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Abstract

Vaccination triggers the long-term production of high-affinity antibodies. Germinal centers
(GCs) are sites within lymphoid tissues where B cells undergo clonal expansion and affinity
maturation during T cell-dependent antibody responses. However, the regulation of affinity-
matured B cell selection within GCs remains poorly understood. In this study, we examined
the roles of antibody secretion and feedback in GC regulation using various mouse models:
those incapable of secreting IgM or undergoing class-switching (IgMi), those unable to
undergo affinity maturation or class-switching (AIDKO), and those restricted to producing and
secreting 1gG1 antibodies (IgG1M). Following immunisation with a T cell-dependent (TD)
antigen, IgMi and AIDKO mice exhibited an increased percentage of GC B cells. In contrast,
the percentage of GC B cells in 1IgG1M mice was reduced compared to wild-type mice.
Introducing antibody feedback by injecting antigen-specific IgM into IgMi or AIDKO mice
slightly reduced the proportion of GC B cells. It was shown that more stringent antibody

feedback strongly inhibits B-Tfh cell interactions.

The Nr4a3-Tocky reporter system is unstable fluorescent protein that changes fluorescence from blue
to red and can record the timing of TCR signalling. It was utilized to track interactions between GC B
cells and Tfh cells in mice with altered B cell receptors (IgMg1 and IgG1M mice) or absence of affinity
maturation (AIDKO mice). IgMg1 enhances interaction with and activation of Tfh cells, also reflected
by higher Tfh frequencies. Additionally, testing expression of Nr4a3-blue and red forms of the reporter
reveals an increase in newly activated Tfh cells in IgMgl and IgG1M versus wildtype mice after
immunisation. There was no change in Nrd4a3-reporter expression in Tfh cells of AlID-deficient mice,

indicating unaffected Tfh cell activation in AID-deficient GCs.



This work gives insight, by using mouse models with altered antibody feedback, into how IgM and 1gG1
antibody secretion shapes GC developments and how altering BCR isotypes and signalling regulates

Tfh cell activity through antigen presentation within the GC.
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Chapter 1. Introduction
1.1. The immune system

The immune system is a complex and intricate defence network within the human body that
serves to protect against a wide range of harmful agents, including pathogens (such as
bacteria, viruses, and fungi), as well as aberrant or potentially harmful cells like cancer cells.
Furthermore, it is of vital importance for the immune system to exhibit tolerance toward our
body's own tissues, effectively warding off the potential development of autoimmune
diseases. This system is broadly categorized into innate and adaptive immunity. An effective

immune response relies on innate and adaptive cell communication.

1.2. Innate immunity

Innate immunity is the rapid and non-specific initial defence against pathogens. It includes
physical barriers (skin and mucous membranes), which help prevent pathogens from entering
the body. Additionally, cell types such as natural killer cells, neutrophils, macrophages, and
dendritic cells (DC) have specialised receptors called pattern recognition receptors (PRRs)
comprise of structurally different proteins, including Toll-like receptors (TLR), NOD-like
receptors (NLRs), RIG-I-like receptors (RLRs) and C-type lectin-like receptors (CLRs) , which can
recognise specific molecular structures or motifs called pathogen-associated molecular
patterns (PAMPs) that are commonly found on the surface of various pathogens, such as
bacteria, viruses, and fungi. When immune cells encounter PAMPs, they trigger a series of
signalling events that lead to the activation of the innate immune response. This includes the
recruitment of immune cells to the site of infection, the release of inflammatory molecules,
and the initiation of the process of phagocytosis, where immune cells engulf and destroy the

pathogens (Janeway and Medzhitov, 2002).



1.3. Adaptive immunity

In contrast to the rapid response by innate immunity cells, adaptive immune responses
typically take a few days to fully develop and become functional effectors cells. B and T cells
serve as the primary effectors in the adaptive immune response. They originate in distinct
locations: B cells develop in the bone marrow, while T cells mature in the thymus. The
receptors on B and T cells, known as B cell receptors (BCRs) and T cell receptors (TCRs)
respectively, arising from a complex mechanism of genetic rearrangement. This involves
variable (V), diversity (D), and joining (J) gene segments rearranging semi-randomly to
complete a and B chains that constitute TCRs in T cells, and V, D, and J gene segments that
code for the assembly of heavy and light chains that form antibodies and BCRs. This happens
during lymphocyte development in thymus for T cells and bone marrow for B cells. Random
gene rearrangements, and insertions of nucleotide additions as well as mutations introduced
by the actions of rag enzymes and terminal deoxynucleotidyl transferase during the
recombination process generate a vast repertoire of TCRs and BCRs that can target a wide

range of antigens (Chaplin, 2010).

The significant differences between B cells and T cells are based on their antigen recognition
mechanisms. B cells, via their BCR, can recognise native antigens, internalise them by
endocytosis and break them down into smaller peptide fragments to be loaded onto major
histocompatibility complexes (MHC) molecules Il for antigen presentation. T cells recognise
processed peptides that are displayed on MHCs through interactions with professional
antigen-presenting cells (APCs). These APCs mainly include on one hand DCs initiating T cell
responses, and on the other hand B cells, monocytes, and macrophages that receive

stimulation or regulation from T cells.



T cells can be categorised into two conventional T cells subsets, distinguished by their
expression of CD8 and CD4 cell surface markers. CD8+ T cells engage with peptides displayed
on MHC class | molecules, and upon activation, differentiate into cytotoxic T cells capable of
promptly eliminating infected cells. Conversely, CD4+ T cells engage peptides presented on
MHC class Il molecules. Once activated, they play a role in boosting monocytes/macrophage
activity and supporting antibody generation by B cells, thereby contributing to humoral
immunity. T helper (Th) cells are another name for this subset of CD4+ T cells (Chaplin, 2010).
Th cells develop diverse characteristics depending on the type of immune response needed
and are then further divided into subsets based on their specific functions. B cells exhibit the
remarkable ability to undergo differentiation into plasma cells with a distinct specialisation in
the secretion of antibodies. The development of long-lived memory effector T/B cells is also
crucial in the context of adaptive immunity. These specific cells facilitate a more rapid and

effective response to the same pathogen in the future.

Invariant Natural Killer T (iNKT) cells are also a subset of T cells which display properties of
both T cells and NK cells and express markers of NK cells and are different from conventional
aB T cells despite bearing an apf TCR and they able to recognise lipids and glycolipids
presented by the monomorphic MHC-like molecule CD1d (Brennan et al., 2013). iNKT cells
can rapidly produce large amounts of cytokines upon activation, for example, Thl-type
cytokines (e.g., IFN-y) and Th2-type cytokines (e.g., IL-4 and IL21), this makes them an
important bridge between the innate and adaptive immune systems which enables them to
respond quickly to infections. BCR-mediated engagement of CD1d-restricted antigens and
CD1d expression on B cells are necessary for iNKT cell cognate help (Barral et al., 2008, Lang
et al., 2008). Also, activated iNKT cells must engage through CD80/86 and CD40 on B cells via

CD28 and CDA40L.



Cytokines generated by iNKT cells, also influence B cell response and produce high levels of
IgM in response to cognate iNKT cell help. This triggers a primary response and the production

of plasmablasts and short-lived plasma cells (King et al., 2011).

1.4. Secondary lymphoid organs

Secondary lymphoid organs (SLOs), such as the spleen, lymph nodes (LN), or mucosa
associated lymphoid tissues, are crucial for facilitating the interaction between lymphocytes,
lymphocytes and antigen-presenting cells, and with other non-lymphoid cells. These
interactions are essential for lymphocyte development, the initiation of adaptive immune
responses, and the maintaince of immune responses. The effectiveness of SLOs in allowing
lymphocyte activation is dependent on the migration of cells and their ability to scan and

eliminate antigens that enter the body via several body cavities.

SLO, such as lymph nodes, contain various stromal (non-hematopoietic, CD45-) cell types that
provide structure and organise immune cells. These include blood endothelial cells (BECs)
lining blood vessels (CD31+gp38-), lymphatic endothelial cells (LECs) lining lymphatic vessels
(CD31+gp38+), fibroblastic reticular cells (FRCs) forming conduits (CD31-gp38+), and other
stromal cells (CD31-gp38-) (Rodda et al., 2018). These stromal cells structure the architecture

to organise lymphocytes in the LN and facilitate immune responses.

Recently, multiple subsets of FRCs have been identified in lymph nodes based on their surface
markers, functions and localization. All FRC produce CCL19 and CCL21, important to direct
immune cells hominginto LN (Luther et al., 2000). T zone reticular cells (TRC) also produce IL7
and contribute to the naive T cell homeostasis and survival, organization and proper
functioning of the T-cell zone, where T cells interact with antigen-presenting cells and initiate

adaptive immune responses (Knop et al., 2020). Marginal reticular cells (MRCs) adjacent to
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subscapular sinus (MadCAM+), producing CXCL13, are essential for homing of CXCR5+ B cells
and their migration into the follicles (Katakai et al., 2008, Katakai, 2012). Furthermore, MRCs
upregulate RANKL, which promotes the maintenance of the structure of LNs (Katakai et al.,

2008, Rodda et al., 2018)

Follicular Dendritic cells (FDC, CD21/35+) in the centre of the B cell follicle, producing CXCL13
and essential survival factors such as IL6, are dynamic for maintaining the structure of B cell
follicles, where B cells proliferate and differentiate after response to antigens with the
support of follicular helper T cells. FDCs also present antigen to B cells and in this way play a
crucial role during the GC B cell selection (Barnett et al., 2014, Jarjour et al., 2014, Zhang et

al., 2018).

The structure of SLOs (lymphnodes and spleen) are discussed in more detail below. Lymph
nodes are surrounded by the subcapsular sinus where afferent lymph vessels enter. From
here intranodal lymphatics enter and penetrate the lymph node. Naive T and B cells use CCR7
to detect CCL19 and CCL21 that are produced by the FRCs and transcytosed through the HEV
in the endothelium lumen, guiding them into lymph nodes and other lymphoid tissues.
Additionally, B cells express CXCR5 that promotes LN entry by binding to CXCL13 expressed
by FDCs. Also, CCL21-CCR7 signalling helps DCs mature into potent antigen-presenting cells,
guiding their migration from sites of antigen exposure to local lymph nodes via afferent

lymphatic vessels(Comerford et al., 2013).

The lymph node parenchyma encompasses three main sections: the cortex, the paracortex,
and the medulla (Figure 1.1). The cortex, the outmost layer, contains B cells, macrophages,
and follicular stromal cells organised into primary follicles. The cortex is the region where B

cell follicles are located, and it assists as the site for germinal centre development after



antigen stimulation. Next to the cortex, the paracortex forms the second outer layer, housing
T cells, dendritic cells, macrophages, and FRCs. FRCs function as a channel network
surrounded by collagen and fibers inside a basement membrane, which form conduit tubular
system that transport fluid from sinus to HEV that enables DC to access along the conduit
membrane gaps to acquire small antigens and penetrated into the paracortex and cortical
structures of the LN and promote longer interactions between the T cells and dendritic cells
within this compartment (Roozendaal et al., 2008). Here, high endothelial venules (HEV),
which are part of the LN's blood vessel network, allow T and B lymphocytes to reach the organ
from the blood. The innermost layer of the lymph node is known as the medulla, composed
of lymphatic tissue referred to as medullary cords, which contains mainly plasma cells,
macrophages, and medullary reticular cells. These cords are interspersed with medullary
sinuses which lymph vessels that drain lymph towards the efferent lymph vessel. The lymph

node's lymphatic vessels are bordered by lymphatic endothelial cells (Burrell et al., 2011).
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Figure 1.1 The structure of lymph nodes.

The lymph node's structure is designed to enable for the efficient filtering and processing of
lymph, which contains immune cells, antigens, and other substances. They are divided into
different distinct regions. The subcapsular sinus: is the area beneath the capsule where lymph
enters the node from afferent lymphatic vessels. This is the first site at which antigens and
pathogens come into interactions with immune cells e.g. macrophages. Cortex: The lymph
node's outer area, which contains a high density of lymphocytes, particularly B and T cells.
Follicles: Concentrated regions of B cells within the cortex. Paracortex: The region between
the lymphoid follicles, mainly containing T cells and dendritic cells. HEVs: Specialized blood
vessels that allow lymphocytes to enter the lymph node. Medulla: The central region of the
lymph node, containing medullary cords and medullary sinuses. Created and adapted from

biorender template Dr Akiko Iwasaki.



The murine spleen, like other mammalian spleens, plays a significant role as a secondary
lymphoid organ in immunological responses and to filter blood. It has two majors functionally
and morphologically different compartments: the red pulp and the white pulp (Janeway CA
2005). The red pulp is utilised for blood filtration and processing. It is comprised up of a
network of splenic sinuses and cords. The red pulp is responsible for eliminating old or
damaged red blood cells, storing platelets, and collecting pathogens in the blood.
Macrophages in the red pulp are important for filtering and phagocytosing debris from cells

and pathogens.

The white pulp is divided into three distinct parts: periarteriolar lymphoid sheaths (PALS) also
called T cell zone, the follicles, and the marginal zone. Within the white pulp, lymphocytes
(including B cells and T cells) and other hematopoietic cells are found alongside plasma cells
and plasmablasts, which migrate from the follicles and outer PALS after undergoing antigen-
specific differentiation (Mebius and Kraal, 2005) (Figure 1.2). It is a major site of lymphocyte
traffic and the development of plasma cells (Cesta, 2006). The follicles in the mouse spleen
are continuous with the PALS and are typically seen at the bifurcation sites of the central
arterioles (Ward, 1999, Cesta, 2006). As in the lymph nodes, B-cells dominate the splenic
follicles, with follicular dendritic cells (FDCs) and CD4+ T-cells present in smaller numbers.
CD8+ T-cells, on the other hand, are usually lacking within the follicles. The follicular centre is
surrounded by a mantle zone which is outer ring of small frequent of B lymphocytes
surrounding a germinal center (Cesta, 2006). Furthermore, germinal centres (GCs) can
develop within the follicles in response to antigenic stimulation. GCs contain activated B cells,
FDCs, CD4+ T cells, apoptotic B-cells and tingible-body macrophages. The last part of the white
pulp is marginal zone (MZ) which is a specialised region surrounding the PALS and follicles, is

separated from the follicles by the marginal sinus and forms the outermost part of the white
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pulp touching the red pulp. It is frequently regarded as a separate compartment rather than
as a component of the white pulp. The marginal zone acts as a screening region for antigens
and pathogens in the systemic circulation and is important in antigen processing. The zone
features different cell populations that distinguish it from the PALS and follicles, including
marginal zone metallophilic macrophages, which form the inner ring of MZ adjacent to the
follicle and T zone and the marginal sinus (den Haan et al., 2012). The marginal sinus is
continuous with vessels that feed the capillary beds of the white pulp. Marginal zone
macrophages expressing Toll-like receptors (TLRs) and macrophage receptor with collagenous
structure (MARCO), form an outer ring of macrophages, and assist in the clearance of bacteria
and viruses (Mebius et al., 2004, Kraal et al., 2000, Elomaa et al., 1995). Furthermore, marginal
zone B-cells are a unique subset, non-circulating B-cells with an IgM"&"/IgD'°¥ characteristic,
distinguishing them from circulating B-cells IgM+/1gD+ follicular B-cells (Martin and Kearney,
2002). Because of its distinct characteristics and functions, the marginal zone plays an

important role in the spleen's immunological response.
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Figure 1.2 The morphology of the spleen’s white pulp

The mouse white pulp's morphology is divided into different areas, including periarteriolar
lymphoid sheaths (PALS), B cell follicles. PALS are regions of T cell dominance found around
the central arterioles. They consist mainly of T cells. B cell follicles, which are regions where
B cells are organised around central arterioles. These B cell-rich areas provide the initial
locations for B cell responses and the development of germinal centre in response to
antigenic stimulation. Modified and cited from (Golub et al., 2018).Created by Biorender.
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1.5. B cell development
1.5.1. B cell development in the bone marrow

B cells arise from hematopoietic stem cells (HSCs) and develop in both the fetal liver and bone
marrow of mammals (Hardy and Hayakawa, 2001b). HSCs initiate the process, which
progresses to multipotent progenitor (MPP) cells and eventually to common lymphoid
progenitor (CLP) cells (Figure 1.3). CLP cells then go through several more phases of
maturation before becoming fully functional mature B cells. The Pro-B cell is the earliest
lineage occurring after the CLP cells. During this stage, pro-B cells express RAG
(Recombination-activating genes) enzymes, which initiate the process of VDJ
recombination(Oettinger et al., 1990, Shinkai et al., 1992). This involves the rearrangement
of gene segments encoding the VDJ regions of the immunoglobulin heavy chain. After the
successful rearrangement V(D)) segments of the heavy chain, the functional heavy chain
combines with surrogate light chain components (A5 and VpreB) to form a pre-B cell receptor
(pre-BCR) (Hardy and Hayakawa, 2001b, Karasuyama et al., 1993). The pre-BCR also associates
with the signalling molecule Iga/IgB (CD79a/CD79b) (Karasuyama et al., 1996) signals the
presence of a functional Ig heavy chain and delivers essential survival and proliferation signals
to the pre-B cell. Following the formation of the pre-BCR, the pre-B cell begins to rearrange
and produce light chains. The light chain replaces the surrogate light chain, and the B cell now

forms a functional B cell receptor — the surface IgM molecule (Hardy and Hayakawa, 2001b).

Bone marrow stromal cells also are important for B cells development by producing factors
like interleukin-7 (IL-7) and the chemokine CXCL12. IL-7 supports the survival and proliferation
of pro-B and pre-B cells, while CXCL12, via its receptor CXCR4 on B cell progenitors, helps

localize developing B cells to the bone marrow (Zehentmeier and Pereira, 2019).
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The BCR functions as a checkpoint during B cell development. Immature IgM B cells with non-
functional or self-reactive BCRs are eliminated through negative selection and clonal deletion
(Pelanda and Torres, 2012). Immature B cells that successfully pass the negative selection
continue to differentiate and acquire cell surface markers such as IgD, CD21 and CD23 (Su and
Rawlings, 2002, Tarlinton, 2008). B cells continue their final maturation in the spleen as
transitional B cells, which is a short phase when they are still prone to negative selection to
prevent the emergence of autoreactive cells. The differentiation of marginal zone (MZ) B cells
relies on NFkB signaling and is facilitated by signals from the B cell receptor (BCR), Notch2,
and the B cell activating factor receptor (BAFF-R). A deficiency in APRIL or BAFF-R results in a
significant decrease in MZ B cell (Rauch et al., 2009). B cells then migrate into the peripheral
lymphoid tissues, such as lymph nodes, and mucosal-associated lymphoid tissues and spleen,

where they are ready to encounter antigen and become activated.

1.5.2. B cell development and subsets in spleen: phenotype and function

Mature naive B cells have been classified into three subsets, B-1 B cells, follicular B cells (FO),
and marginal zone (MZ) B cells and this classification is based on their developmental stage,

expression of surface markers, and functional properties (Yam-Puc et al., 2018).

1.5.2.1. B-1 B cells

B-1 B cells are a subpopulation of B cells that are found predominantly in the peritoneal and
pleural cavities, but also can be detected in spleen and lymph nodes (Hardy and Hayakawa,
1994). B1 B cells can be recognized by their surface markers (B220"° IgM" CD23- CD43* IgD')
and further can be subdivided to Bla cells, which express surface marker CD5, and B1b with
low expression of CD5 (Hardy and Hayakawa, 2001a, Baumgarth, 2011). Splenic B-1 B cells

do not express CD11b, while peritoneal B-1 B cells do.
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B-1 B cell repertoires in body cavities and the spleen reflect their developmental pathways.
The absence of non-template-derived nucleotide (N-region) insertions at the VDJ joining ends
in B-1 cells is consistent with the fetal lack of terminal deoxynucleotidyl transferase (TdT)
expression(Feeney, 1990). B-1 B cell immunoglobulin genes have less N insertions, and do not
typically have somatic mutations (Berland and Wortis, 2002). The repertoire of B-1 B cells is

limited and oriented toward reactivity with common bacterial and self-antigens.

B-1 B cells are involved in responses to Thymus independent type 2 antigens (TI-2 antigens),
which are molecules with repetitive epitopes that can stimulate B cells without T cell help.
The study by Schager et al. (2018) on STmMGMMA (Salmonella Typhimurium Generalized
Modular Glycoengineering Modified Antigen) shows that it induces T-cell-independent
switching to all IgG isotypes except IgG1. In T-cell-deficient mice, STmGMMA prompted the
production of IgM and IgG antibodies by 7 days, increased the proportion of B1b cells, and
induced antigen-specific 1gG to porins but not to LPS. All IgG isotypes except 1gG1l were
produced, indicating that T cells are crucial for switching to IgG1. Thus, STmMGMMA elicits a
strong T-cell-independent response, involving Blb cells, while T cells are necessary for IgG1

production.

In response to TI-2 antigens, B1 B cells predominantly produce isotypes of antibodies, like
IgM, IgA and all IgG except IgG1, known as natural antibodies. They have a relatively low
affinity because they lack somatic mutations that are the primary hallmark of affinity
maturation in GCs, and wide-ranging specificity, which allows them to recognize a wide range
of antigens. While B-2 B cells, also called follicular B cells, develop high affinity and are specific

for exogenous non-self-antigens (Lalor and Morahan, 1990).
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Studies have shown that B-1 cells not only produce natural antibodies but also enhance IgM
production in response to various pathogens, including Borrelia hermsii, Salmonella typhi,
Streptococcus pneumoniae, and influenza (Colombo and Alugupalli, 2008, Cunningham et al.,
2014, Haas et al., 2005, Baumgarth et al., 1999). For example, a study on influenza showed
that while local IgM levels increase during infections, natural serum IgM levels remain
unchanged, and around 90% of IgM-secreting B-1 cell produce antibodies that are not specific
to the influenza virus, implying antigen-nonspecific activation. BCR signalling likely doesn't
regulate this response, as B-1b cells do not participate to the acute anti-viral response, and
increased antibody production is limited to the respiratory tract(Choi and Baumgarth, 2008).
Suggesting that different B-1 cell subsets regulate systemic versus infection-induced antibody
responses.

1.5.2.2. Follicular B cells (FO)

FO B cells express high levels of IgD and CD23, but low levels of IgM and CD21, and do not
express CD5 in mice. Immature B cells migrate to the spleen to continue their maturation into
either FO B cells or MZ B cells based on BCR signalling (Yam-Puc et al., 2018). B cells leave the
bone marrow and enter the bloodstream, where they circulate throughout the body.
Expression of the chemokine receptor CXCR5 guides their migration to B cell follicles once
they have entered the spleen, Peyer’s patches or lymph nodes. CXCR5 binds CXCL13, which is
abundantin the follicular areas (Forster et al., 1996). Due to their location within the lymphoid
follicles adjacent to the T cell zones, FO B cells have been particularly well-suited to
participating in T-dependent immune responses (Pillai and Cariappa, 2009a). Following
antigen-binding, activated FO B cells migrate to the outer T zone to interact with activated T
helper cells. In the outer T zone, activated B cells present antigen peptides derived from

captured antigens via MHCII to antigen-specific activated CD4* T help cells. B cells have high
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expression of CD40, a co-stimulatory receptor that is required for B cells activation.
Interaction with antigen-specific activated T helper cells leads to their rapid expression of
CD40L (Casamayor-Palleja et al., 1995). Activated B blasts undergo proliferation. Some move
to extrafollicular foci, where they form early extrafollicular plasmablasts, enabling an early
extrafollicular humoral response that produces low-affinity antibodies. They may have
undergone class switch recombination (CSR) but not somatic hypermutation (SHM) and
differentiate into short-lived plasma cells (MacLennan et al., 2003). Other activated FO B cells
return to the B cell follicle to proliferate and become GC founder cells. Activated CD4 T cells
produce cytokines such as interleukin-4 (IL-4), interleukin-5 (IL-5), and INF-y based on the
types of antigen (Toellner et al., 1996) These cytokines and CD40-CD40L signalling provide
critical signals that promote CSR and differentiation of the activated FO B cells and result in
the production of different antibody isotypes with distinct effector function. In the GC, CD4
follicular helper T cells also produce interleukin-21 (IL-21) (Zotos et al., 2010, Zhang et al.,
2018, Petersone et al., 2023). This thesis will focus on the differentiation of FO B cells.
1.5.2.3. Marginal zone B cells (MZ B cells)

MZ B cells are located in an area of the spleen with high blood flow that lies between the
spleen's white pulp and red pulp. The cell-surface phenotype of MZ B cells typically includes
the expression of IgM"CD21MCD23"IgD'°CD1d*. In mice they do not express CD5 or CD11b
(Martin and Kearney, 2002). Like B1 B cells, MZ B cells exhibit innate-like features and can
respond rapidly to blood-borne antigens without the need for prior exposure or activation by
T cells, which then results in the generation of short-lived plasma cells. MZ B cells also play a
significant role in T-dependent B cell responses by facilitating the transport of antigen-

antibody complexes towards follicular dendritic cells (FDCs) in B cell follicles via complement
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receptor CR1/2 (Gray et al., 1984). This process is vital for the initiation of robust antibody

responses and the generation of immunological memory.

MZ B cells demonstrate constitutive shuttling between the MZ and the follicles of the spleen.
This process is regulated trough CXCR5, and sphingosine 1-phosphate receptors
(S1PR1/S1PR3). The migration of MZ B cells to the follicles is predominantly influenced by the
upregulation of CXCR5, a chemokine receptor that facilitates migration towards CXCL13
generated by Follicular Dendritic Cells (FDCs) and follicular stromal cells within the follicles.
Whereas their return to the marginal zone is dependent on the activity of the S1P1 receptors

(Cinamon et al., 2008, Arnon et al., 2013).

16



Bone marrow Spleen

- "
D-J Joining H chain genes VDJ rearranging Heavy and light
No surface Ig expression Pre-BCR chains rearranging

expression IgM expression

Figure 1.3 B cells development in bone marrow and spleen.

A simplified overview of B cell development. B cell development begins in the bone marrow, where
common lymphoid progenitor (CLP) differentiate into pro-B cells. Pre-B cells start the VDJ Igs heavy
chain rearrangement process. Pre-B cells undergoing successful rearrangement express the pre-BCR.
They then start rearranging light chain, and differentiate into immature B cells which are the first cells
that express a complete BCR. Immature B cells leave the bone marrow and enter the spleen as
transitional B cells. At this stage (auto-)antigen encounter will lead to BCR editing or negative
selection. After a few days they differentiate into mature B cells that after encounter of antigens
become activated, leading to clonal expansion and differentiation. Mature B cells express both
membrane-bound IgM and IgD isotypes. Created by Biorender.

1.6. B cells activation and differentiation

Antibodies play an essential role in the protection from infectious pathogens and subsequent
re-exposure. Memory B cells and long-lived plasma cells, both of which are produced in
response to primary antigen exposure, are responsible for the production of antibodies that
are capable of providing long-term protection. The activation of a B-cell response to an
antigen can proceed via two distinct mechanisms, namely, thymus-independent and thymus-

dependent pathways.
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1.6.1. Thymus independent antigen (T-I) antigen

T-l antigen responses trigger an immunological response from B cells without the involvement
of CD4+ helper T cells. T-I antigens are classified into two types: type 1 (TI-1) and type 2 (TI-
2). Type 1 antigens (TI-1) are also known as B cell mitogens, which directly engage with Toll-
like receptors (TLRs) on B cell surface, for example TLR4 binding lipopolysaccharide (LPS),
associated with the outer cell membrane layer of Gram-negative bacteria. This interaction
occurs with any B cell, regardless of its BCR specificity, and exhibits less evidence of memory.
High doses of TI-1 antigens can lead to polyclonal B cell activation that lead to non-antigen-
specific polyclonal antibody production (Murphy et al., 2008). TI-I antigens present at low

dose can amplify antigen-specific activation through the BCR.

Type 2 antigens (TI-2) are typically large polysaccharides with multiple repeating antigenic
epitopes, such as s flagella or bacterial cell wall polysaccharides. These antigens normally
evoke antibody response in human after the age of 2. They can simultaneously bind to
multiple B-cell receptors (BCRs) on a single B cell. This extensive surface Ig cross-linking
provides a sufficiently strong signal to activate the B cell, and induce an antibody response
from antigen-specific B-cells even without help from T cells. It directly promotes B cells to
become short-lived plasma cells in the extrafollicular regions. While TI-2 antigens do not
induce a strong memory response, and although the persistence of memory B cells has been
noted, studies have explored the characteristics of various memory B cell subsets. Study on
peritoneal cavity-resident memory Bla cells and memory Blb cells has shown that memory
Bla cells migrate to the spleen and differentiate into plasma cells upon re-challenge.
Additionally, studies of antibody responses to Borrelia hermsii and Streptococcus pneumoniae
infections have revealed that memory Blb cells persist in the peritoneal cavity, similar to

memory Bla cells(Alugupalli et al., 2004, Haas et al., 2005). Additional study demonstrated
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that antigen-specific memory Blb cells, traced and analysed using NP-Ficoll, retain the
phenotypic characters of their naive B1lb counterparts, including longevity and sensitivity to
antigen stimulation (Obukhanych and Nussenzweig, 2006). Some studies have shown that TI-
2 antigens can trigger antigen-specific B cells to mount a strong GC response. However, these
GC B cells have shorter lifespans compared to T cell-dependent responses, as thereisno T
cell help provided. Despite their shorter durations, the GC B cells induced by TI-2 antigens
have many molecular features similar to those seen in GC B cells from T cell-dependent
responses (de Vinuesa et al., 2000, Lentz and Manser, 2001). Somatic hypermutation is low,
probably due to absence of B cell recycling in the absence of T helper signals from Tfh cells

(Toellner et al., 2002).

1.6.2. Thymus dependent antigen (T-D) antigen

Most antibody responses to proteins and glycoproteins require help from T cells for B cell
effective activation. This is due to that the vast majority of protein antigens are T cell-
dependent antigens, indicating that they require the presence of helper T cells in order to
elicit a functional antibody response. T-D immune responses are triggered when B cellsand T
cells with specificity for the same antigen engage in cognate interactions that take place at
the boundary between B cell follicles and T cell zones within secondary lymphoid organs
(Garside et al., 1998). B cell activation is initiated by important signals. First, B cells recognise
antigens through their unique B cell receptors (BCRs). Following recognition of the antigen, B
cells can serve as antigen-presenting cells (APCs) by expressing processed peptides on major
histocompatibility complex (MHC) class Il molecules on their surface. Once the antigen binds
tothe BCR, the antigen is degraded in the cytosol and transported into late endosomes, where

it encounters MHC class Il molecules derived from the endoplasmic reticulum (Blum et al.,
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2013). The peptide fragments that can be loaded onto MHC class Il molecules are presented
to activated CD4 T lymphocytes. Helper T cell recognition leads to delivery of activation signals
for the antigen-presenting B cell. Helper T lymphocytes with a TCR specific for the given MHC
class ll-loaded epitopes express co-stimulatory signals such as CD40L and OX40 and secrete
such as cytokines IL-4 and IL-21 (Toellner et al., 1998, Zotos et al., 2010, Petersone et al.,
2023). These molecules produced by the T helper cells can support activated B cell

differentiation and class switch recombination (Toellner, 2014).

The result of these interactions of activated B cells with T cells is the differentiation of short-
lived extra-follicular plasmablasts secreting low-affinity antibodies, and early recirculating
IgM* memory B cells (MacLennan et al., 2003). Some activated B cells enter the follicle to
form germinal centres, resulting in the development of memory B cells and long-lived PCs
with high affinity (Weisel et al., 2016).

1.6.3. Hapten 4-hydroxy-3-nitrophenyl-acetyl

Haptens refer to small chemical structures which serve as efficient B cell antigens.
Accordingly, these entities are used for investigating antigens and their interaction with
antibodies. In order to recruit efficient T cell help, chemical haptens need to be coupled to
carrier proteins like chicken gamma globulin (CGG) that can be processed into peptide
antigens that the B cell can present via MHCII to T helper cells. 4-hydroxy-3-nitrophenol (NP)
has proven to be a good immunogen which can be bound to several different carriers and
has long been used for eliciting immune response in mice. This hapten has been used by
researchers since it can induce a canonical response typically involving V186.2 IgH chain and
IgA light chain (Bothwell et al., 1981). Responses to hapten conjugated with carrier proteins
to form NP-CGG have been well studied with affinity maturation and key mutations conferring

higher affinity are known (Bothwell et al., 1981, Maizels et al., 1988). Haptens can
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also be coupled to T independent carriers, e.g. the polysaccharide Ficoll and used in the

study of TI B cell responses (de Vinuesa et al., 2000, Toellner et al., 2002)

1.7. The germinal centre
1.7.1. Germinal centre response

The germinal centre response, a hallmark of T-D responses, is a specialised microenvironment
found within secondary lymphoid tissues, where B cells undergo intense proliferation,
somatic hypermutation, and affinity maturation leading to the production of high-affinity

antibodies, plasma cells, and memory B cells (Figure 1.4).

