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CHAPTER 1

INTRODUCTION

The work presented in this chapter provides an introduction on common themes
throughout the thesis and gaps in knowledge

l. Overview

Cellular metabolism sets the foundation of many biological processes. The exploitation
of metabolic pathways has been used to treat cancers, diabetes, and immune
pathologies. The dynamic life of the B lymphocyte lineage provides a good model for
studying the regulation of metabolic pathways critical for proliferation, long-term
survival, and biosynthetically demanding functions like antibody production. Metabolic
sensor and orchestrator of a plethora of metabolic programs, AMP-activated protein
kinase (AMPK), is critical for metabolic adaptation to stressful nutrient-limiting conditions
in multiple cell types and settings. Many cells rely on glucose and glutamine as fuels for
metabolic pathways. However, whether AMPK is critical for the B lymphocyte lineage
was not clear at the time of starting my thesis. Additionally, how glucose and glutamine
metabolism influence germinal center outcomes was not fully elucidated. Here in
Chapter 1, | provide a general overview of metabolism and B cell responses and

introduce gaps in knowledge at the time of embarking my thesis work.



Il. Cellular metabolism is a highly regulated network of biochemical reactions
critical for many biological processes

Cellular metabolism encompasses all the biochemical reactions necessary to
sustain life and pervades many aspects of biology (DeBerardinis et al., 2012). Metabolic
pathways are the means that cells generate energy, synthesize macromolecules,
regulate genes, eliminate toxins, adapt to environmental conditions, and ultimately die
(Fig 1.1).

Energy metabolism refers to all the reactions involved in the release of
adenosine triphosphate (ATP) during degradative, or catabolic pathways. In contrast,
biosynthetic metabolism, or anabolism, often requires energy input and results in the
generation of complex macromolecules deemed necessary for survival, proliferation,
and function. Aside from catabolic and anabolic pathways, metabolic enzymes and
metabolites have functions in signal transduction and gene regulation via epigenetic
modulation of chromatin (wang et al., 2020; Li et al., 2018). Additionally, it is through
metabolic pathways that excess cellular content and molecules are maintained, for
instance regulation of autophagy and antioxidant systems intersect with metabolic
processes (Rabinowitz et al., 2010; Foyer, 2005). Furthermore, regulation of metabolic
pathways is integral for a cell’'s ability to respond and adapt to environmental signals
and nutrients (Yuan et al., 2013). Lastly, apoptosis, necrosis, and ferroptosis modes of cell
death involve multiple mitochondrial proteins and lipid metabolites with dual roles in
metabolism (Green et al., 2013; Lee et al., 2021). Collectively, metabolism is involved in many

biological activities of the cell.
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Figure 1.1 Cellular metabolism is the foundation of many biological processes.
Cells use metabolic pathways to support the synthesis and break-down of
macromolecules promoting growth, proliferation, storage and energy generation.
Metabolism regulates many cellular processes including redox pathways, autophagy,
epigenetics, and cell death pathways. Metabolic sensors allow cells to adapt and
respond to environmental stimuli and nutrient availability. Figure loosely inspired after
reading Pavlova et al., 2016.



Metabolism is composed of an interconnected biological network of pathways
involving metabolites, enzymes, and cofactors to catalyze reactions in subcellular
locations (Fig. 1.2). Most pathways cannot function independently. For instance,
glucose-6-phosphate, generated in the first step of glycolysis, is a precursor of the
pentose phosphate pathway (PPP). Additionally, multiple substrates can be used as a
carbon or nitrogen source to fuel a given pathway. Fatty acids, carbohydrates, and
proteins can all be oxidized in the tricarboxylic acid (TCA) cycle after initial processing.
Metabolites can also be generated from multiple sources. For example, pyruvate, which
enters the TCA cycle and used for gluconeogenesis among other fates, can be
generated from both the oxidation of glucose and the transamination of alanine. These
are just a few of the multitude of examples illustrating the interconnectivity of metabolic

pathways.
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Figure 1.2 Cellular metabolism is an interconnected network (simplified cartoon).
Glycolysis involves the oxidation of glucose into pyruvate and the generation of ATP.
Pyruvate and fatty acids can fuel the tricarboxylic acid (TCA) cycle after activation with
coenzyme A (CoA). Glutamine can also fuel the TCA cycle after conversion to
glutamate followed by conversion to TCA intermediate alpha-ketoglutarate (a-KG).
NADH and FADH,, produced during the TCA cycle, are used during oxidative
phosphorylation (OXPHOS), generating ATP. TCA metabolites such as citrate can be
used for fatty acid synthesis. Glutamate is a precursor for glutathione, critical for redox
homeostasis. Glucose-6-phosphate (G6P), the first metabolite generated in glycolysis
can also be shunted to the pentose phosphate pathway (PPP) leading to the generation
of ribose-5-phosphate, a precursor for nucleotides (NT). Glycolytic intermediates and
glutamine can also be shunted into the synthesis of nucleotide sugar uridine
diphosphate N-acetylglucosamine (UDP-GIcNAc), a key substrate for protein
glycosylation via the hexosamine biosynthetic pathway. Besides fueling the TCA cycle
and contributions to nucleotide and UDP-GIcNAc, glutamine can also serve as a
nitrogen donor for de novo synthesis of non-essential amino acids (NEAA) like alanine
and aspartate. Figure loosely inspired from Liu et al., 2019.



Metabolic reactions are driven by enzymes and non-protein cofactors to facilitate
the flux of metabolites through pathways. The ability to sense fluctuations in nutrients,
ATP/ADP/AMP, oxygen, and other metabolites in a timely and accurate manner and link
those to cellular pathways is critical for proper function (Efeyan et al., 2015; Wang et al., 2020;
Yuan et al, 2013). There are several conserved nutrient and oxygen sensors that
orchestrate metabolic pathways to promote optimal fitness. For example, when sugars,
amino acids, and lipids are abundant, nutrient sensing pathways promote anabolism
and storage. In contrast, during times of low nutrient availability, sensors enable
catabolism and pathways like autophagy to obtain energy and nutrients from non-
essential cellular content. Similarly, during hypoxic conditions, oxygen-dependent prolyl
hydroxylase domain (PHD) proteins no longer target transcription factor hypoxia
inducible factor (HIFa) for proteasomal degradation (Yuan, et al., 2013). Instead, HIFa
stabilization and accumulation leads to activation of a transcriptional program that
assists the cell in adaption to low oxygen tensions. Specifically, HIFa induces
expression of glycolytic genes to induce oxygen-independent glycolysis and limit
reliance on oxygen-dependent oxidative phosphorylation (OXPHOS) (Gordon et al., 2007).
Thus, metabolic sensors are critical for responding to environmental limitations and
stressors.

In addition to the influence and importance of nutrient sensing in the environment
on metabolism, cell type also dictates dominant metabolic pathways utilized to
accomplish cell function. Lineage-specific networks of metabolic enzymes and higher-
level regulation promote tissue-specific functions (Metallo et al., 2013). For instance,

glycogen synthesis dominates metabolic pathways in skeletal muscle cells compared to



triacylglycerol synthesis primarily employed by adipocytes (lvy, 1991; Ahmadian et al., 2007).
Different tissues may also experience different microenvironments and nutrient
availability due to their location. The portal architecture of the liver results in a gradient
of venous nutrient supply available to hepatocytes (Puchowicz et al., 1999). Thus, both
lineage-restricted genetic programs and environmental nutrients factor into metabolism
of various cells and tissues.

A complete overview of metabolism includes addressing the existence of
regulatory mechanisms and feedback loops among nutrient sensors, which together
orchestrate multiple signaling events. Most notably, master metabolic regulators AMP-
activated protein kinase (AMPK) and mechanistic target of rapamycin complex 1
(mTORC1) promote catabolic and anabolic pathways, respectively. AMPK negatively
regulates mTORC1 both indirectly through the activation of TSC2 and directly by an
inhibitory phosphorylation of Raptor, an essential component of mMTORC1 (Gwinn et al.,
2008). Recent evidence in yeast reveals that mTORC1 reciprocally downregulates
AMPK by phosphorylation of a conserved residue (Ling et al., 2020). Though they do not
interact directly, cross-talk between energy sensor AMPK and HIF signaling pathways
has also been observed in a few settings (Salminen et al., 2016). Reciprocal regulation
between multiple major metabolic signaling networks ensures a balance between

anabolic and catabolic processes.



lll. Exploitation of metabolism as a therapeutic approach in cancer

Many human diseases, including cancer, diabetes, and obesity, involve
mutations in key metabolic enzymes and processes leading to alterations in normal
physiology (Paviova et al., 2016; Le et al., 2019). Understanding the mechanisms driving
metabolic dysfunction and identifying vulnerabilities in disease is at the forefront of

current research and has given rise to therapeutic targets in the clinic (Tripathi et al., 2018;
Wolpaw et al., 2017; Pircher et al., 2016; Montero et al., 2011; Stuani et al., 2019; Palsson-McDermott et

al., 2020).

Malignant cells often have a heavier reliance on specific metabolic pathways
compared to normal tissues. Otto Warburg discovered that cancer cells exhibited
substantially more glucose uptake and lactate production compared to normal tissue
even in the presence of oxygen; this observation later became known as the Warburg
Effect and coincided with fully functioning mitochondria in many settings (Warburg, 1956;
Porporato et al., 2017). It has been proposed that the Warburg effect provides glycolytic
intermediates for biosynthesis supporting the high demand for growth in tumor cells and
disrupts the microenvironment by the production of lactate (Liberti et al., 2016). Since the
discovery of the Warburg effect, much attention has been given to glucose metabolism.
The importance of glutamine in cancer metabolism has garnered later recognition
(DeBerardinis et al., 2010; Yoo et al., 2020; Wise et al., 2010); glutamine uptake in many cell lines
is up to ten-fold higher compared to any other amino acids (Eagle, 1955).

Glutamine acts as a nitrogen source for both nucleotide and non-essential amino
acid synthesis, critical for proliferating tumor cells. Glutamine, after conversion to
glutamate, is a precursor to glutathione synthesis critical for redox homeostasis in

normal and cancer cells (Balendiran et al., 2004). Many cancer types also rely on glutamine



to fuel the TCA cycle via glutaminolysis and subsequent conversion to TCA substrate a-
ketoglutarate (a-KG) (Altman et al., 2016). Glutaminase, which catalyzes the glutaminolysis
reaction of glutamine to glutamate is highly expressed in some tumor cell types
especially those driven by oncogenic cMyc (Mafra et al., 2019) Targeting glutamine
metabolism in tumors with glutamine analogs was efficacious in decreasing tumor
growth but also had significant cytotoxic effects in healthy tissues (Ahluwalia et al., 1990).
However, specific inhibition of glutaminase with small molecule CB-839 has potent anti-
tumor activity and currently has shown favorable outcomes in clinical trials (Gross et al.,
2014; Meric-Bernstam et al., 2019; Guerra et al., 2019; Cohen et al., 2020). Other agents that have
been approved in clinical trials include those targeting other metabolic enzymes such as
isocitrate dehydrogenase (IDH1/2), mitochondrial complex |, fatty acid synthase among
others (Luengo et al., 2017; Tripathi et al., 2018). Thus, targeting enzymes that catalyze
essential metabolic reactions for tumor cells has shown great promise.

In addition to targeting critical metabolic enzymes like glutaminase for tumor
cells, metabolites and nutrient sensors have also been effective targets. Agents that
degrade circulating amino acids arginine and asparagine have been critical in limiting a
nutrient supply crucial for some renal cell cancers and lymphomas respectively (Luengo
et al,, 2017). Furthermore, several rapamycin analogs that target metabolic regulator
mTOR, frequently upregulated in cancer, have been developed and approved in the
clinic (Hua et al, 2019). Though many cancer types have elevated reactive oxygen
species (ROS) as a consequence of altered metabolism, antioxidant supplementation
and therapeutic targets of ROS have been a controversial strategy with mixed results in

combatting malignant cells (Fuchs-Tarlovsky, 2013; Ghoneum et al., 2020). Collectively,



targeting metabolic enzymes, metabolites, and metabolic regulators that are uniquely
altered and relied upon by malignant cells continues to have potential in therapy either
alone or in combination with other agents for the treatment of cancer and other

metabolic diseases.

IV. Lymphocytes as a model for studying metabolism

Similar to his seminal observation in cancer cells, Warburg discovered that
leukocytes also exhibited aerobic glycolysis upon activation (Warburg et al., 1958). These
observations have relatively recently been recapitulated to some extent in both myeloid
and lymphoid lineages of immunity and reviewed in several publications (Kelly et al., 2015;
O'Neill et al., 2016; Pearce et al., 2013; Boothby et al., 2017). Heightened interest in the metabolic
pathways that support immune cell activation, proliferation, function, and survival has
exploded in the last 10-15 years. Analogous to the cancer metabolism field, this sector,
coined “‘immunometabolism”, aims to target key metabolic pathways with the possibility
of modulating immunity during vaccination, immune pathologies, or in tumor infiltrating
immune cells (Patel et al., 2019).

Understanding the metabolic factors that generate efficacious tumor infiltrating
immune cells converge both realms of tumor and immune cell metabolism. Immune
cells infiltrate in the tumor microenvironment where they can respond to tumor-specific
antigens. One perspective is that both cancer cells and activated lymphocytes co-exist
in crowded microenvironments competing for limited nutrients (Chang et al., 2015).

However, recent evidence indicates that variations in nutrient acquisition between
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immune cells and cancer cells are due to cell-intrinsic differences in metabolic wiring
leading to distinctions in fuel preference (Reinfeld, Madden et al., 2021). This genetic vs.
environmental dichotomy in determining dominant metabolic pathways is a recurring
theme in both cancer and immune cells.

The lymphoid lineage, consisting of B and T lymphocytes and their progeny are
unique in their high specificity for antigen and make up the two branches that generate
immunological memory. Though B and T lymphocytes are distinct from tumor cells in
that lymphocytes are not malignant and usually exhibit more metabolic plasticity, they
provide a good model for studying metabolic changes in various settings (Macintyre et al.,
2013; Franchina et al., 2017). After receiving appropriate activation signals, both naive B
and T lymphocytes undergo a period of proliferation, differentiation, and contraction
requiring tightly regulated metabolic programming to support the fluctuating energy and
metabolite demands at different stages (Akkaya et al., 2019; Pearce et al., 2013). The
immunometabolism field has grown exponentially, however the B lineage is relatively
less investigated. In the year 2020, for every one publication concerning metabolic
regulation of B lymphocytes there were roughly seven publications on T lymphocytes.
Both lymphocyte lineages have comparable phases of development, activation,
expansion, contraction, and memory where educated hypotheses about critical
metabolic pathways in T cells could be extrapolated to parallel B cell subsets. However,
recent reports indicate distinctions in B and T cell metabolism with the former having
greater levels of protein synthesis, reliance on OXPHOS, and equitable increases in

ECAR and OCR upon activation (Khalsa et al., 2019; Caro-Maldonado et al., 2014). Additionally
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specialized functions like class-switching, affinity maturation, and antibody production

are exclusive to the B lineage and likely have distinct metabolic demands.

V. B cells confer humoral immunity

Prior to introducing current understanding about B cell metabolism, | will next
give a foundation of B cell activation and differentiation. The B lineage is at the center of
the adaptive humoral immune system and is responsible for mediating protection
usually against non-self pathogens and their endotoxins via the production of antigen-
specific immunoglobulins (Ig), otherwise known as antibodies. Currently, monoclonal
antibodies for the treatment of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), which has caused the worldwide pandemic respiratory disease COVID-19, has
been the center of public interest (Wang et al., 2020; Chen et al., 2021). Antibodies have
multiple applications including in biomedical research techniques, cancer checkpoint
blockade, treatment of autoimmune disorders, among others and are derived from the B
lymphoid lineage. In vivo, antibody functions include antigen neutralization, recruitment
of the complement system to destroy antigens, antibody-dependent cellular cytotoxicity,
and opsonization (Forthal, 2014). In addition to humoral-mediated protection via the
production of antibodies, B cells also have cellular functions including antigen
presentation to T cells and the production of regulatory and effector cytokines that
influence other immune cell functions (Hoffman et al., 2016).

B cells develop in the bone marrow where they rearrange immunoglobulin gene

segments generating a diverse repertoire of B cell receptors (BCR) (theoretically in
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humans at least 10" possible unique variants) in a process called VDJ recombination
(Briney et al., 2019; Schatz et al., 1989). Mature B cells then emigrate from the marrow and
traffic through lymphatic tissues. Initiation of B cell responses occur predominately in
secondary lymphoid structures (spleen, lymph node, Peyer's patches) where rare-
antigen reactive B cells encounter cognate antigen. B cell responses have broadly been
characterized into T-dependent germinal center (GC) responses and T-independent
extrafollicular responses (Elsner et al., 2020). In many settings, GC are proceeded by a
short extrafollicular phase of proliferation and differentiation (MacLennan et al., 1991). The
dominant viewpoint in the field is that class-switched affinity matured B cells that confer
immunological memory are predominately derived from GC responses. However,
evidence indicates that many of these processes are also observed in extrafollicular
reactions, blurring conventional distinctions (Bortnick et al., 2013; Takemori et al., 2014; William
et al., 2002). Notwithstanding, much of the thesis work here uses T-dependent antigens
and therefore the focus taken will be on outcomes of the GC. Additionally, the focus will
be on the fates of follicular B cells rather than marginal zone and B-1 B cells in the
peritoneal cavity which both straddle the innate immune system and act as a first line of

defense (Cerutti et al., 2013; Baumgarth 2017).
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Figure 1.3 Extrafollicular and germinal center reactions. Upon encounter with
antigen, B cells proliferate and can differentiate into memory B cells (MBC) or antibody
secreting cells (ASC), composed of proliferating plasmablasts or terminaly differentiated
plasma cells. Plasma cells may be short-lived (SLPC) or long-lived (LLPC).
Extrafollicular responses are T-cell independent and predominately lead to SLPC that
are of low affinity and the IgM isotype. Germinal centers produce more robust
responses where B cells (GCB) undergo rapid proliferation and somatic hypermutation
(SHM) in the dark zone (DZ). GCB traffic to the light zone (LZ) where B cells expressing
receptors with appropriate affinity for antigen are selected for differentiation or
apoptosis. LZ resident follicular dendritic cells (FDC) and T follicular helper cells (Tfh)
assist in selection. Positively selected GCB cells differentiate into MBC or ASC, which
can be LLPC or SLPC, the majority producing class-switched antibodies with higher
affinity than those produced in extrafollicular responses. A portion of LLPC traffic and
reside in the bone marrow where they continuously produce antibody into the sera.
MBC migrate through the tissues. Upon rechallenge, CD80" PD-L2" MBC rapidly
differentiate into ASC and the CD80'PD-L2" MBC population can reseed a GC for
further bouts of proliferation and SHM.
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Germinal centers (GC) are dynamic sites of rapid proliferation, somatic
hypermutation (SHM), selection, and differentiation of activated B cells (Victora et al., 2012;
Cyster et al., 2019) (Fig. 1.3). The transcriptional regulation that underlies activation and
differentiation of GCB has been well studied (Song et al., 2018). Within two days of
exposure to antigen, B and T cells are observed at the T cell border in follicles. Some B-
T interactions will result in proliferation and B cell differentiation into antibody secreting
cells (ASC), also known as plasma cells, in extrafollicular regions. These extrafollicular
ASC secrete mostly IgM with low affinity for antigen before undergoing apoptosis ~6
days after immunization. Other B-T interactions migrate to B cell follicles and commit to
the germinal center fate. Germinal center B cells (GCB), which persist for ~3 weeks
(MacLennan, 1994), traffic between so called dark and light zone regions where they
undergo iterative rounds of proliferation/SHM in the dark zone (DZ) and selection in the
light zone (LZ). SHM involves the introduction of point mutations in variable regions of
immunoglobulin genes resulting in a pool of B cells expressing BCRs with minor
variations and affinities for the antigen (Teng et al., 2007). Importantly, VDJ recombination
during B cell development together with SHM during B cell activation allows for the
expression of BCR and production of antibodies that can recognize virtually a limitless
number of antigens. Additionally, diversification among BCR can increase the chances
of being able to respond to epitope drift, for example to SARS-CoV-2 variants.

In the LZ of the GC, B cells are selected for or against survival and differentiation
depending on many factors including the affinity for antigen (Shlomchik et al., 2012).
Iterative rounds of SHM and selection results in the survival of B cells expressing BCR

with increased affinity for antigen, a process known as affinity maturation. The degree of
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affinity and other factors determine GCB fate. GCB can differentiate into either memory
B cells (MBC) or ASC, though most GCB, which have undesirable BCR affinity to the
antigen, are fated for cell death. Each ASC secretes the soluble form of the BCR of a
single affinity and isotype. ASC, composed of plasmablasts and terminally differentiated
plasma cells, can live and function for either days and called short-lived plasma cells
(SLPC) or months to years, termed long-lived plasma cells (LLPC).

Humoral memory is conferred by two durable, mostly GC-derived populations:
MBC and LLPC. Both populations have been observed to live for decades in humans
long after antigen clearance (Crotty et al., 2003; Slifka et al., 1998). Similar to naive B cells,
MBC, migrate through lymphatic tissues. Upon encounter with cognate antigen, MBC
are fated to either rapidly differentiate into ASC with robust kinetics or re-enter GC for
further iterations of selection and SHM. Most LLPC traffic to and reside in the bone
marrow where they continuously secrete antigen-specific antibody in the sera
independent of the presence of either antigen or MBC (Manz et al., 1997). Gut-resident IgA
secreting LLPC have also been reported (Landsverk et al., 2017). Achieving robust humoral
immunological memory is key for the development of vaccines.

Class-switch recombination is the process in which the constant region of the
antibody is replaced by another isotype through DNA recombination. Depending on the
nature of the antigen and the cytokine milieu, class-switching results in a switch from an
IgM BCR to one of the following BCR: 1gG1, 1gG2, 1gG3, IgA, IgE, each eliciting unique
downstream signaling as a BCR and distinct effector functions as a secreted antibody
(Wan et al., 2015; Higgins et al., 2019). Recently, a widely accepted case has been made that

activated B cells are programmed for class-switching prior to entry into the GC (Roco et
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al., 2019). IgM responses peak a week after immunization and class-switched responses
temporally lag behind. However, 1gG1 antibody responses remain at relatively high
levels in the sera for several weeks likely due to IgG1 secreting LLPC. An example of
the kinetics of IgM and 1gG1 antibody responses after immunization and later re-

challenge with antigen is illustrated and taken from my experimental results in Fig. 1.4.
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Figure 1.4 An example of antibody responses over the course of immunization.
(A) After exposure to antigen, extrafollicular and germinal center responses lead to the
generation of antigen-specific IgM followed by antigen specific 1gG1. IgM secreting
SLPC make up the maijority of initial antibody (Ab) responses. After the germinal center
wanes (~3 weeks post antigen exposure), LLPC and MBC remain. Ab titers remain in
the sera due to the activity of continuously secreting LLPC. IgG titers remain higher than
IgM due to the longer half-life of IgG and the composition of the LLPC population (IgG
secretors > IgM secretors). Upon secondary exposure to antigen, Ab titers increase with
robust kinetics due to the rapid differentiation of cognate MBC into ASC. The recall
effect, or the functional capacity of MBC, is calculated as the difference in Ab titer
immediately before and after exposure to antigen. (B) Weekly relative NP-specific IgM,
IgG1 of all affinity, and 1gG1 of high affinity after | immunized and later rechallenged
wildtype mice with NP-KLH. Arrows indicate time of immunization.
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VI. Imnmunometabolism of B cells

Through the lens of metabolism, the biology of the B lymphocyte lineage involves
exclusive functions in antibody synthesis, SHM, and class-switching and therefore must
have tight metabolic programming and regulation to support each process. For the past
~10-15 years the elucidation of the mechanisms critical for B lymphocyte lineage have
accelerated (Boothby et al., 2017, Jellusova et al., 2020). A simplified cartoon of metabolic

demands in different B cell subsets is illustrated in Fig. 1.5.
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Figure 1.5 Metabolic processes and demands of B lymphocyte lineage cells
(simplified cartoon). Activated B cells and GCB have increased uptake of glucose, AA,
and fatty acids to support proliferation. Autophagy is critical for MBC and LLPC
persistence. LLPC have increased glucose and amino acid uptake compared to SLPC.
All B lymphocyte lineage cells must have the metabolic machinery and regulation to
adapt to various environmental stimuli and nutrient availability.
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Several activation stimuli including IL-4, anti-CD40, CpG, lipopolysaccharide
(LPS), and anti-BCR lead to increased expression of glucose transporter Glut1 and

increased glucose uptake in B cells (Woodland et al., 2008; Blair et al., 2012; Caro-Maldonado et
al., 2014; Doughty et al., 2006; Waters et al., 2018; Cho et al., 2011; Dufort et al., 2007; Jayachandran et

al., 2018; Akkaya et al., 2018). Activated B cells also exhibit increased expression of
glutamine transporter ASCT2 and enhanced glutamine uptake as well as an increase in
fatty acid uptake (Heyse et al., 2015; Masle-Farquhar et al., 2017; Waters et al., 2018; Brand et al.,
1989; Dufort et al., 2014). In activated B cells, two groups used glucose tracer experiments
to show that most of the glucose is shunted into the PPP for nucleotide synthesis while
glutamine largely feeds the TCA cycle in anaplerotic reactions. (Waters et al., 2018, Doughty
et al., 2006). However, other groups discovered substantial amounts glucose-derived
carbons in TCA cycle intermediates suggesting that both glutamine and glucose
contribute to mitochondrial metabolites (Le et al., 2012; Dufort et al., 2014). In fact, glucose in
activated B cells was found to be critical for ATP-citrate lyase-mediated de novo
lipogenesis where glucose-derived lipids are used for organelle membrane structures in
proliferating and differentiating cells (Dufort et al., 2014). Extracellular acidification rate
(ECAR) is a surrogate measurement of lactate production, one of the multiple fates of
glycolytic end-product pyruvate. ECAR and oxygen consumption rate (OCR), as a
measurement of mitochondrial function, increased proportionally with LPS, IL-4, and
anti-BCR treatment, suggesting that activated B cells upregulate glycolytic and
mitochondrial pathways equitably (Caro-Maldonado et al., 2014; Cho et al., 2011). Balanced
metabolic pathways observed in resting and activated B cells contrasts to T cells, which
preferentially skew towards expression of glycolytic genes and ECAR (Khalsa et al., 2019;

Caro-Maldonado et al. 2014). Levels of ROS, which are byproducts of metabolic flux and
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NADPH oxidase, are linked to B-cell fate determination (Jang et al., 2015). ROS" LPS
activated B cells differentiate into plasma cells, whereas ROS"™ are more likely
precursors to IgG1 class-switching (Jang et al., 2015).

Though there is less data on metabolism in in vivo GCB compared to B cells
activated in vitro, GCB similarly exhibit elevated glucose uptake, mitochondrial content,
and the expression of panels of genes encoding enzymes involved in glycolysis, TCA
cycle, the electron transport chain, and fatty acid oxidation increased (Jellusova et al.,
2017; Ersching et al., 2017; Diaz-Mufioz et al., 2015; Cho et al., 2016). GCB have increased HIF1a
expression and hypoxic regions promoting a pro-glycolytic signature (Cho et al., 2016;
Abbott et al., 2016; Jellusova et al., 2017; Boothby et al., [under review 2021]). In contrast to the
prior evidence of increased glucose utilization in GCB, a recent paper provided
evidence that GCB neither increased glucose uptake nor exhibited a hypoxic/glycolytic
signature (Weisel et al., 2020). In this setting, rather than glucose, GCB exhibit strong
appetite for fatty acids, which were oxidized in mitochondria (Weisel et al., 2020). In brief,
divergence in reports on the major metabolic pathways employed by GCB may be due
to the differences in interpretation, experimental models, and immunization strategies
used (Boothby et al., [under review 2021]). GCB are a heterogeneous population and
therefore genetic models and antigens that skew the characterization of the GC may
shift dominant pathways observed. In addition to glucose and fatty acids, GCB may also
rely on glutamine metabolism as treatment of mice with a glutaminolysis inhibitor,
severely impaired the formation of GC (Choi et al., 2018). The relative contribution and
fates of glucose, glutamine, and fatty acids needs to be dissected further for a better

understanding of the metabolic demands in GCB.
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Concerning metabolic regulation of B cell activation and GCB formation,
metabolic sensors liver kinase B1 (LKB1) (walsh et al., 2015), and glycogen synthase
kinase 3 (GSK3) (Jellusova et al, 2017) have been shown to maintain metabolic
quiescence in naive B cells. Other signaling molecules like R-Ras2 (Mendoza et al., 2018),
protein kinase CB (PKCP) (Tsui et al., 2018), mechanistic target of rapamycin 1 (mTORC1)
Raybuck et al., 2018), tandem PH domain containing proteins (TAPP) (Jayachandran et al.,
2018), and transcription factors cMyc (Ersching et al., 2017; Tesi et al., 2019), RNA-binding
protein HUR (Diaz-Murioz et al., 2015), and epigenetic regulator enhancer of zest 2 (EZH2)
(Guo et al., 2018) among others have all been implicated in regulating metabolism in
activated B cells and GCB. However, metabolic regulators that enable B cells to adapt
to stressful conditions like low nutrient availability are undetermined. Additionally, there
is very limited literature establishing metabolic regulation governing processes exclusive
to B cells, like SHM and class-switching. Furthermore, at the time of embarking my
thesis, little was known on the metabolic regulation of differentiated B cells like ASC and
MBC. Autophagy was reported to be critical for the longevity of MBC and the
maintenance of mitochondrial homeostasis (Chen et al., 2014; Chen et al., 2015). How ROS
is regulated in MBC and other subsets has been understudied.

