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Abstract
The serine synthesis pathway (SSP) has been identified as highly upregulated in

metabolically active cells and feeds into 1C metabolism, helping to generate
biosynthetic material for cell proliferation and cell survival. The SSP in the context of
GC B cells has not been previously explored, and therefore, | sought to determine its
role. | found no effect on proliferation or viability of serine and glycine deprivation on
wild type B cells. lidentified upregulation of the SSP during activation in replete media,
which was further amplified when depriving B cells of serine and glycine.
Immunoglobulin production is relatively decreased when stimulated B cells are
cultured without serine. However, using B cell conditional phosphoglycerate
dehydrogenase (PHGDH) knockout mice, following immunisation, there was a relative
increase in IgG1+ GC B cells. When | activated and cultured B cells from Phgdh KO
mouse in vitro, | also found a relative increase in IgG1+ B cells. Phgdh KO mouse B
cells did not survive or proliferate without serine and glycine in vitro. Together, my
findings indicate that the SSP, as well as serine and glycine availability, are involved
in B cell proliferation and viability, as well as in the molecular control ofimmunoglobulin
expression. These findings could help in understanding ways in which the SSP can be

manipulated for clinical treatment of cancers and autoimmune disease.

Xi



Introduction

B cells and germinal centres

Germinal centres (GC) are structures which form in secondary lymphoid organs (SLO),
namely, lymph nodes, the spleen, and Peyer’s patches. They can also emerge at sites
of chronic inflammation, as tertiary lymphoid structures. GCs are structures where B
cells undergo immunoglobulin class switch recombination (CSR), as well as somatic
hypermutation (SHM) of their immunoglobulin genes. This generates long-lived
plasma cells, with high affinity and specificity for their target antigen, or memory B

cells, for a rapid immune response when the antigen is reencountered.

B cell activation and the initiation of germinal centres
Within SLO, naive IgM*IgD* B cells organise with follicular dendritic cells (FDCs) to

form B cell follicles, which are separated from the T-cell zone by the interfollicular
region. Upon recognition of antigen, B cells migrate to the interfollicular region, where
they interact with a specialised subset of CD4+ T cells, known as T follicular helper

(Tfh) cells.

Tth cells were first identified in tonsils and are found in B cell follicles of SLO, where
they play a critical role in the GC reaction by providing co-stimulatory and cytokine
signals (1-3). In the absence of Tth cells, GCs do not develop (4). Tth cells express
the master transcriptional regulator B cell lymphoma 6 (BCL6) (5,6). Tth cells
differentiate from CD4+ T cells in a multistep process, primarily in the T cell zones of
SLO, through dendritic cell (DC) priming (7). They further develop when interacting
with B cells. Interactions between B and Tfh cells include through the T cell receptor

(TCR) and major histocompatibility class 2 (MHC Il)-peptide complexes expressed on



the surface of B cells (8). Costimulatory molecules, such as CD80 and CD86 (B7-1
and B7-2), are expressed on antigen-presenting B cells and interact with CD28 on Tfh
cells (8). Another important co-stimulatory signal is through CD40/CD40L, a critical
interaction required for the survival of B cells (8). B cells also provide inducible T cell
co-stimulator ligand (ICOSL), which stimulates Tfh cells through ICOS (9). ICOS-
ICOSL is important for the maintenance for Tfth cells, and CD40 interactions with B
cells cause a positive feedback loop to increase surface ICOS expression (10). These
surface interactions between B and Tfh cells are crucial for GC development and

maintenance.

B cells detect antigens using their B cell receptor (BCR) or ligands via toll like receptors
(TLRs). BCRs consist of a plasma membrane-bound immunoglobulin molecule (lg),
and the signal transduction moieties, CD79a and CD79b (11). They can be activated
in a T-independent or T-dependent manner. During T-independent activation, signal
transduction is triggered by BCR cross-linking due to recognition of non-peptide
repetitive epitopes and through B cell intrinsic pathways, such as through stimulation
of TLRs (12). T-independent activation of B cells produces short term plasma cells,
secreting low affinity IgM, the first antibody isotype secreted upon initial antigen
recognition to help provide immediate immunity (13). This response typically occur as
a result of strong signalling through TLRs expressed by B cells, which sense
pathogen-associated molecular patterns (PAMPs) from viruses and bacteria, e.g.
double stranded DNA (such as CpG), RNA, and lipopolysaccharide (LPS) (12). The

majority of TLRs are endosomal, including those sensing DNA and RNA (14).

T-dependent activation of B cell results in activation through engulfment of cognate



antigen, leading to its degradation and presentation on the B cell surface in the form
of peptide-MHC Il complexes. These peptide-MHC complexes need to be presented
to Tfh cells for B cells receive further activation and survival signals. Tth cells express
CD40L, which interacts with CD40 expressed on B cells and activates pathways
required for proliferation and differentiation, such as the nuclear factor kappa B (NF-
kB) and phosphoinositide 3-kinase (PI3K) pathways (15). NF-kB signalling is activated
through the canonical and alternative pathways; the canonical pathway is activated by
the BCR, TLRs and CD40, but the alternative pathway is activated by CD40
stimulation only (16). The NF-xB pathway regulates cell cycle progression through c-
Rel, which acts to controls transcription factors involved in transcription of key cell-
cycle regulators, e.g., MYC, IRF4 and E2F3-encoding genes (16). The PI3K pathway
is important during B cell activation, as it allows for calcium mobilization, which is
involved in the nuclear localization of NF-xB (17). The PI3K pathway is also involved
in the initiation of mammalian target of rapamycin complex 1 (mMTORC1) and Akt
signalling pathways (17,18). mTORC1 integrates signals from the environment, such
as nutrient stress, to control numerous cellular processes, such as cell growth,
proliferation, metabolism, and protein translation. The main function of mMTORC1 is to
promote anabolism, by enhancing mRNA translation and upregulating proteins

associated with ribosomes (19).

Two critical cytokines produced by Tfh cells are Interleukin (IL) 4 (IL-4) and IL-21. IL-
4 maintains B cell survival through downregulation of pro-apoptotic proteins, such as
Bcl-2-like protein 11 (BIM), which is induced by BCR stimulation (20). Upregulation of
the anti-apoptotic transcription factor B cell lymphoma-extra-large (BCL-xL) is

triggered in a signal transducer and activator of transcription 6 (STAT-6)-dependent



manner by IL-4 and BCR stimulation (21). IL-4 also exerts an anti-apoptotic function
through induction of glycolysis, also through STAT-6 (22). IL-21 is a potent stimulator
of B cell proliferation, apoptosis, immunoglobulin class switching, and differentiation
of B cells to plasma cells, by inducing BCL-6 (23,24). IL-21 can also signal to Tth cells
in an autocrine manner, and induce expression of chemokine receptors required for T

cell homing (25).

Not all B cells are destined for the GC reaction; some B cells move to the medullary
cords to become short-term plasmablasts, producing low affinity antibodies towards
the target antigen (26). This allows rapid production of antibodies during the early
immune response. Additionally, some B cell may even become unswitched memory B
cells (27). B cell clones compete for T signal and those with the highest affinity binding
for antigen within the B cell pool will move to the middle of the follicle to undergo the

GC reaction.

The germinal centre reaction

GCs are made up of distinct anatomical regions, known as the dark zone (DZ) and
light zone (LZ). The DZ consists of densely packed and rapidly dividing B cells, termed
centroblasts, and reticular cells expressing C-X-C motif chemokine ligand 12
(CXCL12) (28). The LZ consists of B cells, termed centrocytes, and is less densely
packed, and also includes tingible body macrophages (TBMs), FDCs and Tfh cells
(29). C-X-C chemokine receptor type 4 (CXCR4) is upregulated on centrocytes,
allowing for movement towards the ligand, CXCL12, produced in the DZ (30). The
highest expression of CXCL12 is in the DZ, forming a concentration gradient towards

the LZ allowing movement between the two anatomical regions to occur. Once B cells



reach the DZ, they downregulate CXCR4. FDCs produce C-X-C motif chemokine
ligand 13 (CXCL13), the ligand for C-X-C chemokine receptor type 5 (CXCR5)
expressed on B cells. CXCL13 creates a concentration gradient which centroblasts
can follow into the LZ from the DZ. Centroblasts can be identified as
CXCR4"CD83"°"CD86'°% and centrocytes as CXCR4°¥CD83MNCD86" (32, 33). The
cyclic expression of chemokine receptors between the DZ and LZ allows for the

movement between the two anatomical regions.

Upon exiting the DZ, the BCRs that have undergone SHM and interact with antigens
presented by FDCs in the light zone. If the antigen is recognised by the BCR, it is
engulfed by the B cell and presented to Tth cells through peptide-MHC Il complexes
(34). Interaction of B cells with Tth cells promotes positive selection, for further SHM
and proliferation in the DZ, or to leave the GC and become memory B cells or plasma
cells. Cells that cannot bind antigen or have a low affinity, die by apoptosis due to
neglect, as they fail to compete for Tfh survival and proliferation signals (34). TBMs

are involved in the clearance of dead and dying cells.

Figure 1 highlights the germinal centre reaction in a schematic diagram.
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Figure 1 - The germinal centre reaction.

Tfh cells develop from CD4+ T cells after priming by DCs and upregulation of
BCL6. B cells present antigen to Tth cells, where they receive survival signals
to move into the GC. Tth cells gain further survival and development signals
from B cells through co-stimulatory signals. B cells move into the DZ, where
they undergo proliferation and SHM. The centroblasts move into the LZ,
following a CXCL13 gradient produced by FDCs. Here, they interact with Tfth
cells, and compete for their help. Centrocytes move into the DZ again,
following a CXCL12 gradient produced by reticular cells, where they can
further proliferate and undergo SHM of their immunoglobulin genes.
Additionally, they can also undergo CSR before moving into the DZ. If no
survival signals are received from Tfh cells, the centrocyte will die by neglect
through apoptosis, where they are cleared up by TBMs. Created with
BioRender.com



Class switch recombination and somatic hypermutation of

immunoglobulin genes

Immunoglobulins, also known as antibodies in their secreted form, are made up of two
heavy chain and two light chain molecules, formed in the shape of the letter “Y” (Figure
2). Immunoglobulins include antigen binding fragment (Fab) and crystallizable
fragment (Fc) regions. Fab binds to the target antigen whilst Fc interacts with other
immune cells or components, such as phagocytes or complement pathway
components in secreted form (35). Immunoglobulins may undergo glycosylation, a
posttranslational modification where a carbohydrate is added at specific sites,

affecting the function of the antibody (35).

Antigen
binding site
Heavy chain
Fab/Variable
region
— Light chain
" Disulphide
Fc/Constant bridges
region

Figure 2 - Structure of an immunoglobulin molecule.
Immunoglobulins consist of two heavy (light and dark red) chains and two light
chains (pink/purple), which are connected by disulphide bridges. The variable
region, also known as the Fab, is the region where the antigen binds. The
constant region, also known as Fc, is the region that undergoes CSR to other
immunoglobulin subtypes. Created with BioRender.com

The mutagenic enzyme activation induced cytidine deaminase (AID) is responsible for



both CSR and SHM (36,37). AID is encoded by the AICDA gene and induces

mutations by deaminating cytosine to uracil in DNA (38).