The germinal centre (GC) response is triggered when B cells encounter antigens and receive
help from T follicular helper (Tfh) cells in secondary lymphoid tissues. When an infection
occurs, B cells quickly detect pathogens and trigger a humoral response. How B cells
encounter antigens depends on the antigen's size. Small soluble antigens can diffuse directly
into lymphatic tissue, where B cells recognize them. However, larger pathogens usually
require presentation by subcapsular sinus macrophages, dendritic cells (DCs), and follicular
dendritic cells (FDCs) (Carrasco and Batista, 2007, Allen and Cyster, 2008, Batista and
Harwood, 2009). After B cells encounter antigen, they rapidly upregulate the expression of
chemokine receptor CCR7, attracting them to their ligands CCL19 and CCL21, which are
present in the T cell zone and guiding them towards the T:B border, where they interact with
primed CD4+ T-helper cells (Okada et al., 2005). After B cells interact with CD4 T cells and
undergoing cell division, activated B cells either contribute to the low affinity extrafollicular
antibody response , or migrate back to the follicle mantle by upregulating Epstein-Barr virus-

induced G protein coupled receptor 2 (EBI2) (Chan et al., 2009, Pereira et al., 2009). These B
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cells differentiate into GC B cells. GC B cells express S1PR2, which helps to locate GC B cells in

the central follicle (Green et al., 2011).

GCs divided into the dark zone (DZ) and the light zone (LZ) (Allen et al., 2007b). The DZ is
mainly made up of centroblasts, a type of rapidly dividing B cell. The chemokine receptor
CXCR4 is highly expressed on centroblasts, which aids their migration towards CXCL12, which
is produced by DZ reticular cells (called CXC12-reticular cells)(Bannard et al., 2013), and thus
positions them within the DZ (Allen et al., 2004). Centroblasts undergo random mutations in
their antibody variable region genes by a process called somatic hypermutation (SHM), which
is triggered by activation-induced deaminase (AID) (Muramatsu et al., 2000). During
transcription, the immunoglobulin variable (V) region of the antibody-encoding genes is
exposed as single-stranded DNA. AID targets these single-stranded DNA regions and catalyses
the conversion of cytidine (C) to uracil (U) (Chaudhuri et al., 2003, Dickerson et al., 2003,
Ramiro et al., 2003). This deamination process induces point mutations in the V region. The
introduction of uracil into the DNA can be problematic if not repaired properly. It can lead to
the formation of DNA double-strand breaks (DSBs), which poses a threat to genomic stability.
However, B cells have developed error-prone repair mechanisms to cope with these DSBs and
the repair process itself facilitates the generation of mutations (Di Noia and Neuberger, 2007,
Peled et al., 2008). The lack of AID enzyme has profound consequences on the adaptive
immune response including impaired somatic hypermutation, limited ability of
immunoglobulin to switch to other antibody isotypes, and hypertrophic GCs with lymph node
hyperplasia (Revy et al., 2000). One of the hallmark consequences of AID deficiency is the
development of Hyper-IgM syndrome. This is characterised by elevated levels of
immunoglobulin M (IgM) and significantly reduced or absent levels of other antibody

isotypes. Additionally, AID deficiency is associated with an increased risk of autoimmune
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disorders, such as systemic lupus erythematosus (SLE) and common variable
immunodeficiency (CVID). AID deficiency could result in abnormal B-cell expansion and the
generation of autoreactive B cells, which, in turn, promotes the formation of Tertiary
Lymphoid Organs (TLOs) within inflammatory tissues, supporting organ-specific autoimmune

effector CD4+ T cells to proliferate (Hase et al., 2008).

The centroblasts subsequently exit the cell cycle and become smaller centrocytes, which
migrate to the light zone. Within the light zone, FDCs produce abundant CXCL13, which
attracts GC B cells with higher expression of CXCRS5 (Allen et al., 2004). Chemokines involved
in the formation and function of GC B cells are summarised in (Tablel.1). However, recent
study showed that during a Salmonella Typhimurium infection, the FDC networks in secondary
lymphoid organs are disrupted, altering their distribution and density. This disruption delays

GC formation until FDCs recover around day 28 (Marcial-Juarez et al., 2023).

Different from the hypermutating centroblasts, centrocytes express the mutated BCR on their
surface. Centrocytes test the specificity of their BCR by binding antigens presented on FDC.
Antigens are not deposited free on FDC, but always complexed with antibody. Centrocytes
have to engage in competitive interaction with the antibody-antigen immune complexes on
FDC. Only centrocytes with higher-affinity B-cell receptors are able to outcompete antibodies
present in the immune complexes. Successful competition will allow antigen uptake and
presentation via MHCII. These centrocytes then competitively interact with follicular helper T
cells, which provide more essential signals for centrocyte differentiation into plasma cells or
memory B cells. While centrocytes unable to bind antigen or with low affinity BCRs may
undergo apoptosis (cell death). Some low affinity centrocytes may become memory B cells

(Suan et al., 2017a). B-cells with higher affinity BCRs undergo positive selection that signals

23



them to re-enter the dark zone for additional rounds of SHM. This iterative process allows B-
cells to undergo affinity maturation, gradually increasing their ability to recognize and

neutralize the antigen more effectively (Allen et al., 20074, Victora et al., 2010).

A recent study in our lab (Zhang et al., 2013) suggests that antibody-mediated feedback is
another process which contributes to GC B cell selection. During this process, early low affinity
antibody or natural antibody masks antigens present as immune complexes on FDCs. GC B
cells have to compete with these antibodies by expressing BCRs with higher affinity for the
antigen. Only higher affinity BCR variants are able to outcompete the antibodies that are
already covering the antigen. Therefore, only higher affinity B cell variants are able to access
antigen, phagocytose this, and present antigenic peptide to Tfh cells, that then would provide
survival and differentiation signals. This model is capable of explaining a persistently
increasing affinity selection threshold during the GC response, as antibodies in immune
complexes on FDCs are continuously substituted by variants of antibody generated by GC-
derived plasma cells with produce antibodies that with affinities that increase over the course

of the GC response.
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Figure 1.4 The structure of Germinal centre reaction.

(1) Activated B cells migrate to the T-B border in secondary lymphoid organs (SLOs) and receive help
from cognate T cells. The B cells can then differentiate into extrafollicular plasma cells and a few
memory B cells. (2) Alternatively, the activated B cells can undergo rapid proliferation and enter B cell
follicles to start forming germinal centres (GCs). (3) Inside the GC dark zone, centroblasts undergo
clonal expansion, and express activation-induced cytidine deaminase (AID) to initiate somatic
hypermutation of their B cell receptors (BCRs). (4) B cell clones with successful mutations in their BCRs
migrate to the GC light zone as centrocytes. Here they compete to test specificity of BCR by capturing
antigens deposited on follicular dendritic cells (FDCs). (5) B cell clones that are not positively selected
undergo apoptosis. (6) B cells with higher affinity BCRs can present more antigen to cognate follicular
helper T cells (Tfh). (7) Positively selected B cell clones differentiate into memory B cells, (8) antibody-
secreting plasma cells, or migrate back to the dark zone for further rounds of mutation and selection.
(9) Antibody feedback: early extrafollicular antibody responses produce low-affinity antibodies
(black), but these are replaced over time by high-affinity antibodies (red) generated from GC derived
plasma cells. Adapted from (Zhang et al., 2016). Created by Biorender.
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Table 1.1Chemokines involved in the formation and function of germinal centers within
secondary lymphoid organs

cells to follicles and germinal centers

Molecule |[|Source Target Cells Function
B cells (CXCR5+), Attracts B cells and Tfh cells t
cxct1s  |[Follicular dendritic |[5 8" ) racts ® cells and Tih cefls fo
(BLC) cells. stromal cells follicular helper T cells follicles, promotes germinal center
’ (Tfh, CXCR5+) formation and maintenance
CXCL12 Stromal cells, Centroblasts, Retains centroblasts and centrocytes
(SDF-1) endothelial cells centrocytes (CXCR4+) within germinal centers
CCL19 Stromal cells Attracts Tfh cells to follicles
’ Tfh cells (CCR7+ ’
‘(ELC) dendritic cells ( ) promotes Tfh-B cell interactions
CCL21 Stromal cells, Attracts Tfh cells to follicles,
] Tfh cells (CCR7+) ) .
(SLC) endothelial cells promotes Tfh-B cell interactions
CXCL10 Stromal c.eIIs, CXCR3+ Tfh cells Attracts CXCR3+ Tfh cells to germinal
(IP-10) endothelial cells centers
CCL22 Follicular dendritic CCRA+ Tfh cells Attracts CCR4+ Tfh cells to germinal
(MDC) cells centers
CD80 (B7- Activa.t(.ed B cells, D28 on T cells Co—'stirrlmlatory signaTI forT c'ell'
1) dendritic cells activation and Tfh differentiation
CD86 (B7- Activa.tt.ed B cells, D28 on T cells Co—'stirrnwlatory signa?l forT c'eII'
2) dendritic cells activation and Tfh differentiation
ICOSL (B7- ||Activated B cells, 1COS on Tfh cells Co-stimulatory signal for Tfh cell
H2) dendritic cells differentiation and function
PD-L1 (B7- ||Germinal center B Regulates Tfh cell function and
. PD-1 on Tfh cells )
H1) cells, dendritic cells germinal center responses
Retains centroblasts and centrocyte
CXCR4  ||centroblasts CXCL12 >rains cent > and centrocytes
within germinal centers
Guides migration of B cells and Tfh
‘CXCRS B cells, Tfhcells  ||cxcLa3 uiges migration ot B celis an

26



1.7.2. Role of T follicular helper cells in GC B cells selection and affinity
maturation

Tfh cells are a crucial subsets of CD4+ helper T cells responsible for establishing and sustaining
the germinal centre response (Crotty, 2011). CD4 T cells are primed by dendritic cells (DCs)
through two signals: TCR engagement through antigen peptide fragments on MHC-II
molecules and CD28 receptor binding to CD80 or CD86 ligands (Grakoui et al., 1999, Sharpe
and Freeman, 2002). DC activation prompts primed CD4 T cells to adopt a distinct
transcriptional profile with expression of Bcl6, directing them towards the Tfh cell fate (Crotty,

2011).

During interactions with DCs, the interaction of inducible co-stimulator (ICOS) on T cells by
ICOS ligand (ICOS-L) on DCs, combined with cytokines like IL-6, IL-12, and TGF-J, initiates the
initial stages of pre-Tfh differentiation. In mice, IL-6 and IL-21 trigger the activation of signal
transducer and activator of transcription (STAT) 3, while in humans, IL-12, IL-21, IL-23, and
TGF-PB activate both STAT3 and STAT4 (Bossaller et al., 2006, Ma et al., 2009, Simpson et al.,
2010). These activated STAT molecules migrate to the nucleus, where they trigger the
activation of the key Tfh transcription factor, B cell lymphoma (Bcl-6) (Nurieva et al., 2009,
Ma et al., 2009, Linterman et al., 2010). Bcl-6 is essential for Tfh cell differentiation as it
suppresses the expression of transcription factors associated with other CD4+ T cell subsets,
such as T-bet, GATA 3, RORyt, and Foxp3 (Nurieva et al., 2009). Bcl-6 could be repressed and
inhibited by the transcription factor B-lymphocyte-induced maturation protein-1 (Blimp1)
(Johnston et al., 2009), making it a critical factor in determining the effector cell fate of primed

T cells.

Through interactions with activated B cells, pre-Tfh cells become fully GC Tfh cells. Moreover,

Bcle-driven Tfh programming changes the homing receptor profile of Tfh cells, enhancing
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CXCRS5 for migration towards CXCL13 and upregulating early EBI2 expression (Pereira et al.,
2009, Cinamon et al., 2008, Allen et al., 2007a), directing pre-Tfh cells to the follicle. Essential
cognate interactions at the T-B border promote both GC formation and Tfh cell development.
Maintenance of these interactions relies on SLAM family members CD84 and Ly108, signalled
by the intracellular adapter SAP (Crotty et al., 2003). Pre-Tfh and B cells exchange signals
through CD40L/CD40 and ICOS/ICOSL, sustaining Bcl-6 expression. Fully committed Tfh cells
enter the GC, crucially influencing GC B cell selection and survival (Elgueta et al., 2009,

Linterman et al., 2014, Gigoux et al., 2009).

After centroblasts undergo SHM, centroblasts transition from the DZ to the LZ and scan the
FDC network for antigens. GC B cells engage in affinity-based selection through interactions
with Tfh cells (Allen et al., 2007). Upon binding antigens with their newly mutated BCRs,
centrocytes process these antigens and present them via MHC-Class Il to Tfh cells in the LZ
(Batista and Neuberger, 2000). Centrocytes with higher affinity BCRs present more
peptide:MHC to Tfh cells, gaining survival signals that outcompete lower affinity cells for T
cell help (Meyer-Hermann et al., 2006, Allen et al., 2007b, Victora et al., 2010, Shulman et al.,
2013). This selection enriches the population with high-affinity B cell clones. In the LZ, Tfh
cells can provide essential signals via CD40/CD40L, ICOS/ICOSL ligation, and produced
cytokine such as IL-21 and IL-4 (Linterman et al., 2010, Zotos et al., 2010). Because of central
T cell tolerance, self-reactive BCRs should lead to presentation of antigens for which no
cognate Tfh cells can be engaged. Absence of Tfh help would lead to apoptosis (Victora et al.,
2010). Positively selected B cells re-enter the DZ for more SHM and proliferation, enhancing
affinity maturation. These cells differentiate into long-lived antibody-secreting plasma cells

or memory B cells (Allen et al., 2007b, Victora et al., 2010, Zhang et al., 2018).
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1.7.3. Class switch recombination

Class switch recombination (CSR) has often been thought to take place within germinal centre
B cells, because of the correlation of the GC reaction with the emergence of class switched
cells. However, extensive research over the last 30 years showed that activated B cells start
to switch before GC are formed (Toellner et al., 1996, Toellner et al., 1998). Class switch
recombination (CSR) has often been thought to take place within germinal centre B cells,
because of the correlation of the GC reaction with the emergence of class switched cells.
However, extensive research over the last 30 years showed that activated B cells start to
switch before GC are formed (Toellner et al., 1996, Toellner et al., 1998). This study examined
the association between immunoglobulin class switch recombination and the production of
germline IgCH messenger RNA (mRNA) transcripts. Specifically, they examined the levels of
v1 transcripts in mouse spleen sections during primary and secondary antibody responses to
chicken gamma globulin (CGG). In the primary response to CGG, yl switch transcripts
appeared 4 days after immunization. In contrast, after secondary challenge with CGG, a 7-fold
increase in transcripts occurred within the first day, doubling by day 3 to reach a level 6 times
the peak of the primary response. The rapid early rise in switch transcripts during the
secondary response, occurring before antigen-specific B cells had completed their first cell
cycle, suggests that switching is closely associated with the cognate interaction of these cells
with primed T cells in the outer T zone. The lower transcript levels seen later, as the antigen-
specific B cells proliferate in extrafollicular foci or GC, indicate that switching also occurs in
these other sites but to a low level (Toellner et al., 1996, Roco et al., 2019). The purpose of
CSR is to alter the effector function of immunoglobulin (Ig) while maintaining the same
antigen specificity. The AID enzyme is not the only factor required for both CSR and SHM

(Muramatsu et al., 2000).
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CSR is a DNA deletional-recombination reaction that involves specific genetic regions known
as switch (S) regions upstream of constant (CH) gene segments. The process proceeds through
the generation of double-strand breaks (DSBs) in the switch regions, which are followed by
non-homologous end joining (NHEJ) between donor and acceptor S regions. The S regions are
specific DNA sequences located upstream of each CH gene containing recognition sites for
AID, which initiates the DNA breaks. Upon generating two breaks—one at the Su region and
another at the targeted switch region (Sy, Sa, or Se)—the excised DNA sections are connected
at their ends, forming an extrachromosomal switch circle (Figure 1.5 A). This action leads to
the permanent excision of one or more C-regions located between the VDJ region and the
target isotype. The remaining two chromosome segments are fused by proteins associated
with the DNA damage response mechanism (Manis et al., 2002, Honjo et al., 2002). As a result,
the variable region is brought nearer to the targeted constant region. This VDJ arrangement
ensures that the B cell and its offspring exclusively produce the antigen- specific antibodies,

enhancing the immune response's specificity and efficacy.

Mature naive B cells express IgM and IgD, which originate from the two most upstream
segments of the immunoglobulin heavy chain locus. Exposure to antigens activates B cells
through BCR stimulation followed by further signals from T helper cells. These signals involve
interactions like CD40 and engagement of cytokine receptors. Cytokines can direct B cells to
switch to specific antibody classes. Different cytokines guide B cells toward switching to IgG,
IgA, or IgE classes and subclasses. For example, IL-4 in mice promotes switching to IgG1 and
IgE, whereas INF-y induces switching to 1gG2a, while IL-5 induces switching to IgA (Hodgkin et

al., 1996, Rush et al., 2005, Toellner et al., 1996, Coffman et al., 1993).
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1.7.4. Antibodies

A fundamental component of the adaptive immune response is humoral immunity, which is
orchestrated through immunoglobulins (Igs) or antibodies. Antibodies consist of two identical
heavy (H) chains and two identical light (L) chains. The light chain can be kappa (k) or lambda
(A) class (Figure 1.5 B). The light chain structural properties allow for more variability within
the antigen-binding domain, boosting the antibody's ability to engage with various types of

antigens.

The numbers of V, D, and J gene segments vary between species. The H-chain gene segments
are found on chromosome 12 in mice and on chromosome 14 in humans. The gene segments
for the k L-chain and A L-chain are situated on chromosomes 2 and 22, respectively (de Bono
et al., 2004, Dunn-Walters et al., 2018). During B cell maturation, V(D)J recombination is a
crucial DNA recombination event that forms a specific combination, ensuring that each
individual B cell exclusively generates a particular combination of three gene segments (V, D,
and J). The L-chain undergoes a similar process involving the selection of one V and one J gene

segment. The L-chains are bound to the H-chains by many noncovalent and disulfide bonds.

Dependent on the antibody class, the C-region of H-chains interacts with different types of Fc
receptors (FcR) expressed on various immune cells and complement proteins with varying
affinity. There are five distinct subclasses of human and mouse antibodies (IgM, IgD, I1gG, IgA,
and IgE), which use different C-region genes (Figure 1.5 C). During B cell development, IgM is
the first type of antibody expressed, and serves as the initial B cell receptor on the surface of
naive B cells. Being expressed by naive B cells, IgM is the first class of antibodies produced in
the early immune response during primary infection. IgM is secreted in a pentameric form
with 10 antigenic binding sites. This increases the avidity for antigen, even though the

individual antigen-binding sites may be low affinity. Upon binding to antigens, IgM is
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particularly efficient through its interaction with C1q and activation of the classic pathway of
the complement system (Nimmerjahn and Ravetch, 2005, Murphy et al., 2008). The role of
IgD in humoral immune responses is still unclear. IgD is expressed on the surface of naive,
immature B cells along with IgM, and less commonly secreted. Follicular B cells have high
expression of both IgD and IgM, which serve as antigen receptors. Upregulation of IgD occurs
during the transition of immature to mature B cells within the marginal zone of the secondary
lymphoid organ (Pillai and Cariappa, 2009b). IgG, the most abundant antibody in serum, exists
in different subclasses, each with distinct properties and functions. In humans, there are four
main subclasses of IgG antibodies: 1gG1, 1gG2, 1gG3, and IgG4 (Salfeld, 2007). Human IgG1
leads to a variety of events, including the ability to bind the Clg component of the
complement cascade, depending on the receptor or protein bound, leading to activation of
the classical complement pathway, and crosslink IgG1-antigen complexes on target cells with
Fc gamma receptors (FcRs), which activates immune cells (e.g. macrophages) to induce
antibody-dependent cell-mediated cytotoxicity (ADCC). IgG antibodies can trigger cytokine
production in various human cell types. Among these, the production of proinflammatory
cytokines such as TNF, IL-1[3, and IL-23 by myeloid immune cells is strongly influenced by IgG1,
and even more so by IgG2 (Hoepel et al., 2020). Like 1gG1, all FcRs are recognised by human
IgG3, which promotes potent antibody-dependent cellular cytotoxicity and immune-
mediated cell death. Additionally, 1gG3 has a high-affinity interaction with C1q that activates
classical and alternative pathways of the complement cascade (Izadi et al., 2023). IgG4 is the
least abundant subtype, comprising around 4% of total IgG in serum, with the lowest binding
affinity for FcRs, which reduces its potential to trigger inflammatory responses, making it less
efficient at ADCC. 1gG4 is generated by class switching from more upstream IgG subtypes in

response to repeated or chronic antigen exposure, which is often associated with immune
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tolerance to allergens (Vidarsson et al., 2014). Mice have the four IgG subclasses 1gG1, I1gG2a,
IgG2b, and IgG3. Mouse IgG1 binds weakly to the activating FcRI, FcRIll, and FcRIV receptors
on monocytes, macrophages, neutrophils, and other phagocytic cells (Neuberger and
Rajewsky, 1981). IgG1 in mice has a higher affinity for inhibitory FcRIIB than IgG2a and I1gG2b,
allowing it to exert more anti-inflammatory effects. Whereas IgG2a and IgG2b strongly bind
activating FcRs (FcRI, FcRIll, and FcRIV), allowing them to trigger the classical complement
pathway and clearing pathogens through opsonisation (Nimmerjahn and Ravetch, 2005).
Additionally, production of IgG2a/b isotype antibodies has been reported in Salmonella
Typhimurium (STm) infection, where it is induced by a strong Th1 response within 5 to 7 days
after infection (Cunningham et al., 2007). Dimeric IgA is the predominant form secreted
across mucosal membranes. Hence, IgA provides immune protection by neutralising
pathogens and toxins before they can invade the body's mucosal surfaces, such as the gut
and lung (Woof and Kerr, 2006). IgE is a key antibody for parasiticimmunity, but also mediates
hypersensitivity reactions in allergies by triggering mast cell and basophil activation
(Abramson and Pecht, 2007). The strategic advantage of multiple antibody isotypes and
subclasses is that they provide the immune system with a variety of antibodies with different
effector functions suited for responses against different types of pathogens, whether
bacterial, viral, fungal, or parasitic. This repertoire of antibodies with specific effector

activities is critical for broad protection to different pathogens.
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Figure 1.5 The mechanism of CSR and structures of antibodies classes.

(A) CSR showed by the switching to IgG1. Transcription from lyl locus produces a germline switch
transcript, which is spliced by looping out intervening DNA, resulting in a switch circle and a rearranged
heavy chain transcript. (B) The basic structure of an antibody molecule comprises two identical heavy
chains (shown in blue) and two identical light chains (shown in yellow). These chains are inter-
connected by disulfide bonds. Each heavy and light chain is composed of constant and variable
domains. The variability in the variable domains located in the Fab region enables the binding of
antigens. The Fc region facilitates the interaction of immune complexes with other immune cells like
phagocytes (e.g. macrophages, NK cells) and complements. (C) The five main classes of antibodies
(immunoglobulins): 1gM, IgD, IgA, IgE, and IgG. (A, Taken from Prof. K-M Toellner. B-C Created by
Biorender)
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1.7.5. Outputs of germinal centre

After undergoing affinity-based selection in the GC, GC B cells that have acquired higher-
affinity BCRs can differentiate into either plasma cells (PC), which secret high affinity
antibody(Nutt et al., 2015), or memory B cells (Bmem), which are capable of producing high-
affinity antibodies up on re-encounter of antigen (Suan et al., 2017a) . PCs, defined by their
specific regulatory patterns by downregulation of CD19, IgM, IgD, B220, and by upregulation
of CD138, can be long-lived or short-lived depending on their origin. PCs from FOB cells are
usually long-lived, while those from B1 cells, MZ B cells, or extrafollicular reactions have
shorter lifespans (Sage et al., 2019, Nakagawa and Calado, 2021). Plasmablasts (PBs), are
short-lived proliferating ASCs with reduced antibody secretion and retained CD19 expression

(Vijay and Singh, 2021).

High affinity B cells that differentiate into PC or Bmem cells return to the DZ to undergo
further of proliferation and SHM. This process results in PCs with even higher antigen affinity
and prolonged longevity (Nakagawa and Calado, 2021). The strength of the BCR signalling is
directly proportional to IRF4 expression, predisposing GC cells to differentiate into PBs/PCs
(Ochiai et al., 2013). Enhanced T cell assistance and CD40 signalling lead to the production of
IL21, promoting the differentiation of LZ B cells into PCs and facilitating migration into the DZ
(Ding et al., 2013, Zhang et al., 2018). The most elevated IRF4 expression is observed in LZ
plasma cells with relatively higher antigen affinities. IRF-4 promote GC fate, and its
upregulation at high level facilitate PC differentiation by repressing Bcl-6 and inducing Blimp-
1 expression (Nutt et al., 2015). PBs/PC with high IRF4 expression are observed at the GC-T
zone border, where GC-T interface reticular cells (GTIRCs) produce A Proliferation-Inducing
Ligand (APRIL) and IL6, and chemokine CXCL12, suggesting that PCs migrate out from DZ, and

through DZ-T interface (Zhang et al., 2018).
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Blimp-1 (B lymphocyte-induced maturation protein-1) is a master transcriptional regulator of
plasma cell differentiation. It drives the transformation of activated B cells into antibody-
secreting plasma cells (Angelin-Duclos et al., 2000, Minnich et al., 2016). Blimp-1 represses a
variety of GC B cells genes. For instance, it represses BCL6, a master regulator of germinal
centre B cells, and PAXS5. This transcription factors maintain cells in the B cell lineage. c-Myc
are associated with cell proliferation in DZ (Lin et al., 2002, Lin et al., 1997, Saito et al., 2007).
c-Myc expression is restricted in a small number of LZ B cells, and is expressed during LZ B cell

selection (Dominguez-Sola et al., 2012, Calado et al., 2012).

After B cells have been selected within the GC, a subset of B cells undergoes a fate decision
towards the formation of memory B cells. These memory B cells can mount a rapid, high
affinity response to antigen upon re-exposure in comparison to those produced by the naive
B cells, leading to a more rapid and robust immune response compared to the primary
response. Reactivated memory B cells undergo differentiation into antibody-secreting cells or
GC B cells during the recall response. CD27 is a cell surface marker commonly used to identify
memory B cells in humans (Tangye et al., 1998). Unlike human, the initial classification of
memory B cell subpopulations in mice was based on Ig expression. Bmem cells that express
IgG produce antibodies, whereas IgM-expressing B cells initiate GC reactions (Dogan et al.,
2009). Regardless of the Ig isotype, CD80 and PD-L2 act as functional markers to identify high
affinity memory B-cell subsets. While CD80" PD-L2" Bmem develop into GC B cells, those
CD80*PD-L2* Bmem are more likely to evolve into antibody-secreting cells during the recall
response (Zuccarino-Catania et al., 2014). Bmem cells precursors are defined by high CCR6
expression. CCR6 has a critical role of in the detection of HEL-specific low-affinity BCRs on
precursor cells within GC light zones (Suan et al., 2017a). According to a transgenic mouse

model study called S1pr2¢reR12 BAC-transgenic, the development of Bmem cells is more likely
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in light zones with lower-affinity BCRs (Shinnakasu et al., 2016). The transcriptional repressor
BACH2, which has an inverse correlation with T cell strength, was expressed frequently by
these memory B cells, thus, the B cell will receive minimal or no assistance from T cells when
it encounters an antigen. This supports the idea that T cells may affect BACH2 expression,
causing B cells to differentiate into memory B cells (Shinnakasu et al., 2016). When tracking
the fate of antigen-specific B cells in C57BL/6 mice post-immunization, both IgM+ and isotype-
switched immunoglobulins (swlg+) memory B cells are generated. However, during secondary
response, IgM* memory B cells were more abundant and had greater longevity. Swig+
memory B cells dominated in the response, generating plasma cells and new memory B cells
but not contributing to GC B cell formation (Pape et al., 2011). Bmem cells can indeed be
triggered by T cell-independent type Il polysaccharide antigens. However, these GC-
independent Bmem exhibit little SHM and isotype switching, and often secret IgM
(Obukhanych and Nussenzweig, 2006).

1.7.6. Memory B Cell Recall Response

Memory B cells rapidly proliferate and produce high levels of antibodies when they re-
encounter the pathogens they were previously exposed to, a process known as the memory

recall response.

For the recall response to begin, antigens are presented to Bmem by FDCs. These antigens
are bound either to complement receptors CD21/CD35 or to FcyRIIB through immune
complexes(Qin et al., 2000, Barrington et al., 2002). MBCs then take up the antigens and
present peptides on MHC class || molecules, which are recognized by memory T helper (Th)
cells through their T-cell antigen receptors (TCR). The TCR signal, along with co-stimulation
from ICOS, activates the Th cells. In turn, the activated Th cells stimulate Bmem through

CDA40L and certain cytokines, promoting MBC proliferation and differentiation(Shimoda et al.,
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2006, Mahajan et al., 2007). Recent findings show that Bmem reside in a subcapsular niche
with Tfh cells in lymph nodes. Upon recognizing antigens on subcapsular sinus macrophages,
Bmem either proliferate and differentiate into plasma cells in the subcapsular proliferative

foci or become GC B cells in the recall response(Moran et al., 2018).

Negative regulation of the Bmem recall response also plays an important role. The inhibitory
receptor gp49B, which is selectively expressed on Bmem and MZ B cells, suppresses their
differentiation into plasma cells and production of antibodies, including IgE. This helps
prevent excessive or autoimmune-like responses(Fukao et al.,, 2014). Recognition of
repetitive, T cell-independent type Il antigens can also tolerise high-affinity, |gG+ Bmem,

further protection against autoantibody production(Haniuda et al., 2011).

The cytokine IL-9 has also appeared as an important positive regulator of MBC responses. IL-
9 receptor is selectively expressed on Bmem, and IL-9 signalling promotes the expansion and
plasma cell differentiation of MBCs during the recall response(Takatsuka et al., 2018). In
contrast, IL-21, a signature cytokine of T follicular helper cells, appears to be dispensable for

MBC generation and recall(Rankin et al., 2011).
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1.8. Thesis aims.
Antibody feedback is an efficient mechanism to select for the highest affinity B cells during an

immune response. We hypothesize that when high/intermediate low affinity anti-NP IgM?
antibodies are injected, they can outcompete and limits the availability of antigenic epitopes
to B cells during selection in germinal centres. In the current thesis, we test the effects of
antibody on GCs by using mouse strains that either are unable to secrete IgM nor class switch
(IgMi mice), not affinity mature nor class switch (AIDKO), or only generate and secrete 1gG1
(1gG1M). By injecting high and intermediate/low affinity anti-IlgM antibodies into these
strains, we can evaluate how antibody feedback modulates germinal center B cell selection
and differentiation when specific aspects of the antibody response like isotype switching or
somatic hypermutation. And to identify B cell responses in altered B cell receptor (BCR)
signalling mouse models (IgMg1 and IgG1M mice) as a means to model T-dependent antigen
responses. These mice, along with WT controls, were crossed with Nr4a3-Tocky mice to
evaluate the impact of modulated BCR signals on the development of T follicular helper (Tfh)

cells.

The general aims of this thesis are:

1. Analysis and characterisation of GC and Tfh cells within different models of mice.

2. Testtheroles of IgM in antibody feedback in the germinal centre response in wildtype
(WT), AlDko and IgMi mice.

3. Test whether random mutation affects GC B cell fitness using WT B cells transferred
into AID wt or ko mice.

4. Analysis of B cell responses and evaluation of Tfh cell stimulation at different time

points and with varying times of boosting with soluble antigen before culling the mice.
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This will model T cell-dependent antigen responses in IgMg1, 1gG1M-Nr4a3-Tocky
mice.

Analysis of B cell responses to T cell-dependent antigens and evaluation of Tfh cell
after stimulation with soluble antigen in AID knockout Nr4a3-Tocky mice.

