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Abstract 
B cell receptor (BCR) signalling plays an important role at multiple stages of B cell 

development, differentiation, and activation. Naïve B cells co-express BCRs of IgM 

and IgD isotype, but when activated, B cells often class-switch to another isotype such 

as IgG1. IgG1 transduces stronger BCR signalling, thought to be largely due to 

inherent signalling capabilities in the cytoplasmic tail. To investigate the effect of 

altered BCR signalling on B cell development, B cell activation and development of 

autoimmunity, we have used a mouse model where B cells express chimeric BCRs 

that have the IgM extracellular region and the IgG1 cytoplasmic tail (IgMg1 mouse), as 

well as a second mouse model where B cells express fully IgG1 BCRs (IgG1M mouse). 

In IgMg1 mice, B cells had evidence of increased negative selection during B cell 

development, reduced BCR expression and a dampened response to BCR stimulation 

in vitro, supporting the previous observation that B cells in these mice display an 

anergic phenotype. Gene expression was analysed in IgMg1 B cells and genes that 

may play a role in regulating B cell anergy were identified. IgMg1 mice were able to 

make germinal centre (GC) responses following immunisation with T cell-dependent 

(TD) antigen. However, there was a higher affinity threshold for B cell participation in 

the GC, and reduced survival and positive selection. The B cells had greater ability to 

present antigen and activate T follicular helper cells. Aged IgMg1 mice were more 

prone to developing spontaneous tissue-specific autoantibodies than aged wildtype 

mice.  

In IgG1M mice, IgG1-only expressing B cells also underwent increased negative 

selection and BCR downregulation. However, unlike the IgMg1 B cells, this did not 
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result in an anergic phenotype; instead, B cells were hyper-responsive to BCR 

stimulation in vitro. Despite the hyperactive BCR signalling, T cell-independent and TD 

responses were unexpectedly impaired. 

This work provides insight into how stronger BCR signalling can inhibit or increase B 

cell activation in different contexts. It also establishes how different BCRs can affect 

interactions with Tfh cells within the GC. Additionally, the importance of the BCR 

extracellular region relative to the cytoplasmic region for signalling at different stages 

of development was explored. These mouse models should be useful to further 

investigate how regulation of enhanced BCR signalling can prevent inappropriate 

activation of B cells and the development of autoimmunity. 
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Chapter 1. Introduction 
 

1.1 The immune system 

The immune system is the body’s defence against foreign invaders such as bacteria, 

viruses, and toxins. It acts to recognise and remove pathogens, and restrict the 

damage caused by them. It can be broadly divided into the innate and adaptive 

immune system (Murphy et al., 2008; Chaplin, 2010). The cells of the innate immune 

system recognise and respond to pathogen-associated molecular patterns (PAMPs) 

expressed by broad classes of pathogens. These are well conserved as they are 

structures essential for survival of the pathogen (Medzhitov and Janeway, 1997). The 

innate immune system cells include neutrophils, dendritic cells (DCs), macrophages, 

eosinophils, mast cells, and natural killer (NK) cells. Neutrophils and macrophages are 

primarily involved in engulfing microorganisms (phagocytosis), whereas eosinophils 

are involved in killing of parasites. Mast cells release granules causing inflammation, 

and finally, NK cells recognise and kill abnormal cells such as virus-infected cells and 

some tumour cells (Murphy et al., 2008).  

The adaptive immune system consists of B and T lymphocytes (also known as B and 

T cells). Both of them have large random repertoires of antigen receptors with different 

specificities, generated from somatic rearrangement of relatively few germline gene 

segments (Chaplin, 2010). B and T cells express antigen receptors that have specificity 

for different types of target antigens. T cell receptors (TCRs) recognise processed 

antigen peptide fragments in complex with major histocompatibility (MHC) molecules, 

whereas B cell receptors (BCRs) recognise conformational epitopes on antigens. After 
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development in the bone marrow or thymus, lymphocytes circulate lymphoid tissues in 

search for antigens that may bind and activate their antigen receptors. T cells 

differentiate into two different types of effector cells: T helper cells (Th cells) and 

cytotoxic T cells. B cells can differentiate into plasma cells which specialise in secreting 

antibodies, the secreted form of the BCR (Murphy et al., 2008). Another crucial aspect 

of adaptive immunity is the generation of long-lived “memory” effector cells, which 

allow a more rapid response in a subsequent infection with the same pathogen.  

 

1.2 Antibodies 

B cells are a specialised set of lymphocytes responsible for humoral immunity. They 

recognise antigens through their BCRs and once activated may differentiate into 

plasma cells to secrete antibodies. Antibodies are made up of two identical heavy 

chains and two identical light chains (Figure 1.1).  The light chain may be either kappa 

(κ) or lambda (λ) class. The specificity of the antibody depends on the variable region 

(Figure 1.1), especially the complementarity-determining regions (CDRs), which are 

hypervariable. These form the antigen binding sites (Murphy et al., 2008). During an 

immune response these regions can undergo extensive mutation to increase affinity to 

the antigen. 

The diversity of the antibody repertoire in humans is estimated to be at least 1011 

(Murphy et al., 2008). This high diversity results from a process of somatic 

recombination to join gene segments together in random combinations during B cell 

development in the bone marrow. This process is mediated by enzymes called 

recombination activating genes (RAG) 1 and 2, which are expressed during 
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lymphocyte development (Kuo and Schlissel, 2009). In humans the kappa light chain 

locus has 40 variable (V) and 5 joining (J) segments that can be recombined randomly, 

and the lambda light chain locus has 30 V and 4 J segments. The heavy chain locus 

has 40 V, 25 diversity (D) and 6 J segments. The combinatorial diversity from random 

recombination of these segments is known as VDJ recombination, and the random 

pairing of heavy and light chain can produce approximately 1.9x106 possible 

combinations. Extra diversity arises from the random addition and deletion of 

nucleotides at the junctions between the segments. This in particular causes a high 

degree of diversity in CDR3 (Tonegawa, 1983; Murphy et al., 2008).  

Antibodies raised against a pathogen contribute to protection in several ways, for 

example neutralisation of pathogens or toxins (Brenneman et al., 2011; Boyer et al., 

2011; Dumas et al., 2020; Dispinseri et al., 2021; Khoury et al., 2021; Tea et al., 2021; 

Pang et al., 2021), or recruitment of other components of the immune system such as 

complement or innate cell subsets (Murphy et al., 2008; Merle et al., 2015a, 2015b). 

As a result of class-switch recombination, the isotype of the antibody, as determined 

by the heavy chain constant region, can switch during an immune response. The 

isotype that results from class-switching is influenced by the type of antigen, and by 

cytokines released by other cells of the immune system (Snapper and Mond, 1993). 

The different isotypes (IgM, IgD, IgG, IgA and IgE) have diverse functions due to having 

distinct structures (Schroeder and Cavacini, 2010), and differences in ability to engage 

Fc receptors (FcRs) (Nimmerjahn and Ravetch, 2005) and activate complement 

(Neuberger and Rajewsky, 1981). IgM is the first isotype expressed in response to a 

pathogen. Secreted IgM forms pentamers, which improves avidity to antigen even if 

the BCR is low affinity. Pentameric IgM has high capacity for forming immune complex 
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with complement C1q and activating the complement pathway (Gong and Ruprecht, 

2020). IgG is the most abundant antibody class in the circulation and has a monomeric 

structure. Several IgG sub-classes exist, each with differences in abundance and 

ability to induce effector functions. In humans the subclasses are IgG1, IgG2, IgG3 

and IgG4. IgG1 is involved in response to soluble protein and membrane-expressed 

protein antigens and has high affinity for most of the FcRs. IgG2 responds to  bacterial 

capsular polysaccharide antigens. IgG3 is efficient at induction of effector functions 

and activation of complement. IgG4 is often induced by allergens or by long-term 

exposure to antigen (Vidarsson et al., 2014). Mice also have 4 IgG subclasses (IgG1, 

IgG2a, IgG2b and IgG3), although the functions of the human and mouse subclasses 

are not comparable (Collins, 2016). Mouse IgG1 is inefficient at activating complement 

(Neuberger and Rajewsky, 1981) and has high affinity for the inhibitory FcR FcγRIIb 

and relatively low affinity for the activating FcRs such as FcγRIII. Mouse IgG2a has 

relatively high affinity for FcγRIV, making it effective at clearing pathogens through 

opsonisation (Nimmerjahn et al., 2005). Mouse IgG3 has greater bactericidal and 

phago-opsonisation ability (Michaelsen et al., 2004) but less ability to induce 

cytotoxicity through binding to FcRs on neutrophils and eosinophils (Lopez et al., 

1983).  IgA forms dimers and is the main antibody class in secretions, for example in 

the intestinal and respiratory tracts, and is an important part of the immune response 

at these sites (Woof and Ken, 2006). IgE is thought to have originally evolved to provide 

immunity to parasites and venom toxins, but is commonly associated with allergy 

(Sutton et al., 2019). In summary, the protective role of antibodies is crucial in the 

immune response to many different pathogens, by a range of different mechanisms, 

dependent on the isotype of the antibody. 
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Figure 1.1. Structure of an antibody molecule.  

Schematic representation of an IgG molecule showing the heavy chains (green) and light chains 
(yellow). The variable regions are made up of the VH and VL domains (lighter colours), while the constant 
regions are made up of the CL and CH domains (darker colours). The heavy chains are linked by 
disulphide bonds at the hinge region, as are the CL and CH1 domains. The antigen binding fragment 
(Fab) binds to antigens. The Fc fragment can bind to Fc receptors (FcRs) on other cell surfaces. Adapted 
from Murphy et al., (2008). Created in BioRender. 

 

1.3 B cell development 

1.3.1 B cell development in the bone marrow 

B cell development (Figure 1.2) in adult mice begins in the bone marrow. They are 

derived from common lymphoid progenitors (CLPs), from which T cells and NK cells 

also originate (Akashi et al., 1999). The earliest stage of the B cell lineage is the pro-

B cell. Heavy chain immunoglobulin gene rearrangement occurs in pro-B cells. Once 

they have a functioning heavy chain following successful VDJ recombination, they 

reach the pre-B cell stage. Pre-B cells express a pre-BCR in which the newly 

rearranged heavy chain is paired with a surrogate light chain, made up of VpreB and 

λ5 peptides. At this point the light chain genes undergo rearrangement. Once the heavy 



 

 21 

and light chain genes have been rearranged, pre-B cells become immature B cells and 

express IgM on the cell surface as the BCR (Hardy, 2012).  

B cell development in the bone marrow has been extensively characterised by Richard 

Hardy based on expression of surface markers, with the different stages being 

designated as Hardy fractions (Fr) A to F. B lineage cells specifically express B220, an 

isoform of CD45Ra. The B220+ cells can be split into an early CD43+ fraction and a 

later CD43- fraction. The CD43+ fraction can be further split into early fractions A (pre-

pro-B cells), B and C (pro-B cells), and C’ (large pre-B cells) based on expression of 

CD24 and BP-1. The CD43- fraction can be separated into fractions D (small pre-B 

cells), E (immature B cells), and F (mature B cells) based on IgM and IgD surface 

expression (Hardy et al., 1991).  

The bone marrow microenvironment provides the niche required for B cell 

development from CLPs, for example factors secreted by bone marrow stromal cells 

such as interleukin (IL)-7 and the chemokine CXCL12. IL-7 is important for B cell 

development as it promotes the survival and proliferation of pro-B and pre-B cells. 

CXCL12 helps localise the developing B cells to the bone marrow, through expression 

of CXCL12 receptor CXCR4 by the B cell progenitors and precursors (Carsetti, 2000; 

Nagasawa, 2006; Hardy, 2012; Zehentmeier and Pereira, 2019). 
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Figure 1.2. B cell development.  

B cell development starts in the bone marrow. B cells develop from common lymphoid progenitor (CLP) 
cells. The earliest stage of the B cell lineage is the pro-B cell which undergoes heavy chain VDJ 
recombination. Once a functional heavy chain is expressed, they become a pre-B cell. Pre-B cells 
undergo light chain VJ rearrangement. Once the cell has functional heavy and light chain genes, the 
immature B cells migrate to the spleen, to complete their maturation as transitional B cells. They mature 
into either follicular B cells or marginal zone B cells. Adapted from Murphy et al. (2008) and Yam-Puc 
et al (2018). Created in BioRender. 

 

1.3.2 B cell maturation in the spleen 

Immature B cells migrate from the bone marrow to the spleen as transitional B cells, 

where they complete their maturation into either follicular B cells or marginal zone B 

cells (Loder et al., 1999; Pillai and Cariappa, 2009), and co-express IgD along with IgM 

through an alternative splicing mechanism (Maki et al., 1981; Gutzeit et al., 2018). The 

spleen is a highly organised tissue with most lymphocytes residing in areas of white 

pulp, separated by areas of red pulp. The white pulp itself is further segregated into B 

cell follicles (with follicular B cells) and T cell zones, surrounded by a marginal zone 

made up of marginal zone B cells and macrophages (Lewis et al., 2019). B cells 

express chemokine receptor CXCR5 and are attracted to follicles by the chemokine 

CXCL13, expressed by follicular dendritic cells (FDCs) (Ansel et al., 2000).  
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The fate decision to become either a follicular or marginal zone B cell depends on 

signals received through the BCR, as well as signals received through Notch2 and B 

cell activating factor receptor (BAFFR) (Pillai and Cariappa, 2009). However, the role 

of BCR signalling in the fate decision is controversial. Various mouse models with 

altered BCR signalling have reported differences to frequencies of follicular and 

marginal zone B cells. In some mouse models it has been reported that weak BCR 

signalling favours development into a marginal zone B cell, whereas relatively strong 

BCR signalling favours development into a follicular B cell (Cariappa et al., 2001, 2009; 

Samardzic et al., 2002; Setz et al., 2018; Härzschel et al., 2021). However other 

studies have reported that in other mouse models with stronger BCR signalling, there 

is an increase in marginal zone B cells (Wen et al., 2005; Kanayama et al., 2005; 

Horikawa et al., 2007; Waisman et al., 2007; Tsiantoulas et al., 2017; Geier et al., 

2018; Ottens and Satterthwaite, 2021). These studies are summarised in Table 1.1. 
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Table 1.1 Mouse models with altered B cell receptor signalling showing differential effects on B 
cell maturation 

 Mouse model Effect on BCR 
signalling 

Effect on 
marginal zone B 
cells 

Reference 

Evidence for 
increased 
BCR signalling 
favouring 
follicular B cell 
development 

CD22-deficient Increased Decreased (Samardzic et al., 
2002) 

Aiolos-deficient Increased  Decreased (Cariappa et al., 
2001) 

SiaeΔ2/Δ2 
(truncated) 

Increased Decreased (Cariappa et al., 
2009) 

Pten-deficient B 
cells 

Decreased Increased (Setz et al., 2018) 

B cell-specific 
Kindlin3-knock-out 

Increased  Decreased  (Härzschel et al., 
2021) 

Evidence for 
increased 
BCR signalling 
favouring 
marginal zone 
B cell 
development 

Soluble IgM 
knock-out 

Increased  Increased  (Tsiantoulas et al., 
2017) 

Anti-hen egg 
lysozyme (HEL) 
transgenic 
chimeric IgM/IgG1 
B cell receptor 

Increased  Increased  (Horikawa et al., 
2007) 

IgHγ1μ Increased Increased  (Waisman et al., 
2007) 

Interferon 
regulatory factor 4 
(IRF4)-deficient 
mice 

Increased Increased (Ottens and 
Satterthwaite, 
2021) 

Monoclonal BCR 
specific to self 
Thy-1/CD90 

Increased (due to 
self-reactivity) 

Increased (Wen et al., 2005) 

Quasimonoclonal 
(QM) mouse 
(VHT/λ1 and 
VHT/λ2 B cells) 

Increased BCR 
signalling in λ2 B 
cells due to 
increased 
polyreactivity 

Increased MZ, 
enriched for the 
polyreactive λ2 B 
cells 

(Kanayama et al., 
2005) 

Hypomorphic 
mutations in B cell 
linker (BLNK) and 
Bruton’s tyrosine 
kinase (BTK) 

Decreased Decreased (Geier et al., 
2018) 

 



 

 25 

Follicular B cells make up 80-90% of the mature B cells in the spleen (Vale et al., 

2015). In addition to being located in the follicles of the spleen, they recirculate through 

the blood and lymphatic system and to the follicles in other secondary lymphoid organs 

such as lymph nodes, to maximise the chance of encountering antigen. Follicles are 

positioned next to T cell zones so that follicular B cells are able to receive costimulatory 

signals from follicular helper T cells (Tfh cells) and participate in a T cell-dependent 

(TD) response when activated (Victora and Nussenzweig, 2022).  

In mice, marginal zone B cells are confined to the spleen, where they make up 5-10% 

of the mature B cells (Vale et al., 2015). They take part in T cell-independent (TI) 

responses against blood-borne TI antigens such as lipopolysaccharides (LPS). This 

type of response does not require help from cognate helper T cells, and results in low-

affinity plasma cells (Oliver et al., 1997; Guinamard et al., 2000; Martin et al., 2001). 

Additionally, they function to capture blood-borne protein antigen and shuttle it to the 

follicles (Cinamon et al., 2008; Arnon et al., 2013). They may also activate Tfh cells in 

the T cell zone (Attanavanich and Kearney, 2004). Recently it has been shown that 

they can acquire antigen-MHC class II complex from conventional dendritic cells by 

trogocytosis, and this may provide an additional means for activation of T cells (Schriek 

et al., 2022). 

 

1.3.3 B-1 cells 

In addition to conventional B cells (also known as B-2 cells), there is another subset of 

B cells in mice: B-1 cells. B-1 cells are considered part of the innate immune system. 

Unlike B-2 cells, they are not the product of B cell development in the bone marrow. 
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Instead, they develop in the fetal liver, and the population in adults is maintained by 

self-renewal. B-1 cells make up a large proportion of the B cells in the peritoneal and 

pleural cavities and are also found at a lower frequency in the spleen (Baumgarth, 

2011). The splenic B-1 cells are thought to be derived from the peritoneal cavity B-1 

cells (Kawahara et al., 2003), but are phenotypically and functionally distinct (Tumang 

et al., 2004).  

They can be split into B-1a cells, which express CD5, and B-1b cells, which do not 

express CD5. B-1a and B-1b cells have functional differences. B-1b cells may have 

broader BCR repertoire and are important in the response to some bacterial infections, 

for example Salmonella, and may be able to generate long-lived memory response 

(Marshall et al., 2012; Cunningham et al., 2014). B-1a cells secrete “natural 

antibodies”, a polyreactive repertoire of IgM antibodies that bind to common bacterial 

and viral epitopes such as constituents of bacterial cell walls. These antibodies act as 

an important first line of defence against many pathogens (Baumgarth, 2011).  

Unlike B-2 cells, B-1a cells are not activated by antigen binding to their BCR 

(Baumgarth, 2011). They do not enter cell cycle in response to BCR crosslinking, and 

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) is not induced 

in response to BCR crosslinking (although it is induced in response to mitogens such 

as LPS and phorbyl myristate acetate (PMA)) (Morris and Rothstein, 1993). They also 

do not mobilise calcium in response to BCR stimulation (Chumley et al., 2002). 

Signalling through TLRs is required for activation and secretion of antibodies (Kreuk et 

al., 2019). In response to some infections, for example influenza, they may be recruited 

to the lymph node and be activated in an antigen-independent manner (Choi and 
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Baumgarth, 2008). B-1a cells have also been linked to a role in immune tolerance. 

Mice with B cell-specific deletion of cytotoxic T-lymphocyte-associated protein 4 

(CTLA-4) develop spontaneous germinal centres and autoimmunity, and this was 

linked to dysfunctional CTLA-4-deficient B-1a cells (Yang et al., 2021). B-1 cells appear 

to be susceptible to disruptions to BCR signalling with several mouse models with 

impaired BCR signalling having reduced B-1 cells, while models with deleted negative 

regulators of BCR signalling have increased B-1 cells (Berland and Wortis, 2002). 

Although B-1 cells are a distinct and well-studied subset in mice, it is unclear if they 

are present in humans. A population of cells (CD20+ CD27+ CD43+ CD70-) has been 

identified as human B-1 cells based on their phenotype: spontaneous secretion of IgM, 

ability to stimulate T cells, tonic intracellular signalling, and a skewed variable heavy 

(VH) repertoire (Griffin et al., 2011). However, the identification of this population as B-

1 cells is controversial (Griffin and Rothstein, 2012; Tangye, 2013) and the population 

has been alternatively identified as a pre-plasmablast population based on gene 

expression profiling (Covens et al., 2013). Another potential human equivalent of B-1 

cells is CD21low cells which have similar gene expression profile, phenotype, function 

and tissue location as mouse B-1 cells (Rakhmanov et al., 2009). 

 

1.4 B cell activation 

1.4.1 Antigen capture and presentation to T cells 

Conventional B cells encounter antigen in either soluble or membrane bound form 

(Batista and Harwood, 2009). It is usually captured from cells that present intact 

antigen, for example FDCs (Suzuki et al., 2009; Tew et al., 1997), subcapsular sinus 
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macrophages in lymph nodes (Junt et al., 2007; Phan et al., 2007; Carrasco and 

Batista, 2007), or migratory dendritic cells (Bergtold et al., 2005; Wykes et al., 1998; 

Colino et al., 2002; Qi et al., 2006; Heath et al., 2019). It has also been reported that 

B cells can capture small-molecular weight soluble antigens directly (Pape et al., 

2007). In a TD response, once the antigen has been captured by the B cell it is 

internalised, degraded and presented on the surface as a MHC class II-peptide 

complex to Th cells (Yuseff et al., 2013; Lankar et al., 2002). B cells migrate to the 

border of the T cell zone and B cell follicle, and interact with cognate Th cells (Toellner 

et al., 1996; Garside et al., 1998; Okada et al., 2005), forming an immunological 

synapse (Duchez et al., 2011). Recognition of MHC class II-peptide complex by the 

cognate Th cell triggers expression of molecules that activate the B cell and induce 

proliferation. For example, Tfh cells express CD40L on their surface, and secrete IL-4. 

This provides pro-mitotic and pro-survival signals to B cells (Crotty, 2011; Murphy et 

al., 2008; Biram et al., 2019). The importance of these signals has been shown in in 

vitro experiments, where human B cells can be activated with an anti-CD40 

monoclonal antibody and IL-4 (Vallé et al., 1989). 

 

1.4.2 Extrafollicular response 

Some of the activated B cells move out of the follicles and differentiate into short-lived 

plasmablasts that secrete relatively low-affinity antibodies that form the early protective 

antibody response. This is known as the extrafollicular response. The affinity of the 

antibodies for the antigen is not high because they are not affinity matured, but they 

may be immunoglobulin class-switched (MacLennan et al., 2003). The decision for 

activated B cells to take part in the extrafollicular response may be driven by affinity of 



 

 29 

the BCR for the antigen, with the highest-affinity clones becoming short-lived 

plasmablasts, and the lower-affinity clones entering the germinal centre reaction where 

they will undergo affinity maturation (Paus et al., 2006; O’Connor et al., 2006). It has 

also been reported that memory B cells may develop early in the immune response 

outside of germinal centres as part of the extrafollicular response (Taylor et al., 2012). 

 

1.4.3 Germinal centres 

Germinal centres (GCs) (Figure 1.3) are transient structures within the follicles 

consisting of several cell types, including activated B cells, Tfh cells, and FDCs. They 

develop 4-5 days after B cell activation by a TD antigen (De Silva and Klein, 2015). 

GCs have primarily been studied in vivo in mice immunised with model antigens, as it 

is not yet possible to completely recapitulate the complexity of a GC in vitro. GCs 

support affinity maturation and selection of B cells with high-affinity BCR to become 

memory B cells and long-lived plasma cells that secrete high-affinity antibody 

(MacLennan, 1994a; Victora and Nussenzweig, 2022). Until recently it was thought 

that GCs were also the site of class-switch recombination, however it is now thought 

that this occurs prior to formation of GCs, and that class-switching within the GCs is 

uncommon (Toellner et al., 1996, 1998; Marshall et al., 2011; Roco et al., 2019).  

The GC is split into a dark zone (DZ), with a high density of proliferating B cells, and a 

light zone (LZ), with a lower density of B cells and a network of FDCs and Tfh cells. 

The DZ B cells, known as centroblasts, and the LZ B cells, known as centrocytes, are 

spatially separated as well as phenotypically distinct, with DZ B cells being CXCR4hi 

CD83lo CD86lo and LZ B cells being CXCR4lo CD83hi CD86hi (Victora et al., 2010). The 
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organisation into the zones is mediated by chemokine gradients with CXCR4+ B cells 

directed to the CXCL12+ DZ, and CXCR5+ B cells being directed to the CXCL13+ LZ 

(Allen et al., 2004). B cells migrate between the two zones (Schwickert et al., 2007; 

Allen et al., 2007; Victora et al., 2010).  

In the DZ, B cells undergo clonal expansion and somatic hypermutation to mutate the 

variable region of the BCR (MacLennan, 1994b; Mesin et al., 2016; Victora and 

Nussenzweig, 2022). Somatic hypermutation requires activation-induced cytidine 

deaminase (AID) (Muramatsu et al., 2000), which is expressed in DZ B cells (Victora 

et al., 2012). AID catalyses cytidine deamination on single stranded DNA exposed 

during transcription (Chaudhuri et al., 2003; Dickerson et al., 2003; Ramiro et al., 

2003). This results in double-strand DNA breaks (DSBs) that are repaired by error-

prone repair mechanisms (Di Noia and Neuberger, 2007), such as by DNA polymerase 

eta (Pol η) which is highly expressed in DZ B cells (Victora et al., 2010).  

B cells that have damaging BCR mutations undergo apoptosis in the DZ, whereas B 

cells with functional BCR migrate to the LZ to test the newly mutated BCRs (Mayer et 

al., 2017; Stewart et al., 2018). Here, B cells compete for antigen and T cell help. 

Higher-affinity B cells are selected based on the amount of antigen they capture via 

the BCR and present to cognate T cells, and the amount of T cell help they 

subsequently receive (Victora et al., 2010). Early antigen-specific antibodies may also 

re-enter the GC and compete for antigen, thus driving the selection of B cells with 

increasingly higher affinity BCR (Zhang et al., 2013; Toellner et al., 2018). Myc-

expression is upregulated following selection, which drives cell cycle in the selected 

cells (Calado et al., 2012; Dominguez-Sola et al., 2012). Selected cells return to the 
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DZ, and undergo further clonal expansion and somatic hypermutation, in proportion to 

the amount of antigen captured and displayed to Tfh cells in the LZ (Gitlin et al., 2014, 

2015). The B cells that have not been selected undergo apoptosis due to lack of 

survival signals (Liu et al., 1989, 1991; Mayer et al., 2017). As the GC reaction 

proceeds, and GC B cells go through multiple cycles of proliferation, somatic 

hypermutation and selection, the affinity of the B cells for the target antigen increases 

(Kuraoka et al., 2016; Tas et al., 2016). Gene expression profiling comparing LZ and 

DZ B cells showed that LZ B cells upregulate genes associated with BCR and CD40 

signalling, whereas DZ B cells upregulate genes associated with mitosis (Victora et al., 

2010). 

The commitment to GC phenotype begins after B cells encounter antigen and begin 

expression of B cell lymphoma (Bcl)-6 (Kerfoot et al., 2011; Kitano et al., 2011). Bcl-6 

has been described as “the master regulator of the GC reaction” (Basso and Dalla-

Favera, 2010), and Bcl-6-deficient mice are unable to form GCs (Ye et al., 1997). It is 

a transcriptional repressor which acts to maintain the functional phenotype of GC B 

cells. Bcl-6 targets include: genes involved in the response to DNA damage, such as 

the genes encoding p53 (Phan and Dalla-Favera, 2004) and ataxia telangiectasia and 

Rad3-related protein (ATR) (Ranuncolo et al., 2007), which allows DNA breaks 

induced during somatic hypermutation to be tolerated; anti-apoptotic gene Bcl-2 (Saito 

et al., 2009), which allows apoptosis of B cells that are not selected (Smith et al., 2000); 

inhibition of plasma cell transcriptional regulator B lymphocyte-induced maturation 

protein-1 (Blimp-1) (Shaffer et al., 2000), which helps to maintain GC B cell phenotype 

until output or apoptosis; and cell cycle control genes including p27kip1 (Shaffer et al., 

2000) and p21 (Phan et al., 2005), which allows rapid cell cycle progression. There 
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may be additional, indirect effects of Bcl-6 mediated gene repression that contribute to 

GC function. For example, suppression of Blimp-1, leads to increased AID expression 

(Shaffer et al., 2002; Minnich et al., 2016). A computation analysis has identified over 

1200 genes with a predicted Bcl-6 binding site in GC B cells (Basso et al., 2010). 

 

 

Figure 1.3. Germinal centre reaction.  

Activated B cells undergo affinity maturation in a germinal centre. (A) In the dark zone B cells proliferate 
and undergo somatic hypermutation to introduce mutations into the variable region genes. B cells that 
introduce damaging mutations undergo apoptosis. (B) B cells with functional BCR migrate to the light 
zone, where (C) they test their newly mutated BCR by competing with other B cells to capture antigen 
presented by follicular dendritic cells. (D) Higher affinity B cells are selected based on the amount of 
antigen they can present to cognate follicular helper T cells, and the amount of T cell help they 
subsequently receive and upregulate Myc expression. (E) Selected B cells cycle back into the dark zone 
where they proliferate in proportion to the amount of T cell help they receive and undergo further cycles 
of somatic hypermutation and selection. (F) Selected cells may also differentiate into antibody secreting 
plasma cells, or (G) memory B cells. (H) B cells that are not selected in the light zone undergo apoptosis. 
Adapted from (MacLennan, 1994a; Zhang et al., 2016; Victora and Nussenzweig, 2022). Created in 
BioRender. 
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1.4.4 Tfh cells 

Tfh cells play an important role in the selection of GC B cells. Evidence for their 

importance in GC reactions comes from studies where CD40:CD40L interactions were 

inhibited in immunised mice with anti-CD40L antibody. This resulted in inhibition of the 

GC response, and reduced affinity of plasma cells (Han et al., 1995a; Takahashi et al., 

1998). Gene expression analysis has shown that human Tfh cells are a distinct subset 

from other T helper cells specialised for providing help to GC B cells (Chtanova et al., 

2004). Expression of CXCR5 allows them to home to the follicles where they are 

positioned for interaction with B cells (Breitfeld et al., 2000; Schaerli et al., 2000). 

Expression of IL-21 stimulates B cells to express Bcl-6, required for the GC program 

(Zotos et al., 2010; Linterman et al., 2010). Tfh cells also express Bcl-6, where it is 

required for efficient interaction with B cells and CD40L signalling (Liu et al., 2021).   

The differentiation and activation of Tfh cells is a multistep process. Antigen 

presentation from dendritic cells is enough to initiate the differentiation into pre-Tfh 

cells that upregulate CXCR5 and move in to the follicles (Goenka et al., 2011). 

However, further antigen-presentation from B cells is required to complete the 

differentiation (Barnett et al., 2014). Consequently, there is a reciprocal relationship 

between GC B cells and Tfh cells, where each is required for activation of the other. 

Antigen presentation and expression of ICOSL by B cells induces calcium signalling in 

Tfh cells, resulting in expression of IL-21 and IL-4 by Tfh cells and increased CD40 

signalling in B cells. This causes B cells to upregulate ICOSL in a positive feedback 

loop (Shulman et al., 2014; Liu et al., 2015). Recently Tfh cells have been shown to 

undergo clonal selection within a GC reaction, with proliferation driven by the affinity 

of the TCR for MHC-antigen peptide complex presented by GC B cells and increased 
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TCR signalling (Merkenschlager et al., 2021). Therefore, the interactions between GC 

B cells and Tfh cells are bidirectional and complex. 

 

1.4.5 Differentiation of GC B cells into plasma cells or memory B cells 

Some of the B cells selected in the GC differentiate into either long-lived plasma cells, 

which secrete high-affinity antibody (Nutt et al., 2015), or memory B cells, which upon 

antigen re-encounter can either differentiate directly into plasma cells, or re-enter GCs 

(Inoue et al., 2018). Plasma cells are responsible for secretion of antibodies. The 

plasma cell phenotype is driven by the transcription factor Blimp-1, that upregulates 

genes associated with secretion of antibodies (Angelin-Duclos et al., 2000; Shaffer et 

al., 2002; Minnich et al., 2016; Tellier et al., 2016). Plasma cell precursors expressing 

Blimp-1 can be seen early in the GC reaction (Angelin-Duclos et al., 2000). The 

decision to differentiate to a plasma cell over a memory cell is thought to be driven by 

affinity with the highest affinity GC B cells becoming plasma cells (Smith et al., 1997; 

Phan et al., 2006; Viant et al., 2020). Signals from Tfh cells also regulate plasma cell 

differentiation. CD40 signalling results in the upregulation of IRF4, which acts to 

repress Bcl-6 (Saito et al., 2007; Ding et al., 2013), and IL-21 signalling results in 

expression of Blimp-1 (Ding et al., 2013; Zhang et al., 2018), however it can also induce 

expression of Bcl-6 (Ozaki et al., 2004). There is also a role for stromal cells in the GC; 

fibroblastic reticular cells at the interface between the GC and T cell zone (GTIRCs) 

express A Proliferation-Inducing Ligand (APRIL), which also supports plasmablast 

differentiation (Zhang et al., 2018).  
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The decision to become a memory B cell is less-well understood. It is not known what 

causes a B cell that is selected in the GC to become a memory B cell rather than re-

cycling in the GC reaction. However, GC B cells with low affinity for antigen are more 

prone to becoming memory B cells (Viant et al., 2020). The lower affinity GC B cells 

that become memory B cells express high levels of Bach2, which is required for 

development of memory B cells. Bach-2 expression inversely correlated with the level 

of T cell help (Shinnakasu et al., 2016). Memory B cell precursors (defined by CCR6 

expression) have been reported to be generally lower affinity, although some are of 

high affinity (Suan et al., 2017). Myc, which is expressed in positively selected GC B 

cells, forms a complex with a co-repressor Miz1 which acts to suppress memory B cell 

differentiation (Toboso-Navasa et al., 2020). However, it is likely that some T cell help 

is required, as GC B cells in vitro will not survive unless they are rescued from 

apoptosis by co-culturing them with GC T cells, in a CD40L-dependent manner. After 

receiving T cell help these cells differentiate to a memory-like phenotype (Casamayor-

Palleja et al., 1996). In support of this, memory B cell precursors have been identified 

within a subset of Myc+ positively-selected GC B cells (Nakagawa et al., 2021). 

One proposed model for GC B cell fate decision is that the cells that receive strong 

cognate T cell help will become plasma cells and those that receive weak T cell help 

will become memory B cells, while those that receive a moderate level of T cell help 

will recirculate in the GC (Inoue et al., 2018). Alternatively, the T cell signalling required 

for both plasma cell differentiation and recirculation may be the same, but additional 

signals from the environment, such as APRIL on GTIRCs, promote plasma cell 

differentiation (Zhang et al., 2018). 
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1.4.6 TI antigens 

TI antigens do not require T cell help to activate the B cell. They can be split into TI-I 

and TI-II antigens based on whether they are capable of eliciting an immune response 

in X-linked immunodeficient (Xid) mice (Fairfax et al., 2008). TI-I antigens are 

mitogenic and activate B cells by co-stimulation of toll-like receptors (TLRs) by PAMPs, 

and BCRs by another epitope on the antigen. TI-II antigens are not intrinsically 

mitogenic. They are usually bacterial polysaccharides that most likely activate B cells 

by extensive cross-linking of BCRs, and are not capable of eliciting an immune 

response in Xid mice (Murphy et al., 2008; Fairfax et al., 2008). Extrafollicular plasma 

cells form in response to TI antigens, and have been reported to persist for at least 90 

days (Vinuesa et al., 1999; Hsu et al., 2006). GCs may form, but they are short-lived 

and until recently were thought to be non-productive (Vinuesa et al., 2000; Lentz and 

Manser, 2001). However, it has now been shown that TI antigen-induced GCs may be 

productive: a recent study showed that GCs induced by a model TI-II antigen are short-

lived but produce plasma cells and memory B cells which survive for at least 19 days 

(Liu et al., 2022), which explains why TI antigens such as pneumococcal capsular 

polysaccharides can be used effectively as human vaccines (Watson et al., 2002). This 

also provides evidence that T cells may not be required for production of plasma cells 

and memory B cells from GCs, and suggests that alternative signals such as BCR 

signalling may be important (Zhang and Toellner, 2022). 

 

1.5 B cell receptors and signalling 

Signalling through the BCR has an impact on fate decisions and differentiation of B 

cells at several stages of development, and during the immune response (Yam-Puc et 
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al., 2018). Mature naïve B cells co-express IgM and IgD BCRs by an alternative 

splicing mechanism, although the role of IgD is not well understood (Gutzeit et al., 

2018). Following BCR ligation, B cell signalling is initiated, mediated by 

immunoreceptor tyrosine-based activation motif (ITAM) domains on the BCR co-

receptor – a heterodimer of Igα and Igβ. Protein tyrosine kinases (PTKs) are activated, 

leading to recruitment and activation of adaptor proteins, and downstream signalling 

molecules. The signalling cascade results in release of intracellular calcium, activation 

of the mitogen activated protein kinase (MAPK) pathway, and transcriptional activation 

or regulation of NF-κΒ, Nuclear factor of activated T-cells (NF-AT), Forkhead Box 

Protein O (FoxO), ultimately leading to B cell proliferation and differentiation (Xu et al., 

2014) (Figure 1.4). 

Activated B cells may undergo class-switching of the BCRs to IgG, IgA or IgE isotype. 

Class switched B cells are able to rapidly transmit signals for efficient reactivation in a 

secondary immune response (Chen et al., 2015; Kurosaki et al., 2015; Palm and 

Henry, 2019) and they also have a selective advantage over unswitched IgM+ cells in 

the GC (Sundling et al., 2021). It is thought that the stronger signalling of the IgG BCR 

is conferred by the cytoplasmic tail (Chen et al., 2015) (Figure 1.4). The IgG BCR has 

a large cytoplasmic tail of 28 amino acids, compared with the 3 amino acid cytoplasmic 

tail of the IgM BCR (Figure 1.5) (Unanue et al., 1973). Studies have shown that IgG 

with a truncated cytoplasmic tail is unable to transmit signals as efficiently, resulting in 

an impaired antibody response (Kaisho et al., 1997). B cells that have chimeric IgM 

BCRs with the IgG cytoplasmic tail have enhanced calcium signalling, longer half-life, 

and rapidly expand and differentiate to plasma cells (Martin and Goodnow, 2002; 

Horikawa et al., 2007). It has also been reported that the IgG cytoplasmic tail has 
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intrinsic signalling ability independent of Igα/β, as B cells with the IgG cytoplasmic tail 

could partially rescue B cell development defects in mice with truncated Igα (Waisman 

et al., 2007). The increased signalling capability may be due to a conserved 

immunoglobulin tail tyrosine (ITT) motif. When the ITT is phosphorylated, there is 

increased recruitment of the adaptor protein, growth factor receptor-bound 2 (Grb2), 

leading to sustained protein kinase activation and B cell expansion (Engels et al., 

2009). Recruitment of synapse-associated protein 97 (SAP97) has also been shown 

to be important for the heightened signalling capabilities of the IgG cytoplasmic tail, 

resulting in enhanced oligomerisation of BCRs into microclusters, and more robust 

calcium responses. Recruitment of SAP97 was independent of the ITT (Liu et al., 2010, 

2012). Recent work has however shown a potential role for the IgG1 extracellular 

region in enhanced BCR signalling. Using a series of BCR mutants, Sundling et al. 

(2021) showed that the ability of IgG1+ B cells to outcompete IgM+ B cells in the GC 

was not dependent on the presence of the IgG1+ cytoplasmic tail. It was postulated 

that the increased flexibility of the IgG1 hinge region may allow increased contact with 

antigen. 

In summary, the IgG cytoplasmic tail is thought to confer enhanced BCR signalling 

capabilities, which allows a rapid secondary immune response. However, there may 

also be a role for the IgG extracellular region in the increased activity.  
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Figure 1.4 BCR signalling pathways downstream of the BCR and enhanced signalling mediated 
by the IgG1 cytoplasmic tail.  

Left – a simplified schematic showing signalling pathway directly downstream of the BCR, mediated by 
the Igα/β co-receptor. Protein tyrosine kinases (PTKs) Syk, Lyn and Bruton’s tyrosine kinase (Btk) are 
activated and phosphorylate adaptor proteins including Grb2 and Blnk, forming the membrane-proximal 
signalosome. Phospholipase Cγ2 (PLCγ2) is recruited and hydrolyses phosphatidylinositol 4,5-
biphosphate (PIP2) to inositol 1,4,5-trisphosphate (IP3), which results in release on intracellular calcium. 
The signalosome activates Ras, which activates the Mitogen activated protein kinase (MAPK) cascade. 
The signalling results in activation of transcription factors Nuclear factor of activated T-cells (NFAT), 
Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and Forkhead Box Protein O 
(FoxO1). Right – schematic showing enhanced signalling mediated by the IgG1 cytoplasmic tail. Adapter 
protein Grb2 can be recruited directly to the phosphorylated immunoglobulin tail tyrosine (ITT) residue. 
Synapse associated protein 97 (SAP97) can be recruited in a mechanism independent of the ITT, and 
also contributes to enhanced signalling via an unknown mechanism. Adapted from Xu et al., 2014 and 
Chen et al., 2015. Created in Biorender. 
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Figure 1.5. IgM and IgG1 B cell receptors.  

(A) Schematic of IgM and IgG1 B cell receptors (BCRs). IgM B cell has a short cytoplasmic tail and 
mediates BCR signalling through the Igα/β co-receptor. IgG1 has a longer cytoplasmic tail, which has 
additional signalling capabilities independent of Igα/β, for example immunoglobulin tail tyrosine (ITT) 
motif, allowing induction of a stronger BCR signal. Adapted from Chen et al. (2015). Created in 
BioRender. (B) Comparison of IgM and IgG1 cytoplasmic tail amino acid sequences, with ITT residue 
on IgG1 highlighted in green box. 

 

1.6 Tolerance and autoimmunity 

A crucial aspect of immunity is the ability to differentiate between foreign and self. 

Immune cells should not respond to normal tissues. B cells are made self-tolerant by 

shaping the BCR repertoire to ensure that self-reactive B cells are eliminated or 

controlled. This mainly occurs at three stages: (i) central tolerance in the bone marrow 

during B cell development; (ii) peripheral tolerance of B cells that have left the bone 

marrow as immature B cells; (iii) negative selection of B cells that acquire mutations 
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that make them self-reactive in the GC (Murphy et al., 2008). These tolerance 

mechanisms are in place to prevent development of autoantibodies specific to self-

antigens. 

During B cell development in the bone marrow, immature B cells test their newly 

generated BCR for binding to self-antigens. B cells that encounter signal through their 

BCR will be controlled by either receptor editing, clonal anergy, or clonal deletion. 

Clonal deletion is where the autoreactive B cells are developmentally arrested, and 

then undergo cell death by apoptosis (Nemazee and Bürki, 1989; Hartley et al., 1993). 

Receptor editing involves activation of RAG enzymes and induction of further 

rearrangements of the light chain gene segments, to try and remove the autoreactivity 

(Gay et al., 1993; Tiegs et al., 1993; Halverson et al., 2004; Nemazee, 2006). If 

receptor editing fails to remove autoreactivity, cells default to clonal deletion 

(Halverson et al., 2004). Clonal anergy is where the autoreactive B cells survive but 

are left in an inactive state. They downregulate surface IgM BCR, and respond less 

efficiently to antigen stimulation (Goodnow et al., 1988; Merrell et al., 2006; Quách et 

al., 2011; Zikherman et al., 2012; Cambier et al., 2007). 

Once they have migrated from the bone marrow, immature B cells can still be tested 

for autoreactivity in the periphery. This is important for tissue-specific antigens which 

are not present in the bone marrow. B cells autoreactive to tissue-specific antigens 

undergo clonal deletion (Russell et al., 1991; Ota et al., 2011; Shukla et al., 2019). 

Induction of clonal anergy in mature autoreactive B cells in the periphery, after 

encounter with self-antigen, has also been reported (Goodnow et al., 1989; Hartley et 
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al., 1991). The fate of an autoreactive B cell to undergo clonal deletion or clonal anergy 

may depend on the type of antigen, and BCR occupancy (Hartley et al., 1991). 