CSR is the process by which B cells change their gene encoding IgM towards the
other isotopes; IgA, IgE or IgG. The heavy gene of the constant regions (Ch) is
changed from the Cu region, encoding IgM, to one of the other CH genes, found in the
order Cy, Ce and Ca, giving rise to, respectively, IgG, IgE or IgA (39). Switch regions
are present between the different Cx genes, starting from upstream of Cp, which are
excised to bring the downstream target constant region closer to the variable genes.
Excision of the unwanted switch regions is repaired by double strand break (DSB)

repair. Deleted DNA is removed in a extrachromosomal circular structure (39).

SHM is the process which results in random base insertion into the variable genes of
the immunoglobulin locus at a high frequency (40). The activity of AID activates the
error prone DNA mismatch repair (MMR) machinery, which cleaves the region where
the mismatch occurred, leaving both strands of DNA exposed (39,41). Error prone
DNA polymerases deposit random bases to bridge the gap produced by exonucleases
(41). The addition of random bases in the immunoglobulin variable genes causes
changes to the BCRs, which are then tested through Tfh interaction in the LZ. If
selected, B cells are signalled to cycle through the DZ again to further allow mutation

of their BCRs.

AID has an important role in both CSR and SMH and is error prone. It is therefore
necessary to be able to regulate the expression, stability, and localization of AID. Two

important ways to control AID epigenetically are through histone modifications and



miRNA expression. During activation of B cells, upregulation of enzymes involved in
histone post translational modifications (PTMs) occurs, which alters gene expression
through restricting or increasing access for transcription factors to target promoter
sites. Activating PTMs are H3K4me3, H3K9ac and H3K14ac, whereas repressive
PTMs are H3K27me3 and H3K9me3 (42) . MicroRNAs (miRNAs), such as mir-16, mir-
155 and mir-181b, are also upregulated in response to repressive histone methylation
markers, which then bind to complementary mRNA sequences of AID and therefore
decreasing its expression (41,43). Phosphorylation has also been identified on AID
protein at specific regions in activated B cells, which helps increase the activity of AID

(44—46).

Regulators of the germinal centre reaction

BCL6 is the master regulator of GC B cell and Tth cell differentiation. It is required for
GC initiation (47). BCL6 deficiency results in decreased CXCR4, the chemokine
receptor expressed on dark zone B cells (47). B cells deficient in BCL6 also show
dysregulated sphingosine-1-phosphate receptor type 1 (S1PR1), which is expressed
abundantly on B cells egressing germinal centres (48-50). BCL6 is also known to
directly supress many DNA damage response genes, such as tumour protein p53
(TP53), ataxia telangiectasia and rad3 related (ATR) and checkpoint Kinase 1
(CHEK1), allowing tolerance for the DNA-damage response during SHM (51-53).
BCL6 expression in Tfh cells upregulates the expression of CXCRS, which helps in

localisation towards B cell follicles (2,3).

MYC is required by all proliferating cells, regulating numerous processes such as the

cell cycle and metabolism. MYC is crucial in GC B cell precursor development, and its



deletion around day 2 post-immunisation results in failure to form GCs (54). MYC is
also important in the LZ of the GC reaction and during later stages of the GC response

(55).

B lymphocyte induced maturation protein 1 (BLIMP1) induces terminal differentiation
of B cells into plasma cells (56). One way in which BLIMP1 induces plasma cell
differentiation is through the downregulation of BCL6, extinguishing the GC gene
expression program (57). Alongside gene downregulation, upregulation of plasma cell
related genes occurs, such as X-box binding protein 1 (XBP1), the transcription factor
involved in the production of the secretory machinery required for mass antibody

production (57,58).

Forkhead Box O1 (FOXO1) plays a role in DZ B cell gene expression initiation and
maintenance, and loss of FOXO1 has been shown to impair DZ formation (59,60).
Since CXCR4 is one of the direct targets of FOXO1, it explains the defective DZ seen

in FOXO1-deficient GC B cells (59,60).

BLIMP1 and BCL6 are reciprocally antagonistic transcription factors. BCL6 binds to
the gene Prdm1 (which encodes BLIMP1), causing its repression (61). This inhibits
the formation of plasma cells whilst allowing GC B cells to continue developing.

BLIMP1 also directly represses BCL6 by binding to it (62).

Immune cell metabolism

General immune cell metabolism

Immune cells are amongst some of the most highly metabolically active cells in the

body and are required to respond rapidly to environmental signals and following
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receptor signalling. Immune cells use specific metabolic pathways during
differentiation. An example is T cells; T helper (Th) cells (Th1, 2 and 17) are highly
glycolytic, expressing high levels of GLUT1, whereas T regulatory (Treg) cells express
less GLUT1 and have higher levels of fatty acid metabolism (63). The fate of T cells in
becoming aff or yé lineage is also determined by metabolic cues. Activation of
mTORC1 stops the production of reactive oxygen species (ROS), therefore promoting
the af T cell lineage but supressing commitment towards the yo T cell lineage (64).
mTOR activation has also been shown to play a role in determining T lymphocyte fate.
Following mTORC1 activation, CD4+ T cells differentiate towards Th cells, whilst
differentiation towards Tregs and T cell anergy is inhibited, whereas CD8+ T cells

adopt an effector fate (65).

Another example is DCs. DCs rely on aerobic glycolysis when activated, transitioning
from their dependency on oxidative phosphorylation (OXPHOS) during their quiescent
state. Blocking this switch to aerobic glycolysis has been shown to inhibit the
maturation of DCs (66). Different subtypes of macrophages also display distinct
metabolic preferences. Classically activated macrophages, also known as M1
macrophages, are proinflammatory, whereas alternatively activated macrophages,
known as M2, are anti-inflammatory (67,68). M1 macrophages display increased
glycolysis and pentose phosphate pathway (PPP) activity, but decreased OXPHOS
(69—-71). In addition, M2 macrophages are highly dependent on OXPHOS but reduce
flux through the PPP (70-73). However, glycolysis has been found to be essential in
M2 macrophages, although another study found glycolysis to be dispensable for their
differentiation (74,75). This highlights the differential metabolic needs of immune cells

to function in an inflammatory or anti-inflammatory manner.
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Immune cells can also become pathogenic when metabolism becomes dysfunctional
or dysregulated. A well-studied example is T cell metabolic dysregulation, which
contributes towards systemic lupus erythematosus (SLE). Pathogenic CD4+ T cells
have been found to have increased mitochondrial mass, ROS and reduced glutathione
(GSH) (76). This leads to impaired activation-induced cell death but increased
activation and necrosis, which contribute towards the activation of self-reactive
lymphocytes (77). CD4+ T cells from lupus-prone mice and SLE patients, which have
activated mTORCA1, display increased glycolysis and decreased autophagy and
mitophagy, which may contribute to the increased mitochondrial mass (78-80). DCs
are also abnormal in SLE. DCs require mTORC1 for integrating numerous signals
(81). With constitutive mTORC1 expression, their survival and proliferation is impaired,
but their maturation was accelerated through MYC-mediated metabolic

reprogramming, resulting in high ROS production (82).

Collectively, these examples highlight the diverse metabolism of different immune cell

subsets, but also the complexity of targeting metabolism for treatment of disease.

B cell metabolism during activation and differentiation

Naive peripheral B cells are metabolically quiescent cells and rely on fatty acid
oxidation in order to maintain their long-term survival (83,84). Naive B cells also have
smaller mitochondrial mass, low glucose uptake and insensitivity to glycolysis

inhibition, compared to activated B cells (84).

External stimuli trigger rapid changes in metabolism in B cells. Glucose uptake
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increases in a PI3K-dependent manner following BCR stimulation (85). BCR
stimulation also increases mitochondrial mass (83). B cells upregulate expression of
Glucose transporter (GLUT) 1 (GLUT1) and GLUTS3, correlating with increased
glucose uptake (86). There is conflicting literature on how glucose is utilised by B cells
during activation. Several studies have shown an increase in glucose uptake post-B
cell activation, where inhibition of glycolysis resulted in shunting of glycolytic
intermediates towards the PPP and impaired antibody production (83,85,87).
However, Waters et al. also found glucose restriction did not affect activated B cell
function, but rather activated B cells increase OXPHOS and sensitivity to OXPHOS

inhibition and glutamine restriction increases (87).

The Protein Kinase C f isoform (PKCp) is found to be abundant in B cells and is
required for the increase in BCR induced glycolysis (88). Interrupting this pathway
through loss of PKC has been demonstrated to disrupt mTORC1 activation, which in
turn causes defective mitochondrial remodelling and metabolism and consequently,

defective GC formation and plasma cell development (89).

Glucose can also be channelled towards the formation of lipids (87,90). Although B
cells increase their metabolism and proliferation upon BCR stimulation, they require
co-stimulation to avoid apoptosis through ROS accumulation and therefore

mitochondrial dysfunction (91).

Epstein Barr virus (EBV) alters B cell metabolism to form B cell blasts, which enter

germinal centres to generate memory B cells. Memory B cells act as reservoirs for

EBV replication. EBV-induced latent membrane protein 2A (LMP2A) mimics BCR
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signalling, leading to constant B cell activation and survival, and prevents lytic viral
replication, through activation of PI3K and extracellular signal-regulated kinase
(ERK)/mitogen-activated protein kinase (MAPK) (92-96). LMP2A is also involved in
the uncoupling of BCR-dependent control of B cell tyrosine kinases, such as SYK and
LYN, allowing for maintained activation (97). LMP2A interferes with cell-cycle
checkpoints, such as P27, CHEK1 and retinoblastoma 1 (RB1), allowing continued
proliferation, as well as interacting with MYC to inhibit proapoptotic effects (98). By
hijacking and exploiting B cells, EBV can continue replicating and generating memory
B cells, where it can stay latent. This demonstrates the importance of essential
membrane proteins in initiating and controlling B cell expansion. EBV has also been
implicated in altering one-carbon (1C) and mitochondrial metabolic pathways in
infected B cells (99). By manipulating the 1C metabolism pathway to become
upregulated, it provides antioxidants, methyl groups for epigenetic regulation, and

DNA bases for proliferation.

Glycogen synthase kinase 3 (GSK-3) regulates metabolism during B cell maturation
and maintenance, through phosphorylation of a wide range of proteins at serine or
threonine residues (84). GSK-3 maintains naive B cell survival through restricting the
amount of cell mass accumulated, as well as being required for GC formation. Whilst
maintaining B cell survival, it also regulates the amount of ROS produced and prevents

apoptosis from occurring in glucose-limiting conditions (84).

It is evident that the stimulation of the BCR, CD40 or TLRs results in a rapid increase

in ROS (100,101). ROS are required for B cell differentiation and their levels increase

with activation and differentiation. Vene et al. demonstrated that inhibition of NADPH
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oxidase (NOX) in B cells impairs activation and differentiation (102). Mitochondrial
ROS (mROS) have also been demonstrated to play a role in B cell fate determination.
Jang et al. showed a reduction in the synthesis of heme in B cells as a result of
increased ROS causes an increase in CSR (103). Plasma cell differentiation was
increased in B cells expressing more heme, causing BTB Domain And CNC Homolog

2 (BACH2) to be inhibited and BLIMP1 expression to be upregulated (103).