Preliminary analysis of Nur77-Tempo mice to test for any function of the Nr4al gene

following B cell responses.
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Chapter 2. Materials and Methods

2.1. Mouse strains

All mice used in experiments were housed and bred under specific pathogen-free conditions
at the Biomedical Service Unit (BMSU), University of Birmingham. All animal experiments
were approved by University of Birmingham Ethnics Committee AWERB (Animal Welfare
Review Board) and were carried out according to Home Office UK regulations under project
license PP8702596. AID knockout mice or AID heterozygous mice, referred to as AlDcre/wt in
this thesis, were used as controls and have been previously described (Muramatsu et al.,
2000). IgHy1p mice, referred to as IgG1M mice in this thesis, have been previously described
by (Waisman et al., 2007). IgMi mice were bred on a C57BL/6 background and have also been
previously described by (Waisman et al., 2007). For adoptive transfer experiments, QM
(Cascalho et al., 1996b) mouse were crossed with Cy1Cre and mTmG mice, heterozygous for
an NP-specific and Cre-inducible eGFP reporter (IgHNP/Cyl x mTmG) (Casola et al., 2006,
Muzumdar et al., 2007, Zhang et al., 2022). C57BL/6N mice were used as wild type (WT)
controls (Bred in house). Nr4a3-Tocky mice and Nr4al-Tempo mice were kindly provided by
Dr David Bending at the University of Birmingham (Bending et al., 2018, Elliot et al., 2022).
IgMg1 mouse was generated by Medimmune (Lingling Zhang 2019 Thesis). Nr4a3-Tocky mice
were bred with AlDko, AlDcre/wt, 1IgMg1/g1, 1gG1M/G1M, and WT mice to generate mice
homozygous for the Nrd4a3-Tocky allele. Nrdal-Tempo mice were bred with IgMgl mice or
WT mice heterozygous for the IgM allele to generate mice heterozygous for the Nrdal-Tempo

allele.

All mice used were aged 8-18 weeks old. Experimental groups were sex and age matched as
closely as allowed by availability of mice. At the end of experiments, mice were humanely
culled by cervical dislocation. If serum required, mice were anesthetized and blood was
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collected by cardiac puncture. Tissues collected for analysis included the spleen and popliteal
lymph nodes.

2.2. Immunisation

For GC response to T-dependent antigen. Mice were immunised intraperitoneally (i.p) with
50ug with either NP24-Keyhole limpet hemocyanin (KLH) (Biosearch, cat: N-5060-5) or NP1s-
chicken gamma globulin (CGG) (made in house) or NP-Ovalbumin (NP-OVA) (Biosearch) were
precipitated in alum plus 5x107 heat inactivated Bordetella pertussis in total volume of 200
uL. Mixtures were prepared by adding one-part of antigen to one-part 9 % aluminium
hydroxide (alum). The pH of the mixture was adjusted to 6.5 using NaOH. The mixture was
then rotated for an hour in a dark at room temperature. Next, sterile pH 7.4 1x phosphate
buffered saline (PBS) was used to wash the mixture twice. Re-suspension of the precipitated

antigen was performed in PBS to a final volume of 200 pul/mouse.

For immune complex experiment, mice were immunised with 10ug NP1s-CGG mixed with
90pg low avidity anti-NP IgM? (clone Fab82) via intravenously (i.v)(Zhang et al., 2013). The
immune complex was prepared one hour before injection. Or at day 8 mice were injected i.v
with 90 ug either soluble antibody anti-NP IgM? (clone Fab82) developed from QM mouse or

high avidity (clone 1.197) from B1-8hi mouse.

In ongoing GC response experiment, mice immunised i.p with 50 pug with NP1s-CGG
precipitated in alum plus 5x107 heat inactivated Bordetella pertussis, and then at day 10 mice
were injected i.v with 90ug intermediate low avidity antibody (clone 2.315) developed from

B1-8 mouse.

All the hybridoma cell line work and production of anti-NP antibodies were performed by

Dr.Margaret Goodall in University of Birmingham.
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In Nrda3-Tocky and Nr4al-Tempo mice were immunised subcutaneously on the plantar

surface of one foot with 10ug of NP,1-KLH (Made in house) precipitated in alum in total

volume of 20 pL. For re-challenged to boost TCR signalling, mice were injected with 10ug of

soluble NP,1-KLH in sterile PBS in plantar surface of the same foot.

2.3.

1.

Preparation of NP-conjugation
Dissolve KLH powder (Merck Millipore 374805-250MG) or BSA powder (Sigma A7906-

100G) in freshly prepared 0.2 M sodium bicarbonate (NaHCO3) (Sigma 55761-1KG)
solution at a concentration of 2 mg/mL.
Dissolve 4-Hydroxy-3-nitrophenylacetic acid succinimidyl ester (NP-OSu)( Biosearch N-
1010) in dimethyl sulfoxide (DMSO)(Sigma D4818-50ML).
Add the NP-OSu solution dropwise to the protein solution while stirring continuously.
Incubate the mixture for 2 hours at room temperature on a rotator, protected from
light.
Set up a 10K molecular weight cut-off Slide-A-Lyzer dialysis cassette (Thermo
Scientific).
Dialyze the protein solution against the following buffers at 4°C, protected from light:
a. 3x buffer changes with NaHCO3
b. 2x buffer changes with phosphate-buffered saline (PBS) (Gibco 18912-014) at
pH 7.45
After dialysis, recover the protein solution, measure the protein concentration by the
Pierce bicinchoninic acid (BCA) Protein Assay kit.
Measure the absorbance of the protein solution at 430 nm by a Nanodrop 1000
(Thermo Scientific).

Calculate the concentration of NP by the absorbance value and Beer's law.
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10. Determine the conjugation ratio by calculating the ratio of the molar concentration of
NP (from step 10) to the molar concentration of the protein (from step 8).
2.4. Checking antibody avidity by BiaCore system
The BiaCore system employs surface plasmon resonance (SPR) technology as a detection
approach to quantify and monitor the real-time interaction between NP protein conjugates

and anti-NP antibodies.

1. Immobilize NP15-BSA onto the sensor chip surface via amine coupling:

a. Activate the carboxyl groups on the sensor chip using a mixture of EDC (0.4M
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide in water) and NHS (0.1M N-
hydroxysuccinimide in water) to form reactive succinimide esters.

b. Inject NP15-BSA ligand (prepared in acetate buffer, pH 4) over the surface at a
flow rate of 5ul/min for 30 minutes at 25°C to allow the esters to react with
primary amines, covalently linking the ligand.

c. Inject ethanolamine (1M ethanolamine-HCL pH 8.5) to deactivate any
remaining reactive groups.

2. Prepare antibody samples by diluting antibodies to various concentrations ranging
from 15.625uM to 2mM in degassed PBS.
3. Set up the BiaCore system for SPR analysis:

a. Maintain the temperature at 38°C throughout the experiments.

b. Set the flow rate to 5ul/second.

4. Inject each antibody dilution over the NP15-BSA immobilized surface for 1800 seconds

(30 minutes).
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5. Measure the background response by injecting the analyte over a flow cell containing
immobilized BSA.
6. Subtract the background response from the sensorgram obtained for the NP15-BSA
surface.
7. Analyze the sensorgram data by BlAevaluation software (version 3.2RC1) to evaluate
antibody affinity and binding kinetics.
2.5. Adoptive cell transferred
Single cell suspensions of splenocytes were prepared in RPMI-1640 media (Sigma) under
sterile conditions. Red blood cells were lysed by incubating with ACK lysing buffer (Gibco) for
3 minutes on ice. The reaction was stopped by adding 3 ml of RPMI-1640 media. Cells were
stained with NP conjugated to APC (made in-house) to detect NP-specific B cells by flow

cytometry.

2x1075 NP+B220+ splenocytes from QM CylCre mTmG mice (Zhang et al.,, 2022) were
transferred intravenously i.v into AlDcre/cr or AlDcre/wt recipient mice one day prior to
immunisation. Recipient mice were immunized with 20pug NP-KLH in alum precipitation on

the plantar surface of one rear foot.

2.6. Flow cytometry

2.6.1. Single cells preparation and surface marker staining

Freshly isolated spleens or lymph nodes were used to prepare single cell suspensions in RPMI-
1640 media (Sigma) supplemented with 1% penicillin/streptomycin (Invitrogen) and 10% fetal
calf serum (GIBCO 21875-034). Spleens were gently mashed and strained through a 70 um
cell strainer (BD Biosciences). Lymph nodes were minced using 25-gauge needles (Terumo)

and filtered through 70 um cell strainers. Cells were centrifuged at 1400 rpm for 3 minutes at
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4°C and resuspended in FACS buffer (1% fetal calf serum and 5mM EDTA in sterile PBS). All

steps were performed on ice (4°C) to prevent cell activation.

For cell surface staining, approximately 1 x 1076 cells per stain were aliquoted into 250 pl 96-
well V-bottom plates in 100 pl FACS buffer. Cells were incubated with Fc block (anti-CD16/32,
Thermo Fisher Scientific) to block non-special binding for 20 minutes before adding
fluorescently-labelled antibody cocktails. Surface marker antibodies were added and
incubated for 20 minutes in the dark in fridge. For biotinylated antibodies, a second 20-minute
incubation with streptavidin conjugate was performed. Fixable near-IR live/dead stain
(Thermo Fisher Scientific L10119) was added and incubated for 20 minutes. Cells were
washed twice with 200 pl FACS buffer in between incubations and centrifuged at 1400 rpm

for 3 minutes at 4°C.

For Tfh cell staining, cells were incubated with purified anti-rat CXCR5 (BD Biosciences, Clone
2G8, Cat 551961) for 60 minutes in fridge, followed by donkey anti-rat AF647 secondary
antibody for 30 minutes. Cells were then incubated with 10% normal rat serum (Sigma R9759-
5ML) for 20 minutes to block non-specific binding, and finally stained with fluorescence-

conjugated antibody cocktails for 20 minutes as described above.

Cells were acquired using a BD LSR Fortessa X20 flow cytometer (BD Biosciences) and analysed
with FACSDiva software. FlowJo software (BD Biosciences, version 10.8.1) was used for data

analysis.
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2.6.2. Antibodies used for cell surface marker

Table 2.1 Flow cytometry surface marker antibodies

Marker Conjugate | Clone Supplier Catalogue Stock Dilution
No. Conc.

B220 BUV395 RA3-6B2 | BD 563793 0.2 mg/ml 1/800
Biosciences

CD3 BUV395 17A2 BD 740268 0.2 mg/ml 1/400
Biosciences

CD3 FITC 145-2C11 | eBioscience 11-0031-82 | 0.2 mg/ml 1/200

CD4 BVv421 GK1.5 Biolegend 100438 0.2 mg/ml 1/400

CD4 FITC GK1.5 eBioscience 11-0041-85 | 0.2 mg/ml 1/200

CD11b BV510 M1/70 Biolegend 101245 0.2 mg/ml 1/400

CD19 BUV737 1D3 BD 612781 0.2 mg/ml 1/800
Biosciences

CD38 BUV737 90 BD Bioscience | 741748 0.2 mg/ml 1/1000

CD44 PerCPCy5.5 | IM7 eBioscience 45-0041-82 | 0.2 mg/ml 1/300

CD44 Alexa700 IM7 Invitrogen 36-0441-82 | 0.2 mg/ml 1/300

CD62L BV510 MEL-14 Biolegend 104441 0.2 mg/ml 1/300

CD86 Bv421 GL1 BD Bioscience | 564198 0.2 mg/ml 1/200

CD86 PE-Cy5.5 GL1 Biolegend 12-0862-82 | 0.2 mg/ml 1/200

CD86 Alexa700 GL1 Biolegend 105024 0.2mg/ml 1/200

CD95 (Fas) | BV605 Jo2 BD 740367 0.2 mg/ml 1/300
Biosciences
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CD95 (Fas) | PE-Cy7 Jo2 BD 557653 0.2 mg/ml 1/300
Biosciences

CD138 BV711 281-2 Biolegend 142519 0.2 mg/ml 1/300

CD138 BV711 281-2 BD 563193 0.2 mg/ml 1/300
Biosciences

CXCR4 Biotin 2B11 eBioscience 13-9991-82 | 0.2 mg/ml 1/200

CXCR5 purified 2G8 BD 551961 0.5 mg/ml 1/125
Biosciences

IgG1 APC X56 BD 550874 0.2 mg/ml 1/500
Biosciences

IgG1 PerCPCy5.5 | RMG1 1 eBioscience 406612 0.2 mg/ml 1/500

IlgM PE-Cy5 /41 eBioscience 15-5790 0.2 mg/ml 1/600

IgM PE-Cy7 RMM-1 | BD 406514 0.2 mg/ml 1/200
Biosciences

IgM FITC Polyclonal | Southern 1021-02 0.2 mg/ml 1/100
Biotech

NP APC NA NA In house 0.63 mg/ml 1/600

NP PE NA NA In house 0.32 mg/ml 1/600

PD1 PE J43 eBioscience 12-9985-82 | 0.2 mg/ml 1/200

PD1 PE-Cy7 29F.1A12 | Biolegend 135215 0.2 mg/ml 1/200

Streptavidin | BV510 NA Biolegend 405233 0.2 mg/ml 1/500
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2.6.3. Buffers and media

Table 2.2.2 Details of buffers and media used in flowcytometry

Buffer Components Concentration Supplier Catalogue No.
Flow cytometry | 1xPBS Sigma D8537-500ML
Buffer (FACS FBS 2% (v/v) Sigma F9665-500ML
Buffer) EDTA 2mM Sigma E7889-100ML
R10 medium RPMI 1640 Gibco 21875-034

(with L-

glutamine)

FBS 10% (v/v) Sigma F9665-500ML

Pen/Strep 100 U/mL (1X) Gibco 15140-122

HEPES buffer 20 mM Sigma H0887-100ML
ACK Lysis buffer | (Ammonium 0.15M Gibco 11509876

chloride)

(Potassium 0.01M

bicarbonate)

(Disodium 0.0001 M

EDTA)

49




2.7. Determining levels of serum antibody

2.7.1. Serum collection and preparation

The mice were anaesthetized using 02 and Isoflurane before blood was collected by cardiac
puncture. The blood samples were then incubated for 1 hour at 37°C in an incubator.
Subsequently, they were subjected to centrifugation at a speed of 21,100 x g for 5 minutes.
The supernatant was then collected and stored in a freezer at a temperature of -20°C until
further required.

2.7.2. Enzyme-linked immunosorbent assay (ELISA)

For the detecting of NP-specific antibodies at a range of affinities, 5 ug/ml of NP1s5-BSA was
used to coat flat-bottomed Nunc immunosorb 96-well plates (Thermo Fisher 442404).
Similarly, detection of NP-specific antibodies of high affinity was accomplished by coating the
96 well plates with 100 pl of NP,-BSA (made in house). Solutions of both were made in coating
buffer at concentrations of 5 ug / ml as detailed in (Table 2.2). The plates were washed three
times in buffer followed by the addition of blocking buffer (200 ul). Plates were then
incubated at 37°C for 60 min. The plates were washed in buffer. Serum was added at starting
dilutions of 1/100 and then diluted in tripling dilutions using dilution buffer (Table2.2). The
plates were once again incubated at 37°C for 60 min prior to washing three times using wash
buffer. Next, 100 pL of the alkaline phosphatase (AP) conjugated antibody goat anti-mouse
IgG1 AP (Southern Biotech) was added (diluted at 1/1000 in dilution buffer) and left at 37°C
for 60 minutes and followed with three washes prior to adding substrate solution (100 pl).
These were left to develop in an incubator at 37°C followed by absorbance measurement at
405 nm over a period of 20 to 30 minutes by using Spectramax ABS PLUS (Molecular Devices).

The positive and negative control sera were used to plot standard calibration curves.
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Table 2.3 List of Buffers used for ELISA and formula

Reagents

Formula and supplier

Coating Buffer

0.015 M Na2CO03, 0.035 M NaHCO3 at pH 9.6

Washing Buffer

1x PBS, 0.05 % Tween20 (Sigma)

Blocking Buffer

1xPBS + 1 % BSA (Sigma)

Dilution Buffer

1x PBS, 1 % BSA, 0.05 % Tween20 (Sigma)

Substrate

p-Nitrophenyl phosphate (NpNN-N2770 Sigma)

2.8. Statistical analysis

Statistical analyses were conducted using FlowJo v10 to analyse flowcytometry data and
Graphpad Prism software (version 9.4.0) to generate data in graphs style. Data are stated as
mean values * standard error. The specific statistical test applied depended on the number
of groups being compared and whether the data consisted of matched samples or categorical
distributions as described in the figure’s legends. For comparing two groups, a two-tailed T-
test was used. When comparing two or more classes being assessed within each group across
multiple groups, a two-way ANOVA with Tukey’s test or a mixed-effects analysis with Sidak’s

test for matched data was applied. The statistical tests were performed on the log-

transformed numbers if data were presented on a logarithmic scale.
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Chapter 3. Characterisation of germinal centre and Tfh population
and the effect of antibody in different model of mice

3.1. Introduction

The immune response to T-dependent antigens involves a gradual improvement in the affinity
of antigen-specific antibodies. This process is facilitated by somatic hypermutation and the
selection of B cells undergoing proliferation and differentiation within germinal centres (GCs).
B blasts within GCs undergo rapid proliferation and mutations within their immunoglobulin
genes, which results in the production of B cell receptors with a diverse spectrum of affinity
towards the antigen (MacLennan, 1994, Victora and Nussenzweig, 2012). B lymphocytes with
the greatest affinity for a specific antigen are chosen for differentiation into plasma cells,
which can have prolonged lifespans. GC-derived memory B cells are less stringently selected

for affinity (Suan et al., 2017b).

Predominantly expressed on the surface of specific mature B cell subsets, such as marginal
zone and follicular B cells, is the complement receptor CR1/2. The CR2 receptor functions as
a receptor that does not directly engage with antigens, but rather interacts with immune
complexes (ICs) classically comprised of antigen—antibody, and then facilitates their
transportation to follicular dendritic cells (FDCs) (Corley et al., 2005, Cinamon et al., 2008).
During the germinal centre reaction, B cells that possess specificity for the antigen engage in
interactions with antigens that are presented in ICs present on FDCs. This interaction leads to
the induction of affinity maturation in B cell receptors by somatic hypermutation, hence
enhancing their ability to bind to antigens (MacLennan, 1994). Antibody feedback regulates
GC B cell selection through competition of antibodies depositing on immune complexes on

FDC with mutated GC B cells. GC dynamics and affinity maturation have been reported to be

52



impacted after passively administering soluble antibodies by masking the antigen presented
by FDCs and limiting GC B cells accessibility to antigen by competing with BCR for binding to
target epitope, inhibiting B cell selection in an affinity-dependent manner of the antibodies
as a result of terminating the GC reaction (Zhang et al., 2013). During initiation of GCs start
antibodies present are produced by low affinity non-mutated plasmablasts of the early
extrafollicular response. Antibody feedback may also enable communication and regulation
between different GCs, and over time antibodies may shut down other GCs that contain lower
affinity B cells (Zhang et al., 2013). Tfh cells can migrate between GCs, and in vivo experiments
show they can invade established GCs and activated B cells can recycle existing ones (Shulman

et al.,, 2013).

Positive selection of mutated GC B cells is dependent on uptake of antigen from FDC and
presentation to T follicular helper (Tfh) cells. We published that the antibody covering antigen
on FDCs provides a selection threshold that restricts GC B cells’ access to antigen. Only B cells
with BCR affinity higher than the prevalent antibodies access and present antigen to Tfh cells.
As antibodies on FDC are in equilibrium with antibodies outside the GC, antibody feedback
will generate a rising selection threshold for GC B cells that directs directional evolution
towards higher affinity B cells (Zhang et al., 2013). Additional mechanisms affecting GC B cell
fitness are random hypermutation as well as negative signals from class switched antibody

through Fcy receptor.
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3.2. Chapter aims
This chapter aims to analyse the GC and Tfh cell populations in genetically altered strains of

mice with changes in the class of BCR expressed or class of antibody that may generate
antibody feedback being secreted. This may inform about the role of BCR signalling for GC B

cell selection and the role of antibody class for antibody feedback.

The detailed aims of this chapter are:

1- Analysis and characterisation of GC and Tfh cells within different genetically altered

strains of mice:

A) IgMi mice, which have no capacity for antibody secretion and no Ig class switching.

B) AlIDko mice, which lack functional activation-induced cytidine deaminase (AID) in B

cells resulting in absence of Ig hypermutation or Ig class switching.

Q) IgHY1p mice, which express only 1gG1 as B cells receptors and only secret IgG1

antibody (hereafter described as 1IgG1M mice)

2- Test the role of antigen-specific IgM for antibody feedback in the germinal centre

response in wildtype (WT), AlIDko and IgMi mice

3- Test whether Ig hypermutation affects GC B cell competitive fitness using adoptive

transfer of WT B cells into AID wt or ko mice.
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3.3. Results
3.3.1. IgMi mice show increased GC size and more Tfh cells compared with WT

mice

The IgMi mouse exclusively expresses IgM as a B cell receptor on the surface of the B cells. It
has been genetically modified to express only surface IgM and cannot secrete any antibodies.
Specifically, the constant regions of the Ig heavy chain (IgH) are removed, except Ighm and
and Ighgl. However, the Ighg1 locus is flanked by loxP sites and present in reverse orientation.
Therefore, IgG1 can only be expressed if Cre recombinase is present. This mouse has been

reported to have a normal development of B cells (Waisman et al., 2007). The main

differences between IgMi and wild type are illustrated in (Figure 3.1 A).

The IgMi mouse differs from the WT mouse in the absence of antibody secretion. This
should have implications for the regulation of antibody response and antibody feedback. To
investigate whether the absence of antibodies has an effect on the size of GC and Tfh
populations, WT and IgMi mice were immunised with an immune complex composed of

10 pg of NP13-CGG plus 90 g low-affinity anti-NP IgM? (clone Fab82), injection of IC may
only the way to help the antigen to deposit on FDC in IgMi strain, and spleen tissues were
collected at two different time point: day 10, when there is high B cell proliferation and
active affinity maturation, and day 21, representing the later stage of the GC response. By
this time, Bmem and LLPC are being generated (Figure 3.1 B). Immunisation with low affinity
immune complex will allow immune complex deposition on the FDC network, which is
essential for induction of GCs. Low affinity antibody is used for this to simulate the
conditions of the natural onset of an immune response, without competition from higher

affinity antibody.
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Immune complex was prepared with ratio of hapten to antibody antigen-binding site of 1:1,
and mixed well 1 hour before i.v. injection (Zhang et al., 2013). Splenic GC B cells were
identified and analysed by flow cytometry (Figure 3.2 A). GC were identified as B220*CD138"
CD38 FasMe", further gating identified IgM* non-switched and 1gG1 switched GC B cells, DZ
(CXCR4*CD86'°%) and LZ (CD86*CXCR4'%) B cells, and NP-specific B cells. The FACS data
confirmed that IgMi mice only express IgM and cannot class switch to IgG1 (Figure 3.3 A).
Interestingly IgMi mice had significantly increased GC sizes at 10 d and 21 d after immune
complex injection compared to the WT group and increased numbers of NP-specific GCB cells
(Figure 3.4). Within WT mice GC sizes and NP-specific GC B cell numbers were significantly
reduced over time, but no reduction was detected in IgMi mice (Figure 3.4 A, and B). We then
assessed GC DZ and LZ B cells by following CXCR4 and CD86 expression (Figure 3.5 A). The
ratio of DZ to LZ GC B cells can provide insight into the selective pressures determining B cell
evolution within the GC. Compared to WT, IgMi mice had significantly more DZ B cells at day10
and day21 (Figure 3.5), and there was a small reduction (not statistically significant) in GC LZ
B cells. The DZ/LZ ratio was significantly higher in IgMi mice at day 10 and trended higher at

day 21 compared with WT mice (Figures 3.5 A and B).

Our previous study (Zhang et al., 2013) suggests that higher affinity antibodies secreted by
GC-derived plasma cells enter the GC to replace the low affinity antibody in immune
complexes on FDC and then negatively regulate GC selection by limiting the access of LZ B
cells to antigens (Zhang et al., 2013) , therefore only high affinity GC B cells will be selected
and then get help from Tfh cells for further proliferation in DZ or differentiation into plasma
cells. The increased GC sizes in IgMi mice may indicate the absence of antibody feedback

because of the absence of soluble antibodies. GC B cells may get easier selected in the LZ and
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then move into DZ do more proliferation and mutation. Hence, a larger proportion of GC B

cells is in DZ stage.

Tfh cells within the GC provide critical help for B cells, induce the formation of GC, select B
cells expressing high-affinity B cell receptors, and maintain the GC reaction. At the same time,
Tfh cells require interaction with GC B cells for the stability of GC and their survival
(Baumjohann et al., 2013). We therefore tested the effect of absence of antibody feedback
and IgG expression on Tfh cells in IgMi mice. As shown in Figure 3.6, Tfh cells were gated as
CD3*CD4*CD62L°CD44* CXCR5" PD1M. In parallel with the increased GC size in IgMi mice after
giving IC, IgMi mice had significantly more Tfh cells than WT mice at day 10 and trended higher
at day 21. This shows that Tfh cell and GC B cells are highly interrelated, and selected GC B
cells require larger numbers of Tfh cells for the survival. Further investigation is needed to
confirm the selection of GC B cells. Techniques like immunofluorescence staining can help to
visualize Tfh cells and GC B cells within the germinal center. Additionally, the dependency on
cytokines like IL-21 can be examined. Gene expression profiling can reveal the pathways and
survival signals that are upregulated in GC B cells that receive help from Tfh cells, such as the

Bcl6 gene.

Overall, as IgMi mice do not have secrete IgM or any antibodies, there is no increase in
antibody feedback after immunisation with low affinity immune complexes. The absence of
an increase in B cell selection threshold seems to results in significantly bigger GCs proportion
as percentage of total lymphocyte, because B cells can access antigens unrestricted by higher
affinity antibodies and the GC reaction is not restricted. In WT mice, GCs were reduced which
could be explained by higher affinity soluble antibodies produced from GC derived plasma

cells entering the GC and masking the antigens on FDCs. This would limit availability of antigen
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to low affinity GC B cells, leading to the selection of only high affinity GC B cells. Better access
to antigen in IgMi mice would also lead to better antigen-presentation to Tfh cells, leading to

larger numbers of Tfh cells present.
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Figure 3.1 Summary of differences between WT and IgMi mice.

(A) 1gMi mice express only surface IgM and do not secrete antibody. Therefore, there is no
antibody feedback through affinity matured antibody, and no negative feedback through IgG.
(B) Immunisation of WT and IgMi mice with low affinity anti-NP IgM? plus NP-CGG to form
immune complex (Antigen-antibody), spleen tissues were collected at day10 and 21.

59



250K =
15 4
200K =
10* -
P 2 =
< 150K 2 E ] )
; 8 o =
& £ g g
£ s w!
100K = H 10° 2 a
]
sox ] E | .
3 E GC B cells’
0?4 0?4 0.53
[]
T T T ™ T L T ! 5 Ll 1 3 v 4 5
.10} 1% a0 o 10 10 10° w0 o 1w 1o
APC_CyT LiveDead BUV395 B220 BV605 Fas
250K —
] 1
0
200K
w
2 3
g < 190K
Q
5 @
\ @ NP+GC B cells
Wl 100K = "2
* 4 50k |
13
N o T T il
T Ll T 1 T
w0 i0* wt 10° w0 o 10°

BV510 CXCR4

Figure 3.2 Flow cytometry plot and GC gating strategy

B cells and plasma cells gated from live cells. From B220*CD138" B cells, GC B cells were gated as CD38
low and Fas "&", IgM, IgG1, Dark zone (DZ) as CXC4*CD86'Y, light zone (LZ) as CD86*CXCR4"°" and NP
specific GC B cells were all gated from GC.
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Figure 3.3 Absence of class switching in IgMi mice
WT and IgMi mice were immunised with an immune complex composed of 10 ug of NP1s-

CGG plus 90 pg low-affinity anti-NP IgM? (clone Fab82), and spleen tissues were collected at
two different time point at days 10 and 21. (A) Frequency of IgM and IgG1 as a percentage
of GC B cells. Data statistical tests were performed as mean + SEM by a two-tailed unpaired
T-test. (*p < 0.05, ***P <0.001, ****P <0.0001). Data from one experiment. Each symbol

represents an individual mouse.
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Figure 3.4 The percentage of GC B cells are increased in IgMi mice
WT and IgMi mice were immunised with an immune complex composed of 10 ug of NP13-CGG

plus 90 ug low-affinity anti-NP IgM? (clone Fab82), and spleen tissues were collected at two
different time point at days 10 and 21. (A) Flow cytometry plot of GC B cells identified as CD38
low F3s hieh ypper plots representative of WT and IgMi mice at day 10 and lower plots at day
21 after the injection of IC. (B) GC Size, showed as frequency of GC and NP- specific GC B cells
within total lymphocyte. Statistical tests were performed as mean + SEM by a two-tailed
unpaired T-test. (*p < 0.05, **P < 0.01). Data from one experiment. Each symbol represents

an individual mouse.
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Figure 3.5 Increased DZ/LZ ratio in absence of soluble antibody

WT and IgMi mice were immunised with an immune complex composed of 10 ug of NP13-CGG
plus 90 ug low-affinity anti-NP IgM? (clone Fab82), and spleen tissues were collected at two
different time point at days 10 and 21. (A)Flow cytometry plot of CXCR4 and CD86 expression,
identifying DZ and LZ compartments, with upper plots from representative WT and IgMi mice
at day 10 and lower plots at day 21. (B) Frequency of DZ and LZ population as percentage of
the GC. (C) Ratio of DZ and LZ GC B cells. Bars show mean + SEM. Statistical testing was using
a two-tailed unpaired T-test. (*p < 0.05, ns; not significant). Data from one experiment. Each
symbol represents an individual mouse.
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Figure 3.6 Tfh cells increased in IgMi mice after immunisation with IC

WT and IgMi mice were immunised with an immune complex composed of 10 ug of NP1s-CGG
plus 90 pg low-affinity anti-NP IgM? (clone Fab82), and spleen tissues were collected at two
different time point at days 10 and 21. (A) Tth population identified as PD1"8" CXCR5"8" were
gated from CD4+CD62L-CD44* T cells. Upper plots represent Tfh cells of WT and IgMi mice at
day 10 and lower plots at day 21. (B) Quantification of Tfh cells, showed as percentage of CD4
T cells. Data statistical tests were performed as mean + SEM by a two-tailed unpaired T-test.
(****P <0.0001, ns; not significant). Data from one experiment. Each symbol represents an
individual mouse.
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3.3.2. Effects of absence of Ig hypermutation, class switch recombination or
IgM on GC B cell selection.

To further test the role of antibody affinity and switched antibody IgG for the regulation of
GCs, we investigated two different models of mice: AID-deficient (AlIDko), and IgG1M. AlDko
mice lack class switch recombination (CSR) and somatic hypermutation (SHM) as both
processes are dependent on the enzyme activation-induced cytidine deaminase (AID)
(Muramatsu et al., 2000). As a result, AIDko mice produce IgM antibodies in response to
antigen, but cannot switch to IgG or undergo somatic hypermutation to increase affinity. On
the other hand, IgG1M B cells exclusively express IgG1 as BCR (Waisman et al., 2007). Further,
IgG1M B cells secrete IgG1, but cannot produce any other class of soluble antibodies (Figure
3.7 A). All mice were primed with KLH precipitated with alum i.p and 4 weeks later received
soluble NP-KLH i.p. Spleens were harvested at day 5 and 8 to analyse GC responses (Figure

3.7 B).

First, we checked the IgM+ and IgG1+ GC B cells populations in AlDko and IgG1M mice by
FACS staining (Figure 3.8). The data confirmed that AIDko mice are only capable of producing
immunoglobulin M (IgM) BCR and cannot undergo class switch recombination to
immunoglobulin G1 (IgG1). In contrast, IgG1-only (IgG1M) mice exclusively express IgG1 as
their B cell receptor, without IgM expression (Figure 3.8). To evaluate germinal centre (GC)
kinetics in these different mice, we identified GCs as B220*CD38'°“Fas"e" populations by flow
cytometry (Figure 3.9 A). Compared to immunised WT littermate control and IgG1M mice,
AlDko mice exhibited significantly enlarged GC responses at days 5 and 8 post-immunization
(Figure 3.9 B, and C). IgG1M mice developed a smaller GC compartment, similar to WT mice,
and no significant difference in GC B cells was observed between IgG1M and WT mice at both

d5 and d8 (Figure 3.9 B, and C). Frequencies of NP-specific GC B cells were markedly higher in
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AlDko versus WT and IgG1M mice at d5, although IgG1M mice showed a modest but non-
significant reduction compared to WT. By day 8, hapten-specific GC B cells declined in wt mice,
similar to what was found in a previous study (Zhang et al., 2013). The same decline in hapten-
specific B cells was seen in AlIDko and IgG1M mice (Figure 3.9 C). Further, frequencies of dark
zone (DZ) and light zone (LZ) B cells were investigated. Interestingly, GCs from AlDko mice
displayed significantly reduced DZ frequencies and expanded LZ proportions compared to WT
mice throughout the time course. In contrast, IgG1M GCs exhibited the opposite phenotype,
with significantly decreased LZ and elevated DZ frequencies (Figure 3.10 A). The quantification
of the ratio of DZ to LZ showed markedly reduced in AIDko GCs but significantly increased in

IgG1M GCs relative to WT controls (Figure 3.10 B).

