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  Abstract 
 

B cells have been proven to have a significant role in liver fibrosis. We postulate 

that enrichment of B cell subsets in hepatic diseases may implicate this 

population in liver pathogenesis. When comparing total B cells from human 

immune and non-immune-mediated liver disease explants, we found an 

enrichment of CD20+ B cells in PBC. Furthermore, phenotypic characterization 

of 11 B cell subsets in matched liver and blood highlighted an enriched naïve 

peripheral population, and activated B cell subsets in livers. Newly identified 

CD19+CD24-CD38- and CD19+CD24-CD38int B cells were also augmented in 

livers compared to matched blood. Furthermore, CD24-CD38- B cells were 

elevated in PBC and formed aggregates in tissues, whereas CD24-CD38int B 

cells localized around bile ducts and along fibrotic tracts in PBC. CD24-CD38int 

B cells secreted pro-inflammatory (IL-6, IFN-γ) and immunosuppressive (IL-10) 

cytokines following stimulation with CpG compared to other B cell subsets, 

implying that CD24- B cells may play a role in liver disease pathogenesis. Our 

findings suggest that B cells may be influential in hepatic disease progression 

and pathogenesis. Elucidating their role further could provide possible 

therapeutic targets for prevention or treatment of chronic liver disease. 

  

 
 
 
 
 
 



 
 
 
 

 
Two there are who are never satisfied: 

the lover of the world, and the lover of knowledge 
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1.1. THE FUNCTION OF B CELLS 
 

B lymphocytes form part of the adaptive immune system and contribute to between 

5–10% of the total human lymphocyte population (5). They are defined through their 

expression of membrane-bound surface immunoglobulin molecules known as B cell 

receptors (BCR) (6), which are able to recognize cognate antigen through the 

variable region. 

 

Like macrophages and dendritic cells (DCs), B cells act as professional antigen 

presenting cells (APCs), which internalize antigens via the BCR (7), and process 

them into antigen peptides via lysosomal degradation. These peptides are then 

presented to T helper cells along with co-stimulatory signals, causing T cell 

activation, clonal expansion and the general sustenance of effector T cell responses 

to pathogens (6, 7). This highlights the importance of B cells in linking the innate and 

adaptive immune systems, as well as in effectively propagating the adaptive immune 

response through T cell activation. 

 

MHC class II presentation of antigenic peptides to activated T helper cells, 

consequently leads to B cell activation through signal transduction; initiating B cell 

proliferation and differentiation into antibody producing plasma cells and memory B 

cells (Figure 1) (6-8). Long lived memory B cells produce rapid secondary 

responses upon re-exposure to the primary antigen, whereas antibodies released by 

the plasma cells neutralize antigens, opsonize antigens for destruction, and activate 

the membrane attack complex (MAC) via the complement pathway to initiate 



bacterial lysis (6). These processes triggered by B cell activation are important in the 

immediate removal of circulating pathogens. 

 

 

 

  

 

Figure 1 – B cell activation. After initially binding an antigen to the B cell 
receptor (BCR), B cells internalize antigen and present it on MHC class II. A 
helper T cell recognizes the MHC class II–antigen complex and activates the 
B cell. As a result, memory B cells and plasma cells are produced (9). Image 
adapted from Rye C et al. 2012 (10).  
 



Once activated, B cells enhance cell-mediated immunity by boosting T cell 

responses via production of pro-inflammatory cytokines TNF-α, IFN-γ and IL-12 (11, 

12). Conversely, B cells also control inflammation through the release of regulatory 

cytokines such as IL-10 and TGF-β from regulatory B cells (Bregs) (13, 14) See 

Table 1. In this way, the production of both pro-inflammatory and anti-inflammatory 

cytokines highlights their importance in immunoregulation in response to antigens.  

Table 1 - B cell subtypes and their cytokine production. B cells produce specific cytokines 
depending on their exposure to the surrounding environment. B cells exposed to Th1 cells produce 
Be 1 cytokines and those exposed to Th2 cells produce Be 2 Type cytokines (15-21). 
    

 

 

 

 

 

 



B cell function also extends beyond cytokine production, where they are involved in 

MAIT cell activation (Mucosal-associated invariant T cells), which are MHC class Ib-

restricted innate-like lymphocytes with anti-bacterial functions (22). Furthermore, B 

cells are pivotal in maintaining secondary lymphoid organ (SLO) structure (23) and 

also impact follicular T helper (Tfh) cells (24), which explains the ability of B cells to 

orchestrate and shape inflammatory responses.  

B cells have been implicated in the pathogenesis of multiple diseases. They are 

important in optimal activation of CD4+/CD8+ T-cells during anti-tumour responses 

(23) (25), and have also been implicated in autoimmune diseases such as Systemic 

Lupus Erythematosus (SLE) (26, 27), rheumatoid arthritis (28) and type 1 diabetes 

(29) through auto-antibody production. For this reason, B cells have been an 

attractive target for therapeutic intervention using drugs such as rituximab, which 

knocks out CD20+ B cells via monoclonal antibody and has proven effective in 

treating autoimmune diseases such as PBC (30), autoimmune hepatitis (31) and 

rheumatoid arthritis (32). 

Overall, B cells are essential in playing multiple roles in inflammation, and disease. It 

is firstly important to establish whether these B cell functions are assigned to 

particular B cell subsets. Consequently, this would broaden our understanding of 

how B cells could be targeted therapeutically in the future to effectively combat 

disease.  

 



1.2. B CELL DEVELOPMENT 
 

 
In order to understand B cell biology, it is important to understand the origin of B 

cells. B cell development is well characterized in the mouse, where the fetal liver is 

the main site of B lymphopoiesis during embryonal life (33). The development of pre-

B cell colonies has been described on day 15 within fetal liver cells, with these 

colonies increasing with gestational age and peaking at day 19 (33). This 

development of early B lymphopoiesis has been described as a two part process, 

the first of which requires the presence of stromal cells to encourage the 

differentiation of B220- cells to B220+ cells. The second step requires the presence 

of IL-7 to encourage proliferation and differentiation of B220+IgM- cells to become 

IgM+ (33).  

 

Stromal cells in the bone marrow provide cell-cell contacts with developing B cells 

and also produce cytokines and chemokines, creating an ideal microenvironment for 

B cell maturation, differentiation and development (34-36). B cell development in the 

bone marrow occurs independently of antigen and is essential in regulating the 

construction of antigen receptors (BCR), as well as ensuring that each B cell has 

one specificity. The bone marrow also provides an environment for self-reactive B 

cells to be deleted and useful B cells to be exported to the periphery (6).  

 

Stages of B cell differentiation in the bone marrow are defined by various phases of 

surface immunoglobulin (Ig) gene arrangement. Progenitor pro-B cells derive from 

pluripotent hematopoietic stem cells, which in the mouse are defined by cell surface 

expression of B220, CD43 and c-kit (37). Pro-B cells are the earliest known B cell 



lineage, where rearrangement of the Ig heavy-chain locus occurs; DH to JH joining 

occurs at the early pro-B cell stage followed by VH-DJH joining at the late pro-B cell 

stage (37, 38). Efficient VDJH joining results in expression of an intact heavy chain, 

which leads to pre-B cell development (6, 37). Here, the heavy chain is expressed 

alone intracellularly as well as transiently at the cell surface along with a surrogate 

light chain, forming a pre-B cell receptor (37, 38). Expression of the pre-B cell 

receptor initiates cell divisions leading to the formation of small-pre cells, where the 

VJ light chain (VJL) of the Ig molecule begins to rearrange (6). Once rearrangement 

of the heavy and light chains is complete, a complete IgM molecule is assembled 

and expressed on the surface of the immature B cell (6), which then leaves the bone 

marrow to mature in the periphery (6, 39) (See Figure 2). 

 

 

 

 

 



      

 
 
 
Figure 2 – Stages of B cell development in the bone marrow (6). B cells develop 
from a haematopoietic stem cell, though to pro- and pre-B cell stages, and finally to 
an immature B cell which then continues maturation in the periphery. Figure adapted 
from Murphy et al., 2011. 
 



 

In order to regulate B cell development, B cells undergo positive and negative 

selection in the bone marrow. Positive selection occurs when developing B cells bind 

to environmental and self-antigens with low affinity via the pre-B receptor. This 

ligand binding generates survival signals which promotes B cell survival and 

development (6). 

Negative selection occurs when immature B cells are tested for strong reactivity 

against autoantigens. Self-reactive B cells encounter one of three fates (6, 40), the 

first of which is clonal deletion or receptor editing in the bone marrow. When 

developing B cells express receptors that recognize multivalent ligands, for example, 

ubiquitous self cell-surface molecules such as those of the MHC, they are deleted 

from the repertoire, via clonal deletion. These B cells either undergo receptor editing, 

so that the self-reactive receptor specificity is deleted, or the cells themselves 

undergo programmed cell death or apoptosis (6, 41, 42). Secondly, immature B cells 

which bind soluble self-antigens and are able to cross-link the BCR, downregulate 

their surface IgM receptor expression, before migrating into the peripheral lymphoid 

tissues (6). Although these B cells express IgD and migrate to the periphery, they 

are unresponsive to antigen, therefore rendering them anergic. If in competition with 

other peripheral B cells, these B cells are rapidly lost. 

Thirdly, it is also possible for immature B cells that bind soluble self-antigens with 

low affinity to not receive any signal as a result of this interaction. These B cells 

mature normally to express both IgM and IgD at the cell surface, and are potentially 

self-reactive, however they are classed as clonally ignorant as their ligand is present 

but is unable to activate them (6) (See Figure 3) 



Figure 3 – Stages of B cell selection in the bone marrow (6). There are four 
possible outcomes for self-reactive immature B cells, which is dependent on the type 
of ligand to which they are capable of binding. These fates include cell death by 
apoptosis; the production of a new receptor known as receptor editing; the induction 
of a permanent state of unresponsiveness to antigen known as anergy; and 
ignorance. Figure adapted from Murphy et al., 2011. 



 

Once developed, immature B cells leave the bone marrow and enter the peripheral 

blood as transitional B cells, which have been identified in mice (T1, T2, and T3) and 

in humans (T1 and T2) (43, 44). Transitional B cells are the intermediate cells 

between immature B cells in the bone marrow and fully mature naïve B cells  

(CD19+CD20+IgM+IgD+CD38-) in peripheral blood and secondary lymphoid tissues 

(45).  It has been proposed that after being selected for self-tolerance and leaving 

the bone marrow, transitional B cells undergo a series of peripheral checks to ensure 

that they will not develop into autoimmune plasma cells (46). Those that survive 

these peripheral checks are then able to develop further into mature naive B cells, 

which express IgD and IgM (Figure 2) (47, 48). These B cells remain naïve and 

circulate through peripheral lymphoid tissues until they encounter their specific 

foreign antigen via their surface BCR (6). Just as in mice, mature naive B cells in 

human lymphoid tissues can be stimulated by foreign antigen and activated by T 

cells to form germinal centers (GC), where class-switch recombination (CSR) and 

somatic hypermutation (SHM) takes place to produce plasma cells and memory cells 

(6). This overall response to antigens by B cells is known as the humoral immune 

response (6). 

 

 

 

 

 

 



1.3. B CELL STIMULATION AND ACTIVATION 
 
Induction of cytokine production from B cells requires stimulation and activation. In 

vivo this usually takes place either via T cell-dependent activation, or T cell-

independent activation (6). 

 

During T cell-dependent activation, B cells internalize and degrade BCR bound 

antigen via receptor mediated endocytosis (Signal 1 to B cell), and present antigen 

peptides on MHC class II receptors to the TCR on T cells, triggering T cell activation. 

The activated T cell then provides the B cell with a secondary signal through the 

production of cytokines such as IL-4 and IL-21, and the surface protein CD40L.  

Engagement of both the BCR and CD40 via α-BCR and IgM/IgD crosslinking in vitro 

results in classical synergistic activation of B cells (49), resulting in B cell expansion, 

differentiation and cytokine production (6, 50). B cell activation under these 

conditions can be measured by monoclonal antibody (mAb) production, B cell 

differentiation, blast formation and proliferation using FACS analysis and thymidine 

uptake respectively (51-53). However, one group has postulated that naïve B cells 

required three stimulations for activation: 1. Stimulation via antigen:BCR, 2. Co-

stimulation through T cell ligation of CD40 and 3. Activation of TLRs (54).  

The importance of B cells in CD4+ T cell activation has been highlighted in several B 

cell depletion experiments, especially autoimmune disease-related studies (55-57). 

Autoimmune hepatitis is considered a T cell mediated disease. However, one study 

has shown that AIH patients refractory to conventional treatment have been 

successfully treated with anti-CD20-mediated B-cell depletion with rituximab (58). 



Following B cell depletion, patients harboured significantly fewer antigen-

experienced CD4+ and CD8+ T cells, and T-cell proliferation was significantly 

reduced. This is primarily due to the fact that B cells served as antigen-presenting 

cells to CD4+ T cells, and their reduction caused reduced antigen presentation to T 

cells, and consequently, reduced T cell activation (58). Another report showed that B 

cell depletion via rituximab in MS patients resulted in reduced secretion of soluble 

products (lymphotoxin and TNF-α) from activated B cells (59). Consequently, this 

significantly diminished proinflammatory responses of CD4+ and CD8+ T cells, in 

vivo and ex vivo (59). These findings provided novel insights into the mechanisms 

that facilitate B and T cell interactions, and highlighted the therapeutic effects of B 

cell depletion in human autoimmune diseases. 

 
 
T cell-independent activation usually occurs through antigens such as foreign 

polysaccharides (e.g. LPS) or unmethylated CpG DNA, which causes direct B cell 

activation through binding to toll-like receptors (TLRs) on the B cell surface (60). 

Other T cell-independent antigens consist of highly repetitive structural epitopes (e.g. 

on encapsulated bacteria) (61). These repetitive antigens cause extensive cross-

linking of the BCRs consequently leading to B cell activation (60).  

 
 
Toll-like receptors (TLRs) are germ-line encoded receptors, which recognise a broad 

range of microbial antigens, and in combination with signaling through the BCR, are 

known to play a role in B cell development and differentiation (62). Ligation of TLRs 

causes them to mount immune responses to infection by initiating downstream 

signaling, although the outcome of TLR signaling in B cells is context dependent 



(63). Thirteen vertebrate members of the TLR family have been identified, however 

human B cells are known to differentially express TLR1–10, where signaling 

following ligation orchestrates inflammation (62). TLR signaling also causes cytokine 

production, proliferation, antibody production, increased antigen uptake and 

presentation (63). 

TLR expression is varied amongst B cell subsets. Resting B cells express low levels 

of TLR7, TLR9 and TLR10, however they temporarily upregulate expression upon 

BCR-crosslinking and CD40L or TLR stimulation (64). Naïve B cells express low 

levels of TLR9 and TLR10 but upon activation, these TLRs are expressed at high 

levels (64). TLR6, TLR7, TLR9 and TLR10 on the other hand, are highly expressed 

in memory B cells, where expression of TLR1, TLR2 and TLR4 expression is low 

(64). PB/PC express TLR 1–8 and express particularly high levels of TLR9 and 

RP105 (65). 

TLR4 is expressed on the surface of B cells and is ligated by LPS (65). Its 

expression and function is elevated on B cells in inflammatory disease patients upon 

stimulation through surface IgM and CD40 combined with IL-4 (66). Previous studies 

showed that TLR4 stimulation can cause decreased IL-10 production in inflammatory 

disease patients, which is coupled with TLR4-induced increases in pro-inflammatory 

cytokine production (67). This highlighted B cell TLR4 ligation contributed to 

systemic inflammation through multiple mechanisms. However, TLR4 ligation on B 

cells does not just provide an inflammatory signal, as murine studies have also 

highlighted the importance of TLR4 signaling in anti-inflammatory responses, where 

LPS stimulation has been found to increase IL-10 production from murine B10 cells 

as a result of TLR4 signaling (68, 69). 



RP105 is a TLR4 homologue capable of signaling by using the same downstream 

cascades as TLR4 (70). This molecule’s expression across B cell subsets is not well 

elucidated. However, functionally, RP105- B cells have been shown to play a role in 

inflammation by producing autoantibodies therefore participating in the 

pathophysiology of SLE (71). Furthermore, RP105 stimulation of B cells combined 

with LPS or CpG results in proliferation and differentiation of B cells and increased 

secretion of IL-6, IL-10 and TNF-α (70).  

CpG is commonly used to stimulate B cells via TLR9 in order to induce their 

proliferation and production of cytokines such as IL-10 in vitro in the presence of 

phorbol 12-myristate 13-acetate (PMA) (72) (73). TLR9 is expressed intracellularly 

within endosomal compartments by binding to DNA rich in CpG motifs (65). TLR7 is 

expressed intracellularly and is important in binding to single stranded RNA (ssRNA) 

resulting in B cell proliferation and CSR (65). Stimulation of both TLR7 and TLR9 

ligands results in B cell secretion of IL-6, IL-8 and IL-10 (74-77). IL-1β and IL-2 

secretion in particular have been detected in response to B cell-specific CpG-ODN 

stimulation (75). Genetic deficiency of TLR7 or TLR9 often leads to reduced 

production of antibodies (78), and increased expression of TLR7 on B cells causes 

susceptibility to autoimmune diseases (79). 

 

Different B cell subsets require different combinations of stimulations in order to 

become activated (80, 81). For example, memory B cells proliferate and differentiate 

more readily than naïve B cells in response to TLR stimulation (65), whereas most 

studies agree that both CD40L and BCR signals are required for proliferation and 

differentiation of naïve B cells and Bregs (50). B cells release different cytokines and 



perform different functions depending on their exposure to different conditions and 

forms of activation (82-85). Studies showed that naïve B cells only required single 

TLR9 engagement for activation through CpG oligodeoxynucleotide (86, 87). 

