum (ER) stress results from the accumulation of unfolded or misfolded 

proteins in the lumen of the ER.  The ER stress response leads to activation of transcriptional 

programs that attempt to relieve the stress.  Activated XBP1, ATF6, and eIF2a are the main 

transducers of the ER stress response.83,84 Surprisingly, LLPCs and SLPCs have equivalent ER 

stress response even though LLPCs produce and secrete more antibody than SLPCs. Bulk and 

single cell transcriptomic comparisons do not show substantive change in metabolic gene 

expression.  

Memory B cells are antigen-experienced, quiescent, and long-lived. One metabolic 

phenotype studied in memory B cells is increased basal autophagy. Genetic deletion of Atg7, an 

essential autophagy mediator, in mouse B cells leads to a normal primary antibody response, but 

a diminished secondary antibody response as Atg7 deficiency decreases memory B cell survival.85  

Without Atg7, memory B cells accumulate ROS and generate lower mitochondrial membrane 
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potential. Both SLPCs and LLPCs both require autophagy as well. Genetic depletion of Atg5 

shortens the life span of both SLPCs and LLPCs thereby compromising long-term immunity.86  

 

1.7 Activated B Cell Metabolite Signaling 

Apart from their classical roles in cellular metabolic pathways, nutrients and intermediary 

metabolites can modulate signaling pathways or global epigenetics by acting as cofactors or 

substrates for PTMs of proteins.36 Metabolites that act as cofactors target enzymes and 

transcription factors, mostly, and enhance or inhibit protein function. PTMs controlled by 

metabolite levels include glycosylation, acetylation, methylation, glutamylation, ADP-

ribosylation, geranylgeranylation, palmitoylation, and prenylation.87–89 PTMs influence protein 

activity, localization, or stability. The following will discuss important metabolites that signal, and 

direct fate and function of activated B cells (Table 1).  

Acetylation of proteins occurs mostly on lysine residues. The level of acetylation on a 

specific protein is determined by whether the activity of acetyltransferases or deacetylases 

predominate, and the concentration of acetyl-CoA in the cells.90 Deacetylase enzymes can be 

regulated by many intermediary metabolites. Specifically, histone deacetylases (HDACs) can be 

inhibited by lactate, ketones, and short-chain fatty acids (SCFAs).91,92 Dietary fiber metabolized 

by gut microbiota produce SCFAs butyrate and propionate, which in B cells, are able to inhibit 

HDACs, instead of serving as energy substrates or signaling messengers.93 As a result, activated 

B cell expression of AID and BLIMP1 decline, via upregulation of select miRNAs that target AID 

and BLIMP1 mRNA. CSR, SHM, PC differentiation, and antibody production decreases as a 

consequence. In a lupus mouse model, SCFA administration decreases autoantibody production 

and autoimmunity pathology.  
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Ascorbic acid (vitamin C) is an essential co-factor for hydroxylation of proteins such as 

collagen and HIF by enhancing the activity of hydroxylase and oxygenases enzymes.94 Recently, 

ascorbic acid has been shown to act as an activator for ten-eleven translocation (TET) 

dioxygenases that convert 5-methylcytosine (5-mC) to 5-hydroxymethylcytosine (5-hmC) in DNA 

facilitating the process of DNA demethylation.95 Ascorbic acid, acting through the TET family, 

promotes a blastocyst-like state in cultured embryonic stem cells, negatively regulates hemopoietic 

stem cell function, and suppresses leukemogenesis and leukemia progression.96–98 B cell 

differentiation into PCs and antibody production is augmented by administration of ascorbic acid.99 

Mechanistically, ascorbic acid increases BLIMP1 expression by demethylating BLIMP1 gene 

enhancers. In TET2/3 double knockout mice, ascorbic acid’s effect on B cells is lost demonstrating 

that ascorbic acid is working by activating TET2/3 enzymes and enhancing DNA demethylation. 

Ascorbic acid’s ability to demethylate BLIMP1 gene enhancers is ablated in TET2/3 double 

knockout mice.  

Nicotinamide adenine dinucleotide (NAD+) is an essential redox cofactor in cellular 

metabolic reactions and a substrate for signaling enzymes.100 SIRTuins (SIRTs) are a family of 

conserved NAD+-dependent deacetylases. Mammalian cells possess seven SIRT homologs, 

SIRT1-7, that differ in subcellular localization and target specificity.101 Loss of SIRT1 function in 

activated B cells by genetic deletion increases AID expression resulting in enhanced CSR, SHM, 

and production of autoantibodies without perturbing PC differentiation.102 As SIRT1 is dependent 

on NAD+, a decrease in the NAD+/NADH ratio, results in a decrease in SIRT1 activity. Cellular 

glycolysis converts NAD+ into NADH, and thus, lowers the NAD+/NADH ratio and decreases 

SIRT1 activity. B cells cultured in increasing concentrations of glucose, elevate AID expression 

and CSR. Conversely, administration of exogenous NAD+ leads to decreased AID expression and 



 16 

CSR. SIRT1 can, therefore, can act as a metabolic sensor, and adjust gene expression, epigenetics, 

and cell signaling accordingly in B cells.  

Heme is a metabolite needed for oxygen transport (as a component of hemoglobin), 

electron transfer, and catalytic reactions within cells.103  In addition, heme can act as a signaling 

metabolite by inhibiting the function of proteins, such as transcription factors NPAS2 and REV-

ERBs.104,105 During B cell activation, the transcription factor BACH2 promotes CSR and SHM, 

but impedes differentiation into PCs by inhibiting BLIMP1 transcription. Heme can inhibit 

BACH2, and thus, decrease CSR and augment PC differentiation.106 PKCβ signaling in activated 

B cells can influence cell fate by modulating heme biosynthesis, and thus, BACH2 activity.53 

Calcium is another essential nutrient that can function as a second messenger within cells. 

Activation of B cells alone through the BCR increases mitochondrial metabolism (basal OCR, 

spare respiratory capacity, and mitochondrial membrane potential). In fact, the cells become reliant 

on mitochondrial metabolism and exhibit mitochondrial stress.80 The rise of intracellular calcium 

after BCR stimulation exacerbates the mitochondrial stress leading to apoptosis and cell death over 

time. However, a second costimulatory signal that activates either CD40 or TLR9 signaling given 

within nine hours can reduce the mitochondrial stress and apoptosis. The calcium increase serves 

as a “metabolic clock” that gives the activated B cells a finite time to receive the second 

costimulatory signal. Such a clock may prevent unregulated B cell activation in the absence of 

infection, which could potentially lead to B cell malignancy.  

ROS can be produced as by-products of mitochondrial aerobic metabolism or by NADPH 

oxidases. Excessive ROS creates oxidative stress that can damage lipids, proteins, DNA, and 

potentially lead to cell death. However, lack of ROS can decrease cell survival, proliferation and 

differentiation because ROS act as signal transducers 107. ROS can directly affect protein function 
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by oxidation of specific amino acids, with cysteine being the most common, thereby conveying 

signaling information.108 Therefore, ROS can act as signaling messengers within cells. Classic 

targets of ROS include phosphatases that negatively regulate intracellular phosphorylation 

signaling cascades. 

BCR stimulation leads to ROS production, facilitated by NADPH oxidase and voltage-

gated proton channel HVCN1, and is essential for activation and differentiation.109 ROS oxidize, 

and thus inhibit, tyrosine phosphatase SHP-1, a negative regulator of BCR signaling, allowing for 

downstream BCR signaling to proceed and activate mediators such as Syk and Akt. Without ROS, 

mitochondrial respiration and glycolysis are impaired. Additionally, ROS mediate TI and TD 

antibody responses in vivo. However, another study shows TI activation leads to a progressive 

increase in ROS levels from naïve B cells to activated B cell to PCs, but neutralizing ROS with N-

acetyl-L-cysteine (NAC) did not impact antibody production, and inducing ROS by pyocyanin did 

not impact antibody titers, either.72 Thus, it is plausible that ROS signaling is used differently 

depending on the type of B cell activation.    

Stochastically produced mitochondrial metabolic heterogeneity can influence B cell fate 

during activation.81 LPS and IL-4 stimulated B cells increase levels of mitochondrial ROS, but 

stochastic heterogeneity leads to different fates. Cells with initial high ROS undergo CSR, whereas 

low ROS cells undergo PC differentiation.  

In addition to producing antibodies, B cells can suppress the immune response in a variety 

of contexts, such as within tumors, by secreting IL-10, an anti-inflammatory cytokine.110 IL-10 

production, stimulated by TLR9, is dependent on the metabolic intermediate geranylgeranyl 

pyrophosphate (GGPP), which is produced by a branch of the cholesterol biosynthetic pathway.111 

Inhibition of both HMGCR, responsible for cholesterol synthesis, and geranylgeranyltransferase 
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(GGTase), the enzyme responsible for post-translationally modifying proteins with GGPP, 

abolishes IL-10 production. Ras needs to be post-translationally modified by GGPP in order to 

activate the PI3Kδ-AKT-GSK3 signaling axis and initiate IL-10 production.  

 

1.8 Experimental Rationale and Statement of Purpose 

Why is understanding B cell activation metabolic reprogramming and metabolite signaling 

important? For two reasons that are clinically relevant. First, B cell lymphomas are common and 

account for considerable death in the world.112,113B cell lymphoma development is influenced by 

dysregulation of B cell metabolism.114 Possibly, metabolic interventions, such as diet alternation, 

can prevent lymphoma development.115 In addition, lymphoma cells have increased metabolism 

compared to normal B cells.112,116 If the metabolism of the B cell lymphoma is different enough 

from normal metabolism, a therapeutic window may open and the metabolic phenotype can be 

targeted.117,118  

Second, normal aging leads to diminished B cell activation and function, along with 

increased risk for B cell malignancy, autoimmune disease, and immunodeficiency.119,120 Aging 

also leads to dysregulated cellular metabolism. Since B cell activation requires metabolic 

reprogramming, therapies that rejuvenate metabolism in aged B cells may blunt the functional 

decline caused by age, and decrease the risk for B cell lymphoma, autoimmune disease, and 

immunodeficiency.30,121  

However, a full understanding of the role metabolism plays in B cell lymphomagenesis 

and aging is lacking. Here, we explore the roles of the proteins retinoic acid receptor responder 1 

(RARRES1) and SIRT 1 and 2 in B cell function and metabolism. 
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 Our lab discovered that RARRES1 is an important regulator of cellular metabolism. 

Specifically, RARRES1 regulates mitochondrial membrane potential, AMPK activation, energy 

balance, and metabolically reprograms cells to a more energetic and anabolic phenotype.122 In 

addition, RARRES1 can regulate glucose dependent de novo lipogenesis.123 RARRES1 has not 

been studied in B cells, and thus, we comprehensively investigate the role of RARRES1 on 

activated B cell function, metabolism, and B cell lymphomagenesis.  

 As mentioned above, SIRTs are inextricably connected to metabolism because they are 

NAD+ dependent. Aging leads to a decline in cellular NAD+.124 As NAD+ is a signaling metabolite 

that activates SIRT function, the decline in NAD+ can lead to diminished SIRT activity. A wealth 

of research has uncovered the essential functions SIRTs play in maintaining cellular homeostasis. 

SIRTs mediate physiological responses to cellular stressors, including caloric restriction, oxidative 

stress, and DNA damage.125,126 Mechanistically, SIRTs directly modulate the acetylation status, 

and thus the function, of signaling mediators, enzymes, and transcription factors that regulate gene 

expression, cell cycle progression, metabolism, differentiation, and cell survival.127 The role of 

SIRT 1 and 2 in normal B cells has largely gone unexplored; therefore, we investigate their impact 

on B cell differentiation and metabolism. Such knowledge of SIRTs may uncover avenues for the 

therapeutic rejuvenation of aged B cells with either NAD+ supplementation or dietary 

modification.  

Of note, the role SIRTs play in DNA damage repair is particularly important in B cells. 

The processes of SHM and CSR require the generation of physiological DNA damage by the 

enzyme AID. Aberrant AID-mediated mutations outside of the immunoglobulin gene region can 

lead to translocations between the immunoglobulin gene promoter and oncogenes, and/or somatic 

mutations in oncogenes and tumor suppressor genes leading to the development of GC-derived B 
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cell lymphomas.128–130 Deletion of AID prevents the development of GC-derived B cell 

lymphomas.131 During the process of the GC reaction, there are DNA repair mechanisms that 

counteract aberrant DNA damage caused by AID. If SIRTs perform a key role in that DNA damage 

response in B cells, the well-known decline in NAD+ concentration with age could be one potential 

mechanism whereby B cell lymphoma risk increases with age. This gives further impetus for the 

study of SIRT1 and 2 in activated B cells. 

 

1.9 Lymphoma  

 As lymphomagenesis is a key reason for the impetus to study both RARRES1 and SIRT1/2 

in B cells, an overview of B cell lymphomas is warranted. Around 85-90% of non-Hodgkin 

lymphomas (NHL) are derived from B cells.132 Subtypes of NHL often possess defining genetic 

abnormalities and cell signaling pathway dependencies. The genetic abnormalities of B cell NHLs 

commonly involve balanced translocations in which key oncogenic genes are placed under the 

regulation of the immunoglobulin gene promoter.  

The various subtypes of B cell NHLs arise from B cells that have been arrested at particular 

stages of differentiation.20 Broadly, B cell derived NHL can be classified as: pre-GC, GC, and 

post-GC. Mantle cell lymphoma (MCL) is a frequent pre-GC lymphoma that is characterized by a 

cyclin D1 t(11;14) translocation.133 Common GC lymphomas include follicular lymphoma (FL) 

and diffuse large B-cell lymphoma (DLBCL).134 FL is defined by t(14;18), which is present in 

>80-85% of cases and places the anti-apoptotic BCL2 gene under the control of the 

immunoglobulin gene promoter.135 Activated B cell–like DLBCL is an example of a post-GC 

lymphoma.134  
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An important lymphoma discussed in more detail in subsequent chapters of this thesis is 

FL. Epidemiological data indicates FL comprises ~5% of all hematological neoplasms and ~20–

25% of NHL.135 Susceptibility to FL is increased by family history, and exposure to certain 

lifestyle, environmental, and occupational factors, such as high body mass index as a young adult, 

working as a spray painter, or being a medical doctor for >10 years.136 In addition, women who 

have Sjogren's Syndrome or are current cigarette smokers are more susceptible to FL.  

FL develops over many years and is the prototypical GC-derived lymphoma. The GC 

markers that FL expresses include BCL6, AID, and somatically hypermutated immunoglobulin 

genes.135 More recently transcriptional profiling confirms the GC B cell origin of FL. Intriguingly, 

FL originates in the bone marrow as the t(14;18) arises in developing pre-B cells due to mistakes 

made during VDJ recombination. In fact, around 70% of healthy adults have circulating B cells 

with the t(14;18) translocation.137 Thus, overexpression of BCL2 is not sufficient for FL 

development. Increased BCL2 expression prevents apoptosis of B cells in the GC, and can then 

lead to increased chances of FL development upon further B cell maturation during the GC reaction 

at which time AID mediated mistakes result in further oncogenic hits that lead to overt FL.   

Additional genetic mutations that are necessary for FL pathogenesis occur in epigenome-

modifying, transcription factor, and cell cycle genes. KMT2D, EZH2, CREBBP and EP300 are 

commonly mutated epigenetic-modifying enzymes in FL and likely influence GC differentiation 

and exit.135 Transcription factors that are mutated include BCL6, STAT6 and BCL2, and such 

mutations lead to transcriptional perturbation of pathways that regulate cell differentiation, 

proliferation, and survival.135 RB1 and CDK4 are common cell cycle genes altered in FL.135  

With modern treat regimes, the outcomes for FL are favorable with an overall survival of 

greater than 10 years.135 Treatment depends on the stage of disease. Treatment options comprise 
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radiotherapy, chemotherapy (cyclophosphamide, doxorubicin, vincristine and prednisolone) plus 

anti-CD20 antibody (rituximab), and targeted therapies for specific genetic abnormalities.135 In the 

future, more targeted and immunotherapy (e.g. chimeric antigen receptor T cell therapy) treatments 

will be developed. The work from this thesis on RARRES1 and FL development may lead to the 

identification of more targets for FL treatment.  
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1.10 Figures and Tables 
 
 

 
 
Figure 1. Activated B cell metabolism. Naïve B cell activate in response to antigenic stimulation 
that signals through BCRs and TLRs with or without costimulatory signals (CD40L and cytokines) 
from T cells. Activation requires broad metabolic reprogramming of central carbon metabolism as 
a consequence of increased metabolic demand for energy and biosynthetic building blocks. 
Nutrient import of glucose and glutamine increase, which provide energy and carbon for 
biosynthesis. Flux through central carbon pathways—glycolysis, TCA cycle, and Pentose 
Phosphate Pathways (PPP)— increase in order to produce biosynthetic building blocks for 
anabolism (e.g. nucleotide and lipid synthesis). Of note, the increase in PPP also allows for the 
production of NADPH, which provides reducing equivalents for biosynthetic reactions. 
Mitochondrial mass and oxidative phosphorylation capacity increase allowing for augmented ATP 
production from the electron transport chain (ETC). Inhibition of glycolysis or oxidative 
phosphorylation, or depletion of extracellular glutamine, suppresses B cell activation, 
proliferation, antibody production, and differentiation. 
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Table 1. Nutrients and intermediary metabolites that act as cofactors or substrates for 
signaling proteins and epigenetic-modifying enzymes. Listed are the nutrients and intermediary 
metabolites that effect B cell function and differentiation.  
 

Cofactor or Substrate Action B cell Function Effect 
Short-Chain Fatty Acids 
(SCFAs) 

Inhibit HDACs ↓ CSR 
↓ SHM 
↓ Antibody Production 
↓ Differentiation 

Ascorbic Acid (Vitamin C) Activate TET2/3 ↑Antibody Production 
↑ Differentiation 

NAD+ Activation SIRT1 ↓ CSR 
↓ SHM 
↓ Antibody Production 
⟷Differentiation 

Heme Inhibit BACH2 ↓ CSR 
↑ Differentiation 

Calcium   Second Messenger ↓ Activation 
ROS Protein Inhibition ↑ Activation Signaling 

↑ CSR 
Geranylgeranyl 
Pyrophosphate (GGPP) 

PTM ↑ IL-10 production 
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CHAPTER II: RARRES1 KNOCKOUT PROMOTES FOLLICULAR 
LYMPHOMAGENESIS AND INHIBITS B CELL DIFFERENTIATION IN MICE 

 

2.1 Introduction 

Retinoic acid receptor responder 1 (RARRES1), also known as tazarotene-induced gene 1, 

was first identified as a retinoid responsive gene in the skin.138 The RARRES1 promoter region is 

among the most commonly methylated loci in multiple cancers.139 In primary prostate cancer, the 

RARRES1 promoter region is methylated compared to normal or benign prostatic hyperplasia, and 

its decreased expression is associated with an increase in malignant potential.140,141 Furthermore, 

RARRES1 expression is silenced in colorectal cancer, nasopharyngeal cancer, Wilms tumor and 

leukemia.139,142 Prostate cancer and breast cancer cell lines transfected with RARRES1 are less 

invasive and more apoptotic, respectively.122,140 Collectively, these data support a role for 

RARRES1 as a tumor suppressor.  

In addition, RARRES1 has roles in stem cell function and cellular metabolism. RARRES1 

depletion in immortalized breast cancer lines increases expression of breast cancer stem cell 

markers.122 Notably, the RARRES1 homolog latexin (LXN) is an established regulator of stem 

cells. Originally, LXN was identified as the only known mammalian carboxypeptidase inhibitor; 

LXN knockout negatively regulates hematopoietic stem and progenitor cell (HSPC) numbers but 

does not result in B or T-cell tumors.143–145 In zebrafish RARRES1/LXN is localized to the 

developing hematopoietic system but its role there is unknown.122  

RARRES1 has dramatic effects on cellular metabolism. In cultured cells RARRES1 can 

regulate mitochondrial membrane potential, AMPK activation, energy balance and metabolically 

reprograms cells to a more energetic and anabolic phenotype.122 RARRES1 knockdown increase 
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both mitochondrial and glycolytic metabolism. RARRES1 can also control fatty acid metabolism 

by regulating the switch from aerobic glycolysis to glucose dependent de novo lipogenesis.123  

One function of RARRES1 is to inhibit cytoplasmic carboxypeptidase 2 (CCP2), an 

enzyme that deglutamylates the C-terminal tail of a-tubulin.146 Post-translational modifications of 

a-tubulin can inhibit flux through voltage-dependent anion-selective channel (VDAC), an outer 

mitochondrial channel that allows the passage of ATP and other small anions across the outer 

mitochondrial membrane.147,148 RARRES1 through inhibition of CCP2 can determine a -tubulin 

post-translational modification, and thus, flux through VDAC. Functionally, RARRES1 depletion 

results in increased metabolic capacity that is associated with the promotion of anoikis, anchorage 

independent growth and insensitivity to multiple apoptotic stimuli.  

Here, we created constitutive RARRES1 knockout (RARRES1-/-) mouse models to study 

the effects of RARRES1 loss on cancer development in vivo, blood cell compartment function, 

and cellular metabolism. We discovered that RARRES1 deletion in mice leads to the development 

of follicular lymphoma (FL) starting around one year of age. Unlike LXN, RARRES1 loss does 

not regulate HSPC numbers. However, RARRES1-/- B cells had compromised activation, cell 

cycle progression, and differentiation into antibody-secreting plasma cells. In addition, RARRES1-

/- B cells showed increased survival, protection from apoptotic cell death, and unfolded protein 

response (UPR) and heat shock response (HSR) activation. RARRES1 had differential effects on 

cellular metabolism. RARRES1-/- fibroblasts showed increased bioenergetic capacity, similar to in 

vitro experiments on epithelial cells, whereas RARRES1-/- B cells had minor changes in 

bioenergetic capacity. These finding reveal that RARRES1 is a bona fide tumor suppressor in vivo, 

promotes cell survival, and controls B-cell differentiation.  
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2.2 Materials and Methods 

Mice   

RARRES1+/- and RARRES1-/- mice were generated in both C57BL/6N and 129 

backgrounds. The targeting vector used was PRPGS00072_A_A02, which targeted exon 3 of the 

RARRES1 gene on chromosome 3 of the mouse genome. All mice were bred and maintained at 

the Georgetown University Division of Comparative Medicine. Experiments were performed 

according to the NIH guidelines and all animal experimentation was in accordance with protocols 

approved by the Georgetown University Institutional Animal Care and Use Committee (protocol 

# 2016-1161). Genotyping was performed by DNA blot or PCR analysis, and protocols are 

available from the authors on request. Mice were monitored for tumor incidence and survival over 

a period of 2-3 years and were killed when visibly ill, according to protocols approved by the 

Georgetown University Institutional Animal Care and Use Committee.  

 

Flow cytometry  

Cell isolations were handled at 4°C to minimize cell activation. Bone marrow cells were 

obtained by crushing tibias and femurs with a mortar and pestle. Cells were gently triturated and 

filtered through a nylon screen cell strainer (40 μm, Sigma) to obtain a single-cell suspension. 

Spleen cells were obtained by cutting the spleens into small fragments on a 40 µm cell strainer. 

Gently, spleen tissue was pressed with pestle (Sigma) and single cells were collected by passing 5 

mL of PBS through the cell strainer. Red blood cells were lysed using Red Blood Cell (RBC) Lysis 

Buffer (Biolegend). Single cell suspensions of spleen or bone marrow were stained with 

conjugated antibodies for 20 min in 50 µl FACS buffer (2% FBS in PBS) at 4°C in the dark. Data 

were obtained on a BD LSRFortessa analyzer (BD Biosciences) and analyzed with FCSExpress 7. 
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Antibodies were used at a 1:200 – 1:500 dilution. Complete antibody information can be found in 

the Table 2.  