High levels of signalling through the PISBK/AKT/mTOR pathway inhibits FOXO1 and
induces interferon regulatory factor 4 (IRF4) (104). IRF4, when transiently expressed
in GC B cells, increases BCL6, whereas sustained expression of IRF4 represses
BCLS6, driving B cells towards the plasma cell lineage (105-107). FOXO1 is known to
target P27, cyclin D2, the proapoptotic Fas-ligand, BIM, and ROS regulators, such as
MnSOD (108). When B cells differentiate into plasma cells, production and secretion
of antibodies occurs at a high rate, correlating with increased metabolic activity.
BLIMP1 is thought to upregulate OXPHOS (109). Glucose taken up by plasma cells

can be used for antibody glycosylation through the hexosamine pathway (110).

Together, this highlights the importance of metabolic reprogramming during B cell

activation and in adaptation to cellular metabolic needs.

Germinal centre B cell metabolism

GC B cells have been shown to be sensitive to glycolysis inhibition, indicating its
importance for survival and proliferation (84,111). On the other hand. fatty acid
metabolism has been found to be used in preference to glycolysis in GC B cells (112).

Through drug-induced and genetic inhibition of fatty acid oxidation, GC formation was
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selectively reduced both in vivo and in vitro (112).

IL-4 signalling drives a-ketoglutarate (aKG) accumulation in B cells, resulting in
epigenetic modification which upregulates BCL6, subsequently inducing GC B cell
differentiation (87). Here, the development of GC B cells was found to be dependent

on mitochondrial OXPHOS.

mTORC1 activity has been demonstrated to play a role in the formation of memory-
prone B cells (113). Asmall population of GC-derived B cells with low mTORC1 activity
contributed to both development and survival of B cells (113). This was also
accompanied by increased BCL2 and surface BCR (113). mTORC1 has also been
implicated in regulation of the DZ phenotype (114). Tth signalling to B cells results in

mTORC1 activation, which in turn promotes glucose uptake and cell growth. (114).

Transcriptional regulation also controls metabolism in GC B cells. c-MYC is found to
be critical in GCs, directly upregulating expression of genes involved in glycolysis,
uptake of nutrients and mitochondrial function, as well as glutaminolysis (115). c-MYC
is upregulated in LZ B cells when Tfh cells signal through CD40 (116). The strength of
selection signal received from Tth cells determines the amount of c-MYC in the B cell
(55). c-MYC is involved in regulating cell size, and acts as a timer controlling time in
the DZ. MYC may act as an oncogene, driving GC B cell-derived lymphoma (55). The
extent to which Tfh cells help B cells may be indicated in the metabolic capacity a B

cell acquires before going through the cell cycle.

Hypoxia inducible factor 1-a (HIF1-a) stabilises in low oxygen tension, whereas Von
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Hippel Lindau (VHL), destabilises HIF1-a in normal oxygen tension (117). LZs of GCs
are thought to be hypoxic, resulting in HIF1-a stabilization. HIF1-oo binds to and
upregulates numerous genes, including those involved in glycolysis, but also causes
reduced proliferation, increased GC B cell death, and impairs class switching by

reducing expression of AID (118).

Together, these studies have demonstrated that multiple metabolic pathways and
metabolic signals, both internal and external, are involved in the differentiation and
proliferation of GC B cells. Epigenetic regulation is key for the development of B cells
as well as determining GC B cell fates. Metabolites can help to enhance or repress
gene expression, which may skew the development of B cells towards a particular

subtype if there is an imbalance or preference of metabolic pathways.

One-carbon metabolism

1C metabolism is a process by which methyl groups are transferred through a cycle
of three interlinked metabolic pathways: the de novo serine synthesis pathway (SSP),
the folate cycle, and the methionine cycle. Together, these pathways are used to
generate biosynthetic materials, such as amino acids and DNA bases, as well as
contributing towards redox balance and epigenetic regulation, making it a crucial

network in metabolically active cells (119).

The serine synthesis pathway

Serine is a non-essential amino acid (NEAA) which is utilised by cells in numerous
cellular pathways, including 1C metabolism. Therefore, cells with a high proliferative

capacity, such as malignant and activated immune cells, are often dependent on
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serine from an external source to meet their metabolic demands (120,121). Serine is
usually obtained from dietary sources, however, it can also be generated through the

SSP as well as through catabolic mechanisms, such as autophagy (120).

Serine is an activator of the glycolytic enzyme, pyruvate kinase M2 (PKM2), which
maintains the flux of intermediates through glycolysis (122). When the activity of PKM2
decreases, glycolytic intermediates upstream of this enzyme accumulate and thus 3-
phosphoglycerate (3-PG) can enter the SSP (Figure 3). The first step of this pathway
is the conversion of 3-PG to 3-phosphohydroxypyruvate (3-PHP) by the rate limiting
enzyme phosphoglycerate dehydrogenase (PHGDH), in a NAD+ dependent manner
(120). 3-PHP is then converted into 3-phosphoserine (3-PS) by phosphoserine
aminotransferase 1 (PSAT1), in a glutamate dependent manner. aKG is generated as
a result of glutamine being used by PSAT1. The final stage is the conversion of 3-PS

to serine, catalysed by phosphoserine phosphatase (PSPH) (120).

SSP enzymes are upregulated when the integrated stress response (ISR) pathway
senses stress, such as amino acid deprivation, through the GCN2-elF2a-ATF4 axis
(123). General control nonderepressible 2 (GCN2) binds to uncharged tRNA and when
cells are deprived of amino acids (124). GCN2 phosphorylates eukaryotic translation
initiation factor 2a (elF2a), resulting in attenuation of global translation (125). elF2a
allows for protein synthesis to occur and its phosphorylation results in a cap-
dependent translation block. However the translation of cap-independent proteins,
such as activating transcription factor 4 (ATF4), is favoured, which can translocate to
the nucleus to activate transcription of crucial genes for cell survival, as well as genes

involved in helping to counteract the stressor (123).
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Serine has also been found to contribute towards the activity of mMTORC1 and long-
term serine deprivation was found to repress mTORC1 (125). mTORC1 is actively
involved in protein translation and its inhibition results in decreased protein synthesis
(19). The GCN2- elF2a-ATF4 axis is therefore important in upregulating the SSP, to
help maintain serine levels during serine deprivation, which in turn maintains mTORC1

activity and sustains cell growth and proliferation.
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Figure 3 - The serine synthesis pathway.

Glucose is metabolised by glycolysis after being taken up by the cell through
transporters. The glycolytic intermediate 3-PG can be used in the SSP, initially by
the rate limiting enzyme PHGDH, which is NAD+ dependent. This forms 3-PHP,
which is metabolised by PSAT1, a glutamine dependent enzyme, into 3-PS which
is subsequently metabolised to serine by PSPH. Serine can be further
metabolised in the 1C metabolism pathway. Serine can bind to PKM2 in an
allosteric manner, causing its activity to be upregulated. During deprivation, the
activity of PKM2 decreases, allowing for upstream intermediates to build up and
therefore allowing to feed into the SSP. Created with BioRender.com. This figure
was inspired by Yang, M., Vousden, K. Serine and one-carbon metabolism
in cancer. Nat Rev Cancer 16, 650-662 (2016).

The folate cycle

The folate cycle supplies 1C units to other interlinked metabolic pathways, such as the
methionine cycle and for the synthesis of glycine, NADH, nucleotide bases and GSH
(120). The folate cycle takes place in both the cytosol and preferentially the

mitochondria (126) (Figure 4).

The first step of the folate cycle converts tetrahydrofolate (THF) to 5,10-methylene-
THF through the enzyme serine hydroxymethyl transferase 1/2 (SHMT1 is cytoplasmic
and SHMT2 is mitochondrial) (120,127). 5,10-methylene-THF can be utilised for
thymidylate synthesis through thymidylate synthetase (TYMS). It can also be used to
produce 5-methyl-THF through methyl-tetrahydrofolate reductase (MTHFR), which
contributes to the methionine cycle. Additionally, methyl THF dehydrogenase
(MTHFD) catalyses the formation of 10-formyl THF. MTHFD1 is found in the cytoplasm

and is NADP+ dependent. MTHFD2 (NAD+ dependent) and MTHFD2-like
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(MTHFD2L) (NAD+ or NADP+ dependent) are mitochondrial enzymes catalysing the
conversion. 10-formyl-THF can be used in numerous pathways e.g. for the synthesis
of purines. Cytoplasmic aldehyde dehydrogenase 1 family member L1 (ALDH1L1) and
mitochondrial ALDH1L2 catalyse the reaction for the regeneration of THF. Both
enzymes are NADP+ dependent, helping to regenerate NADPH. Lastly, 10-formyl-
THF can also be converted to formate, by cytosolic MTHFD1 and mitochondrial

MTHFD1L in an adenosine triphosphate (ATP)-dependent manner (120,127).
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Figure 4 - The folate cycle

Serine is utilised by the folate cycle, with the first step being conversion into
glycine through the enzymes SHMT1/2. Serine and glycine can move between
the mitochondria and the cytoplasm. The conversion of serine to glycine allows
for donation of a methyl group to THF to form 5,10-methylene-THF, which
when formed in the cytoplasm, can also be used for thymidylate production,
through TYMS, or for 5-methyl-THF production through MTHFR, contributing
towards the methionine cycle. 5-10-meytylene-THF can be converted to 10-
formyl-THF through MTHFD1 (cytoplasmic) or MTHFD2/2L (mitochondrial), in
a NADP+ or NADP+ dependent manner. 10-formyl-THF, if formed in the
cytoplasm can be used for purine synthesis. It can also be used to regenerate
THF and produce CO2 in a NADP+ dependent manner both, by ALDH1L1
(cytoplasmic) or ALDH1L2 (mitochondrial). Additionally, it can also be
converted to formate, through the enzymes MTHFD1 (cytoplasmic) and
MTHFD1L (mitochondrial) in an ADP dependent manner, helping to regenerate
ATP. Formate can move between mitochondria and the cytoplasm. The
enzymes depicted in a green box are cytoplasmic, whereas those depicted in
a red box are mitochondrial. Bidirectional arrows indicate the of the enzyme to
work in a bidirectional manner. Created with BioRender.com. This figure was
inspired by Yang, M., Vousden, K. Serine and one-carbon metabolism in
cancer. Nat Rev Cancer 16, 650—-662 (2016).
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The methionine cycle

Methionine is an essential amino acid and is metabolised in a series of reactions. It is
essential for the generation of the universal methyl donor, S-adenosylmethionine
(SAM), involved in the methylation of nucleic acids, lipids, proteins and for epigenetic
regulation (120,128). Methionine is generated from the donation of a methyl group
from 5-methyl THF for homocysteine re-methylation through methionine synthetase
(MS). Methionine is converted to SAM through methionine adenosyltransferase
(MAT), which is an ATP-dependent process. Once SAM is used for methylation
reactions, S-adenosylhomocysteine (SAH) is produced, which is then converted back
to homocysteine, allowing for the cycle to continue again (120,128). Figure 5 shows a

schematic diagram of the methionine cycle.