Plasma cells are an assorted population and vary in terms of lifespan, antibody
secretion rate, isotype secreted, and tissue of residence (Boothby et al., 2019). ASC have
an expansive endoplasmic reticulum (ER) network to support the synthesis of
immunoglobulin. It has been proposed that enhanced lipid synthesis in activated B cells
is in anticipation of expanding the ER membrane in differentiated plasma cells (Dufort et

al., 2014). ASC have extraordinary demand to synthesize glycosylated antibodies at an
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impressive rate of up to 10* antibody molecules per cell per second (Nguyen et al., 2019).
Highlighting their high rate of protein synthesis, plasma cells have increased expression
of amino acid transporters and enhanced glucose uptake compared to naive or
activated B cells (Tellier et al., 2016; Vijay et al., 2020; Haniuda et al., 2020). Though LLPC and
SLPC are transcriptionally indistinguishable (Lam et al., 2018), LLPC have enhanced Glut1
expression, glucose uptake, spare respiratory capacity, and rates of antibody synthesis
compared to their short-lived counterparts (Lam et al., 2016). Over 90% of imported
glucose in LLPC is used for the glycosylation of antibodies with a small fraction fueling
the TCA cycle (Lam et al., 2016). Though a fraction of glucose fuels the TCA cycle in
LLPC, long chain fatty acids are the preferred carbon choice (Lam et al., 2016). In addition
to glucose and fatty acids, differentiation to the plasmablast stage after malaria infection
led to increased appetite for glutamine (Vijay et al., 2020). Consistent with this observation,
in in vitro cultures, glutamine in the media was critical for plasma cell differentiation
(Crawford et al., 1985). Increased use of glutamine in plasma cells is necessary for amino
acid synthesis and NADPH production likely used for redox balance (Garcia-Manteiga et al.,
2011; Bertolotti et al., 2010; Lam et al., 2018). In sum, similar to GCB and activated B cells, the
literature indicates that ASC use multiple fuels for different functions. At the initiation of
my thesis, questions remain concerning how flexible ASC are in choosing carbon
sources used for specific functions like plasma cell differentiation and antibody
production. Additionally, whether rates of antibody synthesis can be regulated was
unknown. As for metabolic processes, autophagy was critical for maintaining ER stress
in plasma cells and was essential for LLPC persistence in vivo (Pengo et al., 2013).

However, the metabolic factors that promote autophagy in LLPC was unknown.
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B lineage subsets must undergo metabolic rewiring to meet the demands of their
function while also adapting to varying nutrient conditions. In addition to antigen, GCB
may be competing for limited nutrients. LLPC tend to reside in specific niches in the
bone marrow whereas IgA plasma cells densely populate the gut (Manz et al., 1997;
Landsverk et al., 2017). Accordingly, distinct subsets of cells along the B lineage must cope
with changing and distinct metabolic demands, potentially in nutrient-limited
microenvironments. This implies that sensors of metabolic status need to regulate
multiple cellular mechanisms for B cells to adapt, survive, and function. Furthermore,
both MBC and LLPC demand pro-survival wiring, however antibody synthesis in LLPC
would require different metabolic programs than metabolically quiescent MBC.
Discovery of the metabolic regulation that promotes longevity in these distinct

populations is warranted.

VIl. AMP-activated protein kinase (AMPK) is a master regulator of energy
homeostasis

Most cellular processes require energy generated by the hydrolysis of ATP into
ADP and phosphate or alternatively into AMP and pyrophosphate. Cellular ATP levels
are re-generated by catabolic processes that include glycolysis, aerobic respiration, and
fatty acid oxidation. Adenosine monophosphate (AMP)-activated protein kinase (AMPK)
plays a crucial role in sensing the energy status of a cell (due to sensitivity of
intracellular AMP concentrations) and subsequently balancing ATP-generating and
ATP-consuming processes (Fig. 1.6A). AMPK was first described as an enzyme

inactivated by increasing concentrations of ATP (Beg et al., 1973). AMPK has since been
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discovered to be a highly conserved heterotrimeric kinase complex composed of a
serine/threonine catalytic a subunit as well as regulatory  and y subunits. In mammals,
there are two isoforms of a (a1 and a2), two of B (31 and 2) and three of y (y1, y2, and
y3) (Stapleton et al., 1996; Cheung et al., 2000; Thornton et al., 1998). The expression and
combinations of particular isoforms are tissue restricted with potentially tissue-specific
functions. B and T lymphocytes express only the a1 isoform of the catalytic subunit,
which is encoded by Prkaa1 and denoted as AMPKa1 (Tamas et al., 2006; Mayer et al.,
2008).

When activated, AMPK phosphorylates downstream targets which function to
stimulate ATP generating pathways while simultaneously inhibiting ATP consuming
pathways in order to maintain energy homeostasis (Fig. 1.6B). AMPK activation can
also be achieved by decreasing concentrations of glycolytic intermediate fructose-1,6-
bisphosphate (zhang et al., 2017). Phosphorylation of AMPKa1 at the Thr-172 residue is
essential for AMPK activation (Hawley et al., 1996). In most tissues, this phosphorylation
can be carried out by upstream kinase liver kinase B1 (LKB1), a tumor suppressor
linked to Peutz-Jeghers syndrome (Hawley et al., 1996; Shaw et al. 2003). Alternatively,
phosphorylation of the Thr-172 residue on AMPKa1 can occur independently of LKB1
and metabolic stress in response to calcium flux via upstream Ca**/calmodulin-
dependent protein kinase kinase (CaMKKp) in T lymphocytes (Tamas et al., 2006).

AMPK activation induces a plethora of downstream metabolic pathways favoring
catabolism and energy conservation (Mihaylova et al., 2011). Pharmaceutical activation of
AMPK leads to increased expression of glucose transporters, GLUT4 and GLUT1 as

well as glycolytic enzyme, hexokinase 2 (Zheng et al., 2001; Stoppani et al., 2002; Wu et al.,
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2013). AMPK signaling also indirectly promotes GLUT4 trafficking to the cell membrane,
which enhances glucose uptake (Webster et al., 2010; Yamaguchi et al., 2005; Taylor et al., 2008).
Simultaneously AMPK inhibits ATP-consuming processes such as glycogen synthesis
and gluconeogenesis by directly targeting glycogen synthase or indirectly by influencing
epigenetic factors and inhibition of transcription factors (Bultot et al., 2012; Mihaylova et al.,
2011; Koo et al., 2005; Leclerc et al., 2001). AMPK expression has also been associated with
increased expression of genes encoding glutamine-processing enzymes like
glutaminase in T cells (Blagih et al., 2015). In addition to glucose metabolism, AMPK
regulates both protein and fatty acid metabolism. The first described AMPK target,
acetyl-CoA carboxylase (ACC) promotes fatty acid synthesis. An inhibitory
phosphorylation of ACC by AMPK promotes fatty acid oxidation (Munday et al., 1988;
Fullerton et al. 2013). AMPK also negatively regulates protein synthesis by an inhibitory
phosphorylation of Raptor, a subunit of mammalian target of rapamycin complex 1
(mTORCH1) (Gwinn et al., 2008). In addition to inhibiting protein and lipid biosynthesis,
AMPK also stimulates canonical autophagy and mitochondrial homeostasis by targeting
Unc51-like kinase1 (ULK1), mitochondrial fission factor (MFF), and mitochondrial
biogenesis activator PGC-1a (Herzig et al., 2018). Many studies elucidate a role for AMPK

in lymphocyte energy metabolism, function, survival, and ultimately immunity.
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Figure 1.6 AMPK is a metabolic
sensor that promotes energy
homeostasis by regulating multiple
downstream pathways and tilting the
balance towards catabolism.
(simplified cartoon) (A) AMPK can
sense increased intracellular AMP:ATP
ratios. Once activated, AMPK promotes
pathways that lead to ATP generation
like mitochondrial biogenesis, autophagy,
and fatty acid oxidation  while
simultaneously inhibiting ATP consuming
processes such as fatty acid and protein
synthesis thereby restoring energy
homeostasis. (B) AMPK can be activated
via liver kinase B 1 (LKB1) in low nutrient
or energy conditions. AMPK can also be
activated independent of metabolic
stress through CaMKK2. Once activated
AMPK targets multiple targets including
downstream inhibitory phosphorylation of
acetyl-CoA carboxylase (ACC) and
mechanistic target of rapamycin

complex 1 (mTORC1), and

activating phosphorylation of Unc-51 like
autophagy activating kinase 1 (ULK1).



VIII. The role of AMPK in primary T cell responses in controversial but AMPK is
critical for promoting T cell memory

AMPKa1 had been shown to be largely dispensable for B and T cell development
(Mayer et al., 2008, Rao et al., 2015). There are conflicting reports on the role of AMPK in
primary T cell immune responses. Global genetic knock out of AMPKa1 led to normal
IFNy responses of Th1 CD4" T cells after T cell activation in vitro (Mayer et al., 2008).

1" did not alter secretion

Similarly, T cell intrinsic depletion of AMPKa1 by CD4crePrkaa
of IFNy from OT1 CD8 T cells in response to SIINFEKL peptide (Rolf et al., 2013).
However, CD8" T cells from globally AMPKa1-deficient mice secreted elevated levels of
IFNy after anti-CD3/CD28 activation (Maclver et al., 2011; Blagih et al., 2015). A third
phenotype was reported with T cell-intrinsic deletion of AMPKa1 leading to a decrease
in IFNy secretion after anti-CD3 and anti-CD28 activation of sorted naive CD8" T cells
(Rao et al, 2015). This discrepancy of whether AMPKa1 promotes, inhibits, or is
dispensable for T effector cytokine responses may vary depending on experimental
settings. In vivo, AMPKa1-deficient T cells had reduced glucose uptake and
mitochondrial function, which resulted in reduced primary T effector responses to viral
and bacterial pathogens (Blagih et al., 2015). However, Rolf et al. and Mayer et al. report
that loss of AMPKa1 in CD8" T cells led to normal activation, proliferation, and effector
function of antigen specific cytotoxic T cells in response to OVA-expressing Listeria
monocytogenes (LmOVA) infection or ova peptide itself (Rolf et al., 2013; Mayer et al., 2008).
Discrepancies again may be due to the different model systems (for instance, T cell
intrinsic deletion vs. global deletion of AMPKa1). Although the role of AMPK in primary

immune responses is unclear, previous studies have collectively shown the importance

of AMPK in promoting T cell memory. Mice treated with metformin, a pharmaceutical
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associated with increased AMPK activity, or rapamycin, which inhibits mTOR had higher
frequencies of CD8" T memory cells that enhanced protective immunity after infection
with LmOVA (Pearce et al., 2009). Consistent with this finding, increased expression of
memory markers were observed in human CD4+ T cells after genetically inducing
AMPK expression (Braverman et al., 2020). Additionally, genetic ablation of AMPKa1 in
CD8" T cells led to diminished survival of antigen-specific CTLs memory cells after ova

immunization (Rolf et al., 2013).

IX. Evidence for a role of AMPK in the B lineage is limiting

At the time of embarking my thesis, few studies showing a role for AMPK in B
function had been reported. LPS-activated B cells treated with increasing
concentrations of metformin secreted fewer antibodies despite similar cell numbers
suggesting that AMPK might negatively regulate IgG secretion in vitro (Lee et al., 2017).
However, globally AMPKa1-deficient mice were capable of mounting a normal T-
dependent humoral response 2 weeks after immunization suggesting that AMPKa1 may
be dispensable for the primary B cell response (Mayer et al., 2008). LKB1, an upstream
activator of AMPK, is important for counteracting NF-kB-driven B cell activation and
spontaneous germinal center formation in vivo (walsh et al., 2015). It remains to be
determined if the hyperactive phenotype of B cells observed in LKB1-deficient animals
is AMPK-dependent since LKB1 has multiple downstream targets apart from AMPK
including SADs and MARKSs which play roles in cell polarity (Shackelford et al., 2009). There

are few reports of AMPK activity in memory B cells, but one human study demonstrated
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that AMPK phosphorylation is elevated in sorted memory B cells from elderly individuals
compared to IgM* cells (Frasca et al.,, 2017). Whether AMPKa1 plays a role in memory B
lymphocyte or T-independent humoral responses needed to be elucidated.
Furthermore, whether AMPK plays a role in the function or survival of the ASC
compartment is unknown. In considering the disparate findings among reports, it is vital
to note that observations made from global genetic knockouts of AMPKa1 or systemic
activation of AMPK by pharmaceuticals such as metformin may be due to extrinsic
factors resulting from changes in AMPK activity of other cell types and to issues of
acute vs. chronic inhibition with potential counter-regulation. Therefore, care should be
taken before making conclusions about the function of lymphocyte-intrinsic AMPK in

these studies.

X. AMPK enables lymphocytes to adapt to metabolic stress and has varied
activity in different T subsets

Naive lymphocytes remain in the Gy phase of the cell cycle and primarily use
oxidative phosphorylation to generate the energy needed for maintaining membrane
potential and migration (waters et al., 2018; Caro-Maldonado et al., 2014). When the ATP
synthase inhibitor oligomycin in naive B and T cells block mitochondrial function, AMPK
is essential for switching from oxidative metabolism to glycolysis in order to maintain
ATP levels (Mayer et al., 2008). Additionally, IL-4-induced glycolysis of naive B cells was
supported by AMPK expression indicated by improved B cell survival (Cho et al., 2011).
Therefore, the downstream functions of AMPK to promote different metabolic programs

are flexible and depend on the metabolic needs of the cell. T-cell receptor activation
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leads to transient activation of AMPKa1 through CaMKK independent of metabolic
stress (Tamas et al., 2006). It has been hypothesized that production of ATP through
AMPK activation via CaMKKp immediately following T-cell receptor activation prepares
the T cell for the energetic demands of subsequent cell proliferation. Whether B cells
also activate AMPK via CaMKKf downstream of the B-cell receptor has not been tested
but it has long been known that B cell size increases substantially in response to BCR
and/or IL-4 in a pre-proliferative period prior to onset of S-phase (Berton et al, 1992).

While naive T Iymphocytes primarily exhibit mitochondrial oxidative
phosphorylation, newly activated and proliferating lymphocytes rely heavily on glycolysis
which generates building blocks to support forming cell membranes, nucleic acids, and
protein for the rapidly dividing cells. Once activated, T cells up-regulate mTORC1
activity, which promotes protein translation and cell growth (waickman et al., 2012). AMPK
activity counteracts the biosynthetic activities of rapidly proliferating T cells by negative
regulation of aerobic glycolysis and mTORC1, which ultimately promotes long-term T
cell survival and function in vivo (Rolf et al., 2013; Maclver et al., 2011; Blagih et al., 2015).
Consistent with the view that AMPK activation inhibits the glycolytic profile of effector
cells, inhibition of glycolysis with 2-deoxy-glucose in CD8" T cells correlated with
increased AMPKa1 T-172 expression and decreased expression of various glycolytic
enzymes (Sukumar et al., 2013). One potential role for AMPK signaling in effector cells is to
limit mTORC1 activity, thereby preventing superfluous growth and cytokine secretion
after antigen-induced activation.

In addition to the role of AMPK in dampening T cell activation, AMPK allows

lymphocytes to respond and adapt to the microenvironment. Lymphocytes constantly
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migrate through various microenvironments with a range of available nutrients from
oxygen and glucose rich blood to nutrient-poor lymphatic tissues. It is therefore likely
that metabolic profiles of lymphocytes adjust in response to the microenvironment for
survival (Boothby et al,, 2017). AMPK signaling was evident in activated T cells after
glucose or glutamine deprivation suggesting that AMPK allows lymphocytes to adapt to
limited nutrient availability in the microenvironment (Blagih et al., 2015; Rolf et al., 2013). It
remains to be determined how naive and activated lymphocytes adapt metabolically in
vivo as they migrate through different tissues. AMPK activity in lymphocytes may
prevent superfluous effector cell proliferation and growth, especially in low nutrient
conditions, and the switch to oxidative metabolism may promote the survival of long-
lived memory lymphocytes (Rolf et al., 2013).

AMPK has differential activity in different subsets of the T cell lineage. T
regulatory cells have more AMPK activity and fatty acid oxidation than T effector cells
(Michalek et al., 2011). AMPK inhibition of its downstream direct target ACC favored T
regulatory cell differentiation over a T effector phenotype (Berod et al., 2014). One
potential explanation for how AMPK activity is differentially expressed in different
lymphocyte subsets is asymmetrical cell division of cytosolic contents during
differentiation. Metabolic regulators such as mTORC1 and c-Myc as well as
mitochondria are reported to distribute asymmetrically during cell division of
differentiating B and T lymphocytes, generating metabolically distinct daughter cells
(Verbist et al, 2016). Observations regarding cell-specific metabolic profiles have led to
therapeutic strategies involving skewing T lymphocytes to a certain subset by activating

specific metabolic pathways (Braverman et al., 2020).

32



XIl. AMPK in B and T cell cancer malignancies

AMPK signals in and may affect transformed lymphocytes as well. Although this
issue is beyond the scope of my thesis work, here | will give a brief overview of literature
published at the initiation of my thesis work regarding the role of AMPK in transformed
cells. Cancer cells have altered metabolic programming that promotes uncontrolled cell
proliferation. As a metabolic sensor that promotes catabolic and anti-proliferative
cellular pathways, AMPK and upstream tumor suppressor LKB1 have been investigated
as molecular targets in tumors (Shackelford et al., 2009). Most evidence for the anti-tumor
role of AMPK is seen in solid tumors. However, there is recent evidence for the
protective role of AMPK in lymphomas. A genetic association study revealed that
overexpression of AMPK subunits a1, B1 or B2 correlated with longer survival in Non-
Hodgkin Lymphoma patients (Hoffman et al., 2013). Clinical and basic science studies
reveal the anti-tumor effect of AMPK on hematological malignancies including diffuse
large B-cell lymphoma (DLBCL) (Alkhatib et al., 2017; Singh et al., 2013) where metformin
treated diabetic patients newly diagnosed with DLBCL had better overall survival than
other DLBCL patients. Acadesine, another pharmaceutical that activates AMPK,
induced apoptosis in B-cell chronic lymphocytic leukemia cells (Campas et al., 2003).
AMPKa1 was shown to suppress Myc-induced B-cell lymphoma progression and the
Warburg effect in mice (Faubert et al., 2013). Regulatory subunits of AMPK also play a role
in minimizing tumorigenesis in lymphomas. Germ-line genetic deletion of the AMPK[31
isoform accelerated p53-driven T cell lymphoma via ACC activation, which promoted
lipogenesis necessary for membrane synthesis of proliferating cells (Houde et al., 2017).

Though there are many examples of AMPK having anti-tumor effects detailed
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above, AMPK can also promote cancer cell survival by allowing cells to adapt to
stressful conditions (Jeon et al, 2015). T cell acute lymphoblastic leukemia (T-ALL),
associated with Notch signaling pathway mutations, drives AMPK activation which
promotes OXPHOS and T-ALL cell viability (Kishton et al., 2016). Discrepancies for
whether AMPK plays a protective role against tumorigenesis or promotes tumor survival
may reflect the differentiation state at which the lymphocyte transformed into

malignancy.
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XIl. Summary and Thesis Projects

Metabolism underpins many processes in cellular biology. Many diseases
including cancer often involve aberrant metabolic pathways with altered reliance on
metabolites, metabolic enzymes, or metabolic regulators. B lymphocytes are a good
model for studying metabolism because they have multiple differentiation states with
dynamic energy and biosynthetic requirements. AMPK is a metabolic sensor shown to
be critical for T cell metabolic plasticity supporting primary and recall T-cell mediated
immune responses. Whether AMPK has similar functions in the B lymphocyte lineage,
which has exclusive functions including antibody production and class-switching, is
unknown. AMPK regulates a plethora of downstream metabolic pathways including
glucose and glutamine metabolism. Glucose and glutamine have been shown to be
critical fuels for B cell activation, differentiation, and antibody synthesis. However
whether these fuels have specific functions in SHM or class switching are unknown.
Additionally, the amount of flexibility that B lymphocytes exhibit in fuel choice to support
functions like antibody production are not clear. Understanding critical metabolic
pathways of different cell types can lead to therapeutic targets for effective vaccine
development, immune pathologies, and cancers.

In Chapter 2, | include all the materials and methods used during this thesis work
and include figures to show details on mouse genotyping and optimization strategies for
pulse-chase experiments. Chapters 3, 4 and 5 are data chapters where each chapter
begins with a brief introduction and ends with a discussion section. Chapters 3 and 4
consist of data modified from a publication in Journal of Immunology integrated with

additional data not included in the publication (Brookens et al., 2020). Chapter 3 details
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preliminary data revolving around metabolic profiles of B lymphocyte lineage and then
proceeds to focus on the role of AMPK in B cell activation and GC reactions. The
majority of Chapter 3 focuses on AMPK function in the formation, maintenance, and
function of the MBC compartment. In Chapter 4 | shift focus to the role of AMPK in the
ASC population. | show evidence illustrating the importance of AMPK in fine-tuning Ab
synthesis by dampening mTORC1 activity. AMPK has been shown to regulate both
glutamine and glucose metabolism. Therefore, in Chapter 5, | present novel but
unpublished data focusing on how glucose and glutamine metabolism synergistically
affect B cell antibody responses. Finally, in Chapter 6 | discuss limitations, implications,

and future directions of this thesis work.
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CHAPTER 2

MATERIALS AND METHODS

In this Chapter, | detail all methods used for my thesis work. | also include here
descriptive supplemental data regarding each genetic mouse model and optimization of

pulse-chase analyses.
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Animals

All animal protocols were in compliance with the National Institutes of Health
guidelines for the Care and Use of Experimental Animals and were approved by
Vanderbilt University Institutional Animal Care and Use Committee. Prkaa1 flox mice
were purchased from the Jackson Laboratory and were crossed with mice harboring
Cre recombinase under the control of three types of control element: tamoxifen-
inducible Rosa26-CreER™ and huCD20-CreER'™, or mb1-Cre. To control for Cre toxicity
in B cell responses (Schmidt-Supprian et al., 2007; Becher et al., 2018), age-matched Prkaa1™*
mice with the corresponding Cre transgene were used as wildtype controls and co-

housed with Prkaa1”

mice. Mice were housed in pathogen-free conditions and both
male and female mice, aged 6-10 weeks, were used.

Unless otherwise indicated, all in vitro studies in Chapters 3 and 4 were done
using purified B cells from tamoxifen-inducible Rosa26-CreER'™ knock-in mice (Fig
2.1A). For tamoxifen-inducible models, Rosa26-CreER™ and huCD20-CreER™, mice
were injected intraperitoneally with three doses of 3 mg tamoxifen dissolved in 200 uL of
safflower oil every other day with the last dose concluding 5-10 days prior to the harvest
time point (or immunization time point with huCD20-CreER'™ mice). Cre recombinase
under the control of the ubiquitous promoter, Rosa26, led to >75% deletion of Prkaa1
alleles in both CD19" purified B cells and CD138" bone marrow cells after tamoxifen
regimen (Fig 2.1B,C). However, as observed in AMPK full-body knock-outs (Wang et al.,
2010; Mayer et al., 2008; Foretz et al., 2010), ubiquitous loss AMPK led to splenomegaly (Fig.

2.1D). Elevated cell numbers in Prkaa1” Rosa26-CreER™ mice after tamoxifen

treatment was not due to increases in the CD19", CD4", or CD8" populations (Fig
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2.1D), and instead may be consistent with elevated erythroid precursors observed in

AMPK-deficient animals (Wang et al., 2010; Mayer et al., 2008).
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Figure 2.1 Prkaa1” Rosa26-CreER™ knock-in mice have >75% tamoxifen-induced
deletion of Prkaa1 alleles in B cells and bone marrow plasma cells but lead to
splenomegaly. (A) Tamoxifen regimen to activate Cre recombinase and target Prkaa1
loxP sites for deletion. Mice were injected 3 times with 3 mg in 200 uL safflower oil once
every other day. Mice were harvested nine to fourteen days following the initial

tamoxifen injection.

(B,C) PCR of Prkaal deletion from genomic DNA of

Prkaa1**Rosa26-CreER" and Prkaa1” Rosa26-CreER™ (B) splenic CD19" B cells and
(C) bone marrow CD138" plasma cells after tamoxifen regimen; Wildtype band = 334
bp, Floxed band = 450 bp, A band = 500 bp. (D) Total number of splenocytes, B cells,
CD4*, and CD8" T cells in Rosa26-CreER™ mice (Prkaa1™* and Prkaa1**).



To test B cell-intrinsic AMPK on humoral immunity, without the confounding
variable of loss of AMPK in non-B lineage populations, | crossed Prkaa1” mice to
mouse lines with B cell-restricted promoters: tamoxifen-inducible huCD20-CreER'™ or
constitutively active mb1-Cre. The huCD20 promoter is active from the pre-B cells to
mature B cell stage (Ahuja et al, 2007). CD19" B splenocytes of tamoxifen treated
Prkaa1” huCD20-CreER™ had more than 50% deletion of Prkaa?; no deletion of Prkaa1
was observed in the CD19" fraction (Fig 2.2). Due to technical issues related to new B
cell generation after tamoxifen treatments in the huCD20-CreER™ model, in longer term
experiments, | used the potent B lineage-specific tamoxifen independent mb7-Cre
transgene which is active as early as the pro-B cell stage during B cell development
(Hobeika et al., 2006). | confirmed that loss of Prkaa?l by mb1-Cre did not alter the pre-
immune B cell repertoire in the periphery (Fig. 2.3 A,B). Flow sorted memory B cells
(MBC) and antibody secreting cells (ASC) from Prkaa1” mb1-Cre mice had nearly

100% deletion efficiency of Prkaa1.
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Figure 2.2 Prkaa1” huCD20-CreER™ mice have B cell restricted Prkaa1 deletion
after tamoxifen regimen. (A) Tamoxifen regimen to activate Cre recombinase and
target Prkaa1 loxP sites for deletion in mature B cells. (B) PCR of Prkaa1 deletion from
genomic DNA of Prkaa1” huCD20-CreER™ splenic CD19" B cells and CD19 cells after
tamoxifen regimen. Samples were on the same gel but cropped to show lanes of
interest.
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Figure 2.3 Prkaa1” mb1-Cre mice efficiently excise Prkaal from the B lineage and
have normal pre-immune B cells in the periphery

. (A,B) Frequencies and numbers of (A) marginal zone, follicular, and (B) transitional B
cells in the spleen of mb7-Cre mice (Prkaa1™ or Prkaa1™). Data are representative of
eight vs. nine mice in 4 independent experiments. (C) PCR of Prkaa1 deletion from
genomic DNA of flow sorted splenic memory B cells (MBC B220* CD38" IgD") and bone
marrow antibody secreting cells (ASC: CD138" TACI*) in Prkaa1”" mb1-Cre and
Prkaa1”™ mb1-Cre mice.
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For reversion assays in Chapter 4, Rapto//f mice, purchased from Jackson, were
bred with Prkaa1” huCD20-CreER™ and Prkaa1” Rosa26-CreER'™ to generate
Prkaa1”™ Raptor” huCD20-CreER™ and Prkaa1” Raptor”* Rosa26-CreER™ mice
respectively. In Chapter 5, GIs1” and Glut1” mice, a generous gift from Dr. Jeffrey
Rathmell, were crossed with huCD20-CreER™ mice to induce B cell-specific tamoxifen-
inducible deletion. GIs1”Glut1” huCD20-CreER™ mice were also generated to test
synergistic humoral effects of doubly-deficient animals. For transfer experiments in
Chapter 3, CD45.1" IgH? recipient mice were generated by crossing CD45.1" IgH® and
CD45.2" IgH® mice; both lines were purchased from Jackson Laboratory (stock #
002014 and 008341, respectively). OT-II transgenic mice, which have CD4" T cells that
recognize chicken ovalbumin peptide residues 323-339 when presented by MHC-II,

were purchased from Jackson.

PCR
For genotyping, ~0.5 cm of tail tissue was homogenized in 0.5 mL tail lysis buffer (50
mM Tris Base, 100 mM EDTA, 100 mM NaCl, 1% SDS, pH 8.0) and proteinase K prior
to DNA extraction. Genotyping of mice tail DNA was done using primers listed in Table
2.1. To test deletion efficiency of Prkaa1 post experiments, genomic DNA was extracted
from purified or sorted cells using cell lysis buffer (1% SDS, 50 mM Tris Base, 10 mM
EDTA pH 8) and proteinase K. One hundred nanograms of genomic DNA were used as
a template for Prkaa? and CreER™ amplifications using primers listed in Table 2.1.
For real time quantitative PCR in Chapter 5, mRNA was isolated from 2-day LPS

blasts using TRIzol reagent following manufacturer’s instructions (Life Technologies).
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RNA concentration was measured using NanoDrop software and used to synthesize
cDNA using Promega AMV Reverse Transcriptase kit. cDNA templates were amplified
using SYBRGreen Power UP Master Mix (ThermoFisher). All mRNA levels were

2-AACT

calculated relative to actin using the method and normalized to wildtype. Primer

pair sequences to detect Gls1, Slc2a1, and actin mRNA sequences are listed in Table

2.1.
Sequence (5’ 2> 3’)
ER™-Cre F- CCGGAGATCTTAATGTCCAATTTACTGACCGTA
R- GCTAGAGCCTGTTTTGCACGTT
HuCD20 Exon 2 F- CACAAGGTAAGACTGCCAAAAATC
R- ATATACAAGCCCCAAAACCAAAAG
Mb1-Cre F- CCCTGTGGATGCCACCTC
R- GTCCTGGCATCTGTCAGAG
Prkaa1 F- CCCACCATCACTCCATCTCT
R- AGCCTGCTTGGCACACTTAT
A- CCCACATAGGAAAGCGTGTT
Raptor F- CTCAGTAGTGGTATGTGCTC
R- GGGTACAGTATGTCAGCAC
Glut1 F- CTGTGAGTTCCTGAGACCCTG
R- CCCAGGCAAGGAAGTAGTTC
Gls1 F- TAAGATCTGTGGCTGGTCTTCCAGG
R- ACAATGTACCTGAGGGAGTTGACAGG
c4 F- TCCCTATGCAGGTGTGCATG
R- CCCACCTCACATGCATGAAG
Slc2a1 (Real-Time PCR) F- CAGTTCGGCTATAACACTGGTG
R- GCCCCCGACAGAGAAGATG
Gls1 (Real-Time PCR) F- GGGAATTCACTTTTGTCACGA

R- GACTTCACCCTTTGATCACC
beta-actin (Real-Time PCR) F- CATCCGTAAAGACCTCTATGCCAAC
R- ATGGAGCCACCGATCCACA

Table 2.1 Primer sequences used for genotyping, deletion efficiency, and real time
quantitative PCR.
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Immunizations

For immunizations in Chapters 3 and 4, mice with B lineage-specific loss of
AMPKa1, driven by huCD20 and mb1 promoters, were immunized intraperitoneally with
hapten carrier protein, 4-hydroxy-3-nitrophenylacetyl hapten (NP) conjugated to keyhole
limpet hemocyanin (NP-KLH), emulsified in Imject Alum (50 pg NP-KLH in 50 pL alum
per mouse) (Lalor et al., 1992). Recall responses were induced with 100 ug NP-KLH in
100 pL alum per mouse.

