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Abstract 

Systemic lupus erythematosus (SLE) is an autoimmune disease characterised by the 

production of autoantibodies, predominantly to nuclear components, and the loss of B cell 

tolerance. Changes and imbalances in B cell subsets are a key aspect of lupus pathology, 

however these alterations are not fully understood.  

 

Transitional B cells are a population of immature B cells that are the first cells to exit the bone 

marrow and enter the periphery. Transitional B cells emerge in the peripheral blood as 

transitional 1 (T1) B cells, which then mature into T2 B cells. Two populations of T2 B cells 

have been characterised and can be distinguished based on their surface expression of IgM. 

T2 IgMhi B cells have been linked to a gut-homing, integrin β7+ developmental trajectory that 

leads to the generation of marginal zone B cells, a subset known to be depleted in lupus 

nephritis. Several changes in the transitional B cell subset in SLE have also been reported, 

including the expansion of T1 B cells, depletion of T2 IgMhi B cells as well as dysregulated IL-

10 signalling and increased survival in the transitional B cell subset. This study used multiple 

techniques to understand the diversity of the earliest subsets of B cells in the peripheral blood 

in lupus nephritis and how this compares to what is seen in healthy individuals, with the aim 

of improving our understanding the makeup of the peripheral B cell compartment in systemic 

lupus erythematosus (SLE). Transitional B cells are the cells in which all mature B cell subsets 

develop from and therefore are of particular interest when it comes to investigating altered 

peripheral B cell development. 

 

Single-cell RNA-sequencing with CITE-seq antibody staining was used to investigate the gene 

expression patterns and surface marker expression of CD10+ transitional and CD10- naïve B 

cells from peripheral blood to gain an insight into how these early, antigen-inexperienced B 

cells differ in lupus nephritis compared to health with the aim of highlighting key features that 

may underpin differential B cell development seen in lupus nephritis. This analysis firstly 

highlighted the heterogeneity of transitional B cells in health and emphasised that whilst 

CD10+ transitional B cells are typically categorised into T1 and T2 subsets, there are distinct 

transcriptomic differences between cells belonging to the same subset. In addition, this study 
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identified early, antigen-inexperienced cells with an interferon gene signature, which can be 

seen in healthy and lupus nephritis bloods.  

 

Following on from the observations made by analysis of single-cell RNA-sequencing data, 

mass cytometry and flow cytometry were used to explore interferon surface marker 

expression on blood from healthy donors and lupus nephritis patients. Data generated from 

these cytometry experiments suggest that transitional B cells express IFITM1 significantly 

more than all other peripheral B cell subsets in both health and lupus nephritis, and 

expression of IFITM1 does not differ between health and lupus despite the well-documented 

interferon signature seen in lupus. IFITM1 expression in transitional B cells correlated with 

the expression of integrin β7 and IgM, however other interferon markers did not, suggesting 

a possible link between IFITM1 and the gut-homing B cell developmental trajectory. 

 

Additionally, this study used flow cytometry to compare the proportions of B cell subsets in 

paired blood samples from lupus nephritis patients at different timepoints during their 

disease course: when they were flaring, and disease activity was high versus when they were 

stable and disease activity was lower. This data demonstrated the plasticity of the B cell 

compartment in peripheral blood. The proportions of subsets were found to be significantly 

altered in periods of lupus flare compared to health, but in some instances, they returned to 

levels comparable to health upon disease stability. This data also revealed a reduction in naïve 

B cells with low IgM expression in lupus nephritis compared to health. 

 

During this study, in a separate project, two subsets of marginal zone B cells were identified 

by single-cell RNA-sequencing of B cells in tissue from three sites in the gut associated 

lymphoid tissue. As part of this study, flow cytometry was used to validate the presence of 

these two marginal zone B cell populations in peripheral blood and investigate the changes 

in proportions of the two marginal zone subsets in lupus nephritis compared to health. CCR7 

and integrin β7 were used to distinguish the marginal zone populations by flow cytometry. 

Previously it has been established that CD27+IgD+ marginal zone B cells are depleted in lupus 

nephritis, in this study, it was found that only one of the two novel subsets of marginal zone 

B cells was depleted in lupus nephritis. 
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The data presented in this thesis highlight the heterogeneity of transitional B cells in 

peripheral blood and suggest that early B cells that are naïve to antigen have been influenced 

by interferon and that this may be key to development of the gut-homing trajectory in both 

health and lupus nephritis. Additionally, it is evident from the data presented in this study 

that expression of different interferon inducible protein markers is not all the same and that 

it may be of use in future studies to explore these proteins individually. Data from paired 

lupus nephritis samples across different disease activity levels highlighted plasticity in the 

peripheral blood B cells compartment. Finally, this study has validated the presence of two 

populations of marginal zone B cells in peripheral blood and has shown that only one of these 

populations is depleted in lupus nephritis.  
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1 Introduction 

B lymphocytes are the cells of the immune system that are responsible for the 

production of antibodies. In the most part, antibody production benefits the host by 

protecting against infection using mechanisms including pathogen neutralisation and 

agglutination, opsonisation, antibody-dependent cellular toxicity, and complement 

fixation (reviewed by Forthal, 2014). However, antibodies that target self-antigens can 

also be strong indicators of disease or even cause pathology in autoimmune diseases 

(Elkon & Casali, 2008; Xiao et al., 2021). Although the reasons that self-antigens 

become targeted in autoimmune diseases are generally unknown, some of the 

associated changes in the profiles of B cells present in the blood are well described. 

 

Work in this thesis will describe investigations of subtypes of B cells in human blood 

in health and in the autoimmune disease systemic lupus erythematosus. Therefore, in 

this first part of the introduction to this thesis, the development of B cells will be 

described followed by a description of B cell responses. This will be followed by a 

practical guide to the identification of B cells subsets in human peripheral blood that 

is important for many parts of this thesis. 

 

1.1 Human B cell development 

1.1.1 Development of transitional B cells from bone marrow precursors 

B cell development originates in the bone marrow, where haematopoietic stem cells 

first give rise to common lymphoid progenitors. These common lymphoid progenitors 

then develop into CD34+ progenitor (pro)-B cells (Galy et al., 1995). Pro-B cells 

undergo rearrangement of their immunoglobulin variable (V), diversity (D) and joining 

(J) genes on the heavy chain gene locus to produce the heavy chain of the 

immunoglobulin, although these pro-B cells do not express immunoglobulins on the 

cell surface (Tonegawa, 1983). Pro-B cells give rise to precursor (pre)-B cells. First large 

pre-B cells develop from pro-B cells, which then develop into a smaller pre-B cell, both 

of which do not express a fully formed surface IgM (Gathings et al., 1977). Instead, 

pre-B cells express the immunoglobulin heavy chain together with a pseudo light chain 

in a complex termed the pre-B cell receptor (Kerr et al., 1989; Nishimoto et al., 1991). 
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The pre-B cells undergo rearrangement of light chain gene loci, most often at the κ 

(kappa) locus, if not at the λ (lambda) locus (Korsmeyer et al., 1982). After light chain 

rearrangement, cells develop into immature B cells that express both heavy and light 

chains of the B cell receptor. These immature B cells are known to express CD19 and 

CD20, much like peripheral blood B cells; additionally, immature B cells have been 

characterised by their CD10+CD21-CD23-CD24+++CD38+++IgM+ surface phenotype 

(Sims et al., 2005). 

 

A central checkpoint within the bone marrow exists to prevent immature B cells with 

an autoreactive B cell receptor from exiting the bone marrow and entering the 

peripheral blood (Nemazee, 2017). After passing through the tolerance checkpoint 

and upon surface expression of IgD, cells are classed as transitional B cells. Transitional 

B cells have a CD19+CD10+CD21+CD24+++CD38+++IgM+IgD+ surface phenotype, 

similar to that of their immature bone marrow-resident precursors, with the exception 

of IgD expression. Transitional B cells, specifically transitional 1 (T1) B cells, are the 

first subset of B cells to emerge in the peripheral blood from the bone marrow 

(Palanichamy et al., 2009; Sims et al., 2005). Studies of B cell repopulation after 

haematopoietic stem cell transplantation and B cell depletion therapy with rituximab 

have demonstrated how T1 B cells are the first subset to reconstitute the B cell pool 

in the peripheral blood (Marie-Cardine et al., 2008; Palanichamy et al., 2009). The 

stages development of transitional B cells from a haematopoietic stem cell precursor 

is demonstrated in Figure 1.1. 
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Figure 1.1: Development of transitional B cells from haematopoietic stem cells in the bone 

marrow. Schematic diagram demonstrating the stages of B cell development in the bone 

marrow starting from a haematopoietic stem cell (HSC) through to the transitional B cells, 

which are the first subset of B cells to exit the bone marrow and emerge in the peripheral 

blood. CLP, common lymphoid progenitor; BCR, B cell receptor. 
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1.1.2 Development of marginal zone B cells from transitional B cell precursors 

T1 B cells in the peripheral blood develop into transitional 2 (T2) B cells, this 

development is characterised by the downregulation of CD24 and CD38 expression 

and the upregulation of CD21 (Suryani et al., 2010). Recently, Tull et al. (2021) 

identified a bifurcation in peripheral blood B cell development at the T1 to T2 stage. 

It was established that two populations of T2 B cells, defined by the level of expression 

of surface IgM, develop from T1 B cells (Tull et al., 2021). These subsets were termed 

T2 IgMhi and T2 IgMlo. T2 B cells, specifically T2 IgMhi cells, are known to express the 

gut homing receptor α4β7 integrin and have been found to be present and selectively 

recruited into the gut associated lymphoid tissue (Tull et al., 2021; Vossenkämper et 

al., 2013). T2 IgMhi cells have been found to express markers of activation CD69 and 

CD80 upon entering the gut associated lymphoid tissue (Tull et al., 2021). 

 

The maturation of the earliest transitional B cells into late-stage transitional T3 B cells 

and subsequently mature naïve B cells is typified by downregulation of CD10, CD24 

and CD38 expression and upregulation of CD21 (Cuss et al., 2006; Sims et al., 2005; 

Suryani et al., 2010). Both T3 and naïve B cell subsets have IgMhi and IgMlo 

subpopulations much like the T2 subset. Through pseudo time gene expression 

analysis using Slingshot, it is understood that the peripheral blood IgMhi B cell 

populations belong to a gut-homing trajectory that leads to the development of naïve 

marginal zone precursors and eventually marginal zone B cells (Tull et al., 2021), 

shown schematically in Figure 1.2. The naïve precursors to marginal zone B cells, 

known as MZP, express high levels of surface IgM and CD45RB and undergo NOTCH 

ligation and maturation into marginal zone B cells (Descatoire et al., 2014). MZP also 

have a similar transcriptomic profile to marginal zone B cells (Descatoire et al., 2014). 

It has been hypothesised that TLR9 stimulation drives transitional B cells towards 

marginal zone B cell differentiation by upregulating surface expression of IgM and 

NOTCH2 (Guerrier et al., 2012). In addition, the Slingshot analysis by Tull et al. (2021) 

identified a group of B cells beyond marginal zone cells on the trajectory that had 

features of DN2 B cells, including expression of ZEB2 and MX1, however there are 

currently no known links between marginal zone B cells and DN2 cells (Jenks et al., 

2018). DN2 B cells are known to be derived from a separate developmental branch, 
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the extrafollicular pathway, shown in Figure 1.2, whereby mature naïve cells become 

activated via TLR7 and IFNγ stimulation and eventually form DN2 cells then antibody 

secreting cells (Jenks et al., 2018; Tipton et al., 2015). 

 

Marginal zone B cells are called as such due to their shared surface phenotype with B 

cells in the marginal zone of the spleen (Weller et al., 2004). Blood and splenic 

marginal zone B cells also have similar gene expression profiles and are known to be 

closely related (Weller et al., 2004). Although marginal zone B cells are CD27+ much 

like classical class-switched memory B cells, there is evidence to support the notion 

that they are a distinct subset of B cells, as described below. 

 

Firstly, marginal zone B are phenotypically related to CD27-CD45RB+ precursors in a 

separate developmental IgMhi branch from memory B cells (Tull et al., 2021; Y. Zhao 

et al., 2018). It is not known whether the IgMlo developmental branch is linked to the 

development of class-switched memory cells, however it is evident that class-

switched memory cells do not develop from the IgMhi branch, thus evidencing that 

marginal zone and memory B cells are distinct subsets. Secondly, marginal zone B cells 

and class-switched memory B cells are functionally different. Marginal zone B cells are 

innate-like and are important for immunity against encapsulated bacteria (Cerutti et 

al., 2013; Weller et al., 2004), whereas class-switched memory B cells function as long-

term responders upon re-exposure to antigen (Akkaya et al., 2020).  

 

When naïve B cells encounter antigen in the periphery, and receive help from 

preactivated cognate T cells, they may contribute to the germinal centre response in 

secondary lymphoid organs (Lanzavecchia, 1985; Rock et al., 1984). The enzyme 

activation induced cytidine deaminase (AID) catalyses two processes in association 

with the germinal centre response: class-switch recombination and somatic 

hypermutation (Muramatsu et al., 1999, 2000). Class-switch recombination is the 

process of changing the constant region of the immunoglobulin heavy chain to switch 

from IgM and IgD expression to expression of different immunoglobulin isotypes, 

namely IgG, IgA or IgE (Dunnick et al., 1993). Somatic hypermutation is the first part 

of the process of affinity maturation. As B cells divide as centroblasts in the dark zone 
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of the germinal centre, variable regions of the B cell receptor gene become targets of 

the AID enzyme, which converts cytidines into uracil (Chaudhuri et al., 2003; Dickerson 

et al., 2003; Muramatsu et al., 1999, 2000; Lodwig et al., 2003). The error prone 

mechanisms that repair the mutation result in diversification of the variable region 

sequence primarily through the introduction of point mutations (Rada et al., 2004). 

The B cells with mutated variable region genes then mature into less proliferative 

centrocytes and migrate to the light zone of the germinal centre (Casamayor-Palleja 

et al., 1996). B cells are then tested for their specificity by competition for antigen 

retained by follicular dendritic cells (Suzuki et al., 2009; Tew et al., 1990). The B cells 

that successfully compete for antigen present antigen peptides to T follicular helper 

cells that reside within the germinal centre and thus acquire the help they need to 

survive (Okada et al., 2005). Thus, only the B cells with the highest specificity for 

antigen mature to become either memory B cells or antibody producing cells 

(Anderson et al., 2009; Takahashi et al., 1998). 

 

Human marginal zone B cells may not undergo class-switch recombination, but they 

do have somatic hypermutations in their immunoglobulin variable genes, albeit at a 

lower level than class-switched memory B cells (Klein et al., 1998; Weller et al., 2001). 

The mechanisms by which marginal zone B cells acquire somatic hypermutations is 

not entirely clear (Zhao et al., 2018). The very presence of these mutations suggests 

that marginal zone B cells acquire mutations in the germinal centre like class-switched 

memory B cells do (Weller et al., 2004). However, it has been observed that marginal 

zone B cells with somatic hypermutations exist in individuals with a CD40L deficiency 

and it has been proposed that these mutations could be acquired outside the germinal 

centre via a different mechanism to classical memory B cells (Weller et al., 2001). 

However, clones of marginal zone B cells with members in blood and the germinal 

centres of gut associated lymphoid tissue have been described (Zhao et al., 2018). It 

is possible that patients with mutations in CD40L have small germinal centres in the 

gut and mutations may have been acquired here (Facchetti et al., 1995). 
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Figure 1.2: Model of B cell developmental pathways in the periphery. Schematic diagram 

demonstrating B cell development pathways post-exit from the bone marrow. Peripheral B 

cell development begins at the transitional B cell stage with transitional 1 (T1) B cells, which 

develop into transitional 2 (T2) and eventually transitional 3 (T3) B cells. The IgMhi gut-

homing developmental trajectory characterised by work from Tull et al. (2021) and 

Vossenkämper et al. (2013) involves the sequential maturation of peripheral B cell subsets all 

of which have high surface expression of IgM and integrin β7. Subsets of B cells along this 

trajectory result in the development of marginal zone precursors (MZP) and then marginal 

zone B cells (MZB). The development of class-switched memory (CSM) B cells involves mature 

naïve B cells undergoing a germinal centre (GC) response, where somatic hypermutation 

(SHM) and class-switch recombination (CSR) take place, which leads to the production of 

class-switched memory (CSM) B cells and antibody secreting cells, namely plasmablasts (PBs) 

and plasma cells (PCs). The extrafollicular (EF) pathway stems from activated naïve (aNAV) 

cells responding to TLR7 stimulation and subsequently maturing into double negative (DN2) 

B cells (Jenks et al., 2018, 2019; Tipton et al., 2015). 

 

Several surface protein markers are used to classify peripheral B cells into subsets; 

these markers enable the tracking of development from the earliest peripheral B cell 

subsets, the transitional subsets, to the terminally differentiated subsets, such as 

marginal zone and class-switched memory B cells. Many of these protein markers also 

have functional relevance to B cells as well as other immune cells. A summary of the 
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functions of the proteins used to classify peripheral B cells in this study is presented 

in Table 1. 

Table 1.1: Functional relevance of surface protein markers used to classify peripheral B cell 

subsets. 

Protein Marker Function 
CD1c Lipid antigen presentation to T cells. CD1c expression is reduced upon B cell activation, lowering its 

lipid antigen-presenting function (Allan et al., 2011)  
CD10 Endopeptidase that functions to inactivate signalling peptides by cleaving peptide bonds. Functional 

relevance has primarily been characterised in leukaemia. (Mishra et al., 2016) 
CD11c Forms complexes with other integrins to act as a cell adhesion receptor to facilitate cell migration, 

survival, and proliferation (Golinski et al 2020) 
CD19 Functions as part of the B cell co-receptor complex with CD21 and CD81. Involved in lowering B cell 

receptor (BCR) signalling threshold and facilitating downstream BCR signalling (Otero et al., 2003; 
Fearon and Carter, 1995) 

CD21 Functions as part of the B cell co-receptor complex with CD19 and CD81. Involved in lowering B cell 
receptor (BCR) signalling threshold (Fearon and Carter, 1995). Complement receptor (CR2) that binds 
opsonised antigens upon BCR-antigen binding to enhance B cell antigen response (Hannan, 2016; 
Cherukuri et al., 2001). 

CD22 Inhibitory co-receptor of the B cell receptor (BCR) (Sieger et al., 2013; Poe et al., 2000). 
CD23 Low affinity receptor for IgE that binds IgE/antigen complexes for presentation to T cells, enhancing 

the antibody response (Hjelm et al., 2006). 
CD24 Induces apoptosis in B cells and promotes maturation of B cells from early developmental stages 

(Christian, 2022; Suzuki et al., 2001). Functional relevance predominantly characterised in B cells in 
the bone marrow. 

CD27 Function in B cells is not well reported. Thought that ligation of CD27 allows for B cells to enter 
developmental pathway that leads to terminally differentiated plasma cells (Agematsu et al., 2000). 

CD38 Functions as both receptor to CD31 and an enzyme to enable cell adhesion and metabolism, 
respectively (Piedra-Quintero et al., 2020). 

CD40 Binds CD40L on T helper cells for facilitation of the T-dependent pathway, GC formation, isotype 
switching and somatic hypermutation (Elgueta et al., 2009). 

CD45RB CD45 functions as a regulator of Src kinases, therefore, regulates B cell receptor (BCR) signalling 
(Zikherman et al., 2012). CD45RB is a glycosylated form of CD45, distinctive functions of this form in B 
cells are not well understood. 

CD62L Mediates leukocyte tethering to the endothelium to facilitate B cell migration to lymph nodes 
(Lafouresse et al., 2015) 

CCR7 Involved in trafficking B cells to and within secondary lymphoid tissues (Alrumaihi 2022). 
CXCR5 Together with its ligand, CXCL13, directs B cells into follicles of secondary lymphoid organs (Förster et 

al., 1996). 
Integrin β7 Involved in trafficking and retention of B cells in gut-associated lymphoid tissues (GALT) (Gorfu et al., 

2009). 
 

 

 

 

 

 

 



 27 

1.1.3 B cell homing and trafficking 

B cell homing and trafficking are essential components of B cell development. These 

processes ensure B cells are kept in the appropriate microanatomical niche for 

relevant developmental changes. For instance, the interaction between the 

chemokine receptor CXCR4 and its ligand CXCL12 is important for retaining 

haematopoietic stem cells and B cell progenitors in their bone marrow niches so they 

can develop fully into immature B cells before exiting the bone marrow (Ma et al., 

1999). In CXCR4-deficient mice, pro- and pre-B cells are absent from the bone marrow 

and are present at abnormally high levels in the blood, which consequently leading to 

a reduction in mature B cells In the blood (Ma et al., 1999) and in secondary lymphoid 

tissues (Nie et al., 2004) as cells have not fully developed in their bone marrow niches 

before entering the periphery. 

  

Homing receptors also play a key role in the development of B cells post-bone marrow 

exodus. The receptor ligand pairs described below are those relevant to the work in 

this thesis. 

 

As previously described in 1.2.2, marginal zone B cells and their IgMhi precursor 

subsets express the gut homing receptor integrin α4β7 (Tull et al., 2021; 

Vossenkämper et al., 2013).  The integrin α4β7 is known to bind to mucosal adhesion 

molecule 1 (MAdCAM1), which is expressed on high endothelial venules of gut 

associated lymphoid tissues, to facilitate migration of B cells to the gut (Kraal et al., 

1995). Expression of integrin β7, used as a surrogate for α4β7, on T2 IgMhi B cells 

selectively recruits this subset of cells to the gut associated lymphoid tissue that 

subsequently leads to cell activation (Tull et al., 2021; Vossenkämper et al., 2013). As 

it is known that marginal zone B cells develop from T2 IgMhi progenitors (Tull et al., 

2021), it can be proposed that the early expression of integrin α4β7 homing receptor 

by progenitors is key to the development of the marginal zone B cell compartment. 

 

Another chemokine receptor important for B cell trafficking is CXCR5. It is known that 

CXCR5, also known as BLR1, is expressed abundantly on the surface of the majority of 

mature circulating B cells (Förster et al., 1994). CXCR5 is the primary chemokine 
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receptor, along with its ligand CXCL13, responsible for the migration of B cells towards 

the B cell zone in secondary lymphoid organs, once they exit from the peripheral blood 

(Förster et al., 1996; Henneken et al., 2005). The importance of CXCR5 for lymphocyte 

homing was initially observed in mice whereby B cells from CXCR5 double knockout 

(blr-/-) mice fail to migrate to the B cell follicles of secondary lymphoid organs, namely 

the spleen and Peyer’s patches, of blr+/+ host mice (Förster et al., 1996), thus 

preventing these cells from undergoing relevant developmental changes in the follicle. 

 

The chemokine receptor CCR7 is a further example of a key receptor important for 

homing B cells in the peripheral blood to secondary lymphoid organs. CCR7 has two 

ligands, CCL19 and CCL21 (Förster et al., 2008) and is primarily expressed on B cell 

subsets in the peripheral blood, however it has been reported that CCR7 is weakly 

expressed on pro- and pre-B cells in the bone marrow (Honczarenko et al., 2006). In 

addition to its homing function, CCR7 has been found to play a role in B cell activation 

(Förster et al., 1999). 

 

L-selectin, also known as CD62L, is a cell adhesion molecule important for homing to 

secondary lymphoid organs (Gallatin et al., 1983). L-selectin is expressed on the 

surface of most circulating lymphocytes and has been found to be highly expressed on 

cells in the bone marrow that are destined for either the lymphoid or myeloid lineages 

(Kohn et al., 2012). L-selectin expressed on the surface of lymphocytes functions by 

facilitating binding to high endothelial venule walls, which allows for trafficking to 

lymph nodes (Lafouresse et al., 2015). The gene that codes for L-selectin, SELL, is 

known to be expressed at a higher level on IgMlo T2 B cells in comparison with their 

IgMhi counterparts (Tull et al., 2021). It has been observed that in patients with SLE 

levels of soluble serum L-selectin are significantly greater than that of healthy donor 

controls and that the level of L-selectin in serum correlates with disease activity and 

double-stranded DNA antibody titres (Font et al., 2002).  
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1.2 Systemic lupus erythematosus (SLE) 

1.2.1 SLE overview and pathogenesis 

Systemic lupus erythematosus (SLE) is an autoimmune disease that involves multiple 

facets of the immune system. SLE can affect several organs including the skin, joints, 

the kidneys, and the central nervous system; the involvement of these organs 

manifests in many forms such as malar rashes, hair loss, arthritis, glomerulonephritis 

and in some cases seizures and psychosis (Kaul et al., 2016). SLE is nine times more 

prevalent in women compared to men and is more common in individuals from 

African or Caribbean ethnic groups (D’Cruz et al., 2007; Izmirly et al., 2021; Kumar et 

al., 2009).  

 

SLE, like many other autoimmune diseases, is characterised by periods of flare in 

which the patient’s symptoms and clinical features are worsened. SLE disease activity 

index (SLEDAI) is a scoring system used to assess disease activity and health status of 

patients with SLE (Bombardier et al., 1992; Gladman et al., 2002). SLEDAI considers 

several disease manifestations across multiple organ systems to determine how the 

severity of disease activity. This scoring system can be used as an indicator for periods 

of disease flare and will evoke the appropriate clinical management. 

 

The process of humoral autoimmunity causing the production of autoantibodies is a 

hallmark of SLE. Autoantibodies produced in SLE are predominantly anti-nuclear 

antibodies. The most common autoantibodies found in patient sera include anti-

double-stranded DNA (dsDNA), anti-Smith antigen (Sm), anti-ribonucleoproteins 

(RNP) and anti-Sjögren’s-syndrome-related antigen A and B (SSA/Ro, and SSB/La, 

respectively) (Ceppellini et al., 1957; Provost et al., 1991; Tan & Kunkel, 1966). 

Although there have been numerous other autoantibodies detected in patients with 

SLE including those against complement system component C1q (Yaniv et al., 2015). 

The presence of autoantibodies is often detectable before the disease presents 

clinically (Arbuckle et al., 2003).  Autoantibodies contribute to the build-up of immune 

complexes, which can lead to inflammation and damage to organs when these 

immune complexes are deposited (Levinsky et al., 1977). 
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In addition, the failure to clear apoptotic debris has been proposed as a key aspect of 

lupus pathogenesis (reviewed by Mũoz et al., 2010); the defects in clearance of 

apoptotic debris can promote inflammation and a breakdown of self-tolerance. 

Furthermore, the formation of neutrophil extracellular traps (NETs), via a process 

known as NETosis, is another key aspect of SLE pathogenesis. NETs are extracellular 

structures composed of decondensed chromatin, produced by neutrophils 

(Brinkmann and Zychlinsky, 2007). Typically, in health, NETs are important in trapping 

and neutralising pathogens; however, when dysregulated NETosis can contribute to 

the breakdown of self-tolerance in SLE. NETs comprising of SLE autoantigens have 

been found to induce autoantibody production and the formation of immune 

complexes, which then contributes to the formation of more NETs and leads to a cycle 

of autoantibody immune complex formation (Garcia-Romo et al., 2011; Lande et al., 

2011). 

 

Lupus nephritis is the most severe manifestation of SLE that occurs in approximately 

40% of individuals with SLE (Maria & Davidson, 2020) and often occurs within the first 

five years of SLE diagnosis (Cervera et al., 2003; Hanly et al., 2015). Of the cohort of 

SLE patients with lupus nephritis, between 10-30% of them develop end-stage renal 

disease (ESRD) (Maroz & Segal, 2013). Glomerular damage in the kidney is caused by 

the deposition of immune complexes, leukocyte recruitment, complement activation 

and the formation of NETs (Flores-Mendoza et al., 2018). The proportions of several B 

cell subsets in the peripheral blood are altered in lupus nephritis specifically, not in 

other forms of lupus where nephritis is not present, thus highlighting the importance 

of investigating B cells in this cohort of SLE patients. 

 

Numerous alleles, in which the proteins that they encode are involved in several 

aspects of the immune system, have been identified in association with an increased 

risk of SLE. A few of these include in risk alleles in FCGR2A and FCGR3B, which bind 

the Fc portion of immunoglobulins (Harley et al., 2008; Morris et al., 2010), IL10, an 

anti-inflammatory cytokine (Gateva et al., 2009), PTPN22, a negative regulator of T 

cell receptor signalling (Gateva et al., 2009; Kyogoku et al., 2004), transcription factor  
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STAT4 (Han et al., 2009; Harley et al., 2008) and inflammatory marker CRP (Edberg et 

al., 2008).  

 

Multiple genome wide association studies have highlighted common polymorphisms 

in or near the (toll-like receptor 7) TLR7 gene (dos Santos et al., 2012; Shen et al., 2010; 

Wang et al., 2014). The TLR7 protein is central in the pathogenesis of SLE as it drives 

the production of DN2 B cells and autoantibody secreting cells (Jenks et al., 2018). In 

mouse models of SLE, overexpression of Tlr7 due to expression of the Yaa (Y 

chromosome-linked autoimmune acceleration) locus results in increased TLR7 

signalling and expansion of CD11c+CXCR5- double negative B cells (Deane et al., 2007; 

Ricker et al., 2021; Subramanian et al., 2006). The Yaa locus is comprised of the Y 

chromosome with an additional translocated cluster of X-linked genes, which confers 

a lupus-like syndrome in mice (Fairhurst et al., 2008; Izui et al., 1994; Pisitkun et al., 

2006; Subramanian et al., 2006). In male mice with the Yaa locus, transcription of 

many of the translocated X-chromosome genes is increased 2-fold, one of which is 

TLR7, which is thought to be the major causation of the autoimmune phenotypes seen 

in mice expressing the Yaa locus (Fairhurst et al., 2008; Ricker et al., 2021). 

 

Genetic variations in TLR7 in humans have not been as extensively reported, however, 

recently Brown et al. (2022) identified three TLR7 gain-of-function variants in patients 

with SLE: Y264H, F507L and R28G. Interestingly, in the patient with the TLR7F507L 

variant, it was noted that the patient’s mother, who also had SLE, carried the same 

TLR7F507L variant (Brown et al., 2022). The TLR7Y264H variant was introduced into mice 

(termed kika mice), and it was found that this variant was associated with aberrant B 

cell survival, extrafollicular B cell proliferation and glomerulonephritis (Brown et al., 

2022). The kika mice also produced antibodies to Sm and RNP proteins (Brown et al., 

2022). These findings highlighted the first gain-of-function variants of TLR7 in humans 

with SLE, which can be directly linked to characteristic pathogenic disease features. 

 

Typically, SLE is treated with immunosuppressants, such as mycophenolate mofetil 

(MMF) and azathioprine. Both MMF and azathioprine have proven effective in the 

long-term treatment of lupus nephritis (Houssiau et al., 2010). The anti-malarial, 
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hydroxychloroquine, is also frequently used in SLE treatment. Hydroxychloroquine can 

pass through the cell membrane due to its lipophilicity, where it then disrupts cellular 

function (Dima et al., 2022). It has been identified that hydroxychloroquine has been 

shown to inhibit the action of TLR7 and TLR9 (Kužnik et al., 2011; Lamphier et al., 

2014), inhibit cyclic GMP-AMP synthase (cGAS) activity in mouse models (An et al., 

2018), and decrease NET formation in vitro (Smith and Kaplan, 2015). Thus, it is 

thought that hydroxychloroquine can disrupt several pathogenic processes in SLE.  

 

In recent years, B cells have specifically been the target of lupus therapies. Most used 

biologic therapies include belimumab, a fully humanised monoclonal antibody against 

the BAFF and rituximab, a chimeric anti-CD20 monoclonal antibody. Belimumab was 

the first targeted biological treatment for SLE (Navarra et al., 2011), it’s mechanism of 

action involves binding soluble BAFF to prevent interaction with BAFF-R to decrease B 

cell survival (Baker et al., 2003). Rituximab targets CD20 on the surface of all B cells, 

thus allows for complete B cell depletion. Studies have shown that the occurrence of 

flares is less frequent in SLE patients after they have undergone rituximab-induced B 

cell depletion (Gracia-Tello et al., 2017). Given that these biologics significantly reduce 

the B cell pool, it has been established that these therapies pose an additional risk of 

infection to SLE patients, whom are already at an increased risk of infection compared 

to healthy individuals (Rodziewicz et al., 2023). However, in patients with moderate-

to-severe SLE, both rituximab and belimumab are proven effective therapies despite 

this increased infection risk (Rodziewicz et al., 2023). 
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1.2.2 Loss of B cell tolerance in SLE 

Throughout B cell development, B cells go through tolerance checkpoints in order to 

eliminate autoreactive B cells. In healthy humans two checkpoints exist, the first being 

in the bone marrow and the second in the periphery.  In the bone marrow, 

autoreactive B cells are removed in a series of processes collectively known as central 

tolerance. The mechanisms underpinning central tolerance include clonal deletion, 

receptor editing and anergy (Brink et al., 1992; Gay et al., 1993; Nemazee & Bürki, 

1989). At the pre-B cell stage, after the expression of a surface B cell receptor, 

autoreactive B cells may undergo clonal deletion whereby these autoreactive cells are 

“deleted” from the bone marrow by apoptosis (Nemazee & Buerki, 1989). If 

autoreactive B cells are not removed by clonal deletion, the self-reactive B cell 

receptors on immature B cells in the bone marrow interact with self-antigens and 

signal the upregulation and activation of recombinase-activating genes (Rag), which 

in turn promote receptor editing (Gay et al., 1993; Hertz & Nemazee, 1997; Nemazee 

& Bürki, 1989; Tiegs et al., 1993). Receptor editing involves rearrangement of the 

immunoglobulin light chain locus, which results in a change in the specificity of the B 

cell receptor on immature B cells in the bone marrow (Gay et al., 1993).  Immature B 

cells that escape the other central tolerance mechanisms may undergo the process of 

anergy, which results in cells becoming functionally silent and unresponsive to 

antigen.  

 

After B cells exit the bone marrow and enter the periphery, they go through a second 

checkpoint, known as peripheral tolerance, in order to remove any autoreactive B cells 

that were not removed via central tolerance mechanisms in the bone marrow. 