The process of somatic hypermutation in the GC gives a potential risk of producing 

autoreactive B cells. Negative selection within the GC has been demonstrated, in 

which GC B cells which acquire mutations that increase self-reactivity are deleted 

depending on expression of the self-antigen within, or proximal to, the GC (Chan et al., 

2012). Experiments where soluble antigen was injected at the peak of the GC 

response, to model acquisition of self-reactivity in the GC, resulted in apoptosis of 

specific GC B cells (Shokat and Goodnow, 1995; Pulendran et al., 1995). Further 

evidence for a mechanism of selection against autoreactive B cells in GCs comes from 

experiments in a mouse model of B cell anergy which showed that self-reactive B cells 

may be recruited into GCs but acquire mutations that reduce their affinity to self-

antigen (Burnett et al., 2018). It is possible that this is driven by an inability of self-

reactive B cells to receive T cell help from cognate T cells because self-peptide-specific 

T cells are negatively selected during T cell development (Daley et al., 2017). Apoptotic 

clearance of GC B cells by tingible body macrophages may play a role in removal of 

GC B cells that acquire self-reactivity, as mice with impaired apoptosis by tingible body 

macrophages produce increased antibody secreting cells and develop autoimmune 

disease (Rahman et al., 2010), and a subgroup of patients with the autoimmune 

disease systemic lupus erythematosus (SLE) have reduced tingible body 

macrophages and reduced clearance of apoptotic GC B cells (Baumann et al., 2002). 

Self-reactive B cells that do emerge from the GC may also later undergo negative 

selection: apoptosis in post-GC memory B cells and plasma cells has been shown to 

have a role in prevention of autoantibodies (Mayer et al., 2020).  



 

 43 

Self-reactive B cells that evade these tolerance checkpoints may differentiate into 

plasma cells that secrete self-reactive autoantibodies that contribute to autoimmune 

diseases. There are over 100 autoimmune diseases where the immune system has 

made an inappropriate response to the body’s own cells and tissues, because of a 

failure of B and T cell tolerance (Wang et al., 2015). Autoantibodies are a feature of 

many autoimmune diseases, including SLE, rheumatoid arthritis (RA) and type I 

diabetes (T1D). They may arise due to pathogens using molecular mimicry. For 

example, infection by Yersinia enterocolitica may drive the expansion and affinity-

maturation of anti-thyrotropin receptor antibodies in Grave’s disease (Hargreaves et 

al., 2013). Alternatively, affinity maturation of autoantibodies may be driven by the self-

antigen itself. For example, a study showed that a panel of anti-granulocyte 

macrophage-colony-stimulating factor (GM-CSF) antibodies isolated from idiopathic 

pulmonary alveolar proteinosis patients bound to 4 distinct, non-overlapping epitopes 

so were likely driven by affinity maturation to GM-CSF, rather than a pathogen using 

molecular mimicry (Wang et al., 2013). Neo-antigens or neo-epitopes can drive 

autoantibody production. For example, antibodies to abnormally post-translationally 

modified proteins are common in RA (Sebbag et al., 2009); and it is thought that 

accumulation of apoptotic cells and cell debris in the GC may reveal DNA and 

associated nuclear-proteins, and drive production of the anti-nuclear antibodies that 

are characteristic of SLE (Brink, 2014). Autoantibodies may contribute to the 

pathogenesis of autoimmune diseases by directly binding to self-antigens, or 

alternatively may form immune complexes which engage complement or FcRs, and 

induce inflammation (Martin and Chan, 2004). 
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Interestingly, although self-reactive B-2 cells undergo negative selection during B cell 

development, there is evidence that B-1a cells undergo positive selection for self-

reactivity during their development. The B-1a cell BCR repertoire is enriched for 

“evolutionary useful specificities” (Baumgarth, 2011) against common bacterial 

antigens, but is also skewed towards self-reactivity, for example to self-antigens such 

as phosphatidylcholine (PtC). In one study mice were generated that were transgenic 

for a self-reactive anti-Thy-1 BCR and crossed with either Thy-1-deficient mice or 

wildtype (Thy-1+) mice. The Thy-1+ mice had a large population of Thy-1-specific 

peritoneal cavity B cells that were absent in the Thy-1 deficient mice (Hayakawa et al., 

1999). Another study used a model of weak or strong constitutive BCR signalling. The 

mice with weak constitutive signalling mainly generated B-2 cells but the mice with 

strong constitutive signalling mainly generated B-1 cells (Casola et al., 2004). The 

differences in B-1 cell BCR-mediated selection may be related to differences in their 

development. B-1 cell development appears to bypass expression of the surrogate 

light chain and the pre-BCR stage through promotion of kappa gene recombination at 

the early pro-B cell stage (Wong et al., 2019). Due to the high degree of self-reactivity 

in the B-1a cell repertoire, they are often implicated in autoimmunity (Duan and Morel, 

2006). 

 

1.7 B cell anergy 

Anergic B cells are self-reactive B cells that are not eliminated by apoptosis but are 

maintained in an inactive state and do not respond to antigenic stimulation. It may be 

the main mechanism of B cell tolerance, with as many as 50% of the newly produced 

B cells becoming anergic (Merrell et al., 2006). It is thought that anergy is induced by 
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chronic BCR stimulation due to constant occupancy of the BCR by self-antigen. This 

may result in altered BCR signalling. For example, a negative regulator of BCR 

signalling, Lyn, may be activated, resulting in increased phosphorylation of Lyn targets, 

Src homology 2 domain containing inositol polyphosphate 5-phosphatase 1 (SHIP-1) 

and Docking protein 1 (DOK1). Other negative regulators of BCR signalling such as 

Src homology region 2 domain-containing phosphatase-1 (SHP-1) and Phosphatase 

and tensin homolog (PTEN) may also be involved (Yarkoni et al., 2010). 

Inappropriate activation of self-reactive anergic B cells may contribute to autoimmune 

disease. For example, SLE is associated with N-acetyllactosamine-specific 9G4 

autoantibodies. B cells bearing this BCR are present in healthy humans, but they are 

in an anergic state and are excluded from GCs. However in SLE patients, 9G4 B cells 

are not anergic and are expanded within GCs as well as within the plasma cell and 

memory B cell compartments (Cappione et al., 2005).  

Until recently, it was not clear why the immune system has evolved to keep self-

reactive B cells around with the risk of inappropriate inactivation leading to 

autoimmunity. However, it has now been shown that anergic B cells can be recruited 

into GCs and reactivated if they receive BCR signalling above a certain activation 

threshold. Once in the GC they acquire mutations that reduce affinity to self-antigen, 

and increase affinity to foreign antigen (Sabouri et al., 2014; Reed et al., 2016; Burnett 

et al., 2018). This has been termed ‘clonal redemption’. Therefore, the purpose of 

maintaining self-reactive B cells in a state of anergy may be so that they are able to 

respond more rapidly to pathogens that mimic self-proteins (Burnett et al., 2018, 2019). 

The identification of rare broadly neutralising antibodies in HIV patients that are cross-
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reactive with the phospholipid cardiolipin is an example of the evolutionary benefit of 

having B cells with self-reactive BCRs (Haynes et al., 2005). 

 

1.8 Models of B cell anergy 

B cell anergy has been predominantly studied using transgenic models in which B cells 

are transgenic for a BCR specific for a self-antigen (Cambier et al., 2007). One of the 

first described anergy models was a double transgenic mouse that expresses soluble 

hen egg lysozyme (HEL) as a self-antigen and an anti-HEL BCR (MD4 x ML5 mouse) 

(Goodnow et al., 1988) and has since become one of the most commonly used models 

for investigating B cell anergy. B cells in these mice have reduced levels of surface 

IgM (but normal levels of IgD) and are unable to secrete anti-HEL antibody. Anti-DNA 

BCR transgenic mice are also commonly used to study anergy. For example, Erikson 

et al. (1991) found that B cells from mice transgenic for anti-DNA BCR could bind to 

DNA but were developmentally arrested and failed to secrete anti-DNA antibody. A p-

azophenylarsonate (Ars)-specific BCR mouse model (Ars/A1) has anergic B cells due 

to cross-reactivity with DNA. These mice make a reduced primary response to Ars, 

and the B cells have impaired calcium flux following BCR stimulation (Benschop et al., 

2001). Other transgenic BCR models of anergy include the low affinity anti-Smith 

antigen (Sm) BCR model, in which the anti-Sm B cells are long-lived B-2 cells but fail 

to respond to LPS stimulation in vitro (Borrero and Clarke, 2002), and the anti-insulin 

BCR model, in which the anti-insulin B cells fail to take part in a TD response or secrete 

anti-insulin antibody following immunisation (Rojas et al., 2001). The commonly 

recognised characteristics of anergic B cells have been elucidated from a combination 

of these anergy models. They tend to downregulate surface IgM expression, are 
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developmentally arrested, are excluded from B cell follicles, are often described as 

having a decreased lifespan, and have defects in antigen-stimulated activation, for 

example calcium flux and protein phosphorylation (Cambier et al., 2007). 

However, transgenic BCR models are limited by the fact that the anergic B cells have 

monoclonal specificity, and may not reflect the biology of natural, anergic B cells in a 

polyclonal environment. Self-reactive B cells have been estimated to make up 10-20% 

of the mature B cell repertoire of healthy humans (Wardemann et al., 2003; Watanabe 

et al., 2019), indicating that self-reactive anergic B cells may make up a surprisingly 

large proportion of mature B cells. In mice, a natural population of anergic B cells has 

been described, which have low expression of IgM, do not respond to BCR stimulation, 

and are enriched for self-reactivity (Merrell et al., 2006). These cells phenotypically 

resemble transitional 3 (T3) B cells, which have been suggested to be the natural 

anergic B cell population. An additional natural anergic B cell subset, CD93- IgDhi       

IgM-/lo, has been identified which also has low IgM expression, has reduced calcium 

response to BCR stimulation and is enriched for autoreactivity. This subset is longer 

lived than the CD93+ T3 cells (Nojima et al., 2020).  

Recently our lab has generated a mouse model that has altered BCR signalling due to 

replacement of the IgM cytoplasmic tail with the IgG1 cytoplasmic tail, resulting in a 

chimeric IgMg1 BCR with hyperactive BCR signalling. Experiments with the IgMg1 

mice indicated that the B cells were functionally anergic due to increased negative 

selection during B cell development. Evidence for this included reduced IgM 

expression, reduced calcium flux and reduced phosphorylation of proteins downstream 

of BCR in response to BCR stimulation in vitro, and impaired ability to take part in TI 
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responses. However, they were able to take part in TD responses, supporting the role 

of T cell help in the activation of anergic B cells (Zhang, 2019). This model potentially 

provides a new system for investigating the activation of anergic B cells within a 

polyclonal repertoire. Additionally, early experiments indicated that the IgMg1 mice 

developed autoantibodies as they aged, suggesting the model may be suitable for 

investigation of how anergic, self-reactive B cells can be activated and cause 

autoimmunity. 

 

1.9 Thesis aims 

BCR signalling plays an important role of almost all stages of B cell development and 

activation. Alterations to the strength of BCR signalling therefore have an impact on 

different B cell populations, their ability to take part in immune responses and the fate 

of cells that become activated. Our lab has previously described a mouse model which 

has the IgM cytoplasmic tail replaced with the IgG1 cytoplasmic tail resulting in a 

chimeric IgMg1 BCR. It was expected that the IgG1 cytoplasmic tail would confer 

hyperactive signalling due to the inherent signalling motifs, and that this would allow 

the mice to induce a more sensitive B cell response. However, surprisingly, the IgMg1 

B cells had a phenotype reminiscent of B cell anergy. IgMg1 mice had a significant 

reduction in marginal zone B cells, and there was increased usage of the lambda light 

chain in mature B cells, which is evidence of increased receptor editing during B cell 

development. Despite the anergic B cell phenotype, IgMg1 mice appeared to develop 

autoantibodies with ageing (Zhang, 2019). 
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The IgHγ1μ	(IgG1M) mouse model is another mouse model with altered BCR signalling. 

IgG1 is the sole BCR expressed by B cells in this model at all stages of development 

(Waisman et al., 2007). As the mice express BCR with the IgG1 extracellular region 

and transmembrane region in addition to the cytoplasmic tail, comparing B cell 

development and activation in these mice with the IgMg1 mice will reveal the relative 

importance of the different regions of the BCR for BCR signalling in different contexts. 

The general aims of this thesis are to: 

1. Investigate B cell populations in IgMg1 and IgG1M mice to assess roles of IgM 

cytoplasmic or extracellular regions in BCR signalling and function at different 

phases of B cell development, and in development of B cell anergy. 

2. Investigate T cell independent and GC responses in IgMg1 and IgG1M mice to 

gain insights into anergic B cell participation in GCs, and the roles of BCR 

signalling during B cell activation. 

3. Investigate the development of autoantibodies and autoimmunity in IgMg1 mice 

to determine the role of BCR signalling in breaking tolerance. 
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Chapter 2. Materials and Methods 
 

2.1 Mice 

Mice were bred and maintained under specific pathogen-free conditions at the 

Biomedical Services Unit, University of Birmingham. All animal experiments were 

approved by the institutional ethics committee and the Home Office UK (project 

license: PP8702596). IgMg1 C57BL/6N mice were generated by Medimmune 

(construction detailed in Zhang (2019)) and were homozygous for IgMg1 allele. IgHγ1μ 

mice (referred to as IgG1M in this thesis) have been previously described (Waisman 

et al., 2007) and were homozygous for the IgHγ1μ allele. C57BL/6N mice were used as 

wildtype (WT) controls. Nr4a3-Tocky mice were obtained from Professor David 

Bending (University of Birmingham) (Bending et al., 2018) and were bred with IgMg1 

mice or WT mice to generate mice homozygous for the IgMg1 or WT IgM allele and 

either heterozygous or homozygous for Nr4a3-Tocky allele. Genotyping was 

performed by Transnetyx (Cordova, TN), and zygosity for Nr4a3-Tocky was 

determined from the PCR raw data signal.   

For aged mice experiments, mice were aged until 12-18 months old. For other 

experiments, 8-16 week-old mice were used. For all experiments, groups of mice were 

age-matched and sex-matched as much as allowed by availability of mice. At the end 

of experiments, mice were culled by schedule 1 method. If sera were required for 

analysis, mice were bled to exsanguination by cardiac puncture under anaesthetic prior 

to schedule 1. To isolate peritoneal cavity cells, Dulbecco’s phosphate buffered saline 

pH 7.1-7.5 (D-PBS) (Sigma D8537-500ML) was injected into the peritoneal cavity, and 
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the peritoneum was massaged to dislodge cells, and then the peritoneal cavity fluid 

was removed. Other tissues (spleen, popliteal lymph nodes, bone marrow, kidneys, 

pancreas, liver, intestines) were dissected from the mice for analysis as required.  

 

2.2 Immunisations 

2.2.1 T cell-independent type II response 

For immunisations to induce a T cell-independent type II (TI-II) response, mice were 

immunised with 30 μg soluble (4-hydroxy-3-nitrophenyl)-acetyl (NP)-Ficoll 

intraperitoneally (i.p.) (total volume 200 μL).  

 

2.2.2 T cell-dependent response 

For immunisations to induce a T cell-dependent response localised to the popliteal 

lymph node, mice were immunised subcutaneously (s.c.) on the plantar surface of one 

foot with 10 μg alum precipitated antigen (described in section 2.4) and 5x106 heat 

inactivated Bordetella pertussis (total volume of 20 μL). For boost immunisations, mice 

were injected s.c. into the plantar surface of the same foot with 10 μg soluble antigen, 

without adjuvants (total volume of 20 μL).  

 

2.2.3 Collagen-induced arthritis model 

Collagen-induced arthritis (CIA) model was performed in collaboration with Professor 

Adam Croft’s group (Institute of Inflammation and Ageing, University of Birmingham), 

under Home Office project license PP6493771. These immunisations were performed 
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by Charlotte Smith and Samuel Kemble (Institute of Inflammation and Ageing, 

University of Birmingham). Mice received an initial inoculation of 100 μg chicken 

collagen type II/complete Freund’s adjuvant (CFA) s.c. at the base of the tail. After 21 

days, mice received a booster injection of chicken collagen type II/incomplete Freund’s 

adjuvant (IFA) s.c. at the base of the tail. Mice were bled via saphenous vein bleed at 

days 15, 21, and 23. Mice were culled by schedule 1 method at day 26 with blood 

collected via cardiac puncture or saphenous vein bleed.  

Table 2.1 Antigens used for immunisations 

Antigen Source Catalogue Number 

Chicken collagen type II Chrondex (used for TD response 
immunisations) 

20012 

Chicken collagen type II Sigma (used for CIA-model) C9301-25MG 

 NP18-chicken gamma globulin 
(CGG) 

In-house N/A 

NP24-keyhole limpet 
hemocyanin (KLH) or NP32-KLH 

Biosearch N-5060-5 

NP27-KLH In-house N/A 

NP-Ficoll Biosearch F-1420-100MG 

 

2.3 NP-conjugation 

For preparation of NP-KLH and NP-bovine serum albumin (BSA), KLH powder (Merck 

Millipore 374805-250MG) or BSA powder (Sigma A7906-100G) were dissolved in 

freshly made 0.2 M NaHCO3 (Sigma 55761-1KG) at 2 mg/mL. 4-Hydroxy-3-

nitrophenylacetic acid Succinimide Ester (NP-OSu) (Biosearch N-1010) dissolved in 

dimethyl sulfoxide (DMSO) (Sigma D4818-50ML) was added dropwise to the protein 

while stirring constantly. This mixture was then incubated on a rotator for 2 hours at 
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room temperature, protected from light. The protein was then dialysed (with 3 buffer 

changes in NaHCO3 and 2 changes in phosphate buffered saline pH 7.45 (PBS) (Gibco 

18912-014)) using a 10K molecular weight cut-off Slide-A-Lyzer dialysis cassette 

(Thermo Scientific) at 4 °C, protected from light. Following dialysis, the recovered 

protein was quantified using Pierce bicinchoninic acid (BCA) Protein Assay kit. The 

absorbance was measured at 430 nm using a Nanodrop 1000 (Thermo Scientific), and 

from this the concentration of NP was calculated using Beer’s law. 

Concentration (M) =
absorbance at 430 nm

𝜀	 × 	𝐿 = 	
absorbance at 430 nm
4230	M-1 cm-1 	× 	1	cm

 

The conjugation ratio was then determined from the ratio of the molar concentration of 

NP to the molar concentration of the protein. 

 

2.4 Alum precipitation 

For primary immunisations the protein was precipitated in aluminium potassium 

sulphate (alum) (Fisher Chemical A/2400/53). The protein was mixed 1:1 with 9% alum 

and the pH was adjusted to 6.5-7 using 10 M sodium hydroxide (Sigma S5881-1KG). 

The protein was then incubated for 1 hour at room temperature (protected from light) 

on a rotator. The protein was centrifuged for 5 min at 5000 rpm and the pellet was 

washed with PBS. The protein was then centrifuged for 5 min at 5000 rpm and the 

pellet was resuspended in PBS at 10 μg per 20μL for s.c. injections, or at 50 μg per 

200 μL for i.p. injections. 
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2.5 Flow cytometry 

2.5.1 Single cell preparation 

For flow cytometry analysis, tissues were first processed into a single cell suspension 

in RPMI 1640 medium (Gibco 21875-034). Spleens were mashed up through a 70 μm 

strainer (BD Biosciences) with the end of a plunger from a syringe; lymph nodes and 

Peyer’s patches were lacerated using 25-gauge needles (Terumo); and bone marrow 

was flushed from femurs using a syringe with 25-gauge needle. Cells were then filtered 

through 70 μm cell strainers to ensure single cell suspensions. The cells were then 

centrifuged at 1400 rpm for 5 min at 4 °C. Lymph node or Peyer’s patches cells were 

resuspended in flow cytometry buffer (Table 2.4); spleen, bone marrow or peritoneal 

cavity cells were resuspended in 1-2 mL Ammonium-Chloride-Potassium (ACK) buffer 

(Sigma A10492-01) for red blood cell lysis for 3 min, before adding the same volume 

of PBS to neutralise the reaction. Cells were then centrifuged and resuspended in flow 

cytometry buffer. 

 

2.5.2 Surface staining 

For surface staining, cells were transferred to a 96-well V-bottom plate (Thermo 

277143). Cells were first incubated for 20 min with 50 μL purified rat anti-CD16/32 

antibody (Thermo Fisher Scientific 14-0161-82) (diluted 1/200 in flow cytometry buffer) 

to block non-specific Fc binding. If required, they were then incubated with 50 μL 

biotinylated antibody for 20 min. The cells were then incubated with 50 μL of 

fluorescence-conjugated surface antibody cocktail, including streptavidin conjugate, 

for 20 min. Cells were then stained with 50 μL LIVE/DEAD fixable near-IR dead cell 

stain (Thermo Fisher Scientific L10119) (diluted 1/1000 in PBS) for 20 min. In some 
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experiments, cells were fixed by incubating with 50 μL BD Cytofix Fixation Buffer (BD 

Biosciences 554655) to allow acquisition the following day. After staining, cells were 

suspended in 200 μl flow cytometry buffer and filtered through 70 μm cell strainer into 

flow cytometry tubes. Antibodies used for staining are detailed in Table 2.2. All 

incubations were performed on ice and protected from light. Between incubations, cells 

were washed by suspending in 100 μl flow cytometry buffer, centrifuging (1400 rpm, 5 

min, 4 °C) and discarding supernatant.  

For staining of Tfh cells, cells were first incubated with purified anti-rat CXCR5 antibody 

(diluted 1/125 in flow cytometry buffer) for 60 min. Cells were then incubated with a 

donkey anti-rat AF647 secondary antibody (diluted 1/400 in flow cytometry buffer) for 

30 min, and then 10% normal rat serum (Sigma R9759-5ML) (diluted in flow cytometry 

buffer) for 20 min. Staining then proceeded as above with the fluorescence-conjugated 

antibody cocktail incubation steps. 

 

2.5.3 Intracellular staining 

In some experiments, cells were stained for intracellular markers using Foxp3 

transcription factor staining kit (eBioscience 00-5523-00). Following staining with 

surface markers and near-IR viability stain as described above, cells were washed and 

resuspended in Foxp3 fixation/permeabilization working solution. Cells were incubated 

for 30 min at 4 °C and then washed twice with 1x Foxp3 permeabilization buffer. Cells 

were incubated with 100 μL purified rat anti-CD16/32 antibody (diluted 1/200 in 

permeabilization buffer) for 15 min at room temperature protected from light. Without 

washing, the required amount of intracellular antibody was added to the cells and 
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incubated for 1 hour at room temperature. After incubation cells were again washed 

twice in permeabilization buffer. If required, cells were incubated with 100 μL 

streptavidin conjugate (diluted in permeabilization buffer) at room temperature for 30 

min and washed twice in permeabilization buffer. Cells were resuspended in 200 μL 

flow cytometry buffer and then filtered through 70 μm cell strainers into flow cytometry 

tubes. 

 

2.5.4 Acquisition and data analysis 

Stained cells were acquired on Fortessa X20 (BD Biosciences) using FACS Diva 

software. Single colour controls were acquired for compensation. Data was analysed 

using FlowJo (BD Biosciences; version 10.8.1). 

To perform tSNE analysis (Van Der Maaten and Hinton, 2008) on the peritoneal cavity 

flow cytometry data, B cells from each sample were downsampled and concatenated 

so that 15,000 B cells from each genotype were in one single FCS file. FlowJo was 

used to perform t-distributed stochastic neighbour embedding (tSNE) analysis with 

default parameters. Genotypes were re-separated within the concatenated file by 

sample number. 

 

2.5.5 Antibodies used for flow cytometry 

Antibodies used for flow cytometry experiments are detailed in Table 2.2. 
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Table 2.2 Antibodies used for flow cytometry 

Antibody 
specificity 

Conjugate Isotype Clone Supplier Catalogue 
Number 

Dilution 

Active 
Caspase-3 
(intracellular) 

FITC Rabbit Polyclonal BD 
Biosciences 

550480 20 μL 
per 
sample 

B220 biotin Rat IgG2a, κ RA3-6B2 eBioscience 13-0452-85 1/300 

B220 BUV395 Rat IgG2a, κ RA3-6B2 BD 
Biosciences 

563793 1/800 

B220 BUV510 Rat IgG2a, κ RA3-6B2 Biolegend 103247 1/200 

B220 PE-CF594 Rat IgG2a, κ RA3-6B2 BD 
Biosciences 

562313 1/500 

B220 PerCP-
Cy5.5 

Rat IgG2a, κ RA3-6B2 BD 
Biosciences 

552771 1/200 

BP-1 (CD249) PE Mouse 
IgG2a, κ 

BP-1 BD 
Biosciences 

553735 1/100 

CD3 BUV395 Rat IgG2b, κ 17A2 BD 
Biosciences 

740268 1/300 

CD3 BV510 Rat IgG2b, κ 17A2 Biolegend 100233 1/100 

CD3 FITC Armenian 
Hamster 
IgG1, κ 

145-2C11 eBioscience 11-0031-82 1/100-
1/200 

CD3 PE Armenian 
Hamster 
IgG1, κ 

145-2C11 BD 
Biosciences 

553064 1/50 

CD3 PE-Cy5 Armenian 
Hamster 
IgG1, κ 

145-2C11 eBioscience 15-0031-83 1/200 

CD3 PerCP-
Cy5.5 

Armenian 
Hamster 
IgG1, κ 

145-2C11 BD 
Biosciences 

551163 1/200 

CD4 BV421 Rat IgG2b, κ GK1.5 Biolegend 100438 1/400 

CD4 FITC Rat IgG2b, κ GK1.5 eBioscience 11-0041-85 1/100 

CD5 AF700 Rat IgG2a, κ 53-7.3 Biolegend 100636 1/400 

CD5 APC Rat IgG2a, κ 53-7.3 eBioscience 45-0051-82 1/800-
1/1000 
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Antibody 
specificity 

Conjugate Isotype Clone Supplier Catalogue 
Number 

Dilution 

CD5 PE-Cy5 Rat IgG2a, κ 53-7.3 BD 
Biosciences 

553024 1/400 

CD5 PerCP-
Cy5.5 

Rat IgG2a, κ 53-7.3 eBioscience 45-0051-82 1/400 

CD8 FITC Rat IgG2a, κ 53-6.7 eBioscience 11-0081-85 1/100 

CD8 PE Rat IgG2a, κ 53-6.7 eBioscience 12-0081-83 1/200 

CD8 PerCP-
Cy5.5 

Rat IgG2a, κ 53-6.7 eBioscience 45-0081-82 1/200 

CD11b BV510 Rat IgG2b, κ M1/70 Biolegend 101245 1/500 

CD11c PE-Cy7 Armenian 
Hamster 
IgG1, λ2 

HL3 BD 
Biosciences 

558079 1/300 

CD19 AF700 Rat IgG2a, κ 6D5 Biolegend 115527 1/100 

CD19 BUV737 Rat IgG2a, κ 1D3 BD 
Biosciences 

612781 1/800 

CD19 eF450 Rat IgG2a, κ 1D3 eBioscience 48-0193-82 1/200 

CD21/35 BV605 Rat IgG2b, κ 7G6 BD 
Biosciences 

563176 1/400 

CD23 PE-Cy7 Rat IgG2a, κ B3B4 eBioscience 25-0232-82 1/1000 

CD24 BV510 Rat IgG2c, κ M1/69 Biolegend 101831 1/200 

CD25 PE-Cy7 Rat IgG1 PC61.5 eBioscience 25-0251-82 1/100 

CD38 AF700 Rat IgG2a, κ 90 eBioscience 56-0381-82 1/600 

CD38 BUV737 Rat IgG2a, κ 90 BD 
Bioscience 

741748 1/400 

CD38 PerCP-
Cy5.5 

Rat IgG2a, κ 90 Biolegend 102772 1/300 

CD43 Biotin Rat IgG2a, κ S7 BD 
Bioscience 

553269 1/200 

CD44 PerCP-
Cy5.5 

Rat IgG2b, κ IM7 eBioscience 45-0041-82 1/300 

CD62L AF700 Rat IgG2a, κ MEL-14 Biolegend 104426 1/400 

CD62L BV510 Rat IgG2a, κ MEL-14 Biolegend 104441 1/200 
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Antibody 
specificity 

Conjugate Isotype Clone Supplier Catalogue 
Number 

Dilution 

CD86 PE Rat IgG2a, κ GL1 eBioscience 12-0862-81 1/200 

CD86 PE-Cy5 Rat IgG2a, κ GL1 eBioscience 12-0862-82 1/200 

CD93 FITC Rat IgG2b, κ AA4.1 eBioscience 11-5892-82 1/100 

CD93 PerCP-
Cy5.5 

Rat IgG2b, κ AA4.1 Biolegend 136512 1/100 

CD95 (Fas) BV605 Armenian 
Hamster 
IgG2, λ2 

Jo2 BD 
Biosciences 

740367 1/400 

CD95 (Fas) PE-Cy7 Armenian 
Hamster 
IgG2, λ2 

Jo2 BD 
Biosciences 

557653 1/200 

CD138 BV711 Rat IgG2a, κ 281-2 Biolegend 142519 1/300 

CXCR4 APC Rat IgG2b, κ 2B11 eBioscience 17-9991-82 1/100 

CXCR4 biotin Rat IgG2b, κ 2B11 eBioscience 13-9991-82 1/100 

CXCR5 purified Rat IgG2a, κ 2G8 BD 
Biosciences 

551961 1/125 

Enolase 1 FITC Mouse IgG1, 
κ 

A-5 Santa Cruz sc-271384 
FITC 

1/50 

Foxp3 
(intracellular) 

biotin Rat IgG2a, κ FJK-16s eBioscience 13-5773-82 1 μL per 
sample 

Gr-1 FITC Rat IgG2b, κ RB6-8C5 eBioscience 11-5931-85 1/100 

Gr-1 PE Rat IgG2b, κ RB6-8C5 eBioscience 12-5931-83 1/300 

IgD BV421 Rat IgG2a, κ 11-26c Biolegend 405275 1/400 

IgD APC Rat IgG2a, κ 11-26c eBioscience 17-5993-82 1/500 

IgG1 APC Rat IgG1, κ X56 BD 
Biosciences 

550874 1/500 

IgG1 PerCP-
Cy5.5 

Rat IgG RMG1 1 Biolegend 406612 1/400 

IgG3 FITC Rat IgG2a, κ R4082 BD 
Biosciences 

553403 1/400 

IgM APC-
eFluor780 

Rat IgG2a, κ II/41 eBioscience 47-5790-82 1/400 
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Antibody 
specificity 

Conjugate Isotype Clone Supplier Catalogue 
Number 

Dilution 

IgM PE-Cy5 Rat IgG2a, κ II/41 eBioscience 15-5790 1/1000 

IgM PE-Cy7 Rat IgG2a, κ RMM-1 BD 
Biosciences 

406514 1/200 

IgM PE-Cy7 Rat IgG2a, κ II/41 eBioscience 25-5790-82 1/1000 

IL5Rα APC Human IgG1 REA343 Miltenyi 130-118-
689 

1/50 

Kappa Biotin Goat IgG Polyclonal Southern 
Biotech 

1050-08 1/250 

Kappa FITC Rat IgG1, κ H139.52.1 Southern 
Biotech 

1180-02 1/500-
1/1000 

Lambda PE Rat IgG1, κ JC5-1 Southern 
Biotech 

1175-09 1/500 

NK1.1 PE-Cy7 Rat IgG2a, κ PK136 BD 
Biosciences 

552878 1/300 

NP APC N/A N/A In-house N/A 1/800 

NP PE N/A N/A In-house N/A 1/800 

PD-1 biotin Rat IgG2b, κ RMP1-30 Biolegend 109105 1/300 

PD-1 PE Rat IgG2b, κ J43 eBioscience 12-9985-82 1/200 

PD-1 PE-Cy7 Rat IgG2a, κ 29F.1A12 Biolegend 135215 1/200 

Biotin BV421 Streptavidin N/A Biolegend 405226 1/400 

Biotin BV711 Streptavidin N/A Biolegend 405371 1/400 

Biotin FITC Streptavidin N/A BD 
Biosciences 

554060 1/400 

Biotin PE-Cy5 Streptavidin N/A BD 
Biosciences 

554062 1/400 

 

2.6 Calcium signalling 

Spleen cells were prepared into single cell suspensions as described in section 2.5.1. 

Cells were suspended at 2x106 cells/mL in R10 medium (Table 2.4) and plated out at 
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1 mL per well in 24-well plate. The plate was incubated at 37 °C 5% CO2 for 4 hours 

to rest the cells.  

Indo1-AM (BD Biosciences 565879) was prepared by dissolving a vial in 50 μL DMSO, 

and then making a working solution diluted to 5 μM in Hank’s buffered salt solution 

(HBSS) (Gibco 14170070). After resting, the cells were centrifuged in 1400 rpm for 5 

min at 20 °C) and resuspended in 1 mL Indo1-AM working solution. Cells were 

incubated for 1 hour at room temperature, protected from the light, with regular 

agitation. To stop the reaction, 2 mL HBSS with 10% fetal bovine serum (FBS) (Sigma 

F9665-500ML) was added to the reaction. Cells were then centrifuged and 

resuspended in 200 μL HBSS with 10% FBS. Cells were incubated at 37 °C, 5% CO2 

for 30 min to allow complete de-esterification. Then cells were transferred to 96-well 

V-bottom plates. The plates were washed by centrifugation in 1400 rpm for 5 min at  

20 °C, and cells were resuspended in 50 μL PE-conjugated anti-CD43 antibody (BD 

Biosciences 553271) diluted 1/200 in flow cytometry buffer. Cells were incubated at 

room temp for 30 min, protected from light. After staining, the plate was centrifuged as 

before, pellets were resuspended in 200 μL flow cytometry buffer and filtered through 

70 μm cell strainers into flow cytometry tubes. A further 200 μL flow cytometry buffer 

was added to make a total volume of 400 μL. Tubes were incubated at 37 °C until 

analysis.  

Fortessa X20 was configured to use measure PE (yellow/green laser, 586/15), Indo-1 

Blue (UV laser, 525/50) and Indo-1 Violet (BUV395) (UV laser, 379/28) and to measure 

the ratio of BUV395 (violet, bound Ca2+)/Indo-1 Blue (free Ca2+). For analysis, each 

sample was acquired on the Fortessa on low flow rate for 1 min. After 1 min, 100 μL of 
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stimulation was added to the tube, vortexed, and returned to Fortessa sip position for 

acquisition. Stimulation was either with goat anti-IgM F(ab)2 (Jackson Immunoresearch 

115-006-020) (10 μg/mL diluted in flow cytometry buffer), or goat anti-kappa (Southern 

Biotech 1050-01) and goat anti-lambda (Southern Biotech 1060-01) (10 μg/mL of each 

diluted in flow cytometry buffer). After stimulation, cells were acquired for a further 8 

min. Then, 100 μL ionomycin (Sigma 3909-1ML) (diluted 1/1500 in flow cytometry 

buffer) was added to the tube, vortexed and returned to the sip position. The tube 

continued to be acquired for 2 min. In between samples, Fortessa was washed with 

water (high flow rate) for 5 min to remove stimulus from the fluidics.  

Analysis was performed offline with FlowJo software, using ratio of BUV395/Indo-1 

Blue as a derived parameter for kinetics analysis. 

 

2.7 Enzyme-linked immunosorbent assay (ELISA) 

Nunc Maxisorp ELISA plates (Thermo Fisher 442404) were coated with 5 μg/mL 

chicken collagen type II (Chrondex, 20012), NP2-BSA or NP14-BSA, diluted in ELISA 

coating buffer (Table 2.4), overnight at 4 °C. Plates were washed three times with 200 

μL per well of ELISA wash buffer (Table 2.4). Then 200 μL per well of ELISA blocking 

buffer (Table 2.4) were added and plates were incubated for 1.5 h at room temp. After 

blocking, plates were washed three times, and 100 μL of sera samples were added 

per well. Sera samples were serially diluted 1 in 3 in dilution buffer (Table 2.4) from a 

starting dilution of 1/30-1/300. Where possible, a positive control (a serum sample from 

another experiment previously shown to bind to the coated antigen) and negative 

controls (non-immunised mouse serum and blocking buffer only) were included on 
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plates. Plates were incubated with sera dilutions for 1.5 h at 37 °C (for NP2-BSA, NP14-

BSA or anti-collagen type II IgM ELISAs) or overnight at 4 °C (for anti-collagen type II 

IgG ELISAs). Following incubation with samples, plates were washed three times, and 

then 100 μL of alkaline-phosphatase (AP)-conjugated goat anti-mouse IgG (Southern 

Biotech 1030-04) or AP-conjugated goat anti-mouse IgM (Southern Biotech 1020-04) 

secondary antibody was added per well (diluted 1/1000 in dilution buffer). Plates were 

incubated for 1 h at 37 °C. Plates were then washed three times, and 100 μL per well 

of ELISA substrate was added. Plates were incubated at 37 °C until yellow colour had 

developed, and then absorbance at 430 nm was read on SpectraMax ABS Plus plate 

reader (Molecular Devices). Binding for each sample was plotted on Graphpad Prism 

and fitted with an “asymmetric sigmoidal 5PL, X is concentration” standard curve, and 

relative serum titre was determined as the dilution where the curve crossed a defined 

absorbance threshold. In some cases, where the curves did not cross the threshold, 

the serum titre was estimated by extrapolating the curve. 

 

2.8 Enzyme-linked immune absorbent spot (ELISpot)  

ELISpot assay plates (Millipore MSIPS4510) were prepared by adding 15 μL per well 

35% ethanol (VWR 20821.330) (diluted in sterile H2O) for a maximum of 1 min and 

then tipping out and drying. The plates were then washed 3 times with 200 μL per well 

sterile H2O. Plates were then coated with 50 μL NP2-BSA or NP14-BSA (5 μg/mL in 

PBS) per well at 4 °C overnight. 

The plates were then washed once with 200 μL per well sterile D-PBS and then 

blocked with 200 μL R10 medium per well for minimum 1 h. While blocking, spleen and 
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bone marrow cells were prepared into single cell suspensions as described in section 

2.5.1, and suspended at 1x107 cells/mL in R10 medium. Plates were washed with 200 

μL per well sterile D-PBS, before adding 200 μL per well R10 medium and 50 μL per 

well cells, giving 5x105 cells per well. The plates were then incubated at 37 °C 5% CO2 

for 6 h. After incubation, plates were washed twice with 200 μL ELISA wash buffer per 

well. AP-conjugated goat anti-mouse IgG or IgM antibody (diluted 1/1000 in PBS) was 

added to plates (100 μL per well), and plates were incubated overnight at   4 °C. 

Following incubation with the secondary antibody, plates were washed three times with 

ELISA wash buffer. 100 μL per well Sigma FAST BCIP/NBT solution (Sigma B5655-

25TAB) was then added to each well, and plates were incubated for 5-8 min while 

spots developed. Once the spots were clearly visible, the reaction was quenched with 

H2O. Plates were then washed 3 times in H2O to ensure reaction was completely 

quenched, and water was then tipped out. The soft plastic was removed from under 

the plate and then plates were dried at room temperature for 5-24 h. Plates were then 

read, and spots were counted on AID iSpot Spectrum ELR088IFL ELISpot reader 

(Autoimmun Diagnostika GmbH, Germany) (software version 7). 

 

2.9 Fluorescent immunohistology 

2.9.1 Cryosections 

Tissues for histology were snap-frozen on dry ice on pre-labelled pieces of aluminium 

foil, and stored at -80 °C. Spleens, livers and kidneys were directly frozen, while 

pancreases, thymuses and lymph nodes were positioned in optimal cutting 

temperature (OCT) compound (TissueTek 4583) for freezing. Tissue sections of 6-8 
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μm thickness were taken using a OTF5000 cryostat (Bright Instruments) and placed 

on slides (Hendley-Essex PH-004 or Epredia J1800AMNZ). Sections were air-dried for 

a minimum of 20 min before being fixed in acetone (Acros Organics 268310010) at      

4 °C for 20 min. Following fixation, the slides were air-dried for a minimum of 10 min 

before being stored at -20 °C. 

 

2.9.2 Staining 

Slides were removed from -20 °C and left to thaw at room temperature before staining. 

Slides were then rehydrated in fluorescent immunohistology wash buffer (Table 2.4) 

for 10 min. Tissue sections were incubated with antibodies or blocking solution in 

humidified chamber at room temperature protected from the light. Washes were 

performed in between incubations by placing slides in a glass chamber filled with 

fluorescent immunohistology wash buffer, placed on a magnetic stirrer. Slides were 

blocked with 50 μL per section PBS with 10% normal horse serum (diluted in dilution 

buffer (Table 2.4)) for 30 min, and incubations with 50 μL per section primary, 

secondary and tertiary antibody mixtures (made up in dilution buffer) were for 60 min. 

In some cases, slides were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) 

to stain cell nuclei. Slides were submerged in DAPI (Sigma D9542) solution (0.1 μg/mL 

in PBS) for 30 seconds before being washed again. At the end of the staining, the 

edges of slides were dried with tissue paper, and cover slips were mounted using 

Prolong diamond anti-fade mounting medium (Thermo Fisher Scientific P36970). 

Slides were dried overnight at room temperature in the dark before imaging using Zeiss 

Axio Scan Z1 imager. Antibodies used for staining are detailed in Table 2.3. 
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Table 2.3 Antibodies used for fluorescent immunohistology 

Specificity Antibody 
Species 

Conjugate Supplier Catalogue 
Number 

Clone Dilution 

Primary and biotin-conjugated primary antibodies: 

B220 Rat Purified eBioscience 14-0452-82 RA3-6B2 1/200 

B220 Rat Biotin eBioscience 13-0452-85 RA3-6B2 1/200 

C1q Rabbit Purified Abcam Ab182451 4.8 1/200 

C3 Rabbit Purified   Polyclonal 1/200 

CD3 Hamster Purified BD 
Biosciences 

553058 145-2C11 1/400 

CD4 Rat Biotin eBioscience 13-0042-82 RM4-5 1/800 

CD11c Armenian 
Hamster 

Purified eBioscience 14-0114 N418 1/50 

CD138 Goat Purified R&D MAB2966 Polyclonal 1/600 

Gp38 
(Podoplanin) 

Hamster Purified eBioscience 14-5381-82 8.1.1 1/400 

IgD Rat Biotin eBioscience 13-5993-85 11-26c  1/200 

IgMb Mouse Biotin BD 
Biosciences 

553519 AF6-78 1/100 

Insulin Rabbit Purified Abcam Ab63820 Polyclonal 1/800 

Ki67 Rabbit Purified Abcam Ab15580 Polyclonal 1/400 

Ly6G Rat Biotin eBioscience 13-5931 RB6-8C5 1/600 

NP Rabbit Purified In-house N/A N/A 1/500 

PNA N/A Biotin Vector B1075 N/A 1/800 

Secondary antibodies: 

Goat IgG 
(H+L) 

Donkey AF555 Thermo 
Fisher 
Scientific 

A21432 Polyclonal 1/400 

Hamster Goat AF647 Jackson 127-605-
160 

Polyclonal 1/400 

Mouse IgG Rat APC eBioscience 17-4010-82 polyclonal 1/400 
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Specificity Antibody 
Species 

Conjugate Supplier Catalogue 
Number 

Clone Dilution 

Rabbit IgG 
(H+L) 

Donkey AF488 Jackson 711-545-
152 

Polyclonal 1/400 

Rabbit IgG 
(H+L) 

Donkey Cy3 Jackson 711-165-
152 

Polyclonal 1/400 

Rat IgG 
(H+L) 

Donkey AF647 Jackson 712-606-
153 

Polyclonal 1/400 

Biotin Streptavidin AF488 Jackson 016-540-
084 

N/A 1/400 

Biotin Streptavidin AF555 Thermo 
Fisher 
Scientific 

S32355 N/A 1/400 

Directly conjugated antibodies 

B220 Rat APC eBioscience 17-0452-83 RA3-6B2 1/200 

CD1d Rat PE eBioscience 12-0011-81 1B1 1/400 

CD3 Hamster FITC eBioscience 11-0031-82 145-2C11 1/100 

CD4 Rat APC eBioscience 17-0041-82 GK1.5 1/400 

CD8 Rat PE eBioscience 12-0081-83 53-6.7 1/200 

CD95 (Fas) Hamster PE BD 
Biosciences 

17-0452-83 554258 1/200 

CD169 Rat AF647 Biolegend 142408 3D6.112 1/200 

Enolase 1 Rabbit FITC Santa Cruz sc-271384 
FITC 

A5 1/100 

F4/80 Rat PE eBioscience 12-4801-80 BM8 1/100 

IgD Rat BV421 Biolegend 405725 11-26c.2a 1/200 

IgG Rat APC BD 
Biosciences 

550874 X56 1/400 

IL5Rα Human APC Miltenyi 130-118-
689 

REA343 1/400 

TCRβ Armenian 
Hamster 

PE eBioscience 12-5961-82 H57-597 1/200 
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2.10 Autoantibody tissue array 

Nova Lite Rat liver, kidney, and stomach slides (Werfen 704180) were stained by a 

protocol adapted from the manufacturer. Briefly, 50 μL of each serum sample was 

added to spots on the slides and incubated overnight at 4 °C in a humidified chamber. 

All slides included a positive control human serum sample (Werfen) that had either 

anti-nuclear antibody (ANA), anti-mitochondrial antibody (AMA), or anti-smooth muscle 

antibody (ASMA) staining pattern, and a negative control of either PBS alone or a 

negative human serum sample (Werfen). Slides were washed in PBS II (Inova 

Diagnostics) and then FITC-conjugated goat anti-mouse IgG1 H+L (Southern Biotech, 

1070-02) (diluted 1/400 in PBS II) or FITC-conjugated sheep anti-human IgG H+L 

(Inova Diagnostics) was added. Slides were incubated for 1 h at room temperature, 

and then washed in PBS II. Slides were counterstained with DAPI (0.1 μg/mL for 30 

seconds) and then washed in PBS II. Cover slips were mounted in mounting medium 

(Inova Diagnostics) and sealed with nail varnish.  