 

Cell cycle 

For cell cycle analysis, cells were washed twice by centrifugation in PBS at 500 g for 5 

min. Then, 106 cells were fixed and permeabilized with 1 mL of ice-cold ethanol overnight at -

20°C. Following two washes with FACS buffer cells were stained in 200 μL of FACS buffer for 

30 min at room temperature in the dark with 50 μg/mL Propidium Iodide (PI, Biolegend). Cells 

were then washed twice with PBS, centrifuged for 5 min at 500 g and re-suspended in 300 μL of 

PBS. Samples were analyzed on a BD LSRFortessa analyzer (BD Biosciences).  

 

Apoptosis 

For apoptosis analysis, cells were washed twice by centrifugation in PBS at 500 g for 5 

min. Cells was resuspended with 100 µl of FACAS buffer at a density of 1x103 cells per ml and 

incubated with 5 µl of FITC-conjugated Annexin V and 5 µl of PI for 15 min at room temperature 

in the dark. Samples were immediately analyzed by BD LSRFortessa analyzer (BD Biosciences). 

 

Histology and immunohistochemistry 

Histological and immunohistochemical analyses of lymphoid organs were performed on 

formalin fixed paraffin embedded (FFPE) tissues, de-paraffinized with xylenes, and rehydrated 

through a graded alcohol series. Heat induced epitope retrieval (HIER) was performed, followed 

by immunohistochemical staining. Briefly, slides were treated with 3% hydrogen peroxide and 

10% normal goat serum for 10 minutes each, and exposed to primary antibodies, and subsequently 
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appropriate secondary antibodies and DAB chromogen (Dako). Slides were counterstained with 

hematoxylin (Fisher, Harris Modified Hematoxylin). Consecutive sections with non-specific IgG 

of the same isotype as the primary antibody were used as negative controls.  

 

Activation of isolated mouse B cells  

Red blood cell-lysed mouse spleen cells were enriched for B cells using CD43 negative 

magnetic selection (Invitrogen: 11422D). Cells were grown in RPMI1640 supplemented with 10% 

FBS, 1% glutamine, 50 μM β-mercaptoethanol, and 1% penicillin–streptomycin. B cells were 

stimulated with 1 µg/mL anti-Mouse IgM (Jackson ImmunoResearch, 115-006-075), 5 μg/ml anti-

CD40 (aCD40) mAb (BioLegend, 102802) and 10 ng/ml IL-4 (BioLegend, 715004).  

 

RNA extraction and real-time quantitative PCR analysis  

Total RNA was isolated from cells by using Trizol reagent (Invitrogen) according to the 

instructions of the manufacturer. RNA was isolated using the RNeasy kit (Qiagen) according to 

the instructions of the manufacturer. Reverse transcription was done using Invitrogen Reverse 

Transcription Kit. The cDNA samples were used to quantify RNA expression using the qRT–PCR 

performed on a thermocycler (Applied Biosystems) using SYBR green (Roche). Custom primers 

were made using the Primer-BLAST Primer designing tool from NCBI or from PrimerBank 

database. Primer sequences can be found in the Table 3. Samples were normalized to MAPK3 or 

18S RNA and represented as fold change over control using the ΔΔCT method. 
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Immunoblotting 

Cells were lysed in RIPA buffer (1% sodium deoxycholate, 0.1% SDS, 1% Triton X-100, 

10mM Tris-HCL pH8, 150 mM NaCl supplemented with Protease Inhibitor and Phosphatase 

Inhibitor Cocktails (Sigma)) for 15 minutes at 4 ̊C. 10–50 µg protein was separated by 4–12% 

SDS-PAGE and transferred to nitrocellulose (Amersham Pharmacia Biotech) before blocking in 

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

in TBST. RARRES1 and Δ-2 tubulin antibodies were purchased from Sigma. P-AMPK and total 

AMPK antibodies were purchased from Cell Signaling. Blots were washed 3 times for 5 minutes 

each in TBST, followed by incubation in HRP-conjugated secondary antibody (KPL, 

Gaithersberg, MD) for 1 hour at room temperature on an orbital. Blots were washed 2 times in 

TBST, followed by 1 wash in TBST. Detection of immunoreactive bands was carried out using 

chemiluminescence with ECL Western Blotting Detection Reagents (Amersham, Piscataway, NJ). 

 

Metabolic analysis using extracellular flux assays 

Bioenergetics profile of WT and RARRES1-/- cells were measured using the XFe96 

Extracellular Flux Analyzer. The day of the assay, the cells were seeded at an optimized cell 

density (400,000 cells/well) in the 96-well XFe plate and incubated at 37˚C in a CO2-free 

atmosphere incubator for 1 hour. Oxygen consumption rates (OCRs) and extracellular acidification 

rates (ECARs) and response to mitochondrial stress factors were analyzed by using the XF Cell 

Mito Stress Kit. Basal OCR and ECAR were measured. Subsequently, OCR and ECAR responses 

were observed after sequential injections of oligomycin (1 μM), carbonyl cyanide-

ptrifluoromethoxyphenylhydrazone FCCP (2 μM), and a combination of rotenone and antimycin 

A (1 μM). For each injection, there was a total of 3 cycles, each one lasted 3 minutes and a 
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measurement was taken at the beginning of each cycle. Glycolysis was also analyzed, using the 

XF Glycolysis Stress Test kit. ECAR was measured at baseline and after sequentially adding 

glucose (10 mM), oligomycin (1 μM) and 2-deoxy-d-glucose (100 mM).  

 
 
NAD+/NADH metabolite detection  

NAD+ and NADH levels were quantified by Promega NAD/NADH-Glo bioluminescence 

assay according to the manufacturer’s instructions (Promega G9071).  

 

LC-MS metabolite extraction, targeted LC-MS conditions, and polar metabolites analysis 

The cell samples thawed in ice at room temperature. Cells were re-suspend in 50 μL of 

chilled Water/Methanol/IPA (35:25:40). Samples were plunged in to dry ice for 30 seconds and 

heat shocked in a water bath for 90 sec. Repeat freeze thaw cycles were performed and then 

samples were sonicate 30 sec. Chilled methanol containing internal standards (500 ng/mL of 

Debrisoquine and 500 ng/mL of Taurine d-4) were added to samples. Samples were vortexed and 

kept it on ice for 20 min, incubated at -20 °C for 20 min, and then centrifuged at 13000 rpm for 20 

min at 4 °C. Supernatant was transferred to MS sample vial capped, and run on LC-MS machine.  

Each sample (5 µL) was injected onto a Kinetex 2.6 μm 100 Å 100 × 2.1 mm (Phenomenex) 

column with a triple quadrupole mass spectrometer (5500 QTRAP, SCIEX, USA) operating in the 

multiple reaction monitoring (MRM) mode. The gradient mobile phase comprised of: solvent A-

100% water + 0.2% Formic acid; solvent B-100% ACN + 0.2% Formic acid. Each sample was 

resolved for 22.5 min at a flow rate of 0.2 mL/min. The gradient consisted of 100% A and 0% B 

for 2.10 minutes, then 5% A and 95% B from 14 min. to 15.10 min., 2% B and 98% D to 9.0 min., 

a hold of 2% B and 98% D up to 15.10 min, and then 100% A and 0% B from 15.10 min to 22 
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min 11.5 min. The column eluent was introduced directly into the mass spectrometer by 

electrospray. 

The declustering potential, collision energies, cell exist potential, entrance potential were 

optimized for each metabolite to obtain maximum ion intensity for parent and daughter ions via 

manual tuning in Analyst 1.6.3 software (SCIEX, USA). Signal intensities from all MRM Q1/Q3 

ion pairs for the analyte were ranked to ensure selection of the most intense precursor and fragment 

ion pair for MRM-based quantitation. This approach resulted in selection of declustering potential, 

collision energies, cell exist potential, entrance potential that maximized the generation of each 

fragment ion species. The metabolite ratios were calculated by normalizing the peak area of 

endogenous metabolites within samples normalized to the internal standard debrisoquine (DBQ) 

for positive mode metabolites and taurine-d4 for negative mode metabolites. The sample queue 

was randomized and solvent blanks were injected to assess sample carryover. Pooled QC samples 

was injected after every six samples to check for instrumental variation. Data was normalized to 

QC variance. MRM data were processed using MultiQuant 3.0.3. The relative quantification 

values of analytes were determined by calculating the ratio of peak areas of transitions of samples 

normalized to the peak area of the internal standard. 

 

Statistical analysis  

Results are shown as the mean (± SD). Statistical significance was calculated by using 

GraphPad Prism (La Jolla, California). Data was analyzed by student’s t-test and P < 0.05 was 

accepted as significant value (***, p < 0.001; **, p < 0.01; *, p < 0.05). At least three biological 

replicates were done to confirm the results. 
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2.3 Results 

RARRES1-/- mice develop high incidence of FL and exhibit EMH 

We created constitutive RARRES1-/- in two different mouse genetic backgrounds: 

129S1/SvImJ and C57BL/6N (Figure 2A). Genotyping and western blot analysis confirmed 

RARRES1 knockout (Figure 2B). Western blotting showed increased levels of Δ-2 tubulin in 

RARRES1-/- skin cells compared to wild type (WT) affirming the in vitro function of RARRES1 

as an inhibitor of CCP2 (Figure 2B).  

In the 129S1/SvImJ background, RARRES1-/- mice develop normally with no observable 

pathology in any organ system. However, the life-time incidence of follicular lymphoma was 

dramatically higher in RARRES1-/- mice (almost 100%) compared to RARRES1 knockout 

heterozygotes (RARRES1+/- (50%)) and WT mice (2%) (Figure 3A). Lymphoma onset in the 

RARRES1-/- mice, is first detectable around 1 year of age. RARRES1-/- FL showed widespread 

organ involvement including the liver, mesenteric lymph nodes (LNs), inguinal LNs, spleen, 

pancreas, and cervical LNs as indicated by hematoxylin and eosin (H&E) and CD45+ 

immunohistochemistry (IHC) staining (Figure 3B-C). RARRES1+/- FL organ involvement was 

less widespread and was focused to the liver, mesenteric LNs, and inguinal LNs (Figure 3B-C). 

The dramatically reduced number of WT FL involved the liver and mesenteric LNs only (Figure 

3B-C). Assessment of RARRES1-/- liver FL by H&E staining revealed high grade aggressive FL 

(Figure 3C). We did not detect increased incidence of epithelial cancers in RARRES1-/- mice.   

In the C57BL/6N background, RARRES1-/- mice die perinatally (2-12h) with no obvious 

developmental defects, a characteristic of autophagy and metabolism pathway mouse knockouts, 

which may suggest RARRES1 as an important regulator of metabolism. However, RARRES1+/- 
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mice in the C57BL/6N background survive, and also develop FL recapitulating what we see in the 

129S1/SvImJ background (Figure 3D).  

Additionally, in the 129S1/SvImJ background, RARRES1-/- mice show survival of CD45+ 

HSCs within the liver up to 3 months postnatally suggesting extramedullary hematopoiesis (EMH) 

even after birth (Figure 3E).149 The FL and EMH phenotypes indicate that RARRES1, like its 

homolog LXN, is important for normal homeostasis of the blood cell compartment. Since our 

RARRES1-/- was constitutive in both backgrounds, we could not determine if the FL 

lymphomagenesis phenotypes were driven by B cell intrinsic or B cell extrinsic effects. To address 

this, we next investigated the role of RARRES1 on B-cells isolated from WT and RARRES1-/- 

mice.   

 

Mature blood cell and HSPC numbers are normal in RARRES1-/- mice 

As knockout of LXN in mice increases the numbers of HSPCs and mature blood cells, we 

wanted to know if RARRES1 loss could increase levels of B cells before FL development thereby 

increasing the risk for lymphoma development. Using flow cytometry, we analyzed the level of 

mature blood cells in WT and RARRES1-/- mouse spleen of young mice aged 0-6 months. There 

was no change in T cells (CD3+) and B cells (CD19+) (Figure 4A). The numbers of macrophages 

(CD11b/Mac-1+), granulocytes (Mac-1/Gr-1+), NK cells (CD335+), and plasma cells (CD138+) 

were also unchanged (Figure 5A). To see if RARRES1-/- mice, like LXN knockout mice, had an 

effect on the levels of blood stem cells, we assessed the levels of HSCs (Lin-Sca1+cKit+), 

multipotent progenitor cells (MMP; Lin-Sca1+cKit+CD34-CD135/FLT3/Flk2+), and common 

lymphoid progenitors (CLP; Lin- I17rα+cKit+Sca1+) in the bone marrow using flow cytometry, and 

observed no difference between RARRES1-/- and WT mice (Figure 4B and Figure 5).  
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GC and plasma cell differentiation and antibody production are decreased in RARRES1-/- B 

cells   

Since there was no change in the level of B cell numbers in the blood and spleen of 

RARRES1-/-  mice prior to lymphoma formation, it is not simply the higher production of B cells 

that accounts for FL development. We next explored how RARRES1 loss leads to change in B cell 

intrinsic function before the onset of FL. FL is a cancer of activated B cells residing in the 

peripheral lymphoid organs that incompletely differentiate, thus we sought to understand how 

RARRES1 depletion effects B cell activation and differentiation as it does in other cell types in 

vitro.19 To do so, we modeled B cell activation in vitro allowing us to study how B cell intrinsic 

loss of RARRES1 leads to dysfunction. Splenic B cells from WT and RARRES1-/- mice were 

isolated and activated in vitro by stimulation with anti-IgM (aIgM), anti-CD40 (aCD40), and IL-

4, thus modeling T cell-dependent (TD) activation of B cells (Figure 6A).150 After stimulation, B 

cells enter the cell cycle, proliferate, and differentiate into germinal center (GC) B cells and plasma 

cells. Differentiation into GC B cells facilities immunoglobulin gene somatic hypermutation 

(SHM) and class-switch recombination (CSR), two essential process for making high affinity and 

class diverse antibodies. Differentiation into plasma cells is necessary for B cells to become 

professional antibody-secreting cells. After 3 Days of TD activation, RARRES1-/- B cells had 

similar expression of MHCII, a marker for activated B cells, and GC marker Fas, but expression 

of GC marker GL7 declined (Figure 6B-C). In addition, plasma cell differentiation, indicated by 

CD138 expression, and antibody production of IgE and IgG1 declined in RARRES1-/- B cells after 

3 days of TD activation (Figure 6D-E).  

The defect in plasma cell differentiation was unexpected as we did not observe a change in 

plasma cell numbers in RARRES1-/- spleen (Figure 5A). We hypothesize two reasons for this 
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outcome. First, the animals are housed in sterile environments, and thus with minimal exposure to 

pathogens, the presence of short-lived plasma cells in the spleen would be uncommon. Second, 

the in vitro assay likely has a higher sensitivity for determining differentiation capacity defects as 

large numbers of B cells are forced to differentiate; therefore, differences between RARRES1-/- 

and WT differentiation are more easily measured.  

Overall, RARRES1 loss decreased GC B cell and plasma cell formation, and decreased the 

functional ability of B cells to produce antibody. Basically, RARRES1-/- B cells are maintained in 

a less differentiated state. 

 

RARRES1 ablation impedes cell cycle progression and enhances B cell survival 

We next determined if RARRES1 influences cell cycle progression. Compared to WT, 

RARRES1-/- B cells were halted at G0/G1 phase of the cell cycle (Figure 7A) after 3 days of TD 

activation. Thus, there was increased number of RARRES1-/- B cells in G0/G1 and fewer in S and 

G2/M compared to WT (Figure 7B). The decrease in cell cycle progression is likely the result from 

impaired differentiation into GC B cells and plasma cells.  

RAARRES1 transient and stable knockdown in vitro in immortalized cell lines protects 

from cell death induced by multiple damaging agents.122 Similarly resting (unstimulated) 

RARRES1-/- B cells were significantly more viable, determined by propidium iodide staining, than 

WT after 3 days in culture (Figure 7C). 3-day TD activated RARRES1-/- B cells show only a 

marginal increase in viability (Figure 7C). This result may be a caused by the fact that artificial in 

vitro activation can lead to maximal stimulation of the B cells that masks subtle, but phenotypically 

important, RARRES1-depndent effects on viability. The resting RARRES1-/- B cells underwent 

slightly decreased levels of apoptosis compared to WT, but the magnitude of protection from 
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apoptosis was not commensurate with the increase in cell viability. Thus, inhibition of apoptotic 

cell death is not the only mechanism by which the RARRES1-/- B cells retain viability in culture. 

However, we showed previously that RARRES1 also influences other modes of cell death 

including autophagy.151 

 

RARRES1 inactivation activates UPR and HSR 

Given that decreased apoptosis cannot fully account for the increased viability of resting 

RARRES1-/- B cells, we next looked at other potential explanations. We assessed the roles of the 

UPR and the HSR, two conserved systems that help cells adapt to disruption in cellular 

homeostasis and influence autophagy.152 In fact, X-box binding protein 1 (XBP1), a transcription 

factor that drives activation of the UPR, is necessary for B cell differentiation into long-lived 

plasma cells and sustained antibody production.153,154 

The endoplasmic reticulum (ER) is needed for the proper folding and maturation of newly 

synthesized secretory and transmembrane proteins. Accumulation of unfolded proteins in the ER 

results in cell stress that leads to activation of the UPR.155 Activation of the UPR can be measured 

by increased gene expression of UPR effector genes, such as, activating transcription factor 4 

(ATF4), C/EBP homologous protein (CHOP), Binding immunoglobulin protein (BiP), ER 

degradation enhancing mannose-like protein 1 (EDEM1), and spliced XBP1 (sXBP1).83  

Various stressors such as heat, reactive oxygen species, and heavy metals can cause protein 

damage and the aggregation of unfolded proteins. Upon such protein stress, the heat shock 

response (HSR) activates and the expression of chaperone proteins that help refold proteins 

increases.156 Activation of the HSR can be measured by increased expression of HSR chaperones 

including HSP90A, HSP90B, HSP70-1A, HSP70-1B, HSPA14.  



 38 

To determine if the increase in cell viability of resting RARRES1-/- B cells is due to 

increased UPR and HSR activation, we assessed if resting RARRES1-/- B cells increase expression 

of UPR and HSR activation genes after 3 days in culture. RARRES1-/- B cells increase expression 

of the UPR regulators ATF4, CHOP, and BiP two-fold (Figure 8A). sXBP1 expression increases 

slightly (Figure 8A). For the HSR, there is increased expression of HSP90A, HSP70-1A, and 

HSP70-1B, but levels of HSPA14 do not change, but the RARRES1-/- B cells trend toward 

increased expression (Figure 8B). RARRES1-/- B cells, therefore, activate UPR and HSR basally, 

which can increase resistance to protein and cell stress, thereby increasing the threshold for cell 

death resulting in higher cell viability even under conditions of stress.  

 

RARRES1 does not significantly influence B cell OCR and ECAR but does increase 

bioenergetic capacity of MEFs  

A growing body of evidence suggests that some types of lymphoma are more reliant on 

oxidative phosphorylation (OXPHOS) for ATP production.114 The exact role of OXPHOS on 

lymphoma development is unclear, but targeting OXPHOS pathways produce therapeutic benefit 

in preclinical models.117,118  

Given that RARRES1 can have a profound effect on cellular metabolism and OXPHOS in 

other systems, we explored RARRES1 effects on metabolism in B cells.123 However, RARRES1-

/- B cells do not alter mitochondrial OXPHOS after 24 hrs of in vitro TD activation. In B cells, 

RARRES1 loss tends to decrease metabolism, though not statistically significantly for basal OCR, 

maximal respiration, and ATP production (Figure 9A). Basal glycolysis and maximal glycolysis, 

measured by extracellular acidification rate (ECAR), decrease modestly in RARRES1-/- B cells 
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(Figure 9B). Spare glycolytic capacity, which is reflected as maximal glycolysis subtracted by 

basal glycolysis, tends to decrease as well (Figure 9B).  

To complement the seahorse experiments, we performed targeted metabolomics 

experiments in 24 hr TD activated WT and RARRES1-/- B cells. Flux toward glycolysis and TCA 

cycle declined in RARRES1-/- B cells, but the changes were modest and not statistically significant 

(Figure 10A-B). Glutamine and glutamate levels trended toward increasing in RARRES1-/- B cells, 

suggesting increased glutaminolysis (Figure 11A).157 Reduced glutathione (GSH) increased, while 

oxidized glutathione (GSSG) decreased, but not significantly, in RARRES1-/- B cells (Figure 

11B).78,158 The potential for an increased GSH/GSSG ratio suggests a greater capacity to scavenge 

ROS, and possibly, the increased viability of resting RARRES1-/- B cells could be due to increased 

GSH antioxidant capacity. Last, RARRES1-/- B cells show a small but significant decrease in the 

levels of nicotinamide adenine dinucleotide (NAD+), which could have implications in regard to 

signaling and DNA repair as Poly (ADP-ribose) polymerases (PARPs) and SIRTuins (SIRTs) 

consume NAD+ in order to function (Figure 11C).159,160 

On the other hand, RARRES1-/- mouse embryonic fibroblasts (MEFs) increase levels of 

basal oxygen consumption (OCR) and spare respiratory capacity (SRC), which recapitulates the 

effects of RARRES1 knockdown in immortalized cell lines (Figure 9C).122,123 Furthermore, 

RARRES1-/- MEFs decrease levels of phosphorylated-AMP-activated protein kinase (P-AMPK) 

as it does in immortalized cell lines (Figure 9D). Metabolic energy deprivation can be sensed by 

AMPK via changes in the ATP-to-AMP ratio within cells. High AMP relative to ATP causes 

phosphorylation, and thus activation, of AMPK.55 Activated AMPK reprograms metabolism so 

that pathways that produce ATP are activated (eg mitochondrial biogenesis and autophagy) and 

pathways that consume ATP (eg lipid synthesis and gluconeogenesis) are switched off. The 
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increase in energy capacity of RARRES1-/- MEFs to make ATP results in diminished activation of 

AMPK as cellular ATP levels are more than plentiful. However, since we did not see any major 

changes in oxidative or glycolytic metabolism in RARRES1-/- B-cells, it is highly unlikely that 

AMPK phosphorylation was altered in these cells. 

Taken together, in contrast to RARRES1-/- fibroblasts and immortalized epithelial cells, 

these data indicate that B cells isolated from RARRES1-/- mice do not substantially alter their 

global metabolism and energetics compared to WT B cells. 

 

2.4 Discussion 

Previous studies indicated that RARRES1 has tumor suppressor characteristics. 

Methylation sequencing revealed that the RARRES1 promoter was commonly methylated in many 

different cancers and expression of RARRES1 was decreased in a variety of cancers.139,142 Cell 

culture studies in immortalized cell lines showed that RARRES1 depletion augments many cancer 

phenotypes including: protection from apoptosis and anoikis, anchorage independent growth, and 

autophagy induction.122,140,151 Furthermore, RARRES1 has significant effects on stem cell 

populations and phenotypes and its loss is often associated with dedifferentiation.122 However, in 

vivo evidence of RARRES1 acting as tumor suppressor was lacking.  

In this study, we show that constitutive RARRES1 ablation leads to a high incidence of 

FL, a dramatic phenotype that validates RARRES1 as a tumor suppressor in vivo. We did not 

detect increased penetrance of epithelial cancers such as breast, prostate, or pancreatic cancer 

although these solid tumors usually acquire mutations in bona fide oncogenes to become 

transformed. Future experiments will explore the role of RARRES1 loss in the context of organ 

specific oncogenic mutations. Since we used whole-body RARRES1 knockout mice, our study 



 41 

does not rule out an additional role of RARRES1 loss in affecting the microenvironment of the 

hematopoietic niche, and thus, influencing FL development. Future studies that generate B cell 

and niche specific RARRES1 knockout mice will be essential to decipher B cell intrinsic from the 

extrinsic functions of RARRES1. However, we did address B-cell intrinsic functions of RARRES1 

loss by investigating the function of WT and RARRES1-/- B cell preparations isolated prior to 

lymphoma development.  

Consistent with the known origins of FL, TD activated B cells depleted of RARRES1 are 

prevented from undergoing maturation and differentiation, indicated by decreased expression of 

GL7 and CD138. As FL arises from immature and undifferentiated GC B cells, RARRES1 loss 

can promote FL by obstructing B cell maturation and differentiation.20,135 Furthermore, cell cycle 

progression in vitro is reduced in RARRES1KO B cells, which is likely the result of decreased 

maturation and differentiation.  