For transfer experiments in Chapter 3, CD45.2" IgH® B cells (10) purified from
Prkaa1** Rosa26-CreER™ and Prkaa1” Rosa26-CreER'™ mice, polyclonal wildtype
CD4" T cells (4 x 10°), and CD4" T cells from OT-Il transgenic mice (10°) were
transferred into each allotype-disparate CD45.1" IgH? mice pre-conditioned with sub-
lethal irradiation (split dose of 3.5 Gy x 2) two days prior to transfer. After irradiation and
transfer of donor B and CD4" cells, recipient mice were immunized with NP4g-ovalbumin
(NP-ova) emulsified in Imject Alum (100 pg in 100 pL).

For immunizations in Chapter 5, mice were immunized with 100 pyg NP-ova
emulsified in 100 pL Imject Alum. For lung inflammation models in Chapter 5, mice were
immunized and boosted one week later with 100 ug of either NP-ova or ovalbumin
emulsified in 100 yL of Imject Alum. Three weeks after the initial immunization, mice
received daily inhalations of 50 pg ovalbumin dissolved in 20 yL PBS for seven

consecutive days. Mice were harvested within twelve hours of the seventh inhalation.
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Serum and peripheral blood collection

To track circulating memory B cells in Chapter 3, approximately 100 uL of blood
was collected from the tail veins of mice in 200 pL ACK lysis buffer (150 mM NH4CI, 10
mM KHCOs, 0.1 mM EDTA) in the presence of heparin before flow cytometry. For the
collection of serum, used to screen for circulating antibodies by ELISA in Chapters 3-5,
approximately 100 pyL of blood was collected from the tail vein and left to clot. Serum

was separated from the blood clot by centrifugation.

Flow cytometry

Unless otherwise specified, all mAbs were from BD Pharmingen, Life
Technologies, eBiosciences, or Tonbo Biosciences. For detection of GC- and memory-
phenotype B cells, splenocytes (3 x 10°) were stained with anti-B220, -GL7, -Fas, -IgD,
-CD38, NP-APC and a dump channel containing anti-CD11b, -CD11c, -F4/80, -Gr-1,
and 7-AAD in 1% BSA and 0.05% sodium azide in PBS. To phenotype different memory
B cell subsets, a second panel consisted of anti-B220, -CD38, -CD80, -PD-L2, -IgG1,
NP-APC and the aforementioned dump channel with the addition of anti-IgD, -CD4, -
CD8, -GL7. In analyses of transfer experiments, allotype-specific antibodies were used
to distinguish donor (CD45.2) and recipient (CD45.1) B cells as described (Lee et al.,
2013).

For flow analyses of mitochondria, 1-3 x 10° cells were washed in PBS and
stained with 200 nM MitoTracker Green, 50 nM MitoTracker Deep Red, and Ghost-780
in PBS for 20 min at 37°C, then washed again (1% BSA in PBS) and further stained with

anti-B220, anti-IlgD, anti-GL7, -CD138, or -CD38. MitoSox (5 yM) and Bodipy C-11
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581/591 (1.25 pM) staining were performed similarly. For 2-NBDG uptake analysis, 3 x
10° cells were stained for 20 min with 60 pM 2-NBDG and Ghost-510 after an hour
incubation in PBS to deplete intracellular glucose stores. 2-NBDG stained cells were
then stained with anti-B220, -CD138, -TACI, -NP, -GL7, and -CD38. For intracellular
phospho-flow analysis, cells were fixed with 4% PFA followed by methanol
permeabilization. Anti-phospho-S6 (Cell Signaling Technologies) staining was
performed was as described (Raybuck et al., 2016). Samples were analyzed using a
FACSCanto flow cytometer driven by BD FACS Diva software and were processed

using Flow-Jo software (FlowdJo LLC).

Preparative sorting

Starting from single-cell suspensions of splenocytes, memory-phenotype B cells
(MprenBC) were enriched by depleting IgD" and Thy1.2" cells using biotinylated
antibodies followed by BD IMag™ streptavidin particles on an IMag™ Cell Separation
Magnet (BD Biosciences). Cells were stained as described for flow cytometry and dump
negative, IgD” CD38", B220" cells were sorted into 10% FBS in PBS for downstream
applications. To sort for ASCs cells in the bone marrow, CD11b" cells were similarly
depleted from the single-cell suspension from flushed femur bones. The remaining cells
were stained as described for flow cytometry and dump negative, CD138"TACI" cells

were collected.
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ELISA

For detection of circulating antigen-specific antibody of all- and high-affinity after
immunization with NP-KLH or NP-ova in alum adjuvant, serial dilutions of sera were
added to NP24-BSA (all-affinity) or NP2.-PSA (high affinity) (Biosearch Technologies)
coated (0.1 ug/well) 96-well plates and incubated overnight at 4°C followed by
incubation with either HRP-conjugated anti-IgM or -IgG1 (Southern Biotech). For
transfer experiments, NP-specific donor vs. recipient derived antibody were
distinguished by detecting with either biotinylated anti-lgG1® or -lgG1° (BD Biosciences),
followed by Streptavidin-HRP (R & D Systems). ELISA plates were developed using
Ultra TMB Substrate (Thermo Scientific) and optical densities at 450 nm were
measured. To compile results across biologically independent experiments, optical
densities within the linear range of serially diluted sera were pooled. In Chapter 5,
ovalbumin-specific antibodies were screened for by incubating serial dilutions of sera
onto ovalbumin (1 ug/well) coated 96-well plates at 4° overnight followed by HRP-
conjugated anti-lgM or —IgG1 incubation and development using Ultra TMB Substrate.

The recall effect in Chapter 3 was calculated as the difference between the OD
value generated from sera collected one day prior to rechallenge subtracted from the
OD value generated from sera seven days post rechallenge. OD values from a dilution
in the linear range of the curve were used to calculate recall effects.

For detection of secreted antibody after in vitro studies in Chapter 4,
supernatants from cultured cells were added to anti-Ig(H+L) (Southern Biotech)-coated

96 well plates before detection with HRP-conjugated antibodies. Normal mouse IgG
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(Thermo Scientific) was used as a standard to interpolate concentrations of IgG for

tissue culture supernatants.

ELISpot

To detect antigen-specific antibody secreting cells (ASCs) after immunization in
Chapters 4 and 5, 96-well high protein binding membrane plates (Millipore) were coated
with 1 pg/well NP24-BSA, NP2-PSA, or ovalbumin. Splenocytes or bone marrow cells (5
— 20 x 10°) were added and plates were incubated at 37° overnight followed by
incubation with biotinylated anti-IlgM, -lgG1, -IgG1?, or -IgG1° antibodies prior to
incubation with VectaStain ABC kit (Vector Laboratories) and development using 3-
amino-9-ethylcarbzole (Sigma, St. Louis, MO). ASCs were quantified using an

ImmunoSpot Analyzer (Cellular Technology).

Tissue culture

Splenic naive B cells were purified by negative selection using biotinylated anti-
CD43, -Thy1.2, and -F4/80 (>85% CD19") followed by streptavidin particles and IMag™
Cell Separation Magnet (BD Biosciences). To induce plasma cell differentiation, B cells
were seeded at 5 x 10° per mL and treated with 5 ug/mL LPS (Sigma), 10 ng/mL BAFF
(AdipoGen), 10 ng/mL IL-4 (Peprotech), 5 ng/mL IL-5 (Peprotech), and 50 nM 4-
hydroxy-tamoxifen (4-OHT) (Sigma). For cross-linking the B cell receptor in Chapter 3,
a-IgM F(ab’)2 (Southern Biotech) was used at 10 ng/mL. To culture cells in hypoxic
conditions in Chapter 3, cells were transferred for 24h to a 37°C CO; incubator where

Po2 of 1% is maintained by nitrogen gas. For proliferation analysis in Chapter 5, two
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million purified B cells were labeled with 5 yM Cell Trace Violet (Invitrogen) before
seeding cells at 5 x 10° per mL with 1 ug/mL anti-CD40 (Tonbo), BAFF, IL-4, and IL-5.
Cells were cultured for 2-8 days in RPMI-1640 supplemented with 10% FBS (Peak),
100 U/mL penicillin (Invitrogen), 100 ug/mL streptomycin (Invitrogen), 3 mM L-glutamine
(Invitrogen), and 0.1 mM 2-mercaptoethanol (Sigma). B cells were also expanded on
the NB.21-2D9 feeder line as previously described (Nojima et al., 2011; Kuraoka et al., 2016)
in Chapter 4. Every three days, supernatants were frozen for further analysis and the
expanded B cells were reseeded on fresh NB21 feeder cells in new media, IL-4, and 4-
OHT.

For spontaneous antibody secretion in Chapter 4, day 7 LPS cultures were
subjected to Ficoll step gradient centrifugation (Invitrogen) to eliminate dead cells and
debris. Cells were then washed and 5 x 10* cells were seeded in 100 pL of fresh media
in a 96 well plate for 8 hours. Supernatants were frozen and levels of secreted IgG1
were determined by ELISA. Secreted IgG1 was detected as early as 30 minutes after

seeding and continued to increase linearly for up to 8h (Fig. 2.4A).

Pulse-chase analyses of antibody production

In Chapter 4, after 7 days of culture with LPS, BAFF, IL-5, IL-4, and 4-OHT as
above, viable cells were recovered after Ficoll step gradient centrifugation, rinsed, and
recounted. To determine the appropriate pulse and chase times, equal numbers of cells
were pulsed for 0.5, 1, or 6 hours with 2 pCi [°H]-leucine (Moravek, 60 Ci/mmol) per 2 x
10° cells per mL of arginine-, lysine-, and leucine-deficient RPMI (Sigma) supplemented

back with complete RPMI levels of L-arginine (1.149 mM; Sigma), L-lysine (0.219 mM;
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Sigma), and 10% of complete RPMI levels of L-leucine (0.038 mM; Sigma). Media also
contained 10% dialyzed HyClone FBS, 25 mM HEPES (Invitrogen) and phenol red
(Sigma). After pulsing cells, 2 x 10° cells were lysed in RIPA buffer in the presence of
protease and phosphatase inhibitors and supernatants were frozen for the zero chase
time point. Remaining cells were washed in PBS and resuspended in the
aforementioned media but with 100% complete RPMI levels of L-leucine (0.382 mM) at
1 x 10° cells per mL. At each specified chase time point, 2 x 10° cells were lysed and the
supernatant collected. Samples were stored at -20°. Secreted and intracellular IgG
antibodies were purified from supernatant and lysate samples respectively using protein
G agarose beads (Santa Cruz Biotechnology). Precipitates were subjected to SDS-
PAGE in reducing conditions and transferred to PVDF membranes since fluorography of
membranes enhances the detection of radioactive proteins over dried gels (Lucher et al.,
1988; Symington et al., 1981; Gershoni et al., 1983). PVDF membranes were rocked for 30
minutes in 2 M sodium salicylate (Sigma), a fluor which improves [°H] detection, prior to
fluorography at -80° for 1 - 14 days. Pulsing cells for 30 minutes with [°H]-leucine was
sufficient to detect leucine incorporated antibody in the lysate and supernatant, however
for a stronger signal, a one hour pulse was chosen for future wildtype vs. Prkaa1*%
experiments (Fig. 2.4B). To determine molar amounts of [*H]-leucine incorporated into
antibody, membranes were stained with Ponceau S Solution (Sigma) to visualize
samples, which were excised with a razor blade and subjected to liquid scintillation
counting using a Beckman Coulter LS 6500. [°H]-leucine incorporation was calculated
after determining the counting efficiency of the instrument. To ensure that loss of AMPK

did not alter leucine uptake and therefore change the opportunity to be incorporated into
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antibody, day 7 cultures were seeded as above for one hour with [°H]-leucine and

counts per minute were determined after lysates were subjected to liquid scintillation

counting (Fig. 2.4C).
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Figure 2.4 Antibody synthesis occurs within 30 minutes in differentiated plasma
cells. (A) Schematic to differentiate naive B cells into plasma cells after seven days of
culture with LPS, BAFF, IL-4, and IL-5. Day 7 cultures (>60% B220"°CD138") were
subjected to Ficoll step gradient centrifugation, washed, and reseeded at 5 x 10*in 100
ML of fresh media. Right panel, relative concentration of IgG1 in supernatant collected at
indicated time points after seeding as determined by ELISA. (B) Salicylate fluorography
of wildtype day 7 protein G precipitated lysates and supernatants after pulsing with [°H]-
leucine and chasing at indicated time points. (C) [*H]-leucine uptake after one hour
pulse in wildtype (®) and Prkaa1** (O) day 7 differentiated cells.
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Immunoblots

Unless otherwise indicated, all immunoblots depict relative protein from whole B
cell extracts derived from splenocytes of 2- or 8-day cultures with LPS, BAFF, and 4-
OHT at 5 x 10° per mL. For immunoblotting for AMPK targets after glucose starvation in
Chapter 3, 2-day LPS blasts were washed and reseeded in glucose-free RPMI
(Invitrogen) supplemented with 10% dialyzed HyClone FBS (Thermo Scientific) for the
specified amount of time. Cells were washed twice in cold PBS and lysed in RIPA buffer
(Sigma catalog # 0278) in the presence of phosphatase inhibitor (Thermo Scientific) and
a protease inhibitor cocktail (Sigma). Twenty to one hundred micrograms of cell lysates
were resolved by SDS-PAGE, transferred to PVDF membranes, and immunoblotted for
AMPKa, phospho-S6 (S235/236), total S6, phospho-ACC (S79), total ACC, phospho-
ULK1 (S317), total ULK1, phospho-4E-BP1, total 4E-BP1, and/or LC3 using monoclonal
rabbit antibodies purchased from Cell Signaling Technology. Gls1 protein in Chapter 5
was detected using KGA-Specific polyclonal antibody (Proteintech). Actin (Santa Cruz
Biotechnology) was detected on all blots as a loading control. Immunoblots were
visualized using Odyssey Imaging system (Li-Cor) after incubation with secondary

reagents, anti-rabbit IgG-680, or anti-mouse 1gG-800 (Invitrogen).

Seahorse assays

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were
measured using an XFe96 extracellular flux analyzer (Seahorse Bioscience). In Chapter
3, 5 x 10° two-day LPS and BAFF activated B cells were seeded per well of a Cell-Tak

(5 ug/mL; Corning) coated plate. In Chapter 5, 2.5 x 10°two day LPS, BAFF, IL-4, and
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IL-5 activated B cells were seeded per well. Glycolytic and mitochondrial stress tests
were performed as previously described (Raybuck et al., 2018, Caro-Maldonado et al., 2014).
Maximum respiration, spare respiratory capacity, glycolysis, glycolytic capacity, and

glycolytic reserve were calculated using formulas derived from the Seahorse platform.

Glucose Uptake

Equal numbers of cells were incubated at 37°C for 15 minutes in glucose uptake
buffer (8.1 mM NazHPO4, 1.4 mM KH2POy4, 2.6 mM KCI, 136 mM NaCl, 0.5 mM MgCly,
0.9 mM CaCl,, pH 7.4) to deplete intracellular glucose stores as in (Cho et al., 2011).
Samples were incubated in triplicate (10° per sample) with 1 uCi of 2-[1,2-H]-
deoxyglucose (20 Ci/mmol; PerkinElmer) in glucose uptake buffer for 4 min at room
temperature and immediately spun through a layer of bromododecane into a layer of
20% perchloric acid/8% sucrose to stop the reaction and separate cells from
unincorporated 2-[3H]-deoxyglucose. Recovered cell lysates separated from the

supernatant were counted by liquid scintillation.

Immunocytochemistry

LPS blasts (5 x 10° cells from 2-day or 8-day cultures) in 0.5 mL were seeded on
poly-D-lysine coated coverslips in a 24 well plate and stained with 100 nM MitoTracker
Deep Red for 20 min at 37° before centrifugation to ensure cellular adherence to
coverslips. Coverslips were incubated overnight with anti-B220 or CD138-PE and either
anti-LC3, anti-ULK1 or anti-Lamp1 using rabbit monoclonal antibodies (Cell Signaling

Technology) after methanol fixation and blocking in 1% BSA in PBST. Coverslips then
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were mounted onto slides using ProLong Gold anti-fade reagent (Invitrogen) after
incubation with secondary antibody anti-rabbit IgG 488 (Invitrogen) to visualize rabbit
antibodies using an Olympus FV-1000 fluorescent confocal microscope. LC3-puncta
were assessed using Imaged. Co-localization of lysosomes and mitochondria, as an
indicator of mitophagy, was determined using Just Another Co-localization Plugin
(JACOP) in ImagedJ as in Onnis et al. (Onnis et al., 2018). Manders’ coefficient represents
the percentage of mitochondrial pixels (blue channel) that overlay Lamp1 or ULK1

pixels (green channel) where 0 = no co-localization; 1 = 100% co-localization.
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CHAPTER 3

AMPK IS CRITICAL FOR MITOCHONDRIAL FUNCTION AND
HOMEOSTASIS IN B CELLS AND IS ESSENTIAL FOR
HUMORAL MEMORY

The work presented in this chapter is modified from a publication in Journal of
Immunology (Brookens et al., 2020)

I. Abstract and Significance

Emerging evidence indicates that metabolic programs regulate B cell activation and
antibody responses. However, the metabolic mediators that support the durability of the
memory B cell population are not fully elucidated. Adenosine monophosphate-activated
protein kinase (AMPK) is an evolutionary conserved serine/threonine kinase that
integrates cellular energy status and nutrient availability to intracellular signaling and
metabolic pathways. In Chapter 3, | use genetic mouse models to show that loss of
AMPKa1 in B cells led to a weakened recall response associated with a decline in the
population of memory-phenotype B cells. AMPKa1-deficient memory B lymphocytes
exhibited aberrant mitochondrial activity, decreased mitophagy, and increased lipid
peroxidation. Moreover, loss of AMPKa1 in B lymphoblasts was associated with
decreased mitochondrial spare respiratory capacity. Collectively, my findings fit a model
in which AMPKa1 in B cells supports recall function of the memory B cell compartment

by promoting mitochondrial homeostasis and longevity.
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Il. The B cell lineage has cell-type specific metabolic characteristics

B cell activation, proliferation, and differentiation are accompanied by metabolic
adaptations to meet energetic and biosynthetic demands. Cell cycle progression and
cell-type specific functions are highly interconnected with cell size (Miettinen et al., 2017). B
cell subsets specialize in various key functions, influencing both cellular metabolism and
size. Consistent with published data (Jellusova et al., 2017), germinal center B cells (GCB:
B220" IgD" GL7" Fas™), which accumulate biomass to support rapid division, are larger
than naive B cells (B220" IgD") or memory B cells (MBC: B220" IgD" CD38") as
determined by forward scatter (FSC-A) using flow cytometry (Fig. 3.1A). Plasmablasts
and plasma cells, collectively called antibody secreting cells (ASC: IgD"CD138" TACI")
are relatively larger cells which support the expanded endoplasmic reticulum and Golgi
apparatus for the manufacture of large glycosylated antibodies. Interestingly, ASCs in
the bone marrow, which can be long-lived (> decades) and manufacture large quantities
antibody, were larger in size compared to splenic ASCs, which are mostly short-lived (<
3 days) and produce antibody on a smaller scale (Benner et al., 1981; Sze et al., 2000; Lam et
al., 2016).

Carbohydrates, amino acids, and fatty acids provide a carbon source for energy
and biosynthetic building blocks. While glucose is critical for ribonucleotide generation in
activated B cells, ASCs use glucose mostly for the glycosylation of antibodies (waters et
al., 2018; Lam et al., 2016). To determine differences in glucose uptake in B lineage cells,
splenocytes were stained ex vivo with fluorescently labeled glucose analog 2-(N-
Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose (2-NBDG) two weeks after

immunization with hapten-carrier protein NP-ova. Though there are several caveats in
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equating 2-NBDG uptake to glucose uptake (Sinclair et al., 2020), the mean fluorescence
intensity of 2-NBDG was elevated in antigen-specific GCB and MBC compared to the
naive B cell population (Fig. 3.1B). Interestingly, ASCs had the highest level of 2-NBDG
uptake compared to other B lineage subsets.

Mitochondria regulate multiple aspects of cellular metabolism including energy
generation and providing TCA intermediates for downstream biosynthesis and
epigenetic modifications. Mitochondrial content and mitochondrial-derived ROS
(mtROS), measured by Mitotracker Green and MitoSOX respectively, were enhanced in
GCB and MBC compared to naive B cells (Fig. 3.1C,D). Interestingly, unlike with 2-
NBDG uptake, ASCs had less mitochondrial content and mtROS compared to antigen-
experienced GCB and MBC subsets. The observation that plasma cells have the
highest level of glucose uptake but the lowest mitochondrial activity compared to GCB
and naive B cells was also observed in a recent study (Haniuda et al., 2020).

Mammalian target of rapamycin complex 1 (mMTORC1), a protein complex that
integrates nutrient sensing, protein synthesis, and cell size, is essential for robust GCB,
and the differentiation and function of MBC and ASC populations (Raybuck et al., 2018;
Jones et al., 2016). mTORC1 activity measured by phospho-S6 MFI by flow cytometry was
increased in GCB, MBC and ASC relative to naive B cells with the highest levels of
phospho-S6 in GCB and ASC (Fig 3.1E). In sum, different B cell subsets are unique in

cell size, glucose uptake, mitochondrial status, and mTORC1 activity.
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Figure 3.1 The B lineage has varying metabolic attributes. (A) Relative cell size of
splenic naive B cells (B220*IgD"), GCB (B220*IgD"GL7*Fas®), MBC (B220*IgD"CD38"),
and splenic and bone marrow ASC (IgD"CD138'TACI") as determined by forward
scatter (FSC-A) measured using flow cytometry. (n = 25 wildtype mice from seven
independent experiments). (B) Ex vivo uptake of fluorescently labeled glucose analog 2-
NBDG by splenic naive, ASC, NP-specific GCB and MBC from wildtype mice
immunized with NP-ova two weeks prior. (n = 5 mice from one independent
experiment). (C) Mitochondrial mass and (D) Mitochondrial derived ROS (mtROS) of
splenic naive, GCB, MBC, and ASC determined by MitoTracker Green or Mitosox dyes
and flow cytometry. (n = 5 mice from one independent experiment). (E) Phospho-S6
expression in naive, GCB, MBC, and ASCs determined by flow cytometry (left panel,
MFI quantification; right panel, representative plot). (n = 9 wildtype mice from two
independent experiments). Each symbol represents an individual mouse; mean + SEM
is displayed. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 (one-way repeated
measures ANOVA (A-E).
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To further investigate the effects of B cell differentiation into ASC on cellular
metabolism, | cultured wildtype splenic B cells in vitro for up to 8 days with LPS, BAFF,
IL-4, and IL-5. LPS, or lipopolysaccharide, is a mitogen that signals through Toll-like
Receptor 4 on murine B cells. BAFF, or B-cell-activating factor belonging to the TNF
family, is a fundamental survival factor for B cells. IL-4 and IL-5 signaling in B cells lead
to gene regulation that induces class-switch recombination to IgG1 and plasma cell
differentiation, respectively. As naive B cells differentiate into ASC, they gradually lose
expression of B220 and increase expression of CD138, also known as syndecan-1 (Fig.
3.2A). mTORC1 signaling, determined by phospho-S6 expression by Western Blot was
enhanced in day 8 cultures (~60% CD138* B220'°) compared to day 2 cultures (< 2%
CD138" B220") suggesting that ASC have more mTORC1 activity compared to early-
activated B cells (Fig. 3.2B).

To compare mitochondrial mass and respiration in B220" cells vs. differentiated
ASC (CD138* B220) from the same culture, day 4 samples were analyzed, which have
substantial frequencies of both populations at this time point (Fig. 3.2C,D,F). Analogous
to ex vivo data in Fig. 3.1C, ASC generated in vitro have reduced mitochondrial content,
respiration, and mtROS when compared to activated B cells as determined by
Mitotracker Green, Mitotracker Deep Red, and MitoSOX respectively (Fig. 3.2C,D).
Unlike Mitotracker Green, which has a thiol-reactive chloromethyl moiety that binds free
thiols in the mitochondrial matrix regardless of membrane potential, Mitotracker Deep
Red is retained only in actively respiring mitochondria and is sensitive to depolarization
(Doherty et al., 2017; Xiao et al., 2016). Visually, mitochondria exhibited smaller and dimmer

Mitotracker Deep Red signal in CD138" ASCs compared to B220" cells from day 8
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cultures (Fig. 3.2E). Consistent with data shown here, reduced Mitotracker staining in
CD138" cells was also evident in a previous study, which further provided evidence that
activated mtROS"® B cells are fated for plasma cell differentiation (Jang et al., 2015).
Furthermore, CD138" cells exhibited more disperse punctate mitochondria parallel to
observations in IL-2 differentiated CD8" T effector cells (Buck et al., 2016) suggesting
mitochondrial remodeling is linked to plasma cell differentiation. Despite decreased
mitochondrial activity in ASC, the relative proportion of respiring mitochondria to total
mitochondria, coined mitochondrial quality, is enhanced in ASC compared to activated
B cells in day 4 cultures (Fig. 3.2F) (Tsui et al., 2018). It is conceivable that less mtROS in
ASC compared to activated B cells results in less oxidative damage rendering better
mitochondrial quality (Pickles et al., 2018). All together, data in Figure 3.1 and 3.2 are
supportive of dynamic metabolic programs throughout the B lymphocyte lineage. These

findings are summarized in Table 3.1.

B cell Cell size Glucose mTORC1 Mitochondrial mtROS
subset uptake mass

naive + + + + +
GCB ++ ++ +++ ++ ++
MBC + ++ ++ ++ ++
ASC +++ ++++ ++++ + +

Table 3.1 Relative metabolic parameters in B-2 lineage cells after immunization.
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Figure 3.2 B cell differentiation into plasma cells induces increased mTORC1
signaling and decreased mitochondrial function. (A) Representative flow plots
depicting the frequency of B cells (B220*) and plasma cells (B220"° CD138*) on days 2,
4, and 8 after treatment of wildtype splenic B cells with LPS, BAFF, IL-4, and IL-5. (B)
Immunoblot of phospho-S6, total S6, and actin from lysates collected on days 2 and 8 of
culture. (C) Mitochondrial respiration, left panel, and total mitochondrial mass, middle
panel, of wildtype B cells and plasma cells on day 4 of culture as determined by the MFI
of MitoTracker Deep Red or MitoTracker Green, respectively. Right panel,
representative plot of Mitotracker Green vs. Mitotracker Deep Red in B cells and plasma
cells. (D) mtROS of B cells and plasma cells on day 4 of culture as determined by MFI
of MitoSOX dye. (E) Immunofluorescence of day 8 culture after staining with Mitotracker
Deep Red (blue), B220 (green), and CD138 (red). Scale bar, 5um. (F) Mitochondrial
Quality of wildtype B cells and plasma cells calculated as the ratio of actively respiring
mitochondria (MitoTracker Deep Red MFI) over total mitochondrial mass (MitoTracker
Green MFI) on day 4 of culture. Each pair represents a day 4 culture from n = 8
individual mice from three independent experiments. ** p < 0.01, **** p < 0.0001 (paired
Student’s t-test C-E).
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lll. AMPKa1 is expressed in B cells and is critical for optimal mitochondrial
function

In addition to cell-intrinsic alterations in the metabolic programs required to
support the B lineage at various stages, cell-extrinsic factors like activation signals and
nutrient availability can alter B cell metabolism. Different tissues and micro-anatomical
sites where B cell activation, GC, and antibody synthesis occur have various nutrient
and oxygen availability (Tsentalovich et al., 2020; Cho et al., 2016; Jellusova et al., 2017).
Regulation of metabolism that supports both the diverse requirements in the B
lymphocyte lineage and supports the adaptations necessary to face nutrient-limiting
microenvironments is not yet fully elucidated.

Adenosine monophosphate-activated protein kinase (AMPK) is a conserved
serine/threonine kinase that restores cellular energy homeostasis in metabolically
stressful conditions (Garcia et al.,, 2017). At the onset of my thesis, AMPK had already
been shown to be critical for primary effector CD4" and CD8" T cell responses to
influenza as well as CD8" T cell memory responses to Listeria monocytogenes-OVA
(Blagih et al., 2015; Rolf et al., 2013). | sought to test the role of AMPK in immunity conferred
by the B lineage or humoral responses.

In metabolically stressful conditions, such as low glucose availability, upstream
liver kinase B1 (LKB1) phosphorylates the threonine-172 residue of the catalytic subunit
of AMPK, essential for its activation (Hawley et al., 1996; Shaw et al., 2004). Activated AMPK
in turn phosphorylates multiple downstream targets, the most notable being an inhibitory
phosphorylation on acetyl-CoA carboxylase (ACC) which otherwise promotes fatty acid

synthesis (Munday et al., 1988). A simplified cartoon depiction of AMPK signaling is
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illustrated in Fig 1.6. Glucose withdrawal led to increased pACC S79 expression in day 2
LPS and BAFF cultured cells (Fig 3.3A). Alternatively, AMPK activation can be induced
by Ca?*/calmodulin-dependent kinase kinase B (CAMKKR)independent of metabolic
stress (Fig 1.6) (Hawley et al., 2005; Tamas et al., 2006). In parallel to evidence of Ca**-
induced phosphorylation of AMPK in T cells by crosslinking the TCR (Tamas et al, 2006),
BCR crosslinking with anti-IgM led to elevated AMPK activity indicated by elevated
pACC 57° expression (Fig 3.3B). Data indicate that AMPK signaling turns on in

response to both low nutrient availability and anti-BCR activation in B cells.