In order to identify presence of autoantibodies, slides were analysed blind by Dr Abid 

Karim (University of Birmingham Clinical Immunology Service). The slides were then 

imaged using the Axio Scan Z1 imager (Zeiss). For further analysis, images were 

converted to TIF format and downsampled (x4) using Zeiss converter tool (Zeiss). In 

Fiji (version 2.3.0/1.53f) (Schindelin et al., 2012), regions of interest for either the whole 

tissue array or individual tissues (kidney, liver, gut, smooth muscle) were manually 

drawn. The region of interest was applied to the FITC image (aged mouse sera and 

anti-mouse IgG H+L) and analyse particles was used to measure fluorescence 

intensity within the region of interest.  
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2.11 Anti-islet antibody 

Slides with rat pancreas sections were prepared as described in section 2.9.1, and 

stained with mouse serum similarly to as described in section 2.9.2. Following blocking 

with 10% normal horse serum (diluted in dilution buffer (Table 2.4)) for 30 min, the 

sections were incubated with 50 μL mouse serum. After washing, the sections were 

then incubated with rabbit anti-rat/human insulin antibody (Abcam Ab63820) (diluted 

1/800 in dilution buffer), followed by incubation with Cy3-conjugated donkey anti-rabbit 

(Jackson Immunoresearch 711-165-152) (diluted 1/400 in dilution buffer), and FITC-

conjugated goat anti-mouse H+L chain (Southern Biotech, 1070-02) (diluted 1/400 in 

dilution buffer) antibody. Finally, the slides were counterstained with DAPI (0.1 μg/mL 

for 30 seconds). At the end of the staining, slides were dried, and cover slips were 

mounted using Prolong diamond anti-fade mounting medium. Slides were dried 

overnight at room temperature in the dark before imaging using Zeiss Axio Scan Z1 

imager. 

 

2.12 Serum glucose concentration 

A Tee2+ blood glucose monitoring system (Spirit Healthcare) was used to measure 

the glucose concentration in serum samples according to the manufacturer’s 

instructions. Briefly, a Tee2+ blood glucose test strip was inserted into the Tee2+ blood 

glucose meter with the contact bars facing upwards. 2 μL of serum was absorbed onto 

the end of the test strip, and the meter gave a reading for the glucose concentration. 
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2.13 Quantitative Image analysis 

Images from Zeiss Axio Scan imager were down sampled (x4) and converted to tiff 

format using Zeiss converter tool. The converted images were analysed using Fiji 

(version 2.3.0/1.53f) (Schindelin et al., 2012) as described below. 

 

2.13.1 NP-specific plasma cells 

Spleen sections that were stained for NP and CD138 as described in section 2.9 were 

used to analyse NP-specific plasma cells. Images were cropped to an undamaged 

area free of blemishes or scratches. NP and CD138 images had background removed 

(subtract background, rolling = 50) and then images were filtered (3 rounds of median, 

radius = 2). Images were then thresholded (NP – RenyiEntropy dark; CD138 – Otsu 

dark) and converted to masks. To analyse the area of total plasma cells, the analyse 

particles was used on CD138 mask command (size: 100-Infinity). To analyse area of 

NP-specific plasma cells, the image calculator was used to identify areas that were 

CD138+ NP+, and the analyse particles command was used with the calculated image 

(size: 100-Infinity).  

 

2.13.2 Plasma cells (aged spleens) 

Spleen sections that were stained for B220 and CD138 as described in section 2.9 

were used to analyse plasma cells. Images were cropped to an undamaged area free 

of blemishes or scratches. The CD138 image was used for plasma cell analysis. The 

background was removed (subtract background, rolling = 50) and then the image was 

filtered (3 rounds of median, radius = 2) to blur the image. The image was thresholded 
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(default dark) and converted to a mask. The analyse particles command (size: 100-

Infinity) was then used to measure the plasma cell area and percentage. 

 

2.13.3 Germinal centres (aged spleens) 

Spleen sections that were stained for PNA, Fas, B220 and IgD as described in section 

2.9 were used to analyse germinal centres (GCs). Images were cropped to an 

undamaged area free of blemishes or scratches. Background was removed from PNA, 

Fas and B220 images (subtract background, rolling = 50) and then images were filtered 

(3 rounds of median, radius = 8). Images were then thresholded (PNA and Fas – 

MaxEntropy dark; B220 – IsoData dark) and converted to masks. Image calculator was 

used to identify areas that were B220+ PNA+ Fas+ as GCs. The calculated image was 

dilated ten times, and holes were filled. The analyse particles command (size: 100-

Infinity) was then used to measure germinal centre area and percentage. 

 

2.13.4 Kidney IgM, complement 1q and complement C3 deposits 

Kidney sections that were were stained with DAPI and antibodies for podoplanin, IgM 

and complement C1q or complement C3 as described in section 2.9 were used to 

analyse kidney IgM and complement deposits. Images were cropped to an undamaged 

area free of blemishes or scratches. The podoplanin image was used to identify 

glomeruli as regions of interest (ROIs). The image was filtered (variance, radius = 2; 

median, radius = 10) and then thresholded (Li Dark) and converted to a mask. Analyse 

particles (size: 1000 – Infinity, circularity = 0.15 – 1.00) with objects added to ROI 

manager. ROIs were then applied to the IgM and C1q or C3 images, and measure tool 
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was used to measure mean pixel brightness within the ROIs. The mean of the mean 

pixel brightness from all ROIs per image were then calculated for analysis. 

 

2.14 Bulk RNAseq gene expression analysis 

Mice were immunised with plantar surface of one foot with 10 μg NP-CGG (precipitated 

in alum) and 5x106 heat inactivated B. pertussis. Popliteal lymph nodes were harvested 

at day 8. GC B cells (B220+ CD138- Fas+ CD38-) were sorted by fluorescence-activated 

cell sorting (FACS) from the injection-side lymph node, and follicular B cells (B220+ 

CD138- Fas- CD38+ CD19+ GL7- CD93- CD21+ CD23+) were sorted from the opposite-

side lymph node. Immunisations and FACS sorting were performed by Dr Juan Carlos 

Yam-Puc in the Kai Toellner group at University of Birmingham. Sequencing and 

alignment of the raw sequencing data were performed at the bioinformatics facility at 

the Francis Crick Institute, who provided normalised count data for all samples.  

Normalised count data were then analysed using the bioconductor DESeq2 package 

(Love et al., 2014) on R Studio (version 2022.07.2) to extract differentially expressed 

genes from all comparisons. All samples were run together on the DESeq2 package, 

with the contrast argument used to extract differentially expressed genes in individual 

comparisons between two groups (e.g. IgMg1 follicular B cells vs WT follicular B cells).  

Venn diagram tool from Ghent University Bioinformatics & Evolutionary Genomics 

group (http://bioinformatics.psb.ugent.be/webtools/Venn/) was used to analyse 

overlap between sets of genes. G:Profiler (version e106_eg53_p16_65fcd97) 

(https://biit.cs.ut.ee/gprofiler/gost) was used to analyse functional enrichment within 

lists of differentially expressed genes (Raudvere et al., 2019). Gene set enrichment 
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analysis (GSEA) was performed using Broad Institute GSEA software (version 4.2.2) 

(Subramanian et al., 2005). Analysis was performed using gene_set permutation type 

as recommended for 3 replicates per condition. Mouse gene sets (e.g. hallmark gene 

sets (Liberzon et al., 2015)) and mouse gene annotations files were downloaded from 

Molecular Signatures Database (https://www.gsea-msigdb.org/gsea/downloads.jsp) 

(Liberzon et al., 2011). Cytoscape (version 3.9.1) was used (Shannon et al., 2003; 

Reimand et al., 2019) to create an enrichment map of significantly enriched gene sets 

following GSEA. 

 

2.15 10x single cell RNAseq gene expression analysis 

Total B cells were purified from spleens using Mojosort Mouse Pan B Cell Isolation Kit 

II (Biolegend 480088). Purified cells were confirmed to be over 97% B cells (B220+ 

CD3-) by flow cytometry. Library preparation with Chromium Next GEM single cell kit 

v2 (10X Genomics), and sequencing using NovaSeq 6000 was performed by Dr Anetta 

Ptasinska (University of Birmingham genomics service). The library was prepared from 

10,000 cells per sample, with 50,000 gene expression reads per cell and 5,000 mouse 

BCR reads per cell. CellRanger pipeline (10x Genomics) (Zheng et al., 2017) was used 

to process the raw data to generate counts and VDJ sequences. Loupe Browser and 

Loupe VDJ Browser (10x Genomics) were used to perform clustering and further 

analysis of the data. Barcodes were thresholded for 1203-11229 unique molecular 

identifiers (UMIs) per barcode, 639-2566 genes per barcode and 0.692-3.78% 

mitochondrial UMIs to remove poor quality cells and multiplets before further analysis.  
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2.16 Buffers and media 

Buffers and media used throughout this thesis are detailed in Table 2.4. 

Table 2.4 Details of buffers and media used 

Buffer Components Concentration Supplier Catalogue 
Number 

Flow cytometry 
buffer 

D-PBS 

FBS 

EDTA 

 

2% (v/v) 

2 mM 

Sigma 

Sigma 

Sigma 

D8537-500ML 

F9665-500ML 

E7889-100ML 

R10 medium RPMI 1640 (with L-glutamine) 

FBS 

Pen/Strep 

HEPES buffer 

 

10% (v/v) 

100 U/mL (1X) 

20 mM 

Gibco 

Sigma 

Gibco 

Sigma 

21875-034 

F9665-500ML 

15140-122 

H0887-100ML 

ELISA coating 
buffer 

H2O 

Na2CO3 

NaHCO3 

 

0.015 M 

0.035 M 

 

Sigma 

Sigma 

 

57795-500G 

55761-1KG 

ELISA wash 
buffer 

PBS 

Tween20 

 

0.05% (v/v) 

Gibco 

Sigma 

18912-014 

P1379-500ML 

ELISA blocking 
buffer and 
ELISA/histology 
dilution buffer 

PBS 

BSA 

 

1% (w/v) 

Gibco 

Sigma 

18912-014 

A7906-100G 

Histology wash 
buffer 

PBS 

Saponin 

1X 

0.1% (w/v) 

Gibco 

Sigma 

18912-014 

84510-100G 

 

2.17 Statistical analysis 

All statistical tests were performed in Graphpad Prism (version 9.4.0). The statistical 

tests used are described in the figure legends. Generally, for comparison of two 

groups, two-tailed T-test or Mann-Witney test was used; for comparison of three or 
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more groups, one-way ANOVA with Tukey's multiple comparison test or Kruskall-

Wallis test with Dunn’s multiple comparison test was used; for comparison of two or 

more groups with multiple categories within each group, two-way ANOVA with Tukey's 

multiple comparison test was used, or mixed-effects analysis with Šídák's multiple 

comparisons test if data were matched (for example, same mice at multiple 

timepoints); and for comparison of categorical distributions (i.e. positive or negative for 

autoantibodies; clustering of cells following single cell gene expression analysis), Chi-

squared test or Fisher’s exact test were used. Where data are presented on a log-

scale, the statistical tests were performed on log-transformed data. 
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Chapter 3. B cell development in mouse models with 
altered B cell receptor signalling 

 

3.1 Introduction 

3.1.1 Influence of B cell receptor signalling on B cell development 

B cell receptor (BCR) signalling is important at almost all stages of B cell development. 

The first stage that BCR signalling plays a role is in pre-B cells during bone marrow B 

cell development. Pre-B cells express a pre-BCR made up of the fully rearranged 

heavy chain, along with a surrogate light chain made up of VpreB and λ5 (Tsubata and 

Reth, 1990; Karasuyama et al., 1990). Signalling through the pre-BCR is required for 

cells to develop from pre-B cells to immature B cells. Mice with targeted disruption of 

the membrane region of the IgM heavy chain are developmentally arrested at the pre-

B cell stage (Kitamura et al., 1991). Mice deficient in surrogate light chain (triple 

knockouts of VpreB1, VpreB2 and λ5) are also arrested at the pre-B cell stage with 

reduced numbers of immature and mature bone marrow B cells (Shimizu et al., 2002). 

Additionally, mutations that target Igα and Igβ, which act as a co-receptor for the BCR 

and the pre-BCR, result in disrupted early B cell development (Torres et al., 1996; 

Kraus et al., 2001; Pelanda et al., 2002). Signalling through the pre-BCR complex 

induces proliferation and differentiation into the late pre-B cell stage where cells 

undergo light chain VJ gene segment recombination (Hess et al., 2001). 

At the bone marrow immature B cell stage, B cells that have successfully rearranged 

light chain VJ gene segments express the complete BCR on their surface. In these 

cells, signalling through the BCR mediates central tolerance, to prevent development 

of B cells with self-reactive BCR. Mechanisms of central tolerance are clonal deletion, 
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receptor editing or clonal anergy. Clonal deletion is where cells undergo apoptosis as 

a result of strong BCR signalling (Nemazee and Bürki, 1989; Hartley et al., 1993). 

Receptor editing is where cells undergo secondary light chain gene rearrangement 

(Gay et al., 1993; Tiegs et al., 1993; Halverson et al., 2004; Nemazee, 2006). Clonal 

anergy is the maintenance of the cell in an inactive state, for example, down-regulated 

BCR expression and reduced response to BCR stimulation (Goodnow et al., 1988; 

Merrell et al., 2006; Quách et al., 2011; Zikherman et al., 2012; Cambier et al., 2007). 

Therefore, in the bone marrow BCR signalling is important for positive selection of B 

cells with functional BCRs, and then negative selection of B cells with self-reactive 

BCRs. 

Immature B cells then migrate to the periphery as transitional B cells where further 

development is also affected by BCR signalling as they require BCR signalling to 

mature. In mice deficient in Syk (a kinase required for BCR signal transduction), cells 

are arrested at an immature stage unable to enter the white pulp (Henderson et al., 

2010). As in the bone marrow, transitional B cells in the periphery undergo negative 

selection to prevent activation of self-reactive B cells. Clonal deletion (Russell et al., 

1991; Ota et al., 2011; Shukla et al., 2019) and clonal anergy (Goodnow et al., 1989; 

Hartley et al., 1991) have been described as peripheral tolerance mechanisms. 

Transitional cells progress through T1 and T2 stages before maturation into mature B 

cells. T1 and T2 cells respond differently to BCR stimulation in vitro. T2 cells cultured 

with anti-IgM undergo extensive proliferation, whereas T1 cells die out (Petro et al., 

2002). A third transitional B cell subset, T3 cells, has low IgM expression (Allman et 

al., 2001). T3 cells do not differentiate into mature B cells, but are an alternative 

development pathway that have reduced response to BCR stimulation (Teague et al., 
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2007) and have been suggested to be a natural anergic B cell population (Merrell et 

al., 2006). 

B cells mature into either follicular B cells or marginal zone B cells. As discussed in 

Section 1.3.2 and Table 1.1, the role of BCR signalling in this fate decision is not clear, 

as some studies suggest that strong BCR signalling favours follicular B cell 

development (Cariappa et al., 2001, 2009; Samardzic et al., 2002; Setz et al., 2018; 

Härzschel et al., 2021), and some studies suggest it favours marginal zone B cell 

development (Wen et al., 2005; Kanayama et al., 2005; Horikawa et al., 2007; 

Waisman et al., 2007; Tsiantoulas et al., 2017; Geier et al., 2018; Ottens and 

Satterthwaite, 2021). However, the fact that several mouse models with altered BCR 

signalling effect to mature B cell populations shows that BCR signalling is important in 

this process.  

B-1 cell development is also sensitive to BCR signalling. B-1a cells develop in the fetal 

liver and are enriched for self-reactivity (Baumgarth, 2011). One study showed that B-

1a cells are positively selected for self-reactivity. Mice transgenic for anti-Thy-1 BCR 

were crossed with either Thy-1+ or Thy-1- mice. Mice on the Thy-1+ background 

developed anti-Thy-1 IgM autoantibodies, predominantly from CD5+ peritoneal cavity 

B cells (B-1a cells). However, mice on the Thy-1- background did not make anti-Thy-1 

antibodies (Hayakawa et al., 1999). Further evidence of strong BCR signalling 

favouring B-1 cell development was shown in experiments with mice with constitutively 

active BCR signalling due to replacement of the BCR with BCR-surrogate, Epstein-

Barr virus protein LMP2A. Constitutively active strong BCR signalling from high 

expression of LMP2A resulted in B-1 cells making up the majority of the B cells (Casola 



 

 79 

et al., 2004). Therefore, although conventional B-2 cells undergo BCR-mediated 

positive and negative selection during development in the bone marrow, B-1a cells that 

are self-reactive are positively selected. 

 

3.1.2 B cell development in anergy models 

Anergic B cells have been mostly characterised from transgenic BCR mouse models. 

Their distinguishing characteristics are downregulation of surface BCR expression, 

and reduced response to BCR stimulation (Cambier et al., 2007). One of the best 

characterised B cell anergy models is the MD4 x ML5 mouse model. These mice are 

double transgenic for a hen egg lysozyme (HEL)-specific BCR, and soluble HEL as a 

self-antigen, resulting in B cells that are self-reactive and develop as anergic 

(Goodnow et al., 1988). Bone marrow B cell development is difficult to assess in these 

mice, as the development is already altered in the single transgenic MD4 (HEL-specific 

BCR) mice. In these mice, pre-B cells are severely reduced compared to non-

transgenic mice, thought to be because the B cells no not need to undergo heavy or 

light chain rearrangement. However, bone marrow B cells in MD4 x ML5 mice do not 

appear substantially different to MD4 mice (Mason et al., 1992). Marginal zone B cells 

in MD4 x ML5 mice are reduced, whereas follicular B cells appear unaffected (Mason 

et al., 1992; Phan et al., 2003). The majority of MD4 x ML5 splenic B cells 

phenotypically resemble transitional T3 cells (CD93+ CD23+ IgMlo), as do splenic B 

cells in a separate anergy model, the Ars/A1 model (Merrell et al., 2006). Additionally, 

usage of the lambda light chain gene is increased in splenic B cells in MD4 x ML5 mice 

(Bai et al., 2007), indicative of increased receptor editing during B cell development 

(Tiegs et al., 1993; Hertz and Nemazee, 1997; Bai et al., 2007). 
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3.1.3 Anergic B cell gene expression signature 

In the majority of anergic B cell models, anergy is caused by chronic exposure to a 

self-antigen. However, the anergy is long-lasting, even following removal of exposure 

to antigen. MD4 x ML5 anergic cells transferred to recipient mice that did not express 

soluble HEL were able to make an antibody response to HEL immunisation showing 

that anergy is reversable, but the recovery is only partial as the response was lower 

than when non-anergic cells were transferred (Goodnow et al., 1991). Ars/A1 anergic 

B cells removed from exposure to self-antigen made a calcium response to anti-IgM 

stimulation, but only to 50-70% of the level of the non-anergic control cells (Gauld et 

al., 2005). This suggested that anergic cells remained in a partially suppressed state 

after removal from exposure to self-antigen, pointing to additional mechanisms of 

maintaining anergy. 

To examine the gene expression changes explaining B cell anergy, Glynne et al. 

(2000) used a gene microarray to monitor expression of 6,500 genes in MD4 x ML5 B 

cells. This study identified 20 genes that were significantly increased and 8 genes that 

were decreased. Induced genes included negative regulators of signalling and 

transcription. This was the first published gene signature for anergic B cells (Glynne et 

al., 2000). A later study by Sabouri et al. (2016) used a larger gene microarray to 

analyse expression of more than 59,000 genes in mature CD93- CD23+ MD4 x ML5 B 

cells, identifying a more comprehensive anergic gene signature. They identified 97 

probes that had a greater than two-fold increased expression in MD4 x ML5 anergic B 

cells compared with MD4 controls. This included 13 of the genes previously identified 

by Glynne et al. (2000). An additional 123 genes with evidence of moderate induction 
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in MD4 x ML5 B cells were identified (Sabouri et al., 2016). Schwickert et al. (2019) 

performed bulk RNA sequencing to analyse gene expression in follicular B cells from 

MD4 x ML5 mice. They defined an anergy expression signature of 59 upregulated and 

50 downregulated genes, which correlated well with the signature published by Sabouri 

et al. (2016) (Schwickert et al., 2019).  

Therefore, several previously published papers have established a gene expression 

signature for MD4 x ML5 anergic B cells. However, there are few, if any, published 

data analysing gene expression in other anergy models, or in naturally occurring 

anergic B cells. 

 

3.1.4 Chapter aims 

In this chapter, IgMg1 and IgG1M mouse models have been used to investigate the 

effect of altered BCR signalling on B cell development, and to investigate gene 

expression changes in the IgMg1 polyclonal B cell anergy model. The IgMg1 model 

(Zhang, 2019) has B cells with a chimeric IgM BCR, made of up the extracellular and 

transmembrane regions of IgM and the longer cytoplasmic tail of IgG1, but normal IgD. 

The IgMg1  model has been shown to have defects in splenic B cell development, and 

an anergic B cell phenotype (such as downregulated surface IgM expression and 

reduced response to BCR stimulation in vitro) (Zhang, 2019). The IgG1M model (also 

known as IgHG1μ model) (Waisman et al., 2007) expresses only IgG1 as a BCR from 

the earliest stages of B cell development, with no expression of IgD. This model also 

has defective B cell development, although the exact defects differ slightly from the 

IgMg1 model. In comparison with IgMg1 mice, the BCRs on these mice also have the 
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IgG1 extracellular and transmembrane regions. The work in this chapter aims to 

compare B cell development in these models, to assess the importance of the BCR 

extracellular and cytoplasmic regions for BCR signalling during B cell development.    

The aims of this chapter are as follows: 

i. Analysis of B cell development in the bone marrow, spleen and peritoneal cavity 

of IgMg1 mice and IgG1M mice to: 

a. investigate the roles of the BCR extracellular region and cytoplasmic 

region for efficient B cell development. 

b. Investigate the effect of increased BCR signalling on B cell development. 

ii. Comparison of IgG1M and IgMg1 B cells following BCR stimulation in vitro. 

iii. Identification of genes that are differentially expressed in IgMg1 follicular B cells 

in comparison with WT follicular B cells to identify genes important in B cell 

anergy and compare with published data for the classical MD4 x ML5 B cell 

anergy model. 
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3.2 Results 

3.2.1 Bone marrow B cell development is blocked at pre-B cell stage in IgG1M 
mice but is normal in IgMg1 mice 

B cell receptor signalling affects the ability of B cells to progress through B cell 

development in the bone marrow. Data from our lab had previously found that IgMg1 

mice had no major changes in bone marrow B cell development (Zhang, 2019). 

However, the earlier stages of development between pre-pro B cells and early pre-B 

cells had not been sufficiently characterized. As B cells begin rearranging the BCR 

heavy chain at the pro-B cell stage and express a pre-BCR made up of the heavy chain 

and a surrogate light chain in the early pre-B cell stage, these were major 

developmental stages that could potentially be affected by alterations to the BCR. 

A flow cytometry strategy was developed to allow assessment of bone marrow B cell 

development (Figure 3.1), based on the Hardy fractions (Hardy et al., 2000; Hardy, 

2012). In this scheme early B cell developmental stages (identified as B220+ CD43+) 

can be resolved into pre-pro-B cells (fraction A), pro-B cells (fractions B and C) and 

early pre-B cells (fraction C’), based on expression of CD24 and BP-1 markers. The 

later stages (B220+ CD43-) can then be resolved into late pre-B cells (fraction D), 

immature B cells (fraction E), transitional B cells and mature B cells (fraction F), based 

on expression of IgM and IgD. The IgG1M B cells do not express IgD or IgM, so 

although immature, transitional, and mature IgG1M B cells cannot be distinguished 

from each other with this gating scheme, they can be combined into the IgG1+ CD43+ 

B cells. 

As previously described by Zhang (2019), in IgMg1 mice the later stages of B cell 

development were largely unchanged from wildtype (WT) mice (Figure 3.2A and B). 
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Additionally, there were no significant differences in the earlier stages of development, 

fractions A-C’. There were significantly more mature B cells (fraction F) in the IgMg1 

bone marrow. However, these cells represent circulating mature B cells rather than a 

developmental stage within the bone marrow. 

In contrast with the IgMg1 mice, bone marrow B cell development in the IgG1M mice 

was impaired (Figure 3.2A and B). The Hardy fractions representing pre-pro B cells 

(fraction A) and early pro-B cells (fraction B) had similar frequencies as in WT mice, 

which was expected as these cells do not express BCR yet. However, there were 

significantly more cells at the late pro-B cell stage (fraction C), and a significant 

reduction at all subsequent stages of B cell development (pre-B cell to mature B cells 

- fractions C’, D and E and F). This indicates that there is a block in development at 

the pre-B cell stage, with cells accumulating at the pro-B cell stage and not efficiently 

progressing to the pre-B cell stage (Figure 3.2A). Ratios of the frequency of each 

development stage relative to the frequency of the preceding stage where also 

calculated, to highlight blocks in development. The ratio of fraction C’/fraction C and 

fraction D/fraction C’ were significantly reduced in IgG1M mice, showing that these 

were the stages where development was blocked. The ratio of fraction E and F/fraction 

D was significantly increased suggesting that cells that develop to the pre-B cell stage 

are able to efficiently continue in their development (Figure 3.2B). This is consistent 

with published data from Waisman et al. (2007) which show increased pro-B cells and 

decreased pre-B cells and immature B cells in the development of IgG1M bone marrow 

B cells.  
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Furthermore, intracellular active Caspase-3 staining was used to assess apoptosis at 

the different stages of bone marrow B cell development (Figure 3.3). In all mouse 

genotypes the frequency of active Caspase-3+ cells was highest in fractions B, C and 

C’ (Figure 3.3A), indicating apoptosis could mainly be detected between pro-B cell and 

early pre-B cell stages of B cell development as reported in the literature (Lu and 

Osmond, 2000). There was no significant difference in the frequency of active 

Caspase-3+ cells in the IgMg1 mice at any of the developmental stages. However, in 

the IgG1M mice, active Caspase-3+ cells were significantly more frequent than in WT 

or IgMg1 mice in fraction C’ (early pre-B cells) (Figure 3.3A and B), consistent with the 

block in development at this stage. 

Overall, the data from the IgMg1 mice confirm the previous observations that the IgG1 

cytoplasmic tail does not have a significant effect on B cell development in the bone 

marrow. Despite inappropriate signalling of the IgMg1 B cell receptor, and mature 

IgMg1 B cells having an anergic phenotype (Zhang, 2019) there is no evidence of 

increased negative selection in the bone marrow resulting in blocked development or 

increased apoptosis. Surprisingly, IgG1M mice have impaired bone marrow B cell 

development. The IgG1 extracellular region seems to have a negative impact on 

development, specifically at the pre-B cell stage, resulting in increased apoptosis and 

impaired progression to subsequent developmental stages. This is likely due to 

reduced ability of the IgG1 heavy chain to associate with the surrogate light chain to 

form the pre-BCR (Waisman et al., 2007). This shows the importance of the IgM 

extracellular region for efficient B cell development in the bone marrow. 
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Figure 3.1 Gating strategy for identification of bone marrow fractions.  

(A) Schematic showing how Hardy fractions correspond to different stages of bone marrow B cell 
development; created with Biorender.com. (B) Gating strategy for flow cytometry analysis of WT and 
IgMg1 bone marrow B cell development from representative WT mouse. From B220+ CD3- CD8- Gr1- 
cells, fractions A to C’ can be distinguished as CD43+ and fractions D to F can be distinguished as CD43-

. CD43+ cells can be split into fractions A to C’ based on CD24 and BP-1 expression. Fractions D to F 
can be distinguished based on IgM and IgD expression. (C) Alternative flow cytometry gating strategy 
used for IgG1M bone marrow from representative IgG1M mouse. Fractions A to C’ gated as in (B). 
CD43- cells can be split into fraction D (IgG-) and fractions E to F (IgG1+), but fractions E to F are unable 
to be further separated due to no expression of IgD. 

  

B220+ CD3- CD8- Gr1-: CD43+: CD43-:

B220+ CD3- CD8- Gr1-: CD43+: CD43-:

Gating strategy for WT and IgMg1 bone marrow:
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Figure 3.2 Bone marrow B cell development in IgG1M and IgMg1 mice.  

Bone marrow from WT, IgG1M and IgMg1 mice was analysed by flow cytometry gating using gating 
strategy shown in Figure 3.1 (A) Plots showing summaries of B cell fractions in bone marrow assessed 
by flow cytometry, shown as percentage of bone marrow lymphocytes. (B) Plots showing ratios between 
frequencies of each bone marrow fraction with the preceding fraction. Data is combined from three 
experiments. Each symbol represents an individual mouse. Statistical tests were performed by ordinary 
one-way ANOVA with Tukey’s multiple comparison test for comparison of three groups, and two-tailed 
unpaired T-test for comparison of two groups. (****, p < 0.0001; ***, p < 0.001; **, p < 0.01; *, p < 0.05; 
ns, not significant). 
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Figure 3.3 Active caspase-3 staining in bone marrow B cell fractions.  

Bone marrow fractions were gated as in Figure 3.1 and analysed for percentage stained with anti-active 
Caspase-3 antibody. Gates for active-Caspase-3+ cells set using fluorescence minus one (FMO) control 
of cells stained with all antibodies except anti-active Caspase-3. (A) Percentage of active Caspase-3+ 
cells in bone marrow fractions. Statistical tests performed by 2way ANOVA with Tukey’s multiple 
comparison test. (****, p < 0.0001; ns, not significant). Data from one experiment. Each symbol 
represents an individual mouse. (B) Representative histograms showing active Caspase-3 staining in 
fraction C’ of WT, IgG1M and IgMg1 mice, along with FMO. Histograms normalised to mode. 
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3.2.2 B cell maturation in the spleen is altered in IgMg1 and IgG1M mice 

Previous results analysing B cell development in IgMg1 mice showed that although 

bone marrow development appeared largely normal, B cell maturation in the spleen 

was affected. Follicular B cells were found to be slightly increased, whereas marginal 

zone B cells were severely depleted or absent (Zhang, 2019). Here, splenocytes from 

IgG1M mice were analysed by flow cytometry and compared with IgMg1 mice (Figure 

3.4). As expected, in IgMg1 mice there were decreased numbers of marginal zone B 

cells and a slight increase in follicular B cells. However, in IgG1M mice, marginal zone 

B cells were expanded, with a slight non-significant decrease in follicular B cells. The 

increase in marginal zone B cells in IgG1M spleens was confirmed using fluorescent 

immunohistology, whereas marginal zone B cells in IgMg1 spleens were virtually 

absent (Figure 3.5). 

B cell subsets were analysed for lambda light chain usage, as an indicator of receptor 

editing (Figure 3.6A). This confirmed the previous finding from our lab that IgMg1 B 

cells had increased usage of lambda light chain (Zhang, 2019). Surprisingly, the data 

showed that lambda light chain usage was even higher in the B cells of IgG1M mice. 

This was especially pronounced in the marginal zone B cell compartment (Figure 

3.6B). To investigate at which point of B cell development receptor editing is increased, 

lambda expression was analysed in bone marrow B cell subsets. In IgMg1 mice, 

lambda expression was similar in bone marrow immature B cells (Figure 3.7A and B). 

However, at the bone marrow transitional B cell stage, lambda+ cells became 

significantly increased in IgMg1 mice, with a 50% increase relative to WT mice (Figure 

3.7C and D). Lambda+ mature B cells were also more frequent in the bone marrow of 

IgMg1 mice compared to WT mice (Figure 3.7E and F). It is likely that receptor editing 
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increased in IgG1M mice at a similar developmental stage as the combined post pre-

B cell populations had significantly increased frequency of lambda+ cells compared to 

both WT and IgMg1 mice, although the immature B cells could not be distinguished 

from the transitional and mature B cells due to absence of IgD (Figure 3.7G and H). 

In order to analyse surface BCR expression in mature IgG1M B cells which lack surface 

IgM expression, anti-kappa and lambda antibodies were used to assess BCR 

expression in kappa+ and lambda+ B cells respectively (Figure 3.8A).This showed that 

the BCR density was reduced in IgG1M B cells in both kappa+ and lambda+ cells, with 

marginal zone B cells showing a stronger reduction in BCR density. Surface BCR 

expression in IgMg1 B cells was also reduced compared with WT B cells. As previously 

found (Zhang, 2019), IgMg1 B cells had reduced IgM surface expression  in both the 

follicular B cell and marginal zone B cell compartments (Figure 3.8B and D). However, 

this was less apparent when using the anti-kappa and lambda antibodies, as they also 

binding to IgD which was less reduced in IgMg1 follicular B cells and not reduced at all 

in IgMg1 marginal zone B cells (Figure 3.8C and E). This implies that overall BCR 

surface expression is more reduced in IgG1M B cells than in IgMg1 B cells. 

Interestingly, in both WT and IgMg1 mice, lambda+ follicular B cells had higher IgD 

expression than kappa+ follicular B cells (Figure 3.8C and E), and therefore IgM to IgD 

ratio was reduced (Figure 3.8F). This may reflect differences in autoreactivity and 

development of lambda+ follicular B cells, with lambda+ B cells being the fraction that 

underwent receptor editing due to autoreactivity.  

Overall, these data show that B cell maturation is affected by altered BCR signalling in 

both the IgMg1 as well as IgG1M mice, with opposite effects being seen on follicular 
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or marginal zone B cell fate choice. Both BCRs induce receptor editing to increase 

lambda light chain usage, and decrease surface BCR expression suggesting that the 

presence of the IgG1 cytoplasmic tail during B cell development may induce stronger 

negative selection. 
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Figure 3.4 Spleen B cell maturation in IgMg1 and IgG1M mice.  

Splenocytes from WT, IgMg1 and IgG1M mice were analysed by flow cytometry. (A) Representative 
gating for follicular (Fo) and marginal zone (MZ) B cells in WT, IgG1M and IgMg1 mice. B-2 cells were 
gated from splenocytes as B220+ CD19+; mature B cells were gated as CD93-; MZ B cells were CD21hi 
CD23- and Fo B cells were gated as CD23+ CD21+. (B) Summary statistics showing frequencies of B-2 
cells, Fo B cells and MZ B cells as percentage of splenocytes. Data combined from three independent 
experiments. Each symbol represents one mouse. Statistical tests were performed by ordinary one-way 
ANOVA with Tukey’s multiple comparison test (ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; 
****, p < 0.0001). 
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Figure 3.5 Immunofluorescent histology showing marginal zone in spleens of WT, IgG1M and 
IgMg1 mice  

Spleens from mice were stained for B220 (green), CD4 (grey), CD169 (blue) and CD1d (red). Marginal 
zones can be identified as CD1d+ area at edge of B cell follicles. Representative WT (left), IgG1M 
(centre) and IgMg1 spleens (right) are shown. 
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WT spleen IgG1M spleen IgMg1 spleen
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Figure 3.6 Lambda light chain usage in mature B cell populations  

Follicular (Fo) and marginal zone (MZ) B cells were gated as shown in  Figure 3.4 and analysed for 
lambda or kappa light chain usage. (A) Representative flow cytometry plots showing lambda and kappa 
light chain staining in Fo B cells of WT, IgMg1 and IgG1M mice. (B) Summaries of lambda/kappa (λ/κ) 
ratios from follicular B cells (left) and marginal zone B cells (right). Data combined from three 
independent experiments. Each symbol represents one mouse. Statistical tests were performed by 
ordinary one-way ANOVA with Tukey’s multiple comparison test (ns, not significant; ****, p < 0.0001). 
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Figure 3.7 Lambda light chain usage during bone marrow B cell development.  

Bone marrow B cell fractions from immature B cells to mature B cells were analysed for expression of 
lambda light chain. Bone marrow cells were analysed by flow cytometry and immature B cells (fraction 
E), transitional B cells and mature B cells (fraction F) were gated as described in Figure 3.1. (A) 
Representative flow cytometry plots showing lambda expression in immature B cells (fraction E) in WT 
and IgMg1 mice. (B) Summary statistics for lambda expression in immature B cells in WT and IgMg1 
mice. (C) Representative flow cytometry plots showing lambda expression in transitional B cells in WT 
and IgMg1 mice. (D) Summary statistics for lambda expression in transitional B cells in WT and IgMg1 
mice. (E) Representative flow cytometry plots showing lambda expression in mature B cells (fraction F) 
in WT and IgMg1 mice. (F) Summary statistics for lambda expression in mature B cells in WT and IgMg1 
mice. (G) Representative flow cytometry plots showing lambda expression in immature (fraction E) – 
mature B cells (fraction F) in WT and IgG1M mice. (H) Summary statistics for lambda expression in 
immature – mature B cells in WT and IgG1M mice. Data are combined from two experiments. Each 
symbol represents one mouse. Statistical tests performed by paired T-test for comparison of two groups 
(B, D, F), and ordinary one-way ANOVA with Tukey’s multiple comparison test for comparison of three 
groups (H) (****, p < 0.0001; **, p < 0.01; *, p < 0.05, ns, not-significant).  
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Figure 3.8 Surface BCR expression in mature B cells  

Kappa+ (κ) and lambda+ (λ) follicular (Fo) and marginal zone (MZ) B cells were gated as in Figure 3.6 
and analysed for surface BCR expression by flow cytometry staining with anti-BCR antibodies. (A) 
Summaries of κ and λ expression in κ+ and λ+ Fo and MZ B cells in WT, IgG1M and IgMg1 spleens. (B-
C) Representative histograms showing IgM (B) and IgD (C) expression in WT and IgMg1 κ+ and λ+ Fo 
B cells. (D) Summaries of IgM expression in κ+ and λ+ Fo and MZ B cells in WT and IgMg1 spleens. (E) 
Summaries of IgD expression in κ+ and λ+ Fo and MZ B cells in WT and IgMg1 spleens. (F) Ratio 
between normalised IgM and IgD MFIs in κ+ and λ+ Fo and MZ B cells.  Expression levels were 
determined by flow cytometry. Summary data are presented as geometric means normalised to the 
median geometric mean of WT (A) or WT κ+ Fo B cells (B and C) to correct for differences between 
experiments. Data are combined from three independent experiments. Each symbol represents one 
mouse. Statistical tests were performed by ordinary one-way ANOVA with Tukey’s multiple comparison 
test (A) or two-way ANOVA with Dunn’s multiple comparison test (D-F) (ns, not significant; **, p < 0.01; 
****, p < 0.0001). 
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3.2.3 B cell receptor-stimulated calcium flux is increased in IgG1M B cells but 
reduced in IgMg1 B cells 

Previous work has shown that IgMg1 B cells have an anergic phenotype, as 

demonstrated by reduced calcium flux following BCR stimulation (Zhang, 2019). This 

raised the question of whether the anergy was simply a result of the reduced surface 

BCR density. IgG1M mice, as shown in section 3.2.2, also show evidence of increased 

negative selection during B cell development leading to reduced surface BCR 

expression and increased lambda/kappa ratio. To further investigate whether this 

would lead to an anergic phenotype, the calcium response was tested in B cells from 

IgG1M mice. Splenocytes taken from mice were calmed for 4 hours before loading with 

Indo-1 AM to allow tracking of intracellular calcium concentration. Cells were acquired 

by flow cytometry for 1 minute, before adding anti-BCR antibody as stimulation to 

evaluate the calcium response.  

As expected, the IgMg1 B cells had a reduced calcium response compared to WT mice 

after stimulation with an anti-IgM F(ab’)2 (Figure 3.9A and B). In order to compare with 

B cells from the IgG1M mice that do not express IgM, cells were stimulated with a 

mixture of anti-kappa and anti-lambda antibodies (Figure 3.9C). As with the anti-IgM 

stimulation, there was a reduced calcium response in the IgMg1 mice following anti-

kappa and lambda stimulation (Figure 3.9C), indicated by a reduced peak 

bound/unbound calcium ratio (Figure 3.9D). However, the IgG1M B cells had an 

increased response compared to both WT and IgMg1 B cells (Figure 3.9C), shown by 

an increased peak bound/unbound calcium ratio (Figure 3.9D). This suggests that, 

despite the partial block in B cell development and reduced BCR surface expression, 

the mature B cells in IgG1 expressing mice maintain hyperactive B cell receptor 
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signalling. In contrast, the IgMg1 mice develop B cells with an anergic phenotype. This 

shows further, that reduced BCR expression is unlikely to cause the anergic phenotype 

in IgMg1 B cells, and additional factors, for example altered BCR signalling, are likely 

to contribute to anergy in IgMg1 B cells. 
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Figure 3.9 BCR stimulated calcium signalling in splenocytes 

Splenocytes from WT, IgMg1 and IgG1M mice were rested for 4 hours and then loaded with Indo-1 AM 
and anti-CD43 PE. Cells were acquired by flow cytometry for 1 minute to collect baseline reading and 
then stimulated with anti-IgM or anti-kappa (κ) and lambda (λ) and acquired for 9 minutes. Cells were 
gated on CD43- cells and analysed in FlowJo to calculate bound/unbound calcium ratio. (A) IgM 
stimulated calcium flux in WT and IgMg1 splenocytes. Error bars represent standard error mean. (B) 
Summary statistics showing Rpeak (peak bound/unbound calcium ratio), Rpeak/R0 (ratio of Rpeak to 
R0 (baseline bound/unbound calcium ratio), and time to peak for WT and IgMg1 cells stimulated with 
anti-IgM. One spleen used per group, with each symbol representing one replicate. (C) Anti-Igκ/λ 
stimulated calcium flux in WT, IgG1M and IgMg1 splenocytes. Error bars represent standard error mean. 
(D) Summary statistics showing Rpeak, Rpeak/R0 and time to peak for WT, IgG1M and IgMg1 cells 
stimulated with anti-κ/λ. One spleen used per group, with each symbol representing one replicate. 
Statistical tests performed by paired T-test for comparison of two groups, and one-way repeated 
measure ANOVA with Tukey’s multiple comparison test for comparison of three groups (**, p < 0.01; *, 
p < 0.05, ns, not-significant).  
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3.2.4 Spleen transitional B cells are reduced in IgMg1 mice and IgG1M mice 

Although B cell development in the bone marrow of IgMg1 B cells appears relatively 

normal, there are increased mature B cells in the bone marrow, and in the spleen, 

there is an altered ratio of follicular to marginal zone B cells. Therefore, fate decisions 

during B cell maturation may be affected. To break this down further, transitional B 

cells in the spleen were analysed by flow cytometry. Transitional B cells in the spleen 

can be identified by CD93 expression and can be split into T1, T2 and T3 B cells based 

on levels of IgM and CD23 expression. T3 B cells (CD23hi IgMlo) have been described 

as an anergic-like B cell subset (Merrell et al., 2006), and therefore it might be expected 

that these cells would be present in greater numbers in the IgMg1 mice due to anergy. 

The overall number and percentage of CD93+ transitional B cells were found to be 

decreased in IgMg1 spleens compared with wildtype spleens (Figure 3.10). This 

affected primarily T1 B cells with a reduction of 75%, but also T2 B cells with a 60% 

reduction. The percentages of T1 and T2 B cells were both reduced in IgMg1 mice, 

however there was an increase in the ratio of T2:T1 B cells. T3 B cells are defined 

phenotypically as being CD23hi IgMlo within the CD93+ transitional B cells (Allman et 

al., 2001). Due to the reduced IgM expression IgMg1 transitional B cells, T3 B cells in 

IgMg1 mice were increased by a factor of 2.  

CD93+ transitional B cells were also reduced in IgG1M mice (Figure 3.11A and B). As 

IgM expression could not be used to distinguish transitional cell subsets in IgG1M 

mice, only CD21 and CD23 could be used to separate T1 (CD21lo CD23lo) from T2 and 

T3 cells (CD21hi CD23hi). In IgG1M mice T1 cells were virtually absent, and T2 and T3 

cells were reduced by 50%. A large proportion of the CD93+ B cells had a CD21hi 

CD23lo phenotype. These were possibly contamination with marginal zone B cells. 
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However, when these cells were analysed for CD93 expression, they did not 

exclusively lie on the border between transitional CD93+ and CD93- mature B cells 

(Figure 3.11C). Therefore, it is unclear if these cells are genuine transitional B cells 

with different expression of CD21 and CD23, or a contaminant with marginal zone B 

cells.   

