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Abstract 

The germinal centre (GC) reaction is a site of extensive B cell proliferation and somatic 

hypermutation of Ig variable region genes. Its outputs are plasma cells (PCs), selected from 

high affinity B cells, and memory B cells (mBCs), which are less stringently selected for 

affinity. Movements of lymphocytes within secondary lymphoid organs are dependent on an 

array of chemotactic cues. These play a role in lymphocyte entry, activation, and egress 

from the tissue.  

A group of memory-like B cells migrating from GCs (BEMs) and entering the lymph node 

subcapsular sinus (SCS) were discovered in reactive lymph nodes (LNs). Some of these 

recycled between the SCS and back into the B cell follicles. S1PR1-blockade prevented 

migration of BEMs into the SCS, and deletion of ACKR4 prevented CCR7-ligand dependent 

recycling of BEMs back into the follicle. RNA-sequencing showed that BEMs shared some 

phenotypical characteristics with GC B cells but were a distinct subset of B cells. Cell surface 

markers were uncovered from RNA-sequencing to distinguish BEMs from GC B cells and 

naïve B cells at the peak of the GC response in the LN and spleen. ACKR4-mediated recycling 

of BEMs supported humoral responses to antigenic variants of chemical haptens as well as 

dengue virus envelope proteins. 

Entry of circulating mBCs (BCMs) to distant lymphoid tissues was affected by CCR7 ligands. 

CCL21 was important for entry into non-reactive LNs and CCL19 may be directing entry into 

the spleen. ACKR4-deficient BCMs showed improved entry into distant lymphoid tissues, 

whereas CCR7-deficiency tended towards reduced entry. 
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Re-challenge experiments showed that mBCs were pre-disposed to a PC fate when re-

exposed to antigen in an antigen-experienced LN. Conversely, BCMs in distant LNs that had 

no direct contact with antigen preferred GC B cell fates.  
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1 Introduction 

1.1 B cell development 

The immune system can be divided into two features: innate immunity and adaptive 

immunity. Innate immunity offers non-specific protection against all antigens, this involves 

barriers to prevent entry of pathogens into the body. Innate immunity also includes innate 

humoral features such as the complement system and interferons. Adaptive immunity 

grants the capacity to recognise and develop a specific response to a pathogen.  

Immune cells originate from haematopoietic stem cells (HSCs) produced in the bone marrow 

(BM), which is a primary lymphoid organ. HSCs can differentiate into myeloid cells which 

develop into cells that participate in the innate immune system such as basophils, mast cells, 

monocytes/macrophages, and neutrophils. Erythrocytes are also derived from myeloid cells. 

T cells are lymphocytes derived from HSCs that migrate from the BM to another primary 

lymphoid organ known as the thymus. Here thymocytes complete their development and 

maturation into CD4+ and CD8+ T cells.  

HSCs can also differentiate into common lymphoid progenitors (CLPs) and develop into B 

cells. Approximately 10-20 million B cells are produced in the murine BM daily, however, 

only ~10% of these make it to the periphery. During embryonic and neonatal stages of life 

HSCs from the foetal liver seed the BM, these are recognisable due to expression of high 

levels of c-Kit (Hardy and Hayakawa, 2001). These HSCs develop into CLPs which lack the B 

cell lineage marker B220 but can be distinguished based on their expression of IL-7Ra and 

intermediate levels of c-Kit (Hardy and Hayakawa, 2001). CLPs then mature into B cells, 

recognisable by the B cell lineage marker, B220.  
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The first immature B cell fraction that CLPs become are pre-pro-B cells which express B220 

and CD43 but lack expression of CD24 and CD19 (Rolink et al., 1996)(Fig. 1.1). During this 

stage these cells undergo D-J IgH rearrangement (Van Zelm et al., 2007). This requires 

expression of high levels of re-arrangement genes RAG1, RAG2 (Oettinger et al., 1990) and 

TdT (Komori et al., 1993). IKAROS encodes the transcription factors that activated Rag1 and 

TdT (Kirstetter et al., 2002), as such it is crucial to B cell development as IgH rearrangement 

is impaired without it. E2A encodes E12 and E47 which are helix-loop-helix transcription 

factors crucial in early stages of B cell lineage, as they are required for D-J IgH rearrangement 

(Bain et al., 1997). 

Pre-Pro-B cells progress to the IgH rearranged pro-B cells which are distinguished by their 

increased expression of CD19 and higher levels of B220 expression (Hardy, 2013). EBF-1 is 

required for this stage, which in turn is directed by positive feedback loops involving IL-7Ra, 

E2A and Pax5, among others (Singh et al., 2005). These are irreversibly committed to the B 

cell lineage due to expression of Pax5 (Nutt et al., 1999). During the pro-B cell stage these 

cells undergo V-DJ IgH rearrangement. These cells begin to express the rearranged IgH µ pre-

B cell receptor with surrogate light chain made up of VpreB and λ5 peptides to become pre-B 

cells. These pre-B cell receptors (BCRs) associate with Igα and Igβ to facilitate signal 

transduction (Hardy, 2013). 

Signalling of the pre-BCR is thought to induce allelic exclusion in these early pre-B cells (Xu et 

al., 2000), also known as large pre-B cells, and can also promote proliferation mediated by 

expression of Sox-4 and Lef-1 (Schilham et al., 1996, Reya et al., 2000). After proliferation, 

small pre-B cells re-express RAG1/2 and undergo rearrangement of κ light chain V-J genes 
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(Schlissel and Baltimore, 1989). Successful assembly terminates RAG expression (Hardy, 

2013). If κ assembly fails, λ V-J rearrangement and assembly occurs (Derudder et al., 2009).   

When pre-B cells express this rearranged μ chain BCR they are defined as immature B cells. 

These differ from mature B cells as they have a very short lifespan and are more sensitive to 

calcium flux, but BCR cross-linking will not induce proliferation; instead, it induces apoptosis 

or anergy. Negative selection occurs at this stage (Melamed et al., 1998).  

In the BM when immature B cells express IgM but not IgD BCRs binding to self-antigen can 

lead to clonal deletion or anergy (Healy and Goodnow, 1998, Allman et al., 1992, Hertz and 

Nemazee, 1997). Self-reactive B cells can also undergo receptor editing in which they 

reassemble light chain variable genes in order to alter specificity to not recognise self-

antigen (Hertz and Nemazee, 1997). 

Newly formed immature B cells that are not negatively selected become transitional B cells 

that migrate to the spleen, and once in the spleen they become mature B cells (Hardy, 

2013). Fate decisions to become MZ B cells are NFkB-dependent, the decision is promoted 

by signalling through BCRs, Notch2 and B cell activating factor receptor (BAFF-R); conditions 

of APRIL and BAFF-R deficiency reduce MZ B cell numbers (Rauch et al., 2009, Tull et al., 

2021). MZ B cells can differentiate from transitional B cells but sufficiently high levels of 

Notch2 can drive differentiation of follicular B cells to MZ B cells (Lechner et al., 2021). 

Notch2 binds its ligand Dll1 and is cleaved by ADAM family metalloproteases that frees the 

Notch2 intracellular domain to traffic to the nucleus (Radtke et al., 2010). In the nucleus, the 

freed intracellular Notch2 domain forms a transcription complex with DNA-binding 

transcription factor CSL which recruits other co-activators, such as MAML1, resulting in a 
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transcriptional program that contributes to MZ B cell differentiation (Radtke et al., 2010, 

Tanigaki et al., 2002, Wu et al., 2007, Oyama et al., 2007). In type 1 transitional B cells BCR 

signalling can regulate activation of the serine/threonine kinase Taok3 which in turn 

activates the metalloproteinase ADAM10 (Hammad et al., 2017). ADAM10 cleavage frees the 

intracellular domain of Notch2 after Notch2 ligation with Dll1 resulting in MZ B cell 

differentiation (Radtke et al., 2010). This BCR signalling appears to be modulated by integrins 

as β1 modulates BCR signalling, restricts downstream PI3K signalling and facilitates 

differentiation to MZ B cells (Andreani et al., 2023). This suggests that there are many 

contributing factors, such as the co-signalling of NFkB and Notch2, that drive the 

differentiation to MZ B cells. 

 

Figure 1. 1. B cell development in bone marrow 

Summary of B cell developmental stages in the bone marrow, this diagram shows the 

expression of markers distinguishing each developmental stage as HSCs differentiate into 

mature B cells. CD43+ c-kit+ HSCs differentiate into multilymphoid progenitors (MLPs) that 

further upregulate expression of AA4.1. MLPs can differentiate into CLPs which upregulate 

CD24 and IL7Ra. CLPs can then differentiate into pre-pro-B cells that begin expression of 

B220. These mature to become pro-B cells that downregulate c-kit and begin expression of 

CD19 while further upregulating B220 and CD24. Pro-B cells mature into early and late pre-B 
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cells that lose expression of CD43 by the time they become late pre-B cells, pre-B cells 

express BP-1 and CD25. Pre-B cells differentiate into immature B cells that begin expression 

of IgM and cease expression of BP-1, c-kit and CD25. These then become mature B cells that 

cease expression of AA4.1, upregulate B220 and downregulate CD43 (Hardy, 2013).  

 

1.2 Secondary Lymphoid Organs 

15% of murine peripheral leukocytes are B cells, which are a feature of the adaptive immune 

system. Mature B cells can be found in the secondary lymphoid organs (SLOs) which include 

the spleen and the lymph nodes (LNs). Mature T cells can also be found in the SLOs. 

1.2.1 Spleen 

The spleen functions as a filter for blood, it is comprised of the red pulp and white pulp. 

Blood enters the spleen from the splenic artery via the hilum and is carried through the red 

pulp via arterioles which are carried through the white pulp via central arterioles, branches 

of this terminate at the marginal zone (MZ) surrounding the white pulp (Mueller and 

Germain, 2009). The red pulp removes old erythrocytes and recycles iron and platelets. The 

white pulp consists of peri-arterial lymphatic sheaths (PALS) where arterioles can facilitate 

entry of lymphocytes, and this region is the T cell zone of the spleen (Förster et al., 1999). 

Adjacent to PALS are B cell-rich follicles which in turn are surrounded by the MZ. The MZ is 

adjacent to the marginal sinus, this is a region where the red pulp and white pulp meet, it 

contains many blood vessels (Fig. 1.2). Until recently it has been reported that lymphocyte 

entry to the splenic PALS is via the marginal sinus to the PALS using bridging channels 

(Bajenoff et al., 2008). However, recent evidence suggested that entry of lymphocytes 

instead occurs directly through peri-vascular stroma of bridging channels connecting red 

pulp to the PALS (Chauveau et al., 2020). Further work identified a layer of vasculature 
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separate from the red pulp and white pulp with shunts connecting to special bridging 

channels to the PALS (Werth et al., 2021). T cells enter the spleen using CCR7 ligands but can 

follow CXCR4 ligands if CCR7 expression is modulated (Okada et al., 2002). Expression of 

CCR7 by B cells is also required for movement through the T cell zones of the spleen (Pereira 

et al., 2010). The MZ acts as an antigen transit area as MZ B cells can screen systemic 

circulating antigen and play a role in antigen processing (Mebius and Kraal, 2005).  

 

Figure 1. 2. Schematic of the murine spleen 

Arrows show blood entering the spleen from the hilum via the central arteriole, which 
passes through the white pulp through the PALS. Bridging channels connect red pulp and 
white pulp. Branching off from the central arteriole are smaller blood vessels which 
comprise the marginal sinus. Red circles represent blood vessels of the marginal sinus 
running perpendicular to the other blood vessels in this overview. The marginal sinus sits 
between the marginal zone and the B cell-containing follicle. 
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Circulating B cells in the spleen are retained in the B cell follicle for up to a day, after this 

point they begin to move towards the marginal sinus. This was due to the increased 

sensitivity of S1PR1 allowing migration following S1P gradients leading to the marginal sinus 

(Ramos-Perez et al., 2015, Pereira et al., 2010). As these follicular B cells lack the cell 

adhesion molecules of MZ B cells, they are unable to withstand the shear forces of the 

marginal sinus and re-enter circulation (Pereira et al., 2010). 

1.2.1 Lymph Node 

The LN is comprised of cortical, paracortical and medullary regions which are surrounded in 

sinuses carrying circulating antigens from lymphatics (Fig. 1.3). B cells may enter the LN via 

high endothelial venules (HEVs) due to expression of CCR7 and CXCR4 following chemotaxis 

towards CCL19, CCL21 and CXCL12 produced by HEVs (Steen et al., 2014). Expression of 

CXCR5 allows lymphocyte homing to the CXCL13-rich B cell follicles of the LN cortex (Ansel et 

al., 2000). This is facilitated by the expression of CXCL13 produced by CD21/35+ follicular 

dendritic cells (FDCs) and follicular stroma cells (Mueller and Germain, 2009). CCR7+ T cells 

are drawn to the T zone in the LN cortex due to expression of CCL19/21 by stromal cells in 

the T zone (Förster et al., 1999).   

Entry of leukocytes into via venules involves a process known as the multi-step cascade that 

ends with trans-endothelial migration (Butcher, 1991, Springer, 1994, Ley et al., 2007). 

Inflammatory signals such as TNF, IL-1 and IFN promote expression of P- and E-selectins, 

ICAM-1, VCAM-1 and chemokines of endothelial cells that co-ordinate the recruitment of 

leukocytes (Liu et al., 2004, Dunon et al., 1996, Ed Rainger et al., 2015). Selectins, VCAM-1 

and ICAM-1 promote capture and rolling of leukocytes on the endothelium by binding 



 

8 
 

integrins, VLA-4 and LFA-1 respectively expressed by leukocytes, leukocytes also express L-

selectin (Kansas, 1996, Lawrence and Springer, 1991, Ley et al., 2007, Ebisuno et al., 2010). 

Chemokine receptor signalling promotes activation of integrins leading to stronger leukocyte 

adhesion resulting in leukocyte arrest on the endothelium (Luu et al., 2000, Ley et al., 2007). 

Leukocytes then undergo cytoskeleton remodelling and crawl across the endothelial wall 

until they reach a preferred site of transmigration (Ley et al., 2007). The leukocytes can then 

migrate through the endothelial wall endothelium following the paracellular pathway and 

the transcellular pathway to enter the tissue (Ley et al., 2007). Transcellular migration is the 

major pathway for lymphocyte trans-endothelial migration and involves movement directly 

through transcellular pores formed in endothelial cells (Küppers et al., 2013, Millán et al., 

2006, Schimmel et al., 2017). This process reflects how lymphocytes enter the SLOs via HEVs 

(Mackay, 1995, Gunn et al., 1998) 
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Figure 1. 3. Schematic of the murine lymph node 

The lymph node is encapsulated in a subcapsular sinus which allows flow of lymph from the 
afferent lymphatics. Below the capsule are the follicles, these are B cell areas, activated B 
cells form germinal centres in the follicles. Deeper in the tissues is the paracortex, this is T 
cell area but also contains high endothelial venules. Arrows show the flow of lymph through 
the lymph node from afferent lymphatics to subcapsular sinus and cortical sinuses to the 
efferent lymphatics. Blood flows through arterioles to high endothelial venules.  

 

B cells in the follicle of the LN follow a similar pattern as those described in the spleen. Naïve 

B cells are retained in the LN follicle for around 24 hours before they begin to migrate 

towards the outer follicles and the cortical sinus, followed by egressing the LN via efferent 

lymphatics (Schwab and Cyster, 2007, Smith and Ford, 1983, Westermann et al., 1988, 

Pereira et al., 2010, Sinha et al., 2009). Lymphocyte movement towards the cortical sinuses 

in the LN and subsequent egress involves the S1PR1 ligand S1P, one source of S1P is Lyve-1+ 
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lymphatic endothelial cells (LECs) (Pham et al., 2010). EBI2 (also known as GPR183) is a 

chemokine receptor that follows the concentration gradient of its oxysterol ligand 7a,25-

dihydroxycholesterol produced by FRCs of the outer follicles to direct migration of B cells to 

the outer follicular regions, including the SCS of the lymph node (Yi et al., 2012, Gatto and 

Brink, 2013). 

Desensitisation of CCR7, CXCR4 and CXCR5 of B cells occurs in the LN over time. This 

compounded by increasing expression of S1PR1 ensured that these B cells are less able to 

respond to signals retaining them in the LN and more able to respond to signals encouraging 

egress from the LN (Park et al., 2012). Once these lymphocytes reach the blood the 

sensitivity of CCR7, CXCR4 and CXCR5 is replenished allowing them to start the process again 

(Park et al., 2012). 

 

1.3 Chemokines and Chemotaxis 

Migration of lymphocytes within SLOs are facilitated by chemokines. Chemokines signal 

through G-protein coupled receptors (GPCRs). Chemokines are of relatively small size 

(between 8-14 kDa) and are comprised of a monomeric structure (Baggiolini et al., 1997). A 

chemokine is made up of an NH2 terminal loop followed by 3 anti-parallel β-strands and 

ending with a C-terminal α-helix (Baggiolini et al., 1997). Chemokines are named based on 

the number of residues between cysteines in the NH2-terminal loop. CXC are α-chemokines 

with one residue between cysteines, CC are β-chemokines with no residues between 

cysteines and CX3C are γ-chemokines with 3 residues between the cysteines (Zlotnik and 

Yoshie, 2000).  
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A GPCR contains 7 transmembrane domains and has two conserved cysteines, one in its N-

terminal loop and one in the third extracellular loop. One important motif of the GPCR is its 

conserved DRYLAIVHA on TM3 that acts as NH2 and COOH terminal extensions. This motif is 

required for coupling with Ga proteins that are used for phosphorylation and subsequent 

downstream signalling (Ulvmar et al., 2011). Atypical chemokine receptors (ACKRs) are 

homologous to GPCRs, except they lack a Ga protein-binding DRYLAIVHA motif, and as such, 

they are incapable signal transduction (Ulvmar et al., 2011). After binding its chemokine, an 

ACKR then undergoes internalisation and subcellular localisation. They can move to the 

lysosome to degrade the chemokine, and subsequently the receptor is recycled back to the 

cell surface (Comerford et al., 2006). ACKRs can also transcytose chemokines to facilitate 

traversal of biological barriers resulting in increased chemokine concentrations in 

microanatomical domains (Nibbs and Graham, 2013). There are 4 known ACKRs, ACKR1-

ACKR4, these can dimerise into homo- and heterodimers. The present study will focus on 

ACKR4 (also known as CCRL1). In the human context, ACKR4 has been observed to recruit G 

protein-coupled receptor kinases (GRKs) after ligation with chemokines which in turn recruit 

β-arrestins. These β-arrestins enhance but are dispensable for ligand uptake into the cell by 

ACKR4 (Matti et al., 2020b).  

Many stromal cells within SLOs, such as LECs, some fibroblastic reticular cells (particularly 

those in T cell areas) and peri-HEV cells, can produce chemokines CCL19 and CCL21, which 

bind CCR7 (Johnson and Jackson, 2010, Manzo et al., 2007). CCL19 and CCL21 share only 25% 

homology in amino acid sequence, but there are several conserved tertiary structures 

between them (Comerford et al., 2013): a disordered N-terminus, followed by a core domain 

containing an N-loop, a 3-stranded β-sheet and then a C-terminal helix. CCL21 differs from 
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CCL19 by containing a unique negatively charged 30 aa length carboxyl-terminal extension 

with 2 extra cysteine residues, and 12 of these residues are basic (Ott et al., 2006, Nagira et 

al., 1997).  Mice possess 2 isoforms of CCL21: CCL21a containing a Serine at residue 65 and 

CCL21b containing a leucine at residue 65 (Comerford et al., 2013).  

1.3.1 CCR7 

Upon binding of CCR7 with its ligands (CCL19 and CCL21) it recruits β-arrestins and GRKs, 

such as GRK6, leading to signal transduction and the promotion of migration of the cell, 

through means such as actin polymerisation and polarisation of the cell in the direction of 

the ligand concentration gradient (Zidar et al., 2009). CCL19 induces a slightly different 

response when binding CCR7, in CCR7-CCL19 interactions there is the additional recruitment 

of GRK3 which promotes the internalisation of CCR7 leading to desensitisation of the cell 

towards CCR7 ligands (Zidar et al., 2009). CCL19 and CCL21 also differ in another respect, at 

shallower concentration gradient CCL19 had a stronger chemotactic index (a measure of 

how efficiently cell migration follows the chemokine gradient) than CCL21, whereas at 

steeper concentration gradients CCL21 had a stronger chemotactic index (Ricart et al., 2011). 

This may reflect greater desensitisation of CCR7 at higher CCL19 concentrations, impairing 

the response to this chemokine at steep concentration gradients, allowing CCL21 to outpace 

CCL19 with its potency to induce chemotaxis without impairing its receptor. 

1.3.2 ACKR4 

Among the ligands of ACKR4 are CCL19, CCL21, CCL25. CCL20 has also been observed as 

another ligand for ACKR4 which also induces recruitment of β-arrestins to ACKR4. SCS 
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endothelial cells in murine popliteal LN were observed to take in CCL20 by ACKR4 (Matti et 

al., 2020a). 

ACKR4 creates micro-gradients of its ligands (Nibbs and Graham, 2013). This may increase 

sensitivity to the chemokine gradient. ACKR4 is thought to play a role in maintenance of 

CCL19 and CCL21 chemokine gradients by scavenging these CCR7 ligands and internalisation 

(Ulvmar et al., 2014). ACKR4 is expressed by ceiling LECs in the SCS; this allows entry of CCR7 

expressing cells, such as DCs, from the lymphatics into the LN (Ulvmar et al., 2014).  

 

1.4 B Cell Activation 

After B cells migrate to SLOs they can become activated, there are chemotactic cues 

involved in the process of B cell activation. B cells can become activated in one of two 

processes: thymic independent (TI) and thymic dependent (TD) activation. TI activation does 

not require the involvement of T cells, whereas TD activation requires T cell help. After 

activation B cells can develop into antibody-secreting plasma cells (PCs) or memory B cells 

(mBCs) that can be activated upon re-encounter with antigen. PCs and mBCs can be 

produced from a an extrafollicular (EF) response or a germinal centre (GC) reaction. 

B cells can be categorised into two groups: B1 cells and B2 cells. B1 Cells 

(IgMhiB220loIgDloCD23-) are derived from foetal liver cells and are primarily located in the 

peritoneal cavity. B1 cells are rare in LNs and the spleen. “Classical” B2 cells 

(CD23hiB220hiIgDhiIgMlo) are constantly recirculating throughout the body; these include 

follicular B cells and the CD1dhiCD21hi MZ B cells. Splenic MZ B cells can respond to T-
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independent antigens by differentiating into plasmablasts (PBs) that produce high quantities 

of IgM, additionally they can also produce class-switched IgA and IgG (Cerutti et al., 2013). 

1.4.1 Extrafollicular response 

TI antigens induce EF responses. TI-1 responses involve cognate ligation of toll-like receptors 

(TLRs) on the B cell. This does not induce Bruton’s Tyrosine Kinase (BtK) signalling. The TI-1 

response is faster than the thymic-dependent (TD) response and can lead to the production 

of extrafollicular (EF) PCs and a few mBCs, B1 cells and MZ B cells were better able to 

become PCs than follicular B cells (Martin et al., 2001, Genestier et al., 2007). TI-2 response 

involves BCR cross-linking by multi-epitope antigens leading to persistent BtK signalling, 

CD5+ B1 cells were particularly important to produce TI-2 antigen-specific antibodies 

(Sidorova et al., 2003). There is a robust extrafollicular PC response, and a few mBCs are 

produced (de Vinuesa et al., 2000). The TI extrafollicular response involves the extrafollicular 

activation of B cells which can result in autoreactive B cell activation (Herlands et al., 2008, 

Weisel et al., 2007).  

TD EF responses have also been observed. TD EF responses require CD40-CD40L interaction 

of B cell blasts with activated CD4 T cells and IL-21 signals from T cells at the T-B border for 

initiation, this can result in the activation of autoreactive B cells (Sweet et al., 2011). EF 

primed B blasts then exit the T-B border and enter the extrafollicular site and associate with 

CD11chi DCs (MacLennan et al., 2003). These B blasts undergo class-switch recombination 

prior to differentiation into PBs (Marshall et al., 2011). miR182 is upregulated in these 

extrafollicular activated B cells and is required for the antibody response (Li et al., 2016). This 

occurs in EF regions and involves B cell proliferation, resulting in the production of antibody 
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secreting PBs. This canonical EF response often requires a T-dependent antigen and occurs 

approximately 2 days post-immunisation. The peak of this canonical EF response is usually 4-

6 days post-immunisation (Elsner and Shlomchik, 2020).  

Affinity selection during the EF response in the early stages of TD B cell activation results in a 

low affinity response (Dal Porto et al., 1998, Jacob and Kelsoe, 1992). These EF responses 

result in lower affinity antibody responses and less robust memory compared with the GC 

response (Elsner and Shlomchik, 2020). HIV patients responding to COVID-19 had more EF 

responses and fewer GC responses, resulting in lower affinity antibodies and impaired long-

term memory (Krause et al., 2022). However, there is still some evidence of affinity 

maturation in Salmonella infection, in which the GC response was impaired but with a strong 

EF response, due to high affinity clones at EF sites that underwent SHM (Roberto et al., 

2015). 

The EF response is important as it can contribute to an early protection from infection by 

adaptive immunity. The EF response produces short-lived PCs that produce antibodies which 

offer an initial, weaker, protection before the GC reaction can provide antibodies from high 

affinity clones to better target the antigen. 

 

 

 

 

 



 

16 
 

1.4.2 Germinal Centre Reaction 

 

 

Figure 1. 4. B cell and T cell interactions during B cell activation 

Schematic of chemotactic cues involved in the interactions between B cells and T cells during 
activation in the lymph node. (A) Upon activation B cell expression of CCR7 is upregulated 
which overpowers EBI2 and promoting migration to the T cell zone-B cell zone border where 
B cells interact with T cell that upregulated CXCR5. (B) Cognate interactions between B and T 
cells at the T-B border promotes EBI2 expression promoting migration of B cells to the 
interfollicular areas where they may further interact with T cells in the context of IL-4. (C) 
This results in the upregulation of CXCR5 and S1PR2 which promote restriction of B cells 
within the follicle allowing them to cluster together to form a germinal centre. The germinal 
centre consists of a light zone and a dark zone, in the light zone GC B cells can interact with T 
follicular helper cells. Germinal centre B cells upregulate CXCR4 to enter the DZ. The 
germinal centre outputs are plasma cells, which leave the germinal centre from the germinal 
centre-T zone interface near the dark zone, and memory B cells, which exit the germinal 
centre near the light zone (Toellner, 2014). 

 

Follicular B cells that recognise antigen on their BCRs upregulate the chemokine receptors 

EBI2 and CCR7 (Fig. 1.4). 1-2 days after antigen encounter, CCR7 allows migration to the B-T 

interface where they interact with CXCR5+ CD4+ T cells to receive co-stimulatory signals and 

begin to proliferate (Garside et al., 1998, Okada et al., 2005). The B cell presents antigen in 

the context of class II major histocompatibility complex (MHCII) recognised by CD4+ T cells in 
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the T zone. During this interaction CD40-CD40L ligation, in synergy with BCR signalling causes 

B cell upregulation of Myc (Luo et al., 2018). SAP-CD84 interactions facilitate cell-cell 

adhesion maintaining B cell-T cell contact (Cannons et al., 2010). Subsequent CCR7 

downregulation and increased EBI2 sensitivity to oxysterol ligands on activated B cells 

facilitates migration to the interfollicular area (Kelly et al., 2011). Prolonged interactions with 

T cells in the IL-4 and IL-21 rich environment of the interfollicular area induces B cell 

lymphoma 6 (Bcl-6) (Chevrier et al., 2017, Toellner, 2014). CXCR5 and S1PR2 are upregulated 

and EBI2 is downregulated causing the B cell migration to the follicle and cluster together 

with other B cells to form a GC (Toellner, 2014). Bcl-6-mediated transcriptional repression of 

Ebi2 and S1pr1 causes confinement to the GC niche (Huang et al., 2014). These GC B cells are 

formed from B cell blasts. After B cell activation but prior to commitment to either EF or GC 

pathways B cells may commence class-switch recombination (CSR) (Roco et al., 2019, 

Marshall et al., 2011, Toellner et al., 1996, Toellner et al., 1998).  

The GC forms within 3 days after primary antigen exposure to ovalbumin conjugated to hen 

egg lysozyme (HEL-OVA) (Garside et al., 1998), and GC B cells reach peak levels by 7 days 

post-exposure to 4-hydroxy-3-nitrophenylacetyl (NP) hapten conjugated to chicken gamma 

globulin (CGG) (Zhang et al., 2018), but the timing of this peak varies dependent on antigen. 

Proliferation and strong selection pressures on the GC B cell make the GC highly mitotic and 

apoptotic. Tingible body macrophages in the GC are involved in clearance of these apoptotic 

cells and may have a role in regulation of the GC (Rahman et al., 2010). The metabolism of 

the GC B cells is mainly oxidative phosphorylation of fatty acids (Weisel et al., 2020). 
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Figure 1. 5. Schematic of the germinal centre reaction 

The germinal centre reaction involves proliferation and mutation in DZ. In the LZ GC B cells 
compete to collect antigen presented in immune complexes (IC) by FDCs and then present it 
to Tfh cells to receive T cell help in a process known as positive selection. The GC produces 
PCs and mBCs. 

 

The GC is comprised of the dark zone (DZ) and the light zone (LZ), which are home to CXCR4+ 

DZ B cells and CXCR4low LZ B cells, respectively (Fig. 1.5). DZ B cells undergo proliferation and 

somatic hypermutation (SHM). LZ B cells express BCRs and undergo positive selection 

(MacLennan, 1994). LZ B cells compete to collect antigen in immune complex (IC) presented 

by FDCs by their BCRs. LZ B cells then compete to present antigen to the Tfh cells in the 

context of MHCII to receive T cell help by CD40L and IL-21 signals in a process known as 

positive selection (Victora and Nussenzweig, 2012).  

CSR and SHM relies on activation-induced deaminase (AID). AID facilitates CSR by 

deaminating cytidine residues of switch (S) regions of the IgH locus resulting in double strand 

DNA breakage which is followed by intrachromosomal deletion of IgH genes between the 
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affected S regions (Stavnezer et al., 2008). AID is involved in SHM by deaminating cytosine to 

deoxy-uracil at the Ig variable region locus, which induces DNA-repair mechanisms in an 

error prone manner resulting in mutation (Pilzecker and Jacobs, 2019). Upregulation of 

CXCR4 by LZ B cells allows them to follow CXCL12 gradients generated by a network Cxcl12-

expressing reticular cells in the DZ driving migration to the DZ (Bannard et al., 2013, Rodda 

et al., 2015). GC B cells in the DZ proliferate extensively and undergo SHM. They have the 

options to re-enter S phase for another round of cell division, or downregulate CXCR4 

allowing them to follow CXCR5 ligands for entry into the LZ or undergo apoptosis (Stewart et 

al., 2018). In the LZ GC B cells receive positive selection by T cell help from Tfh cells, inducing 

c-Myc, which stimulates B cell differentiation and amplifies calcium signalling, followed by 

migration into the DZ which is enriched for cells in the G2/M phase (Gitlin et al., 2015, Habib 

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

The GC B cell is programmed to undergo apoptosis unless it receives positive selection 

signals due to lack of expression of BCL2, an anti-apoptotic signalling molecule (Liu et al., 

1989, Liu et al., 1991). Apoptosis can also occur as the result of accumulation deleterious 

mutations of BCRs by DZ GC B cells (Stewart et al., 2018). Under these conditions affinity 

maturation occurs due to a slow but consistent increase in selection stringency. GC B cells 

undergo rounds of SHM and affinity selection moving back and forth between the GC LZ and 

DZ leading to affinity maturation. PBs are selected from GC B cells that receive strong 

positive selection signals from Tfh cells (Ise et al., 2018). These exit the GC via the DZ to 

enter the APRIL-rich GC-T zone interface (Zhang et al., 2018). Long-lived mBCs are not so 

stringently selected for high BCR affinity (Suan et al., 2017).  
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Tfh cells are crucial for the GC reaction. The TI-2 response (with BCR cross-linking) can result 

in the formation of non-productive GCs when induced by high antigen concentrations. These 

GC B cells were aborted at the LZ B cell stage due to an absence of T cell help from Tfh cells 

(de Vinuesa et al., 2000). Additionally, there was an impaired SHM of GC B cells without T 

cell help (Toellner et al., 2002).  

There are many cytokines that influence B cell activation by regulating Tfh cell and T cell 

function. IL-12 is produced by dendritic cells which can inhibit Tfh differentiation and induces 

generation of IFNγ and IL-21-secreting non-Th1/Tfh cells (Elsner and Shlomchik, 2020, Elsner 

and Shlomchik, 2019). Therefore, IL-12 limits humoral response towards a T-independent EF 

response due to a lack of T cell help to support GCs. IL-21 promotes both GC and T-

dependent EF responses by promoting T cell expression of BCL-6 and promoting 

maintenance of the IL-21R expressing GC B cells (Linterman et al., 2010, Lee et al., 2011). In 

responses to malaria IFNγ along with TNFα and ANKA suppress Tfh differentiation but do not 

completely inhibit GCs (Ryg-Cornejo et al., 2016). IL-2 suppresses Tfh differentiation by signal 

transducer and activator of transcription 5  (STAT5)-mediated induction of Blimp1 which 

antagonises Bcl-6 (Johnston et al., 2012).  

There are some mechanisms of peripheral tolerance in the GC reaction. Self-reactive B cells 

are removed from GC reactions by failing to receive positive selection signals upon 

presenting antigen to Tfh cells. In the GC response the expression of Fas does not prevent 

the production of self-reactive GC B cells, but it does prevent the development of a 

population of rogue IgE-secreting PCs that produce autoantibodies (Butt et al., 2015). There 

is also an emerging role for a group of T follicular regulatory (Tfr) cells in this process. These 
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are defined as FOXP3+ CXCR5+ CD4 T cells in the GC (Linterman et al., 2011, Wollenberg et 

al., 2011, Chung et al., 2011). They have been observed to exert suppression on both Tfh and 

GC B cells. In Tfh cells they reduced expression of Bcl-6 and impaired cell cycling. They also 

impaired the secretion of IL-21 which is important in the maintenance of GC B cells (Sage et 

al., 2014). Tfr cells suppressed CSR in GC B cells and suppressed metabolism, however this 

was negated by IL-21 which both impaired Tfr cell function and restored GC B cell function 

(Sage et al., 2016). This Tfr-mediated suppression of Tfh expression of IL-21 may work to 

prevent both a suppression of Tfr cell function and promotion of GC B cell activity by Tfh 

cells. It is unclear whether Tfr cells directly interact with GC B cells or act through impairing 

the capacity of Tfh cells to support GC, however, this process is thought to involve CTLA4 

(Peter et al., 2014). This can be broken when a GC B cell specific to a foreign antigen has 

some cross-reactivity with a self-antigen and receives positive selection signals (Chan et al., 

2012).  

BCR signalling is also important for GC B cells selection. LZ B cells must compete to bind 

antigen in IC present on FDCs to receive positive selection. Antibody feedback occurs as a 

means of negative regulation of the GC reaction. Antibody feedback can be demonstrated by 

immunisation along with antigen-specific immune complex that results in a limitation on the 

strength of the response (Song et al., 1998). High affinity antibodies likely secreted from GC-

derived PCs enter the GC and limit antigen access (Zhang et al., 2013). During early GC 

activation, the lower affinity antibodies produced in the EF response preceding GC may 

provide a baseline selection threshold in the response to novel antigen. In secondary 

response to a previously encountered antigen, antibodies produced from mBCs induced to 

become PCs may provide a higher selection threshold driving the secondary GC response. 
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Increasing affinity of antibodies resultant from an ongoing GC reaction raises the threshold 

of BCR affinity required for positive selection (Tarlinton and Smith, 2000). Due to their 

smaller size antibodies are more mobile than GC B cells and better able to permeate the 

stromal network of the GC, which may enhance competition for antigen. These antibodies 

can bind antigen presented on FDCs in immune complexes ensuring that BCRs on LZ GC B 

cells must compete to collect antigen (Zhang et al., 2013). This may imply that the GC 

reaction has an upper limit to the strength of its response after which cessation begins to 

occur due to an inability of GC B cells to outcompete secreted antibodies and receive 

positive selection signals. 

 

1.5 Memory B cells 

Activation of B cells results in the production of mBCs, these facilitate a strong response to 

previously encountered antigens. Exploitation of immune memory is an important facet 

behind vaccination. MBCs persist in the body in a quiescent state. They can mount a rapid, 

high affinity response to antigen upon a secondary exposure far greater than that of naïve B 

cells (Takemori et al., 2014). Upon antigen recognition mBCs can differentiate into PCs and 

GC B cells, IgG+ mBCs have a preference for differentiation into PBs and produce recall 

antigen-specific antibodies rapidly after exposure, whereas IgM+ mBCs tend to become GC B 

cells (Dogan et al., 2009). 

Niches and residency of memory B cells is not fully elucidated (Palm and Henry, 2019). Some 

mBCs may be spleen resident, for example CD11c+ T-bet+ age-associated mBCs are spleen 

resident and provide responses to influenza hemagglutinin (Johnson et al., 2020). The spleen 
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is also a reservoir for circulating mBCs as vaccinia and smallpox specific mBCs are specifically 

enriched in the spleen and fewer of these mBCs are detected in the blood after splenectomy 

(Mamani-Matsuda et al., 2008). Some mBCs can also be found in the BM associating with 

VCAM1+ stromal cells (Riedel et al., 2020). MBCs are positioned at sites where they are likely 

to encounter antigen, which is why they can be found in the spleen and lymph node SCS 

(Palm and Henry, 2019, Mamani-Matsuda et al., 2008, Moran et al., 2018). 

MBCs may not be strictly necessary for secondary GC response to antigen. A study using 

confetti labelled mice indicated that only a small proportion of the GC B cells in the 

secondary response are derived from mBCs produced in the primary response (Mesin et al., 

2020). MBCs in culture have been observed to readily differentiate into PCs rather than GC B 

cells (Arpin et al., 1997). MBC differentiation into PCs is likely not entirely dependent on T 

cell interactions. Upon re-exposure to antigen in the lung during blockade of CD40-CD40L 

interactions, lung resident mBCs could still differentiate into PCs (Maclean et al., 2022). GCs 

produced in a recall response to antigen were mainly derived from naïve B cells (nBCs) 

rather than mBCs (Kuraoka et al., 2022).  

MBC-derived PCs produce high affinity antibodies (Dogan et al., 2009). This may increase the 

selection threshold against the recall antigen in the GC by antibody feedback (Zhang et al., 

2013). This would imply a more indirect role for mBCs rather than directly seeding a new GC 

but instead facilitating production of high affinity clones upon re-exposure by directing SHM. 

Resident mBCs in lung were observed after re-exposure to influenza antigen to home 

towards foci of infection, this was directed by alveolar macrophages due to expression of 

CXCL9 and CXCL10 which are ligands for CXCR3 expressed on lung resident mBCs. This was 
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followed by rapid differentiation of resident mBCs into PCs which secreted influenza specific 

antibodies (Maclean et al., 2022). Maclean et al., (2022) proposed that these PCs produced 

antibodies to assist with neutralisation of the virus as they appeared close to sites of viral 

replication. In the context of LN mBCs are observed to cluster towards the outer follicle and 

SCS but retain motility likely allowing them to seek out antigen. Upon activation these mBCs 

in the SCS readily differentiated into short-lived PCs that lacked motility and remained in SCS 

(Moran et al., 2018).  