We observed that the viability of resting RARRES1-/- B cells increase while in culture. 

RARRES1-/- increases activation of the UPR and HSR, which may explain the increased hardiness 

and viability of the cells. The increased hardiness of the resting B cells may also account for 

increased FL development due to increased B cell survival of undifferentiated B cells in the 

periphery.  

RARRES1 is a powerful regulator of cellular metabolism in vitro.122,123 RARRES1-/- MEFs 

show an increase in cellular bioenergetic capacity similar to that observed in immortalized cell 

lines following transient or stable depletion of RARRES1.122,123 However, in B cells, RARRES1 

knockout does not significantly affect intrinsic mitochondrial and glycolytic metabolism. As the 

RARRES1-/- MEFs do exhibit increased metabolism, it is possible that the metabolism of niche 

cells is influenced by RARRES1 ablation. Indeed, there is a growing realization in other systems 
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that alterations in the metabolism of cancer-associated stromal cells and immune cells can 

profoundly influence the growth of cancer cells.161,162 The future development of niche specific 

knockouts of RARRES1 will help answer such questions.  
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2.5 Figures and Tables  
 
Table 2. Flow cytometry antibodies used. This is a comprehensive list of the flow cytometry 
antibodies used in this chapter of the thesis.  
 

Antibody Company Item Number 
Brilliant Violet 510 anti-mouse CD19 BioLegend 115545 
APC anti-mouse CD3 BioLegend 100235 
Brilliant Violet 421™ anti-mouse CD138 (Syndecan-1) BioLegend 142507 
PE/Dazzle™ 594 anti-mouse IgG1 Antibody BioLegend 406627 
Alexa Fluor® 700 anti-mouse I-A/I-E Antibody BioLegend 107621 
FITC anti-mouse IgE Antibody BioLegend 406905 
PE/Dazzle anti-mouse CD335 (NKp46) BioLegend 137629 
Brilliant Violet 711™ anti-mouse/human CD11b BioLegend 101241 
Brilliant Violet 650™ anti-mouse F4/80 Antibody BioLegend 123149 
PE/Cyanine7 anti-mouse Ly-6G/Ly-6C (Gr-1) BioLegend 108415 
Brilliant Violet 421™ anti-mouse Lineage Cocktail BioLegend 133311 
PE anti-mouse Ly-6A/E (Sca-1) BioLegend 108107 
APC anti-mouse CD117 (c-Kit) BioLegend 105811 
PE/Dazzle™ 594 anti-mouse CD34 BioLegend 152209 
PE anti-mouse CD135 BioLegend 135305 
Brilliant Violet 605™ anti-mouse CD127 (IL-7Rα) BioLegend 135025 
PE anti-mouse/human GL7 Antigen BioLegend 144607 
PerCP/Cyanine5.5 anti-mouse CD95 (Fas) Antibody BioLegend 152609 
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Table 3. Primers used. This is a comprehensive list of the qPCR primers used in this chapter of 
the thesis.   
 

Gene  Primer Sequence 5' ➝ 3' 

sXBP1 
F CTGAGTCCGAATCAGGTGCAG 
R GTCCATGGGAAGATGTTCTGG 

ATF4 
F GGGTTCTGTCTTCCACTCCA 
R AAGCAGCAGAGTCAGGCTTTC 

CHOP 
F CCACCACACCTGAAAGCAGAA 
R AGGTGAAAGGCAGGGACTCA 

BiP 
F TTCAGCCAATTATCAGCAAACTCT 
R TTTTCTGATGTATCCTCTTCACCAGT 

Hsp90aa1 
F AATTGCCCAGTTAATGTCCTTGA 
R CGTCCGATGAATTGGAGATGAG 

Hsp90ab1 
F GTCCGCCGTGTGTTCATCAT 
R GCACTTCTTGACGATGTTCTTGC 

Hspa14 
F TACTCGGAACGTGAACAGGTG 
R TTCATACCGCAACTTCCCATTT 

HSP70-1A 
F TGGTGCAGTCCGACATGAAG 
R GCTGAGAGTCGTTGAAGTAGGC 

HSP70-1B 
F GCGTGGGGGTATTCCAACAT 
R TGAGACGCTCGGTGTCAGT 

RARRES1 
F CTGCGCTGCACTTCTTCAAC 
R TGCTAAATACCAAGTCCACTTCG 

MAPK3 
F TCCGCCATGAGAATGTTATAGGC 
R GGTGGTGTTGATAAGCAGATTGG 

Rn18s 
F GTAACCCGTTGAACCCCATT 
R CCATCCAATCGGTAGTAGCG 
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Figure 2. RARRES1 knockout strategy and validation. (A) The RARRES1 gene targeting 
vector PRPGS00072_A_A02 was used to create constitutive RARRES1-/- mice in both the 
129S1/SvImJ and C57BL/6N backgrounds. The RARRES1 gene is located on chromosome 3 of 
the mouse genome, and exon 3 was targeted for removal. (B) Western blot analysis of RARRES1 
and Δ2-tubulin from the mouse skin of 129 WT and RARRES1-/- mice. RARRES1 functions as an 
inhibitor of tubulin deglutamylase CCP2 in immortalized cell culture. Thus, levels of 
deglutamylated tubulin increase upon RARRES1-/- mice compared to wildtype (WT) mice. Data 
shown as mean (±SD). Significance was determined by unpaired two-tailed t-test; *P < 0.05; **P 
< 0.01; ***P < 0.001; ****P < 0.0001. 
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Figure 3. RARRES1+/- and RARRES1-/- mice develop high incidence of FL. (A) RARRES1-/- 
mice compared to RARRES1+/- and WT mice have a higher life-time incidence of FL development 
in the 129S1/SvImJ background. Lymphoma arises around 1 year of age in the RARRES1-/- mice. 
P values were calculated by the 𝜒2 test. (B) FL organ involvement in WT, RARRES1+/-, and 
RARRES1-/- mice. RARRES1-/- mice have widespread organ involvement in the liver, mesenteric 
LNs, inguinal LNs, spleen, pancreas, and cervical LNs. RARRES1+/- and WT do not have as 
widespread organ involvement pattern as RARRES1-/- mice.  (C) FL in liver of RARRES1-/- and 
RARRES1+/- mice compared to normal WT liver. Top panel: whole mount image of liver (original 
magnification); middle panel: histological examination by H&E staining (X40); bottom Panel: 
CD45 immunostaining (X40). Images acquired and analyzed on Keyence microscope (BZ-X). (D) 
RARRES1+/- mice in the C57BL/6N background survive and have increased incidence of 
lymphoma as compared to WT mice. RARRES1-/- in the C57BL/6N background die perinatally. 
P values were calculated by the 𝜒2 test. (E) WT and RARRES1-/- mouse liver were immunostained 
for CD45 at embryonic day 17 (E17) and 3 months (3MO). RARRES1-/- mice contain CD45+ HSCs 
in the liver up to 3 MO postnatal, thus exhibiting postnatal extramedullary hematopoiesis.  
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Figure 4. Mature lymphocyte cell and HSC numbers are normal in RARRES1-/- mice. (A) 
Flow cytometry percentage of B cells (CD19+) and T cells (CD3+) from WT (n = 5) and RARRES1-

/- (n = 5) spleen. (B) Flow cytometry percentage of HSCs (Lin-Sca1+cKit+) from WT (n = 5) and 
RARRES1-/- (n = 5) bone marrow. Data shown as mean (±SD). Significance was determined by 
unpaired two-tailed t-test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
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Figure 5. RARRES1-/- mice have normal numbers of mature splenic blood cells and bone 
marrow HSPCs. (A) Flow cytometry percentage of granulocytes (Mac-1/Gr-1+), NK cells 
(CD335+), macrophages (CD11b/Mac-1+F4/80+), and plasma cells (CD138+) from WT (n = 5) and 
RARRES1-/- (n = 5) spleen. (B) Flow cytometry percentage of MMPs (Lin-Sca1+cKit+CD34-

CD135/FLT3/Flk2+) and CLP (Lin-Il7rα+cKit+Sca1+) from WT (n = 5) and RARRES1-/- (n = 5) 
bone marrow. Data shown as mean (±SD). Significance was determined by unpaired two-tailed t-
test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
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Figure 6. GC and plasma cell differentiation and antibody production are decreased in 
RARRES1-/- B cells. (A) Illustration of TD in vitro B cell activation study design. (B) Flow 
cytometry analysis for activation marker MHCII from WT (n = 3) and RARRES1-/- (n = 3) B cells 
after 3 days of TD activation. (C) Flow cytometry analysis for GC differentiation markers Fas and 
GL7 from WT (n = 3) and RARRES1-/- (n = 3) B cells after 3 days of TD activation. (D) Flow 
cytometry analysis for plasma cell marker CD138+ from WT (n = 3) and RARRES1-/- (n = 3) B 
cells after 3 days of TD activation. (E) Flow cytometry analysis for CSR markers IgG1 and IgE 
from WT (n = 3) and RARRES1-/- (n = 3) B cells after 3 days of TD activation. Data shown as 
mean (±SD). Significance was determined by unpaired two-tailed t-test; *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001. 
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Figure 7. RARRES1 ablation impedes cell cycle progression and enhances B cell survival. 
(A) Flow cytometry analysis of cell cycle phases (G0/G1, S, G2M) from WT (n = 3) and 
RARRES1-/- (n = 3) B cells after 3 days of TD activation. (B) Quantification of cell cycle phases 
differences between WT (n = 3) and RARRES1-/- (n = 3) B cells after 3 days of TD activation.  
(C) Flow cytometry analysis of viability (PI staining) from WT (n = 3) and RARRES1-/- (n = 3) 
resting and activated B cells after 3 days. (D) Flow cytometry analysis of apoptosis (Annexin V 
staining) from WT (n = 3) and RARRES1-/- (n = 3) resting and activated B cells after 3 days. Data 
shown as mean (±SD). Significance was determined by unpaired two-tailed t-test; *P < 0.05; **P 
< 0.01; ***P < 0.001; ****P < 0.0001. 
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Figure 8. RARRES1 inactivation increases basal levels of UPR and HSR. (A) qPCR expression 
of UPR genes ATF4, CHOP, BiP, and sXBP1 of resting WT (n = 3) and RARRES1-/- (n = 3) B 
cells after 3 days of culture. (B) qPCR expression of HSR genes HSP90A, HSP70-1A, HSP70-1B, 
and HSPA14 in 3 day resting WT (n = 3) and RARRES1-/- (n = 3) B cells after 3 days of culture. 
Data shown as mean (±SD). Significance was determined by unpaired two-tailed t-test; *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001. 
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Figure 9. RARRES1 does not significantly influence B cell OCR and ECAR but does increase 
bioenergetic capacity of MEFs. (A) OCR over time with sequential addition of oligomycin (1 
µM), mitochondrial uncoupler FCCP (2 µM), and electron transport inhibitors antimycin (1 µM) 
+ rotenone (1 µM), in WT (n = 3) and RARRES1-/- (n = 3) B cells after 24 hr TD activation. 
Differences in basal OCR, maximal respiration, and ATP production were quantified. (B) ECAR 
over time with sequential addition of oligomycin (1 µM), mitochondrial uncoupler FCCP (2 µM), 
and electron transport inhibitors antimycin (1 µM) + rotenone (1 µM), for WT (n = 3) and 
RARRES1-/- (n = 3) B cells after 24 hr TD activation. Differences in basal glycolysis, maximal 
glycolysis, and glycolytic capacity were quantified. (C) WT and RARRES1-/- MEF OCR was 
determined by extracellular flux analysis. Basal OCR was determined prior to addition of 
oligomycin, and spare respiratory capacity was determined by subtraction of maximal OCR upon 
FCCP uncoupling by basal OCR (n = 6).  (D) Western blot analysis of P-AMPK and total AMPK 
from WT and RARRES1-/- MEF cells. Data shown as mean (±SD). Significance was determined 
by unpaired two-tailed t-test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
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Figure 10. RARRES1-/- B cells do not significantly alter central carbon metabolism. (A) 
Glycolysis metabolites were measured in WT (n = 3) and RARRES1-/- (n = 3) 24 hr TD activated 
B cells. (B) Krebs (TCA) cycle metabolites were measured in WT (n = 3) and RARRES1-/- (n = 
3) 24 hr TD activated B cells. Data shown as mean (±SD). Significance was determined by 
unpaired two-tailed t-test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
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Figure 11. RARRES1-/- B cells effects on levels of glutamine and glutamate, glutathione, and 
NAD+. (A) Glutamine and was measured in WT (n = 3) and RARRES1-/- (n = 3) 24 hr TD activated 
B cells. (B) GSH and GSSG were measured in WT (n = 3) and RARRES1-/- (n = 3) 24 hr TD 
activated B cells. (C) NAD+ and NADH+ were measured in WT (n = 3) and RARRES1-/- (n = 3) 
24 hr TD activated B cells. Data shown as mean (±SD). Significance was determined by unpaired 
two-tailed t-test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
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CHAPTER III: THE ROLES OF SIRT1/2 IN B CELL ACTIVATION, 
DIFFERENTIATION, AND ADAPTION TO CELLULAR STRESSORS 

 

3.1 Introduction 

B cells mediate the humoral response of the adaptive immune system by secretion of 

antigen-specific antibodies.1 Naïve B cells (antigen-inexperienced) develop in the bone marrow 

from hematopoietic stem cells (HSCs) and reside within secondary lymphoid organs, such as the 

spleen. Upon cognate antigen encounter, naïve B cells activate shifting from a state of quiescence 

to rapid clonal expansion and differentiation into antibody-secreting plasma cells (PCs) and 

memory B cells.11 During T cell-dependent (TD) activation, T helper cells facilitate B cell 

activation by providing CD40 ligand (CD40L), which interacts with CD40 on the B cells, and by 

secreting cytokines, in particular IL-4. TD activation also leads to differentiation into germinal 

center (GC) B cells and B cell receptor (BCR) editing in the form of somatic hypermutation (SHM) 

and class switch recombination (CSR). SHM is the targeted placement of mutations within the 

variable region of immunoglobulin genes to create antibodies with higher affinity for antigen. CSR 

rearranges the immunoglobulin heavy chain constant regions for production of class diverse 

antibodies (e.g. IgG and IgE). Activated GC B cells eventually differentiate into either antibody 

secreting PCs or long-lived memory B cells that can re-activate if the antigen is encountered again 

in the future. 

SIRTuins (SIRTs) are a family of conserved NAD+-dependent deacetylases, originally 

discovered in yeast. Mammalian cells possess seven SIRT homologs, SIRT1-7, that differ in 

subcellular localization and target specificity.101 SIRTs mediate physiological responses to cellular 

stressors, including caloric restriction, oxidative stress, and DNA damage.125,126 Mechanistically, 

SIRTs function as regulators of gene expression, cell cycle progression, metabolism, 
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differentiation, and cell survival. With such wide-raging critical cellular functions, SIRTs are being 

targeted for therapeutic benefit in metabolic, cardiovascular, and neuronal diseases.163  

SIRTs are also important regulators of immunity. SIRT1 has established roles in regulating 

chronic and acute inflammation by influencing neutrophils, monocytes, dendritic cells, and T 

cells.164 In addition to regulating gene expression by modulating histone acetylation in immune 

cells, SIRT1 can bind and deacetylate RelA/p65 thereby inhibiting NF-κB signaling. Intriguingly, 

the beneficial effects of SIRT1 function on metabolic disorders is partly attributable its ability to 

suppress the inflammatory responses in macrophages.165  In T cells, SIRT1 negatively regulates 

CD4+ T cell activation and cytokine production, and prevents the development of autoimmunity. 

SIRT1 is also implicated in suppressing the function of CD8+, T regulatory, and T memory cells. 

And, SIRT3 regulates ROS production and may modulate CD4+ and CD8+ T cell function.  

The function of SIRTs in B cells has been studied extensively in the context of B cell 

leukemias and lymphomas with SIRTs having both oncogenic and tumor suppressive functions. 

Overexpression of SIRT1 in mice lowers frequency of fatal thymic lymphoma development.166 

Pharmacological inhibition of SIRT1 causes lymphoma cell death by modulating BCL6 and p53 

acetylation.167,168 However, overexpression of SIRT1 in mouse immature pro-B cell line BaF3 

enhances cell proliferation, apoptosis resistance, and pro-inflammatory cytokine production.169 

Inhibition of SIRT1 and SIRT2 reduces cell growth, triggers ROS production, and promotes 

apoptosis in CLL primary and immortalized cell lines.170 Selective SIRT2 pharmacological 

inhibition induces apoptosis and lowers cell proliferation in lymphoma cell lines.171 SIRT3 

overexpression in lymphoma cell lines decreases proliferation and sensitizes cells to antioxidant 

treatment.172 However, in vivo SIRT3 knockout results in reduced lymphomagenesis in a VavP-

Bcl2 mouse lymphoma model. Similarly, SIRT4 loss suppresses tumor formation in a Eμ-Myc 
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transgenic mouse model of Myc-induced Burkitt lymphoma.173  SIRT6 depletion in lymphoma 

cells arrests cell cycle progression, decreases proliferation, induces apoptosis, and augments 

sensitivity towards chemotherapy.174 

The role of SIRT1 has recently been studied in the context of normal B cell function.102 

Loss of SIRT1 function in activated B cells by genetic deletion increased expression of the gene 

Aicda, which codes for activation-induced cytidine deaminase (AID), the enzyme responsible for 

SHM and CSR, resulting in increased CSR, SHM, and production of autoantibodies without 

perturbing PC differentiation. SIRT1 regulated expression of Aicda via three mechanisms. First, 

SIRT1 deacetylated histones in the Aicda promoter, thus directly inhibiting expression. Second, 

SIRT1 deacetylated the p65 subunit of NF-κB inactivating its ability to promote Aicda expression. 

Third, SIRT1 deacetylated DNA Methyltransferase 1 (Dnmt1) activating its ability to methylate 

the promoter of Aicda thereby reducing its expression.  

As SIRT1 is dependent on NAD+, a decrease in NAD+/NADH, results in a decrease in 

SIRT1 activity. Cellular glycolysis converts NAD+ into NADH, and thus, lowers the 

NAD+/NADH ratio and decreases SIRT1 activity. B cells cultured in increasing concentrations of 

glucose, thereby boosting glycolysis flux, elevates Aicda expression and CSR. Conversely, 

administration of exogenous NAD+ leads to decreased Aicda expression and CSR. SIRT1 can, 

therefore, can act as a metabolic sensor, and adjust gene expression, epigenetics, and cell signaling 

accordingly in B cells.  

However, a full understanding of SIRT1 function and the role the other SIRT family 

members have in normal B cell activation remains unexplored. In our model, we find that SIRT2 

is the highest expressed SIRT before and 24 hrs after activation. SIRT2 genetic knockout in B cells 

regulated redox hemostasis, genomic integrity, and metabolism. Pharmacological inhibition of 
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SIRT1 and SIRT2 led to reduced CSR and PC differentiation and lower metabolic function 

implicating SIRTs in upregulating metabolism of activated B cells. Given that B cell metabolism 

and functionality declines with normal aging, and age increases the risk for malignancy, 

modulation of SIRT function can be an important way for rejuvenating the metabolism and 

function of aged B cells and decreasing risk for B cell malignancy.   

 

3.2 Materials and Methods  

Mice   

Wild type (WT: C57BL/6J) and SIRT2 knockout (SIRT2KO: B6.129-Sirt2tm1.1Fwa/J) mice 

were purchased from Jackson Laboratories (Stock No: 000664, Stock No: 012772). All mice were 

bred and maintained at the Georgetown University Division of Comparative Medicine. 

Experiments were performed according to the NIH guidelines. All animal experimentation was in 

accordance with protocols approved by the Georgetown University Institutional Animal Care and 

Use Committee (protocol # 2016-1161).  

 

B cell activation  

Red blood cell-lysed mouse spleen cells were enriched for B cells using CD43 negative 

magnetic selection (Invitrogen: 11422D). Cells were grown in RPMI1640 supplemented with 10% 

FBS, 2 mM GlutaMAX, 25 mM HEPES, 50 μM β-mercaptoethanol, and 50 units/ml penicillin, 

and 50g/ml streptomycin. B cells were stimulated with 1 μg/ml anti-CD40 (aCD40) mAb 

(BioLegend, 102802) and 300 ng/ml IL-4 (BioLegend, 715004). When appropriate, drug 

treatments were added immediately after activation. Pharmacological treatments used in the study 

include: EX-527 (Cayman, 10009798), sirtinol (Cayman, 10009798), hydrogen peroxide solution 
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(Sigma, H1009), menadione (Sigma, M5625), and cisplatin (Sigma, P4394). After 5 days of 

culture, cells were stained with indicated antibodies, Helix NP NIR was added for viability 

analysis, and then analyzed on a BD LSRFortessa analyzer (BD Biosciences).  

 

Flow cytometry  

Cell isolation were handled at 4°C to minimize cell activation. Bone marrow cells were 

obtained by crushing tibias, femurs, pelvic bones, and vertebrae with a mortar and pestle. Cells 

were gently triturated and filtered through a nylon screen cell strainer (40 μm, Sigma) to obtain a 

single-cell suspension. Spleen cells were obtained by cutting the spleens into small fragments on 

a 40 µm cell strainer. Gently, spleen tissue was pressed with pestle (Sigma) and single cells were 

collected by passing 5 mL of PBS containing 5% (vol/vol) FBS through the cell strainer. Red blood 

cells were lysed using Red Blood Cell Lysis Buffer (Biolegend). Single cell suspensions of spleen 

or bone marrow were stained with conjugated antibodies for 20 min in 50 µl FACS buffer (2% 

FBS in PBS) on ice in the dark. Data were obtained on a BD LSRFortessa analyzer (BD 

Biosciences) and analyzed with FCSExpress 6. Antibodies were used at a 1:200 dilution. List of 

antibodies used can be found in Table 4.  

 

Cell cycle analysis  

For cell cycle analysis, cells were washed twice by centrifugation in PBS at 500 g for 5 

min. Then, 106 cells were fixed and permeabilized with 1 mL of ice-cold ethanol overnight at -

20°C. Following two washes with FACS buffer cells were stained in 200 μL of FACS buffer for 

30 min at room temperature in the dark with 50 μg/mL Propidium Iodide (PI, Biolegend), AF 488-

conjugated anti-human Ki67 mAb (Biolegend). Cells were then washed twice with PBS, 
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centrifuged for 5 min at 500 g and re-suspended in 300 μL of PBS. Samples were then analyzed 

on a BD LSRFortessa analyzer (BD Biosciences) for DNA content.  

 

RNA extraction and real-time quantitative PCR analysis  

Total RNA was isolated from cells by using Trizol reagent (Invitrogen) according to the 

instructions of the manufacturer. RNA was isolated using the RNeasy kit (Qiagen) according to 

the instructions of the manufacturer. Reverse transcription was done using Invitrogen Reverse 

Transcription Kit. The cDNA samples were used to quantify RNA expression using the qRT–PCR 

performed on a thermocycler (Applied Biosystems) using SYBR green (Roche). Custom primers 

were made using the Primer-BLAST Primer designing tool from NCBI or the PrimerBank 

database. Primer sequences can be found in Table 5. Samples were normalized to GAPDH or 18S 

RNA and represented as fold change over control using the ΔΔCT method. 

 

Immunoblotting 

Cells were lysed in RIPA buffer (1% sodium deoxycholate, 0.1% SDS, 1% Triton X-100, 

10mM Tris-HCL pH8, 150 mM NaCl supplemented with Protease Inhibitor and Phosphatase 

Inhibitor Cocktails (Sigma)) for 15 minutes at 4 ̊C. Protein concentration was determined using a 

protein microplate assay (Biorad Laboratories). 10–50 µg protein separated by 4–12% SDS-PAGE 

and transferred to nitrocellulose (Amersham Pharmacia Biotech) before blocking in 5% BSA in 

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

TBST. Primary antibodies used were anti-Sirt2 antibody (Sigma, S8447) and anti-alpha tubulin 

antibody (abcam, ab18251). Blots were washed 3 times for 5 minutes each in TBST, followed by 

incubation in HRP-conjugated secondary antibody (KPL, Gaithersberg, MD) for 1 hour at room 
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temperature on an orbital. Blots were washed 2 times in TBST, followed by 1 wash in TBST. 