Bregs are known to appear under inflammatory conditions. This population can be 

stimulated most commonly via TLR9 or TLR4, to secrete IL-10; a cytokine involved 

in dampening inflammation (69, 88, 89). In fact, in mice, IL-10-producing B cells 

have also been shown to be stimulated via BCR signaling, TLR2/TLR4/MYD88, 

CD40/CD40L, IL-21/IL-21L and BAFF (90, 91). These IL-10 producing Bregs can be 

found within subpopulations in mice such as B1a, transitional, FO and MZ B cells 

(89). Recently, Bouaziz et al. demonstrated that stimulation of human B cells with 

anti-Ig and CpG enriched CD27+ memory and CD38hi transitional B cell 

compartments, and induced IL-10 secretion (92). Mauri et al. also demonstrated that 

human Bregs were CD19+CD24hiCD38hi transitional B cells in the peripheral blood of 

healthy individuals, as following CD40 stimulation, this population was able to 

produce IL-10 (93). On the contrary, B cells can also contribute to inflammation, 

where stimulation of CD20+ B cells with leptin significantly increases production of 

pro-inflammatory cytokines IL-6 and TNF-α (12). Follicular B cells can be primed to 

become effector B cells following stimulation by Th1 cells and antigen, to make 

cytokines associated with type 1 immune responses such as IFN-γ and IL-12. 

However B cells primed by Th2 cells and antigen are associated with allergic 

immune responses, and secrete IL-2, IL-13 and IL-4 (15).  

 

 

 



 

Secondary lymphoid organs (SLOs) located in the periphery, such as the spleen and 

lymph nodes, are the sites of lymphocyte activation by antigens (6). Key features of 

SLOs are the presence of lymphoid follicles, which can be classified as primary, 

secondary, or tertiary. Primary follicles contain aggregates of FDCs and B cells, 

which have not experienced antigen-driven responses (94). The B cells contained 

within these follicles are mostly naïve, and are mobile, therefore allowing free B cell 

recirculation in search of antigen. Secondary follicles arise following B cell exposure 

to antigen, and are a result of B cell activation (95). These follicles contain germinal 

centers (GCs) with mature and differentiated B cell populations (94). Tertiary 

lymphoid structures (TLS) effectively represent secondary lymphoid follicles, 

however are not located in a typical SLO (6, 95). Ectopic lymphoid structures can 

also exist outside of SLOs, and represent primary follicle-like structures that are less 

well developed compared to TLS (94) (Figure 4). 

 

 

 

 

 

 

 

 

 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4 – Comparing the secondary lymphoid follicle structure to the tertiary 
lymphoid structure (TLS). Structure of a typical SLO (left), which can contain either 
primary or secondary B cell follicles. Primary follicles contain mostly naive B cell and 
FDC clusters, whereas secondary follicles contain more mature, organised germinal 
centers. A TLS (right) is similar to secondary follicles but is situated in peripheral 
tissues, which are ectopic to the SLO. DC: dendritic cell, FDC: Follicular Dendritic 
Cell, HEV: High Endothelial Venule, GC: Germinal Centre. Adapted from Pimenta et 
al., 2014 (96). 
 

 

 

Germinal centers form following T cell-dependent reactions within B cell follicles, 

where rapidly proliferating cells differentiate into high-affinity antibody-producing 

plasma cells and memory cells which are able to specifically target exogenous 

antigens (6). This GC reaction propagates robust immune protection and rapid 

memory, which is achieved via immunoglobulin diversifying events, somatic 

hypermutation (SHM), and immunoglobulin class switching, class switch 

recombination (CSR), respectively (6, 95). SHM encourages the selection of 

hypermutated antibodies with very high affinity for antigen, and CSR permits the 

changing of antibody effector functions through a switch in isotype (95).  

 

 



Germinal centers develop 3–4 days after antigen exposure and can persist for 

several weeks depending on the type of antigenic stimulus (97, 98). Initiation of the 

GC reaction involves recognition of antigen presented by DCs, which are recognised 

by mature follicular B cells via the BCR (99). Following this recognition, the follicular 

B cell migrates to the T cell zone border within the SLO (95, 99). T cell and B cell 

interactions involving CD40L ligation promote survival, activation and proliferation of 

B cells. At this point, B cells commit to one of two paths, one of which leads to the 

GC reaction, and the other resulting in plasmablast development. Plasmablast 

development involves migration to extrafollicular regions with subsequent class 

switching but with minimal SHM (99, 100). It is here that extrafollicular plasmablasts 

are able to provide a more rapid, but less targeted antibody response (99).  

In the GC pathway, B cell recruitment to the GC microenvironment occurs depending 

on the specific expression of chemokine receptors, particularly CXCR5 (101). 

CXCR5 attracts B cells towards the lymphoid follicle, and the G Protein Coupled 

Receptor (EBI2) is downregulated, thereby promoting migration to extrafollicular B 

cell sites, and increasing GC commitment (101). The transcription factor Bcl-6 

promotes differentiation into GC specific B cells and also encourages CD4 T cell 

differentiation into specialised T follicular helper cells (TFH), which play a significant 

role in germinal centers (95, 102). Once within the follicle, the newly activated B cells 

known as GC precursor B cells, proliferate (102). This displaces the occupying 

mature B cells into the peripheral area known as the marginal / mantle zone, which 

signifies the start of the GC reaction (101, 102). The procedure of GC initiation is 

illustrated in Figure 5. 



 

Figure 5 – The dynamics of Germinal Centre initiation. GCs take an estimated 7 
days to mature (102). T cell help and CD40 ligation are essential in the initiation of 
the reaction. Proportions of B cells do not enter the GC and instead commit to a 
plasmablast phenotype. Dark zone and light zone compartmentalisation occurs in 
the later stages of the reaction. Figure adopted from De Silva et al., 2015. 

 

As the B cell blasts rapidly proliferate in the GC, 2 compartments are established: 

the dark zone and the light zone, which are surrounded by naive follicular mantle B 

cells (101). The dark zone contains rapidly proliferating B cells known as 

centroblasts, which express the proliferation antigen ki-67, localise close to T cell 

areas, and have decreased surface immunoglobulin expression (103). The density of 

B cells is lower in the light zone which contains a network of surrounding FDCs and 

TFH cells (104). Light-zone B cells are small, non-proliferating cells known as 

centrocytes, which express surface immunoglobulins, undergo antibody selection, 



CSR and differentiation into plasma cells and memory B cells (101, 104). 

Compartmentalization of GC B cells into dark and light zones is dependent on the 

presence of CXCL12 and CXCL13 chemokines. Centroblasts expressing high levels 

CXCR4 receptor are attracted to the dark zone via the CXCL12 ligand, and 

centrocytes expressing low levels of CXCR4 and high levels of CXCR5 are attracted 

to the CXCL13 ligand, which is more concentrated in the light zone (105).  

GC derived B cells and plasma cells undergo affinity maturation in the dark zone 

(SHM), resulting in the production of specific, high affinity antibodies. SHM is driven 

by AID, which is highly expressed in centroblasts. It occurs in rapidly proliferating 

centroblasts via point mutations within the IgV genes, resulting in the production of 

diverse immunoglobulins with varying affinities (106, 107).  

These B cells are then ready for antigen-driven selection and CSR, which takes 

place in the light zone. The benefits of selection for GC B cells with high affinity 

BCRs in the light zone are survival and expansion, with subsequent differentiation 

and exit from the GC or recycling into the dark zone for further SHM (106, 107).  

FDCs and TFH cells are important accessory cells in the GC light zone, which aid in 

the selection process for GC B cells through prolonged antigen presentation. Once 

in the light zone, GC B cells have upregulated MHC class II and increased antigen 

uptake and processing capabilities compared to other subsets en(108). FDCs are a 

major source of CXCL13 in GC light zones and do not express MHC II molecules, 

however are essential in trapping and retaining unprocessed antigen in the form of 

immune complexes through Fc and complement receptors (104). In this way, they 

serve as long-term antigen deposits, therefore are important for selection of high-



affinity GC B-cell clones, as well as the generation and maintenance of immunologic 

memory (104).  

The amount of antigenic peptide-MHC complex found on the surface of centrocytes 

correlates to the affinity of the surface Ig, BCR signaling and subsequent 

endocytosis of antigen. This impacts the level of TFH help and therefore, selection 

(109). TFH cells are CXCR5 expressing CD4+ T cells, which are crucial for induction 

of GC responses as they provide B cell survival signals via CD40, Il-4, Il-21 and 

BAFF (109). This extracellular survival signaling is particularly influential for the fate 

of GC B cells as they are prone to apoptosis, due to the significant their 

downregulation of the anti-apoptotic molecule Bcl-2 (110). As well as inducing B cell 

survival and differentiation, TFH cell-dependent paracrine activation of B cells also 

results in the induction of AID (109). 

AID is the principal enzyme responsible for CSR in the light zone. Its mechanism 

involves an intrachromosomal deletion recombination event, which includes AID-

mediated DNA breaks in the Switch (S) region, a locus of tandem repeats upstream 

of the CH gene. AID driven DNA lesions in the S region is then followed by end-

joining recombination of the S and CH regions, resulting in altered isotypes from 

IgM, such as IgD, IgG, IgA or IgE (111).  

Finally, it should be noted that selection mechanisms are not only targeted to 

eliminate low affinity B cells via apoptosis, but also to remove autoreactive B cells 

(101). A schematic illustration of a GC is shown below in Figure 6. 

 



 

Figure 6 – The Germinal Centre reaction. A schematic diagram of the germinal 
center reaction. Light zone and dark zone compartmentalisation is highlighted, as 
well as respective sites of mechanisms of affinity maturation, such as somatic 
hypermutation and class switch recombination (107). Selection, CSR and 
differentiation events are also shown in the light zone and are mediated by FDCs 
and TFH cells. Figure adopted from Klein et al., 2008. 

 

 

 

 

 

 

 

 



1.4. THE B CELL COMPARTMENT IN HUMANS AND 
MICE 

 
 

B cell development is well characterized in the mouse, however antigen markers 

used to define stages in human B cell development differ (112, 113), highlighting 

differences in the B cell compartment between mice and humans (113). Follicular B-

2 cells comprise the major B cell subset in the mouse, which are also found in 

humans. These cells generate immune responses against thymus-dependent 

antigens and require T cell help to experience GC reactions, leading to the 

generation of high affinity antibodies with increased antigen specificity (2, 6). In 

addition to this, ‘B-1 cells’ are a specialized murine subset which has not yet been 

definitively identified in humans (114-116). Furthermore, although marginal zone B-

cells (MZ B-cells) are present in mice and humans, their functions and locations 

differ slightly between the two (117).  

 

B-1 cells are a population of B cells located in the murine peritoneal cavities (118). 

They are the main producers of natural, highly polyspecific (crossreactive) IgM 

antibodies in the mouse, which bind both self and microbial antigens (119-121). 

Despite lacking immunological memory and the ability to undergo affinity maturation, 

B-1 cells are more efficient at presenting antigens than B-2 cells (122). They are 

able to maintain tissue homeostasis through their production of ‘natural IgM 

antibodies’ and possess the ability to bind altered self-antigens, such as those 

expressed by apoptotic cells (123). Unlike follicular B-2 cells which are replaced by 

new cells from the murine bone marrow, B-1 cells are able to self-renew in the 



periphery (124), and are split into B-1a and B-1b subpopulations according to their 

levels of CD5 expression. Whereas B-1a cells are 

IgMhiIgDloCD45loCD23lo/−CD43+CD5+, B-1b cells express all B-1a cell surface 

markers except CD5 (CD5-) (125). B-1b cells are also regulated separately from B-

1a cells, fulfill distinct immune functions, and appear to develop in line with B-2 cells 

(123).  

 

The marginal zone (MZ) is enriched with macrophages, DCs and MZ B cells (117). 

In rodents, this region develops 3-4 weeks after birth (126, 127). MZ B cells are 

defined as mature, non-circulating B cells, which anatomically localize to the spleen 

(128, 129). In mice, these cells can be clearly defined from follicular B cells and B-1 

cells via their high expression of sIgM, CD21, CD1 and CD9 (128, 130, 131). 

Similarly to B-1 cells, MZ B cells react in a T cell-independent manner to antigens 

such as LPS and self-antigens (132-135). They provide the first line of defense 

against systemic blood-borne antigens which enter the circulation and become 

trapped in the spleen (132, 133). Compared to follicular B-2 cells, MZ B cells have a 

lower threshold for activation and have the ability to differentiate rapidly into antibody 

producing plasma cells (133, 134, 136), thereby contributing to an accelerated 

primary immune response. 

 

 

 

 

 



 
 
Although the mouse model provides an insight into B cell development and disease, 

the markers used to define B cell subsets in mice are not always recapitulated in 

humans (See Figure 7). Additionally, conflicting arguments over markers used to 

define specific human B cell subsets still exist.  
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For example, the B1 extrafollicular compartment contributes to one of the two B cell 

compartments in mice (CD19+B220+), but has thus far eluded identification in 

humans. Although a study in 2011 described human B1 subsets with the phenotype 

CD20+CD27+CD43+CD70- in peripheral blood (116), there have been no further 

studies since which corroborate these findings. The existence of human MZ B cells 

also proves to be controversial. Although MZ B cells in humans 

(CD19+IgM+IgD+CD27+) share many similarities with murine MZ B cells   

(B220+CD19+CD21hiCD22hiIgMhiCD9+IgDlo), striking differences also exist (113, 

134). The B cell subsets which contribute to the human B cell compartments are 

discussed in more detail below.

 

Mature naïve B cells predominantly reside in lymphoid follicles of secondary and 

tertiary lymphoid organs, such as spleen and lymph nodes; therefore are known as 

follicular (FO) B cells (137). Just as in rodents, FO B cells in humans make up the 

largest B cell subset, and can be characterized as CD19+IgD+CD38-CD27- B cells 

(138-140). Immune responses are usually propagated in lymphoid organs where 

highly organized follicular lymphoid structures termed ‘germinal centers’ (GC) exist 

(6); identified by the presence of FDCs (follicular dendritic cells), and T cell zones 

which lie adjacent to B cell zones (141). This structure permits activated FO B cells 

to interact with activated T helper cells, thereby resulting in FO B cells mounting 

immune responses to T cell-dependent antigens (137, 141). One study in human 

tonsil identified the presence of a B cell subset with a unique phenotype 

(IgD+CD38−CD23-CD71+) (142). This subset was described as being the founder 



cell of the GC reaction and appeared to be morphologically distinct, presenting an 

intermediate phenotype between naïve B cells and GC B cells (a pro-GC cell) (142).  

 
 
Once activated by antigen specific T cells, pro-GC B cells enter the GC to become 

centroblasts (IgD−/CD38+/CD77+), which form the GC dark zone. Centroblasts 

proliferate, differentiate, diversify their immunoglobulins and increase their affinity for 

antigen through processes such as SHM (143), where they then migrate to the light 

zone of the GC and differentiate into centrocytes (IgD−/CD38+/CD77−) (142). 

Centrocytes undergo selection by competing for survival signals through Tfh cells in 

the presence of FDCs, during which CSR can occur (6, 141, 144). While most 

CD77hi GC B cells are centroblasts and CD77lo GC B cells are centrocytes, some 

centroblasts and centrocytes both express intermediate levels of CD77. Some 

studies even argue that the CD77− population represents a heterogeneous subset of 

cells, comprising centroblasts, centrocytes, and plasmablasts (145).  

 

 
 

Following the GC reaction, the maturing B cell receives signals to leave the GC as a 

memory cell (CD19+CD20+CD27+CD38-) or plasmablast (CD19+CD20-

CD27hiCD38hiCD138-) (6). Plasmablasts are immature plasma cells, which secrete 

fewer antibodies than mature plasma cells. They proliferate rapidly and circulate in 

the peripheral blood where they are later recruited to bone marrow or mucosa 

niches. Depending on their chemokine receptor expression and stimuli in these 

niches, plasmablasts may receive the necessary survival factors to differentiate into 

antibody producing plasma cells (CD19+CD20-CD38hiCD27hiCD138+), through 



positive expression of the extracellular matrix (ECM) receptor: syndecan-1 (CD138) 

(85, 146-148). The low plasma cell counts found in healthy human blood (2/μL) 

makes the detailed characterisation of plasma cells difficult, and few studies 

characterizing these cells have been performed in tissues other than secondary 

lymphoid tissues (149, 150). 

 

Memory B cells can be defined by SHM of rearranged immunoglobulin genes and 

fast recall responses to antigens. CD27+ B cell expression is a hallmark for SHM 

and memory, where CD27+ B cells contain a heterogeneous memory population of 

‘pre-switched’ (CD19+IgM+IgD-CD27+) B cells and ‘post-switched’ human MZ B 

cells (otherwise known as natural effector cells) (CD19+IgM+IgD+CD27+) (151-154). 

A study in 2011 described six B cell subsets known to contain genetic hallmarks of 

memory, with findings demonstrating that human memory B cells originate from 

three distinct GC-dependent and independent maturation pathways (154). More 

recently a double negative (CD19+IgD-CD27-) B cell population has been identified 

as an additional memory subset, mainly due to the majority of these cells harboring 

mutated Igs (155-157). These cells contained fewer SHM compared to ‘post-switch’ 

MZ B cells, implying that these cells may be representative of a distinct memory B 

cell lineage (158, 159). 

 

 

 

 

 



 

Regulatory B cells (Bregs) act as immunosupressors by preventing expansion of 

pro-inflammatory lymphocytes and pathogenic T cells through IL-10 and TGF-β 

production. The importance of Breg development and their role in suppressing 

chronic inflammation has already been highlighted in mice (14, 160-162), where 

many Breg subsets have been described to date. Such subsets include transitional 2 

marginal-zone precursor cells (T2-MZP), B10 cells (CD5+CD1dhi), MZ B cells, 

CD138+ plasma cells and plasmablasts (72, 73, 163-168).  

 

A range of Breg cells in humans have also been described, despite current findings 

being unable to reconcile the various phenotypes of human Breg cells. Human Bregs 

have most commonly been identified as CD19+CD24hiCD38hiCD1dhi and 

CD19+CD24hiCD27+ B cells (69, 93, 169). Upon in vitro CD40 engagement, 

peripheral CD19+CD24hiCD38hi B cells have been found to produce high levels of 

IL-10, and were the only subset able to suppress Th1 differentiation (93). As well as 

inhibiting Th1 responses and Th17 differentiation, CD19+CD24hiCD38hi Bregs were 

also able to convert CD4+ T cells into Tregs and Tr1 cells. (169) One study found 

that stimulation of B cells isolated from human spleen and blood via CpG-B + anti-Ig, 

led to an increase of IL-10 producing B cells within the memory (CD27+) and 

transitional (CD38hi) B cell populations (92). More recently, TIM-1 and CD9 have 

also been described as unique markers for the identification of human (170), and 

human and murine(171, 172) IL-10+ Breg subpopulations, respectively. Specifically, 

frequencies of TIM-1+ IL-10+ B cells were found to be significantly decreased in 

systemic sclerosis patients compared to healthy controls, and decreased numbers of 

IL-10 producing CD9+ and CD27− B cell subsets were discovered in pemphigus 



patients. To date, a number of reports describe different Breg subsets present in 

humans and their mechanisms of suppression, summarized in Table 2 below.  