PC BCRs are of higher affinity towards the primary antigen than mBCs, however, mBCs are 

more able to bind antigenic variants of the primary antigen. PCs from mice immunised with 

West Nile virus (WNV) produced high affinity and strongly neutralising antibodies to primary 

antigen. Conversely, antibodies in supernatant from cultured WNV-stimulated mBCs 

displayed greater affinity and neutralisation of WNV mutant variant antigen than PCs (Purtha 

et al., 2011). The primary function of the mBC may be to grant the capacity for effective 

response to antigenic drift variants rather than a direct secondary response towards the 

same antigen. IgM+ mBCs are more prone to become GC B cells (Dogan et al., 2009). IgM 

BCRs tend to have fewer SHMs than IgG, IgA and IgE BCRs (Kitaura et al., 2017). This 

combined with the previously described cross-reactivity of mBCs with other antigens may 

imply a role for these IgM+ mBCs in a GC response to antigenic variants compared with IgG+ 

mBCs that have affinity matured to the primary antigen. The minority of mBC-derived GC-B 

cells described by Mesin et al. may have originated as IgM+ mBCs. MBC re-exposure to 

antigen can differ between whether re-exposed locally to or distant from the site of primary 

exposure (Kuraoka et al., 2022). Although distant or local re-exposure does not affect the 

magnitude of the antibody response, local exposures had greater levels of antigen-specific 



 

25 
 

antibodies, more SHM mutations and a greater participation of mBCs and persistent GC B 

cells in the secondary GC. Additionally, local re-exposure led to the production of more 

cross-reactive BCRs (Kuraoka et al., 2022). 

The lower selection threshold for mBC fate (Suan et al., 2017) may facilitate a broader 

diversity of BCR specificities. This would allow them to rapidly mount a response upon 

encounter with an antigen variant of the primary exposure as described earlier (Purtha et al., 

2011).   

1.5.1 Memory B Cell Subtypes 

There are many types of mBCs. Some are in circulation around the body and others have 

been found to be tissue resident. Lung-resident mBCs facilitate protection from exposure to 

inhaled pathogens such as influenza and locally produce early PBs in response to infection 

(Allie et al., 2019). mBCs can seed peripheral organs prone to exposure to pathogens (Palm 

and Henry, 2019). mBCs can be produced in the extrafollicular response these comprise the 

majority of IgM+ mBCs (Takemori et al., 2014). Naïve B cells and mBCs both exist in a state of 

quiescence until they encounter antigen. Upon activation they are fated for one of four 

outcomes: EF response to become EF PBs or EF mBCs or GC reaction to become PCs or mBCs. 

In mice, mBCs are distinguished from naïve B cells due to their activation resulting in CSR 

and the presence of mutations of the Ig V region conferring higher affinity specificity to 

antigen. mBCs can be defined as antigen-specific, non-PC CD38+ activated B cells. CD38 

promotes internal signalling leading to Calcium influx mediated Bruton’s tyrosine kinase 

activation (Kikuchi et al., 1995), ensuring that these cells are readily activated upon antigen 

encounter. 
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CD27 is frequently used as a marker for mBCs in humans. However, CD27 is not an 

appropriate marker of murine mBCs as in mice it is not upregulated in response to BCR 

ligation but is expressed to facilitate CD27-CD70 interactions of T cells with DCs (Tesselaar et 

al., 2003). In the case of CD8+ T cells this interaction induces proliferation (Keller et al., 

2009). CD70 can activate a population of CD27+ T cells to negatively regulate CD70 

expressing GC B cells (Beishuizen et al., 2009). Studies in mice can overcome this issue using 

several different methods.  

NP-specific B cells after immunisation against NP-CGG can be used to distinguish mBCs. NP 

predominantly provokes an IgG1 response so IgG1-isotype BCRs can be used to help identify 

GC-derived mBCs (McHeyzer-Williams et al., 1991). Response to NP-CGG is well 

documented. mBCs produced from this response can persist for the entirety of the mouse’s 

life. NP-CGG immunisation leads to the emergence of V186.2 clones in C57BL/6 mice 

(Bothwell et al., 1981). These clones can develop various mutations as their affinity changes, 

particularly at residues 33 and 95. Common point mutations include Trp33 to Leu and 

accumulation of Gly95 or Tyr95. Tyr95 W33L mutants confer an immediate higher affinity to 

NP-CGG by a factor of 10-fold, but over time these high affinity mBCs gradually became 

Gly95-type (Nishimura et al., 2011). Reporter mice can be used to distinguish mBCs. The 

Aicda-Cre reporter has been used to identify AID experienced B cells, this can delineate GC-

derived mBCs (Crouch et al., 2007). Additionally, the Cg1-Cre reporter can also be used to 

identify activated B cells that have received cell signals from IL-4 and CD40L. This identifies 

GC B cells, PCs and mBCs that can be readily distinguished from one another using other 

markers (Casola et al., 2006). Another way to identify mBCs is by using the S1PR2Cre/Ert2 

Rosa26fl-Stp-fl-dTomato mouse (Shinnakasu et al., 2016). S1PR2 is an inhibitory receptor 
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expressed by activated B cells that plays a role in allowing them to cluster together to form a 

GC (Green et al., 2011). As such this reporter demarcates GC-derived B cells, and from this 

we can detect mBCs. 

 

Figure 1. 6. Summary of characteristics of memory B cell subsets 

Characteristics of mBC subsets based on expression of IgM, IgG1, CD80 and PD-L2. IgM+ mBCs are 

highly abundant and antigen experienced IgM+ mBCs are CD73+. IgG1+ mBCs are less abundant than 

IgM+ mBCs. While both IgM+ and IgG1+ mBC pools contain both PNA+ and PNA- cells the IgM+ mBCs 

were predominantly PNA+ which indicated that they were more GC-like, whereas IgG1+ mBCs were 

predominantly PNA- and were located outside of the follicles. During a recall response IgM+ mBCs 

preferred the GC fate and IgG1+ mBCs preferred the PB fate. The CD80 PD-L2 double negative mBC 

pool was predominantly IgM+ and in recall responses they preferred the GC fate, whereas double 

positive mBCs were predominantly IgG1+ and preferred the PB fate in recall responses. CD80+ PD-L2- 

mBCs had no preference either for GC or PB fates. 

 

Mature mBCs can be differentiated into multiple subsets with distinct functions and 

behaviours. IgM+ mBCs are more abundant than IgG1+ mBCs and retain these larger 
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numbers for longer (Dogan et al., 2009). CD73+ mBCs represent antigen experienced IgM+ 

mBCs induced by CD40-CD40L interactions with Tfh cells (D'Souza et al., 2017, Tomayko et 

al., 2010). IgM+ and IgG1+ mBC compartments both contain both PNA+ and PNA- 

populations: PNA+ populations are very GC-like, whereas PNA- populations were located 

outside follicles. IgG1+ PNA- mBCs are found in splenic red pulp. IgM+ and IgG1+ mBCs had 

two distinct fates: IgM+ mBCs preferentially became GC B cells and IgG1+ mBCs were 

predisposed to become plasmacytes (Dogan et al., 2009). These IgG1+ mBCs had reduced 

expression of BTB domain and CNC homolog 2 (Bach2) ensuring less inhibition of Blimp-1, 

promoting differentiation to PC (Kometani et al., 2013). Expression of CD80 and PD-L2 can 

determine mBC function, CD80+ PD-L2+ mBCs are predisposed towards PB fate; IgG1+ mBCs 

are predominantly CD80+ PD-L2+. CD80- PD-L2- mBCs are predisposed to GC fate; these are 

predominantly IgM+. CD80- PD-L2+ mBCs had moderate preference to either fate 

(Zuccarino-Catania et al., 2014) (Fig. 1.6). High CD80 expression is the result of strong CD40-

CD40L signalling in the GC B cell (Koike et al., 2019). This suggests that there is more nuance 

in selection of mBCs in the GC reaction than just affinity for antigen. 

 

1.6 Lymphocyte patrol of SCS and marginal sinus 

Many innate-like lymphocytes have been observed to migrate to the SCS in LNs and marginal 

sinus in the spleen. MZ B cells were positioned in the marginal sinus due to their expression 

of S1PR1 and S1PR3 allowing them to follow S1P chemokine gradients. MZ B cells were able 

to migrate to the GC follicle due to their expression of CXCR5. Through CD21-PE-labelling 

these cells were observed to shuttle antigen independent of BCR specificity to the follicle to 
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deposit on FDCs and then return to marginal sinus depending on a careful balance between 

CXCR5 and S1PR1/3 expression (Cinamon et al., 2008).   

In the LN IL7-RαhiCCR6+ lymphocytes were observed in the SCS, this consisted of a mix of T 

cells and non-T cells, which rapidly produced IL-17 in response to challenge, however this 

was dependent on the presence of SCS macrophages. These IL7-RαhiCCR6+ shuttled back and 

forth between the SCS and parenchyma. SCS macrophages also maintained their presence in 

the SCS. Positioning of these cells in the SCS was dependent upon S1PR1. They found that 

the return of these cells to LN parenchyma was dependent on LFA-1-ICAM-1 interactions, as 

when these were deficient fewer IL7-RαhiCCR6+ were observed in the parenchyma and more 

could be found in the blood (Zhang et al., 2016).  

The “flypaper” hypothesis describes SCS macrophages capturing antigen from the 

lymphatics, they can then transport antigen to the LN to facilitate the activation of an 

immune response (Junt et al., 2007, Bellomo et al., 2018). This is supported by the 

observation of SCS macrophages scavenging PE-immune complexes from the lymph to 

present back to the LN (Phan et al., 2009). 

SCS macrophages are associated with follicles in the LN because they are dependent on B 

cell-derived lymphotoxin for survival, they are diminished in B cell deficient or lymphotoxin 

deficient conditions, whereas SCS macrophages were raised when lymphotoxin was over 

expressed (Phan et al., 2009). B cells can migrate to the SCS where they can obtain 

particulate antigen from SCS macrophages (Carrasco and Batista, 2007). Additionally, under 

conditions of CR1/2 (CD21/35)-deficiency among B cells and FDCs, antigen-specific B cells 

were found not to be transport competent and affinity maturation appeared to be impaired 
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(Phan et al., 2009). This suggests that B cells play a role in GC reaction by collecting antigen 

from SCS macrophages to drive affinity maturation and maintain SCS macrophages. 

B cell movement to the SCS to interact with SCS macrophages includes mBCs. Intravital 

microscopy revealed that as mBCs move into the SCS they interact with CD169+ SCS 

macrophages before either exiting the LN via efferent lymphatics or returning into the 

follicle (Zhang et al., 2022). ACKR4 plays a role in migration of mBCs back from the SCS to the 

LN, likely following CCR7 ligand gradients. Intravital microscopy of ACKR4-deficient murine 

draining LN (drLNs) revealed that mBCs produced from the GC move to the SCS as normal 

(Zhang et al., 2022), but there was a failure to return to the LN and mBCs were retained in 

the SCS.  

Lymphocytes have been observed in SCS of LN and marginal sinus of spleen and likely play a 

role in initial immune response as they encounter antigen arriving from the lymph or blood 

respectively. 

 

1.7 Objectives and Aims 

The general aim of this thesis is to improve the understanding of the migratory behaviours of 

GC-derived mBCs and how they participate in the response to antigen. Recent work is 

making great strides in uncovering how mBCs become reactivated upon re-exposure to 

antigen how they differentiate to respond directly to antigen as PBs or the measure in which 

they participate in the secondary GC reaction. 

Chapter 3 will focus on the characterisation of early mBCs that emerged from GCs (BEMs), 

how they are produced in the drLN by examining the dynamics of generation and the gene 
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expression profile of BEM. Chapter 4 will investigate factors directing migration of BEMs in 

the drLN and discern the role BEMs play in response to antigenic variants. This is achieved 

and exploring the effect of ACKR4-KO mice and blockade of S1PR1. Chapter 5 will study the 

migration of BCMs to distant tissues and the role that CCR7 and its ligands play in this 

process. 
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2 Materials and Methods 

2.1 Animals and Immunisations 

Sex matched C57BL/6J (wild type, WT) mice (Wallace, 1950) at 6 to 12 weeks old, obtained 

from Harlan Laboratories, and were kept under specific pathogen free conditions in the 

Biomedical Services Unit, University of Birmingham. The University of Birmingham Ethics 

Committee AWERB (Animal Welfare Ethical Review Board) approved all procedures. 

Procedures were performed under the UK Home Office licenses PP8702596 and PEAE5FA92. 

Igh-Jtm1(VDJ-17.2.25)Wabl and Igktm1Dhu mice were crossed to produce quasimonoclonal (QM) mice 

with NP-specific BCRs when kappa light chains were not expressed (Cascalho et al., 1996). 

Crossing Igh-Jtm1(VDJ-17.2.25)Wabl and Igktm1Dhu mice normally produces heterozygous mice at 

both loci, but these mice were made homozygous by further inbreeding (genotype: IgHNP/NP 

x k-/-). QM mice were crossed with C.129P2(Cg)-Ighg1tm1(cre)Cgn/J (Casola et al., 2006) and 

Gt(ROSA)26Sortm4(ACTB-tdTomato, -EGFP)Luo (Muzumdar et al., 2007) to produce QM Cg1cre mTmG 

mice (genotype: IgHNP/Cre x k-/- x mTmG), these have NP-specific B cells and are reporters for 

activation by switching from expression of membrane-bound tdTomato to GFP. QM and 

Gt(ROSA)26Sortm4(ACTB-tdTomato, -EGFP)Luo (Muzumdar et al., 2007) mice were crossed to produce 

QM mTmG mice (genotype: IgHNP/NP x k-/- x mTmG). S1PR2Ert2-Cre were crossed with 

Rosa26STOP-tdTomato mice (Shinnakasu et al., 2016, Madisen et al., 2010) (genotype: S1PR2Cre/wt 

x Ai14-dTomato+/wt). This produced a reporter mouse for GC-derived B cells: S1PR2-

expressing cells began expressing tdTomato induced by tamoxifen. S1PR2cre x Ai14dT mice 

received oral gavage of tamoxifen in 200 μl corn oil (20 mg/mL) 48 hours prior to tissue 

collection. CCR7tm1Rfor (Höpken et al., 2004) and Ackr4tm1.1Rjbn (Comerford et al., 2010) mice 
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were crossed with QM mice to produce QM CCR7-KO (genotype: IgHNP/NP x k-/- x CCR7-/-) and 

QM ACKR4-KO mice (genotype: IgHNP/NP x k-/- x ACKR4-/-), respectively. Additional mouse 

strains used include Ccl19tm1Cys CCL19-KO (Link et al., 2007), CCL21 Ccl21tdTom (Kozai et al., 

2017) and C57BL/6J (WT) (Wallace, 1950). All strains were crossed at least 10 times with to 

C57BL/6 mice. See table 2.1 for summary. 

For adoptive cell transfers 105 NP-binding B220+ splenocytes in 200 µl PBS from QM Cg1-Cre 

mTmG, QM mTmG mice, CCR7-KO x QM mTmG, CCR7-KO x QM Cg1-cre mTmG or ACKR4-KO 

x QM mTmG were transferred into recipients by i.v. These B cells possess a VHDJH 17.2.25 

segment, a targeted deletion of the k light chain allele, resulting in expression of a BCR 

specific for the NP hapten. 

The appropriate level of splenocytes to transfer was calculated after fluorescence associated 

cell sorting (FACS) staining to determine the proportion of NP+B220+ splenocytes. 

Concentration of cell suspension was then adjusted to 5x105 NP+B220+ cells per ml. 

Contaminating non-specific B cells and T cells were not removed from the cell suspension as 

it was assumed that they would not impact the response of the host, which had a complete 

and WT B and T cell repertoire. Additionally, non-antigen specific transferred B cells would 

not survive for long. Recipients were immunised within 24 hours of cell transfer unless 

otherwise specified. 

Mice were immunised with alum precipitated or soluble (in PBS) NP31-CGG, 4-hydroxy-3-

iodo-5-nitrophenylacetyl (NiP)25-keyhole limpet hemocyanin (KLH), NP23-KLH, 2,4-

dinitrophenylacetyl (DNP)5-KLH, 2,4-dinitrophenylacetyl 2,4,6-trinitrophenylacetyl (TNP)13-

KLH (Biosearch Technologies, USA), Dengue envelope protein E1, Dengue envelope protein 
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E4 (Biorbyt, UK) or Rabbit IgG (Bio-Rad, USA) on plantar surface of hind foot. Some mice also 

received immunisation with alum precipitated KLH by i.p. injection and a booster injection of 

soluble NP-KLH by i.p. NP-CGG immunisations were provided with 1x105 heat-inactivated 

Bordetella pertussis adjuvant (LEE Laboratories, USA) (Sze et al., 2000). Briefly, the alum 

precipitation protocol involved mixing together antigen in 1x PBS with an equal volume of 

9% aluminium potassium sulphate (in ddH2O), the pH was adjusted to 6.5-7.0 by adding 10 

M NaOH. The mixture of antigen was left in dark on rotator for 1 hour at room temperature 

to allow precipitate to form. The precipitated antigen was washed in PBS 3 times and 

resuspended to the desired volume for doses.  

To downmodulate S1PR1, mice received i.p. injections of FTY720 (Cayman Chemical) or 

BAF312 (APExBio) in PBS at a concentration of 1 mg/kg bodyweight at 48 hours and/or 24 

hours prior to tissue collection. 

For mice that were treated with goat anti-LIF (R&D Systems) or goat isotype control 

(Abcam), they received i.p. injections of 10 µg antibody in 200 µl PBS. 

To explore the role of LIF mice received prime/boost immunisations. LIF was blocked by 

administration of 10 µg of goat anti-LIF (R&D Systems) or goat isotype control (Abcam) by 

i.p. injection on days 1 and 3 after boost. Tissues were collected at day 4 after boost as this is 

the expected peak of PCs (Sze et al., 2000). 

Popliteal LN were analysed as reactive LN draining the site of injection (drLN), and axillary 

and brachial LNs were analysed as distant LN (distLN).  
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Strain Name MGI Symbol Supplied by Reference 

S1PR2-Cre Tg(S1pr2-cre/ERT)#Kuro Gift from Tomohiro 
Kurosaki (Osaka 
University) 

(Shinnakasu et al., 
2016) 

Ai14dTomato Gt(ROSA)26Sortm14(CAG-tdTomato)Hze Jackson Labs (Stock: 
007908) 

(Madisen et al., 
2010) 

Cg1-Cre Ighg1tm1(cre)Cgn Gift from Stefano Casola 
(Istituto FIRC di 
Oncologia Molecolare, 
Milan) 

(Casola et al., 
2006) 

QM IgHNP Igh-Jtm1(VDJ-17.2.25)Wabl and Igktm1Dhu Gift from Mathias Wabl 
(University of California, 
San Francisco, USA) 

(Cascalho et al., 
1996) 

mTmG Gt(ROSA)26Sortm4(ACTB-tdTomato, -EGFP)Luo Jackson Labs 
(Stock: 007914) 

(Muzumdar et al., 
2007) 

CCL21-KO  Ccl21atm1Yout  Gift from Graham 
Anderson (University of 
Birmingham) 

(Kozai et al., 
2017) 

CCL19-KO Ccl19tm1Cys Gift from Graham 
Anderson (University of 
Birmingham) 

(Link et al., 2007) 

ACKR4-KO Ackr4tm1.1Rjbn Gift from Robert Nibbs 
(University of Glasgow) 

(Comerford et al., 
2010) 

CCR7-KO CCR7tm1Rfor Gift from Graham 
Anderson (University of 
Birmingham) 

(Förster et al., 
1999) 

WT C57BL/6J Harlan Laboratories 
(Stock: 632c57bl/6j) 

(Wallace, 1950) 

Table 2. 1. List of genetically modified mouse strains. 

 

2.2 Flow Cytometry 

For examination of stromal cells and SCS macrophages LNs underwent digestion. Briefly, 

digestion involved teasing apart of LNs with a needle and placing them in a mix in a 2 mL 

tube containing 1 mL of digestion media (1 mL of 10% FBS in RPMI 1640, 25 μL Collagenase D 

10 mg/ml (Sigma) and 4 μL DNase I 10 mg/ml (Sigma)). This was incubated in a heat block at 
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36 °C with shaking at 700 RPM for 20 minutes. Solution was mixed by aspiration with a 

pipette and placed back on the heat block for a further 25 minutes. If not fully digested the 

solution was mixed by aspiration with a pipette and place back on heat block for another 10 

minutes. Then 15 μL EDTA (500 mM) was added, and the digested solution was on ice for 5-

10 minutes. Digested solution was then filtered into 15 mL tubes and 5 mL FACS buffer (1x 

PBS with 1% FCS and 2 mM EDTA) was added. Digested solution was prepared for FACS as 

normal. 

Tissues were macerated into single cell suspensions and transferred to 250 µl 96-well V-

bottom plate. Single cell suspensions received anti-mouse CD16/32 (93) at 2.5 µg/ml 

(eBioscience) as blocking buffer for 25 minutes. Single cell suspensions were then stained 

with biotinylated antibodies where applicable followed by staining with the antibody cocktail 

including streptavidin conjugated fluorophore. Finally, they received fixable Near-IR 

Live/Dead staining (Invitrogen) as per manufacturer’s instructions. Fixation was avoided in 

most cases where possible but when required BD Cytofix (BD Biosciences) was used as per 

manufacturer’s instructions. In between each step, cells were washed twice in FACS Buffer 

and centrifuged at 150 x g for 5 minutes. 

For EdU staining, the protocol provided in the Click-iT EdU Alexa Fluor 647 Flow Cytometry 

Assay Kit (Invitrogen) was used. Briefly, Fc block was used as normal, extracellular staining 

did not include PE or PE-tandem dyes, viability stain applied as normal. Washed in 1X PBS 

with 1% BSA, resuspended in Click-iT fixative and incubated for 15 minutes at room 

temperature in the dark, then washed again. Pellet was resuspended in 1x Click-iT saponin-

based permeabilization/wash buffer (wash buffer), incubated for 15 minutes at room 
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temperature in the dark. Washed in wash buffer and resuspended in the reaction cocktail (in 

60 μL for each sample: 43.8 μL PBS, 1 μL CuSO4, 0.25 μL Click-iT Alexa Fluor 647, 5 μL 1x 

Click-iT EdU buffer and 10 μL wash buffer), incubated for 30 minutes at room temperature in 

the dark, then washed in wash buffer. Stain PE and PE-tandem dyes in FACS buffer were 

added as normal, then washed in FACS buffer. Samples were transferred to FACS tubes and 

analysed as normal. 

Samples were acquired by flow cytometry on LSR Fortessa and LSR Fortessa X-20 (BD 

Biosciences). Please see table 2.2 below for detailed list of antibodies used. FACS data was 

analysed using FlowJo v10 (BD). 
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Specificity Fluorophore/Conjugate Clone Supplier Catalogue No Dilution 

B220 APC-Cy7 RA3-6B2 BioLegend 103224 1/1000 

B220 BUV395 RA3-6B2 BD 563793 1/800 

B220 BV510 RA3-6B2 BioLegend 103247 1/200 

BAFF-R (CD268) APC 7H22-E16 BioLegend 134105 1/300 

BCL-6 PE-Cy7 K112-91 BD 563582 1/300 

Biotin Streptavidin-AlexaFluor647 - eBioscience 554067 1/500 

Biotin Streptavidin-BV421 - BioLegend 405226 1/300 

Biotin Streptavidin-PE-Cy7 - BioLegend 405206 1/750 

CCR6 BV785 29-2L17 BioLegend 129823 1/200 

CCR7 AlexaFluor647 4B12 Serotec MCA2367A647 1/100 

CD11a Biotin M17/4 BD 557455 1/200 

CD11b PerCP-Cy5.5 M1/70 BD 550993 1/500 

CD11b BV510 M1/70 BioLegend 101245 1/200 

CD11c PE HL3 BD 553802 1/500 

CD138 BV711 281-2 BioLegend 142519 1/500 

CD157 (BP3) APC BP3 BioLegend 140208 1/400 

CD16/32 - 93 eBioscience 14-0161-86 1/200 

CD169 Alexa Fluor 647 3D6.112 BioLegend 142408 1/400 

CD19 BUV737 1D3 BD 612781 1/800 

CD24 Biotin 30-F1 BD 555296 1/500 

CD3 BV510 17A2 BioLegend 100233 1/400 

CD3  PE-Cy7 145-2C11 BioLegend 560591 1/300 

CD31 BV605 390 BioLegend 102427 1/200 

CD38 AlexaFluor647 90 BioLegend 102715 1/1000 

CD38 AlexaFluor700 90 eBioscience 56-0381-82 1/600 

CD38 Biotin 90 BD 553762 1/200 

CD38 BUV737 90 BD 553762 1/1000 

CD38 eFluor450 90 eBioscience 741748 1/500 

CD38 PerCP 90 BioLegend 102722 1/300 

CD38 FITC 90 BioLegend 102705 1/1000 

CD4 BV711 GK1.5 BD 563050 1/400 

CD4 AlexaFluor700 GK1.5 Invitrogen 56-0041-82 1/500 

CD4 BV421 GK1.5 BioLegend 100438 1/400 

CD45 PerCP-Cy5.5 30-F11 BioLegend 103132 1/200 

CD55 (DAF) APC REA300 Miltenyi Biotec 130-104-056 1/100 

CD55 (DAF) PE-Vio770 REA300 Miltenyi Biotec 130-104-054 1/100 

CD62L BV510 MEL-14 BioLegend 104441 1/200 

CD62L PE-Cy7 MEL-14 eBioscience 25-0621-82 1/200 

CD69 FITC H1.2F3 eBioscience 11-0691-82 1/200 

CD69 PE-Cy7 H1.2F3 eBioscience 25-0691-82 1/200 

CD73 PE-Cy7 TY/11.8 eBioscience 25-0731-82 1/500 

CD80 BUV737 16-10A1 BD 612773 1/100 

CD80 FITC 16-10A1 eBioscience 11-0801-81 1/100 
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CD80 PE-Cy5 16-10A1 eBioscience 15-0801-82 1/200 

CD86 PE-Cy7 GL1 eBioscience 25-0862-82 1/500 

CD86 PE GL1 eBioscience 12-0862-81 1/200 

Cell Viability Near Infrared - Invitrogen L10119 1/1000 

CXCR3 BV421 174 BioLegend 126521 1/200 

CXCR4 Biotin 2B11 BD 13-9991-82 1/300 

EpCAM-1 PE-Cy7 G8.8 eBioscience 25-5791-80 1/100 

Ephrin B1 Biotin Polyclonal R&D Systems BAF473 1/100 

F4/80 FITC BM8 eBioscience 11-4801-82 1/400 

Fas BV605 Jo2 BD 740367 1/300 

Fas PE-Cy7 Jo2 BD 557653 1/200 

FCRL5 (CD307) APC Polyclonal R&D Systems FAB6757A 1/10 

GL7 eFluor450 GL-7 eBioscience 48-5902-82 1/100 

GL-7 eFluor450 GL-7 eBioscience 48-5902-82 1/200 
Gp38 
(Podoplanin) Alexa Fluor 488 8.1.1 eBioscience 53-5381-82 1/100 

IgD BV421 11-26c.2a BioLegend 405725 1/200 

IgD BV510 11-26c.2a BioLegend 405723 1/200 

IgD FITC 11-26c.2a BD 553439 1/300 

IgD eFluor450 11-26c eBioscience 48-5993-82 1/200 

IgG1 APC  X56 BD 550874 1/1000 

IgG1 PerCP-Cy5.5 RMG1-1 BioLegend 406612 1/200 

IgM PE-Cy7 RMM-1 BioLegend 406514 1/200 

IgM PE-Cy7 II/41 eBioscience 25-5790-82 1/500 

IgM BV510 II/41 BD 743324 1/300 

MadCAM-1 Biotin MECA367 BioLegend 120706 1/200 

NP-specific NP-APC - In House - 1/600 

NP-specific NP-PE - Biosearch Technologies N-5070-1 1/100 

NP-specific NP-FITC - Biosearch Technologies N-1030-1 1/200 

NP-specific NP-CGG-FITC - Biosearch Technologies N-5055F-1 1/200 

PD-L2 BV421 TY25 BioLegend 107219 1/100 

PD-L2 Biotin TY25 BioLegend 107203 1/200 

PE Biotin PE001 BioLegend 408104 1/200 
PECAM-1 
(CD31) APC 390 Miltenyi Biotec 130-123-813 1/100 
PECAM-1 
(CD31) PE-Vio770 390 Miltenyi Biotec 130-104-054 1/100 

Rat IgG2a Biotin 
MRG2a-
83 BioLegend 407503 1/100 

S1PR1 - 713412 R&D Systems MAB7089-SP 1/10 
SLAMF7 
(CD319) APC 4G2 BioLegend 152003 1/300 

Ter119 PerCP-Cy5.5 TER-119 BioLegend 116228 1/200 

Table 2. 2. List of antibodies used for FACS staining including the dilution factor used. 
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2.3 Indirect ELISA 

Blood from cardiac punctures were incubated at 37°C for 1 hour and centrifuged in Heraeus 

Biofuge Fresco at 21,100 x g for 10 minutes. Serum was aspirated from supernatant and 

stored in a freezer at -20°C.  

Plates were coated with 5 µg/ml of protein/antigen in 100µl per well using coating buffer at 

pH 9.6 (15 mM Na2CO3 and 35 mM NaHCO3). In between steps, ELISA plates were washed 

in Wash Buffer (1x PBS and 0.05% Tween 20). Plates were blocked in Blocking Buffer (1% BSA 

in 1x PBS) for 1-1.5 hours at 37°C or overnight at 4°C.  Serum was diluted in dilution buffer 

(1% BSA in 1x PBS and 0.05% Tween 20) to a starting dilution of between 1:50 to 1:200 

depending on the experiment. This was followed by a serial dilution of 1 in 3 across the 

plate. Serum from a non-immunised mouse used a negative control and serum from one 

immunised mouse was consistently used as the positive control. Serum was incubated for 

1.5 hours at 37°C. Alkaline Phosphatase-conjugated antibody was used at the following 

dilutions: 

Goat anti-IgG, Human ads-AP (Southern Biotech), 1/1000 

Goat anti-IgG1, Human ads-AP (Southern Biotech), 1/2000 

This was incubated for 1 hour at 37°C. 

Finally, alkaline phosphatase substrate was added (Sigma) and incubated for 20 to 60 

minutes. At the endpoint, the reaction was quenched with 1.5 M NaOH. Plates were read at 

405 nm using SpectraMax ABS Plus (Molecular Devices) microplate reader. 
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To investigate serum antibody titres for Denv-4 serum was either directly incubated to Denv-

4 or previously exposed to Denv-1-coated plate to cause adherence of Denv-1 specific and 

cross-reactive antibodies before incubating with Denv-4 coated plate. 

 

2.4 Histology 

LNs were fixed in 1% PFA for 8 hours or overnight in the fridge, followed by rehydration in 

30% sucrose overnight before being flash frozen with dry ice. LNs were sectioned at 6 µm 

using the OTF5000 Cryostat (Bright Instruments). Sections were stored in a -20°C freezer.  

Immunostaining of LNs took place in a humid chamber in darkness at room temperature. 

First slides were removed from the freezer and allowed to air dry for 10-20 minutes. The 

borders were drawn around tissues with a hydrophobic pen. Slides were washed in wash 

buffer (1x PBS containing 0.5 % Saponin) for 10 minutes. Staining antibodies were prepared 

in dilution buffer (1X PBS and 2% BSA). Primary unconjugated and Biotin-conjugated 

antibodies were added and incubated for 1 hour. Slides were washed in wash buffer for 10 

minutes, then fluorophore-labelled secondary antibodies, fluorophore-conjugated 

streptavidin and fluorophore-labelled primary antibodies were added and incubated for 45 

minutes. Slides were washed in wash buffer for 10 minutes. Sides were mounted with 

ProLong Diamond anti-fade mountant (Thermo Fisher) and left to dry in dark at room 

temperature overnight. 

Images were taken of the immunostained slides by using a ZEISS Axioscan 7 slide scanning 

fluorescence microscope (Zeiss). Images were analysed using Zen Blue software (Zeiss). 
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2.5 Light Sheet Microscopy 

Zeiss Lightsheet Z.1 (Zeiss) was used to image popliteal lymph nodes. These were stained in 

vivo by injection of fluorescently labelled antibodies on plantar surface of foot 30 minutes 

prior to collection. Imaging took within 30 minutes after collection: 

1 µg Alexa647 anti-mouse CD169 (3D6.112) (BioLegend) was used to label SCS macrophages. 

Draining popliteal LNs were freshly harvested and then embedded in 1% agarose in 1X PBS. 

To image transfer of immune complex into the GC, S1PR2-Cre Ai14dTomato mice were 

injected with 10 µg of rabbit IgG in alum precipitate. On day 8 post-immunisation 2 µg of 

fluorescently labelled immune complex was administered by plantar surface injection on the 

rear foot 2 hours prior to tissue collection. 

Alexa488 Rabbit IgG Immune Complex was composed of equal amounts of purified Rabbit 

IgG (Bio-Rad; Cat no: PRABP01) and Alexa488 labelled anti-rabbit IgG (Jackson 

Immunoresearch; Cat no: 211-545-109). This was mixed well 30 minutes before the 

injection. 

Tissues were imaged with 20x and 40x objective lens. Light sheet data was analysed using 

Vision4D (Arivis). 

 

2.6 RNA Sequencing 

B cells from QM Cg1-Cre mTmG were adoptive transferred into C57BL/6 recipients. These 

recipients were immunised with NP-CGG in alum precipitate on hind feet. B cell subsets 

were cell sorted from these mice at day 8 post-immunisation using FACS Aria Fusion (BD 
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Biosciences). Single cell suspensions from lymph nodes were stained with propidium iodide 

(Invitrogen) live/dead marker and respective antibodies in FACS buffer (1x PBS with EDTA 

and FCS). Cells were directly sorted into 500 µl of TRIzol (Invitrogen). The total RNA was 

purified using the RNeasy Plus Micro kit (QIAGEN) according to the manufacturer’s 

instructions. GC B cells and emigrating mBCs were sorted from drLN 8 days post-

immunisation (LN from 4 mice were pooled together). Non-activated naïve B cells (nBCs) and 

circulating mBCs in distLN were also sorted. GC B cells were defined as GFP+B220+CD38-

Fas+, mBCs in drLN as GFP+B220+CD38+FaslowCD138-, mBCs in distLN as 

GFP+B220+CD38+CD138- and naïve B cells in distLN as GFP-Tomato+B220+.  Un-stranded, 

non-rRNA, non-polyA+ selected libraries were prepared by SMARTer Ultra Low Input RNA kit 

for Sequencing v3 (Clontech Laboratories). The libraries were sequenced using Illumina 

HiSeq 2000 platform (Illumina, Crick advanced sequencing) at 75 base pair end runs. 

Reads were aligned against the GRCm38 (mm10) genome assembly with Ensembl release 86 

transcript annotations. Expected gene-level counts were calculated using STAR v2.7.3a 

(Dobin et al., 2013) or Partek Flow v8.0.19 (Partek Inc., St. Louis, MO, USA). RNA-sequencing 

data was then analysed using R version 4.2.0 hosted by RStudio (2022.02.02+485) and its 

associated packages (RStudioTeam, 2020, R-Core-Team, 2022). 

Read counts were denoised using the package noisyR (Moutsopoulos et al., 2021). RNA 

sequencing data was normalised by regularised log transformation and differential gene 

expression calculated using DESeq2 (Love et al., 2014). Graphs were produced using ggplot2 

(Wickham, 2016). Gene set enrichment analysis was performed using GSEA v7.4 (MSigDB). 
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2.7 Antigenic Drift 

Antigenic drift was modelled using haptens with gradually decreasing similarity to the 

hapten that has the highest affinity to the canonical VDJ recombination that emerges after 

immunisation if C57BL/6 mice with NP-protein. Mice were immunised with 10µg alum 

precipitated NiP25-KLH followed by injections of 1 µg soluble NP23-KLH in PBS on day 8 post-

immunisation, followed by 1 µg of soluble DNP5-KLH on day 10, and 1 µg of soluble TNP13-

KLH on day 12 (antigens from Biosearch Technologies), vein bleeds were collected prior to 

boosting injections. 

To study antigenic drift in the context of Dengue viral proteins mice were immunised with 

1 µg alum precipitated recombinant Denv-1 nuclear protein (E1) (Biorbyt) and a boost 

injection of 1 µg soluble recombinant Denv-1 or Denv-4 (E4) nuclear protein (Biorbyt) in PBS. 

 

2.8 Data Analysis 

Graph were produced and statistical tests conducted using Prism 9 (GraphPad). Data from 

multiple experiments were combined after normalising to the ratio of the median of the 

control sample as specified using the formula: 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑅𝑎𝑡𝑖𝑜 =  
𝑠𝑎𝑚𝑝𝑙𝑒 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

𝑀𝑒𝑑𝑖𝑎𝑛 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑠𝑎𝑚𝑝𝑙𝑒𝑠
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2.9 Materials Lists 
 

Item Description Supplier Cat No 

1x DPBS w/ Ca and Mg Dulbecco's Phosphate 
Buffered Saline with CaCl2 
and MgCl2 

GibCo 14040-091 

1x DPBS w/o Ca and 
Mg 

Dulbecco's Phosphate 
Buffered Saline without 
CaCl2 and MgCl2 

GibCo 14190-094 

1x RPMI RPMI 1640 Medium GibCo 21875-034 

PBS tablets 1 tablet in 500 mL dH2O 
produces 1x PBS 

GibCo 18912-014 

BD Cytofix Fixation 
Buffer 

4.2% PFA BD Biosciences 554655 

Rat Serum Normal Rat Serum Sigma R9759-5ML 

FBS Fetal Bovine Serum Sigma F7524-
500ML 

Tamoxifen Dissolved in Corn Oil to 30 
mg/ml. 200 ul per dose 

Sigma T5648-1G 

BAF312 (Siponimod) S1P1 receptor agonist APExBio B3225 

FTY720 (Fingolimod) S1P receptor agonist (Batch 
no: 0476039-22) 

Cayman 
Chemicals 

10006292 

DMSO Dimethyl Sulfoxide Sigma D8418-
100ML 

EDTA Ethylenediaminetetraacetic 
acid 

Sigma E7889-
100ML 

ACK Lysing Buffer Lysis of red blood cells GibCo A1049201 

BSA Bovine Serum Albumin Sigma A7906-100G 

Tween20 Nonionic detergent Sigma P1379-
500ML 

B. Pertussis Heat-inactivated bordetella 
pertussis 

LEE Laboratories 9042741 

Denv-1 (E1) Dengue virus serotype 1 
recombinant envelope 
Protein (45 kDa) 

Biorbyt Ltd orb81818 

Denv-2 (E2) Dengue virus serotype 4 
recombinant envelope 
Protein (45 kDa) 

Biorbyt Ltd orb81821 

NP-CGG 4-Hydroxy-3-
nitrophenylacetyl hapten 
conjugated to CGG  
(Lot No: 139439-05) 

Biosearch 
Technologies 

N-50550-5 
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NP-KLH 4-Hydroxy-3-
nitrophenylacetyl hapten 
conjugated to KLH  
(Lot No: 016720-06) 

Biosearch 
Technologies 

N-5060-5 

NiP-KLH 4-Hydroxy-3-iodo-5-
nitrophenylacetyl hapten 
conjugated to KLH  
(Lot No: 018910-01) 

Biosearch 
Technologies 

N-5042-5 

DNP-KLH 2,4-Dinitrophenyl hapten 
conjugated to KLH  
(Lot No: 052223-13) 

Biosearch 
Technologies 

D-5060-5 

TNP-KLH 2,4,6, Trinitrophenyl hapten 
conjugated to KLH  
(Lot No: 104635-02) 

Biosearch 
Technologies 

T-5060-5 

NP2-BSA 4-Hydroxy-3-
nitrophenylacetyl hapten 
conjugated to BSA in house 

In House - 

NP14-BSA 4-Hydroxy-3-
nitrophenylacetyl hapten 
conjugated to BSA, Ratio 14 
(06639-12) 

Biosearch 
Technologies 

N-5050M-10 

TNP2-BSA 2,4,6-Trinitrophenyl hapten 
conjugated to BSA, Ratio 2 
(052048-07) 

Biosearch 
Technologies 

T-5050-10 

TNP35-BSA 2,4,6-Trinitrophenyl hapten 
conjugated to BSA, Ratio 35 
(116384-01) 

Biosearch 
Technologies 

T-5050-10 

IgG-AP Goat Anti-Mouse IgG, Human 
ads-AP (Polyclonal). Used at 
a dilution of 1/1000. 