However, the exact mechanisms by which this occurs are not fully understood. In 

health, it has been reported that approximately 40% of newly emerged transitional B 

cells and 20% of mature naïve B cells in the periphery express B cell receptors with 

auto-reactivity (Wardemann et al., 2003). In SLE, it has been observed that whilst 

there is no significant difference in the percentage of transitional B cells with auto-

reactivity compared to health, there is a loss of peripheral tolerance and failure to 

remove autoreactive B cells before development into mature naïve B cells (Yurasov et 

al., 2005). Yurasov et al. (2005) reported between 40-50% of mature naïve B cells in 
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SLE have a B cell receptor with self-specificity compared to 20% in healthy donors. The 

loss of peripheral tolerance in SLE contributes to the elevated production of 

autoreactive, pathogenic B cells. 
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1.2.3 Altered B cell subset frequencies and function in SLE 

There are several known alterations in the proportions of certain B cell subsets, 

especially in lupus nephritis, as demonstrated in the altered model of peripheral B cell 

development in Figure 1.3. SLE is characterised by the expansion of CD27-IgD- double 

negative B cells, specifically the DN2 subset (Wei et al., 2007). It has been reported 

that DN2 B cells are derived from aNAV cells and both subsets are hyperresponsive to 

TLR7 stimulation, (Jenks et al., 2018; Tipton et al., 2015).  Jenks et al. (2018) identified 

that TLR7 and IL-21, in conjunction with interferon-γ (IFNγ), drive B cell differentiation 

from aNAV B cells into DN2 B cells then into antibody secreting cells as part of the 

extrafollicular response pathway. In health, the DN2 population comprises less than 

5% of the total peripheral blood B cell pool, however in SLE the frequency of DN2 B 

cells is over double that of health at approximately 10-15% of all B cells (Jenks et al., 

2018; Morbach et al., 2010). The increase in DN2 B cells in SLE leads to increased 

production of antibody secreting cells which produce autoreactive antibodies, a 

hallmark of SLE pathogenesis (Tipton et al., 2015).  

 

Expansion of the CD27-IgD- B cell compartment seen in SLE is not evident across other 

similar autoimmune conditions, such as Sjögren’s Syndrome. In contrast to SLE, it has 

been found that patients with Sjögren’s have less CD27-IgD- B cells than healthy 

controls (Martin-Gutierrez et al., 2021), but interestingly the expansion of DN2 B cells 

and an enhanced extrafollicular response has been observed in cases of severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) infections (Woodruff et al., 2020). 

It has previously been shown that upon activation of the extrafollicular pathway in 

SLE, the increase in the abundance of DN2 B cells coincides with a decrease in the 

number of DN1 B cells (Jenks et al., 2018; Tipton et al., 2015). Woodruff et al. (2020) 

identified that the DN1:DN2 ratios were significantly higher in patients with severe 

SARS-CoV2 infections and active SLE compared to healthy controls, however this ratio 

was not different between the two disease cohorts.  

 

Reduced proportions of marginal zone B cells in the peripheral blood of lupus nephritis 

patients have previously been identified (Tull et al., 2021; Zhu et al., 2018). In 

peripheral blood of healthy donors, marginal zone B cells account for 10-15% of all 



 36 

CD19+ B cells, whereas in lupus nephritis marginal zone B cells account for less than 

5% of the peripheral B cell population (Morbach et al., 2010; Tull et al., 2021; Zhu et 

al., 2018).  Tull et al. (2021) also noted that the precursor population of marginal zone 

B cells, MZP, are also significantly reduced in lupus nephritis patients compared to 

healthy donors. The functional implications of the loss of marginal zone B cells and 

their precursors are not well understood. However, there have been reports of 

increased susceptibility to and severity of bacterial infections in patients with SLE 

(Battaglia & Garrett-Sinha, 2021; Danza & Ruiz-Irastorza, 2013) and as marginal zone 

B cells are known to play a role in immunity against encapsulated bacteria (Cerutti et 

al., 2013; Weller et al., 2004), the loss of these cells in the most severe manifestation 

of SLE may be linked to increased and worse bacterial infections. 

 

In addition, regarding the transitional subset, it has been previously reported that 

there is a relative increase in the proportion of CD24hiCD38hi transitional B cells in 

lupus nephritis compared to health (Simon et al., 2016), however further sub-dividing 

of the transitional B cell population has revealed more differences in the abundance 

of transitional B cells in SLE. B cells belonging to the T1 subset from SLE patients have 

been found to produce significantly less IL-10 than T1 B cells from healthy donors and 

therefore lack the usual immunosuppressive function these cells possess in health, 

thus contributing to the hyperimmune responses typical of autoimmune diseases 

(Blair et al., 2010). Additionally, it has been found that there is also a decrease in the 

proportion of T2 IgMhi and T3 CD45RBhi/IgMhi cells in lupus nephritis compared to 

health  (Tull et al., 2021). The reduction in frequency of T2 IgMhi and T3 CD45Rbhi cells 

is a feature of the peripheral B cell compartment in lupus nephritis patients only; the 

frequencies of these transitional subsets is of a similar level to that of health in lupus 

patients with no nephritis (Tull et al., 2021). 
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Figure 1.3: Altered model of B cell development pathways in the periphery in lupus 

nephritis. Schematic diagram showing observed changes in the B cell development pathways 

post-exit from the bone marrow in lupus nephritis in comparison to peripheral blood B cell 

development in healthy individuals (shown in Figure 1.2). The IgMhi gut-homing 

developmental trajectory, characterised by Tull et al. (2021) and Vossenkämper et al. (2013), 

that leads to the development of marginal zone B cells (MZB) has been found to be depleted 

in lupus nephritis (Tull et al., 2021; Zhu et al., 2018). The extrafollicular (EF) pathway involving 

the development of double negative (DN2) B cells and subsequently plasmablasts (PBs) from 

activated naïve (aNAV) precursors after TLR7 stimulation is expanded in SLE (Jenks et al., 

2018, 2019; Tipton et al., 2015). T1, transitional 1; T2, transitional 2; T3, transitional 3; GC, 

germinal centre; CSR, class-switch recombination; SHM, somatic hypermutation; CSM, class-

switched memory; PCs, plasma cells. 
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1.2.4 Interferon in SLE 

Interferons (IFN) have been long associated with anti-viral response (Isaacs & 

Lindenmann, 1957; Katze et al., 2002); however, they are known to have prominent 

role in SLE pathogenesis (Bennett et al., 2003; Psarras et al., 2017; Rönnblom & Alm, 

2001). There are three types of interferon (type I, type II, type III).  Type I interferons 

encompass 13 subtypes of IFNα, IFNβ, IFNω, IFNε and IFNκ (Pestka et al., 2004; Psarras 

et al., 2017). Type I interferons signal via the interferon-α/β receptor (IFNAR1), which 

is comprised of two subunits IFNAR1 and IFNAR2 (Novick et al., 1994). IFNAR1 is 

associated with the tyrosine kinase JAK1, which is key for type I interferon signal 

transduction (Shemesh et al., 2021). The type II interferon family comprises only one 

member, IFNγ, which binds the interferon-γ receptor (IFNGR) and signals via the 

JAK/STAT pathway, similar to type I interferons (Darnell et al., 1994). Type III 

interferons are termed IFNλ1-4 and are known to signal through the interferon-λ 

receptor 1 (IFNLR1) and the IL10R to promote an anti-viral response (Kotenko et al., 

2003). 

 

It was previously thought that plasmacytoid dendritic cells were the main cell type 

responsible for the production of type I interferons (Siegal et al., 1999). However, 

more recent studies have revealed that plasmacytoid dendritic cells do not co-localise 

with  interferon in renal tissue but instead, highest levels of interferon is found in the 

glomeruli area, suggesting an alternate source of interferon within the tissue is more 

prevalent (Iwamoto et al., 2022). In a typical immune response, interferon production 

is triggered in response to stimulation of pattern recognition receptors (PRRs) by 

microbial antigens (reviewed by McNab et al., 2015). In SLE, immune complexes 

comprising immunoglobulin bound to nucleic acid are key drivers of interferon 

production by plasmacytoid dendritic cells. Immune complexes bind the receptor 

FCγRIIa on plasmacytoid dendritic cells, which results in the activation of toll-like 

receptors (TLR7 or TLR9) and the subsequent production of IFNα (Båve et al., 2003). 

Additionally, increased presence of apoptotic cells in SLE present another source of 

nucleic material, which can promote the production of IFNα by plasmacytoid dendritic 

cells (Båve et al., 2003). Type I interferons have been found to enhance the survival of 

transitional B cells from patients with SLE through activation of the NF-κB pathway 
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and the reduced expression of the pro-apoptotic molecule BAX (Liu et al., 2019). 

Additionally, Liu et al. (2019) observed the promotion of pro-inflammatory properties, 

namely the production of IL-6, in transitional B cells from SLE patients due to an 

overactivated type I interferon signalling pathway.  

 

Elevated serum IFNα has been observed in SLE patients and there is a positive 

correlation between the level of IFNα in serum and disease severity (Rönnblom & Alm, 

2001). The prevalence of severe lupus nephritis is associated with an increase in serum 

interferon (Iwamoto et al., 2022). In kidney biopsy samples from SLE patients with the 

most severe form of lupus nephritis, mRNA encoding IFNα has been found to be most 

highly expressed in the tubular epithelial cells, suggesting possible autocrine 

production of IFNα in the kidneys of lupus nephritis patients (Castellano et al., 2015).  

 

In a recent study by Zheng et al. (2022), single-cell RNA-sequencing was used to 

identify plasmablasts with an interferon gene signature in the dermis and epidermis 

of the skin from patients with the skin-only manifestation of lupus, discoid lupus 

erythematosus (DLE), as well as in the skin of SLE patients. It was found that B cells in 

the epidermal layer in healthy controls were predominantly associated with RNA 

catabolic processes whereas B cells in the same epidermal layer in patients with DLE 

and SLE were involved in type I interferon signalling and response to interferon 

gamma, suggesting enhanced interferon activity at the sites of skin lesions in lupus 

(Zheng et al., 2022). 

 

An interferon gene signature characterised by the upregulation of interferon 

stimulated genes (ISG) is typical of immune cells in individuals with SLE (Nehar-Belaid 

et al., 2020). ISG expression occurs after a cell is exposed to interferon and the 

subsequent signalling cascade is triggered (Der et al., 1998; Schoggins and Rice, 2011). 

Peripheral blood cells from patients with active SLE have been found to have a >2-fold 

change in expression of 286 interferon inducible genes compared to that of healthy 

donors (Baechler et al., 2003). ISG expression has been identified in B cells from 

patients with SLE  (Bennett et al., 2003; El-Sherbiny et al., 2018). Assessing the level 
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of ISG expression can be used as a predictor for disease progression and severity (Mai 

et al., 2021). 

 

Genetic susceptibility to SLE is complicated, with numerous loci being identified as risk 

alleles, some of which are directly related to interferon. One example being the 

interferon regulatory factors (IRFs), first identified over 30 years ago (Miyamoto et al., 

1988), that are a family of transcription factors crucial for negatively regulating the 

expression of interferon inducible genes (Honda & Taniguchi, 2006; Taniguchi et al., 

2001). The IRF family consists of nine members, some of which have been identified 

as possible SLE risk alleles, for instance IRF5 alleles (rs2004640T and rs10488631) have 

been associated with increased exon splicing and increased transcript and protein 

levels of IRF5 isoforms in SLE (Feng et al., 2010; Graham et al., 2006). In addition, single 

nucleotide polymorphisms in another IRF family member, IRF7, have been linked to 

genetic susceptibility to SLE (Fu et al., 2011; Harley et al., 2008). IRF7 is plays an 

important role in the regulation of IFNα production. Fu et al. (2011) identified a single 

nucleotide polymorphism in IRF7 (Q412R) in Asian, European, and African American 

SLE patients, which resulted in a 2-fold increase in interferon-stimulated 

transcriptional activity and elevated IRF7 activity.  

 

Whilst type I interferons are known to have many associations with SLE, type II 

interferon, IFNγ, also has been linked to SLE pathogenesis. In mice, IFNγ, along with 

IL-4 and IL-21, is known to increase expression of T-bet and CD11c in TLR-activated 

antibody-secreting cells (Naradikian et al., 2016). In humans, TLR7 stimulation in the 

presence of IFNγ and IL-21 causes the development of DN2 and plasmablasts from 

aNAV B cells in SLE (Jenks et al., 2018), thus demonstrating the role of IFNγ in the 

extrafollicular response and the production of pathogenic antibody secreting cells in 

SLE. 
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1.3 Methodologies applied to investigate B cells in peripheral blood in this 

study 

This study has used several methodologies with the aim of investigating subsets of B 

cells from peripheral blood at a greater resolution and in greater depth. Single-cell 

RNA-sequencing with CITE-seq antibody labelling allowed for the integration of 

protein and transcriptome data at a single-cell level (Stoeckius et al., 2017). A type of 

mass cytometry measured by time-of-flight (CyTOF) was used in this study to 

investigate expression of a wide range of proteins given the large panel size 

compatible with this method. Flow cytometry is a frequently used for 

immunophenotyping and has been used in this study to make comparisons between 

B cells subsets from peripheral blood in health versus lupus nephritis as well as being 

used to validate findings observed by other methodologies. 

 

1.3.1 10X single-cell RNA-sequencing with CITE-seq antibody staining 

The single-cell RNA-sequencing dataset analysed in this study was generated prior to 

the start of this project. Cell samples are stained with oligonucleotide-labelled CITE-

seq (Cellular Indexing of Transcriptomes and Epitopes by sequencing) antibodies prior 

to sequencing. The 10X Chromium system uses droplet-based encapsulation whereby 

a single cell is encased in a gel bead in what is known as a gel bead in emulsion (GEM); 

each gel bead is labelled with oligonucleotides that includes a unique barcode so data 

outputs can be traced back to a single cell (See et al., 2018). Downstream processing 

includes reverse transcription, cDNA amplification and library construction followed 

by sequencing and data acquisition. Data outputs available for analysis include single-

cell gene expression profiles, cell surface marker expression via CITE-seq antibody 

staining and B cell receptor VDJ sequences. Analysis of this data is performed using 

the R package known as Seurat (Stuart et al., 2019). Seurat uses top differentially 

expressed genes to generate clusters of cells with similar gene expression patterns. 

Average log2 fold change in expression of genes of interest can then be compared 

between clusters of cells. The inclusion of CITE-seq antibody staining adds value to the 

data as it can be used to aid identification of cell subsets as well as providing surface 
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protein data expression. The data analysis pipeline used for the analysis of single-cell 

RNA-sequencing data is described in 2.3 in Materials and Methods. 

 

1.3.2 Mass cytometry (CyTOF) 

Mass cytometry is used for phenotypic and functional analysis of cells. Unlike flow 

cytometry, mass cytometry does not use fluorescence, instead antibodies are 

conjugated to metal isotopes (Kay et al., 2016). The type of mass cytometry used in 

this study is known as CyTOF (cytometry by time-of-flight), which allows for the 

detection and quantification of multiple extracellular and intracellular markers 

simultaneously. CyTOF can be used to detect small subsets of cells (Yao et al., 2014), 

thus making it useful for characterising some of the smaller peripheral blood B cells 

subsets previously described such as the transitional populations. Mass cytometry 

also allows for approximately 35 markers to be included on one panel, which can be 

useful when defining multiple subsets of B cells as well as investigating expression of 

experimental markers. The protocol used for mass cytometry experiments is outlined 

in 2.4 in Materials and Methods. 
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1.4 Aim and Hypotheses 

The aim of this study was to investigate the differences, in terms of abundance, gene 

expression and, protein marker expression between subsets of B cells from peripheral 

blood in healthy donors compared to that of lupus nephritis patients. This aim was 

established because lupus nephritis remains the most severe manifestation of SLE and 

there are known changes to the peripheral B cell compartment in this disease. The 

aim of this study was to explore some of these changes in greater depth. 

 

 To investigate this study aim, the following hypotheses were tested: 

Chapter 3: 

• T1 B cells from lupus nephritis patients express lower levels of IgMhi-

associated genes compared to T1 B cells from healthy donors 

• T1 B cells from lupus nephritis patients express genes associated with 

proliferation and activation at a lower level than T1 B cells from healthy donors 

• T2 IgMhi B cells are less abundant in lupus nephritis compared to health 

Chapter 4: 

• B cells from lupus nephritis patients have greater expression of proteins of ISGs 

compared to B cells from healthy donors 

• Transitional B cells express IFITM1, IRF7, MX1 and BST2 at the protein level in 

both health and lupus nephritis 

• B cells that expression proteins of ISGs also express chemokine CXCR4 and 

activation markers CD69 and CD83 at a higher level than other B cells 

Chapter 5: 

• B cells that are known to be depleted in lupus nephritis, such as MZB, are 

reduced more during lupus flares compared to when disease is more stable 

• B cell subsets that are depleted in lupus nephritis, such as MZB and MZP, can 

return to levels like that of health upon disease stability  

• DN2 B cells are expanded in lupus nephritis flares compared to health more so 

than during stable disease 

Chapter 6: 
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• MZB subset of B cells comprises two populations, MZB1 and MZB2, that can 

be differentiated based on expression of integrin β7 and CCR7 

• MZB1 B cells are depleted in lupus nephritis 

• MZB subsets differ in terms of activation 
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2 Materials and Methods 

For this study, data generated from the following techniques were included: single-cell RNA-

sequencing, mass cytometry and flow cytometry. Prior to the start of this study, the single-

cell RNA-sequencing dataset had been generated by another member of the lab group. For 

this study, I used computational methods to analyse this RNA-sequencing dataset for the first 

time. In addition, I conducted both the mass cytometry and flow cytometry wet lab 

experiments and computational analyses included in this thesis.  

 

2.1 List of Reagents 

All reagents used for wet lab experiments included in this study are listed below in Table 2.1. 

 

Table 2.1: Reagents used for experiments in this study 

Reagent Supplier Product Code 

Reagents for buffers and media 

Foetal calf serum ThermoFisher Scientific–- Gibco 10270-106 

RPMI medium (1X) + L-Glutamine ThermoFisher Scientific–- Gibco 21875-034 

Penicillin-streptomycin Sigma Aldrich P0781 

Dulbecco’s Phosphate Buffered Saline (DPBS 
1X) ThermoFisher Scientific–- Gibco 14190144 

Phosphate Buffered Saline (PBS 1X) ThermoFisher Scientific–- Gibco 10010023 

dNase I Grade II from bovine pancreas Sigma Aldrich 10104159001 

eBioscience™ Foxp3/ Transcription Factor 
Staining Buffer Set ThermoFisher Scientific–- Invitrogen 00-5323-00 

0.5M EDTA, pH8 ThermoFisher Scientific–- Invitrogen 15575020 

Bovine serum albumin Sigma Aldrich A3294 

Mass cytometry antibodies and other reagents 

Anti-CD10 158Gd clone HI10A Fluidigm (now Standard BioTools) 3158011B 

Anti-CD1c 173Yb clone L161 Biolegend 331502 

Anti-CD11c 147Sm clone Bu15 Fluidigm (now Standard BioTools) 3147008B 

Anti-CD124 (IL4R) 149Sm clone G077F6 Biolegend 355002 

Anti-CD184 (CXCR4) 156Gd clone 12G5 Fluidigm (now Standard BioTools) 3156029B 

Anti-CD185 (CXCR5) 171Yb clone RF8B2 Fluidigm (now Standard BioTools) 3171014B 
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Anti-CD19 142Nd clone HIB19 Fluidigm (now Standard BioTools) 3165025B 

Anti-CD197 (CCR7) 175Lu clone G043H7 Biolegend 353237 

Anti-CD21 152Sm clone BL13 Fluidigm (now Standard BioTools) 3152010B 

Anti-CD22 159Tb clone HIB22 Fluidigm (now Standard BioTools) 3159005B 

Anti-CD23 164Dy clone EBVCS-5 Fluidigm (now Standard BioTools) 3164018B 

Anti-CD24 169Tm clone ML5 Fluidigm (now Standard BioTools) 3169004B 

Anti-CD267 (TACI) 168Er clone 1A1 Biolegend 311902 

Anti-CD268 (BAFF-R) 155Gd clone 11C1 Fluidigm (now Standard BioTools) 3155005B 

Anti-CD27 167Er clone 323 Fluidigm (now Standard BioTools) 3167002B 

Anti-CD38 154Sm clone HIT2 Biolegend 303535 

Anti-CD40 165Ho clone 5C3 Fluidigm (now Standard BioTools) 3165005B 

Anti-CD45 89Y clone H130 Fluidigm (now Standard BioTools) 3089003B 

Anti-CD45RB 145Nd clone MEM-55 Fluidigm (now Standard BioTools) 3145009B 

Anti-CD62L (L-selectin) 153Eu clone DREG-56 Fluidigm (now Standard BioTools) 3153004B 

Anti-CD69 144Nd clone FN50 Fluidigm (now Standard BioTools) 3144018B 

Anti-CD74 166Er clone LN2 Fluidigm (now Standard BioTools) 3166018B 

Anti-CD83 143Nd clone HB15e Biolegend 305302 

Anti-CD86 150Nd clone IT2.2 Fluidigm (now Standard BioTools) 3150020B 

Anti-CD99 170Er clone HCD99 Fluidigm (now Standard BioTools) 3170012B 

Anti-BST2 174Yb clone RS38E Biolegend 348402 

Anti-IFITM1 163Dy clone EPR22620-12 Abcam ab25573 

Anti-IgA 148Nd clone polyclonal Fluidigm (now Standard BioTools) 3148007B 

Anti-IgD 146Nd clone IA6-2 Fluidigm (now Standard BioTools) 3146005B 

Anti-IgM 172Yb clone MHM-88 Fluidigm (now Standard BioTools) 3172004B 

Anti-Ig kappa 160Gd clone MHK-49 Fluidigm (now Standard BioTools) 3160005B 

Anti-Ig lambda 151Eu clone MHL-38 Fluidigm (now Standard BioTools) 3151004B 

Anti-integrin β7 162Dy clone FIB504 Fluidigm (now Standard BioTools) 3162026B 

Anit-IRF7 141Pr clone 12G9A36 Biolegend 656002 

Anti-MX1 176Yb clone EPR19967 Abcam ab222492 

Cell-ID Intercalator-Ir 125uM Fluidigm (now Standard BioTools) 201192A 

Cis-Diamineplatinum(II) dichloride (cisplatin) Sigma Aldrich 479306 
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Paraformaldehyde solution, 4% in PBS Thermo Scientific 15670799 

Flow cytometry antibodies and other reagents 

Anti-CD1c PE clone L161 Biolegend 331506 

Anti-CD1c BV510 clone L161 Biolegend 331534 

Anti-CD10 BV421 clone HI10a Biolegend 312217 

Anti-CD19 PerCP-Cy5.5 clone HIB19 Biolegend 302230 

Anti-CD21 BUV737 clone B-ly4 BD Biosciences 612788 

Anti-CD24 BV605 clone ML5 Biolegend 311124 

Anti-CD27 APC clone M-T271 Biolegend 356410 

Anti-CD38 BUV395 clone HB7 BD Biosciences 563811 

Anti-CD45RB AF594 clone MEM-55 Biolegend 310208 

Anti-IgD APC-Cy7 clone IA6-2 Biolegend 348218 

Anti-IgM BV711 clone MHM-88 Biolegend 314540 

Anti-IFITM1 clone EPR22620-12 Abcam ab233545 

Anti-integrin β7 FITC clone FIB504 Biolegend 321212 

Anti-BST2 PE-Cy7 clone RS38E Biolegend 348416 

Anti-CCR7 BV605 clone G043H7 Biolegend 353224 

Donkey anti-rabbit IgG PE clone Poly4064 Biolegend 406421 

APC mouse IgG1k isotype control clone MOPC-
21 Biolegend 400120 

APC-Cy7 mouse IgG2a,κ isotype control clone 
MOPC-173 Biolegend 400230 

BV711 mouse IgG1κ isotype control clone 
MOPC-21 Biolegend 400168 

BV605 mouse IgG2a,κ isotype control clone 
MOPC-173 Biolegend 400270 

BV421 mouse IgG1κ isotype control clone 
MOPC-21 Biolegend 400158 

PE-Cy7 mouse IgG1κ isotype control clone 
MOPC-21 Biolegend 981816 

DAPI (4’,6-Diamidino-2-phenylinodole, 
dihydrochloride) ThermoFisher Scientific–- Invitrogen D1306 

Rhodamine 123, 25mg ThermoFisher Scientific–- Invitrogen R302 

BDTM CompBeads Anti-Mouse Ig,κ/Negative 
Control Compensation Particles Set BD Biosciences 552843 

BDTM CompBeads Anti-Rat Ig,κ/Negative 
Control Compensation Particles Set BD Biosciences 552844 

UltraComp eBeadsTM Compensation Beads ThermoFisher Scientific–- Invitrogen 01-2222-42 

Other reagents 
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Human TruStain FcXTM (Fc receptor blocking 
solution) Biolegend 422302 

Trypan Blue solution, 0.4% ThermoFisher Scientific–- Gibco 15250061 

Ficoll ThermoFisher Scientific 11778538 

DMSO Sigma Aldrich 472301 
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2.2 Sample Collection and Processing 

2.2.1 Sample collection and ethical approval 

Blood samples from SLE patients and healthy donors were obtained from consenting 

individuals with research ethics committee approval (REC reference 11/LO/1433: 

Immune regulation in autoimmune rheumatic disease, London – City Road & 

Hampstead Research Ethics Committee). SLE samples were collected from patients in 

the Louise Coote Lupus Unit, Guy’s Hospital, London. Experimental work was also 

approved by REC reference 11/LO/1274: Immunology the intestine: features 

associated with autoimmunity, London – Camberwell St Giles Research Ethics 

Committee. 

 

2.2.2 Selection criteria of healthy donors and lupus patients 

Healthy control donors selected were adults with no known health conditions. Lupus 

nephritis patient donors were recruited providing nephritis had been confirmed via a 

renal biopsy and patients had not received biologics, rituximab or belimumab, or 

immunosuppressive drug azathioprine. Non-nephritis lupus patients were recruited 

providing they had not received any biologics or immunosuppressive drugs. 

 

2.2.3  Isolation of peripheral blood mononuclear cells 

Samples were processed on the same day in which the blood samples had been taken, 

with the aim to isolate PBMCs and cryopreserve them within 3 hours. Fresh whole 

blood was diluted 1:1 in RPMI medium, then the diluted blood was layered onto Ficoll-

Hypaque solution, at a ratio of 2:1 blood to Ficoll, to separate the blood components 

based on density. Next, the blood on Ficoll was centrifuged at 400 x g for 25 minutes 

with no break and acceleration at room temperature. After the first spin cycle, the 

buffy coat was extracted and added to RPMI with 10% foetal calf serum (FCS) and 1% 

penicillin-streptomycin (P/S), then washed at 400 x g for 7 minutes with high break 

and acceleration at room temperature. The cell pellet was resuspended in RPMI (+ 

10% FCS and 1% P/S) to prepare cells for counting. 
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2.2.4 Cell counting 

Cells we counted using a haemocytometer and the Countess FL II automated cell 

counter (ThermoFisher) according to the manufacturer’s instructions. Equal volumes 

of PBMC cell suspension and trypan blue vital stain were mixed and approximately 

5uL of the trypan blue-stained cells were loaded into the haemocytometer 

underneath an affixed coverslip. The haemocytometer was loaded into a cassette and 

placed into the cell counter. Readouts from the cell counter included number of cells 

per millilitre and the percentage of live and dead cells within the loaded sample. 

 

2.2.5 Cryopreservation of peripheral blood mononuclear cells 

Freezing medium was prepared by thawing heat-inactivated FCS and adding 10% 

DMSO; aliquots of freezing medium were stored at -20°C. To prepare cells for 

cryopreservation, freshly isolated PBMCs in suspension in RPMI (+10% FCS and 1% 

P/S) were centrifuged at 400 x g for 5 minutes at room temperature then resuspended 

in an appropriate volume of freezing medium so the suspension contained between 

3-10x106 cells/ml. Approximately a millilitre of cell suspension was aliquoted into 

cryovials and froze slowly at -80°C. Cryopreserved cells were transferred on dry ice to 

a vapour phase liquid nitrogen tank within 24 hours of the initial freezing at -80°C. 

 

2.2.6 Thawing cryopreserved peripheral blood mononuclear cells 

Cryopreserved cells were thawed in a water bath at 37°C then added to RPMI (+ 10% 

FCS and 1% P/S) and centrifuged at 400 x g for 5 minutes at 37°C. Next, cells were 

resuspended in RPMI with 0.1mg/ml dNase and rested for at least 45 minutes at 37°C. 

Cells were rested for longer than 45 minutes depending on the downstream 

experiments. 
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2.3  Single-cell RNA-sequencing data analysis 

2.3.1 Quality control 

The R package, Seurat (version 3), and the standard workflow described by Stuart et 

al. (2019) was used for single-cell RNA-sequencing analysis of B cells from healthy 

donors (n=3) and lupus nephritis patients (n=3). The workflow was run on data from 

sorted CD10+ B cells and total CD19+ B cells, respectively, which was generated prior 

to the start of this project. These two datasets were distinguished using hashing. Prior 

to data acquisition and analysis, hashtag oligonucleotide-conjugated antibodies were 

used to uniquely tag the sorted CD10+ B cells and total CD19+ B cells. Total CD19+ B 

cells were tagged with a hashtag antibody known as HTO-AHH1-TotalSeqC and sorted 

CD10+ B cells were labelled with a hashtag antibody known as HTO-AHH2-TotalSeqC. 

The process of hashing allowed for the two groups of cells to be combined for the 

sequencing run but then separated for data analysis. 

 

Raw data files were uploaded and read in Seurat using the “Read10X” function. The 

raw data files contained barcodes, which were codes unique to each cell and features, 

which included gene expression data and antibody capture data. The antibody capture 

data was the expression of surface markers CD5, CD10, CD21, CD24, CD27, CD38, IgD, 

IgM, IL4R, integrin β7 and CXCR5, all of which were TotalSeqC antibodies. Data files 

from each of the six samples were initially put through the quality control pipeline 

individually and then were integrated when it was relevant to do so for the purpose 

of comparative analysis. 

 

The first step in the quality control workflow was to remove immunoglobulin variable 

genes so they were not identified as the top differentially expressed genes. 

Immunoglobulin genes are variable in every individual, irrelevant of disease state, 

therefore, the presence of these genes in the dataset did not allow for gene expression 

variability to be clearly identified. Then the dataset was filtered based on RNA count, 

RNA transcript levels and percentage of mitochondrial gene reads. Removing cells 

with an abnormally high RNA count, most likely to be doublets, ensured analysis was 

only conducted on single cells. Low-quality cells with very few genes have low RNA 
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transcript levels and so these were removed to guarantee analysis was carried out on 

high quality cells, representative of B cells in the blood. Furthermore, cells with a high 

percentage of mitochondrial reads were removed because these cells were likely to 

be dying. The same filtering process was used for all health donor and lupus nephritis 

patient samples separately.  

 

2.3.2 Data normalisation, integration, and clustering 

After filtering, data were normalised, and the 2000 most variable features were 

identified. The Satija Laboratory Integration and Label Transfer protocol was followed, 

and 200 integration anchor features were used to integrate data from multiple 

samples together into one dataset (Stuart et al., 2019). The data were scaled, and a 

principal component analysis (PCA) was run. The standard deviation of each principal 

component was plotted and used to select the number of dimensions (principal 

components) to use for clustering. Neighbours and clusters were found using the 

FindNeighbours and FindClusters Seurat functions, respectively. A UMAP displaying 

clusters of B cells was generated. The resolution used to generate the UMAP 

determines how small the clusters will be. Resolution is an arbitrary measurement and 

so several resolutions were tested to generate a large enough number of clusters so 

that variation between cells was apparent but not so many clusters that they 

contained very few cells. 

 

2.3.3 Analysis of B cell clusters 

Feature plots, violin plots and dot plots were generated using the FeaturePlot, VlnPlot 

and DotPlot Seurat functions, respectively. Heatmaps were produced using the 

DoHeatmap function in Seurat and the Complex Heatmap library in R. Conserved 

markers were found using the FindConservedMarkers function. The 

AverageExpression function was used to establish the average surface marker 

expression between clusters. IgMhi and IgMlo transitional B cells were identified by 

cross-referencing conserved marker gene lists with a list of genes that distinguish 

these two groups of cells previously published by Tull et al. (2021), shown in Table 2.2. 
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Table 2.2: Top differentially expressed genes in IgMhi and IgMlo transitional (TS) B cells 

identified by Tull et al. (2021) from single-cell RNA-sequencing analysis of n=5 healthy 

donors. 

 

 

 

 

 

 

TS IgMhi TS IgMlo 

PLD4 ADAM28 

ITM2C IL4R 

NEIL1 PIK3IP1 

ACTG1 CCR7 

RGS2 PLPP5 

CCDC191 SELL 

MZB1 FCER2 

TNFRSF18 CD83 

RP11-164H13.1 TXNIP 

FCRLA NFKBIA 

UCP2 STAG3 

GADD45B CTSH 

SOX4 CD69 

FAM129C MEF2C 

ALOX5 TMEM2 

PTMA DNAJB1 

PPP1R14A KLF6 

CD9 EMP3 

HERPUD1 CD44 

PIM1 FLF2 

NR4A1 SCPEP1 

CD1C AKAP2 

AHNAK BTG1 

CXXC5 SESN1 

GPR183 KLF9 
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2.4 Mass cytometry 

2.4.1 Preparation of cryopreserved PBMCs for use in mass cytometry 

Cryopreserved PBMCs from healthy donors (n=9) and lupus nephritis patients (n=9) 

were thawed at 37°C in a water bath then washed in RPMI (+10% FCS and 1% P/S) 

with 0.1mg/ml dNase at 400 x g for 5 minutes at 37°C. After washing, cells were 

resuspended in RPMI with dNase at 37°C for 2 hours. 

 

2.4.2 Viability and surface antibody staining 

Approximately 8x106 cells per sample were viability stained with 1ml 25μM cisplatin 

in 1X PBS for 3 minutes. Cells were then washed in cell staining medium (CSM), which 

was made up of 1X PBS with 0.5% BSA and 2mM EDTA. After washing, cells were 

resuspended in TruStain Fc block at a 1:50 dilution for 10 minutes on ice. Fc block was 

washed off in CSM at 1000 x g for 1 minute. Cells stained with a master mix of metal-

tagged surface antibodies, shown in Table 2.3, for 15 minutes on ice in the dark. 

Excess, un-bound antibody was washed off after incubation by adding CSM to cells 

and spinning at 1000 x g for 1 minute. 
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Table 2.3: Mass cytometry panel used for investigation of protein marker expression in 

peripheral blood B cell subsets.  