Overall, Soluble IgM, which is present in AIDko but not IgG1-only (IgG1M) mice, is crucial for
complement fixation and immune complex formation via CD21 to provide stimulatory signals
during the germinal centre response. Furthermore, no high affinity antibody restricting GC B
cells selection and mutation is present in AIDko mice. Also, soluble IgG, which is a negative
regulator of B cell activation, is absent in AIDko mice, resulting in larger GCs, and particularly

more LZ B cells.

Another, I1gG1 probably acts as a negative regulator by binding to the inhibitory Fc receptor
CD32 (Getahun and Cambier, 2015). Therefore, the lack of IgM and presence of IgG1in IgG1M
mice may impair antigen retention on FDCs and deliver negative signals to GC B cells, resulting
in slightly reduction of GC, particularly fewer LZ B cells. In summary, the differential GC
phenotypes between AlIDko and IgG1M mice may be explained by the distinct
immunoglobulin isotypes produced, which have opposing roles in regulating GC responses via

effects on antigen retention for selection and B cell receptor signalling.
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Following immunisation with the T cell-dependent antigen (NP-KLH), we assessed the
frequency of Tfh cells in AlDko, IgG1M, and WT control mice at days 5 and 8 post-
immunization. Tfh cells were identified by flow cytometry as CD44*CXCR5*PD-1" populations
(Figure 3.11 A). Mirroring GC kinetics, AIDko mice exhibited expanded Tfh cell frequencies
compared to IgG1M and WT mice at both timepoints, although this difference did not reach
statistical significance (Figure 3. 11 B). In contrast, IgG1M mice showed similar Tfh cell
proportions to WT controls. Together, these data demonstrate that aberrant GC reactions in
AlDko mice are associated with moderate increases in Tfh cell numbers. A possible
explanation would be lack of antibody feedback due to lack of high affinity antibody in AIDko
mice, increasing access of germinal centre B cells to antigen and allowing better antigen-

presentation of light zone B cells to Tfh cells.
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3.3.3. Testing the function of IgM Vs. IgG1 during immune responses.

To evaluate the impact of impaired IgM secretion on antibody affinity maturation during the
primary response, IgG1M mice, and WT controls were immunized with 4-hydroxy-3-
nitrophenylacetyl hapten conjugated to ovalbumin (NP-OVA) precipitated in alum plus heated
inactivated Bordetella pertussis. Blood samples were collected at d8 and d15 post-
immunization. Enzyme-linked immunosorbent assays (ELISAs) were conducted to quantify
total and high-affinity NP-specific IgG1 (Figure 3.12 A). Compared to WT mice, 1gG1M mice
exhibited significantly lower total NP-specific 1gG1 titres at both timepoints (Figure 3.12 B).
High-affinity NP-specific IgG1 levels were also markedly reduced in IgG1M versus WT mice
(Figure 3.12 C). No significant differences in antibody affinity were observed between groups
at d8, but a significant decrease in affinity was detected in IgG1M mice at day 15 (Figure 3. 12
D). In summary, these findings demonstrate impaired affinity maturation in IgG1M mice
lacking secreted IgM, again highlighting the importance of IgM for optimal IgG1 antibody
responses against T-dependent antigens. The reduction in high-affinity IgG1 may indicate the
importance of IgM for IC formation, the induction GC response, and deposition of antigen on
FDC. Class-switched IgG1 may have an intrinsic disadvantage in driving GC reactions necessary
for affinity maturation without the action of IgM. In summary, the inability to produce soluble
IgM in the IgG1M mice model negatively impacts multiple aspects of T-dependent antibody
responses, likely due to reduced antigen retention due to defective immune complex trapping

on FDCs.
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Figure 3.7 Summary of differences between WT, AlDko, and IgG1M mice

(A) To further test the role of affinity maturation and IgG for regulation of GCs, wt, AlDko, and
IgG1M mice expressing only IgG1 (secreted or as BCR) were compared. (B) Mice were primed
with precipitated KLH with alum via i.p and 4 weeks later all mice received soluble NP-KLH via
i.p. Spleen tissues were collected at day 5 and 8 to perform flowcytometry.

69



Igh+ GC B cells lgG1+ GC B cells

1007 p u o . 1707 e NI
¥
w B0 ? w B0 % E m AIDCrefwt
E =]
Ly ik AlDKe
o 60 o B0 .
] 5] v ¥ IgGIMIGIM
O 40 o 40
o (=]
# 20 # 20 ﬁ
a T c— T -_—— |:'——--ﬁ-rﬂ Casn e
d]!" 5 I'Ja'!I a dﬂj’ ] da]‘ 8

Figure 3.8 Absence of I1gG in AlDko and IgM in IgG1M mice

WT, AIDko, and IgG1M were primed with KLH precipitated with alum i.p and 4 weeks later
received soluble NP-KLH i.p. Spleens were harvested at day 5 and 8 to analyse GC responses
Frequency of IgM and IgG1 as percentage of GC B cells in different type of mice; The data
showed an absence of IgM, only IgG1+ GCin IgG1M only mice and no class switching (no 1gG1)
in AID ko mice. (NI) non-immunised WT. Data from one experiment. Each symbol represents

an individual mouse.
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Figure 3.9 Increased GC response in AlDko, and reduced NP-specific GC response in IgG1M
mice

WT, AlDko, and 1gG1M were primed with KLH precipitated with alum i.p and 4 weeks later received
soluble NP-KLH i.p. Spleens were harvested at day 5 and 8 to analyse GC responses. (A) Flow
cytometry gating for GC B cells were identified as B220*CD138- CD38"°% Fas*on day 5 (upper plots) and
day 8 (bottom plots) after immunisation with soluble NP-KLH in carrier primed mice. (B) GC size,
showed as the percentage of GC from total lymphocytes. (C) NP specific GC size, showed as the
percentage of NP specific GC B cells from total lymphocytes. Data statistical tests were performed as
mean + SEM performed by 2way ANOVA with Tukey’s multiple comparison test. (*, p < 0.05;**** p <
0.0001; ns, not significant). Data from one experiment. Each symbol represents an individual mouse.
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Figure 3.10 DZ/LZ ratio is reduced in AlIDko and increased in IgG1M mice

WT, AlDko, and 1gG1M were primed with KLH precipitated with alum i.p and 4 weeks later received
soluble NP-KLH i.p. Spleens were harvested at day 5 and 8 to analyse GC responses. (A) DZ and LZ B
cells, showed as as percentage of GC B cells. (B) Summary of the ratio of DZ to LZ B cells. Statistical
tests were performed as mean + SEM using 2-way ANOVA with Tukey’s multiple comparison test. (¥,
p <0.05; **, p<0.01; ***, p<0.001; **** p<0.0001; ns, not significant). Data from one experiment.
Each symbol represents an individual mouse.
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Figure 3.11 Tfh cell numbers correlate with GC sizes

WT, AlDko, and 1gG1M were primed with KLH precipitated with alum i.p and 4 weeks later received
soluble NP-KLH i.p. Spleens were harvested at day 5 and 8 to analyse GC responses. (A) Flow cytometry
plots showing Tfh cells were gated as PD1" CXCR5" from CD4*CD62L"CD44* population for WT, AlDko,
and IgG1M on d5 (upper plots) and d8 (bottom plots) after immunization. (B) Quantification of Tfh
cells, showed as percentage of total CD4 T cells. Data from one experiment. Each symbol represents

an individual mouse.
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Figure 3.12 The titre of IgG1 high affinity reduced in IgG1M mice model.

(A)WT and IgG1M mice were immunised with 50ug of NP-OVA in alum ppt +107b.p. via i.p. Blood
samples were collected at d8 and d15 after the immunization. ELISA assay was performed to detect
NP-specific IgG1 production in blood. Graphs shows (B) NP14-specific total IgG1 titre. (C) NP2-specific
high affinity I1gG1 titre, and (D) NP specific 1gG1 affinity, showed as ratio of NP2/NP14.
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3.3.4. Testing the impact of high avidity IgM on AIDKo and IgMi mice and the
impact of this Ab class in these two strains.

An experiment was designed to test how antibody feedback regulates the germinal centre
(GC) response. Three different mouse models were used in this experiment: 1) WT mice as a
control, 2) AIDko mice, and 3) IgMi mice. All mice were immunized with immune complexes
(IC) consisting of NP-CGG plus anti-lgM? antibodies of low avidity (clone Fab82) injected
intravenously (i.v.). At day 8, the mice were injected i.v. with either soluble high avidity anti-
NP IgM? (clone 1.197) or low avidity anti-NP IgM? (clone Fab82). Spleen tissues were collected

two days after receiving the soluble antibodies (i.e at day 10) (Figure 3.13).

Flow cytometry was used to identify GCs as B220* CD38'°¥ Fas* (Figure 3.14 A) and the GC B
cells examine 2 d after injection with the soluble antibodies. WT mice that received the high
avidity IgM? have slightly reduced GCs compared to the group that received the low avidity
IgM?, but no effect on NP-specific GC B cells (Figure 3.14 B, and C). This is different to the
effect of high affinity Ab injection in a previous study (Zhang et al., 2013), where secondary
responses were investigated. It is possible that the primary response to NP-CGG in the current
experiment induced already higher affinity antibody formation. As the primary response
develops slower than 2" response, antibody injection was done significantly later in the
current experiment. The optimal timing for antibody injection should to be tested in further
pilot experiments. Also, IgM immune complex can improve GC response compared to antigen
alone (our previous findings, unpublished). Hence, in the experiment described here,
exogenous high avidity IgM? may be unable to compete to regulate the GC B cell selection. As
seen above (Figure 3.4, and 3.9). AIDko and IgMi all developed significantly bigger GC B cells,

particularly NP-specific GC B cell numbers compared to WT controls.
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Surprisingly there was also no significant effect of injection of high affinity antibody on GCs in
AlDko or IgMi mice, nor on NP-specific GC B cell numbers (Figure 3.14 C). As expected, IgMi
mice have higher GC B cells than wt, but similar to wt, should mutate their BCR receptor
although they can’t secret antibodies (Sahputra et al., 2018). Therefore, exogenous injected
high avidity IgM?® antibody may not compete or have a strong effect on regulating BCR
selection. Earlier research shows a B cell-intrinsic defect in apoptosis in GC in AID deficiency
mice (Zaheen et al., 2009), which may explain why GC sizes in AIDko mice are bigger, also no
effect for GC size from exogenous high avidity IgM?, probably not antibody selection process.
However, AlDko GC in the absence of extrinsic Ab injection, should be bigger compared to WT
GCas seen in (Figure 3.9). This was not seen in the current experiment. Considering the large
variance in AlDko GC sizes in this experiment, it would be good to repeat this experiment

before discussing further conclusions

Plasma cell (PC) numbers were also assessed to investigate if introducing the high affinity
antibodies had an effect on plasma cell outputs and NP-specific PCs. IgMi mice produced more
plasma cells compared to WT mice after the IC immunisation (Figure 3.15 A). However, the
total PC numbers did not significantly change after treatment with high avidity antibodies
(Figure 3.15 A). Further, there was no change in the percentage of NP-specific PCs among

CD138* PCs (Figure 3.15 B).

| then evaluated the dark zone (DZ) and light zone (LZ) compartments of the GC by flow
cytometry (Figure 3.16 A). After injection of high avidity antibodies, DZ GC B cells were
significantly reduced even the proportion of GC was same, LZ GC B cells were increased, and
the ratio of DZ to LZ decreased significantly in WT mice compared to the group that received

low avidity antibodies. This may indicate a higher selection threshold with lower B cells
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circulation to the DZ in WT mice when exogenous high avidity antibodies were introduced.
However, there was no significant change within AIDko and IgMi mice in either zone or the
DZ/LZ ratio (Figure 3.16 B). The lack of an effect of high affinity antibody in AIDko mice further
supports the hypothesis that the bigger GCs in AIDko mice are mainly due to the direct effects
of AID on cell survival and/or apoptosis, and the bigger GC in AIDko are not mainly due to the

lack of antibody feedback.

There was no effect on the frequency of IgM expressing unswitched GC B cells after addition
of high avidity antibody in any of the genotypes (Figure 3.17 A). Similarly, there was no effect

on seen class switched 1gG1 expressing GC B cells (Figure 3.17 B).

The previous data showed that Tfh cell and GC B cells are highly interdependent during GC
differentiation. GC B cells interact with Tfh cells by presenting antigen peptide on MHCII. Next,
we examined whether different avidities of soluble antibody impact on the interaction of GC
B cell - Tth cells. We identified Tfh cells by flow cytometry as CD44* PD1M CXCR5" (Figure 3.18
A). Interestingly Injection of high avidity antibody strongly reduced Tfh cells. This data is
reminiscent of previous findings that ICOS and Bcl6 mRNA are reduced in Tfh cells 24hr after
high avidity antibody injection (Y. Zhang, unpublished). Bcl6 is master transcriptional factor
for Tfh cells, and ICOS is required for the maintenance of Tfh cells. This may indicate that
antibody-dependent restriction of antigen access of GC B cells inhibits antigen uptake and
downstream T cell-B cell interaction, although GC sizes did not significantly change. Further,
the populations of Tfh cells in AIDko and IgMi mice were similar as WT, but interestingly the
same trends to reduced Tth cell numbers were observed in AlDko and IgMi mice after giving
exogenous high avidity antibody. When the ratio of Tfh to GC cells was calculated, there was

an even clearer significant reduction of Tfh cells in AIDko mice (Figure 3.18 B). This confirms
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that B cells may be unable to effectively capture the antigens on FDCs and presented to Tfh
cells after exogenous high avidity antibody injection, which would restrain T cell-B cell

interaction and Tfh cell survival.
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Figure 3.13 Experiment protocol of introducing the High or low avidity anti-NP IgM?

WT (C57BL6), AIDko, and IgMi mice were immunised with immune complex 10 ug NP-CGG plus 90 pg
anti-NP IgM? of low avidity (clone Fab82) by i.v. Day 8 mice were injected with either soluble high
avidity anti-NP IgM? (clone 1.197) or low avidity anti-NP IgM? (clone Fab82). Spleen tissues were
collected two days after receiving the soluble antibodies.
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Figure 3.14 Injection of High avidity IgM does not reduce GC sizes in absence of secreted
antibody.

WT (C57BL6), AlDko, and IgMi mice were immunised with immune complex 10 ug NP-CGG plus 90 pg
anti-NP IgM? of low avidity (clone Fab82) by i.v. Day 8 mice were injected with either soluble high
avidity anti-NP 1gM?® (clone 1.197) or low avidity anti-NP IgM? (clone Fab82). Spleen tissues were
collected two days after receiving the soluble antibodies. (A) Flowcytometry plot of GCs identified as
CD38 Fas* from B cells population gate for WT, AIDko , and IgMi upper plots are GCs with low avidity
anti-NP IgM? (clone Fab 82) bottom plots are GCs with high avidity anti-NP IgM? (clone 1.197). (B) GC
size, showed as percentage of total B cells. (C) NP specific GC size, showed as percentage of GC B cells.
Data statistical tests were performed as mean + SEM performed by ordinary one-way ANOVA with
Tukey’s multiple comparison test (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, not
significant). Data from one experiment. Each symbol represents one mouse.
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WT (C57BL6), AlDko, and IgMi mice were immunised with immune complex 10 ug NP-CGG plus 90 pg
anti-NP IgM? of low avidity (clone Fab82) by i.v. Day 8 mice were injected with either soluble high
avidity anti-NP 1gM?® (clone 1.197) or low avidity anti-NP IgM? (clone Fab82). Spleen tissues were
collected two days after receiving the soluble antibodies. (A)Plasma cells, shown as a percentage of
total lymphocytes in WT, AlDko, and IgMi after injected with either low avidity (clone Fab 82) or high
avidity (clone 1.197). (B) NP-specific PCs, showed as percentage of CD138* PCs. Data statistical tests
were performed as mean + SEM performed by ordinary one-way ANOVA with Tukey’s multiple
comparison test (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, not significant). Data
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from one experiment. Each symbol represents one mouse.
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Figure 3.16 Injection of High avidity antibody reduced GC DZ B cells in WT mice
(A)Representative of FACS plot to identify CXCR4" CD86'° DZ and CXCR4"° CD86" LZ GC B cells for WT,
AlDko, and IgMi upper plots are DZ and LZ with low avidity anti-NP IgM? (clone Fab 82) bottom plots
are DZ and LZ with high avidity anti-NP IgM? (clone 1.197). (B) Percentage of DZ, LZ, and the ratio of
DZ/LZ GC B cells. Data statistical tests were performed as mean + SEM performed by ordinary one-
way ANOVA with Tukey’s multiple comparison test (*, p < 0.05; **, p < 0.01; ***, p < 0.001; **** p<
0.0001; ns, not significant). Data from one experiment. Each symbol represents one mouse.
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Figure 3.17 No effect in IgM and class switched IgG1 after administrated high avidity
antibody

WT (C57BL6), AlDko, and IgMi mice were immunised with immune complex 10 ug NP-CGG plus 90 pg
anti-NP IgM? of low avidity (clone Fab82) by i.v. Day 8 mice were injected with either soluble high
avidity anti-NP 1gM? (clone 1.197) or low avidity anti-NP IgM? (clone Fab82). Spleen tissues were
collected two days after receiving the soluble antibodies. (A)Percentage of IgM and IgG1 obtained
from GCs in WT, AlDko and IgMi mice when administered with low avidity anti-NP IgM? (clone Fab 82)
or high avidity anti-NP IgM? (clone 1.197). Data from one experiment. Each symbol represents one
mouse.
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Figure 3.18 Tfh cells are strongly reduced after injection of low or high avidity antibody

WT (C57BL6), AlDko, and IgMi mice were immunised with immune complex 10 pg NP-CGG plus 90 pg
anti-NP 1gM? of low avidity (clone Fab82) by i.v. Day 8 mice were injected with either soluble high
avidity anti-NP IgM? (clone 1.197) or low avidity anti-NP IgM? (clone Fab82). Spleen tissues were
collected two days after receiving the soluble antibodies. (A) Representative flow cytometry plots of
Tfh cells identified as PD1" CXCR5" gated from activated T cells CD44"; upper plots are Tfh cells with
low avidity anti-NP IgM? (clone Fab 82) and bottom plots are Tfh cells with high avidity anti-NP IgM?
(clone 1.197). (B) Frequency of Tfh population from total CD4* T cells and the ratio of Tfh cells to GC B
cells. Statistical tests were performed as mean + SEM performed by ordinary one-way ANOVA with
Tukey’s multiple comparison test (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, not
significant). Data from one experiment. Each symbol represents one mouse.
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3.3.5. Testing the impact of Intermediate low-avidity antibody (anti-NP IgiV?)
in ongoing GC responses

In the previous experiment, our objective was to investigate the impact of injecting high-
avidity antibodies on germinal centres (GCs) regulation. The previous experiment was done
by administering low affinity immune complexes (IC) on day 0. Our data suggested that
antigen-low avidity IgM immune complex could improve the GC response (Chapter 3.1.4). In
this study, we aimed to explore the effects of intermediate low-avidity antibodies (anti-NP
IgM?) on GC regulation in mice that were solely administered NP-CGG precipitated in alum,
without the initial IC administration on day 0. Consistent with the previous experiments, WT,

AlDko, and IgMi were used.

All mice were intraperitoneal (i.p.) immunised with NP-CGG precipitated in alum.
Subsequently, on day 10, groups of mice received an intravenous (i.v.) injection of soluble
intermediate low-avidity anti-NP IgM? antibodies (clone 2.315). Spleen tissue samples were
collected two days following the administration of soluble antibodies, corresponding to day
12 of the experiment (Figure 3.19) as IgM? immune complexed has been reported to localize

on FDC in GC light zone 24 hour of antibody administration (Zhang et al., 2013).

Flow cytometry was employed to identify GC B cells as B220* CD38" Fas* (Figure 3.20 A)
following the administration of soluble antibodies. In WT mice, there was no discernible effect
on GC size compared to the control group (without antibody administration). It is likely that
by day10 of primary response there was already some endogenous affinity matured antibody
production, which explains why — different to earlier experiments in the early phases of
secondary responses (Zhang et al., 2013) intermediate low-avidity anti-NP IgM did not have

a strong effect on GC selection in wt mice. As expected, AlDko and IgMi mice developed
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slightly bigger GC size after injection of antigen, similar to the results described above (Figure

3.4 B, and 3.9 B).

Bigger GC in AlDko mice is may be due to the absence of a negative effect of mutations
induced by AID, leading to less B cells apoptosis during GC B cell differentiation, and
accumulate in the light zone (Figure 3.10 A) and do not effectively differentiate into plasma
cells in mixed bone marrow chimeras (Boulianne et al., 2013). After injection with soluble
intermediate low affinity anti-NP antibody, AIDko mice exhibited a trend to reduced GC sizes,
particularly NP specific GC B cells (Figure 3.20 B, and C). This result would support the
hypothesis that absence of antibody feedback is responsible for the larger GCs in AIDko mice.
AlDko cannot produce affinity matured antibodies, and therefore exogenous intermediate
low-avidity anti-NP IgM can block partly access to antigen for GC B cells, resulting in decreased
GC, albeit not statistically significant. In IgMi mice (Figure 3.20 B, and C), soluble exogenous
intermediate low-avidity anti-NP IgM antibodies led to slightly reduced GC sizes and NP-
specific GC B cells, however, this effect was not significant. IgMi B cells can undergo affinity
mutation, but do not secrete antibody, therefore, exogenous intermediate antibody should

be able to inhibit GC B cells access to antigen on FDC.

To gain further insight into the effects of introduction of antibody feedback during the GC
response, the number of plasma cell (PC) was identified as CD138* B220" and quantified.
Surprisingly, the percentage of PC was significantly increased in WT mice after injection of
soluble intermediate low affinity antibodies (Figure 3.20 D). AIDko had similar number of total
plasma cells, but IgMi mice had significantly reduced plasma cell numbers (Figure 3.20 D),
slightly different with the previous data injected with immune complex. It is not clear why

antibody feedback induced higher numbers of PC, as an earlier study found a reduction of PC
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output from GC when antibody feedback was introduced (Zhang et al., 2013). This study,
however, observed GC derived PC by immunohistology. As similar histological study on the

tissues of the present experiment might be helpful.

Subsequently, we investigated the impact of injecting soluble intermediate low-avidity
antibodies on the distribution of GC B cells into dark and light zones, as defined by the gates
illustrated in (Figure 3.21 A). As described above (chapter 3.1.2), AIDko mice showed a
significant reduction in the DZ compartment and a corresponding increase in the LZ
compartment, while IgMi mice showed the opposite effect. There was no effect on DZ/LZ

distribution after introduction of antibody feedback (Figure 3.21 B).

We subsequently investigated whether there were any alterations in the frequency of IgM
among all mouse genotypes, as well as 1gG1 levels in WT mice following soluble antibody
injection. As expected, this did not reveal significantly changes in the proportion of IgM in the
groups of treated mice when compared to their respective control groups without antibody

injection (Figure 3.22 A and B).

To test whether raising the GC B cell selection threshold by introduction of antibody feedback
feeds back onto Tfh cell activation, we quantified Tfh cells. Tfh cells were identified as CD44*
PD1M CXCR5M, as depicted in (Figure 3.23 A). As described above, AlDko and particularly IgMi
mice contain significantly more Tfh cells after primary response to NP-CGG antigen compared
to WT mice (Fig. 3.23 B), mainly due to a bigger GC compartment (Fig. 3.23 C). Injection of
intermediate low-avidity antibodies led to a non-significant reduction in Tfh cell numbers in
all genotypes, with a stronger effect in AIDko and IgMi mice (Fig. 3.23 B), although there was
no major effect on the Tfh/GC ratios (Figure 3.23 C). This may indicate that immunisation with

intermediate low avidity antibodies in ongoing GCs in AlDko and IgMi mice can reduce GC B
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cell-T cell interaction, because no high affinity antibody production in these two types of
mice. These experiments should be repeated to confirm the results and increase statistical

power.
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Figure 3.19 Experiment protocol of introducing the intermediate low avidity anti-NP IgM?
WT, AIDko, and IgMi mice were immunised i.p with 50 ug NP-CGG precipitated in alum. Day 10 mice
were i.v. injected with soluble intermediate low avidity anti-NP IgM? (clone 2.315). Spleen tissues
were collected two days after receiving the soluble antibodies.
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Figure 3.20 GC clearly reduced in AIDko mice After immunisation with intermediate low

avidity antibody (clone 2.315) in ongoing GC response

WT, AIDko, and IgMi mice were immunised i.p with 50 pg NP-CGG precipitated in alum. Day 10 mice
were i.v. injected with soluble intermediate low avidity anti-NP IgM?(clone 2.315). Spleen tissues were
collected two days after receiving the soluble antibodies. (A) Flow cytometry plots of GCs identified as
CD38 Fas* from B cells population for WT, AIDko, and IgMi, upper plots are GCs with no soluble antibody
as control, bottom plots are GCs after injected with intermediate avidity anti-NP IgM? (clone 2.315). (B) GC
Size, showed as percentage of total B cells. (C) NP- specific GC B cells, showed as percentage of total
lymphocytes. (D) Plasma cells (PCs) showed as percentage of total lymphocytes. Data statistical tests were
performed as mean + SEM performed by ordinary one-way ANOVA with Tukey’s multiple comparison test
(*, p <0.05; **, p <0.01; *** p < 0.001; ns, not significant). Data from one experiment. Each symbol

represents one mouse.
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Figure 3.21 Injection of intermediate low avidity antibody in ongoing GC does not affect DZ
WT, AIDko, and IgMi mice were immunised i.p with 50 ug NP-CGG precipitated in alum. Day 10 mice
were i.v. injected with soluble intermediate low avidity anti-NP IgM?(clone 2.315). Spleen tissues were
collected two days after receiving the soluble antibodies. (A) Representative of flow cytometry plot to
identify DZ CXCR4" CD86'° LZ CXCR4" CD86" from GC B cells population. (B) DZ, LZ GC B cells, showed
as percentage of GC B cells, and the ratio of DZ and LZ. Data statistical tests were performed as mean
+ SEM performed by ordinary one-way ANOVA with Tukey’s multiple comparison test (*, p < 0.05; **,
p <0.01; *** p<0.001; **** p<0.0001; ns, not significant). Data from one experiment. Each symbol
represents one mouse.
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Figure 3.22 Injection of intermediate low avidity antibody does not affect the IgM in all
mice genotype and WT IgG1

WT, AIDko, and IgMi mice were immunised i.p with 50 ug NP-CGG precipitated in alum. Day 10 mice
were i.v. injected with soluble intermediate low avidity anti-NP IgM?(clone 2.315). Spleen tissues were
collected two days after receiving the soluble antibodies. From GC B cells, IgM* GC B cells were gated
as IgM* 1gG1 and IgG1* GC B cells were gated as IgM"1gG1*. (A) IgM* GC B cells, showed as a percentage
of GC B cells. (B) 1gG1* GC B cells, showed as a percentage of GC B cells. Data from one experiment.
Each symbol represents one mouse.
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Figure 3.23 Tfh cells were reduced after injection of intermediate low avidity antibody in
ongoing GC responses

(A) Representative of flow cytometry plots of Tfh cells PD1" CXCR5" gated from activated CD4 T cells
CD44* CD62L gate for WT, AlDko, and IgMi mice, upper plots are Tfh cells without soluble antibody
treatment as control, bottom plots are Tfh cells with intermediate avidity anti-NP IgM? (clone 2.315).
(B) Tfh population, showed as percentage of total CD4* T cells, and the ratio of Tfh cells and GC B cells.
Data statistical tests were performed as mean + SEM performed by ordinary one-way ANOVA with
Tukey’s multiple comparison test (*, p < 0.05; ns, not significant). Data from one experiment. Each
symbol represents one mouse.
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3.3.6. Testing the fitness of WT GC B cells in direct competition with AID
deficient B cells

Next, we aimed to further investigate the effects of AID on GC B cell selection. Antigen NP-
specific B cells from QM Cy1Cre mTmG mice that were AIDWT were adoptively transferred
into WT or AID deficient hosts, in order to compete with host WT or AID deficient B cells. The
Cy1-Cre x mTmG reporter strain induces constitutive expression of GFP in B cells after they
have been activated by extrafollicular T cells, which is the first B cell - T cell interaction after
antigen-contact inducing GC-lineage B cells (Toellner et al., 1998, Casola et al., 2006). Cy1-Cre
mice were crossed with QM mice expressing B cell receptors specific for the hapten 4-
hydroxynitrophenyl (NP) (Cascalho et al., 1996a, Marshall et al., 2011) and a Cre-inducible
eGFP reporter to get QM Cy1Cre mTmG mice (Casola et al., 2006, Muzumdar et al., 2007,
Marshall et al., 2011). As previously mentioned, AlDcre/cre (AlDko) mice are unable to
undergo Ig hypermutation and class-switching due to a deficiency in the AID enzyme.
Consequently, we hypothesised that B cells from AlDko mice would be unable to efficiently

compete with antigen specific WT B cells in the GC environment.

Adoptively transferred dTomato* cells can be tracked using flow cytometry. As soon as Cyl-
cre is expressed after the first T cell interaction, GFP expression induced marking most
antigen-activated B cells, GC B cells and GC-derived memory B cells (Casola et al., 2006, Roco

et al.,, 2019).

Donor NP-specific B cells from QM CylCre mTmG cells were transferred into AlDko and
littermate control AlDcre/wt mice. 24 hr later, mice were immunized with NP-KLH in alum
into the foot. Draining popliteal lymph nodes were harvested on days 8 and 12 for
subsequent flow cytometric analysis (Figure 3.24 A). GC B cells were evaluated and identified

through as CD138°B220*CD38'°“Fas* (Figure 3.24 B). GCs consistent of AIDwt and AlDko B cells
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appeared by day 8. There was no clear difference in the size of the GC department dependent
on whether the host was AIDwt or AIDko (Figure 3.25 A). From GCs further gates were
employed to identify either donor GC B cells characterized as either GFP* or dTomato™* or host
GC B cells identified as GFP"dTomato™ (Figure 3.24 B). This showed that GCs at 8 d post
immunisation contained more donor B cells than d 12 post immunization. Surprisingly, there
were consistently fewer donor fluorescent protein (FP)* GC B cells present, if the host was
AlIDko (Fig. 3.25 B). Correspondingly, if the host was AlDko, host B cells made up almost 100%
of GCs by 8 days after immunisation. Over time the process of host B cells taking over the GC
response also happened if the host was AlDwt, but it occurred slower. By 12 days post
immunisation AIDwt host B cells made up close to 100%, but the frequency was still lower

than 4 d earlier if the host was AlDko (Figure 3.25 C).

The extent of GFP-induction in the donor B cell population was also evaluated. Being GC cells,
GFPV¢ donor GC B cells should all have received Tfh help during the induction of the antibody
response. However, these cells may either have received weaker signals from Tfh help, not
efficiently inducing CSR, properly non-switched cells that express IgM, or recent immigrants
into the GC that have only recently received Tfh signals and do not express GFP yet. More
than 90% of donor GC B cells expressed GFP, although there was a trend to lower numbers
12 days post immunisation if the host was AlDko (Figure 3.25 D). Eight days post immunisation
80% of donor GC B cells were NP-specific B cells, regardless whether they were transferred
into AIDwt and in AIDko hosts. By 12 days post immunisation there was a slight drop in NP-
specificity in donor GC B cells when host GC B cells were AIDwt and could hypermutate.
However, if the host GC B cells were AIDko, most of the remaining donor AIDwt GC B cells
ceased to bind NP (Figure 3.25 E). This was different for the host GC B cells, where throughout

the response around 20% of cells were NP-specific (Figure 3.25 F). Loss of NP-binding may
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either indicate, that B cells were at DZ centroblasts stage and temporarily lost surface BCR
expression, that GC B cells were very low affinity for NP, or that they became specific for a
different epitope through Ig hypermutation, through immigration of GC founder B cells with
different specificity, or through exit from the GC as effect cells such as PC or memory B cells.
The different specificity could be either for another antigen, the carrier protein, or a random

different specificity (i.e. non-specific).

These data indicate that QM donor B cell have some kind of problem competing with host
BCR wt B cells. This is less pronounced when the host is AIDwt, but very pronounced if the
host is AIDko, and donor QM B cells tend to loser their specificity to the hapten NP. As host
BC outcompete donor BC and therefore should proliferate better, the hypothesis that loss of
antigen-binding is due to a larger proportion of centroblasts being in the donor population is
unlikely. In the following figures the proportions of DZ and LZ B cells in host and donor GC B

cells will be tested.