A Figure 3.3 Expression of
AMPK target pACC S” is

induced by glucose starvation

1 and BCR cross-linking. (A)
8 PACC S  Immunoblot for pACC S™ after
2-day LPS/BAFF  activated

- wildtype B cells were deprived of
glucose for one hour. (B)
Immunoblot for pACC S’ after
2-day a-IgM/BAFF activated
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a-lgM: - + - + with a-lgM for an additional
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Previous studies have provided evidence that AMPKa1, encoded by Prkaa1, is
the only isoform of the essential catalytic subunit of AMPK expressed in B cells (Mayer et
al., 2008; Waters et al., 2019; Faubert et al., 2013). Thus, to generate mice with a conditional B
cell-specific deletion of AMPK, | crossed Prkaa1 floxed mice to transgenic animals
expressing a hydroxytamoxifen-inducible Cre recombinase under the control of the

huCD20 promoter (huCD20-CreER'™) (Fig. 2.2). This B lineage-restricted promoter is
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active from the pre-B to mature B cell stage (Ahuja et al., 2007). AMPKa protein
expression was undetectable in LPS-activated B lymphoblasts from tamoxifen-injected
Prkaa1” huCD20-CreER™ mice when compared to Prkaa1** huCD20-CreER'™ controls
(Fig. 3.3). Since there was no detectable band in Prkaa?®” cells with the AMPKa
antibody which detects both AMPKa1 and a2 catalytic isoforms, | conclude that only
AMPKa1 is substantially expressed in B cells and that loss AMPKa1 did not lead to

compensatory induction of AMPKa2.

(\" &V
> ’b"\ Figure 3.4 The AMPKa1 isoform is
\{? \{@' expressed in B cells. Immunoblot for
Qﬂ Q\ AMPKa (1 and 2) and actin expressed

in 2-day LPS/-activated B A?Ae”S purified
from Prkaa1™" and Prkaa1~” mice. Data

AMPKa (1 & 2) are representative of immunoblots from
n =3 vs. 3 mice.

- actin

In light of the role of AMPK as a regulator of intermediary metabolism and
mitochondrial function, | next tested metabolic performance of activated B cells that
were AMPKa1-sufficient or -deficient. Extracellular flux analyses revealed no changes in
any aspect of the extracellular acidification rate (ECAR) with the loss of AMPKa1 (Fig.
3.5A). In contrast, analyses of the oxygen consumption rate (OCR), before and after
treatment with different mitochondrial stressors, determined that mitochondrial oxidative
phosphorylation was impaired in AMPKa1-deficient B cells (Fig. 3.5B). Basal
respiration, represented by the OCR values before the addition of ATP synthase V

inhibitor oligomycin, was not significantly altered by the loss of AMPKa1. However, loss
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of AMPKa1 led to defects in maximal and spare respiratory capacity (Fig. 3.5C). The
OCR derived from the function of the electron transport chain as the OCR levels were
dependent on complex | and Il inhibitors rotenone and antimycin A. Taken together,
these data indicate that AMPKa1 in activated B cells promotes the establishment or

maintenance of optimal respiratory function of mitochondria.
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Figure 3.5 AMPK is essential for optimal mitochondrial respiration in activated B
cells. (A) Glycolytic and (B) Mitochondrial stress tests after Prkaa?™ or Prkaa1”? B
cells were activated with LPS and BAFF for 2 days. (C) Maximal respiration, left panel,
and spare respiratory capacity, right panel, were calculated by Agilent Seahorse XF Cell
Mito Stress Test Report Generator. Filled circles (@) represent n = 9 wildtype mice and
open circles (O) represent n = 8 Prkaa1”” mice from three independent experiments;
SEM is displayed. * p < 0.05, ** p < 0.01, ** p < 0.001 (two-way ANOVA with Sidak’s
multiple comparisons (B), or Student’s t-test (C)).
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IV. AMPK is dispensable for generating GCB but important for mitochondrial
quality in GCB

| next set out to test the role of AMPK on B cell function over the course of an
immune response. One would expect that GCB, which are activated through the BCR
and are possibly competing for limited nutrients, would require AMPK signaling to
mitigate metabolic stress. To test the reliance of AMPK on GCB formation, | immunized
tamoxifen-treated huCD20-CreER™ mice (Prkaa1"* or Prkaa1™) with hapten-carrier NP-
KLH followed by boosting after three weeks and analyses of NP-specific humoral
responses one week after the booster immunization (Fig. 3.6A). Surprisingly, but
consistent with a relatively recent study (Waters et al., 2019), | observed no difference in
total or NP-specific germinal center B cells (B220" IgD” GL7* Fas™ NP™) in mice with
AMPKa1-deficient B cells (Fig. 3.6B-D) suggesting that AMPK is unessential for the

generation of GCB.

68



A

GCB

huCD20-CreERT™? *

Prkaa1?f
NP-KLH NP-KLH
I
TAM (alim) (a 1”1) har'\f‘est
Wk: -1 0 3 4

CB

unimmunized

+/+

2.34° 8.94

Fas
0 ! 344" 3.54
NP o T
- 5-
40 _ e oo
30{ e o 4
o] <« (o]
x 31 ¢
20- ~
O%eee © m 2- I ;o
10_ o Op
og9 M 14| ®e oo
°® ® o
0l— . 0% r
+/+ A/A +/+ A/A
80- »  2.0-
% °
60- o O _ 1.51 o
° m 2
40{ o ©°° Q 2 10- 0°®
O x ¢
204 > o % 0.54 =2
o
@ 000 C's
R o.o-m
++ A/A +/+ A/A

69

Figure 3.6 AMPK is
dispensable for generating
GCB. (A) Schematic of

immunization strategy with
NP-KLH using mice harboring
a tamoxifen-inducible Cre
under control of a B lineage
restricted promoter, huCD20.
Mice were treated with three
doses of tamoxifen to induce
B-cell specific deletion of
Prkaa1 and then immunized
and boosted three weeks later
with  NP-KLH. Mice were
harvested one week post
boost to monitor primary B cell
responses. (B) Representative
flow plots depicting
frequencies of GCB (B220"
GL7" Fas®) from the Dump
negative gate (Dump: CD11b,
CD11c, F4/80, Gr1, 7-AAD,
IgD) and NP* GCB in
unimmunized, Prkaa1"", or B
cell-specific Prkaa1®® mice.
(C) Frequency and total
number of GCB in the spleen
of Prkaa1™ or B cell-specific
Prkaa1** mice. (D)
Frequency and total number
of antigen specific GCB in the
spleen of Prkaa1** or B cell-
specific Prkaa1”® mice. Data
represent the mean + SEM of
n = 12 wildtype and n = 13
Prkaa1™® mice from four
independent experiments.



Despite normal GCB numerically, actively respiring mitochondria and
mitochondrial content were impaired in both Prkaa1”2 GCB cells and nonGCB (B220"
GL7") compared to wildtype as foreshadowed by the impaired OCR in activated
Prkaa1®® B cells shown in Fig 3.5B (Fig 3.7A). Furthermore, Prkaa1*” GCB had
proportionally more dysfunctional mitochondria than wildtype, as determined by the
Mitochondrial Quality calculation using the ratio of MFI dyes as described in Fig. 3.2
(Fig. 3.7B). Defects in mitochondrial quality coincided with increased MitoSOX staining

in the Prkaa1“ GCB population (Fig. 3.7C).
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Figure 3.7 AMPK maintains mitochondrial quality in GCB. (A) Mitochondrial
respiration, left panel, and mitochondrial mass, right panel, in GCB (B220" GL7") and
nonGCB (B220" GL7) of Prkaa1™* and Prkaa1** after immunization strategy depicted
in Fig. 3.6A. (B) Relative mitochondrial quality of GCB and nonGCB of Prkaa?”* and
Prkaa1*? calculated as a ratio of Mitotracker Deep Red to Mitotracker Green and
normalized to wildtype nonGCB values as an indicator of relative levels of dysfunctional
mitochondria. (C) mtROS of nonGCB and GCB in Prkaa?** and Prkaa1** mice. Data
represent two independent experiments using a total of n = 6 Prkaa1™ and n = 7
Prkaa1”” mice. * p < 0.05, *** p < 0.001, **** p < 0.0001. (two-way repeated measures
ANOVA with Sidak’s multiple comparisons (A-B)).
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V. AMPK dampens initial generation of MBC but promotes longevity in MBC likely
by supporting mitophagy

A prior study also provided evidence that a B cell-specific deletion of AMPKa1
driven by CD19-Cre had no effect on GC (waters et al., 2019). However, the impact of
AMPKa1 on other outcomes of the GC, including the generation and maintenance of
memory remain unexamined. After the immunization strategy depicted in Fig. 3.6A,
induced loss of AMPKa1 from mature B cells led to increased frequencies of total
splenic memory phenotype B cells (MphenBC: B220" IgD" CD38") and modestly
increased total MynenBC compared to wildtype controls (Fig. 3.8A). The frequency and
total number of antigen-specific MphenBC (B220" IgD” GL7" CD38" NP") in the spleen

were two-fold increased in number in Prkaa1*?

mice compared to wildtype mice (Fig.
3.8B). | further examined whether AMPKa1 differentially supported the generation of
functionally distinct MphenBC subsets distinguished by PD-L2 and CD80 expression
(Zuccarino-Catania et al., 2014; Weisel et al., 2017; Tomayko et al., 2010). The double-positive
(CD80" PD-L2") population, which makes up ~5-10% of total MynenBC, are
approximately 5 times more likely than other M,nenBC subsets to be IgG1*. The double-
negative (CD80" PD-L2") MynhenBC population, which makes up the majority (>85%) of
total MphenBC, are >90% IgM*™  (Weisel et al., 2017; Tomayko et al., 2010). (Fig. 3.8C).
Interestingly, hapten-binding double-negative CD80" PD-L2" MphenBC in Prkaa1** mice
were increased two-fold in the absence of AMPKa1 with no alterations in double
positive CD80" PD-L2" MphenBC suggesting different degrees AMPK involvement in the

two MprenBC subsets (Fig. 3.8D). Although | cannot exclude a contribution of renewed

proliferation of MphenBC after the boost, | infer that AMPK dampened the initial MypenBC
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population size, particularly double negative CD80" PD-L2" MyenBC, after a short-term

prime/boost immunization strategy.
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Figure 3.8 Loss of AMPK leads
to elevated Mh.nBC produced
during the GCB reaction. (A)

Representative flow plots
depicting frequencies of
phenotypical memory B cells

(MprenBC: B220" CD38") from the
B220*, Dump negative gate
(Dump: CD11b, CD11c, F4/80,
Gr1, 7-AAD, IgD, GL7, CD4,
CD8) and NP* MynenBC subset
populations CD80" PD-L2" and
CD80 PD-L2" in Prkaa1™* and
Prkaa1”% mice after
immunization regimen depicted in
Fig. 3.6A. Frequency and
absolute number of splenic (B)
MohenBC, (C) NP* MpnenBC, and
(D) NP CD80" PD-L2" MpnenBC
or NP* CD80" PD-L2" MynenBC in
Prkaa1”* and Prkaa1** mice.
Data represent the mean + SEM
of at least n = 9 wildtype and n =
9 Prkaa1™® mice from three
independent experiments. * p <
0.05 (Student’s t-test (B-D)).



Memory B cells (MBC), generated during primary responses, can live for
decades recirculating in the blood and secondary lymphoid tissues (Crotty et al., 2003;
Gourley et al., 2004; Weisel et al., 2017; Zotto et al., 2021). To test the role of AMPK on the long-
term maintenance of MBC subsets, | immunized Prkaa?1”*mb1-Cre and Prkaa1”"mb1-
Cre mice with NP-KLH and tracked the frequency of NP" MphenBC in the peripheral
blood over time (Fig. 3.9A). The potent B lineage specific mb7-Cre transgene allowed
me to overcome the technical barrier relating to new B cell production after tamoxifen
treatments in the huCD20-CreER™ mice (Hobeika et al., 2006). This mode of excision,
which starts as early as the pro-B cell stage, is constitutive and tamoxifen-independent.
Recall that lack of AMPKa1 throughout B lymphoid ontogeny had no discernable effect
on the pre-immune B cell populations of Prkaa1” mb1-Cre mice (Fig. 2.3A,B).
Consistent with the initial increase in total splenic MphenBC after immunization in the
huCD20-CreER™ model depicted in Fig. 3.8B, the frequency of NP* MunenBC in the
peripheral blood of Prkaa?” mb1-Cre mice was on average 2-fold higher than in
wildtype mice 3 weeks after immunization (Fig. 3.9B). However, by six weeks the
relative frequency of total circulating Prkaa1? NP* MohenBC declined relative to
wildtype levels of NP* MpnenBC and lessened to below wildtype levels by nine weeks.

12 mice was driven

The gradual decline in NP* M,nenBC population over time in Prkaa
specifically by the wane in the CD80" PD-L2" MynenBC population (Fig 3.9C). Minimal
change over time was observed in the Prkaa1”“NP* CD80* PD-L2* MyenBC population
relative to wildtype (Fig 3.9D). These data support the concept that AMPK supports the

longevity of the MBC population, specifically double negative MBC, which is the subset
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critical for repopulating the germinal center upon re-exposure to antigen (Zuccarino-

Catania et al., 2014).
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Figure 3.9 Loss of AMPK leads to a decline in the circulating Myn.nBC population
over time. (A) Schematic of the immunization strategy using mice with mb1-integrated
Cre such that Cre is constitutively expressed exclusively in B cells from the pro-B cell
stage. Mice were immunized with NP-KLH and bled every three weeks to track the fate
of circulating NP-specific MynenBC over time by flow cytometry. (B) Fold change of NP*
cells in the peripheral blood of Prkaa?** mice relative to wildtype mice (dashed line)
from the (B) total MphenBC gate, (C) CD80" PD-L2" MyhenBC gate, and (D) CD80" PD-L2
MorenBC gate at weeks 3, 6, and 9 post immunization. Dashed line indicates the relative
average of the wildtype values. Data represent the mean of the fold change + SEM of n
= 9 Prkaa1”* mice relative to n = 7 Prkaa1™" mice from two independent experiments. *
p <0.05, ** p <0.01, ** p <0.001 (one-way ANOVA with Tukey’s multiple comparisons
(B) and (D)).
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While there are several studies that track antigen-specific T cells in the peripheral
blood of mice (Zotto et al., 2021; Blagih et al., 2015), there was only one precedent that |
could find where circulating memory B cells after immunization were screened as in Fig.
3.9 (Blink et al., 2005). To confirm that Prkaa1*”* mice harbor a decreased MBC population
several weeks after immunization in the spleen, | immunized mb7-Cre mice (Prkaa1”
and Prkaa1™") with NP-KLH, analogous to Fig. 3.6A, except mice were harvested eight
weeks after the booster immunization (Fig. 3.10A) instead of one. The frequency of NP”
cells from the MphenBC population and the total number of NP* MBC was markedly
reduced in the spleen of Prkaa1”” mice compared to wildtype (Fig. 3.10B) with most of
the defect driven by the double negative CD80" PD-L2" MynenBC population (Fig. 3.10C).
Data in figures 8, 9, and 10 demonstrate that AMPK in B cells dampens the initial
generation of MBC after immunization but is critical for the longevity of this population.
Hence, AMPK in MBC protects against a “live fast, die young” phenotype. Specifically,

AMPK activation supports the long-term persistence of the majority of the MBC

population.
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Figure 3.10 AMPK promotes the long-term maintenance of the PD-L2"° CD80" MBC
population. (A) Immunization strategy using mb7-Cre mice depicting immunization with
NP-KLH, a booster immunization at week 3, followed by harvest eight weeks post boost
to test long-term persistence of the MBC population. Representative flow plots and
quantification depicting frequency of splenic NP* cells from the (B) total MynenBC gate
and the (C CD80" PD-L2", left panel, or CD80 PD-L2", right panel, MBC subset gates
in Prkaa1"”" and Prkaa1”® mice at the harvest time point. The mean + SEM is displayed
where each dot represents one mouse with a total of n = 10 Prkaa1” and n = 10
Prkaa1” from three independent experiments. ** p < 0.01, **** p < 0.0001 (Student’s t-
test (B) and (C)).
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AMPK regulates many aspects of intracellular metabolism including supporting
autophagy, the degradation and recycling of cellular components (Tamargo et al., 2018).
Autophagy supports the survival of memory B cells (Chen et al., 2014; Chen et al., 2015).
Therefore, | hypothesized that the decline in the MynenBC population observed in B cell-
specific AMPKa1-deficient mice was due to a defect in autophagy in the B lineage.
Surprisingly, however, the ability of LPS-activated B cells to form LC3-puncta indicative
of autophagosome formation after glucose starvation was no different in AMPKa1-
deficient B cells compared to controls (Fig. 3.11A,B). Furthermore, LC3-I conversion
into the faster migrating LC3-Il upon glucose starvation was independent of AMPKa1
expression (Fig 3.11C). Thus, LPS-activated B cells appear able to undergo glucose
starvation-induced autophagy by an AMPKa1-independent mechanism. Finally, normal
frequencies and sizes of LC3-puncta were visualized in freshly purified bone marrow
plasma cells of tamoxifen-treated Prkaa1”Rosa26-CreER™ mice (Fig. 3.11D) further
supporting that autophagy occurs in the B lineage even in the absence of AMPKa1.
Collectively, data in Fig. 3.11 suggest that B lineage cells can induce AMPKa1-

independent autophagy, potentially by non-canonical pathways (Codogno et al., 2012).
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Figure 3.11 Loss of AMPK leads to no defect in autophagy upon glucose
deprivation. (A) Representative immunofluorescence image of 2-day LPS/BAFF-
treated cells after reseeding for 3h in glucose-sufficient or —deficient media followed by
staining with antibodies recognizing B220 (red) and LC3 (green). (B)
Immunofluorescence quantification of the frequency of cells containing LC3 puncta
using Imaged “Find Maxima” feature. Data represent three independent experiments
with n = 4 Prkaa1** mice and n = 3 Prkaa1** mice where each value represents a field.
(C) Immunoblot for LC3 after 3h incubation of Prkaa?1™ and Prkaa1®* LPS blasts in
glucose-sufficient or —deficient media. Data represent three independent experiments.
(D) LC3 immunofluorescence staining of ex vivo bone marrow plasma cells from
tamoxifen treated Rosa26-Cre-ER™ mice. Data represent two independent experiments.
* p < 0.05 (Student’s t-test (B)).

To determine the mechanisms underpinning poor MBC survival in Prkaa1“?

mice, | revisited the mitochondrial defect observed in Prkaa1”* GCB and LPS-activated
B cells (Fig. 3.5 & 3.7). Several studies have linked mitochondrial homeostasis to both

cellular and organismal survival, reviewed in (Akbari et al., 2019). To monitor respiration
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vs. mitochondrial content as an indicator of dysfunctional mitochondria over time, |
activated wildtype and Prkaa1”® B cells with LPS, IL-4, IL-5, and BAFF and stained
cells with Mitotracker dyes before flow cytometry analysis (Fig 3.12). In parallel to basal
respiration of 2-day LPS blasts (Fig. 3.5B), there was no substantial defect in the

124 B220" cells as determined by Mitotracker

relative respiration in day 2 or day 6 Prkaa
Deep Red MFI values (Fig 3.12A). However, total mitochondrial mass in the B220"
gate, as determined by relative Mitotracker Green MFI values, was enhanced in day 6
Prkaa1”” B cells suggesting an accumulation of mitochondria over time (Fig. 3.12B).
Increased mitochondrial mass but unaltered respiration in day 6 Prkaa7-null B cells
signified the accumulation of dysfunctional mitochondria (Fig. 3.12C). In parallel to an

172 B cells was also enhanced

accumulation of mitochondrial mass, mtROS in Prkaa
compared to wildtype by day 6 (Fig. 3.12D). These data are consistent with a model
where AMPKa1 in B cells is important for the clearance of ineffective mitochondria, as

characterized for erythrocytes (zhu et al., 2014).

B Figure 3.12 AMPK is critical for B cell

E’E‘ . § & 201 - mitochondrial homeostasis in vitro.
ge o 215 @ s Relative MFI values for (A) mitochondrial
o2 &3 10%_?—?_ respiration (MitoTracker Deep Red) and (B)
33 88,4 mitochondrial mass (MitoTracker Green) in
3z éEo_o_ the B220" gate on days 2 and 6 after
== 2 6 = 2 6 activation of Prkaa1"* and Prkaa1”*B cells
Days in culture Daysinculture  \ith |PS, BAFF, IL-4, and IL-5. (C)

_ 15 D_~ . Mitochondrial quality, calculated as the ratio
£x., P S2, of the MFI value for MitoTracker Deep Red
§',:; B 3%, and the MFI values for MitoTracker Green.
8805 K (D) Relative MFI values for mtROS of
s =3 . B220" cells on days 2 and 6 of culture. Data
C2 6 2 6 represent the mean + SEM of 10 wildtype
Days in culture Daysincuture and n = 11 Prkaa?®® mice from four

independent experiments (A-C) or 5 vs. 5
from two independent experiments (D). * p < 0.05, ** p < 0.01 (Student’s t-test (B-D)).
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| next tested if the defect in mitochondrial homeostasis applied to the
phenotypically-defined memory B cell population, i.e., MphenBC. To obtain sufficient
numbers of cells, mitochondrial parameters were analyzed by flow cytometry using total
rather than NP-specific MphenBC (B220" GL7  IgD" CD38") 7-10 weeks after
immunization of mb7-Cre mice (Prkaa1f/f VS. Prkaa1+/+) with NP-KLH (Fig. 3.13A, left
panel). Actively respiring mitochondria were modestly decreased in the AMPKa1-
deficient MpnenBC, Whereas total mitochondrial mass was unchanged compared to mb1-
Cre controls (Fig. 3.13A, right panel). The ratio of mitochondrial membrane potential to
total mitochondrial mass (Fig. 3.13B), indicative of mitochondrial quality, was
diminished in AMPKa1-deficient MprenBC. These data indicate that AMPKa1 supports
mitochondrial quality maintenance in phenotypically defined memory B cells.
Gatod on Figure 3.13 AMPK supports

M,enBC: mitochondrial quality in MBC.
(A) Left panel, representative

e A/A E:: .. ZZ flow plots of mitochondrial mass
3 ik E§1'0 ve 00 !;_L! % (MitoTracker Green) vs. respiring
g =2 | TE LT mitochondria (MitoTracker Deep
a) ] g Red) in MphenBC (B220" CD38*
EEM?Er’e‘éﬁ""' - NT IgD") after immunization strategy

Deep Red  Green illustrated in Fig. 3.10A. Right
B 15 panel, Quantification of
2 == MitoTracker Deep Red and
B2 10y oo MitoTracker Green MFI values of
§§ o5 H oo MprenBC normalized to wildtype.
= ' (B) Mitochondrial quality of
0.0l : MohenBC, an indicator of the

+/+ A/A

proportion of functional
mitochondria relative to the total, is calculated as the normalized ratio of MitoTracker
Deep Red MFI to MitoTracker Green MFI. Data represent the mean + SEM of 10
wildtype and n = 10 Prkaa1”” mice from three independent experiments. ** p < 0.01
(Student’s t-test (B)).
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AMPK phosphorylates multiple downstream targets that support different aspects
of mitochondrial homeostasis and quality, including mitochondrial biogenesis and
mitophagy, i.e., the selective degradation of mitochondria (Herzig et al., 2018). As |
observed no defect in overall autophagy in the mutant B cells (Fig. 3.11), | explored
whether AMPK was essential for mitophagy in LPS-activated B cells. Unc-51 like kinase
(ULK1), a substrate of AMPK, is involved in the initiation of canonical autophagy and is
essential for mitophagy (Kim et al., 2011; Wu et al., 2014; Tian et al., 2015; Laker et al., 2017).
LPS-activated wildtype B cells increased phosphorylation of the S317 site of ULK1, a
target of AMPK, after 2 h of glucose starvation (Fig. 3.14A). Induction of ULK1 (S317)
phosphorylation due to glucose withdrawal was dependent on AMPKa1 expression.
Once activated in a manner dependent in part on AMPK-mediated phosphorylation,
ULK1 migrates to the mitochondria and triggers a signaling cascade that leads to the
recruitment of LC3 machinery and fusion with the lysosome (Wu et al., 2014; Tian et al.,
2015). To test if AMPKa1 enhances ULK1-Mitochondria colocalization in B cells, |
assessed in LPS-activated B cells the association of mitochondria with ULK1, by
confocal imaging after 24h in a hypoxic chamber (pO, = 1%). As expected, co-
localization analyses revealed that the percentage of ULK1" mitochondria was
enhanced in hypoxia-experienced B cells compared to B cells grown in normoxia (pO2 =
21%), however AMPK-deficiency dampened the ULK1-Mitotracker association (Fig.
3.14B). These data indicate that AMPK plays a role in targeting ULK1 for recruitment to

the mitochondria, an essential first step in mitophagy.
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Figure 3.14 AMPK targets ULK1 and promotes ULK1-mitochondrial co-localization
in metabolically stressful in vitro conditions. (A) Immunoblot of pULK1%*"  an
AMPK target that initiates mitophagy, after glucose deprivation in day 2 LPS-activated
Prkaa1™ and Prkaa1l “* B cells. Data is representative of three independent
experiments (A) or n = 3 Prkaa1”* and n = 3 Prkaal “* mice. (B) Left panel,
representative immunofluorescence of 1-day LPS-activated Prkaa1"* and Prkaa1“” B
cells and subsequent 24h incubation in a 21% or 1% oxygen chamber; Mitotracker
Deep Red (blue), ULK1 (green), B220 (red). Right panel, quantification of ULK1-
MitoTracker co-localization quantified by the Mander’s coefficient determined using the
JACop plugin in Imaged. Data is representative of two independent experiments where
each dot represents a field with 10 fields per mouse; n = 4 Prkaa1™” and n = 4 Prkaa1
M4 % p < 0.05 * p < 0.01, ** p < 0.0001 (two-way ANOVA with Sidak’s multiple

comparisons (B)).
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As further evidence of a defect in mitophagy in AMPK-deficient B cells, the
frequencies of Lamp1™ mitochondria, indicative of mitochondrial fusion to the lysosome,
were diminished in Prkaa1-null LPS blasts and sorted MBC (Fig. 3.15A,B). Collectively,
these findings support a model in which AMPKa1 promotes mitochondrial clearance and
quality control in B cells, likely due to a requirement for ULK1 phosphorylation at S317,

and supporting mitochondrial function.
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Figure 3.15 AMPK promotes mitophagy in LPS blasts and MBC. (A) Representative
immunofluorescence (left panel) and quantification (right panel) of Prkaa?1™ and Prkaa1
A4 2-day LPS blasts depicting MitoTracker Deep Red (blue) co-localization with Lamp1
(green); B220 (red). Deletion in (A) is driven by 4-OHT treated Rosa26-CreER™. (B)
Representative immunofluorescence (left panel) and quantification (right panel) of flow
sorted Prkaa1” and Prkaal “* MpenBC (B220° GL7  IgD" CD38%) depicting
MitoTracker Deep Red (blue) co-localization with Lamp1 (green). Deletion in (B) is
driven by mb1-Cre. Data are representative of n = 3 vs. 3 mice where each dot
represents one field with 10 fields/mouse; ** p < 0.01 (Student’s t-test (A,B)).
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Levels of mtROS play a key role in many cellular functions including regulating B

cell fate and function (Sena et al., 2012, Jang et al., 2015). Consistent with the defect in

quality control (Fig. 3.13B), AMPKa1-deficient MprnenBC exhibited increased mtROS

compared to controls (Fig. 3.16A). To test if the increased mtROS observed in

AMPKa1-deficient MphenBC was accompanied with changes in lipid peroxidation, | used

Bodipy 581/591 C11 and found it to be elevated in AMPKa1-deficient MphenBC (Fig.

3.16B). Collectively, these results suggest that AMPKa1 protects memory B cells

against excessive oxidative stress and cell death involving lipid peroxidation by

promoting to mitophagy and maintaining mitochondrial homeostasis.
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Figure 3.16 Loss of AMPK
leads to increased mtROS
and lipid peroxidation in
MBC. (A) Left panel,
representative MitoSOX
histogram and quantification
(right panel) of MphenBC
from Prkaa1™* and Prkaatl
Y4 mice after immunization
strategy depicted in Fig.
3.10A. (B) Left panel,
representative BODIPY C11
(which fluoresces in the FL-
1 channel upon lipid
oxidation) of MphenBC after
immunization strategy
depicted in Fig 3.10A. Right
panel, normalized ratio of
FITC (FL-1) MFI to PE (FL-
2) MFI of MphenBC after
staining with Bodipy
581/591 C11 as a measure

of lipid peroxidation. Data are representative of three (A) or two (B) independent
experiments with at least six mice in each group. * p < 0.05, ** p < 0.01 (Student’s t-

test).
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VI. AMPK supports humoral recall

Upon second exposure to antigen, MBC can mount robust secondary responses
with fast kinetics. Specifically, double positive CD80" PD-L2* MBC rapidly differentiate
into ASC and double negative CD80" PD-L2" MBC re-enter the GC upon subsequent
encounter with cognate antigen (Zuccarino-Catania et al., 2014; Weisel et al., 2017). To test if
the defect in the long-term maintenance of the MBC population has consequences on

+/+

recall function, | re-challenged mb7-Cre mice (Prkaa1f/f vs. Prkaa1™") 14 weeks after a
primary immunization (Fig. 3.17A). In contrast to the primary response, antigen-specific
GC B cells were diminished in re-challenged AMPKa1-deficient mice (Fig. 3.17B). The
CD138" TACI" splenic plasmablast/plasma cell populations (Pracht et al., 2017) also were
attenuated in mice harboring AMPKa1-deficient B cells (Fig. 3.17C).