Overall, these data show that transitional cells are reduced in IgMg1, while they are 

severely reduced in IgG1M mice. This further demonstrates that B cell maturation is 

affected by B cell receptor signalling, and that signalling through complete IgG1 

provides a different stimulus during transitional stage than IgMg1 BCR.  
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Figure 3.10 Transitional B cells in IgMg1 mice  

Splenocytes from WT and IgMg1 mice were analysed by flow cytometry for transitional B cells. (A) 
Gating strategy for transitional, T1, T2 and T3 cells in representative WT and IgMg1 mice. From 
splenocytes, B-2 cells were gated as B220+ CD19+. From B-2 cells, transitional B cells were gated as 
CD93hi. The position of this gate was set using a CD93 fluorescent minus one (FMO) control (not 
shown). From transitional cells, T1 cells were gated as CD23lo IgMhi; T2 cells were gated as CD23hi 
IgMhi; and T3 cells were gated as CD23hi IgMlo. (B) Summaries of frequencies of transitional, T1, T2 and 
T3 cells in WT and IgMg1 mice as percentage of total B-2 cells. Data is shown from one experiment. 
Each symbol represents one mouse. Statistical tests were performed by two-tailed unpaired T-test. (****, 
p < 0.0001; ***, p < 0.001; **, p < 0.01; *, p < 0.05; ns, not significant). 
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Figure 3.11 Transitional B cells in IgG1M and IgMg1 mice 

Splenocytes from WT and IgMg1 mice were analysed by flow cytometry for transitional B cells using an 
alternative gating strategy. (A) Gating strategy for transitional, T1 and T2&T3 cells for representative 
WT, IgG1M and IgMg1 mice. B-2 cells were gated as shown in Figure 3.10. From B-2 cells, transitional 
B cells were gated as CD93+. From transitional B cells, T1 B cells were gated as CD21lo CD23lo and 
CD21hi CD23hi. (B) Summary of frequencies of transitional, T1 and T2&T3 cells in WT, IgG1M and IgMg1 
mice as percentage within B-2 cells. Data are from one experiment. Statistical tests were performed by 
ordinary one-way ANOVA with Tukey’s multiple comparison test. (****, p < 0.0001; **, p < 0.01; ns, not 
significant). (C) IgG1M CD21hi CD23lo population (red) shown on the flow cytometry plot of CD93 and 
B220 expression with total B-2 cells (blue). 
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3.2.5 B-1 cell development is impaired in IgMg1 and IgG1M mice 

Although conventional B-2 B cells that develop in the bone marrow make up most B 

cells in mice, there is an additional mature subset of B cells: B-1 cells. These cells 

develop in the fetal liver and are a prominent cell type in the peritoneal and pleural 

cavities. To investigate the effect of altered BCR signalling on B-1 cell development, 

the peritoneal cavity cells of mice were analysed by flow cytometry (Figure 3.12). 

B-1 cells are phenotypically described as CD19+ B220lo and can be either CD5+ (B-1a) 

or CD5- (B-1b). They are also CD43+ and CD23- (Tung et al., 2004). Around half of the 

peritoneal cavity B cells in WT mice were found to be B220lo, and the majority of these 

had the expected CD43+ and CD23- phenotype of B-1 cells (Figure 3.12A). In both 

IgMg1 and IgG1M mice there was a much less distinct B220lo population, and the 

majority of these cells did not have the CD43+ CD23- phenotype (Figure 3.12A). By 

defining B-1a and B-1b cells in this way, there was a clear reduction of B-1a cells in 

both IgMg1 and IgG1M mice (Figure 3.12C), and a reduction of B-1b cells in IgG1M 

mice (Figure 3.12D). However, B-1b cells in IgMg1 mice were not significantly affected 

(Figure 3.12D). B220hi CD5lo B-2 cells were not significantly altered in IgMg1 or IgG1M 

mice (Figure 3.12E). In the IgG1M peritoneal cavity, there was an expanded B220hi 

CD5hi population that was not present in WT mice (Figure 3.12F).  

To further illustrate the altered phenotype of B cells in the peritoneal cavity of IgMg1 

and IgG1M mice, a tSNE dimensionality reduction was performed on the CD19+ cells 

using CD19, B220, CD5, CD11b, CD43, CD23 and CD21 expression as parameters. 

B-1a, B-1b and B-2 clusters were manually identified by back gating of the WT 

populations identified using the gating strategy described in Figure 3.12 (Figure 3.13A). 

These data confirm that the peritoneal cavity B cell populations in the IgMg1 and 
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IgG1M models are altered compared with WT mice. There is a clear reduction of cells 

in the B-1a and B-1b clusters located towards the bottom of the tSNE plot in both 

IgG1M and IgMg1 mice. In IgG1M mice there is an expanded cluster of CD5hi cells 

positioned at the top of the tSNE plot. However, despite their CD5 expression, they 

cluster closer to the B-2 cells and look more similar to B-2 cells with regards to 

expression of other markers such as CD43, CD23 and CD21, so may be an unusual 

population of CD5hi B2 cells (Figure 3.13B). 

B-1 cells are also present at low abundance in the spleen. Splenocytes from WT, 

IgMg1 and IgG1M mice were analysed for B-1 cells by flow cytometry (Figure 3.14A). 

As in the peritoneal cavity, splenic B-1 cells were severely reduced in IgG1M and less 

in IgMg1 mice (Figure 3.14B). This was true for both B-1a (Figure 3.14C) and B-1b 

cells (Figure 3.14D). Similar to peritoneal cavity, spleen B-2 cells in IgG1M mice were 

found to have increased CD5 expression (Figure 3.14E and F), providing further 

evidence that the B220hi CD5hi cells in the peritoneal cavity may be B-2 cells, not B-1 

cells.  

Overall, these data show that in addition to affecting development of conventional B-2 

cells, altered BCR signalling in IgG1M and IgMg1 mice results in impaired development 

of B-1 cells and altered peritoneal cavity B cell populations. 
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Figure 3.12 Peritoneal cavity B cells in IgMg1 and IgG1M mice 

Peritoneal cavity cells were from WT, IgG1M and IgMg1 mice were analysed by flow cytometry. (A) 
Gating strategy shown for peritoneal cavity B cell phenotyping of representative WT, IgG1M and IgMg1 
mice. From lymphocytes, B cells were gated as CD19+. From B cells, B-2 cells were gated as B220hi 
CD5lo; B-1a cells were gated as B220lo CD5hi CD23- CD43+ and B-1b cells were gated as B220lo CD5lo 
CD23- CD43+. B220+ CD5+ cells were also gated from B cells. (B-F) Summary statistics for (B) B cells, 
(C) B-1a cells, (D) B-1b cells, (E) B-2 cells and (F) B220+ CD5+ B cells as percentage of peritoneal cavity 
lymphocytes. Data are combined from two experiments. Each symbol represents one mouse. Statistical 
tests were performed by ordinary one-way ANOVA with Tukey’s multiple comparison test. (****, p < 
0.0001; **, p < 0.01; ns, not significant). 
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Figure 3.13 tSNE of peritoneal cavity B cells 

tSNE algorithm was performed to reduce dimensionality of flow cytometry parameters B220, CD19, 
CD5, CD43, CD23, CD21 and CD11b in WT, IgG1M and IgMg1 peritoneal cavity B cells. (A) Gates for 
B-1a, B-1b and B-2 cells were manually drawn after back gating of WT populations identified using 
gating strategy in Figure 3.12. (B) tSNE plots coloured by heatmap statistic showing expression of the 
surface markers for each of 3 genotypes.  
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Figure 3.14 Spleen B-1 cell development 

Splenocytes from WT, IgMg1 and IgG1M mice were analysed by flow cytometry. (A) Flow cytometry 
gating strategy shown for representative WT, IgG1M and IgMg1 mice. From splenocytes, B-1 cells were 
gated as CD19+ B220-; from B-1 cells, cells were gated as CD43+ CD23-; from CD43+ CD23- cells, B-
1a cells were gated as CD5+ and B-1b cells were gated as CD5-. (B-D) Summary statistics for 
frequencies of (B) splenic B-1 cells, (C) B-1a cells, and (D) B-1b cells, all shown as percentage of 
splenocytes. (E) Representative flow cytometry showing CD5 expression in follicular B cells in WT, 
IgG1M and IgMg1 mice. Follicular B cells were gated as shown in Figure 3.4. (F) Summary statistics for 
CD5 expression in B-2 cells. Data are combined from two experiments. Each symbol represents one 
mouse. Statistical tests were performed by ordinary one-way ANOVA with Tukey’s multiple comparison 
test. (****, p < 0.0001; ***, p < 0.001; **, p < 0.01; ns, not significant). 
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3.2.6 Differential gene expression in IgMg1 follicular B cells  

The above showed that IgMg1 B cells have an anergic phenotype. The data derived 

from IgG1M mice suggests that reduced surface BCR expression does not inevitably 

cause B cell anergy. To screen for other gene expression changes inducing the anergic 

phenotype, bulk RNA sequencing was done to analyse gene expression in follicular B 

cells from WT and IgMg1 mice. Follicular B cells (B220+ CD138- Fas- CD38+ CD19+ 

GL7- CD93- CD21+ CD23+) were sorted by fluorescent activated cell sorting (FACS) 

from the popliteal lymph node on the opposite side from injection site with NP-CGG, 

and bulk RNA sequencing was performed to monitor gene expression. A principal 

components analysis (PCA) was performed to reduce dimensionality of the gene 

expression data and assess variability between the samples (Figure 3.15A). This 

showed that there is a difference between WT and IgMg1 B cells as they separated on 

principal component 1. There was also some variation within each genotype on 

principal component 2. Using an adjusted p-value threshold of 0.05 and at least 2-fold 

difference in gene expression, 89 genes were identified that were differentially 

expressed between WT and IgMg1 B cells: 53 were upregulated in IgMg1, and 36 were 

downregulated (Figure 3.15B and Figure 3.16A). An additional, 29 significantly 

upregulated and 18 significantly downregulated genes were identified with a lower than 

2-fold change (Figure 3.16B).  

Some of the genes identified were expected: upregulation of Iglv1, Iglc1 and Iglv2 

reflects the increased usage of lambda light chain observed by flow cytometry; 

upregulation of Ighc1 may reflect the presence of the section of gene coding the IgG1 

cytoplasmic tail on the IgMg1 BCR. To further investigate the function of some of the 
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other genes, functional analyses were performed. The lists of differentially expressed 

genes were analysed for enriched gene ontology (GO) terms using g:Profiler. This 

showed that immune system process (GO:0002376), immune response 

(GO:0006955), response to stimulus (GO:0050896) and cell activation (GO:0001775) 

were amongst the GO terms enriched in the list of IgMg1 upregulated genes (Figure 

3.17A and B). Differentially expressed genes from the immune system process GO 

term (GO:0002376) include Apoe, Jchain, Ackr2 (all upregulated in IgMg1), Ccr6, 

Slamf1 and Ifi208 (all downregulated in IgMg1) (Figure 3.17C). Gene set enrichment 

analysis (GSEA) was performed using the whole expression dataset to identify gene 

sets that were significantly enriched in IgMg1 or WT follicular B cells (Figure 3.18). Of 

the hallmark gene sets, oxidative phosphorylation was found to be significantly 

enriched (false discovery rate (FDR) q-value < 0.05) in IgMg1 follicular B cells (Figure 

3.18 and Figure 3.19A). Genes that made up the leading edge for this gene set 

included Casp7 (encoding caspase 7) (Figure 3.19C), Fxn (encoding frataxin) (Figure 

3.19D), Nqo2 (encoding NAD(P)H dehydrogenase, quinone 2) (Figure 3.19E) and 

Decr1 (encoding 2,4 Dienoyl-CoA reductase) (Figure 3.19F). GSEA was also 

performed using the gene ontology biological process gene sets, pre-filtered for gene 

sets related to immune function (Figure 3.20). Although none of the gene sets in this 

analysis reached significance with FDR q-value below 0.05, several gene sets had a 

nominal p-value of less than 0.05 (Figure 3.20A). Gene sets related to humoral immune 

response were enriched in IgMg1 follicular B cells (Figure 3.20B), whereas gene sets 

related to immune cell activation (Figure 3.20C) and negative regulation (Figure 3.20D) 

of immune response were enriched in WT follicular B cells. 
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Overall, these data indicate that there were a relatively small number of genes 

identified that were differentially expressed in IgMg1 follicular B cells compared with 

WT follicular B cells.  
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Figure 3.15 Bulk RNA sequencing comparing WT and IgMg1 follicular B cells  

Follicular B cells from WT and IgMg1 mice were sequenced by bulk RNA sequencing. (A) Expression 
data had dimensionality reduced using principal components analysis to assess variance between 
samples. (B) Differentially expressed genes were identified using DESeq2 package on R. Volcano plot 
shows differentially expressed genes (2-fold change and adjusted p value < 0.05) indicated in red. 
Horizontal dashed line represents p value of 0.05 and vertical dashed lines represent log2 fold-change 
of 1 and -1.  
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Figure 3.16 Heatmaps showing differentially expressed genes 

Heatmaps produced to show relative expression of differentially expressed genes identified in IgMg1 
follicular B cells compared with WT follicular B cells. (A) Significantly differentially expressed genes 
(adjusted p value < 0.05) with a log2FC threshold of 1 (at least 2-fold difference in gene expression). 
(B) Significantly differentially expressed genes (adjusted p value < 0.05) with no threshold for log2FC 
used. Colour scale represents gene Z-score. 
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Figure 3.17 Immune process response genes enriched within upregulated IgMg1 follicular B 
cell genes  

Genes identified as upregulated in IgMg1 follicular B cells compared with WT follicular B cells were 
analysed for gene ontology (GO) term enrichment using g:profiler (Reimand et al., 2019). (A) Enrichment 
map showing enriched GO terms (adjusted p value < 0.05) from biological processes and reactome GO 
terms. Each circle represents a GO term enriched in IgMg1 follicular B cells. GO terms connected by a 
line contain overlapping genes. Clusters of GO terms containing similar genes have been grouped 
together in a large circle. (B) Heatmap showing relative expression of differentially expressed genes 
contained in GO term immune system process (GO:002376). Colour scale represents gene Z-score. 
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Figure 3.18 Gene set enrichment analysis for hallmark gene sets 

Gene set enrichment analysis (GSEA) was performed on IgMg1 and WT follicular B cell expression 
data, comparing to mouse hallmark gene sets. Plot shows normalised enrichment scores for hallmark 
gene sets for GSEA performed between IgMg1 and WT follicular B cells. Size of circle represents 
number of genes in set. Colour represents false discovery rate (FDR) q-value. 
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Figure 3.19 Oxidative phosphorylation enriched in IgMg1 follicular B cells compared to WT  

(A) Gene set enrichment analysis for hallmark oxidative phosphorylation gene set. (B) Heatmap showing 
relative gene expression for genes in hallmark oxidative phosphorylation gene set. Colour scale 
represents gene Z-score. (C-F) Gene expression for four genes in leading edge: (C) Casp7, (D) Fxn, 
(E) Nqo2, (F) Decr1. Expression is shown as normalised count. 

HALLMARK_OXIDATIVE_PHOSPHORYLATION

WT IgMg1
0

100

200

300

N
or

m
 c

ou
nt

Fo B cells - Casp7 expression

WT IgMg1
0

200

400

600

N
or

m
 c

ou
nt

Fo B cells - Fxn expression

WT IgMg1
0

100

200

300

N
or

m
 c

ou
nt

Fo B cells - Nqo2 expression

WT IgMg1
0

100

200

300

400

500

N
or

m
 c

ou
nt

Fo B cells - Decr1 expression

Nom p-value 0.0
FDR q-value 0.0269

A

B

C

D

E

F

IgM
g1_Fo_1

IgM
g1_Fo_2

IgM
g1_Fo_3

W
T_Fo_1

W
T_Fo_2

W
T_Fo_3

Mtrf1
Acadvl
Ndufv1
Pdp1
Surf1
Glud1
Pdha1
Mrps22
Atp6ap1
Sdha
Acadm
Mgst3
Supv3l1
Pdhb
Dlst
Idh3b
Idh2
Lrpprc
Pmpca
Cox11
Dld
Oxa1l
Rhot1
Acaa1a
Uqcrfs1
Aldh6a1
Ndufs1
Acat1
Mrps12
Pdhx
Timm8b
Suclg1
Nqo2
Mtx2
Sdhc
Phyh
Acaa2
Fdx1
Etfb
Sucla2
Atp6v1d
Atp6v1c1
Hsd17b10
Etfdh
Abcb7
Ndufa9
Cyb5r3
Atp6v0c
Prdx3
Tomm70a
Oat
Atp5g3
Echs1
Tomm22
Mrpl34
Cox4i1
Bckdha
Casp7
Slc25a20
Ndufs3
Ndufv2
Uqcrh
Sdhb
Vdac2
Cyb5a
Etfa
Bax
Ndufb6
Atp6v1f
Atp5j2
Mdh1
Fxn
Gpx4
Atp6v1e1
Atp6v0b
Slc25a4
Ndufa6
Ndufa5
Ndufb5
Cox8a
Sdhd
Cox7a2l
Uqcrc2
Mrpl35
Gm10053
Polr2f
Ndufc2
Cox10
Timm13
Cox17
Ndufs2
Ndufs6
Uqcrb
Ndufa4
Ndufb3
Grpel1
Ldhb
Cox6a1
Atp5h
Atp5j
Ech1
Mrpl11
Cox6b1
Ndufb8
Mdh2
Ndufa1
Ndufs8
Cox7c
Atp6v0e
Decr1
Ndufs7
Vdac3
Atp5e
Atp5g1
Cox5b
Ndufs4
Cox7b
Mrpl15
Slc25a5
Timm17a
Atp5o
Ndufa3
Cox6c
Ndufa7
Ndufa2
Uqcr11
Iscu
Atp6v1g1
Atp5k
Mrps11
Uqcrc1
Ndufb7
Ndufc1
Mrps30
Ndufab1
Ndufb2
Cox7a2
Uqcrq
Cox5a
Ndufa8
Atp5c1
Uqcr10
Eci1
Hadha
Mrps15
Idh1
Opa1
Cox15
Slc25a3
Timm10
Htra2
Dlat
Hccs
Timm9
Alas1
Nnt
Aifm1
Timm50
Atp1b1
Afg3l2
Acadsb
Vdac1
Cpt1a
Atp5b
Atp5a1
Retsat
Por
Cs
Fh1
Mfn2
Idh3g
Slc25a12
Ogdh
Aco2
Rhot2
Phb2
Tcirg1
Got2
Mtrr
Hadhb
Slc25a11
Hspa9
Atp5d
Idh3a
Immt
Ldha
Mpc1
Gpi1
Cyc1
Atp6v1h

condition condition
IgMg1_Fo
WT_Fo

−2

−1

0

1

2



 

 120 

 

T_HELPER_17_TYPE_IMMUNE_RESPON
NEGATIVE_REGULATION_OF_INNATE_

REGULATION_OF_T_HELPER_17_TYPE
T_CELL_ACTIVATION_INVOLVED_IN_
T_CELL_DIFFERENTIATION_INVOLVE

LYMPHOCYTE_ACTIVATION_INVOLVED
ANTIFUNGAL_INNATE_IMMUNE_RESPO

B_CELL_ACTIVATION_INVOLVED_IN_
IMMUNOGLOBULIN_PRODUCTION_INVO

CELL_ACTIVATION_INVOLVED_IN_IM
SOMATIC_DIVERSIFICATION_OF_IMM

NEGATIVE_REGULATION_OF_IMMUNE_
REGULATION_OF_INNATE_IMMUNE_RE

ISOTYPE_SWITCHING_TO_IGG_ISOTY
T_HELPER_CELL_LINEAGE_COMMITME

FC_RECEPTOR_SIGNALING_PATHWAY
NEGATIVE_REGULATION_OF_PRODUCT

CHEMOKINE_PRODUCTION
ACTIVATION_OF_INNATE_IMMUNE_RE

REGULATION_OF_TYPE_2_IMMUNE_RE
REGULATION_OF_PRODUCTION_OF_MO

TYPE_2_IMMUNE_RESPONSE
NEGATIVE_REGULATION_OF_NATURAL

REGULATION_OF_IMMUNOGLOBULIN_P
NEGATIVE_REGULATION_OF_LEUKOCY
NEGATIVE_REGULATION_OF_ADAPTIV

REGULATION_OF_ADAPTIVE_IMMUNE_
CELLULAR_RESPONSE_TO_CORTICOST

NEGATIVE_REGULATION_OF_CYTOKIN
CYTOKINE_PRODUCTION_INVOLVED_I
POSITIVE_REGULATION_OF_DEFENSE
REGULATION_OF_T_HELPER_1_TYPE_

MATURE_B_CELL_DIFFERENTIATION_
RESPONSE_TO_CORTICOSTEROID

MYELOID_CELL_ACTIVATION_INVOLV
LEUKOCYTE_HOMEOSTASIS

POSITIVE_REGULATION_OF_INNATE_
T_HELPER_1_TYPE_IMMUNE_RESPONS
REGULATION_OF_LEUKOCYTE_MEDIAT
MYD88_DEPENDENT_TOLL_LIKE_RECE
POSITIVE_REGULATION_OF_PHAGOCY

NUCLEAR_SPECK
POSITIVE_REGULATION_OF_PRODUCT

ADAPTIVE_IMMUNE_RESPONSE_BASED
REGULATION_OF_IMMUNE_EFFECTOR_
POSITIVE_REGULATION_OF_IMMUNOG
POSITIVE_REGULATION_OF_T_HELPE
POSITIVE_REGULATION_OF_CYTOKIN

T_CELL_MEDIATED_IMMUNITY
ORGAN_OR_TISSUE_SPECIFIC_IMMUN

B_CELL_DIFFERENTIATION
REGULATION_OF_MAST_CELL_ACTIVA
MACROPHAGE_ACTIVATION_INVOLVED
TOLL_LIKE_RECEPTOR_SIGNALING_P
POSITIVE_REGULATION_OF_IMMUNE_
POSITIVE_REGULATION_OF_TYPE_2_
DENDRITIC_CELL_DIFFERENTIATION

REGULATION_OF_LYMPHOCYTE_MEDIA
NEGATIVE_REGULATION_OF_IMMUNOG
NEGATIVE_REGULATION_OF_LYMPHOC

IMMUNOGLOBULIN_BINDING
POSITIVE_REGULATION_OF_ADAPTIV
MAST_CELL_ACTIVATION_INVOLVED_

REGULATION_OF_B_CELL_MEDIATED_
POSITIVE_REGULATION_OF_LEUKOCY
INNATE_IMMUNE_RESPONSE_ACTIVAT
REGULATION_OF_T_CELL_MEDIATED_
REGULATORY_T_CELL_DIFFERENTIAT
POSITIVE_REGULATION_OF_T_CELL_

SEROTONIN_SECRETION
GRANULOCYTE_DIFFERENTIATION

FC_RECEPTOR_MEDIATED_STIMULATO
MYELOID_DENDRITIC_CELL_DIFFERE
POSITIVE_REGULATION_OF_MYELOID

REGULATION_OF_HUMORAL_IMMUNE_R
NEGATIVE_REGULATION_OF_B_CELL_

T_CELL_RECEPTOR_COMPLEX
OPSONIN_BINDING

TOLERANCE_INDUCTION
POSITIVE_REGULATION_OF_B_CELL_

POSITIVE_REGULATION_OF_MAST_CE
PATTERN_RECOGNITION_RECEPTOR_A

NEGATIVE_REGULATION_OF_T_CELL_
V_D_J_RECOMBINATION

CHEMOKINE_BINDING
NEUTROPHIL_ACTIVATION_INVOLVED

SPLEEN_DEVELOPMENT
POSITIVE_REGULATION_OF_HUMORAL

IMMUNE_RESPONSE_TO_TUMOR_CELL
NATURAL_KILLER_CELL_ACTIVATION

INSULIN_LIKE_GROWTH_FACTOR_BIN
REGULATION_OF_NATURAL_KILLER_C

NEUTROPHIL_MEDIATED_IMMUNITY
POSITIVE_REGULATION_OF_NATURAL
ANTIVIRAL_INNATE_IMMUNE_RESPON

MYELOID_LEUKOCYTE_MEDIATED_IMM
NATURAL_KILLER_CELL_MEDIATED_I

IMMUNE_RECEPTOR_ACTIVITY
LIPOPOLYSACCHARIDE_MEDIATED_SI

REGULATION_OF_MYELOID_LEUKOCYT
LYMPHOCYTE_MEDIATED_IMMUNITY

CALCINEURIN_MEDIATED_SIGNALING
B_CELL_MEDIATED_IMMUNITY

B_CELL_APOPTOTIC_PROCESS
PRODUCTION_OF_MOLECULAR_MEDIAT
NEGATIVE_REGULATION_OF_HUMORAL

IMMUNOGLOBULIN_PRODUCTION
ACTIVATION_OF_IMMUNE_RESPONSE

IMMUNE_RESPONSE_REGULATING_CEL
ANTIGEN_BINDING

CHEMOKINE_ACTIVITY
HYPERSENSITIVITY

HUMORAL_IMMUNE_RESPONSE_MEDIAT
INNATE_IMMUNE_RESPONSE_IN_MUCO
IMMUNOGLOBULIN_RECEPTOR_BINDIN

PHAGOCYTOSIS_RECOGNITION
HUMORAL_IMMUNE_RESPONSE

ANTIBACTERIAL_HUMORAL_RESPONSE
COMPLEMENT_ACTIVATION

IMMUNOGLOBULIN_COMPLEX
ANTIMICROBIAL_HUMORAL_RESPONSE
ANTIMICROBIAL_HUMORAL_IMMUNE_R

−2 0 2

Normalised Enrichment Score

0.00

0.25

0.50

0.75

1.00
FDR q−val

SIZE
100

200

300

400

GSEA − IgMg1 Fo vs WT Fo − GOBP "Immuno*"A
B

C

D

Enriched in
WT Fo

Enriched in
IgMg1 Fo

Nominal p-value  0.0018
FDR q-value 0.5039

Nominal p-value  0.0081
FDR q-value 0.5731

Nominal p-value  0.0021
FDR q-value 0.6170



 

 121 

Figure 3.20 Gene set enrichment analysis of immune gene sets 

Gene set enrichment analysis (GSEA) was performed with mouse gene ontology biological process 
gene sets pre-filtered for gene sets including search term “immun*”. (A) Normalised enrichment scores 
for all immune gene set. Size of circle represents number of genes in set. false discovery rate (FDR) q-
value (B-D) GSEA enrichment plots for: (B) “lymphocyte activation involved in immune response” gene 
set, (C) “negative regulation of immune response” gene set; and (D) “humoral immune response” gene 
set. 
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3.2.7 Identification of an anergic gene signature 

A number of the differentially expressed genes and gene sets identified in IgMg1 B 

cells appear to be related to hyperactive signalling as a result of the cytoplasmic IgG1 

tail on the BCR. However, it is unclear which genes are important for the anergic 

phenotype of IgMg1 B cells. Gene expression analysis has been performed in the 

literature for the classical B cell anergy model, the MD4 x ML5 mouse. This mouse 

model expresses soluble HEL as a self-antigen, and has B cells with an HEL-specific 

BCR (Goodnow et al., 1988). Comparison of MD4 x ML5 gene expression data with 

the expression data from IgMg1 B cells could potentially identify key genes for 

maintaining anergy. The two MD4 x ML5 studies used had similarities. Sabouri et al., 

(2016) performed a microarray study of mature (CD93- CD23+) MD4 x ML5 B cells, 

and by including all genes with an adjusted p-value of below 0.05 there were 2000 

differentially expressed genes compared with non-anergic mature B cells from MD4 

mice, which are transgenic for the HEL-specific BCR but do not express HEL as a self-

antigen (Sabouri et al., 2016). Schwickert et al. (2019) performed RNA sequencing to 

compare anergic MD4 x ML5 follicular B cells with MD4 follicular B cells. They reported 

a much smaller gene signature of 59 upregulated and 50 downregulated genes 

(Schwickert et al., 2019). However, most of the genes they identified overlapped with 

the Sabouri et al., (2016) study, with 51 out of the 59 (86.4 %) upregulated (Figure 

3.21A) and 36 out of the 50 (72 %) downregulated genes (Figure 3.21B) being the 

same. There was very limited overlap between the differentially expressed genes from 

IgMg1 B cells, and those identified in MD4 x ML5 B cells. Only 12 out of the 82 (14.6 

%) upregulated IgMg1 genes (Figure 3.21A) and 4 out of the 54 (7.4 %) downregulated 

IgMg1 genes (Figure 3.21B) were also identified in at least one of the MD4 x ML5 
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studies. GSEA was used to compare the IgMg1 follicular B cell expression data with 

gene sets generated from the two MD4 x ML5 studies (strong up, strong down, strong-

moderate up and strong-moderate down from Sabouri et al., (2016); up and down from 

Schwickert et al. (2019)) with no evidence of enrichment found for any of the gene sets 

(Figure 3.21C-F).  

The 12 upregulated genes that overlapped (Figure 3.22A-L) were Lgr5 (encoding 

Leucine-rich repeat-containing G-protein coupled receptor 5, or LGR5)), Krt222 

(encoding Keratin 222), Bhlhe41 (encoding Basic Helix-Loop-Helix Family Member 

E41), Apoe (encoding Apolipoprotein E), Bhlhe40 (encoding Basic Helix-Loop-Helix 

Family Member E40) Iglv1 (encoding immunoglobulin lambda variable 1), Mcoln2 

(encoding Mucolipin-2, also known as TRPML2 (transient receptor potential cation 

channel, mucolipin subfamily, member 2), Faah (encoding Fatty acid amide 

hydrolase), Sapcd1 (encoding Suppressor APC Domain-Containing Protein 1), Twsg1 

(encoding Twisted gastrulation protein homolog 1), Gm2447 (predicted gene 24447), 

and Rgs13 (encoding Regulator Of G Protein Signalling 13). The four downregulated 

genes that overlapped (Figure 3.22M-P) were Pltp (encoding Phospholipid transfer 

protein), Trim36 (encoding Tripartite Motif Containing 36), Ralb (encoding RAS Like 

Proto-Oncogene B) and Traf1 (encoding TNF receptor-associated factor 1). It is 

possible that some of these genes may be important in maintaining B cell anergy. For 

example BHLHE40 has been described as having a role in restraining germinal centre 

(GC) reactions (Rauschmeier et al., 2021), and RGS13 has been reported to have a 

role in control of early activation of B cells and GCs (Hwang et al., 2013). 
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Overall, these data indicate that IgMg1 gene expression is very different to the 

signature reported for the classical MD4 x ML5 B cell anergy model. However, some 

genes in common were identified, and these may be key genes for control of the 

anergic phenotype. 
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Figure 3.21 IgMg1 differentially expressed genes have very little overlap with MD4 x ML5 
differentially expressed genes.  

(A) Venn diagram comparing IgMg1 upregulated genes with genes identified in anergic MD4 x ML5 vs 
MD4 anergy signature published RNAseq data (Schwickert et al., 2019) and gene microarray data (with 
adjusted p value < 0.05) (Sabouri et al., 2016). (B) Venn diagram comparing IgMg1downregulated genes 
with downregulated genes identified in anergic MD4 x ML5 vs MD4 anergy signature published RNAseq 
data (Schwickert et al., 2019) and microarray data (with adjusted p value < 0.05) (Sabouri et al., 2016). 
(C-H) Gene set enrichment analysis performed with IgMg1 follicular B cells vs WT B cells data 
comparing to 6 gene sets created from previously published analysis of gene expression in MD4 x ML5 
compared with MD4. Gene sets: (C) Sabouri et al., 2016 Strong up; (D) Sabouri et al., 2016 Strong and 
moderate up; (E) Schwickert et al., 2019 Up; (F) Sabouri et al., 2016 Strong down; (G) Sabouri et al., 
2016 Strong and moderate down; (H) Schwickert et al., 2019 down. 
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Figure 3.22 IgMg1 differentially expressed genes in common with MD4 x ML5 differentially 
expressed genes 

Differentially expressed genes in IgMg1 B cells that overlapped with MD4 x ML5 B cells were identified. 
(A-L) IgMg1 upregulated genes also identified as upregulated in MD4 x ML5 (M-P) IgMg1 upregulated 
genes also identified as downregulated in MD4 x ML5. Rlog transformed data (Love et al., 2014) used 
for IgMg1 and WT and normalised relative to WT expression values. Microarray data published by 
Sabouri et al. 2014 used for MD4 x ML5 and MD4 (log2 expression) and normalised relative to MD4 
expression values. 
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3.2.8 Identification of surface markers for anergic IgMg1 B cells 

The work in this thesis regarding IgMg1 B cells has been performed with homozygous 

IgMg1 mice. Previous work from our lab has also looked at the behaviour of IgMg1 B 

cells in congenitally marked bone marrow chimeras. It would be useful to perform 

analysis of anergic IgMg1 B cells in competition with wildtype IgM (IgMwt) B cells in 

heterozygous mice, where allelic exclusion would ensure approximately 50% of the 

cells were IgMg1 and 50% were IgMwt. However, this would require identification of 

surface markers to allow reliable identification of the cells. Such a marker may also be 

useful to identify anergic cells in healthy and diseased WT mice. To identify surface 

markers which are differentially expressed, the bulk RNA sequencing data was filtered 

for genes included in the GO term for cell surface expression (GO:0009986). Ten 

differentially expressed genes were identified with at least a two-fold change in 

expression (Figure 3.23A and B): two genes were identified that were expressed higher 

in WT follicular B cells, and eight genes were identified that were expressed higher in 

IgMg1 follicular B cells. This included Ighg1, Iglc2 and Iglc1. Of the remaining genes 

(Figure 3.23C-I), Eno1b (Figure 3.23D) and Il5ra (Figure 3.23G) were concluded to be 

the best options for flow cytometry due to relatively high expression levels, or having 

a large fold-change.  

Antibodies for these markers were tested by flow cytometry and histology. However, 

neither of the markers identified proved to be usable. Eno1 expression could not be 

identified in any splenocytes by flow cytometry (Figure 3.24A) and there was no 

difference between WT and IgMg1 follicular B cells (Figure 3.24C and E). IL5Rα 

expression was mainly detected on non-B cells (CD19-) by flow cytometry (Figure 

3.24B), and no difference was observed between WT and IgMg1 follicular B cells 
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(Figure 3.24D and F). Similarly, analysis of spleen sections by immunofluorescent 

histology showed that Eno1 expression could not be detected in B cells, and IL5Rα 

expression was restricted to extrafollicular cells, with none being observed on IgD+ B 

cells within the follicles (Figure 3.25A and B). 

Therefore, surface markers allowing identification of IgMg1 B cells from WT B cells 

could not be identified.  
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Figure 3.23 Identification of differentially expressed cell surface-expressed genes  

Differentially expressed genes were filtered for genes included in gene ontology term for cell surface 
expression. (A) Volcano plot showing only genes that are in GO term cell surface (GO:009986). 
Differentially expressed genes are marked in red (2-fold change and adjusted p-value < 0.05). Horizontal 
dashed line represents p value of 0.05 and vertical dashed lines represent log2 fold-change of 1 and -1. 
(B) Heatmap showing relative expression of differentially expressed surface expressed genes in IgMg1 
and WT follicular B cells. Colour scale represents gene Z-score. (C-I) Summary of expression data 
(normalised count) for surface expressed genes: (C) Ccr6, (D) Eno1b, (E) Lipc, (F) Cd59a, (G) Il5ra, (H) 
Ackr2, (I) Clec12a. 

Il5ra

Lipc
Cd59aCcr6

Ackr2Clec12a

Eno1b

Ighg1

Iglc2
Iglc1

0

20

40

60

80

−10 −5 0 5 10
 Log2 fold change

 -
Lo

g 1
0 
P

EnhancedVolcano

IgMg1_Fo versus WT_Fo: cell surface

total = 1086 variables

WT IgMg1
0.1

1

10

100

1000

10000

N
or

m
 c

ou
nt

Fo B cells - Ccr6 expression

WT IgMg1
0.1

1

10

100

1000

10000

N
or

m
 c

ou
nt

Fo B cells - Il5ra expression

WT IgMg1
0.1

1

10

100

1000

10000

N
or

m
 c

ou
nt

Fo B cells - Eno1b expression

WT IgMg1
0.1

1

10

100

1000

10000

N
or

m
 c

ou
nt

Fo B cells - Ackr2 expression

WT IgMg1
0.1

1

10

100

1000

10000

N
or

m
 c

ou
nt

Fo B cells - Lipc expression

WT IgMg1
0.1

1

10

100

1000

10000

N
or

m
 c

ou
nt

Fo B cells - Clec12a expression

WT IgMg1
0.1

1

10

100

1000

10000

N
or

m
 c

ou
nt

Fo B cells - Cd59a expression

A B

C D                                            E                                          F

G H                                           I

IgM
g1_Fo_1

IgM
g1_Fo_2

IgM
g1_Fo_3

W
T_Fo_1

W
T_Fo_2

W
T_Fo_3

Ccr6

Eno1b

Lipc

Cd59a

Il5ra

Ighg1

Iglc2

Iglc1

Ackr2

Clec12a

condition condition
IgMg1_Fo
WT_Fo

−1.5

−1

−0.5

0

0.5

1

1.5



 

 130 

 

Figure 3.24 Flow cytometry analysis of Eno1 and IL5Rα expression in WT and IgMg1 splenocytes 

Splenocytes from WT and IgMg1 mice were analysed by flow cytometry. (A) Flow cytometry showing 
Eno1-FITC staining in WT and IgMg1 splenocytes. (B) Flow cytometry showing IL5Rα-APC antibody 
staining in WT and IgMg1 splenocytes. (C) Histogram showing Eno1-FITC staining in follicular B cells 
(gated as in Figure 3.4). (D) Histogram showing IL5Rα antibody staining in follicular B cells (gated as in 
Figure 3.4). (E) Summary statistics for Eno1 expression in follicular B cells determined by flow cytometry. 
(F) Summary statistics for IL5Rα expression in follicular B cells determined by flow cytometry. Statistics 
determined by two-tailed T-test (ns, not-significant). 
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Figure 3.25 IL5Rα and Eno1 staining in WT and IgMg1 spleen  

(A and B) Spleen sections from WT (A) and IgMg1 (B) mice were stained by immunofluorescence 
histology for IgD (B cell follicles, cyan), CD4 (T cell zone, grey), IL5Rα (red) and Eno1 (green). (C and 
D) The same frame of WT (C) and IgMg1 (D) spleen section showing only Eno1 staining. (E and F) The 
same frame of WT (E) and IgMg1 (F) spleen section showing only IL5Rα staining. Scale bars represent 
200 μm. 
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3.2.9 Analysis of splenic B cells by single cell RNA sequencing 

The data shown here suggests that altered BCR signalling on IgMg1 B cells results in 

alterations to B cell development and B cell subsets, with bulk RNA sequencing 

revealing some subtle gene expression changes to follicular B cells. To further 

evaluate the gene expression changes in all splenic B cell subsets at a higher 

resolution, single cell RNA sequencing was performed to compare total spleen B cells 

from WT and IgMg1 mice. 

Splenic B cells were purified by negative enrichment using magnetic beads and then 

single cell RNA sequencing and VDJ sequencing was performed with a 10x chromium 

kit. Following quality control of the data, cells were clustered in an unsupervised 

manner. This resulted in 12 B cell clusters being identified (Figure 3.26A). Gene 

expression analysis was performed between the 12 clusters to identify genes that were 

upregulated in each cluster (Figure 3.26B). 

The cells were separated based on whether they were WT or IgMg1, showing that cells 

from both genotypes fell into all 12 B cell clusters (Figure 3.27A). Further analysis of 

the 12 clusters within each genotype showed that there were differences between the 

distributions of the cells within the clusters (Figure 3.27B and C). Clusters 1, 5, 11 and 

12 were enriched within WT splenic B cells, and clusters 2, 3, 8 and 9 being enriched 

within IgMg1 splenic B cells. Cluster 11 is enriched for expression of genes expressed 

in marginal zone B cells (for example Cr2, Dtx1, Plac8, Pdia4) (Figure 3.26B) so this 

is consistent with the reduction in marginal zone B cells in IgMg1 mice observed by 

flow cytometry and histology. These data reproduce that the IgMg1 BCR results in 

alterations to B cell development. 
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Figure 3.26 Splenic B cell clusters identified using single cell RNA sequencing  

Splenic B cells from WT and IgMg1 mice were sequenced by 10X single cell RNA sequencing, and cells 
were clustered based on gene expression. (A) tSNE plot showing clustering of total B cells (WT and 
IgMg1 combined). (B) Heatmap showing differentially expressed genes identifying each cluster. Colour 
scale represents log2 fold change relative to the other clusters.  

A B
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Figure 3.27 Clustering of WT and IgMg1 splenic B cells based on single cell RNA sequencing 

The single cell sequenced B cells were separated by genotype (WT or IgMg1). (A) tSNE plot showing 
clustering of cells in WT (left) and IgMg1 (right) B cells. (B) Comparison of number of cells in each of B 
cell clusters in WT and IgMg1 mice. Statistical significance determined by Chi squared test. (C) 
Comparison of percentage of cells in each of clusters in WT and IgMg1 mice. 
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3.2.10 IgMg1 B cells have a wildtype-like BCR repertoire 

One of the main limitations with study of B cell anergy using the classical MD4 x ML5 

anergy model is that it is a monoclonal transgenic BCR model, where all B cells 

develop with an identical BCR. On the other hand, IgMg1 mice possess a polyclonal 

BCR repertoire generated as normal during B cell development, which may allow 

anergic B cells response to a range of antigens to be investigated. Although bone 

marrow B cell development appears normal in IgMg1 mice, there is evidence that cells 

may undergo some negative selection during development, which may have an effect 

on the BCR repertoire.  

To address this question, the bulk RNA sequencing data was filtered to only look at 

Immunoglobulin heavy variable (IGHV) genes. A PCA showed that there were 

differences in IGHV gene expression between WT and IgMg1 follicular B cells (Figure 

3.28A). However, a volcano plot showed that none of the genes were differentially 

expressed at an adjusted p-value of less than 0.05 and a greater than 2-fold change 

(Figure 3.28B). A heat map showing expression of all IGHV genes within all samples 

showed that the IgMg1 and WT follicular B cells looked very similar to each other with 

similar IGHV genes being preferentially expressed in both genotypes (Figure 3.28C).  

To confirm these results, the single cell RNA sequencing dataset described in section 

3.2.9 was analysed for frequencies of different IGHV, immunoglobulin kappa variable 

(IGKV) and lambda variable (IGLV) genes within splenic B cells. This showed that the 

majority of the IGHV genes were used to a similar degree in both genotypes (Figure 

3.29A). Similarly, apart from IGLV2 (which was used by a much higher frequency of 

IgMg1 B cells, reflecting the higher usage of lambda light chain) most of the light chain 

IGKV and IGLV genes had similar frequencies in both genotypes (Figure 3.29B). While 
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some IGHV genes were underrepresented in IgMg1 B cells (Figure 3.29A), these may 

represent difference in usage due to underrepresented populations. For example, 

IGHV11-2 had a lower frequency in IgMg1 B cells than in WT B cells, but this is a IGHV 

gene associated with B-1 cells (Kreslavsky et al., 2018) which are reduced among 

IgMg1 B cells (section 3.2.5). However, it cannot be ruled out that these differences in 

IGHV gene useage are due to altered B cell selection during B cell development. 

Overall, these data indicate that IgMg1 B cells develop with a wildtype-like BCR 

repertoire, broadly unaffected by altered BCR signalling. 
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Figure 3.28 IGHV gene usage in IgMg1 and WT follicular B cells from bulk RNA sequencing 

Bulk RNA sequencing gene expression data for WT and IgMg1 follicular B cells was filtered for IGHV 
genes. (A) IGHV expression data had dimensionality reduced using principal components analysis to 
assess variance between samples. (B) Volcano plot showing log2 fold-change between WT and IgMg1 
follicular B cells and -log10 adjusted p-value for all IGHV genes. Horizontal dashed line represents p 
value of 0.05 and vertical dashed lines represent log2 fold-change of 1 and -1. (C) Heatmap showing 
IGHV gene expression in WT and IgMg1 follicular B cells. Colour scale represents rlog-transformed 
gene expression (Love et al., 2014).  
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Figure 3.29 Variable gene usage in IgMg1 and WT B cells from single cell RNA sequencing 
analysis 

BCR sequencing was performed on splenic B cells from WT and IgMg1 mice by single cell 10X RNA 
sequencing. (A-B) Percentage of cells carrying each (A) IGHV gene and (B) IGLV or IGKV gene in WT 
and IgMg1 splenic B cells 
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3.3 Discussion 

3.3.1 Impact of BCR signalling on B cell development 

The results presented in this chapter show that the BCRs in both the IgMg1 and IgG1M 

mice result in B cell development being altered. The IgG1M mice have a partial block 

in B cell development in the bone marrow, reduced transitional B cells, increased 

marginal zone B cells and a reduction in B-1 cells. The IgMg1 mice have no observed 

blocks in B cell development in the bone marrow, reduced transitional T1 and T2 cells, 

but an increase in T3 cells, reduced marginal zone B cells and reduced B-1 cells. Both 

genotypes have increased lambda light chain usage, and reduced BCR cell surface 

expression. Despite similar changes in BCR expression, the IgG1M mice have 

increased calcium flux in response to in vitro BCR stimulation, while the IgMg1 B cells 

have reduced calcium flux consistent with an anergic B cell as phenotype previously 

described (Zhang, 2019).  

The partial block in B cell development observed in the IgG1M mice at the pre-B cell 

stage is as described previously (Waisman et al., 2007). This is a less extreme version 

of the phenotype seen in mice deficient in pre-BCR assembly (Shimizu et al., 2002). 