 

Table 2 – Phenotypes of human Breg cells. A list of reports describing human 
Breg cells and their mechanisms of suppression. 
 

 

Interestingly, a study in 2010 described that over 70% of CD19+CD1dhiCD5+ 

human B cells previously reported to be regulatory in murine inflammation models, 

were also contained within the human transitional CD19+CD24hiCD38hi IL-10 

producing B cell subset in SLE patients (93). This population of CD19+CD24hiCD38hi 

B cells isolated from the peripheral blood of patients with SLE lacked the 

suppressive capacity possessed by their counterparts in healthy individuals (93). 

Further studies in MS patients with helminth infections have demonstrated higher 



frequencies of IL-10-producing CD19+CD1dhi B cells, which play a role in 

suppressing T cell proliferation and IFN-γ production, resulting in a better clinical 

outcome (178). Studying the role of Bregs in SLE patients undergoing rituximab 

therapy (B cell depletion) has generally provided useful insight into Breg 

contributions to the maintenance of tolerance(48, 179). A higher immature to 

memory ratio correlated with long-term remission in rituximab treated patients, 

suggesting that repopulation with immature Bregs may have associations with 

improved disease outcome (48, 179, 180). This is further supported by results in 

another cohort of rituximab-treated SLE patients, where normalization of CD1d 

expression on newly repopulated CD19+CD24hiCD38hi B cells corresponded to 

improved clinical responses, and normalization of the iNKT cell numbers and 

function, which were otherwise impaired in SLE patients (181). Collectively, these 

studies highlight the importance of Bregs in immune regulation and prevention of 

human autoimmune diseases. 

Depletion of B cells via the anti-CD20 monoclonal antibody rituximab has 

widespread use in the treatment of patients with autoimmune disorders such as MS, 

in which B cells were not previously considered to be significant (182). This B cell-

depletion has been proven to boost B cell regulatory functions, including restoration 

of IL-10 production and the Th1/Th2 balance, recruitment of regulatory T cells, and 

TGF-β release leading to apoptosis of effector T cells (183).  

 

Studies have shown that the timing of rituximab administration is important in 

restoring the balance between effector and Breg cells. In animal models, depletion of 

Bregs prior disease induction can aggravate autoimmune responses, and rituximab 



therapy can exacerbate diseases such as ulcerative colitis and psoriasis (184-186). 

One study demonstrated that in a mouse model of MS (EAE), depletion of B cells 

after antigen stimulation abrogated inflammatory responses to this antigen. 

However, B cell depletion prior to antigen stimulation resulted in an exacerbation of 

the immune response, which is thought to be attributed to the depletion of IL-10 

producing CD1dhiCD5+ regulatory B cells (164). B cell depletion therapy has also 

been associated with increased rejection in transplantation. One clinical study 

administered rituximab as an induction therapy in patients undergoing renal 

transplantation. However the study was suspended shortly after recruitment, owing 

to an increased incidence of acute cellular rejection in the rituximab group (186). 

Similar to the mouse study, it was hypothesized that depletion of immunoregulatory 

B cells may have contributed to this increased rejection in the rituximab-treated 

patient cohort (186) 

 

Murine B1 cells (CD19hiCD43+CD23-CD1dint) in mice are known to express and 

produce high levels of natural IgM serum antibodies, which bind to a range of 

antigens with low affinity (123, 187). Until recently, a human B1 equivalent had not 

been identified. However in 2011, one study identified human B1 cells as a 

CD20+CD27+CD43+CD70− population of cells, contributing to 5–10% of B cells in 

umbilical cord and adult peripheral blood (116). This population was classified based 

on spontaneous IgM secretion, efficient T cell stimulation, and tonic intracellular 

signaling (116). However, these findings proved controversial, with subsequent 

findings concluding that this B cell phenotype was most likely a pre-plasmablast or 



memory B cell subset (188-190). Since 2011, there have been no further reports on 

these cells in the literature. 

 

 
 
Many differences exist between the murine and human MZ B cell subsets, however 

their main commonality is their ability to mount rapid T cell-independent immune 

responses to blood borne antigens (bacteria & viruses) recruited to splenic follicular 

areas. Unlike the short development time in mice, MZs in humans take up to two 

years to develop, and are generally less well organized in comparison to the mouse 

(2, 126, 129, 191). In mice the MZ population is a heterogeneous population, where 

over 80% of MZ B cells are naïve (B220+CD19+CD21hiCD22hiIgMhiCD9+IgDlo) 

(129, 191). However, in humans, MZ B cells begin as naïve, but rapidly diversify 

through SHM, which is triggered by a poorly understood process (129, 192). As a 

result of these rapid mutations, many human MZ B cells appear to be identical to 

somatically mutated, IgM+ memory cells (CD19+CD27+IgD+IgM+), leading many to 

believe that MZ B cells represent a memory population (129, 191, 192). In fact, some 

studies argue that human CD19+IgM+IgD+CD27+ B cells are not MZ B cells but are 

memory B cells responding to T cell-independent antigens which leave the GC 

reaction prior to switching to other isotypes (193, 194). 

 

Although the spleen is required for MZ B cell generation in mice and men, murine 

MZ B cells solely localize to the spleen, whereas human IgM+CD27+ B cells freely 

recirculate (137, 195) and localize to various other anatomical sites (129, 154). It is 



unlikely however, that these differences between murine and human B cells affect 

the functional ability of MZ B cells to respond to blood-borne pathogens (129).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 









Figure 21 – B cell subsets are similar in proportions and absolute numbers 
across chronic liver diseases, with the exception of naïve B cells in PBC. (A) 
The percentages (%) and the absolute number of total CD19+ B cells across chronic 
hepatic diseases and (B) The percentages (%) of B cell subsets across Donor, PBC, 
PSC, NASH, ALD, Viral and Other livers (n=9, 12, 17, 12, 27, 10 and 13 
respectively), except for centroblasts, centrocytes and b1-types (n=7, 9, 10, 9, 16, 7 
and 6 respectively). (C) The absolute number of B cell subsets across in Donor, 
PBC, PSC, NASH, ALD, Viral and Other livers (n=8, 9, 13, 9, 19, 9 and 6 
respectively), except in the case of centroblasts, centrocytes and b1-types (n=6, 8, 
9, 8, 16, 7 and 6 respectively). Error bars represent the mean and standard 
deviation. A one-way non-parametric ANOVA (Kruskal-Wallis test) was conducted to 
compare the means across hepatic diseases. Significant differences are displayed 
where p<0.05.  
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3.2.3.  
 
To assess the distribution of B cells within the liver architecture, IHC stains were 

performed on human liver sections from end stage hepatic disease patients using 

anti-CD20 (as described in 2.5.) (Fig.22A-G). Use of anti-CD20 resulted in detection 

of all B cells with the exception of plasmablasts and plasma cells, where the CD20 

marker is downmodulated. Following the staining procedure, the sections were 

scanned and 10 random pictures were taken per field of view. The percentage area 

of CD20+ DAB stain was calculated before values for each hepatic disease (ALD, 

NASH, PBC, PSC, HCV) were averaged and plotted (Fig.22G). To confirm the 

validity of the B cell stains, human tonsil was used as a positive control and isotype 

matched controls used as negative controls on human liver tissue sections (Fig. 

22E&F).  

 

Results from B cell IHC quantification corroborated findings from the flow data, 

demonstrating that total B cells were elevated in PBC (Fig.22G & 22A). IHC staining 

further highlighted that the proportion of CD20+ B cells in PBC were significantly 

higher compared to those present in PSC (PBC: 1.72±1.46% and PSC: 0.2±0.18% 

where p= 0.014) (Fig. 22G). 



 
 

Figure 22 – B cells localize across the liver architecture and are enriched in 
PBC. IHC staining demonstrating the presence of CD20+ B cells (A) aggregating 
around bile ducts (PBC), (B) around portal veins (PBC), (C) in lobular areas (HCV) 
and (D) within the fibrotic septa (HCV). All images with taken at 10x magnification 
with 44%, 16%, 10%, 15%, 17% and 10% zoom respectively. (E) CD20+ staining 
control in human tonsil (F) CD20 isotype matched control (negative control) in 
human PBC liver section (G) The enumeration of total B cells in liver diseases of 
various aetiologies. CD20+ stains are represented as a percentage (%) of the total 
area. Patient sample values are additionally plotted with error bars representing the 
mean and standard deviation, where n=10. All statistics were performed as a one-
way non-parametric ANOVA (Kruskal-Wallis test) comparing the mean of each 
hepatic disease with the mean of every other hepatic disease. Significant differences 
are displayed on the graphs where p<0.05.  
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B cell aggregates have previously been reported and characterised to a great extent 

in HCV patients, however there are no qualitative or quantitative comparative data 

across liver diseases. To further investigate the frequency of B cell aggregates in 

end stage hepatic diseases, IHC stains were performed on liver sections from 

chronic liver disease patients using CD79α, which is a pan-B cell marker and is 

associated with the surface BCR. B cell aggregates were quantified in a cohort of 

n=77 patients comprising of 67 patients with end stage chronic liver disease (ALD, 

NASH, PBC, PSC, AIH, HCV and HBV) and 10 donor liver samples. This method of 

quantification is outlined in 2.5.4.1.  

On average, patients suffering from chronic HCV demonstrated the highest 

frequency of aggregates per unit area of tissue, followed closely by PBC (Fig. 23B). 

Statistical comparisons of the data highlighted that PBC liver sections contained a 

significantly higher frequency of B cell aggregates in comparison to NASH and donor 

livers (PBC: 3.236e-008±2.098e-008%, NASH: 4.734e-010±1.497e-009% and 

donor: 3.873e-009±1.068e-008%, where p=0.007 and p=0.03 respectively), which 

was also true for HCV livers compared to NASH and donor patients (HCV: 6.653e-

008±5.006e-008% where p=0.0001 and p=0.0009 respectively). This data 

highlighted variation in B cell aggregate frequencies across patients suffering from 

different end-stage chronic liver diseases.  

 

 



 
 
 
Figure 23 – Proportions of B cell aggregates vary between end stage hepatic 
diseases. (A) x10 magnification of a HCV liver demonstrating the presence of 
several B cell aggregates in the liver. CD79α+ B cells were visualised by DAB 
staining shown in brown and highlighted by the arrowheads. (B) Quantification of B 
cell aggregates identified by CD79α IHC staining across liver diseases of various 
aetiologies n=77. Error bars are representative of the standard deviation and mean. 
Significant differences are represented as P<0.05*, P<0.01**, P<0.001*** 
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To investigate the presence of tertiary lymphoid structures beyond autoimmune and 

viral hepatitis, serial sections from an ALD liver were stained with tertiary lymphoid 

markers for CD19 (B cells), CNA42 (FDC marker) and a marker of proliferation 

(Ki67) (Fig. 24). This work was performed by Rebecca Smith (BMedSci) in our 

laboratory.  

 

Results from this stain indicated that certain lymphoid aggregates presented 

characteristics similar to that of a tertiary lymphoid structure. As well at the entire 

follicle staining positive for the presence of CD19+ B cells, the presence of FDCs 

and high endothelial venule-like structures (HEV) were also detected. The positive 

staining for Ki67 on half of the follicle also demonstrated the presence of 

proliferation, highlighting a possible light and dark zone within the aggregate.  

 

 

 

 

 

 

 

 

 



 
 
Figure 24 – GC-like structure in an Alcoholic Liver Disease (ALD) patient. 
Immunohistochemical staining of a hepatic follicle with evidence of a GC-like 
structure (a tertiary lymphoid structure) in a patient with ALD. CD19; B cell marker, 
FDC: FDC marker; CNA42, Ki67; dark zone proliferation marker. DZ: Dark Zone, LZ: 
Light Zone. Figure from Rebecca Smith (BMedSci). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



The phenotypic characterization of B cell aggregates involves categorization into 

three distinct groups: lymphoid aggregates, B cell follicles and tertiary lymphoid 

structures. Distinctions between these groups were predominantly defined by three 

antigens: the B cell antigen CD20, the T cell antigen CD3 and the anti-apoptotic 

protein Bcl-2 (Fig. 25). Bcl-2 is an anti-apoptotic protein, and their absences is 

important in the identification of GC-like structures, as GC B cells downregulate the 

expression of Bcl-2 protein and are therefore more prone to apoptosis in order to 

eliminate autoreactive and low-affinity B cells (110).  

Lymphoid aggregates contain a mixed population of T and B cells and consequently 

are known to present with high levels of CD3+ staining within the aggregate, with low 

to moderate staining for CD20 and Bcl-2. B cell follicles present with a more dense 

aggregation of B cells, and contain fewer T cells than a lymphoid aggregate (Fig. 

25B). These follicles resemble primary follicles usually located in SLOs, and are rich 

in CD20 and Bcl-2 positive cells with a low to moderate positivity of CD3 staining, 

making these structures distinct from GC structures (Fig. 25C). Tertiary lymphoid 

structures bear close resemblance to organized GC-like structures. Their phenotype 

can be described as rich in CD20, with moderate to low aggregates of CD3. Unlike in 

lymphoid aggregates and B cell follicles, GC B cells (tertiary lymphoid structures) 

lack Bcl-2 expression, which is otherwise located on other B and T cell subsets. 

Therefore, tertiary lymphoid structures contain a significant proportion of clustered 

Bcl-2 negative cells. Positive staining for Ki67 represents the presence of 

proliferation and is therefore also indicative of a GC-like follicle (Fig. 25D).  

 

 



To investigate the distribution of B cell aggregates in end stage chronic liver 

diseases, phenotypic and quantitative analysis was performed on B cell aggregates 

in HCV, PBC, ALD and NASH livers (n=10 per disease). The IHC staining system for 

identifying the three B cell aggregate subgroups (described above) permitted the 

identification and subsequent quantification of B cell aggregates into lymphoid 

aggregates, B cell follicles and tertiary lymphoid structures. Percentages of lymphoid 

aggregates, B cell follicles and tertiary lymphoid structures out of total B cell 

aggregates were then normalized to surface area prior to investigating and 

calculating differences in these three aggregates between diseases.  

Results demonstrated that between liver diseases, lymphoid aggregates in ALD and 

NASH suffers demonstrated the highest mean percentages of approximately 77% 

and 73% respectively in comparison to HCV and PBC (55% each) (Fig. 25E). 

Similarly, the mean percentage scores for the presence of B cell follicles in PBC and 

HCV were 44% and 42% respectively, in comparison to 22% and 27% respectively 

in ALD and NASH patients (Fig. 25F). PBC suffers demonstrated the highest mean 

percentage for tertiary lymphoid structures (4%), compared to ALD (3%), HCV (2%) 

and NASH (0.5%) patients (Fig. 25G). All these differences however, did not present 

with statistical significance, thereby denoting any obvious similarities between these 

diseases. 

 

 



 

 

 

 



 

Figure 25 – Lymphoid aggregates, B cell follicles and tertiary lymphoid 
structures exist in liver. (A) Positive control staining in human tonsil where CD20 
staining depicts a germinal center, CD3 staining of a T cell area within a follicle and 
Bcl-2 staining in extrafollicular areas surrounding a germinal center follicle. 
Remaining IHC staining highlights examples of (B) lymphoid aggregates, (C) B cell 
follicles (D) tertiary lymphoid structure through CD20, CD3 and Bcl-2 staining. Each 
row is representative of the same aggregate from serial sections of a tissue sample 
from a single patient. Successful Ki-67 staining was demonstrated within the dark 
zone of a tertiary lymphoid in one patient. Lymphoid aggregates were identified as 
rich CD3 positivity relative to CD20, with Bcl-2 positivity. B cell follicles were 
identified as rich CD20 and Bcl-2 positivity relative to moderate or low CD3 positivity. 
Tertiary lymphoid structures were identified as an aggregate rich in CD20 positivity 
over a corresponding clustered area of Bcl-2 negativity, whilst CD3 staining may be 
variable. Images were taken at x5 magnification and scanned from a Zeiss Axio slide 
scanner. Figure from Bardia Guevel (BMedSci). Percentages (%) of (E) lymphoid 
aggregate, (F) B cell follicle and (G) tertiary lymphoid structures of total B cell 
aggregates per m2 for n=10 of HCV, PBC, ALD and NASH. Error bars represent the 
mean and standard deviation.  
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3.3. DISCUSSION 

The B cell compartment in the human liver has never been characterised or 

quantified in depth. However B cells have actively been found to play a role in 

hepatic disease, such as in autoimmune mediated diseases like PBC and viral 

mediated diseases like HCV. This highlights the necessity to investigate the B cell 

compartment in human liver further, as enrichment of specific B cell subsets in the 

presence of defined chronic liver disease could be an indicative of B cell mediated 

pathogenesis or B cell mediated protective responses in the liver. Furthermore, 

identifying the role of B cells in the liver could highlight a target, which could be 

manipulated therapeutically in the future to prevent hepatic disease progression. 

Numerous B cell subtypes have previously been characterized in human peripheral 

blood. In this chapter, I sought to identify B cell subsets in human blood before 

confirming whether the same subsets were present in human livers.  

Formerly, human B cells were characterized in tonsil using the Bm1-Bm5 

classification system using CD19, IgD, CD38 and CD27 antigens. These markers 

were used to identify naïve cells (Bm1: IgD +CD38−); activated naïve cells (Bm2: 

IgD+CD38lo); pre-GC cells (Bm2′: IgD+CD38++); GC cells (Bm3-centroblasts), 

centrocytes: (Bm4-IgD-CD38++); and memory cells (Bm5: IgD-CD38+/−) (140) (144) 

(138). More recently, alternative marker combinations have been used to phenotype 

B cell subsets in human tonsil and blood (139, 406). These include: Bregs 

(Transitional/B10) (93), switched memory B cells (IgD-CD27+) (407) naïve B cells 

(IgD+CD27-) (139) and less well described subsets such as marginal zone B cells 

(non-switched memory) (IgD+CD27+) (195) and human ‘B1-type’ cells 

(CD20+CD70-CD43+CD27+) (386). Human B cell characterisation is less well 



established compared to murine B cell subsets, therefore it is unsurprising that 

conflicting views exist on how to definitively phenotype B cell subsets in humans. 