Detection of immunoreactive bands was carried out using chemiluminescence with ECL Western 

Blotting Detection Reagents (Amersham, Piscataway, NJ).  

 

Measurement of intracellular ROS levels 

Total cellular ROS and mitochondrial generated ROS were measured by using CellROX 

Deep Red (Invitrogen, C10422) and MitoSOX Red (Invitrogen, M36008), respectively. Briefly, 

activated B cells were grown in 24-well plates at a density of 1x106 cells per well. Afterward, cells 

were washed with PBS and incubated with 1 μM CellROX Red and 5 μM MitoSOX Red at 37°C 

for 30 min in the dark. Cells were washed twice with PBS, stained with SYTOX Blue for viability 

assessment, and then analyzed on a BD LSRFortessa analyzer (BD Biosciences).  

 

Oxidative stress assay 

Activated B cells were grown in 24-well plates at a density of 1 x 106 cells per well and 

stained with 1 μM CellROX Deep Red (Invitrogen, C10422) and 1:500 Zombie Violet (BioLegend 

423113) for 20 min at 37 °C. Afterward, cells were treated with or without 50 μM H2O2 (Sigma 

H1009) for 15 min. Cells were then fixed with 4% PFA for 15 min at room temperature, washed 

twice with PBS, and analyzed on a BD LSRFortessa analyzer (BD Biosciences).  

 

Genotoxicity assay 

Activated B cells were grown in 24 well plates at a density of 1 x 106 cells per well and 

treated with or without 5 μM or 100 μM cisplatin (Sigma P4394) for 24 hrs. Cells were stained 

with Zombie NIR (BioLegend 423105) for 15 min at 4°C, washed with PBS, and fixed with 70% 
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ethanol for 24 hrs at -20°C. Fixed cells were stained with PE anti-H2A.X Phospho (Ser139) 

antibody for 20 min at room temperature in the dark, washed twice, and analyzed on a BD 

LSRFortessa analyzer (BD Biosciences). 

 

Measurement of mitochondrial mass and membrane potential  

Mitochondrial mass and membrane potential were determined by using MitoTracker Green 

(Invitrogen, M7514) and TMRM (Invitrogen, T668), respectively. Briefly, activated B cells were 

grown in 24-well plates at a density of 1x106 cells per well. Afterward, cells were washed with 

PBS and incubated with 20 nM MitoTracker Green and 40 nM TMRM at 37°C for 30 min in the 

dark. Cells were washed twice with PBS, stained with SYTOX Blue for viability assessment, and 

then analyzed on a BD LSRFortessa analyzer (BD Biosciences).  

 

Metabolic analysis using extracellular flux assays 

Bioenergetics profile of B cells were measured using the XFe96 Extracellular Flux 

Analyzer. On the day of the assay, the cells were seeded at an optimized cell density (400,000 

cells/well) in the 96-well XFe plate and incubated at 37˚C in a CO2-free atmosphere incubator for 

1 hour. Oxygen consumption rates (OCRs) and extracellular acidification rates (ECARs) and 

response to mitochondrial stress factors were analyzed using the XF Cell Mito stress test. Basal 

OCR and ECAR were measured. Subsequently, OCR and ECAR responses were observed after 

sequential injections of 1 μM oligomycin (Sigma, 75351), 2 μM FCCP (Sigma; C2920), and a 

combination of 1 μM rotenone (Sigma, R8875) and 1 μM antimycin A (Sigma, A8674). For each 

injection, there was a total of 3 cycles, each one lasted 3 minutes and a measurement was taken at 

the beginning of each cycle. Dependency and plasticity on glycolysis, glutaminolysis, and fatty 
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acid oxidation were determined when each pathway was inhibited by 10 mM 2-Deoxy-D-glucose 

(Cayman, 14325), 1 μM CB-839 (Cayman, 22038), and 200 μM etomoxir (Cayman, 11969).  

 

Statistical analysis  

Results are shown as the mean ± SD. Statistical significance was calculated by using 

GraphPad Prism (La Jolla, California). Data was analyzed by student’s t-test or ordinary one-way 

ANOVA. P < 0.05 was accepted as significant value (***, p < 0.001; **, p < 0.01; *, p < 0.05). 

At least three biological replicates were done to confirm the results.  

 

3.3 Results 

SIRT family expression in B cells  

To explore the role of SIRTs in normal B cell activation and differentiation, we isolated 

splenic B cells from wildtype (WT) mice, and in vitro cultured and stimulated with anti-CD40 

(aCD40) and IL-4 modeling T cell-dependent (TD) B cell activation. We compared expression of 

all SIRTs after 0, 1, 4, and 5 day of TD activation (Figure 12 A-B). SIRT2 was the highest 

expressed at day 0 and 1 with expression being approximately 4-fold higher than SIRT1. SIRT1 

expression was 3-to-4-fold higher on days 4 and 5. SIRT2 expression stayed consistent from day 

0 to day 5. Noticeably, SIRT7, which is important for rDNA expression, genomic stability, and 

metabolism, is the second highest expressed on days 0 and 1.175 SIRT3 and 6 were moderately 

expressed, while SIRT4 and 5 had negligible expression. Day 4 and 5 expression of SIRT3-7 were 

negligible compared to SIRT1 and 2. We were able to confirm the SIRT expression profile in 

different B cell subsets using the ImmGen database of immune cell expression.176 SIRT2 and 
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SIRT7 were the most highly expressed SIRTs in follicular (FO), marginal zone (MZ), and GC B 

cells, and splenic PCs (Figure 12C).  

As SIRTs are NAD+-dependent, cellular NAD+ levels must be sufficient to fuel SIRT 

activity. NAD+ can be produced by the de novo pathways from tryptophan (Trp), the salvage 

pathway from nicotinamide (NAM), or the Preiss-Handler (PH) pathway from nicotinamide 

riboside (NR). Quinolinate phosphoribosyltransferase (QPRT), nicotinamide 

phosphoribosyltransferase (NAMPT), and nicotinamide phosphoribosyltransferase (NAPRT) are 

the rate-limiting enzymes of different pathways, respectively.100,177 Expression of QPRT, NAMPT, 

and NAPRT were assessed after 0, 1, 4, and 5 days of TD activation (Figure 12D-E). QPRT and 

NAPRT had negligible expression, even at day 0. NAMPT was highly expressed at day 0, but its 

expression increased 4-fold after 1 day activation. Its expression remained 2-fold higher even at 

days 4 and 5. The increased NAMPT expression likely produces NAD+ for biochemical redox 

reactions that make ATP, but also for use by SIRTs. As we used an in vitro model, these 

metabolism results are influenced by the culture conditions used, and RPMI media (Gibco Catalog 

number: 72400047) was used, which contains 5 mg/mL Trp and 1 mg/ml NAM with no NR. Thus, 

it appears that the NAD+ production in B cells is driven by NAM salvage in our system. A recent 

in vivo flux analysis in mice of NAD+ metabolism showed that the spleen used NAM, which is 

around 2 μM concentration in mouse serum, to make NAD+, and that spleenic turnover of NAD+ 

was among the most rapid compared to other organs.178 Our expression data confirms that NAMPT 

is present in B cells and its expression is increased upon activation, suggesting that turnover of 

NAD+ likely high in activated B cells as a result of both energy production by redox reactions and 

NAD+ signaling by SIRTs and poly-ADP-ribose-polymerases (PARPs), which also consume 

NAD+.  
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Pharmacological inhibition of SIRT1 and 2 in activated B cells  

Both SIRT1 and SIRT2 can regulate cell cycle and differentiation, two necessary process 

for proper B cell activation, by deacetylation of histone and non-histone proteins. SIRT1 can 

deacetylate multiple histones, including H3K9Ac and H3K14Ac, regulating gene expression and 

chromatin structure. Non-histone targets include proteins that regulate signal transduction (eg NF-

κB and β-catenin), metabolism (e.g. PGAM-1), or gene transcription (e.g FOXO).127,179  SIRT2 

can deacetylate histones (e.g. H4K16) and influence cell cycle progression, and various non-

histone targets that influence gene expression (e.g. FOXO1), DNA repair (e.g. ATRIP), and 

metabolism (e.g. G6PD and GSK3). 

  To understand the role of SIRTs in B cells, we first used pharmacological inhibition of 

SIRT1 and SIRT2. EX-527 is a selective SIRT1 inhibitor with IC50 of 38 nM and 19.6 μM for 

SIRT1 and SIRT2, respectively.180 Sirtinol is a selective inhibitor SIRT2 inhibitor with IC50 of 38 

μM and 131 μM for SIRT2 and SIRT1, respectively.181 

Splenic B cells isolated from WT mice and were TD stimulated with aCD40 and IL-4, and 

cultured with or without EX-527 or sirtinol. After 5 days, B cell maturation into GC B cells 

(%B220+Fas+GL7+) and CSR to IgG1 (%IgG1) increased upon both EX-527 and sirtinol treatment 

in a dose-dependent manner (Figure 13A-B). CSR to IgE (%IgE+) decreased with EX-527 and 

sirtinol treatment in a dose-dependent manner, and B cells differentiating into PCs (%CD138+) 

declined with EX-527 treatment, but not sirtinol, which at, 25 μM treatment increased PC 

differentiation (%CD138+) (Figure 13A-B).  

EX-527 and sirtinol did impact cell viability and cell cycle progression.  After 5 days of 

TD activation, 10 μM EX-527 slightly increased cell viability, but 25 μM decreased cell viability 

almost 4-fold (Figure 13C). 10 μM sirtinol did not significantly affect cell viability, but similarly 
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to 25 μm EX-527, 25 μM sirtinol decreased cell viability by 4-fold (Figure 13C). The percentage 

of cells in G0/G1 phase of cell cycle increased in a dose-dependent manner in response to both 

EX-527 and sirtinol, and concomitantly, the percentage of cells in S phase of the cell cycle 

decreased (Figure 13D). Neither EX-527 nor sirtinol had a statistically significant impact on G2/M 

phase of cell cycle (Figure 13D). Therefore, both EX-527 and sirtinol prevented cells from 

progressing from G0/G1 to S phase of the cell cycle. The compromised viability and cell cycle 

progression from EX-527 and sirtinol treatment may account for the decreased PC differentiation 

and IgE CSR that was observed.  

Our results show that SIRT1 and 2 do influence B cell activation and differentiation, 

survival, and cell cycle progression. As noted above, others have shown that genetic ablation of 

SIRT1 leads to increased CSR and SHM without effecting PC differentiation 102. In our system, 

SIRT1 selective inhibitor EX-527 corroborates the increased CSR to IgG1. However, 

differentiation into GC B cells and PC differentiation was also affected. The difference between 

genetic and pharmacological inhibition of SIRT1 can be caused by EX-527 inhibiting not only 

SIRT1, but also SIRT2 and possibly the members of the SIRT family members. Additionally, EX-

527 may alter the functions of other proteins outside the SIRT family, resulting in “off-target 

effects.”  

 

SIRT2KO cells do not have compromised TD B cell activation and differentiation 

Given that others have already studied genetic ablation of SIRT1 in B cell activation, we 

decided to determine the effect of SIRT2 genetic knockout in B cells. To study the role of SIRT2 

specifically, we isolated splenic B cells from WT and constitutive Sirt2 knockout (SIRT2KO) 

mice, which we obtained from Jackson Labs. Genotyping, expression and western blot for SIRT2 
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confirmed SIRT2 gene knockout (Figure 14). Additionally, as SIRT2 is highly expressed in stem 

and mature blood cells (ImmGen Database), we phenotyped SIRT2KO mice for alternations in the 

number of hematopoietic stem and progenitor cells, B cell progenitors, transitional B cell subsets, 

mature B cell subtypes, and mature non-B cells. Our analysis did not reveal any significant 

alteration in blood cell numbers in SIRT2KO mice compared to WT, other than a slight decrease 

in transitional 1 (T1) B cells in SIRT2KO mice (Figure 15). 

After 5 day of in vitro TD activation, SIRT2KO B cells did not reduce GC 

(%B220+Fas+GL7+) and PC (%CD138+) differentiation, unlike pharmacological inhibition with 

SIRT2 selective inhibitor sirtinol (Figure 16A). CSR (%IgG1+ and %IgE+) was also not affected 

by SIRT2KO after 5 days (Figure 16B). SIRT2KO did not affect cell viability or cell cycle 

progression, either (Figure 16C-D).  

 SIRT2 genetic knockout and pharmacologic inhibition with sirtinol resulted in differing 

phenotypes for a variety of potential reasons. First, redundant functions by other SIRT family 

members can replace the genetic ablation of SIRT2. TD activated B cells increase expression 

SIRT1, 3, 4, and 7 (Figure 17A). Therefore, loss of SIRT2 function could potentially be replaced 

by the collective function of SIRT1, which can be cytoplasmic and nuclear like SIRT2, 

mitochondrial SIRTs 3 and 4, and nuclear SIRT7. Like activated B cells, resting SIRT2KO B cells 

also increase expression of SIRT4 (almost 3-fold). This suggests that SIRT4 may perform 

important functions that are redundant with SIRT2 (Figure 17B). And while sirtinol is SIRT2 

selective, it is promiscuous and can also inhibit SIRT1 and likely other family members resulting 

in dramatic phenotypic effects in B cells not seen upon SIRT2KO.  

Second, sirtinol could have off-target effects outside of the SIRT family. To test this, we 

TD activated SIRT2KO B cells and treated with or without sirtinol or EX-527. The increase in GC 
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maturation (%B220+Fas+GL7+ and %CD138+) was blunted by both sirtinol and EX-527 (Figure 

17C). Treatment with sirtinol, but not EX-527, increased CSR to IgG1 (%IgG1+) and furthered the 

decrease in IgE CSR (%IgE+) (Figure 17D). These results suggest that SIRT2 helps regulate GC 

differentiation and CSR. Also, the results indicate that sirtinol can either inhibit SIRTs other than 

SIRT2 or has non-SIRT off-targets effects since sirtinol still has phenotypic effects in SIRT2KO 

B cells. Since EX-527 effects on GC differentiation are compromised in SIRT2KO B cells, EX-

527 can likely inhibit SIRT2, in addition to SIRT1, in B cells at 10 and 25 μM concentrations.  

Third, as SIRTs are implicated in aging, the age in which B cell function is tested may 

determine the magnitude of phenotype observed. Our results thus far have been conducted in 

young B cells (2-3 months old). However, TD activated aged SIRT2KO B cells from mice 8-12 

months old displayed slightly reduced PC differentiation, but normal GC maturation and CSR 

compared to aged-matched WT controls (Figure 17E-F). There was no change in cell viability or 

cell cycle progression in aged activated B cells (Figure 17G-H). Perhaps with even greater age 

SIRT2KO B cells will possess more pronounced reduction in abilities, which would support SIRT2 

as being important in countering aging.182,183     

 

SIRT2 helps resolve oxidative stress in B cells  

Given that SIRT2 is highly expressed in resting and 24 hr activated B cells (4-fold higher 

than SIRT1), we wanted to understand if SIRT2 has additional functions beyond its role as a 

regulator of B cell differentiation and CSR. SIRT2 is important for maintaining homeostasis in 

response to cellular stressors, including oxidative, genotoxic, and metabolic.184 We first assessed 

SIRT2’s role in assisting the cellular response and adaption to oxidative stress.  
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SIRT2 can deacetylate glucose-6-phosphate dehydrogenase (G6PD) upon oxidative 

stress.185 G6PD is the rate-limiting enzyme of the pentose phosphate pathway and produces 

NADPH, which is essential for maintaining the cellular the pool of reduced glutathione (GSH), a 

key cellular antioxidant. After 5 days of TD activation, there was no change, in WT and SIRT2KO 

young (2 months old) B cells in regard to total cellular ROS (%CellROX+) and mitochondrial 

generated ROS (%MitoSOX+) (Figure 18A). SIT2 is thus not needed for maintaining redox 

homeostasis in response to TD activation in young B cells.  

Aging or chronic diseases such as obesity can lead to increased ROS production in B 

cells.186 To determine whether SIRT2 is necessary for B cell adaptation to increased oxidative 

stress in such pathological situations, we treated young (2 months old) 24 hr resting and TD 

activated WT and SIRT2KO B cells with hydrogen peroxide (H2O2). Treatment with H2O2 (50 

µM) for 15 minutes led to a greater increase in cellular ROS (%CellROX+) in SIRT2KO cells as 

compared to WT for both 24 hr resting and TD activated B cells (Figure 18B). SIRT2 is thus 

essential for mediating the cellular response to high oxidative stress levels, which can result as a 

consequence of metabolic disease, such as obesity, and natural aging, and may contribute to B cell 

dysfunction with age and B cell lymphoma development.186–188  

To fully understand the direct consequences of elevated chronic ROS during B cell 

activation and differentiation, we exposed in vitro TD activated WT B cells from young mice (2 

months old) to two different ROS induces: H2O2 and Menadione. After treatment with H2O2 (1 and 

10 µM) for 5 days, GC maturation (%B220+Fas+GL7+) and CSR (%IgG1+ and %IgE+), but not PC 

differentiation, was enhanced (Figure 19A-B). H2O2 treatment did not significantly alter viability 

or cell cycle progression (Figure 19C-D). Application of small molecule ROS inducer menadione 

(0.5, 1, and 5 µM) yielded similar results to H2O2 administration. 5 day menadione treated TD 
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activated B cells increased GC maturation (%B220+Fas+GL7+) and CSR (%IgG1+ and %IgE+), 

while PC differentiation tended to increase but not statistically significantly (Figure 20A-B). At 

the highest menadione concentration (5 μM), cell viability and cell cycle progression were affected 

(Figure 20C-D). Our results suggest that TD activated B cells that experience elevated ROS levels 

can enhance GC and PC differentiation, and CSR, though excessive ROS will cause cell death and 

inhibit of cell cycle progression.  

 

SIRT2KO B cells have compromised capacity to deal with genotoxic stress  

Like all other cells, robust DNA repair capacity is essential for B cell homeostasis, but B 

cells are unique in that two particular processes—SHM and CSR—require the generation of 

physiological DNA damage by AID. Thus, activated B cells must combat not only replicative 

genotoxic stress, but also the mistakes AID makes outside immunoglobulin genes. SIRT2 plays 

important roles in the replication stress response (RSR) and overall genomic stability. We sought 

to understand the role of SIRT2 in DNA damage during B cell activation.  

TD activated SIRT2KO B cells showed higher DNA damage (%P-H2AX+) compared to 

WT in response to exogenous DNA damage induced by 24 hr cisplatin (5 µM) treatment (Figure 

21A). Treatment with 100 µM cisplatin resulted in reduced DNA damage (%P-H2AX+) in 

SIRT2KO B cells compared to WT, but this was due to a reduction in cell viability as a 

consequence of excessive unrepaired DNA damage in the SIRT2KO cells (Figure 21B). 

To understand the functional consequences of excessive DNA damage during B cell 

activation, we treated in vitro TD activated WT B cells with increasing concentrations of cisplatin 

(1, 5, and 10 µM) for 5 days to induce DNA damage. After 5 days, there was a reduction in CSR 

(%IgG1+ and %IgE+) in response to 10 µM cisplatin, while differentiation into GC B cells 



 71 

(%B220+Fas+GL7+) and PCs (%CD138+) increased (Figure 22A-B). However, treatment with 5 

and 10 µM cisplatin caused a reduction in cell viability and 10 µM cisplatin affected cell cycle 

progression beyond G0/G1 (Figure 22C-D).  

 

SIRT2 is essential for metabolic reprogramming during B cell activation  

Like all SIRTS, SIRT2 is NAD+-dependent, and can thus, act as a metabolic sensor and 

help cells adapt to metabolic stress. Lipogenesis and β-oxidation of lipids are regulated by SIRT2. 

ATP-citrate lyase (ACLY) is a cytosolic enzyme that can breakdown citrate into acetyl coenzyme 

A (acetyl-CoA), which can be used for de novo lipid synthesis. SIRT2 deacetylates and 

destabilizes ACLY leading to decreased lipogenesis.189 The complex process of β-oxidation can 

be regulated by peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1ɑ). 

SIRT2 can deacetylate and activate PGC-1ɑ, which increases expression of genes necessary β-

oxidation and mitochondrial biogenesis.190 During starvation conditions SIRT2 expression is 

increased and can facilitate metabolic stress adaption.191  

We assessed SIRT2’s effect on metabolism by measuring oxygen consumption rate (OCR) 

and extracellular acidification rate (ECAR), parameters that reflect the magnitude of oxidative 

phosphorylation (OXPHOS) and glycolysis within cells, respectively.192 SIRT2KO and WT B 

cells were TD activated for 24 hrs, and OCR and ECAR were measured via a seahorse 

mitochondrial stress test assay.193 In replete conditions, basal OCR, maximal OCR, and ATP 

production were all decreased in the SIRT2KO B cells (Figure 23A). Basal ECAR, maximal 

ECAR, and spare ECAR capacity, reflected as maximal glycolysis induced by FCCP 

administration subtracted by basal glycolysis, were also decreased in SIRT2KO B cells (Figure 

23A). These results were recapitulated in starvation conditions. TD activated SIRTKO B cells 



 72 

starved (1% FBS and 5mM glucose) for 6 hrs before the start of the seahorse assay, resulted in a 

lowering of both basal OCR and ECAR (Figure 23B). To summarize, the ability to use oxidative 

and glycolytic metabolism were compromised in activated SIRT2KO B cells in both replete and 

starved conditions.  

A possible mechanism for the decreased oxidative capacity is a reduction in mitochondrial 

mass, which can be measured by the dye MitoTraker Green. Compared to WT, 5 day SIRT2KO 

TD activated B cells did not have diminished mitochondrial mass (%MitoTraker Green+) (Figure 

23C). Mitochondrial membrane potential (MMP) is the electrochemical gradient across the inner 

mitochondrial membrane that dives ATP synthesis. The health and energy generating capacity of 

mitochondrial can be assessed by quantifying MMP with the dye TMRM. SIRT2KO B cells had 

a slight increase in MMP (%TMRM+) after 5 days of TD activation suggesting that MMP is being 

generated but not being used by the electron transport chain (Figure 23C).194 Thus, mitochondrial 

number and health are not compromised in SIRT2KO B cells.   

Pharmacological inhibition of SIRT1 and 2 with EX-527 and sirtinol dramatically altered 

B cell metabolism. Overnight treatment of TD activated B cells with EX-527 or sirtinol lowered 

basal OCR, maximal OCR, and ATP production (Figure 24A). Basal ECAR, maximal ECAR, and 

spare ECAR capacity also declined (Figure 24A). Thus, SIRT1 and 2 are involved in maintaining 

both OXPHOS and glycolytic metabolism in B cells. The pharmacological inhibition of SIRT2 

recapitulates the effect genetic knockout of SIRT2 had on metabolism.  

To gain insight into which macronutrients fuel metabolism in TD activated B cells, and 

thus the possible metabolic pathways SIRT1 and 2 regulate in B cells, we inhibited glucose, 

glutamine, or fatty acid catabolism via treatment with 2-deoxy-d-glucose (2-DG; non-

metabolizable glucose analog), CB-839 (glutaminase inhibitor), and etomoxir (carnitine 
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palmitoyltransferase-1 inhibitor), respectively, for 2 hrs before performing a mitochondrial stress 

test assay. Etomoxir treatment caused the largest decline in metabolism. Basal respiration, 

maximal respiration, and ATP production all decreased significantly upon etomoxir treatment 

(Figure 24B). These results phenocopy the metabolic perturbation caused by EX-527 and sirtinol 

arguing for further evaluation of how SIRTs impact fatty acid catabolism in B cells. Additionally, 

basal ECAR increased considerably upon etomoxir treatment further demonstrating the 

importance of fatty acid catabolism in sustaining B cell metabolism basally (Figure 24B). Of note, 

2-DG lowered maximal respiration considerably suggesting glucose is important for energy 

generation during times of heighted demand (Figure 24B). In sum, these results illustrate that 

SIRT1 and 2 may perform important roles in controlling B cell metabolism during activation.  