To assess the strength of recall responses induced by Prkaa7-null MphenBC, |
measured circulating anti-NP IgM and anti-NP 1gG1 in sera collected both immediately
prior and a week after re-challenge. For each mouse, a recall effect, or the memory-
induced Ab concentration, was calculated (Cho et al., 2013). The change in anti-NP IgM
and IgG1 increased substantially less in response to the recall immunization in
Prkaa1”® mice compared to mb1-Cre controls (Fig. 3.17D). These data indicate that
recall Ab responses were weaker when B cells lacked AMPKa1. | infer from these data

that AMPKa1 supports the longevity of MyhenBC which maintains the functional capacity

of recall humoral responses.
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Figure 3.17 AMPK in B cells supports recall humoral responses. (A) Schematic of
immunization strategy to test humoral recall in Prkaa?** and Prkaa1“* mice. Mice were
immunized with NP-KLH and rechallenged fourteen weeks later. Mice were harvested
one week after rechallenge. Total numbers of splenic (B) NP-specific GCB and (C)
CD138'TACI" cells one week after recall immunization. (D) Calculated difference in
anti-NP IgM (left panel) and anti-NP 1gG1 (right panel) in the sera immediately before
and one week after recall immunization, “recall effect’. Data represent mean £+ SEM
from two independent experiments with n = 7 Prkaa1"”* and n = 10 Prkaa?“* mice. * p
< 0.05 (Student’s t-test).
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Prkaa1”™ mb1-Cre mice, used to generate Fig. 3.9, 3.10, 3.12, 3.13, 3.15B, 3.16,
and 3.17, harbor B cells that are deficient in AMPKa1 from very early in B lineage
development, so that a defect of programming during the primary response might
contribute to the finding of weaker recall. To test the role of AMPKa1 after intact primary
immunity, | used adoptive transfers with a tamoxifen-inducible system in which Prkaa1
was deleted after a normal primary response when AMPK is expressed. Naive B cells
(CD45.2% IgH® allotype) from Rosa26-CreER™ mice (Prkaa1” or Prkaa1') were
transferred into sub-lethally irradiated CD45.1" IgH? allotype-disparate recipients along
with helper T cells (a mix of CD4" T cells from wild-type and OTII transgenic mice).
Recipients were then immunized with NP-ovalbumin (NP-ova) and boosted at week 3 to
generate primary responses. Tamoxifen injections to induce deletion of Prkaa in the
donor B cell population, including MphenBC, were deferred to week nine to allow for
unaltered primary immunity. To assess recall responses, mice were re-challenged with
NP-ova several months after deletion by tamoxifen (4.5 months), and harvested one
week after the recall immunization (Fig. 3.18A). PCR products from flow-sorted donor
CD45.2" MynenBC at the time of harvest documented effective deletion of Prkaa? in the
cells from mice that received Prkaa1” Rosa26-CreER'™ donor B cells (Fig. 3.18B).
Using allotype-specific detection reagents, donor and recipient anti-NP IgG1 was
measured in the sera before and after recall challenge. Compared to mice receiving
wild-type CreER™ B cells, mice that received CreER™ Prkaa1” B cells had weaker
donor anti-NP IgG1® recall responses after re-challenge (Fig. 3.18C). In contrast, an
internal control of recipient-derived a-allotype Ab found that levels of anti-NP IgG1?

were similar regardless of the donor cell source. Consistent with these serologies after
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re-challenge, anti-NP 1gG1P-secreting cells and donor-derived CD45.2* CD138* TACI"
plasmablasts and plasma cells in the spleen were diminished in mice that received B
cells from which AMPKa1 was depleted (Fig. 3.18D, E). AMPKa1-deficient donor-
derived GCB were also decreased compared to wildtype donor GCB (Fig. 3.18F).
These data support the conclusion that after a normal primary humoral response is

established, the recall capacity of B cells is supported by AMPKa1.
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Figure 3.18 Loss of AMPK after a normal primary response leads to later defects
in recall function. (A) Experimental design to evaluate the effect of AMPK in MphenBC
after a normal primary response. CD4" T cells (4:1, poly?qenic and OTIl) and CD45.2"
IgH® B cells from Rosa26-CreER™ (Prkaa1” or Prkaal® ) mice were transferred into
sub-lethally irradiated naive wild-type allotype-disparate CD45.1" IgH® mice prior to
immunization with NP-ova. Deletion of Prkaa? in MphenBC was induced by tamoxifen
injections nine weeks after the initial immunization. Mice were rechallenged 18 weeks
thereafter and harvested 1 week after the recall immunization. (B) Prkaa1 and Cre PCR
of DNA from purified splenic CD45.1" or CD45.2" MphenBC (B220" IgD" GL7 CD38%). (C)
Circulating anti-NP 1gG1? (recipient-derived) and anti-NP 1gG1® (donor-derived)
immediately before and one week post rechallenge. (D) Representative wells and
quantification of ELISpot analyses depicting numbers of splenic NP-specific IgG1° ASCs
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at time of harvest. (E) Numbers of donor CD45.2" CD138" TACI" plasma cells in the
spleen after rechallenge. (F) (Left panel) Representative flow plots depicting frequency
of splenic NP-specific germinal center B cells that are recipient-derived (CD45.1%) vs.
donor-derived (CD45.2%) after rechallenge. (Right panel) Total number of donor-derived
NP-specific germinal center B cells in the spleen after rechallenge. Data represent
mean + SEM with n = 5 Prkaa1™ and n = 7 Prkaa?1“* mice. * p < 0.05, ** p < 0.01
(Student’s t-test (E,F)).
VII. Discussion

The orchestration of intracellular metabolic pathways varies to support
developmental and functional needs throughout the lifespan of a B lineage cell (Boothby et
al., 2017; Jellusova et al., 2017; Egawa et al., 2019; Akkaya et al., 2019). Furthermore, as B cells and
their progeny migrate through or take residence in distinct tissues, they likely have the
capacity to persist in distinct microenvironments with differing nutrient availability (Boothby
et al., 2017; Jellusova et al., 2017). Relatively little is known about the metabolic pathways that
support the persistence and function of memory B cells. The energy sensor AMPK
regulates multiple aspects of intracellular metabolism. Its overall program favors energy
conservation and tilts balance toward catabolism while restraining anabolism in response
to declining levels of ATP (Garcia et al., 2017). Here, in Chapter 3 | have shown that AMPK
supports the longevity of memory B cells essential for robust recall humoral responses.
After the initial population increase, AMPK deficiency resulted in declines in the memory-
phenotype B cell population along with the accumulation of dysfunctional mitochondria,
decreased mitophagy, increased mitochondrial ROS, and increased lipid peroxidation. The
functional impact of these changes was a reduced strength of recall antibody response
after rechallenge. A summary of Chapter 3 findings, depicted in Fig. 3.19, indicates that

AMPK protects the maintenance of the memory B cell population and suggests that this

function is achieved at least in part through the regulation of mitochondrial turnover.
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Echoing observations in T cells after TCR crosslinking and nutrient-poor conditions,
AMPK in B cells is activated upon anti-BCR stimulation and after glucose starvation (Tamas
et al., 2006; Blagih et al., 2015; Rolf et al., 2013). Therefore, it is surprising that AMPK is
dispensable for the formation of primary germinal centers were B cells are potentially
competing for limited nutrients to support extensive proliferation and energy demand
(Waters et al., 2019; Brookens et al., 2020). Observed defects in mitochondrial mass and
respiration in Prkaa1-null GCB did not affect the ability to become a GCB or any
downstream outcomes of GC (See Chapter 4 for AMPK in plasma cells). Though p-
AMPKa17"72 expression increases with B cell activation (Waters et al.,, 2019), it is speculated
that anabolic pathways dominate B cell metabolism during activation and proliferation in
GCB and from that perspective AMPK-loss is expected to have minimal effects as Waters
et al. and our group have observed. Interestingly, the kinetics for p-AMPKa1'™'"2
expression after B cell activation parallels with the deceleration of biomass accumulation
indicating that p-AMPKa1™'?2 may be important for dampening unlimited cell growth
through negative regulation of mMTORC1 and other anabolic substrates (waters et al., 2019).

Immunological memory is a hallmark component of the adaptive immune system
whereby long-lived cells of the T and B lineages confer long-lasting protective immunity
against re-infection. Though there are some distinctions in the balance of oxidative
phosphorylation and glycolysis employed by B and T cells during activation (Caro-Maldonado
et al., 2014), such that B lymphoblasts better couple pyruvate generation to the mitochondria
than their T cell counterparts, both subsets undergo clonal expansion and generate long-
lived quiescent memory populations (Jones et al., 2015; Konjar et al., 2019). Thus, there may be

parallels in the metabolic programming between the two lineages. Akin to the role of
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AMPK in maintaining CD8 memory T cells (Rolf et al., 2013), the data presented in this
chapter indicate that AMPK promotes the persistence of memory-phenotype B cells and
their function in humoral recall responses. The finding that AMPK promotes longevity and
catabolism in both the B and T cell lineages suggests a conserved function of AMPK in
these long-lived memory lymphocytes.

AMPK regulates autophagy, a conserved self-degrading cellular process (Kim et al.,
2011). Autophagy is essential for the long-term persistence of both memory B and CD4 T
cell populations (Chen et al., 2014, Chen et al., 2015; Murera et al., 2018). Loss of either two
autophagy-essential genes, Atgd or Atg7, was tied to mitochondrial dysfunction and
enhanced lipid peroxidation in the B and T cell lineages (Chen et al., 2014; Murera et al., 2018;
Pua et al., 2009). It was surprising, therefore, to observe that autophagy after glucose
withdrawal was normal for AMPK-deficient B cells despite the expected absence of
activating phosphorylation of ULK1. These findings suggest that activated B cells can also
induce autophagy via non-canonical, AMPK-independent pathways (Codogno et al., 2012;
Martinez-Martin et al., 2017; Raso et al., 2018; Sil et al., 2018). Despite normal formation of LC3

puncta, the defect in ULK1 S3"7

phosphorylation was associated with a defect in ULK1
recruitment to the mitochondria, and failure to induce mitophagy in AMPK-deficient B cells.
In support of our findings, the AMPK-ULK1 axis is reported to be essential for hypoxia- or
exercise-induced mitophagy in mouse embryonic fibroblasts and skeletal muscle cells
respectively (Tian et al., 2015; Laker et al., 2017). Interestingly, previous studies demonstrating
the importance of autophagy in lymphocyte persistence and mitochondrial homeostasis

use genetic models by conditional inactivation of Atg5 or Atg7, both of which are involved

in multiple autophagy pathways including mitophagy (Codogno et al., 2012; Sil et al., 2018).
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Accordingly, the reason memory B cell persistence is promoted by Atg7 may be
attributable to multiple upstream pathways and not limited to mitochondrial-specific
autophagy activated via AMPKa1.

Our data show that AMPK promotes both the long-term persistence of memory B
lymphocytes and mitophagy in B lineage cells. There are substantial antecedents that
connect mitochondria to memory B cell persistence (Sandoval et al., 2018). Memory B cell
longevity is linked to enhanced expression of mitochondrial pro-survival proteins in the
Bcl2 superfamily, both Bcl2 itself (Nuriez et al., 1991) and BH3-only Puma (Clybouw et al., 2011).
Furthermore, mitochondrial homeostasis is associated with the persistence of memory B
cells (Chen et al, 2014; Sandoval et al., 2018). Mitophagy has also been associated with
maintaining memory in a natural Killer cell population (O’Sullivan et al., 2015). In that setting,
mitophagy likely functioned through clearance of dysfunctional mitochondria, which
protected cells from the accumulation of excessive mitochondrial-derived ROS, lipid
peroxidation, and cell death. Our findings with AMPK-deficient B cells align with this
previous work, in that | observed increased mitochondrial ROS and abnormal function in
mitochondrial challenging during metabolic flux analyses. Spare oxidative phosphorylation,
or the reserved capacity to amplify respiration in response to increased demand, was
impaired in B cells lacking AMPK, similar to the requirement for spare respiratory capacity
in promoting memory CD8 T cell longevity (Van der Windt et al., 2012). The types of memory
lymphocytes assayed in prior work and ours are known to circulate through blood, tissue,
and lymphatics (Tangye et al., 2009; Blink et al., 2005). Accordingly, | speculate that spare
respiratory capacity may be critical for memory cells to adapt to substantial differences in

these microenvironments and the attendant metabolic stresses as they survey and pass
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through distinct tissues.

Activation of the AMPK pathway by metformin has been associated with increased

memory B cells and improved antibody responses to influenza vaccine in type Il diabetic

patients (Diaz et al., 2017). These data may provide insight on the efficacy of drugs that

target AMPK to achieve longer lasting humoral responses and improve vaccine design.

Figure 3.19 AMPK supports humoral
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homeostasis and persistence of the MBC population. AMPK is dispensable for
generating GCB but is critical for the normal production and long-term maintenance of
MBC. Prkaa1-null MBCs exhibit defective mitophagy, enhanced mtROS, and lipid
peroxidation which coincides with their gradual decline over time. Ag — antigen; GCB —
germinal center B cell; MBC — memory B cell; mtROS — mitochondrial derived reactive
oxygen species. Figure is modified from Brookens et al., 2021.
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CHAPTER 4

AMPK REGULATES THE RATE OF ANTIBODY SYNTHESIS
THROUGH INHIBITION OF mTORC1

The work presented in this chapter is modified from a publication in Journal of
Immunology (Brookens et al., 2020)

I. Abstract and Significance

Plasmablasts and plasma cells, collectively called antibody secreting cells
(ASCs), produce hundreds to thousands of glycosylated antibody per second but
evidence for the metabolic pathways that support ASC generation, maintenance, and
immunoglobulin production are limited. Adenosine monophosphate-activated protein
kinase (AMPK) is an evolutionary conserved serine/threonine kinase that integrates
cellular energy status and nutrient availability to intracellular signaling and metabolic
pathways. In Chapter 4, | used genetic mouse models to show that although AMPK is
dispensable for the differentiation of short-lived plasma cells (SLPC) and the
persistence of long-lived plasma cells (LLPC), this metabolic sensor dampens antibody
synthesis in both subsets by antagonizing mTORC1 activity. Intriguingly, AMPK
supported mitochondrial mass and respiration in LLPC but mitochondrial homeostasis
was not reliant on AMPK. Collectively, my findings fit a model where AMPK modulates
rates of antibody synthesis and shed light on differential mitochondrial dynamics in

ASCs in relation to B cells.
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Il. Introduction

At the time of writing this dissertation, monoclonal antibodies as a treatment to
neutralize severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which have
caused the worldwide pandemic respiratory disease COVID-19, have been of increased
public interest (Wang et al.,, 2020; Chen et al., 2021). The manufacture and secretion of
antibodies are the primary function of plasmablasts and plasma cells, which are derived
from differentiated B cells. Each plasmablast and plasma cell, collectively called
antibody-secreting cells (ASC), produce monoclonal antibodies of a single isotype
depending on the activation signals received by the B cell from which they are derived.
ASCs are heterogeneous in their lifespan, isotype, antibody rates, and tissue
localization. Most ASCs are short-lived plasma cells (SLPC) and secrete antibody
before undergoing ER stress-induced apoptosis only a few days following antigen
exposure (Auner et al., 2010; Sze et al., 2000). However, a fraction of terminally differentiated
ASCs are long-lived and continuously produce immunoglobulin independent of antigen
or precursor cells for a lifetime (Manz et al., 1997; Slifka et al., 1998). One of the first sets of
evidence of long-lived plasma cells (LLPC) was the presence of antibody specific for the
1918 influenza virus in the sera of people born before 1915; these antibodies still
persisted nearly 90 years after the pandemic ended (Yu et al., 2008). Considering that the
half-life of immunoglobulins is only hours to days (Vieira et al., 1988), and that plasma cells
persist without renewal from precursors (Manz et al., 1997; Slifka et al., 1998), the machinery
and metabolic networks that enable a single cell to continuously produce hundreds to
thousands of glycosylated antibody per second for decades is impressive (Hibi et al., 1986;

Brinkmann et al., 1993). There is evidence of many extrinsic and intrinsic factors that
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support the survival and function of LLPCs reviewed in (Khodadadi et al., 2019; Lam et al.,
2018). However, how ASC are able to survive despite high metabolic demands is still not
fully elucidated.

The B- and T-lymphocyte lineages are closely related and represent the two
major branches of adaptive immunity. Most of the focus of metabolic regulation in
lymphocytes has been on T cells so educated hypotheses are made about similar
pathways in the B-lymphocyte lineage. In parallel to memory T cells, MBC are
metabolically quiescent so it is no surprise that AMPK would have an analogous role in
promoting survival and mitochondrial homeostasis in both memory subsets as
described in Chapter 3 and published previously (Rolf et al., 2013; O’Sullivan et al., 2015;
Braverman et al., 2020; Lepez et al., 2020; Pearce et al., 2009). However, plasma cells, a subset
of which have the longevity of a memory cell but with the high energy demands of
immunoglobulin production, do not have a parallel counterpart in the T cell lineage.
Therefore, studying metabolism in these unique populations would reveal important new
insights. Recall that ASC are unique in their glucose uptake, mTORC1, and
mitochondrial activity compared to other B lineage cells (Fig. 3.1 and 3.2). At the onset
of my project, new evidence for the importance of autophagy, glucose uptake, and
mitochondrial pyruvate in supporting plasma cell function and longevity emerged (Pengo
et al., 2013; Lam et al,, 2016; Lam et al., 2018). However, whether AMPK impacts these
metabolic processes or independently influences the function or longevity of ASCs is

unknown.
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lll. AMPK is dispensable for generating and maintaining ASC

As in Chapter 3, | used genetic models to test the role of AMPK in ASC. |
crossed huCD20-CreER™ mice with mice harboring floxed alleles of Prkaa?, which
encodes the catalytic subunit of AMPK. Recall Prkaa1 deletion is restricted to mature B
cells after administration of tamoxifen regimen (Fig. 2.2). Though the huCD20 promoter
is no longer active in ASC, antigen-specific ASC are derived from B cells that were
subjected to Prkaa1 deletion immediately prior to immunization. To test the role of
AMPK in generating ASC in primary responses, Prkaa1** huCD20-CreER™ wildtype
and Prkaa1” huCD20-CreER™ were injected with tamoxifen to induce deletion,
immunized with NP-KLH as indicated, and screened at week 4 to assess humoral
responses (Fig. 4.1A). Loss of AMPK led to no alterations in the frequency of NP-
specific IgM- or 1gG1- secreting cells generated in the spleen or bone marrow as
determined by ELISpot analysis (Fig. 4.1B,C). These data indicate that AMPK is
dispensable for not only the generation of primary GCB (Fig. 3.6), but also for numbers

of SLPCs.
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Figure 4.1 AMPK is dispensable for generating antibody secreting cells in
response to hapten-carrier immunization. (A) Schematic of immunization strategy
with NP-KLH using mice harboring a tamoxifen-inducible Cre under control of a B
lineage restricted promoter, huCD20. Mice were treated with tamoxifen to induce B-cell
specific deletion of Prkaa1 and then immunized and boosted three weeks later with NP-
KLH. Mice were harvested one week post boost. (B) Left panel, representative ELISpot
wells depicting density of splenic NP-specific IgM and IgG1 secreting cells; 5 x 10° total
splenocytes plated per well. Right panel, numbers of NP-specific IgM and 1gG1
secreting cells per 10* total splenocytes in Prkaa?1™* and Prkaa1”* mice at the time of
harvest. (C) Left panel, representative ELISpot wells depicting density of bone marrow
NP-specific IgM and IgG1 secreting cells; 2 x 10° total bone marrow cells plated per
well. Right panel, numbers of NP-specific IgM and IgG1 per 10° total marrow cells in
Prkaa1** and Prkaa1*“ mice at the time of harvest. Filled circles (®) represent at least
n = 9 wildtype mice and open circles (O) represent at least n = 9 Prkaa1* mice from
four independent experiments.
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The NP-specific ASC screened for in Figure 4.1 are mostly SLPC, which live and
secrete antibodies for only a few days before apoptosis (Auner et al., 2010; Sze et al., 2000).
Like MBC, LLPC confer long-term immunity. Though LLPC may be less likely than
plasmablasts to express B220 and CD19 surface markers, definitive characteristics that
distinguish LLPC from SLPC has been challenging since both have similar
transcriptional profiles (Lam et al., 2018). Many groups have simplified the distinction by
anatomical location, specifically designating ASC in secondary lymphoid structures as
SLPC and those in the bone marrow as LLPC (Lam et al., 2016). Though there are some
reports of IgA-secreting LLPC residing in human intestine (Landsverk et al., 2017), many
LLPC traffic from secondary lymphoid structures and permanently reside in the bone
marrow (Slifka et al., 1998). In addition to identifying LLPC as those ASC in the bone
marrow, waiting to screen for LLPC and the antibody they produce at least a couple
months post antigen exposure ensures that the ASC population detected are true LLPC.

To assess the role of AMPK in the maintenance of LLPC, | immunized Prkaa?**
mb1-Cre and Prkaa1” mb1-Cre mice with NP-KLH and harvested them eight weeks
after the last antigen exposure (Fig. 4.2A). Recall that mb7-Cre mice have tamoxifen-
independent strong excision of Prkaa? in the B lineage and its use avoids technical
limitations in the inducible huCD20-CreER™ model (Fig. 2.3). The frequency and total
number of ASCs defined by CD138" TACI" expressing cells was unchanged in the bone
marrow in Prkaa1”® mice as determined by flow cytometry (Fig. 4.1B) (Pracht et al.,
2017). The frequency of NP-specific IgM- and 1gG1- secreting cells was also unaltered in

the absence of AMPK (Fig. 4.1C). Interestingly, in contrast to the dynamic regulation of
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the generation and long-term maintenance of MBC population, AMPK is dispensable for

the generation and long-term persistence of ASC.
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Figure 4.2 AMPK is dispensable for maintaining frequency of long-lived plasma
cells. (A) Schematic of the immunization strategy using mice with mb1-integrated Cre
such that Cre is constitutively expressed exclusively in the B lineage starting from the
pro-B cell stage. Mice were immunized with NP-KLH, boosted at week 3, and harvested
eight weeks post boost to screen specifically for long-lived plasma cells that remain long
after the peak of the GC response. (B) Representative flow plot and quantification of
total CD138"TACI" bone marrow cells. (C) Left panel, representative ELISpot wells
depicting density of bone marrow NP-specific IgM and IgG1 secreting cells; 2 x 10° total
bone marrow cells plated per well. Right panel, numbers of NP-specific IgM and IgG1
per 10° total marrow cells in Prkaa1™ and Prkaa1””2 mice at the time of harvest. Data
represent mean = SEM of n = 10 Prkaa?™ and 10 Prkaa1* mice.
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As described in Chapter 3, mitochondrial dynamics was dysfunctional in AMPK-
deficient MBC coinciding with increased mtROS, lipid peroxidation, and eventual decline
in the frequency of the MBC population. However, AMPK confers no defect on SLPC or
LLPC numerically (Fig. 4.1 and Fig. 4.2). To assess mitochondrial parameters in AMPK-
deficient LLPC, | stained bone marrow cells with Mitotracker dyes before flow cytometric
analysis of the CD138" B220"° population. Prkaa1™® bone marrow ASCs had less
mitochondrial respiration and mitochondria mass compared to wildtype ASCs as
determined by the MFI of Mitotracker Deep Red and Mitotracker Green, respectively
(Fig. 4.3A). Interestingly, the Mitotacker Deep Red to Mitotracker Green ratio, as an
indicator of dysfunctional mitochondria, was unaltered in Prkaa1** bone marrow ASCs
(Fig 4.3B). mtROS, as determined by MitoSOX staining, was also unimpaired in ASCs
in the absence of AMPK (Fig 4.3C). These data indicate that while AMPK does promote
mitochondrial mass and respiration in LLPC, the homeostasis of mitochondria, at least
in this setting, is independent of AMPK. In contrast to Prkaa?1** MBC, the normal levels

of mtROS in Prkaa1*? LLPC coincide with their intact frequencies.
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Figure 4.3 Loss of AMPK in ASCs leads to decreased mitochondrial respiration
and total mass but is dispensable for mitochondrial homeostasis. (A) Left panel,
representative flow plot depicting MFI of mitochondrial mass (MitoTracker Green) vs.
respiring mitochondria (MitoTracker Deep Red) in marrow ASCs (ASCs: B220"° CD138%)
at harvest following immunization strategy illustrated in Fig. 4.2A. Right panel depicts
quantification of relative MFI values of MitoTracker Deep Red and MitoTracker Green in
ASCs of Prkaa1”* and Prkaa1”” mice. Data are normalized to wildtype MFI values in
each experiment. (B) Mitochondrial quality of bone marrow ASCs calculated as the ratio
of MitoTracker Deep Red MFI to MitoTracker Green MFI as an indicator of levels of
dysfunctional mitochondria. Values are normalized to wildtype values in each
experiment. (C) Mitochondrial-derived ROS in bone marrow ASCs measured by flow
cytometry after MitoSOX labeling following immunization strategy in Fig. 4.2A. The
mean + SEM is displayed from three independent experiments with n = 10 Prkaa1*"*
and n = 10 Prkaa1** mice. ** p < 0.01, *** p < 0.001 (Student’s t-test (A)).
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IV. AMPK attenuates antibody synthesis, likely by dampening mTORC1 activity

The primary function of ASCs is immunoglobulin production. To test if loss of
AMPK led to changes in antibody production in primary responses, | immunized mice
with NP-KLH as in Fig. 4.1A and collected sera weekly to screen for NP-specific IgM
and IgG1 (Fig. 4.4A). Despite similar numbers of antigen-specific IgM and 1IgG1 ASCs,
there was a substantial increase in circulating anti-NP IgM and 1gG1 as early as two
weeks after the initial immunization in the absence of AMPK (Fig. 4.4B,C).

A critical function of germinal centers is to generate antibody diversity and select
high-affinity BCR and antibodies after iterative rounds of mutations and selection (Bozic
et al., 2007). The affinity of polyclonal serum antibodies to NP can be determined by
ELISA using NP27-BSA and NP»-PSA antigens. Only high affinity antibodies remain
bound to low ratios of NP conjugated to protein. Similar to all-affinity antibodies, loss of
AMPK led to an increase in high affinity IgG1 (Fig 4.4D). There was no difference in the
ratio of NP2/NP27 binding IgG1 indicating AMPK is nonessential for affinity maturation,
i.e. antibody quality (Fig. 4.4E). Analogous to IgG1, IgG2c NP-binding antibodies of all

and high affinities were also enhanced in Prkaa1**

mice (data not shown for the
interest of simplicity). Data indicate that although AMPK is dispensable for the
frequency of SLPC generated in primary antibody responses, AMPK dampens the

overall amount of antigen-specific antibody generated.
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Figure 4.4 Loss of AMPK leads to increased IgG1 primary humoral responses. (A)
Schematic of immunization strategy with NP-KLH using mice harboring a tamoxifen-
inducible Cre under control of a B lineage restricted promoter, huCD20. Mice were
treated with tamoxifen to induce B-cell specific deletion of Prkaa1 and then immunized
and boosted at week three with NP-KLH. Mice were bled to collect sera weekly to
monitor primary immune responses. Circulating NP-specific (B) IgM, (C) IgG1, and (D)
high affinity IgG1 at weeks 1, 2, 3, and 4 after initial immunization determined by ELISA
where sera were diluted in the linear range (1:2,000 for IgM and 1:50,000 for IgG1);
week 3 sera was collected immediately before the booster immunization. (E) Affinity
maturation depicted by the ratio of week 3 ELISA OD values of NP2 binding 1gG1
antibodies (high affinity) to NP27 binding 1IgG1 antibodies (all affinity). The mean + SEM
is displayed with at least n = 8 Prkaa1™ mice and n = 9 Prkaa1*“ mice in four (B, C) or
two independent experiments (D, E). * p < 0.05, ** p < 0.01, *™* p < 0.001 (two-way
ANOVA with Sidak’s multiple comparisons (C, D)).
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The most durable humoral immunity is due to antibody continuously produced by
the LLPC population that remain long after the antigen has been cleared. Most of what
was screened for in Fig. 4.4 was likely derived from SLPC. To determine the role of
AMPK in LLPC antibody production, mice were immunized with NP-KLH, boosted at
week 3, and harvested eight weeks later as in Fig. 4.2A (Fig. 4.5A). NP-specific IgM

was unaltered in Prkaa1??

mice compared to wildtype controls (Fig. 4.5B). However,
similar to primary responses, antigen-specific IgG1 antibody production was enhanced
in Prkaa1”® LLPC (Fig. 4.5C). All together, AMPK appears to be nonessential for the

generation and persistence of ASCs. However AMPK lessens IgG1 production in both

SLPC and LLPC.
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Figure 4.5 AMPK dampens LLPC IgG1 antibody production. (A) Schematic
depicting immunization of mb7-Cre mice with a hapten-carrier. Mice were immunized
with NP-KLH, boosted at week 3, and sera collected eight weeks post boost to screen
specifically for the function of long-lived plasma cells that remain long after the peak of
the GC response and the demise of short-lived plasma cells. Circulating NP-specific (B)
IgM and (C) IgG1 in the sera eight weeks post the booster immunization. Data
represent three independent experiments with 10 wildtype and 10 Prkaa1*® mice. ** p
< 0.01 (Student’s paired t-test(C)).
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Several models, none mutually exclusive of another, could account for the
apparent paradox of persistently higher antibody concentrations in the absence of any
increase in ASCs derived from AMPKa1-deficient B cells. First, loss of AMPKa1 in B
cells may lead to increased rates of antibody production per ASC. Second, for primary
responses, loss of AMPKa1 from B cells might lead to enhanced formation of plasma
cells that generate higher circulating antibody but die before time of analysis. To explore
these possibilities, | used in vitro cultures to test the effect of AMPKa1 on plasma cell
differentiation and antibody production. For these in vitro studies, B cells purified from

+/+

tamoxifen-injected Rosa26-CreER™ mice (Prkaa1” or Prkaa1**) were cultured with IL-4
on NB-21.2D9 feeder cells as described (Nojima et al., 2011; Kuraoka et al., 2016). When
CD138 and B220 expression were analyzed every three days for nine days of co-culture
with the BAFF, CD40L, and IL-21-expressing feeder cells, no differences were observed
in the frequency or number of plasma cells (B220"° CD138") (Fig. 4.6A), suggesting that
AMPKa1 is dispensable for plasma cell differentiation. To test the effect of B cell
AMPKa1 on antibody production throughout the co-culture, IgG1 was measured in
supernatants. Despite similar numbers of plasma cells, cultures with AMPKa1-deficient
B cells accumulated three-fold higher concentrations of antibody in their supernatants
from days six to nine (Fig. 4.6B). Thus, consistent with the in vivo serologies, loss of
AMPKa1 led to an increase in antibody in the supernatant despite comparable plasma
cell numbers.