The first part of this chapter involved the consolidation of findings from existing 

studies, to organise three eight-colour flow cytometry panels to identify over 11 B cell 

subsets in human peripheral blood. The presence of all 11 B cell subsets were 

confirmed in peripheral blood, after which the same panels were used to confirm the 

presence of these B cell subsets in human liver. Direct comparisons were then made 

in B cell subsets within human peripheral blood vs. human liver using matched 

patient samples.  

Data from Figure 18 demonstrates that all B cell subsets located in human 

peripheral blood were also present in the liver. It is also clear that the profile of these 

B cell subsets vary between the two, with peripheral blood containing a higher 

percentage of naïve B cells, and the liver containing a significantly higher percentage 

of the double negative memory and centroblast B cell compartment. This difference 

in profile suggests that either B cells home to the liver following circulation (possibly 

through blood from the gut) where they are activated, or that the liver harbours its 

own distinct tissue resident memory B cell population. Considering that the liver 

tissue experiences several thorough washes during LIMC isolation to remove 

contaminating blood lymphocytes, it is fair to speculate that the latter explanation is 

more than plausible.  

In order to further compare the memory B cell compartment in blood and liver, 

surface isotype staining for IgM, IgG and IgA was performed on memory B cells 

isolated from matched blood and liver (Figure 19). Unfortunately, due to difficulty 

obtaining a high yield of PBMCs from precious blood samples, and the lack of space 



on our B cell panels, I was unable to assess the IgE surface expression on memory 

B cells at this point. Interestingly, memory B cells were found to have significantly 

higher surface expression of IgA in peripheral blood compared to matched chronic 

diseased livers, whereas IgM surface expression was significantly higher on hepatic 

memory B cells. This result was surprising, as impaired hepatic clearance of 

circulating IgA immune complexes has previously been reported in liver disease 

patients, and a high incidence of IgA nephropathy has been previously discovered in 

patients with liver cirrhosis (408, 409). Furthermore, as IgA is a mucosal antibody, it 

is rarely found to be enriched in the blood, however has been previously been found 

to be enriched in human hepatic bile (410). These data show that when assaying 

memory B cell function from patients with liver disease, data from peripheral blood 

may be misleading. 

I set out to establish if the hepatic B cell compartment resembled the frequency and 

composition of B cells in peripheral blood, or in SLOs (Figure 20). Mononuclear cells 

isolated from spleen and lymph nodes harvested from the mesentery of donor 

explants were surface stained for the B cell panel as previously performed on blood 

and liver. Results showed that liver B cells may be similar in total numbers to blood, 

but in composition were similar to SLOs, with naïve B cells being reduced in liver 

and SLOs, and the memory subset being enriched in liver and SLOs compared to 

blood. These data further implied that the liver may harbor more activated, antigen 

experienced B cells in comparison to blood and that memory B cells specifically 

were sequestered or expanded in the liver. Previous studies have described what is 

now known as the ‘liver graveyard theory’. This “graveyard theory” suggested that 

the liver was able to exclusively eliminate activated antigen specific CD8+ T cells, 



programmed to undergo apoptosis (411, 412). In this way, the liver was able to 

actively contribute to the hepatic tolerance effect. As is the case for CD8+ T cells, it 

is possible that memory B cells are also sequestered and cleared in the liver via 

apoptosis, adding further speculation to the ‘liver graveyard theory’ (411, 413).  

To elucidate the role of B cells in chronic liver diseases, a recent study investigated 

the infiltration of B cells in human liver tissues of chronic liver disease patients by 

immunohistochemistry. They found that chronic liver disease patients with higher 

inflammatory grades had significantly more CD20+ B cell infiltration in their livers 

compared to those with lower grades. However, intrahepatic CD20+ B cells were not 

positively associated with liver fibrosis stages in these patients (287).  

Considering a diverse spectrum of end stage hepatic disease exists, I also wanted to 

investigate differences within the B cell compartment between chronic liver disease 

types. These disease types included dietary injury (ALD, NASH), autoimmune (PBC, 

PSC), viral (HCV/HCC) and genetic/enzyme deficiencies (other). Whereas the 

previous study used IHC to enumerate B cells in hepatic disease, I primarily used 

flow cytometry to elucidate the role of B cells in chronic liver diseases, where results 

highlighted that an increased quantity of CD19+ B cells existed in PBC compared to 

other hepatic conditions, although these results were not statistically significant (Fig. 

21A). These findings were supported with immunohistochemistry, where 

quantification of CD20+ stains were performed on AIH, PBC, PSC, NASH, ALD and 

HCV liver tissue sections, and demonstrated that a significantly higher quantity of 

CD20+ B cells existed in PBC compared to PSC (p=0.014) (Fig. 22G). This result 

was corroborated by recent data which detected significantly fewer CD20+ B cells 

surrounding portal tracts and bile ducts in PSC compared to PBC using 



immunohistochemistry and flow cytometry (286, 287). It is possible that thorough 

washes performed on liver tissue to remove circulating blood B cells during the LIMC 

isolation process consequently leads to a loss in hepatic B cells. This would make us 

unable to always highlight significant differences between hepatic subsets using flow 

cytometric quantification. I therefore support that histology is a more reliable method 

to estimate liver B cell quantities in various liver diseases. Furthermore, I was able to 

score AIH sections by histology, as they were available in our tissue collection, 

whereas AIH explants were rarely available in our clinic. 

Immunohistochemical staining of liver tissue sections demonstrated that CD20+ B 

cells localised to parenchymal and fibrotic areas within the liver architecture, with B 

cells predominantly localising around portal veins and bile ducts (Fig. 22 A–D). 

Aggregates of B cells around bile ducts and portal veins were frequently observed in 

HCV and PBC livers (Fig. 23B), an observation which is supported by another 

recent study by Takahashi et al, (224). This study found that in PBC patients, CD20+ 

B cells aggregated in a follicle-like fashion around inflamed portal tracts, and where 

intrahepatic bile ducts were usually located (224). Other studies characterising B cell 

aggregates in the liver however, have been defined best in HCV patients in 

particular, further supporting that B cell aggregates in the liver may be disease 

specific (414-416). 

With the exception of mature naïve B cells being enriched in PBC, unlike total B cell 

numbers, B cell subsets in liver diseases of various aetiologies were similar in 

proportions and absolute numbers (Fig. 21B). This may be due to the similar 

hallmarks expressed in all end stage liver diseases, such as fibrosis and cirrhosis of 

tissue. Excess scar tissue and inflammation could mean that detectable differences 



in B cell populations in early-mid stage hepatic disease were undetectable in end 

stage hepatic disease. Alternatively, the excess fibrosis in end stage liver explants 

may result in difficulty isolating all B cells from liver tissue, resulting in insignificant 

differences between hepatic diseases when analysing B cell subsets. Research has 

highlighted a possible role of B cells in PBC, where B cell depletion with Rituximab 

results in reduced autoantibody production and improved symptoms in PBC patients 

(30, 417). Furthermore, it is known that liver infiltrating lymphocytes, including 

CD19+ B cells, are recruited around bile ducts through the constitutive expression of 

chemokine CXCL12 (stromal cell-derived factor 1 - SDF-1) where they participate in 

the destruction process of targeted bile ducts through AMA production (224). Our 

data shows a significant increase in the proportion of naïve mature B cells in PBC 

compared to donor livers (p = 0.02). It is possible that these naïve B cells are 

recruited to the liver as a consequence of the autoimmune inflammatory response, 

however further investigations would need to be performed in order to determine 

whether this is the case. 

 It is likely that expansion in subsets yet to be identified and missed by our antigen 

combination schemes could explain this increase of B cell numbers in PBC patient 

livers. 

Given that many characteristics of chronic liver diseases are similar as a 

consequence of common liver pathology, histological variation in B aggregate 

presence in chronic liver diseases could be of use diagnostically. With this in mind, it 

was important to investigate the quantitative differences in B cell aggregates across 

various hepatic aetiologies. To quantify differences in B cell aggregation numbers 

between chronic liver diseases, B cells were stained with CD79α, which is a pan-B 



cell marker and forms part of the BCR with CD79b. Following staining, aggregates of 

these B cells were visualized (Fig. 23A). ImageJ software analysis was then used to 

quantify these aggregates across end stage hepatic disease. Results concluded that 

HCV and PBC livers had a significant enrichment of B cell aggregates compared to 

NASH (p=0.0001 and p=0.007) and Donor (p=0.0009 and p=0.03) patients. (Fig. 

23B). This finding replicates data for HCV (362) and PBC where B cell rich lymphoid 

aggregation has been frequently mentioned in biopsy reporting’s (224, 418). 

Additionally, results showed B cell aggregates to mostly be a phenomenon of 

diseased and not donor liver. This is with the exception of a few samples in our 

donor cohort, which may be a result of disease occurrences in rejected donor 

samples (e.g. excess fat content) and other such case reports. 

Centroblasts are a proliferative B cell type involved in the GC reaction, which were 

found to be enriched in human liver compared to matched peripheral blood samples 

(Fig. 18B). Investigations by a BMedSci student in our lab located a GC-like 

structure in an ALD patient with a dark and light zone, which contained B cells (Fig. 

24). Small structures resembling HEV were also identified, which are indicative of 

GC-like structures. One observation was that within the follicle, FDCs were identified 

in the dark zone, whereas GCs are described with FDCs being present in the light 

zone.  A previous investigation by Mosnier et al and Murukami et al. supports the 

theory of the presence of GC-like structures in liver. Using IHC staining, they found a 

proportion of liver B cell aggregates (ectopic lymphoid structures) in HCV patients 

which expressed markers comparable to those located in GCs of typical secondary 

lymphoid tissues (lymph nodes or tonsils) (419) (362). These data in conjunction with 

our findings highlight similarities between the liver and secondary lymphoid tissue, at 



least in HCV infection. Even this study however, indicated that GC-like B cell follicles 

were not universal in HCV patients, and the presence of FDCs in the dark zone 

raises some doubt as to whether these structures can definitively be identified as 

GCs, provoking further questions into why and if GCs are present in certain patients 

and what the distribution of other types of B cell aggregates may be (362, 420). To 

confirm the presence of GCs across human liver disease, future work could involve 

investigation of further markers indicative of a GC reaction, such as Activation-

Induced (Cytidine) Deaminase (AID), as AID is the principal enzyme responsible for 

class switch recombination in the GC light zone. 

As well as forming associations with HCV, studies have demonstrated that ectopic 

lymphoid structures can also be found in patients and in mouse models with chronic 

liver diseases such as HBV and PBC, where increased numbers of such aggregates 

have been associated with poor prognosis (223). It has also been proposed that the 

B and T cells present in ectopic lymphoid structures, create a pro-inflammatory, 

cytokine-rich environment, and that this environment in conjunction with surrounding 

hepatocytes supports the growth of hepatocellular carcinoma progenitor cells within 

the aggregate, thereby promoting de novo hepatocarcinogenesis (421, 422). With 

this in mind, targeting the cells in ectopic lymphoid structures might provide 

therapeutic benefit for end stage chronic liver disease patients. Quantifying the 

distribution of types of B cell aggregates across hepatic diseases would not only 

confirm previous findings, but would also assist in identifying immunopathological 

differences between hepatic diseases, thereby aiding in diagnostics and 

understanding of pathophysiology.  

To perform this characterization, a panel of antibodies was used which were chosen 



and optimized by our intercalating medical student Bardia Guevel. These markers 

included CD20 (pan B cell), CD3 (pan T cell) and Bcl-2 (GC-negative B cells, T 

cells), which allowed robust categorisation of B cell aggregates based on phenotype. 

By means of immunohistochemistry, varying patterns of staining intensity described 

in 2.5.4. permitted the classification of B cell aggregates into lymphoid aggregates, B 

cell follicles or tertiary lymphoid structures. (Fig. 25 E–G) presents the quantification 

of B cell aggregate types across end stage hepatic disease, where no statistical 

differences between the percentages of lymphoid aggregates, B cell follicles or 

tertiary lymphoid structures were identified between hepatic diseases. This is likely 

due to high variation between livers, therefore would require an increased cohort 

size to confirm these results.  

In summary, I have established a reliable technique to characterise 11 B cell subsets 

across end stage hepatic diseases through flow cytometry, the results of which have 

been confirmed by immunohistochemistry. Data from over seventy livers supports 

that proportions of hepatic B cell subsets did not vary significantly between hepatic 

liver diseases with the exception of the naïve mature B cell compartment. This may 

be due to the fact that there are few differences in overall hallmarks of end stage 

hepatic disease, with all livers eventually experiencing fibrosis, cirrhosis and 

inflammation. Supportive of the initial hypothesis that the B cell compartment varies 

according to disease specificity, PBC patients presented with a higher overall 

proportion of B cells, and contained a higher proportion of B cell aggregates 

compared to dietary injury livers. These aggregates were predominantly located 

around portal veins as well as bile ducts, which are known to be targeted by 

autoantibodies during disease, further indicating the possible pathogenic role of B 



cells in PBC. It is important to understand which B cells subsets are specifically 

expanded to account for the increase in PBC B cell numbers in the liver, as this 

information may indicate which cells are involved in disease pathogenesis and 

therefore can be targeted therapeutically going forward. 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 



4.1. INTRODUCTION 
While performing phenotypic analyses to compare matched blood and liver for B cell 

subset distributions, I noticed that CD24- B cells were enriched in the human liver 

compared to matched blood. This instigated a series of investigations to characterise 

CD24- B cells in donor livers and in liver inflammation. This chapter will focus on 

CD24- B cells in the liver.  

 

CD24 is a mature sialoglycoprotein (423) and is expressed on the surface of 

haematopoietic cells such as B cells (423-426), some T cells (427-429), neutrophils 

(429, 430), eosinophils (431), DCs (432, 433) and macrophages (434). It is also 

found on non-haematopoietic cells such as neural cells (435, 436), ganglion cells 

(437, 438), epithelia (439, 440), keratinocytes (441), pancreas (442), and muscle 

cells (443). CD24 is known to be overexpressed on many types of cancers, and is 

recognised as an important diagnostic and prognostic marker (444). Loss of CD24 

expression on tumour cells has been associated with inhibited invasive growth, 

apoptosis and decreased proliferation (445). 

The wide distribution of CD24 in conjunction with its variable glycosylation, means 

that it has many ligands and so numerous unrelated functions have been associated 

with this glycoprotein (446). Studies have definitively shown that CD24 is able to 

bind P-selectin on human tumour cells, endothelium and activated platelets, and that 

this interaction can be blocked by soluble anti-CD24 (447). CD24 found on immune 

cells such as B cells, some T cells and neutrophils, could possibly interact with P-

selectin on platelets and endothelium, although these interactions have yet to be 

investigated. Other CD24 ligands include CD171 in the brain, TAG-1 and contactin 



(448-450), which are all involved in mediating CD24-induced inhibition of neural cell 

growth. CD24 plays a role in inflammation by binding DAMPs such as high mobility 

group box protein 1 (HMGB-1), Heat-shock protein and nucleolins along with Siglec-

10 to selectively repress the host response to tissue injury (451). 

 

Although various immunological functions have been associated with CD24, due to 

its variable glycosylation the true function of CD24 remains an enigma for most cell 

types. CD24 is however, known to mediate signal transduction through the 

recruitment of Src family protein tyrosine kinases (PTKs) via membrane rafts, and 

activates the mitogen-activated protein kinase pathway (MAPK), which triggers B 

and T cell development and apoptosis, cell binding and granulocyte oxidative burst 

(452-456). Furthermore, the mouse equivalent to CD24, known as heat stable 

antigen (HSA), has been implicated in cellular adhesion (457) and lymphocyte 

activation (458-460). 

Expression of CD24 is high on B cell progenitors and mature resting B cells but not 

on terminally differentiated plasma cells (461). It influences B cell growth and 

activation responses through a calcium-mobilising signal transduction pathway (424, 

462) and mediates cell-cell adhesion on naive B cells in mice (463). Previous studies 

also show that this gradual loss of CD24 expression on maturing B cells is 

necessary for a commitment to differentiation (464, 465) (466). One study further 

highlighted the importance of CD24 in early B cell development, by characterising 

mice lacking a functional HSA gene, constructed by homologous recombination in 

embryonic stem cells. Results proved that while T cell and myeloid development 



appeared normal, HSA knockout mice presented with a leaky block in B cell 

development and a reduction in late pre-B and immature B cell populations in the 

bone marrow (463). On the other hand, data also shows that transgenic mice that 

overexpress HSA experience a significant reduction in pro-B and pre-B lymphocytes 

(467). As HSA performs as an adhesion molecule for P-selectin to facilitate the 

homing and stabilization of B cell precursors to the bone marrow, HSA 

overexpression is thought to retain B cell precursors on the bone marrow stroma, 

thereby preventing further maturation (468). HSA has since been implicated as a 

potent negative regulator of B cell development and activation, where another study 

reported that cross-linking HSA with the M1/69 monoclonal antibody induced the 

apoptosis of cultured B cell precursors in a stromal cell and cytokine-independent 

manner and that sensitivity to HSA-mediated cell death increased with 

developmental maturity. This study went on to prove that cross-linking of HSA did 

not induce apoptosis in mature splenic B cells, but instead inhibited their ability to 

proliferate in response to anti-CD40 + IL-4 (469).  

CD24 expression is also linked to increased vulnerability to autoimmune disease 

development (470), where CD24 deficiency causes deletion of autoreactive T cells 

that normally escape negative selection, and abrogates the development of EAE in 

transgenic mice with a TCR specific for a pathogenic autoantigen (471). 

Furthermore, CD24 polymorphisms have been identified as an important genetic 

factor in regulating susceptibility to autoimmune diseases, including multiple 

sclerosis (472, 473) and ulcerative colitis in humans (474) (475). 