 

3.4 Discussion  

Peripheral naïve B cells activate and differentiate into PCs and memory B cells in response 

to extrinsic signals—cognate antigen, and if TD, CD40L and cytokines—thereby mounting a 

specific and persistent humoral immune response against invading pathogens.195 Fundamental to 

the process of B cell activation is the regulation of cell cycle progression, metabolism, and adaption 

to various cellular stressors inevitably encountered, including caloric limitation, ROS, and DNA 

damage. Here, we showed that the SIRT1 and 2 are important mediators that help activated B cells 

regulate activation, differentiation, and adaptation to cellular stress.  

SIRTs are highly expressed in resting and activated B cells. Initially, in resting and 24 hr 

activated B cells, SIRT2 is the highest expressed SIRT. At 4 and 5 days of activation, SIRT1 is 

most expressed. SIRTs are NAD+-dependent for function; therefore, the activity of SIRTs depend 

on the cellular availability of NAD+ not used in redox metabolism reactions. NAD+ can be 
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produced de novo from Trp, salvaged from NAM, or by the PH pathway from NR. We observed 

that NAD+ production in B cells is driven by salvage from NAM as expression of NAMPT, the 

rate-limiting enzyme of the salvage pathway, is dramatically higher than QPRT and NAPRT, the 

rate-limiting enzymes of the de novo and PH pathways, respectively. In addition, the expression 

NAMPT increases upon activation, which likely helps B cells increase NAD+ production for 

augmented SIRT activity.  

Pharmacological inhibition with SIRT1 selective inhibitor EX-527 increased GC 

differentiation and IgG1 CSR, but diminished IgE CSR and PC differentiation. Pharmacological 

inhibition with SIRT2 selective inhibitor sirtinol augmented GC differentiation, IgG1 CSR, and 

PC differentiation. Both EX-527 and sirtinol decreased cell viability and G0/G1 cell cycle 

progression. Genetic knockout of SIRT2 did not phenocopy pharmacological inhibition. TD 

activated SIRT2KO B cells underwent normal differentiation and CSR. However, treatment of 

SIRT2KO B cells with sirtinol blunted the increase in IgG1 CSR and GC differentiation, and 

exacerbated the decrease in IgE CSR. Thus, SIRT2 may function to reduce GC differentiation and 

IgG1 CSR, and increase IgE CSR. However, for full validation of SIRT2’s role in B cell activation 

and differentiation, combinatorial genetic ablation of SIRT2 and the other SIRT family members, 

namely SIRT1, will be needed as our studies with sirtinol and SIRT2KO B cells can potentially be 

confounded by off-target effects of sirtinol.  

In addition to SIRT2’s potential role in CSR and differentiation, we assessed if SIRT2 is 

necessary for proper cellular adaptation to oxidative, genotoxic, and metabolic stress in B cells. 

SIRT2KO B cells were less able to adapt to oxidative, genotoxic, and metabolic stresses. To 

understand the functional consequences of an inability to adapt to oxidative stress, we showed that 

WT TD activated B cells exposed to oxidative stress induced by H2O2 or menadione administration 
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increased IgE and IgG1 CSR, and GC B cell differentiation, but not PC differentiation. To 

understand the functional consequences of an inability to adapt to genotoxic stress, we showed 

that WT TD activated B cells subjected to DNA damage induced by cisplatin decreased IgE and 

IgG1 CSR, and increased PC differentiation. Last, the metabolic function of SIRT2KO B cells was 

diminished in both replete and starved conditions. For confirmation of SIRT2’s role in B cell stress 

adaptation, rescue of SIRT2 function by overexpression in SIRT2KO B cells will be needed in 

order to prove that the phenotypes we observed are SIRT2 specific. 

In total, this study provides evidence that SIRTs, particularly SIRT1 and 2, are important 

for B cell function and homeostasis. Our results of selective SIRT1 inhibitor EX-527 differ from 

genetic depletion of SIRT1 done by Gan et al. as pharmacological inhibition affects GC and PC 

differentiation.102 This is likely a result of off-target effects of EX-527. We also uncover important 

roles of SIRT2 in B cells by both pharmacological and genetic manipulation of SIRT2 function.  

Diminished SIRT activity is implicated in biological aging. SIRT1 has been extensively 

studied as a mediator of the beneficial longevity effects of caloric restriction.196 SIRT2 is necessary 

for lifespan extension in a hypomorphic BubR1 mouse model of aging.197 Aged B cells exhibit 

reduced antibody response to infections and vaccinations, and increased risk of autoimmune 

disease and B cell malignancy.198 Intriguingly, it is now appreciated that NAD+ levels steadily 

decline with age, and supplementation of NAD+ can reverse some aging phenotypes in model 

organisms.199–205 It is tempting to speculate that B cell aging may be exacerbated by a decline in 

NAD+ levels that reduce SIRT1 and 2 function, which then dysregulates B cell activation and 

differentiation, and compromises the ability of the cells to adapt to oxidative, genotoxic, and 

metabolic stress. The inability to adapt to stress that can damage DNA may lead to B cell 

carcinogenesis.20 Thus potentially, supplementation of NAD+ or its precursors in the elderly can 
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improve B cell SIRT function thereby augmenting B cell responses to vaccination and infection, 

while also decreasing the risk for B cell lymphomas. The ability to rejuvenate the function of aged 

B cells through simple micronutrient supplementation in the diet could be a cost-effective, but 

clinically impactful intervention. 
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3.5 Figures and Tables 
 
Table 4. Flow cytometry antibodies used. This is a comprehensive list of the flow cytometry 
antibodies used in this chapter of the thesis.   
 

Antibody Company Item Number 
PE anti-mouse CD23  BioLegend  101607 
PE/Dazzle™ 594 anti-mouse CD5 BioLegend  100643 
PerCP/Cyanine5.5 anti-mouse CD93 (AA4.1, early B 
lineage) 

BioLegend  136511 

PE/Cyanine7 anti-mouse CD43 BioLegend  143209 
APC anti-mouse CD21/CD35 (CR2/CR1) BioLegend  123411 
Alexa Fluor® 700 anti-mouse/human CD45R/B220  BioLegend  103231 
APC/Cyanine7 anti-mouse IgM  BioLegend  406515 
Pacific Blue™ anti-mouse IgD BioLegend  405711 
Brilliant Violet 510™ anti-mouse CD19 BioLegend  115545 
APC anti-mouse/rat/human CD27 BioLegend  124211 
PE anti-mouse CD279 (PD-1)  BioLegend  135205 
PE/Dazzle™ 594 anti-mouse Ly-6G BioLegend  127647 
PerCP/Cyanine5.5 anti-mouse Ly-6C  BioLegend  128011 
PE/Cyanine7 anti-mouse CD49b (pan-NK cells) BioLegend  108921 
APC anti-mouse CD3  BioLegend  100235 
APC/Cyanine7 anti-mouse CD8b.2  BioLegend  140421 
Brilliant Violet 421™ anti-mouse CD185 (CXCR5) BioLegend  145511 
Brilliant Violet 605™ anti-mouse/human CD11b BioLegend  101237 
Brilliant Violet 650™ anti-mouse CD4 BioLegend  100469 
Brilliant Violet 785™ anti-mouse CD11c BioLegend  117335 
Alexa Fluor® 700 anti-mouse I-A/I-E  BioLegend  107621 
PE anti-mouse/human GL7 Antigen BioLegend  144607 
PerCP/Cyanine5.5 anti-mouse CD95 (Fas) BioLegend  152609 
Brilliant Violet 421™ anti-mouse CD138 (Syndecan-1) BioLegend  142507 
PE/Dazzle™ 594 anti-mouse IgG1 BioLegend  406627 
FITC anti-mouse IgE Antibody BioLegend  406905 
PE anti-H2A.X Phospho (Ser139) Antibody BioLegend  613411 
Zombie Violet™ Fixable Viability Kit BioLegend  423113 
Zombie NIR™ Fixable Viability Kit BioLegend  423105 
Helix NP™ NIR BioLegend  425301 
Helix NP™ Blue  BioLegend  425305 
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Table 5. Primers used. This is a comprehensive list of the qPCR primers used in this chapter of 
the thesis.  
 

Gene  Primer Sequence 5' ➝ 3' 

SIRT1 
F GCTGACGACTTCGACGACG 
R TCGGTCAACAGGAGGTTGTCT 

SIRT2 
F GCCTGGGTTCCCAAAAGGAG 
R GAGCGGAAGTCAGGGATACC 

SIRT3 
F ATCCCGGACTTCAGATCCCC 
R CAACATGAAAAAGGGCTTGGG 

SIRT4 
F GTGGAAGAATAAGAATGAGCGGA 
R GGCACAAATAACCCCGAGG 

SIRT5 
F CTCCGGGCCGATTCATTTCC 
R GCGTTCGCAAAACACTTCCG 

SIRT6 
F ATGTCGGTGAATTATGCAGCA 
R GCTGGAGGACTGCCACATTA 

SIRT7 
F AGCATCACCCGTTTGCATGA 
R GGCAGTACGCTCAGTCACAT 

QPRT 
F CCGGGCCTCAATTTTGCATC 
R GGTGTTAAGAGCCACCCGTT 

NAPRT 
F TGCTCACCGACCTCTATCAGG 
R CGAAGGAGCCTCCGAAAGG 

NAMPT 
F GCAGAAGCCGAGTTCAACATC 
R TTTTCACGGCATTCAAAGTAGGA 

MAPK3 
F TCCGCCATGAGAATGTTATAGGC 
R GGTGGTGTTGATAAGCAGATTGG 

Rn18s 
F GTAACCCGTTGAACCCCATT 
R CCATCCAATCGGTAGTAGCG 
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Figure 12. SIRT family and NAD+-production enzyme mRNA expression in B cells. (A) Time 
course qPCR expression of SIRT1-7 in WT TD activated B cells on days 0, 1, 4 and 5 of in vitro 
culture (n = 3). (B) qPCR expression of SIRT1-7 on day 1 and day 5 in WT TD activated B cells 
(n = 3). (C) mRNA expression of SIRT1-7 in mouse splenic follicular (FO) (n = 4), marginal zone 
(MZ) (n = 2), and germinal center (GC) B cells (n = 3), and splenic plasma cells (PCs) (n = 1). (D) 
Time course qPCR expression of NAMPT, NAPRT, and QPRT in WT TD activated B cells on 
days 0, 1, 4 and 5 of in vitro culture (n = 3). (E) qPCR expression of NAMPT, NAPRT, and QPRT 
on day 1 and day 5 in WT TD activated B cells (n = 3). Data shown as mean (±SD). Significance 
was determined by ordinary one-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 
0.0001. 
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Figure 13. Pharmacological inhibition of SIRT1 and 2 enhances maturation into GC B cells, 
CSR to IgG1, but diminishes CSR to IgE and PC differentiation. (A) Flow cytometry analysis 
for differentiation into GC B cells (%Fas+GL7+) and PCs (%CD138+) from 5 day WT TD activated 
B cells treated with or without EX-527 or sirtinol for 5 days (n = 3). (B) Flow cytometry analysis 
for CSR to IgE (%IgE+) and IgG1 (%IgG1) from 5 day WT TD activated B cells treated with or 
without EX-527 or sirtinol for 5 days (n = 3). (C) Viability (PI staining) of 5 day WT TD activated 
B cells treated with or without EX-527 or sirtinol for 5 days (n = 3). (D) Cell cycle progression 
analysis (% cells in G0/G1, S, and G2/M) of 5 day WT TD activated B cells treated with or without 
EX-527 or sirtinol for 5 days (n = 3). Data shown as mean (±SD). Significance was determined by 
ordinary one-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
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Figure 14. SIRT2KO validation by mRNA and western blot. (A) qPCR expression of SIRT2 
in resting B cells from WT and SIRTKO mice (n = 3). (B) qPCR expression of SIRT2 in 24 hr TD 
activated B cells from WT and SIRTKO mice (n = 3). (C) Western blot analysis of liver SIRT2 
protein levels from from WT and SIRTKO mice (n = 2). Data shown as mean (±SD). Significance 
was determined by unpaired two-tailed t-test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 
0.0001. 
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Figure 15. SIRT2KO does not alter number of hematopoietic stem and progenitor cells, B 
cell progenitors, transitional B cell subsets, mature B cell subtypes, and mature non-B cells. 
(A) Flow cytometry percentage of LSK HSCs (Lin-Sca-1+c-Kit+), LT-HSCs (Lin-Sca-1+c-
Kit+CD34-CD135-), ST-HSCs (Lin-Sca-1+c-Kit+CD34+CD135/Flt-2/3-), MPPs (Lin-Sca-1+c-
Kit+CD34-CD135+), CLPs (Lin- Sca-1+c-Kit+IL7rα/CD127+), Pro-B cells (B220+CD43+IgM-)), 
Pre-B cells ((B220+CD43-IgM-), and Immature B cells (B220+IgM+) from WT (n = 4) and 
SIRT2KO (n = 4) bone marrow. (B) Flow cytometry percentage of T1 B cells (CD19+B220+CD43-

IgM+IgDlow), T2 B cells (CD19+B220+CD43-IgM+IgDhi), FO B cells (CD19+AA4.1-CD43-

CD21/35loCD23+), MZ B cells (CD19+AA4.1-CD43-CD21/35hiCD23-), GC B cells 
(B220+Fas+GL7+), memory B cells (CD27+CD19+), and SLPCs (B220lowCD138high) from WT (n 
= 4) and SIRT2KO (n = 4) spleen. (C) Flow cytometry percentage of dendritic cells 
(MHCII+CD11c+), macrophages (CD11b+ Ly6Cint), granulocytes (CD11b+Ly6G+), natural killer 
(NK) cells (CD3-CD49b-), helper T cells (CD3+CD4+), cytotoxic T cells (CD3+CD8+), and 
follicular helper T cells (TFH; CD4+PD1+CXCR5+) from WT (n = 4) and SIRT2KO (n = 4) spleen. 
Data shown as mean (±SD). Significance was determined by unpaired two-tailed t-test; *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001. 
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Figure 16. SIRT2KO cells do not have compromised TD B cell activation and differentiation. 
(A) Flow cytometry analysis for differentiation into GC B cells (%B220+Fas+GL7+) and PCs 
(%CD138+) from young (2 months old) WT and SIRT2KO TD activated B cells after 5 days in 
culture (n = 3). (B) Flow cytometry analysis for CSR to IgE (%IgE+) and IgG1 (%IgG1) from 
young (2 months old) WT and SIRT2KO TD activated B cells after 5 days in culture (n = 3). (C) 
Viability (PI staining) of young (2 months old) WT and SIRT2KO TD activated B cells after 5 
days in culture (n = 3). (D) Cell cycle progression analysis (% cells in G0/G1, S, and G2/M) for 
young (2 months old) WT and SIRT2KO TD activated B cells after 5 days in culture (n = 3). Data 
shown as mean (±SD). Significance was determined by unpaired two-tailed t-test; *P < 0.05; **P 
< 0.01; ***P < 0.001; ****P < 0.0001. 
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Figure 17. SIRT2KO causes compensatory upregulation of other SIRT family members, 
abolishes EX-527 and sirtinol effects on GC maturation and CSR, and compromises PC 
differentiation in aged B cells. (A) qPCR expression of SIRT1 and SIRT3-7 in 24 hr resting 
SIRTKO B cells (n = 3). (B) qPCR expression of SIRT1 and SIRT3-7 in 24 hr TD activated 
SIRTKO B cells (n = 3). (C) Flow cytometry analysis for differentiation into GC B cells 
(%B220+Fas+GL7+) and PCs (%CD138+) from 5 day WT and SIRT2KO TD activated B cells 
treated with or without EX-527 or sirtinol for 5 days (n = 3). (D) Flow cytometry analysis for CSR 
to IgE (%IgE+) and IgG1 (%IgG1) from 5 day WT and SIRT2KO TD activated B cells treated 
with or without EX-527 or sirtinol for 5 days (n = 3). (E) Flow cytometry analysis for 
differentiation into GC B cells (%B220+Fas+GL7+) and PCs (%CD138+) from aged (12 months 
old) WT and SIRT2KO TD activated B cells after 5 days in culture (n = 3). (F) Flow cytometry 
analysis for CSR to IgE (%IgE+) and IgG1 (%IgG1) from aged (12 months old) WT and SIRT2KO 
TD activated B cells after 5 days in culture (n = 3). (G) Viability (PI staining) of aged (12 months 
old) WT and SIRT2KO TD activated B cells after 5 days in culture (n = 3). (H) Cell cycle 
progression analysis (% cells in G0/G1, S, and G2/M) for aged (12 months old) WT and SIRT2KO 
TD activated B cells after 5 days in culture (n = 3). Data shown as mean (±SD). Significance was 
determined by ordinary one-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
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Figure 18. SIRT2 is not essential for redox homeostasis during B cell activation, but helps 
resolve excess oxidative stress in resting and activated B cells. (A) Flow cytometry analysis for 
total cellular ROS (%CellROX+) and mitochondrial generated ROS (%MitoSOX+) from young 
(2 months old) WT and SIRT2KO TD activated B cells after 5 days in culture (n = 3). (B) 24 hr 
resting and TD activated WT and SIRT2KO B cells were treated with or without H2O2 (50 µM) 
for 15 min at which point total cellular ROS levels (%CellROX+) were measured via flow 
cytometry (n =3).  Data shown as mean (±SD). Significance was determined by unpaired two-
tailed t-test or ordinary one-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
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Figure 19. Excess oxidative stress induced by H2O2 increases GC differentiation and CSR. 
(A) Flow cytometry analysis for differentiation into GC B cells (%B220+Fas+GL7+) and PCs 
(%CD138+) from 5 day WT TD activated B cells treated with or without H2O2 for 5 days (n = 3). 
(B) Flow cytometry analysis for CSR to IgE (%IgE+) and IgG1 (%IgG1) from 5 day WT TD 
activated B cells treated with or without H2O2 for 5 days (n = 3). (C) Viability (PI staining) of 5 
day WT TD activated B cells treated with or without H2O2 for 5 days (n = 3). (D) Cell cycle 
progression analysis (% cells in G0/G1, S, and G2/M) for 5 day WT TD activated B cells treated 
with or without H2O2 for 5 days (n = 3). Data shown as mean (±SD). Significance was determined 
by ordinary one-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
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Figure 20. Excess oxidative stress induced by menadione increases GC differentiation and 
CSR. (A) Flow cytometry analysis for differentiation into GC B cells (%B220+Fas+GL7+) and PCs 
(%CD138+) from 5 day WT TD activated B cells treated with or without menadione for 5 days (n 
= 3). (B) Flow cytometry analysis for CSR to IgE (%IgE+) and IgG1 (%IgG1) from 5 day WT TD 
activated B cells treated with or without menadione for 5 days (n = 3). (C) Viability (PI staining) 
of 5 day WT TD activated B cells treated with or without menadione for 5 days (n = 3). (D) Cell 
cycle progression analysis (% cells in G0/G1, S, and G2/M) for 5 day WT TD activated B cells 
treated with or without menadione for 5 days (n = 3). Data shown as mean (±SD). Significance 
was determined by ordinary one-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 
0.0001. 
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Figure 21. SIRT2KO B cells have a diminished capacity to resolve DNA damage. (A) TD 
activated WT and SIRT2KO B cells were treated with or without 5 µM cisplatin for 24 hrs, after 
which DNA damage (%P-H2AX+) was measured via flow cytometry (n =3). (B) TD activated WT 
and SIRT2KO B cells were treated with or without 10 µM cisplatin for 24 hrs, after which DNA 
damage (%P-H2AX+) was measured via flow cytometry (n =3). Data shown as mean (±SD). 
Significance was determined by ordinary one-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001. 
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Figure 22. Excess DNA damage induced by cisplatin increases PC differentiation and reduces 
CSR. (A) Flow cytometry analysis for differentiation into GC B cells (%B220+Fas+GL7+) and PCs 
(%CD138+) from 5 day WT TD activated B cells treated with or without menadione for 5 days (n 
= 3). (B) Flow cytometry analysis for CSR to IgE (%IgE+) and IgG1 (%IgG1) from 5 day WT TD 
activated B cells treated with or without menadione for 5 days (n = 3). (C) Viability (PI staining) 
of 5 day WT TD activated B cells treated with or without menadione for 5 days (n = 3). (D) Cell 
cycle progression analysis (% cells in G0/G1, S, and G2/M) for 5 day WT TD activated B cells 
treated with or without menadione for 5 days (n = 3). Data shown as mean (±SD). Significance 
was determined by ordinary one-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 
0.0001. 
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Figure 23. SIRT2KO reduces activated B cell OXPHOS and glycolytic capacity in both 
replete and starved conditions. (A) OCR over time in replete conditions (complete growth 
medium up until seahorse assay) with sequential addition of oligomycin (1 µM), mitochondrial 
uncoupler FCCP (2 µM), and electron transport inhibitors antimycin (1 µM) + rotenone (1 µM), 
for WT and SIRT2KO B cells after 24 hr TD activation (n = 3). Differences in basal OCR, maximal 
respiration, and ATP production were quantified. ECAR over time in replete conditions (complete 
growth medium up until seahorse assay) with sequential addition of oligomycin (1 µM), 
mitochondrial uncoupler FCCP (2 µM), and electron transport inhibitors antimycin (1 µM) + 
rotenone (1 µM), for WT and SIRT2KO B cells after 24 hr TD activation (n = 3). Differences in 
basal glycolysis, maximal glycolysis, and glycolytic capacity were quantified. (B) OCR over time 
in starved conditions (1% FBS, 5mM glucose for 6 hrs prior to start of seahorse assay) with 
sequential addition of oligomycin (1 µM), mitochondrial uncoupler FCCP (2 µM), and electron 
transport inhibitors antimycin (1 µM) + rotenone (1 µM), for WT and SIRT2KO B cells after 24 
hr TD activation (n = 3). Differences in basal OCR, maximal respiration, and ATP production 
were quantified. ECAR over time in starved conditions (1% FBS, 5mM glucose for 6 hrs prior to 
start of seahorse assay) with sequential addition of oligomycin (1 µM), mitochondrial uncoupler 
FCCP (2 µM), and electron transport inhibitors antimycin (1 µM) + rotenone (1 µM), for WT and 
SIRT2KO B cells after 24 hr TD activation (n = 3). Differences in basal glycolysis, maximal 
glycolysis, and glycolytic capacity were quantified. (C) Flow cytometry analysis of mitochondrial 
mass (%MitoTraker Green+) and MMP (%TMRM+) from WT and SIRT2KO TD activated B cells 
after 5 days in culture (n = 3). Data shown as mean (±SD). Significance was determined by 
ordinary one-way ANOVA or unpaired two-tailed t-test; *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001. 
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Figure 24. Pharmacological inhibition of SIRT1 and 2 decreases activated B cell OXPHOS 
and glycolytic capacity, and fatty acids are the main fuel used by WT activated B cells 
basally. (A) OCR over time with sequential addition of oligomycin (1 µM), mitochondrial 
uncoupler FCCP (2 µM), and electron transport inhibitors antimycin (1 µM) + rotenone (1 µM), 
for 24 hr TD activated WT B cells treated with or without EX-527 or sirtinol for 24 hrs (n = 3). 
Differences in basal OCR, maximal respiration, and ATP production were quantified. ECAR over 
time in replete conditions with sequential addition of oligomycin (1 µM), mitochondrial uncoupler 
FCCP (2 µM), and electron transport inhibitors antimycin (1 µM) + rotenone (1 µM), for 24 hr TD 
activated WT B cells treated with or without EX-527 or sirtinol for 24 hrs (n = 3). Differences in 
basal glycolysis, maximal glycolysis, and glycolytic capacity were quantified. (B) OCR over time 
with sequential addition of oligomycin (1 µM), mitochondrial uncoupler FCCP (2 µM), and 
electron transport inhibitors antimycin (1 µM) + rotenone (1 µM), for 24 hr TD activated WT B 
cells treated with or without 2-DG, CB-839, or etomoxir for 2 hrs (n = 3). Differences in basal 
OCR, maximal respiration, and ATP production were quantified. ECAR over time with sequential 
addition of oligomycin (1 µM), mitochondrial uncoupler FCCP (2 µM), and electron transport 
inhibitors antimycin (1 µM) + rotenone (1 µM), for 24 hr TD activated WT B cells treated with or 
without 2-DG, CB-839, or etomoxir for 2 hrs (n = 3). Differences in basal glycolysis, maximal 
glycolysis, and glycolytic capacity were quantified. Data shown as mean (±SD). Significance was 
determined by ordinary one-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
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CHAPTER IV: CONCLUSION AND DISCUSSION 
 

4.1 RARRES1 and Follicular Lymphoma Development  

 By using a constitutive mouse knockout of RARRES1, we were able to validate RARRES1 

as an in vivo tumor suppressor. The in vitro studies that led us to believe that RARRES1 was a 

tumor suppressor were mostly conducted in breast and prostate carcinoma immortalized cell lines. 