This suggests that the IgM heavy chain is required for optimal pairing with the surrogate 

light chain to form the pre-BCR (Waisman et al., 2007). As this block is not observed 

in the IgMg1 mice, it suggests that it is the IgM extracellular region which is required 

for the efficient pre-BCR assembly. However, the fact that there is not a complete block 

at the pre-B cell stage as observed in the μMT mouse (disrupted IgM heavy chain 

membrane exon) (Kitamura et al., 1991), shows that the IgG1 heavy chain is still able 

to form a pre-BCR complex to some extent, but not as efficiently as the IgM heavy 

chain.  
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Both IgG1M and IgMg1 models have an increase in lambda light chain usage. This 

can be observed in the IgMg1 mice from the bone marrow transitional B cell stage 

(where cells have low to intermediate IgD expression) onwards. Lambda light chain 

usage has been used as a marker for increased receptor editing by others  (Tiegs et 

al., 1993; Hertz and Nemazee, 1997; Bai et al., 2007) and this is consistent with the 

stage at which the BCR mediates negative selection, resulting in increased secondary 

light chain gene rearrangements or receptor editing (Nemazee, 2006). The IgG1M late-

stage bone marrow B cells (B220+ CD43- IgG1+) cannot be further divided into 

immature, transitional and mature B cells as they do not express IgD. However, lambda 

light chain usage is increased in the total late-stage bone marrow B cells in IgG1M 

mice, and it’s probable that this is also a result of stronger negative selection occurring 

at the same stage as in IgMg1 mice. This suggests that in the bone marrow, the IgG1 

cytoplasmic tail present on the BCR in IgMg1 and IgG1M B cells mediates stronger 

BCR signalling and mimics self-reactivity, leading to increased receptor editing. 

As shown in this chapter, and previously (Zhang, 2019), IgMg1 mice appear to undergo 

strong negative selection during bone marrow development, resulting in increased 

receptor editing and mature B cells which have an anergic phenotype. However, this 

increased negative selection does not also result in increased apoptosis or blocks in B 

cell development due to clonal deletion. Increased active caspase-3 staining was not 

observed at any point during bone marrow B cell development in IgMg1 mice. There 

were also no decreases in any of the IgMg1 bone marrow B cell subsets and B cells 

were not developmentally arrested, further supporting that there was not increased 

death in IgMg1 B cells due to negative selection. This may reflect the possibility that 

receptor editing and clonal anergy are preferred outcomes for B cells that are 
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negatively selected. It has been reported that cells reactive to membrane expressed 

self-antigens will undergo receptor editing, and only default to clonal deletion if receptor 

editing fails to relieve the B cell of self-reactivity (Halverson et al., 2004). Clonal anergy 

may also be preferable over clonal deletion to avoid having gaps in the BCR repertoire 

(Burnett et al., 2019). Alternatively, the tendency of B cells in this system to undergo 

receptor editing or become anergic may reflect the strength of BCR signalling. The 

choice between anergy and clonal deletion may depend on the nature of the self-

antigen, and the strength of BCR signalling. Immature B cells in the periphery that 

receive strong BCR signals through extensive cross-linking with membrane antigen 

undergo apoptosis, whereas moderate BCR signalling through binding to a soluble 

antigen induces anergy (Hartley et al., 1991). The hyperactive tonic BCR signalling 

provided by the IgG1 cytoplasmic tail may be enough to induce receptor editing and 

anergy, but not be strong enough to induce clonal deletion. 

Splenic B cells from both mouse models were tested for their ability to mobilise calcium 

in response to BCR stimulation. As shown in section 3.2.3, IgG1M B cells have 

enhanced calcium flux following anti-kappa and lambda stimulation, whereas IgMg1 B 

cells have impaired calcium flux following either anti-IgM or anti-kappa and lambda 

stimulation. This shows that IgG1M mature B cells have hyperactive BCR signalling, 

whereas IgMg1 mature B cells have dampened BCR signalling. Reports of the effects 

of BCR signalling strength on B cell maturation and fate decision between 

differentiation into either follicular B cell or marginal zone B cell in various mouse 

models reported in the literature are mixed, with conflicting reports of both strong and 

weak BCR signalling favouring marginal zone B cell development (Cariappa et al., 

2001, 2009; Samardzic et al., 2002; Setz et al., 2018; Härzschel et al., 2021; Wen et 
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al., 2005; Kanayama et al., 2005; Horikawa et al., 2007; Geier et al., 2018; Ottens and 

Satterthwaite, 2021). In the results shown in this chapter, consistent strong BCR 

signalling in the IgG1M model led to increased marginal zone B cells. This was 

described previously by Waisman et al. (2007). The nature of the IgMg1 BCR signalling 

is not as clear. The fact that there was evidence of increased negative selection in the 

bone marrow transitional cells indicates hyperactive BCR signalling at that stage, but 

the in vitro stimulation of mature splenocytes indicated dampened BCR signalling. The 

overall result of this was a reduced or almost-complete absence of marginal zone B 

cells. This is similar to the phenotype of transgenic B cell anergy models reported in 

the literature, as the MD4 x ML5 model also has a reduction in marginal zone B cells 

(Mason et al., 1992; Phan et al., 2003). It is possible that similarly to what seems to 

happen with the IgMg1 B cells, the contradictory reports of the effect of BCR signalling 

strength on marginal zone B cell development reflects that mutations that introduce 

strong BCR signalling will often result in negative feedback generated during 

development that causes mature B cells to have apparently weaker signalling.  

Both models investigated in this chapter have reduced BCR surface expression. In the 

case of IgG1M mice which only express IgG1, this could be detected using anti-kappa 

and lambda antibodies. The IgMg1 mice had reduced IgM expression as detected with 

an anti-IgM antibody. However, total BCR was also reduced, even considering that IgD 

expression was much less severely affected. Downregulation of BCR expression is a 

defining feature of anergic B cells, induced during B cell development as a result of the 

strong self-reactive BCR signalling (Cambier et al., 2007). This mechanism is seen in 

several B cell anergy models driven by exposure to a self-antigen, indicating that there 

is a mechanism driving downregulation of IgM BCRs due to strong BCR signalling. It 
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is possible that the mechanism driving this is increased internalisation of the BCR in 

response to BCR signalling (Nemazee, 2017). However, in the IgG1M and IgMg1 

models it is also worth noting that the BCRs in these models bear the IgG1 cytoplasmic 

tail. It has been reported that presence of this region drives downregulation of the BCR 

via an independent mechanism. The IgG1 cytoplasmic tail is a target for ubiquitination, 

causing degradation and downregulation of the receptor (Kodama et al., 2020; 

Sundling et al., 2021). Therefore, downregulation of the BCR by this mechanism in 

IgMg1 and IgG1M mice cannot be ruled out. 

In IgG1M mice, despite the evidence of strong negative selection during bone marrow 

development, and the reduced BCR surface expression on mature B cells, there is no 

evidence that the IgG1M B cells have an anergic phenotype. The fact that the reduced 

BCR expression does not result in reduced ability to mobilise calcium in response to 

BCR stimulation is interesting, and indicates that additional, perhaps genetic, changes 

must be present in IgMg1 B cells to cause the anergic phenotype. However, the 

increased BCR signalling during B cell development does not result in anergy in the 

IgG1M mice. This may indicate that the IgM extracellular region plays a role in negative 

regulation of signalling, especially in response to antigen. The IgM hinge region is less 

flexible than the IgG1 hinge region (Ma et al., 2022) which may effectively reduce the 

contact between the BCR and antigen. Alternatively, it may be because IgG1M B cells 

do not express IgD. Anergic B cells (both naturally occurring, and in transgenic BCR 

anergy models) have high IgD expression, despite their reduced IgM expression 

(Goodnow et al., 1989; Merrell et al., 2006; Burnett et al., 2019). This may reflect an 

important role for IgD in maintenance of anergy. The function of IgD has been largely 

unknown, however work in recent years has started to reveal roles in B cell anergy. 



 

 145 

Cross-linking of IgD has been shown to inhibit cell survival compared to cross-linking 

of IgM which enhances cell survival (Yasuda et al., 2018). Experiments with a Nur77-

GFP BCR signalling reporter introduced into cells expressing either IgM or IgD alone 

showed that BCR signalling is transmitted less efficiently by IgD-only expressing cells, 

and IgD-only B cells make reduced autoantibody response in the lupus-prone Lyn-/- 

model (Noviski et al., 2018). Experiments looking at anergic B cells co-expressing IgM 

and IgD, or expressing IgM alone showed that expression of IgD promoted the 

accumulation of anergic B cells (Sabouri et al., 2016). High expression of IgD may 

therefore be important for maintenance of anergy. A better model system for these 

experiments may be one where B cells express the full IgG1 BCR, but also co-express 

IgD.  

Kappa+ and lambda+ cells in WT and IgMg1 mice were separately analysed for 

expression of IgM and IgD. Surprisingly, there was a statistically significant increase in 

IgD expression in lambda+ follicular B cells compared with kappa+ follicular B cells, in 

both WT and IgMg1 mice. This suggests that cells which undergo strong negative 

selection during B cell development and undergo receptor editing, later increase IgD 

expression. To our knowledge, this has not been previously reported in the literature. 

The function of this is unclear, but it may be mechanism for regulating potentially self-

reactive B cells. In humans, lambda+ cells are enriched in some autoantibody driven 

autoimmune diseases such as rheumatoid arthritis (Slot et al., 2021), which suggests 

that autoreactivity is not always completely eliminated by receptor editing. Therefore, 

a separate means of regulating them may be useful. 
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Although overall transitional B cells were reduced in IgMg1 mice, there was an 

increase in B cells with the CD93+ CD23+ IgMlo T3 phenotype. This is consistent with 

the anergy of the IgMg1 B cells, as T3 cells have been identified in literature as a 

natural subset of anergic B cells in WT mice (Merrell et al., 2006). However, most of 

the IgMg1 B cells are not T3 cells. It has been reported that the majority of the B cells 

in the MD4 x ML5 and ArsA1 anergy models have a T3 phenotype (Merrell et al., 2006). 

However, data from a different publication about MD4 x ML5 B cells shows that 

although CD93+ cells were expanded they were still a relatively minor subset of all B 

cells (Sabouri et al., 2016). The anergic T3 cells have been shown to be relatively 

short-lived so may not survive long enough to accumulate as the main population. 

Another natural anergic B cell subset has been identified which is a mature CD93- 

subset and is longer-lived (Nojima et al., 2020), so these may make up the majority of 

anergic cells. 

B-1 cells were apparently reduced in both IgMg1 and IgG1M mice. This was surprising 

as B-1a cells are thought to be positively selected during development (Hayakawa et 

al., 1999; Casola et al., 2004) so stronger BCR signalling was predicted to lead to an 

increase in B-1a cells. It has also been shown that inefficient assembly of the pre-BCR 

affects B-1 cell development. VH11, a heavy chain gene that pairs less effectively with 

the surrogate light chain to form the pre-BCR, is overrepresented in B-1 cells, and a 

model has been proposed where poor pre-BCR assembly results in cell proliferation in 

the fetal liver during B-1 cell development (Hardy, 2006). Therefore, it is unclear why 

IgG1M B cells, that appear to have stronger BCR signalling and inefficient pre-BCR 

assembly, do not efficiently develop as B-1 cells. In IgMg1 mice peritoneal cavity there 

were B220lo cells that did not phenotypically resemble B-1 cells due to not having the 
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expected CD23lo CD43+ phenotype. However, it is possible that they are still 

functionally B-1 cells but with altered expression of key activation markers. To confirm 

if these cells are or are not B-1 cells, typical B-1 cell characteristics could be evaluated 

experimentally, for example CpG1680-induced differentiation to antibody secreting 

cells (Genestier et al., 2007) or high-frequency of B-1 enriched heavy chain genes 

such as VH11 (Nguyen et al., 2015). 

 

3.3.2 Identification of an anergic gene signature 

Bulk RNA sequencing was performed on IgMg1 follicular B cells to analyse gene 

expression in anergic B cells. Compared with WT follicular B cells, differentially 

expressed genes were identified. However, the overall number of differentially 

expressed genes were relatively low. This may be because of high variability between 

samples of the same genotype. Additional samples may have been useful to increase 

statistical power and allow identification of a larger number of genes. 

GSEA identified oxidative phosphorylation as an upregulated gene set in IgMg1 B 

cells, which is a process associated with B cell stimulation (Waters et al., 2018). Given 

the anergic phenotype of these cells, this is slightly counter-intuitive. However, it may 

reflect hyperactive BCR signalling due to the presence of the IgG1 cytoplasmic tail 

which has inherent signalling capabilities such as the immunoglobulin tail tyrosine motif 

(Martin and Goodnow, 2002; Horikawa et al., 2007; Waisman et al., 2007; Engels et 

al., 2009), possibly leading to hyperactivation of this particular pathway without 

activation of other pathways downstream of the BCR. Other pathways may not be 
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activated by the IgG1 cytoplasmic chain or may have become exhausted from 

continuous stimulation.  

The differentially expressed genes identified here were compared with genes identified 

in two published analyses of gene expression in the classical B cell anergy model, 

MD4 x ML5 mice (Sabouri et al., 2016; Schwickert et al., 2019). There were very few 

overlapping genes identified, and GSEA performed using gene sets created from the 

published MD4 x ML5 data showed these genes were not enriched in IgMg1 follicular 

B cells. It is not clear why expression in anergic IgMg1 B cells is so different to gene 

expression in anergic MD4 x ML5 B cells. Although the IgMg1 B cells have a clear 

anergic phenotype as shown by reduced surface BCR expression and reduced calcium 

flux in response to BCR stimulation, as well as reduced BCR-stimulation induced 

phosphorylation of proteins downstream of the BCR (Zhang, 2019), it is a very different 

model to the MD4 x ML5 mouse. Anergy in the MD4 x ML5 model, as well as many 

other transgenic BCR models of anergy, is driven primarily by chronic stimulation by a 

specific self-antigen during B cell development and in the periphery (Goodnow et al., 

1988). However, in IgMg1 mice it has been proposed that enhanced tonic BCR 

signalling replicates self-antigen trigged BCR signalling of self-reactive B cells during 

B cell development, and results in downregulation of the BCR and induction of the 

anergic phenotype.  Antigens driving the BCR signalling in the IgMg1 model are likely 

to be seen by B cells only occasionally during B cell development, whereas antigen in 

the MD4 x ML5 model is soluble and present at high concentrations (Goodnow et al., 

1988).  
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Despite the clear differences between the models, a small number of genes were 

identified as being differentially regulated in both IgMg1 and MD4 x ML5 models. It is 

possible that genes that play a critical role in regulation of anergy are among them. For 

example, Bhlhe40 encodes a transcription factor which has recently been shown to 

have a role in restraining generation of early germinal centre B cells. B cells deficient 

in Bhlhe40 have a competitive advantage in the early germinal centre reaction. 

Although Bhlhe40 has been shown to negatively regulate proliferation in B-1 cells 

(Kreslavsky et al., 2017), no effect was found on proliferation of B-2 cells. It may 

function by negatively regulating genes involved in the germinal centre response 

(Rauschmeier et al., 2021). Bhlhe41, a related gene, was also identified as upregulated 

in IgMg1 and MD4 x ML5 B cells. There are no reports of its function in B-2 cells, but 

it has a similar function to Bhlhe40 in regulating B-1 cells (Kreslavsky et al., 2017). 

Rgs13 was also upregulated. It encodes a protein that binds to Gi proteins and inhibits 

signalling through G-protein coupled receptors (GPCRs), including chemokine 

receptors CXCR4 and CXCR5 (Shi et al., 2002). Knockdown of Rgs13 mRNA in a 

Burkitt’s lymphoma cell line increased calcium mobilisation in response to CXCR4 and 

CXCR5 ligands CXCL12 and CXCL13 (Han, 2006). Rgs13-deficient mice had an 

increased germinal centre response, and in mixed bone marrow chimeras Rgs13-

deficient B cells expanded more rapidly at the T-B cell border (Hwang et al., 2013). 

This shows that increased expression of Rgs13 in anergic IgMg1 and MD4 x ML5 B 

cells may function to restrain the B cell response. 

Another upregulated gene, Apoe, is involved in lipid metabolism but has been shown 

to be involved in regulation of immune cell function. In dendritic cells it has been shown 



 

 150 

that Apoe-deficiency results in accumulation of cholesterol in the cell membrane, 

resulting in enhanced MHC class II presentation (Bonacina et al., 2018). Cholesterol 

is an important component of lipid rafts which act as specialised environments on the 

cell membrane where BCRs localise for signalling to take place (Pierce, 2002), and 

reduced cholesterol in immature B cells has been linked with reduced ability to respond 

to BCR signalling (Karnell et al., 2005). Therefore, this could be a mechanism by which 

increased Apoe expression in anergic B cells inhibits BCR signalling. 

Twsg1 encodes an extracellular regulator of bone morphogenetic protein (BMP) 

signalling (Tsalavos et al., 2011). BMP signalling has been shown to affect the 

germinal centre response (Tomayko et al., 2021). Twsg1-deficient B cells are 

hyperproliferative in response to BCR stimulation, and Twsg1-deficient mice make an 

increased antibody response following immunisation with TI-I antigen 2,4-

Dinitrophenyl Lipopolysaccharide (DNP-LPS). Therefore Twsg1 may have a role in 

regulating B cell response (Tsalavos et al., 2011). 

Traf1 was identified as being downregulated in IgMg1 and MD4 x ML5 B cells. This 

has been shown to co-operate with Traf2 in CD40-mediated activation of B cells (Xie 

et al., 2006). Although Traf1-deficient mice do not have a significant defect in humoral 

immunity or CD40-induced B cell proliferation (Tsitsikov et al., 2001), reduced Traf1 

expression in anergic B cells may play a role in reduced B cell activation. 

Altogether, there is clear published evidence of the role of a number of identified genes 

in regulation of B cell activation, and these genes may warrant further investigation for 

a role in B cell anergy. 
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In addition to the bulk RNA sequencing analysis, 10x single cell RNA sequencing was 

utilised to further examine splenic naive B cell populations in IgMg1 mice. The cells 

were clustered based on gene expression, and this showed that the distribution of 

IgMg1 B cells within the clusters was significantly altered, confirming the flow cytometry 

data showing significant differences in splenic B cell populations. Further interrogation 

of this data will be necessary to determine the biological relevance of the changes to 

gene expression at a single cell level. 

 

3.3.3 Conclusions 

The results presented in this chapter show that different BCRs can affect B cell 

development. In the IgMg1 model, the chimeric IgMg1 BCR induces stronger negative 

selection, leading to reduced BCR expression and an anergic B cell phenotype in 

mature B cells. Gene expression has been analysed to identify genes that may be 

important in regulating anergic B cells in a polyclonal B cell environment, but further 

analysis and investigation is required. In the IgG1M model, B cells that express IgG1 

instead of co-expressing IgM and IgD have a partial block at the pre-B cell stage. 

However, cells that develop into mature B cells do not have an anergic phenotype 

despite strong negative selection and reduced BCR expression. Instead, cells develop 

as mature B cells with hyperactive BCR signalling.  
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Chapter 4. B cell response in mouse models with 
altered BCR signalling 

 

4.1 Introduction 

4.1.1 Role of BCR signalling in B cell activation 

BCR recognition of antigen and BCR signalling are critical for B cell activation and 

participation in the germinal centre (GC) response. Entry into the GC is regulated to 

some extent by BCR affinity (Schwickert et al., 2011). The main role of the BCR for 

GC B cells is to capture antigen so it can be processed and presented to T follicular 

helper (Tfh) cells in order to receive T cell help. The amount of antigen captured is 

dependent on BCR affinity for the antigen (Batista and Neuberger, 2000; Victora et al., 

2010). It has been shown that most proliferating GC B cells do not actively undergo 

BCR signalling (Khalil et al., 2012) and have reduced phosphorylation of proteins in 

the BCR signalling pathway (Khalil et al., 2012; Nowosad et al., 2016). However, BCR 

signalling is important for extraction of membrane-presented antigen, as treatment of 

GC B cells with inhibitors of BCR signalling resulted in reduced antigen extraction in 

an in vitro assay (Nowosad et al., 2016). Use of a Nur77-GFP reporter of BCR 

signalling showed that although overall BCR signalling was reduced in GC B cells 

compared with naïve cells, there was a small population of light zone (LZ) GC B cells 

which were strongly GFP+ suggesting that BCR signalling was active in a subset of GC 

B cells (Mueller et al., 2015). BCR signalling works synergistically with CD40 signalling, 

induced by CD40L on Tfh cells, to efficiently promote Myc expression and cell cycle 

entry in positively selected GC B cells (Luo et al., 2018). Additionally, IgG1+ GC B cells 

are able to outcompete IgM+ GC B cells, indicating that there is BCR involvement in 
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positive selection (Sundling et al., 2021). BCR signalling also plays a role in apoptosis 

in the GC, as in mice where Shp-1, a negative regulator of BCR signalling, was deleted 

shortly after B cell activation there was increased apoptosis (Yam-Puc et al., 2021). 

Therefore, BCR signalling is important in GC B cells for antigen capture, positive 

selection, and apoptosis. 

BCR signalling is also involved in T cell-independent (TI) B cell responses. It is required 

for in vitro B cell proliferation in response to stimulation by toll-like receptor (TLR) 

ligands CpG and lipopolysaccharide (LPS) (Otipoby et al., 2015). LPS stimulates both 

the BCR and TLR4, which synergistically induce BCR signalling and expression of AID, 

critical for class-switch recombination (Pone et al., 2012). Defects in proteins involved 

in BCR signalling result in an impaired TI B cell response (Khan et al., 1995; Xu et al., 

2000). 

 

4.1.2 BCR signalling and Tfh cells 

BCR signalling affects the ability of GC B cells to present antigen to Tfh cells. B cells 

with high affinity BCRs have stronger interactions with Tfh cells, resulting in them 

receiving more help. This is due to higher affinity B cells capturing more antigen, and 

thus presenting more antigen to T cells via MHC class II (Liu et al., 2015). Recently, it 

has been shown that during a GC response, Tfh cells undergo clonal selection, with 

increased antigen presentation resulting in increased Tfh cell proliferation 

(Merkenschlager et al., 2021). Sustained antigen presentation from B cells is required 

to maintain the Tfh cell phenotype (Baumjohann et al., 2013). 
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Interactions between ICOS on T cells and ICOSL on B cells induces calcium signalling 

and cytokine expression by Tfh cells and increased CD40 signalling which induces 

higher ICOSL expression on B cells, creating a feed-forward loop (Liu et al., 2015). 

However, stronger BCR signalling itself results in downregulation of ICOSL on B cells 

(Liu et al., 2015; Sacquin et al., 2017), and, in in vitro co-cultures, was shown to result 

in decreased Tfh cell differentiation independently of amount of antigen presented 

(Sacquin et al., 2017). Furthermore, in in vivo experiments, immunisation with a high-

affinity antigen resulted in fewer Tfh cells 5 days after immunisation compared to 

immunisation with a low-affinity antigen, and treatment with an anti-ICOSL antibody 

blocked these differences (Sacquin et al., 2017). Therefore, the link between BCR 

signalling and Tfh cells is complex. 

 

4.1.3 Reactivation of anergic B cells 

There is clear evidence that B cell anergy is reversable and cells can become 

reactivated. Inappropriate activation of anergic B cells can contribute to autoimmunity. 

For example, in healthy humans autoreactive 9G4 (N-acetyllactosamine-specific) B 

cells have been shown to be functionally anergic and excluded from GCs, whereas in 

SLE patients they are not anergic and are expanded within GCs (Cappione et al., 

2005). In B cell anergy models, anergic B cells have been reactivated in vivo in certain 

conditions. In an experimental system where T cell help was provided, anergic hen 

egg lysozyme (HEL)-specific B cells in MD4 x ML5 mice expanded and secreted HEL-

specific antibodies following immunisation with membrane-bound HEL, but not soluble 

HEL (Cooke et al., 1994). In a similar model, anergic HEL-specific B cells could not 

take part in GCs when immunised with sheep red blood cells (SRBCs) coupled to HEL 
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at a density equivalent to self-antigen on mouse red blood cells, but could enter GCs 

when immunised with SRBCs coupled to HEL at a 30-fold higher density (Burnett et 

al., 2018). Anergic double stranded DNA-specific B cells could be activated and formed 

antibody-secreting cells in a model system where T cell help was provided (Seo et al., 

2002). This suggests a crucial role for T cell help in activation of anergic B cells, but 

also that the nature of the antigen cross-linking with the BCR may be important. 

Recently, it has been proposed that the reason for having a pool of self-reactive B cells 

in a state of anergy is so that they can be reactivated in the event of encountering a 

foreign antigen that mimics self-antigen. This process has been named ‘clonal 

redemption’ (Burnett et al., 2019) and was demonstrated in experiments using bone 

marrow chimeric mice in which HEL-specific B cells were present in a state of anergy 

because of expression of HEL as a self-antigen. In this model, HEL-specific anergic B 

cells could be recruited into GCs following immunisation with a foreign antigen with 

high similarity to HEL, duck egg lysozyme (DEL). In the GC they were selected for 

mutations that reduced affinity to the self-antigen HEL and gained affinity for the foreign 

antigen DEL (Burnett et al., 2018). 

However, most of the previously published work on reactivation of anergic B cell comes 

from transgenic BCR models with known specificity. Little is known about polyclonal 

anergic B cell participation in GCs. 

 

4.1.4 Chapter aims 

In the previous chapter it was established that the IgMg1 and IgG1M models have 

altered BCR signalling resulting in some defects in B cell development. IgMg1 B cells 
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appear to have an anergic phenotype, whereas B cells in IgG1M mice have enhanced 

BCR signalling. This chapter aims to investigate how the altered BCR signalling in 

these mouse models affects the B cell response to model TI-II and TD antigens, and 

analyse impact on Tfh cells. It will be particularly interesting to investigate participation 

of the anergic IgMg1 B cells in the GC in a polyclonal B cell environment.  

The aims of this chapter are as follows: 

iv. Analysis of B cell response to model TI-II antigen NP-Ficoll in IgMg1 and IgG1M 

mice. 

v. Analysis of B cell response to model TD antigen NP-KLH in IgMg1 and IgG1M 

mice. 

vi. Analysis of gene expression changes in GC B cells in IgMg1 mice by bulk RNA 

sequencing. 

vii. Analysis of Tfh cells and Tfh cell activation during GC B cell responses. 
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4.2 Results 

4.2.1 IgG1M mice have a severely impaired response to TI-II antigen while IgMg1 
response is moderately impaired 

As shown in chapter 3, IgMg1 and IgG1M mice both have evident defects in B cell 

development as a result of altered BCR signalling. Mature IgMg1 B cells have 

dampened calcium flux in response to BCR stimulation, while IgG1M mice have 

hyperactive calcium flux in response to altered BCR signalling. IgMg1 mice have a 

reduction in marginal zone B cells and B-1 cells. IgG1M mice also have reduced B-1 

cells but have increased marginal zone B cells. To determine how these changes 

would impact on the B cell response to a TI-II antigen, mice were immunised i.p. with 

50 μg NP-Ficoll and analysed 6 days later (Figure 4.1A). Splenocytes were analysed 

by flow cytometry to assess the frequency of NP-specific B cells and plasma cells 

(Figure 4.1B). Plasma cells were reduced as a percentage of splenocytes by 46% in 

IgG1M mice, with hardly any of the cells having detectable binding to NP (Figure 4.1C 

and D). Absolute numbers of NP-specific plasma cells in IgG1M mice were also 

reduced (Figure 4.1G). IgMg1 mice had a slight reduction in total plasma cells 

(p=0.2546) and a 40% reduction in NP-specific cells as a percentage of plasma cells 

(p=0.0223) compared with WT mice (Figure 4.1C and D), but the absolute number of 

NP-specific plasma cells per spleen was not significantly reduced (Figure 4.1F and G). 

NP-specific B cells were reduced in IgMg1 mice and reduced even further in IgG1M 

mice (Figure 4.1E and H). 

To confirm the flow cytometry results, NP-specific antibody secreting cells were 

analysed by ELISpot (Figure 4.2) and fluorescent immunohistology (Figure 4.3). As 

shown by flow cytometry, ELISpot showed there was a large reduction in the frequency 

of NP-specific IgG secreting cells in the spleens of IgG1M mice 6 days after 
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immunisation with NP-Ficoll (Figure 4.2B), and as expected there were no NP-specific 

IgM secreting cells (Figure 4.2C). For IgMg1 mice there were no significant differences 

in either NP-specific IgG (Figure 4.2B) or IgM secreting cells (Figure 4.2C) compared 

with WT mice. The severe reduction in NP-specific plasma cells in IgG1M mice spleens 

was also evident by fluorescent immunohistology, whereas IgMg1 mice were not 

significantly different from WT (Figure 4.3). However, ELISpot analysis of NP-specific 

antibody secreting cells in the bone marrow 6 days after immunisation with NP-Ficoll 

showed very little difference compared to WT mice (Figure 4.2D and E) 

NP-binding ELISAs were performed to quantify relative amounts of NP-specific 

antibody from the sera of mice 6 days after immunisation with NP-Ficoll (Figure 4.4). 

Compared to WT mice, there was a slight but non-significant reduction in NP-specific 

IgG (Figure 4.4A and B) and IgM (Figure 4.4C and D) in IgMg1 mice. However, there 

was a large reduction in NP-specific IgG (Figure 4.4A and B) in IgG1M mice, and NP-

specific IgM was undetectable as expected (Figure 4.4C and D). 

Overall, these data show that the B cell response to a model TI-II antigen in IgMg1 

mice was slightly reduced at day 6 after immunisation. A larger reduction in the TI-II 

plasma cell response had been previously observed in IgMg1 mice (Zhang, 2019). 

However, in that experiment analysis was performed at day 5 after immunisation, 

suggesting that the TI-II response in IgMg1 mice may be delayed. Relative to IgMg1 

mice, IgG1M mice had a more severely impaired TI-II response. 
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Figure 4.1 Analysis of response to TI-II antigen NP-Ficoll by flow cytometry 

(Α) Schematic showing immunisation with NP-Ficoll. Mice were immunised i.p. with 50 μg NP-Ficoll. 
Tissues were analysed at day 6. (B) Gating strategy for NP-specific plasma cells and NP-specific B cells 
from spleens of immunised mice, with representative plots shown for WT, IgMg1 and IgG1M mice. From 
live splenocytes, plasma cells (PCs) were gated as CD138+ and B cells were gated as B220+ CD138-. 
NP-specific cells were gated as NP-APC+ NP-PE+. Gates for NP-specific cells set using WT cells 
stained without NP-APC or NP-PE (shown top row). (C) Summary statistics for frequency of plasma 
cells as percentage of lymphocytes. (D) Summary statistics for frequency of NP-specific plasma cells 
as percentage of plasma cells. (E) Summary statistics for frequency of NP-specific B cells as percentage 
of B cells. (F-H) Summary statistics for absolute numbers of: (F) plasma cells, (G) NP-specific plasma 
cells and (H) NP-specific B cells per spleen. Data were combined from two experiments. Each symbol 
represents one mouse. Statistical tests were performed by ordinary one-way ANOVA with Tukey’s 
multiple comparison test (****, p < 0.0001; ***, p < 0.001; **, p < 0.01; *, p < 0.05; ns, not significant). 
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Figure 4.2 ELISpot quantification of NP-specific antibody secreting cells 6 days after 
immunisation with TI-II antigen NP-Ficol 

NP-specific plasma cells in spleen and bone marrow were analysed 6 days after immunisation with NP-
Ficoll by ELISpot. Mice were immunised as in Figure 4.1. (A) Representative wells from splenocytes of 
WT, IgMg1 and IgG1M mice analysed by ELISpot for NP-specific IgG secreting cells. Each spot 
represents one antibody-secreting cell (ASC). Spots were counted using ELISpot plate reader. (B-E) 
Summary statistics for number of: (B) NP-specific IgG ASCs in spleen; (C) NP-specific IgM ASCs in 
spleen; (D) NP-specific IgG ASCs in bone marrow (BM); (E) NP-specific IgM ASCs in BM; All data is 
plotted as number of ASCs per 5x105 cells. Data are from one experiment. Each symbol represents 
one mouse. Statistical tests were performed by ordinary one-way ANOVA with Tukey’s multiple 
comparison test (****, p < 0.0001; ***, p < 0.001; *, p < 0.05; ns, not significant). 
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Figure 4.3 Fluorescent immunohistology analysis of NP-specific plasma cells in the spleen 6 
days after immunisation with TI-II antigen NP-Ficoll  

NP-specific plasma cells in spleen were analysed 6 days after immunisation with NP-Ficoll by 
fluorescent immunohistology. Mice were immunised as in Figure 4.1. (A) Representative spleen sections 
stained with anti-B220 (green), anti-CD138 (blue) and NP (red). NP-specific plasma cells are magenta-
coloured. Scale bars represent 200 μm. (B-D) Images were analysed using Fiji to quantify area covered 
by plasma cells (CD138+) and NP-specific plasma cells (NP+ CD138+). Summary statistics for: (B) 
plasma cells (CD138+) as percentage of spleen section (C) NP-specific plasma cells (NP+ CD138+) as 
percentage of spleen section; (D) NP-specific plasma cells (NP+ CD138+) as percentage of plasma cells 
(CD138+). Data are combined from two experiments. Each symbol represents one mouse. Statistical 
tests were performed by ordinary one-way ANOVA with Tukey’s multiple comparison test (****, p < 
0.0001; **, p < 0.01; *, p < 0.05; ns, not significant). 
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Figure 4.4 NP-specific antibody titres 6 days after immunisation with TI-II antigen NP-Ficoll 

Mice were immunised with NP-Ficoll as in Figure 4.1 and serum samples were collected at day 6. Anti-
NP sera titres were determined by ELISA using plates coated with NP2-BSA or NP14-BSA. (A) Binding 
curves for NP14-specific IgG in sera of WT, IgMg1 and IgG1M mice. Mean data points plotted with error-
bars representing standard deviation. (B) Summary statistics for relative NP14-specific IgG sera titres. 
(C) Binding curves for NP2-specific IgM in sera of WT, IgMg1 and IgG1M mice. Mean data points plotted 
with error-bars representing standard deviation. (D) Summary statistics for relative NP2-specific IgM 
sera titres. Data combined from two experiments. Each symbol represents one mouse. Statistical tests 
were performed by ordinary one-way ANOVA with Tukey’s multiple comparison test (****, p < 0.0001; 
ns, not significant). 
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4.2.2 IgG1M mice have an impaired plasma cell response to the TD antigen NP-
KLH but response in IgMg1 mice is not impaired 

Next, in order to assess the ability of IgMg1 and IgG1M B cells to take part in GC 

responses, mice were immunised with model TD antigen NP-KLH. Mice were 

immunised s.c. on the plantar surface of the foot with 10 μg alum precipitated antigen, 

with heat inactivated Bordetella pertussis included as an additional adjuvant. At day 8 

mice were culled by schedule 1 method (Figure 4.5A) and the draining popliteal lymph 

node was analysed by flow cytometry (Figure 4.5B). 

IgMg1 mice made a plasma cell response that was equivalent with WT mice. The 

overall frequency of plasma cells (Figure 4.6B) and the frequency of NP-specific 

plasma cells were not significantly changed from the WT mice (Figure 4.6C and D). 

However, in the IgG1M mice the plasma cell response was impaired. The overall 

frequency of plasma cells was significantly reduced (Figure 4.6B). Although the 

percentage of NP-specific cells within plasma cells was not significantly reduced 

compared with the WT plasma cells (Figure 4.6D), there was a significant reduction of 

NP-specific plasma cells as a percentage of lymphocytes (Figure 4.6C). As the size of 

the draining lymph node can vary greatly depending on the magnitude of the immune 

response, the absolute number of lymphocytes in each lymph node was estimated by 

using counting beads. This showed that the number of plasma cells and NP-specific 

plasma cells were reduced in IgG1M lymph nodes but were not significantly different 

from WT in IgMg1 lymph nodes (Figure 4.6D and E).  

Serum samples taken at day 8 after immunisation with NP-KLH were analysed for NP-

specific antibodies by ELISA. For NP-specific IgG, high-affinity antibodies were 

detected on plates coated with NP2-BSA (Figure 4.7B), whereas total NP-specific 
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antibodies were detected on plates coated with the higher valency NP14-BSA (Figure 

4.7A). The ratio of the high-affinity titre to total titre gives an estimate of relative affinity. 

The total NP-specific IgG titre was similar in WT and IgMg1 mice but was significantly 

reduced in IgG1M mice (Figure 4.7D). High affinity fraction of NP-specific IgG was also 

similar in WT and IgMg1 mice (Figure 4.7E), and IgG affinity was not significantly 

different (Figure 4.7F). High affinity NP-specific IgG could not be detected in IgG1M 

mice, even at a serum dilution of 1/30 (Figure 4.7E). This supports the flow cytometry 

data that showed a reduction in plasma cells in the IgG1M mice. Although the anti-NP 

IgG was not significantly different in IgMg1 mice, there was a significantly lower titre 

for anti-NP IgM showing the IgM response in IgMg1 mice was reduced (Figure 4.7C 

and F).  

Overall, these data suggest that at day 8 after immunisation with NP-KLH the plasma 

cell response was strongly impaired in IgG1M mice, while there was little impact on 

IgMg1 mice. 
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Figure 4.5 Immunisation with model TD antigen NP-KLH and flow cytometry gating strategy 

(Α) Schematic showing immunisation with NP-KLH. Mice were immunised s.c. on the plantar surface of 
the foot with 10 μg NP-KLH (alum ppt) and heat-inactivated Bordetella pertussis. Tissues were collected 
at day 8. (B) Gating strategy for plasma cells, NP-specific plasma cells, GC B cells, NP-specific GC B 
cells and NP-specific memory B cells (NP-specific CD38+ B cells) from draining lymph nodes of 
immunised mice. From live lymphocytes, plasma cells (PCs) were gated as CD138+ and B cells were 
gated as B220+ CD138-. From B cells, GC B cells were gated as Fas+ CD38-. NP-specific cells were 
gated as NP-PE+ NP-APC+. (C) Gates for NP-specific cells set using WT cells stained without NP-APC 
or NP-PE. 
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Figure 4.6 Analysis of plasma cells 8 days after immunisation with NP-KLH 

Mice were immunised with NP-KLH described in Figure 4.5 and lymph nodes were analysed by flow 
cytometry at day 8. (Α) Representative flow cytometry plots showing plasma cells (PCs) and NP-specific 
PCs in WT, IgG1M and IgMg1 mice. Gating was as described in Figure 4.5. (B-E) Summary statistics 
showing (B) PCs as percentage of lymphocytes; (C) NP-specific PCs as percentage of lymphocytes; 
(D) NP-specific PCs as percentage of total PCs; (E) absolute number of PCs per lymph node; (F) 
absolute number of NP-specific PCs per lymph node. Data combined from two experiments. Each 
symbol represents one mouse. Statistical tests were performed by ordinary one-way ANOVA with 
Tukey’s multiple comparison test (****, p < 0.0001; ***, p < 0.001; **, p < 0.01; ns, not significant). 
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Figure 4.7 Analysis of serum NP-specific antibodies 8 days after NP-KLH immunisation 

Mice were immunised with NP-KLH described in Figure 4.5 and serum samples were collected. Anti-
NP sera titres were determined by ELISA using plates coated with NP2-BSA or NP14-BSA. (A) Binding 
curves for NP14-specific IgG in sera of WT, IgMg1 and IgG1M mice. Mean data points plotted with error-
bars representing standard deviation. (B) Binding curves for NP2-specific IgG in sera of WT, IgMg1 and 
IgG1M mice. Mean data points plotted with error-bars representing standard deviation. (C) Binding 
curves for NP2-specific IgM in sera of WT, IgMg1 and IgG1M mice. Mean data points plotted with error-
bars representing standard deviation. (D) Summary statistics for relative NP14-specific IgG sera titres. 
(E) Summary statistics for relative affinity (NP2/NP14 ratio). (F) Summary statistics for relative NP14-
specific IgG sera titres. (G) Summary statistics for relative NP2-specific IgG sera titres. Data combined 
from two experiments. Each symbol represents one mouse. Statistical tests were performed by ordinary 
one-way ANOVA with Tukey’s multiple comparison test for comparison of three groups, and two-tailed 
unpaired T-test for comparison of two groups (****, p < 0.0001; *, p < 0.05; ns, not significant). 
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4.2.3 IgG1M and IgMg1 B cells can take part in GCs, but IgMg1 GCs have more 
antigen-specific cells, and IgG1M GCs have fewer antigen-specific cells 

The GC B cell response was analysed by flow cytometry at day 8 after immunisation 

with NP-KLH (Figure 4.8A). GC B cells were reduced in IgMg1 mice, as a percentage 

of B cells and lymphocytes (Figure 4.8B and C). The absolute number of GC B cells 

was also reduced (Figure 4.8D). However, within the GC B cells, the frequency of NP-

specific cells was increased so that the absolute number of NP-specific GC B cells, 

and the frequency within the lymphocytes, were overall comparable to those observed 

in WT mice (Figure 4.8E-G). In IgG1M mice, the frequency of GC B cells within the B 

cells was elevated (Figure 4.8B-D), although absolute number and frequency within 

the lymphocytes were similar to WT mice, and the frequency of NP-specific GC B cells 

was similar to WT mice (Figure 4.8E-G).  

Therefore, there was an apparent increase in NP-specific cells within the IgMg1 GC 

and a reduction in NP-specific cells in the IgG1M GC. It is likely that flow cytometry 

detects antigen binding only in higher affinity B cells (Viant et al., 2020). To further 

evaluate the affinity of BCRs in the GC B cells, a ratio was taken of the frequency of 

NPhi cells relative to NPint cells, with a higher ratio indicating higher affinity (Figure 4.9A 

and B). Analysis in this way showed that IgG1+ GC B cells in IgMg1 mice had higher 

average NP staining compared with WT GC B cells, indicating higher affinity (Figure 

4.9C). However, IgM+ GC B cells had comparable NP staining to WT, indicating similar 

affinity (Figure 4.9D). IgG1+ GC B cells in IgG1M GCs on the other hand appeared to 

have a reduced proportion of NPhi cells, indicating lower average BCR affinity of GC B 

cells in this model (Figure 4.9C). 
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Positioning of the B cells within the light zone (LZ) and dark zone (DZ) can be estimated 

by flow cytometry using CD86 and CXCR4 staining (Figure 4.10A). The ratio of 

CXCR4hi CD86lo dark zone (DZ) GC B cells to CXCR4lo CD86hi light zone (LZ) GC B 

cells can inform on B cell selection dynamics within the GC. GC B cells in the IgG1M 

mice had similar DZ/LZ ratio to WT mice. However, IgMg1 GC B cells had a 

significantly higher DZ/LZ ratio, indicating that more of the GC B cells were positioned 

within the DZ (Figure 4.10B). 