Southern Biotech 1030-04 

IgG1-AP Goat Anti-Mouse IgG1, 
Human ads-AP (Polyclonal). 
Used at a dilution of 1/2000. 

Southern Biotech 1070-04 

AP Substrate SIGMAFAST p-Nitrophenyl 
phosphate Tablets 

Sigma N2770-50SET 

NaOH Sodium Hydroxide Sigma 55881-1KG 

Click-iT EdU Alexa 
Fluor 647 Flow 
Cytometry Assay Kit 

Contains EdU, Alexa Fluor 
647 azide, DMSO, Click-iT 
fixative, Click-iT saponin-
based permeabalisation and 
wash buffer, CuSO4 and 
Click-iT EdU buffer additive 

Invitrogen C10424 
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MaxiSorp Flat-Bottom 
Immuno Nonsterile 
96-Well Plates 

 
Thermo Fisher 442404 

Histology Slides Epredia SuperFrost Plus 
Slides 

Fisher Scientific J1800AMNZ 

Low-Melting Agarose Agarose, low gelling 
temperature 

Sigma A9414-25G 

10x TBE UltraPure 10x TBE buffer Invitrogen 15581-044 

THF Tetrahydrafuran, anhydrous Sigma 186562-
100ML 

DBE Dibenzyl ether Sigma 33630-
250ML 

DCM Dichloromethane, anhydrous Sigma 270997-
100ML 

Ethyl Cinnamate 
 

Merck 8.00238.0250 

BD Brilliant Stain 
Buffer 

 
BD Biosciences 563794 

GFP BrightComp 
eBeads 

GFP Compensation Beads Invitrogen A10514 

Penicillin Streptomycin 
 

GibCo 15140-122 

ProLong™ Gold 
Antifade Mountant 

Slide Mounting Media Thermo Fisher P10144 

Aluminium Potassium 
Sulphate 

Aluminium Potassium 
Sulfate, Extra Pure, SLR, 
Fisher Chemical 

Fisher Scientific 11443713 

DNAse I Bovine pancreatic 
deoxyribonuclease I 

Sigma DN25-
100MG 

Collagenase D 
 

Sigma 11088866001 

Saponin 
 

Sigma 84510-100G 

Alexa Fluor 488 
AffiniPure Mouse Anti-
Rabbit IgG 

Polyclonal Jackson 
Immunoresearch 

211-545-109 

Purified Rabbit IgG Polyclonal Bio-Rad PRABP01 

Goat anti-LIF antibody Polyclonal, Goat. Leukaemia 
inhibitory factor specific 

Biolegend 674702 

Purified Goat IgG, 
Isotype Control 

Polyclonal Abcam ab37373 

Diphtheria Toxin from 
Corynebacterium 
diphtheriae 

 Sigma D0564 

Table 2. 3. List of materials used in the experiments described in this thesis. 
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Equipment Name Supplier Description 

OTF5000 Cryostat Bright Instruments Cryosectioning tissues 

LSRFortessa X-20 Cell Analyser BD Biosciences Flow Cytometer 

LSRFortessa Cell Analyser BD Biosciences Flow Cytometer 

ZEISS Lightsheet Z.1 Zeiss Light Sheet Microscope 

UltraMicroscope II LaVision BioTec Light Sheet Microscope 

SpectraMax ABS Plus Molecular Devices 
Absorbance ELISA Microplate 
Reader 

ZEISS Axioscan 7 Zeiss Slide Scanner 

Table 2. 4. List of equipment used for data acquisition. 

 

Software 
Name 

Version Company Description 

FlowJo 10.8 BD 
Biosciences 

Analysis of flow 
cytometry data 

Vision4D 3.5 Arivis Analysis of light 
sheet images 

Prism 9 GraphPad Data 
presentation 
and statistical 
analysis 

Zen Blue 1.1.2.0 Carl Zeiss 
Microscopy 

Analysis of 
microscopy 
images 

Rstudio 2022.02.02+485 R 
Foundation 
for 
Statistical 
Computing 

Interface 
hosting R 
v4.2.0. 

Table 2. 5.  List of software used for data processing and analysis. 
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3 Emigrating memory B cells within the draining lymph node 

3.1 Introduction and Objectives 

 

The outputs of the GC response are PCs and mBCs. In the spleen, the B cell response mainly 

occurs in the B cell areas or follicles of the PALS. The peak of the primary GC response in the 

spleen and the LN to NP-protein has been previously recorded to peak at around 8 days 

post-immunisation (Jacob et al., 1991). The response to NP-protein is largely IgG1+ (Toellner 

et al., 1998). Understanding the dynamics of the GC response can help in identifying optimal 

times to examine the response, as flow cytometry shows a snapshot of the response at the 

time of sample collection. Resting mBCs have been seen in the LN SCS by light sheet 

microscopy (Moran et al., 2018). Recently we showed that early GC-derived mBCs could 

migrate out from GC LZ through follicles into the SCS. Some of these mBCs moved back to 

the GC and others egressed the LN via the SCS (Zhang et al., 2022). In the present study 

mBCs undergoing migration within the drLN are referred to as BEM, and GC-derived mBCs 

that were observed outside of the reactive LN are referred to as BCMs. 

Laidlaw et al. (2017) described a group of GC B cells that were S1PR2low and Ephrin B1+ cells, 

that also express high levels of CD38 and were defined as pre-memory B cells. These cells 

also expressed high levels of CCR6, CCR7, S1PR1, CXCR3, GPR183 (EBI2) and SELL (CD62L) 

(Laidlaw et al., 2017). BACH2 expression in low affinity LZ GC B cells marked out a group of 

GC B cells pre-disposed to differentiate into mBCs. These cells upregulated CCR6, CD38, 

CD72 and PECAM1, amongst others (Shinnakasu et al., 2016). Suan and colleagues also 

observed CCR6-expressing low affinity LZ GC B cells that readily differentiated into mBCs 

(Suan et al., 2017). These memory B cells or pre-cursor mBCs have been observed during the 

primary GC response. Evaluation of the gene expression profiles of these can help to reveal 
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the cell subset, signals regulating cell differentiation and migration, and provide hints to the 

functions and behaviours of these memory B cells. 

This chapter aims to investigate the timings and dynamics of the GC response in the 

popliteal LN (as drLN) and in the spleen, and mBCs in distant lymphatic tissues e.g., non-

reactive distLN and spleen. RNA-sequencing analysis of nBCs, GC B cells, BEMs and BCMs 

was performed to determine the similarities and differences of gene expression between 

these groups. This RNA-sequencing data was used to inform the selection of markers to 

distinguish BEMs from GC B cells. 

This chapter investigated the following hypotheses: 

1. The dynamics of the GC response to NP and generation of BEMs in the spleen differs 

from the dynamics in the drLN. 

2. BEMs have a distinct gene expression profile from nBCs, GC B cells and BCMs. 

3. Cell surface markers can be used to distinguish BEMs from GC B cells and nBCs in the 

drLN and spleen. 

 

3.2 Results 

3.2.1 The dynamics of memory B cell development in the draining lymph node over time 

During the immune response it is important to understand the dynamics and timings of the 

mBCs developed from GCs. This assists determining the optimum time to investigate the 

development of mBCs in future experiments. The dynamics of the mBC development was 

investigated using the QM IgHNP Cg1-Cre mTmG adoptive cell transfer system. These NP-
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specific B cells are reporters for activation of B cells by expression of Cre under the IgG1 

germline transcript. Ig heavy chain germ line transcripts are induced by signals like CD40 

ligation and IL-4. These are generated after cognate interactions with activated CD4 T cells 

after immunisation with the NP antigen (Toellner et al., 1996). Resultantly, antigen-activated 

B cells change from constitutively expressing membrane-bound tdTomato to membrane-

bound GFP. Class switching mainly occurs prior to the formation of the GC (Roco et al., 2019, 

Toellner et al., 1998, Marshall et al., 2011). Therefore, this reporter model did not just label 

GC-derived B cells but also labelled B cells activated after cognate interactions with CD4+ T 

cells. The peak response of the IgG1+ B cells occurred at 8 days post-immunisation. 

Furthermore, levels of Cg1 germline transcript increased rapidly between 3 and 5 days post-

immunisation before reaching a peak at 8 days post-immunisation (Toellner et al., 1998). 

Therefore, the QM IgHNP Cg1-Cre mTmG mouse strain can be used as a tool to track mBCs 

and PCs produced in response to NP antigen. 

Wild-type mice received adoptive cell transfer with QM IgHNP Cg1-Cre mTmG splenocytes 

followed by foot immunisation with NP-CGG. Popliteal drLN, spleen and distLN were 

collected on 4-, 7-, 10- and 14-days post-immunisation (Fig. 3.1A). The DrLN was examined 

by flow cytometry to quantify GFP+ B cells, PCs, GC B cells and a population of CD38+ 

activated B cells referred to as BEMs (Fig. 3.1B). Firstly, in the drLN, adoptively transferred 

GFP+ B cells and PCs were examined between 4-14 days post-immunisation (Fig. 3.1C). GFP+ 

B cells in drLN were detectable only at low levels until 7 days post-immunisation when 

numbers peaked. GFP+ B cells decreased 8-fold by 10 days post-immunisation and reduced a 

further 18-fold by 14 days post-immunisation (Fig. 3.1D). When observing GFP+ B cells 

measured as proportion of all adoptively transferred cells (GFP+/Tomato+), some were 
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detected at 4-days and reached peak levels at 7 days post-immunisation. They decreased 7-

fold by 10 days and reduced a further 7.5-fold at 14 days post-immunisation (Fig. 3.1E). GFP+ 

PCs in the drLN followed a similar trend with a peak at 7 days, reduced 52-fold by 10 days 

and were not detectable, except for a very low number in one sample at 14 days post-

immunisation (Fig. 3.1F). This pattern was also seen among the GFP+ PCs measured as a 

proportion of GFP+/Tomato+ cells, with a peak at 7 days post-immunisation, by 10 days 

post-immunisation there was a 32-fold reduction, and few were detectable at 14 days post-

immunisation (Fig. 3.1G). There was a PC response that peaked at 8 days post-immunisation, 

these likely share similarities to previous studies in which there was a strong IgG+ PB 

response at 8 days post-immunisation in the drLN (Toellner et al., 1998). It is likely that most 

of these PCs that arose in response to NP are also IgG1+. 

The dynamics of GFP-expressing transferred MBCs and GC B cells were detected by flow 

cytometry (Fig. 3.2A). GFP+ GC B cells were at very low levels at 4 days post-immunisation, 

and then reached a peak at 7 days. They decreased 8-fold by 10 days post-immunisation and 

decreased a further 15-fold by 14 days post-immunisation (Fig. 3.2B). MBCs (identified as 

GFP+B220+CD138-CD38+) in drLN followed the same pattern as GC B cells with a peak at 7 

days post-immunisation, decreased 6-fold by 10 days and a further 70-fold by 14 days post-

immunisation (Fig. 3.2C). We have shown that these early GC-derived mBCs are different 

from mBCs in the distLN, therefore these mBCs in drLN are described as mBCs emerging 

from GC (BEMs) (Zhang et al., 2022).  

The expression of NP-specific BCRs ensured that the majority of GFP+ cells were antigen 

specific; this confirmed that these cells were GC B cells, PCs or mBCs produced in response 



 

53 
 

to immunisation. These experiments showed that the peak of the antigen specific GC 

response was at around 7 days post-immunisation. 

 

(A) Experiment schematic to measure response of GCs and PCs in the drLN over time. See 
Appendix 1A for baseline adoptive cell transfer input data. (B) Gating strategy to identify B 
cells, PCs, GC B cells and BEMs in the drLN. (C) Flow cytometry raw data for GFP+ B cells and 
GFP+ PCs from total GFP+ live cells in the drLN. Summary of total B cells (GFP+B220+CD138-) 
in the drLN measured as (D) % live lymphocytes and (E) % transferred cells (GFP+ and/or 
dTomato+). Summary of GFP+ PCs (GFP+CD138+) in the drLN measured as (F) % live 
lymphocytes and (G) % transferred cells (GFP+ and/or dTomato+). Data presented are from 
one experiment (n=4). One-way ANOVA, **** P < 0.0001. Symbols represent individual 
mice. Horizontal bars show means. In this experiment mice were given adoptive cell 
transfers, immunised and tissues collected by Yang Zhang. 

Figure 3. 1. In the drLN peak levels of B cells and PCs was at 7 days post-
immunisation 
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Figure 3. 2. Peak GCs and BEM production at 7 days post-immunisation in drLN 

(A) Flow cytometry plots of BEMs (CD38+) and GC B cells (CD38-Fas+) gated from 

GFP+B220+CD138- cells in the drLN at days 4, 7, 10 and 14 post-immunisation. The GC gate 

on day 4 was larger due to a weaker voltage setting. (B) Summaries of GC B cells in the drLN 

measured as % lymphocytes. (C) Graphical summaries of BEMs in the drLN measured as % 

lymphocytes. Data presented are from one experiment (n=4). One-way ANOVA, **** P < 

0.0001. Symbols represent individual mice. Horizontal bars show means. In this experiment 

mice were given adoptive cell transfers, immunised and tissues collected by Yang Zhang. 
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3.2.2 Emigrating memory B cells make contact with subcapsular sinus macrophages 

The previous data showed that the peak of the GC-derived BEMs production was around 7 

days post-immunisation. To gain spatial information about BEMs migration the location of 

BEMs was detected at this time using light sheet microscopy. Previous studies have shown 

that immunoglobulin heavy chain germline transcription occurs prior to differentiation into 

GC B cells (Toellner et al., 1996, Marshall et al., 2011, Roco et al., 2019). To detect GC-

derived BEMs S1PR2-ERT2-Cre x Ai14dTomato mice were used to detect GC-derived mBCs. 

These mice were immunised with rabbit IgG. At 6 days post-immunisation they received 

tamoxifen to release Cre sequestered to the cytoplasm by associating with HSP90, allowing 

translocation to the nucleus in S1PR2-expressing cells (Feil et al., 1997, Shinnakasu et al., 

2016). This labelled GC-derived B cells by activating continuous expression of dTomato in the 

ROSA26 locus. On 8 days post-immunisation, mice received injections on plantar surface 

with labelled immune complex 30 minutes before drLNs were collected. This provided 

antigen via afferent lymphatics to be captured by SCS macrophages to allow investigation of 

transfer and transport by BEMs (Fig. 3.3A). DrLNs were imaged by light sheet microscopy. 3D 

scans showed that Tomato+ GC-derived cells (that are defined as BEMs) were present 

between GC and SCS and within the SCS which contained the fluorescently labelled antigen 

(Fig. 3.3B-C). To better identify SCS macrophages, CD169-Alexa647 was co-injected with 

fluorescently labelled immune complex (Fig. 3.4A). This successfully labelled macrophages in 

the SCS floor. BEMs were again present between SCS and GC. Furthermore, many BEMs 

were seen in close proximity with SCS macrophages, and some were found in the SCS (Fig. 

3.4B-C). This indicated a possible interaction between immune complex carrying 

macrophages and BEMs. BEMs were also seen making contact with antigen in the SCS and 
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carrying antigen during migration between the SCS and GC (Fig. 3.4D). This suggested that 

BEMs collected antigen from SCS macrophages before transporting it back towards the GC. 

Light sheet microscopy detected dTomato+ cells indicating the presence of GC-derived B 

cells between the GC and SCS and in the SCS, this suggested that of GC-derived B cells 

migrate between the GC and the SCS. BEMs were proximal to antigen carrying SCS 

macrophages. It is important to note that while dTomato+ cells in the SCS were not formally 

shown to be B cells, it is likely that they are as Moran et al. (2018) previously showed the 

presence of mBCs near the SCS (Moran et al., 2018). These cells are likely to be BEMs that 

circulate between the SCS and the GC LZ, shown by intravital microscopy (Zhang et al., 

2022). A group of precursor mBCs produced during the GC response have been observed in 

the LZ of the GC (Laidlaw et al., 2017). This may be because BEMs observed here emerged 

from the LZ and from there migrated towards the SCS. These BEMs may then collect antigen 

from SCS macrophages before migrating back towards the GC (Zhang et al., 2022). 
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Figure 3. 3. BEMs detected in SCS in contact with antigen 

(A) Experimental protocol: S1PR2-ERT2-Cre Ai14dTomato mice were immunised with rabbit 
IgG. 6 days post-immunisation mice received tamoxifen. At day 8 post-immunisation they 
received in vivo injections on plantar surface with Alexa488-labelled immune complex 30 
minutes before collection of drLN. (B) Snapshots of light sheet microscopy image data of GC 
and SCS taken at 0°, 90°, 180° and 270° rotated along the X-axis. Migrating BEMs are visible 
between the GC and the SCS. QR code links to video of light sheet image in the URL: 
https://youtu.be/NdrfNtT82yM/ . (C) Maximum intensity projection of light sheet 
microscopy image (top), with dTomato (bottom left) and Alexa488-immune complex 
(bottom right) shown separately. Immune complex co-localised with BEMs showing they are 

https://youtu.be/NdrfNtT82yM/
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transported by BEMs. In this experiment mice were immunised, given tamoxifen and tissues 
collected by Yang Zhang. 
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Figure 3. 4. BEMs detected in SCS proximal to SCS macrophages and collect antigen 



 

60 
 

 

(A) S1PR2-ERT2-Cre Ai14dTomato mice were immunised with rabbit IgG, 48 hours before 

collection these mice received tamoxifen. At day 8 post-immunisation they received in vivo 

injections with Alexa488-labelled immune complex and CD169-Alexa647 30 minutes before 

collection of drLN. (B) Snapshots of light sheet microscopy image of live explanted drLN 

showing GC and SCS taken at 0°, 90°, 180° and 270° rotated along the Y-axis. QR code links to 

video of light sheet image in the URL: https://youtu.be/NZ0QFUExpLE/ . (C) 3D scans of live 

drLNs showing BEMs (red) located between the GC and SCS (closed arrowheads). SCS 

macrophages (blue). Some BEMs were located in SCS above the SCS layer (open 

arrowheads). (D) Same as (C) showing Alexa488 labelled immune complex in the SCS and 

S1pr2-tdTom BEMs (red) between GC and SCS (closed arrowheads) or making contact with 

immune complex in SCS (open arrowheads). In this experiment mice were immunised, given 

tamoxifen and tissues collected by Yang Zhang. 

 

3.2.3 RNA-sequencing analysis of B cells in the draining lymph node and distant lymph 

node 

3.2.3.1 Definition of B cell subsets from bulk RNA sequencing data 

We defined BEMs as CD38hi B cells that express variable levels of Fas. Fas expression may be 

residual because BEMs have recently emerged from GC. It is also possible that some BEMs 

are in the process of transitioning back into GC B cells. Furthermore, resting mBCs and nBCs 

are both in a quiescent state and share a similar transcriptional profile. This makes it 

challenging to distinguish between mBCs and nBCs based on RNA sequencing (Bhattacharya 

et al., 2007). The key differences between resting mBCs and nBCs are that mBCs are better 

able to respond to antigen and have enhanced survival due to expression of anti-apoptotic 

genes such as Bcl-2 (Good et al., 2009). As such, the population described as BEMs are likely 

to be a more heterogenous population than implied by the bulk RNA-sequencing data, they 

may consist of different activated B cells but will be referred to as BEMs throughout this 

thesis. GC B cells, BEMs, BCMs and nBCs were characterised by RNA-sequencing with the 

https://youtu.be/NZ0QFUExpLE/
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goal of characterising gene expression profiles and uncovering the similarities and 

differences between each group. 

Adoptive cell transfer recipients of B cells from IgHNP Cg1-Cre mTmG mice were immunised 

with NP-CGG in alum onto the foot. At 8 days post-immunisation GC B cells and BEMs in 

drLN and nBCs and BCMs in distLN were isolated by FACS (Fig. 3.5A and Appendix 2) 

followed by RNA sequencing by collaborators in the Francis Crick Institute. Samples of RNA-

sequencing raw data were from STAR aligned read counts that were evaluated using R 

packages as described in Chapter 2.6. Reads were denoised for batch error using noisyR 

followed by dimensional reduction and differential gene expression analysis using the DESeq 

package (Fig. 3.5B). Samples underwent a series of quality control (QC) tests before analysis. 

Based on the mean quality scores all samples passed QC tests (Fig. 3.6A). However, a few 

samples had elevated sequence duplication levels (Fig. 3.6B) which suggested that there 

were some over-represented genes. There were some samples with very high guanine-

cytosine content (Fig. 3.6C). These high guanine-cytosine samples would have under-

represented gene counts within their lanes compared to the other samples, making direct 

comparison to other samples inaccurate as these samples had higher denaturing and 

annealing temperatures. When accounting for the results of these QC tests and the PCA plot 

of all samples, 2 samples (BEM1 and BEM4) were removed from analysis. 

After removal of samples that failed QC tests, PCA plots were produced to show distance 

between samples and how well each group clustered (Fig. 3.7A). GC B cells and nBCs 

clustered into distinct groups with a large distance between them. BCMs clustered around 

the nBCs showing that they are very similar groups. BEMs clustered somewhere between the 

GC B cells and the BCM/nBC cluster. The heatmap with unsupervised clustering of the top 
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2000 most variant genes showed that GC B cells clustered separately from the other 

samples. BEMs clustered closely with BCMs, and BCMs clustered closely with nBCs (Fig. 

3.7B).  

Gene set enrichment analysis (GSEA) was performed using the gene sets in the Hallmark, 

KEGG and Reactome databases. Four comparisons were made using this process to provide 

clues into differing functions between B cell subsets. BEMs were compared against GC B cells 

because these subsets clustered closely together by PCA. The goal was to find ways in which 

they differed (Fig. 3.8A-C). BEMs was compared with BCMs as BEMs may eventually become 

BCMs, therefore, determining how they change would be informative (Fig. 3.9A-C). BCMs 

were compared against GC B cells to determine if BCMs differed from GC B cells in the same 

way they differed from BEMs (Fig. 3.10A-C). BCMs were compared against nBCs because 

they clustered closely by PCA; the goal was to see how they differed (Fig. 3.11A-C). 

Significantly enriched gene sets were defined as those with false discovery rate (FDR) scores 

< 0.1 (-log10(FDR)>1). 

 

3.2.3.1.1 GSEA of BEMs and GC B cells 

BEMs and GC B cells may be very similar as few gene sets from GSEA had an FDR < 0.1 (Fig. 

3.8A-C). This may be because on a more general scale there were few differences between 

GC B cells and BEMs. Despite the high FDR scores, GC B cells were enriched for the datasets 

of mesenchymal epithelial transition and for the G2M Checkpoint. G2M checkpoint (FDR = 

0.488) enrichment was expected, as GC B cells are known for being highly proliferative (Fig. 

3.8A). The epithelial mesenchymal transition gene set also had a high FDR score (0.305). 
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BEMs were enriched for p53 pathway, IL-2 STAT5 signalling, IFN-α response and wingless-

related integration site (WNT) β-catenin signalling, albeit all with a high FDR score (>0.1). The 

master regulator of damage and cell stress-induced apoptosis, p53, plays a role in B cells as it 

is downregulated by BCL-6 (Phan and Dalla-Favera, 2004). Surprisingly, BEMs may be more 

apoptotic than GC B cells which are already known for being prone to apoptosis.  

From the Reactome database GC B cells were significantly enriched in the gene set - 

Signalling by WNT in cancer (Fig. 3.8C). The WNT signalling may play a role in proliferation of 

developing B cells, but WNT signalling by B-catenin is dispensable in B cell proliferation (Reya 

et al., 2000, Yu et al., 2008). However, this would concur with the highly proliferative nature 

of GC B cells. 

Although GSEA failed to find many significant differences between BEMs and GC B cells in 

expression of whole pathways, this should not be used as evidence that these groups are 

indistinguishable. It is probably more of a reflection that BEMs are differentiated directly 

from GC B cells. As BEMs are in active migration from the GC, and BEMs and GC B cells were 

isolated from the same lymph node, it is likely that these BEMs have differentiated from GC 

B cells within hours before they were isolated. Therefore, they still shared many similarities 

with GC B cells. 

 

3.2.3.1.2 GSEA of BEMs and BCMs 

Comparing BEMs and BCMs there were more gene sets with an FDR <0.1. In the comparison 

of BEMs and BCMs using the Hallmark database, E2F targets and G2M checkpoint gene sets 

were significantly enriched in BEMs, showing that BEMs were more proliferative than BCMs 
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(Fig. 3.9A). This was also seen in the small distance between BEMs and GC B cells according 

to the PCA plot and Euclidean distance measure (Fig. 3.7).  

In the KEGG database, BCMs were significantly enriched for the gene sets: Thyroid cancer; 

vasopressin regulated water reabsorption; arrhythmogenic right ventricular cardiomyopathy 

(ARVC); antigen processing and presentation; ABC transporters; prion diseases and ECM 

receptor interaction (Fig. 3.9B). Enrichment of vasopressin regulated water reabsorption 

may indicate that BCMs were undergoing migration as water reabsorption might play a role 

in actin polarisation of T cells during migration (De Boer et al., 2022). 

In GSEA comparing BEMs and BCMs using the Reactome database, BCMs were significantly 

enriched for the gene sets: ECM proteoglycans; non-integrin membrane ECM interactions; 

and signalling by WNT in cancer (Fig. 3.9C). BCM enrichment for proteoglycan gene sets may 

imply that BCMs were more migratory as they interact more with the ECM. 

 

3.2.3.1.3 GSEA of BCMs and GC B cells 

In the comparison of BCMs and GC B cells by GSEA, GC B cells were significantly enriched for 

the G2M checkpoint, E2F targets and mitotic spindle, whereas BCMs were significantly 

enriched for the inflammatory response gene set (Fig. 3.10A). E2F is also involved in GC B cell 

proliferation by silencing Cdkn1a through EZh2 to promote cell cycle progression (Béguelin 

et al., 2017). BCM enrichment for inflammatory response suggested that they may have 

greater capacity to respond to stimulus. 

In the KEGG database the BCMs were significantly enriched for haematopoietic cells lineage 

and ECM receptor interaction, whereas GC B cells were significantly enriched for DNA 
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replication (Fig. 3.10B). ECM receptor interaction gene set suggested that BCMs are more 

mobile than GC B cells. GC B cells were enriched for DNA replication indicating S phase 

during proliferation. 

GSEA of BCMs compared to GC B cells in the Reactome database revealed that GC B cells 

were significantly enriched for gene sets involved with cell cycle and proliferation: Cyclin A 

B1 B2 associated events during G2M transition; mitotic spindle checkpoint; resolution of D 

loop structures through synthesis dependent strand annealing (SDSA); APC CDC20 mediated 

degradation of NEK2a; and activation of the pre-replicative complex (Fig. 3.10C). This 

reiterated that the GC B cells are more proliferative. 

 

3.2.3.1.4 GSEA of BCMs and nBCs 

BCMs and nBCs were compared by GSEA. Gene set enrichments were only found in the BCM 

group. In the hallmark database BCMs were significantly enriched for Kras signalling 

Upregulated; Inflammatory Response TGF-β signalling; allograft rejection apoptosis; and IL6 

JAK STAT3 signalling (Fig. 3.11A). Kras is a GTPase transductor protein that plays a role in 

regulating cell division by controlling signal transduction; Kras is upstream of AKT 

phosphorylation (Jančík et al., 2010). IL6 is important in B cell responses and promotes 

antibody production (Maeda et al., 2010). STAT3 plays a role in B cell proliferation and 

maturation (Ding et al., 2016). These enrichments indicate that BCMs differ from nBCs due 

to having previously undergone activation and may be better placed to respond to antigen.  

In the KEGG database BCM enrichments were not significant (FDR > 0.1). BCMs enriched for 

the complement and coagulation cascades (FDR = 0.288) gene set (Fig. 3.11B). Complement 
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is involved in B cell activation (Dunkelberger and Song, 2010, Cumpelik et al., 2021). This 

indicated that BCMs might be better placed to respond to stimulus than nBCs.    

In the Reactome database, BCMs were significantly enriched in the following gene sets: 

antigen processing and cross presentation; RHOH GTPase cycle; and stabilisation of p53 (Fig. 

3.11C). RHOH plays a role in the downregulation of cell cycle progression (Fueller and 

Kubatzky, 2008) and may facilitate the resting state of BCMs but not nBCs. These 

enrichments may also indicate that BCMs are primed to respond to antigen stimulus better 

than nBCs. 

B cell subsets were compared at a more general scale to uncover gene expression pathways 

in which they differed. This suggested that GC B cells and BEMs were proliferative and that 

BCMs were more motile and primed to respond to stimulus. The next stage was to look at 

the subsets in a more detailed scale to identify specific genes. 
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Figure 3. 5. BEMs were cell sorted and underwent RNA sequencing 

(A) Representative sorting strategy from one experiment to isolate GC B cells (Fas+CD38-) 
and BEMs (CD38+) from GFP+B220+ cells in drLN, and BCMs (GFP+B220+CD38+CD138-) and 
naïve B cells (B220+GFP-dTomato-) from distLN of WT mice that received B cells from IgHNP 
Cg1cre mTmG mice at day 8 after NP-CGG foot injection (Zhang et al., 2022). These data are 
from 2 independent experiments with 4 samples and each sample consists of pooled 
popliteal and distant (axillary and brachial) LNs from 3 mice. (B) Analysis pipeline of bulk 
RNA-sequencing data from the sorted populations. Samples were produced by Yang Zhang 
and cell sorting was performed by University of Birmingham Flow Cytometry facility. Yang 
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Zhang extracted RNA and sequencing was performed by Jennifer Mueller-Winkler at the 
Francis Crick Institute. 

Figure 3. 6. Sorted cells passed quality control tests 

Summaries of quality control tests of bulk RNA-sequencing data using Star. Represented are 

(A) Mean Quality scores per sample, (B) sequence duplication levels and (C) per sequence GC

content. Green lines represent samples that passed quality control test, orange lines passed

but with a warning and red lines failed quality control tests.
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(A) PCA plot of samples after removal of samples that failed QC tests and count data

normalised by the Rlog method using the DESeq package. PCA was calculated based on the

top 2000 genes based ranked by row variance. (B) Heatmap with unsupervised clustering of

genes and samples using Euclidean distance measure. Heatmap was produced from

normalised count data from DESeq package using ggplot2 package. Displayed are top 2000

genes ranked by row variance after filtering out genes in a differential gene expression

analysis with a P-value <0.05.

Figure 3. 7. Sorted BEMs are a distinct group from GC B cells, naive B cells and BCMs 
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Figure 3. 8. GC B cells were more enriched for gene sets associated with proliferation than 
BEMs 

GSEA was performed comparing BEMs and GC B cells, results are summarised in bubble plots 

figure legends and enrichment plots below display the 5 most significantly enriched gene 

sets. Threshold for significantly enriched gene sets was FDR <0.1 displayed on bubble plot as 

-log10(FDR)>1. Bubble plot and enrichment plots from GSEA using the (A) Hallmark data 

base, (B) KEGG database (C) and Reactome database. 
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Figure 3. 9. BEMs enriched for proliferation-associated gene sets over BCMs 

GSEA was performed comparing BEMs and BCMs, results are summarised in bubble plots 

figure legends and enrichment plots below display the 5 most significantly enriched gene 

sets. Threshold for significantly enriched gene sets was FDR <0.1 displayed on bubble plot as 

-log10(FDR)>1. Bubble plot and enrichment plots from GSEA using the (A) Hallmark data 

base, (B) KEGG database (C) and Reactome database. 
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Figure 3. 10. GC B cell gene set enrichment showed that they were more proliferative than 
BCMs 

GSEA was performed comparing groups BCMs and GC B cells, results are summarised in 

bubble plots figure legends and enrichment plots below display the 5 most significantly 

enriched gene sets. Threshold for significantly enriched gene sets was FDR <0.1 displayed on 

bubble plot as -log10(FDR)>1. Bubble plot and enrichment plots from GSEA using the (A) 

Hallmark data base, (B) KEGG database (C) and Reactome database. 
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Figure 3. 11. BCMs were enriched for gene sets for antigen processing and presentation, 
inflammatory response and cell signalling over naïve B cells 

GSEA was performed comparing groups BCMs and naïve B cells, results are summarised in 

bubble plots figure legends and enrichment plots below display the 6 most significantly 

enriched gene sets in the Hallmark database and 5 most significantly enriched gene sets in 

the KEGG and Reactome databases. Threshold for significantly enriched gene sets was FDR 

<0.1 displayed on bubble plot as -log10(FDR)>1. Bubble plot and enrichment plots from 

GSEA using the (A) Hallmark data base, (B) KEGG database (C) and Reactome database. 

 

3.2.3.2 Differential gene expression analysis revealed similarities and differences between 

BEMs and GC B cells  

Differentially expressed genes between B cell subsets were analysed to uncover clues to 

genes regulating the differing functions of each B cell subset. Significantly differentially 

expressed genes of each B cell subset were plotted against genes expressed in nBCs (Fig. 

3.12A). In terms of upregulated genes GC B cells, BEMs and BCMs had distinct collections of 
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DEGs, with 77 of these genes shared between BEMs and GC. However, GC B cells shared only 

2 genes with BCMs, and BEMs shared only 1 gene with BCMs (Fig. 3.12A). When 

downregulated genes are plotted, GC had many distinct DEGs, BEMs had far fewer distinct 

DEGs and shared the majority with GC B cells. There were very few downregulated DEGs for 

BCMs and the majority were shared with GC B cells and BEMs (Fig. 3.12B). A heatmap was 

produced from a selected group of chemokine receptors to directly compare expression of 

these genes of interest between groups. GC B cells had upregulated S1pr2 and 

downregulated S1pr1, Gpr183, Ccr6 and Ccr7; these genes were expressed at higher levels 

among BEMs. nBCs and BCMs had raised expression of Cxcr5, S1pr1, Cxcr4, Ccr7 and Cd69 

compared with BEMs and GC B cells (Fig. 3.12C). The chemokine receptors S1PR1 (which 

binds S1P), GPR183 (EBI2) (which binds 25-dihydroxy-cholesterol) and CCR6 (which binds 

CCL20) can facilitate migration of lymphocytes towards the SCS in the LN (Pereira et al., 

2010, Zhang et al., 2016, Grasso et al., 2021). Expression of these in BEMs may allow 

migration to the SCS. Ccr7 is also expressed at raised levels in BEMs compared with GC B 

cells, but they do have a lower expression compared with BCMs and nBCs. We have shown 

that this may facilitate return of BEMs from the SCS back towards the follicle following 

CCL19/21 gradients regulated by ACKR4 (Ulvmar et al., 2014). S1PR2 works against migration 

following S1P gradients and has been shown to be chemo-repulsive in osteoclast precursors, 

which allows GC B cells to cluster together in the centres of the follicles (Ishii et al., 2010, 

Green and Cyster, 2012). CD69 plays a role in regulation of S1PR1 by promoting its 

internalisation (Bankovich et al., 2010), thus increased expression of CD69 in nBCs and BCMs 

may reduce their capacity to respond to S1P gradients.  
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Direct comparisons between populations were made by differential gene expression. BEMs 

had some genes differentially expressed in relation to GC B cells including Ighd, Ccr6, Cd38 

and Cd62l (Sell) (Fig. 3.13A). CD38 was used to distinguish BEMs from GC B cells so its 

increased expression is expected. CCR6 is expressed by a group of pre-memory B cells and 

remains expressed in mBCs (Suan et al., 2017). The BEM population may include pre-

memory B cells (Fig. 3.13B). Comparing BCMs with GC B cells produced far more DEGs, which 

was expected from the principal component analysis (Fig. 3.7A). There was also a larger 

spatiotemporal distance of BCMs from GC B cells (Fig. 3.13B). BCMs expressed genes 

included Sell (Cd62l), Cd38, Ighm and Cd55, whereas GC B cells overexpressed genes for 

Ighg1, Mki67, Aicda and S1pr2 (Fig. 3.13B). BEMs expressed high levels of Mybl1, Mki67, 

Aicda and Iglc1 whereas, BCMs expressed Igkc and Lyz2, encoding the lysozyme 2 gene (Fig. 

3.13C). GC B cells compared with nBCs upregulated Mki67 and Aicda, whereas nBCs 

upregulated Sell (Cd62l), S1pr1 and Cd55 compared with GC B cells (Fig. 3.13D). BEMs also 

upregulated Mybl1, Mki67, Aicda and Adam6b compared with nBCs (Fig. 3.13E). BCMs had 

few genes upregulated compared with nBCs, among them was Lyz2 (Fig. 3.13F). 

RNA-sequencing data were also screened for potential surface markers that can be used to 

identify BEMs. Genes of cell surface proteins were filtered from DEGs by using the gene 

ontology term for cell surface GO:0009986. Comparing DEGs between BEMs v GC B cells, 

upregulated genes were mainly found in BEMs (Fig. 3.14A). These included Ighd, Ccr6, Cd38, 

Sell, Cd55, Pecam1, Plaur (Cd87) and S1pr1. There was a significant upregulation of any 

genes in GC B cells (Fig. 3.14A). Comparing BCMs and GC B cells there were significantly 

upregulated DEGs in both BCMs and GC B cells (Fig. 3.14B). BCMs upregulated Sell, Ighm, 

Cd55, Cd38, S1pr1, Plaur (Cd87), Ccr7, Ccr6 and Cd69. GC B cells upregulated Fas, Iglc, 
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Adam6b and Ighg2b. BEMs and BCMs were also compared with a small number of DEGs in 

both BEMs and BCMs (Fig. 3.14C). BEMs upregulated Iglc1, Ighg2b, Fas, F2 and Ccr6. BCMs 

upregulated Igkc, Clec2i and Cd69.  

Cell surface genes of GC B cells were also compared with nBC cell surface genes (Fig. 3.14D). 

Most overexpressed DEGs were found in nBCs. These included Sell, Ighm, Cd55, Clec2i, 

S1pr1, Dpp4, Cd38, Adam19 and Cd87. Far fewer genes were induced in GC B cells, these 

included Adam6b and Fas. In BEMs compared with nBCs BEMs upregulated Iglc1, F2, 

Adam6b, Timd2 and Fas. Whereas nBCs upregulated Igkc, Clec2i, Cd69, Ighd and Adgre5 (Fig. 

3.14E). In the comparison between BCMs and nBCs there were very few DEGs, the majority 

of these were upregulated in BCMs (Fig. 3.14F). BCMs upregulated Siglech, Fcer1g, Csf1rm, 

Cd4 and C3, whereas nBCs had higher expression of Igha. This was unexpected as nBCs 

would not have undergone CSR. This may be a result of contamination of the sorted 

population of nBCs with other B cell subsets. The top 40 most variable cell surface genes 

between the 4 groups were examined. These were presented in a heatmap with 

unsupervised clustering by Euclidean distance measure (Fig. 3.14G). GC B cells, BEMs, BCMs 

and nBCs clustered separately in the same manner as described in Fig. 3B. GC B cells and 

BEMs clustered closely together, but distant from BCMs and nBCs. BCMs and nBCs clustered 

closely together. This revealed cell surface markers that could be used to distinguish BEMs 

that may be explored further by flow cytometry.   

Due to expression of S1pr1, Cd38 and Ccr6 it appeared that BEMs may share similar 

characteristics to a B cell subset described as pre-memory B cells (Suan et al., 2017, Laidlaw 

et al., 2017). To determine the similarity between BEMs and pre-memory B cells, publicly 
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available normalised gene counts from pre-memory B cells compared with GC B cells were 

extracted (Laidlaw et al., 2017). DEGs were then determined from these data to produce 

custom gene sets of pre-memory vs GC B cells (upregulated in pre-memory), pre-memory v 

memory B cells (upregulated in pre-memory) and pre-memory vs GC B cells and memory B 

cells (upregulated in pre-memory). These were then used for GSEA of a pre-ranked list of 

BEMs v GC B cells, ranked by log2 fold change (Fig. 3.15A). BEMs were enriched strongly with 

genes found in pre-memory B cells compared with GC and mBCs (Fig. 3.15B-C). This 

suggested that BEMs were phenotypically similar to pre-memory B cells. 