Therefore, at the start of the project, we did not expect RARRES1 ablation would lead to almost 

complete penetrance of follicular lymphoma, a hematological cancer, with no increase incidence 

of epithelial cancers. Though, there was precedent for RARRES1 being important in the blood 

system as its homologue, Lxn, is a negative regulator of HSPC and mature blood cell numbers.144  

 At first, I had expected that RARRES1 would have B cell intrinsic effects on cellular 

metabolism, as our lab had previously discovered that RARRES1 loss increases mitochondrial 

OXPHOS flux and glucose dependent de novo lipogenesis, and that the increased cellular 

metabolic capacity of RARRES1-/- B cells would be a potential mechanism for lymphoma 

carcinogenesis. However, RARRES1 had a marginal impact on B cell metabolism, but its deletion 

did increase the bioenergetic capacity of fibroblasts. Thus, in order for RARRES1’s role as a 

metabolic regulator to be a mechanism for lymphomagenesis, the metabolic impact has to be in 

fibroblasts or other cells of the B cell microenvironment. Cancer-associated fibroblasts (CAFs) are 

known to secrete amino acids (e.g. glutamate, glutamine, and asparagine), lipids (e.g 

lysophosphatidylcholines), and glycolytic intermediates (e.g. pyruvate and lactate) that cancer 

cells then use for survival, growth, and therapy resistance.161 In the future, the development of 

niche specific knockouts of RARRES1 in fibroblasts and other microenvironment cell types will 

be needed to understand  how RARRES1 can alter the metabolism of the pre-tumor and post-tumor 

microenvironment, and if such metabolic alteration can promote cancer development and growth. 
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Previous in vitro studies in immortalized cell lines from our lab showed that RARRES1 

regulates cell survival. Therefore, it was unsurprising that RARRES1 regulated B cell survival in 

our model. It was unexpected that the mechanism driving the increased survival in RARRES1-/- B 

cells was the dual upregulation of the unfolded protein response (UPR) and the heat shock response 

(HSR). A recent study reported that hyperglutamylation of tubulin activates the UPR.206 As 

RARRES1 is a negative regulator of cytosolic carboxypeptidase 2 (CCP2), loss of RARRES1 can 

increase the levels of hyperglutamylated tubulin. Thus, if RARRES1 declines in B cells, the UPR 

may be activated increasing the ability of B cells to survive. The more B cells that survive, the 

greater the likelihood of lymphoma development. If this hypothesis is true, pharmacological 

inhibition or genetic deletion of UPR mediator genes in activated B cells should prevent lymphoma 

development in RARRES1-/- mice. In terms of clinical translation, it would be interesting to 

determine if the hyperglutamylation status of tubulin could be used to select lymphoma patients 

who could benefit from UPR inhibitors, which are actively being developed for cancer.207  

In this thesis, I have made progress in our understanding of the in vivo function of 

RARRES1. More mechanistic insight into RARRES1 biology will be needed before we can 

leverage this knowledge for potential translation in the clinic.   

 

4.2 SIRT1 and 2 in B Cells   

 The genesis of the SIRT project in this thesis started not from wanting to understand SIRT 

function in the context of B cell lymphomas, but in the context of B cell aging.  SIRTs are among 

the most studied genes in relation to aging. As stated previously, SIRTs, and in particular SIRT1, 

mediate longevity in a variety of cell and tissue types. However, SIRTs had not been studied 

comprehensively in normal B cell function. Only one paper had studied how SIRT1 regulates 
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normal B cell activation and differentiation.102 No other SIRT had been studied in B cells, and no 

studies has looked at the role of SIRTs in normal B cell metabolism. Accordingly, my goal in the 

project was to understand the role of SIRT1 and 2 in normal B cell function and metabolism. If I 

could show that SIRT1 and 2 have a function in normal B cells, then future studies could determine 

whether SIRT1 and 2 function declines in aged B cells, and if augmentation of SIRT function 

and/or NAD+ supplementation could reverse the effects of B cell aging. 

 In my exploration of SIRTs in B cells, I discovered that SIRT1 and 2 have important 

functions in B cells. By pharmacological inhibition, I showed that SIRT1 and 2 are needed for 

activation and differentiation, and the upregulation of metabolism during activation. I showed, by 

genetic knockout, that SIRT2 is essential for cellular adaption to oxidative, genotoxic, and 

metabolic stress. These results prove that SIRT1 and 2 are needed in B cells. For the future, it will 

be interesting to determine whether a decline in SIRT activity causes aging in B cells. Even if that 

is true, it will be unlikely that augmenting SIRT activity solely will be able to fully rejuvenate aged 

B cells. Full rejuvenation of aged B cells will require deeper mechanistic insight into what causes 

B cell aging. I will conclude my thesis my discussing B cell aging and the current strategies for B 

cell rejuvenation beyond boosting SIRT activity and NAD+ supplementation.  

 

4.3 B Cell Aging 

Aging leads to diminished antibody response to infections and vaccinations, and increased 

risk of autoimmune disease and B cell malignancy.198 The antibodies generated upon infection or 

vaccination in aged individuals are of lower titer and affinity, and thus, less protective against 

antigens.208,209 In both mouse and human studies, B cells have less capacity to undergo SHM and 

CSR in GC reactions. The levels of the AID, the enzyme responsible for CSR and SHM, decline 
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in B cells due to less activity of transcription factors E47 and Pax-5, which are responsible for 

transcribing AICDA, the gene for AID. As less class-switched B cells are formed, a higher 

proportion of secreted antibodies are IgM. Additionally, aged B cells reduce expression of 

costimulatory molecules, such as B7 (CD86), and are unable to fully activate BCR signaling.210 

As CD4+ T cells are required for GC formation, aging of CD4+ T cells contributes to the decline 

in SHM and CSR with age.211–213 Aging of antigen-presenting dendritic cells further contributes 

to impaired antibody production.214 

B cell production from the bone marrow declines with age, but the number of B cells 

circulating and populating secondary lymphoid organs does not change.215 However, the 

composition of B cell subtypes dramatically alters with age. The levels of naïve follicular B cells 

are reduced, while levels of antigen-experienced memory B cells and age-associated B cells 

(ABCs) increase.216,217 ABCs are a subtype B cell that dramatically expand in the spleens, blood, 

and bone marrow of aged mice.218,219 ABCs are antigen-experienced and depend on TLR7/9 for 

generation.220 ABCs evade peripheral tolerance mechanisms and can produce autoantibodies, 

while depletion of ABCs reduces autoantibody production.219 Intriguingly, loss of the NLRP3 

inflammasome and the growth hormone receptor, both of which are implicated in aging, decreases 

ABC levels suggesting removal of ABCs could have age-related health benefits.221 The antigen-

experienced memory B cells and ABCs occupy space within secondary lymphoid organs 

preventing naïve antigen-inexperienced B cells from properly being activated and expanded upon 

novel antigen challenge.222 As the proportion of antigen-inexperienced cells declines, the diversity 

of the antibody repertoire diminishes with age.223 The variable regions used to make antibodies in 

aged B cells are distinct from those used by young B cells.224 Even newly produced B cells by 
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aged bone marrow may have decreased B cell repertoires.225 In spite of the decreased repertoire, 

the prevalence of autoreactive B cells increases with age.  

 In summary, aging leads to alteration of B cell subtype proportions in the periphery, and 

B cell intrinsic functional decline that results in lower titer, affinity, and diversity of antibody 

production.  

 

4.4 Metabolism in Aged B Cells 

B cell aging causes metabolic perturbations that exacerbate B cell functional decline in 

response to infection and vaccination. A study of naïve, non-switched memory, switched memory, 

and antibody secreting (ASC) B cells collected from the blood of young and elderly patients show 

dramatic differences in metabolic markers.226 Mitochondrial ROS and mitochondrial mass 

increase in aged switched memory B cells. FOXO1 decreases in aged naïve and switched memory 

B cells. Fatty acid content decreases in aged non-switched memory B cells, switched memory B 

cells, and ASC. Carnitine palmitoyltransferase 1 (CPT-1), a key enzyme of mitochondrial fatty 

acid β-oxidation (FAO), and SIRT1 are decreased in aged ASCs. Intriguingly, levels of SIRT1 are 

enriched in ASCs from individuals that developed more potent IgG responses to influenza 

vaccination suggesting higher SIRT1 activity may result in increased B cell functionality.  

In terms of mitochondrial OXPHOS, aged resting B cells showed no difference in basal 

OCR compared to young, but do have decreased respiratory capacity. Aged activated B cells 

showed decreased basal OCR and spare respiratory capacity. In addition, glycolytic capacity 

declined in aged B cells compared to young. Transcriptomics of activated aged B cells reveals a 

decrease in fatty acid synthesis and the one-carbon metabolism genes.  
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Similar to mouse ABCs, human double negative (DN) B cells increase with age, correlate 

with poor influenza vaccination response, make less influenza specific antibodies, and produce 

autoantibodies.121,186 Aged memory B cells, especially the DN subset, express markers of cellular 

senescence such as pro-inflammatory cytokines (TNF-α/IL-6/IL-8), inflammatory micro-RNAs 

(miRs, miR-155/16/93), and cell cycle regulators (p16INK4). Metabolic signaling is dysregulated 

in DN B cells as indicated by spontaneous AMPK activation, as well as, p38MAPK activation.186 

p38MAPK is activated downstream of AMPK and can lead to expression of NF-kB and 

senescence-associated secretory phenotype (SASP) mediators. Upstream AMPK regulator Sestrin 

1 (SESN1), which promotes cell survival under stress, is increased in aged DN cells. The increase 

in AMPK metabolic signaling suggests aged DN B cells are under metabolic stress and need to 

boost AMPK levels for cell survival.  

Aged DN cells express increased levels of lactate dehydrogenase (LDH), a marker of 

glycolysis, while pyruvate dehydrogenase (PDH), a marker for OXPHOS, does not change, 

suggesting increased aerobic glycolysis in aged DN cells. Resting aged DN cells have increased 

glucose uptake. In contrast, young DN cells increase glucose uptake only in response to activation 

with CpG, suggesting that aged DN cells are pre-activated and uptake glucose basally for 

autoantibody production. Acetyl-coA carboxylase (ACC), a marker for fatty acid synthesis, is 

increased in aged DN cells, implying increased fatty acid synthesis. Possibly some of the increase 

in glucose uptake is used for de novo lipid synthesis.227 DN mitochondrial mass, assessed in either 

resting or activated states, does not change with age. Nonetheless, the levels of ROS are higher in 

resting aged DN B cells. The increase in glucose uptake and utilization could potentially drive a 

ROS mediated pro-inflammatory phenotype. 
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4.5 B Cell Rejuvenation 

Infection accounts for around 10% of mortality among the elderly, a population that is 

increasing as the baby boomer generation ages.228 Vaccination for influenza, pneumococcal, 

herpes zoster, and other pathogens are recommended for geriatric health protection. However, 

aging of the adaptive immune system reduces vaccination efficacy in the elderly. There is growing 

efforts to develop strategies to rejuvenate aged B cells, and the adaptive immune response as a 

whole, to boost the effectiveness of vaccination.  

The removal of senescent cells can rejuvenate tissue function in mouse models of 

aging.229,230 Thus, one strategy to rejuvenate B cells is to remove old B cells to promote production 

of new B cells from the bone marrow.231 Peripheral B cell depletion in hCD20Tg mice by transient 

treatment with anti‐hCD20 leads to a gradual reconstitution of peripheral B cells by increased 

synthesis from the bone marrow, as opposed to homeostatic proliferation of residual peripheral B 

cells. This demonstrates that aging of HSCs, which results in intrinsic defects and skew toward 

myeloid cell differentiation, can be reversed by peripheral B cell depletion.232 The depletion 

removes antigen-experienced memory B cells and ABCs, which were replaced with newly 

generated naïve antigen-inexperienced B cells. As new naïve B cells populate the periphery, B cell 

repertoire diversity is recovered to an amount similar to young mice. In addition, B cells from old-

depleted mice activate BCR signaling and secrete antibody in similar amounts as young B cells.  

The in vivo immune response to three protein antigens—ovalbumin (OVA), hen egg white 

lysozyme (HEL), and bovine serum albumin (BSA)—was tested in young, old, and old-depleted 

mice.233 Young mice produced high titers of antigen‐specific IgG antibodies, whereas old mice 

were unresponsive. 30-50% of old‐depleted mice produced antibodies with detectable titer, but the 

titer was weaker compared to young mice. To test the immune responsiveness in a more clinically 
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relevant setting, the mice were transferred from a pathogen‐free facility to a "dirty" facility and 

followed for survival. Survival of old and old‐depleted mice were similar, but young mice survived 

longer than both.  

These results were recapitulated in a human study of elderly B cell lymphoma patients that 

underwent rituximab treatment.233 Transient anti-CD20 rituximab treatment in elderly patients led 

to a decrease in memory B cells, an increase in naïve B cells, restoration of antibody diversity, and 

an increase in antibody production ability by B cells. Clinically meaningful B cell rejuvenation 

was tested by monitoring antibody production in response to HBV vaccination. Almost all young 

healthy subjects responded to the vaccine. A lower but similar proportion, of elderly and elderly-

depleted groups responded. However, of the elderly-depleted subjects that did respond, the anti-

HBV titers increased to levels similar to that of the young healthy subjects. Thus, while the 

response rate to HBV vaccination did not improve in elderly-depleted subjects, the antibody 

production ability was enhanced to nearly the level of young healthy subjects. 

Peripheral depletion suggests B cell rejuvenation is possible by increasing production of 

new B cells from the bone marrow. However, B cell rejuvenation by depletion with rituximab is 

limited because other aspects of the aged adaptive immune system are not rejuvenated. As noted 

earlier, age not only leads to B cell intrinsic defects and reduced bone marrow production of B 

cells, but also defects in T cells.120,213 Aged HSCs produce less T cells, and thymic involution 

prevents proper maturation of T cells.119 Aged T cells possess intrinsic defects that cause 

incapacity to fully activate. Aged dendritic cells are also compromised with decreased ability for 

antigen-presentation to B and T cells.214 There is growing appreciation that fibrosis of lymphoid 

organs such as the spleen and lymph nodes can prevent the physical contact necessary for B, T, 
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and dendric cell interaction that is mandatory for B cell activation, differentiation, and antibody 

production.234 

Further complicating B cell rejuvenation is each secondary lymphoid organ has different 

microenvironments and dependencies for proper B cell activation and differentiation. For example, 

the methods to rejuvenate splenic B cells may be different from Peyer’s patch B cells.235 

Depending on a pathogen’s route of transmission or immune disease pathogenesis, rejuvenation 

of specific secondary lymphoid organs may be necessary.  

Another factor complicating B cell rejuvenation is intrinsic metabolic defects, as we have 

discussed extensively. It is likely that depletion of peripheral B cells and metabolic reconstitution 

are both necessary, but either alone won’t be sufficient for full rejuvenation of B cells and the 

humoral immune response.    

 

4.6 B Cell Aging and Cancer Immunology 

An understudied factor in cancer immunotherapy effectiveness is the role of immune 

system aging. Paradoxically, checkpoint inhibitors work better in aged patients, but mutational 

burden could be a confounding factor as mutational burden could increase with age and create 

neoantigens that can be recognized by the immune system.236 However, it is tempting to speculate 

that rejuvenation of B and T cells could boost the effectiveness of immunotherapy in aged cancer 

patients. As B cells present antigen to T cells aged B cells could inefficiently present to T cells 

decreasing CD8+ T cell responses against cancer cells.  

B cell production of anti-tumor antibodies could be compromised because of decreased 

CSR, affinity maturation, and antibody repertoire diversity with age. CSR allows for the 

production of IgG, the predominate antibody class that mediates antibody-dependent cell-mediated 



 101 

cytotoxicity (ADCC) of cancer cells.237 Affinity maturation is essential for the generation of highly 

specific antibodies against tumor antigens, which may lead to more efficient cancer cell 

elimination. Decreased antibody repertoire diversity stemming from overcrowding by antigen-

experienced B cells within the periphery can cause fewer antigen-inexperienced naïve B cells to 

populate tumors. Without proper antibody diversity, the full breath of possible tumor antigens that 

can be targeted will not be taken advantage of. Extrapolating this logic, T cell repertoire diversity 

also declines with age, which can also lead to decreased T cell response during immunotherapy.238 

Rejuvenation of B and T cells could augment the anti-tumor response of immunotherapy in aged 

cancer patients. 

 

4.7 Conclusion and Future 

Beyond depletion, other strategies must also be tested for B cell rejuvenation efficacy 

(Table 6). One strategy is the specific removal of senescent cells.239 Such therapies are called 

senolytics and some are in clinical trials. In mouse models, senolytics extend lifespan and 

healthspan. It will be interesting to see whether these drugs can improve B cell function.  

Heterochronic parabiosis is the joining of the blood system between aged and young 

individuals. In mice, parabiosis leads to rejuvenation of the aged.240 Such logic can be extended to 

humans, and there is currently interest in transfusing the elderly with young blood to see if human 

aging can be reversed. To date no clinical trial has proven the effectiveness of human heterochronic 

parabiosis as an anti-aging strategy nor has any group studied parabiosis for its ability to rejuvenate 

B cells.  

Another anti-aging strategy involves hormone treatment to reverse various aspects of 

aging. A group is conducting a study to examine whether recombinant human growth hormone 
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(GH) can prevent or reverse signs of immunosenescence in 51‐ to 65‐year‐old putatively healthy 

men.241 GH was chosen as it has been shown to reverse thymic involution and reconstitute the 

immune system. If thymic involution can be reversed, T cell functionality will be increased, and 

thus, B cell function will indirectly get boosted.  

Another innovative approach for cellular rejuvenation is the use of gene therapy. In mice, 

the broad delivery, via an adeno associated virus (AAV) with a wide tropism, of telomerase reverse 

transcriptase (TERT), which can extend telomeres, can counteract various aspects of aging and 

increase lifespan without risk of cancer development.242 Another group proved that the 

combinatorial delivery of three genes—fibroblast growth factor 21 (FGF21), αKlotho, and 

transforming growth factor-β1 (TGFβ1)—via AAV could treat four age-related diseases—obesity, 

type II diabetes, renal failure, and heart failure—in mice.243 No anti-aging gene therapy has yet to 

be developed to reverse B cell aging specifically. It would be intriguing to see if gene therapy can 

deliver transcription factors that are essential for activation and differentiation (e.g. BLIMP-1) to 

aged B cells, and be effective in increasing B cell antibody production.    

All anti-aging therapies will need to be tested for efficacy and safety. Safety will be of 

paramount importance since anti-aging therapies will be for primary prevention, which entails 

administering the therapy to a large population of healthy people. A rare adverse side effect in 

millions of people undergoing treatment would cause thousands of healthy people to be harmed. 

Such concerns are borne out in reality in other primary prevention efforts. Hormone replacement 

therapy (HRT) with estrogen and progestin in post-menopausal women caused breast cancer at a 

rate of 8 per 10,000 treated per year.244 While the individual risk of breast cancer is small, the risk 

to the entire population of women using HRT would be high as it contains millions of women. If 

10,000,000 women take HRT in 1 year, 8,000 women would get breast cancer. This level of harm 
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to a population of healthy women is not acceptable for primary prevention where the goal is to 

preserve health and prevent disease. Anti-aging therapies should undergo randomized clinical 

trials (RCTs), like HRT in the Women’s Health Initiative, to prove efficacy and safety. Though, 

RCTs testing anti-aging therapies will be difficult to perform due to the long duration of follow-

up needed to assess clinical efficacy and safety.  

In addition to evaluating multiple B cell rejuvenation strategies, there is also a need to 

develop biomarkers of B cell aging that can predict clinical outcomes. Clinical outcomes include 

susceptibility to infection, and development of autoimmune diseases and B cell cancers. Currently, 

no biomarker has been validated for B cell aging in a prospective study that demonstrates the 

ability to accurately predict clinical outcomes independent of already known predictive 

biomarkers. The ideal B cell aging biomarker would predict people who have impaired B cell 

function, but don’t yet exhibit symptoms thereby giving the opportunity to rejuvenate the B cells 

before clinical disease arises.  

B cell aging biomarkers can also be used to assess the effectiveness of B cell rejuvenation 

therapies. However, the biomarker has to be properly validated as a surrogate end point. Validation 

of an aging biomarker as a surrogate endpoint entails the following: 1) a statistical association 

between the biomarker and clinical outcomes, and 2) an effective anti-aging therapy should lead 

to improvement in both the aging biomarker (surrogate endpoint) and, ultimately, the clinical 

endpoint, thereby showing strong evidence that the surrogate and clinical end points are 

connected.245  

Current B cell biomarkers of aging being explored are AID expression level, percentage of 

switched memory B cells in the blood, and B cell repertoire diversity.223,246,247 Decreased AID 

expression, lower number of switched memory B cells, and reduced repertoire diversity correlate 
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with diminished responses to influenza vaccination. However, the clinical endpoint of actual 

influenza infection susceptibility rates in the real world have yet to be evaluated for these 

biomarkers.  

With better mechanistic understanding of B cell aging, more strategies for rejuvenation and 

better biomarkers that accurately predict B cell functional decline will be discovered. However, 

there will be considerable difficulty in proving effectiveness and safety of anti-aging therapies as 

large numbers of people will likely have to be followed for years. Proper biomarker validation will 

also require sizable amounts resources and time. Nevertheless, I am optimistic that we will have 

therapies that rejuvenate not only B cells, but the entire immune system in the future. Though, the 

reality of this promise may be farther away than is currently appreciated as basic biology discovery 

and clinical testing will take time.  
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4.8 Figures and Tables  
 
Table 6. B cell rejuvenation strategies. A brief description of the different therapeutic strategies 
for B cell rejuvenation.  
 

Strategy Description 

Depletion 
Removal of aged B cells via transient administration 
of anti-CD20. Forces HSCs to make new antigen-
inexperienced B cells.  

Senolytics Removal of senescent cells that disrupt B cell 
homeostasis.  

Parabiosis 

Transfusing of the elderly with young blood. 
Beneficial factors from the young blood or dilution 
of negative factors from old blood may have positive 
effects in aged B cells.  

Hormones 

Administration of exogenous hormones, such as 
growth hormone, could stimulate T cell function and 
maturation, which can indirectly help augment aged 
B cell function.  

Gene Therapy Deliver genes known to modulate B cell 
differentiation and survival to aged B cells.   

Metabolite Supplementation NAD+ supplementation boosts SIRT and PARP 
activity in B cells.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 106 

REFERENCES 
 

1. Chaplin DD. Overview of the immune response. J Allergy Clin Immunol. 2010;125(2 Suppl 
2):S3-23. 

2. Marshall JS, Warrington R, Watson W, Kim HL. An introduction to immunology and 
immunopathology. Allergy Asthma Clin Immunol. 2018;14(S2):49. 

3. Alcover A, Alarcón B, Bartolo VD. Cell Biology of T Cell Receptor Expression and 
Regulation. Annu Rev Immunol. 2018;36(1):103–125. 

4. Schroeder HW, Cavacini L. Structure and function of immunoglobulins. J Allergy Clin 
Immunol. 2010;125(2 Suppl 2):S41-52. 

5. Mueller SN, Gebhardt T, Carbone FR, Heath WR. Memory T Cell Subsets, Migration 
Patterns, and Tissue Residence. Annu Rev Immunol. 2013;31(1):137–161. 