The transsulfuration pathway

The transsulfuration pathway branches off from the methionine cycle and is the route
by which homocysteine is converted to cysteine, with the intermediate cystathionine
(120). Homocysteine is generated in the methionine cycle from S-adenosyl-
homocysteine. This pathway leads to the production of sulphur metabolites, such as
the key antioxidant, GSH, as well as the production of the amino acid cysteine, and
the signalling molecule hydrogen sulphide. Serine plays a role in this pathway too, in

the conversion of homocysteine to cystathionine (120).
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Figure 5 - The methionine cycle

5-methyl-THF from the folate cycle donates a methyl group to homocysteine
to form methionine and THF. This step occurs through the enzyme, MS, which
requires the co-factor, vitamin B12. Methionine is converted to SAM through
MAT, in an ATP-dependent manner. SAM is used by the cell as a major methyl
donor. Once the methyl group has been donated, SAH forms, which is
converted back to homocysteine. Homocysteine can be cycled through the
methionine cycle again or it can be shunted towards the transsulfuration
pathway. In combination with serine, the intermediate cystathionine forms,
which is converted to the amino acid cysteine. Cysteine can be used to
synthetise the antioxidant, GSH. Created with BioRender.com. This figure
was inspired by Yang, M., Vousden, K. Serine and one-carbon
metabolism in cancer. Nat Rev Cancer 16, 650—-662 (2016).
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Significance of SSP and 1C metabolism in cancer and immune cells

Numerous cancer types overexpress the SSP as an adaptive response to extracellular
nutrient starvation but also depend on extracellular consumption of serine for optimal
growth (129-132). Overexpressing SSP enzymes may reduce the dependency of the

tumour on extracellular serine, allowing growth in nutrient-deficient conditions.

Reduced PKM2 activity in tumours as a result of less activation by serine results in
glycolytic intermediates feeding into the SSP (122). Since the flux of intermediates
through the ATP generating step in glycolysis is reduced, it activates a stress
response. To compensate for reduced ATP , OXPHOS is upregulated, which also
provides ATP whilst increasing ROS (122). To dampen down the increased ROS, a

compensatory increase in the PPP occurs, allowing for NADPH production (133).

In cancer cells, transcription factors are often dysregulated. c-MYC, one of the
transcription factors which is overexpressed in many cancers, can induce the
expression of PHGDH, PSAT1 and PSPH (134). Nuclear factor-erythroid factor 2-
related factor 2 (NRF2) is another transcription factor abnormally expressed in cancers
and which has also been found to increase SSP enzymes through ATF4 in non-small
cell lung cancer, which helps to support the production of GSH and nucleotides (132).
NRF2 also increases PPP enzymes, which are known to contribute to NADPH and
nucleotide synthesis (135). Cancers expressing increased H3K9 methyltransferase
G9A also display increased SSP. Serine deprivation results in mono-methylation at
H3K9. Tumours depend on G9A for survival, although serine supplementation during
G9Ainhibition rescued the cancer cells (136). KDM4C removes the trimethylation from

H3K9, a repressive marker for SSP genes and is required for ATF4-dependent
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upregulation of the SSP (137). KDM4DC is also expressed abnormally in many
cancers (138). Mitochondrial enzymes involved in 1C are upregulated in cancer cells.
A tumour gene expression meta-analysis showed MTHFD2 to be consistently
upregulated amongst numerous cancers. SHMT2 has been identified as upregulated
and necessary for cancer cell growth (139). Together, these studies highlight the SSP
and 1C enzymes to be of great importance in malignant states, especially when serine

becomes limited.

Immune cells, both lymphocytes and myeloid, have also been shown critically require
the SSP. 1C metabolism in T cells has been previously studied. T cells rapidly
upregulate their 1C metabolism machinery upon activation (140). T effector cell
proliferation was found to be impaired upon serine depletion, however the effector
function of T cells was not affected (140). Ron-Harel et al. have demonstrated
mitochondrial biogenesis and proteome remodelling during T cell activation (141).
Inhibition of the mitochondrial 1C enzyme, SHMT2, results in impaired survival of
CD4+ T cells in vitro and reduced the abundance of antigen-specific T cells in vivo
(141). Alater study, also conducted by Ron-Harel et al, showed T cells from aged mice
have less activation of 1C metabolism and SSP compared to younger mice, as well
as reduced metabolites of glycolysis, the tricarboxylic acid (TCA) cycle and PPP (142).
T cells from aged mice also had smaller mitochondria, which may explain reduced
metabolic activity. Interestingly, adding 1C metabolites rescued T cell activation in

aged mice (142).

Rodriguez et al, have shown serine to be a requirement for GSH generation through

the transsulfuration pathway in macrophages (143). GSH helps with the upregulation
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of IL1p, a proinflammatory cytokine produced by macrophages, as well as contributing
towards redox balance. Why macrophages require de novo serine produced
intracellularly to increase IL-1B production remains unclear. One theory behind this
may be to do with GSH helping to rescue macrophages from cell death (143).
Furthermore, Yu et al., have shown methylation by SAM to play a role in pro-
inflammatory macrophages, and SAM promotes the production of IL-1 (144).

However, a study conducted by Kurita et al. showed serine depletion in LPS-stimulated
macrophages to lead to less mitochondrial ROS and less activation of the SSP, but

increased production of the inflammatory cytokine IL-6 (145).

1C metabolism in B cells has not been extensively studied. A study conducted by
Wang et al. investigated changes in B cell metabolism post-EBV infection (99). They
identified the SSP and 1C metabolism enzymes, particularly MTHFDZ2, to be activated
early during infection by MYC and the viral protein, EBNAZ2, rather than by ATF4
specifically. Replacing glucose with galactose in culture media impaired the
proliferation of infected B cells, indicating the importance of glycolysis during EBV-
infected B cell growth. 1C metabolism feeds into GSH, nucleotide, NADPH and ATP
synthesis, and therefore may aid infected B cells in sustaining proliferation and
counteracting ROS (99). Very recently, D’Avola et al. published a paper investigating
the SSP in GC B cells (146). They have also shown GC formation impairment post-
immunisation in B-cells with a conditional PHGDH deletion. They injected mice with a
pharmacological PHGDH inhibitor before immunising with 4-hydroxy-3-nitrophenyl
acetyl—chicken y-globulin (NP-CGG), which led to decreased IgG1 NP-specific plasma
cells and serum anti-NP IgG1 but no difference in NP-specific IgM plasma cells or anti-

NP IgM. This study indicates the importance of PHGDH in GC formation, as well as in
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immunoglobulin class switching (146).

Together, these studies have demonstrated that serine is required by highly
proliferative cells, both in pathological and normal states, for survival and proliferation.

When serine is limited, the SSP is upregulated as a compensatory mechanism.

Aims and hypothesis

Aims

This aims of my thesis are to:
1. Determine the effects of serine and glycine deprivation on B cells.
2. Determine the effects of B cell specific Phgdh deletion in vivo, using

Mb1-cre Phgdh-flox mice.

Hypothesis

The hypothesis of this project is “B cell activation and differentiation increases as

flux through 1C metabolism increases’.
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Methods and materials

Mice

Mb1-cre Phgdh-flox mice (147,148) aged 6-15 weeks were euthanised in a COz2
chamber, with confirmation of death by cervical dislocation. An incision was made in
the upper left abdomen, and spleens were extracted and placed in 1.5ml
microcentrifuge tubes containing 500ul of complete RPMI-1640. These mice were
maintained at the animal facilities in specific pathogen-free conditions, at the Kennedy
Institute of Rheumatology, University of Oxford. All procedures were carried out under

project licence from the UK Home Office.

Splenic B cell isolation
Freshly isolated spleens were injected with FACS buffer (1x PBS with 0.5% BSA and

2mM EDTA), before being crushed through a 70 um nylon cell strainer. The cell
suspension was washed with FACS buffer and then centrifuged at 400g, 4°C for 5
minutes. B cell isolation was carried out using mouse Pan B Cell Isolation Kit I
(Miltenyi Biotec), The pellet was resuspended in 100ul FACS buffer and incubated with
25ul Fc Receptor Blocking Reagent and 50ul Pan B Cell Biotin-Antibody Cocktail and
incubated at 4°C for 5 minutes. After incubation, the cells were diluted in 150ul FACs
buffer and incubated with 100ul Anti-Biotin MicroBeads at 4°C for 10 minutes. Post-
incubation, B cells were filtered through a 70 um pre-separation filter (Miltenyi Biotec)
and separated with an LS column (Miltenyi Biotec). Cells were counted using trypan
blue and Countess™ Cell Counting Chamber Slides (Invitrogen) on the EVE™
Automatic Cell Counter (NanoEnTek) after isolation. Proliferation was measured by

incubating with CellTrace™ Violet (CTV) Cell Proliferation Kit (Invitrogen) at a dilution

29



of 1:2000. Cells were incubated at 37°C for 15 minutes before washing with FACS
buffer and centrifuging. The pellet was resuspended in FACS buffer and cells were

counted again. Isolated B cells were placed on ice until ready to be plated.

Cell culture medium
Serine- and glycine-free RPMI-1640 (Teknova) was supplemented with 10mM

glucose, 2mM GlutaMAX, 1mM pyruvate, 10mM HEPES, 100 1U/ml
Penicillin/Streptomycin and 50uM 2-mercaptoethanol. 10% dialysed FBS was added
to the media. Powdered serine (Sigma) and glycine (Sigma) were diluted in miliQ water
and added to wells at a final concentration of 30mg/L and 10mg/L. Cells were cultured
in 96-well round bottom for flow cytometry, ELISA and qPCR analysis or 48-well flat
bottom plates for western blotting analysis. All experiments were carried out in a cell
culture hood, in sterile conditions. The table below highlights the mix of stimulants

used for B cells and the number of cells plated throughout this thesis.

Table 1 - Stimulation mixes used for B cell activation and number of
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cells plated.

Stimulation mix

Number of cells plated per well

10mg/ml Anti-CD40 agonistic antibody
(Clone: FGK45.5) (Miltenyi Biotec) and

1ng/ml recombinant murine IL-4 (Peprotech)

200,000 cells for flow
cytometry experiments.
200,000 cells plated for OPP

uptake experiment

10mg/ml anti-CD40 agonistic antibody
(Clone: FGK45.5) (Miltenyi Biotec) and
0.1mM ODN1826 (Class B CpG) (Miltenyi

Biotec)

200,000 cells plated for flow
cytometry experiments.
1.5 million cells plated for

western blotting

1ug/ml anti-CD40 agonistic antibody (Clone:
FGK45.5) (Miltenyi Biotec), 25ng/ml
recombinant murine IL-4 (Peprotech),
10ng/ml recombinant murine IL-
21(Peprotech) and 10ug/ml LPS, E. Coli
0111:B4 (Merck)

100,000 cells plated for flow

cytometry experiments.