*Intracellular markers 

Marker Group Marker Metal Tag 

Lymphocyte CD45 89Y 

B Cell Lineage 

CD19 142Nd 

CD27 167Er 

IgD 146Nd 

IgM 172Yb 

IgA 148Nd 

CD10 158Gd 

CD38 154Sm 

CD21 152Sm 

CD24 169Tm 

CD45RB 145Nd 

CD40 165Ho 

CD22 159Tb 

CD23 164Dy 

CD1c 173Yb 

Interferon 

MX1* 176Yb 

IFITM1 163Dy 

BST2 174Yb 

IRF7* 141Pr 

Activation 

CD69 144Nd 

CD86 150Nd 

CD83 143Nd 

Chemokine Receptor 

CCR7 (CD197) 175Lu 

CXCR4 (CD184) 156Gd 

CXCR5 (CD185) 171Yb 

Cytokine Receptor IL4R (CD124) 149Sm 

Homing Receptor CD62L 153Eu 

B Cell Light Chain 
Ig lambda 151Eu 

Ig kappa 160Gd 

Integrin 
Integrin β7 162Dy 

CD11c 147Sm 

TNF Superfamily 
TACI 168Er 

BAFF-R 155Gd 

Adhesion/Migration CD99 170Er 

MHC CD74 166Er 
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2.4.3 Fixation, permeabilisation and intracellular antibody staining 

The eBioscienceTM Foxp3 fixation/intracellular staining kit was used to fix and 

permeabilise cells prior to intracellular antibody surface staining. The intracellular 

proteins included in this panel were MX1 and IRF7, as shown in Table 2.2. Fixation and 

permeabilisation buffers were prepared according to the manufacturer’s instructions. 

Cells were resuspended in fixation buffer for 25 minutes in the dark at room 

temperature. After fixation, cells were washed in permeabilisation buffer at 800 x g 

for 5 minutes and resuspended in intracellular antibodies in permeabilisation buffer 

and incubated for 20 minutes. After intracellular staining, cells were washed in CSM 

at 1000 x g for 1 minute. 

 

2.4.4 Iridium/paraformaldehyde staining 

Stock paraformaldehyde was diluted in 1X PBS to give a 2% paraformaldehyde 

solution. Iridium (Ir-intercalator 500X) was added to the 2% paraformaldehyde. Cells 

were resuspended in the iridium paraformaldehyde solution and incubated at 4°C 

overnight. 

 

2.4.5 Preparation prior to data acquisition 

After overnight incubation, cells were washed twice in CSM and most of the CSM was 

aspirated off, leaving the cell pellet intact covered by a small volume of supernatant. 

Samples were transported to the Biomedical Research Centre at Guy’s Hospital where 

cells were washed in CAS solution and EQ beads were spiked into samples. Cell 

concentration was adjusted so the acquisition rate was steady. Data was acquired on 

a HeliosTM Mass Cytometer. 

 

2.4.6 Mass cytometry data analysis 

Raw data files were obtained from the mass cytometer in the .fcs format. The .fcs files 

were uploaded to the premessa package (https://github.com/ParkerICI/premessa) in 

R. Data points were visualised and EQTM calibration beads were selected in all n=18 

data files then normalisation was run. Any data files that needed to be concatenated 

were done so using the premessa concatenation tool. After normalisation, the bead 
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data that was used to normalise the .fcs files were removed. Beads were filtered out 

of the dataset by determining a bead distance threshold, whereby datapoints closest 

to a true bead value (those with a small bead distance) were removed. 

 

Normalised data files with beads removed were uploaded into Cytobank software 

(https://mrc.cytobank.org/cytobank). In the gating editor on Cytobank, data were 

cleaned up by removing any “residual”, “centre”, “offset” and “length” outlier data 

points. After clean-up steps, live CD19+ B cells were gated. To begin classifying CD19+ 

cells into B cell subsets, a viSNE was generated. viSNE is a high-dimensionality 

visualisation tool that facilitates the visualisation of data in 2D whilst keeping 

differences within the data identifiable (Amir et al., 2013). To generate the viSNE, an 

equal number of CD19+ events (n=5,555) from each of the health and lupus samples 

(n=18) were sampled and the following lineage markers were used: CD27, IgD, IgA, 

CD10, CD38, CD24, CD21, IgM and CD45RB. Once the viSNE had been generated, the 

viSNE coordinates were used to generate SPADE trees. The SPADE trees were made 

up of 200 nodes, with each node comprising groups of similar cells. Expression of 

various B cell lineage markers was overlaid on the SPADE tree and was used to classify 

B cell subsets according to the surface phenotypes shown in Table 2.4 (Chapter 2.6). 

Median expression of markers of interest and cell count data were exported from the 

Cytobank software and plotted in GraphPad Prism (v9).  
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2.5 Flow cytometry 

2.5.1 Preparation of cryopreserved PBMCs for use in flow cytometry 

Cryopreserved PBMCs were thawed at 37°C in a water bath then suspended in RPMI 

(+10% FCS and 1% P/S) with 0.1mg/ml dNase and washed at 400 x g for 5 minutes at 

37°C. Cells were resuspended in RPMI with dNase for 45 minutes at 37°C for flow 

cytometry protocols that did not use rhodamine dye extrusion; for protocols that 

included dye extrusion the protocol in 2.4.2 was followed. Each cell sample was 

counted using the cell counting protocol outlined in 2.2.4. 

 

2.5.2 Rhodamine dye extrusion 

Rhodamine at a stock concentration of 50mM was diluted to a concentration of 1mM 

in 100% CH3OH then added to the cell suspension and incubated for 10 minutes at 

37°C. Excess rhodamine was washed off twice by centrifuging cells in RPMI at 400 x g 

for 5 minutes. After washing, cells were resuspended in RPMI with dNase and 

incubated for 3 hours at 37°C. Alongside healthy donor and lupus patient samples, 

approximately 2x106 buffy coat cells from leukocyte cones were stained with 

rhodamine in the same manner for use as a compensation control. 

 

2.5.3 Compensation bead and antibody master mix preparation 

Equal volumes of positive and negative compensation beads were mixed and 

aliquoted into the appropriate number of tubes, depending on how many markers 

were in the panel. Beads were stained with marker antibodies for approximately 10 

minutes in the dark, then washed at 400 x g for 5 minutes at 4°C and resuspended in 

1X PBS. Antibodies were titrated prior to use in experimental protocols. Antibody 

master mixes were prepared by aliquoting the appropriate volume of each antibody, 

dependent on the concentration chosen after titration, into the working volume of 

FACS buffer (1X PBS with 2mM EDTA and 10% FCS). When it was applicable, an isotype 

control master mix was also prepared in FACS buffer. The volume of isotype control 

used was dependent on the concentration of the respective fluorochrome-conjugated 

antibody, as they were used at the same concentration. 
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2.5.4 Antibody, isotype, and live/dead staining 

After cells were rested, approximately 2x105 cells were aliquoted for use as unstained 

and live/dead controls. Around 2x106 cells were stained per sample. Firstly, cells were 

incubated on ice for 10 minutes with TruStain Fc block and after incubation, unbound 

Fc block was washed off cells in FACS buffer at 1000 x g for 1 minute at room 

temperature. Cells were resuspended in either antibody master mix or isotype master 

mix and incubated on ice for 15 minutes. After cells were stained with the antibody 

master mix, they were washed in FACS buffer and spun at 1000 x g for 1 minute. Cells 

were then resuspended in FACS buffer and transferred to FACS tubes prior to data 

acquisition on a BD FortessaTM. The live/dead stain DAPI was prepared by diluting the 

0.1ug/ml stock 1:1000. DAPI was added to live/dead control cells and all sample cells 

just before samples were run on the BD FortessaTM. 

 

2.5.5 Flow cytometry data analysis 

Data files were generated from BD FACSDivaTM software in the .fcs file format. These 

.fcs files were loaded into FlowJo software, which was used for all flow cytometry data 

analysis. B cell subsets were gated using the gating strategy outlined in Figure 2.1. 

Lymphocytes were selected from all events and live, single, CD19+ cells were gated.  

T1 cells were gated as CD27-IgD+CD10+CD38+++CD24+++CD21lo. T2 cells were gated 

as CD27-IgD+CD10+CD38++CD24++CD21hi then gated further based on IgM 

expression; IgMhi cells were those in the top 30% of the positive IgM signal and IgMlo 

were those in the bottom 30%. T3 cells were gated as CD27-IgD+CD10-

CD38+CD24++RH123+ and CD45RB high or low for the relevant subset. Naïve cells 

were gated as CD27-IgD+CD10-CD45RB-RH123- and as IgM high or low using the same 

method as was used for T2 cells. MZP were gated as CD27-IgD+CD10-CD45RB+RH123- 

and MZB were gated as CD27+IgD+IgM+CD1c+. Two populations of MZB (MZB1 and 

MZB2) were gated for based on CCR7 expression (see Chapter 6). aNAV were gated as 

CD27-IgD+CD10-CD24loCD38loCD45RB-RH123+. DN2 were gated as CD27-IgD-CD24-

CD21-. CSM were gated as CD27+IgD-IgM-. IgM-only were gated as CD27+IgD-IgM+. 

The same gating strategies were implemented for the relevant isotype controls. A 
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detailed explanation on the identification of peripheral B cell subsets in blood is 

provided in Chapter 2.6. 

 

Figure 2.1: Flow cytometry gating strategy of peripheral blood B cell subsets. Flow cytometry 

plots are from a representative healthy donor. Gating strategy shown was applied to all flow 

cytometry analysis in this study. 
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2.6 Identifying human B cell subsets in peripheral blood 

The antigens on the surfaces of lymphocytes, whilst having important functional 

relevance, can also be used as markers to divide B cells into subsets. Both CD19 and 

CD20 are expressed on the surface of most B cells in the peripheral blood (Bendall et 

al., 2014; Wang et al., 2012), though CD20 expression is lost upon B cell differentiation 

into plasmablasts (Sanz et al., 2019). When identifying B cell subsets in peripheral 

blood through cytometry methods, such as flow or mass cytometry, plasmablasts can 

be separated from the rest of the peripheral blood B cell pool by gating for 

CD27+++CD38+++CD24- plasmablasts within the CD19+ population, as shown in the 

flow cytometry gating strategy in Figure 2.2. 

 

Figure 2.2: Identification of CD19+ B cells and plasmablasts in peripheral blood. Flow 

cytometry gating strategy plots to identify live, single cell, CD19+ B cells. Plasmablasts are 

distinguishable from the rest of the CD19+ population as cells that are 

CD27+++CD38+++CD24-. Plots are from a representative healthy donor. 

 

Peripheral blood B cell subsets can be broadly categorised into CD27- cells that are 

mostly antigen inexperienced and CD27+ B cells that are mostly memory cells. CD27+ B 

cells are often described as memory B cells (Agematsu et al., 2000), however, there are 

a group of unconventional memory B cells belonging to the so-called double negative 

(DN) B cell subset that are CD27- , but unlike most CD27- B cells they are also IgD- (Wei 

et al., 2007). Likewise marginal zone B cells express CD27, but many groups consider that 

these are not memory B cells. In general, CD27 is used in combination with several other 

lineage markers can be used to define multiple B cell subsets in peripheral blood, as 

shown in Table 2.4. 
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Table 2.4: Surface protein markers of peripheral blood B cell subsets.  

Subset Key Lineage Markers Additional Markers and 
Sub-Populations 

T1 CD27- IgD+ IgMhi CD10+ CD21lo CD24+++ 
CD38+++ CD62Llo 

T2 CD27- IgD+ IgM+ CD10+ CD21hi CD24++ 
CD38++  

CD62L+ 
T2 IgMhi: IgMhi CCR7hi b7hi 
T2 IgMlo: IgMlo CCR7lo b7lo 

Ie 
CD27- IgD+ IgM+ CD10- CD24+ CD38+ 
ABCB1+ CD45RBlo 

IgMhi Naïve: 
IgMlo Naïve: IgMlo 

Activated Naïve CD27- IgD+ CD10- CD21lo CD24lo CD38lo CXCR5- 

Marginal Zone 
Precursors 

CD27- IgD+ IgMhi CD10- CD24+ CD38+ 
ABCB1+ CD45RB+ CD1c+ 

Marginal Zone B CD27+ IgD+ IgM+ CD45RB+ CD1c+ b7+ 

IgM-Only CD27+ IgD- IgM+ CD45RB+ 

Class-Switched 
Memory CD27+ IgD- IgM- CD45RB+ 

IgG+, IgA+ or IgE+ 

Double Negative CD27- IgD- 

DN1: CD21+ CXCR5+ 
DN2: CD21- CXCR5- CD11c+ 
DN3: CD21- CXCR5- CD11c- 
DN4: CD21+ CD11c+ 
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2.6.1 Transitional B cells 

Transitional B cells are an immature subset of B cells and are the first population of B 

cells to emerge from the bone marrow in the peripheral blood (Palanichamy et al., 

2009; Sims et al., 2005). As shown in Table 2.4, there are three distinct subsets of 

transitional B cells, T1, T2 and T3, all of which are CD27-IgD+. Both T1 and T2 B cell 

subsets express CD10 much like the immature B cells in the bone marrow, however 

CD10 expression is lost upon development into T3 B cells (Bemark, 2015; Agrawal et 

al., 2013; Cuss et al., 2006; Palanichamy et al., 2009). Transitional B cells emerge from 

the bone marrow as T1 cells and have been found to develop into T2 B cells then 

eventually T3 B cells. CD10+ transitional B cells (T1 and T2) account for approximately 

4-10% of CD19+ B cells in the peripheral blood of healthy adults (Dieudonné et al., 

2019; Marie-Cardine et al., 2008; Sims et al., 2005). CD10- T3 B cells make up 

approximately 10% of CD19+ B cells in healthy adult blood (Palanichamy et al., 2009; 

Tull et al., 2021). The development from T1 to T2 is characterised by downregulation 

of CD24 and CD38 and upregulation of CD21 (Suryani et al., 2010). CD24, CD38 and 

CD21 can be used to identify T1 and T2 subsets using the flow cytometry gating 

strategy displayed in Figure. 2.3. T1 and T2 B cells can be further distinguished based 

on expression of CD62L (L-selectin), whereby T1 cells express far lower levels of CD26L, 

which is likely associated with the lack of homing abilities of T1 cells (Tull et al., 2021; 

Allman et al., 2001).  

 

All transitional B cells express relatively high levels of surface IgM in comparison to 

naïve B cells; the literature suggests that expression of IgM is highest on T1 B cells and 

is downregulated through the T2 and T3 stages (Bemark, 2015). A recent study by Tull 

et al. (2021) has identified two populations of T2 B cells, that can be distinguished 

based on surface expression of IgM, termed T2 IgMhi and T2 IgMlo, as shown in Figure 

2.3. The T2 IgMhi subset of T2 B cells has been found to express higher levels of 

integrin β7 and CCR7 and are enriched in gut-associated lymphoid tissue (Tull et al., 

2021). Additionally, IgMhi and IgMlo transitional B cells have distinct gene expression 

profiles. IgMhi transitional B cells have been found to express genes associated with 

marginal zone B cells such as MZB1 and CD1c and T2 IgMhi cells have been identified 
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as progenitors of marginal zone precursors and terminally differentiated marginal 

zone B cells (Tull et al., 2021). 

 

 

 

 

 

 

 

Figure 2.3: Identification of CD10+ transitional B cell populations in peripheral blood. Flow 

cytometry gating strategy used to identify T1 and T2 B cell subsets using the following 

markers: CD27, IgD, CD10, CD38, CD24 and CD21. T2 B cells can be further subdivided in to 

T2 IgMhi and T2 IgMlo by assessing IgM expression. Plots are from a representative healthy 

donor. 

 

T3 B cells are late-stage transitional B cells that been proposed as an intermediate 

population between T2 and naïve B cells in peripheral blood B cell development 

(Allman et al., 2001). T3 B cells can be distinguished from naïve B cells due to a lack of 

expression of the ABCB1 transporter and resultant inability to extrude rhodamine or 

mitotracker green dyes (Wirths & Lanzavecchia, 2005). Due to this inability to extrude 

rhodamine (RH123), T3 B cells retain rhodamine and therefore are RH123hi when 

distinguishing T3 B cells from naïve B cells by flow cytometry, as shown in Figure 2.4A. 

When using flow cytometry, the level of rhodamine staining is often across a spectrum 

and so it can be challenging to recognise the threshold for positive staining. Thus, it is 

useful to first generate a biaxial gate using CD27 and RH123 within the total CD19+ B 

cell population, as shown in Figure 2.4A, as the threshold for positive rhodamine 

staining will line up with the CD27+ population as both memory and marginal zone B 

cells do not express the ABCB1 transporter, therefore do not extrude rhodamine and 

are RH123+. This gate can then be applied to the CD10- population and will place an 

accurate gate between T3 and naïve B cell populations, as demonstrated in Figure 

2.4A. 
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Similar to T2 B cells, T3 B cells can be sub-divided into two populations. CD45RBhi and 

CD45RBlo variants of T3 B cells have been characterised in peripheral blood; CD45RBhi 

T3 cells express higher IgM and CD1c than CD45RBlo T3 cells, as shown in Figure 2.4B, 

thus linking the CD45RBhi T3 population to a marginal zone B cell trajectory (Tull et 

al., 2021). 

Figure 2.4: Identification of T3 B cell subsets in peripheral blood. (A) Flow cytometry gating 

strategy used to gate for T3 B cells as CD27-IgD+CD10-RH123+. RH123 (rhodamine dye) 

staining is used to infer the expression of the ABCB1 transporter. T3 RH123+ cells do not 

extrude the dye therefore do not express the ABCB1 transporter. RH123+ threshold can be 

determined using a CD27/RH123 biaxial gate generated on CD19+ B cells, shown in orange. 

(B) Gating strategy to identify sub-populations of T3 B cells based on CD45RB expression. 

Histograms show comparisons in IgM and CD1c mean fluorescence intensity (MFI) between 

T3 CD45RBhi (pink) and T3 CD45RBlo (green). Plots are from a representative healthy donor. 
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2.6.2 Naïve B cells 

Naïve B cells comprise between 40-60% of all CD19+ B cells in the peripheral blood 

(Morbach et al., 2010; Palanichamy et al., 2009), making it the largest subset of B cells 

in the peripheral blood of healthy adults. Naïve B cells are the population of B cells 

that are antigen inexperienced. As shown in Table 2.4, naïve B cells are CD27-

IgD+CD10- and express CD24 and CD38 albeit at lower levels than transitional B cells 

(Sanz et al., 2019). As previously described in 2.6.1, naïve B cells can only be 

distinguished from T3 B cells by their ability to extrude rhodamine or mitotracker 

green dyes. Naïve B cells express the ABCB1 transporter thus can extrude these dyes 

(Wirths & Lanzavecchia, 2005). Naïve B cells can be identified and distinguished from 

other CD27-IgD+CD10- subsets using flow cytometry as RH123-CD45RBlo, as shown in 

Figure 2.5A. 

 

Naïve B cells have been found to express IgM at varying levels. Tull et al. (2021) noted 

that the naïve B cell subset can be divided into IgMhi and IgMlo naïve populations. 

Through principal component analysis of markers expressed by IgMhi and IgMlo 

transitional and naïve B cells, Tull et al. (2021) also found that the naïve IgMhi and 

naïve IgMlo subsets were more closely related to the respective IgMhi and IgMlo 

transitional subsets in terms of surface protein expression than to each other. There 

is some suggestion that naïve B cells with the lowest expression of IgM have anergic 

properties, evidenced by significantly reduced upregulation of the early activation 

marker, CD69, after in vitro B cell receptor stimulation compared to the rest of the 

naïve B cell population (Quách et al., 2011). This group of anergic B cells is thought to 

represent only 2.5% of the total peripheral blood B cell population (Duty et al., 2009). 

 

Marginal zone precursors (MZP) are a subset of naïve B cells with a CD27-

IgD+IgM+CD45RB+CD1c+ABCB1- cell surface phenotype, which make up 1-5% of total 

CD19+ B cells in the peripheral blood in healthy adults (Descatoire et al., 2014; Tull et 

al., 2021). When gating for MZP in flow cytometry, they can be separated from the 

rest of the naïve population using CD45RB, as shown in Figure 2.5A, and gating can be 

confirmed by checking for greater expression of marginal zone markers IgM and CD1c, 

as shown in Figure 2.5B.  



 67 

Activated naïve B cells (aNAV) are a subset of CD27-IgD+CD10- naïve B cells that can 

be distinguished from the rest of the naïve subset based on the lower expression of 

CD21, CD24 and CD38 and expression of CD11c and FCRL5 (Jenks et al., 2018; Tipton 

et al., 2015). aNAV B cells do not express the ABCB1 transporter unlike the rest of the 

naïve B cell population (Jenks et al., 2019). aNAV in peripheral blood can be identified 

using flow cytometry by gating for CD38-CD24-CD21- cells within the T3 CD45RBlo 

gate, as shown in Figure 2.5C. The aNAV B cell subset is clonally related to antibody-

secreting B cell populations and cells belonging to this B cell subset are 

hyperresponsive to TLR7 stimulation (Jenks et al., 2018; Tipton et al., 2015).  

 

 

Figure 2.5: Identification of CD10- naïve subsets in peripheral blood. (A) Flow cytometry 

gating strategy to identify naïve B cells as CD27-IgD+CD10-RH123-CD45RBlo and marginal 

zone precursors (MZP) as CD27-IgD+CD10-RH123-CD45RB+. (B) Histograms comparing IgM 

and CD1c mean fluorescence intensity (MFI) between naïve and MZP B cell subsets. (C) Flow 

cytometry gating strategy to identify activated naïve (aNAV) B cells. aNAV B cells are gated as 

CD38-CD24-CD21- within the CD27-IgD+CD10-CD45RBloRH123+ T3 gate. Plots are from a 

representative healthy donor. 
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2.6.3 Marginal zone B cells 

CD27+IgD+IgM+ B cells in the peripheral blood are termed marginal zone B cells due 

to their shared surface phenotype with a group of B cells that are present within the 

marginal zone of the spleen (Weller et al., 2004). The precursors to marginal zone B 

cells, MZP, have been found to undergo differentiation into CD27+IgD+ marginal zone 

B cells following NOTCH ligation (Descatoire et al., 2014). Much like their precursors, 

marginal zone B cells express CD1c and CD45RB (Descatoire et al., 2014; Weller et al., 

2004), as shown in Figure 2.6. Marginal zone B cells comprise approximately 10-15% 

of all CD19+ B cells in the peripheral blood in healthy adults (Zhu et al., 2018). Tull et 

al. (2021) have identified a B cell developmental trajectory in peripheral blood 

characterised by high expression of IgM and the gut-homing molecule integrin β7, 

whereby marginal zone B cells are derived from T2 IgMhi B cells. Marginal zone B cells 

are innate-like lymphocytes and function in an T cell-independent manner; they are 

important for immunity against encapsulated bacteria (Cerutti et al., 2013; Weller et 

al., 2004). 

 

Figure 2.6: Identification of marginal zone B cells in peripheral blood. Flow cytometry gating 

strategy to identify CD27+IgD+ marginal zone B cells. Histograms demonstrate high 

expression of IgM, CD1c, CD45RB and CD21 inferred by mean fluorescence intensity (MFI). 

Plots are from a representative healthy donor. 
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2.6.4 Class-switched memory and IgM-only B cells 

Memory B cells develop from mature naïve B cells after an antigen encounter and a T 

follicular helper cell-dependent immune response and maturation in the germinal 

centre (Garside et al., 1998; Paus et al., 2006). Memory B cells are distinguishable from 

naïve B cells by their gain of CD27 expression and loss of expression of IgD and are 

vital for immunity against re-encountered antigens (Klein et al., 1998; Sanz et al., 

2008). This subset of B cells accounts for 10-20% of all CD19+ B cells in the peripheral 

blood in healthy adults (Morbach et al., 2010). This subset of B cells undergoes class-

switch recombination by altering the constant region of the immunoglobulin heavy 

chain to allow for the expression of different immunoglobulin isotypes, IgG, IgA or IgE, 

instead of IgM and IgD, which their naïve B cell precursors express (Dunnick et al., 

1993). Most class-switched memory B cells in the peripheral blood are either IgG+ or 

IgA+, as shown in Figure 2.7, IgE+ memory B cells are incredibly rare in the peripheral 

blood (Geha et al., 2003; Saunders et al., 2019).  

 

However, there is a small subset of CD27+IgD- memory B cells that have not 

undergone class-switch recombination and therefore still express IgM, this subset of 

cells is known as IgM-only memory cells (Klein et al., 1997) and can be gated for by 

following the flow cytometry gating strategy shown in Figure 2.7. IgM-only memory B 

cells account for approximately 10% of all B cells in the peripheral blood of healthy 

adults (Klein et al., 1998). The function of this subset of is not fully understood, but it 

has been proposed that IgM-only memory cells represent a population of pre-

switched memory B cells in an intermediate state that have not yet undergone class-

switching (Berkowska et al., 2011). 

 

 

 

 

 

 

Figure 2.7: Identification of class-switched memory and IgM-only B cells in peripheral blood. 
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switched memory (CSM) B cells are IgM- and can be further subdivided based on the 

immunoglobulin isotype they express (IgG or IgA). IgE+ memory B cells are extremely rare in 

the peripheral blood, therefore are not shown in this gating strategy. IgM-only memory cells 

are classified as CD27+IgD-IgM+. Plots are from a representative healthy donor. 
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2.6.5 Double negative B cells 

Double negative B cells are a distinct subset of CD27- memory B cells, often called 

non-classical memory B cells. They are termed “double negative” due to their lack of 

expression of both CD27 and IgD (Wei et al., 2007). The predominant subsets of 

double negative B cells present in the peripheral blood, termed DN1 and DN2, account 

for 5-10% of all CD19+ B cells in healthy adult peripheral blood (Jenks et al., 2018). 

DN1 B cells are characterised by expression of CD21, CXCR5 and CD24 and lack of 

CD11c expression, whereas DN2 B cells have a CD21-CXCR5-CD24-CD11c+ phenotype 

(Jenks et al., 2018). DN2 B cells are thought to be derived from aNAV B cells; both 

aNAV and DN2 are also hyperresponsive to TLR7 stimulation and are associated to the 

extrafollicular response (Jenks et al., 2018; Tipton et al., 2015).  

 

More recently, two other less abundant subsets of double negative B cells, termed 

DN3 and DN4, have been identified, making up less than 5% of all B cells in the 

peripheral blood of healthy adults (Sosa-Hernández et al., 2020). DN3 B cells are CD21-

CXCR5-CD11c- and DN4 B cells are CD21+CD11c+ (Sosa-Hernández et al., 2020; 

Woodruff et al., 2020). Their role in the peripheral blood is not currently fully 

understood. 

  

To identify double negative B cells in peripheral blood using flow cytometry, a 

CD27/IgD biaxial gate allows for the gating of CD27-IgD- B cells, as shown in Figure 

2.8A. Double negative B cells can be further subdivided using various markers 

including CD21 and CD24, as demonstrated in Figure 2.8A. CXCR5 and CD11c can also 

be used in flow cytometry gating strategies, however given the panel size constraints 

it is not possible to include all these markers when designing a panel to identify all the 

peripheral blood B cell subsets discussed in this chapter (2.6). For this reason, and 

their relatively low abundance in peripheral blood, it can be challenging to gate for 

DN3 and DN4 subsets. Nevertheless, the four double negative subsets can be gated 

for using mass cytometry. This form of cytometry, in comparison with flow cytometry, 

allows for a much larger panel of markers and so more of the relevant markers can be 

included in the panel. As shown in the SPADE tree Figure 2.8B, the double negative 

subsets can be classified based on the expression of CD21, CD11c and CXCR5. The 
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methodology used to generate the SPADE tree and the mass cytometry gating strategy 

is discussed in 2.4.6 in section 2.4 of Materials and Methods. 

 

 

Figure 2.8: Identification of doubled negative B cell subsets in peripheral blood. (A) Flow 

cytometry gating strategy to identify double negative CD27-IgD- B cells and sub-divide this 

subset of cells into DN1 and DN2 using CD21 and CD24. Plots are from a representative 

healthy donor. (B) SPADE trees generated from mass cytometry. Nodes indicate groups of 

cells with a similar surface phenotype. The larger the node, the greater the cell count. Nodes 

are classified into DN1, DN2, DN3 and DN4 B cell subsets. DN1 B cells are classed as 

CD21+CD11c-CXCR5+. DN2 cells are classed as CD21-CD11c+CXCR5-. DN3 B cells are classed 

as CD21-CD11c-CXCR5-. DN4 B cells are classed as CD21+CD11c+CXCR5+. The colour scale 

indicates level of marker expression with red being the highest expression and blue being the 

lowest. SPADE trees are from a representative healthy donor. 
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2.7 Demographics and clinical information of study participants 

Tables 2.5-2.9 display the demographics and clinical information of study participants 

for all experiments in this study. Information on age, sex and ethnicity is shown. In 

addition, lupus patients’ autoantibody profile and medication are presented. In some 

instances, information was not disclosed and has been indicated in the tables 

accordingly. Table 2.8 shows the clinical information, such as SLEDAI score, urine 

protein, dsDNA titres and complement level for paired lupus nephritis samples; prior 

to sample collection, experienced personnel in the lupus clinic used this information 

to deem whether a sample was included in the ‘flare’ or ‘stable’ cohort. 

 
 

Table 2.5: Demographics and clinical information of study participants for single-cell RNA-

sequencing experiment (Chapter 3) 

Cohort Age Sex Ethnicity Autoantibody Profile Medication 
Health 34 F Caucasian -- -- 

43 F Caucasian -- -- 
42 F African Caribbean -- -- 

Lupus Nephritis 31 F African Caribbean ANA, dsDNA, Sm, RNP, 
C1Q 

HCQ, MMF 

48 F Caucasian ANA, DNA, RNP HCQ 
30 F African Caribbean ANA, Sm, RNP, La, C1Q HCQ, MMF, PRED 

 

Table 2.6: Demographics and clinical information of study participants for mass cytometry 

experiments (Chapters 4 and 6) 

Cohort Age Sex Ethnicity Autoantibody Profile Medication 
Health 35 F South American -- -- 

41 F Caucasian -- -- 
31 F SE Asian -- -- 
32 F Caucasian -- -- 
42 F Black Caribbean -- -- 

Not 
disclosed 

F Black Caribbean -- -- 

36 F Caucasian -- -- 
42 F Caucasian -- -- 
28 F Black Caribbean -- -- 

Lupus 
Nephritis 

27 F Caucasian ANA, DNA PRED, HCQ, MMF 
47 F Caucasian ANA, DNA PRED, HCQ 
39 F Caucasian APL+++ PRED, MMF 
47 F Not disclosed ANA HCQ, MMF 
37 F Black African ANA, DNA, Sm, RNP, Ro 

 

64 F Black African ANA, DNA, Sm, RNP, Ro HCQ, MMF 
43 F Black African ANA, DNA, Sm, RNP PRED, HCQ, MMF 
24 F Black African Ro, La PRED, HCQ 
49 F Black African ANA, DNA, Ro PRED, HCQ, MMF 
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Table 2.7: Demographics and clinical information of study participants for flow cytometry 

experiments to investigate the expression of IFITM1 in B cell subsets (Chapter 4) 

Cohort Age Sex Autoantibody Profile Medication 
Health 25 F -- -- 

Not 
disclosed 

F -- -- 

36 F -- -- 
Not 

disclosed 
F -- -- 

26 F -- -- 
26 F -- -- 
29 F -- -- 
30 F -- -- 

Not 
disclosed 

F -- -- 

29 F -- -- 
Lupus 

Nephritis 
37 F Not disclosed Not disclosed 
19 F DNA PRED HCQ 
46 F ANA Sm RNP HCQ MMF 
27 F ANA DNA PRED HCQ MMF 
20 F ANA DNA Ro Sm RNP La PRED HCQ MMF 
49 F ANA DNA PRED HCQ MMF 
68 F ANA DNA Sm PRED HCQ 
36 F ANA DNA Ro PRED HCQ MMF 
43 F ANA DNA Sm RNP PRED HCQ MMF 
24 F ANA DNA Sm MMF 

Other Lupus 29 F ANA DNA PRED HCQ 
36 F ANA Ro Sm RNP 

 

38 F ANA DNA 
 

21 F ANA DNA Ro PRED 
49 F ANA DNA Ro Sm RNP C1Q PRED 
30 F ANA RNP HCQ 
53 F ANA Ro RNP HCQ 
52 F ANA HCQ 
52 F DNA Ro 

 

 

Table 2.8: Clinical information of study participants for paired lupus flow cytometry 

experiments (Chapter 5) 

Pair 
ID 

Sex SLEDAI Urine Protein (mg/L 
protein: mmol creatinine) 

dsDNA 
(IU/mL) 

Complement 
Level 

Medication 

1 F 13 179 >400 Low PRED, HCQ 
4 8 134 Low PRED, HCQ, MMF 

2 F 13 169 307 Low - 
11 59 50 Normal PRED, HCQ, MMF 

3 F 13 165 >400 Low PRED, HCQ 
2 15 24 Normal - 

4 M - 308 100 Low PRED 
- 73 20 Normal PRED, MMF 

5 F 13 - - - PRED, HCQ, MMF 
5 - - - PRED, HCQ, MMF 

6 F 13 - - - PRED, HCQ, MMF 
5 - - - PRED, HCQ, MMF 

7 F 13 123 237 Low HCQ 
3 - - - PRED, HCQ, MMF 
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Table 2.9: Demographics and clinical information of study participants for flow cytometry 

experiments to investigate subsets of marginal zone B cells (Chapter 6) 

Cohort Age Sex Autoantibody Profile Medication 
Health 33 F -- -- 

34 F -- -- 
30 F -- -- 
26 F -- -- 
29 F -- -- 
35 F -- -- 
32 F -- -- 
36 F -- -- 
42 F -- -- 
28 F -- -- 

Lupus Nephritis 35 F ANA, Sm, RNP HCQ, PRED 
68 F ANA, DNA, Sm HCQ, PRED 
46 F ANA, Sm, RNP HCQ, MMF 
47 F ANA, DNA HCQ, PRED 
54 F ANA, DNA, Ro PRED 
36 F ANA, DNA, Ro HCQ, MMF, PRED 
43 F ANA, DNA, Sm, RNP HCQ, MMF, PRED 
49 F ANA, DNA, Ro, C1Q HCQ, MMF, PRED 
65 F ANA, DNA, Ro, Sm, RNP, La HCQ, PRED 
24 F ANA, DNA, Sm MMF, PRED 
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2.8 Statistical and data analysis methods 

2.8.1 Data analysis software 

A summary of the statistical and data analysis packages used in this study is presented 

in Table 2.10.  

Table 2.10: Summary of software and data analysis packages used for this study 

Software/Data Analysis Packages Used  Description 

Seurat v3 R package used for the analysis of single-cell RNA-sequencing 
data including quality control, dataset merging and, 
normalisation. Data visualisation through UMAPs, dot plots and 
violin plots were conducted using the Seurat package. 

ComplexHeatmap R package used for the generation of heatmaps included in 
Chapter 3 of this study. Package allows for .csv files to be 
visualised as scaled and unscaled heatmaps. 