6. Brynjolfsson S, Berg L, Ekerhult T, et al. Long-Lived Plasma Cells in Mice and Men. Front 
Immunol. 2018;9:2673. 

7. Kurosaki T, Kometani K, Ise W. Memory B cells. Nat Rev Immunol. 2015;15(3):149–159. 

8. Stabsarzt BV, Kutasati. Ueber das zustandekommen der diphtherie-immunität und der tetanus-
immunität bei thieren. Mol Immunol. 1991;28(12):1319–1320. 

9. COOPER MD, PETERSON RDA, GOOD RA. Delineation of the Thymic and Bursal 
Lymphoid Systems in the Chicken. Nature. 1965;205(4967):143–146. 

10. Cooper MD. The early history of B cells. Nat Rev Immunol. 2015;15(3):191–197. 

11. LeBien TW, Tedder TF. B lymphocytes: how they develop and function. Blood. 
2008;112(5):1570–1580. 

12. Gao Y, Huang X, Zhu Y, Lv Z. A brief review of monoclonal antibody technology and its 
representative applications in immunoassays. J Immunoass Immunochem. 2018;39(4):351–364. 

13. Ecker DM, Jones SD, Levine HL. The therapeutic monoclonal antibody market. Mabs. 
2015;7(1):9–14. 

14. Liu JKH. The history of monoclonal antibody development – Progress, remaining challenges 
and future innovations. Ann Medicine Surg. 2014;3(4):113–116. 

15. Weiner GJ. Building better monoclonal antibody-based therapeutics. Nat Rev Cancer. 
2015;15(6):361–370. 



 107 

16. Hafeez U, Gan HK, Scott AM. Monoclonal antibodies as immunomodulatory therapy against 
cancer and autoimmune diseases. Curr Opin Pharmacol. 2018;41:114–121. 

17. Mesin L, Ersching J, Victora GD. Germinal Center B Cell Dynamics. Immunity. 
2016;45(3):471–482. 

18. Harwood NE, Batista FD. Early Events in B Cell Activation. Annu Rev Immunol. 
2010;28(1):185–210. 

19. Basso K, Dalla-Favera R. Germinal centres and B cell lymphomagenesis. Nat Rev Immunol. 
2015;15(3):172–84. 

20. III ALS, Young RM, Staudt LM. Pathogenesis of Human B Cell Lymphomas*. Annu Rev 
Immunol. 2012;30(1):565–610. 

21. Meffre E, Wardemann H. B-cell tolerance checkpoints in health and autoimmunity. Curr 
Opin Immunol. 2008;20(6):632–638. 

22. Theofilopoulos AN, Kono DH, Baccala R. The multiple pathways to autoimmunity. Nat 
Immunol. 2017;18(7):716–724. 

23. Cunningham-Rundles C, Ponda PP. Molecular defects in T- and B-cell primary 
immunodeficiency diseases. Nat Rev Immunol. 2005;5(11):880–892. 

24. Gray D. Immunological Memory. Annu Rev Immunol. 1993;11(1):49–77. 

25. Nutt SL, Hodgkin PD, Tarlinton DM, Corcoran LM. The generation of antibody-secreting 
plasma cells. Nat Rev Immunol. 2015;15(3):160–171. 

26. Liao W, Hua Z, Liu C, et al. Characterization of T-Dependent and T-Independent B Cell 
Responses to a Virus-like Particle. J Immunol. 2017;198(10):3846–3856. 

27. Allen CDC, Okada T, Cyster JG. Germinal-Center Organization and Cellular Dynamics. 
Immunity. 2007;27(2):190–202. 

28. Matthews AJ, Zheng S, DiMenna LJ, Chaudhuri J. Regulation of immunoglobulin class-
switch recombination: choreography of noncoding transcription, targeted DNA deamination, and 
long-range DNA repair. Adv Immunol. 2014;122:1–57. 

29. Methot SP, Noia JMD. Advances in Immunology. Adv Immunol. 2017;133:37–87. 

30. Boothby M, Rickert RC. Metabolic Regulation of the Immune Humoral Response. Immunity. 
2017;46(5):743–755. 

31. Pavlova NN, Thompson CB. The Emerging Hallmarks of Cancer Metabolism. Cell Metab. 
2016;23(1):27 47. 



 108 

32. DeBerardinis RJ, Chandel NS. Fundamentals of cancer metabolism. Sci Adv. 
2016;2(5):e1600200. 

33. Ward PS, Thompson CB. Metabolic reprogramming: a cancer hallmark even warburg did not 
anticipate. Cancer Cell. 2012;21(3):297 308. 

34. DeBerardinis RJ, Lum JJ, Hatzivassiliou G, Thompson CB. The biology of cancer: metabolic 
reprogramming fuels cell growth and proliferation. Cell Metab. 2008;7(1):11 20. 

35. Martínez-Reyes I, Chandel NS. Mitochondrial TCA cycle metabolites control physiology and 
disease. Nat Commun. 2020;11(1):102. 

36. Reid MA, Dai Z, Locasale JW. The impact of cellular metabolism on chromatin dynamics 
and epigenetics. Nat Cell Biol. 2017;19(11):1298 1306. 

37. Fruman DA, Chiu H, Hopkins BD, et al. The PI3K Pathway in Human Disease. Cell. 
2017;170(4):605 635. 

38. Dufort FJ, Bleiman BF, Gumina MR, et al. Cutting Edge: IL-4-Mediated Protection of 
Primary B Lymphocytes from Apoptosis via Stat6-Dependent Regulation of Glycolytic 
Metabolism. J Immunol. 2007;179(8):4953–4957. 

39. Jellusova J, Cato MH, Apgar JR, et al. Gsk3 is a metabolic checkpoint regulator in B cells. 
Nat Immunol. 2017;18(3):303 312. 

40. Maurer U, Preiss F, Brauns-Schubert P, Schlicher L, Charvet C. GSK-3 - at the crossroads of 
cell death and survival. J Cell Sci. 2014;127(7):1369–1378. 

41. Saxton RA, Sabatini DM. mTOR Signaling in Growth, Metabolism, and Disease. Cell. 
2017;168(6):960 976. 

42. Liu GY, Sabatini DM. mTOR at the nexus of nutrition, growth, ageing and disease. Nat Rev 
Mol Cell Bio. 2020;1–21. 

43. Majmundar AJ, Wong WJ, Simon MC. Hypoxia-inducible factors and the response to 
hypoxic stress. Mol Cell. 2010;40(2):294 309. 

44. Kaelin WG, Ratcliffe PJ. Oxygen sensing by metazoans: the central role of the HIF 
hydroxylase pathway. Mol Cell. 2008;30(4):393 402. 

45. Semenza GL. Targeting HIF-1 for cancer therapy. Nat Rev Cancer. 2003;3(10):721–732. 

46. Ersching J, Efeyan A, Mesin L, et al. Germinal Center Selection and Affinity Maturation 
Require Dynamic Regulation of mTORC1 Kinase. Immunity. 2017;46(6):1045-1058.e6. 



 109 

47. Lee K, Heffington L, Jellusova J, et al. Requirement for Rictor in homeostasis and function 
of mature B lymphoid cells. Blood. 2013;122(14):2369–79. 

48. Kometani K, Nakagawa R, Shinnakasu R, et al. Repression of the Transcription Factor 
Bach2 Contributes to Predisposition of IgG1 Memory B Cells toward Plasma Cell 
Differentiation. Immunity. 2013;39(1):136–147. 

49. Benhamron S, Pattanayak SP, Berger M, Tirosh B. mTOR Activation Promotes Plasma Cell 
Differentiation and Bypasses XBP-1 for Immunoglobulin Secretion. Mol Cell Biol. 
2014;35(1):153–166. 

50. Tellier J, Shi W, Minnich M, et al. Blimp-1 controls plasma cell function through the 
regulation of immunoglobulin secretion and the unfolded protein response. Nat Immunol. 
2016;17(3):323–30. 

51. Saijo K, Mecklenbräuker I, Santana A, et al. Protein Kinase C β Controls Nuclear Factor κB 
Activation in B Cells Through Selective Regulation of the IκB Kinase α. J Exp Medicine. 
2002;195(12):1647–1652. 

52. Su TT, Guo B, Kawakami Y, et al. PKC-β controls IκB kinase lipid raft recruitment and 
activation in response to BCR signaling. Nat Immunol. 2002;3(8):780–786. 

53. Tsui C, Martinez-Martin N, Gaya M, et al. Protein Kinase C-β Dictates B Cell Fate by 
Regulating Mitochondrial Remodeling, Metabolic Reprogramming, and Heme Biosynthesis. 
Immunity. 2018;48(6):1144 1159.e5. 

54. Leitges M, Schmedt C, Guinamard R, et al. Immunodeficiency in Protein Kinase Cbeta -
Deficient Mice. Science. 1996;273(5276):788–791. 

55. Herzig S, Shaw RJ. AMPK: guardian of metabolism and mitochondrial homeostasis. Nat Rev 
Mol Cell Bio. 2017;19(2):121–135. 

56. Shackelford DB, Shaw RJ. The LKB1–AMPK pathway: metabolism and growth control in 
tumour suppression. Nat Rev Cancer. 2009;9(8):563–575. 

57. Walsh NC, Waters LR, Fowler JA, et al. LKB 1 inhibition of NF ‐κB in B cells prevents 
T follicular helper cell differentiation and germinal center formation. Embo Rep. 
2015;16(6):753–768. 

58. Waters LR, Walsh NC, Teitell MA. LKB1 regulates germinal center formation and 
termination. Cell Cycle. 2015;14(14):2183–2184. 

59. Waters LR, Ahsan FM, Hoeve J ten, et al. Ampk regulates IgD expression but not energy 
stress with B cell activation. Sci Rep-uk. 2019;9(1):8176. 



 110 

60. Chang F, Steelman LS, Lee JT, et al. Signal transduction mediated by the 
Ras/Raf/MEK/ERK pathway from cytokine receptors to transcription factors: potential targeting 
for therapeutic intervention. Leukemia. 2003;17(7):1263–1293. 

61. McCubrey JA, Steelman LS, Chappell WH, et al. Roles of the Raf/MEK/ERK pathway in 
cell growth, malignant transformation and drug resistance. Biochimica Et Biophysica Acta Bba - 
Mol Cell Res. 2007;1773(8):1263–1284. 

62. Morrison DK. MAP kinase pathways. Csh Perspect Biol. 2012;4(11):a011254–a011254. 

63. ZHANG W, LIU HT. MAPK signal pathways in the regulation of cell proliferation in 
mammalian cells. Cell Res. 2002;12(1):9–18. 

64. Conacci-Sorrell M, McFerrin L, Eisenman RN. An overview of MYC and its interactome. 
Csh Perspect Med. 2014;4(1):a014357. 

65. Jiang J, Wang J, Yue M, et al. Direct Phosphorylation and Stabilization of MYC by Aurora B 
Kinase Promote T-cell Leukemogenesis. Cancer Cell. 2020;37(2):200-215.e5. 

66. Meyer N, Penn LZ. Reflecting on 25 years with MYC. Nat Rev Cancer. 2008;8(12):976–990. 

67. Ott G, Rosenwald A, Campo E. Understanding MYC-driven aggressive B-cell lymphomas: 
pathogenesis and classification. Blood. 2013;122(24):3884–3891. 

68. Nguyen L, Papenhausen P, Shao H. The Role of c-MYC in B-Cell Lymphomas: Diagnostic 
and Molecular Aspects. Genes-basel. 2017;8(4):116. 

69. Korać P, Dotlić S, Matulić M, Petranović MZ, Dominis M. Role of MYC in B Cell 
Lymphomagenesis. Genes-basel. 2017;8(4):115. 

70. Finkin S, Hartweger H, Oliveira TY, Kara EE, Nussenzweig MC. Protein Amounts of the 
MYC Transcription Factor Determine Germinal Center B Cell Division Capacity. Immunity. 
2019;51(2):324-336.e5. 

71. Garcia-Bates TM, Baglole CJ, Bernard MP, et al. Peroxisome Proliferator-Activated 
Receptor γ Ligands Enhance Human B Cell Antibody Production and Differentiation. J 
Immunol. 2009;183(11):6903–6912. 

72. Price MJ, Patterson DG, Scharer CD, Boss JM. Progressive Upregulation of Oxidative 
Metabolism Facilitates Plasmablast Differentiation to a T-Independent Antigen. Cell Reports. 
2018;23(11):3152–3159. 

73. Lam WY, Becker AM, Kennerly KM, et al. Mitochondrial Pyruvate Import Promotes Long-
Term Survival of Antibody-Secreting Plasma Cells. Immunity. 2016;45(1):60–73. 



 111 

74. Caro-Maldonado A, Wang R, Nichols AG, et al. Metabolic Reprogramming Is Required for 
Antibody Production That Is Suppressed in Anergic but Exaggerated in Chronically BAFF-
Exposed B Cells. J Immunol. 2014;192(8):3626–3636. 

75. Waters LR, Ahsan FM, Wolf DM, Shirihai O, Teitell MA. Initial B Cell Activation Induces 
Metabolic Reprogramming and Mitochondrial Remodeling. Iscience. 2018;5:99 109. 

76. Garcia-Manteiga JM, Mari S, Godejohann M, et al. Metabolomics of B to Plasma Cell 
Differentiation. J Proteome Res. 2011;10(9):4165–4176. 

77. Torigoe M, Iwata S, Nakayamada S, et al. Metabolic Reprogramming Commits 
Differentiation of Human CD27+IgD+ B Cells to Plasmablasts or CD27−IgD− Cells. J Immunol. 
2017;199(2):425–434. 

78. Wu G, Fang Y-Z, Yang S, Lupton JR, Turner ND. Glutathione Metabolism and Its 
Implications for Health. J Nutrition. 2004;134(3):489–492. 

79. Dufort FJ, Gumina MR, Ta NL, et al. Glucose-dependent de Novo Lipogenesis in B 
Lymphocytes A REQUIREMENT FOR ATP-CITRATE LYASE IN 
LIPOPOLYSACCHARIDE-INDUCED DIFFERENTIATION. J Biol Chem. 
2014;289(10):7011–7024. 

80. Akkaya M, Traba J, Roesler AS, et al. Second signals rescue B cells from activation-induced 
mitochondrial dysfunction and death. Nat Immunol. 2018;19(8):871–884. 

81. Jang K-J, Mano H, Aoki K, et al. Mitochondrial function provides instructive signals for 
activation-induced B-cell fates. Nat Commun. 2015;6(1):6750. 

82. Lam WY, Jash A, Yao C-H, et al. Metabolic and Transcriptional Modules Independently 
Diversify Plasma Cell Lifespan and Function. Cell Reports. 2018;24(9):2479 2492.e6. 

83. Oslowski CM, Urano F. Chapter Four Measuring ER Stress and the Unfolded Protein 
Response Using Mammalian Tissue Culture System. Methods Enzymol. 2011;490:71–92. 

84. Hetz C. The unfolded protein response: controlling cell fate decisions under ER stress and 
beyond. Nat Rev Mol Cell Bio. 2012;13(2):89–102. 

85. Chen M, Hong MJ, Sun H, et al. Essential role for autophagy in the maintenance of 
immunological memory against influenza infection. Nat Med. 2014;20(5):503–10. 

86. Pengo N, Scolari M, Oliva L, et al. Plasma cells require autophagy for sustainable 
immunoglobulin production. Nat Immunol. 2013;14(3):298. 

87. Knorre DG, Kudryashova NV, Godovikova TS. Chemical and Functional Aspects of 
Posttranslational Modification of Proteins. Acta Naturae. 2009;1(3):29–51. 



 112 

88. Magiera MM, Singh P, Gadadhar S, Janke C. Tubulin Posttranslational Modifications and 
Emerging Links to Human Disease. Cell. 2018;173(6):1323 1327. 

89. Gelb MH, Brunsveld L, Hrycyna CA, et al. Therapeutic intervention based on protein 
prenylation and associated modifications. Nat Chem Biol. 2006;2(10):518–528. 

90. Sivanand S, Viney I, Wellen KE. Spatiotemporal Control of Acetyl-CoA Metabolism in 
Chromatin Regulation. Trends Biochem Sci. 2018;43(1):61–74. 

91. Licciardi PV, Ververis K, Karagiannis TC. Histone Deacetylase Inhibition and Dietary Short-
Chain Fatty Acids. Isrn Allergy. 2011;2011:1–8. 

92. Latham T, Mackay L, Sproul D, et al. Lactate, a product of glycolytic metabolism, inhibits 
histone deacetylase activity and promotes changes in gene expression. Nucleic Acids Res. 
2012;40(11):4794–4803. 

93. Sanchez HN, Moroney JB, Gan H, et al. B cell-intrinsic epigenetic modulation of antibody 
responses by dietary fiber-derived short-chain fatty acids. Nat Commun. 2020;11(1):60. 

94. Padayatty S, Levine M. Vitamin C: the known and the unknown and Goldilocks. Oral Dis. 
2016;22(6):463–493. 

95. Minor EA, Court BL, Young JI, Wang G. Ascorbate Induces Ten-Eleven Translocation (Tet) 
Methylcytosine Dioxygenase-mediated Generation of 5-Hydroxymethylcytosine. J Biol Chem. 
2013;288(19):13669–13674. 

96. Blaschke K, Ebata KT, Karimi MM, et al. Vitamin C induces Tet-dependent DNA 
demethylation and a blastocyst-like state in ES cells. Nature. 2013;500(7461):222–226. 

97. Agathocleous M, Meacham CE, Burgess RJ, et al. Ascorbate regulates haematopoietic stem 
cell function and leukaemogenesis. Nature. 2017;549(7673):476 481. 

98. Cimmino L, Dolgalev I, Wang Y, et al. Restoration of TET2 Function Blocks Aberrant Self-
Renewal and Leukemia Progression. Cell. 2017;170(6):1079-1095.e20. 

99. Qi T, Sun M, Zhang C, et al. Ascorbic Acid Promotes Plasma Cell Differentiation through 
Enhancing TET2/3-Mediated DNA Demethylation. Cell Reports. 2020;33(9):108452. 

100. Cantó C, Menzies KJ, Auwerx J. NAD(+) Metabolism and the Control of Energy 
Homeostasis: A Balancing Act between Mitochondria and the Nucleus. Cell Metab. 
2015;22(1):31 53. 

101. Kupis W, Pałyga J, Tomal E, Niewiadomska E. The role of sirtuins in cellular homeostasis. 
J Physiol Biochem. 2016;72(3):371–80. 



 113 

102. Gan H, Shen T, Chupp DP, et al. B cell Sirt1 deacetylates histone and non-histone proteins 
for epigenetic modulation of AID expression and the antibody response. Sci Adv. 
2020;6(14):eaay2793. 

103. Chiabrando D, Vinchi F, Fiorito V, Mercurio S, Tolosano E. Heme in pathophysiology: a 
matter of scavenging, metabolism and trafficking across cell membranes. Front Pharmacol. 
2014;5:61. 

104. Dioum EM, Rutter J, Tuckerman JR, et al. NPAS2: A Gas-Responsive Transcription Factor. 
Science. 2002;298(5602):2385–2387. 

105. Raghuram S, Stayrook KR, Huang P, et al. Identification of heme as the ligand for the 
orphan nuclear receptors REV-ERBα and REV-ERBβ. Nat Struct Mol Biol. 2007;14(12):1207–
1213. 

106. Watanabe-Matsui M, Muto A, Matsui T, et al. Heme regulates B-cell differentiation, 
antibody class switch, and heme oxygenase-1 expression in B cells as a ligand of Bach2. Blood. 
2011;117(20):5438–5448. 

107. Sies H, Jones DP. Reactive oxygen species (ROS) as pleiotropic physiological signalling 
agents. Nat Rev Mol Cell Bio. 2020;1–21. 

108. Schieber M, Chandel NS. ROS Function in Redox Signaling and Oxidative Stress. Curr 
Biol. 2014;24(10):R453 R462. 

109. Capasso M, Bhamrah MK, Henley T, et al. HVCN1 modulates BCR signal strength via 
regulation of BCR-dependent generation of reactive oxygen species. Nat Immunol. 
2010;11(3):265. 

110. Sarvaria A, Madrigal JA, Saudemont A. B cell regulation in cancer and anti-tumor 
immunity. Cell Mol Immunol. 2017;14(8):662–674. 

111. Bibby JA, Purvis HA, Hayday T, et al. Cholesterol metabolism drives regulatory B cell IL-
10 through provision of geranylgeranyl pyrophosphate. Nat Commun. 2020;11(1):3412. 

112. Teras LR, DeSantis CE, Cerhan JR, et al. 2016 US lymphoid malignancy statistics by 
World Health Organization subtypes. Ca Cancer J Clin. 2016;66(6):443–459. 

113. Miranda-Filho A, Piñeros M, Znaor A, et al. Global patterns and trends in the incidence of 
non-Hodgkin lymphoma. Cancer Cause Control. 2019;30(5):489–499. 

114. Monti S, Savage KJ, Kutok JL, et al. Molecular profiling of diffuse large B-cell lymphoma 
identifies robust subtypes including one characterized by host inflammatory response. Blood. 
2005;105(5):1851–1861. 



 114 

115. Willett EV, Morton LM, Hartge P, et al. Non‐Hodgkin lymphoma and obesity: A pooled 
analysis from the InterLymph Consortium. Int J Cancer. 2008;122(9):2062–2070. 

116. Ricci J-E, Chiche J. Metabolic Reprogramming of Non-Hodgkin’s B-Cell Lymphomas and 
Potential Therapeutic Strategies. Frontiers Oncol. 2018;8:556. 

117. Zhang L, Yao Y, Zhang S, et al. Metabolic reprogramming toward oxidative 
phosphorylation identifies a therapeutic target for mantle cell lymphoma. Sci Transl Med. 
2019;11(491):eaau1167. 

118. Ashton TM, McKenna WG, Kunz-Schughart LA, Higgins GS. Oxidative phosphorylation 
as an emerging target in cancer therapy. Clin Cancer Res. 2018;24(11):clincanres.3070.2017. 

119. Linton PJ, Dorshkind K. Age-related changes in lymphocyte development and function. Nat 
Immunol. 2004;5(2):133–139. 

120. Dorshkind K, Montecino-Rodriguez E, Signer RAJ. The ageing immune system: is it ever 
too old to become young again? Nat Rev Immunol. 2009;9(1):57–62. 

121. Frasca D, Diaz A, Romero M, Blomberg BB. Human peripheral late/exhausted memory B 
cells express a senescent-associated secretory phenotype and preferentially utilize metabolic 
signaling pathways. Exp Gerontol. 2016;87(Pt A):113–120. 

122. Maimouni S, Lee M-H, Sung Y-M, et al. Tumor suppressor RARRES1 links tubulin 
deglutamylation to mitochondrial metabolism and cell survival. Oncotarget. 2018;10(17):1606–
1624. 

123. Maimouni S, Issa N, Cheng S, et al. Tumor suppressor RARRES1- A novel regulator of 
fatty acid metabolism in epithelial cells. Plos One. 2018;13(12):e0208756. 

124. Fang EF, Lautrup S, Hou Y, et al. NAD + in Aging: Molecular Mechanisms and 
Translational Implications. Trends Mol Med. 2017;23(10):899–916. 

125. Mei Z, Zhang X, Yi J, et al. Sirtuins in metabolism, DNA repair and cancer. J Exp Clin 
Canc Res. 2016;35(1):182. 

126. Haigis MC, Sinclair DA. Mammalian Sirtuins: Biological Insights and Disease Relevance. 
Annu Rev Pathology Mech Dis. 2010;5(1):253–295. 

127. Nakagawa T, Guarente L. Sirtuins at a glance. J Cell Sci. 2011;124(Pt 6):833–8. 

128. Hasham MG, Snow KJ, Donghia NM, et al. Activation-Induced Cytidine Deaminase-
Initiated Off-Target DNA Breaks Are Detected and Resolved during S Phase. J Immunol. 
2012;189(5):2374–2382. 