Many of the characteristics ascribed to BEMs by these findings by bulk RNA-sequencing data 

concurred with data uncovered by other groups. For example, Shinnakasu et al., (2016) 

described a group of Bach2 expressing B cells as predisposed to differentiation into mBCs. 

Pre-memory B cells were defined as a group of CCR6-expressing cells that upon stimulation 

became mBCs (Suan at al., 2017). Pre-memory B cells were also described as Ephrin B1 

expressing cells that were distinct from other GC B cells (Laidlaw et al., 2017). As BEMs and 

pre-memory B cells defined by Laidlaw et al. (2017) shared expression of Ccr7, S1pr1, Ccr6, 

Gpr183 and Sell (Cd62l), they were compared. This was achieved by taking DEGs from the 

comparison of BEMs v GC B cells and performing a GSEA using a custom gene set defined as 

the Pre-Memory B cells v GC B cells Upregulated. These genes were pre-ranked by fold 

change and an enrichment score was calculated using the weighted statistic and 

permutations were calculated by phenotype. In this comparison it was found that BEMs 

were strongly enriched for pre-memory B cell genes. This provides strong evidence that the 

group defined here as BEMs are very similar to the pre-memory B cells. Thus, it is possible 

that identical groups or groups at very close stages of differentiation are being examined. 
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The main genes with similarly increased expression were Pml, Sell, Cd38, Ccr6, S1pr1, Cd55, 

Plaur (Cd87), Lef1, Ccr7, Pecam1 and Bcl2. These were identified at the leading edge of the 

GSEA. This list concurs with data shown previously (Fig. 3.12C and 3.14A) that shows genes 

distinctly upregulated BEMs compared with GC B cells. 
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Figure 3. 12. BEMs have differentially expressed genes distinguishing them from BCMs and GC 
B cells 



 

80 
 

(A) Differentially expressed genes of GC B cells, BEMs and BCMs compared with nBCs with 
adjusted P-value <0.05 plotted into Venn diagrams of upregulated genes (left) and 
downregulated genes (right). (B) Heatmap showing gene expression of a list of selected 
chemokine receptors and related markers. 

 

 

Figure 3. 13. Volcano plots show that BEMs have differentially expressed genes from GC B 
cells, BCMs and naive B cells 

Volcano plots of differentially expressed genes, each dot represents a gene, with genes of 
interest labelled. Genes differentially expressed with a p-value <0.05 (-Log10(p-values) >1) 
are represented by red dots. Differentially gene expression comparisons shown are: (A) BEM 
v GC B cells, (B) BCM v GC B cells, (C) BEM v BCM, (D) GC v nBC, (E) BEM v nBC and (F) BCM v 
nBC. Symbols represent individual genes. 
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Figure 3. 14. Differentially expressed genes encoding cell surface proteins may distinguish 
BEMs from other B cell subsets 

Volcano plots of differentially expressed genes of cell surface expressed markers filtered 
from gene ontology term cell surface (GO:0009986), each dot represents a gene, with genes 
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of interest labelled. Genes differentially expressed with a p-value <0.05 (-Log10(p-values) >1) 
are represented by red dots. Differentially gene expression comparisons shown are: (A) BEM 
v GC B cells, (B) BCM v GC B cells, (C) BEM v BCM, (D) GC v nBC, (E) BEM v nBC and (F) BCM v 
nBC. Symbols represent individual genes. (G) Heatmap of the top 40 cells surface expressed 
genes ranked by row variance, samples and genes underwent unsupervised clustering by 
Euclidean Distance measure.  
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Figure 3. 15. BEM gene expression profile was similar to pre-memory B cells 

(A) Pre-ranked dataset isolated from gene specific analysis of BEM v GC with P-value<0.05 
and ranked by fold change. GSEA was performed using this pre-ranked list against a Pre-
Memory B cell gene expression profile. Pre-Memory B cell profile defined from Laidlaw et al. 
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as genes upregulated in Pre-Memory B cells in their differential gene expression comparison 
between Pre-Memory B cells and GC B cells (Laidlaw et al., 2017). Raw counts data accessed 
from gene expression omnibus from GSE89897. Pre-Memory B cells were defined as Ephrin-
B1+ S1PR2-Venus- B cells in draining lymph node and GC B cells were defined as Ephrin-B1+ 
S1PR2-Venus+ B cells in draining lymph node. 

Results of GSEA are presented in enrichment plots showing the enrichment for Pre-Memory 
B cell (v GC) – Upregulated (B) and Pre-Memory B cell (v MBC and GC) – Upregulated (C). 
Genes upregulated by BEMs were overrepresented among genes upregulated by pre-
memory B cells.  

 

3.2.4 CD55 and CD24 as markers to identify BEMs 

The gene expression profiles of GC B cells and BEMs are very similar. The BEMs studied here 

represent a transient population emerging from the GC at the early peak of the GC reaction. 

RNA-sequencing data revealed DEGs expressed by BEMs and BCMs compared with GC B 

cells. The cell surface protein expression of some of these genes was examined by flow 

cytometry. 

BEMs had many characteristics in common with pre-memory B cells (Laidlaw et al., 2017). 

RNA-sequencing results uncovered cell surface expressed genes that may be used as 

markers to distinguish mBCs such as BEMs from GC B cells and naïve B cells. These potential 

BEM markers were generated by taking DEGs that were differentially expressed from one of 

2 comparisons for each gene: BEM vs GC B cells and BCM vs GC B cells. The comparison 

which had the smallest absolute difference was selected and filtered for adjusted P-value 

<0.05. These were then filtered by the gene ontology term “cell surface” (GO:009986). 

Amongst these genes, the ones with commercially available antibodies to detect cell surface 

expression were selected (Fig. 3.16A). The full list of BEM markers with available antibodies 

at the time of study is presented in Appendix 3. Expression of BEM markers are presented in 
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the heatmap (Fig. 3.16B). Slamf7 and Cd24a showed increased expression by GC B cells and 

BEMs compared to lower expression by nBCs. Whereas Pecam1, S1pr1, Ccr7, Cd55, Sell 

(Cd62l) and Cd47 were upregulated on BEMs compared to GC B cells.  

Markers were tested by flow cytometry in mice that received adoptive cell transfers of 1x105 

NP-specific QM IgHNP mTmG splenocytes, immunised with NP-KLH and specificity of staining 

and levels of protein expression in nBCs (B220+CD138-dTomato-CD38+Fas-), GC B cells 

(B220+CD138-dTomato+CD38-Fas+) and BEMs (B220+CD138-dTomato+CD38+) from pooled 

popliteal LNs at 8 days post-immunisation (Fig. 3.16C). Expression in BCMs was not analysed 

as there were too few BCMs detected to accurately determine expression of markers. CD69 

is a marker for cell activation and CXCR3 is expressed by mBCs, therefore their expression in 

BEMs was investigated (Muehlinghaus et al., 2005). Histograms show that BEMs upregulated 

CD69 and CXCR3 compared with nBCs and GC B cells, however, distribution of CD69 

expressing BEMs was bimodal and only a minority of BEMs upregulated CXCR3 (Fig. 3.16D). 

MFIs imply that BEMs and GC B cells upregulated CD69 and CXCR3 compared with nBCs, and 

that BEMs expressed higher levels than GC B cells (Fig. 3.16E). There was no unstained 

control sample with which to compare them but, based on histograms, it appeared that 

CXCR3 and CD69 were not highly specific to BEMs. Histograms showed that CCR6 cell surface 

expression by BEMs was slightly upregulated compared with nBCs and much more 

upregulated compared with GC B cells. There was a lot of overlap between GC B cells and 

the unstained control sample (Fig. 3.16F). This was reflected by the MFIs showing that BEMs 

had increased expression of CCR6 compared with nBCs and GC B cells (Fig. 3.16G). The 

remaining markers were examined by flow cytometry by serial antibody dilutions as these 

antibodies had not previously been titrated. Histograms show staining at a dilution factor of 
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1:100. Expression BAFF-R was investigated as it is involved in the survival and maintenance 

of mBCs (Müller-Winkler et al., 2021). There was no major difference in the surface 

expression of BAFF-R, CD47 and CD49d (Fig. 3.16H-I). CD24a was expressed at high levels in 

BEMs and GC B cells but not in nBCs; the histogram showed a tail of CD24lo BEMs (Fig. 3.16H-

I). SLAMF7 was upregulated in GC B cells and BEMs compared with nBCs, but the histogram 

showed a tail of SLAMF7lo BEMs (Fig. 3.16I). CD55 was downregulated in GC B cells 

compared with BEMs and nBCs. GC B cell expression of CD55 overlapped with the unstained 

control and BEMs also showed a tail of CD55lo cells (Fig. 3.16H). PECAM1 was downregulated 

in GC B cells compared with nBCs and BEMs (Fig. 3.16H-I). This shows that CD24 and SLAMF7 

may be usable as markers for the activated B cell subsets: BEMs and GC B cells. CD55 and 

PECAM1 may be usable as markers for non-GC B cells. Dilution factor of 1:100 was used to 

detect these markers in the subsequent experiments. This suggested a potential strategy of 

co-staining to isolate BEMs by marking activated B cells by CD24a or SLAMF7 and non-GC B 

cells by CD55 or PECAM1. 

To better test this, mice received adoptive cell transfer with NP-specific QM IgHNP Cg1Cre 

mTmG splenocytes, where antigen-activated B cells can be followed because Cg1Cre induces 

eGFP expression. On the following day mice were immunised with NP-KLH on the foot and 

drLN was examined by flow cytometry at 8 days post-immunisation (Fig. 3.17A). This differs 

from the previous figure as these transferred cells are reporters for B cell activation allowing 

more accurate determination of BEMs. Expression of CD24 and CD55 were examined by flow 

cytometry using CD24 to detect activated B cells and CD55 to detect non-GC B cells (Fig. 

3.17B). Expression of SLAMF7 and PECAM1 were not shown as they were not as effective at 

distinguishing BEMs and GC B cells. Co-staining with CD24 and CD55 among all adoptively 
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transferred B cells was used to detect CD24-CD55+ “nBCs”, CD24+CD55- “GC B cells” and 

CD24+CD55+ “BEMs” (Fig. 3.17B). The quality of separation of GC and mBC populations was 

tested by back-gating CD24-CD55+ nBCs, CD24+CD55- GC B cells and CD24+CD55+ BEMs 

gates against CD38 and Fas; markers commonly used to identify GC and mBCs (Fig. 3.17C). 

This revealed that CD24-CD55+ cells were CD38+Fas-. One would expect a population of 

CD38+Fas- B cells to contain nBCs and non-activated B cells. CD24+CD55- were CD38-Fas+, 

similar to GC B cells. CD24+CD55+ cells were CD38+Fas+, so they were non-GC B cells that 

still exhibited some GC characteristics similar to BEMs (Zhang et al., 2022). This was more 

apparent among adoptively transferred cells. 

One of the main differences identified in the GSEA comparing BEMs and GC B cells was that 

GC B cells were more proliferative than BEMs. To test proliferation of the populations 

defined by CD55 and CD24, EdU uptake was tested in nBCs, GC B cells and BEMs defined by 

these markers (Fig. 3.17D-E). EdU is incorporated into DNA during the S phase of cell cycle. 

About 20% of GC B cells took up EdU, while most naïve B cells defined by CD55 and CD24 did 

not (about 2%). Within BEMs defined by CD55 and CD24, only about 10% took up EdU (Fig. 

3.17E). This suggested that some BEMs still proliferate after being generated from the GC or 

differentiated from GC B cells within 2 hours before tissue collection. LZ CCR6+ pre-memory 

B cells have been previously reported to exit cell cycle, this may explain why this 

heterogenous population of BEMs had lower EdU uptake than GC B cells as the BEM 

population may include pre-memory B cells (Suan et al., 2017). GC and BEM populations 

defined by CD55 and CD24 contained more IgG1+ cells than the naïve donor B cells, and 

BEMs contained slightly fewer IgG1 switched cells than the GC B cell population (Fig. 3.17F-

G). 
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Cg1 germline RNA transcription is induced by signals that induce Ig class switch 

recombination: i.e. antigen-induced BCR stimulation and CD40-ligation plus IL-4 from Tfh 

cells (Toellner et al., 1998). Therefore, GFP+ donor cells should be antigen-experienced GC B 

or BEMs. When gating on GFP+ cells, the naïve CD24-CD55+ B cell population was absent, 

and only the BEMs (CD55+CD24+) and GC B cells (CD55-CD24+) were found. dTomato+ nBCs 

within the donor population are likely to be B cells that have lost NP-specificity due to 

secondary VDJ recombination (Cascalho et al., 1996). These were compared to naïve B cells 

from the endogenous population, which were gated as CD55+CD24- (Fig. 3.18A). These cells 

are a mix of naïve and antigen-activated cells from the host and naïve dTomato+ non-

activated donor B cells; most of these cells were dTomato-. Antigen-experienced donor 

BEMs (GFP+B220+CD55+CD24+) and GC B cells (GFP+B220+CD55-CD24+) were back-gated 

onto a CD38 vs FAS plot. BEMs appeared where expected as CD38+Fas+ and GC B cells 

appeared as CD38-Fas+, whereas nBCs appeared as CD38+Fas- (Fig. 3.18B). As expected, 

BEMs and GC B cells compared with nBCs showed increased EdU uptake (Fig. 3.18C). IgG1 

expression was examined; a larger proportion of donor BEMs and GC B cells had isotype 

switched to IgG1 compared with CD55/24 gated nBCs (Fig. 3.18D). The IgG1- population of 

BEMs and GC B cells had slightly higher IgG1 expression than nBCs. These IgG1- BEMs and GC 

B cells populations may include cells that do not express immunoglobulin (such as DZ B cells) 

or reflect passive absorption of IgG1 through Fc receptors. B cells from all live lymphocytes, 

including endogenous and adoptively transferred cells, were examined to determine how 

well CD24/55 markers detect activated B cells by examining expression of fluorescent 

protein (Fig. 3.18E). CD24-CD55+ B cells were mainly comprised of endogenous cells (99.8%) 

with a small number of GFP+ cells (0.13%) and very few dTomato+ cells (0.017%). 
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CD24+CD55+ cells were also mainly endogenous cells (91.9%) but with a greater proportion 

of GFP+ cells (7.61%) and very few dTomato+ cells (0.36%). Around 25% of CD24+CD55- cells 

were GFP+, with 1.48% dTomato+ cells and the remainder were endogenous (73.6%). When 

back gating CD24/55 populations against CD38 and Fas the CD24-CD55+ cells appeared as 

CD38+Fas- which would be expected of non-activated B cells. CD24+CD55- cells were Fas+ 

GC B cells, however CD24+CD55+ cells had a bimodal expression of Fas (Fig. 3.18F). Fas- 

CD24+CD55+ cells were almost entirely endogenous cells, but around a quarter of Fas+ 

CD24+CD55+ cells were GFP+ with the rest mainly endogenous cells (Fig. 3.18G). This 

suggested that CD24+CD55+Fas+ B cells were comprised of activated B cells. The 

endogenous population of B cells was also examined for CD24 and CD55 expression (Fig. 

3.18H). Endogenous CD24-CD55+ cells were CD38+Fas- non-activated B cells, CD24+CD55- 

endogenous cells were CD38-Fas+ GC B cells, whereas CD24+CD55+ endogenous cells were 

CD38+ with bimodal expression of Fas (Fig. 3.18I).  

To test the power of the CD24 and CD55 marker combination, a similar analysis was done for 

activated B cells in popliteal LNs from WT mice immunised in the hind foot without adoptive 

cell transfer (Fig. 3.19A). Non-activated B cells were gated as CD55+CD24- B cells (Fig. 19B, 

blue gate), BEMs were gated as CD55+CD24+ B cells (Fig. 3.19B, green gate) and GC B cells as 

CD55-CD24+ B cells (Fig. 3.19B, orange gate). EdU uptake and IgG1 expression was examined 

in these groups (Fig. 3.19B). There was an IgG1low population of Fas+ BEMs that had slightly 

higher IgG1 expression than Fas- BEMs. This may again reflect downregulation of 

immunoglobulin or passive absorption of IgG1 on Fc receptors on Fas+ BEMs. When 

backgated against CD38 vs Fas, the CD55+CD24- population represented CD38+Fas- non-

activated B cells (blue) and the CD55-CD24+ population represented CD38-Fas+ GC B cells 
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(red). Interestingly, the CD55+CD24+ BEMs population (green) had a bimodal expression of 

Fas (Fig. 3.19B-C). Total CD55+ B cells contained a range of Fas+ and Fas- cells. Levels of 

higher CD24 expression correlated with Fas expression (Fig. 3.19D). The CD55+CD24+ Fas+ 

BEMs showed greater EdU uptake than its Fas- counterpart (Fig. 3.19E-F) and were as 

proliferative as GC B cells (Fig. 3.19B & D). More Fas+ BEMs had switched to IgG1 (Fig. 3.19G-

H).  

These observations suggested that the Fas+CD24+CD55+ population of non-BCR transgenic B 

cells represented the BEMs. This endogenous CD24+CD55+ BEM bimodal expression of Fas 

was also observed in endogenous B cells and GFP- B cells in the adoptive cell transfer 

experiment (Fig. 3.18F & I). This may be because the GFP+CD24+CD55+ B cell population 

contains activated B cells, but the endogenous CD24+CD55+ BEM population has not been 

stringently selected for activated B cells. Resultantly, this gate included overlap with CD24-

intermediate Fas- non-activated B cells. 

When gating on EdU+ B cells from NP-KLH immunised WT mice that did not receive adoptive 

cell transfers, GC B cells (orange) and BEMs (green) could be identified based on expression 

of CD55 and CD24, as previously described. EdU+ cells also contained a small population of 

CD24-CD55+ B cells (Fig. 3.20A, blue gate). This differed from examination of total B cells 

where a much larger population of CD24-CD55+ B cells was observed (3.19D). These did not 

express as much Fas as EdU+ CD24-CD55+ B cells (Fig. 3.20B). This suggests that the EdU+ 

CD24-CD55+ population may consist of recently activated cells transitioning into GC B cells. 

When the CD24/55 gated populations were back gated on CD38 and Fas the CD24+CD55+ 

BEMs were CD38+Fas+ and the CD24+CD55- GC B cells were CD38-Fas+ as expected. The 
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CD24-CD55+ “naïve” B cells expressed more Fas than EdU- non-activated B cells described 

above (Fig. 3.20B). A similar fraction of GC B cells and BEMs were switched to IgG1 among 

“naïve” B cells (Fig. 3.20C-D). EdU uptake of IgG1+ and IgG1- CD24+CD55- GC B cells and 

CD24+CD55+ BEMs was examined to verify if switching to IgG1 affected proliferation (Fig. 

3.20E). IgG1- and IgG1+ GC B cells had comparable levels of EdU, whereas IgG1- BEMs had 

reduced EdU uptake than IgG1+ BEMs, this suggested that IgG1+ BEMs were more 

proliferative. IgG1+ CD24+CD55+ represented activated BEMs that had undergone class 

switching. 

CD24 and CD55 were identified as markers to distinguish BEMs from GC B cells and nBCs. 

Reporter mouse models for activated B cells better distinguished BEMs from nBCs than 

CD24/55 staining alone. These CD24+CD55+ were proliferative and expressed IgG1. In 

endogenous B cells CD24+CD55+ BEMs bimodally expressed Fas, however, Fas+ BEMs 

appeared to represent IgG1+ proliferative BEMs. These markers may be used to identify 

BEMs at 8 days post-immunisation in the LN. It is important to note that this population 

defined as BEMs are likely a heterogenous population consisting of a different types of 

activated B cells. BEMs may also be produced in the spleen, consequently the response in 

this tissue was next examined. 
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(A) Flow chart describing strategy to obtain potential cell surface markers from RNA-
sequencing data to identify BEMs by flow cytometry. See Appendix 1B for baseline adoptive
cell transfer input data. (B) Heatmap displaying RNA expression of a selection of cell surface
expressed genes.
(C) Schematic for adoptive cell transfer of NP-specific QM IgHNP mTmG splenocytes followed
by immunisation with NP-KLH on plantar surface and tissue collection at 8 days post-
immunisation. Cell transfers were performed by the University of Birmingham Biomedical
Services Unit. (D) Histograms of CD69 (left) and CXCR3 (right) staining from flow cytometry in
nBCs (GFP-dTomato+B220+CD138-CD38+), GC B cells (GFP+B220+CD138-CD38-Fas+) and
BEMs (GFP+B220+CD138-CD38+). (E) MFIs of CXCR3 and CD69 in nBCs, GC B cells and BEMs,
data from 3 separate experiments (n=9). (F) Histogram of CCR6 staining from flow cytometry
in nBCs, GC B cells, BEMs and an unstained control. (G) MFIs of CCR6 expression from flow
cytometry analysis of nBCs, GC B cells, BEMs (n=3) and an unstained control from one
experiment.
(H) Histograms of BAFF-R, CD24a, CD47, CD49d, CD55, PECAM-1 and SLAMF7 staining at a
dilution factor of 1:100 from flow cytometry of nBCs, GC B cells, BEMs and unstained control
samples. (I) Summary of MFIs in a serial dilution experiment of BEMs markers (BAFF-R,
CD24a, CD47, CD49d, CD55, PECAM-1 and SLAMF7) from flow cytometry of nBCs, GC B cells,
BEMs and unstained control samples. Data represent 1 biological replicate of pooled
lymphocytes from reactive popliteal LNs of 3 mice. Unstained control MFIs were below the
minimum threshold so plotted at the threshold. One-Way ANOVA, * P<0.05, ** P<0.01, ***
P<0.001, **** P<0.0001. Symbols represent individual mice; nBCs (blue), GC B cells (orange),
BEMs (green). Horizontal bars show means.

Figure 3. 16. Identification of potential flow cytometry markers to detect BEMs from 
RNA-sequencing data 
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Figure 3. 17. Expression of CD24 and CD55 in BEMs from adoptively transferred cells assists 
distinguishing them from naive B cells and GC B cells 

(A) Schematic of adoptive cell transfer and immunisation protocol. 2mg of EdU was 

administered 2 hours prior to tissue collection. Cell transfers and EdU administration were 

performed by the University of Birmingham Biomedical Services Unit. See Appendix 1B for 
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baseline adoptive cell transfer input data. (B) Gating strategy to isolate naïve B cells 

(CD55+CD24-), GC B cells (CD55-CSD24+) and BEMs (CD55+CD24+) from adoptively 

transferred cells (dTomato+ and/or GFP+). (C) Representative flow cytometry plot showing 

back gating of naïve B cells, GC B cells and BEMs on CD38 v Fas plot. (D) Histogram of EdU 

incorporation by naïve B cells, GC B cells and BEMs. (E) Expression of EdU in naïve B cells, GC 

B cells and BEMs as % Parent population (n=4). (F) Histogram of expression of IgG1 by naïve 

B cells, GC B cells and BEMs. (G) Expression of IgG1 in naïve B cells, GC B cells and BEMs as % 

Parent population (n=4). One-Way ANOVA, * P<0.05, ** P<0.01. Symbols represent 

individual mice; nBCs (blue), GC B cells (orange), BEMs (green). 
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Figure 3. 18. Gating naive B cells, GC B cells and BEMs by CD24/CD55 expression detected 
cells from both endogenous and adoptively transferred populations 
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(A) Gating strategy to separate GC B cells from BEMs in GFP+ adoptively transferred cells and 

B cells from GFP- adoptively transferred and non-BCR transgenic B cells. (B) Representative 

flow cytometry back gating of “naïve” B cells (blue; GFP-B220+CD138-CD38+), GC B cells 

(orange; GFP+B220+CD138-CD38-Fas+) and BEMs (green; GFP+B220+CD138-CD38+) on a 

CD38 v Fas plot. (C) Histogram of EdU uptake in “naïve” B cells, GC B cells and BEMs 

compared with an unstained FMO control (grey). (D) IgG1 expression of “naïve” B cells, GC B 

cells and BEMs cells. (E) Representative flow cytometry of CD24 and CD55 staining in all live 

B220+ lymphocytes and the expression of GFP and dTomato among CD24-CD55+, 

CD24+CD55+ and CD24+CD55- cells. (F) Back gating of CD24-CD55+, CD24+CD55+ and 

CD24+CD55- live B220+ lymphocytes against CD38 and Fas. (G) Expression of Fas among 

CD24+CD55+ live B220+ lymphocytes and the expression of GFP among Fas- and Fas+ cells. 

(H) Representative flow cytometry showing expression of CD24 and CD55 among 

endogenous (GFP-dTomato-) B220+ live lymphocytes. (I) Back gating of CD24-CD55+, 

CD24+CD55+ and CD24+CD55- endogenous B cells against CD38 and Fas. 
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Figure 3. 19. BEMs were detected in WT mice using CD24/CD55 staining 

The non-BCR transgenic B cell response in the draining popliteal LN was examined by flow 
cytometry. (A) Immunisation protocol to detect BEM markers popliteal LN. (B) Gating 
strategy to isolate naïve B cells (blue; B220+CD138-CD55+CD24-), GC B cells (orange; 
B220+CD138-CD55-CD24+) and BEMs (green; B220+CD138-CD55+CD24+). (C) Representative 
FACS showing back-gating of GC B cells and BEMs on CD38 v Fas plot. (D) Representative plot 
of all CD55+B220+ cells plotted against CD38 and Fas with a heatmap of CD24 expression. 
Expression of EdU in Fas- (blue) and Fas+ (red) BEMs shown in (E) a representative histogram 
and (F) presented as MFIs (n=4) compared with an un-stained control (grey). Expression if 
IgG1 in Fas- and Fas+ BEMs shown in a (G) representative histogram and (H) presented as 
MFIs (n=4). One-Way ANOVA, * p<0.05. Symbols represent individual mice; Fas- BEMs (blue), 
Fas+ BEMs (red). Horizontal bars show means. 

 

(A) Mice were immunised as in Fig. 3.19 were gated using CD24 and CD55 to identify non-
activated “naïve” B cells (blue; B220+CD138-CD55+CD24-), GC B cells (orange; B220+CD138-
CD55-CD24+) and BEMs (green; B220+CD138-CD55+CD24+) from EdU+ B cells. (B) 
Representative flow cytometry plot showing back gating of naïve B cells, GC B cells and BEMs 
on CD38 v Fas plot. (C) Representative histograms from showing IgG1 expression of naïve B 
cells, GC B cells and BEMs. (D) IgG1 expression in EdU+ non-activated B cells, GC B cells and 
BEMs as a proportion of these respective populations (n=4). One-Way ANOVA, * p<0.05, ** 
p<0.01 and **** p<0.0001. (E) EdU uptake in IgG1+ and IgG1- BEMs and GC B cells and an 
unstained control sample as a proportion of these respective populations (n=4). Mann-
Whitney test between IgG1+ and IgG1- BEMs and between IgG1+ and IgG1- GC B cells, * 
p<.05. Symbols represent individual mice; nBCs (blue), GC B cells (orange), BEMs (green). 
Horizontal bars show means. 

 

Figure 3. 20. Among EdU+ cells GC B cells and BEMs detected by 
CD24/CD55 staining were increased 
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3.2.5 NP-specific B cell response in the spleen  

3.2.5.1 NP-specific response in the spleen over time showed a peak GC response at day 5 

post-immunisation 

The dynamics of the immune response in the spleen was examined to explore the changes in 

MZ B cells and BEMs over time, using the QM IgHNP Cg1Cre mTmG reporter mouse model. 

The response to NP in the spleen of C57BL/6 mice has been previously investigated after i.p. 

injection of NP-KLH or NP-CGG (Jacob et al., 1991). Murine MZ B cells express high levels of 

IgM BCRs and low levels of IgD BCRs. Upon recognition of antigen MZ B cells can readily 

differentiate into IgM-secreting PBs (Cerutti et al., 2013). This study showed that the GC 

response in the spleen to NP-hapten would reach a peak at 8 days after primary exposure to 

NP. The same adoptively transferred model, as described in Fig. 3.1A, was used to track 

antigen (NP)-specific B cells. 

C57BL/6 mice were primed with i.p. injections of KLH in alum precipitate and 3 weeks later 

received adoptive cell transfer with IgHNP Cg1-Cre mTmG splenocytes, followed by 

secondary i.p. injection of soluble NP-KLH 1 day later. Mice were then examined at 0, 5, 8, 10 

and 14 days after immunisation (Fig. 3.21A). Mice were primed with KLH to ensure the 

presence of KLH-specific T cells in the spleen. These facilitate the activation of NP-specific B 

cells in the boost by providing T cell help via co-stimulatory signals e.g., CD40-CD40L 

interactions. MZ B cells are located between the white pulp and the marginal sinus of the 

spleen. This places them in an advantageous position to act as a defence against blood-

borne pathogens. MZ B cells were isolated from spleens by flow cytometry, defined as 

B220+CD138-CD93-CD23-CD21+ (Fig. 3.21B-C). Expression of GFP and dTomato was also 

examined among putative MZ B cells defined as dTomato+ or GFP+ B220+CD138-CD93-
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CD23-CD21+ cells (Fig. 3.21D), these may indicate a proportion of dTomato+ non-activated 

putative MZ B cells and GFP+ activated putative MZ B cells from adoptively transferred cells.  

MZ B cell numbers in the spleen increased over time, peaking at 10 days post-immunisation, 

and declining by 14 days post-immunisation (Fig. 3.22A-B). Putative GFP+ MZ B cells first 

appeared at 5 days post-immunisation and increased over time with a peak at 10 days post-

immunisation (Fig. 3.22C-E). A small minority were Putative dTomato+ MZ B cells, these 

were fewer than total MZ B cells but increased over time, with the same peak at 10 days 

post-immunisation (Fig. 3.22F-H). Overall, MZ B cells increased during the response in the 

spleen, and a small number may be derived from adoptively transferred cells as they 

expressed GFP and dTomato. It is unclear whether these are comprised of pre-existing 

differentiated MZ B cells that were adoptively transferred and/or B cells that differentiated 

into MZ B cells in the response to antigen. These populations of putative adoptively 

transferred MZ B cells require further characterisation by examining expression of CD1d, IgM 

and location within the spleen to confirm their identity. 

BEMs and GC B cells were followed by flow cytometry for CD38 and Fas (Fig. 3.23A-B). GC B 

cells reached a peak at 5 days post-immunisation (Fig. 3.23C). BEMs were defined as GFP+ 

CD38+ activated B cells in the spleen, some of these also expressed Fas. The assumption was 

that these were produced from the GC (due to expression of GFP) and may be similar to 

BEMs in the LN. BEMs reached peak levels at the same time as GC B cells at 5 days post-

immunisation (Fig. 3.23D).  

IgG1 expression was examined as a marker of Th2-type activated B cells in BEMs and GC B 

cells by flow cytometry (Fig. 3.23A, Fig. 3.24A-B). Peak IgG1 expression among GC B cells was 
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observed at 5 days post-immunisation (Fig. 3.24C). Also, peak IgG1 expression was also 

detected in BEMs at 5 days post-immunisation (Fig. 3.24D). This peak in the spleen is earlier 

than the GC response in the LN with a peak at 8 days post-immunisation (Fig. 3.1, Fig. 3.2). 

This was because the spleen was first primed against KLH before exposure to NP-KLH, 

therefore there was greater T cell help in the spleen due to recognition of KLH. 

The prime-boost study of the response in the spleen was not a novel protocol and has been 

previously used to examine the B cell response in the spleen (Toellner et al., 1996, Cook, 

2015). This experiment shows that the peak GC response and production of BEMs was at 8 

days post-immunisation. This study of the splenic response involved adoptive cell transfer 

with the QM IgHNP Cg1-Cre mTmG splenocytes to ensure that there were NP-specific B cells 

present and these were reporters for B cell activation. One limitation of this investigation of 

the splenic response was that a lower concentration of antigen than has been previously 

validated, perhaps resulting in a weaker response than previous studies. The dose used in 

this present study was 20 µg NP-KLH (i.p.), whereas previous work used 50 µg of NP-CGG 

(i.p.), this lower dose may have provoked a weaker response (Toellner et al., 1996, Cook, 

2015). Axillary and brachial LNs defined as distLNs were inspected for levels of BCMs, these 

reached a peak at 5 days post-immunisation. However, this data was not shown due to the 

mitigating factor that the i.p. injection may have stimulated B cells in the “distLN” (Van den 

Broeck et al., 2006). Van den Broeck et al (2006), showed by injecting mice with Indian ink 

and adjuvant, the sites draining the i.p. injection included the spleen and the axillary and 

brachial LNs. 
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Figure 3. 21. Marginal zone B cells detected in an immunised spleen by flow cytometry over 
14 days 

(A) Experiment schematic measure response in the spleen over time. Immunisation was 
performed by the University of Birmingham Biomedical Services Unit. (B) Gating strategy to 
detect MZ B cells in the spleen. Flow cytometry plots summarising (C) MZ B cells 
(B220+CD138-CD93-CD21+CD23-) and (D) expression of GFP and dTomato among MZ B cells. 
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Figure 3. 22. MZ B cells reached a peak at 10 days post-immunisation in the spleen 

Graphical summaries of MZ B cells in the spleen over time. Presented are MZ B cells 
(B220+CD138-CD93-CD21+CD23-) as % lymphocytes (A) and cell number (B). GFP+ MZ B cells 
as % lymphocytes (C), cell number (D) and % MZ B cells. dTomato+ MZ B cells as % 
lymphocytes (E), cell number (F) and % MZ B cells (n=5-6). One-way ANOVA, * P<0.05, ** 
P<0.01, *** P<0.001, **** P<0.0001. Symbols represent individual mice from one 
experiment. Horizontal bars show means. 
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(A) Gating strategy to detect GC B cells (GFP+dTomato-B220+CD138-CD38-Fas+), BEMs 

Figure 3. 23. Peak GC response and BEM levels at 5 days post-immunisation 
in the spleen 
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(GFP+dTomato-B220+CD138-CD38+), and their expression of IgG1. (B) Flow cytometry plot 
summaries of BEMs and GC B cells over time. Graphical summaries of GC B cells (C) and 
BEMs (D) as % lymphocytes (n=5-6). One-way ANOVA, * P<0.05, ** P<0.01, *** P<0.001. 
Symbols represent individual mice from one experiment. Horizontal bars show means. 
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Flow cytometry summary of IgG1 expression of (A) BEMs (GFP+dTomato-B220+CD138-
CD38+) and (B) GC B cells (GFP+dTomato-B220+CD138-CD38-Fas+) over time. Graphical 
summaries of IgG1+ GC B cells (C) and IgG1+ BEMs (D) as % Parent. Graphical summaries of 
IgG1+ GC B cells (E) and IgG1+ BEMs (F) as Cell number (n=5-6). One-way ANOVA, * P<0.05, 
** P<0.01, *** P<0.001, **** P<0.0001. Symbols represent individual mice from one 
experiment. Horizontal bars show means. 

 

3.2.5.2 BEM marker expression in the spleen changed over time 

B cells produced in the splenic response to NP-KLH were examined for BEM markers and 

their expression over time in the same experiment as described in Fig. 3.21A. This was to 

verify if expression of these markers on BEMs in the spleen was similar to BEMs in LN and to 

determine if the expression of these markers was retained over time. These markers were 

identified using RNA sequencing data; flow cytometry detected cell surface expression as 

shown earlier. In the response in the drLN CD24 and CD55 were found to be good markers to 

detect BEMs.  

Upregulated CD24 transcription was seen in GC B cells. This raised transcription of CD24 was 

not observed in BEMs and BCMs (Fig. 3.16B). However, BEMs still retained detectable CD24 

on cell surface likely due to their recent emergence from GC. As such, CD24 is a valuable 

marker for detecting BEMs by demarcating cells that have emerged from GCs in the LN. 

CD24 was examined for its use as a marker for activated B cells in the spleen. CD24 was 

consistently expressed at higher levels by GC B cells at all time points, whereas it was 

expressed at very low levels by nBCs. BEMs expressed CD24 at lower levels than GC B cells at 

all time points. CD24 expression was raised in BEMs compared with nBCs at 5 days (8-fold) 

and 8 days (11.5-fold) post-immunisation, but not as much on 10 days and 14 days (6-fold) 

post-immunisation. However, there was a slight resurgence of CD24 at 14 days post-

Figure 3. 24. Peak level of IgG1+ GC B cells and BEMs was at 5 days post-immunisation 
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immunisation (Fig. 3.25A). This suggested that BEM expression of CD24 in the spleen was 

transient and decreased over time. CD24 may be used as a marker to detect GC B cells, but 

in the spleen, it could only detect BEMs at 5 days post-immunisation. CD24 was a far better 

marker for BEMs in the drLN. There were also some outlying CD24- GC B cells from 10 days 

post-immunisation onwards.  

CD55 transcription and cell surface expression in the LN was lost in GC B cells but re-

expressed in BEMs, therefore it was used to detect non-GC B cells (Fig. 3.16H and Fig. 3.16B). 

This is because BCL-6 expressed by GC B cells represses CD55 (Cumpelik et al., 2021). CD55 

expression in the splenic GC response was monitored over time. In the spleen CD55 

expression was lower in GC B cells compared with nBCs (8-fold) and BEMs (5-fold) at all time 

points. CD55 was expressed at high levels by nBCs and slightly lower levels by BEMs at all 

time points (Fig. 3.25B). Histograms showed that CD55 was highly expressed by nBCs; this 

expression was lost in GC B cells but recovered by BEMs in the spleen at all time points (Fig. 

3.25C). Additionally, in a CD38 v Fas plot of GFP+ B cells in the spleen CD55 was typically 

highly expressed by CD38+ B cells and weakly expressed in CD38-Fas+ GC B cells at all time 

points (Fig. 3.25D). This showed that CD55 was an effective marker for non-GC B cells in the 

spleen. 

BAFF-R is a crucial receptor for pro-survival signals for B cells and mBCs (Müller-Winkler et 

al., 2021). BAFF-R expression was examined in nBCs, GC B cells and BEMs to verify its 

importance in promoting survival of these subsets. BAFF-R was highly expressed by GC B 

cells at all time points, at about 3-fold higher than nBCs at 5 days post-immunisation. 

However, the level of GC B cell BAFF-R expression appeared to reduce over time to just 
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under 2-fold higher in GC B cells by 14 days post-immunisation. BEMs highly expressed BAFF-

R compared with nBCs during the peak of the GC response in the spleen at 5 days post-

immunisation (around 2.5-fold). However, BEM expression of BAFF-R reduced drastically by 

14 days post-immunisation (around 1.25-fold). nBCs expressed very low levels of BAFF-R at 

all time points (Fig. 3.25E). PECAM1 was identified as a potential marker for non-GC B cells. 

PECAM1 was expressed at very low levels by GC B cells at all time points. PECAM1 

expression by nBCs was consistent at all time points (Fig. 3.25F). PECAM1 was expressed at 

high levels by BEMs at 5 days post-immunisation (around 2-fold) compared with GC B cells 

and nBCs. Expression of PECAM1 in BEMs was reduced over time; by 14 days post-

immunisation BEM expression was comparable with nBCs but still raised over GC B cells 

(around 2-fold).  

SLAMF7 is used as a robust marker for PCs, and it was selected for use as a potential marker 

to identify activated B cells due to its upregulation in GC B cells and BEMs in the drLN (Fig. 