 



 

A newer flow cytometric approach has emerged over recent years to distinguish 

human memory B cells from naïve B cells, using B cell antigens CD19 with CD24 

and CD38. These three antigens allowed the characterization and quantification of 

memory B cells (CD19+CD24+CD38-), Transitional/Breg type cells 

(CD19+CD24hiCD38hi) and mature naïve B cells (CD19+CD24intCD38int) (93) 

(476). One study used this gating strategy to investigate B cell subsets in the 

peripheral blood of the elderly, and discovered the presence of a new ‘memory B 

cell’ subset identified as CD19+CD24-CD38- B cells.  This CD24- B cell population 

was enriched in the elderly compared to younger controls and was found to produce 

TNF-α following stimulation with CpG, thereby leading to a hypothesis that this 

expanded population may contribute to the increased inflammatory status in the 

elderly known as ‘inflamm-aging’ (477). The CD19+CD38-CD24- B cell population 

has also been found to be significantly enriched in the blood of atopic dermatitis 

patients compared to healthy control and psoriasis patients. This correlated with 

higher chronic activation amongst these patients, further supporting the hypothesis 

that CD24- B cells may contribute an inflammatory phenotype (478).  

 

In addition to the Buffa study, there have been numerous reports on ‘age-associated 

B cells’ (ABCs) (479, 480). ABCs are defined as an antigen-experienced population, 

which process and present antigen, and accumulate with age (479, 480). Although 

this subset shares many phenotypic characteristics with exhausted memory B cells 

(481), ABCs lack CD21 and CD23 expression (479), express high levels of the 

transcription factor T-bet (482), and respond poorly to BCR engagement (483) (See 

Table 19). Following TLR stimulation in vitro however, ABCs have been found to 



class switch (480, 482), produce antibodies and secrete a spectrum of 

immunomodulatory cytokines such as IFN-γ and IL-10 (483). Further in vivo studies 

demonstrated that ABCs were also producers of pro-inflammatory cytokine TNF-α 

(484), and that the sustained accumulation of ABCs could lead to autoinflammatory 

and autoimmune pathologies (480, 482).  

 

Overall, although previous studies have implied CD24- B cells may contribute to 

inflammation, the function of CD24- B cells and their role in inflammation still 

remains to be thoroughly elucidated. 

Chapter objectives.  

To understand the phenotype of CD24- B cells across end-stage liver disease, I 

designed experiments: 

1. To compare proportions of CD24-CD38- and CD24-CD38int B cells in human 

diseased liver and matched blood using flow cytometry. 

2. To quantify CD24-CD38- and CD24-CD38int B cells across end stage hepatic 

diseases. 

3. To investigate the phenotype of the CD24- B cell population by flow cytometry 

by characterizing their expression of B cell subset markers, activation 

antigenic markers and age-associated B cell markers. 

4. To understand how expression of the CD24 glycoprotein is lost from B cells 

using co-culture assays. 

 

 

 

 



Table 21 – Surface marker expression used to define human and mouse ABCs and human 
exhausted B cells (483). Expression markers of human and mouse antigens defining ABC and 
exhausted B cell phenotypes are shown as high, positive (+), intermediate (int), negative (-) or N/A 
(unknown). The first three columns compare expression of surface markers of mouse and human 
ABCs reported by Hao et al. in mice, and Rubtsov et al. in mice and humans respectively. The last 
column characterises exhausted human B cells. 



4.2. RESULTS 
 

 

CD24- B cells were found to be present in the liver, which could be further separated 

into CD24-CD38- and CD24-CD38int subsets (Fig. 26A). Given that CD24 is 

involved in cell migration, B and T cell activation, signaling, and autoimmune 

disease, I sought to determine if liver B cells expressed a greater proportion of 

CD24- B cells in comparison to matched and unmatched blood samples.  

 

In order to investigate the presence of CD19+CD24-CD38- and CD19+CD24-

CD38int populations in the liver, I stained PBMCs from matched patient blood and 

LIMCs from liver for CD19, CD24 and CD38 antigens. I observed an enrichment of 

CD19+CD24-CD38- populations in 6 out of 7 diseased livers (where the fold change 

for NASH1, NASH2, ALD1, ALD3, PSC and PBC was 1.9, 1, 0.6, 0.6, 10.2 and 12.7 

respectively), and enrichment of CD19+CD24-CD38int in 7 out of 7 livers compared 

to matched blood (where the fold change for NASH1, NASH2, ALD1, ALD2, ALD3, 

PSC and PBC was 2.2, 2.1, 1.1, 0.32, 1.35, 11.8 and 25.8 respectively) (Figure 26 

A & B). Of these matched blood and liver donors, autoimmune patients 

demonstrated the greater fold increase of CD24- B cell subsets compared to 

matched blood, whereas the fold change between matched blood and metabolic liver 

disease demonstrated a lower fold change. 

 

To establish whether CD24- B cells were enriched in SLOs or were specific to the 

liver, the percentages of CD24-CD38- and CD24-CD38int subsets per gram of tissue 

in donor and diseased livers were compared to perihepatic lymph nodes and donor 



spleens. Results demonstrated that the percentage of CD24-CD38int B cells were 

significantly enriched in healthy livers (6.4±8.2%) compared to perihepatic lymph 

nodes (4.0±4.4%) and spleen (2.7±2.28%) (where p=0.018 and 0.014 respectively). 

However, there were no significant differences between hepatic CD24-CD38- B cell 

proportions (healthy 6.4±8.2% and chronic liver disease 14.13±15.34%) compared to 

secondary lymphoid tissues (lymph node 4.0±4.43% and spleen 2.7±2.28%) (Fig. 

26C). Taken together, these results indicate that CD24- B cells are specifically 

enriched in liver when compared to matched and unmatched blood and SLO 

samples. 



.  

Figure 26 – CD24- B cells are enriched in liver compared to matched blood and 
SLO samples. (A) Gating strategy for CD24-CD38- and CD24-CD38int B cells, and 
other subsets in a matched PBC liver and blood sample. (B) Fold change increase of 
CD24- B cells within liver samples compared to matched blood (n=7) from patients 
with different chronic liver diseases. (C) Percentage (%) of CD24-CD38- and CD24-
CD38int B cells present per gram of tissue in SLO (perihepatic LN and spleen), 
donor and chronic diseased livers. All statistics were performed as a one-way non-
parametric ANOVA (Kruskal-Wallis test) comparing the mean of each tissue cohort 
with the mean of every other tissue cohort. Significant differences are displayed on 
the graphs where *p<0.05. 
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I wanted to establish whether CD24-CD38- and CD24-CD38int B cell populations in 

liver and blood were heterogeneous, and if so, whether they were similar to naïve or 

memory B cells. To investigate this, I used CD27 and IgD antigens to quantify the 

percentage of naïve mature, switched memory, non-switched memory and double 

negative B cells within the CD24-CD38- and CD24-CD38int B cell subsets (Fig. 27).  

 

Experiments revealed that in donor livers, the phenotype of CD24-CD38- B cells 

were mainly naïve, and harbored a significantly higher proportion of naïve B cells 

(41.5±21.0%) compared to non-switched memory B cells (‘marginal zone-like’ cells) 

(11.5±15.9%) where p=0.03. Conversely, CD24-CD38int B cells in donor livers did 

not contain significant enrichment of any B cell phenotype  (Fig 27B).  

 

In diseased livers, the CD24-CD38- population also contained a significantly higher 

proportion of naïve B cells (where 46±21.0%) compared to non-switched memory 

(10±10%), switched memory (16±13%) and double negative B cells (28±17%), 

where p=0.0001, p=0.0001 and p=0.006 respectively. The hepatic CD24-CD38int 

population contained B cells with a significantly higher naive phenotype compared to 

switched memory and double negative memory (naïve: 34±25%, switched mem: 

13±13%, double negative mem: 11±9%), where p=0.0001 and 0.001 respectively. 

This population also contained a significantly higher proportion of non-switched 

memory B cells compared to switched memory and double negative memory B cells 

(non-switched memory: 43±26%), where p=0.0001 and p=0.0001 respectively (Fig 

27B). Interestingly, the trend in terms of proportions of B cell subsets within the 



CD24-CD38int B cell compartment was similar between human blood and diseased 

liver samples. 

 

In healthy blood, the phenotypic profile of CD24- B cells differed to that found in 

donor and diseased livers, as both CD24-CD38- and CD24-CD38int groups 

contained a significantly high non-switched memory B cell compartment (CD24-

CD38-: 46.8±12.6% and CD24-CD38int: 64.6±11.2%, p=0.0001) compared to 

double negative memory B cells (CD24-CD38-: 3.8±2.7% and CD24-CD38int: 

1.8±1.4%, p<0.0001) (Fig 27B). CD24-CD38int B cells in blood also contained a 

significantly higher proportion of naïve cells compared to switched memory (where 

naïve: 21.5±6.7% and switched memory: 27.95±11.7% and p=0.03), and 

significantly enriched non-switched B cells compared to switched memory (where 

non-switched: 46.75±12.6% and switched: 27.95±11.7% and p=0.03). These data 

show that CD24-CD38- and CD24-CD38int B cells are phenotypically distinct in the 

liver and their subset composition may differ between anatomical locations.  



        

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 27 - Liver and blood CD27 and IgD expression of CD24-CD38- and 
CD24-CD38int B cells reveals phenotype in blood and liver. (A) Flow cytometry 
plots highlight differences between naïve mature, non-switched memory, switched 
memory and double negative B cells (as gated in Fig. 18A) within the CD19+CD24-
CD38- and CD19+CD24-CD38int compartment in diseased liver and healthy donor 
blood. (B) The percentage (%) of naïve mature, non-switched memory, switched 
memory and double negative B cells present in the CD19+CD24-CD38- and 
CD19+CD24-CD38int compartment of healthy donor blood, donor liver and diseased 
liver. Error bars represent the mean and standard deviation, where n=6 for healthy 
bloods, n=7 for donors and n=57 for diseases livers. Statistical differences were 
calculated with a non-parametric one-way ANOVA (Kruskal-Wallis test), corrected 
for multiple comparisons (Dunn’s). Statistical differences were represented when 
p<0.05*, p<0.005** and p<0.0005****. 
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To test if CD24- B cells in the liver were more phenotypically comparable to blood or 

LN from the same donor, I compared matched tissues from three end stage liver 

disease donors with PBC, ALD and NASH (matched blood and liver) and two donor 

livers (matched liver and LN) (Fig. 28). These experiments showed that the 

proportion of naïve and memory B cells within the CD24- compartment were different 

between the liver and the periphery, and between the liver and perihepatic lymph 

nodes in every individual patient. 

 
 
 



 
 
 
Figure 28 – The composition of CD24- B cells differs between matched blood 
and liver and between different individuals. The proportions of naïve, non-
switched memory, switched memory and double negative B cells within the CD24- B 
cell compartment in (A) matched blood and liver patients, and (B) matched lymph 
node and liver. Each row is representative of an individual donor. 
 
 

Blood Liver Blood Liver 

N

CD24-CD38- CD24-CD38int 

ALD 

ALD 

PBC 

NASH 

LN Liver LN Liver 
CD24-CD38- CD24-CD38int 

Donor 1 

Donor 2 

Naive
Memory (non-switched)
Memory (switched)
Double Negatives

A 

B 



To help establish whether the absolute number of CD24-CD38- and CD24-CD38int 

B cells varied proportionally between end stage chronic hepatic disease, I stained 

LIMCs isolated from end stage hepatic liver disease explants (viral, autoimmune and 

dietary injury) with CD19, CD38 and CD24. Secondly, I phenotypically characterised 

the CD24- B cell compartments further, by staining these cells to quantify 

proportions of naïve mature (IgD+CD27), non-switched memory (IgD+CD27+), 

switched memory (IgD-CD27+) and double negative B cells (IgD-CD27-).  

 

Fig. 29A demonstrates that the number of CD24-CD38- B cells per gram of tissue 

was significantly enriched in PBC livers compared to donor livers (PBC: 

6541±7681% and donor: 274±338% where p=0.02). The number of CD24-CD38int B 

cells per gram of tissue was not increased in PBC (Fig. 30A) compared to other 

chronic liver diseases. The proportions of naïve, non-switched memory, switched 

memory and double negative B cells also did not vary significantly between end 

stage hepatic diseases within both CD24-CD38- and CD24-CD38int B cell 

compartments (Fig. 29B & 30B).  

 

In order to further characterize the CD24- B cell populations, surface antigens were 

quantified for B cell activation (CD69), antigen presentation (CD1d) and class-

switched B cells (IgG & IgA) (Fig. 29B & 30B). Within the CD24-CD38- B cell 

compartment, the percentage of CD1d expression was significantly increased within 

donor patient livers compared to dietary liver disease patients (donor: 10.6±4.2%, 

and ALD: 2.13±2.36% NASH: 0.66±0.8% where p=0.03 and, p=0.0007 respectively). 

This result was also true within the CD24-CD38int B cells compartment, where CD1d 

expression was significantly increased within donor patient livers in comparison to 



NASH liver patient livers, (donor: 14.8±8.1% and NASH: 3.11±5.64% where 

p=0.019). PSC patient livers demonstrated a significantly higher proportion of IgG 

class switched CD24-CD38- B cells compared to viral livers (PSC: 5.05±6.7% viral: 

2.65±3.35% where p=0.037) (Fig. 29B), however no such difference was 

demonstrated within the CD19+CD24-CD38int compartment (Fig. 30B). 

 

 

 



 

Figure 29 – The percentage of CD24-CD38- B cells varied phenotypically 
across end-stage liver diseases. n=7,9,9,9,16 and 7 for donor, PBC, PSC, NASH, 
ALD and Viral livers respectively. (A) Proportions of CD24-CD38- B cells across end 
stage hepatic diseases per gram of tissue. (B) Percentages (%) of naïve mature, 
non-switched memory, switched memory, double negative, CD69+, CD1d+, IgG+ 
and IgA+ cells within the CD19+CD24-CD38- B cell compartment. Error bars 
represent the mean and standard deviation. Statistical differences were calculated 
with a non-parametric one-way ANOVA (Kruskal-Wallis test), corrected for multiple 
comparisons (Dunn’s). Statistical differences were represented when p<0.05*, 
p<0.005** and p<0.0005***, or with the original p value. 
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Figure 30 – The percentage of CD24-CD38int B cells varied phenotypically 
across end-stage liver diseases. n =7,9,9,9,16 and 7 for donor, PBC, PSC, NASH, 
ALD and Viral livers respectively. (A) Proportions of CD24-CD38int B cells across 
end stage hepatic diseases per gram of tissue. (B) Percentages of naïve mature, 
non-switched memory, switched memory, double negative, CD69+, CD1d+, IgG+ 
and IgA+ cells within the CD19+CD24-CD38int B cell compartment. Error bars 
represent the mean and standard deviation. Statistical differences were calculated 
with a non-parametric one-way ANOVA (Kruskal-Wallis test), corrected for multiple 
comparisons (Dunn’s). Statistical differences were represented where p<0.05*. 
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Buffa et al. showed that the proportion of CD24-CD38- B cells was increased in the 

blood of the elderly (477). I wanted to assess whether an age correlation existed 

between our CD19+CD24-CD38- and CD19+CD24-CD38int hepatic B cells and 

patient age. Age data was obtained for patient livers used in our cohort, from a range 

of hepatic diseases. This data was then analysed for the correlation between patient 

age and the number of CD24-CD38- and CD24-CD38int B cells obtained per gram 

of liver tissue.  

 

Fig. 31 demonstrates an inverse correlation exists between increased patient age 

and the number of CD24-CD38- and CD24-CD38int B cells per gram of tissue. Older 

patients with end stage chronic hepatic disease had reduced numbers of CD24-

CD38- and CD24-CD38int B cells, where r=-0.27 and -0.35, and p=0.02 and 0.004 

respectively. Furthermore, no correlation was observed between types of hepatic 

disease, age, and the number of CD24- B cells/g of tissue.  

Figure 31 – The number of CD24-CD38- and CD24-CD38int B cells in human 
chronic diseased livers decrease with age. Scatter graph demonstrating the linear 
regression between the number of CD24-CD38 and CD24-CD38int B cells per gram 
of human chronic liver diseased tissue with age. Each dot is representative of a 
different disease as indicated by the key. The ‘other’ cohort is representative of 
patients with enzyme deficiencies or polycystic liver disease. Correlations between 
the variables were assessed by calculating Pearson correlation coefficients (two-
tailed) with 95% confidence intervals, where n=64. 
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The Buffa study initiated our interest in age-associated B cell populations. ABCs are 

a specific B cell subset found to be enriched in peripheral blood in the elderly. These 

cells have phenotypically been described in the literature as 

CD19+CD11c+CD80/86hiT-bet+CD21-CD23-IgD- (483). Furthermore, a recent 

study discovered CD21- ABCs in human blood to contain a CD38-CD24low 

population of B cells (485). ABCs have been proven to play a role in autoimmune 

disease (480, 482), and my data shows that CD24-CD38- B cells were enriched in 

PBC. For these reasons, I was driven to investigate whether the phenotype of 

exhausted and ABCs correlated with our hepatic CD19+CD24-CD38- and 

CD19+CD24-CD38int B cell population, to further understand the function of these 

CD24- liver B cells. To address these points, LIMCs were stained for CD19+ B cells, 

CD38 and CD24 antigen markers and ABC markers across three panels: (1) CD21, 

IgD, CD11c, T-bet (2) CD23, T-bet and (3) CD80, T-bet respectively (see methods 

2.3.3.1). Stained LIMCs were run through the flow cytometer. The gating strategy of 

the three ABC antigen panels using total hepatic CD19+ B cells is outlined in Fig. 

32A.  

 

Fig. 32B demonstrates that when ABCs (antigen combination staining panels 1, 2 

and 3) (blue) were overlaid onto total CD19+ B cells in the liver (red), the majority 

mapped onto the CD24-CD38int population, indicating that a large amount of ABCs 

located in the liver may be contained within the CD24-CD38int population. In panels 

1 and 2, a few ABC-like cells were also found to map within the memory B cell 

compartment (CD19+CD38-CD24+). ABCs are known to lack CD23 expression but 



exhausted B cells are CD23+. I decided to investigate whether hepatic B cell 

populations contained exhausted B cell markers. Fig. 33 shows that like ABC-like 

cells, exhausted-like B cells (CD19+CD21lowCD23+CD11c+IgD-CD80hi) were also 

mainly contained within the CD24-CD38int population. 