 115 

129. Daniel JA, Nussenzweig A. The AID-Induced DNA Damage Response in Chromatin. Mol 
Cell. 2013;50(3):309–321. 

130. Gu X, Shivarov V, Strout MP. The role of activation-induced cytidine deaminase in 
lymphomagenesis. Curr Opin Hematol. 2012;19(4):292–8. 

131. Pasqualucci L, Bhagat G, Jankovic M, et al. AID is required for germinal center–derived 
lymphomagenesis. Nat Genet. 2007;40(1):108–112. 

132. Armitage JO, Gascoyne RD, Lunning MA, Cavalli F. Non-Hodgkin lymphoma. Lancet. 
2017;390(10091):298–310. 

133. Schieber M, Gordon LI, Karmali R. Current overview and treatment of mantle cell 
lymphoma. F1000research. 2018;7:F1000 Faculty Rev-1136. 

134. Liu Y, Barta SK. Diffuse large B‐cell lymphoma: 2019 update on diagnosis, risk 
stratification, and treatment. Am J Hematol. 2019;94(5):604–616. 

135. Carbone A, Roulland S, Gloghini A, et al. Follicular lymphoma. Nat Rev Dis Primers. 
2019;5(1):83. 

136. Linet MS, Vajdic CM, Morton LM, et al. Medical History, Lifestyle, Family History, and 
Occupational Risk Factors for Follicular Lymphoma: The InterLymph Non-Hodgkin Lymphoma 
Subtypes Project. Jnci Monogr. 2014;2014(48):26–40. 

137. Schüler F, Dölken L, Hirt C, et al. Prevalence and frequency of circulating t(14;18)‐MBR 
translocation carrying cells in healthy individuals. Int J Cancer. 2009;124(4):958–963. 

138. Nagpal S, Patel S, Asano AT, et al. Tazarotene-Induced Gene 1 (TIG1), a Novel Retinoic 
Acid Receptor-Responsive Gene in Skin. J Invest Dermatol. 1996;106(2):269 274. 

139. Youssef EM, Chen X, Higuchi E, et al. Hypermethylation and Silencing of the Putative 
Tumor Suppressor Tazarotene-Induced Gene 1 in Human Cancers. Cancer Res. 
2004;64(7):2411–2417. 

140. Oldridge EE, Walker HF, Stower MJ, et al. Retinoic acid represses invasion and stem cell 
phenotype by induction of the metastasis suppressors RARRES1 and LXN. Oncogenesis. 
2013;2(4):e45. 

141. Jing C, El-Ghany MA, Beesley C, et al. Tazarotene-induced gene 1 (TIG1) expression in 
prostate carcinomas and its relationship to tumorigenicity. Jnci J National Cancer Inst. 
2002;94(7):482 490. 

142. Yanatatsaneejit P, Chalermchai T, Kerekhanjanarong V, et al. Promoter hypermethylation 
of CCNA1, RARRES1, and HRASLS3 in nasopharyngeal carcinoma. Oral Oncol. 
2008;44(4):400–406. 



 116 

143. Zhang C, Liang Y. Latexin and hematopoiesis. Curr Opin Hematol. 2018;25(4):266–272. 

144. Liu Y, Zhang C, Li Z, et al. Latexin Inactivation Enhances Survival and Long-Term 
Engraftment of Hematopoietic Stem Cells and Expands the Entire Hematopoietic System in 
Mice. Stem Cell Rep. 2017;8(4):991 1004. 

145. Liu Y, Howard D, Rector K, et al. Latexin is down-regulated in hematopoietic malignancies 
and restoration of expression inhibits lymphoma growth. Plos One. 2012;7(9):e44979. 

146. Sahab ZJ, Hall MD, Sung YM, et al. Tumor suppressor RARRES1 interacts with 
cytoplasmic carboxypeptidase AGBL2 to regulate the α-tubulin tyrosination cycle. Cancer Res. 
2011;71(4):1219 1228. 

147. Sheldon KL, Gurnev PA, Bezrukov SM, Sackett DL. Tubulin tail sequences and post-
translational modifications regulate closure of mitochondrial voltage-dependent anion channel 
(VDAC). J Biol Chem. 2015;290(44):26784 26789. 

148. Rostovtseva TK, Sheldon KL, Hassanzadeh E, et al. Tubulin binding blocks mitochondrial 
voltage-dependent anion channel and regulates respiration. Proc National Acad Sci. 
2008;105(48):18746 18751. 

149. Kotton DN, Fabian AJ, Mulligan RC. A novel stem-cell population in adult liver with 
potent hematopoietic-reconstitution activity. Blood. 2005;106(5):1574–1580. 

150. Chen Q, Ross AC. Retinoic acid promotes mouse splenic B cell surface IgG expression and 
maturation stimulated by CD40 and IL-4. Cell Immunol. 2007;249(1):37–45. 

151. Roy A, Ramalinga M, Kim OJ, et al. Multiple roles of RARRES1 in prostate cancer: 
Autophagy induction and angiogenesis inhibition. Plos One. 2017;12(7):e0180344. 

152. Fulda S, Gorman AM, Hori O, Samali A. Cellular Stress Responses: Cell Survival and Cell 
Death. Int J Cell Biology. 2010;2010:1–23. 

153. Reimold AM, Iwakoshi NN, Manis J, et al. Plasma cell differentiation requires the 
transcription factor XBP-1. Nature. 2001;412(6844):300–307. 

154. Hu CA, Dougan SK, McGehee AM, Love JC, Ploegh HL. XBP‐1 regulates signal 
transduction, transcription factors and bone marrow colonization in B cells. Embo J. 
2009;28(11):1624–1636. 

155. Wu J, Kaufman RJ. From acute ER stress to physiological roles of the Unfolded Protein 
Response. Cell Death Differ. 2006;13(3):374–384. 

156. Morimoto RI. The Heat Shock Response: Systems Biology of Proteotoxic Stress in Aging 
and Disease. Cold Spring Harb Sym. 2011;76(0):91–99. 



 117 

157. Altman BJ, Stine ZE, Dang CV. From Krebs to clinic: glutamine metabolism to cancer 
therapy. Nat Rev Cancer. 2016;16(10):619 634. 

158. Liu Y, Hyde AS, Simpson MA, Barycki JJ. Emerging Regulatory Paradigms in Glutathione 
Metabolism. Adv Cancer Res. 2014;122:69–101. 

159. Bai P. Biology of Poly(ADP-Ribose) Polymerases: The Factotums of Cell Maintenance. 
Mol Cell. 2015;58(6):947–958. 

160. Choi J-E, Mostoslavsky R. Sirtuins, metabolism, and DNA repair. Curr Opin Genet Dev. 
2014;26:24–32. 

161. Lau AN, Heiden MGV. Metabolism in the Tumor Microenvironment. Annu Rev Cancer 
Biology. 2019;4(1):1–24. 

162. Kaymak I, Williams KS, Cantor JR, Jones RG. Immunometabolic Interplay in the Tumor 
Microenvironment. Cancer Cell. 2020; 

163. Yamamoto H, Schoonjans K, Auwerx J. Sirtuin Functions in Health and Disease. Mol 
Endocrinol. 2007;21(8):1745–1755. 

164. Vachharajani VT, Liu T, Wang X, et al. Sirtuins Link Inflammation and Metabolism. J 
Immunol Res. 2016;2016:1–10. 

165. Yeung F, Hoberg JE, Ramsey CS, et al. Modulation of NF-κB-dependent transcription and 
cell survival by the SIRT1 deacetylase. Embo J. 2004;23(12):2369–2380. 

166. Oberdoerffer P, Michan S, McVay M, et al. SIRT1 Redistribution on Chromatin Promotes 
Genomic Stability but Alters Gene Expression during Aging. Cell. 2008;135(5):907–918. 

167. Bereshchenko OR, Gu W, Dalla-Favera R. Acetylation inactivates the transcriptional 
repressor BCL6. Nat Genet. 2002;32(4):606–613. 

168. Heltweg B, Gatbonton T, Schuler AD, et al. Antitumor Activity of a Small-Molecule 
Inhibitor of Human Silent Information Regulator 2 Enzymes. Cancer Res. 2006;66(8):4368–
4377. 

169. Wang Q, Yan C, Xin M, et al. Sirtuin 1 (Sirt1) Overexpression in BaF3 Cells Contributes to 
Cell Proliferation Promotion, Apoptosis Resistance and Pro-Inflammatory Cytokine Production. 
Medical Sci Monit Int Medical J Exp Clin Res. 2017;23:1477–1482. 

170. Bhalla S, Gordon LI. Functional characterization of NAD dependent de-acetylases SIRT1 
and SIRT2 in B-Cell Chronic Lymphocytic Leukemia (CLL). Cancer Biol Ther. 
2016;17(3):300–309. 



 118 

171. Chowdhury S, Sripathy S, Webster AA, et al. Discovery of Selective SIRT2 Inhibitors as 
Therapeutic Agents in B-Cell Lymphoma and Other Malignancies. Molecules. 2020;25(3):455. 

172. Yu W, Denu RA, Krautkramer KA, et al. Loss of SIRT3 Provides Growth Advantage for B 
Cell Malignancies. J Biol Chem. 2015;291(7):3268–3279. 

173. Jeong SM, Lee A, Lee J, Haigis MC. SIRT4 Protein Suppresses Tumor Formation in 
Genetic Models of Myc-induced B Cell Lymphoma. J Biol Chem. 2014;289(7):4135–4144. 

174. Yang J, Li Y, Zhang Y, et al. Sirt6 promotes tumorigenesis and drug resistance of diffuse 
large B-cell lymphoma by mediating PI3K/Akt signaling. J Exp Clin Canc Res. 2020;39(1):142. 

175. Wu D, Li Y, Zhu KS, Wang H, Zhu W-G. Advances in Cellular Characterization of the 
Sirtuin Isoform, SIRT7. Front Endocrinol. 2018;9:652. 

176. Consortium TIGP, Heng TSP, Painter MW, et al. The Immunological Genome Project: 
networks of gene expression in immune cells. Nat Immunol. 2008;9(10):1091–1094. 

177. Bogan KL, Brenner C. Nicotinic Acid, Nicotinamide, and Nicotinamide Riboside: A 
Molecular Evaluation of NAD+ Precursor Vitamins in Human Nutrition. Annu Rev Nutr. 
2008;28(1):115–130. 

178. Liu L, Su X, Quinn WJ, et al. Quantitative Analysis of NAD Synthesis-Breakdown Fluxes. 
Cell Metab. 2018;27(5):1067 1080.e5. 

179. Shakespear MR, Iyer A, Cheng CY, et al. Lysine Deacetylases and Regulated Glycolysis in 
Macrophages. Trends Immunol. 2018;39(6):473–488. 

180. Solomon JM, Pasupuleti R, Xu L, et al. Inhibition of SIRT1 Catalytic Activity Increases 
p53 Acetylation but Does Not Alter Cell Survival following DNA Damage. Mol Cell Biol. 
2006;26(1):28–38. 

181. Grozinger CM, Chao ED, Blackwell HE, Moazed D, Schreiber SL. Identification of a class 
of small molecule inhibitors of the sirtuin family of NAD-dependent deacetylases by phenotypic 
screening. J Biol Chem. 2001;276(42):38837–38843. 

182. Oliveira RM de, Sarkander J, Kazantsev AG, Outeiro TF. SIRT2 as a Therapeutic Target 
for Age-Related Disorders. Front Pharmacol. 2012;3:82. 

183. Bertoldo MJ, Listijono DR, Ho W-HJ, et al. NAD+ Repletion Rescues Female Fertility 
during Reproductive Aging. Cell Reports. 2020;30(6):1670-1681.e7. 

184. Gomes P, Outeiro TF, Cavadas C. Emerging Role of Sirtuin 2 in the Regulation of 
Mammalian Metabolism. Trends Pharmacol Sci. 2015;36(11):756–768. 



 119 

185. Wang Y-P, Zhou L-S, Zhao Y-Z, et al. Regulation of G6PD acetylation by SIRT2 and 
KAT9 modulates NADPH homeostasis and cell survival during oxidative stress. Embo J. 
2014;33(12):1304–20. 

186. Frasca D, Diaz A, Romero M, Thaller S, Blomberg BB. Metabolic requirements of human 
pro-inflammatory B cells in aging and obesity. Plos One. 2019;14(7):e0219545. 

187. Liguori I, Russo G, Curcio F, et al. Oxidative stress, aging, and diseases. Clin Interv Aging. 
2018;13:757–772. 

188. Wang SS, Davis S, Cerhan JR, et al. Polymorphisms in oxidative stress genes and risk for 
non-Hodgkin lymphoma. Carcinogenesis. 2006;27(9):1828–1834. 

189. Lin R, Tao R, Gao X, et al. Acetylation Stabilizes ATP-Citrate Lyase to Promote Lipid 
Biosynthesis and Tumor Growth. Mol Cell. 2013;51(4):506–518. 

190. Krishnan J, Danzer C, Simka T, et al. Dietary obesity-associated Hif1  activation in 
adipocytes restricts fatty acid oxidation and energy expenditure via suppression of the Sirt2-
NAD+ system. Gene Dev. 2012;26(3):259–270. 

191. Wang F, Nguyen M, Qin FX-F, Tong Q. SIRT2 deacetylates FOXO3a in response to 
oxidative stress and caloric restriction. Aging Cell. 2007;6(4):505–514. 

192. Nicholls DG, Darley-Usmar VM, Wu M, et al. Bioenergetic profile experiment using 
C2C12 myoblast cells. J Vis Exp. 2010;(46):e2511 e2511. 

193. Gerencser AA, Nicholls DG, Neilson A, et al. Quantitative Microplate-Based Respirometry 
with Correction for Oxygen Diffusion. Anal Chem. 2009;81(16):6868 6878. 

194. Brand MD, Nicholls DG. Assessing mitochondrial dysfunction in cells. Biochem J. 
2011;435(2):297 312. 

195. Cyster JG, Allen CDC. B Cell Responses: Cell Interaction Dynamics and Decisions. Cell. 
2019;177(3):524–540. 

196. Cantó C, Auwerx J. Caloric restriction, SIRT1 and longevity. Trends Endocrinol 
Metabolism. 2009;20(7):325–331. 

197. North BJ, Rosenberg MA, Jeganathan KB, et al. SIRT2 induces the checkpoint kinase 
BubR1 to increase lifespan. Embo J. 2014;33(13):1438–53. 

198. Cancro MP, Hao Y, Scholz JL, et al. B cells and aging: molecules and mechanisms. Trends 
Immunol. 2009;30(7):313–318. 



 120 

199. Zhu X-H, Lu M, Lee B-Y, Ugurbil K, Chen W. In vivo NAD assay reveals the intracellular 
NAD contents and redox state in healthy human brain and their age dependences. Proc National 
Acad Sci. 2015;112(9):2876–2881. 

200. Mouchiroud L, Houtkooper RH, Moullan N, et al. The NAD+/Sirtuin Pathway Modulates 
Longevity through Activation of Mitochondrial UPR and FOXO Signaling. Cell. 
2013;154(2):430–441. 

201. Massudi H, Grant R, Braidy N, et al. Age-Associated Changes In Oxidative Stress and 
NAD+ Metabolism In Human Tissue. Plos One. 2012;7(7):e42357. 

202. Belenky P, Racette FG, Bogan KL, et al. Nicotinamide Riboside Promotes Sir2 Silencing 
and Extends Lifespan via Nrk and Urh1/Pnp1/Meu1 Pathways to NAD+. Cell. 2007;129(3):473–
484. 

203. Balan V, Miller GS, Kaplun L, et al. Life Span Extension and Neuronal Cell Protection by 
Drosophila Nicotinamidase. J Biol Chem. 2008;283(41):27810–27819. 

204. Camacho-Pereira J, Tarragó MG, Chini CCS, et al. CD38 Dictates Age-Related NAD 
Decline and Mitochondrial Dysfunction through an SIRT3-Dependent Mechanism. Cell Metab. 
2016;23(6):1127–1139. 

205. Rajman L, Chwalek K, Sinclair DA. Therapeutic Potential of NAD-Boosting Molecules: 
The In Vivo Evidence. Cell Metab. 2018;27(3):529–547. 

206. Li J, Snyder EY, Tang FHF, et al. Nna1 gene deficiency triggers Purkinje neuron death by 
tubulin hyperglutamylation and ER dysfunction. Jci Insight. 2020;5(19):e136078. 

207. Ojha R, Amaravadi RK. Targeting the unfolded protein response in cancer. Pharmacol Res. 
2017;120:258–266. 

208. Scholz JL, Diaz A, Riley RL, Cancro MP, Frasca D. A comparative review of aging and B 
cell function in mice and humans. Curr Opin Immunol. 2013;25(4):504–510. 

209. Frasca D, Blomberg BB. Aging, cytomegalovirus (CMV) and influenza vaccine responses. 
Hum Vacc Immunother. 2015;12(3):682–690. 

210. Siegrist C-A, Aspinall R. B-cell responses to vaccination at the extremes of age. Nat Rev 
Immunol. 2009;9(3):185–194. 

211. Aiello A, Farzaneh F, Candore G, et al. Immunosenescence and Its Hallmarks: How to 
Oppose Aging Strategically? A Review of Potential Options for Therapeutic Intervention. Front 
Immunol. 2019;10:2247. 

212. Goronzy JJ, Weyand CM. Understanding immunosenescence to improve responses to 
vaccines. Nat Immunol. 2013;14(5):428–436. 



 121 

213. Ventura MT, Casciaro M, Gangemi S, Buquicchio R. Immunosenescence in aging: between 
immune cells depletion and cytokines up-regulation. Clin Mol Allergy. 2017;15(1):21. 

214. Gupta S. Role of dendritic cells in innate and adaptive immune response in human aging. 
Exp Gerontol. 2014;54:47–52. 

215. Johnson SA, Cambier JC. Ageing, autoimmunity and arthritis: Senescence of the B cell 
compartment – implications for humoral immunity. Arthritis Res Ther. 2004;6(4):131. 

216. Yanes RE, Gustafson CE, Weyand CM, Goronzy JJ. Lymphocyte generation and 
population homeostasis throughout life. Semin Hematol. 2017;54(1):33–38. 

217. Riley RL, Khomtchouk K, Blomberg BB. Age-associated B cells (ABC) inhibit B 
lymphopoiesis and alter antibody repertoires in old age. Cell Immunol. 2017;321:61–67. 

218. Hao Y, O’Neill P, Naradikian MS, Scholz JL, Cancro MP. A B-cell subset uniquely 
responsive to innate stimuli accumulates in aged mice. Blood. 2011;118(5):1294–1304. 

219. Rubtsov AV, Rubtsova K, Fischer A, et al. Toll-like receptor 7 (TLR7)–driven 
accumulation of a novel CD11c+ B-cell population is important for the development of 
autoimmunity. Blood. 2011;118(5):1305–1315. 

220. Cancro MP. Age-Associated B Cells. Annu Rev Immunol. 2020;38(1):1–26. 

221. Camell CD, Günther P, Lee A, et al. Aging Induces an Nlrp3 Inflammasome-Dependent 
Expansion of Adipose B Cells That Impairs Metabolic Homeostasis. Cell Metab. 2019; 

222. Johnson SA, Rozzo SJ, Cambier JC. Aging-Dependent Exclusion of Antigen-Inexperienced 
Cells from the Peripheral B Cell Repertoire. J Immunol. 2002;168(10):5014–5023. 

223. Gibson KL, Wu Y-C, Barnett Y, et al. B-cell diversity decreases in old age and is correlated 
with poor health status. Aging Cell. 2009;8(1):18–25. 

224. Knode LMR, Naradikian MS, Myles A, et al. Age-Associated B Cells Express a Diverse 
Repertoire of VH and Vκ Genes with Somatic Hypermutation. J Immunol. 2017;198(5):1921–
1927. 

225. Guerrettaz LM, Johnson SA, Cambier JC. Acquired hematopoietic stem cell defects 
determine B-cell repertoire changes associated with aging. P Natl Acad Sci Usa. 
2008;105(33):11898–902. 

226. Kurupati RK, Haut LH, Schmader KE, Ertl HC. Age-related changes in B cell metabolism. 
Aging. 2019;11(13):4367–4381. 

227. Mashima T, Seimiya H, Tsuruo T. De novo fatty-acid synthesis and related pathways as 
molecular targets for cancer therapy. Brit J Cancer. 2009;100(9):1369–72. 



 122 

228. KD K, SL M, JQ X, E. A. Deaths: Final data for 2017. National Vital Statistics Reports. vol 
68(no 9. Hyattsville, MD: National Center for Health Statistics.): 

229. Xu M, Pirtskhalava T, Farr JN, et al. Senolytics improve physical function and increase 
lifespan in old age. Nat Med. 2018;24(8):1246–1256. 

230. Baker DJ, Wijshake T, Tchkonia T, et al. Clearance of p16Ink4a-positive senescent cells 
delays ageing-associated disorders. Nature. 2011;479(7372):232 236. 

231. Mehr R, Melamed D. Reversing B cell aging. Aging. 2011;3(4):438–443. 

232. Keren Z, Naor S, Nussbaum S, et al. B-cell depletion reactivates B lymphopoiesis in the 
BM and rejuvenates the B lineage in aging. Blood. 2011;117(11):3104–12. 

233. Avivi I, Zisman-Rozen S, Naor S, et al. Depletion of B cells rejuvenates the peripheral B-
cell compartment but is insufficient to restore immune competence in aging. Aging Cell. 
2019;18(4):e12959. 

234. Nikolich-Žugich J. The twilight of immunity: emerging concepts in aging of the immune 
system. Nat Immunol. 2017;19(1):10–19. 

235. Banerjee M, Mehr R, Belelovsky A, Spencer J, Dunn-Walters DK. Age- and tissue-specific 
differences in human germinal center B cell selection revealed by analysis of IgVH gene 
hypermutation and lineage trees. Eur J Immunol. 2002;32(7):1947–57. 

236. Kugel CH, Douglass SM, Webster MR, et al. Age Correlates with Response to Anti-PD1, 
Reflecting Age-Related Differences in Intratumoral Effector and Regulatory T-Cell Populations. 
Clin Cancer Res. 2018;24(21):5347–5356. 

237. Teillaud J-L. eLS. undefined. 2001; 

238. Britanova OV, Putintseva EV, Shugay M, et al. Age-Related Decrease in TCR Repertoire 
Diversity Measured with Deep and Normalized Sequence Profiling. J Immunol. 
2014;192(6):2689–2698. 

239. Tchkonia T, Kirkland JL. Aging, Cell Senescence, and Chronic Disease: Emerging 
Therapeutic Strategies. Jama. 2018;320(13):1319. 

240. Conboy IM, Conboy MJ, Wagers AJ, et al. Rejuvenation of aged progenitor cells by 
exposure to a young systemic environment. Nature. 2005;433(7027):760–764. 

241. Fahy GM, Brooke RT, Watson JP, et al. Reversal of epigenetic aging and immunosenescent 
trends in humans. Aging Cell. 2019;18(6):e13028. 



 123 

242. Jesus BB de, Vera E, Schneeberger K, et al. Telomerase gene therapy in adult and old mice 
delays aging and increases longevity without increasing cancer. Embo Mol Med. 2012;4(8):691–
704. 

243. Davidsohn N, Pezzone M, Vernet A, et al. A single combination gene therapy treats 
multiple age-related diseases. Proc National Acad Sci. 2019;201910073. 

244. Investigators WG for the WHI. Risks and Benefits of Estrogen Plus Progestin in Healthy 
Postmenopausal Women: Principal Results From the Women’s Health Initiative Randomized 
Controlled Trial. Jama J Am Medical Assoc. 2002;288(3):321–333. 

245. Weintraub WS, Lüscher TF, Pocock S. The perils of surrogate endpoints. Eur Heart J. 
2015;36(33):2212–2218. 

246. Frasca D, Diaz A, Romero M, et al. Unique biomarkers for B-cell function predict the 
serum response to pandemic H1N1 influenza vaccine. Int Immunol. 2012;24(3):175–182. 

247. Ademokun A, Wu Y-C, Martin V, et al. Vaccination-induced changes in human B-cell 
repertoire and pneumococcal IgM and IgA antibody at different ages: Vaccine-induced changes 
in B-cell repertoire. Aging Cell. 2011;10(6):922–930. 

  