Western blotting

Cells obtained from cell cultures were washed with 10ml of cold Phosphate Buffered

Saline (PBS) for 10 minutes at 450g, 4°C for 5 minutes. Cells were lysed using 100ul

RIPA buffer (ThermoFisher) containing cOmplete™ ULTRA Mini Protease Inhibitor

(Roche) and PhosSTOP™ (Roche) for 15 minutes on ice, with regular vortexing. The

samples were microcentrifuged at 17,0009 for 5 minutes at 4°C. The supernatant was

collected into another 1.5ml microcentrifuge tube and stored at -20°C. Protein

quantification was carried out using the Pierce™ BCA Protein Assay Kit (Thermo

Scientific). For protein quantification, samples were diluted 10 times in miliQ water and

were added in duplicate wells in a 96-well plate. For protein denaturation, 4X Laemmli

sample buffer (Biorad) mixed with 5% 2-mercaptoethanol (Sigma) was added to the
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15ug of sample lysate, which was then placed in a heating block at 95°C for 5 minutes
and then immediately transferred to ice. The sample mix was then pipetted into the
wells of 4-20% Mini-PROTEAN® TGX™ Precast Protein Gels (Biorad) and ran,
before transferring to a polyvinylidene difluoride (PVDF) membrane using the Trans-
Blot Turbo Transfer System (Biorad). The PVDF membrane was stained with Ponceau
S stain to confirm transfer onto the membrane. The membrane was then dried for 1
hour before blocking with 5% full-fat milk in Tris-Buffered Saline (TBS) with 0.05%
TWEEN® 20 (TBS-T) at room temperature, for 1 hour. The membrane was then
incubated with primary antibodies at the indicated dilutions overnight at 4°C. Primary
antibodies were diluted accordingly to manufacturers protocol in 2.5% skimmed milk
powder or 2.5% BSA in TBS-T. After the incubation, the membrane was then
submerged and washed once with TBS-T for 5 minutes to remove unbound primary
antibody, before incubation with a secondary antibody in 2.5% milk in TBS with 0.01%
SDS at room temperature. The blot was then washed 3 times for 5 minutes in TBS-T.
The membrane was then placed in TBS to prevent it from drying. The membrane was
analysed using the Li-COR Odyssey imaging machine. Primary and secondary

antibodies used for western blotting are mentioned in the table below.

Table 2 - Antibodies used for western blotting.

Antibody specificity Species Manufacturer Dilution
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Anti-vinculin (E1E9V) Rabbit Cell signalling 1:2000
Anti-alpha Tubulin Mouse Cell signalling 1:2000
(DM1A)
Anti-PHGDH Rabbit Cell signalling 1:2000
Anti-PSAT1 Rabbit Cell signalling 1:2000
Anti-Histone H3 Rabbit Cell signalling 1:2000
(D1H2) XP®
Anti-H3K4Me3 Rabbit Cell signalling 1:1000
(C42D8)
Anti-mouse IgG (H+L) | Alexa Fluor™ 790 Invitrogen 1:20,000
Donkey
Anti-rabbit IgG (H+L) | Alexa Fluor® 680 Invitrogen 10x less than the
Goat primary antibody

33




Flow cytometry

Cells were plated in a conical V-bottom plate and centrifuged at 4509 for 5 minutes at
4°C. The supernatant was discarded, and the pellets were incubated with 100ul of
eBioscience™ Fixable Viability Dye eFluor™ 780 (Invitrogen) at a dilution of 1:1000 in
PBS for 20 minutes on ice. The wells were washed with PBS and centrifuged at 400g
for 5 minutes at 4°C. The supernatant was discarded and cells were incubated with
CD16/CD32 Fc block diluted in PBS for 10 minutes, before washing with PBS. The
supernatant was discarded and cells were incubated with 50ul of antibody cocktail mix
for 30 minutes on ice. The pellets were washed with PBS and centrifuged at 400g for
5 minutes at 4°C. If cells were not to be fixed, the pellet was then resuspended in 200ul
of FACS buffer and placed into cluster tubes. If cells were fixed, the pellets were
resuspended in 100ul of Intracellular Fixation Buffer (eBioscience™) for 45 minutes.
The cells were washed three times with 100ul PBS and centrifuged at 400g for 5
minutes at 4°C, and the supernatant was discarded. The pellet was resuspended in
200ul FACs buffer and placed into cluster tubes. Data was generated on BD® LSR |l
or BD LSR Fortessa™ flow cytometers. Data was analysed using the FlowJo™ 10

software.
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Table 3 - Antibodies used for flow cytometry

Antibody
specificity and Type Clone Dilution Manufacturer
fluorochrome
REAffinity ™ Miltenyi
Anti-CD19 PE Mouse 1:200
REA749 Biotec
Anti-CD19 BV510 Mouse 6D5 1:200 Biolegend
Anti-B220 BV510 Mouse RA3-6B2 1:200 Biolegend
Anti-IgG1 PerCP Biolegend
Mouse RMG1-1 1:50
Cy5.5
Anti-CD138 PE Mouse 281-2 1:75 Biolegend
Anti-CD86 BV421 Mouse GL-1 1:100 Biolegend
Miltenyi
Anti-CXCR4 PE Mouse .276F12 1:40
Biotec
Anti-lgM PE-Cy7 Mouse RMM-1 1:200 Biolegend
Anti-IgD BV650 Mouse 11-26c¢.2a 1:400 Biolegend
Anti-CD16/32 (Fc BD
Mouse 2.4G2 1:200
Block)
Anti-GL7 AF647 Mouse GL7 1:75 Biolegend
Anit-TACI PE Mouse 8F10 1:250 Biolegend
Anti-Gr1 APC Cy7 Mouse RB6-8C5 1:100 Biolegend
Anti-GL7 Alexa Biolegend
Mouse GL7 1:75
Fluor 488
CellTrace™ Violet Invitrogen
Cell Proliferation Mouse - 1:1000

Kit
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IgM ELISA quantification

Mouse IgM ELISA was carried on cell culture medium from experiments carried out
over 3, 4 and 6 days, following manufacturer’s instructions (Invitrogen). Supernatant
was collected and cells were counted. Wash buffer was made using 0.05% Tween-20
in 1X PBS. A flat bottom high-affinity protein binding 96 well plate (Corning) was
incubated overnight at 4°C with capture antibody at a 1:250 dilution in coating buffer
(1X PBS). The plate was then washed twice with wash buffer the subsequent day and
blotted on absorbent paper to remove residual buffer from wells. The plate was then
blocked with blocking buffer (2X Assay Buffer A) overnight at 4°C. The following day,
the plate was washed twice with wash buffer and blotted dry. The standards provided
were reconstituted in deionised water and a 2-fold serial dilution in duplicates was
made. Samples were diluted in 1X Assay Buffer A at a dilution of 1:50, before being
plated in the wells at the required volumes. The plate was washed 4 times in wash
buffer and blotted dry, before the IgM detection antibody was added for 1 hour
incubation at room temperature. The plate was then washed again 4 times, after the
1-hour incubation with wash buffer. The detection antibody was diluted 1:250 in 1X
Assay Buffer A. After the detection antibody incubation, TMB substrate solution was
added to the plate and incubated at room temperature for 15 minutes, before adding
stop solution (2N sulfuric acid) to the wells. Analysis was carried out using the

FLUOstar Omega (BMG LABTECH).
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RNA extraction, cDNA conversion and RT-qPCR
RNA extraction was carried out using the RNeasy mini kit (QIAGEN), following

manufacturers protocol. Upon RNA isolation, RNA concentration and purity was
measured using the NanoDrop™ One Spectrophotometer (Thermofisher). RNA was
converted to cDNA using the High-Capacity RNA-to-cDNA™ Kit (Applied Biosystems),
following manufacturers protocol. cDNA was diluted with 180ul RNAse-free water to
dilute the sample 10 times. Samples were stored in a -20°C freezer for storage. gPCR
was carried out using 0.5ul TagMan probe (Thermofisher), 5ul TagMan™ Fast
Advanced Master Mix (Applied Biosystems), 1ul cDNA and 3.5ul RNAse free water in
a 384-well V-bottom plate. The plate was placed in the ViiA™ 7 Real-Time PCR
System (Thermofisher) to undergo 40 cycles. Using the delta-CT method, all values
are normalised to Ubc. Ser/Gly deprived condition values were calculated relative to
the Ser/Gly fed control wells, due to intra-experimental variation. TagMan primers used

for gPCR are listed in the table below.

Table 4 - Table of TagMan primers used for qPCR

Primer Reference

Ubc Mm01198158_m1
Ptprc MmO01293577 _m1
Phgdh Mm01623589 g1
Psat1 Mm04932904_m1
Aicda MmO00507774_m1
Slc2a1(Glut1) Mm00441480_m1
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In vivo immunisation and analysis

Mb1-cre Phgdh-flox Mice aged 9-12 weeks were immunised with 200ul Sheep red
blood cells (SRBC). 1ml sterile SRBC (ThermoFisher), which was washed with 15ml
cold PBS twice, before reconstituting in 3ml PBS. Sterile SRBC was administered as
0.2ml intraperitoneal injections to the mice. Mice were culled at day 9 and the spleens
were harvested. The spleens were split in half; one half was used for preserving the
sample for microscopy and the other half for flow cytometry analysis. The half spleens
were crushed on a 70um cell strainer, before washing with PBS at 400g 4°C for 5
minutes. The supernatant was discarded, and the pellet was disrupted with 3ml of red
blood cell lysis buffer (Gibco) for 3 minutes, before being washed with PBS at 400g,
4°C for 5 minutes. Cells were counted and 2 million cells were plated in each well of a
96-well conical V-bottom plate. The plate was centrifuged at 400g 4°C for 5 minutes.
Cells were incubated with Fixable Viability Dye eFluor™ 780 (eBioscience™) for 20
minutes on ice. The cells were wash with PBS, before discarding the supernatant. The
pellets were then incubated with 50ul Fc block antibody for 5 minutes, before adding
50ul of a 2X antibody mix for 30 mins. The cells were washed with FACS buffer and
resuspended in FACs buffer, before being transferred to cluster tubes for running on

the BD LSR Fortessa™ flow cytometer.
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Click-iT™ OPP reaction
OPP uptake was carried out using the Click-iT™ Plus OPP Alexa Fluor™ 647 Protein

Synthesis Assay Kit (Invitrogen™). Cells were washed with PBS at 400g 4°C for 5
minutes. The cells were incubated with 100ul Click-iT® OPP Reagent (Component A)
in a 1:1000 dilution in complete culture medium for 30 minutes in an incubator at 37°C,
5% CO:z. Cells were centrifuged at 400g, 4°C for 5 minutes, before washing once with
cold PBS. Cells were then incubated with CTV and antibodies and fixed, according to
the Flow cytometry protocol. After fixation, the cells were then washed with 1X
permeabilization buffer at 400g for 5 minutes (eBioscience™). Cells were incubated
with 1X permeabilization buffer and the pellet for 30 minutes at room temperature.
Cells were then washed with PBS at 400g, 4°C for 5 minutes. The Click-iT reaction
was carried out using the reaction cocktail consisting of copper protectant (Component
D), fluorochrome-conjugated picolyl azide (component E), 1X reaction buffer additive
in 1X reaction buffer. The cells were resuspended in 100ul of the reaction cocktail and
incubated at room temperature in the dark for 30 minutes. The cells were washed once
with 100ul Click-iT® reaction rinse buffer (Component F). The cells were then
resuspended in 200ul FACS buffer and placed in cluster tubes for analysis on the BD

LSR Fortessa™ flow cytometer.
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Results

1 — The importance of serine and glycine during B cell
activation and proliferation

1.1 — Exogenous serine and glycine are dispensable for B cell

proliferation and viability

| initially sought to determine how proliferation and viability of B cells is affected by
serine and glycine deprivation. B cells were isolated from wild type (WT) mouse
spleens and incubated with CTV proliferation tracking dye. They were then stimulated
with anti-CD40 agonistic antibody and IL-4 (Figure 6A). The anti-CD40 agonistic
antibody works by stimulating B cells through the CD40 receptor, which triggers NF-
kB signalling, promoting B cell survival and proliferation (16). IL-4 stimulates the IL-
4R on B cells, promoting B cell survival (20). B cells were cultured either with serine
and glycine, without serine and glycine, with serine only or with glycine only, for 72
hours. Cell culture media used is serine and glycine deplete, therefore
supplementation was required. Serine and glycine were diluted in deionised water and
added to wells at a concentration of 30mg/L and 10mg/L. These four conditions were
used to determine if the presence of one or the other amino acid had an impact on cell
viability or proliferation. Cells were cultured without serine and glycine, since
interconversion between serine and glycine can occur. Flow cytometry was then
carried out on these cells, using an antibody for the B cell surface marker, CD19, and
viability dye to gate live B cells (Figure 6B). Depleting serine or glycine did not affect

cell viability or cell division (Figure 6C, D and E).
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Figure 6 — Serine and glycine deprivation does not affect B cell division or
viability when stimulated through IL-4R and CD40.