To test if similar frequencies of B220° CD138" cells translated to similar numbers

of functional ASCs, | performed ELISpot analyses on day 9 cultures. These assays

detected ~40 IgG1-secreting cells per 500 plated differentiated cells for both AMPKa1-
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deficient and -sufficient B cells (Fig. 4.6C). Despite similar numbers of IgG1-secreting
cells after nine days of co-culture, the mean spot size for AMPKa1-deficient plasma
cells was enhanced almost two-fold (Fig. 4.6D) suggesting increased antibody per cell.
To obtain enough plasma cells for downstream biochemical assays, | activated
and cultured wildtype and AMPKa1-deficient B cells using LPS. The effect of AMPK on
LPS activated cells concerning plasma cell differentiation and antibody production
mirrors phenotypes of B cells activated on NB.21-2D9 feeder cells but LPS data not
shown here for simplicity (if interested, see Brookens et al. 2020, Supplemental Fig. 2C,D). After
an 8-day treatment of B cells with LPS, BAFF, IL-4, and IL-5, immunoblots probing

whole cell lysates for total immunoglobulin revealed that Prkaa?*?

samples exhibited
increased heavy and light chain expression compared to wildtype controls (Fig. 4.6E).
All together, these in vitro results indicate that the increase in antibody observed from

AMPKa1-deficient ASCs was due to an increase in antibody production on a per cell

basis.
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Figure 4.6 AMPK is dispensable for plasma cell differentiation but attenuates
antibody production in vitro. (A) Representative flow plots (left panel) and total
number (right panel) of CD138" B220" cells on days 3, 6, and 9 during plasma cell
differentiation after B cells from Prkaa1** or Prkaa1®* mice were co-cultured on NB-
21.2D9 feeder cells. (B) Concentration of IgG1 detected in the supernatants collected
on days 3, 6, and 9 of co-culture. (C) Representative wells and quantification of ELISpot
analysis depicting numbers of IgG1 secreting cells per 500 plated day 9 cultured cells.
(D) Mean spot size of IgG1 ASCs from day 9 cultures of Prkaa1** or Prkaa1** mice
determined by ELISpot analysis. (E) Expression of immunoglobulin on day 8 lysates
after activation with LPS, BAFF, IL-4, and IL-5. Data represent three experiments with 6
vs. 5 mice. * p < 0.05, *™* p < 0.0001 (Two-way ANOVA with Sidak’s multiple
comparisons test (B), Student’s t-test (D)).
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To distinguish the role of AMPKa1 on rates of antibody synthesis and/or
immunoglobulin secretion, we performed [’H]-leucine pulse-chase analyses after re-
plating equal numbers of LPS-differentiated cells. Recall from Fig. 2.4 a brief summary
of the pulse-chase optimization and that loss of Prkaa? did not alter [*H]-leucine uptake.
AMPKa1-deficient cells exhibited increased intracellular and secreted [*H]-leucine
labeled immunoglobulin (Fig. 4.7A,B). Specifically, AMPKa1-deficient cultures had ~6.5
fmol [°H]-leucine incorporated in antibody after 1h of labeling compared to ~3.5 fmol of
wild-type controls (Fig. 4.7A). The similar ratio of secreted to intracellular [*H]-antibody
after labeling suggests that the increase in antibody was not due to increased secretion
rates (Fig. 4.7C). Therefore, increased synthesis was the basis for higher IgG1

1A/A

production in Prkaa cells. Together, these data demonstrate that AMPKa1 in B cells

restrains rates of antibody synthesis in plasma cells.
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Figure 4.7 AMPK attenuates antibody synthesis. (A) Left panel, representative

+/+

salicylate fluorography of protein G precipitates from day 7-LPS Prkaa1*™* or Prkaa1**

lysates after one hour of labeling with [*H]-leucine and chased at indicated times. Right
panel, quantification of [°H]-leucine incorporated into lysate protein G precipitates, as an
indicator of intracellular IgG1. (B) Left panel, representative salicylate fluorography of
protein G precipitates from day 7 LPS-culture supernatants with labeling and chase
times as in panel (A). Right panel, quantification of [°H]-leucine incorporated into
supernatant protein G precipitates, as in indicator of secreted IgG1. (C) Ratio of [°H]-
leucine incorporation in the supernatant to incorporation in the lysate as an indicator of
secretion efficiency. Data are representative of three independent experiments using n
= 3 Prkaa1**and 3 Prkaa1®” mice. ** p < 0.01, *** p < 0.001 (two-way ANOVA with

Sidak’s multiple comparisons (A, B)).
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AMPKa1 inhibits mechanistic target of rapamycin complex 1 (mTORC1) activity
both indirectly through the activation of TSC2 and directly by an inhibitory
phosphorylation of Raptor, an essential component of mMTORC1 (Gwinn et al., 2008). Loss
of Raptor in B cells led to poor antibody responses in vivo (Raybuck et al., 2018; Jones et al.,
2016). To evaluate mTORC1 activity in AMPKa1-deficient B cells, we performed
immunoblots for mTORC1 targets using extracts of B lymphoblasts. Consistent with the
canonical model, loss of AMPKa1 led to elevated expression of downstream mTORC1
targets, phospho-S6°2°°2%¢ and phospho-4E-BP173"%¢ (Fig. 4.8A, B). Similarly, LLPC in
Prkaa1” mb1-Cre mice had elevated levels of phospho-S6 compared to wildtype
controls after undergoing the immunization strategy illustrated in Fig. 4.2 (Fig. 4.8C).
Because mTORC1 promotes protein synthesis, the elevated levels of antibody
production observed with AMPKa1-deficient plasma cells are consistent with the

increase in mMTORC1 activity.
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Figure 4.8 Increased mTORC1 signaling in the absence of AMPK in the B lineage.
Immunoblot of mTORC1 targets (A) pS6°*2% and (B) p4E-BP17746 in 2-day
LPS/BAFF activated Prkaa1™* and Prkaa1*? B cells. Expression is quantified in the
right panels as the ratio of indicated phospho-protein to the total protein. Values
determine using Image J densitometry. Data represent three independent experiments.
(C) Representative histogram and quantification of the MFI of phospho-S6 in bone
marrow ASCs (B220"° CD138*) determined by flow cytometrX/. Data represent two
independent experiments with n = 6 Prkaa1”*and n = 6 Prkaa1”* mice. * p <0.05 **p
< 0.01 (paired Student’s t-test (A,B), Student’s t-test (C)).
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12 mice was due to

To test if the increase in antibody produced in Prkaa
increased mTORC1 activity, | integrated the Rptor” allele to generate Prkaa1” Rptor™
huCD20-CreER™ mice. Regulatory-associated protein of mTOR (Raptor), encoded by
Rptor is an adaptor protein essential for mTORC1 activity (Kim et al., 2002). Hemizygous
loss of Rptor in B cells led to reduced class-switched antibody responses to
immunization compared to wildtype (Cho et al., 2016; Raybuck et al., 2018; Raybuck et al., 2019).
huCD20-CreER™ mice harboring wildtype, Prkaa1”, or Prkaa1” Rpto/“ alleles were
immunized with NP-KLH after tamoxifen injections to investigate primary antibody
responses (Fig 4.9A). Consistent with increased mTORC1 activity in Prkaa1*” bone
marrow plasma cells, MFI values of phospho-S6 Prkaa1® splenic ASCs were also
enhanced compared to wildtype (Fig. 4.9B). However, additional loss of one allele of
Rptor attenuated phospho-S6 of Prkaa1%2 splenic ASCs down to wildtype levels, which
coincided with a restoration of wildtype amounts NP-specific IgG1 in the terminal sera

(Fig. 4.9C). These data indicate that AMPK limits IgG1 production by negative

regulation of mMTORC1.
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Figure 4.9 AMPK dampens antibody production through down regulation of
mTORC1. (A) Schematic of immunization strategy with NP-KLH. HuCD20-CreER'™
mice were treated with tamoxifen to induce B-cell specific deletion of Prkaai or
additional loss of one copy of mTORC1 essential gene Raptor (Rptr) and then
immunized, boosted at week three with NP-KLH, and harvested one week post boost to
test primary responses, analogous to Fig 4.4A. (B) Left panel, representative flow plot
depicting expression of phospho-S6 in wildtype, Prkaa1®?, and Prkaa1?® Rptr *
splenic ASCs (ASCs: B220"° CD138"). Right panel, quantification of phospho-S6
expression represented by relative MFI values in splenic ASCs at the time of harvest.
(C) Circulating NP-specific IgM and IgG1 at the week four time point; values are ELISA
OD values at the linear portion of the curve (1:2,000 for IgM and 1:50,000 for 1gG1).
Data are representative of two independent experiments with at least n = 7 wildtype (@),
n = 8 Prkaa1®?(0), and n = 5 Prkaa1?? Rptr #* mice (®). * p < 0.05, ** p < 0.01
(Student’s t-test (B,C)).

115



In parallel to in vivo results, hemizygous loss of Rptor in Prkaa1”® mice
attenuated the 1gG1 detected in the supernatant to normal levels after a 7-day culture
with LPS, BAFF, IL-4, and IL-5 (Fig. 4.10A). The restoration of antibody levels was not
due to a decrease in plasma cell frequency in Prkaa1** Rptor””* cells (Fig. 4.10B).
mTORC1 regulates multiple targets involved in the translation of ribosomal proteins and
translation factors, potentially supporting the synthesis of antibodies in ASCs (Fonseca et
al., 2014). To test the effect of Rptor””* on immunoglobulin synthesis in Prkaa1** ASCs, |
pulsed equal numbers of day-7 LPS cultures with [°H]-leucine before salicylate
fluorography of membranes with protein G precipitates (Fig. 4.10C). Prkaa1” Rptor™”*
samples had less [°H]-leucine incorporation into the light and heavy chains of IgG than
Prkaa1”? samples as determined by exposed membranes and scintillation counts (Fig.
4.10D). All together, the evidence suggests that AMPK limits antibody synthesis by

antagonizing mTORC1 activity.
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Figure 4.10 AMPK dampens IgG1 synthesis through down regulation of mTORCA1.
(A) Relative levels of IgG1 detected in the supernatant eight hours after plating 5 x 10*
cells/100uL of day-7 LPS/BAFF/IL-4/IL-5 cultured Prkaa1**, Prkaa1“*, and Prkaa?“*
Rptr “*cells. (B) Frequency of B220°CD138" cells on day 7 of LPS/BAFF/IL 4/IL-5
culture. (C) Salicylate fluorography of protein G precipitates in lysates following a six-
hour of pulse of day-7 cultures with [°H]-leucine. Membranes were subjected to 4 day
(upper panel) or 2 week exposure (lower panel). (D) [*H]-leucine incorporation depicted
by scintillation counts per minute (CPM). Data |n (A) and (B) are representative of n = 6
Prkaa1™, n =7 Prkaa1®?, and n = 6 Prkaa1“* Rptr%* mice. * p < 0.05 (Student’s t-test

(A))-
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V. Discussion

Short and long-lived plasma cells are critical for the production of antibodies that
provide protection against pathogens and their endotoxins. The energetic demands
necessary for immunoglobulin synthesis and the microenvironments in which ASCs
reside necessitate that this unique cell type has evolved specialized metabolic programs
to maintain fitness and function. However, at the time of my thesis, the extrinsic and
intrinsic factors that specifically support plasma cell metabolism have only recently
garnered attention and many unanswered questions remain. Currently, for every six
publications elucidating various aspects of T cell metabolism there is only one on B cells
and even fewer concerning plasma cells specifically. Both B and T lymphocytes go
through parallel stages of activation, proliferation, and the formation of memory. This
mimicry allows for educated hypotheses to be made about critical metabolic processes
in B cells from the plethora of new T cell literature. However, there is no corresponding
counterpart in the T lineage for LLPC, which unlike memory cells require high rates of
protein and glucose metabolism to support the synthesis and glycosylation of antibodies
(D’Souza et al., 2019).

Here, in Chapter 4 | have shown that in contrast to MBC, the energy sensor
AMPK is dispensable for plasma cell differentiation, the generation of SLPC, and the
persistence of LLPC populations. However, this metabolic regulator dampens antibody
synthesis in both SLPC and LLPC likely through inhibition of mTORC1. Additionally,
contrary to MBC, mitochondrial homeostasis in LLPC is unaltered by my metrics
highlighting a stark molecular distinction between MBC and bone marrow plasma cells

in their metabolic programming. Chapter 4 findings, summarized in Fig. 4.11, indicate
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that rates of antibody synthesis can be manipulated by modulating nutrient sensor
activity.

Two studies, one of which was published a few months before my work,
concluded that loss of Prkaa in B cells led to no alterations in antibody responses to T-
dependent immunization strategies (Mayer et al., 2008; Waters et al., 2019). However, these
studies used either germ-line AMPK knockout animals, which have B-cell independent
effects of AMPK (Wang et al., 2010; Carroll et al.,, 2013) or in their discussion authors
overlooked their observations on heightened IgM responses in favor of highlighting
interesting novel insights on IgD expression (Wwaters et al., 2019). Here, | used multiple
genetic models, (including deletion of Prkaa1 by Cgamma1-Cre (Casola et al., 2006), data
not shown for simplicity), and in vivo and in vitro approaches which all converge to the
conclusion that AMPK in the B lineage limits antibody synthesis.

mTORC1 in activated B cells, GCB, and plasma cells have all been shown to be
critical for antibody production (Raybuck et al., 2018; Jones et al., 2016; Gaudette et al., 2020). In
Chapter 4, | observed enhanced mTORC1 activity in AMPK-deficient LPS activated B
cells and in ex vivo splenic and bone marrow plasma cells, which corresponded to
elevated antibody production. Additional loss of one Rptor allele, an essential mMTORC1
adaptor protein which has intermediate effects on antibody production when compared
to deletion of both Raptor alleles (Raybuck et al., 2018, Raybuck et al., 2019), restored
antibody in Prkaa1-null cells to normal levels. Thus, my data suggest that AMPK
moderates mTORC1 activity in a manner that maintains a biologically appropriate range
of mMTORC1 signaling that ultimately leads to appropriate levels of antibody generation.

Such “Goldilocks mTOR” may be evolutionarily conserved for purposes of maintaining
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controlled primary humoral responses as it does in T cell differentiation (zeng et al., 2017).
In keeping with these findings, plasma cell associated transcription factor Blimp-1 was
important for the elevated mTORC1 signaling observed in plasma cells with modest
reductions in AMPK activity indicating that mTORC1 is the dominant metabolic regulator
in these cells (Tellier et al., 2016). | have uncovered that AMPK plays a part in the fine-
tuning of mMTORC1 during B cell activation and antibody secretion.

Effects of genetic modifications that persistently increased mTORC1 in B cells
have been studied in several alternative models (Benhamron et al., 2015; Ci et al., 2015;
Ersching et al., 2017). B cell-specific inactivation of Tsc1, which encodes a negative
regulator of mMTORC1 [tuberous sclerosis complex 1 (TSC1)], led to increased Ig
synthesis (Benhamron et al., 2015), akin to results shown here with induced loss of
AMPKa1. However, another study revealed that inactivation of the Tsc? gene led to
modestly impaired antibody responses (Ci et al., 2015). Although TSC1 deficiency in B
cells also had little impact on GC in this study, Ci et al. results did not phenocopy
antibody results with the loss of AMPKa1. However, differences between the two
perturbations of AMPK and Tsc1 loss may vary because both regulate other pathways
in addition to mTORC1 and their loss leads to different degrees of increase in mTORCA1
activity. Analogous points apply to findings with a constitutive knock-in of a gain-of-
function mutation in an upstream regulator that promotes mTORC1 activity (Ersching et
al., 2017).

As discussed in Chapter 3, AMPK and mTORCH1 reciprocally regulate canonical
autophagy. In a manner mirroring our findings with AMPKa1, Atg5 in B cells was critical

for limiting excessive immunoglobulin production by plasma cells (Pengo et al., 2013),
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which was attributed to a function in restraining endoplasmic reticulum stress signaling.
However, recall that LC3-ll conversion was intact in Prkaa1-null B cells; specifically,
LC3 autophagosome puncta were apparent in CD138" bone marrow cells indicative of
vigorous autophagy despite loss of AMPK (Fig. 3.11). Evidence again underscores the
importance of non-canonical modes of autophagy in the B lineage, including Rubicon-
dependent non-canonical autophagy, which has also been highlighted in GCB in recent
studies (Raso et al., 2018; Martinez-Martin et al., 2017). Though AMPK may play a part in
promoting overall autophagy, evidence indicates that B cells have alternative
mechanisms to bypass the requirement for AMPK in exercising this essential self-
degrading process.

Loss of AMPK impaired mitochondrial respiration and mass in LLPC but in
contrast to MBC, mtROS and mitochondrial quality were intact which coincides with no
defect in longevity. LLPCs have substantial mitochondrial respiratory capacity compared
to their short-lived counterparts and require mitochondrial pyruvate and long-chain fatty
acids for fuel (Lam et al., 2016). It is unclear how AMPK-deficient LLPCs maintain
mitochondrial quality in light of evidence that AMPK is vital for maximal and spare
respiratory capacity in B lymphoblasts and mitochondrial homeostasis in MBCs
(Chapter 3). Here, | speculate on a few possibilities that may explain the differences in
LLPC and MBC and their reliance on AMPK for mitochondrial homeostasis. One
possibility is that LLPCs upregulate HIF and HIF related genes to support survival and
function in the hypoxic niches of the bone marrow (Schoenhals et al., 2017; Spencer et al.,
2014). Ectopic expression of HIF-1a decreased mtROS and mitochondrial genes in a

human cell line and protected against oxidative stress (Li et al., 2019). Increased HIF
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activation in LLPC may keep mtROS levels at bay, even in the absence of AMPK, as
observed here. In support of this hypothesis, loss of AMPKa1 in Ey-Myc lymphoma
cells led to increased HIF-1a expression and a glycolytic signature (Faubert et al., 2013).
Furthermore, several groups have reported the reciprocal regulation of HIF and AMPK
to combat metabolic stress and redundant targets of both signaling pathways have been
identified suggesting that HIF activity in LLPC may compensate for the loss of AMPK
(Dengler et al., 2020).

The difference between MBC and LLPC in their reliance of AMPK for
mitochondrial homeostasis may also be due to distinctions in mitochondrial regulation in
the two subsets. Recall from Fig. 3.1 and 3.2 that wildtype ASCs had less mitochondrial
mass, respiration, and mtROS than activated B cells or any other B lineage subsets
measured ex vivo. Blimp1 transcription factor, which governs plasma cell differentiation,
reduces mitochondrial mass and mtROS in these cells (Jang et al., 2015). Plasma cells
had less mitochondrial content and mtROS compared to naive and germinal center in
vivo in recent study as well (Haniuda et al., 2020). B cells The need for AMPK to turnover
accumulating mitochondria in plasma cells may be less critical since plasma cells are
more likely to have lower mitochondrial mass and membrane potential than IgG1* B
cells (Jang et al., 2015).

Lastly, ASCs may exhibit decreased mitochondrial mass, respiration, and mtROS
than MBC due to cell size. Recall from Chapter 3 that cell size distinguishes ASCs from
other cell types in the B lineage and that LLPC in the bone marrow are even larger than
SLPC in the spleen, which accommodate expanded endoplasmic reticulum and Golgi

machinery. The allometric scaling phenomenon suggests that the biophysical properties
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of larger cells and organisms limits metabolism including mitochondrial activity (Miettinen
et al., 2017; West et al., 2002; West et al., 2005). The reduced but dispersed mitochondria
observed in plasma cells potentially leads to increased fitness for these larger cells with
higher energy demands and highlights differential regulation of mitochondria in ASCs
compared to other B cell subtypes.

Here, | have provided evidence that AMPK dampens antibody synthesis, which
may be a potential target for limiting autoantibody production. Mechanisms that govern
sufficient ATP generation in plasma cells to fuel metabolically demanding processes
such as antibody synthesis needs to be further explored to better understand how this

unique subset maintains fitness.
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Figure 4.11 AMPK attenuates antibody synthesis. AMPK is dispensable for
generating and maintaining ASCs. However Prkaa7-null ASCs exhibit increased 1gG1
synthesis due to increased mTORC1 signaling indicating that AMPK down-regulates
antibody synthesis. Figure is modified from Brookens et al 2021.
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CHAPTER 5

GLUCOSE AND GLUTAMINE METABOLISM ARE CRITICAL
FOR EFFECTIVE PRIMARY HUMORAL RESPONSES

The work presented in this chapter is unpublished findings concerning glucose
metabolism and glutaminolysis in B cells and antibody responses

I. Abstract and Significance

Glucose and glutamine metabolism are critical for supporting B cell activation,
differentiation, and antibody production. However, the interplay between the two carbon
sources is not clearly elucidated in in vivo humoral responses. Glucose has been
previously shown to be critical for biosynthesis in activated B cells and important for the
glycosylation of antibodies in plasma cells. Previous reports indicate that glutamine
supports anaplerotic reactions in activated B cells and plasma cells and promotes
plasma cell differentiation in vitro. Here in Chapter 5, | used genetic mouse models to
disrupt glucose transport and glutaminolysis in the B lineage to show that loss of both
Glutt and Gls1 synergistically attenuate I1gG1 class-switching, plasma cell
differentiation, and IgG1" antibody responses highlighting overlapping metabolic
pathways from distinct carbon fuels. Additionally, my findings extend previous reports
on the essential role for Glut1 and glutamine metabolism on antibody responses and
further expand on the role of these pathways in affinity maturation, in fate decisions, and

class-switching.
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Il. Introduction

AMPK regulates a plethora of downstream metabolic pathways including those
involving glucose and glutamine metabolism. AMPK downregulated glycolysis in
CD3/28 activated T lymphocytes, leukemic T cells, and Ep-Myc® lymphoma cells
(Maclver et al., 2011; Kishton et al., 2016; Faubert et al., 2013). Enhanced glycolysis in the
absence of AMPK is consistent with evidence that AMPK protects against the Warburg
effect in some settings (Li et al., 2015; Liu et al., 2020). However, in other settings AMPK
promotes glucose (and glutamine) metabolism in T cells (Blagih et al., 2015). EX vivo
analysis after r(LmOVA-infection revealed that AMPK expressing CD8" T effector cells
had increased expression of glucose transporter Glut1, increased glucose uptake, as
well as enhanced expression of glutaminolysis-related genes compared to AMPK-
deficient T cells (Blagih et al., 2015). Conversely, low glucose or glutamine conditions lead
to AMPK activation to promote energy conservation in lymphocytes and a lymphoma
cell line (Rolf et al., 2013; Blagih et al., 2015; Maclver et al., 2011; Faubert et al., 2013). In nutrient
poor settings, AMPK supports viability by enabling metabolic plasticity; AMPK in
glucose-starved T cells was critical for switching from glycolysis to glutamine-dependent
oxidative phosphorylation (Blagih et al., 2015). Due to the role of AMPK on glucose and
glutamine metabolism, | sought to focus on glucose and glutamine metabolism
specifically in humoral immunity.

B cells have increased glucose and glutamine uptake upon activation or entry

into germinal centers (Caro-Maldonado et al., 2014; Cho et al., 2011; Doughty et al., 2006; Dufort et
al., 2007; Jellusova et al., 2017; Waters et al., 2018; Masle-Farquhar et al., 2017; Brand et al., 1989;

Jayachandran et al., 2018; Haniuda et al., 2020). Molecularly, activated lymphocytes increase

activities of the enzymes that metabolize glucose, glutamine, fatty acids, and ketone
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bodies. However, glycolytic- and glutaminolysis-related enzymes are quantitatively the
most active (Curi et al., 1999; Fitzpatrick et al., 1993). Glycolysis and glutaminolysis provide
metabolic intermediates for biosynthetic pathways. Specifically, the glycolytic metabolite
glucose-6-phosphate is a precursor to ribose and NADPH, which are essential for
nucleotide and fatty acid synthesis respectively. Glycolytic intermediate glycerol 3-
phosphate is a precursor for phospholipid synthesis. In activated lymphocyte cultures,
most of the glucose is routed to these biosynthetic intermediates to support proliferation
while glutamine fuels the TCA cycle after conversion to glutamate and then a-
ketoglutarate (Waters et al., 2018; Le et al., 2019; Curi et al., 1999; Fitzpatrick et al., 1993). Alpha-
ketoglutarate is also a substrate for histone and DNA demethylases that regulate
epigenetic reactions (Nakajima et al., 2014). In addition to anaplerosis and regulation of
chromatin accessibility, glutamine is also a source of nitrogen, which is essential for the
generation of purines and pyrimidines.

Beyond B cell activation, plasmablasts and plasma cells have unique

requirements for glucose and glutamine metabolism (Crawford et al., 1985; Vijay et al., 2020;
Lam et al., 2016; Lam et al., 2018; Garcia-Manteiga et al., 2020; Dufort 2014 et al., 2014; Bertolotti et al.,

2010). Glutamine was required for plasma cell differentiation in vitro (Crawford et al., 1985).
Plasmablasts have an increased demand for glutamine compared to GCB after
Plasmodium infection resulting in competition for this amino acid between B lineage
subsets in the spleen (Vijay et al., 2020). Glutamine contributes as an amino acid building
block used for immunoglobulin synthesis in plasma cells and provides NADPH
necessary for antioxidant responses (Lam et al., 2018; Bertolotti et al., 2010; Garcia-Manteiga et
al., 2020). Glucose carbons are used for de novo lipid synthesis used in the expanding

ER membranes of plasma cells (Dufort et al., 2014). Furthermore, long-lived plasma cells,
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which take up more glucose than their short-lived counterparts, use ~90% of imported
glucose for the glycosylation of antibodies (Lam et al., 2016). In Chapter 5, | provide
evidence that glucose availability has effects on B cell fate and affinity maturation after
germinal center responses. | expand on the role for glutamine metabolism in plasma cell
differentiation and IgG1 class-switching. Furthermore, | present new evidence indicating

that glutamine and glucose metabolism has redundant functions in antibody responses.

lll. Glucose uptake, glycolysis, and mitochondrial function are disrupted in
activated Glut1-deficient B cells

To investigate the role of glucose metabolism on B cell responses | crossed
Glut1™ mice, a generous donation from Jeff Rathmell, to huCD20-Cre-ER™ mice.
Glut1™ huCD20-Cre-ER™ is a tamoxifen-dependent inducible model where Glut1, a
glucose transporter, is deleted from mature B cells after tamoxifen injection. Expression
of Slc2a1 mRNA, which encodes for Glut1, was reduced in Glut1” huCD20-Cre-ER™ B
cells compared to Glut1™”* huCD20-Cre-ER™ controls after 2-day treatment with LPS,
BAFF, and 4-hydroxy-tamoxifen (Fig. 5.1A). Lymphocytes express various glucose
transporters including Glut1 (Maratou et al., 2007; Caro-Maldonado et al., 2014; Macintyre et al.,
2014; Liu et al., 2014; Kojima et al., 2009; Choi et al., 2018). However, loss of Glut1 alone was
sufficient to decrease glucose uptake in 2-day LPS-activated B cells after 4-hydroxy-
tamoxifen treatment (Fig. 5.1B). Furthermore, ex vivo uptake of fluorescently labeled
glucose analog 2-(N-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose (2-NBDG)
was decreased two-fold in CD138" TACI" antibody secreting cells (ASCs) in tamoxifen

injected Glut1” huCD20-Cre-ER™ (Glut1**) mice compared to wildtype ASCs (Fig.
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5.1C). There are several caveats with equating 2-NBDG uptake to glucose uptake
(Sinclair et al., 2020). However, Seahorse analysis also indicated defects in the
extracellular-acidification rate (ECAR) as a surrogate for glycolytic functions in 2-day
LPS and BAFF activated Glut1®”? B cells (Fig. 5.1D). Challenging B cells with ATP

172 cells

synthase inhibitor oligomycin did not promote any increases in ECAR in Glut
suggesting that Glut1 is involved in mitochondrial stress-response pathways (Fig. 5.1E).
Multiple molecules and metabolic processes can lead to extracellular acidification
including lactate, which is one of many downstream metabolites of glycolytic end-
product pyruvate (Mookerjee et al., 2015; Gray et al., 2014). Notwithstanding, Glut1 in LPS-

activated B cells supported glycolysis, glycolytic capacity, and glycolytic reserve in B

cells as interpreted by the Seahorse Agilent platform (Fig. 5.1 F-H).
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Figure 5.1 Reduced expression of Slc2a1, glucose uptake, and glycolytic function
in Glut1-deficient B cells. (A) Sic2a1 expression, encoding for Glut1 in B cells, in 4-
hydroxy-tamoxifen treated wildtype and Glut1” CD20-ER™Cre 2-day LPS blasts
determined by Real Time PCR. (B) 2-[1,2->H]-deoxy-glucose uptake in 2-day Glut1**
and Glut1”? LPS blasts after depleting intracellular stores by starvation. (C) Ex vivo 2-
NBDG uptake of splenic CD138"TACI* in Glut1™* and Glut1*” mice. (D) Extracellular
acidification rate (ECAR) during Agilent Seahorse Glycolytic Stress Test or (E)
Mitochondrial Stress test after Glut1”* or Glut1”* were activated with LPS, BAFF, IL-4,
and IL-5 for 2 days. (F) Glycolysis, indicated by glucose induced ECAR, is calculated by
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Agilent Seahorse XF Glyco Stress Test Report Generator. (G) Glycolytic capacity,
indicated by glucose and oligomycin-induced ECAR; oligomycin is an inhibitor of the
ATP synthase. (H) Glycolytic reserve, determined by oligomycin-induced ECAR. In (A-
C, F-H) each dot represents a mouse where black circles (®) represent Glut1™* and red
circles (®) represent Glut1”®. Data in D-H are representative of two independent
experiments with n = 7 Glut1”* mice and n = 5 Glut1”* mice. * p < 0.05, ** p < 0.01, ****
p < 0.0001 (Student’s t-test (A,C), two-way ANOVA with Sidak’s multiple comparisons
(D), paired Student’s t-test (E), Student’s t-test (F-H)).