3.16H). SLAMF7 expression in the splenic GC response over time was evaluated. At 5 days 

post-immunisation SLAMF7 was expressed at high levels by GC B cells and BEMs (around 3.6-

fold) compared with nBCs. BEM SLAMF7 expression decreased by 14 days post-immunisation 

(around 2-fold) compared with nBCs. SLAMF7 expression by GC B cells was relatively 

constant at all time points, whereas expression by nBCs was low and remained at this level 

at all time points (Fig. 3.25G). CXCR3 is a chemokine receptor that is known to be expressed 

by IgG1+ mBCs (Muehlinghaus et al., 2005). CXCR3 expression in the splenic GC response 

over time was evaluated. CXCR3 was expressed at high levels by BEMs at 5 days post-

immunisation compared with both nBCs (5-fold) and GC B cells (2.5-fold). Expression was 

reduced by 8 days post-immunisation but was still higher than GC B cells (1.6-fold) and nBCs 
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(3.5-fold). At 10- and 14-days post-immunisation BEMs and GC B cells expressed high levels 

of CXCR3 compared with nBCs (BEMs: 3.5-fold, GC B cells: 2.5-fold) (Fig. 3.25H).  

CCR6 has previously been identified as a marker for pre-memory B cells and may have some 

relevance in identifying BEMs (Suan et al., 2017). CCR6 was consistently highly expressed by 

BEMs at all time points compared with GC B cells (160-230-fold) and was expressed slightly 

higher in BEMs compared with nBCs at all time points (3-5-fold). However, BEM CCR6 

expression reduced slightly after 5 days post-immunisation (Fig. 3.25I). Histogram plots from 

flow cytometry of the spleen showed that CCR6 was strongly expressed in BEMs compared 

with GC B cells at all time points. Additionally, to a lesser extent CCR6 was also raised in 

BEMs compared with nBCs (Fig. 3.25J). Among GFP+ B cells in the spleen CCR6 was typically 

expressed more by CD38+ BEMs compared with CD38-Fas+ GC B cells at all time points (Fig.  

3.25K). This showed that CCR6 may be an effective marker for distinguishing BEMs from GC 

B cells in the spleen. Whether CCR6 may effectively distinguish BEMs from nBCs is less clear 

as there was increased overlap of BEMs CCR6 expression with nBCs over time. Another 

marker for activated B cells in the spleen may be required to better detect BEMs. 

BEM markers were observed in the splenic response to NP-hapten. At the peak of the splenic 

GC response nBCs, GC B cells and BEMs showed a similar pattern of expression to their 

counterparts in the peak GC response in the LN. BAFF-R, PECAM1, SLAMF7 and CXCR3 

expression diminished over time, whereas CD24, CD55 and CCR6 expression remained 

relatively constant.   
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Figure 3. 25. Markers distinguishing BEM from GC B cells and naive B cells were detected in 
the immunised spleen and BEM marker expression was tracked over time 

Summaries of BEM markers CD24 (A) and CD55 (B) of naïve B cells (blue; GFP- B220+CD138-
CD38+), GC B cells (orange; GFP+B220+CD138-CD38-Fas+) and BEMs (green; 
GFP+B220+CD138-CD38+) at 5-, 8-, 10- and 14-days post-immunisation in the spleen 
displayed as MFIs from flow cytometry data (n=5-6). (C) Representative histograms of CD55 
expression in in the spleen. (D) Coloured heatmap statistic of CD55 expression in GFP+ B 
cells plotted against CD38 and Fas. 

Summarised MFIs of BEM markers (E) BAFFR, (F) PECAM1, (G) SLAMF7, (H) CXCR3 and (I) 
CCR6 from flow cytometry of naïve B cells, GC B cells and BEMs in the spleen at days 5-, 8-, 
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10- and 14-days post-immunisation. Data points on the X-axis represent samples with an MFI 
below a threshold of 10 (n=5-6). (J) Representative histograms of CCR6 expression in in the 
spleen. (K) Coloured heatmap statistic of CCR6 expression in GFP+ B cells plotted against 
CD38 and Fas. Two-Way ANOVA, * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
Symbols represent individual mice from one experiment. Horizontal bars show means. 

 

3.3 Discussion 

The peak of the GC response of QM Cg1-Cre mTmG lymphocytes in the drLN to NP-CGG or 

NP-KLH was at around 8 days post-immunisation because levels of GFP+ B cells, PCs, GC B 

cells and BEMs were at their highest. This concurred with previous work which showed a 

peak GC response and BEM production at 8 days post-immunisation. Additionally, BCMs 

could be detected in distant LN and spleen from this time point onwards (Zhang et al., 2022, 

Toellner et al., 1998). At this time point light sheet microscopy showed BEMs migrating 

between the SCS and GC. This corroborated previous work showing that BEMs “recycle” 

between the SCS and the GC (Zhang et al., 2022).  

The response of QM Cg1-Cre mTmG cells in the spleen to NP-KLH in a prime-boost 

immunisation was examined over time to track the response of adoptively transferred cells. 

Endogenous MZ B cells reached a peak at 10 days post-immunisation. This suggested that 

later in the splenic response to NP-KLH there may be a recruitment of MZ B cells. A small 

number of GFP+ and Tomato+ “MZ” B cells were also detected; these may be comprised of 

pre-existing MZ B cells that were present in the adoptive cell transfer solution. This could 

also represent MZ B cells that developed from adoptively transferred B cells during the 

response. T1 and T2 transitional B cells can differentiate into MZ B cells by ADAM10-

mediated cleavage and activation of Notch2 (Hammad et al., 2017). Therefore, the small 

number of adoptively transferred MZ B cells detected could also be derived from T2 
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transitional B cells that differentiated into MZ B cells in the host spleen. This could be 

verified by quantifying the levels of T2 transitional B cells and MZ B cells in the adoptive cell 

transfer donor spleen in future work. The prime-boost GC response in the spleen reached 

peak levels of GC B cells, BEMs and at 5 days post-immunisation. There was also an IgG1 

response, however this was not the main response in this protocol.  

At the peak of the response in the drLN the RNA expression of B cell subsets was examined. 

GSEA of GC B cells showed that they typically enriched for gene sets associated with cell 

cycle progression. This reiterated that GC B cells are highly proliferative. Like GC B cells, 

GSEA of BEMs suggested that they were proliferative compared with BCMs as they were 

enriched for gene sets associated with cell cycle progression in GSEA. GSEA suggested that 

BCMs might better placed for response to antigen than the other B cell subsets due to 

enrichment for gene sets involved in immune response and antigen presentation. However, 

this may simply reflect that BCMs have already gone through these processes of immune 

response and antigen processing/presentation during their initial activation, resulting in 

higher levels of gene expression than nBCs. BCMs may be more mobile than BEMs and GC B 

cells due to enrichment for gene sets involving interaction with ECM and water 

reabsorption. 

RNA sequencing also showed that BEMs upregulated Ccr6, Ccr7, Cd62l (Sell), S1pr1 and Cd38. 

This gene expression profile of BEMs was similar to a B cell subset described as pre-memory 

B cells that upregulated CCR6, Bach2 and Ephrin B1 (Suan et al., 2017, Shinnakasu et al., 

2016, Laidlaw et al., 2017). This suggested that they may be similar groups - potentially the 

same population or there is an overlap in the gating strategy. Due to the position of BEMs 
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within the LN as outputs from the GC, they may be more mature than pre-memory B cells as 

they have exited the GC. However, the pre-memory B cells in the LZ may also represent 

BEMs that have returned from the SCS.  

Expression of chemokine receptors may provide clues as to why BEMs migrate towards the 

SCS. The ligand for CCR6 is CCL20 which is expressed by floor LECs (Grasso et al., 2021). 

There may be a CCL20 gradient leading to the SCS for CCR6-expressing cells to follow. S1PR1-

expressing lymphocytes in the LN can respond S1P which is at high levels in the blood and 

lymph, facilitating a gradient across the LN where the follicles represent an S1P-low region 

(Arnon et al., 2011, Hwang et al., 2019). This may facilitate entry of lymphocytes to cortical 

and medullary sinuses, and perhaps the SCS, allowing egress via the efferent lymphatics 

(Zhang et al., 2016, Park et al., 2012). This may also facilitate migration of BEMs that express 

S1pr1. BEMs also upregulated Ebi2 (Gpr183). The EBI2 (GPR183) receptor facilitates B cell 

migration to the SCS and interfollicular areas by following 7a,25-dihydroxycholesterol 

gradients (Gatto et al., 2011).  

RNA sequencing helped to identify CD24 and CD55 as potential cell surface markers to 

distinguish BEMs from GC B cells. This was confirmed by flow cytometry to determine 

protein level expression. CD24 is a cell adhesion molecule that is first expressed during B cell 

development in Pre-Pro-B cells and is expressed at high levels from pro-B cells up until 

transitional B cells (Hardy, 2013). CD24 is also expressed by GC B cells in mice (Shinall et al., 

2000). Transcription of Cd24 was decreased in the BEMs compared to GC B cells. 

Unexpectedly protein expression of CD24 was detected on the cell surface of BEMs by flow 

cytometry. Cell surface CD24 expression between GC B cells and BEMs was comparable. This 
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suggested that, although CD24 was transcribed in the GC B cell, the BEM stage stopped CD24 

transcription but still expressed it at the protein level. CD55 was downregulated in GC B cells 

and because CD55 is repressed by BCL-6 (Cumpelik et al., 2021). CD55 repression in GCs 

prevented degradation of C3 and C5 convertases which allowed production of C3a and C5a. 

These products of C3 and C5 convertases contribute to positive selection in the GC 

(Cumpelik et al., 2021). BEMs in the drLN also upregulated CCR6. CCR6 is a receptor for 

CCL20 and is expressed by pre-memory B cells (Suan et al., 2017).  

PECAM1 was another marker investigated due to its upregulation on nBCs an BEMs. PECAM1 

is an adhesion molecule expressed by endothelial cells, typically at junctions of adjacent 

cells, and is involved in trans-endothelial migration of leukocytes (Woodfin et al., 2007). 

SLAMF7 was investigated in the drLN as it was upregulated in GC B cells and BEMs. SLAMF7 

is used as a robust marker for PCs. SLAMF7 is also a receptor that recognises self-ligands and 

induces immunomodulation. SLAMF7 promotes immune activation in the presence of 

Ewing’s sarcoma associated transcript 2 (EAT-2) adaptor protein. Conversely, in the absence 

of EAT-2, SLAMF7 has an inhibitory effect on the immune response (O’Connell et al., 2019). 

CXCR3 was also investigated as it was known to be expressed by IgG1+ mBCs (Muehlinghaus 

et al., 2005). BAFF-R was also examined as it is required for B cell survival and plays an 

important role in mBC survival (Müller-Winkler et al., 2021). These other markers could not 

distinguish between B cell subsets in the drLN as accurately as CD24 and CD55 so were not 

used to detect BEMs. 

Uptake of EdU was used to confirm the identity of CD24+CD55+ cells as BEMs - they were 

proliferative, indicating they may be GC-derived. A good next step would be to verify the 
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BCR affinity of BEMs as memory B cells and pre-memory B cells are of a lower affinity than 

PCs (Suan et al., 2017). These BEM markers distinguished BEMs from GC B cells in WT mice, 

to a limited extent, without using reporter mouse models. Co-staining with CD24 and CD55 

allowed identification of BEMs, but a proliferation marker made it more effective as 

CD24+CD55+ BEMs bimodally expressed Fas. The Fas+ non-BCR transgenic BEMs had similar 

expression of IgG1 and EdU uptake as BEMs from the adoptive cell transfer model, indicating 

that they may represent the same population. This may allow detection of BEMs in the peak 

of the GC response to NP-KLH/NP-CGG in LN without a transgenic mouse model to report B 

cell activation. 

Markers to distinguish BEMs from GC B cells in the LN were also examined in the splenic GC 

response to NP-KLH, which reached a peak of GC B cells and BEMs at 5 days post-

immunisation. In the spleen CD24 was highly expressed by GC B cells and BEMs at 5 days 

post-immunisation, but expression by BEMs was lost over time. Additionally, CD24 was not 

expressed as strongly by BEMs in the spleen as in the LN. CD55 was similarly downregulated 

in splenic GC B cells as in the LN, also this downregulation was consistent in the spleen at all 

time points. During the peak splenic GC response BAFF-R was upregulated in BEMs and GC B 

cells compared with nBCs. Conversely, in the LN there was no clear difference in BAFF-R 

expression between these groups during the peak GC response. Additionally, BEM 

expression of BAFF-R was decreased from 8 days post-immunisation in the spleen. GC B cells 

in the spleen also appeared to decrease BAFF-R expression over time. SLAMF7 was 

upregulated in BEMs and GC B cells compared with nBCs during the peak GC response in 

both spleen and LN. However, expression of SLAMF7 in the spleen decreased over time in a 

similar trend to BAFF-R. In the LN GC response CXCR3 was slightly increased in BEMs and 
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increased to a lesser extent in GC B cells compared with nBCs. The same trend was seen in 

the peak splenic GC response, but over time BEMs expression of CXCR3 decreased until it 

was comparable with GC B cells by 10 days post-immunisation. CCR6 was strongly 

upregulated by BEMs compared with GC B cells and upregulated to a lesser extent compared 

with nBCs in the peak GC response in the LN. This same trend was seen in the spleen at all 

time points. CCR6 was a good marker to detect BEMs and CD55 could be used to confirm 

they are non-GC B cells. Co-staining with CCR6 and CD55 may be a good strategy to detect 

BEMs in the splenic response to NP-hapten, although this was not done in this present study. 

The expression of some of these markers in the spleen appeared to change over time, so it 

would be important to investigate the expression of these markers in the response in the LN 

over time. 

In conclusion, the dynamics of production of BEMs were quantified in the drLN and spleen. 

RNA sequencing characterised BEMs in the drLN as similar to GC B cells, but still distinct from 

them. BEMs also had a very similar gene expression profile to pre-memory B cells. Cell 

surface markers were uncovered to help distinguish BEMs from GC B cells in the drLN and 

spleen. 
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4 Emigrating memory B cells within the draining lymph node 

4.1 Introduction and Objectives 

Many factors can direct the movements of lymphocytes within the LN. CCR7 is a 

requirement for entry of lymphocytes via the CCL21-rich HEVs (Steen et al., 2014). B cell 

expression of CCR7 is crucial during activation as it mediates migration of B cells that have 

recognised antigens to the B-T cell zone interface where they can receive help from CD4+ T 

cells (Toellner, 2014, Okada et al., 2005). CXCR5 expression ensures localisation of B cells to 

the CXCL13-rich B cell areas in the follicles of the LN (Pereira et al., 2010).  S1PR1 facilitates 

migration following S1P gradients and is expressed by lymphocytes. In the drLN it plays a 

role in the migration of lymphocytes towards the outer follicular regions, followed by egress 

from the LN via the efferent lymphatics by entering cortical sinuses (Pereira et al., 2010). 

S1PR1 is also involved in cell migration in the spleen as MZ B cells express S1PR1. Other 

lymphocytes also migrate towards the marginal sinus; unlike MZ B cells they do not express 

sufficient adhesion molecules to withstand the tear forces of the marginal sinus and enter 

circulation, leaving the spleen (Pereira et al., 2010). After entering the SLO lymphocytes 

upregulate expression of S1PR1, this level of expression increased with time and was 

dependent on their position in the tissue, with increasing expression as they migrate to the 

follicle which is an S1P-low environment (Park et al., 2012). This may indicate an S1P-

mediated desensitisation of S1PR1 in S1P-high environments (e.g., blood and lymph) or 

conversely S1PR1 re-sensitisation in this S1P-low region of the follicle (Arnon et al., 2011, 

Hwang et al., 2019). Resultantly, lymphocytes in the S1P-low environment of the follicle had 

enhanced sensitivity to S1P, promoting egress and weaker chemotactic cues from CCR7, 

CXCR4 and CXCR5 that promote retention within the tissue (Park et al., 2012). 
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ACKR4 is a scavenger receptor for CCL19 and CCL21 (which are also ligands of CCR7). It can 

bind these ligands and internalise them (Matti et al., 2020b). ACKR4 plays a role in regulating 

the chemokine gradients of CCL21 in the LN SCS as ACKR4 is expressed by ceiling LECs 

(Ulvmar et al., 2014).  

RT-PCR data from our lab confirmed our findings of RNA sequencing data that BEMs 

upregulated S1pr1 and Ebi2, and downregulated S1pr2 compared with GC B cells (Zhang et 

al., 2022). In this chapter the role of S1PR1 in the movements of BEMs within the drLN was 

investigated. Furthermore, BEMs upregulate Ccr7 compared with GC B cells (Zhang et al., 

2022). CCR7 is required for the entry of DCs from the SCS to the drLN following CCL21 

gradients regulated by ACKR4 (Ulvmar et al., 2014). In this chapter the role of ACKR4 in the 

migration of BEMs in the drLN was also investigated.  

In humans, PCs can be retained for decades (Landsverk et al., 2017). If PCs can persist for 

such a long time and can produce antibodies throughout this time, what role do mBCs play? 

MBCs tend to be less efficiently selected for high affinity than PCs, are highly variable, and 

therefore may be more likely to be cross-reactive (Smith, 1997, Shinnakasu et al., 2016, Suan 

et al., 2017, Viant et al., 2020). MBCs can produce an effective response to antigenic variants 

of the WNV (Purtha et al., 2011). Thus, lower affinity of mBCs may facilitate cross-reactivity 

to antigen variants. This chapter investigated whether BEMs have a similar role in response 

to antigenic variants by examining the response to antigenic variants when movement of 

BEMs is impaired. 

This chapter investigated the following hypotheses: 

1. CCR7 ligand gradients direct movement of BEMs from the SCS to the GC in the drLN 
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2. S1PR1 ligand gradients in the drLN direct BEM migration from the GC to the SCS 

3. BEM SCS-GC recycling is required for recognition of antigenic variants 

 

4.2 Results 

4.2.1 Investigating the role of ACKR4 and expression of CCL21 in draining lymph nodes 

ACKR4 is a scavenger receptor that can bind and internalise the chemokines CCL19 and 

CCL21 and is involved in maintaining CCL19/21 gradients in the SCS (Ulvmar et al., 2014). 

BEMs and nBCs express CCR7, which would allow them to follow CCL19/21 gradients 

generated by ACKR4 (Fig. 4.1A). CCL21a is the isotype of CCL21 expressed in the LN and is a 

ligand of CCR7 and ACKR4 (Matti et al., 2020a).  The aim of this section was to uncover the 

role of ACKR4 expression by SCS ceiling LECs during the response in the drLN and how it 

affects the generation of PCs, GC B cells and BEM.  

To evaluate the role of ACKR4, ACKR4-KO and a control group consisting of WT and ACKR4-

heterozygous mice (WT/ACKR4-Het) received adoptive cell transfers of QM IgHNP Cg1cre 

mTmG splenocytes, where B cells are specific for the hapten NP; these donors were ACKR4-

WT. The following day mice were immunised with alum precipitated NP-CGG on the plantar 

surface of the hind foot. Popliteal draining lymph node, spleen, blood, and axillary and 

brachial distant lymph nodes were collected at 8 days post-immunisation (Fig. 4.1B).  

In the draining lymph node endogenous B cells, plasma cells, BEMs and GC B cells, and GFP+ 

adoptively transferred cells were quantified by flow cytometry (Fig. 4.1C-D). This was 

presented as the normalised ratio The normalised ratio which was calculated by dividing the 

frequency statistic of an individual sample (e.g. % lymphocytes) by the median of frequency 
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statistics of all control samples (e.g. WT group) in the following formula: 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑅𝑎𝑡𝑖𝑜 =  
𝑠𝑎𝑚𝑝𝑙𝑒 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

𝑀𝑒𝑑𝑖𝑎𝑛 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑠𝑎𝑚𝑝𝑙𝑒𝑠
 

There was no clear difference in B cells, PCs, GC B cells and BEMs between WT/ACKR4-Het 

and ACKR4-KO drLNs (Fig. 4.1E-H). Expression of IgG1 in GC B cells (Fig. 4.1I) and BEMs (Fig. 

4.1J) were examined in WT/ACKR4-Het and ACKR4-KO mice, but there was no clear 

difference in expression (Fig. 4.1K-L). This suggested that environmental ACKR4-deficiency 

had no apparent effect on the initial activation and expansion of adoptively transferred 

ACKR4-sufficient B cells. 

Earlier studies have shown increased numbers of BEMs inside the SCS when ACKR4-

generated chemokine gradients are removed after deletion of Ackr4 (Zhang et al., 2022). To 

test whether ACKR4-deficiency affects the migration of ACKR4-WT BEMs at the SCS, the drLN 

was observed by light sheet microscopy. WT and ACKR4-KO mice received adoptive cell 

transfers with QM IgHNP mTmG splenocytes. The following day they were immunised on the 

plantar surface with NP-KLH in alum. At 8 days post-immunisation drLNs were stained in vivo 

with CD169-Alexa647 30 minutes before drLNs were collected and examined by light sheet 

microscopy (Fig. 4.2A and Fig. 4.3A). In both WT and ACKR4-KO drLNs dTomato+ GCs could 

be seen in light sheet microscopy, there were also dTomato+ cells located in the follicles 

between the GC and the CD169-labelled SCS and some dTomato+ cells could be seen within 

the SCS (Fig. 4.2B and Fig. 4.3B). This was also observed in maximum intensity projections 

(Fig. 4.2C and Fig. 4.3C). Manual observation showed no major differences of dTomato+ cells 

in the SCS between WT and ACKR4-KO drLNs. Digital quantification would be required in 
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future work to confirm whether ACKR4-KO drLN SCS contained more BEMs than in WT drLN 

SCS as observed by Zhang et al. (2022) in intravital imaging. 

As described above, CCL21 is a ligand for CCR7 and is expressed by HEVs in the LN. It has also 

been observed in the SCS, in which the chemokine gradient is maintained by ACKR4. CCL21 is 

a means for entry of lymphocytes into the spleen from circulation via HEVs and is involved in 

the entry of DCs to the LN via afferent lymphatics through the SCS (Ulvmar et al., 2014). 

CCL21 can be immobilised by binding heparan sulphate on the ECM making it detectable by 

histology. However, CCL19, the other CCR7 and ACKR4 ligand, is not immobilised on ECM 

and is soluble (Haessler et al., 2011). BEMs express CCR7 and are observed in the SCS; CCL21 

gradients in the SCS may provide the means for BEM entry into the follicle. In the following 

experiments non-immunised and immunised popliteal LNs were compared to determine 

whether immunisation affected the expression of CCL21. 

CCL21-RFP heterozygous reporter mice were immunised with NP-KLH in alum in the foot. 

Draining popliteal LN and non-immunised axillary LNs were collected and examined by flow 

cytometry (Fig. 4.4A). Stromal cells were detected by flow cytometry. Expression of CCL21 

was examined in marginal reticular cells (MRCs) defined as MadCAM1+BP3+CD31-gp38+ 

stromal cells and T cell zone reticular cells (TRCs) defined as MadCAM1-BP3+CD31-gp38+ 

stromal cells (Fig. 4.4B). Immunisation reduced the proportion of CD31-gp38+ fibroblastic 

reticular cells (FRCs) by half (Fig. 4.4C). However, there were almost twice as many FRCs 

expressing CCL21 in immunised LNs (Fig. 4.4D). Within FRCs there was a significantly greater 

fraction of MRCs and TRCs in immunised LNs (Fig. 4.4E-F), there were also more CCL21-

expressing MRCs and TRCs in immunised LNs as a proportion of FRCs (Fig. 4.4G-H). However, 
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when examining expression of CCL21 as the proportion of either total MRCs or TRCs there 

was no significant difference between immunised and non-immunised LNs and no significant 

difference of CCL21 expression between MRCs and TRCs (Fig. 4.4I). This indicates that the 

respective numbers of CCL21 expressing MRCs and TRCs did not change after immunisation. 

Instead, there was an immunisation-induced loss of CCL21-RFP negative cells as a proportion 

of live cells. 

The decreased FRCs and CCL21-RFP-expressing FRCs in immunised LNs was unexpected. The 

immunised LN in vivo would expand as there would be an influx of leukocytes and increased 

volume. Resultantly, it is likely that FRCs increased in real terms, but not as a proportion of 

live cells, however absolute numbers were not recorded so this could not be verified. In 

future work absolute numbers of FRCs should be evaluated to determine whether 

immunisation induced loss of FRCs was real. 

Immunised and non-immunised CCL21-RFP/WT popliteal LNs were sectioned and examined 

by histology with the aim of investigating the expression of CCL21 in the SCS. LNs were 

stained with CD169 to mark SCS macrophages lining the floor of the SCS. MADCAM1 was 

stained to help identify MRCs in the SCS; TRCs are also MADCAM1-expressing cells (Fletcher 

et al., 2015). Non-immunised popliteal LNs revealed expression of CCL21 by TRCs deep in the 

tissue. Furthermore, CCL21-expressing reticular cells were detected in the SCS floor that co-

localised with CD169+ SCS macrophages. CCL21-expression in the SCS floor also co-

expressed MADCAM1 indicating that these CCL21-expressing cells are likely to be MRCs (Fig. 

4.5). Immunised popliteal LNs likewise had similar CCL21 expression as non-immunised LNs. 

CCL21 was expressed on TRCs and highly expressed on HEVs. CCL21-expressing cells were 
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also detected in the SCS demarcated by CD169 and these co-localised with MADCAM1, 

indicating that they are likely to be MRCs (Fig. 4.6). Additionally, there was co-localisation of 

SCS macrophages with CCL21-RFP (Fig. 4.5 and Fig. 4.6). MADCAM1 was also expressed by 

cells deeper in the LN, these included TRCs (Fletcher et al., 2015). This implies that 

expression of CCR7 may be relevant to cell migration in both the T cell areas and in the SCS.  

There was no difference in CCL21 expression of MRCs and TRCs between immunised and 

non-immunised LNs but there were more CCL21-expressing FRCs in immunised LNs, as 

determined by flow cytometry. This revealed an expansion of FRCs during a response in the 

LN. This increased the number of CCL21-expressing cells but may just be related to the 

increased volume of the LN during an immune response.  

Previous findings by intravital microscopy uncovered that in ACKR4-KO mice BEMs migrated 

to the SCS but were less able to return back to the follicle and thus accumulated within the 

SCS (Zhang et al., 2022). Based on this it was expected that the same trend would be shown 

by light sheet microscopy with more BEMs in the ACKR4-KO SCS. Although there was no 

obvious difference by manual observation there may be a difference uncovered if these SCS 

located BEMs were quantified. 

Previous work showed that BEMs in the SCS of ACKR4-deficient mice failed to return towards 

the follicle (Zhang et al., 2022). This was due to a dysregulation of CC19 and CCL21 

chemokine gradients under conditions of ACKR4-deficiency. Therefore, there was reduced 

direction for CCR7-mediated migration of BEMs to follow. We next investigated signals 

directing BEMs in the other direction, such as towards the outer follicular regions and the 

SCS. 
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Figure 4. 1. No significant effect on size of GC response and BEM production in ACKR4-
deficient drLNs 
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(A) RT-PCR measuring the mRNA expression of the chemokine receptor CCR7 in nBCs (GFP-
B220+CD38+CD138-), GC B cells (GFP+B220+CD138-CD38-Fas+), BEMs (GFP+B220+CD138-
CD38+) and BCMs (GFP+B220+CD38+CD138-) in QM Cg1cre mTmG cell transfer recipients (d-
1) collected at 8 days post-immunisation. This data was produced by Yang Zhang (Zhang et 
al., 2022). Each symbol represents pooled LNs (popliteal LNs for GC B cells and distant 
axillary and brachial LNs for BCMs and nBCs) from 4 mice. All values are relative to levels of 
B2m mRNA. Data representative of 3 independent experiments. Two-tailed Mann-Whitney 
test, * p<0.05.  

(B) Schematic of QM Cg1cre mTmG adoptive cell transfer and immunisation protocol into 
ACKR4-KO and a control group consisting of WT and ACKR4-Heterozygous mice (WT/Het). 
Cell transfers were performed by the University of Birmingham Biomedical Services Unit. (C) 
Gating strategy to detect GC B cells (GFP-B220+CD138-CD38-Fas+) and BEMs (GFP-
B220+CD138-CD38+) from activated GFP+ adoptively transferred cells. (D) Flow cytometry 
plots of BEMs and GC B cells from individual WT and ACKR4-KO drLNs from GFP+ B cells. 
Graphical summaries of % lymphocytes (E) GFP+ B cells (B220+CD138-), (F) GFP+ plasma cells 
(CD138+), (G) GC B cells and (H) BEMs, data were normalised from 3 separate experiments 
to the medians of WT samples from each experiment set to 1 (WT n=12, ACKR4-KO n=16). 
Flow cytometry plots of IgG1 expression in (I) GC B cells and (J) BEMs. Graphical summaries 
of IgG1+ (K) GC B cells and (L) BEMs, data presented are combined from 2 separate 
experiments (WT n=8, ACKR4-KO n=10). Symbols represent individual mice. Circles represent 
WT/Het control group mice, squares represent ACKR4-KO mice. Horizontal bars show means. 
The normalised ratio was calculated by dividing the frequency statistic of an individual 
sample (e.g., % lymphocytes) by the median of frequency statistics of all control samples 
(e.g., WT group) in the formula described below: 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑅𝑎𝑡𝑖𝑜 =  
𝑠𝑎𝑚𝑝𝑙𝑒 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

𝑀𝑒𝑑𝑖𝑎𝑛 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑠𝑎𝑚𝑝𝑙𝑒𝑠
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Figure 4. 2. Light sheet microscopy of ACKR4-WT drLN with adoptively transferred QM mTmG 
cells showed BEM in the SCS 

(A) ACKR4-WT mice received adoptive cell transfer of QM mTmG splenocytes one day before 

immunisation with NP-KLH. Cell transfers were performed by the University of Birmingham 

Biomedical Services Unit. At 8 days post-immunisation they received in vivo staining with 

CD169-Alexa647 30 minutes before collection of drLN. (B) Snapshots of light sheet 

microscopy image of GC and SCS taken at 0°, 90°, 180° and 270° rotated along the Y-axis. QR 

code links to video of light sheet image in the URL: https://youtu.be/Ba74p0PtPYQ. (C) 

Maximum intensity projection of light sheet microscopy image (top left), with Alexa647-

CD169 (top right) and dTomato (bottom right) shown separately. 
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Figure 4. 3. BEM were detected in the SCS of ACKR4-KO drLN by light sheet microscopy 

(A) ACKR4-KO mice received adoptive cell transfer of QM mTmG splenocytes one day before 

immunisation with NP-KLH. Cell transfers were performed by the University of Birmingham 

Biomedical Services Unit. At 8 days post-immunisation they received in vivo staining with 

CD169-Alexa647 30 minutes before collection of drLN. (B) Snapshots of light sheet 

microscopy image of GC and SCS taken at 0°, 90°, 180° and 270° rotated along the Y-axis. QR 

code links to video of light sheet image in the URL: https://youtu.be/WlLWnnk-FaE. (C) 

Maximum intensity projection of light sheet microscopy image (top left), with Alexa647-

CD169 (top right) and dTomato (bottom right) shown separately. 
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Figure 4. 4. CCL21 expressing MRCs and TRCs detected in the draining and non-immunised 
LNs 

(A) CCL21-RFP heterozygous reporter mice were immunised on plantar surface with NP-KLH 
in alum precipitate. 8 days post-immunisation drLN and non-immunised popliteal LNs were 
collected. (B) After digestion these LNs were examined by flow cytometry to detect stromal 
cells (CD45-Ter119-CD31-gp38+), MRCs (CD45-Ter119-CD31-gp38+BP3+MadCAM1+) and 
TRCs (CD45-Ter119-CD31-gp38+BP3+MadCAM1-). Tissue digestion was performed by Yang 
Zhang. (C) Summary of total fibroblastic reticular cells and (D) CCL21-expressing fibroblastic 
reticular cells.  (E) Summaries of MRCs and (F) CCL21-expressing MRCs. (G) Summaries of 
TRCs and (H) CCL21-expressing TRCs. (I) Summary pf CCL21-expressing MRCs and TRCs as a 
proportion of total MRCs and TRCs (n=4-5). Mann-Whitney test, * P<0.05. Data are from one 
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experiment. Symbols represent individual mice. Blue triangles are non-immunised LNs, red 
squares are immunised popliteal LNs, and grey circles are immunised non-fluorescent 
popliteal LNs. Horizontal bars show means. 
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Non-immunised CCL21-RFP/WT popliteal LN examined by histology. Stained for MadCAM1 
(green), CCL21-RFP (red) and CD169 (blue). White arrowheads mark CCL21-RFP expressing 
marginal reticular cells and clear arrowheads marks CCL21-RFP co-expressed with SCS 
macrophages. (SCS = subcapsular sinus, Fo = follicle). 

Figure 4. 5. CCL21-RFP expression detected in the SCS floor of non-immunised popliteal LN 
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Figure 4. 6. CCL21-expression detected in the SCS floor of immunised popliteal LN 

CCL21-RFP/WT draining popliteal LN at 8 days post-immunisation examined by histology. LN 
was stained for MadCAM1 (green), CCL21-RFP (red) and CD169 (blue). White arrowheads 
mark CCL21-RFP expressing marginal reticular cells and clear arrowheads marks CCL21-RFP 
co-expressed with SCS macrophages. (SCS = subcapsular sinus, Fo = follicle). 
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4.2.2 S1PR1-blockade impaired egress of emigrating memory B cells from the drLN 

CCR7 ligands may direct migration of lymphocytes in the LN from SCS to the follicle but the 

migration of lymphocytes towards the outer follicular regions is dependent upon CCR6, EBI2 

and S1PR1 ligands (Zhang et al., 2016, Kelly et al., 2011). CCR6, EBI2 and S1PR1 were 

expressed at elevated levels among BEMs and GC B cells expressed elevated levels of S1PR2 

which acts in opposition to S1PR1 (Fig. 3.12C, Fig. 4.7A-C). The role of S1PR1 in lymphocytes 

has been effectively studied by treating mice with FTY720 to block S1PR1 which inhibits the 

egress of lymphocytes from SLOs by preventing migration to the SCS (Zhang et al., 2016). 

FTY720 also targets S1PR3-5 (Adachi and Chiba, 2007). BAF312 has been used to more 

specifically target S1PR1 to a similar effect as FTY720 (Gergely et al., 2012). BAF312 can also 

antagonise S1PR5 (O’Sullivan et al., 2016). B cell subsets examined here did not express 

S1PR5 (Fig. 3.12C). Given that BEMs expressed elevated levels of S1PR1, mice were treated 

with FTY720 or BAF312 to evaluate the effect on egress of BEMs from the drLN and 

appearance in circulation and distant lymphoid tissues. 

To investigate the effects of FTY720-mediated S1P receptor blockade, WT mice received 

adoptive cell transfer of QM IgHNP Cg1Cre mTmG splenocytes. The following day they 

received immunisation with NP-CGG in alum precipitate on the plantar surface of hind feet. 

They received i.p. injections of FTY720 or a PBS as an untreated control at 6- and 7-days 

post-immunisation, and tissues were examined at 8 days post-immunisation (Fig. 4.7D). Flow 

cytometry was used to detect GFP+ B cells, PCs, GC B cells and BEMs (Fig. 4.7B-G). The 

FTY720-treated drLN contained slightly fewer GFP+ B cells (Fig. 4.8A) and GC B cells (Fig. 



 

137 
 

4.8B). There was no major loss of BEMs (Fig. 4.8C) and no difference in PCs in FTY720-

treated mice (Fig. 4.8D). 

GFP+B220+CD38+CD138- BCMs were quantified from distLN, spleen and blood by flow 

cytometry (Fig. 4.9A-C). Fewer BCMs were detected in the distLN, spleen and blood of 

FTY720-treated mice (Fig. 4.9D-E). Some FTY720-treated samples were completely devoid of 

BCMs, showing the strong effect of blockade of S1PR1. Additionally, GFP- CD3+ T cells and 

B220+ B cells were examined in distLN, spleen and blood by flow cytometry, to examine the 

effect of S1PR1-blockade on naïve recirculating lymphocyte egress from SLOs (Fig. 4.9A and 

4.10A-C). While there was no difference in T cells in distLN and spleen, very few T cells were 

present in the blood of FTY720-treated mice (Fig. 4.10D-E). Similarly, B cell numbers in blood 

from FTY720-treated mice was strongly reduced, while there was a slight, but significant 

increase in B cells of distLN (Fig. 4.10F-G). This confirms that FTY720 treatment inhibits 

egress of lymphocytes from SLOs leading to reduction of lymphocytes in the blood. The 

increased B cells in the distLN of FTY720-treated mice may be due to the production of B 

cells in situ in response to a non-specified antigen. This may be because of animals fighting 

and/or response to non-specified pathogens in the specific pathogen free conditions of the 

animal facility. Alternatively, this could be the result of the entry of B cells already present in 

circulation prior to administration of FTY720. On the other hand, BCMs in distLN were 

significantly reduced, suggesting that they were produced in drLN but were unable to egress 

and enter other tissues when exit from drLN was inhibited by S1PR1 blockade.  

FTY720 targets multiple S1P receptors. To examine whether the effect observed was due to 

inhibition of S1PR1, mice were treated with BAF312 which more specifically targets S1PR1. 
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WT C57BL/6 mice received adoptive cell transfers with QM IgHNP Cg1-Cre mTmG 

splenocytes followed by immunisation with NP-CGG on the plantar surface the next day, 

these mice were treated with FTY720 or BAF312 at days 6 and 7 post-immunisation (Fig. 

4.11A) Frequency of Lymphocytes and BCMs was examined in distant tissues after treatment 

at 8 days post-immunisation with NP-KLH (Fig. 4.11AB). B cells and T cells were quantified in 

blood of FTY720 and BAF312-treated mice (Fig. 4.11C). While there was no significant 

difference in B cells and T cells of FTY720-treated and BAF312-treated blood, there were 

fewer B cells and T cells in treated blood compared with untreated PBS controls (Fig. 4.11D-

E). BCMs were examined in distLN, spleen and blood (Fig. 4.11F-G). In distLN and blood there 

was no significant difference in BCMs between FTY720 and BAF312- treatments, whereas, in 

the BAF312-treated spleen there were significantly fewer BCMs than FTY720-treated. 

Additionally, when compared with separate PBS controls there were fewer BCMs in the 

spleen with both treatments (Fig. 4.11H). This indicated an importance for S1P receptors in 

the egress of BCMs from the drLN, and that BAF312 may more effectively impair this than 

FTY720. One caveat is that the PBS controls were from separate experiments, nonetheless 

they appeared as expected showing a larger proportion of B cells and T cells in blood and 

BCMs in distant tissues compared with samples that received S1PR1 blockade. The 

important question from these experiments was whether there was a difference between 

the BAF312 and FTY720 treatment, this was directly compared and answered as shown 

above. 

S1PR1-blockade resulted in fewer BCMs detected in blood and distant tissues suggesting 

that it may have prevented egress of BEMs from the drLN to become BCMs. Light sheet 

microscopy was used to verify whether S1PR1 is required to for migration to the SCS prior to 
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egress via efferent lymphatics. S1PR2-ERT2-Cre x Ai14dTomato mice, which is a reporter for 

GC-derived B cells and will label BEMs, were immunised with rabbit IgG. At 6 days post-

immunisation they were treated with tamoxifen and on the following day they were treated 

with either PBS as a control or FTY720 by i.p. injection. During the peak of the GC reaction 

and BEM production at 8 days post-immunisation drLNs were examined. DrLNs were stained 

in vivo with Alexa488-labelled immune complex (IC), 30 minutes after staining, untreated 

drLN (Fig. 4.12A) and FTY720-treated drLN (Fig. 4.13A) were collected. Untreated (Fig. 4.12B-

C) or FTY720-treated (Fig. 4.13B-C) drLNs were then examined by light sheet microscopy. 

dTomato+ GC could be observed in both drLN, there were also some BEMs present between 

the GC and the SCS and some present in the SCS labelled by IC. There may be fewer BEMs in 

the SCS of FTY720-treated drLN, but this was not quantified. This would concur with previous 

observations of fewer mBCs entering the SCS of drLN to egress towards distant tissues as 

BCMs. 