 



 
 
Figure 32 – ABCs were contained within the CD24-CD38int hepatic B cell 
compartment. (A) Sequential gating strategy of ABCs across three panels (CD21-
IgD-CD11C+Tbet+, CD80hiTbet+ and CD23+Tbet+) after first gating on total CD19+ 
B cells from a PSC liver sample. (B) ABCs identified in panel 1, 2 and 3 (blue) were 
overlayed onto total CD19+ B cells from the PSC liver (red) to highlight ABCs within 
the total B cell population. 
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Figure 33 – Exhausted B cells were contained within the CD24-CD38int hepatic 
B cell compartment. (A) Sequential gating strategy of exhausted B cells across 
three panels (CD21lowIgD-CD11C+, CD80hi and CD23+) after first gating on total 
CD19+ B cells from a PSC liver sample. (B) ABCs identified in panel 1, 2 and 3 
(blue) were overlayed onto total CD19+ B cells from the PSC liver (red) to highlight 
exhausted B cells within the total B cell population. 
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Following the indication that ABCs may be contained within the CD24-CD38int B cell 

subset, I decided to perform a quantitative analysis of ABCs within B cell subsets in 

the liver. LIMCs were stained from chronic liver disease tissue and PBMCs from 

healthy donor blood with the three ABC panels to allow comparisons of ABC-like 

cells within B cell subsets between the liver and blood (Fig. 34).  

 
Results indicate that ABCs may be enriched within the CD24-CD38- B cell 

compartment in healthy blood, as the percentage of CD21-CD11c+Tbet+ and CD23-

Tbet+ cells was significantly higher in the CD24-CD38- B cell compartment 

compared to the naïve and transitional B cell subsets (CD24-CD38-: 3.3±2%, and 

naïve: 0.9±0.22% transitional: 0.06±0.04%, where p=0.0125 and p=0.0005 

respectively). Furthermore, the percentage of CD23-Tbet+ cells was also 

significantly higher in the CD24-CD38- B cell compartment compared to the naïve 

and transitional B cell subsets (CD24-CD38-: 5.96±3.49% and naïve: 0.53±0.21% 

transitional: 0.88±0.29%, where p=0.0006 and p=0.02 respectively). In agreement 

with Fig. 32B, Fig. 34 demonstrates that unlike in blood, ABCs may be contained in 

the hepatic CD24-CD38int compartment in end stage liver disease. Quantitative 

analysis of ABC markers in B cell subsets in the liver showed that the percentage of 

CD21-CD11c+Tbet+ was significantly increased within the CD24-CD38int B cell 

compartment compared to transitional B cells (CD24-CD38int:  10.15±7.09% an 

transitional: 1.01±1.79% where p=0.008**), and that the percentage of CD80+T-bet+ 

B cells were also significantly higher in the CD24-CD38int compartment compared to 

the transitional and memory B cell subset (CD24-CD38int: 15.28±10.54% and 

transitional: 2.28±5.54%, memory: 0.1±0.14% where p=0.02* and p=0.02* 

respectively). 



 

A similar analysis to detect exhausted B cell markers in the liver (Fig. 32 & 33) 

showed that showed that like ABCs, exhausted B cell markers CD21lowCD11c+ were 

significantly higher in CD24-CD38int B cells compared to transitional (CD24-

CD38int: 21.74±21.66% and transitional: 0.75±1.17% where p=0.04), and CD80hi 

were significantly higher in CD24-CD38int B cells compared to transitional and naïve 

B cells, (CD24-CD38int: 16.63±15.04% and transitional: 0.00±0.00% naïve: 

0.002±0.004%, where p=0.004 and p=0.01 respectively) (Fig. 35). In blood, panel 1 

showed that peripheral CD24-CD38- B cells had a significantly higher proportion of 

exhausted markers (CD21lowCD11c+IgD-) compared to transitional B cells (CD24-

CD38-: 2.87±1.18% and transitional: 0.09±0.06% where p=0.004). Conversely, 

panel 3 in blood demonstrated that it was the CD24-CD38int B cell subset which 

contained a significantly high proportion of CD23+ B cells compared to memory B 

cells (CD24-CD38int: 68.5±9.04% and memory: 19.82±6.58% where p=0.0001). 

Panel 2 showed that the exhaustion marker CD80hi did not vary significantly 

between B cell subsets in blood. 

 



 
 
 
Figure 34 – ABCs appear enriched in the CD24-CD38- B cell compartment of 
healthy blood, and the CD24-CD38int compartment in end stage disease liver. 
The percentages (%) of transitional, naïve, memory, plasmablast/plasma cells, 
CD24-CD38- and CD24-CD38int B cells expressing ABC markers (labeled panels 1, 
2 and 3). Error bars represent the mean and standard deviation, where n=6 for blood 
and liver. Statistical differences were calculated with a non-parametric one-way 
ANOVA (Kruskal-Wallis test), corrected for multiple comparisons (Dunn’s). Statistical 
differences were represented where p<0.05*, p<0.005** or p<0.0005***. 
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Figure 35 – Exhausted B cells may be enriched in the CD24-CD38int 
compartment in end stage disease livers. The percentages (%) of transitional, 
naïve, memory, plasmablast/plasma cells, CD24-CD38- and CD24-CD38int B cells 
expressing exhausted B cell markers (labeled panels 1, 2 and 3). Error bars 
represent the mean and standard deviation, where n=6 for blood and liver. Statistical 
differences were calculated with a non-parametric one-way ANOVA (Kruskal-Wallis 
test), corrected for multiple comparisons (Dunn’s). Statistical differences were 
represented where p<0.05*, p<0.005**, p<0.0005*** or p<0.0001****. 
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Figure 36 demonstrates that supportive of Fig. 34, B cells expressing ABC markers 

(CD11c+CD21-T-bet+ B cells) resided mainly in the CD24-CD38- compartment of 

healthy blood donors. In non-inflamed livers the expression of ABCs markers were 

split between the CD24-CD38- and CD24-CD38int compartment. In immune-

mediated liver inflammation such as PBC, PSC and ALD, B cells expressing 

CD11c+CD21-T-bet+ were mainly confined to CD24-CD38int B cells, suggesting 

that ABCs were probably enriched in this compartment. This supports previous 

studies, which have found that ABCs have played a role in autoimmune disease 

(486) (480, 482, 483). 

 

CD21low exhausted-type B cells in healthy donor blood were variably distributed 

between B cell subsets, however in non-inflamed livers they were enriched within the 

naïve B cell population, eluding to the fact that exhausted B cells may be enriched 

the naïve compartment. In PSC patients in particular, the exhausted B cell marker 

CD21low was enriched in the CD24-CD38int B cell compartment. This implies that 

CD24-CD38int B cells may also be representative of an exhausted population, which 

may have associations with liver disease pathogenesis (Fig. 36).  

  
 
 
 



         
 
 
Figure 36 – ABC markers are mainly found on CD24-CD38int B cells within 
inflamed liver diseases – Bars representing total CD19+ B cells and the 
percentage proportion of ABCs and exhausted B cell markers contained within B cell 
subsets in healthy blood and diseased liver. Each bar is representative of a separate 
donor, where liver disease of each donor is indicated. B cell subsets displayed are 
Transitional, naïve, memory, plasmablast/plasma cells, CD24-CD38- and CD24-
CD38int B cells from top to bottom respectively.  
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I demonstrated that CD24- B cells were enriched in human liver compared to blood 

(Figure 26B) To explore how CD24 was lost on hepatic B cells, and whether CD24 

loss was induced by the hepatic environment, co-cultures between blood B cells and 

liver stromal cells, or blood B cells and cytokines, were performed. PBMCs from HFE 

patients were isolated and co-cultured for 1 hour and 24 hours in the presence of 

liver stromal cells (LX2, HSEC, BECs & Fibroblasts) (See method 2.4.2). Following 

co-culture with liver stromal cells, PBMCs were ‘rested’ in media alone for an hour to 

assess if any loss of CD24 on B cells could be regained. PBMCs were stained prior 

to and following co-culture to assess whether CD24 surface expression had been 

downmodulated.  

 

Results from Fig. 37 demonstrate that B cells did not lose CD24 expression after 1h 

and 24-hour co-culture with liver stromal cells. This was true for all liver stromal cells 

including BEC, LX2 cells, fibroblasts and HSEC. In all experiments, there were no 

significant differences in the percentage of CD24-CD38- and CD24-CD38int B cells 

post isolation compared to co-cultures, cultures in media alone, or cultures in media 

alone following co-cultures with liver stromal cells.  



               
 
Figure 37 – CD24 expression on peripheral blood B cells is unaffected 
following co-culture with liver stromal cells. CD19+CD24-CD38- and 
CD19+CD24-CD38int expression on B cells in blood directly ex vivo (0h) and 
following co-culture with BEC, LX2 cells, fibroblasts or HSEC for 1h and 24h.  
PBMCs cultured in media alone for 1h or 24h were used as a control. After 1h and 
24h co-cultures, PBMC were placed in media alone to be ‘rested’ (R=recovery) for 
1h (1hR) to assess whether CD24 expression was further lost or regained. Error 
bars display the mean and SD where n=3 for all co-cultures. Statistical analysis was 
performed using a one-way ANOVA, where all treatments were compared to the 0h 
controls, and corrected for multiple comparisons (Dunn’s). 
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The inflamed liver is a hub for growth factors, chemokines and cytokine activity, 

which affects many cells within the liver including Kupffer cells and hepatocytes 

(301, 304). In order to investigate whether the cytokine microenvironment present in 

the liver induced CD24 downmodulation on hepatic B cells, PBMCs isolation from 

HFE donors were co-cultured in media with an array of cytokines for 1 hour and 24 

hours (See method 2.4.3.). Percentage CD24 expression on these cells were 

assessed at 0h as well as 1 and 24 hours following co-culture, to determine whether 

CD24 expression was affected by cytokines present in the liver microenvironment.  

 

Fig. 38 shows that neither pro-inflammatory or anti-inflammatory cytokine treatments 

induced an increased percentage in CD24-CD38- and CD24-CD38int B cell 

populations. All 1 hour and 24 hour treatments were compared to the percentage of 

CD24-CD38- and CD24-CD38int B cell populations at 0h (immediately post 

isolation).  

 

 

 

 



 

 
           
Figure 38 – CD24 expression on B cells is not affected by cytokines present in 
the liver. The percentage (%) of CD24-CD38- and CD24-CD38int B cells before and 
after 1h and 24h co-culture with pro-inflammatory (TNF-α, IFN-γ, IL-6, IL-2, IL-1β) 
and anti-inflammatory (IL-10 and TGFβ) cytokine treatment. Error bars indicate the 
mean and SD where n=3 for all co-cultures. Statistical analysis was performed using 
a one-way ANOVA, where all treatments were compared to the 0h controls, and 
were corrected for multiple comparisons (Dunn’s). 
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To determine whether loss of CD24 on hepatic B cells was due to internalization 

rather than being shed from hepatic B cells, B cells were isolated from human end 

stage diseased livers, permeabilised and stained as stated in 2.4.5. Once prepared, 

samples were run through the flow cytometer to assess intracellular and surface 

expression of CD24. 

 

Fig 39. Demonstrates that the % of CD24 stain on the surface and within hepatic B 

cells does not equate to 100% in all three experiments. This indicates that CD24 is 

not internalized on hepatic B cells following the loss of surface expression, and may 

instead be lost via a ligand dependent mechanism. 

 

 

 

 
Figure 39 – CD24 molecule is not internalized on hepatic B cells. Bar graph 
demonstrating the percentage of CD24+ B cells where B cells were stained for 
surface markers alone (CD19, CD24 & CD38) and surface with intracellular staining 
(CD19 & CD38 surface, CD24 intracellular). N=3 where each experiment is 
separated into 1, 2 and 3.  
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4.3. DISCUSSION  
A large population of CD24- B cells were present in the liver. Upon further 

investigation I found that the CD24- B cell population could be further categorized 

into CD24-CD38- and CD24-CD38int subsets (Fig. 26A). When compared to 

matched blood, it was found that both these CD24- B cell populations were enriched 

in human liver B cells compared to peripheral blood (Fig. 26B). Of these matched 

blood and liver donors, autoimmune patients demonstrated a greater fold increase of 

CD24- B cell subsets compared to matched blood, whereas the fold change between 

matched blood and dietary liver disease consistently demonstrated a lower fold 

change, highlighting that the proportion of CD24- B cells demonstrate a possible 

disease bias in autoimmune livers. Loss of CD24 expression on MDA-MB-231 breast 

cancer cells and mouse pre-B cells lines has been found to increase SDF-1-

mediated cell migration and signaling via CXCR4, which correlated with enhanced 

tumour formation in NOD/SCID mice compared with cells overexpressing CD24 

(487). Given that CD24 is expressed on B cells prior to differentiation, the loss of 

CD24 on hepatic B cells could mean that B cells migrate into the liver, resulting in a 

reduced population of CD24- B cells in the blood (461).  

 

The percentage of CD24-CD38- and CD24-CD38int subsets in donor and diseased 

livers was compared to SLOs such as perihepatic lymph nodes and donor spleens. 

Although the proportion of CD24-CD38- B cells did not differ significantly between 

liver and SLO populations, healthy livers contained a significantly higher percentage 

of CD24-CD38int B cells compared to perihepatic lymph node and spleen samples, 

indicating that this population is enriched in the liver compared to secondary 



lymphoid tissues. B cell progenitors and mature resting B cells are known to express 

high levels of CD24, but this expression is absent on terminally differentiated cells 

such as plasma cells (461). Another study has shown that activation of naïve human 

tonsillar B cells through CD44 co-ligation causes progression towards a GC B cell 

phenotype, involving an upregulation of GC markers and a downregulation of CD24 

(488). These findings suggest that the high proportion of CD24-CD38int B cells in 

the liver may be indicative of an activated B cell population, possibly even GC-like B 

cells. It is anticipated that an activated immune population would exist in the healthy 

liver given that the liver is a tolerogenic organ, and given that it encounters a 

constant influx of antigen-rich blood from the gut (489, 490).   

 

I next wanted to identify whether these CD24-CD38- and CD24-CD38int populations 

were homogenous, and if they were similar to naïve or memory B cells. This was 

performed by gating on CD24-CD38- and CD24-CD38int populations and separating 

them into naïve, switched memory, non-switched memory and double negative B 

cells using CD27 and IgD expression markers (Fig. 27). Results showed that both 

CD24- B cell populations were heterogeneous in the diseased and donor livers. The 

CD24-CD38- population in diseased and donor livers contained significantly more 

naïve (IgD+CD27-) cells and the CD24-CD38int population in diseased livers 

contained significantly more naïve and non-switched ‘MZ-like’ memory (IgD+CD27+) 

cells. The profile of hepatic CD24-CD38- B cells differed to blood and harbored a 

significantly higher proportion of non-switched memory cells compared to other 

subsets. This phenotypic variation in the CD24-CD38- B cell compartment between 

blood and liver further highlights that functionally, the B cell compartment may also 

differ between the two. Interestingly, although differences existed between liver and 



blood with regards to the CD24-CD38- B cell populations, the general trend of MZ-

like and naïve B cells being enriched in the CD24-CD38int B cell compartment was 

replicated in both diseased liver and blood samples.  

 

Results from Fig. 28 demonstrated that matched blood and liver from individual 

patients suffering from chronic liver disease contained variable proportions of B cell 

subtypes within the CD24- B cell population, highlighting further that the B cell 

compartment in the blood and liver are heterogeneous. These differences were also 

observed between matched perihepatic lymph nodes and liver patients, which 

indicates that in order to study the effect of CD24- B cells on chronic liver disease in 

detail, B cells isolated directly from the liver tissue should be investigated as the 

impact of these cells within the liver tissue may be different to those in the blood. 

The difference in B cell profile between chronic liver diseases further indicates that 

the role of CD24- B cells in the liver compartment in particular may be disease 

relevant, and therefore this B cell population within specific chronic liver diseases 

should be further investigated. 

 

Fig. 29A & 30A helped to establish whether the absolute number of CD24-CD38- 

and CD24-CD38int B cells varied significantly between end stage hepatic diseases. 

Whereas the proportion of CD24-CD38int B cells did not vary significantly between 

end stage liver diseases, the number of CD24-CD38- was significantly enriched in 

PBC livers compared to donor livers per gram of tissue. On the contrary, CD24 

deficiency has previously been associated with an increased efficiency in clonal 

deletion, and in mice, with higher resistance to autoimmune disease (470, 471). 

Furthermore, murine studies have shown that HSA cDNA from activated B cells 



encode CD80/CD86 which are important in inducing CD4+ T cell activation and 

clonal expansion in mice (427, 459). With this in mind, one would expect a lack of 

CD24 on B cells to result in reduced inflammation, which contradicts the high levels 

of inflammation found in a chronic autoimmune disease like PBC. Nonetheless, 

enrichment of CD24-CD38- B cells in PBC in this case alludes to a potential role of 

this subset in disease pathogenesis. However the positive or negative role this 

population remains to be determined. 

 

CD1d expression was significantly decreased on CD24-CD38- hepatic B cells in 

ALD and NASH patients and on CD24-CD38int hepatic B cells in NASH patients 

compared to donor livers (Fig. 29B). These differences were not observed for 

CD24+ B cell populations, which is indicative of this marker having a possible role in 

CD24- B cells in dietary injury. CD1d is involved in the presentation of lipid antigens 

to NKT cells, which leads to their activation and subsequent secretion of Th1/Th2 

cytokines such as IFN-γ and IL-4 (266, 491). In the case where CD1d expression is 

downregulated in dietary injured livers, it is possible that fewer NKT cells are 

activated. Studies have shown that NKT cells play an important role in immune 

regulation, and that dysfunction of deficiency of NKT cells leads to development of 

autoimmune diseases or cancer (492, 493), highlighting a possible susceptibility in 

ALD and NASH patients. These findings contradict those from other studies that find 

that cellular and molecular mechanisms underlying ALD are known to involve 

complex interactions between innate immune cells such as NKT cells, parenchymal 

cells (hepatocytes) and non-parenchymal cells (HSEC, Kupffer cells, HSCs and 

DCs). Furthermore, murine models of chronic plus binge ethanol feeding, and 

models of mice, which are fed alcohol via an intragastric tube, have demonstrated an 



increased number of activated type I NKT cells (494-496). Jα18−/− mice (which are 

deficient in type I NKT cells) and CD1d−/− mice (which are deficient in both NKT cell 

subsets) have also demonstrated protection against liver injury after alcohol intake 

(495).  