GC B cells undergo apoptosis in the LZ if they are not selected, and in the DZ if somatic 

hypermutation results in a damaged BCR (Mayer et al., 2017). Intracellular active 

Caspase-3 staining was used to identify apoptotic cells by flow cytometry (Figure 

4.11A). The frequency of active Caspase-3+ GC B cells was significantly higher in 

IgMg1 mice than in WT mice. In IgG1M mice, the frequency of active Caspase3+ GC 

B cells trended towards a reduction compared to WT mice but did not reach 

significance. This suggested that apoptosis may be increased in GC B cells in IgMg1 

mice, but not in IgG1M mice (Figure 4.11C). Analysis of active Caspase-3 staining in 

DZ and LZ cells (Figure 4.11B) showed that apoptosis may be higher in both GC 

compartments in IgMg1 mice (although not significant in DZ B cells) (Figure 4.11D and 

E). This suggests that BCR signalling may be important in both these apoptosis 

decisions. A caveat with this data is that the CXCR4 and CD86 staining for this 

experiment was not optimal so these results may not be correct. 
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Figure 4.8 Flow cytometry analysis of GC B cells 8 days after NP-KLH immunisation  

Mice were immunised with NP-KLH described in Figure 4.5 and lymph nodes were analysed by flow 
cytometry at day 8. (A) Representative flow cytometry plots showing GC B cells and NP-specific GC B 
cells for WT, IgG1M and IgMg1 mice. Gating was as described in Figure 4.5. (B-G) Summary statistics 
showing: (B) GC B cells as percentage of B cells; (C) GC B cells as percentage of lymphocytes; (D) 
absolute number of GC B cells (E) NP-specific GC B cells as percentage of GC B cells; (F) NP-specific 
GC B cells as percentage of lymphocytes; (G) absolute number of NP-specific GC B cells. Data 
combined from two experiments. Each symbol represents one mouse. Statistical tests were performed 
by ordinary one-way ANOVA with Tukey’s multiple comparison test (****, p < 0.0001; ***, p < 0.001; **, 
p < 0.01; *, p < 0.05; ns, not significant). 
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Figure 4.9 BCR NP-affinity assessed by flow cytometry 

Mice were immunised with NP-KLH described in Figure 4.5 and lymph nodes were analysed by flow 
cytometry at day 8. (A) Representative gating for NPhi and NPint IgG1+ GC B cells in WT, IgG1M and 
IgMg1 mice. GC B cells were gated as described in Figure 4.5. From GC B cells, NPhi cells were gated 
as NP-PEhi IgG1+ cells and NPint cells were gated as NP-PEint IgG1+. (B) Representative gating for NPhi 
and NPint IgM+ GC B cells in WT, IgG1M and IgMg1 mice. GC B cells were gated as described in Figure 
4.5. From GC B cells, NPhi cells were gated as NP-PEhi IgM+ cells and NPint cells were gated as NP-
PEint IgM+. (C-D) Summary statistics for: (C) IgG1+ GC B cell BCR affinity (NPhi/NPint ratio) for WT, 
IgG1M and IgMg1 mice; (D) IgM+ GC B cell BCR affinity (NPhi/NPint ratio) for WT and IgMg1 mice. Data 
were normalised to median WT ratio to allow comparison between experiments. Data combined from 
two experiments. Each symbol represents one mouse. Statistical tests were performed by ordinary one-
way ANOVA with Tukey’s multiple comparison test for comparison of three groups, and two-tailed 
unpaired T-test for comparison of two groups (****, p < 0.0001; **, p < 0.01; ns, not significant). 
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Figure 4.10 Dark zone/light zone ratio  

Mice were immunised with NP-KLH described in Figure 4.5 and lymph nodes were analysed by flow 
cytometry at day 8. (A) Representative flow cytometry plots showing dark zone (DZ) and light zone (LZ) 
GC B cells for WT, IgG1M and IgMg1 mice. GC B cells were gated as described Figure 4.5. From GC 
B cells, DZ cells were gated as CXCR4hi CD86lo and LZ B cells were gated as CXCR4lo CD86hi. (B) 
Summary statistics showing DZ/LZ ratio. Data combined from two experiments. Each symbol represents 
one mouse. Statistical tests were performed by ordinary one-way ANOVA with Tukey’s multiple 
comparison test (*, p < 0.05; ns, not significant). 
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Figure 4.11 Identification of apoptotic cells by intracellular active Caspase-3 staining 

Mice were immunised with NP-KLH described in Figure 4.5 and lymph nodes were analysed by flow 
cytometry at day 8. (A) Representative flow cytometry plots showing active Caspase-3 staining in WT, 
IgG1M and IgMg1 GC B cells. Mice were immunised with NP-KLH described in Figure 4.5 and lymph 
nodes were analysed by flow cytometry at day 8. Active Caspase-3+ gate was set using an FMO control. 
(B) Representative flow cytometry plots showing active Caspase-3 staining in WT, IgG1M and IgMg1 
LZ and DZ GC B cells. GC B cells were gated in a similar way to in Figure 4.4. From GC B cells, DZ 
cells were gated as CXCR4hi CD86lo and LZ B cells were gated as CXCR4lo CD86hi. Active Caspase-3+ 
gate was set using an FMO control. (C-E) Summary statistics showing: (C) active Caspase-3+ GC B 
cells as a percentage of GC B cells; (D) active Caspase-3+ LZ GC B cells as a percentage of LZ GC B 
cells; (E) active Caspase-3+ DZ GC B cells as a percentage of DZ GC B cells. Data from one experiment. 
Each symbol represents one mouse. Statistical tests were performed by ordinary one-way ANOVA with 
Tukey’s multiple comparison test (**, p < 0.01; *, p < 0.05; ns, not significant). 
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4.2.4 GCs of IgMg1 mice contain fewer non-class-switched B cells 

The IgMg1 B cells can undergo class-switching as normal during an immune response, 

switching to other isotypes such as IgG1. Once class-switched, these cells would no 

longer bear the chimeric IgMg1 BCR, but would instead express normal BCRs of the 

appropriate isotype. To investigate how class switching affects the GC B cell response 

in WT and IgMg1 mice, IgM+ and IgG1+ GC B cells were analysed separately (Figure 

4.12A). This showed that the GCs in IgMg1 mice were dominated by class-switched B 

cells, with IgM+ GC B cells being significantly reduced (Figure 4.12B). As a percentage 

of GC B cells, IgG1+ GC B cells were significantly increased in IgMg1 mice (Figure 

4.12C) confirming that the apparent reduction in IgM+ cells was not simply due to IgM 

expression being too low to detect. Overall IgG1+ GC B cell numbers in IgMg1 mice 

were not significantly different to WT mice (Figure 4.12E), showing that the overall GC 

B cell reduction in IgMg1 mice is predominantly due to the significant reduction in non-

class-switched IgM+ GC B cells (Figure 4.12D). The frequency of NP-specific cells was 

higher in IgG1+ GC B cells in IgMg1 mice (Figure 4.12G) but not significantly different 

as a percentage of B cells (Figure 4.12I). Whereas NP-specific cells were found at the 

same frequency amongst IgM+ GC B cells in IgMg1 and WT mice (Figure 4.12F), but 

were reduced overall in IgMg1 mice because of the overall reduction of IgM+ GC B 

cells (Figure 4.12H). Analysis of BCR density on GC B cells showed that class 

switching to IgG1 did not change the reduced BCR expression in IgMg1 B cells (Figure 

4.12J and K). In summary, there was a reduction of IgM+ GC B cells in IgMg1 mice, 

with most of the GC B cells being class-switched. 
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To further investigate if the reduction of IgM+ GC B cells in IgMg1 mice was due to 

altered selection, DZ/LZ ratio was analysed for IgM+ and IgG1+ GC B cells separately 

(Figure 4.13A). This showed that on average DZ/LZ ratio was higher in IgMg1 B cells 

regardless of isotype (Figure 4.13B and C), suggesting that class-switching did not 

affect IgMg1 B cells’ ability to be selected into the DZ pool. To investigate if differential 

survival could explain the reduction in IgM+ GC B cells in IgMg1 mice, IgG1+ and IgM+ 

GC B cells were also analysed for intracellular active caspase-3 staining to identify 

apoptotic cells (Figure 4.14A). IgG1+ GC B cells in IgMg1 mice were around twice as 

often active caspase-3 positive compared with IgG1+ GC B cells in WT mice (Figure 

4.14B). This was similar for IgM+ GC B cells but was not statistically significant (Figure 

4.14C. There was no difference in the ratio of caspase-3+ IgM+ to IgG1+ B cells in 

IgMg1 mice (Figure 4.14D) which suggested that the reduction in IgM+ GC B cells in 

IgMg1 mice was not due to the increase in apoptosis in IgM+ cells, as otherwise IgG1+ 

GC cells would also be similarly reduced in IgMg1 mice. Furthermore, as previously 

described in section 4.2.2, there was no difference in plasma cell output (Figure 4.6) 

and a slight decrease in NP-specific IgM (Figure 4.7C and G) in IgMg1 mice, which 

suggests the reduction in IgM+ GC B cells in IgMg1 mice was not due to increased 

output of IgM+ plasma cells.  

Overall, these data show that there is a reduction of IgM+ B cells taking part in germinal 

centres in IgMg1 mice at day 8 after immunisation with NP-KLH. The reason for this 

reduction requires further investigation. 
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Figure 4.12 IgG1+ and IgM+ GC B cells in WT and IgMg1 mice 8 days after NP-KLH immunisation  

Mice were immunised with NP-KLH described in Figure 4.5 and lymph nodes were analysed by flow 
cytometry at day 8. (A) Representative flow cytometry plots showing IgM+ and IgG1+ GC B cells and 
NP-specific IgM+ and IgG1+ GC B cells in WT and IgMg1 mice. GC B cells were gated as described in 
Figure 4.5. From GC B cells, IgG1+ GC B cells were gated as IgG1+ IgM- and IgM+ GC B cells were 
gated as IgM+ IgG1-. NP-specific cells were gated as NP-PE+ NP-APC+. Gate was set using cells stained 
without NP-PE or NP-APC. (B-K) Summary statistics showing: (B) IgG1+ GC B cells as a percentage of 
GC B cells; (C) IgM+ GC B cells as a percentage of GC B cells; (D) IgG1+ GC B cells as a percentage 
of B cells; (E) IgM+ GC B cells as a percentage of B cells; (F) IgG1+ NP-specific GC B cells as a 
percentage of IgG1+ GC B cells; (G) IgM+ NP-specific GC B cells as a percentage of IgM+ GC B cells; 
(H) IgG1+ NP-specific GC B cells as a percentage of B cells; (I) IgM+ NP-specific GC B cells as a 
percentage of B cells; (J) IgG1 MFI in IgG1+ GC B cells. MFI normalised to the median MFI of the WT 
cells for comparison between separate experiments. (K) IgM MFI in IgM+ GC B cells. MFI normalised to 
the median MFI of the WT cells for comparison between separate experiments. Data combined from 
two experiments. Each symbol represents one mouse. Statistical tests were performed by two-tailed 
unpaired T-test (****, p < 0.0001; **, p < 0.01; *, p < 0.05; ns, not significant). 
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Figure 4.13 DZ/LZ ratio in IgG1+ and IgM+ GC B cells  

Mice were immunised with NP-KLH described in Figure 4.5 and lymph nodes were analysed by flow 
cytometry at day 8. (A) Representative flow cytometry plots showing LZ and DZ staining in IgG1+ and 
IgM+ GC B cells in WT and IgMg1 mice. IgG1+ and IgM+ GC B cells were gated as described in Figure 
4.12, and then DZ cells were gated as CXCR4hi CD86lo and LZ B cells were gated as CXCR4lo CD86hi. 
(B-C) Summary statistics showing DZ/LZ ratio in (A) IgG1+ GC B cells and (C) IgM+ GC B cells. Data is 
combined from two experiments. Each symbol represents one mouse. Statistical tests were performed 
by two-tailed unpaired T-test (**, p < 0.01; *, p < 0.05; ns, not significant). 
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Figure 4.14 Intracellular active capase-3 staining in IgG1+ and IgM+ GC B cells 

Mice were immunised with NP-KLH described in Figure 4.5 and lymph nodes were analysed by flow 
cytometry at day 8. (A) Representative flow cytometry plots showing active-Caspase-3 staining in IgG1+ 
and IgM+ GC B cells in WT and IgMg1 mice. IgG1+ and IgM+ GC B cells were gated as described in 
Figure 4.12, and then active-Caspase-3+ cells were gated using an FMO control. (B-C) Summary 
statistics showing frequency of active Caspase-3+ ratio in (B) IgG1+ GC B cells and (C) IgM+ GC B cells. 
(D) Summary statistics for ratio of active Caspase-3+ IgM+ GC B cells/active Caspase-3+ IgG1+ GC B 
cells. Data is from one experiment. Each symbol represents one mouse. Statistical tests were performed 
by two-tailed unpaired T-test (*, p < 0.05; ns, not significant). 
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4.2.5 Similar gene expression in GC B cells of WT and IgMg1 mice 

IgMg1 B cells can take part in GCs despite their anergic phenotype. However, they 

maintain reduced surface BCR expression. Also, if clonal redemption of anergic B cells 

is linked to GC differentiation, entering GC differentiation of IgMg1 B cells would be 

expected to lead to a change in the gene expression profile. We therefore 

hypothesised that changes in gene expression may differentiate GC B cells in WT mice 

and IgMg1 mice in early GCs. Bulk RNA sequencing was therefore performed on 

FACS sorted GC B cells (B220+ CD138- Fas+ CD38-) from draining popliteal lymph 

node 8 days after immunisation with NP-CGG s.c. in the plantar surface of the foot. 

This was performed in parallel with the sequencing of follicular B cells presented in 

chapter 3, allowing a comparison between gene expression between follicular B cells 

and GC B cells in both IgMg1 and WT mice. A comparison of all samples by PCA 

showed that most of the gene expression variability was between follicular and GC B 

cells regardless of genotype, separated on principal component 1 which accounted for 

97% of the variation. However, there was separation between IgMg1 and WT B cells 

on principal component 2 which accounted for 3% of the variation (Figure 4.15). This 

suggested that there are a relatively small number of differences in gene expression 

between IgMg1 and WT B cells, and that these differences may be maintained even 

after differentiation into GC B cells. 

Differential gene expression analysis was performed comparing WT GC B cells with 

WT follicular B cells to identify the normal gene expression profile of GC B cells (Figure 

4.16A). There were 2017 genes identified as upregulated and 2312 genes identified 

as downregulated in WT GC B cells (with at least a 2-fold change and an adjusted p-

value of less than 0.05) (Figure 4.16B). Gene set enrichment analysis (GSEA) with 
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hallmark gene sets showed that several gene sets were significantly enriched in either 

GC B cells or follicular B cells at a false discovery rate (FDR) q-value of below 0.05 

(Figure 4.17A). Gene sets enriched in GC B cells included E2F targets (Figure 4.17B), 

Myc targets (Figure 4.17C) and cell cycle G2M checkpoint (Figure 4.17D), whereas 

gene sets enriched in follicular B cells included Interferon-α response (Figure 4.17E), 

Interferon-γ response (Figure 4.17F) and TNFα signalling via NFκB (Figure 4.17G). 

The same analysis was then performed comparing IgMg1 GC B cells with IgMg1 

follicular B cells to identify the gene expression changes in GC B cells in IgMg1 mice 

(Figure 4.18A). This identified 1952 genes that were upregulated in IgMg1 GC B cells 

and 2218 genes that were downregulated in IgMg1 GC B cells (Figure 4.18B). The 

majority of the differentially expressed genes identified in IgMg1 GC B cells were also 

differentially expressed in WT GC B cells (Figure 4.19A). Of the identified IgMg1 GC 

B cell differentially expressed genes, 1555 out of 1952 (79.7%) of the upregulated 

(Figure 4.19B) and 1555 out of 2218 (72.1%) of the downregulated genes (Figure 

4.19C) were identified in the WT analysis. GSEA on the IgMg1 GC B cells using 

hallmark gene sets showed a very similar profile to WT GC B cells, with the same gene 

sets being significantly enriched (Figure 4.20). 

These data showed that the overall gene expression programme in IgMg1 GC B cells, 

as well as the changes in gene expression from follicular B cell to GC B cell stage, 

appear to be similar to the overall gene expression changes in WT B cells. 
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Figure 4.15 Principal components analysis of WT and IgMg1 follicular and GC B cell gene 
expression data 

WT and IgMg1 follicular and GC B cells were sequenced by bulk RNA sequencing. Principal 
components analysis was performed to reduce dimensionality of gene expression data and visualise 
variance between samples. 
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Figure 4.16 Differential gene expression in WT GC B cells compared with WT follicular B cells  

Genes were identified that were differentially expressed in WT GC B cells compared with WT follicular 
B cells using DESeq2 package on R. (A) Heatmap showing expression of differentially expressed genes 
in WT GC B cells compared with WT follicular B cells (at least 2-fold change and adjusted p value < 
0.05). Colour scale represents gene Z-score. (B) Volcano plot showing differentially expressed genes 
(at least 2-fold change and adjusted p value < 0.05) indicated in red. Horizontal dashed line represents 
adjusted p-value of 0.05 and vertical dashed lines represent log2-fold change of 1 and -1. 
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Figure 4.17 GSEA of mouse hallmark gene sets in WT GC B cells compared with WT follicular B 
cells  

(A) Gene set enrichment analysis (GSEA) was performed on WT follicular B cell and GC B cell 
expression data, comparing to mouse hallmark gene sets. Plot shows normalised enrichment scores for 
hallmark gene sets for GSEA performed between WT follicular and GC B cells. Size of circle represents 
number of genes in set. Colour represents FDR q-value. (B-G) GSEA enrichment plots for some of 
enriched gene sets: (B) E2F targets; (C) Myc targets v1; (D) G2M checkpoint; (E) Interferon α response; 
(F) TNFa signalling via NFκB; (G) Interferon γ response. 
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Figure 4.18 Differential gene expression in IgMg1 GC B cells compared with IgMg1 follicular B 
cells  

Genes were identified that were differentially expressed in IgMg1 GC B cells compared with IgMg1 
follicular B cells using DESeq2 package on R. (A) Heatmap showing expression of differentially 
expressed genes in IgMg1 GC B cells compared with IgMg1 follicular B cells (at least 2-fold change and 
adjusted p value < 0.05). Colour scale represents gene Z-score. (B) Volcano plot showing differentially 
expressed genes (at least 2-fold change and adjusted p value < 0.05) indicated in red. Horizontal dashed 
line represents adjusted p-value of 0.05 and vertical dashed lines represent log2-fold change of 1 and -
1. 
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Figure 4.19 Comparison of genes differentially expressed in GC vs follicular B cells in IgMg1 and 
WT mice  

The differentially expressed genes in GC B cells compared with follicular B cells were compared in 
IgMg1 and WT mice. (A) Heatmap showing relative expression of genes identified as differentially 
expressed in IgMg1 GC B cells compared with IgMg1 follicular B cells (at least 2-fold change and 
adjusted p value < 0.05) across all WT and IgMg1 samples. Colour scale represents gene Z-score. (B) 
Venn diagram showing overlap of identified upregulated genes in WT GC B cells compared with WT 
follicular B cells, with upregulated genes in IgMg1 GC B cells compared with IgMg1 follicular B cells. (C) 
Venn diagram showing overlap of identified downregulated genes in WT GC B cells compared with WT 
follicular B cells, with downregulated genes in IgMg1 GC B cells compared with IgMg1 follicular B cells. 
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Figure 4.20 GSEA of mouse hallmark gene sets in IgMg1 GC B cells compared with IgMg1 
follicular B cells 

(A) Gene set enrichment analysis (GSEA) was performed on IgMg1 follicular B cell and IgMg1 GC B 
cell expression data, comparing to mouse hallmark gene sets. Plot shows normalised enrichment scores 
for hallmark gene sets for GSEA performed between WT follicular and GC B cells. Size of circle 
represents number of genes in set. Colour represents FDR q-value. (B-G) GSEA enrichment plots for 
some of enriched gene sets: (B) E2F targets; (C) Myc targets v1; (D) G2M checkpoint; (E) Interferon α 
response; (F) TNFa signalling via NFκB; (G) Inflammatory response. 
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4.2.6 A small number of genes have differential expression in IgMg1 GC B cells 
compared with WT GC B cells 

To better understand the differences in the GC B cell response in IgMg1 mice, 

differential gene expression analysis was performed comparing GC B cells from WT 

mice with GC B cells from IgMg1 mice. As expected from the PCA (Figure 4.15) there 

was a relatively small number of genes that were differentially expressed between 

IgMg1 GC B cells and WT GC B cells (Figure 4.21A). Using a log2-fold change 

threshold of over 1 or below -1, 34 genes were identified with significantly increased 

expression and 51 genes were identified with significantly reduced expression in IgMg1 

GC B cells (Figure 4.21B). An additional 10 upregulated genes and 10 downregulated 

genes were identified with a lower fold-change (Figure 4.21C). 

GSEA was performed using the gene expression data from GC B cells in IgMg1 and 

WT mice (Figure 4.22A). From the hallmark mouse gene sets, E2F targets (Figure 

4.22B), G2M checkpoint (Figure 4.22C), Myc targets v1 (Figure 4.22D) and Myc 

targets v2 (Figure 4.22E) were all found to be significantly enriched in WT GC B cells 

at an FDR q-value of less than 0.05. These were also the amongst the leading gene 

sets enriched in GC B cells compared with follicular B cells (Figure 4.17 and Figure 

4.20), indicating that they are upregulated during T cell-dependent B cell activation. 

They are associated with proliferation and cell-cycle progression (Liberzon et al., 2015; 

Cuitiño et al., 2019). Additionally, Myc and targets of Myc have been reported to be 

expressed in B cells that have been positively selected in the GC (Calado et al., 2012; 

Dominguez-Sola et al., 2012).  

The up and downregulated genes were analysed using g:profiler to identify gene 

ontology (GO) terms that were statistically enriched within the differentially expressed 
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genes. Immunoglobulin variable (V)-genes were highly enriched in the list of genes 

with reduced expression in IgMg1 GC B cells compared with WT GC B cells, resulting 

in significant enrichment of several GO terms related to immunity such as immune 

response (GO:0006955) (adjusted p-value = 5.877x10-16) (Figure 4.23A). Repeating 

the GO term enrichment analysis with only the differentially expressed non-

immunoglobulin V-genes, showed that negative regulators of kinase signalling 

(GO:0006469) were enriched in IgMg1 GC B cells (adjusted p-value = 0.06923). These 

genes were Cdk5rap1, Dusp16, Cdkn1b and Cep85 (Figure 4.23B). 

Overall, these data show that relatively few genes were differentially expressed in 

IgMg1 GC B cells compared with WT GC B cells. However, gene sets associated with 

B cell activation, positive selection, and proliferation were significantly enriched in WT 

GC B cells, and negative regulators of kinase signalling were overrepresented in the 

genes with high expression in IgMg1 GC B cells.  



 

 192 

 

Figure 4.21 Differential gene expression in IgMg1 GC B cells compared with WT GC B cells 

Genes were identified that were differentially expressed in IgMg1 GC B cells compared with WT GC B 
cells using DESeq2 package on R. (A) Volcano plot showing differentially expressed genes (2-fold 
change and adjusted p value < 0.05) indicated in red. Horizontal dashed line indicates adjusted p-value 
of 0.05 and vertical dashed lines represent log2-fold change of 1 and -1. (B) Heatmap showing 
expression of differentially expressed genes in IgMg1 GC B cells compared with WT GC B B cells (at 
least a 2-fold change and adjusted p value < 0.05). (C) Heatmap showing expression of differentially 
expressed genes in IgMg1 GC B cells compared with WT GC B cells (adjusted p value < 0.05 but no 
fold change threshold). Colour scale represents gene Z-score. 
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Figure 4.22 GSEA of mouse hallmark gene sets in IgMg1 GC B cells compared with WT GC B 
cells 

(A) Gene set enrichment analysis (GSEA) was performed on IgMg1 GC B cell and WT GC B cell 
expression data, comparing to mouse hallmark gene sets. Plot shows normalised enrichment scores for 
hallmark gene sets for GSEA performed between IgMg1 GC B cells and WT GC B cells. Size of circle 
represents number of genes in set. Colour represents FDR q-value. (B-E) GSEA enrichment plots for 
some of enriched gene sets: (B) E2F targets; (C) G2M checkpoint; (D) Myc targets v2; (E) Myc targets 
v2. 
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Figure 4.23 Heatmaps showing expression of genes part of enriched gene ontology terms 

Genes identified as up or down-regulated in IgMg1 GC B cells compared with WT GC B Cells were 
analysed for enrichment of gene ontology (GO) terms using g:profiler. (A) Heatmap showing expression 
of IgMg1 GC upregulated genes that are part of GO:000955 (immune response). Colour scale 
represents gene Z-score. (B) Heatmap showing expression of IgMg1 upregulated genes that are part of 
GO:0006469 (negative regulation of protein kinase activity). Colour scale represents gene Z-score. 
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4.2.7 IGHV gene expression in GC B cells is altered in IgMg1 mice 

As shown in chapter 3, during B cell development, apart from changes in kappa and 

lambda expression due to receptor editing, there were no major changes in 

immunoglobulin variable genes between IgMg1 follicular B cells compared with WT 

follicular B cells. However, the fact that immunoglobulin genes were highly enriched in 

the list of genes with lower expression in IgMg1 GC B cells compared with WT GC B 

cells (Figure 4.23A) suggested that B cells bearing certain immunoglobulin variable 

genes may be less able to participate in GCs in IgMg1 mice. To further investigate this, 

the gene expression data was filtered to only include the immunoglobulin heavy 

variable (IGHV) genes. Several IGHV genes that were differentially expressed 

between GC B cells and follicular B cells in WT and IgMg1 mice were identified. In both 

IgMg1 and WT mice a similar number of IGHV genes are up and downregulated by 

GC B cells (Figure 4.24A-C). The canonical NP-specific IGHV gene Ighv1-72 (also 

known as V186.2) was highly upregulated in both genotypes, as was Ighv14-3 which 

has been previously reported as the canonical anti-NP IGHV gene in Balb/c mice (Loh 

et al., 1983; Dale et al., 2019). This suggests that in both WT and IgMg1 mice, similar 

B cell clones dominate the anti-NP response.  

The IGHV genes in IgMg1 GC B cells were also compared with WT GC B cells. As 

expected from the overall gene expression analysis (Figure 4.23), a number of IGHV 

genes were identified with reduced expression by IgMg1 GC B cells, but none were 

increased (Figure 4.24D). A heatmap showing relative expression of these genes, 

showed that in WT mice these genes tended to have moderate to high expression in 

both WT and IgMg1 follicular B cells. In WT GC B cells they continue to be expressed 

at moderate levels, whereas in IgMg1 GC B cells they had low expression (Figure 
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4.24E). This suggested that follicular B cells bearing these BCRs were unable to take 

part in the GC in IgMg1 mice. 

Therefore, although the predominant B cells taking part in the GC in IgMg1 mice seem 

to use similar IGHV genes to the ones that dominate in WT mice, there are some other 

IGHV genes which are used less in GC B cells in IgMg1 mice than in WT mice.  
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Figure 4.24 Differentially expressed IGHV genes in WT and IgMg1 GC B cells  

Differential gene expression analysis was filtered to only show IGHV genes to allow analysis of IGHV 
gene usage. (A) Volcano plot showing IGHV genes compared in WT GC B cells and WT follicular B 
cells, with differentially expressed genes (at least a 2-fold change and adjusted p value < 0.05) marked 
in red. (B) Volcano plot showing IGHV genes compared in IgMg1 GC B cells and IgMg1 follicular B cells, 
with differentially expressed genes (at least a 2-fold change and adjusted p value < 0.05) marked in red. 
(C) Heatmap showing expression of IGHV genes identified as differentially expressed in IgMg1 GC B 
cells compared with follicular B cells across all samples. Colour scale represents gene Z-score. (D) 
Volcano plot showing IGHV genes compared in IgMg1 GC B cells and WT GC B cells, with differentially 
expressed genes (at least a 2-fold change and adjusted p value < 0.05) marked in red. (E) Heatmap 
showing expression of IGHV genes identified as differentially expressed in IgMg1 GC B cells compared 
with WT GC B cells across all samples. Colour scale represents gene Z-score. 
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4.2.8 Identification of differences in GC gene expression programme 

The GC gene expression programme looked very similar in IgMg1 mice as in WT mice, 

but there were still 20-30% of the IgMg1 GC B cell differentially expressed genes which 

were not identified as differentially expressed in WT GC B cells (Figure 4.19B and C). 

To further investigate differences in the gene expression programme, the differences 

in gene expression on transition from follicular B cells to GC B cell were compared 

between IgMg1 mice and WT. Genes that were differentially expressed in GC B cells 

in only one of the genotypes were identified. These were defined as having a log2-fold 

change over 1 and adjusted p-value below 0.05 in one of the genotypes and a log2-

fold change of below 0.5 in the other genotype. In this way, 81 genes were identified 

that were upregulated in IgMg1 GC B cells and 110 genes that were downregulated in 

IgMg1 GC B cells compared with IgMg1 follicular B cells, but which were not 

differentially expressed in WT GC B cells compared with WT follicular B cells. 

Additionally, there were 83 genes that were upregulated and 147 genes that were 

downregulated in WT GC B cells, but that weren’t differentially expressed in IgMg1 GC 

B cells.  

These individual lists of genes were analysed for enriched GO terms (with 

immunoglobulin genes removed). The genes upregulated in GC B cells in IgMg1 mice 

but not differentially expressed in GC B cells in WT mice mostly functioned in biological 

regulation (GO:0065007) (adjusted p-value = 0.0186). This group of genes were 

mainly expressed at low levels in IgMg1 follicular B cells, and became upregulated in 

IgMg1 GC B cells. In WT follicular B cells they had higher expression than IgMg1 

follicular B cells but they were not upregulated in WT GC B cells (Figure 4.26A). Genes 

that were downregulated in WT GC B cells compared to WT follicular B cells but not 
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differentially expressed in IgMg1 GC B cells compared to IgMg1 follicular B cells were 

found to be enriched for positive regulators of signal transduction (GO:0009967) 

(adjusted p-value = 0.000412) (Figure 4.26B). 

Overall, although most of the gene expression changes on transit from follicular B cell 

to GC B cell were the same in WT and IgMg1 mice. This suggests that some additional 

gene expression changes take place when anergic B cells take part in a GC reaction. 
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Figure 4.25 Identification of genes differentially regulated between GC B cells and follicular B 
cells in only one of genotypes  

Differential gene expression data between GC B cells and follicular B cells were compared for WT and 
IgMg1 mice. (A) Plot comparing log2-fold changes in WT with log2-fold changes in IgMg1 mice (log2-
fold change in GC B cells compared with follicular B cells). Error bars represent log2-fold change 
standard error. Points marked in red represent genes differentially expressed in only one of the 
genotypes. (B) Heatmap showing relative expression of genes identified in this analysis across all 
samples. Gene expression scaled by gene.    
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Figure 4.26 Heatmaps showing expression of genes part of enriched gene ontology terms 

Genes identified as differentially regulated in only one of the genotypes in Figure 4.25 were analysed 
for enrichment of GO terms using g:profiler. (A) Heatmap showing expression of genes in GO:0065007 
(biological regulation) that are upregulated in IgMg1 GC B cells compared with IgMg1 follicular B cells 
but not in WT GC B cells compared with WT follicular B cells. (B) Heatmap showing expression of genes 
in GO:0009967 (positive regulation of signal transduction) that are downregulated in WT GC B cells 
compared with WT follicular B cells but not in IgMg1 GC B cells compared with IgMg1 follicular B cells. 
Colour scales represent gene Z-score. 
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4.2.9 Identification of maintained IgMg1 differentially expressed genes 

The gene expression data were next analysed to identify genes that continued to be 

differentially expressed in B cells from IgMg1 mice compared with WT mice, when 

transiting from follicular to GC B cell compartment. These genes may represent 

regulators of B cell anergy maintaining anergy within the GC. 

This was approached in two separate ways. The first was to identify the overlapping 

genes from the individual comparisons of IgMg1 GC B cells vs WT GC B cells and 

IgMg1 follicular B cells vs WT follicular B cells. From this approach, 22 genes were 

identified that were upregulated and 14 genes that were downregulated in IgMg1 B 

cells in both follicular and GC B cells (Figure 4.27A-C). The second approach was to 

perform a separate gene expression analysis comparing all IgMg1 samples with all the 

WT samples regardless of which type of B cells they were. This approach identified 19 

genes upregulated and 20 genes that were downregulated in IgMg1 B cells compared 

with WT B cells (Figure 4.27D and E). The two approaches in total identified 30 genes 

upregulated in IgMg1 B cells and 23 genes downregulated in WT B cells (Figure 4.28A-

D). However, GO term enrichment for biological processes and KEGG pathways 

identified no enriched terms within the genes. GSEA of mouse hallmark gene sets for 

comparison of all IgMg1 samples with all WT samples did not identify any gene sets 

significantly enriched with FDR q-values below 0.05 (Figure 4.29A), although oxidative 

phosphorylation was enriched in IgMg1 B cells (Figure 4.29B) and G2M checkpoint 

(Figure 4.29C) and Myc targets (Figure 4.29D) were enriched in WT B cells with 

nominal p-values below 0.05.  

Altogether, these data indicated that a small number of genes were maintained as 

differentially expressed in IgMg1 B cells even in the GC response. However, the 
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biological function of the maintained gene signature is unknown. Further analysis of 

the identified genes identified may be useful. 
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Figure 4.27 Identification of maintained IgMg1 gene expression signature  

Analysis of gene expression to identify genes differentially expressed in IgMg1 B cells compared with 
WT B cells in both follicular B cells and GC B cells. Two approaches were used. (A-C) Approach 1. 
Overlap between IgMg1 GC vs WT GC and IgMg1 follicular vs WT follicular comparisons. (A) Venn 
diagram showing overlap of genes upregulated in IgMg1 GC B cells vs WT GC B cells and genes 
upregulated in IgMg1 follicular B cells vs WT follicular B cells. (B) Venn diagram showing overlap of 
genes downregulated in IgMg1 GC B cells vs WT GC B cells and genes downregulated in IgMg1 
follicular B cells vs WT follicular B cells. (C) Heatmap showing expression of overlapping genes from 
(A) and (B). Colour scale represents gene Z-score. (D-E) Approach 2: analysis of differentially 
expressed genes in all 6 IgMg1 samples compared with all 6 WT samples using DESeq2 package on 
R. (D) Volcano plot showing differentially expressed genes in IgMg1 B cells compared with WT B cells 
(log2FC>1 or <(-1) and adjusted p value < 0.05) marked in red. (E) Heatmap showing relative expression 
of genes identified as differentially expressed in IgMg1 B cells compared with WT B cells (adjusted p 
value < 0.05). Colour scale represents gene Z-score. 
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Figure 4.28 Combination of two approaches for identification of maintained IgMg1 genes  

The two approaches for identification of maintained genes as shown in Figure 4.27 were compared. (A) 
Venn diagram showing IgMg1 upregulated genes identified by two approaches and table showing 
genes. (B) Venn diagram showing IgMg1 downregulated genes identified by two approaches and table 
showing genes. (C) Heatmap showing relative expression of overlapping genes across all samples. 
Gene expression scaled by gene. (D) Heatmap showing relative expression of all genes identified in 
two approaches across all samples. Gene expression scaled by gene. 
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Figure 4.29 GSEA of mouse hallmark gene sets in total IgMg1 B cells compared with total WT B 
cells 

(A) Gene set enrichment analysis (GSEA) was performed on total IgMg1 B cell vs total WT B cell 
expression data, comparing to mouse hallmark gene sets. Plot shows normalised enrichment scores for 
hallmark gene sets for GSEA performed between IgMg1 B cells and WT B cells. Size of circle represents 
number of genes in set. Colour represents FDR q-value. (B-D) GSEA enrichment plots for gene sets 
enriched at nominal p-value < 0.05: (B) oxidative phosphorylation; (C) E2F targets; (D) Myc targets v2. 
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4.2.10 Tfh cells are increased in IgMg1 mice during GC response 

Besides B cells, other immune cells in the GC are critical for GC function. For example, 

Tfh cells provide signals for B cells to enter the DZ for expansion (Victora et al., 2010) 

and for plasma cell generation (Zhang, 2018). BCR signalling may be important in B 

cell ability to interact with Tfh cells. Therefore, 8 days after immunisation with NP-KLH, 

Tfh cells were analysed by flow cytometry. Tfh cells can be identified as CXCR5hi      

PD-1hi cells from within the activated (CD44+ CD62L-) CD4 T cells (Figure 4.30A).  

Although there was no significant change in CD4+ T cell numbers, IgMg1 mice showed 

a significant increase in Tfh cells (Figure 4.30C and D). In contrast, IgG1M mice 

showed a significant decrease in Tfh cells as a percentage of lymphocytes (Figure 

4.30D). The ratio of Tfh cells to GC B cells was also calculated to give an indication of 

how much Tfh cell help should be available per GC B cell. The Tfh/GC B cell ratio was 

significantly higher in IgMg1 lymph nodes with an approximately 2-fold increase 

compared with WT lymph nodes. The Tfh/GC B cell ratio in IgG1M mice trended to a 

reduction but was not statistically significance (Figure 4.30E).  

Chronic GCs occur in Peyer’s patches in the guts, in response to gut microbiota. To 

assess whether Tfh cells were increased in chronic IgMg1 GCs, Peyer’s patches from 

mice were analysed by flow cytometry (Figure 4.31A). CD4+ T cells were found to be 

significantly increased in IgMg1 Peyer’s patches (Figure 4.31C), and the frequency of 

Tfh cells within Peyer’s patch lymphocytes were significantly increased (Figure 4.31E). 

This shows that the increase in Tfh cells in IgMg1 mice can also be seen in ongoing 

GC responses to complex bacterial antigens and is not specific to early TD vaccine 

induced GCs. 
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In summary, the data shown here suggest that altered BCR signalling in IgMg1 B cells 

increases the number of Tfh cells within the GC. Whether this is due to changes in Tfh 

activation will be investigated in the following. 
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Figure 4.30 Tfh cells in draining lymph node 8 days after NP-KLH immunisation  

WT, IgG1M and IgMg1 mice were immunised with NP-KLH as shown in Figure 4.5 and at day 8 lymph 
nodes were analysed by flow cytometry. (A) Gating strategy for Tfh cells shown for representative WT, 
IgG1M and IgMg1 mice. From live lymphocytes, T cells were gated as CD3+ B220-. From T cells, 
conventional CD4+ T cells were gated as CD4+ CD25-. From conventional CD4+ T cells, activated cells 
were identified as CD44+ CD62L-. From activated cells, Tfh cells were identified as PD-1hi CXCR5hi. (B-
E) Summary statistics showing: (B) frequency of CD4+ T cells as percentage of lymphocytes; (C) 
frequency of Tfh cells as percentage of CD4+ T cells; (D) frequency of Tfh cells as percentage of 
lymphocytes; (E) Ratio of Tfh cells to GC B cells (GC B cells gated as described in Figure 4.5). Data 
combined from two experiments. Each symbol represents one mouse. Statistical tests were performed 
by ordinary one-way ANOVA with Tukey’s multiple comparison test (****, p < 0.0001; **, p < 0.01; *, p < 
0.05; ns, not significant). 
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Figure 4.31 Tfh cells in Peyer’s patches 

Peyer’s patches from WT and IgMg1 mice were analysed by flow cytometry. (A) Gating strategy for Tfh 
cells shown for representative WT and IgMg1 mice. From live lymphocytes, T cells were gated as CD3+ 
B220-. From T cells, conventional CD4+ T cells were gated as CD4+ CD25-. From conventional CD4+ T 
cells, activated cells were identified as CD44+ CD62L-. From activated cells, Tfh cells were identified as 
PD-1hi CXCR5hi. (B-E) Summary statistics showing: (B) frequency of T cells as percentage of 
lymphocytes; (C) frequency of CD4+ T cells as percentage of lymphocytes; (D) frequency of Tfh cells as 
percentage of CD4+ T cells; (E) frequency of Tfh cells as percentage of lymphocytes. Data combined 
from two experiments. Each symbol represents one mouse. Statistical tests were performed by two-
tailed unpaired T-test (**, p < 0.01; *, p < 0.05; ns, not significant). 
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4.2.11 Analysis of Tfh cell activation with Nr4a3-Tocky mice 

To further investigate the interaction between B cells and Tfh cells during a TD 

response, Nr4a3-Tocky, a fluorescent timer reporter of T cell receptor (TCR) signalling 

was introduced. Nr4a3 expression in T cells is rapidly upregulated following TCR 

stimulation with an anti-CD3 antibody. Tocky uses a fluorescent timer protein that 

initially emits blue fluorescence, which decays with a half-life of approximately 7 hours, 

and later emits red fluorescence, allowing analysis of the kinetics of signalling. This 

means that recently activated cells will emit blue fluorescence, and less-recently 

activated cells will emit red fluorescence (Bending et al., 2018). 

To determine if Nr4a3-expression could be observed in Tfh cells in Nr4a3-Tocky mice, 

heterozygous Nr4a3-Tocky mice were immunised with NP-KLH and draining popliteal 

lymph nodes were analysed by flow cytometry 8 days later (Figure 4.32A). Tfh cells 

represented a mix of Nr4a3-blue, Nr4a3-red, and double-positive cells (Figure 4.32B), 

indicating that Tfh cells showed signs of TCR activation at various stages, and that this 

system could be useful to analyse Tfh cell activation. 

Next, IgMg1 mice that had been crossed with Nr4a3-Tocky mice were immunised with 

NP-KLH to compare Tfh cell activation with that of WT Nr4a3-Tocky mice. 

Homozygous Nr4a3-Tocky mice were used for optimal expression of the fluorescent 

reporters. The mice were immunised with NP-KLH, and lymph nodes were analysed 

at day 8 (Figure 4.33A). There was a trend (not significant) towards a higher frequency 

of Nr4a3+ Tfh cells in IgMg1 mice (Figure 4.33B-F). There were also increased blue 

MFI in Nr4a3-blue+ red- Tfh cells and increased red MFI in Nr4a3-blue- red+ Tfh cells 

in IgMg1 mice (Figure 4.33G and H). These results indicated that Tfh cells in IgMg1 

mice underwent stronger TCR signalling. 
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To attempt to synchronise antigen processing and presentation to TCR cells, mice 

were boosted with soluble antigen 8 days after primary immunisation. The mice were 

then left for 4 hours, before Tfh cell activation was measured by flow cytometry (Figure 

4.34A). An initial experiment in WT Nr4a3-Tocky heterozygous mice showed that 

boosting with soluble antigen 4 hours before the mice were culled, gave a boost in 

Nr4a3 expression, specific to Tfh cells rather than non-Tfh (CD44- CD62L+) CD4+ T 

cells or CD4- T cells (Figure 4.34B-D). The increase in Nr4a3+ cells was primarily in 

the recently activated blue+ cells, with no increase in blue- red+ cell frequency (Figure 

4.34F-H).  

As Tfh cells are predominantly activated by B cell antigen presentation, it is likely that 

the increase in Nr4a3-expression induced by the boost 4 hours before cull involves 

BCR-mediated antigen capture by B cells. Therefore, to assess the impact of the 

IgMg1 BCR on antigen capture and presentation to Tfh cells, IgMg1 or WT Nr4a3-

Tocky homozygous mice were immunised with NP-KLH, and at day 8 were boosted 

with soluble antigen 4 hours before being culled (Figure 4.35A). Again, in this 

experiment the frequency of Nr4a3+ Tfh cells was higher in IgMg1 mice compared with 

WT mice (Figure 4.35B and G). There was a significant increase in the frequency of 

blue+ red+ cells and blue- red+ cells, although no significant difference in recently 

activated blue+ red- cells (Figure 4.35D-F). Additionally, the blue MFI of Nr4a3-blue+ 

Tfh cells and the red MFI of Nr4a3-red+ Tfh cells were significantly increased in IgMg1 

mice, suggesting more Nr4a3 expression in the Nr4a3+ cells (Figure 4.35H and I). 

Overall, these data suggest that IgMg1 B cells are more efficient at capturing and 

presenting antigen to Tfh cells, resulting in increased Tfh cell activation. Whether this 
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is due to the IgG1 cytoplasmic tail linking to antigen uptake or processing, or 

differences in BCR signalling remains to be investigated. 
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Figure 4.32 Nr4a3-Tocky expression in Tfh cells in Nr4a3-Tocky mice 8 days after NP-KLH 
immunisation 

Nr4a3-Tocky mice or non-fluorescent WT mice were immunised with NP-KLH as shown in Figure 4.5 
and at day 8 lymph nodes were analysed by flow cytometry. (A) Gating strategy for identification of Tfh 
cells in Nr4a3-Tocky mice. From lymphocytes, T cells were gated as CD3+ CD19-. From T cells, CD4+ 
T cells were gated as CD4+. From CD4+ T cells, activated CD4+ T cells were gated as CD44+ CD62L-. 
From activated CD4+ T cells, Tfh cells were gated as PD-1hi CXCR5hi. (B) Representative flow cytometry 
plot showing Nr4a3-Blue and Nr4a3-Red expression in Tfh cells from non-fluorescent (WT) mouse and 
Nr4a3-Tocky (heterozygous) mouse.  
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Figure 4.33 Nr4a3-Tocky expression in WT and IgMg1 Tfh cells 8 days after NP-KLH 
immunisation of Nr4a3-Tocky homozygous mice  

WT Nr4a3-Tocky homozygous and IgMg1 Nr4a3-Tocky homozygous mice were immunised with NP-
KLH as shown in Figure 4.5 and at day 8 lymph nodes were analysed by flow cytometry. Tfh cells were 
gated as shown in Figure 4.32. (A) Representative flow cytometry plots showing Nr4a3-blue and Nr4a3-
red expression in WT Nr4a3-Tocky homozygous mice and IgMg1 Nr4a3-Tocky homozygous mice. (B-
H) Summary statistics showing: (B) Frequency of Nr4a3-blue- red- Tfh cells as percentage of Tfh cells; 
(C) Frequency of Nr4a3-blue+ red- Tfh cells as percentage of Tfh cells; (D) Frequency of Nr4a3-blue+ 
red+ Tfh cells as percentage of Tfh cells; (E) Frequency of Nr4a3-blue- red+ Tfh cells as percentage of 
Tfh cells; (E) Frequency of total Nr4a3+ cells as percentage of Tfh cells; (F) Nr4a3-blue MFI in Nr4a3-
blue+ red- Tfh cells (normalised to median MFI of WT); (G) Nr4a3-red MFI in Nr4a3-blue- red+ Tfh cells 
(normalised to median MFI of WT).  Data from one experiment. Each symbol represents one mouse. 
Statistical tests were performed by two-tailed unpaired T-test (**, p < 0.01; *, p < 0.05; ns, not significant). 
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Figure 4.34 Nr4a3 expression 4 hours after boost with soluble antigen is increased specifically 
in Tfh cells rather than non-Tfh cells 

(A) Heterozygous Nr4a3-Tocky mice were immunised with NP-KLH (alum ppt) and B. pertussis s.c. on 
the plantar surface of one foot. At day 8 mice were boosted with either soluble NP-KLH or PBS only. 
Mice were culled 4 hours later, and lymph nodes analysed by flow cytometry. (B) Gating strategy and 
representative flow cytometry plots showing Nr4a3-blue and Nr4a3-red expression in B cells, CD4- T 
cells, non-Tfh CD4+ T cells and Tfh cells. From lymphocytes, B cells were gated as CD19+ CD3- and T 
cells were gated as CD3+ CD19-. From T cells, CD4+ T cells were gated as CD4+. From CD4+ T cells, 
non-Tfh cells were gated as CD62L+ CD44- and activated cells were gated as CD44+ CD62L-. From 
activated cells, Tfh cells were gated as PD-1hi CXCR5hi. (C-H) Summary statistics showing: (C) total 
frequency of Nr4a3+ Tfh cells as percentage of Tfh cells; (D) total frequency of Nr4a3+ non-Tfh CD4+ 
T cells as percentage of non-Tfh CD4+ T cells; (E) total frequency of Nr4a3+ CD4- T cells as percentage 
of CD4- T cells; (F) frequency of Nr4a3-blue+ red- Tfh cells as percentage of Tfh cells; (G) frequency of 
Nr4a3-blue+ red+ Tfh cells as percentage of Tfh cells; (H) frequency of Nr4a3-blue- red+ Tfh cells as 
percentage of Tfh cells. Data are from one experiment. Each symbol represents one mouse. Statistical 
tests were performed by two-tailed unpaired T-test (***, p < 0.001; *, p < 0.05; ns, not significant). 
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Figure 4.35 Nr4a3-Tocky expression in WT and IgMg1 Tfh cells 4 hours after boost with soluble 
antigen 

(A) WT Nr4a3-Tocky (homozygous) and IgMg1 Nr4a3-Tocky (homozygous) mice were immunised with 
NP-KLH (alum ppt) and B. pertussis s.c. on the plantar surface of one foot. At day 8 mice were boosted 
with either soluble NP-KLH. Mice were culled 4 hours later, and lymph nodes analysed by flow 
cytometry. (B) Representative flow cytometry plots showing Nr4a3-blue and Nr4a3-red expression in 
WT Nr4a3-Tocky homozygous mice and IgMg1 Nr4a3-Tocky homozygous mice. (C-I) Summary 
statistics showing: (C) Frequency of Nr4a3-blue- red- Tfh cells as percentage of Tfh cells; (D) Frequency 
of Nr4a3-blue+ red- Tfh cells as percentage of Tfh cells; (E) Frequency of Nr4a3-blue+ red+ Tfh cells as 
percentage of Tfh cells; (F) Frequency of Nr4a3-blue- red+ Tfh cells as percentage of Tfh cells; (G) 
Frequency of total Nr4a3+ cells as percentage of Tfh cells; (H) Nr4a3-blue MFI in Nr4a3-blue+ red- Tfh 
cells (normalised to median MFI of WT); (I) Nr4a3-red MFI in Nr4a3-blue- red+ Tfh cells (normalised to 
median MFI of WT).  Data combined from two experiments. Each symbol represents one mouse. 
Statistical tests were performed by two-tailed unpaired T-test (***, p < 0.001; **, p < 0.01; *, p < 0.05; 
ns, not significant). 
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4.3 Discussion 

4.3.1 Participation of anergic IgMg1 B cell in the germinal centre reaction 

The data presented in this chapter show that anergic IgMg1 B cells can take part in 

GCs as efficiently as WT B cells. Although the total frequency of GC B cells was 

reduced in IgMg1 mice, there was a significant increase in the frequency of GC B cells 

where binding to antigen could be detected. Additionally, plasma cell output was 

similar, with comparable antibody serum titres.  