The other explanation, that donor B cells mutate away from specificity while host B cells stay
faithful to their original specificity, because they cannot mutate, is more likely, however,
surprising, as it would mean that Ig hypermutation has an overwhelmingly negative effect on
antigen-specificity. It is also possible that QM B cells are in a kind of mutational cul-de-sac,
meaning the VDJ sequence of QM B cells may have good initial affinity for NP, but there are
not sufficient options for mutations that would convert this sequence into a sequence coding
for higher affinity BCR. This might explain why the proportion of NP-specific donor B cells
reduces 12 d post immunisation, but not why the effect is bigger is host GC B cells are AlDko.
Being AID-deficient, host GC B cells themselves cannot increase their affinity and gain a

competitive advantage.
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The last explanation, that donor B cells become replaced either through immigration of donor
B cells specific for other epitopes, or through emigration of donor BC from the GC as effectors
will be tested in the following figures. A final explanation might be that host AIDko BC have a
selective advantage, because they can undergo proliferation without the associated off-target

specific DNA-damaging mutational events (Zaheen et al., 2009).

Subsequently, the differentiation of FP* GC B cells from the donor or FP- GC B cells from the
host into the dark zone (DZ) and light zone (LZ) compartments was tested. The data reflect
that donor FP* GC cells had lower potential for expansion when transferred into AIDko hosts,
with on average half as many cells differentiating into DZ B cells (Figure 3.26 A) and
correspondingly more GC B cells forming LZ B cells (Figure 3.26 B). Interestingly, although
donor GC B cells, even in AIDwt hosts, tend to disappear from 8 d to 12 d post immunisation
(Fig. 3.25 B), the percentage of donor DZ cells increases (Fig. 3.26 A). This may indicate that
potentially donor QM cells start to recover by day 12. Further experiments on later timepoints
should be done. Host B cells generally produced around 60% DZ B cells when the host was
AlIDwt, and fewer DZ B cells when the host was AlDko, as already described in chapter 3.1.2

(Fig. 3.26 B).

We also assessed the levels of IgM and IgG1 within both donor and host GCs. This showed
that more donor GC B cells were non-switched when the host was AlDko and that in AlDko
hosts the fraction of non-switched donor GC B cells increased over time (fig. 3.27 A). This
corresponds to what was seen for GFP expression in donor B cells, with fewer donor BCs
expression GFP when transferred into AlDko hosts (Fig. 3.25 D). It would confirm that donor
GC B cells in AlIDko hosts are less efficiently activated or receive less Tfh signals, potentially

because they represent B cells that are recent immigrants into the GC, and not specific for the
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main hapten NP (Fig. 3.25 E). For host GC B cells, it was seen that in AIDko hosts most were
IgM expressing, which is expected as AlDko B cells can’t do CSR (Fig. 3.27 B) When QM B cells
were transferred into AIDwt hosts, the frequency of IgG1 switched host B cells increased over
time, indicating that these cells were efficiently activated (Figure 3.27 B). As GCs are not
structures where CSR is prevalent (Roco et al., 2019), this increase in class-switched host B
cells may also be due to increased emigration of non-switched cells from the GC (Sundling et

al., 2021).

In order to examine output from the GC, memory B cell (Bmem) production (Fig. 3.28) and PC
production (Fig. 3.29) was tested. To evaluate Bmem production, memory B cells were gated
as strong B220* CD138* NP-binding B cells. From there CD38* FAS* cells were gated and
divided into FP* donor and FP host Bmem cells (Figure 3.28 A). This showed that the overall
numbers of Bmem cells decreased over time, and more Bmem cells were generated when the
host was AIDko (Fig. 3.28 B). Interestingly, there was an inverse relationship in donor B cells,
which developed in smaller numbers when the host was AlIDko (Fig. 3.28 C). This shows that
the smaller numbers of donor GC B cells in AIDko hosts are not due to a loss from the GC due
to an increased tendency of donor GC B cells to generate Bmem cells. Host GC B cells cells
generated more memory B cells when the host was AlIDko (Fig. 3.2 D), which is in line with
the generally higher production of Bmem cells in AIDko hosts. Memory B cells generated from
the GC tend to be the cells that are the less efficiently selected for affinity (Suan et al., 2017b),

which would fit with AlDko B cells generating the main proportion of Bmem cells.

Plasma cell generation was also analysed to investigate effect of AID for the donor GC
response (Fig. 3.29A, B). This showed that at later stages of the response plasma cell

generation was mainly made up of host B cells (Fig. 3.29 C, and D). Plasma cells tend to be
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more reliant on Tfh interaction and the cells that are more stringently selected for high affinity
(Zhang et al., 2018). The fact that donor QM B cells do not produce plasma cells at later stages
may indicate that the VDJ sequence of QM B cells is not able to mutate to high affinity. It may
therefore be a good idea to repeat this experiment with a different VDJ combination that may
have more potential for high affinity B cell generation. Donor AID deficiency had no effect on
PC generation, however, there was an effect on the number of hapten-specific donor plasma
cells. Reflecting what happens in GC B cells, fewer plasma cells were NP-binding when the
host was AlIDko (Fig. 3.29 E). This mirrors what is happening in donor GC B cells (Fig. 3.25 E).
Testing host PC it was seen that in wt host BC the frequency of NP-binding B cells showed a
tendency to increase, which would be in line with affinity maturation happening in the PC,
however, in AlIDko hosts, host PC seem to lose affinity for NP (Fig. 3.29 F). This is surprising as
in absence of mutation there should be no increase in affinity, but also not a loss of affinity.
It also does not reflect what happens in GC B cells (Fig. 3.25 F). Perhaps AlDko GC B cells
produce plasma cell output only for a short time, and at later stages PC become replaced by

PC specific for other antigens, e.g. from bystander GCs.
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Figure 3.24 Gating strategy for identification of GFP+ donor cells and NP+ B cell host cells

(A) Schematic showing adoptive cell transfer of 2x10° NP* B220 from QM Cylcre mTmG donor to
AlDcre/cre (AIDko) or littermate AlDcre/wt (AIDwt) recipient mice injected i.v. 24 hours later, mice
were immunised with 20 ug NP-KLH in alum into the plantar surface of one rear foot. Popliteal Lymph
nodes were harvested at day 8 or day 12. (B) Gating strategy to identify GC as (CD138  B220*CD38'"

Fas*). From GC gate activated and IgG1 switched donor cells as (GFP+ dTomat+) or GFP host B cells
(GFP dTomato-). From either donor GFP* or host GFP"dTomat GC B cells gates, DZ were identify as
(CXCR4hi CD86I°), LZ as (CXCR4I0 CD86hi), donor GFP*, non-switched as (IgM+ IlgG1), 1gG1 class switched
as (IgM IgGl+), and NP-specific B cells.
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Figure 3.25 Selective disadvantage of QM Cylcre mTmG transferred cells in competition

Analysis of donor and recipient GC responses by testing the fraction of donor (FP+) vs recipient (FP)
GC B cells. (A) The frequency of all GCs as percentage of total B cells. (B) The frequency of donor FP*
GC B cells as percentage of all GC B cells. (C) The frequency of host FP™¢ GC B cells as percentage of

GCs. (D) GFP' switched donor cells, quantified by gating on B220* Fas* GFP' B cells, shown as

percentage of donor GC B cells. (E) Donor-derived = NP-specific GC B cells, showed as percentage of

donor GC B cells. (F) Host NP-specific GC B cells, shown as a percentage of host GC B cells. Data
statistical tests were performed as mean + SEM Two-way ANOVA test mixed-effects analysis with
Sidak's multiple comparisons test (*, p < 0.05; **, p < 0.01;****, p < 0.0001; ns, not significant). (B - C)
logit Y transform. Data from one experiment. Each symbol represents one mouse.
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Figure 3.26 Cells transferred into AlDcre/cre (AlDko) produce similar proportion of DZ B

cells.

Adoptive cell transfer of 2x105 NP+ B220 from QM Cylcre mTmG donor to AlDcre/cre (AIDko) or
littermate AlDcre/wt (AIDwt) recipient mice injected i.v. 24 hours later, mice were immunised with 20
pg NP-KLH in alum into the plantar surface of one rear foot. Popliteal Lymph nodes were harvested at
day 8 or day 12. (A) Donor DZ cells, and donor LZ cells, shown as a percentage of donor GC cells. (B)
Host DZ and LZ cells, shown as a percentage of host GC cells. Data statistical tests were performed as
mean + SEM Two-way ANOVA test mixed-effects analysis with Siddk's multiple comparisons test (*,
< 0.05; **, p < 0.01, ns, not significant). Data from one experiment. Each symbol represents one

mouse.
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Figure 3.27 Quantification of donor and recipient unswitched IgM* and class switched
IgG1*.

Adoptive cell transfer of 2x105 NP+ B220 from QM Cylcre mTmG donor to AlDcre/cre (AIDko) or
littermate AlDcre/wt (AIDwt) recipient mice injected i.v. 24 hours later, mice were immunised with 20
pg NP-KLH in alum into the plantar surface of one rear foot. Popliteal Lymph nodes were harvested at

day 8 or day 12. (A) Donor IgM and class switched IgG1 GC cells, shown as a percentage of donor FP'GC
B cells. (B) Percentage host IgM and IgG1 GC B cells, shown as a percentage of FP® GC cells. Statistical
tests were performed as mean + SEM Two-way ANOVA test mixed-effects analysis with Sidak's
multiple comparisons test (*, p < 0.05; ***, p < 0.001; **** p < 0.0001; ns, not significant). (A) logit Y
transform. Data from one experiment. Each symbol represents one mouse.
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Figure 3.28 Donor memory B cells decrease in AlDko, while host Bmem increase.

Adoptive cell transfer of 2x105 NP+ B220 from QM Cylcre mTmG donor to AlDcre/cre (AlDko) or
littermate AlDcre/wt (AIDwt) recipient mice injected i.v. 24 hours later, mice were immunised with 20
pg NP-KLH in alum into the plantar surface of one rear foot. Popliteal Lymph nodes were harvested at
day 8 or day 12. (A) Gating strategy to identify donor and host memory B cells (Bmem). Bmem were
gated as CD138 B220'NP'CD38 "

. high high + high

characterized as CD38 ~Fas =~ GFP*/dTomato or CD38 ~ Fas

frequency of NP+ CD38"8"Fas"@" Bmem as a percentage of total B cells. (C) Donor CD38 GFP* Bmem,

h high

Fas = and from this population, either Bmem donor or host were
high - -

®" GFP' dTomato respectively. (B) The

shown as a percentage of total Bmem. (D) Frequency of host cp3s’ GFP-Bmem, shown as a
percentage of total Bmem. Data statistical tests were performed as mean £ SEM Two-way ANOVA test
mixed-effects analysis with Sidak's multiple comparisons test (*, p < 0.05; ***, p < 0.001; ns, not
significant). (C) logit Y transform. Data from one experiment. Each symbol represents one mouse.
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Figure 3.29 Plasma cells were analysed 8 or 12 days after immunisation with NP-KLH in
recipient AlDcre/wt and AlDcre/cre (AIDko) mice.

Adoptive cell transfer of 2x105 NP+ B220 from QM Cylcre mTmG donor to AlDcre/cre (AlDko) or
littermate AlDcre/wt (AlIDwt) recipient mice injected i.v. 24 hours later, mice were immunised with 20
pg NP-KLH in alum into the plantar surface of one rear foot. Popliteal Lymph nodes were harvested at
day 8 or day 12. (A) Representative flow cytometry plots showing plasma cells (PCs) were gated as

CD138" B220, from CD138" donor PCs were gated as GFP_ or dTomato donor PCs, GFP dTomato as

host PCs, and NP-specific PCs from donor GFP' dTomato or host GFP dTomato PC. (B) PCs, shown as
a percentage of lymphocytes. (C) donor PCs, shown as a percentage of total plasma cells. (D) Host
PCs, shown as a percentage of all plasma cells. (E) Donor NP-specific PCs showed as percentage of
donor PCs. (F) Host NP-specific PCs, showed as percentage of host PCs. Data statistical tests were
performed as mean + SEM Two-way ANOVA test mixed-effects analysis with Sidak's multiple
comparisons test (*, p < 0.05; **, p < 0.01, ns; not significant). (C— D — E) logit Y transform. Data from
one experiment. Each symbol represents one mouse.
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3.4. Discussion
In this study, we aimed to characterise GCs and Tfh cells and evaluate their regulation by

antibodies. This was accomplished by testing the effect of absence of antibody or lack of class-
switched immunoglobulins (Igs) using different mouse strains compared to wild-type (WT)
controls. Specifically, we utilized IgMi, AlDko, and 1IgG1M mice to study GC regulation. The
IgMi mice lack secreted antibody, and the B cells only have surface IgM expression as BCR.
The AIDko mice lack activation-induced cytidine deaminase required for Ig somatic
hypermutation and the B are unable to class-switch. The IgG1M mice have an IgG1 antibody
as their B cell receptor instead of IgM and only produce IgG1. By comparing these strains, we
can define the requirements for GC initiation, somatic hypermutation, and class switching.
After characterising baseline GC responses, we then tested how soluble antibodies with
varying affinities affect GC B cell and Tfh cell populations and their interactions. This approach
provides insights into how antibody feedback shapes multiple aspects of the GC reaction and

affinity maturation.

Natural IgM antibodies with low affinity help initiate and sustain GC reactions and act as
bridge of innate and adaptive immune system (Baumgarth et al., 2000). Therefore, we tested
whether absence of antibody in IgMi mice would affect the GC and Tfh cells compartment by
introducing low avidity antibody complexed with antigen. IgMi mice had increased GC B cells
(Figure 3.4) and increased NP-specific GC B cells in the spleen. This finding aligns with previous
work by (Zhang et al., 2013) demonstrating that secreted high-affinity antibodies act as
negative regulators of GCs by limiting B cell access to antigen on FDC. Without this antibody-
mediated inhibition in IgMi mice, GC B cells can readily acquire antigen from FDCs, leading to
expanded GC populations. In parallel with increased GC size, more Tfh cells were observed in

IgMi spleens (Figure 3.6). Tfh cells are known to be maintained through stable interactions
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with B cells (Qi et al., 2008). Thus, the accumulation of GC B cells in IgMi mice likely sustains
the increase in Tfh cells. Furthermore, the ratio of dark zone (DZ) to light zone (LZ) B cells was
increased in IgMi mice (Figure 3.5). This supports a model whereby LZ B cells positively
selected based on their affinity can recycle back to the DZ for further somatic hypermutation
(Allen et al., 2007b, Victora et al., 2010). Without competition from affinity matured
antibodies, LZ B cell selection may ease, leading to more traffic of positively selected LZ B cells
to the DZ. In summary, the absence of secreted antibody in IgMi mice results in deregulated

GC responses, confirming a role for antibody feedback in GC regulation.

An experiment was conducted to investigate the role of affinity maturation and IgG feedback
regulation of GCs. Genetically modified mice were used to address this question. Specifically,
AID knockout (AIDko) mice, that do not class switch to 1gG, and IgG1M mice that only express
IgG1 were compared to WT control mice. We found that AlIDko mice displayed enlarged GCs
compared to WT mice. Despite the absence of affinity maturation in AIDko mice, there was
an increased percentage of NP-specific GC B cells compared to controls. This may be because
the lower affinity NP-specific B cells in AIDko mice were still able to bind the NP antigen
(Figure 3.9 B and C), while the absence of hypermutation preserved the specificity of NP-
specific GC B cells, causing less generation of GC B cells that have lost affinity to antigen.
Additionally, flow cytometry analysis revealed an accumulation of CD86" centrocytes in the
light zone and a reduction in the ratio of dark zone to light zone cells in GCs of AIDko mice
(Figure 3.10 A). Lack of IgG1 signalling via Fc receptors like FcyRIIB can reduce apoptosis of GC
B cells (Boulianne et al., 2013), and this may allow accumulation of higher numbers of GC B
cells in AIDko. Further, there was also slight increase in Tfh cells. This also may be caused by

absence of antibody feedback, leading to better antigen access for GC B cells, which in turn
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leads to stronger antigen presentation. Larger Tfh numbers could also simply be caused by

the larger GCs, providing more space and more partners for cellular interactions.

IgG1M mice, which have IgG1 as BCR, have hyperreactive BCR signalling in response to BCR
stimulation (Waisman et al., 2007). It has also been shown that 1gG*™® GC B cells have a
selection advantage within GCs (Sundling et al., 2021). However, following immunisation
IgG1M mice have similar numbers of total GC B cells as WT controls but showed strongly
reduced NP-specific GC B cells (Figure 3.9 B and C) and similar numbers of Tfh cells than WT
(Figure 3.11 B). Surprisingly, the DZ/LZ ratio of IgG1M GCs B cells was significantly higher
compared to WT and AlDko mice (Figure 3. 10 B) suggesting that there was a defect in B cell
selection in the LZ. 1IgG1M mice showed an impaired antibody response to NP-KLH at day 8
and day 15 post immunisation and the NP2/NP14 ratio of the 1gG1 affinity was reduced by
day 15. The reason for the impaired antibody response is not clear. However, secreted IgM
has been shown to be important to form immune complex and has a function role in GC
regulation and supporting antigen trapping on FDCs (Boes et al., 2000, Zhang et al., 2013).
These findings are consistent with previous reports using the slgM-/- mouse model, which
lacks secreted IgM but retains membrane-bound IgM. Studies have demonstrated that sigM-
/- mice have impaired T-dependent antibody responses, indicating soluble IgM is important
for GC development and IgG antibody production (Boes et al., 2000). Moreover, work by
(Baumgarth et al., 2000) revealed slgM-/- mice had reduced influenza-specific IgG2a titers
compared to WT mice. Soluble IgM appears to enhance antigen presentation and T-B cell
collaboration that are critical for antiviral IgG responses. Furthermore, immunization studies
showed slgM-/- mice had defects in memory B cell production, affinity maturation, and

plasma cells (Ehrenstein et al., 1998).
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In order to examine how GC B cell selection is affected by the absence of affinity maturation
(AIDko mice) or absence of secreted soluble IgM (IgMi mice), antibody feedback through
addition of intermediate affinity (clone 1.197) or high affinity (clone 2.315) anti-NP IgM?
variants were introduced. There was no major effect on GC size in wildtype mice receiving
intermediate affinity antibody, while higher affinity antibody was able to reduce the size of
WT GCs, although this was not statistically significant. This confirms a role of antibody
feedback and antibody affinity in setting the selection threshold for GC B cells, as shown in
our earlier study (Zhang et al., 2013). Mice unable to undergo affinity maturation or secrete
IgM showed a stronger effect on GC size and antigen-specific GC B cells when given soluble
intermediate affinity antibody, confirming that B cells that do not affinity mature or secrete
antibody are quite sensitive to antibody feedback regulation by extrinsic antibody. These
results were not reproduced in the high affinity antibody experiment, most likely due to
experimental variation. Some of the experiments presented here should reproduced which
was not possible due to time constraints due to the pandemic and the insufficient availability
of monoclonal antibodies to NP. There were no significant changes in dark zone/light zone

ratios.

Other factors that may be involved in the increased AlDko GCs may include genotoxic stress
form AID expression without further apoptosis, and lack of IgG feedback inhibition to inhibit
GC B cells. In IgMi mice affinity maturation through somatic hypermutation may occur as cells
recirculate between light and dark zones. However, without antibody feedback inhibition
from soluble IgM or negative regulation from IgG through Fc receptors, GC B cells are not

inhibited and can expand better.
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Both antibody feedback experiments showed a reduction in T follicular helper (Tfh) cells after
injecting antibody, which may be attributed to B cells being inhibited by antibodies from
taking up antigen from FDC and presenting this to Tfh cells. Tfh cells play an important role in
B cell selection, so the lower percentage of light zone B cells in AID-Ko mice is not fully clear.
LZ B cells capture antigens bound to follicular dendritic cells through their B cell receptors,
process and present them as peptide-MHC class Il complexes, with BCR-antigen engagement
signaling allowing survival. Higher affinity germinal centre B cells more efficiently obtain Tfh
signals because they acquire more antigen, present higher peptide-MHCII levels, and thereby
stimulate greater Tfh activation (Schwickert et al., 2011, Victora et al., 2010). Therefore, lower
LZ B cell percentages may result from deficient antigen acquisition and presentation to Tfh
cells. Overall, the experiments demonstrate that enabling or restricting antigen access in the
GC impacts on Tfh-B cell interactions, can reduce Tfh frequency and alter GC B cell subset

proportions.

In the dark zone of GCs, activated B cells undergo a process called SHM, resulting in the
generation of mutant clones with a wide range of BCR affinities for antigens. The selection of
high-affinity BCRs is a critical step that takes place in the light zone of the GC It was believed
that the primary mechanism for selecting high-affinity BCRs involved competition for antigens
obtained from FDCs (MaclLennan, 1994). However, an alternative factor comes into play
within the light zone-the Tfh cells. They also play a significant role in selecting B cells based
on their affinity for antigens (Victora et al., 2010). B cells with high-affinity BCRs compete in
this environment because they more effectively capture and present antigens on major
histocompatibility complex (MHC) molecules to Tfh cells compared to B cells with lower-
affinity BCRs. Therefore, we studied the affinity dependent competition occurs in GCs by

adoptively transferred QM cglcre mTmg cells to either AlDcre/wt which can hypermutate or
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AlDcre/cre which lack hypermutation recipients’ mice. The donor GCs size are not significantly
changed at day 8 in AlDcre/cre mice while 2 mice out of 4 were not detected by day 12 (Figure
3.25 B). Furthermore, the amounts of antigens in donors GCs are not altered by competition
with high-BCR (Figure 3.25 E), while there is a slight increase in both AlDcre/cre host GCs and
antigen-specific GC B cells. The explanation behind that, as reported previously, is that when
AID activity is absent, it delays DNA damage responses and maintains the antigen-reactivity
of GC B cells. This, in turn, preserves their reactivity to antigens, potentially giving B cells with
AID deficiencies a competitive advantage. A malfunctioning GC response can slow down the
clearance of antigens, leading to prolonged immune activation. Consequently, this delay may
disrupt the normal tolerance mechanisms and trigger the production of self-reactive
antibodies in both mice and individuals who lack functional AID, leading to potential

autoimmune reactions (Kuraoka et al., 2011, Meyers et al., 2011).

This experiment did not clearly allow us to test GC B cell competition and affinity maturation.
However, it may be possible to better test this in future by adoptively transferring B1-8'° cells
into AID knockout (AIDko) mice and using B1-8" cells transferred into AID wildtype (AlIDwt)
mice as a control. Our prediction is that transferring B1-8" cells into the competitive
environment of AIDwt mice will allow them to predominate in GCs and outcompete
endogenous polyclonal B cells. In contrast, transferring B1-8'° cells into AlDko recipient mice
could reveal whether these low affinity antigen-specific B cells can compete efficiently and
undergo GC selection in a host. Thus, this approach may allow us to determine if the relative

affinity of the B cell receptor determines its ability to dominate the GC reaction.
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Chapter 4. Using Nrd4a3 Tocky reporter mice, to characterise B cell
responses and follicular helper T (Tfh) cell activation in mouse
models with altered B cell receptor (BCR) signalling.

4.1. Introduction

B cell receptor (BCR) signalling plays an essential role in B cells development, activation and
differentiation. The BCR complex's Iga and IgB signalling subunits phosphorylate
immunoreceptor tyrosine-based activation motifs (ITAMs) when antigen binds to the BCR
immunoglobulin, initiating BCR signalling (Yao et al., 1995). Src-family kinase (SFK), binding
through its SH2 domains, and recruits SYK leading to the activation of ITAMS through trans-
autophosphorylation once ITAMS has been phosphorylated (Johnson et al., 1995). A signalling
complex is created when downstream adaptor proteins like BLNK are phosphorylated by
activated SYK (Kabak et al., 2002). This initiate signalling cascades through MAP kinase
signalling, calcium flux, and PI3K/AKT activation (Guo et al., 2004, Hogan et al., 2010),
throughout additional pathways. These pathways initiate the activation of B cells in response

to stimuli.

IgM and IgD are two of the five known antibody isotypes, and they are co-expressed on the
surface of naive B cells. Following activation, B cells will be downregulating expression of IgM
and IgD and undergo class-switching of the BCRs to IgG, IgA or IgE isotype dependent on type
of antigens (Toellner et al., 1998). BCR isotypes significantly differ substantially in the length
of their cytoplasmic regions which influences their signalling strength and trafficking. Most
BCR isotypes like IgM and IgD signal through the Iga/p heterodimer. However, 1gG1 contains
28 amino acids in the cytoplasmic region while there are only 3 amino acids in the IgM
cytoplasmic region (Todo et al., 2014), which give IgG1 stronger downstream BCR signalling

independently of Iga/B. The 1gG1 cytoplasmic domain helped to substantially rescue B cell
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development defects in a mouse model with shortened Iga tail (Waisman et al., 2007). Other
studies have genetically modified B cells to express an engineered chimeric BCR enhancing
BCR signalling and activation. These modified BCR show increased calcium flux upon antigen
stimulation, prolonged cell surface BCR half-life, and rapid plasmablast differentiation (Martin
and Goodnow, 2002, Horikawa et al., 2007). Our lab has generated a mouse model to alter
BCR signalling by replacing the cytoplasmic tail of IgM with that of IgG1 by targeted insertion
of the Ighgl cytoplasmic tail into the Ighm gene, leaving the immunoglobulin heavy chain VD)
area in germline configuration. Against expectation mice with this modification showed an
anergic phenotype characterized by reduced BCR signalling capacity. Anergy is induced during
bone marrow B cell development, likely because of the inappropriately strong signalling of
this modified B cell receptor. Specifically, these IgMg1 B cells display diminished surface BCR
expression and calcium mobilization upon BCR ligation compared to normal wild type B cells.
Additionally, analysis of BCR-induced phosphorylation events reveals impaired activation of

downstream signalling proteins (Zhang, 2019).

Binding of antigen by the BCR and subsequent BCR signalling are essential processes the
regulate B cell activation and differentiation, and play crucial roles in GC reactions, allowing
B cells to proliferate and improve receptors via affinity maturation (Yam-Puc et al., 2018). In
a model of antibody feedback, antigen-antibody complexes deposited on FDCs can be used
to kinetically test BCR affinity. The antibodies in these immune complexes mask antigen
access in a competitive manner based on BCR binding strength. Antigen-antibody complexes
selectively allow higher affinity BCR variants to access antigen (Zhang et al., 2013). BCRs with
high binding affinity for a specific antigen are able to recruit help from Tfh cells by enabling B

cells to obtain and present more antigen, fostering increased B-Tfh interaction. Interaction
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and signalling from cognate B cells have been demonstrated to sustain and enhance Tfh cell

proliferation in GC (Coffey et al., 2009, Baumjohann et al., 2013).

Within GCs, Tfh cells require sustained stimulation from B cells through several interactions:
engagement of the T cell receptor (TCR) by B cell-presented antigen peptides and co-
stimulation signals exchanged between the two cell types. Sustained antigen-driven TCR
signalling, CD28 ligation, and CD40 ligation are essential for enabling Tfh cells to fully mature,
expand, and persist over time (Johnston et al., 2009, Deenick et al., 2010). Furthermore, GC
B cells expressing ICOSL provide crucial stimulation of the inducible co-stimulator (ICOS)
receptor on Tfh cells. Ligation of ICOS by B cells results in the activation of the PI3K6 signalling,
controlling lineage commitment, which increases expression of the Tfh-defining molecules
BCL6 and CXCR5 and exaggerates differentiation of Tfh cells (Stone et al., 2015). Without
these reciprocal signals from GC B cells, Tfh cells cannot maintain or acquire their specialised

phenotype and function.

The generation of Tfh cells is a critical step in the development of robust, protective humoral
immunity following immunization. Tfh cells can be identified in mice as CD4* CD44* CD62L'*"
activated T cells which express high levels of PD1, CXCR5 and ICOS. The recently developed
Nr4a3-Tocky transgenic mouse model offers a novel system to visualize/track TCR stimulation
elicited by peptide antigens presented by APC cells (Bending et al., 2018). Nr4a3, a gene
induced in T cells, is triggered by calcineurin and NFAT activation after TCR binding to MHC I
on antigen-presenting cells. Within 30 minutes, calcineurin/NFAT signalling leads to robust
upregulation of Nr4a3 expression (Bending et al., 2018). The Nr4a3-Tocky mouse utilizes a
fluorescent Timer reporter to analyse dynamic changes in TCR signalling strength in individual

T cells in vivo by linking timer expression to Nrd4a3, which is rapidly induced downstream of
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TCR stimulation. This model includes an unstable timer protein, which undergoes an
irreversible shift in fluorescence emission from blue to red over time. In Nr4a3-Tocky mice,
newly activated T cells will initially express the blue version of the timer protein due to strong
Nr4a3 induction. Over approximately 7 hours, the timer protein matures to red fluorescence
(Bending et al., 2018, Elliot et al., 2021). The status of Timer colour in each T cell offers a
readable output indicating recent or past TCR signalling strength. Figure 4.1 provides a
simulated scatter plot profiling the Timer fluorescent phenotypes of T cells from Nr4a3-Tocky

mice.

IgMgl and 1gG1M models were chosen to compare the IgMgl mouse with a mouse where
the whole 1gG1 BCR is expressed during B cells development. This may allow differentiating
between the signalling effect from the 1gG1 cytoplasmic chain and effects from the outer part
of the IgG BCR. However, there things are more complex: IgG1M mice do not make soluble

IgM, and they also do not make IgD. There is also no anergy in IgG1M.
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4.2. Chapter aims.

In this chapter, the aim is to characterise B cell and Tfh cell responses mouse models with
altered B cell receptor (BCR) signalling, especially in IgMgl and IgG1M mice after the
stimulation with T-dependent antigens. These mice, along with WT controls, were crossed
with Nrd4a3-Tocky mice to evaluate the impact of modulated BCR signalling on the
development and reactivation of Tfh cells. The crossed of WT, IgMg1 and IgG1M to Nr4a3-
Tocky mouse model also provides an opportunity to evaluate B cell-T cell interactions in AID
knockout mice when B cells can’t do class switch or affinity mature after the TD antigen

stimulation.

The detailed aims of this chapter are:

1) Analysis of B cell responses and evaluation of Tfh cell stimulation at different time
points after antigen boosting. This will test B cell and Tfh activation in T cell-dependent
antigen responses in IgMg1, 1gG1M-Nr4a3-Tocky mice.

2) Analysis of B cell responses to T cell-dependent antigens and evaluation of Tfh cell after
stimulation with soluble antigen in AID knockout Nrd4a3-Tocky mice.

3) Preliminary analysis of Nur77-Tempo mice to test for a function of the Nr4al gene

following B cell responses.
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4.3. Results

4.3.1. Analysis of GC B cell response and Tfh cell Nr4a3-expression in mouse
models with altered BCR signalling

To analyse the role of GCs B for Tfh cells activation in altering BCR mouse model during TD-
antigen response, we used the Nr4a3-Tocky reporter system. This allowed investigation of
early TCR signalling in Tfh cells during an in vivo immune response. WT, IgMg1/gl, and
IgG1M/G1M Nr4a3-Tocky mice were immunised with 10ug NP-KLH in alum precipitation into
the plantar surface of one rear foot. At day 5 or 8, mice were boosted with 10 pg soluble NP-
KLH in the same foot. Popliteal lymph nodes as draining lymph nodes (DrLN) were collected
at 4 hr after antigen boost (Figure 4.2 A). Four hours is sufficient time for antigen-specific
memory B cells to access antigen arriving in the subcapsular sinus and to transport it back
into the GC (Zhang et al., 2022). It was estimated that this is also sufficient time for these B

cells to present the antigen to Tfh cells and induce a Nr4a3-Tocky signal.

To test the impact of the BCR on antigen capture and presentation to Tfh cells, Tfth cells were
analysed and identified as CD3*CD4*CD44* CD62L'PD1"CXCR5" on days 5 and 8 and this gated
as shown in (Figure 4.5 B). Without additional stimulation all three genotypes contained
similar numbers of Tfh cells in GCs. Following boost with soluble antigen 5 d post
immunisation, the percentage of Tfh cells stayed similar in wt mice, but increased significantly
in IgMg1 mice while IgG1M GCs lost Tfh cells (Figure 4.2 C). At day 8 a similar picture showed
as on day 5, with larger numbers of Tfh cells in IgMgl GCs, but lower Tfh cell numbers in
IgG1M GCs. In general, there was a stronger loss of Tfh cells after antigen administration 8
days after immunisation than 5 days after immunisation. All these data have weak statistical

significance because of the low numbers of animals that were available, however, the similar
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pattern 5 and 8 days post immunisation makes it likely that these changes are reproducible

(Figure 4.2 C).