A) Schematic of recombinant murine IL-4 and anti-CD40 stimulation used to activate
splenic B cells over 72 hours (Created with BioRender.com). B) Representative
gating strategy of live CD19+ B cells. C) B cell viability graph of cells cultured in
different serine/glycine conditions. D) Division index of B cells in different
serine/glycine conditions. E) Representative CTV proliferation histograms of splenic
B cells cultured in different conditions with serine/glycine. B and C are n=4, with 2
biological replicates from 2 independent experiments. Statistical analysis was carried
out using one-way ANOVA. For statistical analysis, non-significance (ns) = P = 0.05.
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To test whether this was an IL-4-specific response to serine/glycine deprivation, |
cultured cells in the same conditions, but stimulated with ODN1826 and anti-CD40
agonistic antibody instead. ODN1826 is a short sequence of single stranded DNA,
consisting of CpG motifs, which acts through TLR9 (12) (Figure 7A). Flow cytometry
was carried out on these cells, using an antibody for CD19 and viability dye to gate
live B cells (Figure 7B). Again, | found no significant difference in viability or cell
division (Figure 7C, D and E). No difference in cell viability or division was identified
when an alternative B cell stimulant was used, indicating an underlying mechanism by

which viability and division is maintained during serine and glycine deprivation.
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Figure 7 - Serine and glycine deprivation does not affect B cell division or
viability when stimulated through TLR9 and CD40.
A) Schematic of ODN1826 and anti-CD40 stimulation used to activate B cells over
72 hours (Created with BioRender.com). B) Representative gating strategy of live
CD19+ B cells. C) B cell viability graph of cells cultured in different serine/glycine
conditions. D) Division index of B cells in different serine/glycine conditions. E)
Representative CTV proliferation histograms of splenic B cells cultured in different
serine/glycine conditions. B and C are n=4, with 2 biological replicates from 2
independent experiments. Statistical analysis was carried out using one-way
ANOVA. For statistical analysis, non-significance (ns) = P = 0.05.
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1.2 — Expression of some SSP enzyme transcripts is greater in B

cells deprived of serine and glycine

There was no difference in B cell proliferation or viability when depriving B cells of
serine/glycine. | therefore focused on determining if the SSP was upregulated in
response to serine/glycine deprivation. | carried out gPCR for SSP enzymes at 24 and
48 hours, to determine how transcript levels of SSP enzymes change over a time
course. Splenic B cells isolated from WT mice were stimulated with ODN-1826 and
anti-CD40 agonistic antibody. | calculated gene expression in serine/glycine deprived
conditions relative to serine/glycine supplemented conditions. Greater Phgdh and
Psat1 transcript expression was identified in B cells deprived of serine and glycine,
compared to serine and glycine supplemented conditions (Figure 8). Shmt1, Shmt2,
and Aicda did not appear to change between the serine/glycine replete or deplete
conditions (Figure 8). Statistical analysis or fold change interpretation could not be
carried out on this data as day 0 samples were not available to use as baseline gene

expression.
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Figure 8 - SSP gene transcription increases more in serine/glycine deprived
conditions at 24 hours post-stimulation.

MRNA expression of B cells cultured in different serine/glycine conditions at distinct
time points (hours). Cells were stimulated with ODN1826 and anti-CD40. In all graphs,
n=4 with 2 biological replicates, carried out over 2 independent experiments. All -Ser/-
Gly data is normalised to +Ser/+Gly, to determine fold difference.
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1.3 — Serine and glycine deprived B cells show greater expression of

SSP proteins

gPCR analysis indicates there may be an increase in Phgdh and Psat1 gene
expression in B cells deprived of serine/glycine at 24 hours. To determine if these
genes were being translated, | carried out a western blot for these SSP enzymes.
Isolated splenic B cells from WT mice were stimulated with CpG and anti-CD40
agonistic antibody. Western blotting for PHGDH and PSAT1 was carried out on protein
isolated at 72 hours, with a-Tubulin used as a loading control (Figure 9A). In cells
deprived of serine/glycine, | saw a slight but non-significant increase in PHGDH

(Figure 9B), however a significant increase in PSAT1 (Figure 9C) was detected.
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Figure 9 - Serine and glycine deprivation increases PSATL1 levels 72 hours
post-stimulation.

A) Representative western blot showing bands for PSAT1, PHGDH and a-Tubulin
from B cells cultured in different serine/glycine conditions and stimulated with
ODN1826 and anti-CD40. B) PSAT1 quantification relative to the loading control,
a-tubulin C) PHGDH quantification relative to the loading control, a-Tubulin. n=2,
carried out over 2 independent experiments. Statistical analysis was carried out
using one-way ANOVA. For statistical analysis, non-significance (ns) = P = 0.05
and * =P <0.05.

47



| next wanted to determine how SSP enzymes are expressed over a time course. To
do this, | carried out western blotting on protein from 4 distinct timepoints: 0, 24, 48
and 72 hours, stimulating isolated splenic B cells with ODN1826 and anti-CD40
agonistic antibody (Figure 10A). | identified PHGDH and PSAT1 to be upregulated in
activated B cells regardless of whether they were deprived of or supplemented with
serine/glycine, where greater upregulation was observed in the serine/glycine
deprived condition (Figure 10B and C). However, even though an increase can be
seen in both conditions, there is no significance when comparing conditions, most
likely due to variation between experiments. The increase between time points within
conditions could be significant. This indicates that activation of B cells causes
upregulation of the SSP, which may be more greater in the absence of exogenous

serine and glycine.
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Figure 10 - Serine and glycine deprivation results in greater SSP levels over
a 72-hour time course.

A) Representative western blot images showing bands for PSAT1, PHGDH and
Vinculin in B cells cultured in serine/glycine deplete or replete conditions, stimulated
with ODN1826 and anti-CD40 agonistic antibody, over 3 distinct timepoints. B)
PSAT1 quantification relative to the loading control, Vinculin. C) PHGDH
quantification relative to the loading control, Vinculin. n=2, with a biological replicate
from 2 independent experiments. Statistical analysis was carried out using two-way
ANOVA. For statistical analysis, non-significance (ns) = P = 0.05.
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1.4 — IgM secretion is not affected in B cells deprived of serine and
glycine

Since serine/glycine deprivation does not decrease the proliferative capacity of B cells,
| wanted to investigate whether B cell function was affected. | performed an ELISA for
IgM on cell culture supernatant from B cells stimulated with anti-CD40 agonistic
antibody and IL-4 for 72 hours. Cells were counted and IgM secretion per cell was
calculated to normalise for total cell number. Whether serine or glycine were present

or not in the media, there was no statistical difference in IgM secretion (Figure 11).

No statistical significance is very likely due to inter-experimental variation. Further

repeats would be required to ensure robustness of the data.
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Figure 11 - IgM secretion does not change during serine and/or glycine
deprivation.

IgM secretion per cell from B cell culture media in different serine/glycine
conditions. B cells were stimulated with IL-4 and anti-CD40 agonistic antibody over
72 hours. n=4 with 4 biological replicates over 3 independent experiments.
Statistical analysis was carried out using one-way ANOVA. For statistical analysis,
non-significance (ns) =P =20.05,* =P <0.05 and ** =P < 0.01.
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1.5 — Inhibition of PHGDH increases dependency on exogenous

serine and glycine
PHGDH is the rate-limiting enzyme of the SSP (120). | inhibited PHGDH using the

non-competitive pharmacological inhibitor, NCT-503, to determine how B cell
proliferation and viability was affected by inhibition of the SSP (149). | stimulated B
cells with anti-CD40 agonistic antibody and IL-4 in the presence of a range of NCT-
503 concentrations, from 10uM to 40uM. | analysed cell division of live CD19+ B cells.
| saw an NCT-503 dose-dependent reduction in proliferation in cells deprived of
serine/glycine (Figure 12A). Viability decreased at higher concentrations of NCT-503,
although B cells were more viable during serine/glycine supplementation than
serine/glycine deprivation. (Figure 12B). This data indicates increased dependency on

exogenous serine and glycine when PHGDH is pharmacologically inhibited.
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Figure 12 - Pharmacological inhibition of PHGDH increases dependency on
exogenous serine and glycine.

A) CTV histogram plot of B cells cultured in different serine/glycine conditions, in
the presence of variable concentrations of NCT-503. B) Cell viability of B cells
cultured in different serine/glycine conditions, in the presence of variable
concentrations of NCT-503. n=6, with 3 biological repeats over 2 independent
experiments. Statistical analysis was carried out using two-way ANOVA. For
statistical analysis, non-significance (ns) =P =0.05, *=P <0.05, ** =P <0.01 and
*** =P <0.001.
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1.6 — B cell division, but not viability, is reduced during ser/gly

deprivation under low-glucose conditions
The glycolytic intermediate, 3-PG, feeds into the SSP by being converted to 3-PHP by

PHGDH. To seek further evidence of dependence on the SSP in serine/glycine
deprived B cells, | cultured B cells in a range of glucose concentrations with or without
serine/glycine, with anti-CD40 agonistic antibody and IL4 stimulation. | saw no
significant changes in viability between the two conditions at different glucose
concentrations (Figure 13A). However, cell division was affected by serine/glycine
deprivation at low glucose concentrations (Figure 13B). Overall, cells cultured in
serine/glycine supplemented conditions displayed a significantly higher division index,

compared to serine/glycine deprived conditions.
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Figure 13 - Glucose affects division of serine and glycine deprived B cells,
but viability is maintained.