Premessa R package used to concatenate and normalise mass cytometry 
.fcs files. Premessa was also used to remove beads from .fcs 
data files prior to downstream analysis in Cytobank. 

Cytobank Online software used for the analysis of mass cytometry (CyTOF) 
data. Cytobank was used to identify live, single, CD19+ B cells 
and for data clean-up. viSNE and SPADE plots were generated 
using this software. 

BD FACSDIVATM Software used for flow cytometer application setup and data 
acquisition. This software was used in conjunction with the BD 
FortessaTM flow cytometer. 

FlowJo Software used for analysing flow cytometry data (.fcs files). Data 
filtering and gating to identify populations of interest was 
performed using this software. Information on B cell subsets as 
a proportion of the total B cell pool were generated using 
FlowJo. 

PRISM - GraphPad Application used for statistical analysis and graph production. 
Statistical analyses such as Student’s t-tests and ANOVAs were 
conducted using the ‘Analyse’ function. 

 

2.8.2 Statistical analysis methods 

The R package Seurat was used for the statistical analyses conducted on gene 

expression from the single-cell RNA-sequencing experiment described in Chapter 3. 

The average log2 fold change and statistical significance was conducted upon the 

running of code to identify the top gene markers between specified groups of cells. 

The statistical analysis of all other datasets was conducted using PRISM  – GraphPad 

(version 9) software. For normally distributed data, parametric student’s t-tests were 

used to compare the means between groups and determine statistical significance. 

This statistical test was used for flow cytometry and mass cytometry data where mean 

fluorescence intensity or percentage of subset were being compared. Most t-tests 
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were unpaired, except the t-tests that were ran to compare the means of data from 

the paired lupus nephritis samples, presented in Chapter 5. To compare the 

expression of protein markers of interest between health and lupus nephritis cohorts 

as well as within each cohort respectively, a 2-way ANOVA with Tukey’s multiple 

comparisons test was used. This allowed for multiple means to be compared between 

multiple variables. For all statistical analyses, significance was deemed as p<0.05. 

 

2.8.3 Rationale for the number of patients included in analyses 

In the data presented in Chapter 3, a total of n=6 patients, healthy donors (n=3) and 

lupus nephritis patients (n=3), were included in the single-cell RNA-sequencing 

dataset. This dataset includes a small sample size because it was an initial pilot 

experiment whereby the 10X protocol and CITE-seq antibody panel was tested for the 

first time, by Tull et al., prior to the start of this study.  

 

The number of samples used for the mass cytometry analyses, presented in Chapter 

4, was a total of 18 (n=9 health and n=9 lupus nephritis). This number of samples was 

chosen to meet the minimum sample number requirements for downstream analysis 

in Cytobank for methods such as SPADE.  

 

The data presented In Chapter 5 included a total of n=14 lupus nephritis paired 

samples from n=7 patients and n=8 samples from healthy donors. Paired lupus 

samples were challenging to collect given the inconsistent frequency in which lupus 

patients visited the Louise Coote Lupus Clinic at Guy’s Hospital, London and more so 

the COVID-19 pandemic which resulted in the suspension of all lupus blood sample 

collections. Therefore, the sample size for the data presented in Chapter 5 is smaller 

than intended but provides some interesting observations that can be explored 

further in future studies. The healthy donor samples were run alongside lupus 

nephritis samples to balance this dataset.  

 

The data in Chapter 6 includes analysis from both flow cytometry and mass cytometry 

experiments. A total of n=10 samples from lupus nephritis patients and n=10 from 
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healthy donors were used in the flow cytometry experiment. The 20 samples included 

were deemed sufficient for this experiment as it was used as a confirmation of 

previous findings from a pilot experiment by Siu et al. (2022). The mass cytometry data 

presented in Chapter 6 comprises the same dataset used in Chapter 4, thus the same 

reasoning for sample size applies. 
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3 Identifying a group of early B cells with an interferon signature 

3.1 Introduction 

Transitional B cells are the first population of B cells to enter the peripheral blood from 

the bone marrow. They give rise to mature B cell subsets (Palanichamy et al., 2009; 

Sims et al., 2005). It is well established that peripheral B cell development in lupus 

nephritis is altered in numerous ways, so understanding the heterogeneity in health 

and differences between the transitional cells in health versus lupus nephritis is 

important. 

 
There are several known differences in transitional B cells in lupus nephritis compared 

to health including relative increase in CD38hiCD24hi cells (Simon et al., 2016), a lack 

of T2 IgMhi cells (Tull et al., 2021) and dysregulated production of IL-10 (Blair et al., 

2010). Therefore, it is important to study the make-up of the transitional population 

that begins the B cell developmental trajectory after emigration from bone marrow to 

blood in greater detail to understand the changes observed in B cells in SLE. 

 

Prior to the start of this project, a single-cell RNA-sequencing dataset was generated 

from B cells from age- and sex-matched healthy control donors (n=3) and lupus 

nephritis patients (n=3). Total CD19+ B cells and transitional B cells, defined as 

CD19+CD27-IgD+CD10+, were sorted separately by fluorescent-activated cell sorting. 

Cells were then stained with a cocktail of CITE-seq antibodies, made up of 

oligonucleotide-conjugated antibodies against B cell markers, which included IgD, 

IgM, CD5, CD10, CD21, CD24, CD27, CD38, IL4R and integrin β7. The use of CITE-seq 

antibodies enables surface protein phenotyping in conjunction with RNA-sequencing. 

This is particularly important for the identification of IgMhi cells because the level of 

expression of IgM on the cell surface that can define cell subsets is not necessarily 

reflected in the amount of RNA present. Additionally, two distinct hashtag 

oligonucleotide-conjugated antibodies were used to separately tag the total CD19+ B 

cells and the sorted transitional B cells in a process known as hashing. Total CD19+ B 

cells were labelled with the hashtag antibody termed HTO-AHH1-TotalSeqC and 

sorted transitional B cells were labelled with the antibody termed HTO-AHH2-

TotalSeqC. Hashing allowed for the two cell groups to be pooled together in the same 
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lane on the 10X controller and for the sequencing run but then separated for the 

purpose of data analysis. Gene expression libraries were made using the 5’ gene 

expression workflow from 10X Genomics. 

 

The analysis for this thesis began post-sequencing whereby data were pre-processed 

and analysed using the R package known as Seurat. This study investigates the 

diversity of transitional B cells because building on the current understanding of 

transitional B cells in health is key to deciphering alterations of these cells that are 

seen in the most severe manifestation of SLE, lupus nephritis.  
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3.2 Aims 

• To investigate the diversity of transitional B cells and investigate gene expression 

patterns between transitional subsets in cells from healthy donors 

To compare gene expression patterns of transitional B cells from healthy donors and 

lupus nephritis patients 

 

3.3 Results 

3.3.1 Filtering data to select for sorted transitional B cells  

Single-cell data RNA-sequencing data from healthy donors (n=3) were analysed using 

the R package, Seurat V3 (Stuart et al., 2019). Pre-processing quality control steps 

were performed on each healthy donor sample individually. 

 

Firstly, sorted transitional B cells were separated from total CD19+ cells. These two 

datasets could be separated by selecting appropriate hashtag thresholds, as shown in 

Figure 1A. The aim was to select cells that were only positive for one of the hashtag 

antibodies and therefore only belonged to one of the datasets. CD19+ cells were 

tagged with HTO-AHH1-TotalSeqC (hash 1) and sorted transitional B cells were tagged 

with HTO-AAH2-TotalSeqC (hash 2). As demonstrated in Figure 1A, total CD19+ were 

selected as cells with a signal greater than the hash 1 threshold and lower than the 

hash 2 threshold. Transitional B cells, tagged with hash 2, were cells with a signal 

greater than the hash 2 threshold but less than the hash 1 threshold (Figure 3.1A).  

 

Cells from the transitional B cells dataset were then filtered to remove doublets and 

cells with low transcript levels using RNA count and Feature RNA. Cells with a high 

percentage of mitochondrial gene reads were also filtered out as this was indicative 

of cells that were dying. Thresholds for RNA count, RNA transcript levels (feature RNA) 

and percentage of mitochondrial genes were determined using histograms shown in 

Figure 3.1B. The transcript levels and RNA count were plotted against each other to 

check appropriate data were being kept in the dataset, as demonstrated in Figure 

3.1C. After filtering was complete, all three samples were integrated ready for 

clustering.  
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Figure 3.1: Filtering single-cell RNA-sequencing data from healthy donor samples. (A) 

Scatterplot used to visualise thresholds for hashtag oligonucleotide-conjugated antibodies. 

Sorted transitional B cells were tagged with the HTO-AHH2-TotalSeqC antibody on the y-axis 

and total CD19+ B cells were tagged with the HTO-AHH1-TotalSeqC antibody on the x-axis. 

Sorted transitional cells were those that were greater than the HTO-AHH2-TotalSeqC 

threshold and less than or equal to the HTO-AHH1-TotalSeqC threshold. CD19+ B cells were 

cells that were greater than the HTO-AHH1-TotalSeqC threshold and less than or equal to the 

HTO-AHH2-TotalSeqC threshold. Black lines indicate thresholds. (B) Histograms displaying 

three parameters used for filtering data: nFeature, nCount and percentage of mitochondrial 

genes. Black lines indicate thresholds. (C) Scatterplot displaying nFeature versus nCount and 

the threshold values (indicated by black lines) that were selected to filter single cells. 

Percentage of mitochondrial gene reads is indicated by colour scale; high mitochondrial gene 

A

B

C

(i) (ii) (iii)

(i) (ii) (iii)

(i) (ii) (iii)

Health 1 Health 2 Health 3

Total CD19+

So
rt

ed
 T

S

Total CD19+

So
rt

ed
 T

S

Total CD19+

So
rt

ed
 T

S



 83 

reads was indicative of dying cells. Points within the orange square show the data selected 

for downstream analysis. Panels (i) display data from Health 1, (ii) are from Health 2 and (iii) 

are Health 3. 
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3.3.2  Quality control to remove non-transitional cells 

Once pre-processing was complete, the first aim was to classify clusters of transitional 

cells prior to downstream, in-depth gene expression pattern analysis. Firstly, cells 

were clustered based on the top 2000 differentially expressed genes into four 

separate clusters. The more similar the gene expression profile of two cells, the more 

likely they were to be placed in the same cluster.  Clusters were visualised using the 

dimension reduction algorithm UMAP (uniform manifold approximation and 

projection) (Becht et al., 2019) (Figure 3.2A). It was confirmed that cells from all three 

samples clustered together by overlaying clusters from each sample onto a single 

UMAP, shown in Figure 3.2B, and that each sample had cells belonging to all four 

clusters, shown in Figure 3.2C.  

 

Clusters separated into two distinct islands on the UMAP, which indicated the need 

for an additional quality control step to ensure all cells were in fact transitional B cells. 

To investigate this, a feature plot was made, displayed in Figure 3.2D, whereby the 

UMAP was overlaid with surface protein marker expression, generated by CITE-Seq 

antibody staining. When investigating surface protein expression, it was evident that 

the cells on the smaller island comprising cluster 2 were CD27+IgD-, which is the 

typical phenotype of memory B cells as opposed to transitional cells which are CD27-

IgD+. 

 

Furthermore, the average log2 fold change of gene expression for the suspected 

memory cluster was calculated. The fold change was calculated in comparison to the 

other three clusters in the dataset shown in Figure 3.2A, and all fold changes had a p-

value of <0.0001. As demonstrated in Figure 3.2E, it was found that cluster 2 had 

positive average log2 fold changes for memory-markers IGHA2, COCH, CD27 and 

IGHA1 and negative log2 fold changes for markers associated with transitional cells 

such as TCL1A, IGHD and IGHM, thus confirming this cluster as non-transitional. It was 

likely these cells were not gated out upon sorting for CD10+ cells. Cluster 2 was 

removed from the dataset. The other three clusters, 0, 1 and 3, all were identified as 

CD27-IgD+CD10+, evidenced in Figure 3.2D, and so the cells were re-clustered for 

downstream analysis. 
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Figure 3.2: Quality control to remove of non-transitional cells from dataset. (A) UMAP plot 

showing four clusters of B cells from n=3 healthy donors, generated from 2000 differentially 

expressed genes. (B) UMAP plot from panel A coloured by healthy donor. (C) UMAP plot from 

panel A showing four clusters of B cells, separated by donor. (D) Feature plots displaying 

surface protein expression, generated by CITE-seq antibody staining, overlaid on UMAP plot. 

Scale indicates level of expression, with the greatest expression in dark purple and lowest 

expression in grey. (E) Bar graph displaying gene expression average log2 fold change of 

cluster 2. Positive and negative log2 fold change shown in green and red, respectively. 
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3.3.3  Investigating transitional B cell heterogeneity 

The cells, now confirmed as transitional B cells, from the three healthy donors were 

grouped into six clusters, shown in Figure 3.3A, based on differential gene expression 

patterns. Before proceeding with further analysis, all three samples were overlaid on 

a single UMAP to check clusters from each donor were aligned (Figure 3.3B).  The 

“Health 3” sample had the greatest total number of cells (1576 cells) compared to 

“Health 1” which had 924 cells and “Health 2” which has 837. However, all six clusters 

were present in each of the three samples, no cluster was from one sample only, 

shown in the UMAPs in Figure 3.3C. Furthermore, each cluster made up approximately 

the same proportion of the total transitional cells across all three samples, except for 

cluster 3 from “Health 3”, which was double the size of that of the other two healthy 

samples (Figure 3.3D).  

 

To begin classifying the clusters, surface marker expression was projected onto the 

UMAP, presented in Figure 3.3E, whereby the greater expression was identified by 

darker purple dots, and conserved gene markers for each cluster were determined.  

Conserved gene markers are genes that are markers for a particular cluster across all 

three samples. It was noted that the area of the UMAP with the highest CD38, CD24 

and IgM surface protein expression, highlighted by red arrows in Figure 3E, also had 

the lowest CD21 expression. This area of the UMAP correlated with cluster 2, 

suggesting that this cluster was made up of T1 B cells due to this population of B cells 

having a CD38+++CD24+++IgM+++CD21lo/- surface phenotype. Furthermore, cluster 2 had 

positive expression of T1 markers including PPP1R14A, which had an average log2 fold 

change of +1.6, shown in Figure 3.3F, indicating cluster 2 had three times the level of 

expression of this gene compared to the other transitional clusters. Furthermore, 

cluster 2 had other T1-associated positive gene markers including ACTG1, GNG3, SOX4 

and MZB1, and negative expression of markers associated with T2 populations such 

as SELL, CD69 and IL4R (Figure 3.3F).  

 

The remaining clusters were found to have a surface phenotype resembling that of T2 

B cells (CD38++CD24++CD21+++), with lower expression of CD38 and CD24, and higher 

expression of CD21 in comparison to T1 cells, as shown in the heatmap in Figure 3.3G. 
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Clusters 1 and 3 were classified as T2 IgMlo cells due to having the lowest expression 

of surface IgM, as seen in Figure 3.3G, and notable higher expression of T2 IgMlo 

markers such as  IL4R and SELL compared to the other T2 clusters, shown in Figure 

3.3H. Clusters 0 and 4 were identified as T2 IgMhi as they had higher average surface 

IgM expression and were able to be distinguished from the IgMlo cells based on 

positive expression of genes such as PLD4, ITM2C, CD1C and MZB1, as presented in 

the heatmap in Figure 3.3H.  
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Figure 3.3: Classification of transitional B cells in healthy donors. (A) Seven clusters on a 

UMAP plot generated from the top 2000 differentially expressed genes of transitional B cells 

from healthy donors (n=3). (B) UMAP plot from panel A coloured by donor. (C) UMAP from 

panel A separated by donor. (D) Bar chart showing size of each cluster as a proportion of total 

transitional B cells in each of the n=3 healthy donors. (E) UMAP plot from panel A overlaid 

with surface protein expression. Colour scale indicates expression level whereby the darker 
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purple dots represent higher expression level. Red arrows indicate region where cells have a 

T1 surface phenotype. (F) Bar graph showing average log2 fold change of cluster 2 (T1) 

conserved gene markers. Green and red bars indicate positive and negative log2 fold change, 

respectively. (G) Heatmap comparing average surface marker expression, from CITE-seq 

antibody staining, of CD5, CD21, CD24, CD38, integrin β7 (B7) and IgM, across all six 

transitional cell clusters. Colour scale indicates level of expression, with red being the highest 

expression and blue being the lowest. (H) Heatmap comparing expression of typical 

transitional cell marker genes in T2 clusters (clusters 0, 1, 3, 4 and 5). Colour scale indicates 

level of expression, with red being the highest expression and blue being the lowest. 

 

The gene markers that aided classification of IgMhi and IgMlo transitional B cells 

clusters in this thesis were generated in a previous study by Tull et al (2021) using 

pooled IgMhi and IgMlo transitional cells sorted from total CD10 expressing 

transitional B cells, shown in Table 2.1 in Materials and Methods. The data analysed 

here included more transitional B cells and thus the increased cell numbers allowed 

for removal of T1 cells, in addition to subclassification of T2 cells.  This enabled the 

identification of additional genes that can distinguish IgMhi and IgMlo T2 transitional 

cells. For example, as shown in Table 3.1, when comparing the average log2 fold 

change of gene expression in T2 IgMhi cells with that of T2 IgMlo cells, FOS and JUN 

are expressed more highly in T2 IgMhi cells, indicated by a positive log2 fold change. 

Additionally, the ISG IFITM1 was also found to be expressed at a greater level in IgMhi 

T2 cells compared to IgMlo T2 cells with an average log2 fold change of 0.43.  
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Table 3.1: Differentially expressed genes between T2 IgMhi cells versus T2 IgMlo cells. 

 

 *Genes that have also been identified by Tull et al (2021) and used in reference gene list 

 

It was evident that there was heterogeneity amongst the T2 cells given that both the 

T2 IgMhi and T2 IgMlo populations were each made up of two separate clusters. 

Differentially expressed genes between T2 IgMhi clusters (cluster 0 versus cluster 4) 

were determined in order to investigate the heterogeneity within the T2 IgMhi 

population. As shown in Figure 3.4A, cluster 0 had greater expression of interferon-

associated genes IFITM1 and IRF1 than cluster 4 and lower expression of genes 

associated with immaturity such as IGLL5 and VPREB1. The same differential gene 

DEG 

Positive 
Average log2FC 
T2 IgMhi vs T2 
IgMlo 

p-value DEG 

Negative 
Average log2FC 
T2 IgMhi vs T2 
IgMlo 

p-value 

AL138963.3 0.99 2.18E-22 RAC1 -0.30 3.44E-02 
FOS 0.77 4.71E-16 SCIMP -0.30 9.40E-03 
MT-ND6 0.72 8.55E-19 TRIR -0.31 5.36E-04 
COBLL1 0.71 1.22E-11 SNW1 -0.31 3.52E-03 
CD69 0.63 1.94E-17 MRPS26 -0.32 3.73E-02 
COTL1 0.61 4.14E-12 C12orf57 -0.32 2.12E-06 
PLD4* 0.56 1.48E-09 LSM10 -0.32 8.69E-03 
JUNB 0.56 1.08E-09 S100A6 -0.33 2.77E-03 
JUN 0.54 7.48E-16 ID3 -0.34 9.39E-04 
MYC 0.54 3.51E-09 DEK -0.34 9.15E-03 
ACTG1* 0.53 1.61E-13 DNAJC15 -0.35 5.24E-03 
DUSP1 0.51 1.67E-09 SNHG7 -0.35 9.08E-04 
PCDH9 0.50 1.26E-10 LY6E -0.35 4.01E-04 
HSPA8 0.48 4.85E-08 LIMS2 -0.35 1.84E-02 
MTRNR2L12 0.48 1.34E-10 RWDD1 -0.36 6.57E-03 
IFITM1 0.43 2.55E-10 PIN4 -0.36 4.33E-03 
ITM2C* 0.43 1.44E-07 S100A10 -0.38 2.68E-03 
CXCR4 0.40 1.38E-10 PTPRCAP -0.39 3.51E-08 
NBPF14 0.40 2.66E-07 PLPP5* -0.39 8.30E-10 
ACTB 0.38 1.65E-14 MEF2C* -0.41 5.16E-13 
PIM2 0.37 1.70E-06 STAG3* -0.43 3.81E-03 
MZB1* 0.37 2.32E-07 IL4R* -0.50 4.06E-08 
EEF1A1 0.35 1.13E-14 LHPP -0.51 1.71E-06 
MT-ATP6 0.35 3.02E-16 LINC01857 -0.52 1.08E-06 
FAM107B 0.35 2.08E-06 PPP1R14A* -0.53 6.15E-04 
SH3BP5 0.35 1.43E-05 SOX4* -0.54 3.57E-04 
ALOX5* 0.35 8.29E-05 SKAP1 -0.72 1.28E-11 
PUF60 0.35 3.65E-05 FCRL3 -0.72 1.19E-11 
PGK1 0.35 2.44E-05 TARSL2 -0.73 9.06E-11 
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expression patterns were analysed within the T2 IgMlo clusters (cluster 1 versus 

cluster 0), shown in Figure 2.4B and it was found that cluster 1 had 2-times lower 

expression of genes associated with the earliest immature peripheral B cells, 

PPP1R141A, VPREB1 and SOX4, than cluster 3. This data highlights differences within 

the T2 sub-populations of B cells, thus further demonstrating the complexity of the 

transitional B cell pool. 

 

Figure 3.4: Differentially expressed genes amongst sub-populations of T2 B cells. (A) Bar 

graph showing average log2 fold change gene expression of T2 IgMhi clusters, generated by 

comparing differential gene expression of cluster 0 to cluster 4. Green and red bars indicate 

positive and negative log2 fold change, respectively. (B) Bar graph showing average log2 fold 

change gene expression of T2 IgMlo clusters, generated by comparing differential gene 

expression of cluster 1 to cluster 3. Green and red bars indicate positive and negative log2 

fold change, respectively. DEGs; differentially expressed genes. 
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Post-classification, it was evident that cluster 5 could not be classed as one of the 

known transitional B cell populations as it did not have any clear transitional gene 

expression patterns. When determining the expression of typical transitional genes, 

shown in Figure 3.3H, cluster 5 was found to express both T2 IgMhi and T2 IgMlo 

markers.  For instance, expression of PLD4, MZB1 and ITM2C, associated with T2 

IgMhi, as well as CCR7 and SELL, which are known to be expressed by the T2 IgMlo 

cells. Despite cluster 5 making up only approximately 2-4% of the total transitional cell 

pool, the conflicting gene expression patterns were of interest, and it was deemed 

important to understand the characteristics of the cells that made up cluster 5. The 

conserved marker genes of cluster 5 indicated that the cells in this cluster expressed 

numerous ISGs, such as IFI44L, IFITM1 and MX1, shown in Figure 3.5A. The cells in 

cluster 5 had a T2-like surface phenotype (Figure 3.3G) and expressed higher surface 

IgM and integrin β7, reminiscent of T2 IgMhi cells, however no characteristic 

transitional genes were conserved markers of this cluster (Figure 3.5B). It was 

concluded that the cells belonging to this cluster were a unique group of cells within 

the transitional pool of healthy individuals. 

Figure 3.5: Group of transitional B cells with an interferon gene signature. (A) Heatmap 

comparing expression ISGs, taken from the of top 10 marker genes of interferon-associated 

cluster 5, in cells from six transitional B cell clusters from n=3 healthy donors. Highest 

expression shown in red and lowest expression in blue. (B) Heatmap comparing expression of 

typical transitional B cell genes and ISGs in cells from transitional B cell populations from n=3 
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healthy donors. Colour scale indicates expression level. Yellow and pink denote highest and 

lowest expression, respectively. 
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3.3.4 Identification of a group of naïve B cells with an interferon gene signature in 

health 

Much like transitional cells, it is known that there are respective naïve IgMhi and IgMlo 

populations in the B cell pool of healthy individuals (Tull et al., 2021). As naïve cells 

are also an early B cell subset, the next aim was to investigate whether a group of 

naïve B cells had an interferon gene signature like that of the transitional B cells in this 

study.  

 

The same single-cell RNA sequencing dataset from three healthy donors used in this 

project for transitional B cell analysis was used for naïve B cell analysis, however the 

total CD19+ data was used as opposed to the sorted transitional cell data. The total 

CD19+ B cell dataset, tagged with the HTO-AHH1-TotalSeqC (hash 1) antibody, was 

separated from the transitional dataset, and pre-processed using the same pipeline 

outlined in 3.3.1. CD19+ B cells were clustered based on the top 2000 differentially 

expressed genes into twenty-one clusters, shown in Figure 3.6A. 

 

Firstly, the naïve clusters were identified by expression of TCL1A, a known marker of 

early B cells – the transitional and naïve subsets (Brinas et al., 2021), shown in purple 

on the UMAP in Figure 3.6B. However, as transitional cells are included in the TCL1A+ 

group of cells, surface protein expression was used to confirm which clusters were 

naïve. As shown in Figure 3.6C, the TCL1A+ cells were CD27+IgD+, consistent with a 

transitional and naïve surface phenotype. CD10 expression was localised to x=4 y=3 

on the UMAP, displayed in Figure 3.6C, suggesting that cells in this region were 

transitional cells; the rest of the TCL1A+ cells on the UMAP were CD10-, thus clusters 

in this region were classed as naïve B cells. Nine clusters of naïve cells were identified, 

highlighted in orange in Figure 3.6D. Conserved marker genes were determined for 

each naïve cluster, and it was found that cluster 13, highlighted in blue in Figure 3.6E, 

had a strong interferon gene signature. 

 

A total of forty-one positive and two negative conserved gene markers were found for 

cluster 13, as shown in Figure 3.6F and it was noted that ISGs, including IFITM1, MX1, 
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ISG15, IFI15, IF44L and BST2, made up the majority of the positive gene markers for 

cluster 13. Average log2 fold changes comparing gene expression between cluster 13 

and all other naïve clusters were generated. The top marker gene, IFITM1, had an 

average log2 fold change of over +2, indicating that the expression of IFITM1 was four-

times greater in the interferon-associated naïve cells compared to the rest of the naïve 

clusters. It was noted that similar groups of genes were present in both the transitional 

and naïve interferon populations; these included IFITM1, MX1, IFI6 and IFI44L. 

Generally, this group of naïve B cells accounted for a very small percentage of the total 

B cell pool, approximately 2%, but accounted for between 3-5% of the naïve B cell 

population. 

 

The data presented in 3.3.4 show that a group of naïve B cells express interferon-

associated genes, like that found in the transitional B cell pool. It is well-established 

that interferon plays a role in lupus nephritis pathology so next it was important to 

investigate these interferon-associated early B cells in cells from lupus nephritis 

patients. 
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Figure 3.6: Group of naïve B cells with an interferon gene signature. (A) UMAP plot of 

twenty-one CD19+ B cell clusters generated using the top 2000 differentially expressed genes. 

UMAP is comprised of n=3 healthy donor samples integrated. (B) UMAP plot from panel A 

displaying TCL1A expression. Purple dots indicate positive expression and grey dots indicate 
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negative expression. The darker the purple dots the higher the expression. (C) UMAPs from 

panel A showing expression of surface proteins CD27, IgD and CD10. Purple dots indicate 

positive expression and grey dots indicate negative expression. The darker the purple dots 

the higher the expression. (D) UMAP from panel A highlighting naïve B cell clusters (clusters 

0, 1, 4, 5, 6, 7, 8, 13 and 14) (shown in orange). (E) UMAP from panel A highlighting naïve 

cluster 13, found to have an interferon gene signature. (F) Bar graph showing gene expression 

average log2 fold change between cluster 13 and all eight other naïve clusters. Positive and 

negative fold changes are represented by green and red bars, respectively.  
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3.3.5 Filtering data and quality control to merge health and lupus nephritis datasets 

Once it was established that groups of both transitional and naïve B cells from healthy 

individuals expressed an interferon gene signature it was key to investigate these early 

B cell populations in lupus nephritis. The aim of this analysis was to compare gene 

expression patterns of B cells from patients with lupus nephritis with that of healthy 

donors. 

 

Firstly, the sorted transitional B cell single-cell RNA-sequencing dataset from three 

healthy donors was pre-processed using the same quality control pipeline displayed 

in Figure 3.1. The pipeline was then run for three lupus nephritis patient samples. Just 

the same as the healthy donor samples, both sorted transitional cells and total CD19+ 

cells from lupus nephritis patients had been tagged with hashtag oligonucleotide-

conjugated antibodies. So, transitional cells were separated from total CD19+ cells by 

selecting for cells with the transitional hashtag antibody (HTO-AHH2-TotalSeqC), as 

shown in Figure 3.7A. Cells were then filtered based on RNA count and feature RNA, 

to eliminate doublets and any cells with negligible transcript levels, and percentage of 

mitochondrial genes to remove dying cells; threshold values were chosen using 

histograms shown in Figure 3.7B. Filtering parameters were plotted against each other 

to check suitable data were kept in the dataset, shown in Figure 3.7C. 
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Figure 3.7: Filtering single-cell RNA-sequencing data from lupus nephritis patient samples. 

(A) Scatterplot used to visualise thresholds for hashtag oligonucleotide-conjugated 

antibodies. Sorted transitional B cells were tagged with the HTO-AHH2-TotalSeqC antibody 

on the y-axis and total CD19+ B cells were tagged with the HTO-AHH1-TotalSeqC antibody on 

the x-axis. Sorted transitional cells were those that were greater than the HTO-AHH2-

TotalSeqC threshold and less than or equal to the HTO-AHH1-TotalSeqC threshold. CD19+ B 

cells were cells that were greater than the HTO-AHH1-TotalSeqC threshold and less than or 

equal to the HTO-AHH2-TotalSeqC threshold. Black lines indicate thresholds. (B) Histograms 

displaying three parameters used for filtering data: nFeature, nCount and percentage of 

mitochondrial genes. Black lines indicate thresholds. (C) Scatterplot displaying nFeature 

versus nCount and the threshold values (indicated by black lines) that were selected to filter 

single cells. Percentage of mitochondrial gene reads is indicated by colour scale; high 
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mitochondrial gene reads was indicative of dying cells. Points within the orange square show 

the data selected for downstream analysis. Panels (i) display data from Lupus 1, (ii) are from 

Lupus 2 and (iii) are Lupus 3. 

 
The health and lupus datasets were then integrated to give a total of six samples. Cells 

were grouped based on differential gene expression into seven clusters, shown in the 

UMAP plot in Figure 3.8A. Some clustering differences between the health and lupus 

samples was expected and so clusters from each cohort were superimposed on a 

single UMAP to ensure the clusters generated were comparable (Figure 3.8B). CITE-

seq antibody staining signal, representative of surface marker expression, was 

overlaid on the UMAP as a means of quality control to ensure all clusters were 

transitional. It was evident that clusters 3 and 6 were CD27+, as seen in Figure 3.8C, 

and so they were removed. 

 

The data were re-clustered into eight new clusters, shown in Figure 3.8D, and gene 

markers were found. Cluster 7 had numerous memory B cell gene markers including 

IGHG3, IGHA1, CD27 and HOPX, as well as four-times lower expression of early B cell 

marker TCL1A compared to all other cells (Figure 3.8E), therefore it was also removed 

from the dataset. As seen in Figure 3.8F, a second re-clustering resulted in a new eight 

clusters, one of which, cluster 6, was also found to have positive memory-associated 

gene markers (Figure 3.8G) and so this cluster was removed. The remaining seven 

clusters, confirmed to be transitional cells, were re-clustered for a final time in 

preparation for subsequent gene expression analysis. 
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Figure 3.8: Identification and removal of non-transitional B cells. (A) UMAP plot showing 

seven clusters of sorted CD10+ transitional B cells from n=3 healthy donors and n=3 lupus 

nephritis patients, integrated. UMAP generated from 2000 differentially expressed genes. (B) 

UMAP plot from panel A coloured by disease status. (C) Feature plot displaying CD27 surface 

protein expression overlaid on UMAP plot. Scale indicates level of expression, with the 

greatest expression in dark purple and lowest expression in grey.  (D) UMAP plot showing re-

clustered sorted CD10+ transitional B cells from panel A. (E) Bar graph displaying gene 

expression average log2 fold change of cluster 7 from the UMAP in panel D. Positive and 

negative log2 fold change signified by green and red bars, respectively. (F) UMAP plot showing 

re-clustered sorted CD10+ transitional B cells from panel D. (G) Bar graph displaying gene 

expression average log2 fold change of cluster 6 from the UMAP in panel F. Positive log2 fold 

change represented by green bars. 
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3.3.6 Comparing transitional B cells in health versus lupus nephritis 

The top 2000 differentially expressed genes were used to generate seven clusters of 

transitional cells, shown in Figure 3.9A, upon re-clustering after quality control steps. 

It was confirmed that the health and lupus nephritis samples had been clustered 

comparably as cells from both sample cohorts superimposed onto the UMAP plot, 

shown in Figure 3.9B. Additionally, clustering between individual samples was 

checked to ensure clusters were representative of all samples; it was deemed suitable 

for downstream analysis as samples overlaid on the UMAP uniformly (Figure 3.9C). All 

seven clusters were present in all healthy and all lupus nephritis samples, as shown in 

Figure 3.9D. To classify each cluster, surface protein expression and gene expression 

levels of typical transitional markers were assessed. For the purposes of classifying, 

health and lupus nephritis samples were kept pooled together. 

Surface protein marker expression, from CITE-seq antibody staining, was displayed on 

a UMAP feature plot, shown in Figure 3.9E. It was noted that the cells in the region of 

the UMAP at 3.5,1, indicated by the red arrows in Figure 3.9E, had the highest 

expression of CD38, CD24 and IgM, whilst also having the lowest expression of CD21, 

which is the surface phenotype characteristic of T1 B cells. These cells corresponded 

with cluster 5 and it was evident that this cluster expressed T1-associated gene 

markers, demonstrated in Figure 3.9F, such as PPP1R14A, PLD4 and SOX4.  

The remaining clusters were identified as T2 cells as they had lower expression levels 

of CD38 and C21, and higher levels of CD21 in comparison to T1 cells, as demonstrated 

in the plots shown in Figure 3.9D. Sub-populations of T2 cells, IgMhi and IgMlo cells, 

were identified by assessing differences in surface IgM expression. As shown in Figure 

3.9G, cells in the region of the UMAP highlighted by a yellow arrow had higher average 

IgM expression in comparison to the region highlighted by the blue arrow. The cells 

with higher IgM corresponded to clusters 0, 2 and 4, as demonstrated in Figure 3.9G; 

these clusters had positive conserved gene markers which were typical for T2 IgMhi 

cells, such as CD1C, PLD4, MZB1, ITM2C and SOX4, shown in Figure 3.9F. The cells with 

lowest IgM expression were found to be in clusters 1 and 3, evidenced in Figure 3.9G, 
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and T2 IgMlo-associated genes such as IL4R, CCR7, SELL and FCRL3 were found as 

marker genes for these clusters (Figure 3.9F). 