 

A publication by Buffa et al. 2013, has been the only study to date known to identify 

a CD24-CD38- B cell population enriched in the blood of elderly patients (477). 

Furthermore, a recent study by Thorarinsdottir and colleagues, discovered that 

CD21- ABCs in human blood contained a CD38-CD24low population of B cells 

(485). In order to assess whether an age correlation existed within CD19+CD24-

CD38- and CD19+CD24-CD38int hepatic B cell populations, I obtained age 

information from the majority of livers used in our cohort from a range of hepatic 

diseases. Results showed that contrary to the Buffa study where CD24- B cells 

increased with age in healthy blood, our CD19+CD24-CD38- and CD19+CD24-

CD38int hepatic B cells significantly decreased with age, demonstrating an inverse 

correlation (Fig. 31). This difference in observation could be due to the fact that 

unlike in the Buffa study, the ages of the patients in this cohort study do not exceed 

aged 80, and only four patients in this study cohort representative of ‘younger 

donors’ below the age of 30.  In the future, it would be interesting to see if separating 

this cohort into separate diseases would highlight any correlation between age and 

CD24- B cell proportions. 

 

Nonetheless, this Buffa study sparked our interest in ABC populations. Since then, 

there have been numerous reports on ABCs, which have no reference to CD24 

expression. Although ABCs were discovered in aging, they can also be found in the 



young (479). They respond poorly to BCR and CD40 ligation and are instead 

stimulated by TLR ligation (479). As well as also accumulating with age, they have a 

unique phenotype in humans (CD19+CD11c+CD80/86hiT-bet+CD21-CD23-IgD-), 

and are mainly characterized by their high T-bet expression, which in B cells has 

recently been discovered as being pivotal in controlling chronic viral infection (479, 

480) (497). 

 

 ABCs are not to be confused with ‘exhausted B cells’. A large proportion of the 

published CD21low B cells which are postulated to be exhausted B cells, have been 

shown to contain a CD24-CD38- B cell population (485). This prompted our 

investigation into determining whether the phenotype of exhausted and ABCs 

correlated with our CD19+CD24-CD38- and CD19+CD24-CD38int liver enriched B 

cell population. Our results showed that B cells isolated from chronic liver disease 

patients contained the ABC phenotype across three antigen stain panels 

combination, which all mostly mapped onto the CD24-CD38int B cell population (Fig. 

32B). This was assessed further quantitatively, where the percentage of ABCs 

across B cell subsets was analysed in diseased liver and healthy blood samples (Fig 

34). B cells with the markers CD21-CD11c+Tbet+ were enriched in hepatic CD24-

CD38int and CD24-CD38- B cells compared to transitional B cells, and hepatic and 

CD80+Tbet+ markers were enriched significantly on CD24-CD38int B cells 

compared to transitional and memory B cells. This data implied that ABCs were 

enriched in the CD24-CD38int subset. Conversely, it seemed that ABCs in blood 

were enriched in the CD24-CD38- populations, where the percentage of CD21-

CD11c+Tbet+ and CD23-Tbet+ B cells were significantly enriched in CD24-CD38- 



populations compared to both naïve and transitional subsets (Fig. 34). This further 

highlights the differences in the B cell compartment between blood and liver.  

 

Besides previous studies showing that exhausted human B cells and ABCs share 

many antigen markers, the two can be differentiated as exhausted human B cells are 

CD23+ and ABCs contain positive to high T-bet expression (483). Figure 33 shows 

that B cells with exhausted B cell markers also appear to be present in the CD24-

CD38int B cell compartment, suggesting that this subset contains a mixed population 

of B cells which represents both exhausted and age associated B cells. 

Quantitatively speaking, the main markers for B cell exhaustion 

(CD21lowCD11c+IgD-) replicate the findings of ABC enrichment within the CD24-

CD38int compartment. This was further confirmed by the significantly higher 

percentage of CD80hi B cells, another B cell exhaustion marker enriched within the 

CD24-CD38int hepatic B cell subset compared to naïve and transitional B cells (Fig. 

35). In healthy blood, the confinement of exhausted B cells to a particular B cell 

subset is unclear, with exhaustion markers showing significant enrichment in CD24-

CD38-, CD24-CD38int and plasmablast/plasma cell subsets.  

 

Figure 36 assisted in mapping exhausted B cells and ABCs to a particular subset 

within blood and liver, whilst also highlighting any possible associations of these 

populations with disease pathogenesis. A large proportion of ABCs were contained 

in the CD24- B cell compartment and this distribution differed between blood and 

liver. Differences in the ABC profile were also apparent between the four chronic 

immune-mediated damage livers (PBC/ALD, ALD/HCC and 2 PSC’s) and two non-

inflamed livers (seronegative hepatitis and non-cirrhotic portal hypertension), where 



those patients with more inflammation demonstrated a high ABC marker profile 

within the CD24-CD38int B cell population. In 2/3 patients suffering from non-

immune-mediated disease, ABC markers were enriched in the CD24-CD38- B cell 

population. In the case of exhausted CD21low B cells, the profile of these cells 

varied across B cell subsets in healthy donor blood. However, in PSC patients 

specifically, an enrichment of CD21low B cells was found within the hepatic CD24-

CD38int subset, suggesting again that B cell exhaustion of CD24-CD38int B cells 

may be contributing to disease. Whether this contribution is protective or related to 

pathogenesis still remains to be elucidated, as previous studies have shown B cells 

to have both a pathogenic and inflammation dampening role in liver disease (399, 

405, 498). Although our data shows that the quality of the exhausted B cell and ABC 

compartment differs between blood and liver, as well as between disease status, 

additional time would have allowed me to correlate both exhausted B cells and ABCs 

with disease severity. The collection of further patient numbers would help to 

address this.  

 

In order to investigate how CD24 was lost on hepatic B cells, and whether CD24 was 

lost due to the hepatic environment, co-culture assays were performed using PBMCs 

with liver stromal cells and cytokines. Results showed no downmodulation of CD24 

on blood B cells following co-culture with stroma cells in vitro (Fig. 37 & 38). It is 

possible that functional differences exist between blood and liver CD24- B cells, 

thereby making it harder to induce CD24 loss from blood B cells. Future work could 

involve repeating these experiments with hepatic B cells. Furthermore, as the liver 

microenvironment is extremely complex, it is possible that another factor other than 

liver stromal cells and cytokines are inducing this downmodulation. Results from a 



further experiment showed that CD24 is not internalized on hepatic B cells when its 

expression is downmodulated, as similar percentages of B cells expressed CD24 on 

the surface and intracellularly in total compared to the surface expressed antigen 

alone (Fig. 39). Since a known ligand for CD24 is P-selectin, it also is possible that 

CD24 is lost through ligand binding with P-selectin on platelets or liver vascular 

endothelium. Preliminary data from our lab shows CD24+CD79α B cells within blood 

vessels, with CD79αCD24- B cells surrounding the vessels on the other side (Data 

not shown). Going forward, future experiments could involve investigating loss of 

CD24 from B cells through platelet / primary liver endothelial cell transwell assays.  

 

Overall two CD24- B cell populations have been identified, which were enriched in 

human liver compared to blood. These CD19+CD24-CD38- and CD19+CD24-CD38- 

populations were heterogeneous and differed phenotypically from blood. 

Furthermore, these populations were found to differ phenotypically between end 

stage liver diseases. CD24-CD38- B cells were the only subset significantly 

increased in patients with PBC, both in absolute numbers and in proportions within 

the B cell compartment. Conversely, CD24-CD38int B cells were not increased in 

end stage disease compared to donor livers. Although not enriched in the livers of 

elderly patients, hepatic CD24-CD38int B cells were enriched with ABC and 

exhausted B cell markers. The role of both these CD24- B cell populations in liver 

inflammation remains to be defined.  

 

 

 

 



 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
 
 
 



5.1. INTRODUCTION 
In Chapter 4, a greater proportion of CD24-CD38- and CD24-CD38int B cells were 

detected in livers compared to peripheral blood (Fig. 26A&B). Phenotyping of CD24- 

B cells has shown that liver CD24- B cell populations contained different frequencies 

of naïve and memory markers compared to matched blood and lymph nodes (Fig. 

27B & 28). The localization of CD24- B cells in the liver remains to be elucidated, 

and would provide insights into the potential role of CD24-B cells in liver 

inflammation. 

 

Little is known about the functional role of CD24- B cells in liver, however past 

studies have shown that CD24-CD38- B cells were enriched in the blood of aged 

patients and were pro-inflammatory, as they produced high levels of TNF-α but not 

IL-6 or IL-10 (477). I found that CD24- B cells in the liver may be representative of a 

disease-relevant population, as their numbers were significantly enriched in end-

stage PBC explants compared to liver samples from other disease aetiologies and 

healthy donors (Fig. 29A). 

 

Previous studies in mice have shown that B cells were able to regulate inflammation 

in the inflamed gut via the release of IL-10 (72), and that TNF-α and IL-6-producing 

B cells could exacerbate inflammatory conditions and autoimmune pathologies, 

including rheumatoid arthritis and inflammatory bowel disease (499-501). 

Furthermore, it has recently been shown in mice that activated B cell-mediated 

inflammatory responses had pathogenic consequences for the liver, through the 

induction of inflammatory cytokines such as IFN-γ and TNF-α (394). However, it has 

not been reported if liver CD24- B cells specifically secrete TNF-α and IL-6 and it is 



unknown if CD24- B cells are important in promoting or alleviating chronic liver 

injury. 

 

I therefore wanted to assess the cytokine production of CD24-CD38- and CD24-

CD38int B cells in end stage liver diseases, by measuring the production of 

immunomodulatory cytokines TNF-α, IFN-γ and IL-6 and IL-10 following stimulation. 

Cytokine production from stimulated B cells was compared to unstimulated CD24- B 

cells isolated directly ex-vivo from the liver, CD24+ hepatic B cell subsets 

(transitional, naïve and memory B cells), as well as CD24- B cells in the blood. This 

line of investigation aimed to establish whether our CD24- hepatic B cells also 

contribute to the regulation of inflammation in the liver. 

 

I wanted to address the above points to understand B cell activation and function in 

the liver, by defining how liver B cell subsets respond to stimulation. Cytokine 

production is a valid readout for B cell stimulation and would provide information on 

the ability of liver B cells to regulate the immune response. Studies indicate that B 

cells produce immunomodulatory cytokines depending on their environment and 

method of stimulation (See 1.3.) (80, 502-504). For example, the presence of 

cytokines such as IL-2, IL-4, IL-10, IL-21, are critical in different types of human B 

cell activation and differentiation (504-507). In addition to cytokines, engagement of 

CD40 and the BCR on B cells by CD40L and the TCR expressed by activated CD4+ 

T cells is essential for B cell stimulation, resulting in TNF-α and IL-6 production from 

memory B cells, and IL-10 production from naïve B cells (508). As well as being 

activated through the conventional methods of CD40/BCR ligation, B cells can also 

be activated via TLRs (54, 63, 75, 86, 284). Both methods are known to induce B 



cell cytokine production. However, B cell cytokine secretion differs according to the 

type of TLR stimulation. For example, TLR9 stimulation can specifically activate 

naïve B cells to produce IL-10 (54, 92), and engagement of TLR4 on B cells can 

cause decreased IL-10 production in inflammatory disease patients coupled with 

increases in pro-inflammatory cytokine production (67, 509). The study on CD21-/lo 

ABCs in human blood highlighted that CD24-/lo cells within this population couldn’t 

be stimulated by just BCR/CD40, but also required IL-2 and TLR7/8 to proliferate 

and differentiate into plasma calls in vitro, although cytokine production was not 

detected in this study (485). 

Little is known regarding the role of B cells in the modulation of liver inflammation. I 

decided to characterize the effects of TLR4, TLR7, TLR9, RP105 and CD40/BCR 

stimulations on cytokine production from hepatic B cell subsets in vitro, with a focus 

on CD24- B cells. Detailed information of hepatic B cell activation via TLRs may lead 

to a better understanding of B cell involvement in chronic liver disease. Furthermore, 

understanding the effects of TLR stimulation on hepatic B cells would further 

highlight if they differ functionally to blood, and whether they contribute to a pro-

inflammatory hepatic environment. This would also help to address our knowledge 

on whether B cell responses are dampened in the liver.  

 

Chapter objectives.  

To understand the function and role of CD24- B cells in liver disease pathobiology, I 

designed experiments: 

1. To map the localization of CD24- B cells in human end stage diseases using 

immunohistochemistry 



2. To isolate CD24- B cells from blood and liver and establish their cytokine 

production profiles ex vivo by intracellular flow cytometry 

3. To investigate the cytokine expression profiles of CD24- B cells from blood 

and liver following in vitro stimulations with BCR+CD40L, TLR4, TLR7 and 

TLR9 (with and without BCR stimulation). 

5.2. RESULTS 

 

I wanted to assess where CD24- B cells localised within the architecture of inflamed 

livers using immunohistochemical staining, as this could be indicative of a possible 

pathogenic role in end stage hepatic disease. In particular, this would indicate if 

CD24- B cells plays a role in liver damage in PBC, where bile ducts are damaged. 

Double IHC staining was used against the pan B cell marker (CD79α) and CD24 (as 

described in 2.5.2.), on sections of human liver tissue obtained from patients 

suffering from end stage liver diseases.  

 

Results in Fig. 40 demonstrated that CD24- B cells were located throughout the liver 

architecture in end stage chronic liver disease patient tissue. CD24- B cells were 

found within the fibrotic scar tissue and surrounding bile ducts in PBC patients in the 

examples shown, suggesting that CD24- B cells may play a role in disease 

pathogenesis of PBC.  



 
Figure 40 – CD24- B cells were located throughout the liver architecture. IHC 
images from patients suffering from end stage liver diseases. CD24- B cells were 
located amongst (A) hepatocytes (PSC), in the (B) fibrotic septa (PBC) and 
surrounding (C) bile ducts (PBC) and (D) portal veins (PBC). B cells were stained 
with pan B cell marker CD79α (red/brown) and with CD24 (black). Full tissue slides 
were then scanned using the ZEISS Axio scanner using a X20 objective. B cells with 
CD79α brown stain alone represents the CD24- B cell population highlighted by 
white arrowheads CD24+ B cells are highlighted by the black arrowheads.  
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In order to assess whether the distribution and proportion of CD24- B cells correlated 

with disease specificity, the frequency of CD79α+CD24- B cells was scored semi-

quantitatively throughout the liver architecture (Fig. 41). All liver sections were 

stained using anti-CD24 and anti-CD79α mAb, (as described in 2.5.2.), following 

which all sections were scanned using the ZEISS Axio slide scanner using a x20 

objective. CD79α+CD24- B cells were scored using semi-quantitative analysis 

ranging from “not found” (NF) to “+++++” (5+), with higher scoring values indicating 

that a more enriched population of CD79α+CD24- B cells were located within that 

region of the liver section. 

 

Results from Fig. 41 demonstrated that all liver disease cohorts contained patients 

with CD79α+CD24- B cell populations within portal areas and around vessels. It was 

also apparent that in inflammatory liver diseases (excluding donor livers), 

CD79α+CD24- B cells were frequently identified along the fibrotic septa. 

In support of our flow cytometry findings (Fig. 29 & 30), PBC patients scored the 

highest for the presence of CD24- B cells, which were relatively equal in distribution 

across portal, fibrotic, lobular and vesicular areas within the liver. HCV, and ALD 

patients additionally contained a large but homogenous distribution of 

CD79α+CD24- B cells compared to other liver diseases. Conversely, it was the 

donor and HBV livers that demonstrated a more heterogeneous distribution of the 

CD24- B cell population, as most of these patients had a single location in the liver 

where CD79α+CD24- B cells were enriched (50% or more). For example, 50% of 

donor livers displayed positive expression of CD79α+CD24- B cells located around 

portal areas. PBC, HCV and ALD patient cohorts were consistently the most plentiful 



in CD24- B cells throughout their livers, whereas few NASH patients showed 

incidence of CD24- B cells.  These data indicate that the distribution of CD24- B cells 

may vary with liver disease aetiology.  

 

   
 
Figure 41 – Patient variation exists in the distribution of CD79α+CD24- B cells 
across various liver diseases. Cumulative percentages (%) of patients positive 
CD79α+CD24- B cells found in the fibrotic septa (blue), B cell aggregates (red), 
portal areas (green), near vessels (purple) or within liver lobules (teal) in the liver 
diseases indicated. n=10 patients per disease, apart from PBC n=9 and AIH and 
HBV where n=8. All liver sections were stained using anti-CD24 and anti- CD79α, 
using the optimised double IHC protocol (2.5.2.). All 3uM thick sections were 
scanned using the ZEISS Axio slide scanner using a x20 objective. CD79α+CD24- B 
cells were scored using semi-quantitative analysis from “not found” (NF) to “+++++” 
(5+), with a higher scoring value indicative of a higher population of CD79α+CD24- B 
cells located within that region of the liver section.  

 

 

 

 

 

 



Fig. 41 demonstrated that CD24- B cells were located in various anatomical sites in 

end stage liver disease. However, in order to establish the specific localization of 

CD24-CD38- or CD24-CD38int, a triple stain was performed with the assistance of 

experienced immunohistochemist Dr. Gary Reynolds (Fig. 42).   

 

CD24-CD38- B cells localized preferentially in B cell aggregates, sometimes in the 

region of hepatic bile ducts. Literature has previously described GC B cells as CD24-

CD38int (488, 510). However, here we show that the hepatic CD24-CD38+ B cell 

populations are not GC B cells as they are excluded from the CD24-CD38- B cell 

aggregates. Instead, CD24-CD38+ B cells were tightly associated with the biliary 

epithelia, and within the fibrotic tracts of end stage liver diseases, and were excluded 

from these aggregates. The close association of CD24- B cell subsets with damaged 

bile ducts and B cell aggregates may indicate a role in liver disease pathogenesis.  