The GC reaction in dependent on the ability of Tfh to interact with GC B cells (de Vinuesa et
al., 2000). On the other hand, B cells play an important role for supporting Tfh cell
differentiation. Antigen capture by B cells in the GC predominantly re-activates Tfh cells,
leading to Nr4a3 expression indicating TCR signalling strength. We therefore evaluated Nr4a3
blue reporter expression in newly activated Tfh cells after 4 hours of stimulation with soluble
antigen. In WT mice, Nr4a3 blue expression was significantly higher in antigen-boosted groups
compared to non-boosted controls at d5 and d8 (Figure 4.3 A). Furthermore, Nr4a3 blue
expression (the percentage of blue*red” Tfh cells) was higher at d5 than the expression at d8,
which indicates higher TCR signalling strength or better antigen-presentation by B cells in
newly formed GCs than matured GCs. There was a slight increase in the proportion of Nr4a3
blue expressing Tfh cells in IgG1M mice compared to WT and IgMg1 mice at d 5, becoming a
significant increase by d8. However, no difference was observed between IgMgl and WT mice
(Figure 4.3 B). A significant increase was observed in the frequency of persistent signalling
blue*red* cells in IgMg1 and IgG1M mice compared to WT at day 5, indicating stronger TCR
signalling in later stage of GCs. Persistent blue*red* expression was similar between IgMg1
and WT by day 8, but remained significant higher in IgG1M compared to WT. Arrested blue
red* Tfh cell increased also at day 8 by comparing to day 5 without additional stimulation,
probably reflecting that Tfh activity in mature GCs was past its peak. No difference in arrested
bluered* Tfh cell frequencies were detected in IgMg1 and IgG1M mice (Figure 4.3 C, and D).
Figure 4.3E shows alterations in non-activated Nr4a3-negative populations before and after
stimulation, confirming a loss of non- activated cells due to generation blue*red or arrested

bluered* Tfh cells.
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Further, the analysis of Nr4a3 blue and red reporter expression intensity (MFI) revealed
increased TCR signalling in newly activated Tfh cell in IgMg1 versus WT mice after antigen
boost, which was even higher in Tfh cells of IgG1M mice, again indicating stronger TCR
signalling than in WT (Figure 4.3 F). No changes were observed in Tfh red* cell MFIs (Figure
4.3 G). These data suggest that altering the BCR in IgMg1 and 1gG1M mice captures antigen

for presentation to Tfh cells inducing stronger TCR signalling compared to WT mice.

Next, we evaluated germinal centre (GC) B cells, antigen-specific GC B cells, and plasma cells
(PCs) by flow cytometry. Following from 5 d post immunisation to 8 d, total GC B cells
increased in all mice (Fig 4.4 A), but the percentage of antigen NP-specific GC B cells reduced
from d5 to d8 if related to total GC B cells (Figure 4.4 B), perhaps due to bigger DZ
compartments in more mature GC, as DZ B cells downregulate their BCR. As described by
others, total GC B cells were significantly reduced in IgMg1 mice at d5 and d8 compared to
WT mice before antigen boost, however antigen NP-specific GC B cells were similar as WT
(Lingling, thesis 2019). Total GC B cells were significantly reduced in 1IgG1M mice at d5
compared to WT and IgMg1 mice, but recovered to numbers similar to WT mice at d8. NP-
specific GC B cells were significantly decreased in 1gG1M mice at d5 and d8. The initially
smaller GC in IgG1M mice may be due to the absence of IgM antibody and negative effect
from IgG, as discussed above (Figure 3.12). After antigen boost, total GC B cells slightly
reduced in all genotypes. NP-specific GC B cells did not change after boost in WT mice and
IgMg1 mice, but were significantly reduced in IgG1M, particularly at d8 (Figure 4.4 B). Despite
the reduction in overall GC B cells and an increased percentage of Tfh cells, the frequency of
NP-specific GCB cells was elevated in IgMg1 mice compared to WT or IgG1M mice. In contrast,
IgG1M mice exhibited a strong reduction in NP-specific GC B cells after administration of

soluble antigen at days 5 and 8.
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Plasma cells increased in WT mice following the time point d5 to d8 (Fig 4.4 C). At day 5, IgMg1
and 1IgG1M mice showed plasma cell (PC) responses equivalent to WT mice. By day 8, PCs was
increased in IgMgl mice. Surprisingly, 1gG1M mice exhibited impaired PC responses
compared to WT and IgMg1 mice. In addition, antigen boost resulted in a decrease in plasma

cell numbers in all mice (Figure 4.4 C).

Overall, these data suggest that altering the BCR affects the GC reaction, probably changes
antigen presentation by B cells to Tfh cells, and therefore resulting in different TCR singling

strength.
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Figure 4.1 Dynamic of Tocky mice Nr4a3-blue and Nr4a3-red expression after TCR
stimulation.

The plot displays Timer-red fluorescence on the x-axis and Timer-blue fluorescence on the y-axis. This
allows visualization of the heterogeneous Timer expression patterns among T cells, with cell
populations falling into distinct subsets based on their fluorescence. Cells with strong recent TCR
signals will cluster in the upper left with high Timer-blue levels (blue). Intermediate populations with
mixed Timer colours are the persistent T cells (purple). Cells with past TCR signals but no recent
induction will localize to the lower right with predominant Timer-red (red). Created by Biorender.
Adopted from (Bending et al., 2018).
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Figure 4.2 Tfh cells population decreased in IgG1M over time when received soluble NP-

KLH

WT, IgMg1, and IgG1M Nr4a3-Tocky mice were immunised with 10 pug NP-KLH plus alum precipitation and
heat-inactivated B. pertussis s.c. on the plantar surface of one rear foot. At day 5 or 8 mice were boosted
with 10 pg soluble NP-KLH, and draining lymph nodes were harvest at 4hrs later. analysed by flow
cytometry. (B) Representative flow cytometry plots showing Tfh cells. From lymphocytes, T cells were gated
as CD3* CD19. From T cells, CD4* T cells were gated as CD4" and then CD44* CD62L gated as activated T
cells. From activated cells, Tfh cells were gated as PD-1" CXCR5". (C) Tfh cells, plotted as percentage of
CD4* T cells. Stated as mean = SEM Two-way ANOVA Within each row, compare columns (simple effects
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Figure 4.3 Nrd4a3-blue expression induced by the boost 4 hours of stimulation involved
BCR-mediated Ag captured by B cells

WT, IgMg1, and IgG1M Nr4a3-Tocky mice were immunised with 10 ug NP-KLH plus alum precipitation
and heat-inactivated B. pertussis s.c. on the plantar surface of one rear foot. At day 5 or 8 mice were
boosted with 10 pg soluble NP-KLH, and draining lymph nodes were harvest at 4hrs later. (A) Flow
cytometry plots showing Nr4a3-blue and Nr4a3-red expression, gated from PD-1" CXCR5" Tfh cells.
(B) Nrda3-blue* red Tfh cells, shown as percentages of Tfh cells; (C) Nrd4a3-blue* red* Tfh cells shown
as percentages of Tfh cells; (D) Nrd4a3-blue  red* Tfh cells shown as percentages of Tfh cells; (E) Nr4a3-
blue- red- Tfh cells shown as percentages of Tfh cells; (F) Nr4a3 blue+ MFI in Nrd4a3-blue* red” Tfh cells;
(G) Nrda3red* MFlin Nr4a3-blue red* Tfh cells. Stated as mean + SEM Two-way ANOVA. Each symbol
represents one animal. MFI: mean fluorescence intensity. Data from one experiment. Each symbol
represents one mouse.
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Figure 4.4 1IgG1M mice have larger GC but showed an impaired of NP-specific and PCs
frequency.

WT, IgMg1, and IgG1M Nr4a3-Tocky mice were immunised with 10 ug NP-KLH plus alum precipitation
and heat activated B. pertussis s.c. on the plantar surface of foot. At day 5 and 8, mice were boosted
with 10 pg soluble NP-KLH on the same foot. Mice were culled 4 hours later, and lymph nodes analysed
by flow cytometry. (A) GC B cells, presented as percentage of total B cells. (B) NP-specific GC B cells,
presented as percentage of GC B cells. (C) Plasma cells (PCs), presented as percentage of total
lymphocytes. Stated as mean + SEM Two-way ANOVA Within each row, compare columns (simple
effects within rows), each symbol represents one animal. Data from one experiment. Each symbol
represents one mouse.
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4.3.2. Analysis of antigen presentation to Tfh cells in DrLN after stimulation
with antigen for 18 hours in altered BCR mouse models.

In the previous experiment, IgMgl and IgG1M mice showed strong Nrd4a3 expression in
recently activated Tfh cells after stimulation with soluble antigen for 4 hours. This indicated
increased antigen capture in the modified BCR mouse models, particularly in IgG1M mice. In
the next step, GC responses and TCR signalling dynamics were measured in the IgMgl and
IgG1M by extending the antigen re-exposure duration, with the aim of potentially finding a

stronger signal after overnight incubation.

WT, IgMgl, and I1gG1M Nr4a3-Tocky mice were immunised with 10 pug NP-KLH in alum
precipitation plus heat-inactivated B. pertussis s.c. on the plantar surface of the foot. At day
8, mice were boosted with 10 pg of soluble NP-KLH on the same foot. Mice were culled 18
hours later, and draining lymph nodes were analysed by flow cytometry (Figure 4.5 A). Nr4a3
expression within Tfh cells was identified as PD1MCXCR5" Nr4a3-blue* or red* (Figure 4.5 B).
Tfh cells were gated as CD4*CD62L"CD44*PD1MCXCR5" before and after boosting with soluble
NP-KLH (Figure 4.6 A). In the primary response to antigen, there was no significant difference
in the percentage of Tfh cells among all mouse genotypes (Figure 4.6 B). Following boost with
soluble antigen, total Tfh cells didn’t show any difference in WT mice. In IgMg1 mice Tfh cells
showed a similar trend as those in WT mice, while Tfh cells presented a clear but not

significant reduction in IgG1M mice compared to WT mice.

In the next step, persistence of TCR signal strength in re-activated antigen-specific Tth cells
after 18 hours of stimulation with soluble antigen were characterised by evaluating Nr4a3
expression (Figure 4.7 A). Compared to 4 h stimulation, following 18 hr stimulation there were

not many Timer-blue (newly activated) Tfh cells detectable. Numbers increased after
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stimulation in WT mice, but there was not major difference in IgMgl and IgG1M mice
compared to their respective unchallenged controls. Comparing to WT Tfh cells after
stimulation, there was a minor reduction in IgMg1 and a significant reduction of Nr4a3-blue
expressing Tfh cells in IgG1M mice (Figure 4.8 A). As expected, after extending the antigen
exposure time (Elliot et al., 2021). Timer blue* red* (persistent) cells were significantly higher
in all challenged groups compared to the unchallenged groups. There were no significant
differences in blue* red* or blue™ red* arrested Tfh cells among the challenged WT, IgMg1 and
IgG1M groups (Figures 4.8 B and C), and a corresponding reduction of timer protein negative
cells (Figure 4.8 D). Additionally, the MFI of timer blue* Tfh cells and MFI of red were
unchanged in the boosted groups (Figures 4.8 E and F). Then the MFI of blue and red within
blue* red* Tfh cells were measured. Nrd4a3-blue MFI did not change (Figure 4.8 G) in all groups
after 18hr challenge. Nr4a3-red MFI significantly increased in the groups challenged with
antigen (Figure 4.8 H), but no difference was detected in all challenged groups. These data
show that 18 h is a long time in terms of Tfh stimulation, and most freshly activated Timer-
blue Tfh cells have differentiated into blue-red double positive cells. The differences in TCR

signal strength of the different genotypes seen after 4 hr tend to get lost after 18 h.

To determine how extended antigen stimulation affected the differentiation of GC B cells in
the mouse models, GC B cells were assessed by flow cytometry (Figure 4.9 A). Total GC
populations were identified as B220*Fas*CD38 before and after boosting with soluble NP-KLH
(Figure 4.10 A). Before boosting with soluble antigen, GC sizes all groups are largest in IgG1M
mice, and smallest in WT mice. After the introduction of soluble NP-KLH for 18 hours, GCs

markedly impaired in all groups, particularly in IgMg1 and IgG1M groups (Figure 4.10 B).
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BCR engagement and interaction with Tfh cells in the LZ supports high-affinity B cells that
receive positive selection signals and determines the positioning of the B cells within the GC.
To assess this, we analysed the GC B cells in the dark zone (DZ) and light zone (LZ) which can
be identified by flow cytometry as CXCR4*CD86 for DZ B cells and CXCR4°CD86* for LZ B cells
(Figure 4.11 A). There were no major differences in DZ/LZ distribution between the different

genotypes, or after antigen stimulation (Figures 4.11 B and C).

Then the GC B cells to bind antigen were analysed. NP-binding GCs B cells were identified as
B220*Fas*NP* (Figure 4.12 A). The frequency of NP-specific GC B cells presented as a
percentage of GC B cells showed no significant change after boost antigen for 18hrs. However,
a slight reduction in IgG1M mice was observed by comparing to WT before antigen boost but
this was not significant even after immunisation with soluble antigen (Figure 4.12 B). These
data suggest that expanding the time of antigen exposure did not affect number of antigen-

specific GC B cells nor DZ/LZ ratios in mice with modified BCRs.

There were no apparent changes in NP-specific GC B cells between different genotypes or
after injection of antigen. This could be because the antigen used for flow cytometry staining
— NP-APC - only detects NP-binding of higher affinity B cells (Viant et al., 2020). Therefore, the
frequency of IgM and class-switched IgG1-positive GC B cells were assessed as another
measure of GC B cell activation. IgM* GC B cells were identified as IgM* IgG1 and IgG1* GC B
cells were identified as IgM™ 1gG1* from the GC B cell population (Figure 4.13 A). As published
earlier, the frequency of IgM expressing cells was reduced in IgMgl mice compared to WT
(Lingling thesis, 2019), even after challenge with soluble antigen. Correspondingly, IgMg1
mice showed an increased frequency of class-switching to IgG1 compared to WT (Figures 4.13

B and C).
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From the IgM* or IgG1* cells, the affinity of the BCR in GC B cells were estimated by gating on
IgM* NP" high affinity and NP'° low affinity B cells as illustrated (Figure 4.14 A) or IgG1* NP"
or NP as illustrated (Figure 4.15 A). in IgM* cells, there were fewer significantly fewer NP-
specific high affinity or low affinity B cells in IgMg1 GCs, with a similar distribution between
high and low affinity GC B cells (Fig. 4.15 B, and C). IgG1M mice could not be analysed, as they
do not express IgM. Giving soluble antigen did not change this distribution significantly
(Figures 4.14 B and C). IgMg1 and IgG1M mice contained more IgG1* GC B cells that wt. Again,
there were no significant differences in the distribution of high and low affinity cells, and
immunisation with soluble antigen did not change this (Figures 4.15 B and C). However, to
improve the system for measuring the affinity of antigen-specific GC B cells, as well as GC IgM*
or IgG* with low or high BCR affinity, use of hapten-chromophore proteins with varying
numbers of hapten molecules—such as NP"- or NP'°-allophycocyanin (APC)—to estimate the

relative affinities of BCRs (Nishimura et al., 2011).

Finally, plasma cell (PC) production was measured when re-challenged with soluble antigen.
IgMg1 mice showed a slight increase in PCs compared to WT and IgG1M mice, however, this
was not significant. This difference was lost after re-challenge with soluble NP-KLH (Figure
4.16 A). The frequency of NP-specific PCs showed a similar trend across all genotypes but was

decreased in response to soluble NP-KLH (Figure 4.16 B).

Overall, stimulation with soluble NP-KLH for 18 hours didn’t affect GC size and NP-specific GC
B cells, or TCR timer blue and red in the altered BCR model mice compared to WT. Therefore,
increasing the time of antigen exposure may miss the best time for the evaluation of the effect

of antigen presentation on GC B cells to Tfh cells.
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Figure 4.5 To determine the Nr4a3-expression in Tfh cells by using Nr4a3 Tocky mice after

immunisation with soluble antigen for 18 hours.

(A)WT, IgMg1, and 1gG1M Nr4a3-Tocky mice were immunised with 10ug NP-KLH in alum precipitation
plus heat-inactivated B. pertussis on the plantar surface of foot. At day 8 mice were boosted with 10
ug soluble NP-KLH on the same foot. Mice were culled 18 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 naive CD4* T cells and Tfh cells. From lymphocytes, T cells were gated as CD3*
CD19". From CD3 T cells, CD4" T cells were gated as CD4*. From CD4" T cells, CD62L* CD44" was gated
as naive CD4+ T cells, CD62L+CD44+ was gated as central memory T cells, and CD62L°'CD44" was gated
as activated cells. From activated cells, Tfh cells were gated as PD-1" CXCR5"',
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Figure 4.6 Tfh cells in DrLN were reduced in IgG1M after boost with soluble antigen.
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WT, IgMg1, and 1gG1M Nr4a3-Tocky mice were immunised with 10ug NP-KLH in alum precipitation
plus heat-inactivated B. pertussis on the plantar surface of foot. At day 8 mice were boosted with 10
pg soluble NP-KLH on the same foot. Mice were culled 18 hours later. (A) Representative flow
cytometry plots showing Tfh cells. From lymphocytes, T cells were gated as CD3* CD19. From CD3 T
cells, CD4* T cells were gated as CD4*. From CD4* T cells, naive CD4+ T cells were gated as CD62L* CD44"
and activated cells were gated as CD44* CD62L". From activated cells, Tfh cells were gated as PD-1"
CXCR5M- (B) Tfh cells presented as percentage of total CD4* T cells. Stated as mean + SEM Two-way
ANOVA Within each row, compare columns (simple effects within rows). Data from one experiment.
Each symbol represents one mouse.
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Figure 4.7 Tfh cells Nr4a3 blue and red expression after boost with soluble NP-KLH

WT, IgMg1, and 1gG1M Nr4a3-Tocky mice were immunised with 10ug NP-KLH in alum precipitation
plus heat-inactivated B. pertussis on the plantar surface of foot. At day 8 mice were boosted with 10
ug soluble NP-KLH on the same foot. Mice were culled 18 hours later. (A) Representative flow
cytometry plots showing Nr4a3-blue and Nr4a3-red expression in Tth cells identified as PD1" CXCR5"
in drLN.
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Figure 4.8 Nr4a3-blue and Nr4a3-Red expression in Tfh cells 8 days after NP-KLH
immunisation of Nr4a3-Tocky mice.
WT, IgMg1, and 1gG1M Nr4a3-Tocky mice were immunised with 10ug NP-KLH in alum precipitation
plus heat-inactivated B. pertussis on the plantar surface of foot. At day 8 mice were boosted with 10
ug soluble NP-KLH on the same foot. Mice were culled 18 hours later. (A) Nr4a3-blue+ red- Tfh cells
presented as percentage of Tfh cells; (B) Nr4a3-blue+ red+ Tfh cells presented as percentage of Tfh
cells; (C) Nr4a3-blue- red+ Tfh cells presented as percentage of Tth cells;(D) Nr4a3-blue- red- Tfh cells
presented as percentage of Tfh cells; (E) Nr4a3 blue+ MFI in Nr4a3-blue+ red- Tfh cells; (F) ) Nr4a3
red+ MFI in Nr4a3-blue- red+ Tfh cells;(G) Nr4a3 blue+ and red+ MFI in Nr4a3-blue+ red- Tfh cells; (H)
Nrda3 blue+ and red+ MFI in Nr4a3-blue- red+ Tfh cells. (Black circle WT, Red square IgMg1, Red tringle
IgG1M). Stated as mean * SEM Two-way ANOVA Within each row, compare columns (simple effects
within rows). MFI: Median Fluorescence Intensity. Data from one experiment. Each symbol represents
one mouse.
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Figure 4.9 GC B cells and BCR NP-affinity assessed by flow cytometry in Nr4a3 Tocky mice.
WT, IgMgl, and 1gG1M Nr4a3-Tocky mice were immunised with 10pug NP-KLH in alum precipitation
plus heat activated B. pertussis on the plantar surface of foot. At day 8, mice were boosted with 10 pg
soluble NP-KLH on the same foot. Mice were culled 18 hours later, and lymph nodes analysed by flow
cytometry. Gating strategy for plasma cells, NP-specific plasma cells, GC B cells, DZ GC B cells, LZ GCB
cells, NP-specific GC B cells, IgM GC B cells and 1gG1 GC B cells. 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 . DZ were gated as CXCR4* CD86™ and LZ were gated as CXCR4" CD86*. NP-specific
GC B cells were gated as NP-APC*. From GC B cells, IgM* GC B cells were gated as IgM* IgG1 and IgG1*
GC B cells were gated as IgM™ 1gG1*. IgM* GC B cells NP" cells were gated as NP-APC" IgM* cells and
NP’ cells were gated as NP-APC" I[gM*. IgG1* GC B cells NP" cells were gated as NP-APC" IgG1* cells
and NPP cells were gated as NP-APC® IgG1*.
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Figure 4.10 GC B cells are reduced after re-challenge with soluble Ag.

WT, IgMgl, and 1gG1M Nr4a3-Tocky mice were immunised with 10ug NP-KLH in alum precipitation
plus heat activated B. pertussis on the plantar surface of foot. At day 8, mice were boosted with 10 pg
soluble NP-KLH on the same foot. Mice were culled 18 hours later. (A) Representative flow cytometry
plots showing GCs identified as B220*Fas*CD38". (B) Frequency of GC B cells as percentage of total B
cells. Stated as mean + SEM Two-way ANOVA Within each row, compare columns (simple effects
within rows). Data from one experiment. Each symbol represents one mouse.
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Figure 4.11 Similar trend of DZ/LZ ratio before and after injection of soluble antigen.

WT, IgMg1, and 1gG1M Nr4a3-Tocky mice were immunised with 10ug NP-KLH in alum precipitation
plus heat activated B. pertussis on the plantar surface of foot. At day 8, mice were boosted with 10 pg
soluble NP-KLH on the same foot. Mice were culled 18 hours later. (A)Representative flow cytometry
plots showing DZ was identified as CXCR4*CD86™ and LZ was identified as CXCR4°CD86". (B) DZ and LZ
GC B cells presented as percentage of GC. (C) Summary statistics showing DZ/LZ ratio. Stated as mean
+ SEM Two-way ANOVA Within each row, compare columns (simple effects within rows). Data from
one experiment. Each symbol represents one mouse.
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Figure 4.12 The frequency of NP-specific GC B cells following injection of soluble NP-KLH is
unchanged in IgMg1 mice compared with WT, but slightly reduced in IgG1M mice.
WT, IgMg1, and 1gG1M Nr4a3-Tocky mice were immunised with 10ug NP-KLH in alum precipitation
plus heat activated B. pertussis on the plantar surface of foot. At day 8, mice were boosted with 10 pg
soluble NP-KLH on the same foot. Mice were culled 18 hours later. (A) Representative flow cytometry
plots showing NP+ GCs B cells. (B) NP-specific GCs B cells presented as percentage of GC B cells. Stated
as mean + SEM Two-way ANOVA Within each row, compare columns (simple effects within rows).
Data from one experiment. Each symbol represents one mouse.
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Figure 4.13 The percentage of IgM+ cells is reduced and percentage of IgG1+ cells is
increased in GCs of IgMg1 mice.

WT, IgMg1, and 1gG1M Nr4a3-Tocky mice were immunised with 10ug NP-KLH in alum precipitation
plus heat activated B. pertussis on the plantar surface of foot. At day 8, mice were boosted with 10 pg
soluble NP-KLH on the same foot. Mice were culled 18 hours later. (A) Representative of flow
cytometry plots showing IgM and IgG1. From GC B cells, IgM* GC B cells were gated as IgM* IgG1 and
IgG1* GCB cells were gated as IgM"I1gG1*. (B) IgM* cells presented as percentage of GC B cells. (C) IgG1*
cells presented as percentage of GC B cells. Stated as mean + SEM Two-way ANOVA Within each row,
compare columns (simple effects within rows). Data from one experiment. Each symbol represents
one mouse.
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Figure 4.14 Analysis of IgM NP-affinity by flow cytometry
(A)Representative of flow cytometry plots. From GC B cells, NP" cells were gated as NP-APC" |gM* cells
and NP cells were gated as NP-APC?° IgM*. (B) IgM* NP" presented as percentage of GC B cells. (C)
IgM* NP presented as percentage of GC B cells. Stated as mean + SEM Two-way ANOVA Within each
row, compare columns (simple effects within rows). Data from one experiment. Each symbol

represents one mouse.
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Figure 4.15 Analysis of IgG1 NP-affinity by flow cytometry
(A) Representative of flow cytometry plots. From GC B cells, NP" cells were gated as NP-APC" IgG1*
cells and NPP cells were gated as NP-APC® IgG1*.(B) IgG1* NP" as percentage of GC B cells. (C) IgG1*
NP presented as percentage of GC B cells. Stated as mean + SEM Two-way ANOVA Within each row,
compare columns (simple effects within rows). Data from one experiment. Each symbol represents

one mouse.
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Figure 4.16 PCs and NP+ PCs are slightly reduced in IgG1M mice.

WT, IgMg1, and 1gG1M Nr4a3-Tocky mice were immunised with 10ug NP-KLH in alum precipitation
plus heat activated B. pertussis on the plantar surface of foot. At day 8, mice were boosted with 10 pg
soluble NP-KLH on the same foot. Mice were culled 18 hours later. (A) total Plasma cells B220'CD138*
(PCs) presented as percentage of total lymphocytes. (B) NP-specific PCs presented as percentage of
total lymphocytes. Stated as mean + SEM Two-way ANOVA Within each row, compare columns (simple
effects within rows). Data from one experiment. Each symbol represents one mouse.
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4.3.3. Stimulation with soluble antigen increased central memory T cells in
DrLN within 4 hours of stimulation with soluble-NP-KLH

Central memory T cells (TcM) are a subset of CD4* T cells that are characterised by the
expression of homing markers L-selectin (CD62L) and CC chemokine receptor-7 (CCR7) that
preferentially reside and circulate in secondary lymphoid organs (SLO). They can be identified
as CD62L" CD44" CD4 T cells, and these cells are able to rapidly differentiate into effectors in

response to secondary antigenic challenges (Pepper and Jenkins, 2011).

To determine the population of TcM and assess Nr4a3 Timer blue and red cells in TcM in
draining lymph nodes (DrLN), mice were immunized as previously described (Figure 4.2 A).
TcM were identified by flow cytometry as CD4*CD44"CD62LM (Figure 4.17 A). The frequency
of TcM within CD4+ T cells after re-challenge with soluble NP-KLH for 4hrs more than doubled
in all strains of mice. On day 5, IgG1M mice had a greater increase in TcM cells than IgMg1
and WT mice. After antigen boost on day 8, both IgMg1 and IgG1M mice had significantly
more TcM cells than WT mice (Figure 4.17 B). This indicates that antigenic challenge can

rapidly mobilise TcM cells.

Next, the TcM population was evaluated for TCR signalling by using the Nr4a3 Timer blue
and red reporter (Figure 4.18 A). Re-exposure to soluble antigen for 4hr increased the
frequency of Timer blue+ cells in all strains. Interestingly, while in IgMg1 mice the frequency
of Timer blue* cells after antigen preexposure displayed comparable level to WT on day5,
there were significantly more time Blue+ cells in IgG1M mice (Figure 4.18 B). On day 8, both
IgMg1 and IgG1M mice showed significant increases in Timer blue* cells over WT mice

(Figure 4.18B). Similar observations were made for persistently activated TcM (blue*red*) in
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IgMg1 and IgG1M mice, and also for amount recently inactivated (TcM bluered*), and
negatively staining Timer (TcM bluered") cells in IgMg1 and IgG1M mice (Figures 4.18 C, D,
and E). These data suggest that within the TcM population, soluble antigen triggers TCR
signalling through newly activated Nr4a3-blue cells and remaining active Nr4a3-red cells.
The sustained expression of Nr4a3-red may be due to extensive proliferation upon antigen

stimulation, when these cells home to secondary lymphoid organs and secrete IL-2.

4.3.4. Evaluation of the TcM population within the DrLN and spleen after 18
hours of stimulation with soluble-NP-KLH

Previously, we demonstrated that the TcM population increases after a 4-hour antigenic
boost. The aim here was to investigate this population in both the DrLN and the distant
lymphoid organ spleen. We also evaluated the T follicular helper (Tfh) cell population within

the spleen.

To investigate the TcM population and assess Nr4a3 Timer blue and red cells in the DrLN and
spleen, all mice were immunized as described on Figure 4.5 A. At day8, after a boost with
same soluble antigen for 18hrs, TcM were clearly identified as CD62L" CD44" CD4* T cells
(Figure 4.19 A) in drLN. The frequency of TcM was significantly increased 18 hours after
boosting with soluble antigen compared to non-boosted controls as a percentage of total TcM
cells. IgMg1 had comparable level of TcM as WT control after boost antigen. 1gG1M mice
displayed reduced TcM after re-challenge with soluble antigen compared to IgMgl and WT
mice (Figure 4.19 B). The expression of TcM Timer blue showed similar trends before and after
boosting with soluble antigen in all mouse genotypes (Figure 4.20 B). However, since these
mice were stimulated for 18 hours, cells may have been in the Timer red persistent phase.
Thus, WT mice displayed significant increased expression of Timer blue and red compared to

non-boosted respective controls, IgG1M and IgMgl mice presented slight but non-significant
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increases in Timer blue and red cells after boosting. There was no change in TcM blue*red*
cells in any mouse genotype after re-challenge with soluble antigen (Figure 4.20 C). In the
Timer red arrested phase, WT mice showed a clear but non-significant reduction after
boosting compared to the primary response, while there was no change in IgMg1 and IgG1M
mice compared to non-boost respective controls (Figure 4.20 D). Negative Timer cells were
clearly reduced after boosting soluble antigen, indicating that TcM were reactivated in

response to the soluble antigen (Figure 4.20 E).

We next assessed central memory CD4+ T cells in the spleen as a distant secondary lymphoid
organ. TcM in the spleen were quantified by the expression of CD62L" CD44" on CD4* T cells
(Figure 4.21 A). The frequency of TcM in WT mice was similar between non-boosted and
boosted groups. TcM in IgMg1 mice slightly reduced after boost antigen. However, the IgG1M
in the re-challenged group showed a significant increase compared to IgMg1 mice (Figure 4.21

B). This suggests that TcM are able to circulate through lymphoid organs and home there.

The expression of Nr4a3 Timer blue and red was assessed to determine if TcM in the spleen
were able to recognise soluble antigen and re-activate TCR signalling (Figure 4.22 A). WT and
IgMg1 mice did not show any difference in Timer blue* TcM before or after receiving soluble
antigen. However, 1gG1M mice displayed significant increase in newly activated Timer blue+
cells in both non-boosted and boosted groups as a percentage of total TcM cells (Figure 4.22
B). In contrast, persistently activated Timer blue*red* TcM were elevated in WT and IgMg1l
mice regardless of soluble antigen exposure, while Timer blue*red* cells were reduced in
IgG1M mice after restimulation of soluble antigen for 18hr (Figure 4.22 C). There was no
change in the frequency of arrested Timer blue red* or negative Timer blue-red- cells (Figures

4.22 D and E) in all groups. These data suggest that TcM in WT and IgMg1 mice were strongly
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reactivated by both the primary and secondary responses, as evidenced by increased Timer

blue*red* expression.

We next investigated the proportion of Tfh cells and their TCR signalling through Nrd4a3-Tocky
mice in the spleen. As expected, the frequency of Tfh cells was detected but at a lower
proportion compared to Tfh cells in the DrLN, probably because there was less antigen
capture in the spleen (Figures 4.23 A and B). With fewer effector Tfh cells, there was minimal
observable TCR signalling within splenic Tfh cells (Figure 4.24 A), and most of these cells
appeared to be in an arrested phase, making it difficult to measure and interpret Nr4a3 Timer

blue* or red* cells (Figures 4.24 B, C, D, and E).
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Figure 4.17 Increased percentage of TcM in DrLN after 4 hrs of stimulation with soluble Ag.
(A) Representative flow cytometry plots showing TcM population gated from CD4*T cells and identified
as CD62L* CD44*.Naive CD4+ T cells identified as CD62L* CD44". Activated CD4'T cells identified as
CD62L CD44*. TcM population were gated as shown in Figure 4.5 (B) Frequency of TcM as percentage
of total CD4+T cells. Stated as mean + SEM Two-way ANOVA Within each row, compare columns
(simple effects within rows). Data from one experiment. Each symbol represents one mouse.
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Figure 4.18 TcM Nrda3-blue and Nr4a3-red expression in DrLN is increased after boosting
with soluble antigen.