Cluster 6 did not appear to align with either T2 sub-populations; the cells in this cluster 

expressed a combination of T2 IgMhi (CD1C, SOX4) and IgMlo markers (CCR7, SELL), 

as shown in the heatmap in Figure 3.9F. As previously mentioned in section 3.3.3, 

transitional cells from healthy donors only had a group of cells that did not clearly 

belong to a known transitional population, which was subsequently identified as an 

interferon-associated cluster. Analysis of healthy donor and lupus nephritis samples 

combined had also outlined an atypical group of transitional cells (cluster 6), which 

was then found to have an interferon gene signature. Conserved gene markers of 

cluster 6, which were the top positive differentially expressed genes in both health 

and lupus samples compared to all other clusters, were predominantly ISGs, as shown 

in Figure 3.6H. IFITM1 was expressed most abundantly across more than 75% of the 

cells in cluster 6. 

Classification of transitional cells was done with health and lupus nephritis samples 

combined. It was evident that an interferon-associated cluster was present in both 

sample cohorts, but given the association of interferon with lupus, it was important 

to compare this interferon population in lupus versus health. Firstly, it was noted that 

cluster 6 accounted for a greater percentage of transitional cells in lupus nephritis 

compared to health, as depicted in Figure 3.9I. Overall, this interferon-associated 

cluster was small in comparison to the other transitional sub-populations; it made up 

approximately 3.4% of the transitional B cell pool in health but made up significantly  

more, over twice the as much, in lupus nephritis at approximately 7.3% (Table 3.2) 

(p=0.049). 
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Figure 3.9: Classification of transitional B cells from healthy donors and lupus nephritis 

patients. (A) Seven clusters visualised on a UMAP plot generated from differentially 

expressed genes of transitional B cells from n=3 healthy control donors and n=3 lupus 

nephritis patients. (B) UMAP plot from panel A coloured by sample cohort. Cells from healthy 
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donors are in red and cells from lupus nephritis patients are in blue. (C) UMAP from panel A 

coloured by sample. (D) UMAP from panel A separated by sample cohort. (E) UMAP plot from 

panel A overlaid with surface protein expression of CD38, CD24, CD21, IgD, IgM and IL4-R. 

Colour scale indicates expression level whereby the darker purple dots represent higher 

expression level. Red arrows indicate region where cells have a T1 surface phenotype. (F) 

Heatmap comparing expression of typical transitional cell marker genes in transitional cell 

clusters outlined in UMAP from panel A. Colour scale indicates level of expression, with red 

being the highest expression and blue being the lowest. (G) (i) UMAP from panel A overlaid 

with average expression levels of surface IgM, from CITE-seq antibody staining. Blue arrow 

indicates region of UMAP where IgM expression is lowest and yellow arrow indicates region 

of higher IgM expression. (ii) UMAP displaying seven clusters of transitional cells from n=3 

healthy donors and n=3 lupus nephritis patients. Blue arrow highlights cells from clusters 1 

and 3 where IgM expression is lowest, and yellow arrow highlights cells from clusters 0, 2 and 

4 where IgM expression is relatively higher. (H) Dot plot displaying average expression and 

percentage of expression of the top 25 positive conserved markers of cluster 6 across all seven 

transitional B cell clusters. Size of the dots represent percentage of cells within the cluster 

expressing a particular gene. The larger the dot, the greater the percentage of cells expressing 

the gene. Colour scale indicates level of average expression; dark blue represents highest 

average expression and light grey represents lowest average expression. (I) Bar chart showing 

size of each cluster as an average proportion of total transitional B cells in healthy control 

donors (HCD) compared to lupus nephritis patients (LN). 

Table 3.2: Proportion of interferon-associated transitional B cells from healthy donors and 

lupus nephritis patients. Students t-test used to calculate statistical significance. 

Sample 
Number of Cells % Of all TS B 

cells Average % p-value TS interferon 
cluster Total TS cells 

Health 1 26 919 2.8292 
3.3943 

0.0490 

Health 2 31 835 3.7126 
Health 3 54 1483 3.6413 
Lupus 1 30 795 3.7736 

7.3031 Lupus 2 142 1472 9.6467 
Lupus 3 50 589 8.4890 
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To investigate the differences between the interferon-associated transitional cell 

populations module scoring was implemented. The module score function scores cells 

based on the gene expression of a group of defined gene markers. The greater the 

module score, the greater the expression of the gene “module” signature. An 

interferon module score was generated using the marker genes common to both the 

transitionaI naive blood interferon-associated cells from healthy donors. For a cell to 

score positive for this interferon module score, cells must express all genes together. 

The interferon score module was comprised of the following genes: IFIMT1, IFITM2, 

IFITM3, MX1, IFI44L, ISG15, ISG20, IFI6, IFI35, IFIT2, BST2, HERC5, DRAP1, EIF2AK2, 

EPSTI1, STAT1, UBE2L6 and XAF1. The interferon score was overlaid onto a UMAP, as 

depicted in Figure 3.10A, where the greater the module score, the darker purple the 

dots on the UMAP. In both health and lupus nephritis, expectedly cluster 6 scored 

most highly for the interferon score across all samples (Figure 3.10B). However, it was 

evident that all transitional cells in lupus nephritis had a higher interferon score 

compared to the same transitional populations in health, as displaying in the violin 

plot in Figure 3.10C. 

Despite the marked increase in expression of ISGs in the transitional cells from lupus 

nephritis compared to health, there is a clear group of interferon-associated 

transitional cells in health. To explore the differences between these interferon-

associated transitional cells, the top differentially expressed genes between the B cells 

with an interferon signature in health and lupus populations were determined. As 

displayed in the heatmap in Figure 3.11, many of the top differentially expressed 

genes were ISGs, as expected due to the overall increase in ISG expression in lupus 

compared to health. 

Overall, analysis of gene expression in transitional cells revealed an overall increase in 

ISG expression across all transitional cells in lupus nephritis patients compared to 

health. In addition to this, it was found that interferon-associated transitional cells 

from lupus nephritis patients have other non-ISG differentially expressed genes 

compared to the same group of cells found in healthy donors; for example, CXCR4 and 

PLD4, that were increased in the subset of transitional B cells with an interferon 
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signature in lupus nephritis compared to health were of interest, as shown in Figure 

3.11. 

Figure 3.10: Interferon module scoring in transitional B cells from healthy donors and lupus 

nephritis patients. (A) (i) UMAP plot of clusters of transitional B cells from n=3 healthy donors 

and n=3 lupus nephritis patients overlaid with module score, termed interferon score. Score 

is based on the collective expression of the following genes: IFIMT1, IFITM2, IFITM3, MX1, 

IFI44L, ISG15, ISG20, IFI6, IFI35, IFIT2, BST2, HERC5, DRAP1, EIF2AK2, EPSTI1, STAT1, UBE2L6 

and XAF1. The higher the module score, the higher the expression of the module score genes. 

Highest interferon score is represented by dark purple dots, lowest expression is represented 

by light great dots. (ii) UMAP plots of classified transitional B cell clusters in from n=3 healthy 

donors and n=3 lupus nephritis patients. Purple cluster, termed IFN, aligns with highest 

module score in (i).  (B) UMAPs displaying module score in panel A, separated by sample. (C) 

Violin plot comparing interferon module score between transitional B cell subsets: T1, T2 

IgMlo, T2 IgMhi and the group of cells with an interferon gene signature (IFN). Scores from 
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n=3 healthy donors are shown in red and scores from n=3 lupus nephritis patients are shown 

in teal. Purple dotted line shows threshold for positive and negative module score. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.11: Differential gene expression in interferon-associated transitional B cells in 

lupus nephritis compared to health. Heatmap comparing 45 differentially expressed genes 

between transitional B cells with an interferon gene signature in health versus lupus nephritis. 

Expression levels are indicated by colour scale. Yellow denotes highest expression and pink 

denotes lowest expression. 
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3.3.7 ISGs expressed in all B cells in lupus nephritis 

After identifying ISG patterns and differences in the transitional subset, naïve cells that 

are the other early B cell subset with an interferon-associated population in health 

were studied. The single-cell RNA-sequencing dataset from total CD19+ B cells from 

n=3 healthy donors and n=3 lupus nephritis patients was filtered according to the 

pipeline outlined in Figures 3.1 and 3.7. CD19+ B cells were tagged with HTO-AHH1-

TotalSeqC hashtag antibody and so cells above the threshold for this antibody were 

selected, then filtered to remove doublets and dying cells. The same clustering shown 

in three healthy donors (Figure 3.5A) was replicated with the addition of three lupus 

nephritis samples. The module score function was used to generate an interferon 

score and compare the expression of marker ISGs; the same ISGs used to generate an 

interferon score in the transitional dataset analysis were used for total CD19+ dataset. 

 

Module scoring for ISGs demonstrated a widespread increase in ISGs across all B cells 

in lupus nephritis compared to health, as shown in Figure 3.12A. The increase in 

expression of ISGs was seen in all lupus samples (Figure 3.12B). In comparison, in 

healthy samples, only the interferon-associated naïve cells, previously identified as 

cluster 13 in 3.3.4, scored positively for the interferon score, shown in Figures 3.12A 

and 3.12B. Cluster 13 on the lupus samples (shown in Figure 3.12C) scored the highest 

interferon module score compared to the other lupus B cells, demonstrating the 

strong interferon gene signature seen within the naïve pool. As with the transitional 

cells, the group of naïve interferon cells was relatively small in comparison to the 

whole B cell pool; in lupus nephritis, this group of cells represented approximately 5% 

of all B cells, in comparison to health in which is represented approximately 2% (Table 

3.3). 

 

Comparisons between the interferon-associated naïve populations between health 

and lupus patients were made by finding differentially expressed gene markers, 

shown in the heatmap in Figure 3.12D. Naïve interferon cells from lupus patients 

expressed higher levels of ISGs compared to health, as expected, but also expressed 

higher levels of CXCR4, as observed in transitional B cells, as well as CD69, JUN, and 

CD83. 
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Figure 3.12: Interferon-associated naïve cells in lupus nephritis. (A) UMAP plots displaying 

module score on CD19+ B cells from n=3 healthy donors and n=3 lupus nephritis patients, 

respectively. Module score is based on the collective expression of the following genes: 

IFIMT1, IFITM2, IFITM3, MX1, IFI44L, ISG15, ISG20, IFI6, IFI35, IFIT2, BST2, HERC5, DRAP1, 

EIF2AK2, EPSTI1, STAT1, UBE2L6 and XAF1. The higher the module score, the higher the 
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expression of the module score genes. Highest interferon score is represented by dark purple 

dots, lowest expression is represented by light great dots. (B) UMAP plots displaying module 

score from panel A, separated by sample. (C) UMAP plots of CD19+ B cells highlighting naïve 

cluster 13 in health and lupus nephritis, respectively. (D) Heatmap comparing differentially 

expressed genItween naive B cells with an interferon gene signature in health versus lupus 

nephritis. Expression levels are indicated by colour scale. Yellow denotes highest expression 

and pink denotes lowest expression. 

 
 
Table 3.3: Proportion of interferon-associated naïve B cells from healthy donors and lupus 

nephritis patients. Students t-test used to calculate statistical significance. 

 

Sample 

Number of Cells 
% of all CD19+ 
B cells Average % p-value Naïve 

interferon 
cluster 

Total CD19+ 
cells 

Health 1 107 3850 2.7792 

2.2954 

0.002 

Health 2 147 6678 2.2012 

Health 3 210 11019 1.9058 

Lupus 1 126 2486 5.0684 

4.6598 Lupus 2 302 6717 4.4961 

Lupus 3 209 4734 4.4149 
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3.4 Chapter 3 Summary 

A summary of the key findings from this chapter is presented in Figure 3.13. The 

results presented in this chapter have demonstrated the expression of an interferon 

gene signature in antigen-inexperienced B cells in peripheral blood (Figure 3.13A). 

Whilst the expression of these genes is greater in B cells from lupus nephritis patients, 

the gene signature is present in B cells from healthy donors (Figure 3.13B).  

 
Figure 3.13: Summary of Chapter 3. (A) Schematic diagram highlighting the earliest subsets 

of B cells in the peripheral blood (transitional B cells) where an interferon gene signature was 

identified through analysis of single-cell RNA-sequencing data. (B) Table of the top 30 gene 

markers of the transitional B cells with an interferon gene signature common to both lupus 

nephritis patients and healthy donors. 
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3.5 Discussion 

This study has demonstrated the heterogeneity of peripheral blood transitional B cells 

and has highlighted the presence of early B cells with an interferon gene signature in 

healthy donors and lupus nephritis patients through analysis of single-cell RNA-

sequencing data. The induction of ISG expression has been long associated with an 

anti-viral response (Katze et al., 2002) and autoimmune diseases (Bennett et al., 

2003), however ISGs in immature transitional B cells in healthy human blood are not 

well described. As ISG expression occurs upon interferon exposure and subsequent 

signalling (Der et al., 1998; Schoggins and Rice, 2011), it was interesting to find ISG 

expression in early B cells which have recently emerged from the bone marrow. 

 

As demonstrated in 3.3.1, 3.3.2 and 3.3.5, pre-processing and quality control steps are 

key to generating good quality datasets for successful downstream analysis. The 

number of clusters to be analysed is set by the experimenter and can be considered 

somewhat arbitrary. To ensure only CD10+ transitional B cells were used for 

differential gene expression analysis, the initial clustering of all CD10+ B cells, stained 

with HTO-AAH2-TotalSeqC (hash 2), were clustered using a resolution of 0.75. This 

resolution allowed for enough clusters to be made so that any prominent differences 

between cells could be seen clearly. For example, as shown in Figure 3.2A, two distinct 

islands of cells were generated. As transitional cells are a single subset of B cells with 

a similar genetic profile in comparison to other B cell subsets, it is expected that 

transitional cells would cluster very closely together. A lower resolution would have 

resulted in few clusters and poorer separation of cells when projected on the UMAP 

and so any differences would have been more difficult to identify. A higher resolution 

would have resulted in a good separation but a much higher number of clusters which 

would have made the quality control protocol far less streamlined. 

 

It is well-established that transitional B cells progress from the T1 stage to a T2 stage 

and this can be tracked through the gradual loss of surface CD38 and CD24 

(Palanichamy et al., 2009; Sims et al., 2005) and the increase in CD21 expression 

(Suryani et al., 2010). More recently, the T2 population has been further sub-
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categorised based on surface expression of IgM into T2 IgMhi and T2 IgMlo and it was 

noted that IgMhi and IgMlo transitional B cells have several differentially expressed 

genes, shown in Table 2.1 in Materials and Methods (Tull et al., 2021). In this study, 

additional differentially expressed genes between T2 IgMhi and T2 IgMlo cells were 

identified, shown in Table 3.1. It was noted that T2 IgMhi cells expressed genes 

belonging to the FOS-JUN family more than 1.5-times that of T2 IgMlo cells. 

Furthermore, T2 IgMhi cells could be distinguished from T2 IgMlo cells based on 

greater expression of chemokine CXCR4 and ISG IFITM1 and lower expression of Fc 

receptor-like gene FCRL3. FCRL3 expression in B cells has been found to enhance TLR9-

mediated B cell proliferation and activation (Li et al., 2013). This suggests that the 

IgMlo B cells may be those that are activated through FCRL3-TLR9 interactions more 

so than IgMhi cells. 

 

Whilst classifying clusters into known transitional populations two clusters with 

distinct gene signatures were observed that made up each of the IgMhi and IgMlo T2 

sub-populations. Clusters 0 and 4 were the IgMhi clusters. Differential gene expression 

analysis of T2 IgMhi clusters showed that cluster 0 expressed genes associated with 

interferon stimulation (IFITM1) and regulation (IRF1) as well as oncogene MYC at a 

level 1.4-times greater than that of cluster 4 suggesting that cells in cluster 0 may have 

encountered an interferon rich microenvironment and/or have been activated. In 

contrast, cells belonging to cluster 0 had far lower expression of genes associated with 

early, immature B cells such as IGLL5 and VPREB1, suggesting that cluster 4 is more 

immature since they retain genes encoding pre-B cell receptor that is expressed during 

B cell development (Nishimoto et al., 1991). Clusters 1 and 3 were the T2 IgMlo 

clusters. Cluster 1 has significantly lower expression of VPREB1, PPP1R14A and SOX4 

compared to cluster 3 suggesting that cluster 3 is more immature. In future studies, it 

would be interesting to explore concepts of early B cell development through gene 

trajectory analysis, whereby the changes in gene expression can be mapped across 

clusters to show how one cluster of cells leads to another, using packages such as 

Slingshot or Monocle (van den Berge et al., 2020). 
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Whilst to our knowledge subsets of transitional and naïve B cells with a signature of 

interferon regulated genes has not been described in blood before. Siu et al (2022) 

reported a population of ‘activated’ B cells that they termed AcB4, from the appendix, 

mesenteric lymph node and spleen of three healthy cadaver donors with an interferon 

gene signature. This group of cells was identified through analysis of single-cell RNA-

sequencing data and was found to express ISGs such as MX1. Whilst the genes 

reported to identify this cluster did not include those associated with naïve or 

transitional B cells, they did tend to occupy and area of the UMAP that was CD27-IgD+, 

suggesting that they could be naïve. This suggests that the interferon-associated 

CD27-IgD+ B cells from peripheral blood described in this study could be present in 

secondary lymphoid tissues.  

 

ISGs are known to be expressed in B cells from patients with SLE (Bennett et al., 2003; 

El-Sherbiny et al., 2018) and type I IFNs have been found to promote the survival of 

transitional B cells from lupus patients (Liu et al., 2019). IFITM genes were some of the 

first anti-viral ISGs to be described (Friedman et al., 1984) and IFITM1, also known as 

Leu-13, has been associated with B cell receptor signalling, specifically with the 

CD19/CD21/CD81(TAPA-1) complex (Matsumoto et al., 1991). The significance of 

IFITM1 expression in transitional and naïve B cells is yet to be fully understood. It is 

possible that it could provide some resistance of early B cells to infection (Wu et al., 

2018). 

 

Interferon has often been identified as a distinguishing feature of not only transitional 

B cells, but on B cells generally in SLE. For instance, using ISG scoring generated by 

factor analysis, both naïve and memory B cells from SLE patients have been found to 

express a group of ISGs, which include MX1, BST2, IFI16, STAT1 and TRIM38, at a 

significantly greater level (p<0.05) than the same populations in healthy donors (El-

Sherbiny et al., 2018). Data from this study also identified the presence of ISGs in a 

group of naïve B cells in the lupus nephritis cohort, which accounted for 5% of all B 

cells. 
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Whilst the interferon-associated tItional and naive B cells in health and lupus nephritis 

samples expressed similar interferon-stimulated marker genes, some interesting 

significant differential gene expression patterns were observed when the clusters with 

interferon signatures in health were compared to those observed in lupus nephritis. 

For example, CXCR4 and PLD4, a known lupus risk allele (Terao et al., 2013), were 

found to be expressed at a higher level in interferon-associated transitional cells from 

lupus nephritis patients compared to those of healthy donors. Both CXCR4 and PLD4 

have been established as markers of IgMhi transitional cells in this study and by Tull 

et al. (2021), respectively. This suggests that possibly the group of transitional cells 

with an interferon gene signature may be more IgMhi-like in lupus nephritis compared 

to health. CXCR4, in conjunction with its ligand CXCL12, plays a role in maintaining 

cells within the bone marrow (Nie et al., 2008) and facilitates organisation of the dark 

zone of germinal centres (Allen et al., 2004). Additionally, CXCR4 overexpression in all 

B cells has been found to correlate with SLE disease severity and the likelihood of renal 

involvement (Zhao et al., 2017). This suggests that the higher expression of CXCR4 

seen in the transitional and naïve cells with an interferon signature in the lupus 

samples in this study may be a feature of nephritis as opposed to being a feature of 

the interferon-associated cells. Therefore, this warrants further investigation into the 

expression of CXCR4 in all B cell subsets in a larger cohort of lupus nephritis patients.  

 

Naïve cells with an interferon gene signature in lupus nephritis expressed higher levels 

of activation markers CD69 and CD83, compared to naïve B cells with an interferon 

signature in health. The higher expression of activation markers and stronger 

interferon gene signature suggests that this group of cells are more activated in lupus 

nephritis compared to the equivalent group of cells in health. Additionally, there was 

marked low expression of ribosomal genes and eukaryotic elongation factor genes in 

lupus nephritis compared to health. This may suggest that these interferon-associated 

naïve cells in lupus nephritis may have altered protein synthesis functions. 

 

To conclude, this analysis of single-cell RNA-sequencing data from transitional and 

naïve B cells has shown heterogeneity within the earliest peripheral blood B cell subset 

in health and has identified groups of early B cells with interferon gene signatures. 
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Similar groups of transitional and naïve cells with an interferon gene signature were 

also identified in the peripheral blood of lupus nephritis patients at approximately 

twice the abundance of that in health. Whilst these cells can be characterised by the 

expression of genes such as IFITM1, MX1 and IFI44L, there are notable gene 

expression differences between these populations in lupus compared to health.  
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4  Investigation of B cell subsets expressing interferon markers 

4.1 Introduction 

As outlined in Chapter 3, clusters of transitional and naïve B cells in a dataset derived 

from single-cell RNA-sequencing were found to have a strong interferon gene 

signature. These cells were identified in a small cohort of healthy donor samples (n=3) 

lupus nephritis patient samples (n=3). Therefore, it was important to increase the 

cohort size to firstly see if these cells are present in a greater number of individuals 

and secondly, to use a larger panel of surface protein markers to subdivide peripheral 

blood B cells into subsets. Here, mass cytometry was used to explore the expression 

of some proteins whose genes were identified as features of early, interferon-

associated B cells in healthy donors and lupus nephritis patients.  

 

Markers included in the mass cytometry panel for this study because they were 

identified as conserved gene markers for the group of transitional and naïve cells that 

had an interferon gene signature and these markers included IFITM1, MX1, BST2 and 

IRF7. In chapter 3, IFITM1 was consistently in the top ten conserved marker genes for 

transitional and naive cells with an interferon signature, thus it was of interest at the 

protein level. IFITM1 has been linked to B cell receptor signalling, specifically with the 

CD19/CD21/CD81(TAPA-1) complex (Matsumoto et al., 1991) and has also been found 

to be expressed in human embryonic stem cells (ESCs) and may be part of an intrinsic 

anti-viral programme in stem cells (Wu et al., 2018). As this study is focused on the 

earliest peripheral B cells, which have newly emerged from the bone marrow, the 

potential role of IFITM1 in their stem cell precursors makes this marker a protein of 

interest.  

 

Another conserved marker gene of early B cells with an interferon gene signature was 

the anti-viral MX1, which has previously been associated with multiple cell types in 

SLE. Becker et al. (2013) found that expression of MX1 in B cells increases with 

increasing SLE severity and correlates with SLEDAI score. Lupus nephritis is the most 

severe manifestation of SLE and so MX1 expression in this cohort of patients was 

investigated in this study.  
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BST2, also known as tetherin, was first described in the context of HIV and its ability 

to inhibit retroviral release from cells (Neil et al., 2008), but it has since been 

associated with SLE. It was found that expression of BST2 on memory B cells measured 

by flow cytometry had a strong relationship with SLE disease activity and has the 

potential for use as a SLE biomarker (El-Sherbiny et al., 2020). Additionally, El-Sherbiny 

et al. (2020) have also described the expression of BST2 on naïve cells and therefore 

it would be of interest to explore BST2 expression in our smaller sub-populations of 

transitional B cells at the protein level. 

 

IRF7 is an interferon-regulatory protein first identified as being associated with 

Epstein-Barr Virus latency (Zhang & Pagano, 1997) and is now known to regulate type 

I interferon responses, which are known to have a role in SLE pathogenesis (Au et al., 

1998; Honda et al., 2005). Additionally, several single nucleotide polymorphisms in the 

IRF7 gene have been associated with SLE (Xu et al., 2012). Thus, investigation of IRF7 

expression across B cell subsets in health and lupus nephritis may give an indication 

as to which subsets undergo the greatest interferon regulation. 

 

Additionally, CXCR4, CD83 and CD69 expression was also investigated in this study as 

these markers were previously found to be top differentially expressed genes when 

comparing gene expression in B cells with an interferon gene signature between lupus 

nephritis and healthy donor cohorts. CXCR4 expression in B cells has previously been 

found to correlate with SLEDAI scoring and kidney involvement in SLE (Zhao et al., 

2017). Therefore, it would be of interest to determine which subset of B cells 

expression of CXCR4 is greatest in and whether this differs between health and lupus 

nephritis. Furthermore, CD83 and CD69 are markers of B cell activation and so 

investigating the expression of these markers at the protein level would provide some 

insight as to whether any B cell subsets in lupus nephritis are differentially activated 

compared to the same subsets in health. 
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4.2 Aims  

• To use a larger panel of surface markers to subdivide B cells into peripheral B cell 

subsets and explore features of interferon-associated genes expressed by early B cells 

• To explore further markers that discriminated between early B cells with an interferon 

gene signature in health compared to lupus nephritis 

 

4.3 Results 

4.3.1 Pre-processing mass cytometry data 

Mass cytometry was used to investigate surface protein marker expression of 

peripheral blood B cells from healthy donors (n=9) and lupus nephritis patients (n=9). 

PBMC were stained with a panel of 35 markers (outlined in Table 2.2 in Chapter 2, 

Materials and Methods). PBMC were used as opposed to sorted or enriched CD19+ B 

cells as this allowed for a larger cell pellet that enhanced cell viability throughout all 

stages of the staining protocol. Stained PBMC were run on a HeliosTM mass cytometer. 

 

The premessa package (https://github.com/ParkerICI/premessa) was run in R and 

used for bead selection, data normalisation, concatenation, and bead removal. Firstly, 

the EQTM calibration beads used to set up the mass cytometer had to be identified to 

allow for normalisation of .fcs data files. The beads were selected by plotting iridium 

(Ir193Di), which was used as a cell identification marker due to its DNA intercalating 

properties, against each of the different calibration beads.  As shown by the red gates 

in Figure 4.1A, beads were selected as data points that were positive for bead metals 

(between 6-8 along the x-axis) and had low iridium (4 or less on the y-axis). Low iridium 

indicates a lack of DNA intercalation, thus those datapoints are unlikely to be cellular. 

This gating process was repeated for all health and lupus nephritis samples then 

normalisation was run. Normalisation was essential for comparisons between samples 

to be made, as samples were run on multiple days. As shown in Figure 4.1B, bead 

intensities were within a smaller range across all data files after normalisation 

compared to before normalisation. Data files from one sample were concatenated 

using the premessa concatenation tool as the data was saved onto two .fcs files.  
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After beads were used to normalise all samples and prior to uploading data into 

Cytobank, bead data points were removed from the .fcs files to ensure that all data to 

be analysed were only cells. Using the premessa package, data were visualised on 

scatterplots generated by plotting bead metals against each other and were colour-

coded according to “bead distance”, shown in Figure 4.1C. Bead distance indicates 

how far away a data point is plotted from a representative data point that is known 

to be a true bead; therefore, the smaller the bead distance the closer that data point 

is to a true bead value. A bead distance threshold cut-off value was determined by 

identifying the bead distance value in which all beads were below the threshold, and 

all cells were above it. For example, as indicated by the red arrows in Figure 4.1C, bead 

distance thresholds between 13-15 were set to allow all beads, shown in red boxes, 

to be removed from the dataset and all cells to be kept. 

Figure 4.1: Pre-processing and gating B cells from mass cytometry data. (A) Scatterplots 

displaying pre-normalised events (cells and beads) generated by mass cytometry of PBMCs 

from healthy donors (n=9) and lupus nephritis patients (n=9). Each scatterplot shows 

calibration beads (Ce140Di, Eu151Di, Eu153Di, Ho165Di and Lu175Di) plotted against cell 

identification maker, iridium (Ir193Di). Red boxes indicate bead selection gates used prior to 
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data normalisation. (B) Plot displaying bead intensities before and after bead-based 

normalisation across all .fcs files. (C) Scatterplots displaying normalised events generated by 

mass cytometry of PBMCs from healthy donors and lupus nephritis patients. Axes are beads 

embedded with metals. Dots are colour-coded according to bead distance (beadDist). The 

smaller the beast distance the closer the event is to a true bead. True beads are double 

positive for bead metals. Bead distance is indicated by a colour scale with red being the 

smallest bead distance and blue being the largest. Bead distance thresholds (indicated by red 

arrows) were set to filter out beads from the rest of the events (cells). Bead events that were 

removed are highlighted in red boxes. Panels A-C are from a representative healthy donor. 

 
Normalised data files containing data from only cells were uploaded to Cytobank and 

then live, in-tact CD19+ B cells were gated for using the gating strategy shown in Figure 

4.2. First, in-tact cells were selected as the events that were appropriate length and 

were positive for iridium, as shown in Figure 4.2(i). Second, live cells were gated by 

selecting events that were low for cisplatin viability stain, demonstrated in Figure 

4.2(ii). Cisplatin was used as a viability stain due to its ability to preferentially bind 

non-viable cells (Fienberg et al., 2012). Next, additional “clean-up” gates were used to 

ensure any outlier events were removed, as depicted in Figures 4.2(iv)-(vi). Finally, as 

shown in Figure 4.2(vii), CD19+ B cells were gated. The same gating strategy was 

repeated for all health and lupus nephritis samples. The data were then used in 

downstream analysis. 

 



 123 

 

Figure 4.2: Gating strategy to identify viable CD19+ B cells from normalised mass cytometry 

data. Scatterplots showing gating strategy used to select CD19+ B cells from normalised mass 

cytometry data. Gating was performed using a gating editor in Cytobank software. (i) Gating 

for intact cells using event length and iridium (191Ir_DNA). (ii) Gating live cells using cisplatin 

(195Pt_Viability) and iridium. (iii) Gating to remove residual outliers. (iv) Gating to remove 

centre outliers. (v) gating to remove offset outliers. (vi) Gating to remove event length 

outliers. (vii) Gating to select CD19+ B cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(i) Intact Cells (ii) Live Cells (iii) Residual clean up (iv) Centre clean-up

(v) Offset clean-up (vi) Length clean-up (vii) CD19+ Cells
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4.3.2 Classification of peripheral B cell subsets using viSNE and SPADE 

To begin the process of classifying CD19+ cells into peripheral blood B cell subsets, a 

high-dimensionality visualisation tool known as viSNE was used. viSNE uses the t-

Distributed Stochastic Neighbour Embedding (t-SNE) algorithm and allows for the 2D 

visualisation of data at a single-cell resolution whilst keeping local and global 

differences within the data recognisable (Amir et al., 2013).  Equal sampling of CD19+ 

events (n=5,555) from all health and lupus nephritis samples (n=18) were used to run 

the viSNE. The following nine B cell lineage markers were used to generate the viSNE 

map: CD27, IgD, IgA, CD10, CD38, CD24, CD21, IgM and CD45RB. These markers were 

selected so data events were placed based on only these known subset markers. The 

rest of the markers included in the panel therefore would remain undirected and 

would not influence the distribution of cells on the viSNE. The viSNE maps were 

visualised for each sample separately, as shown in Figures 4.3A (representative 

healthy donor) and 4.3B (representative lupus nephritis patient). Once the viSNE had 

been run, the viSNE coordinates, tSNE1 and tSNE2, were used to generate SPADE 

trees. 
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Figure 4.3: viSNE maps of B cell lineage markers in health and lupus nephritis. viSNE maps 

of CD19+ B cells generated from mass cytometry data using B cell lineage markers CD27, igD, 

IgA, CD10, CD38, CD24, CD21, IgM and CD45RB. Each viSNE is overlaid with a respective 

lineage marker expression. Colour scale indicates level of expression with red being the 
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highest and blue being the lowest. viSNE maps from (A) are from a representative healthy 

donor and viSNE maps from (B) are from a representative lupus nephritis patient. 

 
To subdivide CD19+ B cells into subsets, viSNE coordinates were used to generate 

SPADE trees. SPADE is a computational method used to enable the exploration of 

cellular heterogeneity, identification of cell types and the comparison of marker 

expression (Qiu et al., 2011). SPADE trees are made up of a web of connected nodes, 

which comprise groups of similar cells. Nodes vary in size according to how many cells 

are present within the node. Additionally, nodes can be colour-coded according to 

marker expression.  

 

Healthy donor samples were used to group nodes into “bubbles”, which represented 

B cell subsets. Nodes were grouped following the same gating strategy principle used 

in flow cytometry, shown in Figure 4.4. Plasmablasts were gated as CD27+++CD38+++, 

then CD27 and IgD were used to broadly categorise nodes into: CD27-IgD+ cells, 

comprising transitional, naïve, aNAV, and marginal zone precursor subsets, CD27-IgD- 

double negative B cells, CD27+ IgD+ marginal zone cells and CD27+IgD- memory cells. 

Further subdivision of these four subsets was achieved by following the step-by-step 

process outlined in Figure 4.5A and resulted in classifications of twelve peripheral 

blood B cell subsets, shown in Figure 4.5B. Representative SPADE plots from a healthy 

donor overlaid with expression levels of key B cell markers is shown in Figure 4.6. 

 

Due to the larger panel used for mass cytometry, additional markers, such as IgA, 

CD11c, CXCR5, CD1c, CCR7 and integrin β7 were able to be used to classify additional 

groups of cells and aid gating of subsets. For example, IgA was used to identify a sub-

population of memory B cells that had undergone class-switching to become IgA+ 

memory cells. The distribution of the rest of these markers were of particular interest 

because they were note used in the viSNE clustering and so their distribution is not 

directed. CD11c and CXCR5 were used classify aNAV and DN2 subsets, which are 

CD11c+CXCR5-. Positive CD1c expression was used to confirm classification of 

marginal zone cells and their precursors. The marginal zone subset was sub-divided 
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into MZB1 and MZB2 based on differing expression levels of CCR7 and integrin β7 (see 

Chapter 6).  