In other models of B cell anergy, B cells can be activated and take part in GCs if they 

receive sufficient T cell help (Cooke et al., 1994; Seo et al., 2002; Sabouri et al., 2014; 

Burnett et al., 2018). Notably, recent work has shown that anergic B cells can be 

recruited into GCs when the self-reactive BCR cross-reacts with a foreign antigen. 

Within the GCs they may gain mutations that reduce affinity for self-antigen and 

increase affinity for the foreign antigen. It is thought that this process of “clonal 

redemption” can preserve responses to pathogens that hide from the immune system 

by molecular mimicry, being cross-reactive with self. Specificities of self-reactive B 

cells can be preserved by deactivating such B cells through anergy. Once infection 

with a pathogen cross-reactive happens, these anergic B cells can be activated by T 

cell help, and through clonal redemption evolve their antigen-specificity away from self-

reactivity and towards specific reactivity with the pathogen (Burnett et al., 2018, 2019). 

Crucially, in the model by Burnett et al., anergy of a monoclonal B cell repertoire is 

driven by constant exposure to a specific self-antigen. In the IgMg1 model, on the other 

hand, hyperactive BCR signalling from the IgG1 cytoplasmic tail results in negative 

selection during B cell development and an anergic phenotype. However, it has a 

polyclonal BCR repertoire. This allowed immunisation with any antigen to analyse the 
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B cell response, including the well characterised model TD antigen, NP-KLH (Jacob et 

al., 1991a; Jacob and Kelsoe, 1992; Jacob et al., 1993; Han et al., 1995b; Takahashi 

et al., 1998). As there is no increased negative selection affecting T cell development, 

sufficient cognate Tfh cell help should be available, but with the experiments presented 

here, it is not possible to analyse if somatic hypermutation resulted in loss of affinity 

for a cognate self-antigen. 

Bulk RNA sequencing analysis of WT and IgMg1 GC B cells showed that the gene 

expression programme in IgMg1 GC B cells was very similar to WT GC B cells. 

Comparison of the differentially expressed genes between GC and follicular B cells 

showed that there was extensive overlap in both mouse genotypes. Additionally, GSEA 

showed almost identical results with similar GC-typical gene sets being enriched in GC 

B cells of both genotypes. These included E2F targets and G2M checkpoint, both 

associated with cell cycle progression and proliferation (Liberzon et al., 2015; Cuitiño 

et al., 2019). They also included Myc targets. Myc expression marks positively selected 

GC B cells (Calado et al., 2012; Dominguez-Sola et al., 2012). When gene expression 

in IgMg1 GC B cells was directly compared with WT GC B cells there were relatively 

few differentially expressed genes. However, GSEA found that Myc targets, E2F 

targets and G2M checkpoint were all significantly enriched in WT GC B cells compared 

with IgMg1 GC B cells. This suggested that relative to WT GC B cells, IgMg1 GC B 

cells may have fewer signs of positive selection, and are less proliferative.  

Antigen binding detected by flow cytometry using fluorescently-labelled NP could be 

seen in a higher proportion of the IgMg1 GC B cells compared with WT B cells. In a 

recent study, Viant et al. analysed the affinity of GC B cells using biolayer 
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interferometry. It was found that antigen binding could be detected in around 30% of 

GC B cells by flow cytometry. When antibodies from single GC B cells were expressed 

and tested by biolayer interferometry in a monovalent assay they found similar 

frequency of binders, but by increasing the valency to detect lower affinity binders they 

could detect antigen binding in around 50% of GC B cells (Viant et al., 2020). This 

suggests only high affinity binders are detected by flow cytometry. Additionally, when 

the NP+ cells were split into NPhi and NPint cells, the NPhi/NPint ratio was significantly 

higher in IgMg1 GC B cells. Overall, this suggested that the average affinity for NP was 

higher in IgMg1 GC B cells. One explanation for these results is that, due to the 

reduced surface BCR density on anergic B cells, there is a higher affinity threshold for 

GC participation. Higher affinity may be required for B cells to be able to capture and 

present enough antigen to receive sufficient T cell help. This higher affinity threshold 

is consistent with the requirement for high BCR crosslinking for efficient B cell 

activation in other anergy models. Membrane-bound HEL, but not soluble HEL, could 

raise a response from anergic B cells in MD4 x ML5 mice (Cooke et al., 1994). 

Similarly, a high density of HEL cross-linked to sheep red blood cells was required to 

make a HEL-specific GC B cell response from anergic B cells in a chimeric bone 

marrow model where soluble HEL was expressed as a self-antigen (Burnett et al., 

2018).  

The increased affinity threshold could explain the differences in IGHV gene usage 

observed from the bulk RNA sequencing of GC B cells following immunisation with NP-

CGG. In both WT and IgMg1 GC B cells there was generally a similar pattern of IGHV 

gene expression, including an increase in the BL/6 canonical anti-NP IGHV gene, 

IGHV1-72 (also known as V186.2), associated with high-affinity NP-response (Jacob 
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et al., 1991b, 1993). However, a comparison of the IGHV gene expression in IgMg1 

GC B cells compared with WT GC B cells showed that several IGVH genes had 

reduced frequency of expression in IgMg1 GC B cells. These genes had similar 

frequency in follicular B cells, suggesting that they are selected against when IgMg1 

transition to GC stage. These genes have no published association with NP-binding, 

and likely represent B cells with low-affinity for NP. For example, IGHV1-81 was found 

to be the predominant IGHV gene amongst anti-phycoerythrin (PE) antibodies (Pape 

et al., 2018). These appear to be used at lower frequency by IgMg1 GC B cells than 

WT GC B cells following immunisation with NP-CGG. 

The DZ/LZ ratio was higher in IgMg1 B cells which suggests that more GC B cells are 

being selected into the DZ and proliferating (Victora et al., 2010). However, as 

described above, GSEA of the bulk RNA sequencing analysis shows that positive 

selection and proliferation may be negatively enriched in IgMg1 GC B cells. Therefore, 

there may be an alternative reason for the increased DZ/LZ ratio. Active-Caspase 3 

staining showed that apoptosis is increased in IgMg1 GC B cells, and this seemed 

more prominent in the LZ B cells. Apoptosis in LZ B cells is associated with weak BCR 

signalling and failure to compete for sufficient T cell help (Mayer et al., 2017). This is 

compatible with less positive selection in the IgMg1 GC. It is possible that the lower 

affinity B cells undergo apoptosis due to being unable to capture and present enough 

antigen to compete for T cell help, and this contributes to higher average BCR affinity 

and more stringent selection of the IGHV repertoire. This indicates that this may 

happen at LZ stage inside GCs, rather than during B cell recruitment during the initial 

extrafollicular activation. 
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The GCs in IgMg1 mice are predominantly made up of class-switched B cells, with a 

reduced percentage of unswitched IgM+ GC B cells compared to WT mice. IgG1+ GC 

B cells have a competitive advantage over IgM+ GC B cells in terms of positive 

selection (Sundling et al., 2021). However, in IgMg1 mice, IgG1+ B cells appear to be 

even more dominant. Although active-Caspase-3 staining was higher in IgMg1 GC B 

cells than WT B cells, this was observed in both IgG1+ and IgM+ GC B cells, so it is 

unlikely that the lower frequency of IgM+ cells is due to increased apoptosis. There 

were also similarly increased DZ/LZ ratios in IgG1+ and IgM+ GC B cells of IgMg1 mice 

compared with WT, suggesting that the IgG1M IgM+ B cells were not less likely to be 

selected into the DZ. Further, there was no overall difference in plasma cells, and there 

was a slight but significantly reduced IgM anti-NP serum response, suggesting that the 

loss of IgM+ GC B cells was not due to increased IgM+ plasma cell output. It is therefore 

likely that either increased class-switching or reduced ability of IgM+ IgMg1 B cells to 

enter the GC are explanations for the reduction in IgM+ GC B cells. It is feasible that 

altered BCR signalling could have an impact on class-switching. BCR signalling has 

been shown to act in synergy with TLR signalling to promote class-switching (Pone et 

al., 2012). However, BCR signalling is unable to induce class-switching alone (Chen 

et al., 2020) but requires T cell help and cytokines that promote class-switching 

(Snapper and Mond, 1993; Kawabe et al., 1994). Therefore, it is possible that the 

increase in Tfh cells in IgMg1 mice results in an environment that promotes increased 

class-switching. Alternatively, IgM+ GC B cells bearing the IgMg1 chimeric BCR may 

be unable to enter the GC due to their anergic state. Class-switching could allow the 

B cell to escape anergy by switching from the chimeric IgMg1 BCR to IgG. However, 

even after class-switching, reduced surface BCR expression compared to WT IgG1+ 
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B cells could still be observed, indicating some features of anergy remain. To further 

investigate this in the future, IgMg1 mice are being crossed with AID-deficient AID Cre 

mice which would allow the IgMg1 GC response to be studied in a system where B 

cells are unable to class-switch. 

 

4.3.2 IgMg1 GC B cells present more antigen to Tfh cells 

As described above, Tfh cells were increased in IgMg1 mice. This was the case in the 

draining lymph node 8 days after immunisation and could also be observed in Peyer’s 

patches where chronic GC reactions take place. Tfh cells have been shown to 

proliferate during a GC response, with the amount of proliferation dependent on the 

amount of antigen they are presented (Merkenschlager et al., 2021). This raised the 

possibility that IgMg1 B cells were presenting more antigen to Tfh cells, resulting in 

more Tfh cell differentiation and proliferation. 

The Nr4a3-Tocky reporter system allows analysis of TCR signalling in Tfh cells 

(Bending et al., 2018), as Nr4a3 is expressed transiently following TCR activation 

(Odagiu et al., 2021). This system was used to analyse antigen presentation to Tfh 

cells by IgMg1 GC B cells compared with WT GC B cells. Classically, antigen 

presentation by B cells to T cells has been analysed with in vitro co-cultures of antigen-

specific B  and T cells (Batista and Neuberger, 2000), but the advantage of the Nr4a3-

Tocky system was that it allows analysis during an in vivo immune response. Mice 

were immunised with NP-KLH with adjuvants, and then at day 8 were boosted with 

soluble NP-KLH 4 hours before the mice were culled and draining lymph nodes 

analysed. This boost specifically induced Nr4a3-blue expression in Tfh cells rather 
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than non-Tfh CD4+ or CD4- T cells, suggesting that the activation induced by the boost 

would be influenced by antigen presentation by B cells. Additionally, the boost with 

soluble antigen allowed synchronisation of antigen capture by B cells to this timepoint. 

Previously it has been shown that injection of soluble antigen at the peak of the GC 

response induces apoptosis within GC B cells, but it was noted that B-T cell 

interactions were not disrupted (Han et al., 1995b). The results shown here appear to 

show that injection of soluble antigen results in increased B cell antigen presentation 

to T cells, and increased Tfh activation. It is possible that there are not enough T cells 

to sustain interactions with all antigen-presenting B cells able to capture antigen, 

resulting in the increased apoptosis observed by Han et al. (1995). 

Following the boost with soluble antigen there was a significant increase in the 

percentage of Tfh cells expressing Nr4a3-blue in IgMg1 mice. The average Nr4a3-

expression in the Nr4a3+ cells also appeared to be higher. Overall, this suggests 

antigen-presentation by IgMg1 B cells to Tfh cells increased. This may relate to the 

higher average affinity of the B cells in the GC, allowing the cells to capture more 

antigen and thus present more to the Tfh cells. It is not clear if this would also be the 

case in anergic B cells reactivated through clonal redemption in the classical models 

of anergy (Burnett et al., 2018).  

It is unclear how increased antigen presentation and increased availability and 

activation of Tfh cells in the GC in IgMg1 mice fits with increased apoptosis of GC B 

cells and reduced positive selection and proliferation. It is thought that increased T cell 

help results in B cell positive selection into the DZ, or output from the GC as plasma 

cells or memory B cells (Nakagawa and Calado, 2021). Apoptosis is thought to be the 
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fate of cells that fail to receive T cell help (Liu et al., 1989, 1991; Mayer et al., 2017). 

The results shown here suggest that receiving T cell help may not be enough to result 

in positive selection and prevent apoptosis. Strength of BCR signalling may be an 

important contributing factor, independently of ability to capture and present antigen to 

Tfh cells. 

Although Nr4a3-expression is also induced in B cells following BCR stimulation (Tan 

et al., 2020), Nr4a3-red or blue expression could not be detected on B cells in Nr4a3-

Tocky mice. Use of an alternative marker Nr4a1 (Nur77) reporter would allow 

simultaneous analysis of BCR and TCR signalling (Moran et al., 2011; Zikherman et 

al., 2012; Elliot et al., 2022) as Nr4a1 has around 6-fold higher expression in B cells 

following BCR stimulation than Nr4a3 (Tan et al., 2020). Additionally, it is a more 

sensitive marker of TCR signalling (Elliot et al., 2022). This can be done by crossing 

Nur77-tempo mice (Elliot et al., 2022) with IgMg1 mice in the future. In this chapter Tfh 

cells have been analysed at day 8 after primary immunisation. However, the Tfh cell 

phenotype has been shown to be transient (Baumjohann et al., 2013), so analysis at 

different time points will be important for insight on how interaction between the IgMg1 

GC B cells and Tfh cells affects the dynamics of Tfh cells throughout an immune 

response.  

 

4.3.3 IgG1M mice have impaired TI and TD antibody response 

The B cell responses to model TI-II and TD antigens were also assessed in IgG1M 

mice which have B cells expressing only IgG1 as a BCR. IgG1+ cells have stronger 

BCR signalling and outcompete IgM+ B cells in GCs (Sundling et al., 2021). IgG1+ 
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memory B cells are also rapidly reactivated in response to re-exposure to antigen 

(Pape et al., 2011). As shown in chapter 3, the B cells in IgG1M mice had stronger 

calcium flux in response to BCR stimulation. Therefore, it was predicted that there 

would be an enhanced B cell response to immunisations in these mice. Surprisingly, it 

was found that IgG1M mice had a severely impaired antibody response to model TI-II 

antigen NP-Ficoll at day 6 post-immunisation, with reduced plasma cells and reduced 

NP-specific antibody titre.  

The IgG1M mice also had an impaired antibody response to TD antigen NP-KLH at 

day 8 post-immunisation, with reduced plasma cells and reduced antibody titre. 

However, they were able to form GC B cells and NP-specific GC B cells at a similar 

level to WT mice, suggesting that the defect was in plasma cell output from the GC. 

The DZ/LZ ratio of IgG1M GC B cells was similar to WT GC B cells suggesting that 

there was no defect in B cell selection into the DZ. Although strong BCR signalling has 

been shown to induce apoptosis in GC B cells and plasmablasts (Yam-Puc et al., 

2021), there was no observed increase in apoptosis in IgG1M GC B cells. The 

NPhi/NPint ratio of GC B cells was significantly reduced, indicating that the average 

affinity of the BCRs were reduced. There was also a slight reduction in Tfh cells. 

It is not clear why the IgG1M mice have an impaired antibody response despite the B 

cells having hyperactive BCR signalling. One possible explanation could be absence 

of secreted IgM in IgG1M mice, which can play an important role in regulation of GCs 

by formation of immune complex with the antigen (Zhang et al., 2013) and trapping 

antigen on follicular dendritic cells (Boes et al., 1998). Consistent with this, several 

studies have shown that soluble IgM-deficient mice immunised with carrier-conjugated 
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NP had an impaired IgG1 response (Ehrenstein et al., 1998; Boes et al., 1998; Zhang 

et al., 2013), and similarly in an influenza infection model, soluble IgM-deficient mice 

had reduced IgG2a titres, viral clearance, and survival (Baumgarth et al., 2000). 

Injection of naïve serum IgM rescued the antibody response, showing its importance 

(Ehrenstein et al., 1998; Baumgarth et al., 2000). However, this soluble IgM-deficient 

model made a stronger response to TI-II antigen NP-Ficoll (Ehrenstein et al., 1998; 

Boes et al., 1998), whereas the IgG1M mouse have an impaired anti-NP-Ficoll 

response, so soluble IgM deficiency cannot fully explain the results for the IgG1M mice. 

This may be because the soluble IgM-deficient mice had an increased B-1 cell 

population (Ehrenstein et al., 1998; Boes et al., 1998), whereas, as shown in chapter 

3, IgG1M mice have a reduced B-1 population. 

Another potential factor is that IgG1M mice may have gaps in their BCR repertoire. As 

shown in chapter 3, IgG1M mice had a block during B cell development at the pre-B 

cell stage and increased apoptosis in pre-B cells, likely due to inefficient pairing of the 

IgG1 heavy chain with the surrogate light chain to form the pre-BCR. Although B cells 

that progressed through this stage appeared to continue their development to mature 

B cells as normal, it is possible that this block in development created a bottleneck 

resulting in a less diverse mature B cell population, less able to respond to 

immunisation. One way to test this could be to perform BCR sequencing of naïve B 

cells and compare diversity with normal BCR repertoires. 
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4.3.4 Conclusions 

Overall, the results in this chapter show that alterations to the BCR can have different 

impacts on B cell activation. In IgG1M mice, there is impaired plasma cell differentiation 

and antibody production in response to TI-II and TD antigens, despite the B cells 

having hyperactive BCR signalling. However, in anergic IgMg1 B cells, the chimeric 

IgMg1 BCR allows normal participation in GCs and plasma cell differentiation, and 

increased antigen presentation to Tfh cells. 
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Chapter 5. Testing the development of autoimmunity in 
the IgMg1 model of B cell anergy 

 

5.1 Introduction 

5.1.1 B cells and autoimmunity 

A crucial aspect of immunity is the ability to distinguish from foreign- and self-antigens. 

Several controls and regulatory mechanisms, including B cell tolerance, are in place 

to prevent the cells of the immune system from becoming activated to self. When these 

mechanisms fail, it may result in autoimmunity. There is a well-established link 

between ageing and development of autoimmunity. Autoimmune disease has 

increased incidence with increased age. For example, rheumatoid arthritis (RA) is most 

prevalent in males and females over 75 years of age (Hasler and Zouali, 2005). Peak 

incidence of systemic lupus erythematosus (SLE) occurs at 50-54 years for females 

and 70-74 years for males (Somers et al., 2007). Aged WT C57BL/6 mice 

spontaneously develop autoimmunity in multiple organs (Hayashi et al., 1989).  

Defective B cell tolerance and production of autoantibodies is implicated in several 

autoimmune diseases. In RA, autoantibodies are present in serum several years 

before development of symptoms and autoreactive B cells fail to be removed as they 

are in healthy people (Samuels et al., 2005). Defective tolerance is also observed in 

patients with Sjogren’s syndrome. Polyreactive B cell receptors (BCRs) are increased 

among newly emigrant and transitional B cells, and self-reactive BCRs are increased 

in mature B cells in patients compared with healthy controls (Glauzy et al., 2017). SLE 

patients also have increased mature B cells that are self-reactive (Yurasov et al., 

2005). 
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Genome wide association studies have found links between components of the BCR 

signalling pathway and increased risk of autoimmunity, suggesting that there may be 

a role of altered BCR signalling in driving disease (Jackson et al., 2015; Rawlings et 

al., 2017). One example of this is protein tyrosine phosphatase nonreceptor 22 

(PTPN22), a negative regulator of BCR and T cell receptor (TCR) signalling. A variant 

of human PTPN22 with a single nucleotide polymorphism (R620W) has been linked to 

an increased risk of development of autoimmune diseases (Kyogoku et al., 2004; 

Bottini et al., 2004; Begovich et al., 2004). In a mouse knock-in model it was found that 

B cells bearing the murine homologue of the variant, PEP-R619W, had hyperactive 

BCR signalling. Although PEP affects both B and T cell signalling, it was found that a 

model with B cell-restricted expression of PEP-R619W developed autoimmunity, 

showing a role for BCR signalling in autoimmunity (Dai et al., 2013). 

During B cell development BCR signalling plays a role in both positive and negative 

selection and therefore altered BCR signalling can result in increased autoreactive B 

cells in the mature B cell repertoire. Mice with Wiskott-Aldrich syndrome (WAS) 

protein-deficient B cells have increased BCR and toll-like receptor (TLR) signalling. 

Transitional B cells in these mice have increased proliferation suggesting increased 

positive selection, and self-reactivity is enriched in B cells at the transitional to mature 

B cell stages (Kolhatkar et al., 2015). However, it is thought that an increased self-

reactive repertoire is not sufficient for development of autoimmunity, as additional 

signals are required for B cell activation and differentiation into autoantibody-secreting 

plasma cells (Rawlings et al., 2017). Short-lived extrafollicular plasma cells, and 

germinal centre (GC)-derived long-lived plasma cells may both contribute to 

autoimmunity. Autoreactive B cells in the lupus prone MRL.Faslpr mouse model are 
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primarily located at the border of the T zone and red pulp, not in GCs (William et al., 

2002). However, evidence that GCs contribute to autoantibodies comes from the fact 

that SLE B cells have extensive somatic hypermutation (Wellmann et al., 2005). GCs 

are frequently found in mouse models of autoimmunity including T1D and lupus models 

(Luzina et al., 2001).  

Additionally, autoreactive GC B cells may contribute to autoimmunity by activating and 

inducing proliferation of cognate Tfh cells (Rawlings et al., 2017). In humans there is 

evidence that Tfh cells are dysregulated or play a role in development of several 

autoimmune diseases. For example, Tfh cells have been found to be elevated in RA 

patients (Ma et al., 2012; Zhang et al., 2015b). Tfh-like cells were also increased in the 

blood of SLE patients, and frequency was correlated with frequency of plasmablasts 

and levels of autoantibodies (Choi et al., 2015; Zhang et al., 2015a). In certain mouse 

models Tfh cells accumulate, causing autoimmunity. Sanroque mice are homozygous 

for the san allele of Roquin. Tfh cells accumulate in these mice, and this causes 

spontaneous GC formation and a SLE-like phenotype, suggesting that Tfh cell 

expansion and excessive positive selection of GC B cells could lead to autoimmunity 

(Linterman et al., 2009; Lee et al., 2012). It has been hypothesised that this may be 

because excessive Tfh cell numbers result in a reduced selection threshold within the 

GC, allowing lower affinity or self-reactive B cells to survive (Pratama and Vinuesa, 

2014). Tfh cells also secrete IL-21, promoting plasma cell differentiation and antibody 

secretion (Ettinger et al., 2005). IL-21 also promotes CD8+ T cell expansion (Li et al., 

2005) and generation of pro-inflammatory Th17 cells (Korn et al., 2007). 
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Other B cell subsets are associated with autoimmunity. B-1 cells are enriched for self-

reactive BCRs and may contribute to autoimmune disease by secreting low-affinity 

natural antibodies that bind to self-antigens (Duan and Morel, 2006). Additionally, there 

is a subset of B cells termed age-associated B cells. These are a heterogenous 

population of CD21- CD23- B cells that accumulate with age (Hao et al., 2011; Rubtsov 

et al., 2011; Rubtsova et al., 2015), forming up to 30% of mature B cells in 22-month-

old mice (Hao et al., 2011). They do not divide in response to BCR-stimulation but are 

responsive to TLR7-stimulation (Hao et al., 2011; Rubtsov et al., 2011). They have 

been found to be expanded in mouse models of SLE and are enriched for self-reactive 

BCRs, and their depletion results in a reduction of autoantibodies (Rubtsov et al., 

2011). Additionally, B cells with similar characteristics are expanded in human SLE 

patients (Wang et al., 2018; Jenks et al., 2018). 

 

5.1.2 Chapter aims 

The results from the previous chapters show that although the B cells in the IgMg1 

model appear anergic, the mice are able to make GC responses to model TD antigens. 

Tfh cells are increased and undergo increased TCR signalling. This led to the 

hypothesis that IgMg1 mice may have a heightened immune response to self-antigens 

and could act as a useful model to study how anergic B cells can be reactivated leading 

to autoimmunity. 

The aims of this chapter are as follows: 
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i) Testing whether induction of an autoantibody response by immunisation with 

a self- or highly conserved antigen in IgMg1 mice is more prone to 

development of autoantibodies. 

ii) Testing whether non-immunised IgMg1 mice are more prone to 

autoimmunity when ageing. 

iii) Testing whether induction of an autoantibody response in aged IgMg1 mice 

with a self- or highly conserved antigen is more prone to development of 

autoantibodies. 
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5.2 Results 

5.2.1 Young adult IgMg1 mice do not make an increased response to conserved 
antigen chicken collagen type II 

As shown in chapter 4, IgMg1 mice can make a T cell-dependent (TD) B cell response 

of a similar magnitude as WT mice. Additionally, they have increased Tfh cells with 

increased TCR signalling. Therefore, it was hypothesised that the IgMg1 mice may be 

more prone to developing autoimmunity. 

To test this, an experiment was conducted where mice were immunised with a highly 

conserved or self-antigen. Chicken collagen type II was chosen for these experiments 

as it is used to induce collagen-induced arthritis in BL/6 mice. This disease model is 

characterised by anti-collagen antibodies, so it is an antigen that can be used to break 

tolerance (Inglis et al., 2007, 2008).  

Young adult mice (aged 8-16 weeks old) were immunised with a priming injection of 

10 μg chicken collagen type II precipitated in alum with heat inactivated B. pertussis. 

At three-week intervals, they received 1-3 boosts with 10 μg soluble chicken collagen 

type II (without adjuvants) (Figure 5.1A). Lymph nodes were analysed by flow 

cytometry 8 days after the final injection (Figure 5.1B). IgMg1 mice were able to make 

a GC B cell response and plasma cell response. However, there were no statistically 

significant differences compared with WT mice after either two or three boosts of 

soluble collagen type II, although there was a non-significant trend towards reduced 

GC B cells in IgMg1 mice (Figure 5.1C and D). Serum samples were taken at regular 

intervals for monitoring of anti-collagen antibody response. The collagen-specific IgM 

titres were not significantly different in IgMg1 mice at any time point (Figure 5.1E). Most 

of the mice had not made a detectable anti-collagen IgG response at 8 days after the 
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priming injection. More mice had responded by day 29 (8 days after the first boost with 

soluble collagen), and almost all the mice had made a response by day 50 (8 days 

after the second boost). However, there were no significant differences between WT 

and IgMg1 mice (Figure 5.1F).  

As this immunisation protocol was sub-optimal for induction of an anti-collagen B cell 

response, it was decided to immunise mice with larger doses of collagen and with 

stronger adjuvant, using a well-established collagen-induced arthritis procedure (Inglis 

et al., 2007, 2008). Mice were immunised s.c. at the base of the tail with 100 μg chicken 

collagen type II emulsified in complete Freund’s adjuvant. They then received a boost 

with 100 μg chicken collagen type II in incomplete Freund’s adjuvant at day 21 (Figure 

5.2A). Mice were monitored daily up until day 26 when they were culled by schedule 1 

method, but no mice of either genotype developed any symptoms associated with 

arthritis. Serum samples were taken to measure anti-collagen antibodies by ELISA. At 

all timepoints analysed, there were no increased anti-collagen IgM in IgMg1 mice 

(Figure 5.2B). At day 21, there was a decreased anti-collagen IgG titre in IgMg1 mice 

(two-tailed T-test, p-value = 0.0247) (Figure 5.2C and D), although following the boost 

they appeared to reach equivalence with WT by day 26. 

Overall, these data showed that the IgMg1 mice did not appear to be more susceptible 

to making a strong response against the conserved antigen collagen type II following 

immunisation, suggesting that, at a young age, they are not more prone to developing 

autoantibodies. 
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Figure 5.1 IgMg1 mice do not make a stronger response than WT mice after immunisation with 
conserved antigen chicken collagen type II  

(A) Schematic showing immunisation strategy. Mice were immunised s.c. with 10 μg chicken collagen 
type II (alum ppt) with heat inactivated B. pertussis. They then received 1-3 boosts with 10 μg soluble 
collagen type II at 3-week intervals. Mice were culled by schedule 1 method 8 days after their final boost. 
(B) Representative flow cytometry plots for WT and IgMg1 mice plasma cells (PCs) and GC B cells and 
at day 71 (8 days after third boost with soluble collagen type II). From the lymphocytes, PCs were gated 
as CD138+ and B cells were gated as B220+ CD138-. From the B cells, GC B cells were gated as Fas+ 
CD38-. (C-D) Summary statistics for: (C) plasma cells as percentage of lymphocytes; (D) GC B cells as 
percentage of B cells. Flow cytometry data combined from 2 experiments per timepoint. Each symbol 
represents one mouse. (E-F) Sera was tested for anti-collagen antibody by ELISA. Summary statistics 
for: (E) anti-collagen IgM sera titres; (F) anti-collagen IgG sera titres. Each symbol represents one 
mouse. Statistical tests for C and D performed by 2way ANOVA with Tukey’s multiple comparison test. 
Statistical tests for E and F performed by mixed-effects analysis with Šídák's multiple comparisons test 
(ns, not significant). 
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Figure 5.2 IgMg1 mice do not make a stronger anti-collagen antibody response in collagen-
induced arthritis model  

(A) Schematic showing immunisation schedule for collagen-induced arthritis model. Mice injected at 
base of tail with 100 μg chicken collagen type II emulsified in Freund’s complete adjuvant (CFA) and 
boosted at day 21 at base of tail with 100 μg chicken collagen type II in incomplete Freund’s adjuvant 
(IFA). Serum samples taken at day 15, 21, 23 and 26. Mice culled by schedule 1 method at day 26. (B) 
Summary statistics of anti-collagen IgM sera titres measured by ELISA at each time point. (C) Summary 
for anti-collagen IgM sera titres measured by ELISA. (D) Summary of anti-collagen IgG sera titres 
measured by ELISA at day 21. Data combined from two experiments. Each symbol represents one 
mouse. Statistical tests for B and C performed by mixed-effects analysis with Šídák's multiple 
comparisons test (ns, not significant). Statistical test for D performed by unpaired two-tailed T-test (*, p 
< 0.05).  
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5.2.2 Aged IgMg1 mice spontaneously develop autoantibodies 

The risk of autoimmunity increases with age (Hasler and Zouali, 2005; Somers et al., 

2007), and autoimmune disease and autoantibodies develop in multiple organs in aged 

WT C57BL/6 mice (Hayashi et al., 1989). To evaluate the development of 

autoimmunity in aged IgMg1 mice, rat liver, kidney and stomach slides were stained 

with sera from 12-18 month old mice (Figure 5.3A). These slides are clinically used to 

screen for human autoantibodies, and the pattern of staining detects anti-nuclear 

antibodies (ANA), anti-mitochondrial antibodies (AMA), anti-smooth muscle antibodies 

(ASMA) or anti-gastric parietal cell antibodies (AGPCA). The slides were analysed 

blind by a clinical immunologist to identify the types of autoantibodies present. 

Autoantibodies were detected in sera from aged WT (5 out of 13 samples) and aged 

IgMg1 mice (11 out of 13 samples), however incidence was significantly higher in 

IgMg1 sera (Fisher’s exact test, p-value = 0.0167) (Figure 5.3B). Additionally, the types 

of autoantibodies present were more varied in the IgMg1 serum samples (Figure 5.3C). 

The mean pixel brightness across each section was measured using Fiji, and this 

trended higher for the tissues stained with IgMg1 sera (Figure 5.3D). The sections were 

also segregated into kidney, liver, smooth muscle and gut tissue by manually selecting 

regions of interest, and mean pixel brightness for each individual tissue was measured. 

These trended higher in IgMg1 mice for kidney, liver and gut but none of the differences 

were statistically significant (Figure 5.3E-I). 

To further evaluate autoantibodies in sera of aged mice, ELISAs were performed to 

assess relative titres of collagen-specific IgG and IgM in serum samples from aged 

mice (aged 12-18 months old). There was around a 75% higher titre of collagen-
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specific IgM (p = 0.0022) in aged IgMg1 mice (Figure 5.4A) and an approximately 40% 

increase in collagen-specific IgG (not-significant) in aged IgMg1 mice (Figure 5.4B). 

Additionally, rat pancreas sections were stained with sera from aged mice (aged 12-

18 months old) to screen for anti-islet autoantibodies. Islets were identified in the 

pancreas tissue by co-staining with an insulin-specific antibody. Co-staining with 

mouse serum and the insulin-specific antibody was observed in 1 out of 11 aged IgMg1 

samples and 1 out of 5 aged WT samples. However, the number of samples analysed 

was too low to conclusively test if anti-islet autoantibodies were more frequently found 

in aged IgMg1 mice (Figure 5.5). 

Finally, levels of total IgG, IgM and IgA in aged (aged 12-18 months old) and young 

adult IgMg1 mice sera were assessed by ELISA. Although the relative amounts of all 

3 classes of antibody were elevated in serum from aged mice compared with the young 

adult mice, no significant differences were observed between aged IgMg1 and aged 

WT samples. This indicated that the increased incidence of autoantibodies in aged 

IgMg1 mice was unlikely to be due to higher total concentrations of antibody in the 

blood (Figure 5.6). 

Overall, these data indicated that although young adult IgMg1 mice have an anergic B 

cell phenotype and do not make a larger response to a conserved antigen, with ageing, 

IgMg1 mice develop autoantibodies more frequently than WT mice. 
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Figure 5.3 Tissue-specific autoantibodies increased in IgMg1 mice with ageing 

Rat liver, kidney and stomach tissue slides were stained with sera from aged mice (aged 12-18 months 
old) and a FITC-conjugated anti-mouse IgG H+L secondary antibody to screen for presence of 
autoantibodies. (A) Example sections stained with aged WT serum (left) and aged IgMg1 serum (right). 
(B) Donut charts showing percentage of samples tested that were positive and negative for 
autoantibody. Statistical test performed by Fisher’s exact test (*, p < 0.05). (C) Bar showing different 
types of autoantibodies identified in aged WT and IgMg1 sera (ANA – anti-nuclear antibody; ASMA – 
anti-smooth muscle antibody; AGPCA – anti-gastric parietal cell antibody; KLM - kidney-liver microsomal 
antibody). (D) Mean pixel brightness in the FITC channel across the tissue sections was measured using 
Fiji. Summary statistics shown. (E) Tissue section was segregated into kidney, liver, smooth muscle and 
gut by manually drawing regions of interest. Mean pixel brightness in the FITC channel in the individual 
tissues was then measured using Fiji. (F-I) Summary statistics shown for: (F) mean pixel brightness in 
kidney; (G) mean pixel brightness in liver; (H) mean pixel brightness in smooth muscle; (I) mean pixel 
brightness in gut. Each symbol represents one mouse. Statistical tests performed for D and F-I by 
unpaired two-tailed T-test (ns, not significant). 
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Figure 5.4 Anti-collagen antibody titres in non-immunised mice  

Anti-collagen antibodies were measured in sera from non-immunised aged (aged 12-18 months old) 
and young adult (8-16 weeks old) mice by ELISA. Summary statistics for (A) anti-collagen IgG titres 
and (B) anti-collagen IgM titres. Each symbol represents one mouse. Statistical significance 
determined by 2-way ANOVA with Tukey’s multiple comparison test (****, p<0.0001; **, p<0.01; *, 
p<0.05; ns, not significant). 
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Figure 5.5 Identification of anti-islet antibodies in sera of aged mice 

Rat pancreas sections were stained with anti-insulin antibody to identify islets and with sera from aged 
WT or IgMg1 mice (aged 12-18 months old). Slides were counterstained with DAPI. Anti-islet antibodies 
were identified by co-staining of mouse sera and anti-insulin antibody. (A) Summary showing samples 
positive and negative for anti-islet antibodies in sera from aged WT mice (n=5) and aged IgMg1 mice 
(n=11). Statistical test performed by Fisher’s exact test (p > 0.9999). (B) Anti-islet antibody identified in 
WT sera (left) and IgMg1 sera (right). Top row shows staining with DAPI (white), anti-insulin antibody 
(red) and mouse serum (green), with co-staining of mouse serum and anti-insulin in yellow. Bottom row 
shows staining with DAPI and mouse serum only. 
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Figure 5.6 Total antibody in aged and young adult mouse sera  

Total IgG, IgM and IgA were measured by ELISA in serum samples from aged (aged 12-18 months old) 
and young adult WT and IgMg1 mice. Summary statistics shown for (A) relative concentration of IgG; 
(B) relative concentration of IgM; (C) relative concentration of IgA. Each symbol represents one mouse. 
Statistical significance determined by 2way ANOVA with Tukey’s multiple comparison test (ns, not 
significant).  
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5.2.3 GCs and plasma cells in spleens of aged mice 

The increase in autoantibodies in aged IgMg1 mouse sera raised the question of 

whether spontaneous GCs and plasma cells would be increased in aged IgMg1 mice. 

Spontaneous GCs in the spleen have been found in autoimmune mouse strains, 

including non-obese diabetic (NOD) mice that spontaneously develop autoimmune 

diabetes, and several strains of mice that develop SLE-like disease (Luzina et al., 

2001). Plasma cells are abundant in the spleen in several autoimmune mouse models, 

such as the NZ/B/W model of SLE (Hoyer et al., 2004) and the K/BxNSF model of 

autoantibody-dependent arthritis (Jang et al., 2011, 2016). To evaluate this, spleens 

from three cohorts of non-immunised aged mice (aged 12-18 months old) were 

analysed by flow cytometry (Figure 5.7A). The frequency of GC B cells and plasma 

cells had substantial variation between different cohorts of mice. However there 

appeared to be no significant increase in GC B cells or plasma cells in spleens from 

non-immunised aged IgMg1 mice compared with WT controls (Figure 5.7B and C).  

To confirm the results of the flow cytometry, spleen sections were stained by 

fluorescent immunohistology for GCs (Fas+ PNA+) (Figure 5.8A) and plasma cells 

(CD138+) (Figure 5.8B). GC and plasma cell areas were quantified using Fiji, showing 

that GCs and plasma cells were more abundant in spleens from aged mice (12-18 

months old) than from young mice (8-16 weeks old), but that there were no significant 

differences in the frequency of GC B cells or plasma cells in the spleens of aged IgMg1 

mice and WT mice (Figure 5.8C and D). 

Overall, these data show that aged mice had more spontaneous GCs and plasma cells 

than young adult mice. However, despite the increased presence of autoantibodies in 

aged IgMg1 sera, IgMg1 mice did not have significantly more GCs or plasma cells than 
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aged WT mice. A caveat with these data is that the animal facility was specific 

pathogen free but not germ free. Therefore, the spontaneous GCs and plasma cells 

may be a result of a response to an infection rather than autoimmunity. 
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Figure 5.7 Flow cytometry analysis of splenic GC B cells and plasma cells in aged mouse spleens  

Splenocytes from aged WT and IgMg1 mice were analysed for GC B cells and plasma cells by flow 
cytometry. (A) Representative flow cytometry plots showing GC B cells and plasma cells in aged WT 
and IgMg1 mice (aged 12-18 months old). From live splenocytes, plasma cells were gated as CD138+ 
and B cells were gated as B220+ CD138-. From the B cells, GC B cells were gated as Fas+ CD38-. (B-
C) Summary statistics for (B) frequency of GC B cells as percentage of B cells; and (C) frequency of 
plasma cells as percentage of splenocytes. Results combined from three experiments. Each symbol 
represents one mouse. Statistical significance determined by unpaired two-tailed T-test (ns, not 
significant). 
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Figure 5.8 Fluorescent immunohistology analysis of GCs and plasma cells in aged mouse 
spleens 

(A) Spleen sections from aged WT and IgMg1 mice (aged 12-18 months old) stained for B cells (B220) 
and GC B cells (Fas+ PNA+) with GCs outlined with dashed white lines. Representative images shown. 
Scale bar represents 200 μm. Images representative of 4-6 mice per group. (B) Spleen sections from 
aged WT and IgMg1 mice (aged 12-18 months old) stained for B cells (B220), plasma cells (CD138+) 
and IgM. Representative images shown. Scale bar represents 200 μm. Images representative of 4-6 
mice per group. (C-D) Areas of GC B cells and plasma cells quantified using Fiji. Summary statistics for: 
(C) GCs and (D) plasma cells as percentage of analysed area of spleen section for aged (12-18 months 
old) and young adult (8-16 weeks old) WT and IgMg1 mice. Each symbol represents one mouse. 
Statistical significance determined by 2way ANOVA with Tukey’s multiple comparison test (ns, not 
significant). 
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5.2.4 Aged IgMg1 mice B cell development resembles B cell development in 
young adult IgMg1 mice 

Aged IgMg1 mice had increased autoantibodies, and evidence of spontaneous GCs 

and PCs in the spleen, despite the anergic B cell phenotype. Therefore, B cell 

populations in aged mice were analysed by flow cytometry to determine if ageing had 

any impact on B cell development. 

Bone marrow B cell development in aged IgMg1 and WT mice (aged 16-18 months 

old) was analysed using a similar gating strategy as used in chapter 3 with young adult 

mice. This allowed identification of pre-pro-B cells (fraction A), pro-B cells (fraction B 

and C), pre-B cells (fraction C’ and D), immature B cells (fraction E), transitional B cells 

and mature B cells (fraction F) based on expression of surface markers (Hardy et al., 

2000; Hardy, 2012) (Figure 5.9A). As shown in chapter 3, bone marrow B cell 

development in young adult IgMg1 mice appeared normal. As expected, bone marrow 

B cell development also appeared normal in aged IgMg1 nice. No significant 

differences were observed between aged IgMg1 and aged WT for any of the bone 

marrow B cell fractions, except a slight increase in transitional B cells in IgMg1 mice 

(Figure 5.9B-I). Of note, when bone marrow B cell development was investigated in 

young adult IgMg1 mice in section 3.2.1, there was an increased frequency of mature 

B cells (fraction F) compared with WT (Figure 3.2A). However, this was not evident in 

the aged mice (Figure 5.9I). A caveat with these data is that the experiment was 

underpowered as insufficient aged mice were available. 