(A) Representative flow cytometry plots showing Nr4a3-blue and Nrd4a3-red expression in TcM cells
which were identified as CD62L* and CD44". (B) Frequency of Nr4a3-blue* red TcM cells as percentage
of TcM(C) Frequency of Nr4a3-blue* red* TcM cells as percentage of TcM. (D) Frequency of Nr4a3-blue’
red” TcM cells as percentage of TcM. (E) Frequency of Nr4a3-blue red” TcM cells as percentage of TcM.
Stated as mean + SEM Two-way ANOVA Within each row, compare columns (simple effects within
rows). Data from one experiment. Each symbol represents one mouse.
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Figure 4.19 Increased percentage of TcM in DrLN after stimulation with soluble antigen for
18 hours.

WT, 1gMgl, and 1gG1M Nr4a3-Tocky mice were immunised with 10pug NP-KLH in alum
precipitation plus heat-inactivated B. pertussis on the plantar surface of foot. At day 8 mice
were boosted with 10 pg soluble NP-KLH on the same foot. Mice were culled 18 hours later,
and lymph nodes analysed by flow cytometry. (A) Representative flow cytometry plots showing
TcM population gated from CD4T cells and identified as CD62L* CD44*.Naive CD4"* T cells identified as
CD62L* CD44. Activated CD4'T cells identified as CD62L CD44"*. (B) Frequency of TcM as percentage
of total CD4'T cells. Stated as mean + SEM Two-way ANOVA Within each row, compare columns
(simple effects within rows). Data from one experiment. Each symbol represents one mouse.
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Figure 4.20 WT mice had an increase in persistently activated TcM Timer blue*red*
following an 18-hour boost with soluble antigen in DrLN.

WT, IgMgl, and 1gG1M Nr4a3-Tocky mice were immunised with 10pug NP-KLH in alum
precipitation plus heat-inactivated B. pertussis on the plantar surface of foot. At day 8 mice
were boosted with 10 ug soluble NP-KLH on the same foot. Mice were culled 18 hours later,
and lymph nodes analysed by flow cytometry. (A) Representative flow cytometry plots showing
Nr4a3-blue and Nrd4a3-red expression in TcM cells were identified as CD62L* and CD44*. (B) Frequency
of Nrda3-blue* red  TcM cells as percentage of CD4* T cells. (C) Frequency of Nr4a3-blue* red* TcM
cells as percentage of CD4'T cells. (D) Frequency of Nr4a3-blue red* TcM cells as percentage of CD4*T
cells. (E) Frequency of Nr4a3-blue red TcM cells as percentage of CD4'T cells. Stated as mean + SEM
Two-way ANOVA Within each row, compare columns (simple effects within rows). Data from one
experiment. Each symbol represents one mouse.
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Figure 4.21 1gG1M mice have increased circulation of TcM to the spleen.

WT, IgMgl, and 1gG1M Nr4a3-Tocky mice were immunised with 10ug NP-KLH in alum
precipitation plus heat-inactivated B. pertussis on the plantar surface of foot. At day 8 mice
were boosted with 10 pg soluble NP-KLH on the same foot. Mice were culled 18 hours later,
and spleen tissues analysed by flow cytometry. (A) Representative flow cytometry plots showing
TcM population in spleen gated from CD4'T cells and identified as CD62L" CD44*.Naive CD4* T cells
identified as CD62L* CD44. Activated CD4"T cells identified as CD62L CD44*. (B) Frequency of TcM as
percentage of total CD4*'T cells. Stated as mean + SEM Two-way ANOVA Within each row, compare
columns (simple effects within rows). Data from one experiment. Each symbol represents one mouse.
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Figure 4.22 Nr4a3-blue and Nr4a-red expression in spleen TcM cells.
WT, IgMgl, and IgG1M Nr4a3-Tocky mice were immunised with 10ug NP-KLH in alum
precipitation plus heat-inactivated B. pertussis on the plantar surface of foot. At day 8 mice
were boosted with 10 pg soluble NP-KLH on the same foot. Mice were culled 18 hours later,
and spleen tissues analysed by flow cytometry. (A) Representative flow cytometry plots showing
Nr4a3-blue and Nr4a3-red expression in spleen TcM cells were identified as CD62L* and CD44*. (B)
Frequency of Nrda3-blue* red” TcM cells as percentage of CD4* T cells. (C) Frequency of Nr4a3-blue+
red+ TcM cells as percentage of CD4'T cells. (D) Frequency of Nr4a3-blue red* TcM cells as percentage
of CD4'T cells. (E) Frequency of Nr4a3-blue red TcM cells as percentage of CD4*T cells. Stated as mean
+ SEM Two-way ANOVA Within each row, compare columns (simple effects within rows). Data from
one experiment. Each symbol represents one mouse.
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Figure 4.23 Analysis of Tfh cells in spleen.

WT, IgMgl, and 1gG1M Nr4a3-Tocky mice were immunised with 10ug NP-KLH in alum
precipitation plus heat-inactivated B. pertussis on the plantar surface of foot. At day 8 mice
were boosted with 10 pg soluble NP-KLH on the same foot. Mice were culled 18 hours later,
and spleen tissues analysed by flow cytometry. (A) Representative flow cytometry plots showing
Tfh cells. From lymphocytes, T cells were gated as CD3* CD19. From CD3* T cells, CD4* T cells were
gated as CD4*. From CD4* T cells, naive CD4" T cells were gated as CD62L* CD44 and activated cells
were gated as CD44* CD62L". From activated cells, Tfh cells were gated as PD-1" CXCR5". (B) Frequency
of Tfh cells as percentage of total CD4* T cells. Stated as mean £+ SEM Two-way ANOVA Within each
row, compare columns (simple effects within rows). Data from one experiment. Each symbol
represents one mouse.
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Figure 4.24 Nrd4a3-blue and Nr4a3-Red expression in spleen Tfh cells.

WT, IgMgl, and I1gG1M Nr4a3-Tocky mice were immunised with 10ug NP-KLH in alum
precipitation plus heat-inactivated B. pertussis on the plantar surface of foot. At day 8 mice
were boosted with 10 ug soluble NP-KLH on the same foot. Mice were culled 18 hours later,
and spleen tissues analysed by flow cytometry. (A) Representative flow cytometry plots showing
Nr4a3-blue and Nr4a3-red expression in spleen Tfh cells identified as PD-1" CXCR5". (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 Nrd4a3-blue red* Tfh cells as percentage of Tfh cells. (E)
Frequency of Nrda3-blue red” Tfh cells as percentage of Tfh cells. Stated as mean + SEM Two-way
ANOVA Within each row, compare columns (simple effects within rows). Data from one experiment.
Each symbol represents one mouse.
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4.3.5. Investigate the B-T cells interaction in absence of affinity maturation
by using AlDcre/cre Nr4a3-Tocky mice.

During a T-dependent immune response, activated B cells undergo class switch and affinity
maturation, before differentiating into plasma cells which produce antibodies against the
antigen. This process of class switch and affinity maturation requires enzyme AID (activation-
induced cytidine deaminase). These antibodies should hypermutate at a very high rate and
diversify through SHM and CSR. Without AID, B cells cannot undergo class switching or
hypermutation, which leads to a loss of affinity maturation. Here, we aim to study how the
absence of AID affects the ability of GC B cells to present antigen peptides to Tfh cells, a
process essential for receiving helper signals. Without AID, the lower affinity and diversity of
B cell receptors may result in less effective antigen processing and presentation. To evaluate

this, we measured the expression of the Nr4a3 Tocky reporter in AlDcre/cre (AIDko) mice.

Without AID, B cells fail to undergo class switching and hypermutate resulting in the loss of
affinity maturation. Here, we aim to examine the effect of absence of AID on the ability of GC
B cells to present antigen peptide to Tfh cells, which is necessary to receive helper signals
from Tfh cells. Without AID, the reduced affinity and diversity of B cell receptors may lead to
suboptimal antigen processing and presentation. This was evaluated by measuring the

expression of the Nr4a3 Tocky reporter in AlDcre/cre (AIDko) mice.

To test this, AIDcre/wt and AlDcre/cre Nr4a3-Tocky mice were immunized with 10 pg NP-KLH
precipitated in alum plus heat-inactivated B. pertussis into the plantar surface of the rear foot.
At day 5, mice were boosted with 10 pg of soluble NP-KLH on the same foot. Mice were culled
4 hours later, and lymph nodes were analysed by flow cytometry (Figure 4.25 A). Tfh cells

were identified by flow cytometry as CD4* CD62L CD44* PD1M CXCR5M. The expression of the
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Nr4a3 timer protein in blue and red florescent states was measured in these Tfh cells (Figure
4.25 B). As shown in chapter 3, the frequency of Tfh cells is slightly higher in AIDko mice
compared to WT. The frequency of recently activated timer blue+ red- cells within Tfh cells
increased slightly, but not significantly in AlDcre/cre mice (Figure 4.26 B). There was not
significant change in the frequencies of the other timer timer populations (Figures 4.26 C, D,
and E). Furthermore, the blue MFI of Nr4a3-blue* Tfh cells and the red MFI of Nr4a3red* Tfh
cells are not significantly different in AlDcre/cre mice, suggesting equal Nr4a3 expression in
the Nrda3+ cells (Figures 4.26 F, and G). While there was no change in Tfh cell Nr4a3
expression, GC size and frequency of NP-specific GC B cells were significantly increased in
AlDcre/cre mice compared to AlDcre/wt (Figures 4.27 A, and B), consistent with has been

shown in chapter 3.

To further examine the kinetics of Tfh activation in these models at a more mature stage of
the GC response, the experiment was repeated by injecting antigen 8 days post primary
immunisation. AlDcre/wt and AlDcre/cre Nr4a3-Tocky mice were immunized with 10 pug NP-
KLH precipitated in alum with heat-inactivated B. pertussis on the plantar surface of the foot.
At day 8, mice were boosted with 10 pg soluble NP-KLH into the same foot. Lymph nodes
were taken 4 hours later and analysed by flow cytometry (Figure 4.28 A). Tfh cells were
identified by flow cytometry, and the Nr4a3 timer in blue and red fluorescent states was
measured (Figure 4.28 B). In this experiment the frequency of Tfh cells was comparable
between both groups (Figure 4.28 C). There were no significant differences in the frequencies
of persistent Nrda3 timer blue*red* Tfh cells or arrested Nr4a3 timer bluered* Tfh cells, and
the frequency of recently activated Nr4a3 timer blue*red” Tfh cells also did not exhibit
significantly different between groups (Figures 4.28 D, E, F, and G). Moreover, the blue MFI

of Nr4a3-blue* Tfh cells and the red MFI of Nr4a3-red* Tfh cells were similar between
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AlDcre/cre and AlDcre/wt control mice. This shows that at a more mature stage GC
development at day 8, it seems that absence of AID has a minor effect on TCR signal Nr4a3
expression in Nr4a3* Tfh. Also, and surprisingly, in contrast to the day 5 timepoint, there were
no differences observed in GC size or frequency of NP-specific GC B cells between groups at
this stage (Figures 4.29 A, and C). Also, the MFI of Nr4a3-blue* Tfh cells was similar between

AlDcre/cre and AlDcre/wt mice.

Overall, this indicates that Tfh cell activation was not defective in response to B cells lacking
AID activity and somatic hypermutation. Therefore, the increased GC response observed in
AlDcre/cre mice appears to be driven by enhanced B cell survival and antigen presentation
capacity due to lack of AID activity, rather than derived by altered Tfh cell activation. AID-
deficiency probably results in delayed antigen clearance and chronic immune activation, and
the increased Tfh cell numbers seen in AIDko mice may be just due to an increased space for
Tfh cell survival, as GCs tend to be larger with bigger numbers of GC B cells available for

interactions with Tfh cells.
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Figure 4.25 Analysis of Nr4a3 blue and red expression on AlDcre/wt Tocky and AlDcre/cre
Tocky mice 4 hours stimulation by soluble antigen during early GC formation.

(A)AIDcre/wt and AlDcre/cre Nr4a3-Tocky mice were immunised with 10pug NP-KLH in alum
precipitation plus heat-inactivated B. pertussis on the plantar surface of foot. At day 5 mice were
boosted with 10ug soluble NP-KLH. Mice were culled 4 hours later, and lymph nodes analysed by flow
cytometry. (B) Representative flow cytometry plots showing Tfh cells and Nr4a3-blue and Nr4a3-red
expression in Tfh cells. From lymphocytes, T cells were gated as CD3*CD19". From T cells, CD4* T cells
were gated as CD4*. From CD4* T cells, activated cells were gated as CD44* CD62L". From activated
CD4 T cells, Tfh cells were gated as PD-1" CXCR5". From Tfh cells, timer blue and red were gated as
BV421-Nr4a3 blue* and PE-Texas Red Nr4a3 red".
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Figure 4.26 Tfh cells were increased in AlDcre/cre-Tocky mice, but there was no increase in

recently activated Nr4a3-blue* Tfh cells.

(A) Frequency of Tfh cells as percentage of total CD4* T cells. (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 Nrda3-blue  red* Tfh cells as percentage of Tfh cells;(E) frequency of Nr4a3-blue red"
Tfh cells as percentage of Tfh cells; (F) Nr4a3 blue* MFI in Nr4a3-blue* red” Tfh cells; (G) ) Nr4a3 red*
MFI in Nrd4a3-blue red* Tfh cells. Stated as mean £ SEM (error bars; unpaired two-tailed t-test. ns no
significant. Data from one experiment. Each symbol represents one mouse.

161



A GC Size

ns

% of B cells
L~ ]
1
[ )

&
n &
¢

Figure 4.27 AlDcre/cre-Tocky mice had higher frequency of NP specific GC B cells.

AlDcre/wt and AlDcre/cre Nr4a3-Tocky mice were immunised with 10ug NP-KLH in alum precipitation
plus heat-inactivated B. pertussis on the plantar surface of foot. At day 5 mice were boosted with 10ug
soluble NP-KLH. Mice were culled 4 hours later, and lymph nodes analysed by flow cytometry. (A)
Frequency of GC as percentage of total B cells. (A) Frequency of NP-specific B cells as percentage of
GC B cells. Stated as mean + SEM (error bars; unpaired two-tailed t-test). **P < 0.01, ***P < 0.001, ns:
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no significant. Data from one experiment. Each symbol represents one mouse.
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Figure 4.28 No difference in Nr4a3-Tocky expression in AlDcre/wt and AlDcre/cre at day 8
after 4-hour boost with soluble NP-KLH.

(A)AIDcre/wt and AlDcre/cre Nr4a3-Tocky mice were immunised with 10pug NP-KLH in alum
precipitation plus heat-inactivated B. pertussis on the plantar surface of foot. At day 8 mice were
boosted with 10 pg soluble NP-KLH. Mice were culled 4 hours later, and lymph nodes analysed by flow
cytometry. (B) Flow cytometry plots of Nr4a3-blue and Nr4a3-red expression in Tfh cells. (C)
Frequency of Tfh cells as percentage of total CD4* T cells. (D) Frequency of Nrda3-blue* red Tfh cells
as percentage of Tfh cells; (E) frequency of Nr4a3-blue* red* Tth cells as percentage of Tfh 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) Nr4a3 blue* MFI in Nr4a3-blue* red Tfh cells; (1) Nr4a3 red* MFl in
Nr4a3-blue” red* Tfh cells. Stated as mean + SEM (error bars; unpaired two-tailed t-test). ns: no
significant. Data from one experiment. Each symbol represents one mouse.
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Figure 4.29 AlDcre/wt and AlDcre/cre mice had similar GC size and frequency of NP-
specific GC B cells at day8 after 4hr stimulation with soluble antigen for 4 hours.

AlDcre/wt and AlDcre/cre Nr4a3-Tocky mice were immunised with 10ug NP-KLH in alum precipitation
plus heat-inactivated B. pertussis on the plantar surface of foot. At day 8 mice were boosted with 10
ug soluble NP-KLH. Mice were culled 4 hours later, and lymph nodes analysed by flow cytometry. (A)
Flow cytometry plots of GCs were gated as Fas*CD38 and NP-specific GC B cells gated as NP-APC". (B)
Frequency of GC as percentage of total B cells. (C) Frequency of NP-specific B cells as percentage of
GC B cells. Stated as mean + SEM (error bars; unpaired t-test, two-tailed test). ns; no significant. Data
from one experiment. Each symbol represents one mouse.
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4.3.6. Soluble antigen booster immunisation induces Nr4al (Nur77)-Tempo
reporter protein antigen-reactive Tfh cells, but not in B cells.

The previously described experiments used Nr4a3, a subunit of the Nrda family of orphan
nuclear receptors, to measure TCR signalling in T cells. Here we had the opportunity to test
the same reporter timer protein driven by the regulatory elements of another subunit called
Nur77, encoded by the Nrdal gene. Both genes were previously reported as primary response
genes that are rapidly upregulated in response to antigen receptor stimuli (Tan et al., 2020).
However, due to weaker expression of Nr4a3 in T cells, the timer protein in Nr4a3-Tocky mice
could not be detected in B cells and was only useful as a reporter of TCR signalling. Therefore,
we tried to use the alternative Nur77-Tempo (Nr4al) reporter mouse to allow analysis of BCR
and TCR signalling, which recently has been developed by the group of David Bending in our
Institute (Elliot et al., 2022). Due to time constraints of this project, Nur77-Tempo mice were
crossed with either WT or IgMg1 mice to obtain mice that were either WT or contained one
IgMg1 allele and were heterozygous for Nr4al-Tempo allele. IgMgl1/wt heterozygous mice
should contain a mix of BCR WT and IgMg1 B cells. T cell populations in Nr4al-Tempo mice
can be identified by flow cytometry, similar to Nr4a3-Tocky mice as illustrated in (Figure 4.1).
Nr4al-Tempo mice contain the same blue/red timer protein as Nr4a3-Tocky mice, showing
the maturation of TCR signalling from lymphocytes recently activated in response to stimuli.
Timer-blue represents recently activated, and Timer red cells in arrested phase, whereas
double positive cells are recently activated cells that have started acquiring red proteins, or

are reactivated timer red positive cells.

To assess Nr4al expression B cells and Tfh cells of mice with IgMg1 BCR following in vivo
stimulation, WT Nur77 and IgMgl/wt Nur77 Nrd4al-Tempo mice were immunized with NP-

KLH in alum plus heat-inactivated B. pertussis s.c. into the plantar surface of the rear foot. At
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day 5, mice were boosted with either soluble NP-KLH or NP-CGG in the same foot. Lymph
nodes were taken 4 hr later and analysed by flow cytometry (Figure 4.30 A). Gating schemes
for identification of Tfh and TcM populations and their Nr4al expression of TCR timer blue
and red were adjusted according to CD62L expression on naive CD4* T cells (Figure 4.30 B).
Tfh cells were identified as CD44* PD1M CXCR5" (Figure 4.31 A). Analysis of Tfh cells in draining
lymph nodes (DrLN) showed that boosting with either the same primed protein NP-KLH or the
control protein NP-CGG resulted in similar frequencies of Tfh cells as a percentage of CD4* T

cells (Figure 4.31 B).

The TCR stimulation dependent Nrd4al-blue and Nrd4al-red expression was assessed after
gating on Tfh cells (Figure 4.32 A). Newly reactivated Tfh cells expressing timer blue*red  and
persistent Tfh cells expressing timer blue*red* were significantly increased in mice that
received the same soluble antigen. However, there was no difference in the frequency of
timer blue* Tfh cells between IgMgl and WT control mice treated with the same antigen
(Figure 4.32 B, and C). The frequency of timer red* arrested T cells was slightly reduced,
though not significantly, within the group immunised with the same primed NP-KLH antigen
(Figure 4.32 D). Correspondingly, the frequency of negative timer bluered Tfh cells was
reduced in mice immunised with NP-KLH (Figure 4.32 E). Additionally, the MFI of Nr4al-blue
in newly activated Tfh cells was increased in mice immunised with the same primed NP-KLH
protein compared to NP-CGG, while there was no significant difference in Nr4al-red* MFI
(Figure 4.32 F, and G). These data suggest that re-challenge with the same soluble antigen
protein induces Nr4al in T cells that bind cognate antigen presented by B cells. As there was
not change in Tfh cell activation, it is likely that there was no change in the amount of antigen
presented to Tfh cells by IgMgl BCR B cells in this experiment. This is different from

IgMg1/Mgl homozygous data (Fig. 4.3B), which showed that IgMgl B cells induce more
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persistent signalling in Tfh cells. It is possible that in the IgMg1/wt heterozygous situation the

impact from IgMg1 B cells on Tfh TCR signalling is too low to be detected with this method.

We assessed Nrdal expression in central memory T (TcM) cells, identified as CD4* CD62L*
CD44Me T cells. Nr4al blue and red expression in TcM cells was evaluated by flow cytometry
(Figure 4.33 A). At 4 hours after challenge with either the primed protein (NP-KLH) or a
different carrier protein (NP-CGG), the proportion of DrLN TcM cells did not change in groups
immunized with either the same or different antigens. Additionally, there was no difference
in the TcM population was detected in altered BCR IgMgl compared to WT controls (Figure
4.33 B). However, after re-challenge with the same primed antigen, WT mice showed a
significant increase in Nrdal-blue* TcM cells, indicating newly activated cells upon re-
encountering antigen, compared to IgMg1 mice (Figure 4.33 C). Within the Nr4al-blue*red*
persistent TcM population, there was an increase in WT mice after re-challenged with NP-
CGG, potentially suggesting TcM in WT mice respond to NP in some manner. However, the
persistent Nrdal-blue*red* TcM population did not change between WT and IgMg1 mice after
immunisation with the same primary antigen (Figure 4.33 D). IgMg1 mice had an increased
frequency of Nrdal-red* arrested TcM cells compared to WT (Figure 4.33 E). The frequency
of Nrdal-negative TcM cells, indicating no stimulation, was reduced in mice after injection
with the same antigen NP-KLH while it was increased in the group after immunisation with

the different carrier protein NP-CGG (Figure 4.33 F).

As mentioned earlier, the Nr4al gene rapidly responds in B cells after stimulation with
antigen. To further investigate this, we assessed Nrdal timer expression in different B cell
subsets during an immune response. Timer blue and red were measured on CD38*Fas™ as

non-GC B cells and CD38'°"Fas* as GC B cells after responding to soluble antigen (Figures 4.34
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A, and B). Non-GC B cells had low background levels of timer blue fluorescence that were not
clearly distinguishable by flow cytometry, even with increased expression after stimulation
with the same primary antigen (Figure 4.34 C). The GC size did not change significantly
between IgMgl and WT mice under either boosted with NP-KLH or NP-CGG. There was no
detectable increase in GC B cells expressing timer blue+, indicating newly activation (Figures

4.34 D, and E).

To increase sensitivity, we examined NP-specific GC B cells, identified as Fas* NP*. These were
further gated to assess timer blue and red expression (Figure 4.35 A, and B). Despite IgMg1l
mice showing a clear but not statistically significant increase in the frequency of NP-binding
GC B cells compared to WT, Nr4al blue* expression was not strong enough to robustly detect
expression, as seen in Tfh cells. Therefore, there was no detectable change between IgMgl

and WT mice after booster immunisation with antigen (Figure 4.35 B and C).

Overall, newly activated Tfh cells increased equivalently in IgMg1 and WT mice in response to
soluble antigen, suggesting normal antigen presentation to Tfh cells by B cells. No differences
were detected in Nr4al expression on GC B cells or NP-binding GC B cells. This could be
because the mice used were double heterozygous, which may not provide a strong enough
Nrdal signal. Using homozygous mice would likely make the signals more sensitive, as having
two copies of the gene produces more protein than just one. Further experiments using

homozygous mice will be needed to determine.
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Figure 4.30 Immunization Protocol and Tfh cells and TcM in Nur77 (Nr4al) WT and IgMg1
mice.

(A) Wt Nur77 or IgMg1/wt Nur77 Nrdal-Tempo mice were immunised with 10ug NP-KLH in alum plus
heat-inactivated B. pertussis s.c. on the plantar surface of foot. At day 5 mice were boosted with either
10 pg soluble NP-KLH or NP-CGG. Mice were culled 4 hours later, and lymph nodes analysed by flow
cytometry. (B) Gating strategy of Tfh cells and their Nr4al blue and red expression. From live cells, T
cells were gated as CD3* CD19". From CD3 T cells, CD4* T cells were gated as CD4*. From CD4* T cells,
naive CD4* T cells were gated as CD62L* CD44 and activated T cells were gated as CD44* CD62L". From
activated T cells, Tth cells were gated as PD-1" CXCR5". From Tth cells gating Nr4al-blue and Nr4al-
red expression in Tfh cells.

169



A WT-Nrdal Tempo (heterozygous) B

Boost with NP-CGG Boost with NP-KLH Tth Cells
ns
—
F Eoutn
i 5 ' ns
: 1
3 £l 20 -
’é F i ns ns e WT
() o
" "3 w ! Mg/
) : 2 5] o ‘ ® IgMgtiwt
- - O
O T P AT A TR I Y L
Comg- APC-A = CECES Camp AFC A = CEORY 4’3 10_ [ ] ] »
o | 8 -
lgMg1/wt -Nrdal Tempo (heterozygous) P a .E e
Boost with NP-CGG Boost wit NP-KLH e 54 e »
|:"i |=t';
i |:'-; E |"; 0 ! !
s 1 P 3 )
g' 1 & 1 Q_,CJQO Q’Q”'
E 1 N &
LI ’- L : . D‘b ‘o&*‘:
i i
w? wtd 4'9.3 @
P T R ) B e e e el &
Comg APC A 5 CECRE Comp-APC-A = CICRS

Figure 4.31 Tfh Cells from WT and IgMg1 mice showed similar percentages after
stimulation with the same Carrier-Primed Protein (NP-KLH).

(A) Representative flow cytometry plots showing Tfh cells were gated from CD4* T cells, activated T
cells were gated as CD44* CD62L". From activated T cells, Tfh cells were gated as PD-1" CXCR5". (B)
Frequency of Tth cells as percentage of CD4* T cells. Data statistical tests were performed as mean +
SEM Two-way ANOVA test mixed-effects analysis with Sidak's multiple comparisons test (ns, not
significant). Data from one experiment. Each symbol represents one mouse.
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Figure 4.32 Nr4al expression shows strongly increased in same carrier primed protein

(NP-KLH) but no significant differences between WT and IgMg1 mice.

(A) Flow cytometry plots of Nrdal-blue and Nr4al-red expression in Tfh cells. (B) Frequency of Nrd4al-blue* red- Tfh cells as
percentage of Tfh cells; (C) frequency of Nrd4al-blue* red* Tfh cells as percentage of Tfh cells; (D) frequency of Nr4al-blue
red* Tfh cells as percentage of Tfh cells;(E) frequency of Nrd4al-blue- red-Tfh cells as percentage of Tfh cells; (F) Nr4al- blue*
MFI in Nrdal-blue* red- Tfh cells; (G) Nr4al- red* MFI in Nrdal-blue  red* Tfh cells. Data statistical tests were performed as
mean + SEM Two-way ANOVA test mixed-effects analysis with Sidak's multiple comparisons test (*, p < 0.05; **, p < 0.01;
*** p<0.001; ¥**** p<0.0001; ;ns, not significant). Data from one experiment. Each symbol represents one mouse.
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Figure 4.33 Central memory T cells in WT has strong expression of Nur77 compared with

IgMg1 mice.

(A) Flow cytometry plots of Nrdal-blue and Nr4al-red expression in TcM cells. (B) Frequency of TcM
cells as percentage of CD4* T cells. (C) Frequency of Nr4al-blue* red TcM cells as percentage of TcM
cells; (D) frequency of Nrd4al-blue* red* TcM cells as percentage of TcM cells; (E) frequency of Nr4al-
blue” red* TcM cells as percentage of TcM cells;(F) frequency of Nrdal-blue” red” TcM cells as
percentage of TcM cells. Data statistical tests were performed as mean + SEM Two-way ANOVA test
mixed-effects analysis with Sidak's multiple comparisons test (*, p < 0.05; **, p < 0.01; ***, p < 0.001;
**%* p <0.0001; ns, not significant).Data from one experiment. Each symbol represents one mouse.
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Figure 4.34 Nur77 Tempo GC B cells have no increased Nr4al-Blue expression when
stimulated in vivo.

(A) Flow cytometry plots of Nr4al-blue and Nr4al-red expression in non-GCs cells were gated as
CD38*Fas". (B) Flow cytometry plots of Nr4al-blue and Nr4al-red expression in GC B cells were gated
as CD38Fas*. (C) Nrdal- blue* expression as percentage of non-GC B cells. (D) Nr4al- blue* expression
as percentage of GC B cells. (E) Frequency of GC B cells as percentage of total B cells. Data statistical
tests were performed as mean + SEM Two-way ANOVA test mixed-effects analysis with Sidak's
multiple comparisons test (**, p < 0.01; **** p < 0.0001; ns, not significant). Data from one
experiment. Each symbol represents one mouse.
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Figure 4.35 NP-specific GC B cells toward be significant in heterozygous IgMgl mice. But
did not show any strong expression of Nrdal gene after re-challenged with soluble
antigen.

(A) Flow cytometry plots of NP-specific GC B cells gated as NP-APC*and NP* GC B cells Nr4al blue and
red expression. (B) Frequency of NP-specific B cells as percentage of GC B cells. (C) Frequency of NP* -
GC B cells Nrdal blue as percentage of NP* GC. Data statistical tests were performed as mean + SEM
Two-way ANOVA test mixed-effects analysis with Siddk's multiple comparisons test (*, p < 0.05; **, p
< 0.01; ***, p <0.001; **** p < 0.0001; ns, not significant). Data from one experiment. Each symbol
represents one mouse.
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4.4. Discussion

B cell-Tfh cell interactions play a fundamental role in promoting BCR affinity maturation and
can sense increased strength of BCR — antigen interaction (Victora et al., 2010). B cells with
high affinity BCR capture antigens more efficiently than low affinity BCR, and receive help
preferentially from Tfh cells. B cells with low affinity BCRs will not access antigen, not
efficiently be rescued by Tfh cells, and therefore will undergo the default pathway of GC B
cells, which is to be removed by apoptosis (Meyer-Hermann et al., 2006, Allen et al., 2007b,

Zhang et al., 2013).

The experiments presented in this chapter aimed to investigate how altering BCR affinity or
reducing activation-induced cytidine deaminase (AID) activity affects B cell-Tfh cell
interactions. To detect TCR activity, the mouse models used in these experiments expressed
a reporter driven by the regulatory elements of the Nr4a3 gene, allowing for novel tracking

of Tfh cell activation.

Upon re-challenge with soluble antigen, the frequency of Tfh cells increased in IgMg1 mice.
However, in IgG1M mice, which have IgG1 as their only B cell receptor (BCR), the frequency
of Tth cells was reduced after boosting with soluble antigen, although before boost cells
numbers in IgMg1, IgG1M, and WT mice when were similar (Figure 4.2 C). Although Tfh cell
percentage increased in IgMg1 mice but not in WT mice, Nr4a3-blue+ expression, indicating
recent Tfh activation, was not increased than in WT mice. On the other hand, despite a
reduction of Tfh numbers in IgG1M mice, if anything stronger Nr4a3-blue+ expression was
observed in 1IgG1M Tfh cells (Figure 4.3 B). The frequency of long-activated T cells, identified
as blue-red+ cells at day 5, was clearly increased in IgMg1 mice compared to WT and IgG1M

mice. Over time, by day 8 post-immunisation, these long-activated B cell populations were
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highly increased in all genotypes compared to day 5, and reactivation led to a loss of these

cells (Figure 4.3 D).

The increased frequency of Tfh cells and NP-specific GC B cells in IgMg1 mice after boosting
with soluble antigen was unexpected given the reduction in total GC size at day 5 and day 8
compared to WT mice (Figure 4.4 A, and B). One possible explanation is that IgMg1 B cells
might have higher average affinity in GCs, enabling them to capture more antigen and present
more peptide to Tfh cells. Another, that the cytoplasmic chain of IgG1 improving antigen-
presentation. In contrast, IgG1M mice showed reduced Tfh cell numbers but increased Nr4a3
blue* MFI after boosting with soluble antigen. Despite decreased GC size at day 5, by day 8
IgG1M mice formed GCs comparable in size to WT mice. However, the frequency of NP-
specific GC B cells was impaired in IgG1M mice after soluble antigen boost (Figure 4.4 A and
B). This suggests IgG1M mice are able to effectively present antigen despite fewer NP-specific
GC B cells. The mismatch between Tfh cell proportion, Nrda3 expression, and GC size requires
further investigation to understand the dynamics between these populations in IgMgl and
IgG1M mice. Better understand the interactions between Tfh cells and GC B cells, situ imaging
can be used to visualize their spatial relationships within GC. Additionally, BCR sequencing
can be performed to analyse the diversity and affinity of B cell receptors, present insights into
the quality of the antibody response. Key genes to examine include IGHV, which reveals the
diversity and mutation patterns of BCRs, and IGHD, which contributes to the generation of

varied antigen-specific receptors.