The above experiments of treating tissues with FTY720 and BAF312 suggested that S1PR1-

blockade may have prevented the egress of BEMs from the drLN. This suggests that BEMs 

emerging from the GC may use S1PR1 to follow S1P gradients towards the SCS. Once in the 

SCS these BEMs may either undergo egress via efferent lymphatics or return towards the GC-

containing follicle. Light sheet microscopy appeared to agree with this observation with 

fewer BEMs observed in the SCS of FTY720-treated drLN. In the following section I examine 

the role of this GC-SCS recycling of BEMs mediated by S1PR1 and CCR7 ligands for the 

antibody response. 
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Figure 4. 7. FTY720 treated drLNs were evaluated by flow cytometry 

RT-PCR measuring the mRNA expression of the chemokine receptors S1pr1 (A), S1pr2 (B) 
and Gpr183(Ebi2) (C) in nBCs (GFP-B220+CD38+CD138-), GC B cells (GFP+B220+CD138-CD38-
Fas+), BEMs (GFP+B220+CD138-CD38+) and BCMs (GFP+B220+CD38+CD138-) in QM Cg1cre 
mTmG cell transfer recipients (d-1) collected at 8 days post-immunisation. This data was 
produced by Yang Zhang (Zhang et al., 2022). Each symbol represents pooled LNs (popliteal 
LNs for GC B cells and distant axillary and brachial LNs for BCMs and nBCs) from 4 mice. All 
values are relative to levels of B2m mRNA. Data representative of 3 independent 
experiments. Two-tailed Mann-Whitney test, * p<0.05. 

(D) Schematic of QM IgHNP Cg1cre mTmG adoptive cell transfer and immunisation protocol 
into WT mice followed by treatment with FTY720 (i.p.). Cell transfers and administration of 
FTY720 were performed by Juan Carlos Yam-Puc. (E) Gating strategy to isolate GC B cells and 
BEMs from GFP+ adoptively transferred cells. (F) Flow cytometry plots of GFP+ B cells and 
PCs in FTY720-treated and untreated drLNs. (G) Flow cytometry plots of BEMs and GC B cells 
in FTY720-treated and untreated drLNs from GFP+ B cells.  

 

Figure 4. 8. Fewer B cells and GC B cells in FTY720-treated drLNs but no effect on production 
of BEMs 

Summaries of flow cytometry experiments to detect B cell subsets in FTY720-treated and 

untreated (PBS) drLNs. (A) GFP+ B cells (GFP+B220+CD138-), (B) GC B cells 

(GFP+B220+CD138-CD38-Fas+), (C) BEMs (GFP+B220+CD138-CD38+) and (D) PCs 

(GFP+CD138+) in drLN presented as % live lymphocytes. Data presented are combined from 

3 separate experiments (WT n=14, CCL19-KO n=16). Unpaired t-test, * p<0.05. Symbols 

represent individual mice; solid black circles are PBS-treated controls and open squares are 

FTY720-treated mice. Horizontal bars show means. 
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Figure 4. 9. Fewer BCMs in distant lymphoid tissues of FTY720-treated mice 

(A) Gating strategy to isolate BCMs (GFP+B220+CD138-CD38+) in FTY720-treated and 

untreated distant tissues, presented is gating strategy for distLN from one representative 

experiment. (B) Flow cytometry plots to detect GFP+B220+ cells in FTY720-treated and 

untreated distLN.  (C) Flow cytometry plots to detect BCMs in FTY720-treated and untreated 

distLN. Plots are from one representative experiment. Graphical summaries of BCMs 

detected in FTY720-treated and untreated distant tissues presented as % live lymphocytes 

(D) and normalised ratio (E). Data are combined from 3 separate experiments (n=14). Mann-

Whitney test, * p<0.05, ** p<0.01, *** p<0.001. Symbols represent individual mice; solid 

black circles are PBS-treated controls and open squares are FTY720-treated mice. Horizontal 

bars show means. 
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Flow cytometry plots of B cells (B220+CD3-) and T cells (B220-CD3+) detected in (A) blood, 

(B) spleen and (C) distLN of FTY720-treated and untreated mice, data presented are from 

one representative experiment. Graphical summaries of T cells in FTY720-treated and 

untreated distant tissues presented as % live lymphocytes (D) and normalised ration (E). 

Graphical summaries of T cells in FTY720-treated and untreated distant tissues presented as 

% live lymphocytes (F) and normalised ratio (G).  Data are combined from 3 separate 

experiments (n=14). Mann-Whitney test, * p<0.05, ** p<0.01, *** p<0.001, **** 

p<0.0001.  Symbols represent individual mice; solid black circles are PBS-treated controls 

and open squares are FTY720-treated mice. Horizontal bars show means. 

Figure 4. 10. Fewer circulating B cells and T cells in blood of FTY720-treated mice 
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Figure 4. 11. At least as few BCMs in distant lymphoid tissues after BAF312 treatment as after 
FTY720-treatment 

(A) Schematic of QM IgHNP Cg1cre mTmG adoptive cell transfer and immunisation protocol 

into WT mice followed by treatment with FTY720 or BAF312 (i.p.). Cell transfers were 

performed by Juan Carlos Yam-Puc. (B) Gating strategy to isolate BCMs (GFP+B220+CD138-

CD38+) in distLN at 8 days post-immunisation with NP-KLH. (C) Flow cytometry plots of B 

cells (B220+CD3-) and T cells (B220-CD3+) in FTY720 and BAF312-treated blood. Graphical 

summaries of T cells (D) and B cells (E) in blood. Flow cytometry plots of GFP+ B cells (F) and 
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BCMs (G) in FTY720 and BAF312-treated distLN. (H) Graphical summaries of BCMs in distLN, 

spleen and blood. FTY720 and BAF312 data are from 1 experiment (n=5), PBS control is 

combined from 3 separate experiments (n=14). Mann-Whitney test, * p<0.05, ** p<0.01, 

*** p<0.001. Symbols represent individual mice. Grey circles are PBS controls from a 

separate experiment, blue squares are FTY720-treated mice and black circles are BAF312-

treated mice. Horizontal bars show means. 
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Figure 4. 12. BEMs detected in SCS of FTY720-untreated drLNs 

(A) S1PR2-ERT2-Cre Ai14dTomato mice were immunised with rabbit IgG, 48 hours before 
collection these mice received tamoxifen. 24 hours before collection these mice received 
injections with i.p. injections with PBS as the experimental control. At day 8 post-
immunisation they received in vivo staining with Alexa488-labelled immune complex 30 
minutes before collection of drLN. (B) Snapshots of light sheet microscopy image of GC and 
SCS taken at 0°, 90°, 180° and 270° rotated along the Y-axis. QR code links to video of light 
sheet image in the URL: https://youtu.be/jk9X9wzZ7fI. (C) Maximum intensity projection of 
light sheet microscopy image (top left), with dTomato (top right) and Alexa488-immune 
complex (bottom right) shown separately. 
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Figure 4. 13. Fewer BCMs present in FTY720-treated drLN SCS 

(A) S1PR2-ERT2-Cre Ai14dTomato mice were immunised with rabbit IgG, 48 hours before 
collection these mice received tamoxifen. 24 hours before collection these mice received i.p. 
injections with FTY720 as the experimental control. At day 8 post-immunisation they 
received in vivo staining with Alexa488-labelled immune complex 30 minutes before 
collection of drLN. (B) Snapshots of light sheet microscopy image of GC and SCS taken at 0°, 
90°, 180° and 270° rotated along the X-axis. QR code links to video of light sheet image in the 
URL: https://youtu.be/Aq2n90CwBqY. (C) Maximum intensity projection of light sheet 
microscopy image (top left), with dTomato (top right) and Alexa488-immune complex 
(bottom right) shown separately. 

 

4.2.3 The role of ACKR4-mediated BEM recycling in response to antigenic variants 

The above implies that S1PR1 ligands direct BEMs to the SCS, additionally previous work by 

our lab showed that CCR7 ligand gradients may direct the return BEMs towards the GC 

(Zhang et al., 2022). What role does this play in the antibody response? One proposed 

function of mBCs is in the response to antigenic drift variants; mBCs were reportedly 

required in the response to WNV variants (Purtha et al., 2011). This may be because mBCs 

are produced from B cells that are less stringently selected for BCR specificity to the antigen 

that initiated the response (Suan et al., 2017). This would allow mBCs to be comprised of 

cells that are more cross-reactive and may allow for BCR variants that better bind variants of 

the primary antigen.  

Although light sheet microscopy did not detect differences in BEM positioning, likely due to 

lack of quantification (Fig. 4.2 and Fig. 4.3), BEMs were previously observed recycling 

between the GC-containing follicle and the SCS, and this recycling was dependent upon 

ACKR4 (Zhang et al., 2022). ACKR4 regulates CCL21 chemokine gradients in the SCS (Ulvmar 

et al., 2014). Under conditions of ACKR4-deficiency this recycling was not observed: BEMs 

migrate towards the SCS, but they fail to return towards the follicle (Zhang et al., 2022). 
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Failure to return to the follicle may be due to a lack of a CCR7 ligand concentration gradient 

that CCR7-expressing BEMs can follow. This section will investigate the role of ACKR4-

dependent SCS-GC BEM recycling and how this relates to the response of BEMs to antigenic 

variants.  

4.2.3.1 ACKR4-defiency resulted in impaired antibody response to hapten antigenic 

variants 

To test the hypothesis that a lack of BEM recycling between SCS and follicle in ACKR4-

deficient mice impairs the adaption to antigenic variants, a protocol was established to 

simulate antigenic drift using a series of haptens. C57BL/6 mice were primed with NIP-KLH. 

In C57BL/6 mice, B cells triggered to respond to NP typically express a canonical VDJ 

combination that have highest affinity to NIP, and slightly lower affinity to NP (Reth et al., 

1978). The affinity of these BCRs would be lower still to DNP and even further reduced to 

TNP. After priming with NIP-KLH in alum precipitate, mice received serial boosting injections 

every 2 days starting from the beginning of BEM recycling at 8 days post-immunisation 

(Zhang et al., 2022). The first variant antigen NP-KLH, followed by DNP-KLH and lastly TNP-

KLH, were injected at days 8, 10 and 12 in soluble form into the foot. 3 days later (15 days 

post-immunisation) the serum antibody response was examined for affinity to different 

hapten variants (Fig. 4.14A). The optimal concentration of boosting injections was titrated 

and was found to be 1 µg per dose, this was the minimum dose to induce a major shift in 

affinity in serum towards TNP (Fig. 4.14B-C). 

To test whether inhibition of BEM recycling affects adaption to antigenic variation, WT/Het 

(a control group consisting of WT and ACKR4-Heterozygous mice), and ACKR4-KO C57BL/6 
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mice received the same immunisation protocol as described before but with optimal 

concentrations. The primary immunisation was with 10 µg NIP-KLH in alum precipitate 

followed by boosting injections with antigenic variants in PBS at 1 µg (Fig. 4.15A). There was 

no difference in IgG1 titre and affinity to NIP at 15 days post-immunisation (Fig. 4.15B). NP-

specific serum IgG1 at 15 days post-immunisation was examined in WT/Het and ACKR4-KO 

mice. Relative serum antibody titres were obtained against low valency antigen (left), high 

valency antigen (middle) and affinity was calculated as a ratio of these (right) - there was no 

significant difference between WT/Het and ACKR4-KO mice in the affinity to NP antigen at 

day 15 (Fig. 4.15C).  TNP-specific serum IgG1 was examined at 15 days post-immunisation, 

there was lower relative titre to TNP2; further there was a lower affinity to TNP in ACKR4-KO 

mice (Fig. 4.15D). This indicated that ACKR4-mediated “recycling” of BEMs between the SCS 

and the GC may be required for an efficient antibody response to antigenic variants. 

 

4.2.3.2 Reduced generation of Dengue virus envelope protein variant specific antibodies in 

ACKR4-deficient mice 

The role of ACKR4-mediated SCS-GC BEM “recycling” was examined in the context of viral 

antigen, which may be more clinically relevant due to chronic exposure to antigen. Although 

Dengue is not known to rapidly mutate to escape variants, seasonal variants provide a good 

model for studying the response to closely related antigens. Dengue virus envelope protein 

was selected as the model viral antigen for investigation. Dengue virus has 4 serotypes, 

these contain a virus enclosed by envelope proteins which play a role in the fusion of viral 

and endosomal membranes, leading to infection. These envelope (E) proteins are the targets 
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of neutralising antibodies, they tend to have about 30% sequence variability across all 

serotypes (Dejnirattisai et al., 2010). The E protein contains 3 domains: DI consisting of a 9-

strand β-barrel, DII consisting of 2 loops and the hydrophobic fusion loop at the tip, and DIII 

consisting of an Ig superfamily fold that is thought to bind cell surface receptors. In the pre-

fusion state these are in the form of dimers, 90 of these E dimers encapsulate the dengue 

virus (Modis et al., 2004). Upon entry to the endosome the acidic conditions induce a 

conformational change allowing entry into the cell cytoplasm (Modis et al., 2004). 

During initial infection with Dengue virus the host develops a lifelong immunity to the 

infecting serotype, however, in subsequent exposure to virions of differing serotype the 

infection is enhanced. This is through antibody dependent enhancement - neutralising 

antibodies to the primary serotype are cross-reactive but not neutralising to the other 

serotypes. They bind these viruses and are taken up into cells by Fc receptors thus bringing 

the virus into the endosome where they can undergo membrane fusion and infect the cell 

(Dejnirattisai et al., 2010). With this pre-established cross-reactivity between serotypes, 

dengue envelope proteins were considered a good candidate to study the changes in affinity 

maturation with ACKR4-deficiency in the context of viral proteins. 

Dengue virus envelope proteins 1 (E1) and 4 (E4) were compared by sequence alignment 

using JFATCAT. This test reported a sequence identity of 65% and a similarity of 79% (Fig. 

4.16A-B and Fig. 4.17B). WT and ACKR4-KO C57BL/6 mice were primed against E1 in alum 

precipitate followed by a boost with either E1 or E4 at 8 days post-immunisation - serum 

IgG1 was examined at 14 days post-immunisation (Fig. 4.17A). To measure affinity 

maturation towards E4, serum was pre-adsorbed against E1 to remove E1-specific 
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antibodies, ensuring this serum contained mainly E4 specific antibodies. This was then 

compared to serum that had not been adsorbed (Fig. 4.17C). As non-adsorbed serum may 

contain non-specific antibodies, samples with non-adsorbed serum E4-specific IgG1 titres 

lower than 20 were removed from analysis as they represented baseline levels of specificity. 

There was no significant difference in E4-specific IgG1 titre between WT and ACKR4-KO mice 

regardless of whether serum was non-adsorbed (left) or pre-adsorbed (middle). However, 

there was a slight, non-significant, increase in specificity for E4 in pre-adsorbed antibody in 

mice that received a boosting injection of E4 compared with mice that received an E1 boost 

– this was seen in ACKR4-WT mice only (Fig. 4.17D, middle) Furthermore, there was a 

significant increase in the ratio of pre-adsorbed to non-adsorbed antibody in ACKR4-WT 

mice when E1 immunisation was followed by E4 immunisation compared with those that 

received a boost of E1, this was not seen in ACKR4-KO mice (Fig. 4.17D, right). This indicated 

that BEM recycling may have played a role in affinity maturation towards E4. Although this 

experiment was replicated twice it should be repeated, maybe with an assay that better 

tests the fine specificities for antibodies developing or using antigens that are closer related 

than Dengue antigen variants, e.g., RBD mutants of Coronaviruses or influenza receptor 

mutants. 

This suggested that ACKR4-mediated SCS-GC recycling of BEMs may play a role in the 

response to variant Dengue viral envelope protein serotypes. There was an improved E4-

specific response in serum IgG1 of E1-E4 treated WT mice but not in ACKR4-KO mice, 

however, it did not reach significance. 
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(A) Experimental design to simulate antigenic drift using haptens and serial boosting 

Figure 4. 14. Hapten-based model to simulate antigenic drift 
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injections of increasing variance from the primary hapten injection and titration of optimal 

concentration. (B) NP-specific serum IgG1 at day 15 post-immunisation, relative titres of 

serum antibody for low valency antigen (left), high valency antigen (middle) and affinity for 

NP measured as a ratio between NP2 and NP14 (right). (C) TNP-specific serum IgG1 at day 15 

post-immunisation measured serum antibody for low valency antigen (left), high valency 

antigen (middle) and affinity for TNP measured as a ratio between TNP2 and TNP35 (right). 

Symbols represent individual mice, circles are PBS controls, squares are recipients of 10 ng of 

antigen, upward pointing triangles are recipients of 100 ng of antigen, downward pointing 

triangles are recipients of 1 μg of antigen and diamonds are recipients of 10 μg of antigen. 

Horizontal bars show geometric means. One-way ANOVA, * P<0.05, ** P<0.01, *** P<0.001, 

**** P<0.0001. 



 

158 
 

 



 

159 
 

Figure 4. 15. Affinity maturation to TNP was impaired in ACKR4-KO mice that could not 
recycle BEMs between SCS and follicles 

(A) Experiment schematic to simulate antigenic drift using haptens in ACKR4-KO mice and a 

control group consisting of WT and ACKR4-Heterozygous mice (ACKR4WT/Het). (B) Relative 

titres of NiP-specific IgG1 at day 15 post-immunisation specific to low valency antigen (left), 

high valency antigen (middle) and affinity measured as the ratio between NiP2 and NiP20 

(right). (C) NP-specific IgG1 measured at day 15 post-immunisation. Relative titres of serum 

antibody binding low valency antigen (left), high valency antigen (middle) and affinity for NP 

measured as a ratio between NP2 and NP14 (right). (D) TNP-specific IgG1 measured at day 

15 post-immunisation. Relative titres of serum antibody binding low valency antigen (left), 

high valency antigen (middle) and affinity for TNP measured as a ratio between TNP2 and 

TNP35 (right). Data are normalised and compared within each timepoint. Mann-Whitney 

test, * P<0.05, ** P<0.01. NP and TNP data are from 5 separate experiments (n=28). NIP data 

are from 4 separate experiments (n=24). Bars represent data from multiple mice, horizontal 

bars are the median and whiskers show standard error. Blue bars represent the control 

group consisting of WT and ACKR4-Heterozygous mice and the red bars represent ACKR4-KO 

mice. 
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Figure 4. 16. Characterisation of dengue virus envelope proteins 

(A) Report for JFATCAT sequence alignment for dengue virus envelope proteins 1 (Denv-1, 

E1) and 4 (Denv-4, E4) displaying sequence identity, similarity and the matching protein 

sequence. (B) 3D model of sequence alignment between Denv-1 (orange) and Denv-4 (blue) 

using protein blast JFATCAT. 

 

Figure 4. 17. E4-specific serum IgG1 as a ratio to E1-specific serum IgG1 increased in WT but 
not ACKR4-KO mice after boosting with E4 

(A) Experimental schematic to immunise WT and ACKR4-KO mice with Dengue envelope 

protein-1 (E1) followed by boosting with antigenic variant Dengue envelope protein-4 (E4) 

and collection of tissues at day 14 post-immunisation. This experiment based on a protocol 

designed by Juan Carlos Yam-Puc and Raul Maqueda Alfaro. (B) 3D model of sequence 

alignment of Denv-1 (orange) and Denv-4 (blue). (C) Design to measure affinity for Denv-4 

protein by pre-adsorbing E1-specific antibody before measuring serum against E4. (D) E4-

specific serum IgG1 at day 14 post-immunisation, relative titres obtained from pre-adsorbed 

serum (left), non-adsorbed serum (middle) and E4 affinity measured as a ratio between pre-

adsorbed and non-adsorbed titres. Samples with a non-adsorbed E4-specific IgG1 titre of 
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less than 20 were removed from analysis as they represented non-specific baseline serum. 

Data presented are from 2 separate experiments (n=10). Symbols represent individual mice. 

Filled symbols represent ACKR4-WT mice and open symbols represent ACKR4-KO mice. 

Circles represent recipients of E1 followed by a boost with E1 again, whereas squares 

represent recipients of E1 followed by a boost with E4. 

 

4.3 Discussion 

Light Sheet microscopy shown in chapters 3 and 4 and intravital microscopy from a previous 

study captured the migratory behaviours of BEMs emerging from the GC LZ (Zhang et al., 

2022). BEMs “recycled” between the SCS and the GC-containing follicle (Zhang et al., 2022).  

The migration of lymphocytes in the drLN to the outer follicle and entry to the cortical 

sinuses was directed by S1P provided by blood and lymph (Pereira et al., 2010, Zhang et al., 

2016). This may also play a role in the movements of BEMs during SCS-GC “recycling” as 

suppression of S1P receptors resulted in reduced egress from the drLN. There were fewer 

BCMs detected in blood and distant lymphoid tissues in S1PR1-blockade. This may indicate 

an impairment of BEM entry to the SCS followed by egress of the LN via the efferent 

lymphatics. This was seen in both FTY20 and BAF312-treated mice. Light sheet microscopy 

also revealed BEMs in the SCS and there were potentially fewer in the SCS after treatment 

with FTY720. Quantification of BEMs in the SCS would help to conclusively determine 

whether S1PR1 blockade prevented BEM migration to the SCS and therefore impaired egress 

from the drLN. 

Return of BEMs from the SCS back towards the GC-containing follicle during “recycling” was 

impaired by ACKR4-deficiency (Zhang et al., 2022). ACKR4 is expressed by floor LECs and 

regulates CCL21 gradients in the SCS of the LN (Ulvmar et al., 2014). ACKR4 scavenges and 

degrades CCL19, CCL21 and CCL25, CCL20 has also been shown to be a ligand for ACKR4 but 
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whether it is internalised and degraded is as yet unclear (Matti et al., 2020b, Matti et al., 

2020a). Moreover, ACKR4 is expressed weakly by DZ GC B cells (Fig. 4.1) (Eckert et al., 2020). 

ACKR4 may still be expressed by BEMs at the protein level if not the RNA level. This may also 

help to direct migration, perhaps by scavenging nearby CCL19 and CCL21 to produce 

localised micro-gradients of chemokines to increase the sensitivity of CCR7 to its ligands. 

ACKR4 might help to facilitate the greater chemotactic index of CCL19 at shallower 

concentration gradients (Zidar et al., 2009). CCL20 is furthermore targeted by ACKR4, as 

there is a concentration gradient of CCL20 leading to the SCS that facilitated migration of 

innate-like lymphocytes (Zhang et al., 2016). Perhaps in ACKR4-KO mice there was a reduced 

sensitivity of CCR6 expressed by BEMs to its ligand, resulting in impaired migration to the 

SCS and subsequent egress from the LN. The effects of ACKR4-deficiency in the drLN 

suggested that the CCR7-CCL19/21 axis is important for the return of BEMs from the SCS to 

the GC-containing follicle. CCL21 expression was examined in the LN to help verify this role. 

CCL21 expression was observed in both immunised and non-immunised LNs by histology and 

flow cytometry. CCL21 was expressed by TRCs and was observed around the HEVs of the LN. 

CCL21 expression was also detected among MadCAM1+ MRCs in the floor of the SCS. CCL21 

expression was more apparent among TRCs in histology, but some CCL21-expressing MRCs 

were still detected; however, this was not quantified. Flow cytometry suggested that MRCs 

and TRCs may express comparable levels of CCL21, however TRCs outnumbered MRCs in 

both immunised and non-immunised LNs. The number of MRCs increased in immunised LNs, 

this may be related to an increase in volume of the reactive popliteal LN due to cell 

expansion.  
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BEMs in the SCS were in proximity to CD169+ SCS macrophages. Previous work showed that 

BEMs directly interacted with SCS macrophages. Calcium signalling was induced among 

BEMs contacting SCS macrophages and patches of CD169-labelled cell membrane from SCS 

macrophages were present on BEMs (Zhang et al., 2022). Macrophages on the SCS floor can 

collect lymph-borne antigen brought in by the afferent lymphatics and present them to B 

cells leading to a humoral response to antigen (Junt et al., 2007). These SCS macrophages 

can then present antigen to BEM recycling between an ongoing GC and the SCS. These SCS 

macrophages readily present antigens as they translocate IC encapsulated antigen from the 

lymphatics to the follicular side of the cell surface (Phan et al., 2009). These IC encapsulated 

antigens were then captured by non-cognate B cells which played a role in affinity 

maturation during an ongoing GC reaction (Phan et al., 2009). M1 or M2 polarisation of SCS 

macrophages was unclear – they had reduced phagocytosis typically seen in M1 

macrophages but could still produce pro-inflammatory cytokines (Louie and Liao, 2019).  

During the GC reaction PCs are selected due to their higher BCR affinities, however mBCs are 

selected from the B cells with more intermediate levels of BCR affinity (Suan et al., 2017). 

This lower affinity of mBCs towards the primary antigen may allow for cross-reactivity to 

variants of the primary antigen. In a viral infection the virus can rapidly mutate leading to 

changes in the epitope resulting in an antigenic drift producing variants of the primary 

antigen. Response of PCs and mBCs from WNV infected mice were compared and mBCs 

were better able to respond to escape variants of the primary antigen (Purtha et al., 2011). 

In humans infected with SARS-CoV-2 initially there was a transient increase in PCs, but mBCs 

were retained - many of these mBCs possessed some cross-reactivity with other beta-

coronaviruses (Sokal et al., 2021). The memory B cells response to influenza can also 
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produce cross-reactive memory B cells (Li et al., 2012). These mBCs can then become 

antibody-secreting cells and produce broadly cross-reactive antibodies against influenza 

(Ellebedy et al., 2020). Dengue viral infections produce highly cross-reactive mBCs which 

readily differentiate into PCs upon encounter with antigen (Priyamvada et al., 2016). 

However, cross-reactivity but poor neutralisation of cross-reactive Dengue virus-specific 

antibodies facilitated antibody-dependent enhancement of infection (Whitehead et al., 

2007).  

Cross-reactivity of mBCs to antigenic variants and the antigen presentation of SCS 

macrophages to B cells lead to the investigation of BEM response to antigenic variants. 

ACKR4-deficiency inhibited BEM “recycling” between SCS and follicle and impaired affinity 

maturation of serum antibody to hapten antigenic variants. In the ACKR4-deficient response 

to Dengue virus envelope proteins there was also less affinity maturation to the variant 

antigen of a different serotype to primary antigen; however, this did not reach significance. 

This suggested that in Dengue infection under ACKR4-deficiency there may be reduced 

antibody-dependent enhancement of infection. Impaired affinity maturation in ACKR4-

deficiency implied that BEMs migrate to the SCS and sentinel for variants of the primary 

antigen. Upon recognition of this antigen variant presented by SCS macrophages the BEMs 

could then return towards the GC carrying antigen. These BEMs may participate in the GC 

leading to the generation of antibody-secreting cells producing antigen with high affinity 

towards the antigenic variant. Some of these BEMs could also become activated and 

differentiate into an antibody-secreting cell, as IgG1+ mBCs have been observed to do 

(Dogan et al., 2009). This process would be important in viral infections due to chronic 

exposure to antigen and mutation into escape variants as previously discussed. It would 
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have been illuminating to investigate the role of BEM recycling in the response to other viral 

antigens such as influenza or HIV. 

 

Figure 4. 18. Representative diagram of the migratory behaviours of BEM in the drLN 

Diagram of the proposed model of BEM migration. BEMs produced from GC follow S1PR1 
ligands to migrate to the SCS. BEMs in the SCS may either egress the LN via efferent 
lymphatics or migrate back towards the GC following CCR7 ligand gradients regulated by 
ACKR4. 

 

As described in the above figure during an ongoing GC reaction BEMs are produced, they 

may exit the GC from the LZ and migrate towards the SCS following S1P gradients. BEMs can 

then egress the LN via the efferent lymphatics. BEMs can also detect antigen presented by 

SCS macrophages. They can return to the GC following CCR7 ligands, the gradients of which 

are regulated by ACKR4 (Fig. 4.18). BEMs can then ferry antigen back to the GC to fuel the 
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GC reaction. These BEMs could also participate in the GC reaction, contributing their genetic 

information. This drives the B cell response to antigenic variants. 

  



 

168 
 

5 Circulating memory B cells in distant tissues 

5.1 Introduction and Objectives    

Lymphocyte trafficking is a process that requires chemotaxis to give cells direction. The main 

chemokines organising entry into the T zone are CCL19 and CCL21 bound by CCR7. For naïve 

B cells the CXCR5-CXCL13 axis is crucial for entry into follicles. CCR7 is prominently expressed 

by mature DCs, naïve T cells, regulatory T cells and central memory T cells (Förster et al., 

2008). CCR7 is important for lymphocyte entry into the LN via HEVs and is involved in the 

entry of T cells to draining lymphatics (Förster et al., 2008). B cells also follow this route of 

entry into LNs through HEVs using CCR7-ligands without requiring CXCR5-ligands (Ebisuno et 

al., 2003, Okada et al., 2002). For B cells in the bone marrow CCR7 can inhibit retention 

within its niche by downregulating CXCR4 (McHeik et al., 2019). CCR7 is also essential for DC 

mobilisation and homing to drLNs via afferent lymphatics. CCR7-deficient DCs are less able 

to follow CCL21 gradients and enter draining tissues (Förster et al., 1999). 

CCR7-deficient mice have smaller spleens and Peyer’s patches due to fewer cells migrating 

to these SLOs. CCR7-deficient B cells in a WT host have been shown by Forster et al (1999) to 

be better retained in the outer follicles of the spleen as fewer are seen in the PALS due to an 

inability to follow CCR7 ligands to this area. 

The ligands of CCR7 share some expression patterns but also show some differences in the 

cells that produce them. Both CCL19 and CCL21 are expressed by HEVs and stromal cells of 

the drLN and spleen. CCL19 is also expressed by mature DCs whereas CCL21 is expressed by 

the endothelium of the afferent lymphatics. The genes for CCL19 and CCL21 are encoded in 

chromosome 4 of the mouse (Vassileva et al., 1999, Nakano and Gunn, 2001). The CCL21a 
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isoform of CCL21 contains a Serine on residue 65 is mainly expressed in lymphoid tissues 

such as LN and thymus. (Kozai et al., 2017, Lo et al., 2003). This may reflect the difference in 

function, for example CCL19 has the unique capability to promote internalisation of CCR7 by 

recruiting β-arrestins and GRK3 in addition to GRK6 resulting in desensitisation of CCR7 

(Zidar et al., 2009). This might be a mechanism to regulate responsiveness of the cell to CCR7 

ligands depending on concentration and may act in an autocrine manner on mature DCs. 

CCL21 can signal through β-arrestins and GRK6 but cannot achieve desensitisation of CCR7 

(Zidar et al., 2009). CCL21 has been shown to be secreted by afferent lymphatics in a 

circadian manner. This facilitates a circadian trafficking of CCR7-expressing DCs to the drLN 

(Holtkamp et al., 2021). This would ensure provision of antigen to the lymph node during the 

peak of the immune function when there is plenty of energy available reflected by feeding 

cycles. CCL21, but not CCL19, plays a role in thymocyte development. It is expressed by 

epithelial cells in the medullary thymus and is required for egress of thymocytes from the 

thymus into circulation (James et al., 2021). Another key difference between CCL19 and 

CCL21 is that at shallow concentration gradients CCL19 had a greater capacity to guide 

chemotaxis than CCL21, but at steeper concentration gradients CCL21 was better able to 

induce chemotaxis (Ricart et al., 2011). This may be because at higher concentrations of 

CCL19 there is more internalisation of CCR7 thereby reducing sensitivity to these stronger 

gradients. CCL21 is immobilised on the surface of the extracellular matrix whereas CCL19 is 

not immobilised (Haessler et al., 2011). 

ACKR4 is part of a family of scavenger receptors that has been found to scavenge CCL19, 

CCL21 and CCL25 (Ulvmar et al., 2014). CCL20 is also a ligand for ACKR4 (Matti et al., 2020a). 

ACKR4 is expressed by LECs of the SCS ceiling of the LN (Ulvmar et al., 2014). ACKR4 is 
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expressed by the peri-marginal sinus in the spleen, which is a distinct layer of the splenic 

vasculature surrounding the white pulp that is neither part of the red pulp nor the marginal 

sinus (Werth et al., 2021). 

ACKR4 is thought to generate and maintain chemokine gradients of CCL19 and CCL21 by 

scavenging and taking in these chemokines (Ulvmar et al., 2014). ACKR4 may be involved in 

increasing receptor sensitivity to chemokine as it may create local micro-gradients by 

scavenging nearby chemokines to help direct cell migration. ACKR4 may also act to reduce 

CCL19-mediated desensitisation of CCR7 as described by Zidar et al. (2009) by scavenging 

CCL19, this may help to maintain responses of CCR7 to CCL19. In the spleen ACKR4-

expressing cells of the peri-marginal sinus were able to take in CCL19 and may regulate 

serum CCL19. They were also posited to control CCL19 gradients locally in the MZ 

microenvironment (Werth et al., 2021). 

B cell expression of CCR7 is required for entry into the LN through HEVs (Ebisuno et al., 

2003). This CCR7 expression was specific to B cells in the paracortical cords of the LN rather 

than the inter-follicular areas (Park et al., 2012). Expression of CXCR5 allows migration to the 

CXCL13-rich B cell follicles of the LN (Ansel et al., 2000). B cells entering the spleen also 

express CXCR5 to facilitate homing to the CXCL13-rich follicles. These B cells also express 

CCR7 allowing them to move through the T cell zones of the PALS (Pereira et al., 2010). Entry 

of lymphocytes into the spleen was classically thought to occur through the marginal sinus 

(Bajenoff et al., 2008). However there is mounting evidence that lymphocyte entry to the 

spleen occurs through the bridging channels into the PALS (Chauveau et al., 2020). This could 
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occur initially through the ACKR4-rich peri-marginal sinus via a series of shunts that connect 

to bridging channels with the marginal sinus (Werth et al., 2021).  

Circulating B cells are retained in the B cell follicle for up to a day before they migrate 

towards the marginal sinus possibly following S1PR1 and EBI2 ligands. Once here the 

follicular B cell lack the adhesion molecules expressed by MZ B cells to withstand shear 

forces and re-enter circulation through the splenic vasculature (Pereira et al., 2010). In the 

LN follicle B cells may follow a similar pattern and migrate towards the outer follicle and 

intranodal lymphatics following S1PR1 and EBI2 ligands (Pereira et al., 2010). This may occur 

because B cells in the LN increase expression of S1PR1 over time while sensitivity of CCR7, 

CXCR4 and CXCR5 is reduced. However, this sensitivity is replenished upon re-entry into the 

blood (Park et al., 2012). This ensures that with time there is a decreasing responsiveness to 

chemotactic signals from CCR7 and CXCR5 ligands while increasing sensitivity to S1PR1 and 

EBI2 ligands resulting in egress. 

This chapter seeks to understand the signals from CCR7 ligands for entry of BCMs into 

distant tissues by examining movements of BCMs in mice deficient for CCL19 and CCL21. This 

effect was also examined in ACKR4 and CCR7-deficient BCMs. 

This chapter will investigate the migratory behaviours of BCMs, to determine in which 

tissues they may be found, and the chemotactic cues required for their presence there. CCR7 

was expressed by BEMs and BCMs as noted by bulk RNA sequences data in Chapter 3. ACKR4 

is expressed at low levels by GC B cells (Garcia Ibanez, 2017)(Fig. 4.1) and may also be 

expressed by BEMs and BCMs or retained expression on the protein level, or at least may 

contribute to initial migration behaviours. Entry of B cells into LN and spleen requires the 
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ligands of CCR7: CCL19 and CCL21. These are expressed by LN HEVs or expressed in peri-

marginal sinus-bridging channel shunts of the spleen. The hypothesis tested in this chapter is 

that the CCR7-CCL19/21 axis is important for BCM entry into distant lymphoid tissues.  

This chapter investigated the following hypotheses: 

1. ACKR4-deficiency impairs entry of BCMs entry into distant lymphoid tissues. 

2. CCL19 is required for entry of BCMs into distLN and spleen. 

3. BCM expression of CCR7 and ACKR4 is required for entry into distant lymphoid 

tissues. 

4. CCL21-deficiency impairs the generation of BEMs and subsequent migration of BCMs 

into distant lymphoid tissues. 

 

5.2 Results 

5.2.1 ACKR4-deficiency resulted in decreased levels of BCM in distLN but not blood and 

spleen 

ACKR4 is involved in regulation of CCL19/21 gradients in the LN SCS. The ACKR4-KO drLN was 

examined in chapter 4 (Fig. 4.1). It has previously been shown that under conditions of 

ACKR4-deficiency where this gradient is not maintained BEMs that migrate to the SCS fail to 

recycle back to the follicle and a greater proportion egress the LN becoming BCMs (Zhang et 

al., 2022). To verify this and to determine where these BCMs migrate, distant tissues of 

ACKR4-KO mice were examined. 

Mice received adoptive cell transfers of 1x105 NP+B220+ splenocytes from QM Cg1-Cre 

mTmG mice, followed by immunisation with 20 µg NP-CGG in alum precipitate with 
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Bordetella pertussis on foot and examination of tissues at 8 days post-immunisation (Fig. 

5.1A). BCMs were observed from the adoptively transferred GFP+ B cells at 8 days post-

immunisation in blood (Fig. 5.1B and E), spleen (Fig. 5.1C and F) and distant LN (Fig. 5.1D and 

G) by flow cytometry in WT/ACKR4-Het (a control group consisting of WT and ACKR4-

heterozygous mice) and ACKR4-KO hosts. There was no significant difference in BCMs in 

blood (Fig. 5.1H) and spleen (Fig. 5.1I) between WT/ACKR4-Het and ACKR4-KO hosts. Fewer 

BCMs were observed in ACKR4-KO distant LN (Fig. 5.1J). It has previously been observed that 

BCMs in ACKR4-KO mice are raised in the blood indicating greater egress from the drLN 

(Zhang et al., 2022). In this present study there was no significant difference in levels of 

BCMs in WT/ACKR4-Het or ACKR4-KO mice, but this does not disprove the prior observation. 

A novel observation in this present study is that BCMs were reduced in the distLN. This 

suggested that ACKR4-deficiency impaired entry of BCMs into the distLN, or that BCMs were 

poorly retained in the distLN of ACKR4-deficient mice. There were more activated B cells in 

some WT distLNs, this suggested that there may have been an immune response possibly 

due to male mice fighting or antigen leaking into other tissues from the foot injection. The 

data presented here were from transferred QM Cg1cre mTmG cells which report activated 

NP-specific B cells, this differs from previous work from our lab showing increased 

transferred QM ACKR4-WT and QM ACKR4-KO B cells (without Cg1cre) in the ACKR4-KO 

blood (Zhang et al., 2022). Another important consideration for this present data is that 

some of these mice had germinal centre responses taking place within distLN, this was seen 

in each of 3 repeats, these were not removed in Fig. 5.1. Removal of samples containing GCs 

did not disrupt the differences between WT and AKCR4-KO distLNs measured as a 

normalised ratio of % lymphocytes, but significance was lost as % lymphocytes (Appendix 4). 
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There was still a trend with and without the presence of GCs in distLN that there were fewer 

GCs in distLNs of ACKR4-KO hosts. However, it was unclear as to the cause of GCs in distLN 

which mainly appeared in WT/ACKR4-Het mice. Immunisation on the hind foot should only 

drain to the popliteal LN and other LNs located around the flank and pelvis of the mouse 

(Van den Broeck et al., 2006, Kawashima et al., 1964). Perhaps there was some leakage of 

antigen into other tissues. It is unlikely that there was leakage into the spleen as GCs were 

not detected here. There is also the chance that there was a non-specific response in distLNs 

that resulted in expansion of B cells; perhaps the result of mice fighting. However, this would 

not explain why GFP+ NP-specific B cells were detected in distLN. 