Splenic B cells from aged mice (aged 12-18 months old) were also analysed by flow 

cytometry (Figure 5.10A). As with the young adult IgMg1 mice, the frequency of 

marginal zone B cells was significantly decreased (Figure 5.10E), and the frequency 
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of follicular B cells in the aged IgMg1 mice was significantly increased compared to 

WT mice (Figure 5.10D). This showed that the mature B cell subsets remain altered 

as the IgMg1 mice aged. Additionally, as with young adult mice, aged IgMg1 mice 

appeared to have reduced splenic B-1 cells (CD19+ B220- CD43+ CD23-) compared to 

aged WT mice (unpaired two-tailed T-test, p = 0.0635) (Figure 5.10B). Aged IgMg1 

mice also had fewer age-associated CD21- CD23- B cells than aged WT mice (Figure 

5.10F). 

Surface IgM expression in splenic B cells was also examined (Figure 5.10G). IgM 

expression was found to be reduced in aged IgMg1 follicular and marginal zone B cells 

compared with aged WT B cells (Figure 5.10H and I). This indicates that the B cells in 

the IgMg1 mice likely still develop with an anergic phenotype as the mice aged. The 

percentage of lambda light chain expressing cells was also analysed in different B cell 

subsets (Figure 5.11A). There was no significant difference in lambda light chain 

expression frequency in the bone marrow immature B cells between the aged WT and 

aged IgMg1 mice (Figure 5.11B). However, in aged IgMg1 bone marrow transitional 

(Figure 5.11C) and mature B cells (Figure 5.11D) there was a significant increase in 

usage of lambda light chain, as well as in follicular B cells (Figure 5.11E) and marginal 

zone B cells (Figure 5.11F) in the spleen. Therefore, IgMg1 mice appear to continue 

to undergo increased negative selection during B cell development with ageing, and 

as with the young adult IgMg1 mice (Figure 3.7A-F) they have a higher lambda light 

chain usage from the bone marrow transitional B cell stage onwards. 

These results indicate that the hyperactive BCR signalling in the IgMg1 mice caused 

similar B cell development in aged mice to what was observed in the young adult IgMg1 
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mice, with reduced marginal zone B cells and B-1 cells, reduced surface IgM 

expression, and increased lambda light chain gene usage. 
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Figure 5.9 Bone marrow B cell development in aged WT and IgMg1 mice  

Bone marrow from aged WT and IgMg1 mice was analysed by flow cytometry. (A) Gating strategy for 
identification of B cell populations in bone marrow for representative aged WT and IgMg1 mice. From 
From B220+ CD3- CD8- Gr1- cells, fractions A to C’ can be distinguished as CD43+ and fractions D to F 
can be distinguished as CD43-. CD43+ cells can be split into fractions A to C’ based on CD24 and BP-1 
expression. Fractions D to F can be distinguished based on IgM and IgD expression. (B-I) Summary 
statistics showing: (B) frequency of pre-pro-B cells (fraction A) as percentage of bone marrow 
lymphocytes; (C) frequency of pro-B cells (fraction B) as percentage of bone marrow lymphocytes; (D) 
frequency of pro-B cells (fraction C) as percentage of bone marrow lymphocytes; (E) frequency of pre-
B cells early (fraction C’) as percentage of bone marrow lymphocytes; (F) frequency of pre-B cells late 
(fraction D) as percentage of bone marrow lymphocytes; (G) frequency of immature B cells (fraction E) 
as percentage of bone marrow lymphocytes; (H) frequency of transitional B cells as percentage of bone 
marrow lymphocytes; (I) frequency of mature B cells as percentage of bone marrow lymphocytes. Data 
from one experiment. Each symbol represents one mouse. Statistical tests were performed by two-tailed 
unpaired T-test for comparison of two groups (*, p < 0.05; ns, not significant). 
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Figure 5.10 Spleen B cell development in aged WT and IgMg1 mice 

Splenocytes from aged WT and IgMg1 mice were analysed by flow cytometry. (A) Representative gating 
in WT, IgG1M and IgMg1 mice. From splenocytes, CD19+ B220- cells and B220+ CD19+ (B-2 cells) were 
gated. From CD19+ B220- cells, B-1 cells were gated as CD43+ CD23-. From B-2 cells, mature B cells 
were gated as CD93-. From mature B cells, follicular B cells were gated as CD23+ CD21+, marginal zone 
B cells were gated as CD21hi CD23- and CD21- CD23- cells were gated as CD21- CD23- B cells. (B-F) 
Summary statstics showing frequencies of: (B) B-1 cells; (C) B-2 cells; (D) follicular B Cells; (E) marginal 
zone B cells; (F) CD21- CD23- B cells. All shown as percentage of splenocytes. (G-I) IgM expression in 
follicular and marginal zone B cells was assessed by flow cytometry. (G) Histograms showing IgM 
expression on follicular B cells for representative aged WT and IgMg1 mice. (H-I) Summary statistics 
showing IgM expression in: (H) follicular B cells and (I) marginal zone B cells. Data are normalised to 
the WT to correct for differences between experiments.  Data combined from two experiments. Each 
symbol represents one mouse. Statistical tests were performed by two-tailed unpaired T-test for 
comparison of two groups (****, p < 0.0001; *, p < 0.05; ns, not significant). 
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Figure 5.11 Lambda light chain usage in aged WT and IgMg1 mice 

B cell subsets in aged WT and IgMg1 mice were stained with anti-kappa and lambda antibodies to 
assess lambda light chain usage. Bone marrow immature, transitional and mature B cells gated as 
shown in Figure 5.9. Spleen follicular B cells and marginal zone B cells gated as shown in Figure 5.10. 
(A) Representative plots showing lambda and kappa light chain expression in follicular B cells. (B-F) 
Summary statistics showing: (B) percentage of lambda+ immature bone marrow B cells; (C) percentage 
of lambda+ transitional bone marrow B cells; (D) percentage of lambda+ mature bone marrow B cells; 
(E) percentage of lambda+ splenic follicular B cells; (F) percentage of lambda+ splenic marginal zone B 
cells. Data combined from two experiments. Each symbol represents one mouse. Statistical significance 
determined by unpaired two-tailed T-tests (***, p<0.001; **, p<0.01; *, p<0.05; ns, not significant). 
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5.2.5 No strong evidence of increased health problems in IgMg1 mice 

Due to the increased risk of developing autoantibodies, it was hypothesised that IgMg1 

mice may have more health problems with ageing. To test this, a cohort of IgMg1 and 

WT mice were aged and monitored for any health issues requiring them to be 

euthanised. Although at around 60-70 weeks of age the IgMg1 mice had slightly lower 

survival than WT mice, this was not statistically significant (Figure 5.12). At this 

timepoint, the mice were used for an immunisation, therefore no further events were 

recorded. If the experiment were run for longer the results may have been different. 

Therefore, it is not possible to conclude that IgMg1 mice have an increased risk of 

developing health problems related to the increased autoantibodies and further work 

is required to confirm. 

Autoimmunity is an important cause of recurrent pregnancy loss (Gao et al., 2021). 

Therefore, breeding records for IgMg1 and WT mice were analysed to determine if the 

increased risk of developing autoantibodies was associated with reproductive or fertility 

problems. Eight pairs of WT breeders and thirteen pairs of IgMg1 breeders over a 

period of two years were included in the analysis. There were no significant differences 

in the number of litters per pair, total pups, average litter size or litter survival (Figure 

5.13A-H). Data for the first litter from each pair were also analysed separately. Again, 

there were no significant differences in first litter size or survival (Figure 5.13I-L) and 

the time taken from pairing for the first litter to be born was slightly reduced for the 

IgMg1 pairs (unpaired two-tailed T-test, p = 0.0662) (Figure 5.13M). The average time 

between all litters was analysed to determine if IgMg1 breeding pairs took longer to 

produce litters, however there was no difference. Finally, the total time from pairing 
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until production of fourth or fifth litter was also not significantly different. Therefore, 

there was no evidence of breeding problems for IgMg1 mice. 

Overall, these data indicate that the apparent increase in serum autoantibodies seen 

as IgMg1 mice age does not result in any increased illness as mice age. Further, there 

is no significant increase in reproductive fertility issues. 
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Figure 5.12 Survival of WT and IgMg1 mice 

Survival curve showing survival of a cohort of WT and IgMg1 mice. Mice were monitored daily for signs 
of illness and euthanised by schedule 1 method if they became sick. 
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Figure 5.13 Breeding records for IgMg1 breeders 

Litter sizes and survival from WT and IgMg1 breeding pairs over a two-year period were analysed. 
Summary statistics for: (A) number of litters; (B) total pups born; (C) total pups weaned; (D) total pre-
weaned pups lost; (E) average litter size; (F) averaged pups weaned per litter; (G) average number of 
pups lost pre-weaned per litter; (H) percentage of pre-weaned pups lost; (I) first litter size; (J) pups 
weaned in first litter; (K) pre-weaned pups lost in first litter; (L) percentage of pups lost pre-weaned from 
first litter; (M) time taken from pairing for first litter to be born; (N) average time between litters; (O) time 
taken from pairing for fourth litter to be born; (P) average time taken from pairing for fifth litter to be born. 
Each symbol represents one breeding pair. Statistical tests performed by unpaired T-test with p-values 
indicated. 
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5.2.6 No evidence of autoimmune diabetes in aged IgMg1 mice 

As autoantibodies were increased in aged IgMg1 mice, tissues from aged mice were 

examined for any signs of autoimmune disease by immunohistology. One tissue where 

autoimmunity may be observed is the pancreas, where type I diabetes mellitus can 

develop. Autoimmune diabetes is characterised by destruction of the islets of 

Langerhans that secrete insulin because of an autoimmune response against beta-

cells (Graham et al., 2012), and this is also seen in the NOD mouse model of type I 

diabetes (Pechhold et al., 2009; Novikova et al., 2013). Therefore, pancreas sections 

from aged IgMg1, aged WT, and young adult mice were stained with anti-insulin 

antibody to visualise the islets. Insulin+ islets were found in both aged WT and aged 

IgMg1 mice (Figure 5.14A and B), suggesting they were not being destroyed. Pancreas 

sections were also stained for lymphocyte infiltration of B cells (B220+) and T cells 

(TCRβ+), and plasma cells (CD138+), as insulitis (infiltration of lymphocytes) is a 

pathological hallmark of type I diabetes (Pugliese, 2016) and the NOD model (Hancock 

et al., 1995). Staining of spleen sections as a positive control showed presence of B 

cells, T cells and plasma cells. However, there was no evidence of B cells, T cells or 

plasma cells in any of the stained pancreases (Figure 5.14A and B). Finally, as 

hyperglycaemia is a symptom of diabetes, and is used for diagnosis (Stumvoll et al., 

2005), glucose concentration was measured in the serum of the mice. There was no 

difference in glucose concentration observed between aged IgMg1, aged WT mice, or 

the young adult controls (with the caveat that the mice had not been fasting prior to 

being culled) (Figure 5.15). Taken together these results indicate no evidence that 

IgMg1 mice are prone to autoimmune diabetes as they age. 
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Figure 5.14 No evidence of lymphocyte infiltration in aged IgMg1 or WT pancreases  

(A) Pancreas sections from young adult WT and aged WT and IgMg1 mice stained for B cells (B220), T 
cells (TCRβ) and islets (insulin). Spleen stained as positive control for B220 and TCRβ antibodies and 
negative control for insulin. Representative images shown. Scale bar represents 100 μm. Images 
representative of 4 mice per group. (B) Pancreas sections from young adult WT and aged WT and 
IgMg1 mice stained for plasma cells (CD138) and islets (insulin). Spleen stained as positive control for 
CD138 antibodies and negative control for insulin. Representative images shown. Scale bar represents 
200 μm. Images representative of 4 mice per group. 
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Figure 5.15 Serum glucose concentration not elevated in aged IgMg1 mice 

Glucose concentration was measured in sera of aged and young adult WT and IgMg1 mice. Summary 
statistics showing glucose concentration. Each dot represents one mouse (mean of two measurements). 
Statistical significance determined by 2way ANOVA with Tukey’s multiple comparison test (ns, not 
significant). 
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5.2.7 No evidence of lymphocyte infiltration in aged IgMg1 liver 

Autoimmune hepatitis is associated with infiltration of lymphocytes and plasma cells 

(Vergani and Mieli-Vergani, 2008). Therefore, liver sections from aged mice (12-18 

months old) were stained by fluorescence immunohistology for presence of B cells 

(B220+), CD4+ T cells, CD8+ T cells and plasma cells (CD138+). Staining of spleen 

sections as a positive control showed presence of B cells, CD4+ and CD8+ T cells, and 

plasma cells. Although the B220-FITC antibody had high background in the liver 

sections, this was non-specific binding and therefore no B cells were identified in either 

aged WT or aged IgMg1 liver (Figure 5.16A). Similarly, no T cells or plasma cells were 

found (Figure 5.16A and B). Therefore, no evidence of liver autoimmunity was found. 

However, the B cell staining was not optimal, making it difficult to confirm there were 

no B cell infiltrates. Ideally alternative B cell markers could have been used. 
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Figure 5.16 No evidence of lymphocyte infiltration into aged WT and IgMg1 liver 

(A) Liver sections were stained for B cells (B220), CD4 T cells and CD8 T cells, and counterstained with 
DAPI. Sections from aged WT and IgMg1 and young adult WT and IgMg1 mice are shown. Spleen 
section shown as a positive control for antibody staining. Scale bar represents 100 μm. Images 
representative of 3-4 mice per group. (B) Spleen sections were stained for IgG+ and IgM+ plasma cells 
(CD138), and counterstained with DAPI. Areas of liver from aged WT and IgMg1 and young adult WT 
and IgMg1 mice are shown. Spleen section shown as a positive control for antibody staining. Scale bar 
represents 100 μm. Images representative of 3-4 mice per group. 
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5.2.8 Immune complexes in glomeruli of aged mice, but no significant 
difference between WT and IgMg1 

Lupus nephritis is an autoimmune disease of the kidney and is characterised by T cell 

infiltration (Couzi et al., 2007; Hsieh et al., 2011; Alexopoulos et al., 1990; Tilstra et al., 

2018), B cell infiltration and formation of spontaneous germinal centres (Shim et al., 

2004). Given that, the kidneys of aged IgMg1 mice were analysed for any signs of 

autoimmunity. Kidney sections from aged IgMg1 and WT mice (12-18 months old), and 

young adult controls (8-16 weeks old), were stained for B220, CD4 and CD8 to look 

for B cell, CD4+ T cell and CD8+ T cell infiltration respectively. Staining of a spleen 

section as a positive control showed presence of B cells, CD4+ and CD8+ T cells. 

However, there was no evidence of any lymphocyte infiltration in the aged kidneys 

(Figure 5.17A). As infiltration of other immune cells is important in development of 

inflammatory kidney disease (Duffield, 2010; Rogers et al., 2014; Gorenjak, 2009; Xing 

et al., 2010), kidney sections from the aged IgMg1 mice were also stained for F4/80, 

Ly6G and CD11c to test for infiltrating macrophages, neutrophils and dendritic cells, 

respectively. Staining of a spleen section as a positive control showed presence of 

macrophages, neutrophils and dendritic cells. However, none were observed in either 

the aged IgMg1 or WT mouse kidneys (Figure 5.17B).  

IgM deposits are frequently found in the glomeruli of patients with a wide range of 

kidney diseases and are often associated with complement components (Strassheim 

et al., 2013). Therefore, kidney sections were also stained for IgM and complement 

proteins C1q and C3. Glomeruli were identified by co-staining with podoplanin, a 

marker for glomerular podocytes (Breiteneder-Geleff et al., 1997). Both aged WT and 

IgMg1 kidneys were positive for C1q and C3, which co-localised with the IgM and the 
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podoplanin (Figure 5.18A). Fiji was used to analyse the intensity of the staining for IgM, 

C1q and C3 within the podoplanin+ glomeruli. However, there were no significant 

differences between IgMg1 and WT mice for staining of any of these (Figure 5.18B-D).  

Overall, these data show that IgM and complement deposits are found in the glomeruli 

of aged mice, which may indicate kidney disease. However, there is no evidence that 

this is significantly more severe in aged IgMg1 mice compared with aged WT mice. 

  



 

 271 

 

Figure 5.17 No evidence of immune cell infiltration into kidneys of aged IgMg1 mice  

(A) Kidney sections were stained for B cells (B220), CD4 T cells and CD8 T cells, and counterstained 
with DAPI. Sections of kidney from aged WT and IgMg1 and young adult WT and IgMg1 mice are shown. 
Spleen section shown as a positive control for antibody staining. Scale bar represents 100 μm. Images 
representative of 4 mice per group. (B) Kidney sections were stained for neutrophils (Ly6G), dendritic 
cells (CD11c) and macrophages (F4/80), and counterstained with DAPI. Sections of kidney from aged 
WT and IgMg1 and young adult WT and IgMg1 mice are shown. Spleen section shown as a positive 
control for antibody staining. Scale bar represents 100 μm. Images representative of 4 mice per group. 
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Figure 5.18 IgM and complement deposits in glomeruli of aged WT and IgMg1 mice 

(A) Kidney sections from aged mice were stained for podoplanin, IgM and either C3 or C1q, and 
counterstained with DAPI. Areas of kidney from aged WT and IgMg1 mice are shown. Scale bar 
represents 100 μm. Images representative of 10-13 mice per group. (B-D) Glomeruli were identified in 
Fiji by podoplanin staining. The mean pixel brightness for IgM, C1q and C3 staining were measured 
within the glomeruli. Summary statistics shown for: (B) IgM median MFI per glomerulus; (C) C1q median 
MFI per glomerulus; (D) C3 median. Data are combined from two experiments and are presented as 
normalised to WT for each experiment. Each symbol represents one mouse. Statistical significance 
determined by unpaired two-tailed T-test (ns, not-significant).  
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5.2.9 Aged IgMg1 mice do not make an increased anti-collagen response 
following immunisation 

Although young adult IgMg1 mice did not make an increased anti-collagen antibody 

response following immunisation (section 5.2.1), there was evidence of increased 

autoantibodies in aged IgMg1 mice (section 5.2.2). Therefore, it appeared that with 

ageing, the IgMg1 mice were more prone to a breach in B cell tolerance. To test if this 

was the case, a group of 14-16 month old mice were immunised with chicken collagen 

type II. Mice were primed with chicken collagen type II precipitated in alum and heat 

inactivated B. pertussis, and then boosted twice at three-week intervals with soluble 

chicken collagen type II (Figure 5.19A). This protocol was chosen as it was able to 

raise an anti-collagen response in young adult mice (as shown in Figure 5.1). 

Draining lymph nodes at day 50 (8 days after the second boost) were analysed by flow 

cytometry for plasma cells and GC B cells (Figure 5.19B). Few plasma cells were 

present and there was no significant difference between WT and IgMg1 (Figure 5.19C). 

GC B cells were also present, but again there was no significant difference between 

WT and IgMg1 (Figure 5.19D). Serum samples were collected throughout the 

experiment to allow monitoring of the anti-collagen antibody response. At day 29 (8 

days after the first boost) there was a small significant increase in anti-collagen IgG in 

WT and IgMg1 mice. However, this was not further increased by the second boost. 

Differences in anti-collagen IgG titre between IgMg1 and WT did not reach significance 

at any time point (Figure 5.19E). Anti-collagen IgM was significantly higher in aged 

IgMg1 sera at day 0, with more than a 5-fold increase over aged WT (Figure 5.20E), 

confirming the earlier result (Figure 5.4). It was also higher in IgMg1 mice at all 
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subsequent timepoints, although immunisation did not increase anti-collagen titres in 

either group (Figure 5.19F).  

Overall, this data showed that although anti-collagen antibodies are elevated in aged 

non-immunised mice compared with young adult non-immunised mice, the aged mice 

did not make a strong anti-collagen antibody response after being immunised with 

collagen. Additionally, the experiment was underpowered due to insufficient availability 

of aged mice. This meant, we were unable to assess if aged IgMg1 mice make a 

stronger antibody response to self- or highly conserved antigen. This experiment 

should probably be repeated with the more aggressive collagen-induced arthritis 

immunisation protocol (section 5.2.1). 
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Figure 5.19 Anti-collagen response in aged mice following immunisation 

(A) Schematic showing immunisation strategy. Aged mice were immunised s.c. with 10 μg chicken 
collagen type II (alum ppt) with heat inactivated B. pertussis. They then received 2 boosts with 10 μg 
soluble collagen type II at 3-week intervals. Mice were culled by schedule 1 method 8 days after the 
second boost. (B) Representative flow cytometry plots for aged WT and IgMg1 mice plasma cells (PCs) 
and GC B cells and at day 50 (8 days after second boost with soluble collagen type II). From the 
lymphocytes, PCs were gated as CD138+ and B cells were gated as B220+ CD138-. From the B cells, 
GC B cells were gated as Fas+ CD38-. (C-D) Summary statistics for: (C) plasma cells as percentage of 
lymphocytes; (D) GC B cells as percentage of B cells. (E-F) Sera was tested for anti-collagen antibody 
by ELISA. Summary statistics for: (E) anti-collagen IgG sera titres; (F) anti-collagen IgM sera titres. Data 
are from one experiment. Each symbol represents one mouse. Statistical tests for C and D performed 
by unpaired two-tailed T-test. Statistical tests for E and F performed by mixed-effects analysis with 
Šídák's multiple comparisons test (****, p<0.0001; ***, p< 0.001; ns, not significant). 
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5.3 Discussion 

5.3.1 Increased frequency of spontaneous autoantibodies in aged IgMg1 mice 
but no other evidence of autoimmunity 

The results in this chapter show that aged IgMg1 mice have increased frequency of 

autoantibodies to a wide range of tissue antigens compared with WT mice. However, 

despite this, there was no evidence of increased autoimmune disease in tissues from 

aged IgMg1 mice: no immune cell infiltrates were found by immunohistology in liver, 

kidney or pancreas. Although IgM and complement-containing immune complex was 

identified in glomeruli in aged mouse kidneys there were no significant differences 

between aged IgMg1 and WT kidneys. Additionally, IgMg1 mice did not have any 

breeding problems because of autoimmunity and did not have significantly reduced 

survival compared with WT mice. A caveat with many of these analyses is that the 

experiments were underpowered due to the availability of sufficient numbers of aged 

mice. Additionally, the fluorescent immunohistology for immune cell infiltrates was not 

optimal and could be repeated to confirm these results. 

Two subsets of B cells linked to autoimmunity are B-1 cells and CD21- CD23- age-

associated B cells. Both subsets have been shown to be enriched for self-reactive 

BCRs (Duan and Morel, 2006; Rubtsov et al., 2011). However, interestingly, these 

subsets were reduced in IgMg1 mice, indicating that these cells are unlikely to be the 

source of the autoantibodies. As shown in chapter 3, altered BCR signalling in both 

IgMg1 and IgG1M mouse models affects the development of B-1 cells. It is possible 

that the altered BCR signalling also affects the development of CD21- CD23- age-

associated B cells. 
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There are a few possible reasons why IgMg1 mice may be more prone to development 

of autoantibodies. Presence of the IgG1 cytoplasmic tail on the BCR during B cell 

development may affect BCR-mediated positive and negative selection, which could 

possibly result in an altered BCR repertoire with more self-reactivity. However, results 

from this chapter show that as in young adult IgMg1 mice, B cells from aged IgMg1 

mice had increased usage of lambda light chain, suggesting they continue to undergo 

stronger negative selection with ageing. Results from the bulk and single cell RNA 

sequencing results in chapter 3 show, the IGHV gene usage in young adult IgMg1 mice 

appears to be similar to WT mice, which suggests that there were no major changes 

to the BCR repertoire in young adult IgMg1 mice due to altered BCR signalling. 

Stronger BCR signalling may result in increased activation of autoreactive cells, but 

the results in chapter 3 show that young adult IgMg1 B cells have reduced BCR 

signalling following BCR stimulation and have reduced surface BCR expression 

indicative of an anergic phenotype. Although B cells from aged mice were not 

assessed for calcium signalling, the data in this chapter show that they did still have 

reduced surface BCR expression, indicating that they are likely still anergic. The 

increase in Tfh cells in IgMg1 mice may be an important factor in the increased 

development of autoantibodies. Several models have been described where increased 

Tfh cells are implicated in development of autoantibodies and autoimmunity (Ma et al., 

2012; Zhang et al., 2015b; Choi et al., 2015; Zhang et al., 2015a; Linterman et al., 

2009; Lee et al., 2012). Additionally, Tfh cells in young adult gMg1 mice have increased 

Nr4a3 expression indicating increased TCR signalling. The increased TCR signalling 

in Tfh cells of IgMg1 mice may induce increased release of cytokines that could 
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promote plasma cell differentiation and antibody secretion in lower affinity B cells, 

including self-reactive cells.  

The fact that the increased autoantibodies does not manifest in clear autoimmune 

disease in the aged IgMg1 mice, may be because although in many cases 

autoantibodies contribute directly to the development of autoimmune disease (Martin 

and Chan, 2004) and can be used as predictive markers of autoimmunity (Leslie et al., 

2001), presence of autoantibodies does not always indicate presence of disease. 

While autoantibodies are frequently found in elderly people, actual autoimmune 

disease is much less frequent.  Autoantibodies were found to be present in sera from 

all healthy adults using human tissue microarrays (Nagele et al., 2013), but prevalence 

of autoimmune disease is estimated to be only 3-5% of people (Wang et al., 2015). 

Additionally, there may be a lag between appearance of autoantibodies and 

pathogenesis, as autoantibodies can be detected years before disease onset (Burbelo 

et al., 2021). 

 

5.3.2 Young adult IgMg1 mice did not make stronger antibody response to 
conserved antigen 

Although aged IgMg1 mice developed autoantibodies more frequently than aged WT 

mice, immunisation of young adult IgMg1 mice with the conserved antigen chicken 

collagen type II did not result in an increased anti-collagen antibody response. Chicken 

collagen type II was chosen as an antigen with potential to trigger an autoantibody 

response in the IgMg1 mice, as it is used in the collagen-induced arthritis model to 

induce autoimmune arthritis in C57BL/6 mice. In that model, mice injected with a large 

dose of chicken collagen type II with Freund’s complete adjuvant induces symptoms 
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of arthritis in 50-80% of the mice, and the model is characterised by an anti-collagen 

antibody response (Inglis et al., 2008). However, the incidence of collagen-induced 

arthritis is lower in C57BL/6 mice used here than in other strains of mice (such as 

DBA/1), and furthermore only chicken collagen type II is known to be capable of 

inducing arthritis in C57BL/6 mice, whereas other species of collagen can be used 

successfully in other strains (Inglis et al., 2007). 

In the experiments presented here, although immunisation with chicken collagen type 

II did raise an anti-collagen antibody response, it took multiple boosts for a response 

in most of the mice. Additionally, when the collagen-induced arthritis protocol was used 

none of the mice developed any arthritis symptoms. It is possible that immunisation 

with a different antigen or tissue extract may have given a stronger response and a 

better opportunity to observe a difference between IgMg1 and WT mice at the young 

adult age. Additionally, there is an abundance of other inducible autoimmunity models 

that could be used. For example, streptozocin (STZ) has been used to chemically 

induce diabetes in mice (Like and Rossini, 1976). Anti-cardiolipin antibodies were 

associated with insulitis (Anzai et al., 1993) showing a role for B cells in this model. 

Another chemically induced autoimmunity model is pristane-induced lupus: a mouse 

model of SLE in which anti-Smith antigen, anti-double stranded DNA, and anti-

ribosomal P autoantibodies are induced (Satoh et al., 2000; Reeves et al., 2009). 

Autoimmunity can also be induced by infection. For example, a salmonella-infection 

model may be useful, as infection with salmonella is associated with development of 

autoantibodies (Ktsoyan et al., 2019). 
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5.3.3 Aged mice did not make an antibody response following immunisation 
with conserved antigen 

Aged mice were also immunised with chicken collagen type II to attempt to further 

investigate the development of autoimmunity with ageing. However, aged WT as well 

as aged IgMg1 mice failed to make strong antibody responses following the 

immunisations. It is well established that the immune response is weaker in elderly 

individuals leading to increased susceptibility to infections and impaired response to 

vaccination (Lee and Linterman, 2022). For example, SARS-CoV-2 infections are more 

severe in individuals over 65 years old due to impaired adaptive immunity (Rydyznski 

Moderbacher et al., 2020) and neutralising antibody titres are significantly lower in 

people over 80 years old after SARS-CoV-2 vaccination (Collier et al., 2021).  This is 

also recapitulated in aged mice as shown by a reduced GC B cell response and 

antibody titres in mice over 22 months old following immunisation with the ChAdOx1 

nCoV-19 (SARS-CoV-2) vaccine (Silva-Cayetano et al., 2021). The antibody response 

to influenza vaccination is also reduced in elderly individuals (Frasca and Blomberg, 

2020), evidenced by significantly lower antibody titres in people aged over 65 years 

old compared to people aged 18-36 years old following season influenza vaccination 

(Stebegg et al., 2020; Hill et al., 2021). The reduced response is because of several 

changes that occur to the immune system with ageing, known as immune senescence. 

Several of these changes can impact B cell responses. B cell development is impaired 

in aged mice (Ma et al., 2019). However, B cells from aged individuals do not have 

impaired ability to differentiate into plasma cells in vitro, and aged B cells transferred 

to a young adult mouse host have an enhanced early plasma cell response (Lee et al., 

2022), suggesting that other cells or the immune microenvironment may be 

responsible for the reduced antibody response in aged individuals. Thymic involution 
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results in a reduction in mature T cells with limited diversity (Pangrazzi and 

Weinberger, 2020), restricting the T cell help available. Additionally, aged mice have 

altered stromal cell populations including reduced follicular dendritic cell (FDC) 

networks, which play an important role in GC reactions (Turner and Mabbott, 2017), 

and altered follicular reticular cells (FRCs) which contribute to altered cytokine 

expression and impaired B and T cell recruitment (Minges Wols et al., 2010; Lefebvre 

et al., 2012; Masters et al., 2018). A mucosal adressin cell adhesion molecule-1 

(MAdCAM-1)+ stromal cell subset has also been identified that plays a role in initiation 

of GCs, but that are impaired in aged mice, contributing to the reduced response 

(Denton et al., 2022). 

As the aged mice did not make an anti-collagen antibody response following 

immunisation with chicken collagen type II, further analysis of development of 

autoantibodies in aged IgMg1 mice was unsuccessful. It would be interesting to 

establish a robust way of inducing an autoantibody response in aged mice. This would 

allow questions of whether aged B cells or the aged microenvironment were 

responsible for the increased autoantibody response in aged IgMg1 mice to be 

answered. Adoptive cell transfer experiments where aged B cells are adoptively 

transferred to young adult animals, and vice versa, could help answer these questions. 

Heterochronic parabiosis experiments have also recently been used to investigate the 

relative importance of aged lymphocytes and aged microenvironment in the ageing 

weaker vaccine response (Denton et al., 2022). 
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5.3.4 Conclusions 

The results presented in this chapter demonstrate that despite the anergic phenotype 

of the B cells in IgMg1 mice, there is a breach of anergy in aged mice and increased 

spontaneous production of tissue-specific autoantibodies. It remains to be investigated 

whether this is because aged autoreactive IgMg1 B cells have increased capacity to 

be activated due to the hyperactive IgG1 cytoplasmic tail on the BCRs, or if other 

changes to the immune microenvironment are responsible. 
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Chapter 6. Conclusions and future perspectives 
 

6.1   Conclusions 

B cell receptor (BCR) signalling is important at almost all stages of B cell development 

and differentiation. During development in the bone marrow, BCR signalling mediates 

both positive and negative selection of B cell precursors to ensure a diverse repertoire 

of mature B cells with minimal reactivity with self-antigens (Hardy, 2012). Within the 

periphery, transitional B cells complete their maturation as either follicular or marginal 

zone B cells, with this fate choice depending on BCR signalling strength (Pillai and 

Cariappa, 2009). BCR signals are also important for mature B cell survival (Lam et al., 

1997). Mature B cells that encounter antigen through the BCR are activated to 

differentiate into extracellular plasma cells (MacLennan et al., 2003), or to participate 

in germinal centres (GCs) (MacLennan, 1994a; Victora and Nussenzweig, 2022). 

Within the dark zone (DZ) of the GC, B cells mutate their BCRs to generate variant 

BCRs with altered affinity. In the light zone (LZ) they test their mutated BCRs for 

affinity, with higher affinity variants being selected for further rounds of mutation and 

proliferation, or for differentiation into long-lived plasma cells or memory B cells 

(Victora and Nussenzweig, 2022; Zhang et al., 2016). Throughout all these processes 

there is a balance between excessive BCR signalling for self-antigen, and appropriate 

signalling of a functional receptor. 

The work presented in this thesis has used mouse models in which all developing and 

naïve B cells express: (i) a chimeric IgMg1 BCR that has the IgM extracellular region 

but the IgG1 cytoplasmic tail; or (ii) the IgG1 BCR (extracellular and cytoplasmic 
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regions). The IgG1 cytoplasmic tail is thought to be important for conferring stronger 

BCR signalling in IgG1+ class-switched B cells (Kaisho et al., 1997; Waisman et al., 

2007; Horikawa et al., 2007; Engels et al., 2009), although there is evidence that the 

extracellular region may also play a role in stronger signalling (Sundling et al., 2021).  

Mature class-switched IgG1+ memory B cells are produced as part of immune 

responses to vaccines or infection (Toellner et al., 1996; Roco et al., 2019). However, 

the majority of the total mature B cell population consists largely of naïve B cells co-

expressing IgM+ IgD+. Developing B cells naturally expressing IgG1+ as their BCR have 

not been described, and a chimeric IgMg1 BCR never exists in nature, but these 

models can be used to investigate the effect of altered BCR signalling on B cell 

development, and the continuing ability of cells to take part in a B cell response. 

Firstly, B cell development in the two mouse models was investigated (Table 6.1). B 

cell development in the bone marrow of IgMg1 mice appeared similar to WT mice, 

whereas pre-B cell differentiation was impaired in IgG1M mice. This showed that the 

IgM cytoplasmic tail is not essential for efficient B cell development, but the IgM 

extracellular region is required. Both models increase receptor editing during B cell 

development in the bone marrow, suggesting that the IgG1 cytoplasmic tail induces 

stronger signalling resulting in stronger negative selection. Both models have reduced 

surface BCR expression compared with WT B cells, consistent with studies reporting 

reports that presence of the IgG1 cytoplasmic tail results in downregulation of BCR 

(Kodama et al., 2020; Sundling et al., 2021). The IgMg1 B cells have impaired calcium 

flux in response to BCR stimulation. This, along with a previous observation that 

proteins downstream of BCR signalling had reduced phosphorylation following BCR 
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stimulation in IgMg1 B cells (Zhang, 2019), lead us to conclude that strong negative 

selection during B cell development results in B cells with an anergic phenotype. 

However, the IgG1M mice have enhanced calcium flux in response to BCR stimulation, 

showing that IgG1 cytoplasmic tail-mediated negative selection and downregulation of 

BCR are not sufficient for an anergic phenotype. The IgMg1 mice have reduced 

marginal zone B cells and the IgG1M mice have increased marginal zone B cells, 

possibly because of the divergent signalling strengths. This may reflect the importance 

of the BCR extracellular region and cytoplasmic tail for signalling in different contexts 

or could shed light on an inhibitory function for IgD, which is not expressed on B cells 

in IgG1M mice. 

Gene expression in the anergic IgMg1 follicular B cells was analysed using bulk RNA 

sequencing. This identified 89 differentially expressed genes compared with WT 

follicular B cells, although statistical power was limited by high variability between 

samples. However, there was little overlap between the identified IgMg1 differentially 

expressed genes, and genes identified in similar studies of the classic B cell anergy 

model MD4 x ML5 (Sabouri et al., 2016; Schwickert et al., 2019). While distinct 

mechanisms for development of anergy in the separate models may explain these 

discrepancies, it could also be due to experimental differences. Therefore, the direct 

comparison of gene expression in IgMg1 B cells with other anergy models in the same 

experiment would be preferential. Additionally, the genes that were identified as 

differentially expressed in both IgMg1 B cells and MD4 x ML5 B cells need to be further 

investigated for their importance in maintaining B cell anergy. Further investigation 

could be conducted with gene knock-out or overexpression models. 
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B cell activation in response to immunisation with model antigens in IgMg1 and IgG1M 

mice was then investigated (Table 6.1). Despite being anergic, IgMg1 mice make only 

a slightly impaired T cell-independent (TI) type II (TI-II) response to model antigen NP-

Ficoll. However, surprisingly there was a much more severe impairment in the TI-II 

response in IgG1M mice. Mirroring this, the IgMg1 mice made a normal T cell-

dependent (TD) antibody response to NP-KLH, while the IgG1M mice again had a 

severely impaired antibody response. This is consistent with the importance of 

secreted IgM (either polyclonal or early low-affinity antibodies) in regulating the 

antibody response (Ehrenstein et al., 1998; Boes et al., 1998; Zhang et al., 2013; 

Baumgarth et al., 2000). Alternatively it could be explained by overactive signalling 

resulting in increased apoptosis of plasmablasts and GC B cells (Yam-Puc et al., 2021) 

Additionally, it was found that the overall number of GC B cells in IgMg1 mice appeared 

to be slightly reduced. Further analysis of the GC B cells in IgMg1 mice compared with 

WT mice suggested they are more dominated by class-switched B cells and have 

higher BCR affinity. However, IgMg1 GC B cells undergo increased apoptosis, and 

bulk RNA sequencing of GC B cells suggests they have reduced B cell selection and 

proliferation. Altogether, this indicates that B cells in the anergic IgMg1 model have 

less ability to participate in the GCs, with a higher affinity threshold for participation.  

The ability of anergic B cells to take part in the GC response has been previously 

investigated with a monoclonal HEL-specific BCR model of anergy (Burnett et al., 

2018). However, little work had been previously conducted to assess anergic B cell 

activation in a polyclonal B cell model. Here, we have been able to investigate anergic 

B cell participation in a GC response to a model antigen NP-KLH, in a mouse model 

that has a WT-like BCR repertoire. In physicological conditions, anergic B cells are a 
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pool of self-reactive B cells maintained in an inactive form to prevent autoimmunity. 

However, activation of anergic B cells may be useful in the case of infection against 

pathogens that use molecular mimicry to evade the immune response or for B cell 

vaccines against cancer antigens. Anti-tumour B cell immunity has been of recent 

interest, as increasing evidence suggests that presence of B cells in tumours is 

advantageous (Fridman et al., 2021; Conejo-Garcia et al., 2023). However, a B cell 

vaccine to a tumour antigen would require activation of self-reactive B cells (Zhuang 

et al., 2015). A further application could be in the discovery of therapeutic monoclonal 

antibodies. The therapeutic antibody market was worth $186 billion in 2021 and is 

projected to continue growing (Lyu et al., 2022), and has huge potential to generate 

therapies that can improve the lives of patients in several disease areas (Lu et al., 

2020). Discovery of new therapeutics relies heavily on immunisation of animals and, 

as many human target antigens have high homology with the ones in the host animals, 

this can make the immunisations challenging (Dodd et al., 2018). The finding that 

anergic B cells may have a higher affinity threshold to overcome to participate in GCs 

could be taken into consideration for design of immunogens that aim to activate anergic 

B cells. It is possible that higher avidity antigen or highly cross-linked antigen may be 

a useful approach in these cases. 

Furthermore, Tfh cells in IgMg1 mice are increased, and have increased expression of 

a reporter of T cell receptor signalling. This suggests that the IgMg1 B cells have 

increased ability to capture and present antigen to Tfh cells, resulting in their greater 

proliferation and activation. The fact that a change to the BCR in B cells has such an 

effect on cells that they interact with is an interesting finding. The role of the BCR in 

interactions between B cells and Tfh cells could be further investigated. Gene 
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expression in Tfh cells in the IgMg1 mice could be compared with WT mice by bulk or 

single cell RNA sequencing. Additionally, analysis at multiple time points could be 

beneficial, as the Tfh cell phenotype has been shown to be transient (Baumjohann et 

al., 2013) and the Tfh population undergoes dynamic phenotype changes throughout 

a GC reaction (Song and Craft, 2019). Another aspect that needs to be determined is 

if the increased activation of Tfh cells is a general feature of interaction with anergic B 

cells in GCs, or if it is specific to the IgMg1 model due to the chimeric BCR. It has not 

yet been established whether altered BCR signalling, or a BCR-signalling independent 

mechanism of antigen capture and presentation results in the increased activation of 

Tfh cells. Nr4a3-reporter mice have been used here to show TCR signalling in Tfh 

cells; however, Nr4a1 (Nur77)-reporter mice will allow assessment of BCR signalling 

as well as more sensitive analysis of TCR signalling (Moran et al., 2011; Zikherman et 

al., 2012; Elliot et al., 2022). Analysis of the impact of altered BCR signalling on 

interaction with other cells could also be interesting, for example follicular dendritic 

cells (FDCs) or other stromal cells that are important in the GC.  

Finally, the development of autoimmunity in the IgMg1 mouse model was explored. 

When young adult IgMg1 mice were immunised with the conserved antigen collagen, 

they did not make an increased autoantibody response compared to WT mice. 

However, aged IgMg1 mice develop spontaneous autoantibodies to a range of different 

self-antigens (Table 6.1). No firm evidence of overt autoimmune disease was observed 

in tissues from aged mice, and immunisation of aged mice with a conserved antigen 

failed to induce a sufficiently strong response to further investigate the role of aged B 

cells, aged Tfh cells or an aged microenvironment. Further investigation of the breach 

of tolerance using aged mice was attempted but it was challenged by the length of 
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experiments and the high risk of illness in the mice. Alternative methods for 

experimental induction of autoimmunity need to be tested that may better recapitulate 

the increased spontaneous autoantibodies observed in aged mice. To assess if the 

aged microenvironment is important for the increased tendency of self-reactive IgMg1 

B cells to secrete autoantibodies, B cells from young mice could be adoptively 

transferred to aged C57BL/6 mice (Yang et al., 1996), which are easier available. This 

work could provide a new model for research into the role of activation of anergic B 

cells in development of autoimmune disease. 

Table 6.1 Summary of observations in IgMg1 and IgG1M altered BCR signalling models 

 IgMg1 model IgG1M model 

Bone marrow B cell 
fractions 

similar frequencies to WT Impaired pre-B cell differentiation 

Receptor editing during B 
cell development 

Increased Increased 

BCR expression Reduced Reduced 

Mature B cells Increased follicular B cells and 
reduced marginal zone B cells 

Reduced follicular B cells and 
increased marginal zone B cells 

In vitro BCR-stimulated 
calcium flux 

Impaired Enhanced 

B-1 cells Reduced Reduced 

T cell-independent 
response 

Slightly impaired Strongly impaired 

GC B cells Reduction Normal 

GC B cell BCR affinity Higher Lower 

T cell-dependent plasma 
cell response 

Normal Strongly impaired 

Tfh cells Increased Normal 

Tfh cell activation Increased unknown 

Aged mice Increased autoantibodies unknown 
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6.2   Future perspectives 

Future work following on from the results described in this thesis could focus on a few 

key areas: 

(i) Genes identified as being differentially expressed in IgMg1 follicular B cells 

compared with WT follicular B cells that overlapped with the previously 

published MD4 x ML5 anergic gene signature could be assessed for their 

functional importance in maintaining B cell anergy. This could be done using 

RNAi-mediated knock-down of gene function in in vitro experiments, or with 

conditional B cell knock out mouse models. 

(ii) Further work looking at the participation of anergic IgMg1 B cells in GCs in 

a polyclonal B cell environment could be conducted to determine how 

relevant the observations are for responses to other model antigens or for 

other anergy models and natural anergic B cells. In particular, the expansion 

and increased activation of Tfh cells observed in IgMg1 mice requires further 

investigation, due to the importance of Tfh cells in the reactivation of anergic 

B cells (Cooke et al., 1994; Seo et al., 2002; Burnett et al., 2018), and in the 

development of autoimmunity (Linterman et al., 2009; Lee et al., 2012; 

Pratama and Vinuesa, 2014). 

(iii) The increase in autoantibodies in aged IgMg1 mice suggests that it may be 

a useful model for examining how anergic B cells can become reactivated 

and contribute to autoimmunity. However, it would be useful to establish an 

inducible autoimmunity model that results in increased autoantibodies in 

IgMg1 mice at a young age, such as an infection model or a chemically 

induced autoimmunity model. This would it less challenging to investigate 
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the development of autoimmunity as it would not require lengthy ageing 

experiments with increased risk of illness to the mice. Additionally, adoptive 

transfer of IgMg1 B cells in aged WT mice would be useful for investigation 

of the contribution of the aged immune microenvironment towards the 

increased autoantibodies observed in IgMg1 mice. 

 

6.3   Summary 

Overall, this work provides insight into how altered BCR signalling strength can impact 

B cell development and differentiation in different contexts. Analysis of gene 

expression in a polyclonal BCR anergic B cell model identified genes that could be 

important in regulating anergy. Anergic B cell participation in GCs within a WT-like 

BCR repertoire was also investigated and indicated there was an increased affinity 

threshold. Furthermore, we showed how the BCR can affect B cell interactions with 

Tfh cells. Finally, we demonstrated how alterations to BCR signalling may lead to 

development of autoantibodies in aged mice. These models should be useful for further 

investigation into how altered BCR signalling affects the GC and potentially lead to 

autoimmunity. 
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