Figure 4.4: Gating strategy to identify B cell subsets from peripheral blood. Dot plots 

generated from flow cytometry of peripheral blood CD19+ B cells from a representative 

healthy donor. Plasmablasts (PB) are classified as CD27+++CD38+++. Marginal zone cells 

(MZB) are classed as CD27+IgD+. Class-switched memory B cells (CSM) are classed as 

CD27+IgD-IgM-. Double negative B cells are classified as CD27-IgD- and further divided into 

DN1 and DN2 based on CD21 and CD24. Transitional cells are CD27-IgD+CD10+; T1 are 

distinguished from T2 based on higher expression of CD38 and CD24, and lower expression 

of CD21. Naïve cells are CD27-IgD+CD10-CD45RB-CD38+CD24+ and marginal zone precursors 

are CD27-IgD+CD10-CD45RB+. Within the naïve gate, activated naïve (aNAV) can be identified 

based on low expression of CD38 and CD24. 
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Figure 4.5: Step-by-step process used to classify SPADE nodes into B cell subsets. (A) 

Flowchart of steps taken to classify SPADE nodes into B cell subsets. Nodes were manually 

gated. After each step in the gating process, placement of gates was cross-referenced across 

all samples. (B) Schematic SPADE diagram showing final B cell subset classifications. B cell 

subset labels are colour-coded to correspond with flowchart steps. 
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Figure 4.6: B cell lineage marker expression and subset classification. SPADE trees generated 

from viSNE coordinates from mass cytometry of CD19+ B cells. CD27, IgD, CD10, IgM, CD38, 
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IgM
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CD21, CD45RB, CD24 and IgA were all used to generate viSNE. CD11c, CXCR5, CD1c, CCR7 and 

integrin β7 were not used for viSNE, therefore have not influenced viSNE coordinates or 

SPADE tree nodes. Schematic tree indicates subset classifications. Size of nodes indicates 

number of cells. The larger the node the greater the number of cells. SPADE trees are colour-

coded according to various B cell marker expression levels. Red nodes denote highest 

expression and blue nodes denote lowest. T1/2; transitional, aNAV; activated naïve, MZP; 

marginal zone precursor, MZB1/2; marginal zone B cells, CSM; class-switched memory, 

DN1/2; double-negative, PB; plasmablasts. SPADE trees are from a representative healthy 

donor. 

  
After node classification, it was evident that the size of nodes, indicative of cell count, 

from the same subset differed between health and lupus nephritis samples, as shown 

by representative SPADE trees in Figure 4.7A. As shown in Figure 4.7B, in agreement 

with what has previously been reported in the literature, it was noted that significantly 

more aNAV and DN2 cells were present in lupus nephritis samples compared to health 

(Tipton et al., 2015; Wei et al., 2007). Furthermore, it was found that marginal zone 

precursors and a subset of marginal zone cells, MZB1, were significantly reduced in 

lupus nephritis compared to health, as demonstrated in Figure 4.7B. This observation 

was also consistent with what has previously been described in the literature (Siu et 

al., 2022; Tull et al., 2021; Zhu et al., 2018).  
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Figure 4.7: Changes in B cell subset proportions in lupus nephritis compared to health. (A) 

Representative SPADE trees from a healthy donor and a lupus nephritis patient showing B cell 

subset proportions. Schematic tree indicates subset classifications. Size of nodes indicates 

number of cells. The larger the node the greater the number of cells. SPADE trees are colour-

coded according to cell count. The highest number of cells is represented by red nodes and 

the lowest is represented by blue nodes. (B) Comparison of peripheral blood B cell subsets as 

a percentage of total CD19+ cells in healthy donors (n=9) versus lupus nephritis patients (n=9). 

Statistical significance was determined by a student’s t-test and was deemed as p<0.05. 
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4.3.3 Exploration of surface marker expression of interferon stimulated proteins 

Previous gene expression data analysis outlined in Chapter 3 demonstrated the 

expression of ISGs in groups of cells within early B cell subsets (transitional and naïve) 

in health and lupus nephritis. Additionally, within all peripheral B cells in lupus 

nephritis samples higher expression of ISGs was observed. This analysis of mass 

cytometry data was performed to investigate the features identified in these early B 

cells in a larger cohort of patient samples and across peripheral blood B cell subsets 

defined using a more complex set of surface markers. The mass cytometry panel 

included proteins of ISGs IFITM1, MX1 and BST2 and interferon-regulatory gene IRF7, 

all of which were identified as conserved marker genes of the groups of transitional 

and naïve cells with an interferon gene signature.  

 

The median expression of IFITM1, MX1, BST2 and IRF7 from each of the B cell subsets, 

shown in the SPADE tree maps in Figure 4.8, was extracted from the Cytobank 

software for all health (n=9) and lupus nephritis (n=9) samples. Plasmablasts were not 

included in this analysis because of their known expression of interferon (Nehar-Belaid 

et al., 2020). Firstly, a 2-way ANOVA with Tukey’s multiple comparisons test was run 

to determine if there were significant differences in expression of IFITM1, MX1, BST2 

and IRF7 between B cell subsets from healthy donors and lupus nephritis patients. The 

results of the 2-way ANOVA, shown in Table 4.1, showed that expression of all markers 

between subsets was found to be significantly different (p<0.0001), so this was 

investigated further by analysing the multiple comparisons data. 
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Figure 4.8: Expression of protein markers identified as features of interferon-associated 

early B cells. SPADE trees of CD19+ B cells from mass cytometry of PBMCs from healthy 

donors (n=9) and lupus nephritis (LN) patients (n=9). SPADE trees are from respective healthy 

donor and lupus nephritis patient representatives. Schematic tree indicates subset 

classifications. Size of nodes indicates number of cells. SPADE trees are colour-coded 

according to protein marker expression levels. Red nodes denote highest expression and blue 

nodes denote lowest. T1/2; transitional, aNAV; activated naïve, MZP; marginal zone 

precursor, MZB1/2; marginal zone B cells, CSM; class-switched memory, DN1/2; double-

negative, PB; plasmablasts. 
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Initially, median BST2 appeared to be highly expressed in transitional and marginal 

zone subsets in both health and lupus nephritis samples, as shown in Figure 4.9A. As 

both transitional and marginal zone cells are known to express high levels of IgM and 

are associated with a gut-homing B cell developmental trajectory (Tull et al., 2021), 

the relationship between IgM and BST2 was investigated as it was important to 

investigate whether expression of BST2 could potentially be another defining marker 

of the IgMhi gut-homing developmental branch. BST2 expression mapped very closely 

onto IgM, as shown in Figure 4.9B. When the relationship between BST2 median 

expression and IgM median expression across all B cells was assessed, shown in 

scatterplots in Figure 4.9C, a marked association between these two markers was 

observed. 

 

After assessing the panel used to generate this mass cytometry data it was realised 

that IgM and BST2 channels were relatively close in terms of the metals the antibodies 

were tagged to (172Yb and 174Yb, respectively). A spill over matrix (from Standard 

BioTools) indicated that spill over between these channels was minor: 0.5 from 172Yb 

(IgM) into 174Yb (BST2). These two channels have been used together in the past with 

no problem (Zhao et al., 2018). However, it was not possible to rule out that spill over 

was causing this striking association. Therefore, to validate this finding, flow 

cytometry of n=8 healthy donor PBMCs was used to investigate and the expression of 

BST2 and IgM in CD19+ B cells. Flow cytometry analysis did not reveal the same 

association between BST2 and IgM; there was no significant relationship between 

these two markers, as shown in Figure 4.9D. Whilst spill over between these two 

channels is usually minor, the lack of validation of this finding through flow cytometry 

meant that BST2 expression was not analysed any further in this dataset. 
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Figure 4.9: Investigation of potential artefact in mass cytometry data. (A) Median expression 

of BST2 across peripheral blood CD19+ B cell subsets in healthy donors (H) (n=9) and lupus 

nephritis patients (LN) (n=9) generated from mass cytometry. (B) SPADE trees showing 

surface IgM and BST2 expression on peripheral blood CD19+ B cell subsets generated from 

mass cytometry. Schematic SPADE tree denotes subset names; subsets in red are those with 

high IgM and high BST2 expression. SPADE trees are from a representative healthy donor. (C) 

Scatterplots comparing BST2 median expression with IgM median expression across all nodes 

from the SPADE tree shown in panel B, from n=9 healthy donors and n=9 lupus nephritis 

patients. (D) Scatterplot comparing mean fluorescence intensity (MFI) of BST2 versus IgM in 

peripheral blood B cell subsets from n=8 healthy donors generated by flow cytometry. 
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Expression of IFITM1, MX1 and IRF7 across B cell subsets in the mass cytometry data 

was assessed in healthy donors. Similar to what was seen at the gene level (Figure 3.5, 

Chapter 3.3.3), it was found that transitional B cells had the highest significant median 

expression of IFITM1 in health, as shown in Figure 4.10A. IFITM1 expression was 

observed in T1 cells in healthy donor samples and it was found that T1 cells had 

significantly higher expression compared to naive, MZP, MZB2, CSM IgA+ and DN1 

subsets (p<0.05). It was determined that the T2 population expressed IFITM1 

significantly more than all other B cell populations, except T1 cells, shown in Figure 

4.10A. In the healthy donor cohort, it was found that aside from transitional cells, 

there was no significant difference in median IFITM1 expression between all other B 

cell subsets, as demonstrated in Figure 4.10A. 

 

Furthermore, expression of MX1 between early B cell subsets was variable. T1 cells 

had significantly higher expression of MX1 compared to naïve, MZP, MZB2, CSM IgA- 

and DN1 cells in healthy donors, as shown in Figure 4.10B. Naïve B cells were seen to 

have significantly lower median expression of MX1 in health compared to transitional, 

aNAV, MZB1 and DN2 cells, at a similar level to memory B cell subsets, as displayed in 

Figure 4.10B. DN2 cells from healthy donors had the highest median MX1 expression.  

 

Median expression of interferon regulator IRF7 in cells from healthy donors was found 

to be significantly lower in the naïve subset compared to all other B cell subsets except 

MZP and CSM IgA- cells, as displayed in Figure 4.10C. Similar to what was seen with 

regard to MX1 expression, the DN2 subset expressed highest IRF7 in healthy donors. 

Overall, it was found that MX1 expression was expressed at the highest level 

compared to IFITM1 and IRF7. 
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Figure 4.10: Expression of interferon-stimulatory and interferon-regulatory protein markers 

in healthy donors. Median expression of protein markers IFITM1 (A), MX1 (B) and IRF7 (C), in 

CD19+ peripheral blood B cell subsets in n=9 healthy donors. On graphs, horizontal bars 

represent mean and error bars denote ±SD. Tables show significant differences between 

median protein expression between B cell subsets. Significance was calculated by 2-way 

ANVOA with Tukey’s multiple comparisons test. Significant differences between subsets are 

highlighted in green. Significant was deemed as p<0.05. 
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Expression of IFITM1, MX1 and IRF7 was then evaluated across B cell subsets from 

lupus nephritis patients. As in health, transitional cells from lupus nephritis patients 

were found to have the highest expression of IFITM1 compared to all other peripheral 

B cell subsets. T2 cells from lupus nephritis patients were found to have significantly 

greater median expression of IFITM1 compared to all B cell subsets except T1 and 

MZB1, demonstrated in Figure 4.11A. T1 cells showed significantly greater median 

expression of IFITM1 compared to naïve, MZP, MZB2, CSM IgA- and DN1 cells. Both 

double negative subsets and CSM IgA- cells were found to have the lowest expression 

of IFITM1. 

 

T1 cells were found to have the highest median expression of MX1 in lupus nephritis 

patients, as shown in Figure 4.11B. Naïve B cells were found to have the lowest median 

expression of MX1, in comparison to transitional, aNAV, CSM IgA+ and DN1 subsets. 

Similarly, the naïve B cell subset in lupus nephritis patients had significantly lower 

median IRF7 expression compared to all subsets, apart from aNAV, CSM IgA- and DN1, 

demonstrated in Figure 4.11C and T1 cells were found to have the highest median 

expression of IRF7. T2 cells from lupus nephritis patients had significantly higher 

expression of IRF7 than several all CD27-IgD+CD10- subsets (naïve, aNAV and MZP). 

Overall, MX1 expression was the greatest across B cell subsets compared to IFITM1 

and IRF7 in lupus nephritis as it was in the healthy donor cohort. 
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Figure 4.11: Expression of interferon-stimulatory and interferon-regulatory protein markers 

in lupus nephritis patients. Median expression of protein markers IFITM1 (A), MX1 (B) and 

IRF7 (C), in CD19+ peripheral blood B cell subsets in n=9 lupus nephritis patients. On graphs, 

horizontal bars represent mean and error bars denote ±SD. Tables show significant 

differences between median protein expression between B cell subsets. Significance was 

calculated by 2-way ANVOA with Tukey’s multiple comparisons test. Significant differences 

between subsets are highlighted in purple. Significant was deemed as p<0.05. 
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The results of the ANOVA, displayed in Table 4.1, revealed that expression of all three 

markers of interest were significantly different between B cell subsets (p<0.0001), 

across all B cells. IFITM1 expression did not significantly different between health and 

lupus nephritis. As shown in Figure 4.12A, median expression of IFITM1 was relatively 

similar between health and lupus across all B cell subsets. On the other hand, MX1 

and IRF7 expression were found to be significantly different between health and lupus 

nephritis (p=0.0135 and p=0.0144, respectively). This difference in expression was 

found to be greater in lupus nephritis compared to health, as shown in Figure 4.12B 

and 4.12C. 

 
Table 4.1: 2-Way ANOVA results comparing expression of IFITM1, MX1 and IRF7 between B 

cell subsets (T1, T2, Naïve, aNAV, MZP, MZB1, MZB2, CSM IgA+, CSM IgA-, DN1 and DN2) 

and between the entire peripheral B cell pool in healthy donor versus lupus nephritis 

patient samples (disease status). Significance was deemed as p<0.05, indicated by *. Non-

significant comparisons are denoted by ‘ns’. 

Marker Variable p-value Significance 

IFITM1 
B Cell Subset p<0.0001 **** 

Disease Status p=0.3402 ns 

MX1 
B Cell Subset p<0.0001 **** 

Disease Status p=0.0135 * 

IRF7 
B Cell Subset p<0.0001 **** 

Disease Status p=0.0144 * 
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Figure 4.12: Median IFITM1, MX1 and IRF7 expression in B cells in health versus lupus 

nephritis. Plots showing median expression of IFITM1 (A), MX1 (B) and IRF7 (C) generated by 

mass cytometry of peripheral blood B cell subsets from healthy donors (n=9) and lupus 

nephritis patients (n=9). Data from healthy donors is shown in green and data from lupus 

nephritis patients is shown in purple. Horizontal bars indicate mean and error bars represent 

±SD. 

 
This analysis revealed some differences in the patterns of expression in proteins that 

has been previously identified as markers of transitional and naïve B cells that have an 

interferon gene signature. It was found that IFITM1 protein expression is a feature of 

transitional B cells similarly to how it was found to be feature of this subset at the 

gene level in the previous chapter. Furthermore, expression of MX1 and IRF7 are 

significantly increased in all B cells in lupus nephritis compared to health and are a 

feature of all peripheral B cell subsets, not just early B cell subsets.  
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4.3.4 Investigation of interferon-associated transitional and naïve B cells  

This study so far has shown that IFITM1 is expressed predominantly by transitional B 

cells in both health and lupus nephritis and was a marker for transitional B cells with 

an interferon gene signature. It was deemed important to understand whether 

transitional B cells with an interferon gene signature were a distinct subset of 

transitional cells or whether they were a group of cells within the known transitional 

B cell subsets. To investigate this, transitional B cell nodes from the T1 and T2 subsets 

shown in the SPADE tree in Figure 4.6 were exported and re-analysed, which allowed 

for a better resolution for in-depth analysis of the cells belonging to these subsets. 

After exporting nodes, a new viSNE was generated using transitional-associated 

markers CD10, CD38, CD24, CD21 and IgM. The viSNE coordinates were used to 

generate a new SPADE tree comprising only transitional B cells. CD38 and CD21 

expression was used to classify nodes as either T1, which had higher in CD38 and lower 

CD21 expression, or T2, which had lower CD38 and higher CD21 expression, displayed 

in Figure 4.13A. 

 

Post-classification, IFITM1 expression was overlaid onto the transitional SPADE tree to 

visualise whether a group of nodes could be identified as an IFITM1+ subset. Since 

IFITM1 was not used in the viSNE clustering it did not influence the distribution of the 

nodes. As shown in Figure 4.13B, across health and lupus nephritis samples it was 

evident that cells with high IFITM1 expression were spread across both T1 and T2 

subsets and were not consistently expressed within the same nodes between samples. 

This suggested that IFITM1 was not associated with a phenotypically defined group of 

cells. 

 

The lack of association between expression of IFITM1 and a phenotypically defined 

subset of cells prompted a re-evaluation of the clustering of transitional B cells within 

the single-cell RNA-sequencing dataset, described in Chapter 3. The aim of this 

analysis was to determine if cells with an interferon gene signature were clustering 

together based on ISGs only and were not a discrete population of transitional cells. 

In other words, we considered the possibility that the ISGs themselves were driving 

the accumulation of cells that expressed those genes. 



 143 

The same data analysis pipeline outlined in Chapter 3 was followed, but prior to 

clustering using the top 2000 differentially expressed genes, all ISGs were removed. 

This meant that no interferon-stimulated or -regulatory genes contributed to the new 

clustering. Cells that were originally from the “IFN” cluster were then overlaid back 

onto the UMAP and it was found that these cells were dispersed across the UMAP, 

predominantly within the T2 clusters, as demonstrated in Figure 4.13C. This was 

observed in both healthy donors and lupus nephritis patients. 
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Figure 4.13: Transitional B cells with an interferon gene signature are not a distinct subset 

of cells. (A) SPADE tree of classified transitional B cells generated from mass cytometry of 

PBMCs from healthy donors (n=9) and lupus nephritis patients (n=9). Size of nodes denote 

number of cells within node. Colour scale indicates level of expression. T1 nodes are 

CD38+++CD21+ and T2 nodes are CD38++/+CD21+++. T1 nodes are IgM+++ and T2 nodes are 

a mix of IgMhi and IgMlo. SPADE trees are from a healthy donor representative. (B) SPADE 
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trees from panel A overlaid with IFITM1 expression. SPADE trees are from n=3 healthy donors 

and n=3 lupus nephritis patients. (C) (i) UMAP plots showing four clusters of transitional B 

cells from n=3 healthy donors and n=3 lupus nephritis patients, generated from 2000 

differentially expressed genes, excluding ISGs. (ii) UMAP plot from panel C(i) showing cells 

belonging to IFN cluster, highlighted in red. 

 
The same observation was made regarding the cluster of naïve B cells with an 

interferon gene signature, shown previously in Figure 3.12 in 3.3.7. ISGs were 

removed from the clustering process and then cells originally belonging to the 

interferon naïve cluster were overlaid onto the UMAP of CD19+ B cells, shown in 

Figure 4.14A. As seen in Figure 4.14B, the majority of cells from the interferon cluster 

mapped back onto the naïve (TCL1A-) region of the UMAP in both health and lupus 

nephritis but did not remain clustered in one distinct group.  

 

Figure 4.14: Naïve B cells with an interferon gene signature do not represent a distinct 

subset of naïve cells. (A) UMAP plots displaying CD19+ B cells from n=3 healthy donors and 

n=3 lupus nephritis patients. UMAPs were generated from 2000 differentially expressed 

genes, excluding ISGs. Red cells indicate naïve B cells which have an interferon gene signature. 

(B) UMAP plot of CD19+ B cells overlaid with TCL1A gene expression. 

 

It was concluded that early B cells with an interferon gene signature are not a discrete 

subset but are groups of cells that are present within the transitional and naïve 

subsets. Therefore, it was important to investigate whether these cells are linked to a 

particular developmental trajectory. 

 

Health Lupus Nephritis

Cells 
originally 
from naïve 
IFN cluster

TCL1A
A B



 146 

Tull et al. (2021) have previously described a bifurcation in peripheral B cell 

development at the T1 stage which gives rise to two populations of T2 B cells which 

can be distinguished based on surface expression of IgM. As the group of transitional 

B cells with an interferon gene signature are not a separate subset, it was important 

to understand if these cells were associated with the IgMhi or IgMlo trajectory. 

Therefore, the exported T2 B cell nodes, shown previously in Figure 4.13A, were sub-

divided into IgMhi and IgMlo populations, as shown in Figure 4.15, and it was 

investigated whether interferon markers were expressed differently between these 

two populations. 

 

 

 
 
 
 
 
 
 
 
 
Figure 4.15: Classification of IgMhi and IgMlo T2 B cells. SPADE tree nodes from T2 B cells 

divided into IgMhi and IgMlo populations based on median IgM expression. Size of nodes 

denote number of cells within node. Colour scale indicates level of expression. SPADE tree 

shown in from a representative healthy donor. 

 

Classification of nodes into respective T2 IgMhi and T2 IgMlo subsets was confirmed 

by assessing median expression of IgM, integrin β7 and CD1c across all health and 

lupus nephritis samples. It was confirmed that nodes classified as IgMhi expressed 

significantly higher IgM, integrin β7 and CD1c, as demonstrated in Figure 4.16A and 

4.16C. MX1 and IRF7 median expression was not significantly different between T2 

IgMhi and IgMlo subsets, as shown in Figure 4.16B and 4.16D. Whilst the difference in 

median IFITM1 expression between T2 IgMhi and T2 IgMlo cells was not statistically 

significantly different in health or lupus nephritis, in both cohorts there was a trend 

towards greater expression  of IFITM1 in IgMhi T2 nodes, as shown in Figure 4.16B and 

4.16D.  

IgMlo
IgMhi

IgM
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Figure 4.16: Comparison of protein marker expression in T2 IgMhi B cells versus T2 IgMlo B 

cells. (A) Comparison of median IgM, integrin β7 (B7) and CD1c expression in T2 IgMhi and T2 

IgMlo cells in healthy donors. (B) Comparison of median IFITM1, MX1 and IRF7 expression in 

T2 IgMhi and T2 IgMlo cells in healthy donors. (C) Comparison of median IgM, integrin β7 (B7) 

and CD1c expression in T2 IgMhi and T2 IgMlo cells in lupus nephritis patients. (D) Comparison 
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of median IFITM1, MX1 and IRF7 expression in T2 IgMhi and T2 IgMlo cells in lupus nephritis 

patients. Statistical significance was determined by paired t-tests and significance was 

deemed as p<0.05. 

 

As previously shown in Table 4.1 and Figure 4.12A in 4.4.3, it was found that there was 

no significant difference in IFITM1 expression across all B cell subsets between health 

and lupus nephritis. After classifying T2 nodes into IgMhi and IgMlo, a similar 

observation was made whereby it was found that there was no significant difference 

in IFITM1 expression between health and lupus nephritis in sub-classified T2 subsets, 

T2 IgMhi and T2 IgMlo, shown in Figure 4.17. It was also noted that there was no 

significant difference in IFITM1 expression in T1 B cells between health and lupus 

nephritis, demonstrated in Figure 4.17. 

Figure 4.17: Comparison of IFITM1 expression in transitional B cell subsets between health 

and lupus nephritis. Median IFITM1 expression of transitional B cell subsets, T1, T2 IgMhi and 

T2 IgMlo from healthy donors and lupus nephritis patients. Data were generated by exporting 

median IFITM1 expression values (from Cytobank software) from classified nodes shown in 

the SPADE tree in Figure 26. Comparisons were made using an un-paired t-test and statistical 

significance was deemed as p<0.05. 

 

The mass cytometry data presented in this study suggest that whilst there is no 

difference in IFITM1 protein expression between health and lupus nephritis, there 

may be a variation in IFITM1 expression between IgMhi and IgMlo cells so further 
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investigation into the association between IFITM1 and the features of IgMhi cells was 

warranted.  

 

CITE-seq antibody staining data from the single-cell RNA-sequencing dataset, shown 

in Figure 3.3G from Chapter 3.3.3, demonstrated that the cluster of transitional B cells 

with an interferon gene signature (cluster 5) was found to express high levels of 

surface integrin β7. It is known that integrin β7 is associated with B cell homing to the 

gut and is expressed by gut-homing T2 IgMhi cells (Tull et al., 2021; Vossenkämper et 

al., 2013; Kraal et al., 1995). Thus, the relationship between markers of interferon-

associated transitional cells and integrin β7 was investigated. Using the mass 

cytometry data set, median protein marker expression from all CD19+ B cell nodes 

(200 nodes per sample) were extracted from the Cytobank software and plotted to 

determine any correlations between markers. 

 

It was found that in both health and lupus nephritis samples, IFITM1 protein 

expression significantly correlated with integrin β7 expression (p<0.0001), as displayed 

in Figure 4.18A. Conversely, MX1 expression did not correlate with integrin β7 

expression in either sample cohort, demonstrated in Figure 4.18B. It is known that 

IgMhi B cells express high levels of integrin β7 (Tull et al., 2021); an observation that 

was also seen in this data set (Figure 4.18C). These observations in conjunction with 

the trend in higher IFITM1 expression in T2 IgMhi lead us to ask whether IFITM1 

correlates with IgM integrin β7 expression and could perhaps be associated with gut-

homing peripheral blood B cells. 
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Figure 4.18: Relationship between integrin β7 and IFITM1, MX1 and IgM in CD19+ B cells. 

Expression values are from mass cytometry data of CD19+ B cells from n=9 healthy donors 

and n=9 lupus nephritis patients. Lines on all scatterplots represent simple linear regression. 

The r2 values denote the squared correlation coefficient. The p values denote if the slope is 

significantly different from zero. Significance was defined as p<0.05.  Scatterplots show the 

relationship between expression of and integrin β7 versus (A) IFITM1, (B) MX1 and (C) IgM.  

 
Flow cytometry was used to consider the relationship between integrin β7 and IgM 

with IFITM1. PBMCs from healthy donors (n=10) and lupus nephritis patients (n=10) 

were stained and data was recorded on a BD FortessaTM. Analysis was performed using 

FlowJo software. Transitional B cells, identified as CD27-IgD+CD10+, and naïve B cells, 

identified as CD27-IgD+CD10-, were split into IFITM1+ and IFITM1- groups. Integrin β7 
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mean fluorescence intensity (MFI) was calculated using the FlowJo software. As shown 

in Figure 4.19A, IFITM1+ transitional cells had significantly greater integrin β7 MFI 

compared to IFITM1- cells in both health and lupus nephritis. However, there was no 

significant difference in integrin β7 MFI between IFITM1+ and IFITM1- naïve B cells. To 

determine if a relationship between IFITM1 and IgM was apparent in early B subsets, 

transitional and naïve cells were separated into IgMhi and IgMlo subsets, then IFITM1 

MFI was compared between these groups of cells. It was found that in both 

transitional and naïve subsets, in health and lupus nephritis, IgMhi cells had 

significantly greater IFITM1 MFI, as demonstrated in Figure 4.19B. To confirm IgMhi 

and IgMlo gates were correctly placed, integrin β7 MFI was determined and IgMhi cells 

were confirmed as having greater integrin β7 expression, as shown in Figure 4.19C. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.19: Expression of IFITM1 and integrin β7 in transitional and naïve B cells. (A) Plots 

showing integrin β7 mean fluorescence intensity (MFI) in IFITM1+ and IFITM1- transitional 
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(TS) and naïve cells in healthy donors (n=10) and lupus nephritis patients (n=10). (B) Plots 

showing IFITM1 MFI in IgMhi and IgMlo transitional and naïve B cells in healthy donors and 

lupus nephritis patients. (C) Plots showing integrin β7 MFI in IgMhi and IgMlo transitional and 

naïve subsets in healthy donors and lupus nephritis patients. For all plots paired data points 

are joined together by a solid black line. Asterisks indicate statistical significance as calculated 

by paired t-test. Significant was deemed as p<0.05. ns; not significant. 

 

Thus far, this study has shown that at the gene level IFITM1 expression in transitional 

and naïve B cells is greater in lupus nephritis compared to health (shown in Figures 

3.11 and 3.12D in 3.3.6) through analysis of single-cell RNA-sequencing data. The mass 

cytometry data presented in this chapter has shown that at the protein level IFITM1 

expression across all B cell subsets (shown in Table 4.1 and Figure 4.12A in 4.4.3) and 

in classified transitional B cell subsets (shown in Figure 4.17 in 4.3.4) does not 

significantly differ between health and lupus nephritis.  

 

Flow cytometry has also been used in this study to investigate IFITM1 expression at 

the protein level. A comparison of IFITM1 expression between health and lupus 

nephritis using flow cytometry was conducted to determine if the observations noted 

in the mass cytometry dataset could be seen using another method. As shown in 

Figure 4.20A, when using flow cytometry, there was no significant difference in IFITM1 

MFI between health and lupus nephritis in both IgMhi and IgMlo transitional B cells. 

In addition, it was found that there was no significant difference in IFITM1 MFI 

between health and lupus nephritis in both IgMhi and IgMlo naïve B cells, as displayed 

in Figure 4.20B. The observations regarding the similar expression of IFITM1 at the 

protein level in health and lupus nephritis initially observed using mass cytometry 

were also seen when using flow cytometry. 
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Figure 4.20: Comparison of IFITM1 expression in transitional and naïve B cells between 

health and lupus nephritis. IFITM1 mean fluorescence intensity (MFI) of IgMhi and IgMlo 

transitional (TS) (A) and naïve (B) B cells from healthy donors (n=10) and lupus nephritis 

patients (n=10). Comparisons were made using an un-paired t-test and statistical significance 

was deemed as p<0.05. 

 

The data from this study show that IFITM1 expression is a feature of transitional B 

cells and can be used a marker for a group of early B cells with an interferon gene 

signature. It was previously identified that the groups of transitional and naïve B cells 

with an interferon gene signature accounted for a greater proportion of B cells in lupus 

nephritis than in health. Flow cytometry was used to ask whether that the IFITM1+ 

cells were more abundant in transitional and naïve cells from lupus nephritis patients 

compared to healthy donors and lupus patients without renal involvement. As shown 
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in Figure 4.21A, it was determined that there were significantly more IFITM1+ 

transitional and naïve B cells in lupus nephritis compared to healthy donors and non-

nephritis lupus patients. There was no significant difference in IFITM1+ transitional 

cells between health and non-nephritis lupus and were significantly more naïve 

IFITM1+ cells in health compared to non-nephritis lupus. Additionally, it was found 

that in all patient cohorts there was a significantly greater percentage of IFITM1+ 

transitional B cells compared to IFITM1+ naïve B cells, as demonstrated in Figure 

4.21B. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.21: IFITM1+ cells in health and lupus. (A) Plot showing differences in percentage of 

IFITM1+ transitional (TS) and naïve B cells in healthy donors, lupus nephritis patients and 

lupus patients with no nephritis. Asterisks indicate statistical significance as calculated by 

paired t-test. Significant was deemed as p<0.05. ns; not significant. (B) Plots showing 

percentage of IFITM1+ cells in transitional B cells versus naïve B cells in various patient 

cohorts. For all plots paired data points are joined together by a solid black line. Asterisks 

indicate statistical significance as calculated by paired t-test. Significant was deemed as 

p<0.05. ns; not significant. 
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4.3.5  Investigation of protein expression of differentially expressed markers of early 

B cells with an interferon gene signature 

In the previous chapter (3.3.6), it was found that the groups of transitional and naïve 

B cells with an interferon gene signature differentially expressed genes such as 

chemokine CXCR4 and genes associated with activation such as CD83 and CD69 in 

healthy donors compared to lupus nephritis patients. This observation was made at 

the gene level and so the mass cytometry dataset was used to compare expression of 

CXCR4, CD83 and CD69 in B cell subsets in health versus lupus nephritis at the protein 

level. A 2-way ANOVA was run to determine if expression of CXCR4, CD83 and CD69 

significantly varied across all B cell subsets in general between health and lupus 

nephritis. It was found that expression of these markers of interest was significantly 

different between B cell subsets (p<0.0001) as expected, shown in Table 4.2. However, 

in contrast to what was previously seen in chapter 3 at the gene level, there was no 

significant difference in expression between health and lupus nephritis. 

 

Table 4.2: 2-Way ANOVA results comparing expression of CD69, CD83 and CXCR4 between 

B cell subsets (T1, T2, Naïve, aNAV, MZP, MZB1, MZB2, CSM IgA+, CSM IgA-, DN1 and DN2) 

and between the entire peripheral B cell pool in healthy donor versus lupus nephritis 

patient samples (disease status). Significance was deemed as p<0.05, indicated by *. Non-

significant comparisons are denoted by ‘ns’. 

Marker Variable p-value Significance 

CD69 B Cell Subset p<0.0001 **** 

Disease Status p=0.1305 ns 

CD83 B Cell Subset p<0.0001 **** 

Disease Status p=0.9044 ns 

CXCR4 B Cell Subset p<0.0001 **** 

Disease Status p=0.9375 ns 

 

 It was established that median CXCR4 expression was significantly greater in early B cell 

subsets, transitional and naïve, compared to MZB2 and both memory and double-negative 

subsets in healthy donor samples, demonstrated in 4.22A. The DN2 subset had the lowest 

CXCR4 expression. CD83 median expression was found to be highest in T2 and MZB1 cells in 
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healthy donors and naïve, aNAV, CSM IgA- and both double negative subsets were found to 

have significantly lower expression of CD83 compared to transitional and marginal zone 

subsets, shown in Figure 4.22B. CD69 median expression was highest in T2 cells compared to 

all subsets, except T1 and MZB1, and was lowest in DN1 cells, shown in Figure 4.22C. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.22: Expression of CXCR4, CD83 and CD69 in B cell subsets in healthy donors. Median 

expression of protein markers CXCR4 (A), CD83 (B) and CD69 (C), in CD19+ peripheral blood 

B cell subsets in n=9 healthy donor samples. On graphs, horizontal bars represent mean and 

error bars denote ±SD. Tables show significant differences between median protein 

expression between B cell subsets. Significance was calculated by 2-way ANVOA with Tukey’s 
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multiple comparisons test. Significant differences between subsets are highlighted in green. 

Significant was deemed as p<0.05. 

 
Transitional B cells were found to have the greatest median expression of CXCR4 in 

lupus nephritis patients compared to aNAV and most CD27+ subsets, except MZB1, as 

shown in Figure 4.23A. It was noted that B cells from three patients expressed CXCR4 

far higher than the rest of the cohort, highlighting the heterogeneity of B cells in lupus 

nephritis. T2 cells were found to have the highest CD83 expression and overall 

transitional and marginal zone subsets expressed higher CD83 levels than CSM and 

double negative subsets, as demonstrated in Figure 4.23B. T2 B cells were also found 

the greatest expression of CD69 compared to all other subsets except T1 and MZB1 

subsets, as shown in Figure 4.23C. Overall it was evident that transitional B cells 

expressed these markers of interest at significantly higher levels compared to antigen-

experienced subsets. However, this data show that at the protein level, expression of 

these markers in early B cells do not differ between health and lupus nephritis. 
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Figure 4.23: Expression of CXCR4, CD83 and CD69 in B cell subsets in lupus nephritis 

patients. Median expression of protein markers CXCR4 (A), CD83 (B) and CD69 (C), in CD19+ 

peripheral blood B cell subsets in n=9 lupus nephritis patient samples. On graphs, horizontal 

bars represent mean and error bars denote ±SD. Tables show significant differences between 

median protein expression between B cell subsets. Significance was calculated by 2-way 

ANVOA with Tukey’s multiple comparisons test. Significant differences between subsets are 

highlighted in green. Significant was deemed as p<0.05. 
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4.4 Chapter 4 Summary 

The data presented in Chapter 4 have demonstrated that expression patterns of ISG 

markers in transitional B cells, previously identified by single-cell RNA-sequencing 

(Chapter 3), are varied and are not always more prevalent in lupus nephritis B cells 

compared to health. A key finding from this dataset identified that expression of the 

protein IFITM1 is significantly greater in transitional B cells compared to all other 

peripheral B cell subsets and the level of expression is the same in health and lupus 

nephritis. Moreover, it was realized that the IgMhi subsets of transitional and naïve B 

cells expressed IFITM1 greater than their IgMlo equivalent subsets, as shown in 

summary Figure 4.24. IFITM1 expression was found to correlate with integrin β7 

expression. 