A) Viability of B cells cultured in different serine/glycine conditions in a range of
glucose concentrations, stimulated with IL4 and anti-CD40 agonistic antibody. B)
Division index of B cells cultured in different serine/glycine conditions in a range of
glucose concentrations. n=5, with 5 biological replicates from 2 independent
experiments. For both graphs, a two-way ANOVA was conducted. For statistical
analysis, non-significance (ns) =P =2 0.05, * =P <0.05 and **** = P <0.0001.
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2 — The effects on serine and glycine deprivation on B cell
differentiation and immunoglobulin class switching

2.1 — A relative decrease in immunoglobulin class switching is

observed in B cells deprived of serine and glycine

| stimulated isolated splenic B cells from WT mice with LPS, anti-CD40 agonistic
antibody, IL-4 and IL-21, with and without serine and glycine over 4- and 6-days. LPS
triggers B cell immunoglobulin class switching towards IgG1 and IL-21 promotes
differentiation towards plasmablasts (24,150). The representative gating strategy for
this experiment shows my populations of interest gated from live B cells: CD138+
plasmablasts, CD138+IgG1+ plasmablasts, IgD+ B cells, IgM+ B cells and IgG1+ B
cells (Figure 14A). Overall no statistical significance was identified between conditions
in any of the populations, which may have been caused by inter-experimental
variation. However, we do see a decrease in viability, as well as live IgM+ and live
IgD+ B cells from day 4 to day 6, in both serine/glycine conditions (Figure 14B, C and
D). The percentage of IgG1+ B cells increases in both conditions from day 4 to day 6,
however during serine/glycine deprivation, it tends to be less than cells supplemented
with serine/glycine. (Figure 14E) The difference in plasmablasts is very small, with an
increase being identified in serine/glycine deprived conditions (Figure 14F). IgG1+
plasmablasts tend to not be different on day 4 or 6 between both conditions (Figure
14G). Further repeats and elimination of outlier data would be required to make final
conclusions on this experiment. Furthermore, absolute cell counts would be required

to determine the actual effect of serine/glycine deprivation on B cell populations.
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Figure 14 - Less IgG1+ B cells during serine/glycine deprivation, compared

to serine/glycine supplementation.

A) Representative gating strategy of B cell populations of interest. B) B cell viability
from different serine/glycine conditions on day 4 and 6. C) IgM+ B cells from
different serine/glycine conditions on day 4 and 6. D) IgD+ B cells from different
serine/glycine conditions on day 4 and 6. E) IgG1+ B cells from different
serine/glycine conditions on day 4 and 6. F) CD138+ plasmablasts from different
serine/glycine conditions on day 4 and 6. G) CD138+IgG1+ plasmablasts from
different serine/glycine conditions on day 4 and 6. n=10, with 10 biological
replicates from 4 independent experiment. For all graphs, a two-way ANOVA was
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3 — Conditional PHGDH deletion in B cells causes an
increase in immunoglobulin class switching towards the
IgG1 isotype

3.1 — B cell conditional Phgdh deletion increased IgG1 expression

post-SRBC immunisation

To determine if Phgdh deletion was effective, | carried out western blotting for PHGDH
on B cells from WT and Phgdh KO mice, stimulated with ODN1826 and anti-CD40
agonistic antibody for 24 hours. There was no band for PHGDH, confirming disruption
of the Phgdh gene in Mb1-cre Phgdh-flox mice (Figure 15A). Conditional Phgdh-KO
mice and WT litter mate controls were immunised with sheep red blood cells (SRBC)
and splenic B cells were analysed at day 9. Flow cytometry was carried out to
distinguish MZ and Fo B cells, using the surface markers CD21 and CD23, on live
CD19+ B cells (Figure 15B). Flow cytometry was also carried out to identify plasma
cells (CD138+TACI+) and GC B cells (GL7+CD38-) from pre-gated live B cells (Figure
15C). Within GC B cells, | also gated DZ and LZ (CD86 low and CXCR4 high, and
CD86 high and CXCR4 low respectively) and IgG1+ GC B cells (CD19+IgG1+) (Figure
15C). Percentage cell populations were quantified in the relevant plots (Figure 15D-
J). The only populations displaying a significant difference are IgG1+ GC B cells
(Figure 15H) and follicular (Fo) B cells (Figure 15l). There was a small but statistically
significant increase in Fo B cell proportions in Phgdh KO mice. IgG1+ B cells were

significantly increased in Phgdh KO mice.
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Figure 15 - Conditional Phgdh KO in B cells results in a relative increase in
IgG1+ GC B cells in vivo.

A) Confirmation of Phgdh KO by western blotting. B) Gating strategy of
CD23+CD21int Fo B cells and CD23-CD21+ MZ B cells. C) Gating strategy of
GL7+CD38- GC B cells, IgG1+ GC B cells, CD86-CXCR4+ DZ and CD86+CXCR4-
LZ, CD138+TACI+ Plasma cells, pre-gated on live B cells D) Percentage viability
of WT and KO mice B cells. E) Percentage plasma cells from WT and KO mice. F)
Percentage GC B cells from WT and KO mice. G) DZ/LZ ratio from WT and KO
mice. H) Percentage IgG1+ GC B cells from WT and KO mice. I) Percentage Fo B
cells from WT and KO mice. J) Percentage MZ B cells from WT and KO mice. 4
WT and 5 KO mice over 1 experiment. Statistical analysis was carried out using an
unpaired T test. For statistical analysis, non-significance (ns) = P 2 0.05, *=P <
0.05 and ** =P <0.01.
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3.2 — Phgdh conditional-KO mice show increased IgG1+ B cells in

vitro

Splenic B cells from Phgdh conditional-KO mice and WT litter mate controls were
cultured with LPS, anti-CD40 agonistic antibody, IL-4 and IL-21 for 4- and 6-days.
Phgdh-KO B cells died without serine/glycine supplementation, therefore the data for
this experiment consists of cells cultured with serine/glycine. The representative gating
strategy for this experiment shows my populations of interest: CD138+ plasmablasts,
CD138+IgG1+ plasmablasts, IgD+ B cells, IgM+ B cells and IgG1+ B cells (Figure
16A). Representative CTV histogram plots for WT and KO mice on both days indicates
no effect on proliferation (Figure 16B). There was no difference between KO and WT
mice in cell viability, IlgD+ B cells, CD138+ plasmablasts or CD138+IgG1+
plasmablasts (Figure 16C, F, G, and H). Both WT and KO mice displayed decreased
IgM+ B cells, with the decrease being more significant in KO mice (Figure 16D).
Surface IgG1+ on B cells on day 6 increased in both KO and WT mice (Figure 16E).
The increase in surface IgG1 between day 4 and 6 was greater in KO mice (Figure
16E). This relative decrease in IgM and relative increase in 1IgG1 may indicate
increased immunoglobulin class switching (Figure 16H), which is a finding similar to
that of immunised Phgdh-KO mice, which display relatively increased IgG1+ GC B
cells. A way to measure this would be to determine how much IgG1 and IgM is being
expressed on the cell surface initially prior to cell culture. Another reasoning behind
the increase in IgG1+ B cells could be increased survival, where IgM expressing cells
may be dying. To determine this, | could look at absolute cell counts and working out

relevant proportions of each population.
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Figure 16 - Conditional Phgdh KO in B cells causes a relative increase in
IgG1+ B cells in vitro.

A) Representative gating strategy of B cell populations of interest. B) CTV
proliferation plots of live WT and KO B cells on day 4 and day 6. C) B cell viability
from WT and KO mice on day 4 and 6. D) IgM+ B cells from WT and KO mice
on day 4 and 6. E) IgG1+ B cells from WT and KO mice on day 4 and 6. F) IgD+
B cells from WT and KO mice on day 4 and 6. G) CD138+ B cells from WT and
KO mice on day 4 and 6. H) CD138+IgG1+ B cells from WT and KO mice on day
4 and 6. 4 WT mice and 4 KO mice were used from 2 independent experiment.
For all graphs, a two-way ANOVA was conducted. For statistical analysis, non-
significance (ns) =P =2 0.05, * =P <0.05, ** = P <0.005 and *** = P < 0.001.
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3.3 — IgM secretion is not affected between Phgdh conditional-KO

mice or WT mice
To see if IgM secretion of B cells was affected by PHGDH, | conducted an IgM ELISA

on the culture medium from experiment 3.2, for both WT and KO mice. Media was
taken from different wells for the two timepoints. IgM secretion decreases from day 4
to day 6 in both WT and KO mice however, was no significant difference in IgM

secretion between WT or KO mice (Figure 17).
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Figure 17 - No difference in IgM secretion between WT and Phgdh-KO B
cells.

IgM secretion per cell from culture media of B cells cultured for 4- or 6-days from
WT or KO mice. B cells were stimulated with anti-CD40, IL4, IL21 and LPS. 4
WT mice and 4 KO mice were used from 2 independent experiment. Statistical
analysis was carried out using two-way ANOVA. For statistical analysis, non-
significance (ns) = P = 0.05.
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3.4 — H3K4Me3 increases in Phgdh-KO B cells

The SSP feeds into the 1C metabolism cycle, which branches off into the methionine
cycle. SAM is an important methyl donor (120,128). To determine if there was less
methylation as a result of inhibiting the SSP, | carried out a time point western blot of
histone H3 and the histone methylation marker, H3K4me3, in WT and KO mouse B
cells (Figure 18A). Total histone H3 protein increased in both WT and KO B cells over
the initial 48 hours, although KO B cells displayed higher total histone H3 at day 0
(Figure 18B). H3K4Me3 is a marker that upregulates the transcription of Aicda (151).
| carried out western blotting of H3K4Me3, and revealed a gradual increase in WT
mice over 72 hours, whereas KO mice increased their expression initially at 48 hours
and increased it even further at 72 hours (Figure 18C). When quantifying the ratio of
H3K4me34 to total H3, I still found increased methylation in KO mice (Figure 18D).
This experiment is provisional and requires further replication which | did not have time

to do.
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Figure 18 - H3K4me3 increases in Phgdh-KO B cells.

A) Representative western blot showing bands for H3K4Me3, Histone H3, Phgdh
and Vinculin in WT and KO mouse B cells at distinct time points. B cells were
stimulated with CpG ODN1826 and anti-CD40. B) H3K4Me3 quantification
relative to the loading control, vinculin. C) Histone H3 quantification relative to
the loading control, Vinculin. n=1 for WT and n=1 for KO carried out over 1

experiment.
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3.5 — Protein synthesis does not differ between WT and Phgdh-KO B

cells

O-propargyl-puromycin (OPP) is a puromycin alkyne analogue which can be
integrated into newly synthesized proteins. | therefore took advantage of this system
to determine if protein synthesis was affected in Phgdh KO B cells. OPP expression
was analysed by gating on live B220+ B cells (Figure 19A). gMFI was calculated for
both WT and KO B cells (Figure 19B). From this data, it is evident that OPP is not

changed between KO and WT B cells.
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Figure 19 - Protein synthesis does not change in Phgdh KO B cells.