ACKR4 is involved in the regulation of CCL19 and CCL21 chemokine gradients, and are known 

to maintain CCL21 gradients in the SCS to facilitate entry of DCs from afferent lymphatics 

(Ulvmar et al., 2014). In the ACKR4-KO mice these gradients are no longer maintained, the 

next step was to investigate the effect of deficiency of CCL19 on the generation of BEMs and 

migration of BCMs to distant lymphoid tissues. 
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(A) Schematic of protocol of adoptive cell transfer and immunisation of a control group of 

WT and ACKR4-Heterozygous (WT/Het) and ACKR4-KO mice. Cell transfers were performed 

by the University of Birmingham Biomedical Services Unit. Gating strategy to identify BCMs 

(GFP+B220+CD138-CD38+) from adoptively transferred activated GFP+ B cells in (B) distant 

Figure 5. 1. Fewer BCM detected in distLN of ACKR4-deficient mice 
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LN, (C) spleen and (D) blood, presented from one representative experiment. FACS plots 

displaying BCMs in WT/ACKR4-Het and ACKR4-KO (E) blood, (F) spleen and (G) distant LN, 

presented from one representative experiment. Graphical summaries of BCMs in (H) blood, 

(I) spleen and (J) distant LN as % lymphocytes. Summarising statistics are merging data from 

3 separate experiments (n=12-18). * p-value <0.05, ** p-value <0.01, Mann-Whitney test. 

Symbols represent individual mice, circles represent the control group consisting of WT and 

ACKR4-Heterozygous mice and squares represent ACKR4-KO mice. Horizontal bars show 

medians. The data presented here are from the same experiments as presented in Figure 

4.3. 

 

5.2.2 Generation of BEMs is unchanged but fewer BCMs detected in distant lymphoid 

tissues in CCL19-deficient mice 

ACKR4 is a scavenger receptor for CCL19 and CCL21 that is involved in the maintenance of 

concentration gradients of these chemokines. In this section the effect of deficiency of 

CCL19 was examined. CCL19 is a ligand for CCR7 for which the mRNA is expressed in BCMs 

and BEMs. CCL19 also plays a role in the CCR7-expressing T cell migration. The role of CCL19 

in generation of BEMs and migration of BCMs was studied by using of CCL19-deficient mice 

as a host.  

CCL19-KO and WT/CCL19-Het mice (a control group consisting of WT and CCL19-

heterozygous mice) received adoptive cell transfer of 1x105 NP+B220+ QM mTmG 

splenocytes 1 day before immunisation with 20 µg NP-CGG in alum precipitate with 

Bordetella pertussis on foot. Tissues were examined at 8 days post-immunisation (Fig. 5.2A). 

B cells, plasma cells, GC B cells and BEMs in the drLN were examined by flow cytometry (Fig. 

5.2B-C). There were fewer adoptively transferred B cells observed in the drLN from CCL19-

KO hosts (Fig. 5.2D). There were clearly significantly fewer GC B cells and IgD- class switched 

GC B cells detected in CCL19-KO mice (Fig. 5.2E-F). There was a non-significant trend towards 

reduced PCs observed in CCL19-KO drLNs (Fig. 5.2G), but there was no difference in BEMs in 
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drLN between CCL19-KO and WT/CCL19-Het mice (Fig. 5.2H-I). The proportion of IgG1+ GC B 

cells and IgG1+ BEMs were similar between CCL19-KO and WT/CCL19-Het mice (Fig. 5.2L-M). 

This revealed that CCL19 was involved in B cell activation, but CCL19-deficiency had no effect 

on IgG1 class switching. 

BCMs in distLN, spleen and blood were quantified by flow cytometry (Fig. 5.3A-D). There was 

a non-significant trend towards fewer BCMs, and class switched IgD- BCMs in CCL19-KO 

distLNs (Fig. 5.3E-F). There were significantly fewer BCMs (Fig. 5.3G) in the CCL19-KO spleen, 

this included class-switched IgD- BCMs (Fig. 5.3H). To a lesser extent there were also fewer 

BCMs in the blood of CCL19-KO hosts: there were significantly fewer total BCMs (Fig. 5.3I) 

and a non-significant trend towards fewer IgD- BCMs (Fig. 5.3J).  

Despite fewer GC B cells detected in the CCL19-deficient drLN the generation of BEMs was 

comparable between WT and CCL19-KO mice. This may be due to redundancy for CCR7 

ligation offered by the presence of CCL21. However, in the CCL19-deficient spleen there 

were significantly fewer BCMs, this may indicate a potential role for CCL19 in the entry of 

BCMs to the spleen. This BCM entry to the spleen may be via the ACKR4-rich peri-marginal 

sinus of the spleen which has been reported as an entry site for circulating T cells to the 

spleen and support subsequent migration to the PALS (Werth et al., 2021). Reduced levels of 

BCMs in the blood may suggest fewer BEMs leaving the drLN to become BCMs. However, the 

trend of fewer BCMs in the CCL19-KO blood was similar to the trend in the CCL19-KO spleen, 

this suggests that the results in the spleen could instead reflect the effects of CCL19-

deficiency on BCM levels in the blood. 
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CCR7 and ACKR4 are both receptors for CCL19 and CCL21. ACKR4 is expressed weakly by GC 

B cells and expression may still be retained in BEMs at the protein level even though 

expression has ceased at the RNA level. CCR7 is expressed by BEMs at the RNA level (Zhang 

et al., 2022). In the next section the role of ACKR4 and CCR7 on the generation of BEMs and 

the migration of BCMs to distant lymphoid tissues was explored. Further, the role of CCR7 in 

the CCL19-mediated entry of BCMs into the spleen was investigated.  
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(A) Schematic of QM mTmG adoptive cell transfer and immunisation protocol into CCL19-KO 

and a control group of WT and CCL19-Heterozygous (WT/Het). Cell transfers were performed 

by the University of Birmingham Biomedical Services Unit. (B) Gating strategy to detect GC B 

cells and BEMs from among dTomato+ adoptively transferred cells. (C) Flow cytometry plots 

of BEMs (dTomato+B220+CD138-CD38+) and GC B cells (dTomato+B220+CD138-CD38-Fas+) 

in WT and CCL19-KO drLNs from GFP+ B cells from one representative experiment. Graphical 

summaries of (D) dTomato+ B cells (dTomato+B220+CD138-), (E) dTomato + plasma cells 

(dTomato+CD138+), (F) BEMs, (G) IgD- BEMs, (H) GC B cells and (I) IgD- GC B cells, data 

presented as normalised ratio from 3 separate experiments (WT n=15, CCL19-KO n=15). 

Flow cytometry plots of IgG1 expression in (J) BEMs and (K) CG B cells from one 

representative experiment. Graphical summaries of IgG1+ (L) BEMs and (M) GC B cells. Data 

presented are combined from 3 separate experiments (WT n=15, CCL19-KO n=15). Symbols 

represent individual mice; black circles represent the control group consisting of WT and 

CCL19-Heterozygous mice and blue squares represent CCL19-KO mice. Horizontal lines 

represent means. Mann-Whitney test, ** p<0.01. 

 

Figure 5. 2. Fewer GC B cells in CCL19-KO drLN but levels of BEMs were unaffected 
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Figure 5. 3. Reduced levels of BCMs in distant lymphoid tissues of CCL19-deficient mice 

(A) Gating strategy to detect BCMs in distant lymphoid tissues by flow cytometry. (B-D) Flow 

cytometry plots of BCMs (dTomato+B220+CD138-CD38+) in WT/Het and CCL19-KO distant 

LN, spleen and blood from one representative experiment. Graphical summaries of BCMs 

and IgD- BCMs presented as normalised ratios from % lymphocytes in distant LN (E-F), 
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spleen (G-H) and blood (I-J), data presented are combined from 3 separate experiments (WT 

n=15, CCL19-KO n=15). Symbols represent individual mice; black circles represent the control 

group consisting of WT and CCL19-Heterozygous mice and blue squares represent CCL19-KO 

mice. Horizontal lines represent means. Mann-Whitney test, * p<0.05, ** p<0.01, *** 

p<0.001. 

 

5.2.3 Response and migration of ACKR4-KO and CCR7-KO B cells in CCL19-KO mice 

5.2.3.1 In an adoptive cell co-transfer ACKR4-KO B cells outcompete CCR7-KO in drLN and 

in distant lymphoid tissues in both CCL19-WT and CCL19-KO mice 

The roles of CCR7 and ACKR4 on BEMs and BCMs (which are receptors for CCL19 and CCL21) 

were investigated by examining the migration of these cells in the absence of ACKR4 and 

CCR7. ACKR4 is expressed weakly by GC B cells and may still be expressed on BEMs at the 

protein level if not the RNA level (Eckert et al., 2020)(Fig. 5.4A). Further, CCR7 is expressed 

by BEMs and BCMs at the RNA level (Zhang et al., 2022)(Fig. 4.2A). An adoptive cell co-

transfer of fluorescently labelled WT, CCR7-deficient and ACKR4-deficient B cells was used to 

test the competition of these cells for survival in niches in the drLN.  The capacity of 

adoptively transferred cells to compete in the GC reaction and become BEMs was examined. 

Furthermore, their subsequent entry into distant tissues as BCMs was followed. 

The control group, consisting of WT and CCL19-heterozygous mice, and CCL19-KO mice 

received adoptive cell co-transfer with QM WT eYFP mTmG, QM ACKR4-KO eYFP and QM 

CCR7-KO mTmG splenocytes at a ratio of 1:1:1 of 1x105 NP-specific B cells. One day later 

they received immunisations with 20 µg NP-CGG in alum precipitate with Bordetella 

pertussis on foot. Tissues were collected at 8 days post-immunisation (Fig. 5.4B). B cells, 

BEMs and GC B cells were quantified by flow cytometry (Fig. 5.4C-D).  
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Competition for B cell survival, which includes by antigen capture and presentation to T cells 

to receive positive selection signals, was assessed by comparing QM WT, QM ACKR4-KO and 

QM CCR7-KO B cells within each host. CCR7-KO cells generated fewer B cells, GC B cells and 

PCs in both WT and CCL19-KO hosts. Conversely, QM WT and QM ACKR4-KO cells competed 

comparably within both WT and CCL19-KO hosts (Fig. 5.5A-B, Fig. 5.5E-F). There were fewer 

QM CCR7-KO BEMs than QM WT and QM ACKR4-KO BEMs in both hosts (Fig. 5.5C-D). 

Additionally, in CCL19-KO hosts there were more QM ACKR4-KO BEMs and NP+ BEMs than 

their QM WT and CCR7-KO counterparts (Fig. 5.5C-D). This may indicate that ACKR4-deficient 

B cells had a greater capacity for activation and survival. 

In distant lymphoid tissues QM WT, ACKR4-KO and CCR7-KO BCMs were detected by flow 

cytometry appearing 8 days after immunisation (Fig. 5.6A-B). ACKR4-KO BCMs were raised 

compared with WT BCMs in distLN among both WT and CCL19-KO hosts, this was statistically 

significant in WT hosts (Fig. 5.7A). In WT distLNs there was a non-significant trend towards a 

greater median of CCR7-KO BCMs than WT BCMs. This trend was lost in CCL19-KO distLNs 

(Fig. 5.7A). There were more ACKR4-KO NP+ BCMs, but fewer CCR7-KO NP+ BCMs, than WT 

NP+ BCMs in distLNs from both WT and CCL19-KO hosts but this was not statistically 

significant (Fig. 5.7B). In the spleen there were significantly more ACKR4-KO BCMs than WT 

BCMs in WT spleens, with a similar non-significant trend in CCL19-KO spleens. The median of 

WT BCMs was greater than the median of CCR7-KO BCMs in WT spleens but did not reach 

significance. This trend was not seen in CCL19-KO spleens (Fig. 5.7C). There were more 

ACKR4-KO NP+ BCMs than WT NP+ BCMs in WT and CCL19-KO spleens. There was a non-

significant trend towards fewer CCR7-KO NP+ BCMs than WT NP+ BCMs in both WT and 

CCL19-KO spleens (Fig. 5.7D).   
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The data observed in distLN, and spleen were from 2 separate experiments. The trend of 

CCR7-KO B cells seen in distant lymphoid tissues was unclear. CCR7-KO B cells were expected 

to be more prominent in distLN, spleen and BM indicating enhanced egress from the drLN, 

however, depending on the experiment, the results differed somewhat. One experiment 

observed more CCR7-KO BCMs in distant lymphoid tissues, which was expected due to an 

inability of BEMs in the drLN SCS to return to the follicle following CCR7-ligands gradients of 

maintained by ACKR4, although CCR7-deficiency may also impair entry to distLN via HEVs. 

However, in a repeat experiment there were fewer CCR7-KO BCMs in distant lymphoid 

tissues. Unfortunately, the poor reproducibility of CCR7-KO BCMs was limiting factor to 

drawing reliable conclusions from these experiments. Using CCR7-floxed mice to induce 

CCR7-KO in GC B cells may help to elucidate the role of CCR7 in B cell egress from the drLN. 

Adoptively transferred CCR7-KO B cells were outcompeted by WT and ACKR4-KO adoptively 

transferred B cells in the drLN. There were also fewer CCR7-KO BCMs entering distant 

lymphoid tissues. The mouse models used for these findings possessed NP-specific BCRs but 

did not have means for showing activation of B cells. Furthermore, there were no clear 

differences between WT and CCL19-KO mice with adoptive cell co-transfer. These 

experiments comparing WT and CCL19-KO mice were repeated using WT and CCR7-KO mice 

crossed with Cg1-Cre mTmG reporter mice to show activation of B cells as cell transfer 

donors. 
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(A) Micro-array gene expression data of ACKR4 in human B cells and stromal cells obtained 
from the ImmGen consortium (Heng et al., 2008). 

(B) Schematic of adoptive co-transfer of a total of 1x10^5 NP+B220+ from QM WT eYFP 
mTmG, QM ACKR4-KO eYFP and QM CCR7-KO mTmG splenocytes at a ratio of 1:1:1 into WT 
and CCL19-KO hosts and immunisation protocol. Cell transfers were performed by the 
University of Birmingham Biomedical Services Unit. (C) Flow cytometry gating strategy to 
detect B cells (B220+CD138-), PCs (CD138+), BEMs (B220+CD138-CD38+) and GC B cells 
B220+CD138-CD38-Fas+) among QM WT, QM ACKR4-KO and QM CCR7-KO cells within the 
host. (D) Flow cytometry plots to detect BEMs and GC B cells from QM WT, QM ACKR4-KO 
and QM CCR7-KO cells within each host from one representative experiment. 

 

Figure 5. 5. CCR7-KO B cells were outcompeted by WT and ACKR4-KO B cells in WT and 
CCL19-KO drLN 

Summaries of (A) B cells (B220+CD138-), (B) GC B cells B220+CD138-CD38-Fas+), (C) BEMs 

(B220+CD138-CD38+) and (D) NP+ BEMs in drLN presented as % lymphocytes. Summaries of 

plasma cells in drLN presented as (E) % lymphocytes and (F) a normalised ratio of % 

lymphocytes. Data presented are combined from 2 separate experiments (WT n=12, CCL19-

KO n=12). Two-Way ANOVA within each host, * p<0.05, ** p<0.01, *** p<0.001, **** 

p<0.0001. Symbols represent individual mice. Black circles are QM WT cells, blue squares are 

QM ACKR4-KO cells and red triangles are QM CCR7-KO cells. Horizontal lines represent 

means. 

Figure 5. 4. CCR7-KO, ACKR4-KO and WT adoptive cell co-transfer and gating strategy 
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(A) Flow cytometry gating strategy to detect QM WT, QM ACKR4-KO and QM CCR7-KO BCMs 

in distant lymphoid tissues. (B) Flow cytometry plots to detect QM WT, QM ACKR4-KO and 

QM CCR7-KO BCMs in distant LN from one representative experiment.  

 

Figure 5. 7. More ACKR4-deficient BCMs detected in distant lymphoid tissues than WT and 
CCR7-KO BCMs 

Graphical summaries of BCMs (B220+CD138-CD38+) and NP-specific BCMs in distLN (A-B) 

and spleen (C-D) presented as normalised ratios from % lymphocytes. Data presented are 

combined from 2 separate experiments (distLN WT n=11, CCL19-KO n=12; spleen). Two-Way 

ANOVA within each host, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Symbols 

represent individual mice. Black circles are QM WT cells, blue squares are QM ACKR4-KO 

cells and red triangles are QM CCR7-KO cells. Horizontal lines represent means. 

 

Figure 5. 6. Gating strategy to detect adoptive cell co-transfer BCM in distant lymphoid 
tissues 



 

189 
 

5.2.3.2 CCR7-deficient B cells were decreased in distant lymph node and fewer circulating 

CCR7-deficient memory B cells were detected in CCL19-KO spleen 

As shown above CCR7-KO B cells were less able to compete with WT and ACKR4-KO B cells 

for survival niches in the drLN and were less able to enter distant lymphoid tissues in both 

WT and CCL19-KO hosts. We evaluated whether QM CCR7-deficient B cells also had impaired 

GC responses and entry into distant lymphoid tissues in WT and CCL19-KO hosts when not 

competing with QM WT and QM ACKR4-KO B cells. To examine this, splenocytes where 

adoptive cell transferred that contained a Cre in the IgG1 constant region crossed with 

mTmG mice, making these reporters for B cell activation as they switched from expression of 

membrane-bound dTomato to GFP (Casola et al., 2006, Muzumdar et al., 2007). We 

expected there to be fewer activated B cells among CCR7-KO populations in drLNs and in 

CCL19-KO drLNs as CCR7 is required for migration of B cells to the T-B border to receive T cell 

help. Furthermore, as CCR7 is required for lymphocyte entry to distLN via HEVs (Okada et al., 

2002) and in entry to spleen via per-marginal sinus (Werth et al., 2021) following CCL19/21 

gradients we expected there to be fewer CCR7-KO BCMs in these distant lymphoid tissues. 

Raised levels of CCR7-deficient activated B cells in drLN and CCR7-deficient BCMs in distant 

lymphoid tissues would disprove this.  

CCL19-KO and CCL19-Het mice received adoptive cell transfers of either 1x105 QM Cg1cre 

mTmG CCR7-WT or CCR7-KO splenocytes. One day later they were immunised with NP-CGG 

in alum with B. pertussis into the plantar surface, and tissues were examined at 8 days post-

immunisation (Fig. 5.8A). B cells, GC B cells and BEMs were quantified in draining lymph 

nodes by flow cytometry (Fig. 5.8B-C). 
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There was no clear difference in activated GFP+ B cell numbers regardless of donor CCR7 

genotype or host CCL19-expression in drLN (Fig. 5.9A). There was no significant difference in 

GC B cells from CCR7-WT and CCR7-KO donors in WT and CCL19-KO drLNs (Fig. 5.9B). As a 

proportion of GC B cells there were somewhat fewer IgG1+ GC B cells in QM CCR7-WT cells 

in CCL19-KO hosts (p=0.0552) (Fig. 5.9C). Surprisingly, there was a greater proportion of 

IgG1-expressing GC B cells in CCR7-KO cells in CCL19-KO hosts (Fig. 5.9C). This shows that 

although fewer GC B cells were detected in CCL19-KO hosts a greater proportion CCR7-KO 

had undergone class-switching. GC B cells typically downregulate cell surface expression of 

BCRs compared with follicular B cells (Stewart et al., 2018), in the GC LZ B cells had elevated 

cell surface BCR expression than DZ B cells (Stewart et al., 2018). Elevated surface BCR 

expression in CCR7-KO GC B cells may indicate that there were more LZ GC B cells in CCR7-

KO mice in CCL19-deficient hosts. CCR7-KO GC B cells may be mainly LZ B cells and may be 

less able to become DZ B cells, perhaps due to a lack of help from Tfh cells. There may be 

fewer Tfh cells in CCL19-KO mice as CCR7 ligands are required for entry to the LN via HEVs 

(Okada et al., 2002). This could be verified by quantifying Tfh cells and examining the LZ/DZ 

ratios in these mice, but this was not done in this present experiment. Additionally, another 

group observed increased levels of serum IgG1 from activated B cells in CCR7-KO mice 

suggesting dysregulated class-switching (Förster et al., 1999), this may be reflected in our 

CCR7-deficient GC B cells. There was no significant difference in BEMs between either group 

or host (Fig. 5.9D). A greater proportion of CCR7-KO BEMs expressed IgG1 than WT BEMs in 

both WT and CCL19-KO drLNs (Fig. 5.9E). This may also reflect the altered class-switching in 

CCR7-KO mice described by Förster et al. (1999). 
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There were no significant differences in QM CCR7-WT and CCR7-KO IgM+ GC B cells in 

CCL19-KO hosts compared with CCL19-WT hosts (Fig. 5.10A). There was no significant 

difference in NP-binding of these GC B cells as a proportion of GC B cells regardless of donor 

and host (Fig. 5.10B). IgM expressing BEMs and NP-binding BEMs were comparable 

regardless of donor and host (Fig. 5.10C-D). IgM expression and NP-binding was unaffected 

by B cell intrinsic CCR7-deficiency and host CCL19-deficiency in GC B cells and BEMs. 

BCMs were quantified in distLN and spleen by flow cytometry (Fig. 5.11A), GFP+ BCMs (Fig. 

5.11B) and adoptively transferred GFP+ and/or Tomato+ BCMs (Fig. 5.11C) were examined 

to evaluate the role of CCR7 and CCL19 in the entry of BCMs to these tissues. In the distLN 

there was a trend towards increased QM CCR7-WT GFP+ BCMs than QM CCR7-KO GFP+ 

BCMs in CCL19-WT hosts, further, there were significantly more QM CCR7-WT GFP+ BCMs 

than QM CCR7-KO GFP+ BCMs in CCL19-KO hosts (Fig. 5.11D). This showed that CCR7 was 

required for entry to the distLN, and that CCL19-deficiency did not impede this, implying that 

CCL21 may be more important. There were no significant differences of GFP+ BCMs in spleen 

comparing QM CCR7-WT and QM CCR7-KO GFP+ BCMs in WT and CCL19-KO hosts (Fig. 

5.11E). 

GFP+ BCMs did not quite reflect the BCMs examined in CCL19-KO hosts in section 5.2.2; 

these did not have a fluorescent protein reporter for activation. To more accurately reflect 

this, BCMs from all adoptively transferred cells were examined by creating a gate to detect 

both GFP+ and Tomato+ B cells (GFP+/Tomato+) (Fig. 5.11A). In the distLN there were no 

significant differences but there was a trend towards fewer CCR7-KO GFP+/Tomato+ BCMs 

compared with CCR7 WT BCMs in WT and CCL19-KO hosts (Fig. 5.11F). In the spleen there 
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was a trend towards fewer GFP+/Tomato+ BCMs in CCL19-KO hosts among both QM CCR7-

WT and QM CCR7-KO BCMs (Fig. 5.11G). A trend for reduced BCMs in CCL19-KO hosts was 

not among GFP+ BCMs, which represent adoptively transferred B cells that were activated, 

leading to expression of Cre at the Cg1 locus (Fig. 5.11D-E). However, BCMs in CCL19-KO 

hosts measured as a fraction of all adoptively transferred cells were reduced in the spleen. 

This indicated that CCR7-expression of BCMs may be required for entry into the spleen and 

distLN. 

In summary, B cell intrinsic CCR7-deficiency or CCL19-deficiency in hosts did not significantly 

affect levels of GC B cells or the generation of BEMs. Although, CCL19-deficiency caused no 

significant difference within the groups of CCR7-WT and CCR7-KO BCMs in distLN, there 

were fewer CCR7-deficient BCMs in the distLN. This shows that CCR7 is required for the 

entry of BCMs into distLNs. This concurs with the findings that CCR7 is required for entry of 

lymphocytes into LNs via HEVs (Okada et al., 2002). Furthermore, there were fewer 

transferred (GFP+ and/or Tomato+) BCMs in CCL19-KO spleens, particularly among CCR7-KO 

BCMs. Therefore, while CCL19 may be dispensable for entry to distLN, this section and 

section 5.2.2 indicate that CCL19 might be involved in BCM entry to the spleen. This is 

supported by previous work showing that CCL19 was involved in lymphocyte entry to the 

spleen through the peri-marginal sinus (Werth et al., 2021). We next investigated whether 

there was also a role for the other CCR7-ligand, CCL21, in the generation of BEMs and 

migration of BCMs to distLN and spleen. 
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(A) Schematic of WT or CCR7-KO QM Cg1Cre mTmG adoptive cell transfer and immunisation 

protocol into CCL19-KO and WT/CCL19-Het mice. Cell transfers were performed by the 

University of Birmingham Biomedical Services Unit. (B) Gating strategy to quantify GC B cells 

Figure 5. 8. WT and CCR7-KO B cells were detected in WT and CCL19-KO drLN by flow 
cytometry 
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and BEMs from GFP+ adoptively transferred cells. (C) Flow cytometry plots of BEMs and GC B 

cells in WT and CCL19-KO drLNs from GFP+ B cells from one representative experiment. 

 

Figure 5. 9. GC response and BEM production in drLN was minimally affected by CCL19-
deficiency 

Graphical summaries of (A) GFP+ B cells (GFP+B220+CD138-), GFP+ donor (B) GC B cells 

(GFP+B220+CD138-CD38-Fas+), (C) IgG1+ GC B cells, (D) BEMs (GFP+B220+CD138-CD38+) 

and (E) IgG1+ BEMs. Data presented are combined from 2 separate experiments (WT n=12, 

CCL19-KO n=12). Normalised ratios for B cells, GC B cells and BEMs were calculated from % 

lymphocytes, and normalised ratios for IgG1+ GC B cells and IgG1+ BEMs were calculated 

from % parent population (GC B cells or BEMs). Two-Way ANOVA, * p<0.05, ** p<0. 01, *** 

p<0.001. Symbols represent individual mice. Black circles are QM Cg1-Cre mTmG CCR7-WT 

and red triangles are QM Cg1-Cre mTmG CCR7-KO. Horizontal lines represent means. 
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Figure 5. 10. No differences in IgM and NP expression in WT and CCR7-KO GC B cells and 
BEMs of WT and CCL19-KO drLNs 

Graphical summaries of (A) IgM+ GC B cells (GFP+B220+CD138-CD38-Fas+), (B) NP-specific 

GC B cells, (C) IgM+ BEMs (GFP+B220+CD138-CD38+) and (D) NP-specific BEMs. Data 

presented are combined from 2 separate experiments (CCR7-WT n=12, QM CCR7-KO n=6). 

Normalised ratios were calculated from % parent population (GC, BEMs or PCs). Two-Way 

ANOVA, * p<0.05, ** p<0.01. Symbols represent individual mice. Black circles are QM Cg1-

Cre mTmG CCR7-WT and red triangles are QM Cg1-Cre mTmG CCR7-KO. Horizontal lines 

represent means. 
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Figure 5. 11. A trend was detected towards fewer adoptively transferred BCM in the CCL19-
KO spleen and fewer CCR7-KO BCM in the distLN 

(A) FACS gating strategy to detect GFP+ BCMs (GFP+B220+CD138-CD38+) and 
GFP+dTomato+ BCMs (GFP+ and/or dTomato+ B220+CD138-CD38+) in distant lymphoid 
tissues. FACS plots to detect (B) GFP+ BCMs and (C) GFP+dTomato+ BCMs in distant 
lymphoid tissues from one representative experiment. Graphical summaries of GFP+ BCMs 
from distLN (D) and spleen (E) and GFP+dTomato+ BCMs from distLN (F) and spleen (G). Data 
presented are combined from 2 separate experiments (CCR7-WT n=12, QM CCR7-KO n=6). 
Normalised ratios were calculated from % lymphocytes. Two-Way ANOVA, * p<0.05, ** 
p<0.01. Symbols represent individual mice. Black circles are QM Cg1-Cre mTmG CCR7-WT 
and red triangles are QM Cg1-Cre mTmG CCR7-KO. Horizontal lines represent means. 

 

5.2.4 Increased BEM generation in drLN and fewer BCM detected in distant lymphoid 

tissues of CCL21-deficient mice 

In the previous section the effect of B cell intrinsic CCR7-deficiency and CCL19-deficiency was 

investigated revealing that although there was some limited effect on BCM entry to distant 

tissues there may be some redundancy provided by CCL21. This section examined if CCL21 

was required for the generation of BEMs and the entry of BCMs into distant lymphoid 

tissues. CCL21-RFP mice were used to examine the generation of BEMs and migration of 

BCMs under conditions of CCL21 deficiency. Homozygous CCL21-RFP mice which lacked 

expression of CCL21a and expressed RFP instead were used to model CCL21 deficiency (Kozai 

et al., 2017). The expected result was smaller GCs, reduced BEM generation and fewer BCMs 

entering distLN and spleen in CCL21-deficient mice. Due to the RFP background of these 

mice, they received adoptive cell transfers of Cg1-Cre mTmG mice. This allowed 

distinguishing activated adoptively transferred cells as GFP+. CCL21-KO RFP mice received 

adoptive cell transfers of 1x105 NP+B220+ QM IgHNP Cg1cre mTmG splenocytes, the 

following day they were immunised with 20 µg NP-CGG in alum precipitate with Bordetella 

pertussis on foot. Tissues were examined at 8 days post-immunisation (Fig. 5.12A). DrLN was 
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examined by flow cytometry to quantify GC B cells (GFP+B220+CD138-CD38-Fas+) and BEMs 

(GFP+B220+CD138-CD38+) (Fig. 5.12B-C). 

There was no significant difference in total lymphocytes in CCL21-KO drLN compared with 

the control group consisting of WT and CCL21-Heterozygous mice (WT/CCL21-Het) (Fig. 

5.13A). GFP- cells were examined which constituted a combination of endogenous cells and 

adoptively transferred cells which did not express Cre, this provided an estimation of B cell 

entry to the drLN. There was a 25% reduction in GFP- B cell numbers (GFP-B220+CD138-) in 

CCL21-KO drLNs (Fig. 5.13B), but there was no significant difference between the GFP- host 

GC B cells in WT/CCL21-Het and CCL21-KO drLNs (Fig. 5.13C). Reduced GFP- B cells in CCL21-

KO drLNs indicated that CCL21 was important for their entry to drLN, although CCL21-

deficiency did not appear to majorly affect their ability to become GC B cells. 

We expected that in CCL21-KO drLNs there would be fewer activated B cells, due to reduced 

levels of helper T cells to provide co-stimulatory signals during B cell activation because 

CCL21 is involved in entry of T cells to the LN via HEVs (Förster et al., 1999). Unexpectedly, 

there were more GFP+ B cells (GFP+B220+CD138-) in CCL21-KO drLNs as a proportion of live 

lymphocytes (Fig. 5.14A). Conversely, as a proportion of GFP+ transferred cells there were 

fewer GFP+ B cells in CCL21-KO mice (Fig. 5.14B). There were more PCs (GFP+CD138+) in 

CCL21-KO drLNs as a proportion of lymphocytes (Fig. 5.14C). There were also more PCs as a 

proportion GFP+ transferred cells in CCL21-KO drLNs (Fig. 5.14D). Furthermore, detection of 

fewer B cells as a proportion of GFP+ cells (Fig. 5.14B) showed that a smaller fraction of 

transferred GFP+ cells were B220+CD138- B cells than were CD138+ PCs in CCL21-deficient 

recipients. It may be useful to explore whether these PCs were from EF response, but this 
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was not examined in this present study. There were more GC B cells in CCL21-KO drLNs as a 

proportion of lymphocytes (Fig. 5.14E) but no difference as a proportion of GFP+ transferred 

cells (Fig. 5.14F). There were more BEMs in CCL21-KO BEMs as a proportion of lymphocytes 

(Fig. 5.14G) and no significant difference as a proportion of GFP+ transferred cells (Fig. 

5.14H). There were more IgG1+ BEMs in CCL21-KO drLNs as a proportion of BEMs (Fig. 

5.14I), showing that along with increased BEMs more of these were class-switched in CCL21-

KO drLNs. Raised GFP+ B cells, GC B cells and BEMs as a proportion of lymphocytes in CCL21-

KO drLNs was unexpected. CCL21a-deficiency prevents the egress of T cells from the thymus, 

this can reduce the pool of regulatory T cells (James et al., 2021, Cowan et al., 2016). The 

raised levels of activated B cells in CCL21-deficiency may be due to inappropriate T cell help 

as a consequence of a lack of T cell regulation. 

The findings in section 5.2.3 suggested that CCR7 may be required for entry of BCMs to the 

distLN, we tested the hypothesis that there was a role for the CCR7 ligand, CCL21, in the 

entry of BCMs to distant lymphoid tissues. DistLN, spleen, blood and bone marrow of CCL21-

Het and CCL21-KO adoptive cell transfer recipients were examined at 8 days post-

immunisation. Adoptively transferred B cells (GFP+B220+) and BCMs 

(GFP+B220+CD38+CD138-) were quantified by flow cytometry (Fig. 5.15A-C). There was no 

difference in total adoptively transferred B cells in distLN, blood and bone marrow but there 

was a trend towards fewer B cells in CCL21-KO spleens (Fig. 5.16A). There were fewer BCMs 

in distLNs and spleens of CCL21-KO mice, and a trend towards fewer BCMs in CCL21-KO 

blood as a proportion of lymphocytes (Fig. 5.16B). Despite more BEMs in the CCL21-KO drLN, 

BCMs were less able to enter distLN and spleen in CCL21-deficiency. This raised the 

possibility that there was a role for CCL21 in the entry of BCMs into distLN and spleen. Entry 
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of BCMs to the distLN would be through HEVs (Okada et al., 2002) and entry to the spleen 

may be through peri-marginal sinus (Werth et al., 2021). 

As shown above the role of chemokines in the generation of BEMs in drLN and migration of 

BCMs to distant lymphoid tissues was investigated in the primary response to antigen. CCR7 

and its ligands were required for the entry of BCMs to distLNs and spleen. In the next section 

the role of mBCs in secondary responses to antigen was investigated for mBCs in drLN or 

mBCs that had migrated to distLN. 
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Figure 5. 12. B cell responses were measured in WT and CCL21-KO drLNs by flow cytometry 

(A) Schematic of QM IgHNP Cg1cre mTmG adoptive cell transfer and immunisation protocol 
into CCL21-KO and a control group of WT and CCL21-Heterozygous (WT/Het). Cell transfers 
were performed by the University of Birmingham Biomedical Services Unit. (B) Gating 
strategy to detect GC B cells and BEMs among GFP+ adoptively transferred cells. (C) Flow 
cytometry plots from one representative experiment of BEMs and GC B cells in WT/Het and 
CCL21-KO drLNs from GFP+ B cells.  
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(A) Live lymphocytes in a control group of WT and CCL21-Heterozygous (WT/Het) and CCL21-

KO drLNs presented as a normalised ratio calculated from % total cells. Summaries of (B) 

GFP- B cells (GFP-B220+CD138-) and (C) GFP- GC B cells (GFP-B220+CD138-CD38-Fas+) 

presented as a normalised ratio calculated from % lymphocytes. Data presented are 

combined from 3 separate experiments (WT/Het n=14, CCL19-KO n=16). Unless otherwise 

specified normalised ratios were calculated from % lymphocytes. Unpaired t-test, * p<0.05, 

**** p<0.0001. Symbols represent individual mice. Black circles are from WT and CCL21-

heterozygous mice and red triangles are from CCL21-KO mice. Horizontal bars show means. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 13. Fewer GFP- B cells present in CCL21-KO drLN compared with WT drLN 

 



 

203 
 

 

Figure 5. 14. Increased frequency of GFP+ B cells, PCs, GC B cells and BEMs in CCL21-KO mice 

Graphical summaries of GFP+ B cells (GFP+B220+CD138-)in drLN as a proportion of (A) 

lymphocytes and (B) GFP+ transferred cells. Plasma cells (GFP+CD138+) in drLN as a 

proportion of (C) lymphocytes and (D) GFP+ transferred cells. GC B cells (GFP+B220+CD138-

CD38-Fas+) in drLN as a proportion of (E) lymphocytes and (F) GFP+ transferred cells. BEMs 

(GFP+ B220+CD138-CD38+) in drLN as a proportion of (G) lymphocytes and (H) GFP+ 

transferred cells. (I) IgG1+ BEMs in drLN as a proportion of BEMs. Data presented as a 

normalised ratio calculated from % lymphocytes and are combined from 3 separate 

experiments (WT/Het n=14, CCL19-KO n=16). Unpaired t-test, * p<0.05, ** p<0.01, *** 

p<0.001, **** p<0.0001. Symbols represent individual mice. Black circles are from WT and 

CCL21-heterozygous mice and red triangles are from CCL21-KO mice. Horizontal bars show 

means. 
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Figure 5. 15. BCM detected in WT and CCL21-KO distant lymphoid tissues by flow cytometry 
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(A) Gating strategy to detect BCMs in distant lymphoid tissues, presented is gating strategy 
for distLN from one representative experiment. Flow cytometry plots to detect GFP+B220+ 
cells in in (B) distLN and (C) spleen. Data are from one representative experiment. 

(A) Graphical summary of GFP+B220+(CD138-) cells detected in distLN, spleen, blood and 
bone marrow. (B) BCMs (GFP+B220+CD138-CD38+) in distLN, spleen and blood presented as 
a normalised ratio from the proportion of live lymphocytes. Data presented as a normalised 
ratio calculated from % lymphocytes and are combined from 3 separate experiments except 
for blood and bone marrow (WT n=14, CCL19-KO n=16; blood WT n=4, KO n= 6). Unpaired t-
test, * p<0.05. Symbols represent individual mice. Black circles are from WT and CCL21-
heterozygous mice and red triangles are from CCL21-KO mice. Horizontal bars show means. 

 

5.2.5 Differences in GC-derived memory B cell recall responses in drLN and distLN 

The findings in the above sections suggested that CCR7 ligands may be required for the 

generation of BEMs and migration of BCMs to distant lymphoid tissues. In this section the 

secondary responses of GC-derived mBCs in re-exposed drLN and the response of GC-

derived BCMs in antigen exposed naïve distant LN were investigated. During the GC 

response mBCs are produced, mBCs are long-lived but it is unclear whether they all become 

tissue resident mBCs in distinct tissues or if some mBCs spend this time in circulation (Palm 

and Henry, 2019). There may also be evidence of some mBCs remaining resident in the 

Figure 5. 16. Fewer BCM detected in CCL21-KO distant lymphoid tissues 

 

Figure 5. 17. Fewer BCM detected in CCL21-KO distant lymphoid tissues 
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tissue within which they were produced. A prominent example of these is the lung tissue 

resident mBCs and some can be observed in the LN just below the SCS (Allie et al., 2019, 

Moran et al., 2018). Upon secondary exposure to antigen mBCs can be activated and GCs are 

formed in the drLN, there was a stronger effect in the re-exposed ipsilateral LN compared 

with contralateral LN (Kuraoka et al., 2022). However, the mBC participation in the 

secondary GC is limited as the vast majority of GC B cells are derived from nBCs (Mesin et al., 

2020). Additionally, upon re-exposure to antigen mBCs can differentiate into PCs (Zuccarino-

Catania et al., 2014). 

Recall responses were examined after priming S1PR2-Cre x Ai14dTomato mice with 10 µg 

NP-KLH in alum precipitate by plantar surface injection in one hind leg. Tamoxifen was 

administered at the peak of the primary response (days 5, 7 and 9 post-immunisation) to 

induce expression of dTomato among GC-derived cells. In this case tamoxifen acted as a time 

stamp to demarcate GC-derived cells produced in the primary response. At day 30 mice 

were boosted with 10 µg soluble NP-KLH on both hind legs and the response in both 

popliteal LNs was examined at day 34 post-immunisation (Fig. 5.17A). The booster injection 

increased the total lymphocytes in drLN and distLN (Fig. 5.18B). This is probably due to the 

induction of cell proliferation in activated B cells, or enhanced homing of lymphocytes to 

boosted LNs. DrLN (ipsilateral popliteal LN) and distLN (contralateral LN) of mice that 

received a booster injection of NP-KLH, and non-boosted controls were examined by flow 

cytometry (Fig. 5.17C-F). This was to detect dTomato+ mBCs, GC B cells and PCs, and 

quantify them as a proportion of live lymphocytes. dTomato+ mBCs were detected in non-

boosted and boosted drLNs but boosting increased levels in drLN. dTomato+ mBCs were 
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present in non-boosted distLN, albeit at very low levels, conversely, boosted distLN had 

increased numbers of dTomato+ mBCs (Fig. 5.17G). 

Booster immunisation induced no significant change in overall frequency of dTomato+ GC B 

cells, but markedly increased dTomato+ GC B cells in distLN compared with non-boosted 

controls (5.17H). Boosted drLNs had raised dTomato+ PCs after booster immunisation (Fig. 