It is thought that T cell help results in more positively selected B cells and increased plasma
cell output from germinal centres (Nakagawa and Calado, 2021). In our study, we showed an

increased frequency of plasma cells in IgMg1 mice, but PCs were impaired in IgG1M mice. This
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impairment in 1gG1M mice could be due to the absence of IgM, which helps form immune
complexes on follicular dendritic cells (Zhang et al., 2013). The increased T cell help in IgMg1
mice likely promotes more positively selected B cells and plasma cell output, while the lack of
IgM in 1IgG1M mice reduces immune complex formation and subsequently impairs plasma cell

differentiation.

Tfh cell frequency was determined after expanding the time of T cell re-stimulation. Again,
the Tfh cells were clearly reduced in IgG1M mice after stimulation with soluble antigen, but
IgMgl mice remained at similar levels to WT mice. WT mice maintained Nr4a3 blue*
expression after stimulation with soluble antigen for 18 hours. However, both the TCR timer
blue*red* population and the red MFI within blue*red* persistent Tfh cells increased (Figure
4.8 B and H), suggesting B and T cells interacted for 18 hours despite the clear reduction in
germinal centre size at this time point (Figure 4.10 B). While the duration of T-B cell
interaction was increased, there was no clear observation of GC B cell selection in the dark
zone among mice with altered BCRs, even though NP-specific GC B cell frequencies did not

change before or after re-challenge with soluble antigen (Figures 4.11 C and 4.12 B).

It is unclear why IgMg1 mice showed a significant increase in class-switched IgG1* and clearly
increased IgG1* NP-binding cells during the primary response compared to WT mice (Figure
4.13 C,4.15 B). A possible explanation could be that, as B cells in IgMg1 mice are anergic, they
have a reduced BCR density. This might require increased affinity to access and present
sufficient antigen to receive Tfh help. In contrast, IgG1M mice only contained NP-specific cells
with low affinity (Figure 4.15 B). Plasma cell numbers were elevated during the primary
response in IgMgl mice and antigen-specific PCs were clearly enhanced, but in IgG1M mice

they remained at similar levels to WT mice (Figure 4.16 A and B). After antigen challenge, both
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NP-specific and total plasma cells dramatically decreased in IgMg1 and IgG1M mice, while WT
mice showed high variability (Figures 4.16 A and B). These data suggest IgMg1 mice can mount
an efficient response to T-dependent antigens by presenting more antigen to Tfh cells, but
this was not altered during chronic antigen stimulation. IgG1M mice showed increased TCR
timer blue despite reduced Tfh cell frequencies, indicating an impaired immune response to

T-dependent antigens by reducing NP-specific GC B cells and plasma cells output.

Central memory T (TcM) cell populations increased in frequency after receiving soluble
antigen in both the DrLN and spleen. It has been reported that Tfh cells can downregulate
expression of markers like CXCR5, Bcl6, and PD1 and transition into memory T cells (Barr and
Gray, 2012). We identified TcMs by their expression of CD62L* and CD44*. Using the Tocky
mouse model, timer blue expression increased after stimulation, however these timer blue*
populations were more abundant in both IgMg1 and IgG1M mice and showed strong Nr4a3
blue* expression (Figure 4.18 B). IgMg1 and IgG1M DrLNs also exhibited increased timer red*
cells after acute 4-hour stimulation, indicating these cells were quickly activated and
maintained triggered TCR signalling, unlike Tfh cells (Figure 4.18 C). However, these features
did not significantly change in any genotype with prolonged antigen exposure in local DrLNs

(Figures 4.20 B, C, D).

Since TcMs can circulate between SLOs, we examined the spleen as an example. The
frequency of timer blue* TcMs was reduced in IgMg1 mice after boosting with soluble antigen
(Figure 4.21 B) but still showed activated TCR blue* and red* expression after 18 hours, similar
to WT mice (Figure 4.22 C). Surprisingly, IgG1M mice had reduced timer blue* and red* cells,
with only strong newly activated timer blue* cells. This suggests IgG1l B cells may only

internalize antigen in early stages upon encounter, losing contact with chronic antigen
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exposure (Figure 4.22 C). These data suggest that repeat immunisations with antigen for short
or long durations allows reactivation of T cells to differentiate into TcM populations in DrLNs,

which can also be detected in distant SLOs like the spleen.

In an experiment to investigate the role of B-T cells interaction in the absence of affinity
maturation and class-switched B cells by crossing AlDcre/cre to Nr4a3-Tocky mice could help
to give clue how strong of these cells communicate in GC. Our result represented that more
Tfh cells were detected in AlDcre/cre at day 5 but not elevated by day 8 compared to the
AlDcre/wt control (Figure 4.26 A and 4.28 C). Additionally, immunisation with soluble antigen
4 hours before mice were culled at the timepoint of harvesting the DrLN (i.e day5 and day8)
resulted in timer intensity in newly activated and arrested Tfh cells being unchanged in both
genotypes (Figure 4.26 B, C, D, and Figure4.28 D, E, and F). Interestingly, at day 5 GC B cells
and NP-binding cells were higher frequency in AlDcre/cre mice but remained similar by day 8
(Figure 4.27 A, B and 4.29 B, C). These data suggest that a lack of AID activity did not impact
the interaction between B cells and Tfh cells, as indicated by similar timer intensity. Despite
more antigen binding at day 8 in AlDcre/cre and it could be that B cells that lack AID were

caused by genotoxicity and AID-mediated effects on cell viability (Sherman et al., 2010).

The Nr4a3-Tocky mouse was used to analyse TCR signalling strength in Tfh cells and
investigate antigen presentation to Tfh cells in different mouse models with altered BCR
signalling. Although previous studies reported that Nr4a3 is induced by BCR signalling
following stimulation (Tan et al., 2020), Nr4a3 was not upregulated in B cells in our Nr4a3-
Tocky mouse model. Therefore, we used an alternative novel mouse strain expressing a timer
protein und the control of the regulatory elements of the Nr4al gene, allowing analysis of

both TCR and BCR signalling (Elliot et al., 2022). Due to time constraints for this project, the

179



Nur77 (Nrdal)-Tempo mice were crossed with IgMg1 heterozygous mice carrying one IgMg1
allele. During a T cell-dependent immune response soluble antigen was injected into the foot.
While this resulted in induction of Nrdal-timer protein, there was no difference in Tfh cell
frequency between IgMgl and WT mice at day 5 post-immunization (Figure 4.31 B).
Additionally, Tfh cells did exhibit similar substantial and Nr4al reporter activity in both
genotypes post-immunisation (Figure 4.32 B). Moreover, Nrdal-Tempo mice displayed
stronger Nrdal-mediated fluorescence indicating accumulation of more antigenic peptides
and enhanced TCR signalling compared to Nr4a3 reporter mice. This suggests Nrdal is more
sensitive and has lower background than Nr4a3 (Bending et al., 2018, Jennings et al., 2020).
TcM populations were also examined in this model. While TcM frequency was unchanged
between IgMg1 and wildtype mice, wildtype mice exhibited increased Nr4al reporter activity
in antigen-experienced TcM following re-challenge with soluble NP-KLH (Figures 4.33 B and

4.33 C).

The Nur77 (Nr4al) gene has previously been studied using the Nur77-eGFP transgenic
reporter mouse model. These studies show GFP expression is dependent on antigen
stimulation and B cell receptor (BCR) signalling. Specifically, naive Nur77-GFP B cells
upregulate GFP following BCR engagement (Mueller et al., 2015). Additionally, light zone
germinal centre B cells exhibit active Nr4al reporter activity upon receiving stimuli (Tan et al.,
2020). In our studies, we examined the role of Nr4al in B cell responses to acute antigen-
mediated BCR stimulation. However, neither GC B cells nor NP-specific GC B cells displayed
substantial Nr4al timer blue reporter activity, despite the increased NP-specific GC B cells in
IgMg1 mice compared to WT (Figure 4.34 D) (Figure 4.35 B and C). For future studies, it would
be informative to assess Nrdal expression following low dose antigen stimulation and

determine how antigen dose impacts B cell responses during T cell-dependent immune
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responses, which could increase competition of B cells to access limited antigen and receive
T cell help. Additionally, assess whether Nur77 is upregulated in B cells within this mouse
model following exposure to the T-independent immunogen NP-Ficoll. It could also be
valuable to analyse how modified BCR signalling affects interactions with other cells, such as
FDCs or other stromal cells that play a crucial role in the germinal center. Further, these
experiments should be repeated in Nr4al-Timer homozygous mice, which were not available

at the time when these experiments were done.

Additionally, analysis of fluorescent timer reporters in tissue sections was difficult given
potential fading during processing (Bending et al., 2018). Intravital microscopy could be
utilized to detect TCR reporter genes in Tocky and Tempo mouse models and examine Tfh
cells localization. Thus, transferring labelled NP* B cells from an QM eYFP mice mouse (Srinivas
et al., 2001) into Tocky or Tempo mice prior to immunisation would allow tracking of GC
formation by green fluorescence. Subsequent re-stimulation with soluble antigen could

trigger Nrda genes to assess timer blue and red localisation and B and T cell interactions.
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Chapter 5. General discussion

Since the identification of antibody-mediated adaptive immunity, extensive research has
been directed to understanding the mechanisms behind of the GC response. Understanding
these processes has the potential to significantly advance the development of vaccines
against harmful microorganisms, leading to more robust humoral immune responses.
Vaccination triggers the rapid production of high-affinity antibodies, which protect the body
by marking microorganisms for destruction (opsonization) and blocking toxins and viruses
from entering cells (neutralization). These responses arise from the proliferation of B
lymphocytes, which differentiate into antibody-secreting cells. The process is enhanced by
immunoglobulin (Ig) hypermutation, generating receptors with varied affinities.

Many studies have been done using flow cytometry, genomics, and intravital microscopy
technologies to reveal the complex cellular dynamics and molecular mechanisms regulating
GC responses. In the GC, Tfh cells regulate the process of affinity maturation and the
generation of memory B cells and long-lived plasma cells by generating selective pressure and
essential helper signals. Tfh helper signals play a vital part in developing strong GC responses
that effectively mount humoral immunity against infections.

In this thesis, firstly, we characterised GCs and Tfh cells and evaluate their regulation by
antibodies. We used three mouse models - IgMi, AlDko, and I1gG1M - to study how antibody
and class-switching impact GC regulation. IgMi mice lack secreted antibody with only IgM
BCRs. AIDko mice cannot somatically hypermutate or class switch their antibodies due to
absence of the AID enzyme. IgG1M mice express IgG1 as their singular BCR and antibody.
Comparing these strains reveals requirements for GC initiation, hypermutation, and class

switching. Secondly, we utilized Nr4a3-Tocky and Nr4al-Tempo mouse models to assess how
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T cell receptor (TCR) signals regulate Tfh cells in the altering BCR mouse models IgMg1 and
IgG1M mice. We also generated AlDko-Tocky mice to analyse Tfh cell TCR signalling in the
absence of SHM and CSR. Together, these complementary approaches provide insight into

antibody and TCR-mediated regulation of Tfh cells and GC responses.

A previous study demonstrated that while B cells developed normally, IgMi mice are unable
to secrete antibodies because genetic deletion of the secretory element of the
immunoglobulin heavy chain constant region, though cytokine secretion remains intact
(Sahputra et al., 2018). Moreover, examination of mesenteric lymph nodes showed increased
GC B cells and Tfh cells following parasitic infection in IgMi mice. Natural antibodies,
particularly IgM, are thought to play a crucial role in linking the innate and adaptive immune
systems(Baumgarth et al., 2000). Building upon these findings, we evaluated whether the
absence of secreted antibodies in IgMi mice or provision of exogenous low affinity antibodies
bound to antigen to form immune complex (IC) impacts GC and Tfh cell responses. We found
that compared to WT controls, IgMi mice exhibited larger GC size and NP-specific GC
responses (Figure 3.4 B). These phenomena are consistent with those observed in the AlDko
experiment (Chapter 3.3.2) and are also similar to findings from a previous study involving
the AID-/-uS-/- double mutant mouse (Lino et al., 2013). Furthermore, the ratio of GC dark
zone (DZ) to light zone (LZ) B cells was elevated in IgMi mice, indicative of altered selection
dynamics (Figures 3.5 A and B). This was accompanied by increased Tfh cells (Figure 3.6)
parallel with the GC expansion. Tfh cell — GC B cell interaction are important mutually for the
maintenance of GC B as well as Tfh cells (Qi et al., 2008). Thus, the accumulation of GC B cells
in IgMi mice likely sustains the increase in Tfh cells. Given prior evidence from our lab a few
years ago that higher affinity antibodies secreted by PC generated from GC B cells can

negatively regulate ongoing GC reactions (Zhang et al., 2013), we conclude that the lack of
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antibody feedback regulation in IgMi mice permits uncontrolled GC B cell proliferation and
differentiation. Collectively, our data suggest that as IgMi mice do not produce IgM or any
antibodies they did not regulate GC through antibody feedback mechanism. Thus, higher-
affinity antibodies secreted by B cells typically limit B cell access to antigens within the GC
(Zhang et al., 2013). However, in IgMi mice, the absence of secreted antibodies enhances B
cell access to antigens on follicular dendritic cells, leading to an increased GC population. This
is because GC B cells must internalize and process antigens via the BCR before presenting

them on MHC class Il for recognition by helper T cells (Borrero and Clarke, 2002).

Affinity maturation and immunoglobulin G (IgG) feedback regulation are important processes
regulating GC responses and the development of long-lived plasma and memory B cells
(Muramatsu et al., 2000, Ehrenstein et al., 1998). However, the particular roles of activation-
induced cytidine deaminase (AID) and IgG feedback in GC reactions remain incompletely
understood. To investigate this, we utilized two genetically modified mouse models - AlIDko
and 1gG1 membrane-bound (IgG1M) mice. We hypothesised that abrogating affinity
maturation through deletion of AID or altering IgG signalling would disturb normal GC B cell

selection and GC organisation.

Following immunisation, AIDko mice formed GCs with increased proportions and numbers of
NP-specific GC B cells compared to WT controls (Figure 3.9 B and C). This accumulation
occurred despite an absence of affinity maturation. Flow cytometric analysis showed an
imbalance in light and dark zone compartments in AIDko GCs, with reduced dark zone to light
zone cell ratios and increased CD86" centrocytes in the light zone (Figure 3.10 A). It is possible
that loss of AID activity on B cells gene leads to increased genetic toxicity of GC B cells, and

absence of 1gG1 signals FcyRIIB can impair apoptosis of GC B cells (Boulianne et al., 2013). The
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cell transfer experiments indicate that it is likely that detrimental mutations impacting on BCR
affinity are absent in AIDko, and that leads to better proliferation of AIDko GC B cells. The
changes may also reflect reduced apoptosis due to reduced IgG1 feedback signalling in the

absence of AID.

By comparison, it has also been shown that IgG+ GC B cells have a selective advantage within
GCs (Sundling et al., 2021). But, 1IgG1M mice generated normal total GC B cell numbers but
reduced NP-specific GC B cells after immunisation compared to controls (Figure 3.9 B and C).
IgG1M GCs also exhibited a defect in dark zone to light zone organization not seen in other
groups, implying abnormal B cell selection mechanisms. 1gG1M mice further displayed
substantially impaired NP-specific antibody production and affinity maturation over time
(Figure 3. 12 C). The basis for these defects remains unclear but may involve a lack of secreted
IgM and subsequent impacts on GC regulation. Secreted IgM is crucial for immune complex
formation and GC regulation, supporting antigen trapping on FDCs (Boes et al., 2000, Zhang
et al., 2013). Studies using the slgM-/- mouse model show impaired T-dependent antibody
responses, indicating soluble IgM is essential for GC development and IgG antibody
production, as demonstrated by slgM-/- mice (Baumgarth et al., 2000, Ehrenstein et al.,
1998). However, in the cell transfer experiments described here, the transferred cell
population was able to produce IgM and IgG antibody. Despite the presence of these

antibodies, AlDko B cells were still having a selective advantage.

Affinity maturation and antibody feedback signals are critical for GC B cell selection, how
these processes shape responses in established GCs were previously investigated in our lab
by histology. In the current study only Flow cytometry was used, so mouse models to study

the impact of soluble antibodies, we introduced exogenous antibodies and examined impacts
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on GC dynamics in WT, activation-induced cytidine deaminase knockout (AIDko), and non-
secreted IgM (IgMi) mice. We hypothesised antibody providing would reduce GC sizes and
antigen-specific GC B cells by raising affinity thresholds, with varying effects across genotypes

due to differences in selection stringencies.

High affinity anti-NP IgM? administration slightly decreased GC size in WT mice (Figure 3.14
B), and slightly increased NP-specific plasma cell output, implying GC competition remains
intact through affinity-based selection. However, AlDko and IgMi mice showed no differences
in GC or antigen-specific B cell proportions with antibody treatment. While AlIDko GCs exhibit
arrested affinity maturation, IgMi GCs display continued somatic hypermutation without
secreted IgM feedback regulation. The lack of impact suggests these GCs may utilize free
antigen to be selected, rather than signals from follicular dendritic cells. This can be
investigated by examining tissue sections of GCs using immunohistochemistry to visualize the

distribution of antigens and FDCs.

Introducing intermediate affinity antibodies in established GCs moderately reduced GC size
and antigen-binding cells in AlIDko and IgMi mice but not WT controls (Figure3.20 B).
Concurrently, WT mice generated more plasma cells, potentially counterbalancing the
exogenous antibodies through GC output. Ongoing GCs response in AlDko and IgMi mice
appear sensitive to antibody competition, which was different in early experiment when high
avidity antibody was injected. Differences in experimental timing may explain this

inconsistency.

We were not able to measure antibody affinity by ELISA in these different mouse models.
Since AID knockout mice cannot undergo hypermutation, IgM antibodies from these mice

could not be detected in ELISA assays testing presence of high affinity antibody binding using
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NP,-BSA coated plate. However, these antibodies only can detect for low-affinity binding (i.e.,
NP14-BSA). Additionally, because IgMi mice do not produce antibodies, serum from these

mice does not show any high or low-affinity antibody in ELISA.

Notably, both experiments displayed decreased in the percentage of Tfh cells (Figure 3.23 B)
after antibody administration. This likely impairs antigen presentation to T cells, disrupting
their supportive role in B cell selection. The lower light zone B cell percentages remain unclear
but may reflect insufficient antigen acquisition. In summary, our findings suggest that the
administration of intermediate low-avidity antibodies has a dampening effect on Tfh cell
populations, particularly in AIDko mice, and consequently impacts the critical B cell-T cell

interactions within the GC.

To better understand the effects of injected anti-NP IgM? with different avidity antibodies,
further studies could examine histology of the spleen tissues by quantifying GC size and
staining for markers such as IRF4 to quantify plasma cells and Bcl6 to quantify Tfh cells.
Additionally, qPCR could be utilized to evaluate changes in gene expression following
antibody treatment. These approaches would provide further insights into the immuno-

histology and molecular impacts on GC B cell selection and differentiation.

GC B cells undergo affinity-based selection, where B cells expressing higher affinity B cell
receptors (BCRs) outcompete lower affinity clones. It remains unclear how affinity maturation
through activation-induced cytidine deaminase (AID) controls this competitive process. We
utilized an adoptive transfer QM Cglcre mTmG cells approach with AlDcre/wt and AlDcre/cre
hosts to examine impacts on donor GC B cell dynamics. We hypothesized donor cells would

be increasingly selected in AIDko hosts over time due to sufficient affinity maturation.

187



Transferred FP* B cells showed significantly lower frequencies in AIDko compared to AlDwt
hosts (Figure 3.25 B). Over the same period, host AIDko GC responses clearly increased (Figure
3.25 C). This implies competing AIDwt B cells experiencing greater selection pressures in the
AIDko environment, leading to preferential persistence of endogenously generated low

affinity clones.

Assessing antigen-specific B cells, donor populations declined quickly in AlDcre/cre hosts.
Host GC cells were unaffected across groups (Figure 4.25 C). Donor cells are able to express
the AID enzyme and affinity mature. On the other hand, in the AlDko host mice, NP-specific
GC B cells clearly increased, taking most space of the GCs. This observation might be caused
by genotoxicity, negative effects on BCR affinity, or AID-mediated effects on cell viability
(Sherman et al., 2010). AlDcre/cre mice do not secrete IgG, which is important for inhibiting
BCR signalling by binding to the FcyRIIB1 inhibitory receptor (Getahun and Cambier, 2015).
IgG class-switched from donor cells could explain the reduction in AlDcre/cre donor GC size,
but GCs in the host mice remained clearly enlarged in AlDcre/cre compared to the AlDcre/wt
control (Figures 3.25 B and 3.25 C). in summary, absent AID activity delays DNA damage,
preserving GC B cell antigen reactivity. This competitive advantage may be enhanced by
delayed antigen clearance. Prolonged antigen exposure can disrupt normal tolerance
induction, enabling production of self-reactive antibodies in AID-deficient mice and humans,
may precipitate autoimmune reactions (Kuraoka et al., 2011, Meyers et al., 2011). The
findings from this experiment did not provide sufficient observations. More experiments
should be done. One suggestion as | described in the result chapter, would be to adoptively
transferring B1-8'° cells into AID knockout (AIDko) mice and using B1-8" cells transferred into
AID wildtype (AIDwt) mice as a control. The prediction would be that transferring B1-8" cells

into the competitive environment of AIDwt mice will allow them to predominate in GCs and

188



outcompete endogenous polyclonal B cells. In contrast, transferring B1-8' cells into AlDko
recipient mice could reveal whether these low affinity antigen-specific B cells can compete
efficiently and undergo GC selection in a host. Thus, this approach may allow us to test if the
relative affinity of the B cell receptor determines its ability to dominate the GC reaction, or if

other factors are at play.

To study the impacts of altered B cell receptor affinity and signalling, or reduced AID activity,
on B cell -T follicular helper cell interactions, we used mouse strains expressing Nr4a3 or
Nrdal driven reporter genes to track T follicular helper activation through T cell receptor

signalling.

Memory B cells can access and transport antigen from the subcapsular sinus to the germinal
center within 20 mins (Zhang et al., 2022) We therefore estimated that an interval of 4 hr
between antigen boost and analysis of tissues would allow sufficient time for these B cells to
present the antigen to Tfh cells in the GC and induce Nr4al/Nr4a3 expression dependent

signals.

BCRs on GC B cells should repeatedly interact with antigens to assess specificity and binding
competitiveness, particularly against antibodies in IC on FDC networks. The affinity of these
BCR-antigen interactions is critical, as it impacts the amount of antigen B cells can take up,
thereby affecting their positive selection by Tfh cells (Zhang et al., 2013, Victora et al., 2010).
However, previous research showed that injecting soluble antigens during the peak of the
germinal center response induces apoptosis in GC B cells without disrupting B-T cell
interactions (Pulendran et al., 1995). Our findings here show that this injection boosts B cell

antigen presentation and Tfh cell activation by increasing Timer Blue+ Nr4a3. The increase in
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apoptosis observed by Han et al. (1995) may be due to an insufficient number of T cells to

interact with all antigen-presenting B cells.

After a soluble antigen boost at 5 days post-immunisation, Tfh cell percentages remained
steady in wildtype mice, increased significantly in IgMg1 mice, and decreased in IgG1M GCs.
The observed increase in the percentage of Tfh cells in the IgMgl group after boosting with
soluble antigen at day 5 may be attributed to the early time point, as day 5 is relatively short.
A similar pattern was observed on day 8, with more Tfh cells in IgMg1 GCs but fewer Tfh cells
in 1gG1M GCs versus WT (Figure 4.2 C). The Tfh cell loss after antigen boost was more
pronounced on day 8 than day 5 across genotypes. While statistical power is weak due to low
animal numbers available, the consistent Tfh cell changes at days 5 and 8 suggest
reproducible effects. To gain further insight into the dynamics of Tfh cells and Nr4a3 blue*
cells, additional experiments are likely necessary to explain the mechanisms by which changes
in BCR and co-stimulation signalling influence IgMg1, IgG1M GC B cell selection during the GC
response. Specifically, these populations should be assessed at later time points, such as days

14 and 21.

The GC reaction in dependent on the ability of Tfh to interact with GC B cells (de Vinuesa et
al.,, 2000). On the other hand, GC B cells play an important role for supporting Tfh cell
differentiation by capture antigen and reactivated Tfh cells leading to TCR signal strength of
Nrd4a3. Nr4a3 showed to be highly expressed in the Tfh cells after mice received soluble
antigen, which Nrda3-blue+ were seen higher at day5 than the expression at day8 (Figure 4.3
B), which indicate that B cells in younger GCs induce stronger TCR signalling strength and/or
show enhanced antigen presentation compared to mature GCs. There was a slight increase in

the proportion of Nrda3-blue+ expressing Tfth cells in IgG1M mice compared to WT and IgMg1
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mice at day 5, becoming a significant increase by day 8. However, no difference was observed
between IgMgl and WT mice (Figure 4.3 B). Additionally, the Nr4a3-blue+ Tfh cells MFl were
increased in newly activated Tfh cells in IgMg1, 1gG1M versus WT mice after antigen boost
(Figured.3 F), indicating that the altered BCR of IgMgl and IgG1M mice is more efficient at
capturing and presenting antigen to Tfh cells inducing stronger TCR signalling compared to
WT mice. However, it remained unclear whether this also links to the strength of BCR

signalling, something that needs to be further investigated.

Despite having smaller GC sizes after an antigen boost, IgMgl mice had an unexpected
increase in Tfh cells and NP-specific GC B cells (Figure 4.4 A and B). A potential explanation is
that IgMgl B cells may have higher average affinity, enabling better antigen capture and
presentation to Tfh cells (Figure 4.4 A and B). In contrast, boosted IgG1M mice had fewer Tfh
cells and antigen-specific B cells yet comparable GCs and increased Nr4a3 expression,
suggesting effective antigen presentation. Further analysis is required to understand the
complex dynamics between T follicular helper (Tfh) cells, Nr4a3 expression, germinal center
(GC) size, and antigen-specific B cells in IgMgl and I1gG1M mice. As the Tfh phenotype is
transient and changes over time within a GC reaction (Baumjohann et al., 2013, Song and
Craft, 2019) . Evaluating multiple timepoints and varying antigen re-stimulation doses could
provide additional insights. Additionally, it remains undetermined whether enhanced Tfh
activation by anergic GC B cells is a general feature or specific to the chimeric B cell receptor

expressed in the IgMg1 model.

In an experiment to investigate the role of B-T cells interaction in the absence of affinity
maturation and class-switching use of Nr4a3-Tocky mice crossed to an AlDcre/cre background

could help to give insight how strong of these cells communicate in GC. Our result showed
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that more Tfh cells tended to be present in AlDcre/cre GCs at day 5, but not by day 8 (Figure
4.26 A and 4.28 C). Expression levels of Nr4a3 remained unchanged in both genotypes (Figure
4.26 B, C, D, and Figure4.28 D, E, and F). These data suggest that lack of AID activity did not
impact the B-Tfh cells interactions. An explanation may be that B cells lack AID are driven by

enhanced B cell survival due to lack of AID activity, rather than by altered Tfh cell activation.

Nrda3 expression was not detectable in B cells in the Nr4a3-Tocky mouse model, despite
evidence that Nr4a3 can be induced by BCR signalling (Tan et al., 2020). Nr4al-reporter strans
have been reported that allow examination of both BCR signalling and at higher sensitive TCR

signalling readouts (Moran et al., 2011, Zikherman et al., 2012, Elliot et al., 2022)

In this thesis we for the first time try to test the Nrdal-reporter mouse model for GCBand T
celle, to test whether better antigen capture affects the signalling of BCR and TCR stimulation
downstream of antigen recognition. Newly activated (blue+red-) and persistently activated
(blue+red+) Tfh cells increased in mice given a booster immunisation of soluble antigen.
However, frequencies of recently activated Nr4al-blue+ Tfh cells were similar between
antigen-boosted IgMgl and WT mice. Upregulation of Nr4al blue and red in GC B cells after
antigen stimulation could not be reliably detected by flow cytometry, even in NP-specific GC
B cells that were increased in IgMg1 versus WT mice. Despite IgMg1 mice trending to more
NP+ GC B cells following immunisation, no distinguishable difference was observed in Nrdal
expression compared to WT, unlike the signal seen in Tfh cells. Therefore, there were no
detectable Nr4al reporter expression changesin GC B cells between IgMg1 and WT mice after
booster immunisation. In this experiment we used reporter mice heterozygous for the IgMg1

BCR and for the Nr4al reporter. Repeating the experiment using reporter homozygous mice
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should make the experiment more sensitive and should improve detection of Nr4al signalling

in B cells.

Compared to Nrda3 reporter mice, even the heterozygous Nrd4al-Tempo mice displayed
stronger Nrdal-mediated fluorescence, indicating stronger T cell receptor signalling and
increased accumulation of antigenic peptides. The Nrdal system is therefore of higher
sensitivity for detecting differences in antigen presentation (Bending et al., 2018, Jennings et
al., 2020). As we used heterozygous reporter mice in this experiment, repeating the
experiment by using homozygous Nr4al, should make this much more sensitive, and should

also improving detection of TCR signalling in T cells.

As mentioned in Chapter 4, applying alternative technique to test Nr4a gene expression may
provide additional insights. Intravital microscopy could localization Tfh cells. Transferring NP+
B cells from a fluorescent QM eYFP donor into reporter mice prior to immunization enables
both tracking of GC formation via green fluorescence and testing Nrda timer genes after
antigenic stimulation. This dual labelling would allow localized detection of TCR signalling

dynamics and interactions between T and B cells within the germinal centre reaction.
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Chapter 6. Limitations and Future Work:

Disruption in Experimental Testing: The investigation into the role of IgM in antibody feedback
within the germinal center (GC) response was disrupted due to the limited availability of
antibodies required for the experiments (Anti-lgM? Fab82: low affinity, Anti-lgM? 2.315:
intermediate affinity, and Anti-IlgM?® 1.197: high affinity). These antibodies are expected to
facilitate the repetition of the experiments with optimized antibody administration timing.
However, these studies require a large cohort of mice across three different genotypes, with
varying administration plans and antibody affinities. This introduces significant challenges in
terms of resource allocation and experimental possibility, particularly due to the substantial

amounts of antibodies required (90 pg per mouse).

Limited Analytical Approaches: Our current analysis primarily depends on flow cytometry,
which, while informative, offers a limited perspective on the cellular and structural dynamics
within GCs. To gain a more comprehensive understanding of IgM's impact on the GC response,
future studies should incorporate histological analysis. This would allow for a detailed
examination of tissue architecture, cell distribution, and apoptosis rates. Additionally,
incorporating gene expression analysis in GC cells via real-time RT-PCR for markers such as

Bcl6, ICOS, and AID would provide deeper insights into the molecular mechanisms.

Measurement of 1gG1 Affinities: The measurement of affinities for my newly generated
monoclonal IgG1 antibodies using the T200 Biacore system was delayed due to COVID-19
disruptions. Producing sufficient quantities of these antibodies and conducting affinity
measurements are crucial for future work. This will allow us to test whether IgG1 antibody

feedback provides stronger negative signals for B cell selection than equivalent avidity IgM
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during the GC reaction. This analysis will be conducted using a range of monoclonal IgG1

antibodies specific for NP.

Hypothesis Testing with Cell Transfer Models: The hypothesis testing involving the transfer of
wild-type (wt) cells into AID knockout (AIDko) mice requires further improvement. Improving
the experimental design, particularly through the repetition of experiments with careful
consideration of antigen immunization timing and tissue collection protocols, is important.
Additionally, future studies could benefit from adoptively transferring B1-8' cells into AlDko
mice and B1-8" cells into AID wild-type (AIDwt) mice as controls. This approach would better
test our prediction that B1-8" cells, when transferred into AIDwt mice, will predominate in
GCs and outcompete endogenous polyclonal B cells. Conversely, transferring B1-8'° cells into
AlDko mice could reveal whether these low-affinity antigen-specific B cells can effectively

compete and undergo GC selection in a competitive environment.

Statistical Power and Temporal Analysis in Nr4a3-Tocky and Nr4al-Tempo Mice: Repetition
of experiments using Nr4a3-Tocky and Nr4al-Tempo mice is necessary to increase statistical
power. Our current analysis was limited to early germinal center (GC) time points, focusing
solely on the fluorescent timer. Future experiments should extend this analysis to later time
points, such as day 14 or day 21, to better understand TCR signalling dynamics over time. It is
important to note that the Nrdal-Tempo mice used in this thesis were heterozygous for the
Nrdal-Tempo allele, and the limited availability of mice further constrained the study.
Additionally, optimizing TCR signalling analysis through multiphoton microscopy could
provide more detailed insights into the spatial and temporal aspects of B-Tfh cells within GC

responses.
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