 
Figure 4.24: Summary of Chapter 4. Schematic diagram showing the subsets of peripheral 

blood B cells that express protein IFITM1. Yellow glow indicates level of expression relative to 

subsets shown on schematic diagram. T2 IgMhi B cells have the highest expression and naïve 

IgMlo have the lowest expression. Expression pattern shown is apparent for B cells from both 

healthy donors and lupus nephritis patients. 
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4.5 Discussion 

This study has used mass cytometry to highlight differential expression of protein 

markers associated with interferon across peripheral blood B cell subsets in health 

and lupus nephritis. Two contrasting patterns in expression were observed, Whilst 

IFITM1 expression varied between subsets, these subset variations were consistent 

between health and lupus nephritis. In contrast MX1 and IRF7 were variable between 

subsets, but expression was significantly enhanced in across subsets in lupus nephritis. 

 

As evidenced in 4.3.3, it was found that IFITM1 was predominantly expressed by 

transitional B cells, with T2 B cells having the highest IFITM1 expression across all B 

cell subsets in both healthy donors and lupus nephritis patients. The role of IFITM1 in 

healthy B cells is not well described, however there is evidence to suggest that IFITM1 

has anti-proliferative properties (Evans et al., 1990; Yang et al., 2007). Therefore, it 

could be hypothesised that IFITM1 is expressed in transitional B cells and acts to 

regulate proliferation of the earliest peripheral B cell subset. IFITM1 is primarily 

known for its anti-viral properties whereby it restricts entry of several viruses 

including influenza A and SARS coronavirus (Huang et al., 2011). Wu et al. (2018) have 

described the expression of IFITM1, along with multiple other anti-viral genes, in 

healthy human embryonic stem cells and the potential for these genes to give 

protection to these cells at the earliest stages of development. This could suggest that 

the somewhat preferential expression of IFITM1 in the early, immature transitional B 

cells identified in this study could be a similar protective mechanism for these cells to 

allow successful B cell development in the periphery. 

 

Whilst IFITM1 expression did not significantly differ between health and lupus 

nephritis, expression of both MX1 and IRF7 was found to be significantly higher in the 

lupus nephritis cohort compared to health. This observation is consistent with the 

literature that states interferon-inducible markers are more highly expressed in SLE 

compared to health (Baechler et al., 2003). However, as IFITM1 expression was 

comparable between cohorts it suggests that IFITM1 may have a role in healthy B cells. 
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Expression of MX1 and IRF7 between B cell subsets was found to be different in health 

versus lupus nephritis. The subset with the highest expression of both MX1 and IRF7 

was the DN2 subset in healthy donors. Expression of MX1 and other ISGs in the DN2 

subset has been previously described in both health and SLE (Jenks et al., 2018; Tull et 

al., 2021). Conversely, the subset with the greatest MX1 and IRF7 expression in lupus 

nephritis was found to be T1 cells. This supports the finding that groups of early B cells 

express interferon-stimulated markers and suggests that potentially type I interferon 

regulation in lupus nephritis is greater in early stages of peripheral B cell development 

as opposed to later in development at the DN2 stage.  

 

This mass cytometry analysis combined with single-cell RNA-sequencing analysis, 

previously highlighted in Chapter 3, showed that the groups of transitional and naïve 

B cells with an interferon gene signature are not a distinct subset. By removing ISGs 

from the single-cell RNA-sequencing clustering pipeline, it was found that the groups 

of cells with an interferon signature previously clustered together solely based on 

their expression of ISGs, without ISGs contributing to the clustering these cells 

clustered with respective T1, T2 or naïve subsets. This suggests that groups of early B 

cell subsets are possibly encountering an interferon-rich environment and 

subsequently upregulate the expression of ISGs, or they may express ISGs as part of 

an intrinsic protection against viruses (Wu et al., 2018).  

 

IFITM1 expression across all B cell subsets was found to correlate with integrin β7 

expression, however this was not the case with MX1 expression, which did not 

correlate with β7. This suggests that different interferon markers do not necessarily 

correlate with the same trajectories or the same subsets of cells. For instance, Wu et 

al. (2018) previously identified the association of IFITM1 with an interferon gene 

signature in stem cells but found MX1 to be negatively expressed in those cells. 

 

Flow cytometry analysis revealed a link between IFITM1, integrin β7 and IgM. It was 

found that IFITM1+ transitional and naïve B cells had higher integrin β7 MFI compared 

to IFITM1- transitional and naïve B cells in both healthy donors and lupus nephritis 

patients. Additionally, it was found that IgMhi transitional and naïve B cells have 
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higher IFITM1 MFI compared to IgMlo transitional and naïve B cells in both health and 

lupus nephritis samples. There is a known association between integrin β7 and the 

IgMhi B cell developmental trajectory which leads to the development of marginal 

zone B cells (Tull et al., 2021). The data presented in this study suggests that IFITM1 

may be another potential marker of the IgMhi branch of B cell development.  

 

Previously described in Chapter 3, the groups of transitional and naïve cells with an 

interferon signature were twice as abundant in lupus nephritis compared to health. 

Flow cytometry was used to determine if this was a feature of all types of lupus or if 

it was a feature of lupus nephritis specifically. It was found that IFITM1+ transitional 

and naïve B cells were significantly more abundant in lupus nephritis patients 

compared to other, non-nephritis lupus patients and healthy donors. This suggests 

that early B cells expressing interferon markers are a feature of nephritis and 

therefore may be significant in nephritis pathology. 

 

It was determined that there are significantly more IFITM1+ cells in the transitional 

subset compared to the naïve subset in healthy donors, lupus nephritis patients and 

non-nephritis lupus patients. This observation was consistent with a finding reported 

by Liu et al. (2019) which stated that transitional B cells had a greater responsiveness 

to type I interferon receptor and subsequently expressed ISGs more than naïve B cells 

in SLE. The expression of ISGs was found to promote survival in transitional B cells in 

in SLE (Liu et al., 2019). Therefore, it is possible that the presence of IFITM1+ 

transitional cells may contribute to cell survival. 

 

Both the percentage of IFITM1+ cells and IFITM1 MFI were measured for the flow 

cytometry analysis. The percentage of IFITM1+ cells was used to assess protein of 

interest expression in any cells that expressed IFITM1, regardless of the level of 

expression. The IFITM1 MFI was used to measure which groups of cells expressed 

IFITM1 at the greatest level. The percentage of IFITM1+ cells was found to be greater 

in lupus nephritis compared to health. In other words, there were more cells within 

the transitional and naïve populations that expressed IFITM1 in lupus compared to 
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health. But the level of expression of IFITM1 protein, inferred by IFITM1 MFI, did not 

differ between health and lupus on those cells that expressed the protein. 

 

CXCR4 expression was previously found to be greater in lupus nephritis compared to 

health at the gene level in naïve B cells with an interferon gene signature, described 

in Chapter 3, and has been seen to be overexpression collectively in all B cells at the 

protein level in SLE (Zhao et al., 2017). In contrast, in this study no significant 

difference in CXCR4 protein expression between health and lupus nephritis was 

observed, but it was noted that CXCR4 expression was a feature of transitional B cells 

in lupus nephritis and health. Furthermore, expression of CD83 and CD69 was found 

to be significantly higher in transitional subsets but no different between health and 

lupus nephritis. This suggests that early B cells in lupus nephritis are not more 

activated than those in health according to protein expression. The discrepancy 

between the expression of the markers at RNA and protein levels is not clear. 

 

Overall, this study has shown that expression of proteins of ISGs are differentially 

expressed across B cell subsets. Additionally, IFITM1 expression is predominantly a 

feature of transitional B cells and correlates with integrin β7 and IgM expression, 

suggesting a possible link to the IgMhi branch of peripheral blood B cell 

developmental. 
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5  Changes in B cell subset proportions in lupus nephritis at different 

disease severities 

5.1 Introduction 

Changes in the frequencies of peripheral B cell subsets in lupus nephritis have often 

been reported in the literature (Landolt-Marticorena et al., 2011; Simon et al., 2016; 

Tipton et al., 2015; Tull et al., 2021; Zhu et al., 2018). It has been found that changes 

in the proportions of B cell subsets occur at all stages of peripheral B cell development 

in the blood from the earliest subsets, the transitional cells, through to the terminally 

differentiated subsets, such as marginal zone B cells. It has been reported that there 

is an increase in CD24hiCD38hi B cells in SLE compared to health (Simon et al., 2016). 

Additionally, it has been found that there is a reduction in the percentage of T2 IgMhi 

cells in SLE compared to health  (Tull et al., 2021). Other B cell subsets that make up 

the IgMhi developmental trajectory including marginal zone B cells and their 

precursors have also been found to be reduced in patients with lupus nephritis 

compared to healthy donors (Tull et al., 2021; Zhu et al., 2018). In addition, it has been 

established that populations of B cells belonging to the extrafollicular pathway, such 

as aNAV and DN2 cells, are expanded in lupus nephritis (Jenks et al., 2018; Tipton et 

al., 2015).  

 

Whilst several of these changes in have been observed in lupus nephritis, it is not fully 

understood whether these changes are correlated with disease flares or if they are a 

permanent feature of the peripheral B cell compartment in individuals with SLE 

regardless of whether they are flaring or not. 

 

For this study, flow cytometry was used to compare the proportions of peripheral 

blood B cell subsets in lupus nephritis at different disease severities compared to 

health. This study used paired blood samples from lupus nephritis patients (n=7), 

which were taken at two different timepoints. One sample was from a period in which 

the patient was flaring and the other was from a period where the patient’s disease 

was stable. In the clinic prior to experimental protocols, the “flare” samples were 

defined as those where the patient had a high SLEDAI score (>11), and “stable” 
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samples were those where the patient had a lower SLEDAI score of 5 or less. 

Additionally, urine protein levels, dsDNA titres and complement level were also 

assessed to assist with categorising the samples as either “flare” or “stable”. Urine 

protein was inferred by protein:creatinine ratio. “Flare” samples were those with 

higher urine protein and dsDNA titres, and lower complement levels. “Stable” samples 

had lower urine protein and dsDNA titres and usually had normal complement levels. 

 

There were a few limitations to this dataset. It was not possible to have an equal 

length of time between when flare and stable samples were taken due to the 

heterogeneity of the disease course itself, the different treatment regimens patients 

were on and the differences in the responses to treatment. The mean time between 

flare and stable samples was 24.7 months. Whilst all patients included in this study 

had had nephritis confirmed via a kidney biopsy, the periods after diagnosis in which 

they were flaring differed simply because patterns of flares are not the same from 

patient to patient. It was ensured that all samples included were from patients who 

were not on any biologic treatment, but due to the heterogeneity of lupus, even 

individuals on the exact same medication may respond to treatment differently thus 

may go for longer periods of time without experiencing any flares. Additionally, the 

time in which the paired samples were taken were limited to when the patients visited 

the clinic, it cannot be guaranteed that all patients had an appointment at the exact 

same time during a flare or the exact same time after a flare when they clinically 

improved. 
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5.2 Aims  

• Investigate the changes in B cell subset proportions in lupus nephritis patients at 

different stages of disease activity 

 

5.3 Results 

5.3.1 Investigating changes in proportions of transitional B cells 

In this study, flow cytometry was used to compare the proportions of all peripheral B 

cell subsets from healthy donors (n=8) and lupus nephritis patients (n=7). This dataset 

included paired samples from each of the lupus nephritis patients, which were taken 

at different timepoints at different disease severities. One sample was taken when a 

patient was in a period of disease flare and the other was taken when their disease 

was stable. Peripheral B cell subsets were gated in the FlowJo software using the 

gating strategy displayed in Figure 2.1 in 2.5.5. in Materials and Methods. 

 

The earliest subset of B cells found in the peripheral blood are the transitional B cells, 

which were identified as CD27-IgD+CD10+ B cells. It has previously been reported in 

the literature that in individuals with severe SLE, there are an increase in 

CD24hiCD38hi B cells compared to health (Simon et al., 2016). Data from this study 

did not reveal this same significant increase in T1 B cells in lupus nephritis, however, 

as shown in Figure 5.1A, the mean percentage of T1 cells in stable lupus nephritis is 

greater than that of health, albeit not significantly different. As displayed in Figure 

5.1A, the mean percentage of T1 B cells from healthy donors and lupus nephritis 

patients during periods of flare were comparable. Furthermore, when comparing the 

proportion of T1 cells at different disease severities in lupus nephritis, it was found 

that there was a significantly greater percentage of T1 cells in stable disease compared 

to flare, demonstrated in Figure 5.1A. 

  

A reduction in T2 IgMhi B cells in the peripheral blood of patients with lupus nephritis 

has previously been described by Tull et al. (2021). As shown in Figure 5.1B, the mean 

percentage of T2 IgMhi cells in lupus nephritis patients during periods of flare was 

slightly lower compared to the mean percentage of T2 IgMhi cells in health, however 
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this was not a statistically significantly difference. It was found that the proportions of 

T2 IgMhi cells in health and stable lupus nephritis samples were not significantly 

different, suggesting that levels of T2 IgMhi cells in stable lupus nephritis are 

comparable to that of health. When comparing data from the paired lupus nephritis 

samples, it was noted that there was a trend towards an increase in the percentage of 

T2 IgMhi cells when lupus nephritis patients have stable disease compared to when 

they are flaring, as displayed in Figure 5.1B. However, this was not the case for all 

paired lupus samples thus this trend was not significant (p=0.0899). 

 

Changes in the proportions of T2 IgMlo B cells in lupus nephritis and any links to 

disease severity have not been reported in the literature thus far. Data presented in 

Figure 5.1C show that there is a lower mean percentage of T2 IgMlo cells in lupus 

nephritis flare samples compared to health, but this difference did not meet the 

p<0.05 threshold for significance (p=0.07). Additionally, there was no difference in the 

percentage of T2 IgMlo cells between health and stable lupus nephritis. Moreover, it 

was found that there was a significantly smaller proportion of T2 IgMlo cells during 

disease flare compared to stable disease, shown in Figure 5.1C. The proportion of T2 

IgMlo cells in stable lupus samples was over twice as much as the proportion of these 

cells in flare lupus samples.  
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Figure 5.1: Proportions of T1 and T2 B cells from peripheral blood in health and lupus 

nephritis at different disease severities. Top panel shows proportions of transitional B cell 

subsets as a percentage of total CD19+ B cells in healthy donors (n=8) and lupus nephritis 

patients (n=7). Samples from lupus nephritis patients are paired samples taken at periods of 

disease flare (LN Flare) and stable disease (LN Stable). Bottom panel shows comparison of the 

proportion of transitional B cell subsets from n=7 lupus nephritis patients during different 

disease severities. Paired samples are connected by a solid black line. Asterisks denote 

statistical significance (p<0.05). Comparisons between health and lupus were conducted by 

an unpaired t-test and comparisons between LN flare and LN stable were conducted by a 

paired t-test. (A) T1. (B) T2 IgMhi. (C) T2 IgMlo.  

 

T2 B cells have been found to give rise to a population of CD10- transitional B cells 

known as T3 B cells (Palanichamy et al., 2009), these cells can be distinguished from 

CD10- naïve B cells based on their inability to extrude rhodamine or MitoTrackerR 

green dyes due to the T3 population’s lack of expression of the ABCB1 transporter 

(Wirths & Lanzavecchia, 2005). T3 B cells have a CD27-IgD+CD10-ABCB1- surface 

phenotype. In mice, it has been proposed that T3 B cells may resemble anergic B cells 

(Merrell et al., 2006) as well as that they are the precursors of naïve B cells (Allman et 

al., 2001). However, it is not entirely evident what the role of these T3 B cells is in 

humans. It has been reported that two groups of T3 B cells exist and can be 

Health LN Flare LN Stable
0

1

2

3

4

5

%
 o

f C
D

19
+ 

ce
lls

T1

✱

Health LN Flare LN Stable
0

2

4

6

%
 o

f C
D

19
+ 

ce
lls

T2 IgMhi

Health LN Flare LN Stable
0

2

4

6

%
 o

f C
D

19
+ 

ce
lls

T2 IgMlo

✱

T1 T2 IgMhi T2 IgMlo

LN Flare LN Stable
0

1

2

3

4

5

%
 o

f C
D

19
+ 

ce
lls

T1

✱

LN Flare LN Stable
0

2

4

6

%
 o

f C
D

19
+ 

ce
lls

T2 IgMhi

0.0899

LN Flare LN Stable
0

2

4

6

%
 o

f C
D

19
+ 

ce
lls

T2 IgMlo

✱

A B C



 169 

distinguished based on their expression of CD45RB into T3 CD45RBhi and T3 

CD45RBlo. Additionally, surface IgM expression correlates with CD45RB expression on 

these cells and so CD45RBhi T3 cells are also IgMhi and CD45RBlo T3 cells are IgMlo 

(Tull et al., 2021).  

 

In this study, there was a trend towards the mean percentage of T3 CD45RBhi cells in 

both flaring and stable lupus nephritis being reduced in comparison to healthy donors, 

shown in Figure 5.2A. This observation concurs with a previous observation made by 

Tull et al. (2021) whereby it was found that T3 CD45RBhi cells were significantly 

reduced in lupus nephritis regardless of disease severity. Furthermore, there was no 

significant difference between the mean percentage of T3 CD45RBhi cells in flare 

versus stable lupus nephritis. In contrast, the proportions of the T3 CD45RBlo subset 

appeared to be greater in lupus nephritis compared to health. As shown in Figure 5.2B, 

the proportion of T3 CD45RBlo cells was significantly greater in lupus nephritis flare 

samples compared to healthy donors. The same observation was made when 

comparing stable lupus nephritis with health, however this was not statistically 

significant. Similar to what was seen in CD45RBhi T3 cells, the proportion of CD45RBlo 

T3 cells was not different between flare and stable disease, demonstrated in Figure 

5.2B. 
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Figure 5.2: Proportions of T3 B cells from peripheral blood in health and lupus nephritis at 

different disease severities. Top panel shows proportions of T3 B cell subsets as a percentage 

of CD19+ B cells in healthy donors (n=8) and paired lupus nephritis patients (n=7 taken at 

periods of disease flare (LN Flare) and stable disease (LN Stable). Bottom panel shows 

comparison of the proportion of T3 B cell subsets from lupus nephritis patients during 

different flare and stable disease. Paired samples are connected by a solid black line. Asterisks 

denote statistical significance (p<0.05). Comparisons between health and lupus were 

conducted by an unpaired t-test and comparisons between LN flare and LN stable were 

conducted by a paired t-test. (A) T3 CD45RBhi. (B) T3 CD45RBlo. 
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5.3.2 Investigating changes in proportions of naïve B cells 

Naïve B cells are the largest subset of B cells making up approximately 60% of all 

CD19+ B cells in peripheral blood (Morbach et al., 2010). In this study, naïve B cells 

were classified as CD27-IgD+CD10-CD45RB-RH123-. Changes to the proportion of the 

naïve B cell compartment in lupus nephritis at varying disease severities have not been 

well described. Flow cytometry data from Tull et al. (2021) established that the entire 

naïve B cell population is significantly reduced in both lupus nephritis and other non-

nephritis forms of lupus compared to healthy donors. This study has investigated the 

changes in the proportions of sub-classified naïve B cells (naïve IgMhi and naïve IgMlo 

cells) to determine whether the reduction in naïve B cells in SLE previously identified 

by Tull et al. (2021) is a feature of a specific sub-population of naïve B cells or of all 

naïve B cells in general. In addition, Tull et al. (2021) also highlighted the reduction in 

the proportion of multiple B cell subsets belonging to the IgMhi developmental 

pathway in lupus nephritis and so it was hypothesised that naïve IgMhi cells would 

also be reduced in lupus nephritis compared to health. 

 

In agreement with the hypothesis, data from this study showed that the mean 

percentage of naïve IgMhi B cells was significantly lower in samples from lupus 

nephritis patients during periods of flare compared to the mean percentage of naïve 

IgMhi cells in healthy donors, as shown in figure 5.3A. In contrast, it was found that 

the proportion of naïve IgMhi cells from lupus nephritis patients at periods of stable 

disease was significantly greater than the proportion of naïve IgMhi cells in health. 

When comparing the proportion of naïve IgMhi cells in lupus nephritis at different 

disease severities, it was determined that this subset of naïve B cells was significantly 

reduced in samples taken when patients where flaring compared to when their 

disease was stable, as demonstrated in Figure 5.3A. These observations indicate that 

the reduction in naïve IgMhi cells in lupus nephritis occurs when disease activity is 

highest, during periods of flare. 

 

A similar observation to what was found regarding the naïve IgMhi subset was found 

in the naïve IgMlo subset. Data presented in Figure 5.3B showed that there was a 

significantly smaller proportion of naïve IgMlo B cells in lupus nephritis flare samples 
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compared to health. However, there was no significant difference between the 

proportion of naïve IgMlo cells between stable lupus nephritis and health. 

Additionally, when comparing the percentage of naïve IgMlo B cells between the 

paired lupus nephritis samples it was found that there was a significantly smaller 

percentage of naïve IgMlo cells in flare samples compared to stable disease samples, 

as demonstrated in Figure 5.3B.  

 

It has been reported that there is an increase in activated naïve (aNAV) B cells in SLE 

compared to health (Tipton et al., 2015). aNAV cells have previously been described 

as the precursors to DN2 B cells (Jenks et al., 2018). As demonstrated in Figure 5.3C, 

the mean percentage of aNAV cells was greater in lupus nephritis flare samples 

compared to health, although this was not statistically significant. There was no 

significant difference between the proportion of aNAV cells between health and 

samples from lupus nephritis patients where their disease was stable. Furthermore, 

there was a trend towards the proportion of aNAV cells from stable lupus nephritis 

samples to be reduced more than the proportion of these cells from flaring disease, 

as shown in Figure 5.3C, however this was not deemed as statistically significant. 
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Figure 5.3: Proportions of naïve and activated naïve B cells from peripheral blood in health 

and lupus nephritis at different disease severities. Top panel shows proportions of naïve and 

activated naïve B cell subsets as a percentage of CD19+ B cells in healthy donors (n=8) and 

lupus nephritis patients (n=7). Lupus nephritis samples are paired samples and were taken at 

periods of disease flare (LN Flare) and stable disease (LN Stable). Bottom panel shows 

comparison of the proportion of naïve and activated naïve B cell subsets from lupus nephritis 

patients during different flare and stable disease. Paired samples are connected by a solid 

black line. Asterisks denote statistical significance (p<0.05). Comparisons between health and 

lupus were conducted by an unpaired t-test and comparisons between LN flare and LN stable 

were conducted by a paired t-test. (A) Naïve IgMhi. (B) Naïve IgMlo. (C) aNAV (activated 

naïve). 
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5.3.3 Investigating changes in proportions of marginal zone B cells and their 

precursors 

Altered frequencies of marginal zone B cells and their precursors in SLE have been 

reported in the literature and it has been established that marginal zone B cells are 

significantly reduced in lupus nephritis compared to health in peripheral blood (Siu et 

al., 2022; Tull et al., 2021; Zhu et al., 2018). However, it is not known whether the 

reduction in the proportion of marginal zone B cells is a feature of lupus nephritis at 

any disease severity, or whether it is only evident during disease flares. In this study, 

marginal zone B cells were gated as CD27+IgD+IgM+CD1c+ B cells, as shown in the 

flow cytometry gating strategy in Figure 2.1 in 2.5.5. in Materials and Methods. 

 

As displayed in Figure 5.4A, MZP cells as a percentage of all CD19+ cells were 

significantly reduced in lupus nephritis flares compared to health. It was noted that 

there was no significant difference between the proportion of MZP between health 

and samples during stable lupus nephritis. Furthermore, the data presented in Figure 

5.4A suggested that the mean percentage of MZP cells increased upon disease 

stability in lupus nephritis after a period of flare, however this was not statistically 

significant. 

 

It was found that the mean percentage of marginal zone B cells in health, which was 

approximately 7%, was significantly greater than the mean percentages of marginal 

zone cells in both flare and stable lupus nephritis samples, which were 2.25% and 

2.02%, respectively, shown in Figure 5.4B. It was determined that there was no 

significant difference between the proportion of marginal zone B cells in lupus 

nephritis flare compared to when patients were stable. The data presented in Figure 

5.4 suggest that marginal zone B cells are significantly reduced in lupus nephritis 

compared to health regardless of whether a patient is flaring or not. 
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Figure 5.4: Proportions of marginal zone precursors and marginal zone B cells from 

peripheral blood in health and lupus nephritis at different disease severities. Top panel 

shows proportions of marginal zone precursors (MZP) and marginal zone B (MZB) cells as a 

percentage of CD19+ B cells in healthy donors (n=8) and lupus nephritis patients (n=7). Lupus 

nephritis samples are paired samples and were taken at periods of disease flare (LN Flare) 

and stable disease (LN Stable). Bottom panel shows comparison of the proportion of MZP and 

MZB subsets from lupus nephritis patients during different flare and stable disease. Paired 

samples are connected by a solid black line. Asterisks denote statistical significance (p<0.05). 

Comparisons between health and lupus were conducted by an unpaired t-test and 

comparisons between LN flare and LN stable were conducted by a paired t-test. (A) MZP. (B) 

MZB. 
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5.3.4 Investigating changes in proportions of memory B cells 

Alterations in the frequency of memory B cells in lupus nephritis is not well 

understood. For the purposes of this study, class-switched memory B cells were 

identified as CD27+IgD-IgM- cells. A previous study identified a reduction in the 

proportion of class-switched memory B cells in newly diagnosed SLE patients 

compared to SLE patients on treatment and healthy donors (Peng et al., 2020). All 

lupus nephritis patients in this study were on active treatment and so it was of interest 

to investigate whether the proportion of class-switched memory B cells varied 

between different disease activity levels. 

 

The data displayed in Figure 5.5A indicate that there is a trend towards the mean 

percentage of class-switched memory B cells is increased in four out of seven of the 

lupus nephritis patient samples during flares compared to health, but this was not the 

case for all lupus nephritis samples and so it was not found to be statistically 

significant. There was no significant difference between the proportion of class-

switched memory B cells in stable lupus nephritis compared to health, shown in Figure 

5.5A. The proportion of the class-switched memory subset appeared to be greater in 

lupus flares compared to stable lupus, but the data did not meet the p<0.05 threshold 

for significance (p=0.089). 

  

IgM-only B cells are thought to be a group of pre-switched memory B cells that are yet 

to undergo class-switched recombination. They have a surface phenotype of 

CD27+IgD-IgM+. Changes in the abundance of IgM-only memory B cells in lupus 

nephritis has not previously been reported in the literature. In this study, it was found 

that there was a significant decrease in the proportion of the IgM-only subset in stable 

lupus nephritis compared to health, as demonstrated in Figure 5.5B. Moreover, there 

was no significant difference between the proportion of IgM-only cells in lupus 

nephritis flare compared to health. As shown in Figure 5.5B, there appeared to be a 

increase in the frequency of IgM-only cells in lupus flare samples compared to stable 

lupus samples, however this was difference was not statistically significant (p=0.0753).  
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Figure 5.5: Proportions of class-switched and IgM-only memory B cells from peripheral 

blood in health and lupus nephritis at different disease severities. Top panel shows 

proportions of class-switched memory (CSM) and IgM-only B cell subsets as a percentage of 

total CD19+ B cells in healthy donors (n=8) and lupus nephritis patients (n=7). Samples from 

lupus nephritis patients are paired samples taken at periods of disease flare (LN Flare) and 

stable disease (LN Stable). Bottom panel shows comparison of the proportion of CSM and 

IgM-only B cell subsets from n=7 lupus nephritis patients during different disease severities. 

Paired samples are connected by a solid black line. Asterisks denote statistical significance 

(p<0.05). Comparisons between health and lupus were conducted by an unpaired t-test and 

comparisons between LN flare and LN stable were conducted by a paired t-test. (A) Class-

switched memory (CSM). (B) IgM-only. 
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5.3.5 Investigating changes in proportions of double negative B cells 

Double negative B cells, particularly the DN2 subset, are the B cell subset most 

associated with SLE. This subset of cells, sometimes referred to as atypical memory 

cells, are known to be CD27-IgD-. Several markers such as CD11c, CD21, CD24 and 

CXCR5 are commonly used to distinguish DN1 and DN2 cells. For this study, DN1 cells 

were defined as CD27-IgD-CD21+CD24+ and DN2 cells were defined as CD27-IgD-

CD21-CD24-. DN1 are known to represent the greatest proportion of double negative 

B cells in health, whereas DN2 B cells are the largest double negative subset in SLE 

(Jenks et al., 2018). 

 

In this study, it was found that there was no significant difference in the proportion of 

DN1 cells in both flare and stable lupus nephritis compared to health, as displayed in 

Figure 5.6A. In several of the paired lupus samples there was a greater proportion of 

DN1 cells in lupus flares compared to stable lupus, however a paired t-test determined 

this observation and not significant. 

 

The DN2 B cell subset is known to be greatly expanded in peripheral blood in patients 

with SLE (Jenks et al., 2018; Wei et al., 2007). DN2 B cells are derived from aNAV B 

cells and have been proposed as the precursors to autoreactive plasmablasts (Jenks 

et al., 2018; Tipton et al., 2015). The observations made in this study about the 

differences in the proportions of DN2 B cells in SLE agreed with what has been 

published in the literature. It was noted that the mean percentage of DN2 B cells was 

significantly greater in both lupus nephritis flare and stable lupus nephritis samples 

compared to health, as shown in Figure 5.6B. The proportion of DN2 cells in lupus 

flares was over ten times greater than the proportion of DN2 B cells in health. 

Furthermore, it was found that the mean percentage of DN2 cells in stable lupus was 

smaller than the mean percentage of DN2 cells in lupus nephritis flares, as displayed 

in Figure 5.6B. This observation did not meet the p<0.05 threshold for significance 

(p=0.0837) but the data suggest that when SLE disease activity is lowered after a flare, 

the proportion of DN2 cells goes down. 
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Figure 5.6: Proportions of double negative B cells from peripheral blood in health and lupus 

nephritis at different disease severities. Top panel shows proportions of DN1 and DN2 B cell 

subsets as a percentage of total CD19+ B cells in healthy donors (n=8) and lupus nephritis 

patients (n=7). Samples from lupus nephritis patients are paired samples taken at periods of 

disease flare (LN Flare) and stable disease (LN Stable). Bottom panel shows comparison of the 

proportion of DN1 and DN2 B cell subsets from n=7 lupus nephritis patients during different 

disease severities. Paired samples are connected by a solid black line. Asterisks denote 

statistical significance (p<0.05). Comparisons between health and lupus were conducted by 

an unpaired t-test and comparisons between LN flare and LN stable were conducted by a 

paired t-test. (A) DN1. (B) DN2. 
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5.4 Chapter 5 Summary 

The data presented in Chapter 5 reveals changes in the abundance of peripheral blood 

B cell subsets in lupus nephritis at different disease severities. Whilst the sample size 

for this experiment is small, some interesting trends were noted. Subsets along the 

IgMhi developmental trajectory were notably decreased during lupus flares and 

subsets belonging to the extrafollicular pathway, namely aNAV and DN2, were 

increased during lupus flares. A schematic diagram summarising the changes observed 

in this study is presented in Figure 5.7. 

 

 
Figure 5.7: Summary of Chapter 5. Schematic diagram of peripheral B cell development 

colour-coded to indicate changes in subset abundance in lupus nephritis flares compared to 

stable lupus nephritis and health. Coloured glow indicates change in lupus nephritis flares 

(shown in key). 
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5.5 Discussion 

This study has used flow cytometry to compare the proportions of peripheral B cell 

subsets in lupus nephritis patients during periods of disease flare compared to when 

their disease is stable and in comparison, to frequencies in healthy donors. It was 

observed that some of the changes in B cell subsets often associated with SLE appear 

to be a features of disease flare, whereas others seem to be features of lupus nephritis 

regardless of disease severity. 

 

Data from this study suggests that the depletion of some stages in the IgMhi B cell 

developmental trajectory identified by Tull et al. (2021) are partly recovered during 

periods where lupus nephritis patients experience stable disease. For example, the T2 

IgMhi, naïve IgMhi and MZP were reduced in lupus nephritis flare samples compared 

to the lupus nephritis samples from the same patients when their disease activity was 

lower, and they were stable. It was found that the proportions of these IgMhi subsets 

from stable lupus nephritis samples was often comparable to the proportion of these 

subsets in health. This suggests that the loss of the IgMhi B cell development branch 

is a feature of lupus nephritis flares, and this loss is somewhat restored when patients 

regain disease stability. 

 

In contrast, the marginal zone subset was found to be significantly reduced in both 

flare and stable lupus nephritis samples compared to health; the increase in the 

percentage of this subset was not seen when patients were stable as it was seen in 

the other IgMhi subsets, which are all precursors to marginal zone B cells. This could 

suggest that either the reduction in marginal zone B cells in the peripheral blood is a 

feature of lupus nephritis regardless of disease activity or it may be possible that the 

restoration of marginal zone B cells in the blood after a period of flaring takes a long 

time and the samples used in this dataset were not collected over a long enough 

period to identify this change. 

 

Changes in the IgMlo population of naïve B cells in lupus nephritis have not previously 

been described. This study has demonstrated that there is a significant reduction in 
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the naïve IgMlo population of B cells during lupus nephritis flares compared to health 

and compared to stable lupus nephritis, respectively. It is not fully understood which 

peripheral blood B cell subsets IgMlo naïve cells give rise to. As it is known that aNAV 

cells are predominantly IgMlo (Sanz et al., 2019), it could be hypothesised that naïve 

IgMlo cells mature into aNAV, which are known to be precursors of DN2 B cells. The 

reduction in the naïve IgMlo B cell compartment identified in this study may be a result 

of rapid maturation into aNAV cells and subsequent development and marked 

expansion of the DN2 B cell subset, therefore it could be hypothesised that B cells on 

this developmental path do not remain naïve for a long period of time. 