Glucose taken up by activated B cells is used primarily for biosynthetic pathways
with very little contribution to oxidative phosphorylation (Doughty et al., 2006; Waters et al.,
2018). It was surprising therefore that loss of Glut1 led to defects in the oxygen
consumption rate (OCR) of LPS, BAFF, IL-4, and IL-5 activated B cells in the
Mitochondrial Stress Test by Seahorse Agilent (Fig. 5.2A). Though basal respiration,
represented by the OCR values before the addition of ATP synthase inhibitor
oligomycin, was not significantly altered by the loss of Glut1, maximal and spare
respiratory capacity were impaired in Glut1-deficient B cells compared to wildtype cells
(Fig. 5.2B,C). These data indicate that Glut1 in activated B cells promotes optimal
respiratory function of mitochondria. Taken together, Glut1 in B cells promotes optimal

mitochondrial activity and glycolytic function as determined by Seahorse Agilent

Technologies.
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Figure 5.2 Glut1 is supportive of mitochondrial function in activated B cells. (A)
Oxygen consumption rate (OCR) during Agilent Seahorse Mitochondrial Stress test
after Glut1** or Glut1”* were activated with LPS, BAFF, IL-4, and IL-5 for 2 days. (B)
Maximal and (C) Spare respiratory capacity calculated by Agilent Seahorse XF Mito
Stress Test Report Generator. Data are representative of two independent experiments
with n = 7 Glut1** mice and n = 5 Glut1”* mice. * p < 0.05, ** p < 0.01, *** p < 0.001
(two-way ANOVA with Sidak’s multiple comparisons (A), Student’s t-test (B,C)).
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IV. Glut1-deficiency alters B cell fate decisions favoring MBC over ASC
generation

| next sought to determine the effect of Glut1 on primary humoral responses.
Loss of Glut1 in B cells driven by CD19-Cre led to decreased antibody responses to
NP-chicken gamma globulin (Caro-Maldonado et al., 2014). In this CD19-Cre model, Glut1 is
deleted at the pre-B cell stage of B cell development (Rickert et al., 1997) when glucose
and glycolysis was reported to be critical (Kojima et al., 2009; Urbanczyk et al., 2018).
Consistent with the importance of Glut1 on B cell development, Glut1” CD19-Cre mice
had three-fold less splenic B cells than wildtype mice before immunization (Caro-
Maldonado et al., 2014). To test the role of Glut1 specifically on primary B cell responses
without the confounding factor of Glut1-loss in immature B cells, | used the huCD20-
CreER'™ tamoxifen-inducible model to delete floxed alleles of Glut1 from mature B cells
immediately before intraperitoneal immunization and boost with NP-ovalbumin (Fig.
5.3A).

Germinal center B cells increase glucose uptake as determined by 2-NBDG
fluorescence (Recall Fig 3.1B) (Jellusova et al., 2017; Haniuda et al., 2020). Surprisingly,
however | found that the frequency and absolute numbers of total and antigen-specific

172 mice a week after the

germinal centers were unimpaired in the spleens of Glut
booster immunization (Fig. 5.3B). Despite no change in GCB, the frequency and
number of total and NP-specific phenotypical memory B cells (MphenBC: B220" GL7
IlgD” CD38" NP*) was enhanced ~two-fold in Glut1*” mice compared to wildtype (Fig.
5.3C). In contrast, Glut1*”* mice had defects in the frequency of splenic NP-specific

IgG1 ASCs, especially those that bind antigen with high affinity (Fig. 5.3D). NP-specific

IgM secreting cells in response to NP-ova immunization was unaltered in the absence
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of Glut1. Data indicate that Glut1 expression plays a role in regulating B cell fate
decisions where its loss tilts the balance toward memory generation. | speculate that

1A/A

decreased glucose uptake in activated B cells of Glut mice leads to MphenBC

differentiation and disfavor towards an IgG1-secreting plasma cell fate.
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Figure 5.3 Glut1-deficient B cells favor the My,.n.BC over the ASC fate. (A)
Schematic depicting immunization strategy with a hapten-carrier to test primary humoral
responses in the absence of B cell intrinsic Glut1. Mice were immunized with NP-ova
after tamoxifen-induced deletion of Glut1 from mature B cells. Mice were harvested at
week 4 folllowing a booster immunization at week 3. (B) Representative flow plots and
quantification depicting frequency and total number of NP-specific GCB from the B220"
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IgD” Dump™ gate (Dump: CD11b, CD11c, F4/80, Gr1, 7-AAD) in naive, wildtype and
Glut1 “* mice; (GCB: Fas® GL7"). (C) Left panel, representative flow plots depicting
frequency of MynenBC and NP* MphenBC (MpnenBC: B220" CD38") from the B220" IgD
Dump™ gate. Right panel, quantification of total number of splenic NP* MphenBC. (D) Left
panel, representative ELISpot wells depicting density of NP-specific IgM, IgG1 ASCs of
all and high affinity in the spleen; 5 x 10° total splenocytes plated per well. Numbers of
all affinity NP-specific IgM and IgG1 secreting cells (middle panel) or high affinity NP-
specific IgG1 secreting cells (right panel) per 10* total splenocytes in Glut1™* and Glut1
Y2 mice at the time of harvest. Data are representative of n = 7 wildtype and n = 5 Glut1
Y4 mice in two independent experiments. * p < 0.05 (Student’s t-test (C) and Mann-
Whitney U test (D)).

V. Glucose metabolism is critical for affinity maturation

Loss of Glut1 in B cells immediately prior to immunization had modest to no
defect in circulating IgM and 1gG1 that bind to NP after the immunization strategy
depicted in Fig. 5.3A (Fig. 5.4A, B). One critical function of germinal centers is to
generate antibody diversity and select high-affinity (B cell receptors) BCR and
antibodies after iterative rounds of mutations and selection (Bozic et al., 2007). The affinity
of polyclonal serum antibodies to NP can be determined by ELISA using NP»7-BSA and
NP2-PSA where only high affinity antibodies remain bound to low ratios of NP
conjugated to protein. Glut1 in B cells was particularly critical for the generation of
circulating high affinity NP-specific IgG1 antibody (Fig. 5.4C). The 2-fold decrease in the
ratio of NP2/NP,7 binding IgG1 indicates that Glut1 is essential for affinity maturation,
i.e. antibody quality (Fig. 5.4D). Take together, Glut1 promotes optimal glycolytic and
mitochondrial fitness in activated B cells, balances activated B cell fate decision
between MphenBC and ASC fates in primary responses, and is particularly essential for
the production of high affinity antibodies. | next sought to elucidate the role of glutamine

metabolism in humoral immunity.
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Figure 5.4 Glut1 in B cells supports affinity maturation. All affinity NP-specific (A)
IgM, (B) IgG1, and (C) high affinity NP-specific IgG1 in the sera of Glut1** and Glut1**
mice at the terminal time point in accordance to the immunization strategy depicted in
Fig. 5.4A (D) Affinity maturation calculated by the ratio of ELISA OD values of NP>
binding IgG1 antibodies (high affinity) to NP27 binding 1gG1 antibodies at the linear
range; ratio calculated at the 1:16,000 dilution. Data are representative of n = 7
wildtype and n = 5 Glut1”2 mice in two independent experiments. * p < 0.05, **** p <
0.0001 (two-way ANOVA (C), Student’s t-test (D).
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VI. Glutaminolysis in B cells is critical for mitochondrial function and 1gG1
humoral responses

Glutamine has been proposed to have an anaplerotic role in activated B cells
wherein glutamine is taken up by ASCT2 transporter, converted to glutamate, which is
then converted to alpha-ketoglutarate fueling the TCA cycle (Masle-Farquhar et al., 2017; Le
et al., 2012; Brand et al., 1989; Waters et al., 2018). Glutamine tracer experiments reveal that
glutamine is also incorporated into pyruvate, lactate, alanine, aspartate, and ammonia in
proliferating lymphocytes and plasma cells and thus used as a carbon and nitrogen
precursor for multiple biosynthetic processes (Brand et al., 1989; Garcia-Manteiga et al., 2011;
Lam et al., 2018). However, the role glutamine metabolism in GC responses has not yet
been clearly elucidated.

| sought out to investigate the role of glutamine metabolism in humoral immunity
by genetically disrupting glutaminolysis, one of the main fates of glutamine, in B cells.
Glutaminase 1 (GLS1), first discovered in the kidney in 1958, is a mitochondrial enzyme
that catalyzes the deamidation of glutamine to generate glutamate and producing
ammonia as a byproduct (Klingman, 1958). Gls1 in the T lymphocyte lineage had distinct
roles on CD4" Th1, Th17 and cytotoxic CD8" T cells shedding light on the unique
demands for glutaminolysis on different T subsets (Johnson et al., 2018). Gls1™ mice, a
generous gift from Jeff Rathmell, were crossed with huCD20-CreER™ mice to generate
a tamoxifen-inducible model of GIs1 deletion from mature B cells. Expression of GLS
mRNA and protein was reduced in G/s7” huCD20-Cre-ER"™ B cells compared to Gls1**
huCD20-Cre-ER'™ controls after a 2-day treatment with LPS, BAFF, and 4-hydroxy-

tamoxifen to induce deletion (Fig. 5.5A,B).

138



To determine glycolytic and mitochondrial function in Gls1-deficient activated B
cells, | subjected 2-day LPS, BAFF, IL-4, IL-5 blasts to Seahorse analysis. Gls1 was
dispensable for lactate production as determined by ECAR (Fig. 5.5C). However,
because glycolytic end-product pyruvate has multiple fates apart from lactate and
glycolytic intermediates can be shunted to multiple pathways, the possibility of
alterations in glycolytic flux in GIs14“ B cells cannot be excluded (Gray et al., 2014). In
contrast to no defects in ECAR, oxidative phosphorylation was impaired in G/s1%2 B
cells (Fig. 5.5D). Specifically, the spare respiratory capacity in Gls7*? B cells was
impaired suggesting that glutaminolysis promotes optimal mitochondrial activity (Fig.

5.5E).
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Figure 5.5 Glutaminase 1 is critical for maintaining the spare respiratory capacity
of mitochondria in B cells. (A) GIs gene expression, encoding for glutaminase 1 in B
cells, in 4-hydroxy-tamoxifen treated wildtype and Gis1” CD20-ER"*Cre 2-day LPS-
activated B cells determined by Real Time PCR. Each dot represents a mouse where
black circles (®) represent Gis1”* and blue circles (®) represent Gis1*2 (B)
Representative immunoblot probing for Gls protein in wildtype and Gis?1%2 B cells after
2-day LPS/BAFF activation. Data is representative of at least 3 independent
experiments. (C) Glycolytic and (D) Mitochondrial stress tests after Gis1”* or GIs142 B
cells were activated with LPS, BAFF, IL-4, and IL-5 for 2 days. (E) Spare respiratory
capacity of B cells calculated by Agilent Seahorse XF Mito Stress Test Report
Generator. * p < 0.05, *** p < 0.0001 (Student’s t-test (A,E).
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| investigated the effect of B cell-intrinsic glutaminolysis on primary humoral
responses in a lung inflammation model. Wildtype and Gls1** mice were immunized
and boosted a week later with ovalbumin (ova) in alum adjuvant followed by intranasal
rechallenge with 7 daily ova inhalations immediately prior to harvest (Fig. 5.6A). Similar
to Glut1, Gls1 was dispensable for the formation of total GCB in the mediastinal lymph
node (Fig. 5.6B). However, loss of Gls1 led to a two-fold decrease in the frequency of
IgG1" GCB. Additionally, ova-specific IgG1 ASC were reduced in both the lung and
bone marrow of Gls72 mice as determined by ELISpot analysis (Fig. 5.6C). The defect
in the frequency of ova-specific IgG1 ASC coincided with a decrease in circulating anti-
ova IgG1 at the terminal time point (Fig. 5.6D). Data indicate that Gls1 is critical for
generating effective primary IgG1 responses to ova-antigen in a lung inflammation
model.

Uptake of glutamine and other amino acids has been linked to enhanced
glutaminolysis and increased mTORC1 signaling and assembly in human cell lines
(Nicklin et al., 2009; Duran et al., 2012). High amino acid concentrations and mTORC1
activation have also been shown to be critical for antibody production in vitro and
primary B cell responses in vivo (Raybuck et al., 2019; Raybuck et al., 2018). Here, linking
previous studies, genetic reduction in glutaminolysis in B cells led to defects in
mTORC1 signaling in the splenic CD138"TACI* ASC population indicated by decreased
phospho-S6 MFI determined by flow cytometry (Fig. 5.6E). Taken together,
glutaminolysis in B cells, critical for optimal mitochondrial spare respiratory capacity,
promotes mTORC1 signaling and effective IgG1 primary responses in a lung

inflammation model.
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Figure 5.6 GIs1 is essential for IgG1 antibody responses and mTORC1 signaling
in vivo. (A) Schematic of immunization strategy to test the role of B cell intrinsic Gls1 in
primary humoral responses using G/s1” CD20-ER™Cre and wildtype mice. Mice were
injected with tamoxifen to induce B cell specific deletion of GIs1 followed by two
sequential intraperitoneal injections of ovalbumin with alum adjuvant as indicated. Two
weeks after the last injection, mice were rechallenged intranasally with ovalbumin daily
for seven days immediately prior to harvest. (B) Frequency of GCB and IgG1" GCB
cells from the dump (F4/80, CD11c, CD11b, Gr1, IgD) negative gate and the GCB (Fas”
GL7") gate respectively in mediastinal lymph node at the time of harvest. (C) Left panel,
density of ova-specific IgG1 ASCs in the lung and bone marrow of wildtype and Gls1%2
mice at the time of harvest; 10° lung cells plated per well and 2 x 10° bone marrow cells
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plated per well. Middle and right panels, numbers of lung anti-ova IgG1 secreting ASCs
and bone marrow cells per 10* or 10° total cells respectively. (D) Circulating ova-specific
IgG1 in the sera of GIs1** and GIs1*” mice at the time of harvest. Data are
representative of five independent experiments with at least n = 12 wildtype mice and n
= 12 GIs1** mice. (E) Phospho-S6 MFI of splenic CD138" TACI* of n = 6 GIs1”*and n =
7 GIs1”2 mice from two independent experiments. * p < 0.05, **** p < 0.0001 (Student’s
t-test (B, C, E), two-way ANOVA (D)).

Glutamine and glucose metabolism intersect and there are multiple examples in
the literature where lack of one of these substrates leads to altered reliance on the other
in multiple cell types (Stumvoll et al., 1999; Polet et al., 2016; Brand et al., 1989; Blagih et al., 2015;
Gebregiworgis et al., 2017; Mazat et al., 2019; Le et al., 2012; Kaadige et al., 2009). To test if loss of
glutaminolysis in B cells led to alterations in glucose uptake, | performed glucose uptake
assays on 2-day LPS and BAFF activated B cells using radiolabeled 2-DG (Fig. 5.7A).
Activated GIs1%? B cells exhibited increased glucose uptake compared to wildtype B
cells suggesting that disruption in glutamine metabolism leads to a potential
compensatory mechanism involving enhanced glucose uptake.

Many groups have reported that glutamine and pyruvate are two of a few
substrates that may fuel the TCA cycle in anaplerotic reactions supporting mitochondrial
function in immune cells (Le et al., 2012; Brand et al., 1989; Waters et al., 2019; Lam et al., 2018);
substrates promoting anaplerosis are reviewed (Brunengraber et al., 2006). Interestingly,
consistent with glutaminolysis supporting mitochondrial function, activated Gls1”* B
cells had defects in basal OCR when glutamine alone was present in the base media
compared to wildtype cells (Fig. 5.7B). The addition of glucose and pyruvate to the
base media increased the basal OCR in both wildtype and GIs7%* B cells indicating that

multiple fuels contribute to oxidative phosphorylation. Furthermore, glucose and

pyruvate in the base media rescued the defect in the basal OCR of GIs1¥2 B cells
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compared to glutamine only availability. Taken together, these data suggest that
nutrient availability in the microenvironment has consequences on the metabolic activity
of B cells. Additionally, though Gls1 enables B cells to have optimal mitochondrial
function in nutrient-limited conditions, Gls1-deficiency leads to compensatory

mechanisms including increases in glucose uptake.
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Figure 5.7 Loss of GIs1 leads to enhanced glucose uptake. (A) 2-[1,2->H]-deoxy-
glucose uptake in 2-day Gis1™”* and GIs1%? LPS blasts after depleting intracellular
stores by starvation. Each dot represents a replicate from two independent experiments
from n = 6 GIs7** mice and n = 4 GIs1** mice. (B) Basal OCR of GIs1™* or Gls1**in
base media supplemented with either glutamine (Q) alone or Q, glucose, and sodium
pyruvate. Data are representative of three independent experiments with at least n =7
wildtype mice and n = 5 GIs1%* mice. * p < 0.05, ** p < 0.01 (two-way ANOVA with
Tukey’s multiple comparisons (B)).
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VIIl. Glucose and glutamine metabolism synergistically impair class-switching,
ASC, and antibody production

| next investigated the interaction between glucose and glutamine metabolism in

1 1/t 1 17 1 174

primary B cell responses by crossing G/s1” mice and Glut1” mice to generate Gls
Glut1” huCD20-CreER™ mice, which have a combined deficiency in glutaminolysis and
glucose transport by Glut1. To test primary B cell responses with multiple metabolic
defects | immunized and boosted wildtype, Gis1Y, Glut1*, and GIs12 Glut1*” mice
with NP-ova followed by seven daily ova-inhalations immediately prior to harvest (Fig.
5.8A). In this immunization scheme, mice should generate humoral responses to NP
and ova, with ova-specific GC responses localized mostly to the lung. Consistent with
prior observations in Fig. 5.3B and 5.6B, loss of Gls1, Glut1, or both was dispensable
for the generation of GCB in the mediastinal lymph node in this model (Fig. 5.8B).
However, doubly-deficient GIs1%2 Glut1”® mice had little to no ova-specific 1gG1
secreting cells in the lung or the bone marrow as determined by ELISpot analysis (Fig.
5.8C). The frequency of NP-binding IgG1 secreting cells in the spleen and bone marrow
of doubly-deficient Gls1V2Glut1*” mice were completely demolished compared to those
in mice deficient in Gls1 or Glut1 alone, which exhibited moderately reduced antigen-
specific IgG1 secreting cells compared to wildtype mice (Fig 5.8C,D). All together, data

suggest that glutaminolysis and glucose import in B cells synergistically support the

generation of ASCs in humoral immunity.
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Figure 5.8 Simultaneous loss of both Glut1 and GIs1 obliterate the generation of
antigen-specific IgG1-secreting plasma cells. (A) Schematic of immunization
strategy to test B cell loss of either GIs1, Glut1, or both in primary humoral responses.
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Mice were injected with tamoxifen to induce deletion followed by two sequential
intraperitoneal injections of NP-ova with alum adjuvant one week apart. Two weeks
following the second injection, mice received daily ova inhalations for seven days
immediately prior to harvest. (B) Frequency of GCB in mediastinal lymph node in
wildtype, Gls144, Glut1”, and GIs1Y2Glut1** mice at time of harvest determined by
flow cytometry. (C) Left panel, representative ELISpot wells of ova-specific 1gG1-
secreting cells in the lung and bone marrow of wildtype (@), Gls144 (@), Glut1** (@),
and GIs1¥2Glut1”* (®) mice; 10° total lung cells and 2 x 10° total bone marrow cells
plated per well. Right panel, numbers of ova-specific IgG1 antibody secreting cells in
the lung or bone marrow per 10° total cells. (D) Left panel, representative ELISpot wells
of NP-specific IgG1-secreting cells in the spleen and bone marrow of wildtype, Gls144,
Glut1™®, and GIs12Glut1”? mice; 5 x 10° total splenic cells and 2 x 10° total bone
marrow cells plated per well. Right panel, numbers of NP-specific IgG1 antibody
secreting cells in the spleen or bone marrow per 10° total cells. Data are representative
of two experiments with n = 7 wildtype, n = 6 Gls1‘VA, n=4 GIut1‘VA, and n = 6
Gls1VGlut1” mice. * p < 0.05, ** p < 0.01, *** p < 0.001 (Mann-Whitney U test (C,D)).

Consistent with the decrease in the formation of IgG1 secreting cells, combined
loss of GIs1 and Glut1 led to ~10 fold reduction in circulating ova-specific 1gG1
compared to wildtype mice; mice with genetic loss of either Glut1 or GIs1 alone had
intermediate anti-ova IgG1 levels circulating in the sera (Fig. 5.9A). NP-specific IgM
responses were modestly impaired in Gls1* Glut1™® mice but this observation did not
reach statistical significance (Fig. 5.9B). In parallel to anti-ova IgG1 responses, anti-NP
IlgG1 responses were also reduced ~10 fold in GIs1*? Glut1** mice compared to

12 mice were normal

wildtype mice (Fig. 5.9C). Interestingly, anti-NP responses in Gls
in contrast to the defect in anti-ova responses compared to wildtype (Fig. 5.8 and 5.9).
This observation potentially sheds light on a differential reliance of activated B cells on
glutaminolysis depending on the nature of the antigen.

Immunization with NP-ova enables screening for high affinity antibodies. Doubly-

deficient GIs1*? Glut1™® mice had ~15 fold reduction in high affinity IgG1 antibody

compared to wildtype mice (Fig. 5.9D). The ratio of OD values from NP, and NPy,
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ELISAS indicate that affinity maturation with the combined loss of Gls1 and Glut1 was
equally inhibited as loss of Glut1 alone (Fig. 5.9E). Taken together, these data indicate
that loss of Gls1 and Glut1 in B cells synergistically impair the production of IgG1 ASC
and IgG1 antibody. Furthermore, analogous to results in Fig. 5.4, it is evident that Glut1

is specifically imperative for the generation high affinity antibodies.
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Figure 5.9 Loss of both Glut1 and GIs1 synergistically impair IgG1 antibody
responses. SA) Ova-specific IgG1 in the sera of wildtype, Gls1%4, Glut1”, and
Gls12Glut1”® mice at the terminal time point after immunization strategy illustrated in
Fig 5.10A. (B) NP-specific (B) IgM, (C) IgG1 in the sera of mice at the terminal time
point. (D) High affinity NP-specific IgG1 in the sera of mice prior at week 3 of
immunization strategy illustrated in Fig. 5.10A. (E) Affinity maturation depicted by the
ratio of ELISA OD values of NP, binding IgG1 antibodies (high affinity) to NP2z binding
IgG1 antibodies in the linear range; ratio calculated at the 1:12,800 dilution at the week
three time point of the immunization strategy depicted in Fig 5.10A. Data are
representative of two independent experiment with n = 8 wildtype, n = 6 Glis1*, n=5
Glut1™®, and n = 8 GIs12Glut1*” mice. * p < 0.05, ** p < 0.01, *** p < 0.001, (two-way
ANOVA with Dunnet’s multiple comparisons (A, C, D), Student’s t-test (E)).
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To confirm defects in class-switching and plasma cell differentiation in the
absence of Glut1, Gls1, or both Gls1 and Glut1, | cultured naive B cells for four days
with LPS, IL-4, IL-5, BAFF, and 4-hydroxy-tamoxifen to induce deletion. The frequency
of 1IgG1* cells in GIs1”? and GIs1¥2 Glut1* cultures was 75% and 50% of the 1gG1*
population in wildtype cultures, respectively (Fig. 5.10A). Loss of Glut1 moderately
impacted the frequency of class-switched IgG1™ cells. These data indicate that Gls1 is
critical for the generation of IgG1" cells and additional loss of Glut1 exacerbates this
phenotype. The frequency of plasma cells (B220"° CD138") in both GIs1*” and Glut14*
cultures was ~75% of wildtype cultures suggesting both pathways support plasma cell
differentiation (Fig. 5.10B). However, simultaneous loss of both Gls1 and Glut1 in
Gls1*? Glut1”® cultures led to only 25% of the plasma cells generated in wildtype
cultures. These data are congruent with in vivo observations and suggest that
glutaminolysis and glucose uptake support the generation of class-switched cells and

plasma cell differentiation.
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Figure 5.10 Glut1 and GIs1 are critical for generating IgG1* cells and plasma cells
in vitro. (A) Representative flow plots and frequency of IgG1™ cells from the B cell gate
(B220* CD19") after 4 days of activation of B cells from wildtype, Gls14%, Glut1*”, and
Gls1VGlut1™® mice with LPS, IL-4, IL-5, and BAFF. (B) Representative flow plots and
frequency of B220"° CD138" cells from the viable gate after 4 days of activation of B
cells from wildtype, Gls142, Glut1*, and Gls1*2Glut1”* mice with LPS, IL-4, IL-5, and
BAFF. Data are representative of three experiments with n = 5 wildtype, n =7 Gls1%2 n
= 4 Glut1”®, and n = 8 GIs1*2Glut1™® mice. * p < 0.05, ** p < 0.01, **** p < 0.0001

(Student’s t-test).
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Class-switching and plasma cell differentiation is a division-linked process. B
cells must proliferate before class-switching and differentiation can occer. To test the
ability of GIs1Y2 Glut1”* to proliferate, | labeled wildtype and GIs1*? Glut1** B cells with
Cell Trace Violet before activating them with anti-CD40, IL-4, IL5, and BAFF to induce
activation and proliferation. GIs1*? Glut1”2 B cells exhibited impaired proliferation
compared to wildtype by day 4 of culture (Fig. 5.11A). Specifically, the majority of
GIs1¥2 Glut1”2 B cells had divided once or twice compared to 4+ divisions in wildtype
cells. To test if the defect in class-switching observed in GIs1%2 Glut1*” B cells was due
to poor proliferation, the frequency of IgG1™ cells in each division were compared (Fig.
5.11B). Most class-switching to IgG1™ cells is observed starting at division 5 in wildtype
cultures however Gls1Y? Glut1”? cultures had ~50% less IgG1* cells compared to
wildtype in divisions 5, 6, and 7. Similarly, plasma cells, which start to emerge around
division 5 or 6 in wildtype cultures, were obliterated in Gls1*2 Glut1** cultures (Fig.
5.11C). Taken together, glutaminolysis and glucose uptake in B cells promotes
proliferation and these processes support class-switching and plasma cell generation

independent of division.
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Figure 5.11 Glut1/GIs1 doubly deficient B cells have impaired proliferation, class
switching to IgG1*, and plasma cell differentiation. (A) Proliferation of wildtype and
Gls1Glut1”® B cells after 4-day activation with anti-CD40, IL-4, IL-5, and BAFF
indicated by cell trace violet partitioning and measured by flow cytometry; cells were
labeled on day 0 with cell trace violet which decreases 2-fold in brightness with each
cell division. Right panel, the frequency of cells in each division from the B cell gate of
wildtype and GIs122Glut1*“ B cells. Frequency of (B) IgG1* cells or (C) CD138" B220"
in each cellular division. Data is representative of n = 4 wildtype and n = 3
Gls1Glut1”” mice. * p < 0.001 (Multiple t-tests A-C)).
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VIIl. Discussion

Glucose and glutamine are critical carbon and nitrogen sources for activated and
proliferating lymphocytes. Here, | present that genetic perturbations in glucose transport
and glutaminolysis in B cells impair primary humoral responses. Activated B cells with
loss of Glut1, a plasma membrane carrier that mediates passive transport of glucose,
led to decreased glucose uptake, ECAR, and OCR. Despite the importance of Glut1
during in vitro B cell activation, experiments using a prime and boost immunization
strategy, found Glut1 to be dispensable for the frequency of generated GCB. However,
Glut1 was critical for the production of high affinity IgG1 ASC and antibodies. Similarly,
disrupting the conversion of glutamine to glutamate in activated B cells by genetically
deleting glutaminase (Gls1) led to attenuated mitochondrial function, class-switching to
IgG1, and anti-ovalbumin IgG1 primary responses despite increases in glucose uptake.
Combined loss of both Glut1 and Gls1 led to synergistic defects in IgG1 production in a
lung inflammation model indicating that glucose and glutamine metabolic pathways
interact to promote optimal humoral primary immunity. A cartoon depiction of key
findings in Chapter 5 is represented in Figure 5.12.

Glucose utilization in leukocytes was described in canines over a century ago
(Levene et al., 1912). Lymphocytes take up glucose following a concentration gradient

through a family of Glut transporters, which increase expression upon activation (Maratou
et al., 2007; Doughty et al., 2006; Caro-Maldonado et al., 2014; Jayachandran et al., 2018; Dufort et al.,

2014). Once taken up, glucose has multiple fates in the B lymphocyte lineage including
the generation of nucleotides via the pentose phosphate pathway (PPP), lipid synthesis,
fueling the TCA cycle, and the glycosylation of antibodies (Doughty et al., 2006; Waters et al.,

2018; Lam et al., 2016, Dufort et al., 2014). Two groups use glucose isotopomer tracing to
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demonstrate that a large fraction of glucose is used for nucleotide synthesis in the first
24-48h of anti-CD40/IL-4 or anti-IgM activation (Doughty et al., 2006; Waters et al., 2018). In
support of a crucial role for glucose in nucleotide synthesis in transformed B cells,
glucose transporter Glut1 was critical for the synthesis of multiple metabolites involved
in the PPP and pyrimidine/purine metabolism in BCR-Abl+ B-cell acute lymphoblastic
leukemia cells (B-ALL) (Liu et al., 2014). De novo nucleotide synthesis is crucial for the
proliferation and cell cycle progression of activated T lymphocytes (Quéméneur et al., 2003)
and | speculate it to have a similar role in activated B cells. In contrast to T cells,
activated B cells undergo DNA alterations in immunoglobulin genes potentially resulting
in an even greater demand for free nucleotides. Here, | observe a novel finding that
Glut1 is essential for affinity maturation in response to hapten-carrier immunization.
Affinity maturation results in a growing pool of B cells and ASCs that express BCR or
secrete antibody with enhanced affinity for antigen and is derived from somatic
hypermutation (SHM) and selection. SHM, occurring primarily in GCB but also observed
in activated B cells outside the GC (wiliam et al., 2002), is the critical mechanism
underlying the diversification of immunoglobulin genes involving the introduction of point
mutations in the variable region of the immunoglobulin gene followed by DNA repair
(Teng et al., 2007). SHM-associated DNA repair in B cells may coincide with an increase
flux in glucose through the PPP to support nucleotide synthesis, similar to observations
in mouse embryonic fibroblasts (Frankiin et al., 2016). Further experiments are needed to
test if nucleotides are limiting in Glut1-deficient B cells leading to the observed defects
in affinity maturation. Another possibility contributing to poor affinity maturation with

Glut1-defiency is that glucose availability influences antibody glycosylation; the ratio of
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glucose to N-acetylglucosamine concentrations in the tissue culture medium had severe
consequences on antibody affinity in hybridoma cultures due to glycosylation alterations
in the hyper-variable region (Tachibana et al., 1997). The mechanism underpinning glucose
availability and the generation of antibody diversity with varying affinities, critical for
robust humoral responses, needs to be elucidated.