5.17I), this would likely be a result of mBC reactivation as mBCs readily differentiate into PCs 

upon restimulation (Mesin et al., 2020, Zuccarino-Catania et al., 2014). There were very few 

detectable PCs in distLN after boosting (Fig. 5.17I). The recall response in boosted and non-

boosted drLNs and distLNs was also examined by flow cytometry to quantify mBCs, GC B 

cells and PCs as a proportion of dTomato+ cells, to show the proportion of primary GC 

progeny-derived cells which includes mBC-derived cells (Fig. 5.18A-D), rather than from 

dTomato+ cells as a proportion of live lymphocytes described in the previous figure. In the 

drLN there were few mBCs detected as a proportion of dTomato+ cells, but slightly more 

were detected after booster immunisation, conversely, in distLN showed a major increase in 

mBCs as a proportion of dTomato+ cells (Fig. 5.18E). Raised dTomato+ mBCs in distLN may 

indicate enhanced homing of mBCs to distLN after booster immunisation or the generation 

of BEMs in the local GC response. Most dTomato+ cells in drLN were GC B cells in non-

boosted controls and approximately 50% in boosted drLNs were GC B cells, whereas there 

were no dTomato+ GCs in non-boosted distLN but 40% dTomato+ cells were GC B cells in 

boosted distLN (Fig. 5.18F). Very few dTomato+ cells were PCs in non-boosted drLN and both 

boosted and non-boosted distLN, however, 20% of dTomato+ cells in boosted drLNs were 

PCs (Fig. 5.18G). This suggests that in distLN, while a small number of mBCs were able to 
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differentiate into PCs (~1%) they may not have a predisposition to do so, raising the 

possibility that they instead prefer a GC B cell or mBCs fate. 

In the recall response of the ipsilateral drLN, dTomato+ GC B cells derived from mBCs could 

be observed, however this represented a minority of GC B cells. This concurs with previous 

observations of recall responses showing that recall GCs were mainly derived from nBCs 

(Mesin et al., 2020, Arpin et al., 1997, Toellner et al., 1996). The experiments presented here 

confirm that mBCs in drLN more readily differentiate into PCs upon re-exposure to antigen. 

In a previous study of the recall response there was a stronger GC reaction in ipsilateral LN 

compared with response in contralateral LN (Kuraoka et al., 2022), and our experiments 

support that observation. However, contrary to Kuraoka et al. (2022) in this present study 

GCs in the contralateral LN were more likely to be mBC-derived and mBCs were less able to 

differentiate into PCs. Previous work has shown that HIV-1-specific mBCs can participate in 

recall GCs in contralateral LN, but they represent a minority population of the GC compared 

with nBCs (Viant et al., 2020). This study used immunisation with the hapten, NP-KLH, and an 

S1PR2-Cre reporter instead of hemagglutinin immunisation and AID-Cre reporter used by 

Kuraoka et al. (2022) or HIV-1 antigen with S1PR2-Cre reporter used by Viant et al. (2020). 

NP-KLH is strongly immunogenic and may very effectively trigger a recall response, possibly 

leading to the strong recall GC response observed in contralateral LNs observed above. The 

S1PR2-Cre reporter (used above) demarcates GC-derived cells, whereas, the AID-Cre 

reporter demarcates activated B cells that have undergone Ig hypermutation or Ig class-

switching, which can also be induced in the extrafollicular phase of activation before GCs 

appear (Roco et al., 2019, Toellner et al., 1996, Marshall et al., 2011). The AID-Cre reporter 

may mark a larger number of cells to become re-activated in the ipsilateral drLN leading to 
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the stronger memory-derived GC response seen by Kuraoka et al. (2022). As such these 

variances may be due to different experimental protocols. In summary, GC-derived mBCs in 

re-exposed drLNs were more likely to become PCs, whereas GC-derived mBCs in naïve 

popliteal distLNs were more likely to become GC B cells upon antigen exposure. 
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Figure 5. 18. GC-derived mBCs become PCs in a recall response in the drLN 

Experiment schematic to examine memory-derived B cell responses in S1PR2cre-Ert2 x 

Ai14dTomato mice with a non-boosted control group. (B) Cell numbers of total lymphocytes 

in drLN and distLN of mice that received boost and the no boost control group. Gating 

strategy to detect dTomato+ memory-derived GC B cells and PCs produced in secondary 

response of mice in non-boosted controls and mice that received booster injections of 10 µg 

NP-KLH, shown are plots for (C) non-boosted drLN, (D) boosted drLN, (E) non-boosted distLN 

and (F) boosted distLN.  

Summary of primary GC-derived dTomato+ (G) mBCs (dTomato+B220+CD138-CD38+), (H) GC 

B cells (dTomato+B220+CD138-CD38-Fas+) and (I) PCs (dTomato+CD138+) in the drLN and 

distLN of mice that received boost or no boost control, presented as % lymphocytes. (E) 

Summary of dTomato+ PCs produced in the memory response in the drLN of mice that 

received boost or no boost control, presented as % lymphocytes. Two-tailed Mann-Whitney 

test between control and boosted groups within their respective tissues (drLN or distLN), 

unmarked if P>0.05 (n=3). Each symbol represents an individual sample. Open circles 

represent non-boosted controls and filled black diamonds represent mice that received a 

boost. Horizontal bars show means. This experiment was performed in full by Yang Zhang. 
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Figure 5. 19. Boosting distLNs increased dTomato+ mBCs and dTomato+ GC B cells but not 
PCs 

Gating strategy to detect dTomato+ memory-derived GC B cells and PCs produced in 

secondary response of mice as a proportion of all dTomato+ cells in non-boosted controls 

and mice that received booster injections of 10 µg NP-KLH, shown are plots for (A) non-

boosted drLN, (B) boosted drLN, (C) non-boosted distLN and (D) boosted distLN. Summary of 

primary GC-derived dTomato+ (E) mBCs (dTomato+B220+CD138-CD38+), (F) GC B cells 

(dTomato+B220+CD138-CD38-Fas+) and (G) PCs (dTomato+Cd138+) in the drLN and distLN 

of mice that received boost or no boost control, presented as % Tomato+. (E) Summary of 

dTomato+ PCs produced in the memory response in the drLN of mice that received boost or 

no boost control, presented as % lymphocytes. Two-tailed Mann-Whitney test between 

control and boosted groups within their respective tissues (drLN or distLN), unmarked if 

P>0.05 (n=3). Each symbol represents an individual sample. Open circles represent non-

boosted controls and filled black diamonds represent mice that received a boost. Horizontal 

bars show means. This experiment was performed in full by Yang Zhang. 

 

5.3 Discussion 

In this chapter it was revealed that CCR7 and its ligands play a role in the generation of BEMs 

and migration of BCMs to distant lymphoid tissues. ACKR4 is a scavenger receptor for CCR7 

ligands and is involved in the maintenance of concentration gradients of these chemokines 

(CCL19 and CCl21) (Ulvmar et al., 2014). ACKR4-deficiency in the host had a different effect 

than ACKR4-deficiency in B cells. ACKR4-deficient hosts had impaired entry of BCMs to 

distant lymphoid tissues while in ACKR4-deficient B cells it was enhanced. In the ACKR4-

deficient host the regulation of CCL19/21 gradients at the SCS was disrupted (Ulvmar et al., 

2014). Intravital microscopy revealed BEM recycling between GC and SCS, but in ACKR4-KO 

drLNs there were more BEMs in the SCS and fewer returning towards the GC (Zhang et al., 

2022). One would expect the disruption of CCL19/21 ligands would enhance egress of CCR7-

expressing BEMs. However, fewer BCMs were detected in the ACKR4-deficient distLN, 

although there was no apparent difference in the spleen and blood. This suggested a role for 
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ACKR4 in the entry of BCMs into the distLN, but this is counter intuitive as BCM entry to LN is 

via the HEVs which do not express ACKR4. Perhaps ACKR4 plays a less direct role in entry of 

BCMs to LN via HEVs. BCMs in ACKR4-deficient mice might be less capable of entry due to 

the desensitisation of CCR7 via CCL19 (Zidar et al., 2009). This may be a consequence of 

increased CCL19 in the blood of ACKR4-KO mice (Werth et al., 2021). 

CCL19 played a role in the entry of BCMs to the spleen. Although, CCL19-deficiency should 

not affect the generation of CD4+ T cells (James et al., 2021), there may be a lack of 

expression of CCL19 around the HEVs which may impede entry of B cells (and T cells) into 

the drLN. CCL19-deficiency also may cause B cells to be less able to move towards the T cell 

areas to receive co-stimulatory signals from CD4+ T cells. Additionally, there may be fewer 

CD4+ T cells present in the drLN to provide T cell help. This would mean that during initial 

encounter with antigen B cells are less able to become activated in a T cell-dependent 

manner. This may be the cause of the observation that CCL19-deficient drLN contained 

fewer B cells and smaller GCs.  

The fewer BCMs seen in distant lymphoid tissues and blood of CCL19-KO mice may reflect 

reduced GC responses, however, production of BEMs in the drLN was not affected by CCL19-

deficiency. The reduced numbers of BCMs seen in CCL19-deficient spleen may reflect the 

lack of BCMs detected in the blood of CCL19-KO hosts. An alternative explanation is that 

CCL19 gradients, which may be regulated by ACKR4 expressed in the splenic peri-marginal 

sinus (Werth et al., 2021), may not be present to facilitate entry of BCM into the spleen. As 

such, CCL19 may play a role in entry of lymphocytes to the spleen, however, the reduced 

number seen in the CCL19-KO blood may just as well explain smaller numbers in the CCL19-
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deficient spleen. Although not significant, there was a trend towards fewer BCMs in CCL19-

KO distLN. This may reflect that entry into distLN is through the HEVs which also produce 

CCL21 (Steen et al., 2014), which may mitigate the effects of CCL19-deficiency on entry into 

the LN. There were reduced BCMs in CCL19-KO mice, but the question remains as to where 

the remainder of BCMs go under CCL19-KO conditions if not the spleen, do they undergo 

apoptosis or migrate to other tissues? 

In CCL21-deficient drLNs we expected to see the same trends detected in CCL19-deficient 

drLNs. This would be due to a lack of T cells available to provide T cell help as CCL21 is 

required for egress of thymocytes from the thymus during their development (James et al., 

2021). Instead, there were increased levels of activated B cells in drLNs. This may be due to 

the disruption of tolerance and a reduced pool of regulatory T cells in CCL21a-deficient mice 

(James et al., 2021, Cowan et al., 2016), leading to inappropriate T cell help activating B cells. 

CCL21-deficiency also affected BCM migration to distant lymphoid tissues as there was a 

clear reduction in BCMs in CCL21-KO distLN and to a lesser extent to the spleen. CCL21 likely 

played a role in entry of BCMs to distLN via HEVs, but since CCL19 is still available in the 

spleen it may be more important to promote entry which may explain the lessened effect in 

the CCL21-deficient spleen.  

A lack of ACKR4 on B cells coupled with a lack of CCL19 in the host resulted in increased 

BEMs in the drLN, they were able to outcompete WT and CCR7-KO BEMs, the reason for this 

is unclear (Fig. 5.19A). ACKR4 is weakly expressed by DZ GC B cells (Eckert et al., 2020, Garcia 

Ibanez, 2017). Nonetheless, AKCR4-deficient GCs have larger DZ and smaller LZs (Garcia 

Ibanez, 2017), perhaps this affects selection pressures of GC B cells enhancing differentiation 
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to BEMs. ACKR4 scavenges CCL19, CCL21 and CCL21, and may also scavenge CCL20 (Matti et 

al., 2020b, Matti et al., 2020a). ACKR4-mediated scavenging may help to prevent CCL19-

mediated desensitisation of CCR7 (Zidar et al., 2009) and promote shallower concentration 

gradients at which CCL19 is more effective (Ricart et al., 2011). ACKR4 may work by 

generating local micro-gradients of its ligands to enhance chemokine receptor sensitivity. In 

the drLN B cell intrinsic CCR7-deficiency prevented competition with CCR7-sufficient and 

ACKR4-deficient B cells. CCR7-deficient B cells were likely less able to enter the drLN via 

HEVs (Okada et al., 2002), so there were fewer CCR7-deficient B cells present in the drLN. 

Furthermore, CCR7-deficient B cells would also less able to move to the T-B border to 

receive CD4+ T cell help during activation (Garside et al., 1998), resulting in the fewer 

activated CCR7-deficient B cells and smaller GCs observed in the drLN. CCR7-deficient BEMs 

may also be less able to recycle between SCS and GC due to an inability to follow CCR7 ligand 

gradients back to the GC (Zhang et al., 2022), although this was not investigated in this 

study.  

In the distLN and spleen there were increased ACKR4-deficient BCMs. This may be due an 

inability of ACKR4-deficent BEMs in the SCS to follow CCR7 ligand gradients back to the 

follicle, resulting in enhanced egress and appearance in distant lymphoid tissues. Perhaps 

there is an inability to generate micro-gradients of CCR7 ligands and that ACKR4 may not 

have a strong role in preventing CCL19-mediated desensitisation of CCR7. There were fewer 

NP-specific CCR7-deficient BCMs in distLN and spleen. This suggests that CCR7 is important 

for the entry of BCMs into distLN via HEVs, as seen with other B cells (Okada et al., 2002)(Fig. 

5.19B), and in the entry of BCMs to the spleen, possibly via the peri-marginal sinus (Werth et 

al., 2021)(Fig. 5.19C). CCR7 was also implicated in the seeding of BALTs in the lung by B cells, 
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and also played a role in the egress of lymphocytes and DCs from BALTs (Fleige et al., 2018). 

CCR7 certainly plays a role in the egress of BEMs from drLN and entry of BCMs into distant 

tissues, however, precise nature of these roles has yet to be elucidated in firm detail. This 

study showed that CCR7-KO B cells were consistently outcompeted for survival niches by WT 

and ACKR4-KO B cells. 

 

Figure 5. 20. CCR7 and its ligands direct migration of BCMs to distant lymphoid tissues 

(A) Summary diagram of CCR7-KO and ACKR4-KO B cells in the drLN. ACKR4-KO B cells 
outcompete CCR7-KO B cells resulting in more ACKR4-KO GC B cells and the production of 
more BEMs. BEMs migrate to the SCS and then enter circulation to become BCMs. (B) BCMs 
enter distant LNs through HEVs. BCMs express CCR7 which allows them to follow CCL21 
expressed by endothelial cells of the HEV and enter the LN (Okada et al., 2002). (C) BCMs 
may enter the spleen through the peri-marginal sinus (Werth et al., 2021). CCL19 gradients 
may direct entry of BCMs into the spleen. 
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During the recall response in the drLN fewer dTomato+ mBCs differentiated into GC B cells 

but more dTomato+ mBCs became PCs. This implies that mBCs in the drLN are more prone 

to differentiate into PCs upon re-exposure to antigen. This has been previously described as 

IgG1+ mBCs are prone to become PCs (Dogan et al., 2009). The clonality of GCs in a recall 

response has been recorded as mainly nBC-derived with only a minority of GC B cells derived 

from mBCs (Mesin et al., 2020).  

The recall response in the distLN resulted in increased mBCs, this could be a consequence of 

improved homing of mBCs to the distLN during the recall response. Alternatively, there may 

be a generation of BEMs from a limited number of dTomato+ mBCs participating in the early 

GC response (Viant et al., 2020, Mesin et al., 2020). There were also more mBC-derived PCs, 

however, overall numbers of PCs in the distLN were very small. This suggests a difference in 

response between antigen experienced and naïve LNs. Similar studies have claimed that 

primary GC B cell outputs were more efficiently recruited into secondary GCs in pre-

activated LNs leading to a stronger GC response (Kuraoka et al., 2022). They also recorded 

no difference in production of PCs in both ipsilateral and contralateral LNs (Kuraoka et al., 

2022). Kuraoka et al. (2022) also showed that the reactivation of mBCs in the ipsilateral LN 

was not majorly impaired by treatment with anti-CD40L suggesting that co-stimulation from 

helper T cells may not be so important for re-activation. However, they did not show the 

effect of this on recall responses in the contralateral LN (Kuraoka et al., 2022). This present 

study concurs with the finding of enhanced secondary GC B cell response in pre-activated 

LN, however, this study found differing results in contralateral LNs as GCs were more likely 

to be derived from mBCs. Furthermore, we found very few PCs derived from mBCs in 

boosted contralateral LNs, suggesting that these mBCs were less likely to become PCs upon 
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activation. This may reflect differences in the immunisation protocol between both studies 

and that Kuraoka et al, (2022) mainly focused on responses to influenza hemagglutinin and 

not hapten. 

This chapter shows that CCR7 and its ligands are required for the generation of BEMs and 

migration of BCMs to distant lymphoid tissues. An ACKR4-deficient host, in which 

maintenance of CCL19/21 ligands is impaired, had fewer BCMs in the distLN, showing a role 

for regulation of these ligand gradients in BCM entry to this tissue. CCL19-deficiency impairs 

GC response but does not affect production of BEMs. Counterintuitively, CCL21-deficiency 

enhances GC responses and generation of BEMs. Nonetheless, both CCL19 and CCL21-

deficiency reduced numbers of BCMs into distant lymphoid tissues, particularly in the 

spleen, suggesting that they direct migration of BCMs to these tissues. In the recall response 

in ipsilateral popliteal LN BEMs were predisposed to differentiate into PCs. Conversely, in the 

contralateral popliteal LN recall response BCMs were prone to become GC B cells.  
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6 Conclusions 

The main event investigated in this thesis is the migration of a small number of GC-derived 

antigen-activated memory-like B cells observed migrating between the SCS and the GC. 

These were defined as BEMs due to their emigration from GC LZ. The GC response of 

reactive LNs (drLNs) and spleen was evaluated. In the drLN response to NP-CGG and NP-KLH 

the peak GC reaction is at around 8 days post-immunisation. This coincides with the peak 

production of BEM. In the spleen using a prime-boost protocol in which mice are primed 

with KLH in alum, followed by immunisation against soluble NP-KLH, the peak GC response 

and BEM production was 5 days post-immunisation with NP-KLH.  

To characterise the B cells produced during the peak of the GC reaction in drLN nBCs, GC B 

cells, BEMs and BCMs were isolated for RNA-sequencing. PCA and unsupervised clustering 

revealed relative distances of these B cell subsets from one another. BEMs and GC B cell 

samples clustered proximal to one another but could still be distinguished, whereas BCMs 

and nBCs clustered closely together and were difficult to distinguish. There was considerable 

distance between the BCM/nBC and BEM/GC clusters. The roles of these B cell subsets were 

investigated by GSEA. GC B cells and BEMs enriched for gene sets associated with cell cycle 

progression, BCMs were enriched for gene sets associated with immune response and 

antigen presentation. This confirms that GC B cells are proliferative. BEMs only recently 

differentiated from GC B cells, and therefore still maintained some GC characteristics, as 

they had recently turned off some proliferative capacity yet still retained more than nBCs 

and BCMs. GSEA also suggested that BCMs are better placed to respond to stimulus than the 

other B cell subsets as they were enriched for gene sets associated with cell signal 

transduction, antigen processing and antigen presentation. To examine these B cell subsets 
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in more detail DEGs were investigated. Among the DEGs distinguishing B cell subsets genes 

associated with chemotaxis were differentially expressed. GC B cells upregulate S1pr2, while 

BEMs upregulate S1pr1, Ebi2 (Gpr183), Ccr6, Ccr7 and Cd62l. Ki67 and Aicda were 

upregulated in both GC B cells and BEM, indicating cell proliferation and SHM, respectively. 

BEMs shared a similar gene expression profile to Ephrin B1+ S1PR2low pre-memory B cells 

(Laidlaw et al., 2017). This suggests that the cell sorted BEM population contains many pre-

memory B cells. Cell surface markers were identified to help distinguish BEMs from GC B 

cells and nBCs in the drLN at the peak of the GC response. These were CD24, which was 

upregulated in activated B cells (GC B cells and BEM), and CD55, which was downregulated 

in GC B cells. Co-staining allowed detection of BEMs by flow cytometry as CD24+CD55+ cells. 

These BEM markers were also tested in the spleen during the peak of the GC response at 5 

days post-immunisation. CD24 expression by BEMs during the GC response was lower 

compared to BEMs in the drLN. However, CD55 still marked non-GC B cells and CCR6 could 

identify BEM. This shows that markers for BEMs differ between spleen and drLN, because 

CD24 is not as effective at detecting activated B cells in the spleen but CD55 can be used to 

detect non-GC B cells in both spleen and drLN. CD24 is not a necessary marker in the spleen 

because CCR6 distinguished BEMs from GC B cells and BCMs at all time points. A time course 

of BEM marker expression in drLN should be investigated in future work. 

The role of S1P receptors for the migration of BEMs to the SCS was investigated by 

treatment of mice with S1PR inhibitors FTY720 and BAF312. S1PR1 is known to be involved 

in the egress of lymphocytes from LN and spleen by facilitating migration towards the SCS 

and marginal sinus, in their respective tissues (Zhang et al., 2016, Pereira et al., 2010, 

Ramos-Perez et al., 2015). We showed that S1PR1 is required for BEM migration from the GC 
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to the SCS in the drLN and subsequent egress from the LN via afferent lymphatics. The 

oxysterol receptor, EBI2, is reportedly involved in directing the migration of lymphocytes in 

the LN to the outer follicle and interfollicular areas (Kelly et al., 2011), so it may help direct 

lymphocyte migration to the SCS. There is also a role for CCR6 in the migration of 

lymphocytes towards the SCS of the LN (Zhang et al., 2016), which is notable as BEMs 

express elevated levels of CCR6. CCR6-deficient B cells were previously investigated by our 

lab to determine the role of CCR6 in egress of BEMs from the drLN, however, there was no 

obvious effect on the generation of BEMs or appearance of BCMs in spleen and distLN 

(Zhang et al., 2022). The return of BEMs from the SCS to the GC in the drLN was examined in 

ACKR4-deficient mice in which CCR7 ligand gradients near the SCS were not maintained 

(Ulvmar et al., 2014). CCR7 ligand gradients, maintained by ACKR4, are required for the 

return from the SCS to the GC in the drLN. This allows BEMs to “recycle” between the GC 

and the SCS (Zhang et al., 2022). BEMs in the SCS may collect antigen from SCS macrophages 

before returning to the GC in an ACKR4-dependent manner, here the BEMs may contribute 

not only collected antigen but also its genome as it may participate in the GC reaction (Fig. 

6.1A). This facilitates the response to antigenic variants as shown by hapten-based antigens 

and Dengue envelope proteins. In ACKR4-deficient conditions the humoral response to these 

antigenic variants was diminished. 

In previous studies, more BCMs were detected in the blood of ACKR4-deficient mice, 

showing that when BEMs cannot recycle back to the GC they egress the LN via afferent 

lymphatics (Zhang et al., 2022). Factors directing the migration of BCMs to distant lymphoid 

tissues were examined. In distant lymphoid tissues of ACKR4-deficient host mice there were 

fewer BCMs detected in distLN, but no significant difference was observed in spleen and 
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blood, however previous studies by our lab suggest that there are increased BCMs in blood 

and distLN (Zhang et al., 2022). ACKR4-deficient hosts have increased CCL19 in the blood 

(Werth et al., 2021). This may facilitate desensitisation of CCR7 (Zidar et al., 2009) which may 

impair entry to the distLN via HEVs. Investigation of CCL19-deficient hosts revealed that 

there were fewer BCMs in the spleen and blood, and a non-significant trend towards fewer 

BCMs in distLN. This suggests that CCL19 may play a role in entry of BCMs into the spleen, 

perhaps via the ACKR4-expressing peri-marginal sinus (Werth et al., 2021)(Fig. 6.1B). B cell 

intrinsic expression of ACKR4 appeared to play a role in the migration to distant lymphoid 

tissues as levels of BCMs from ACKR4-deficient transferred B cells in WT and CCL19-KO mice 

were increased in distant lymphoid tissues. This confirmed previous work in our lab which 

showed that ACKR4-deficient BEMs had enhanced egress from the drLN (Garcia Ibanez, 

2017, Zhang et al., 2022). This may be the result of increased egress of ACKR4-deficient 

BEMs from the drLN SCS due to an impaired capacity to return to the follicle following CCR7 

ligands. ACKR4 may generate local micro-gradients of CCR7 ligands which enhance migration 

or influence CCR7 sensitivity as CCL19-ligation can cause internalisation (Zidar et al., 2009), 

so scavenging this ligand would reduce its affects. Conversely, CCR7-deficient B cells were 

less able to form GCs and BEMs and had even fewer CCR7-deficient BCMs arriving in distant 

lymphoid tissues. This may be due to impaired production of BCMs and/or the inability to 

follow CCR7 ligands for entry into distant lymphoid tissues. This would be because CCR7 is 

required for lymphocytes to enter the LN and for B cells to migrate towards the T cell zone 

to receive T cell help (Okada et al., 2002, Okada et al., 2005). CCR7-deficiency resulted in 

fewer BEMs produced due to an impaired GC reaction and CCR7-deficient BCMs derived 

from these BEMs were less able to enter distant lymphoid tissues. CCL21-deficiency resulted 
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in fewer lymphocytes and B cells in the drLN as it is a ligand for CCR7, the CCR7-CCL21 

chemokine axis is required for egress of T cells from the thymus and entry of lymphocytes 

into LNs via HEVs (James et al., 2021, Okada et al., 2002). CCL21-deficiency resulted in fewer 

GC B cells and reduced generation of BEMs in the drLN. There were fewer BCMs in CCL21-

deficient distant lymphoid tissues as CCL21 may be required for entry of BCM, particularly in 

the distLN (Fig. 6.1C). Reduced BCMs in CCL21-deficient distLNs is likely the result of both 

impaired generation of BEMs, which become BCMs, and impaired entry to distant lymphoid 

tissues via the CCR7-CC21 axis.  

 

Figure 6. 1. Schematic of generation and migration of BEM in the draining LN and migration of 
BCM to distant LN and spleen 

(A) BEMs in the drLN recycle between the B cell follicles and the SCS following S1P and 

CCL19-21 ligand gradients. BEMs in the SCS may egress the LN via afferent lymphatics. (B) 

BCMs enter distant lymph nodes through HEVs, this is directed by expression of CCL21 by 

endothelial cells of the HEV. (C) BCMs may enter the spleen via the peri-marginal sinus. This 

BCM entry may be directed by CCL19. 
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The role of memory B cells in secondary responses was examined using S1PR2-ERT2-Cre x 

ai14dTomato mice which reported GC-derived B cells including mBCs. In the recall response 

to antigen when the ipsilateral popliteal LN (drLN) was immunised there were fewer GC B 

cells derived from primary GC progeny, which includes mBCs, compared with non-boosted 

controls. Tamoxifen was delivered to S1PR2-ERT2-Cre mice at days 7-9 post-immunisation 

ensuring labelling of only primary GCs. The reactivated cells in the ipsilateral side may derive 

from a mixture of primary GC-derived mBCs and persistent GC B cells. There were more PCs 

in the ipsilateral LN after secondary exposure to antigen, these are likely to be mainly mBC-

derived as mBCs readily differentiate to PCs upon re-activation and GC-derived PCs are 

produced later in the GC response (Mesin et al., 2020, Florian et al., 2016). When the 

contralateral popliteal LN (distLN) received the booster injection there were more mBCs and 

mBC-derived GC B cells compared with non-boosted controls. There were very few 

detectable PCs, but the majority of these were mBC-derived. There were also more total 

lymphocytes in both boosted drLN and distLN. This showed that mBCs in antigen 

experienced and naïve LNs responded differently to recall antigen. In experienced LNs there 

was a preference for differentiation to PCs whereas in naïve LNs the preference was towards 

GC B cell differentiation. Kuraoka and colleagues also showed that in a re-stimulated 

antigen-experienced LN there was a stronger GC response than in distant naïve LNs (Kuraoka 

et al., 2022). They also concluded that secondary GCs in re-stimulated LNs were comprised 

of memory B cells or persistent GC B cells which provided a head-start for the GC reaction 

before activated naïve B cells begin to participate in GC (Kuraoka et al., 2022). This differs 

from the present study as we did not directly compare GCs in re-stimulated drLN and distLN. 

Instead, we focused on the proportion of primary GC progeny-derived B cells within drLN or 
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distLN. It is likely that there was a greater number of primary GC progeny-derived GC B cells 

(including restimulated persistent GCs) in the re-stimulated drLN than distLN. There also 

appeared to be considerably more primary GC progeny-derived PCs, which are likely to 

derive mainly from mBCs, in re-stimulated drLN than distLN. 

In a B cell response primary antigen exposure leads to activation of naive B cells specific to 

the antigen, these form GCs or undergo the EF pathway to produce PCs that secrete low 

affinity antigen-specific antibodies. mBCs are also produced which tend to have lower 

affinity towards antigen than the PCs emerging from GCs (Suan et al., 2017). Upon re-

exposure to the same antigen there is a rapid response by B cells: GC B cells and PCs specific 

to the antigen are formed. In this context the GC B cells mainly consist of recently activated 

naive B cells with a minority derived from mBCs (Mesin et al., 2020, Kuraoka et al., 2022, 

Toellner et al., 1996). IgG1+ mBCs can readily differentiate into PCs after re-exposure to 

antigen (Dogan et al., 2009), this may be due to strong BCR signal transduction of IgG1 BCRs 

(Song et al., 2016). These IgG1+ mBCs may have undergone affinity maturation to develop a 

higher affinity to antigen which upon re-exposure promotes PC differentiation (Suan et al., 

2017). Highly motile mature resting mBCs have been observed in the SCS up to 70 days post-

immunisation, upon re-exposure to antigen they underwent proliferation and could 

differentiate into Blimp1-expressing PCs with reduced motility and Blimp1-negative PCs that 

retained some motility (Moran et al., 2018). This study by Moran et al., (2018) showed that 

these mBC-derived PCs in SCS had greater antigen affinity, but they did not test their 

longevity. Blimp1+ mBC-derived PCs near the SCS may be short-lived extrafollicular PCs. This 

suggests that mBCs may contribute to antibody feedback by becoming PCs that facilitate 

more rapid affinity maturation of activated B cells to produce higher affinity clones (Zhang et 
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al., 2013). MBC re-exposure to antigen can differ between whether re-exposed locally to or 

distant from the site of primary exposure (Kuraoka et al., 2022). Although distant or local re-

exposure did not affect the magnitude of the antibody response, local exposures had greater 

levels of antigen-specific antibodies, more SHM mutations and a greater participation of 

mBCs and persistent GC B cells in the secondary GC. Additionally local re-exposure led to the 

production of more cross-reactive BCRs (Kuraoka et al., 2022) (Fig. 6.2).  

 

Figure 6. 2. A proposed model for the role of mBCs in secondary responses to antigen: re-
exposure to primary antigen or exposure to a variant of the primary antigen 

In the primary exposure to antigen nBCs recognise antigen, they can produce mBCs and PCs 

through the extrafollicular pathway, they can also enter the GC reaction. This primary GC 

produces PCs and mBCs. Upon secondary exposure to the same antigen mBCs can become 

re-activated and become PCs which produce antibodies that can influence the nBC-derived 

GC response, possibly assisting the high affinity output of the GC. Upon exposure to a variant 

of the primary antigen mBCs may participate in the GC response. Additionally, mBC-derived 
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PCs may produce variant-specific antibodies to provide antibody feedback to the GC. Leading 

to the generation of high affinity variant-specific GC output. 

 

A future direction for this project may be to examine the mBC response to antigen in more 

detail. This would involve investigating the recall response in antigen experienced and naïve 

LNs and evaluating the role of variant and recall antigen in secondary GC responses in these 

tissues. Evaluating the role of antibody feedback by mBC-derived PCs in secondary GC 

responses may also be a future avenue of research. The role of BCM migration would be 

assessed by investigating the recall response in naïve LNs in mouse models where migration 

of BCMs to distant lymphoid tissues is impaired, such as in CCL19-KO hosts, CCL21-KO hosts 

and CCR7-KO B cells. Also models of ACKR4-KO B cells where migration of BCMs to distant 

lymphoid tissues is enhanced would be investigated. This would help determine whether 

BCMs participate in secondary GC reactions in distant lymphoid tissues and the role they 

might play in this. This may have an impact on vaccine design as it may provide insights into 

how best to deliver a response to antigenic variants, which would be relevant in response to 

viruses with high rates of mutation to escape variants such as influenza and HIV. 
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Appendices

 

Appendix 1: Baseline input data detecting NP+B220+ splenocytes for adoptive cell transfers 

Flow cytometry plots to detect NP+B220+ splenocytes from in which spleens were depleted of RBCs 

using ACK lysis buffer and number of lymphocytes were counted using a hemacytometer and Trypan 

Blue dye. The proportion of NP+B220+ cells was used to calculate the total number within the whole 

spleen allowing calculation of the optimal concentration of splenocytes for adoptive cell transfer. 

(A) Representative flow cytometry plot of NP+B220+ splenocytes from a QM IgHNP Cg1cre mTmG 

mouse. NP-specific cells were detected using NP-PE. PE was detected using a blue (488 nm) laser and 

a 575/25 filter. dTomato was detected for compensation purposes using the yellow-green (561 nm) 

laser and a 630/30 filter. 
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(B) Representative flow cytometry plot of NP+B220+ splenocytes from a QM IgHNP mTmG mouse in 

which NP-binding cells were detected using NP-APC. 

(C) Representative flow cytometry plot of NP+B220+ splenocytes from a QM IgHNP Cg1cre mTmG 

mouse in which NP-binding cells were detected using NP-APC. 
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Appendix 2: Gating scheme for qRT-PCR, RNA-sequencing library preparation 

FACS sorted cells from popliteal lymph node in C57BL/6J mice that had received NP+ B cells from 

Cγ1Cre QM mTomato/mGFP, 8 d after foot injection. (A) eGFP+B220+Fas+CD38- as GC B cells, and 

eGFP+ B220+ CD38+Fasint CD138- as BEMs in drLN. (B) GC B cell reanalysis was run on an 



 

248 
 

independent FACS sorter. (C) eGFP+ B220+ CD38+ Fas- CD138- as BCMs, and eGFP- Tomato- B220+ as 

naive B cells in distLN. (D) Naive B cells after the sorting was run on an independent FACS sorter. Pink 

boxes and numbers: sorting gates and population size in %. Green boxes: reanalysis gates with 

purities in % of parent population. This strategy was used in the study by Zhang et al., (2022).
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Gene Log2 FC Fold 
Change 

P-value Max Count Comparison BD Biosciences BioLegend Miltenyi Bio-Techne Antibody 
Available 

Ccr7 6.15 71.01245 8.31E-06 1082.13 BEM v GC ✓ ✓ ✓ ✓ ✓ 

Adam19 5.49 44.94224 3.45E-05 1433.56 BCM v GC ✗ ✗ ✗ ✗ ✗ 

Ighd 5 32 7.88E-06 59156.76 BEM v GC ✓ ✗ ✓ ✓ ✓ 

Cd38 4.34 20.25211 0.000258 4627.89 BEM v GC ✓ ✓ ✓ ✗ ✓ 

Dpp4 3.91 15.03236 5.55E-05 1103.99 BEM v GC ✓ ✓ ✓ ✓ ✓ 

S1pr1 3.82 14.12325 0.000132 2089.54 BEM v GC ✗ ✗ ✗ ✓ ✓ 

Nrros 3.57 11.87619 0.009546 1900.03 BEM v GC ✗ ✗ ✗ ✗ ✗ 

Igkc 3.53 11.55143 0.000303 20235.51 BEM v GC ✓ ✗ ✗ ✗ ✓ 

Cd55 2.89 7.412704 1.75E-06 12446.55 BEM v GC ✗ ✓ ✓ ✓ ✓ 

Ccr6 2.84 7.160201 0.02709 1759.94 BCM v GC ✓ ✓ ✓ ✓ ✓ 

Sdc4 1.97 3.917681 0.010308 1961.53 BEM v GC ✗ ✗ ✗ ✗ ✗ 

Cd47 1.78 3.434262 0.00414 6476.76 BCM v GC ✓ ✗ ✓ ✓ ✓ 

Cd2 1.41 2.657372 0.009211 1126.82 BCM v GC ✓ ✗ ✓ ✓ ✓ 

Pecam1 1.33 2.514027 5.23E-05 3227.73 BCM v GC ✓ ✗ ✓ ✓ ✓ 

Iglc3 1.25 2.378414 0.00491 3210.07 BEM v GC ✗ ✗ ✗ ✗ ✗ 

B2m 1.15 2.219139 0.049128 26138.49 BEM v GC ✓ ✗ ✗ ✗ ✓ 

Fcmr 1.1 2.143547 0.017578 5717.75 BEM v GC ✓ ✗ ✗ ✓ ✓ 

Tmem123 1.09 2.12874 0.02245 3330.73 BEM v GC ✗ ✗ ✗ ✗ ✗ 

Msn 0.7 1.624505 0.004534 14369.91 BCM v GC ✗ ✗ ✗ ✗ ✗ 

Iglc1 0.69 1.613284 3.15E-07 23390.7 BCM v GC ✗ ✗ ✗ ✗ ✗ 

Itga4 0.62 1.536875 0.016561 7205.81 BEM v GC ✓ ✗ ✓ ✗ ✓ 

H2-Aa 0.48 1.394744 0.034615 52098.69 BEM v GC ✗ ✗ ✗ ✗ ✗ 

Atp5a1 -0.64 -1.55833 0.01096 3064.9 BEM v GC ✗ ✗ ✗ ✗ ✗ 

Calr -1.05 -2.07053 0.016742 2142.02 BEM v GC ✗ ✗ ✗ ✓ ✓ 

Slc3a2 -1.13 -2.18859 0.014676 1189.66 BEM v GC ✓ ✓ ✗ ✗ ✓ 

Slamf7 -1.16 -2.23457 3.42E-06 2649.11 BCM v GC ✓ ✓ ✗ ✓ ✓ 
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Appendix 3: Table of BEM Markers with available antibody 

Data extracted from bulk RNA sequencing data using Partek® Flow® software, version 8.0.19 

Copyright ©: 2019 Partek Inc., St. Louis, MO, USA. RNA sequencing was performed on isolated 

cell subsets as reported in Appendix 1 and RNA-sequencing was performed as described in 

Chapter 2.6. Reads were aligned to mouse genome mm10 (GRCm38) mouse genome and gene 

specific analysis (GSA) was performed using Partek Flow to compare BEM v GC B cells and BCM 

v GC B cells. For each gene the comparison with the lowest absolute difference of the least 

square mean statistic was selected. The comparison used is presented in the “Comparison” 

column. Genes were filtered for adjusted P-value <0.05 and for if the gene is present in the 

gene ontology term “cell surface” (GO:009986). Level of expression of each gene is presented 

by the fold-change, log2(fold change) and Max Count. 

The availability antibodies specific to the cell surface marker was checked from BD Biosciences, 

BioLegend, Miltenyi Biotec and R&D Systems/Bio-Techne on 24/08/2020.  
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Appendix 4: BCM in the distant LN after removal of samples containing GCs 

WT and ACKR4-KO received adoptive cell transfers with QM Cg1-Cre mTmG splenocytes (i.v.) 

followed by immunisation with 20 µg NP-CGG in alum precipitate, distant LN was examined on 

day 8 post-immunisation as described in Figure 5.1. Graphical summaries presented in this 

figure show BCM in distLN with samples that contained GCs removed from the analysis. (A) 

With data examined as a % lymphocytes there was no significant difference between distLNs 

from WT and ACKR4-KO hosts. (B) When data was presented as a normalised ration of % 

lymphocytes there was still significantly fewer BCMs in the ACKR4-KO distLN as observed in 

Figure 5.1M. * P<0.05, Mann-Whitney test. Data presented are from 3 separate experiments 

(WT n=6, KO n=12). Symbols represent individual mice. 

 

 

 

 

 

 


	UoB_research_archive_copyright_notice_A4size.pdf
	Burnett2024PhD_submitted.pdf