 

Data from this study suggest that subsets of B cells belonging to the extrafollicular 

pathway, aNAV and DN2 cells, are expanded during periods of flare and this increase 

is reduced when disease activity lowers and patients become stable. Albeit not 

statistically significant, it was found that there was a trend towards an increase in 

aNAV B cells in lupus nephritis flare samples compared to samples from the same 

lupus nephritis patients when their disease was stable. A positive correlation between 

proportion of aNAV B cells and SLEDAI score has recently been reported (Wangriatisak 

et al., 2021), this suggests that the expansion of aNAV cells is exacerbated when 

disease activity is highest, and proportions of this subset can reduce back to 

proportions more comparable to that of health when disease activity is lowered. 

 

A similar observation was noted regarding the DN2 B cell subset. In this study, it was 

found that the proportion of DN2 B cells in flare lupus samples was greater than the 

proportion of DN2 cells in stable lupus samples, although DN2 B cells were found to 

be significantly increased in both flare and stable lupus nephritis samples compared 

to health. This suggests that the extrafollicular pathway is enhanced during periods of 

flare in lupus nephritis compared to when disease is stable. Jenks et al. (2018) have 

previously described how periods of flare are characterised by greater how periods of 

flare are characterised by greater anti-dsDNA antibody titres due to an increase in 

pathogenic antibody-secreting cells, which are derived from DN2 B cells. 
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Overall, this dataset demonstrated the plasticity of the B cells compartment and how 

proportions of B cell subsets are fluid and has highlighted how the frequencies of the 

subsets making up the peripheral B cell pool in lupus nephritis can change depending 

on disease activity. Interestingly, there are several changes in the peripheral blood B 

cell compartment in lupus nephritis flares that have not yet been associated with 

pathogenic or autoimmune processes and so it would be of interest in future studies 

to investigate if some of these subset changes are causing a disease phenotype or if 

they are a result of disease activity. 
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6 Two subsets of marginal zone B cells and how they are impacted in lupus 

nephritis 

6.1 Introduction 

Marginal zone B cells are CD27+IgD+IgM+CD1c+ B cells that develop over the first two 

years of life in humans (Weller et al., 2003). This subset of B cells in peripheral blood 

have been termed “marginal zone” B cells due to their shared surface phenotype with 

B cells that reside in the marginal zone of the spleen (Cerutti et al., 2013; Weller et al., 

2004). Marginal zone B cells are innate-like lymphocytes that play a role in immunity 

against encapsulated bacteria (Kruetzmann et al., 2003; Weller et al., 2004). Previous 

work from our lab has shown that marginal zone B cells develop from a subset of 

transitional B cells that are IgMhi and express higher levels of α4β7, that mediates 

homing of lymphocytes into the gut, than IgMlo transitional B cells. Marginal zone B 

cells, along with several other peripheral blood B cell subsets that are on the IgMhi 

developmental trajectory have previously been found to be significantly reduced in 

severe SLE (Tull et al., 2021; Zhu et al., 2018). 

 

Data presented in this thesis chapter contributed to a study that is now published (Siu 

et al., 2022). A single-cell RNA-sequencing dataset that incorporated CITE-seq 

antibody labelling had been generated from B cells in tissues sampled from three sites 

from three cadaver donors: gut-associated lymphoid tissue in appendix, spleen, and 

mesenteric lymph node. Analysis of the transcriptomes of B cells isolated from the 

tissues suggested the existence of two distinct clusters of B cells, each with a 

CD27+IgD+IgM+ marginal zone B cell surface phenotype. One cluster had higher 

expression of CCR7 and integrin β7 expression compared to the other cluster of 

marginal zone B cells. These subsets were referred to as MZB1 and MZB2, respectively. 

It was noted that in all three tissues MZB1 cells accounted for a greater proportion of 

the total B cell pool (5-25%) compared to MZB2 cells, which made up less than 10% of 

the total CD19+ population. This data was supported by findings using mass cytometry 

(Siu et al., 2022). Single-cell RNA-sequencing also identified the two clusters of 

marginal zone B cells in the peripheral blood of a small set of samples from cohorts of 

healthy donors (n=3) and lupus nephritis patients (n=3).  
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It was considered surprising that marginal zone B cells appeared heterogeneous and 

therefore a key step in the validation process was to design a panel of antibodies for 

flow cytometry to see if the two subsets could be resolved by this method. In the 

single-cell RNA-sequencing dataset from peripheral blood, it was inferred that the 

MZB1 subset were reduced in SLE but the MZB2 subset was not. It was also considered 

important to validate this finding on further samples from lupus nephritis patients, 

should the existence of MZB1 and MZB2 be confirmed by flow cytometry. 
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6.2 Aims 

• To develop a flow cytometry gating strategy to test the hypothesis that two 

populations of marginal zone B cells are present in peripheral blood that can be 

discriminated by their expression of integrin β7 and CCR7 

• To compare any differences in marginal zone B cells in peripheral blood in healthy 

blood donors with those in blood from lupus nephritis patients 

 

6.3 Results 

6.3.1 Gating for two subsets of marginal zone B cells 

In this study, flow cytometry was used to develop a gating strategy to investigate the 

existence of two subsets of marginal zone B cells, MZB1 and MZB2, in the peripheral 

blood of healthy donors and lupus nephritis patients. First, cryopreserved PBMC from 

healthy donors (n=10) and lupus nephritis patients (n=10) were thawed and stained 

according to the protocols outlined in 2.5.1 and 2.5.5 in Materials and Methods. PBMC 

were stained with a panel of surface antibodies that included known marginal B cell 

markers, such as CD19, CD27, IgD, IgM and CD1c, in addition to markers such as CCR7 

and integrin β7, which were identified as distinguishing markers of MZB1 and MZB2. 

In tissues, MZB1 had been found to express higher levels of CCR7 and integrin β7 

compared to MZB2 (Siu et al., 2022).  

 

The gating strategy, shown in Figure 6.1, was conducted using FlowJo software. 

Healthy donor samples were gated first, after which the gating strategy was 

implemented for the lupus nephritis patient samples. Live, singlet lymphocytes were 

selected from all events. B cells, which were identified as events positive for CD19, 

were selected. It is well-established that marginal zone B cells have a 

CD27+IgD+IgM+CD1c+ surface phenotype (Weller et al., 2003). In this study, 

CD27+IgD+ B cells were gated for first then within the CD27+IgD+ population 

IgM+CD1c+ cells were selected, as demonstrated in Figure 6.1. It is often assumed that 

all CD27+IgD+ cells represent the marginal zone B cell subset, however the additional 

IgM/CD1c gate allowed for a more dependable identification of true human marginal 

zone B cells. Within the marginal zone gate, CCR7+ and CCR7- gates were placed. The 
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CCR7- gate was placed using an isotype control, which facilitated the division of 

positive and negative CCR7 staining. B cells belonging to the MZB1 subset were classed 

as CCR7+ and cells that were CCR7- were classed as MZB2. In order to validate the 

single-cell RNA-sequencing dataset, the expression of integrin β7 within the CCR7+ 

and CCR7- gates was measured, as demonstrated in Figure 6.1. It was found that cells 

within the CCR7+ gate had higher integrin β7 expression than cells within the CCR7- 

gate, thus confirming the identification of CCR7+β7+ (MZB1) and CCR7-β7lo (MZB2) 

groups of marginal zone B cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: Flow cytometry gating strategy for the identification of two subsets of marginal 

zone B cells in health. Dot plots generated from flow cytometry of peripheral blood CD19+ B 

cells from a representative healthy donor. Lymphocytes are identified according to forward 

scatter area (FSC-A) and side scatter area (SSC-A). Single cells are gated for using SSC area and 

width. Live cells are selected as events negative for DAPI staining. B cells are gated as CD19+ 

SS
C

-A

FSC-A

SS
C

-A

SSC-W

L/
D

FSC-A

C
D

19

FSC-A

C
D

27

IgD

Ig
M

CD1c

C
C

R
7 

IS
O

FSC-AFSC-A

C
C

R
7

C
ou

nt

β7

Lymphocytes

Single Cells

Live

CD19+

CD27+
IgD+

CD27+ 
IgD-

CD27-
IgD-

CD27-
IgD+

MZB

CCR7+

CCR7-
CCR7-
(iso)

CCR7+ (MZB1)

CCR7- (MZB2)

All events Lymphocytes Single Cells

Live Cells CD19+ CD27+IgD+

MZB Isotype Control MZB



 188 

cells. Marginal zone B cells are classed as CD27+IgD+IgM+CD1c events. Within the marginal 

zone B cell gate, cells are classed as either CCR7+ or CCR7-. The CCR7- negative gate is 

determined using an isotype control, which allows for the identification of non-specific 

binding. Integrin β7 expression is used to confirm gate placement. CCR7+ cells have higher 

integrin β7 expression and are classed as MZB1. CCR7- cells have lower integrin β7 expression 

and are classed as MZB2. 

  

After the gating strategy had been used to identify MZB1 and MZB2 subsets in healthy 

donors, it was used to identify these populations in samples from a cohort of lupus 

nephritis patients, as shown in Figure 6.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2: Flow cytometry gating strategy for the identification of two subsets of marginal 

zone B cells in lupus nephritis. Dot plots generated from flow cytometry of peripheral blood 

CD19+ B cells from a representative lupus nephritis patient. B cells are gated as CD19+ cells. 

Marginal zone B cells are classed as CD27+IgD+IgM+CD1c. Within the marginal zone B cell 
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gate, cells are classed as either CCR7+ or CCR7-. The CCR7- negative gate is determined using 

an isotype control, which allows for the identification of non-specific binding. Integrin β7 

expression is used to confirm gate placement. CCR7+ cells have higher integrin β7 expression 

and are classed as MZB1. CCR7- cells have lower integrin β7 expression and are classed as 

MZB2. 

 

There were noticeably far fewer cells in the CD27+IgD+IgM+CD1c+ gate in the lupus 

nephritis patient samples compared to that of the healthy donor samples, as is 

expected given that this has previously been reported in the literature. However, it 

was important to determine whether this reduction in marginal zone B cells in lupus 

nephritis was specific to one subset of marginal zone B cells or if both subsets were 

reduced. 
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6.3.2 Changes in the proportions of marginal zone B cell subsets in lupus nephritis 

The reduction of marginal zone B cells in the peripheral blood in patients with severe 

SLE has been reported in the literature (Tull et al., 2021; Zhu et al., 2018). In this study, 

it was deemed important to understand how the two new novel subsets of marginal 

zone B cells are altered in lupus nephritis. 

 

The frequency of each marginal zone B cell subset was calculated in both the health 

(n=10) and lupus nephritis (n=10) cohorts. As demonstrated in Figure 6.3A, it was 

found that MZB1 cells, as a percentage of total CD19+ B cells, were significantly 

reduced in lupus nephritis compared to health. On the other hand, there was no 

significant difference in the proportion of MZB2 cells in lupus nephritis compared to 

health, as shown in Figure 6.3A. Overall, the two marginal zone B cell subsets in health 

each accounted for approximately 3-10% of all peripheral blood B cells. It was 

determined that there was no significant difference in the proportion of MZB1 cells 

compared to MZB2 cells in healthy donors. The marginal zone subsets accounted for 

a far smaller proportion of the total peripheral blood B cell compartment in lupus 

nephritis, with each subset making up approximately 2% of all CD19+ B cells. It was 

found that there was no significant difference in the proportion of MZB1 cells 

compared to MZB2 cells in lupus nephritis, shown in Figure 6.3A, this was also 

observed within the healthy donor cohort, albeit the proportion of marginal zone B 

cells overall was far lower in lupus. 

 

In order to further validate the gating strategy used to identify MZB1 and MZB2 using 

flow cytometry, the mean fluorescence intensity (MFI) of integrin β7 was measured. 

As seen in Figure 6.3B, in both samples from healthy donors and lupus nephritis 

patients, MZB1 cells had significantly higher integrin β7 MFI compared to MZB2 cells, 

confirming appropriate gate placement. It was found that there was no significant 

difference between integrin β7 MFI between health and lupus nephritis in both MZB1 

and MZB2 subsets, as displayed in Figure 6.3B, suggesting that the gating strategy 

used was suitable for gating the same populations in both health and lupus nephritis. 
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Figure 6.3: Proportions of MZB1 and MZB2 B cells from peripheral blood in healthy donors 

and lupus nephritis patients. (A) Proportions of MZB1 and MZB2 B cell subsets as a 

percentage of total CD19+ B cells in peripheral blood from healthy donors (n=10) and lupus 

nephritis patients (n=10) measured by flow cytometry. (B) Mean fluorescence intensity (MFI) 

of integrin β7 in MZB1 and MZB2 B cell subsets in healthy donors (n=10) and lupus nephritis 

patients (n=10). Data points from healthy donors are shown in green and data points from 

lupus nephritis patients (LN) are shown in purple. Asterisks denote statistical significance, 

which was deemed as p<0.05. Statistical significance was determined using an unpaired t-test 

when comparing health and lupus and a paired t-test when comparing factors within the same 

patient cohort. 
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6.3.3 Comparing protein expression in two groups of marginal zone B cells 

The flow cytometry gating strategy developed in this study demonstrated the use of 

CCR7 and integrin β7 as markers for identification of two subsets of marginal zone B 

cells, one of which is reduced in lupus nephritis. As this gating strategy was based on 

surface protein marker expression, it was anticipated that MZB1 and MZB2 could also 

be identifiable in blood using mass cytometry. The differences in protein expression 

between MZB1 and MZB2 were not fully investigated in blood when using flow 

cytometry given the limited panel size available for this technique. Mass cytometry 

allows for a much more extensive panel of proteins to be analysed and so the mass 

cytometry dataset described in Chapter 4 was used to investigate differences between 

the two subsets of marginal zone B cells in blood from healthy donors and patients 

with lupus nephritis. The mass cytometry data were pre-processed and the viSNE plots 

and SPADE trees were generated as described in 4.3.1 and 4.3.2. Marginal zone B cell 

nodes were classified as CD27+IgD+IgM+CD1c+, as shown in the SPADE tree in Figure 

4.6 in 4.3.2 and MZB1 and MZB2 were distinguished based on CCR7 and integrin β7. 

 

For in-depth analysis, the marginal zone B cell nodes were exported from the original 

SPADE tree, shown in Figure 6.4A, and a new viSNE and subsequent SPADE tree were 

generated comprising only marginal zone B cell nodes, shown in Figure 6.4B. Nodes 

were separated into MZB1 and MZB2; nodes with higher expression of CCR7 and 

integrin β7 were classed as MZB1 and those with lower expression of these two 

markers were classed as MZB2, as shown in the representative SPADE tree in Figure 

6.4B. Expression of CCR7 and integrin β7 was quantified to confirm classification of 

nodes. As shown in Figure 6.4C, in both health (n=9) and lupus nephritis (n=9) cohorts, 

MZB1 had significantly higher expression of both CCR7 and integrin β7 compared to 

MZB2. Additionally, the median expression of CD1c and IgM was quantified to confirm 

that both subsets were marginal zone B cells. There was no significant difference in 

CD1c or IgM expression between MZB1 and MZB2 in both health and lupus nephritis, 

shown in Figure 6.4D. It was deemed that marginal zone B cell nodes had been 

accurately classified and so differences in expression of proteins of interest was 

investigated. 
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Figure 6.4: Two subsets of marginal zone B cells defined by CCR7 and integrin β7. (A) Mass 

cytometry data displayed as a SPADE tree generated from viSNE shown in Figure 4.3 in 4.3.2. 

Colour of nodes indicate cell count; the greatest cell count is represented by red nodes and 

the lowest cell count is represented by blue nodes. The size of the nodes also denotes cell 

count. The bigger the node, the greater the cell count. SPADE tree is from a representative 

healthy donor. Schematic tree shows names of classified B cell subsets. Nodes from the 

marginal zone B cell subsets, MZB1 and MZB2, that were exported for downstream analysis 

are highlighted in red. (B) SPADE trees generated by exporting marginal zone B cell nodes, 
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shown in red in panel A, and re-running analysis pipeline to plot a SPADE tree comprising only 

marginal zone B cells. Schematic tree shows classification of marginal zone B cell subsets. 

SPADE trees show expression of CCR7 and integrin β7. Level of expression is indicated by the 

colour scale. Nodes with the highest protein marker expression are shown in red and nodes 

with the lowest expression are shown in blue. The size of the nodes represent cell count 

whereby the bigger the node, the greater the cell count. SPADE trees are from a 

representative healthy donor. (C) Quantification of expression of CCR7 and integrin β7 in 

MZB1 compared to MZB2 in healthy donors (n=9) and lupus nephritis patients (n=9). Asterisks 

denote statistical significance which was deemed as p<0.05. A paired t-test was used to 

calculate significance. (D) Quantification of expression of CD1c and IgM in MZB1 compared to 

MZB2 in healthy donors (n=9) and lupus nephritis patients (n=9). A paired t-test was used to 

calculate significance, which was deemed as p<0.05. ‘ns’ denotes non-significant p-values.  

 

Using the panel of markers, shown in Table 2.2 in Materials and Methods, the 

differences in expression of selected proteins of interest between MZB1 and MZB2 

were studied. For this exploratory analysis, protein markers from three broad 

categories were investigated; these included proteins associated with B cell activation, 

chemokine signalling and interferon. The aim of this analysis was two-fold; first to 

determine whether there were any differences in protein marker expression between 

MZB1 and MZB2, second to understand whether the patterns in protein expression 

were comparable between health and lupus nephritis.  

 

Firstly, expression of protein markers associated with B cell activation were compared 

between the two subsets of marginal zone B cells in both health and lupus nephritis. 

As shown in Figure 6.5A, it was found that expression of CD69 and CD40 were 

significantly higher in MZB1 compared to MZB2 in health. There was a trend towards 

CD83 expression also being higher in MZB1 compared to MZB2 in health, however this 

did not meet the p<0.05 statistical significance threshold (p=0.0620). It was found that 

median CD21 expression was significantly greater in MZB1 compared to MZB2 in 

health, as demonstrated in Figure 6.5A. Expression of the same protein markers 

associated with B cell activation was then compared in lupus nephritis. In contrast to 

healthy donors, median expression of CD69, CD83 and CD40 did not significantly differ 
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between MZB1 and MZB2 in lupus nephritis patients, as displayed in Figure 6.5B. But 

the pattern of CD21 expression was similar to what was observed in health whereby 

median CD21 expression was significantly greater in MZB1 compared to MZB2 in lupus 

nephritis, as shown in Figure 6.5B. The data presented in Figure 6.5 suggest that MZB1 

cells express markers of activation at a greater level than MZB2 cells in health, but this 

difference in activation marker expression is not evident in lupus nephritis.  

 

Figure 6.5: Expression of protein markers associated with B cell activation in marginal zone 

B cell subsets in health and lupus nephritis. Comparison of median expression of CD69, CD83, 

CD40 and CD21 between MZB1 and MZB2 in (A) healthy donors (n=9) and (B) lupus nephritis 

patients (n=9). Data is exported from SPADE tress shown in Figure 6.4B generated from mass 

cytometry data. Asterisks denote statistical significance which was deemed as p<0.05. Paired 

t-tests were used to calculate significance. ‘ns’ denotes non-significant p-values. 
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Chemokines CXCR5 and CXCR4 were the next group of markers investigated to 

understand whether there are any potential differences in the migration of marginal 

zone B cell subsets. It was found that in health, CXCR5 expression was significantly 

greater in MZB1 cells compared to MZB2 and there was a trend towards CXCR4 

expression being higher in MZB1 cells as well, however this observation was not 

statistically significant (p=0.0605), as shown in Figure 6.6A. The same pattern of 

expression between marginal zone B cell subsets was observed in lupus nephritis, 

shown in Figure 6.6B, whereby median CXCR5 expression was significantly higher in 

MZB1 cells compared to MZB2 and there was a trend towards higher CXCR4 

expression in MZB1, but this was not statistically significant (p=0.0683). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6: Expression of chemokine protein markers in marginal zone B cell subsets in 

health and lupus nephritis. Comparison of median expression of CXCR5 and CXCR4 between 

MZB1 and MZB2 in (A) healthy donors (n=9) and (B) lupus nephritis patients (n=9). Data is 

exported from SPADE tress shown in Figure 6.4B generated from mass cytometry data. 

Lupus Nephritis

MZB1 MZB2
0

20

40

60

80

M
ed

ia
n 

C
X

C
R

5 
ex

pr
es

si
on

CXCR5 lupus

✱✱

MZB1 MZB2
0

20

40

60

80

100

M
ed

ia
n 

C
X

C
R

5 
ex

pr
es

si
on

CXCR5 health

✱

Health

CXCR5

CXCR5

MZB1 MZB2
0

10

20

30

40

50

M
ed

ia
n 

C
X

C
R

4 
ex

pr
es

si
on

CXCR4 health

0.0605

MZB1 MZB2
0

10

20

30

40

50

M
ed

ia
n 

C
X

C
R

4 
ex

pr
es

si
on

CXCR4 lupus

0.0683

CXCR4

CXCR4

A

B



 197 

Asterisks denote statistical significance which was deemed as p<0.05. Non-significant p-

values are shown in place of asterisks. Paired t-tests were used to calculate statistical 

significance. 

  

The mass cytometry panel used for this analysis was originally designed to explore 

expression of proteins of ISGs. Previous data in this study shown in Figures 4.18 and 

4.19 in 4.3.4 suggest that IFITM1 expression correlates with high IgM expression, 

whereas MX1 expression does not. Marginal zone B cells are known to be IgMhi (Tull 

et al., 2021; Weller et al., 2003). The expression of MX1, IRF7 and IFITM1 in MZB1 was 

compared to expression in MZB2 in both health and lupus nephritis. It was found that 

there was no significant difference in expression of all three markers between MZB1 

and MZB2 in healthy donors, shown in Figure 6.7A. When investigating protein 

expression in samples from lupus nephritis patients, it was found that there was no 

significant difference in MX1 and IRF7 expression between MZB1 and MZB2, as shown 

in Figure 6.8B. However, it was found that median expression of IFITM1 was 

significantly greater in MZB1 compared to MZB2 in lupus nephritis, as depicted in 

Figure 6.7B. 
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Figure 6.7: Expression of protein markers associated with interferon-stimulated genes in 

marginal zone B cell subsets in health and lupus nephritis. Comparison of median expression 

of MX1, IRF7 and IFITM1 between MZB1 and MZB2 in (A) healthy donors (n=9) and (B) lupus 

nephritis patients (n=9). Data is exported from SPADE tress shown in Figure 6.4B generated 

from mass cytometry data. Asterisks denote statistical significance which was deemed as 

p<0.05. Paired t-tests were used to calculate statistical significance. ‘ns’ denotes non-

significant p-values. 

 

Overall, this analysis has highlighted some differences in protein expression between 

MZB1 and MZB2, which could be explored further in future studies to determine 

whether these two subsets of marginal zone B cells have different functions in 

peripheral blood and whether these functions are altered in lupus nephritis. 
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6.4 Chapter 6 Summary 

Data presented in Chapter 6 of this study focused on the notion that there are two 

groups of marginal zone B cells one of which, MZB1, is depleted in lupus nephritis. The 

two subsets of marginal zone B cells were gated for using a flow cytometry gating 

strategy developed in this study. Mass cytometry data analysis revealed that in health, 

MZB1 and MZB2 differ in terms of expression of groups of proteins associated with 

different cells. A schematic diagram summarising the findings of Chapter 6 is displayed 

in Figure 6.8. 

 
Figure 6.8: Summary of Chapter 6. (A) Schematic diagram showing two populations of 

marginal zone B cells (MZB1 and MZB2) in health. Red dotted arrows indicate possible 

developmental pathways not yet confirmed. Green arrow demonstrates the greater 

expression of activation markers and chemokine proteins in MZB1 compared to MZB2. (B) 

Schematic diagram showing two populations of marginal zone B cells (MZB1 and MZB2) in 

lupus nephritis. Red dotted arrows indicate possible developmental pathways not yet 

confirmed. MZB1 cells are significantly depleted in lupus nephritis compared to health, but 

MZB2 are not. 
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6.5 Discussion 

This study has developed a flow cytometry gating strategy to effectively gate for two 

subsets of marginal zone B cells in peripheral blood, thus validating their existence. 

Antibodies for surface protein markers CCR7 and integrin β7 can be used to gate for 

MZB1 and MZB2 within the marginal zone B cell (CD27+IgD+IgM+CD1c+) gate. When 

this gating strategy was implemented, it was found that there was a significant 

reduction in the proportion of MZB1 cells in lupus nephritis compared to health. 

Conversely, there was no significant difference in the proportion of MZB2 cells in lupus 

nephritis compared to health. It is known that the peripheral blood marginal zone B 

cell population is reduced in severe SLE (Tull et al., 2021; Zhu et al., 2018), however 

the data from this study suggests that a specific group of marginal zone B cells are 

depleted, whilst some marginal zone cells are still present within the peripheral blood 

of individuals with SLE at the same proportion at which they are present in health. 

 

The two populations of marginal zone B cells were also identified in a mass cytometry 

dataset comprising blood samples from healthy donors and lupus nephritis patients 

using the same markers used in the flow cytometry gating strategy. The mass 

cytometry data were generated as described in 4.3.1 and 4.3.2.  It was found that 

MZB1 cells in health have higher median expression of protein markers associated 

with B cell activation, namely CD69, CD83, CD40 and CD21 compared to MZB2 cells. 

Early stages of B cell activation include the upregulation of several proteins including 

CD69 and CD40 (Kaminski et al., 2012). Although CD83 is primarily associated with 

dendritic cells, increased expression of CD83 in activated B cells has also been 

reported in the literature (Krzyzak et al., 2016; Prazma & Tedder, 2008). CD21 is known 

to form a co-receptor to the B cell receptor with CD19 and CD81 to lower the threshold 

for B cell activation via the B cell receptor (Matsumoto et al., 1991). This observation 

suggests that in health the MZB1 subset of marginal zone B cells are more activated 

than MZB2 cells.  

 

In contrast, in samples from lupus nephritis patients, there was no significant 

difference in expression of CD69, CD40 and CD83 between the two subsets of marginal 
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zone B cells. This suggests that marginal zone B cells in lupus nephritis do not have 

differential activation markers, thus may not be differentially activated. MZB1 cells 

had significantly more CD21 than MZB2, however this difference was not as marked 

as it was in health. It is important to note that the MZB1 subset in lupus nephritis is 

depleted and so when investigating protein expression patterns in this subset, any 

observations made are regarding the small proportion of MZB1 cells that are present. 

 

Analysis from the mass cytometry dataset also showed that median expression of 

CXCR5 was higher in MZB1 compared to MZB2 in both health and lupus nephritis. It 

was also noted that there was a trend towards greater median expression of CXCR4 in 

MZB1 compared to MZB2 in both cohorts of samples, however this did not meet the 

p<0.05 threshold to be deemed statistically significant in health (p=0.0605) or lupus 

nephritis (p=0.0683). These findings suggest that MZB1 cells may home to the follicles 

of secondary lymphoid tissues due to higher expression of CXCR5 (Förster et al., 1996; 

Legler et al., 1998) more so than MZB2 cells. Data from Siu et al. (2022) show that 

MZB1 cells are more abundant than MZB2 cells in the tissues of secondary lymphoid 

organs from healthy donor cadavers. 

 

When investigating the expression of protein markers of ISGs, it was found that whilst 

overall expression was low, there was higher median expression of IFITM1 in MZB1 

cells compared to MZB2 cells in lupus nephritis. This suggests that potentially MZB1 B 

cells are exposed to more interferon than MZB2 cells in lupus nephritis. The trend 

towards higher IFITM1 expression in MZB1 cells was also seen in a small number of 

healthy donor samples, however expression levels were negligible and so this was not 

a statistically significant finding. These findings together with data from Siu et al. 

(2022) that link MZB1 to the gut-homing developmental trajectory described by Tull 

et al. (2021), possibly suggest that IFITM1 expression is linked to this developmental 

pathway. 

 

Overall, this study has demonstrated an effective gating strategy to identify two 

populations of marginal zone B cells and only one of these populations is depleted in 

lupus nephritis. Several differences in protein expression patterns between MZB1 and 
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MZB2 have been highlighted and in future studies, it would be important to 

investigate the functional relevance the differential protein expression has on these 

subsets of marginal zone B cells. 
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7 Conclusions and future directions 

The data presented in this thesis have highlighted some interesting features of 

peripheral B cell subsets in both health and lupus nephritis and therefore have 

presented questions that could be answered in future studies. Typically, transitional 

B cells are sub-divided into T1 and T2 (Simon et al., 2016; Suryani et al., 2010) and 

recently Tull et al. (2021) further sub-categorised T2 B cells based on their surface 

expression of IgM into T2 IgMhi and T2 IgMlo. Single-cell RNA-sequencing data from 

this study, outlined in Chapter 3, demonstrated the heterogeneity of transitional B 

cells from peripheral blood in health and suggested that cells belonging to T2 IgMhi 

and T2 IgMlo subsets, respectively, segregate based on expression of genes associated 

with an immature B cell genotype, such as VPREB1 and IGLL5. In future studies, 

trajectory analysis tools could potentially be used to characterise the changes in gene 

expression across cells belonging to a single subset to identify early-stage and late-

stage CD10+ transitional B cells in health. This could then be compared to transitional 

B cells from lupus nephritis samples where alterations in transitional B cells have 

already been characterised (Landolt-Marticorena et al., 2011; Tull et al., 2021) to 

determine any differences in transitional B cell maturation that could possibly lead to 

altered downstream development. 

 

The data shown in Chapter 3 also investigates the presence of transitional and naïve 

B cells with an interferon gene signature from both healthy donors and lupus nephritis 

patients. B cells with interferon signatures have been found using single-cell RNA-

sequencing in other studies (Nehar-Belaid et al., 2020; Zheng et al., 2022), however 

these were often identified on a broad scale across all CD19+ B cells and were often 

found to be plasmablasts. In this study, groups of cells with an interferon gene 

signature within specific antigen-inexperienced subsets have been identified. Whilst 

it initially appears as though these cells with an interferon gene signature belong to a 

distinct group of transitional or naïve B cells, this study demonstrates how these cells 

belong to known B cell subsets (T1, T2 IgMhi and T2 IgMlo). This observation presents 

the question as to why newly emerged and antigen-inexperienced cells harbour an 

interferon gene signature. To build upon the findings presented in Chapter 3, a future 
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single-cell RNA-sequencing experiment could comprise a larger cohort of lupus 

nephritis patient and healthy donor samples and additional markers in the CITE-seq 

antibody panel to allow for the classification of additional B cell subsets based on their 

surface marker expression. For example, the inclusion of CITE-seq antibodies for 

CD11c, which would allow for the identification of DN2 B cells, and CD1c, which would 

identify marginal zone precursors as well as marginal zone B cells, all of which are key 

cells in the pathogenesis of lupus nephritis.  

 

Future studies could look to investigate whether early B cell subsets are encountering 

interferon in the periphery or whether these cells harbour this interferon signature 

much earlier in development, and if so when and how. In addition, it was found that 

the populations of transitional and naïve B cells with an interferon gene signature 

were twice as abundant in lupus nephritis patients compared to health. It is currently 

unknown what the importance of these cells is in health and why they are more 

abundant in lupus and whether this has any impact on subsequent peripheral B cell 

development. Characterising genotype and surface phenotype of transitional B cells 

from cord blood and bone marrow using single-cell RNA-sequencing and mass 

cytometry would help to begin to answer these questions. 

 

The mass cytometry data in Chapter 4 revealed an interesting protein marker 

expressed on transitional B cells, IFITM1. As previously stated, interferon signatures 

are well-characterised in SLE (Baechler et al., 2003; El-Sherbiny et al., 2018), but 

interestingly no difference in expression of IFITM1 was found between health and 

lupus nephritis, unlike the other interferon inducible markers MX1 and IRF7. Upon 

further investigation, IFITM1 expression was found to correlate with integrin β7 

expression and that IgMhi transitional and naïve subsets had higher IFITM1 expression 

than their IgMlo respective populations. This data suggests that IFITM1 may be linked 

to the IgMhi, integrin β7+ gut-homing developmental trajectory. The observations 

made about IFITM1 were evident in both healthy donors and lupus nephritis patients, 

suggesting that if IFITM1 does have a link to a particular developmental trajectory it 

does so in the healthy immune system. Future experiments could investigate the 
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function significance of IFITM1 in B cell development, possibly by antagonising IFITM1 

and stimulating the B cell receptor, then observing functional changes. 

 

Data presented in Chapter 5 demonstrated the plasticity of the peripheral B cell 

compartment during different periods of disease activity in lupus nephritis. For 

instance, changes in the proportions of some of the B cell subsets during disease 

flares, such as a decrease in naïve IgMhi and MZP cells and an increase in aNAV cells, 

were not seen when patients were stable, and the proportions of these subsets was 

similar to that of health. This suggests that the abundance of certain peripheral B cell 

subsets is more characteristic of lupus flares. Given the precious nature of paired lupus 

samples, it was not possible to have samples taken at the exact same timepoints and 

so in future studies it would be beneficial to use samples from patients taken within a 

similar time frame as well as using multiple samples over a longer time frame to 

determine if any changes in the peripheral B cell compartment occur after a long 

period of disease stability. Furthermore, it would also be beneficial to increase the 

sample size of this dataset to allow for the identification of more prominent trends 

and patterns in changes in B cell subset abundances. 

 

The data presented in the final chapter of this thesis, Chapter 6, used flow cytometry 

to validate the presence of two groups of marginal zone B cells in peripheral blood 

and showed that it is the MZB1 population that is depleted in lupus nephritis. MZB1 

were distinguished from MZB2 by higher expression of CCR7 and integrin β7. In this 

study, expression of various surface marker proteins between the two marginal zone 

subsets was compared using mass cytometry. It was found that MZB1 cells in health 

expressed markers of activation, such as CD69 and CD40, more than MZB2 in health, 

but this was not seen regarding the lupus nephritis cohort, suggesting that MZB1 may 

not be in a more activate state than MZB2 cells in lupus nephritis. In addition, there 

was a trend towards MZB1 expressing higher levels of IFITM1 compared to MZB2 in 

health and the same significant difference was observed in lupus nephritis. Siu et al. 

(2022) showed that both MZB1 and MZB2 express IgM but is the MZB1 subset that is 

related to IgMhi trajectory populations. This data provided another suggestion that 

IFITM1 may be linked to the gut-homing IgMhi developmental trajectory that is lost in 
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lupus nephritis and future studies investigating this link could be of importance. In 

addition, it would be of interest in future studies to investigate if there are any 

functional differences in the two newly identified MZB populations. This information 

could then provide an insight into which functions are lost in lupus nephritis upon the 

loss of MZB1 cells. 
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