A) Gating strategy of OPP fluorescence from live B cells stimulated with anti-
CD40 agonistic antibody and IL4. B) OPP gMFI in WT and KO mice. n=4, with 4
biological replicates, over 2 independent experiments. Statistical analysis was
carried out using an unpaired T-test. For statistical analysis, non-significance (ns)
=P =20.05
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Discussion and conclusions

In this thesis, | have shown that B cells upregulate the SSP during activation which is
required for their proliferation and differentiation. No difference was identified in
viability or proliferation of B cells cultured over 3 days with serine/glycine, without
serine/glycine, with serine only and with glycine only. Consistent with this finding, B
cells also upregulated PHGDH and PSAT1 during activation. Upregulation of these
enzymes was greater in the serine/glycine deplete condition than the serine/glycine
supplemented condition at protein levels over a 3-day time course. Fold difference of
Phgdh and Psat1 was higher in serine/glycine deprived conditions at the transcript
level, although statistical analysis could not be carried out, as a result of lack of day 0
conditions to compare the values to. IgM secretion was reduced slightly, but not
significantly, in B cells cultured in serine deprived conditions. An assumption behind
this may be the ISR is activated when serine deprivation is detected, and uncharged
tRNAs activate GCN2 (123,152). GCN2 reduces protein synthesis through
phosphorylation of elF2a, which then cannot bind to ribosomal structures required for
translation (123,152). B cells may reduce immunoglobulin synthesis through this
manner. It would be interesting to see whether B cells stimulated with anti-CD40 and
IL-4 over 3 days also reduces surface IgM or intracellular IgM levels. Since
plasmablasts are involved in secretion of immunoglobulin, their differentiation may be
affected by serine/glycine deprivation and may be worth investigating through flow
cytometry in a 3-day cell culture. Inhibiting PHGDH using NCT-503 led to reduced
viability in both conditions, with serine/glycine deprived B cells being more greatly
affected. Whilst the effects of the inhibitor may be off target, resulting in toxicity and
hence reducing B cell viability, this also demonstrates B cells have some dependency

on exogenous serine/glycine when the SSP is blocked. It would be worth investigating
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the effects on viability and proliferation at lower dosage of NCT-503 also.

Decreasing glucose concentrations in B cell culture media had an impact on cell
division. When decreasing glucose concentrations in both serine/glycine deplete and
replete conditions, | saw a reduction in cell division. This would be explained by a
requirement for glycolysis during B cell activation (83,85,87). B cells deprived of
serine/glycine had significantly lower cell division in all glucose concentrations,
compared to the serine/glycine supplemented conditions. Interestingly, B cell viability
was not affected by the presence or absence of serine/glycine. Assuming that the SSP
is upregulated in B cells deprived of serine/glycine, | would expect flux through the 1C
metabolic pathway. Most of the de novo serine may be shunted towards survival
mechanisms, such as GSH production, since B cell activation is known to rapidly
increase ROS (100,101). With reducing glucose concentrations, B cells may prioritise
glycolytic flux over other pathways to maintain essential metabolic pathways, thus
reducing proliferation. OXPHOS has been identified to be upregulated in activated B
cells and glucose restriction does not affect activated B cell function, which may
explain the maintained viability between serine/glycine supplemented and deprived
conditions (87). To test the contribution of 3-PG towards SSP and glycolysis, B cells
could be cultured with '*C-labelled glucose, which can then be measured by mass
spectrometry. Additionally, B cell glycolysis and OXPHOS can be measured through
the metabolic Seahorse assay, helping to determine the effects between the different
serine/glycine conditions. Counting cells at the end of the cell culture, before analysing

in this experimental set up, will help me to identify whether cell division was affected.

Cells cultured between 4- and 6-days display an increased percentage of IgG1+ B
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cells, although cells deprived of serine and glycine had a slightly smaller percentage
of IgG1+ B cells. Between day 4 and day 6, | saw a reduction in viability, IgD and IgM.
This could indicate multiple things, one of them being increased cell death of rapidly
dividing cells or cell death of non-class-switching cells. Another assumption may be to
do with increased class switching of cells or increased proportion of class switched
cells which are not dying. Since | did not have cell counts for each condition, | cannot
assume that the absolute cell count is increased or decreased and therefore the
percentages of these populations are relative. An explanation behind the relative
increase in the CD138+ plasmablast population may be to do with glycolytic flux. As
SSP enzymes increase in response to serine/glycine deprivation, flux through the SSP
may therefore increase and less glycolytic intermediates may form downstream of 3-
PG. Plasmablasts may therefore be switching towards OXPHOS as a pathway to
generate ATP. As activated B cells differentiate towards becoming plasmablasts, it has
been shown that there is a switch from glycolysis towards OXPHOS (109). Measuring
OXPHOS through the flow cytometry metabolic assay, SCENITH, would allow me to
determine the effects of inhibiting glycolysis and OXPHOS through calculating OPP
incorporation. Alternatively using the Seahorse assay would provide further
information about glycolytic or OXPHOS metabolism of B cells during serine/glycine
deprivation or supplementation. Testing to see if other IgG isotypes, IgA, or IgE differ
would allow for further clarification as to whether it affects switching to other

subclasses or if it is specific to IgG1.

Immunising Mb1-Cre Phgdh-Flox mice allowed me to analyse the effects of Phgdh
conditional-KO on B cells in vivo. After a 9-day immunisation with a single dose of

SRBC, the only significant difference identified was an increase in IgG1+ GC B cells
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in KO mice and a very small difference in follicular B cells. This was a similar finding
to that | identified in vitro, where | saw a relative increase in IgG1+ B cells and relative
reduction in IgM+ and IgD+ B cells. It is important to note that PHGDH-KO B cells
stimulated in vitro did not survive in serine/glycine deplete conditions and therefore
required supplementation with serine/glycine for in vitro experiments. B cells increase
ROS during activation and the SSP produces GSH (100,101). If flux through the SSP
cannot occur, | assume excessive oxidative stress would be present, leading to B cell
death. However, this is the opposite of what | saw when | deplete serine/glycine from
WT B cells in the same experimental conditions in chapter 2, where | identified IgG1+
B cells to be reduced, relative to IgM+ and IgD+ B cells. Since WT B cells can survive
and proliferate despite serine/glycine depletion, by upregulating the SSP, | assume the
increase in IgG1+ B cells is a PHGDH-KO specific phenotype. ROS have been
identified in increasing B cell CSR through downregulation of heme (103). Assuming
there is reduced 1C flux and therefore less GSH, increased ROS may be involved in
the increased proportion of IgG1+ GC B cells in vivo and increased proportion of IgG1+
B cells in vitro. B cell viability decreased in the absence of serine/glycine at high NCT-
503 concentrations, as demonstrated in an earlier experiment. The dependency on
exogenous serine/glycine in PHGDH-KO B cells and during pharmacological PHGDH

inhibition highlights the importance of serine/glycine for survival and proliferation.

IgM secretion reduced from day-4 to day-6 during in vitro stimulation of both WT and
Phgdh KO, although no difference was identified between WT or KO mice. When
attempting an ELISA to determine IgG1 secretion in Phgdh KO mice, | was unable to
detect IgG . This was attempted numerous times with different troubleshooting, which

did not seem to fix the detection issue. IL-4 is known to be involved in B cell class
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switching towards IgG1 and IgE (153). The concentrations of IL-4 may have been too
low. LPS also leads to IgG1 class switching, and its concentration may also not have
been optimal. IL-4 and LPS concentrations could be increased to determine if this was
affecting 1IgG1 secretion. When analysing OPP uptake between WT and KO mice
stimulated in vitro, | saw no difference in gMFI, indicating no defect in protein
synthesis. This may indicate no ISR in Phgdh KO mouse B cells, because they were
cultured in serine/glycine replete media. If the ISR was activated, | would expect
attenuation of global protein synthesis as a consequence (154). Since there is no
difference in OPP uptake in KO mice, OPP uptake requires investigating in B cells
deprived of serine/glycine, to determine if the assumed decrease in relative
immunoglobulin expression is triggered by the ISR pathway. Western blotting analysis
for histone methylation in Phgdh KO mice indicates higher levels of total histone H3
protein over a time course post-activation. This was also seen with H3K4me3, a
methylation mark which has been associated with increased Aicda transcription (42).
If methylation marks associated with increased Aicda expression were increasing, |
would expect repression marks associated with Aicda , such as H3K9Me3 or
H3K27me3, to consequently decrease (42). In further experiments, measurement of
repressive methylation marks through western blotting would help me to determine
this. Aicda gene expression and AID protein levels would need to be measured to
determine if this was the cause. The interesting finding here is the increased
methylation in the absence of 3-PG flux through the SSP. With less flux through the
1C cycle, it is not expected that levels of SAM, a major methyl donor, would be higher.

To determine if this is a true finding, further experimental replication is required.

A paper published during the conclusion of my project, by D’Avolo et al., looked at the

68



SSP in GCs (146). Similar to my findings, they found unstimulated naive B cells to
have minimal expression of SSP enzymes compared to in vitro activated B cells, which
had increased PHGDH and PSAT1 over a time-course, however they also stimulated
their cells through the BCR with anti-IgM/G. Wang et al., also showed upregulation of
SSP enzymes in EBV-infected B cells, which subsequently supports the synthesis of
biosynthetic building blocks for proliferation (99). It is clear that the SSP increases
upon stimulation, even more so in serine/glycine deplete conditions. One of the key
findings by D’Avolo et al. that opposes my work is that genetic ablation of Phgdh
results in impaired Ig class switching and GC formation post SRBC immunisation.
There are a number of differences in approaches between my work and their paper.
Firstly, their cre was under the promoter of CD19, whereas mine was under Cd79a.
Both genes are expressed early in B cell development. As Mb-1-cre is a more efficient
cre, it is unlikely this was the cause of the difference in results obtained. Another
difference is the way in which their immunisation was delivered. They administered
SRBC intravenously, whereas we injected mice intra-peritoneally. Intravenous
injections directly enter the systemic circulation, leading to high levels of SRBC
accumulation in the spleen. The increased number and size of GCs may lead to
differences in metabolic demands and hence higher requirement for serine synthesis.
Differences in microbiomes between mice housed in differing environments may also

be relevant.

A broader approach to take in further experiments to use '*C-glucose and '3C-serine
tracing in vivo to determine how incorporation takes place in WT and Phgdh KO mice.
Mice could be injected into the tail vein with '3C-glucose or '3C-serine, or alternatively,

could be provided in a liquid form to the mice to ingest. This approach could also be
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used in vitro to determine how B cells utilise exogenous glucose and serine during
serine/glycine supplementation or deprivation. mTORC1 is the central mechanism for
cells to detect the availability of amino acids and make the intracellular changes
required. Another experiment that would provide us with further information about the
metabolic dynamics in B cell differentiation is immunising mice with a booster dose of
SRBC. This would provide me with further information as to whether memory B cells
are affected by PHGDH inhibition. A population of mMTORC1 low GC B cells have been
found to favour memory-B cell formation (113). Upon a further immunisation, if

mTORC1 is downregulated, an increase in memory B cells may be observed.

Pharmacologic inhibition or genetic ablation of Phgdh, with removal of serine/glycine
from cell media, has been demonstrated to be most effective in reducing B cell viability
and proliferation in mouse models. This may have translational relevance, where
patients displaying autoimmune diseases or cancer with upregulated SSP could be
treated using a combination of drugs inhibiting the SSP with a serine/glycine-free diet.
This has been demonstrated to be effective in cancer treatment, where dietary
restriction of serine and glycine improved cancer drug treatment (155,156). D’Avolo et
al. showed the SSP to be upregulated by MYC in a B cell ymphoma. Blocking PHGDH
resulted in apoptosis of Burkitt ymphoma B cell ymphoma, as a result of less serine
synthesis and decreased proliferation (146). Being able to target B cells through the
SSP, a pathway that is highly upregulated and contributes to essential cellular

pathways and biosynthetic material make up, may help control disease progression.
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