In addition to the PPP for the generation of nucleotides, metabolite tracer
analyses indicated that glucose flux through the glycolytic pathway was nearly 70-fold
more compared to glucose oxidation through the TCA cycle in anti-IgM stimulated B
cells (Doughty et al., 2006). Similarly, Waters and colleagues demonstrated that glucose
contributes very few carbon atoms to TCA intermediates in anti-CD40/IL4 activated B
cells and postulate that the TCA cycle is fueled mainly by alternative nutrients like lipids
or glutamine (Wwaters et al., 2018). Additionally, long-lived plasma cells (LLPC) used mostly
long-chain fatty acids to fuel basal respiration with only litle TCA contribution from
glucose (Lam et al., 2016). However, the Seahorse analyses presented here indicated that
LPS/BAFF activated Glut1-deficient B cells have impaired mitochondrial function

174 is sufficient to affect even the small

suggesting that decreased glucose in Glut
fraction of glucose that supplies the TCA cycle in the B lineage. In support of glucose
contribution to mitochondrial function, anti-CD40/IL-4/anti-lgM activated B cells with
knock-in of TAPP 1 and 2 adaptor proteins, had increased Glut1 expression, glucose
uptake, and were associated with enhanced glycolytic and mitochondrial function
(Jayachandran et al., 2018).

Despite increases in glucose uptake in GCB shown in Chapter 3 and published

elsewhere (Jellusova et al., 2017; Haniuda et al., 2020), here, glucose transporter Glut1 was
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dispensable for the generation of GCB. Consistent with these observations, a previous
study revealed that pre-treatment of mice with glycolytic inhibitor 2-DG led to normal
GCB numbers after immunization (Choi et al., 2018). Furthermore, B cells activated in vitro
with anti-CD40 and IL-4 in glucose-deficient media had no defect in the expression of
GCB surface markers Fas and GL7 (waters et al., 2018). In face of the evidence, it would
appear that glucose was dispensable for numbers of GC generated. However, 2-DG
has multiple off-target effects and is not B cell specific in the Choi et al. study (Urbanczyk
et al.,, 2018; Choi et al., 2018) and in vitro cultures used in Waters et al. do not capture the
physiology of the GC. Other factors to consider are that B cells express other glucose
transporters besides Glut1 (Maratou et al., 2007; Caro-Maldonado et al., 2014; Kojima et al., 2009)
and the prime/boost immunization strategies used here may mask defects in GC
formation since increased antigen exposure has been shown to enhance the potency of
humoral responses in other settings (Cirelli et al., 2017). Furthermore, the elevated
generation of MBC observed in Glut1*” mice may contribute to reseeding the GC after
booster immunizations, concealing any possible defects. However, it is possible that
when faced with limitations on glucose-use, GCB are able to adapt and use an
alternative fuel like amino acids or fatty acids in the microenvironment. Further studies
will be needed to establish the extent of dependence on glucose in generating GC.

One novel finding in this Chapter is that loss of Glut1 led to alterations in the fate
decisions of activated B cells. Glut1-deficiency led to an enhanced MBC population and
a decrease in ASC generation during primary responses. Evidence of the molecular
underpinnings contributing to the imbalance in MBC vs. ASC differentiation in Glut1**

needs to be elucidated, however there are a few hypotheses. As previously mentioned,
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Glut1 expression in B cells promoted anabolic pathways like pyrimidine/purine
metabolism and hexosamine biosynthetic metabolism while Glut1-defiency led to
increases in catabolic pathways like fatty acid oxidation (Liu et al., 2014). By limiting
glucose uptake with Glut1%4, activated B cells may be preferentially fated to become
MBC because MBC have lower anabolic demands compared to antibody synthesizing
ASC. A second possibility is that altered fate decisions in the absence of B cell intrinsic
Glut1 may be due to decreased BCR affinity observed in these mice. B cells with BCR
that have moderate to high affinity for antigen are more likely to be fated for ASC
whereas lower affinity interactions lead to increased production of the MBC population
consistent with observations shown here in Glut1-deficient mice (Shinnakasu et al., 2016,
Smith et al., 1997; O’Conner et al., 2006). A third possibility is that altered glucose uptake may
indirectly influence the degree of mMTORC1 activity (Leprivier et al., 2020); decreased
mTORC1 signaling in GCB has been associated with increased likelihood to
differentiate into MBC (Inoue et al., 2021). Consistent with this study in B cells, proliferating
daughter CD8" T cells with relatively higher mTORC1 activity was associated with
increased glycolysis and favored differentiation to the effector rather than the memory T
cell fate (Poliizzi et al., 2016). The extent to which mTORC1 signaling is affected in Glut1%*
B cells is yet to be determined.

| presented that loss of Glut1 immediately prior to immunization in vivo or
activation in vitro had limited plasma cell differentiation and antibody responses overall.
ASC have a high demand for glucose. In figure 1 of Chapter 3 | showed that splenic
ASC had the highest demand for glucose compared to naive, GCB, or MBC as

determined by 2-NBDG uptake. Similarly, Haniuda and colleagues recently showed that
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plasma cells exhibit relatively higher glucose uptake compared to naive and GCB
populations (Haniuda et al., 2020). In ASCs, especially LLPC, 90% of imported glucose is
used for antibody glycosylation (Lam et al., 2016). Glycosylation is essential for proper
folding and secretion of immunoglobulins (Hickman et al., 1977; Arnold et al., 2007). LLPC,
which secrete more antibodies on a per cell basis than SLPC, had higher expression of
Glut1 and had increased glucose uptake compared to their short-lived counterparts (Lam
et al., 2016). Loss of Glut1 early during B cell development led to a decrease in B cells
and downstream antibody responses after immunization (Caro-Maldonado et al., 2014).
Here, Glut1 expression is deleted immediately prior to the experiment to specifically test
its role in B cell activation and immunization without the confounding variable of the
effect of Glut1 in developing B cells. In my work, | present novel evidence that Glut1
expression was specifically important for the generation of ASC and antibody
responses, particularly those of high affinity. All together, | have provided evidence that
highlights vital, previously unrecognized aspects of the antibody response. Specifically, |
have demonstrated that expression of glucose transporter Glut1 influences the balance
of MBC and ASC generated after immunization and is critical for affinity maturation.

The discovery of the importance of glutamine in immune cells was first made in
the 1980’s in the laboratory of Eric Newsholme (Ardawi et al., 1983; Newsholme et al., 1986). It
has been reported that an activated B cell depletes glutamine from the media at a rate
of more than 10 pM of glutamine per hour (waters et al., 2018). Additionally, in a murine
hybridoma cell line, the rate of glutamine utilization was more than half the rate of
glucose indicating the importance of this alternative carbon source (Fitzpatrick et al., 1993).

During B cell activation, glutamine is critical for biomass accumulation and anaplerotic
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reactions (Waters et al, 2018; Heyse et al, 2015). Similarly, '*C-glutamine tracing
experiments in LLPC reveal that glutamine fuels the TCA cycle and contributes to
glutamate and aspartate synthesis, potentially necessary for amino acid incorporation
into antibodies (Lam et al., 2018). Here, | used a genetic model to disrupt glutaminase 1,
which catalyzes the conversion of glutamine to glutamate in the mitochondria of B cells.

It is important to note that glutamine has multiple downstream fates independent
of glutaminolysis (Fig 1.2) (DeBerardinis et al., 2010; Yoo et al., 2020). Similar to the role of
glucose in de novo nucleotide synthesis via PPP, glutamine is also essential for purine
and pyrimidine production as it provides a source of nitrogen (Cory et al., 2006). Glutamine
along with glucose, acetyl-CoA, and uridine-5'-triphosphosphate, are used for the
production of uridine diphosphosphate N-acetylglucosamine (UDP-GIcNAc) via the
hexosamine pathway, critical for glycosylation and signaling (Marshall et al., 1991).
Furthermore, glutamine is involved in the generation of asparagine and other non-
essential amino acids in the cytosol (DeBerardinis et al., 2010; Yoo et al., 2020). These
cytosolic pathways are all independent of glutaminolysis and therefore it should be
stressed that loss of Gls1 is not expected to recapitulate all aspects of glutamine
metabolism in B cells.

The findings of my work here demonstrate that genetic disruption of
glutaminolysis in B cells leads to a defect in IgG1 class-switching and plasma cell
differentiation. While not providing direct or definitive evidence of a need for
glutaminolysis, previous work showed that glutamine was essential for plasma cell
differentiation in vitro (Crawford et al., 1985). Moreover, a recent report provided evidence

that plasmablasts have an increased appetite for glutamine over GCB during in vivo

159



responses to Plasmodium infection (Vijay et al., 2018). Similarly, pre-treatment of mice
with glutaminolysis inhibitor 6-Diazo-5-oxo-L-norleucine (DON) led to decreased IgG1
responses to a T-dependent antigen (Choi et al., 2018). However in this setting, there were
also defects in GCB not observed in my studies, suggesting that glutaminolysis may
also be critical for T follicular helper cells.

A detailed molecular mechanism underpinning the importance of glutaminolysis
in anti-ova IgG1" B cell responses is yet to be elucidated. Glutamine, glutaminolysis,
and mTORCH1 signaling, the latter critical for primary humoral responses, are all tightly
interconnected (Nicklin et al., 2009; Durén et al., 2012; Csibi et al., 2013; Ni et al., 2019; Raybuck et
al., 2018). Here loss of Gls1 led to diminished mTORC1 signaling, which correlated with
the observed defect in IgG1" antibody responses both in vitro and in vivo. Another
hypothesis linking Gls1 to antibody responses is that glutamine metabolism provides the
NADPH necessary to serve as an anti-oxidant in plasma cells (Garcia-Manteiga et al., 2011;
Bertolotti et al., 2010). In addition to NADPH as an anti-oxidant, glutamine and glutamate
are precursors of glutathione, critical for the defense against free radicals and oxidants
important for immunological functions (Muri et al., 2019; Drége et al., 2000). Finally, the role
of glutamine metabolism in anaplerotic reactions in B cells is evident here since

activated Gls1?

B cells had defects in OCR. Another possible mechanism involves the
role of glutaminolysis in the generation of a-KG, which acts as a cofactor to histone
demethylases resulting in modified gene expression (Teperino et al., 2010). Glutaminase

inhibition differentially affected levels of histone trimethylation and gene expression in

Th1 and Th17 CD4" cell subsets (Johnson et al., 2018). Loss of Gls1 in B cells could lead
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to altered gene expression important for plasma cell differentiation and IgG1 class
switching.

Glucose and glutamine metabolic pathways intersect (Mazat et al., 2019). In B cells,
two groups independently observed that glutamine contribution to TCA cycle
intermediates was inversely proportional to the concentration of glucose in the media
indicating overlapping functions (Le et al., 2012; Brand et al., 1989). Here, | observed that
basal OXPHOS of wildtype B cells increased when glucose, pyruvate, and glutamine
were in the base media compared to glutamine alone. ECAR was similarly enhanced in
wildtype cells with the addition of pyruvate and glucose. Therefore, nutrient availability
dictates metabolic properties of B cells as they sense and fine-tune signaling pathways
to rely on various available carbon and nitrogen sources. Accordingly, even though
multiple reports conclude that glucose is used primarily for biosynthesis while glutamine
is used primarily for fueling the TCA cycle in lymphocytes, glucose and glutamine
metabolism may overlap and compensate for one another when one of the two nutrients
are limiting to B cells or plasma cells. Here, loss of both Gls1 and Glut1 had synergistic
defects in the production of IgG1" ASC and IgG1 production in vitro and in vivo.

Interestingly, B cells from double knock out mice had poor proliferation in vitro yet
there was no substantial defect in the frequency of GCB generated in vivo. One
possibility is that perturbations in Gls1 and Glut1 in GCB lead to increased dependence
on fatty acids as a carbon and energy source to maintain GC size (Cho et al., 2011; Weisel
et al., 2020). Different phenotypes observed in vivo vs. in vitro systems establish the need

to determine the composition of the nutrient milieu available in the microenvironment of
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tissues, which differs substantially from tissue culture media conditions (Ackermann et al.,
2019).

All together, in Chapter 5 | presented evidence that supports and expands on
previous reports establishing that glucose uptake and glutamine metabolism support B
cell and plasma cell functions. Novel findings include the requirement for a threshold of
glucose import to generate high affinity antibodies and that levels of glucose uptake
influence differentiation fate decisions of activated B cells in vivo. Additionally, while
glutamine has already been reported to be critical in B cell responses, genetic inhibition
of glutaminolysis reveals new insights on the role of this aspect of glutamine metabolism
in class-switching. Furthermore, perturbations of both glucose and glutamine
metabolism in the B lineage are detrimental to humoral responses compared to a defect
in only one pathway, suggesting that B cells adapt to alternative carbon sources for

optimal fithess and robust humoral immunity.
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Figure 5.12 Working model: glucose transporter Glut1 and glutaminase (Gls1), an
enzyme that catalyzes the conversion of glutamine to glutamate, are critical for
primary humoral responses. Combined loss of Glut1 and Gls1 led to defects in
glucose uptake, ECAR and OCR, which coincides with major impairments in
proliferation and class-switching in vitro and defects in affinity maturation and 1gG1
antibody production in vivo. Hypotheses linking metabolic perturbations to B cell
phenotypes include decreased glucose flux through the PPP, decreased redox due to
decreased glutathione and NADH generation, decreased fuels feeding the TCA cycle,
and altered gene expression regulated by demethylases and limiting cofactor a-KG.
Figure design inspired by Jin et al., 2015.
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CHAPTER 6

DISCUSSION

Understanding the metabolic pathways critical for the B lymphocyte lineage is
key to the development of therapeutic strategies against aberrant B cell or antibody
responses and improving vaccination design (Palsson-McDermott et al., 2020; Piranavan et al.,
2020). Modulation of humoral immunity for human health could include dampening
autoantibody production in autoimmune disorders or generating a robust and persistent
MBC population for booster immunizations. Key metabolic regulator AMPK has been
established as a pro-longevity and anti-aging target in model organisms and promotes
the persistence of different tissues including in the T lymphocyte lineage (Burkewitz et al.,
2014; Rolf et al., 2013). This thesis work is the first to show that AMPK is critical for the
longevity of a subset in the B lymphocyte lineage. In this dissertation, | uncovered the
importance of AMPK in the persistence of the MBC population specifically supporting
optimal mitochondrial performance and homeostasis. Thus, AMPK in the B lineage was
critical for effective recall responses, a hallmark feature of the adaptive immune
response and the basis of vaccination. In contrast to the MBC population, my findings
shed light on the interesting finding that AMPK was conversely dispensable for the
persistence of LLPC, highlighting stark molecular distinctions between the two long-
lived populations. | also demonstrated that the rate of antibody synthesis in both SLPC
and LLPC could be modulated by the balance between levels of mMTORC1 and AMPK

activity.
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Though other groups have observed the necessity of glucose and glutamine
metabolism in lymphocyte survival and function, here | provide new insights specific to
the B lineage. In regards to primary responses, | provide new evidence that expression
of glucose transporter Glut1 alters the balance in the generation GC outcomes after
immunization, specifically favoring ASC over MBC differentiation. Glut1 expression
during the GC stage is also especially critical for affinity maturation. Additional findings
indicate that the import of glucose by Glut1 and glutaminolysis in B cells have
overlapping redundant downstream pathways that support humoral immunity. Key
findings of my thesis work are illustrated in Fig. 6.1. Here in Chapter 6, | discuss the
limitations of the work presented in this dissertation, explore remaining unanswered

questions, and consider implications of my findings.
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Figure 6.1. Summary of key findings. AMPK dampens antibody responses and
promotes longevity in the memory B cell compartment. Glucose transporter, Glut1, is
critical for the generation of high affinity antibodies and for the generation of antibody
secreting cells. Gls1 and Glut1 synergistically promote effective plasma cell
differentiation and antibody production.
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I. Nutrient milieu and metabolite shunting

Regulation of metabolic pathways in lymphocytes involves the integration of
nutrient availability with cellular intrinsic demands. Though glycogen and fatty acid
stores fuel metabolic processes in lymphocytes (Yunis et al., 1964, Pacella et al., 2018), the
microenvironment is the primary source of nutrients used to meet the cell’s energetic
and metabolic demands (Wasinski et al., 2014). Understanding the concentrations of
nutrients with high resolution in micro-anatomical locations like the GC or niches in the
bone marrow where LLPC reside are critical for identifying important metabolites
necessary for survival and function of different subsets. The studies presented in this
dissertation, among others, reveal that B lymphocytes exhibit a great deal of metabolic
plasticity depending on nutrient availability. Specifically, in Chapter 5, two-fold increases
in OCR and ECAR were observed when media was supplemented with glucose,
glutamine, and pyruvate compared to glutamine alone. In addition, loss of both Glut1
and Gls1 expression led to severe defects in antibody production compared to genetic
loss of either gene alone indicating flexibility in nutrient utilization. This leads me to
question the following: To what degree are nutrients limiting in vivo in the GC and how
much competition is there for preferential carbon and nitrogen sources? Can nutrient
concentrations in the local milieu be modified to influence GC outcomes and ASC
function?

Reliance on AMPK in lymphocytes for in vitro survival was only evident in
nutrient-poor or metabolically challenging conditions (Mayer et al., 2008; Blagih et al., 2015;
Brookens et al., 2020). The observation in Chapter 3 that AMPK was dispensable for the

generation of GCB, MBC, and ASC raises the question of nutrient distribution in the
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local milieu and whether or not essential metabolites are present at rate limiting
concentrations in the follicles and other tissues where subsets reside. New evidence
has emerged in the cancer field where rather than nutrient competition between tumor
cells and infiltrating immune cells in the tumor microenvironment, both populations of
cells have intrinsic programs that dictate preferred levels and types of nutrient uptake
(Reinfeld, Madden et al, 2021). This phenomenon was coined nutrient partitioning.
Assessing the availability and utilization of metabolites in vivo at cellular resolution in
tissues where GC, MBC, ASC reside will shed light on how and whether modulating the
microenvironment improves humoral responses and provides a potential avenue for
targeting autoantibody producing ASC.

One major limitation of these studies is the assessment of glycolytic flux using
ECAR measured by Seahorse analysis. There are at least two complications with
equating ECAR to glycolytic function. The first is that ECAR is reported to be a
surrogate measurement of lactic acid production, which is one of multiple fates of
glycolytic end-product pyruvate. Glycolytic flux resulting in pyruvate entry into the TCA
cycle or glycolytic intermediates shunted into other pathways, for instance, would not be
captured in this assay. Secondly, multiple substrates apart from lactate can lead to
acidification of the media leading to misinterpretation of data (Arnett et al., 1994; Sakano et
al., 1997). Isotope tracer analyses would be better suited for measuring the extent of

glucose carbons into glycolytic intermediates.
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Il. AMPK regulation of mitochondrial homeostasis

AMPK was critical for optimal mitochondrial fitness in the B lymphocyte lineage.
However, the molecular mechanisms linking AMPK signaling to mitochondrial function
in B cells are lacking. In vitro activated Prkaa1”® B cells had decreased spare
respiratory capacity compared to wildtype B cells. Reserved capacity has been linked to
defects in succinate dehydrogenase which serves both as a component of the electron
transport chain (complex Il) and the TCA cycle (Pfleger et al., 2015). AMPK has been
shown to regulate complex Il via Ppara in rat cardiac myocytes (Pfleger et al., 2015). In this
study, higher reserved capacity was associated with better viability and less ROS
production after AMPK activation, analogous to my observations in MBC. This finding
highlights a potential mechanistic link underpinning the correlation of spare respiratory
capacity and the longevity of the MBC population.

Loss of AMPK coincided with increased mtROS and lipid peroxidation in MBC. |
would have loved to test if injection of general antioxidant N-acetyl cysteine (NAC) or
mitochondria-targeted antioxidant MitoQ rescues mitochondrial dysfunction, MBC
persistence, and recall responses in AMPK-deficient mice. These studies would link
observations in mitochondrial homeostasis in MBC with persistence of this population.

In addition to defects in mitochondrial function in LPS activated Prkaa1*” B cells
by Seahorse analysis, GCB, MBC, and LLPC populations all exhibited a decrease in
Mitotracker Deep Red staining indicating defects in respiration. The molecular
mechanisms underpinning these observations are also not uncovered by my thesis
work. Apart from ULK1, critical for mitophagy, AMPK directly targets peroxisome

proliferator-activated receptor gamma coactivator 1-alpha (PGC1a) and mitochondrial
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fission factor (MFF) which are master regulators of mitochondrial biogenesis and an
initiator mitochondrial fission after forming a complex with GTPase Drp1, respectively
(Herzig et al., 2018). Therefore, in addition to promoting mitophagy through ULK1, AMPK
may initiate mitochondrial generation and remodeling in B lineage subsets by directly

174 subsets had defects in

targeting PGC1a and MFF, respectively. Though all Prkaa
respiration as determined by Mitotracker Deep Red, only the frequency of the MBC
population was affected, specifically declining over time, suggesting that mitochondrial
homeostasis is essential particularly for MBC longevity. | speculate the gradual decline
in MBC was due to prolonged oxidative stress from mtROS in MBC, consistent with the
oxidative stress theory of aging. This theory postulates that the steady accumulation of
ROS over time leads to damage of macromolecules and is associated with age-related
illnesses (Lin et al., 2003). Two weeks, the average duration of the GC, may be too short a
time to accumulate enough mtROS to observe oxidative-related cell death in GCB
compared to the months that MBC build-up mtROS leading to lipid peroxidation and cell
death in these studies.

Surprisingly and in contrast to MBC, Prkaa1”® bone marrow LLPC had no
alterations in mtROS or mitochondrial quality, despite a decrease in respiration and total
mitochondrial mass. In other words, Prkaa?”” LLPC had equitably less mitochondrial
mass and respiration and no alterations in mtROS. This distinction between LLPC and
MBC alludes to distinct regulation pathways of mitochondrial homeostasis and oxidative
stress in these two subsets. Indeed, in Chapter 3, | showed that in vitro derived CD138"

ASC had decreased mtROS and increased mitochondrial quality compared to B220" B

cells suggesting plasma cell differentiation involves mitochondrial remodeling. Metabolic
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regulators, not limited to AMPK, have dynamic levels of activity at different stages in the
B lineage. Sensors and transcription factors including mTORCH1, sirtuins, HIF-1a, c-Myc,
PPAR, and SREBP can all influence mitochondrial metabolism and may have different
levels of activity in ASC and MBC (Ghirotto et al, 2019). Loss of AMPK may be
dispensable for mitochondrial turnover and longevity in LLPC due to compensatory
pathways orchestrated by other metabolic regulators with altered activity in this subset.
For example, plasma cell differentiation entails reshaping of antioxidant responses
involving several partially redundant redox pathways (Bertolotti et al., 2010; Muri et al., 2019).
Enhanced redox systems in ASC may enable for better clearance of mtROS in
Prkaa1“? LLPC compared to Prkaa1*2 MBC.

In a series of elegant studies, autophagy-essential protein Atg7 was reported to
be associated with mitochondrial clearance and was essential for the long-term
persistence of MBC (Chen et al., 2014; Chen et al., 2015). Similarly, autophagy protein Atg5
was critical for mediating long-term survival and ER stress in plasma cells (Pengo et al.,
2013). Canonical autophagy is downstream from AMPK activation so it was surprising

14 activated B cells. This observation is the first to

that autophagy was intact in Prkaa
highlight, of which | am aware, that MBC and ASC can use non-canonical forms of
autophagy consistent with observations in GCB (Raso et al., 2018; Martinez-Martin). Multiple

pathways to autophagy underscore the redundant functions in cells to establish robust

metabolic fithess.
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lll. Distinct reliance of AMPK in subset populations

AMPK was particularly critical for the persistence of the CD80" PD-L2" MBC
population with less detectable function in the smaller (< 10% of total MBC) CD80" PD-
L2* MBC population. Additionally, AMPK preferentially modulated IgG antibody
responses with modest impact on IgM antibody production. These distinctions highlight
molecular distinctions within subsets. Antigen-engaged IgG1 and IgM BCR are distinct
in their signaling patterns and distribution in the cell membrane, which may coincide
with differences in metabolic regulation (Liu et al., 2010). Furthermore, ASC differ in their
transcriptional program depending on antibody isotype, which influences function and
survival (Higgins et al., 2019). Understanding the regulation of metabolic pathways that
distinguish isotypes and MBC subsets will further allow for more targeted approaches

improving B cell-mediated immunity.

IV. Downstream of glutaminase and antigen-dependent immunity

In Chapter 5, | provided evidence that glutaminolysis in B cells was critical for
spare respiratory capacity, class-switching, and plasma cell differentiation. However, the
molecular mechanisms leading to this phenotype was not elucidated. Glutaminolysis
involves the conversion of glutamine to glutamate, which has multiple fates. Glutamate
is catalyzed by glutamate dehydrogenase resulting in TCA substrate a-ketoglutarate (a-
KG). As a TCA cycle metabolite, aKG is involved in ATP production, reducing
equivalent (NADH) generation, and providing TCA intermediates for amino acid
synthesis. aKG is also directly involved in epigenetic regulation and signaling which

influence gene expression (Zdzisinska et al., 2017). One possible mechanism is that a-KG
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alters methylation of genes associated with class-switching and plasma cell
differentiation. In addition to conversion to a-KG, glutamate serves as a precursor to
glutathione (GSH), a tripeptide of glutamate, cysteine, and glycine. GSH and the
generation of NADH both contribute to redox homeostasis by maintaining intracellular
levels of ROS. Treatment of cancer cell lines with dimethyl a-KG (DMKG), a nontoxic
cell permeable a-KG, and a complex | inhibitor led to transcriptional reprogramming and
cell death (Sica et al., 2019). Next steps would include elucidating possible transcriptional
changes induced by a-KG that would lead to defects in class-switching and plasma cell
differentiation.

Interestingly, my findings reveal that the reliance on glutaminolysis was higher in
anti-ova IgG1" compared to anti-NP IgG1"* responses in vivo. Experiments need to be
done to distinguish the requirement for glutaminoylsis in antibody responses against a
carrier protein but dispensable for a small hapten molecule. However, this finding is
reminiscent of the immunodominance phenomenon, which is the observation that
different epitopes on complex antigens elicit varied responses usually due to differences
in antigen processing (Kim et al., 2014). Several hypotheses in understanding the
variables that influence epitope selection have been considered including antigen
structure (Maric et al., 2001), antigen protease-sensitivity (Delamarre et al., 2006), duration of
antigen presentation (Lazarski et al.,, 2005), cognate naive T-cell frequency (Moon et al.,
2007), and strength of TCR affinity to the MHC class II: peptide complex (Ked! et al., 2003).
My finding that Gls1 in B cells is differentially required for responses specific to different
antigens inspires the hypothesis that glutaminolysis may play a role in aspects of B cell

antigen presentation to Tfh cells in the GC. Though metabolism important for the
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activation of professional antigen presentation cells has been studied at length (Jennelle
et al., 2016), the metabolic processes that specifically regulate antigen processing and
presentation is limiting. As a start, important links have been described between B cell
antigen presentation and autophagy (Crotzer et al., 2009; Pérez et al., 2016) and NADPH
oxidase (Gardiner et al., 2013).

This thesis work is novel because it tests for the effect of Glut1 immediately
before activation without the confounding factor of the important role for Glut1 in B cell
development (Caro-Maldanado et al., 2014). Expression of glucose transporter Glut1 was
critical for affinity maturation and played a role in GC outcomes. Glut1 expression was
critical for purine/pyrimidine synthesis in B-ALL cells (Liu et al, 2014). Therefore,
nucleotides may be limiting for SHM, a process requiring DNA repair mechanisms and a
prerequisite to affinity maturation, in the absence of Glut1 expression. This observation
supports the past time of revisiting older studies describing mechanisms behind
immunological processes and making hypotheses about links to metabolism. p53, which
is essential for guarding against genomic instability during SHM in B cells (Ramiro et al.,
2006), may be regulated in part by metabolic pathways as observed in mouse embryonic
fibroblasts (Frankiin et al., 2016). Lastly, obliteration of plasma cell generation and
antibody responses in the absence of both GIs1 and Glut1 indicates interacting
pathways in glucose and glutamine metabolism suggesting that the plasticity of B cell

fuel preference needs to be considered if seeking a metabolic target.
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V. Exploiting B cell metabolism

| introduced this dissertation with commentary concerning exploiting metabolic
pathways for cancer, immune disorders, and improving vaccine responses. Given the
data in Chapter 3, it is conceivable that AMPK activation would lead to better MBC and
recall antibody responses. Consistent with my studies, IgM* human CD27* MBC have
elevated mitochondrial activity and pAMPK''"2 expression compared to mature naive B
cells (Mensah et al., 2018). Furthermore, metformin treatment, which indirectly activates
AMPK, is associated with increased MBC and improved Ab responses to influenza
vaccine in type Il diabetic patients (Diaz et al., 2017). Increased expression of memory
markers were observed in human CD4+ T cells after genetically inducing AMPK
expression (Braverman et al., 2020). However, treating mice with metformin derivative
IMI56 during acute lymphocytic choriomeningitis virus infection unexpectedly led to
decreased memory T cell differentiation (Son et al., 2019). In this setting, it is important to
consider the timing of AMPK activation as authors administered treatment during the
proliferation phase of immunization. Though AMPK may support some subsets of MBC
such as the IgM* MBC, enhanced pAMPK"""?in IgD" CD27" late/exhausted human MBC
was associated with senescence and the inability to respond to CpG activation (Frasca et
al., 2019).

More broadly, it is important to consider temporal regulation in metabolic
pathways. Treatment with rituximab is commonly used as a therapy to target CD20
expressing B cells (Hofmann et al., 2018) while numerous proteasome inhibitors target

plasma cells in autoimmune disease (Hiepe et al., 2016). Targeting the dynamic metabolic
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pathways in the B lymphocyte lineage provides a new opportunity for the treatment of

autoimmune disorders and enhancing antibody responses to vaccines.
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