                                                                    



                                              

 
 
Figure 42 – CD24-CD38+ B cells were located around liver bile ducts and along 
the fibrotic tracts, however CD24-CD38- B cells were found within aggregates 
in PBC. Triple IHC staining to locate CD24-CD38- (white arrows – brown cells) and 
CD24-CD38+ B cells (black arrows – brown and green cells) in end stage liver 
disease (PBC). Anti-CD20+ B cells (red/brown), CD24 (black), CD38 (green). 
Location of CD24-CD38+ and CD24-CD38- B cells (A) in the region of bile ducts (x5) 
(B) around bile ducts and within aggregates and (x10) (C) in aggregates and fibrotic 
tracts (x5) in end stage hepatic disease livers.  
 
 
 
 



 

 

CD24 downmodulation is known to occur on activated B cells, such as those 

undergoing the GC reaction marker (488). I wanted to establish whether CD24- B 

cells located within the liver were similar to activated CD24- GC blast B cells. In 

order to investigate the aggregate distribution of these cells, I performed a double 

IHC stain (as described previously in 2.5.2.) in human tonsil tissue and human 

chronic liver diseased tissue. Fig. 43 shows that CD24- B cell aggregate in chronic 

liver disease were surrounded by CD24+ B cells. The CD24- B cell aggregates in 

liver is similar in appearance to those found in the GCs of human tonsil, where 

CD24- B cells, representative GC B cells, were surrounded by CD24+ B cells.  

 

 

 

 



 

Figure 43 – Diseased liver contains CD24- B cell aggregates surrounded by 
CD24+ B cells, which appear to look similar to those aggregates located in 
human tonsil. B cells in human tonsil and diseased (PSC) liver were double stained 
with pan B cell marker CD79α (brown) and with CD24 (black). CD24- B cells are 
highlighted by white arrowheads, whereas CD24+ B cells are highlighted by black 
arrowheads. Populations of B cells within the dotted gate represents where the 
majority of CD24- B cells aggregate. Full tissue slides were then scanned using the 
ZEISS Axio scanner using a X20 objective. Cells with the CD79α brown stain alone 
represents the CD24- B cell population. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Next, I wanted to assess whether CD24-CD38- and CD24-CD38int B cells 

proliferated more or less than other B cell subsets upon activation. To do this I 

stimulated hepatic B cells for 5h with CpG, PMA and ionomycin, and stained for the 

nuclear protein Ki67, which is a known cell proliferation marker (511) (as described 

in 2.4.6). To confirm whether CD24- B cells proliferated in the liver, an IHC triple 

stain was also performed on human chronic diseased liver tissue sections for CD79α 

(red), Ki67 (green) and CD24 (black) as described in 2.5.3. 

 

Results from Fig. 44A demonstrated that stimulation with CpG/PMA/Ionomycin did 

not increase proliferation in B cell subsets beyond in vivo levels. In both stimulated 

and unstimulated treatment groups, plasmablast/plasma cells (stimulated: 

48.8±28.8% unstimulated: 30.9±22.9%) demonstrated the highest proliferation, 

which was significantly higher than memory B cells (stimulated: 3.5±2.3%  

unstimulated: 1.1±1.5%, where p=0.0007 and p=0.005 respectively). Furthermore, 

stimulated plasmablast/plasma cells were also found to proliferate at a significantly 

higher level than naïve B cells (naive: 1.9±1.5% where p=0.02). CD24-CD38int B 

cells demonstrated the next highest percentage of proliferation, presenting 

significantly higher percentages of Ki67 compared to memory B cells in both 

unstimulated and stimulated groups, (CD24-CD38int stimulated: 27.3±12.1% and 

CD24-CD38int unstimulated: 16.6±11.7% where p=0.04 and p=0.02 respectively). 

These data were corroborated by IHC staining for Ki67. Fig. 44B, demonstrates that 

CD24- B cells in chronic liver disease showed evidence of Ki67+ proliferating cells. 

The frequencies of Ki67+ cells were not as high as described for GC centroblasts 

(Figure 24 with ALD GC B cells).  



 

Figure 44 – Hepatic CD24-CD38int B cells proliferate significantly more than 
memory B cells before and following stimulation. (A) Percentage (%) Ki67 
expression in unstimulated and stimulated (5h, CpG/PMA/Ionomycin) hepatic B cell 
subsets. Error bars represent the mean and standard deviation, where n=6. 
Statistical differences were calculated with a Kruskal-Wallis test, corrected for 
multiple comparisons (Dunn’s), where p<0.05*, p<0.005**, p<0.001***. (B) Triple IHC 
stain performed on chronic diseased liver to demonstrate the proliferation of CD24-B 
cells. Cells were stained with CD79α (red), Ki67 (green) and CD24 (black) as 
described in 2.5.3. White arrowheads demonstrate proliferating CD24+ B cells 
(CD79α +CD24+Ki67+ - red, black & green) and black arrowheads demonstrate the 
proliferating CD24- B cells (CD79α +CD24-Ki67+ - Red & green) 
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I wanted to investigate whether CD24- B cells could be generated in vitro, and if so, 

whether blood B cells generated would resemble liver CD24-B cells. Blood B cells 

from healthy donors were stimulated for 5 days with CD40L and anti-BCR and 

stained at Day 0 and Day 5 post-stimulation for CD19, CD24, CD38, CD27, IgD and 

IgM as described in 2.4.7.  

 

Figure 45A shows that when blood B cells were stimulated for 5 days through CD40 

and the BCR, they became activated blasts and therefore lost expression of CD24. 

Fig. 45B further demonstrates that even following stimulation, these activated blood 

CD24- B cells contained both memory and naive populations, of which the naïve 

population was significantly larger (CD24-CD38- naive: 44.7±10.3 CD24-CD38- 

memory: 10.4±3.0 where p=0.0007 and CD24-CD38int naive: 66.7±24.3 CD24-

CD38int memory: 6.9±6.3 where p=0.003). These CD24- B cells do not change 

profile upon stimulation, and on day 5, the percentage of memory and naïve B cells 

remain similar to unstimulated CD24-CD38- and CD24-CD38int B cells on day 0. 

Conversely, Fig. 45C demonstrates that hepatic CD24- B cells (from PBC) differed 

from both naïve and memory B cells, where CD24-CD38- B cells contained fewer 

IgM+IgD+ B cells than naive and more than memory, and CD24-CD38int B cells 

generally contain more IgM+IgD+ B cells than both naïve and memory B cells from 

the same patient. This indicates that activated CD24- blood B cells generated in vitro 

differ from hepatic CD24- B cells isolated directly ex vivo. 

  

 



         
 
Figure 45 – CD24- B cells can be generated in vitro, however they did not 
resemble hepatic CD24- B cells regarding CD27 and IgD expression. (A) Flow 
plots demonstrating increased downmodulation of CD24 on blood B cells following 5-
day stimulation with anti-CD40 and anti-BCR (IgM/IgD) in culture. (B) Bar graph 
demonstrating the phenotypic profile (naïve or memory) of CD24- B cells before and 
after 5 day stimulations in culture (n=4). One t test per row was performed to assess 
significant differences between the proportion of naïve and memory subsets in 
CD24- B cells within each treatment group, where p<0.05*. (C) The phenotypic 
profile of hepatic CD24-CD38- and CD24-CD38int B cells compared to naïve and 
memory subsets in the same livers. All donors were PBC suffers (n=8).
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Understanding the cytokine production of CD24- B cells will give us a further 

indication as to whether this B cell subset may contribute to chronic disease and 

damage in the liver. To investigate this, I measured cytokine production of hepatic B 

cell subsets following stimulation with CpG, PMA and Ionomycin for 5 hours (See 

methods 2.4.5). This method has been used by several previous studies to activate 

B cells, in particular by Buffa et al. to stimulate CD24-CD38- B cells to induce 

cytokine production (72, 477). I hypothesized that CD24- B cells are pro-

inflammatory and that activated B cells such as memory and plasma cells would also 

produce high levels of inflammatory cytokines compared to naïve subsets.  

 

Cytokine production of stimulated hepatic B cell subsets from LIMCs were compared 

to unstimulated hepatic B cell subsets post isolation. These experiments were also 

compared to stimulated and unstimulated peripheral blood B cells, to assess 

whether the functional characteristics of CD24- B cells differed between the liver and 

blood. 

 

Results in Fig. 46B indicate that both stimulated and unstimulated healthy blood B 

cell subsets did not produce large amounts of cytokines. In matched blood from 

chronic liver disease patients however, (Fig. 46C), peripheral blood B cells could be 

stimulated to produce higher levels of TNF-α across most B cell subsets.  

 

Hepatic CD24-CD38int B cells were found to demonstrate an inflammatory 

phenotype following stimulation (Fig. 46A&B). Although TNF-α percentages in 



unstimulated and stimulated CD24-CD38int B cells were not significantly increased 

compared to other subsets, CD24-CD38int B cells produced significantly higher 

levels of IFN-γ compared to transitional, naïve and memory subsets, in stimulated 

and unstimulated samples respectively (CD24-CD38int: 35.6±28.6%, transitional: 

0.8±0.9%, naïve: 2.9±3.7% and memory: 2.8±5.8%, where p=0003, 0.03 and 0.002 

respectively) (CD24-CD38int: 16.0±13.9%, transitional: 0.8±1.0%, naïve: 1.8±2.5% 

and memory: 0.7±1.2%, where p=002, 0.005 and 0.0004 respectively).  

 

Production of IL-10 also significantly increased following stimulation from CD24-

CD38int B cells compared to naïve and memory B cells, (CD24-CD38int B cells: 

11.7±9.2%, naïve: 2.6±3.6% and memory: 1.8±2.2% where p=0.01 and 0.01 

respectively), indicating that these cells may be also be involved in immune 

regulation. Of note, IL-10 producing cells co-expressed IL-6 and IFN-gamma, 

however they did not co-express TNF-alpha (data not shown). 

 

Fig. 46B also demonstrates that CD24-CD38- B cells in blood and liver produce very 

little TNF-α following stimulation by CpG, PMA and ionomycin compared to other B 

cell subsets, however in both liver and blood, TNF-α production is increased 

compared to unstimulated B cells. 

 

Fig. 46C demonstrates that CD24-CD38- B cells in matched blood and liver samples 

produced similar proportions of IL-6, IL-10, IFN-γ and TNF-α when stimulated and 

unstimulated. This pattern was replicated in the case of CD24-CD38int B cells in 

liver and blood, except for in the case of IFN-γ, where unstimulated and stimulated 



hepatic CD24-CD38int B cells produced more IFN-γ compared to CD24-CD38int B 

cells in matched disease patient blood.  
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Fig. 46B demonstrated that CpG (TLR9), PMA and ionomycin was effective at 

stimulating CD24-CD38- B cells to produce significantly higher percentages of TNF-

α from liver and blood (where unstimulated CD24-CD38- B cells in liver: 2.4±4.5% 

and stimulated CD24-CD38- B cells in liver: 22.7±14.9%, p=0.007) (unstimulated 

CD24-CD38- B cells in blood: 2.4±4.5% and stimulated CD24-CD38- B cells in 

blood: 22.7±14.9%, p=0.03). The nature of TLR-activating stimuli on B cells 

dramatically influences B cell cytokine production (77, 92, 93). Understanding which 

methods of stimulation induce cytokine secretion from CD24- B cells and other major 

B cell subsets would assist in further establishing the significance, function and 

activation of B cells within the hepatic environment. Consequently, I wanted to 

investigate the effects of TLR stimulation on cytokine production of human hepatic B 

cell subsets, with particular focus on defining which stimuli were pivotal in the 

activation of CD24-CD38- B cells in blood and liver. Fig. 46D demonstrated that 

hepatic CD24-CD38int B cells contain a population, which secrete IFN-γ and IL-6 

pro-inflammatory cytokines simulataneously. This effect is observed both directly ex-

vivo and following stimulation (unstimulated: 55%, stimulated: 42%). This population 

is almost absent from CD24-CD38int B cells in matched patient blood (unstimulated: 

1%, stimulated: 3%). Both stimulated and unstimulated B cells from matched patient 

liver and blood also contained a small percentage of cells which were able to 

simultaneously produce both pro- and anti-inflammatory cytokines IFN-γ and IL-10 

(stimulated blood CD24-CD38-: 1%, stimulated blood CD24-CD38int: 3%, stimulated 

liver CD24-CD38-: 1%, stimulated liver CD24-CD38int: 3%) (Fig. 42D).  

 

 



Fig. 47 demonstrated that cytokine production between blood and liver B cell 

subsets were different following stimulation with the same TLRs. For example, Fig. 

47A demonstrated that TLR9 stimulation of hepatic naïve and memory B cells 

induced significantly higher TNF-α production compared to unstimulated naïve and 

memory B cells (stimulated naive 52.7±17.3% unstimulated naive: 9.8±6.3% where 

p=0.01 and stimulated memory: 68.4±6.1% unstimulated memory: 10.0±7.8% where 

p=0.001). Furthermore, TLR9 stimulation of CD24-CD38- and CD24-CD38int B cells 

also induced significantly higher TNF-α production compared to unstimulated B cells 

belonging to the same subsets (stimulated CD24-CD38-: 57.7±16.7% unstimulated 

CD24-CD38-: 7.6±4.1% where p=0.01 and stimulated CD24-CD38int: 37.7±18.3% 

unstimulated CD24-CD38int: 9.9±3.9% where p=0.04). In blood, although TLR7 and 

TLR9 induced slightly higher TNF-α production as a trend across B cell subsets, no 

significant differences were found. Fig. 47 demonstrated that hepatic CD24-CD38- B 

cells were most responsive to TLR7 and TLR9 stimulation in regards to TNF-α 

production.  

 

TLR9 stimulation of memory and CD24-CD38- B cells in blood, induced a 

significantly higher production of IL-6 compared to unstimulated memory and CD24-

CD38- peripheral blood B cells (Fig. 47C), further highlighting that hepatic and blood 

B cells may require different stimuli to induce cytokine production. IFN-γ and IL-10 

(Fig. 47B & D) production does not differ significantly within B cell subsets following 

different TLR stimulations in comparison to unstimulated B cells, except for in the 

case of TLR9, which induced significantly higher IL-10 production from memory 

hepatic B cells compared to unstimulated (stimulated memory: 2.2±1.9% 

unstimulated memory: 0.25±0.32% where p=0.04), and TLR4 which also induced 



significantly higher IL-10 production from naïve hepatic B cells subsets compared to 

unstimulated (stimulated naive: 6.4±7.9% unstimulated naive: 1.0±0.6% where 

p=0.02).  
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Figure 47 – TLR9 stimulates significantly higher TNF-α production compared 
to unstimulated B cells across naïve, memory, CD24-CD38- and CD24-CD38int 
hepatic B cell subsets. Percentage (%) of (A) TNF-α, (B) IFN-γ, (C) IL-6 and (D) IL-
10 production from peripheral blood and hepatic B cell naïve, memory, 
plasmablast/plasma cell, CD24-CD38- and CD24-CD38int B cell subsets stimulated 
with BCR + CD40L, LPS, R848 (TLR7 ligand), CpG (TLR9 ligand) and RP105 (TLR 
homologue). Untreated samples contained brefeldin alone, and all treated cells were 
stimulated for 5h with PMA, ionomycin and brefeldin. Error bars represent the mean 
and standard deviation, where n=5 for liver and n=4 for healthy blood. Statistical 
differences were calculated with a non-parametric one-way ANOVA (Kruskal-Wallis 
test), corrected for multiple comparisons (Dunn’s). 
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Fig. 47 demonstrated the effects of TLR stimulations on individual B cell subsets in 

the liver. However, the data was replotted so that direct comparisons between 

hepatic and peripheral B cell subsets could be made (Fig. 48). Presenting the data 

this way would specifically allow us to compare cytokine secretion of blood and liver 

CD24- B cells following TLR stimulation compared to other activated and naïve B 

cells. 

 

Certainly, most hepatic and peripheral B cells contained populations capable of 

producing TNF-α following stimulation (Fig. 48A), providing a valuable internal 

control that B cell stimulations are effective and capable of inducing higher levels of 

cytokine production from B cell subsets compared to unstimulated subsets. In 

peripheral blood, TNF-α production increased following stimulation and was higher 

across B cell subsets stimulated with TLR9. TNF-α production did not vary 

significantly between hepatic B cell subsets following stimulation, and appeared to 

be relatively comparable to that from blood B cells stimulated in the same manner. 

 

Unstimulated CD24-CD38int and plasmablast/plasma cells produced significantly 

higher IFN-γ levels compared to memory B cells (CD24CD38int: 19.7±12.1%, 

plasmablast/plasma cells: 31.7±31.6% and memory: 0.7±0.7% where p=0.03 & 0.04 

respectively). Following all stimulations except TLR9, IFN-γ production from hepatic 

plasmablast/plasma cells increased significantly compared to hepatic memory cells 

(plasmablast/plasma cells: 54.3±33.2%, 58.9±31.0%, 55.5±28.3%, and 54.5±28.6, 

memory: 4.9±5.4%, 6.1±6.8%, 4.6±4.5%, and 3.2±4.8% where p= 0.03, p=0.03, 

p=0.02, and p=0.003 for BCR/CD40, TLR4, TL7, TLR9 and RP105 respectively) 

(Fig. 48B). This was not the case for peripheral blood B cells, where IFN-γ 



production was not significantly enriched in any subsets with or without BCR/TLR 

stimulation, highlighting that pro-inflammatory plasma cells / plasmablasts were 

present in the liver but absent from the blood. 

 

Both CD24-CD38- and CD24-CD38int hepatic B cells produced significantly higher 

levels of IL-6 compared to transitional B cells prior to stimulation (CD24-CD38-: 

7.0±4.6%, CD24-CD38int: 50.3±30.0 and transitional: 0.03±0.06%, where p=0.04 

and p=0.001 respectively) (Fig. 48C). Following stimulation via TLR4, TLR7 and 

TLR9, CD24-CD38int hepatic B cells alone produced a significantly higher 

percentage of IL-6 compared to transitional B cells (CD24-CD38int: 63.0±33.9%, 

60.8±32.8%, 63.0±31.0% transitional: 2.5±2.2%, 3.6±6.1%, 3.8±4.4% and p=0.02 for 

TLR4, TLR7 and TLR9 respectively), highlighting that CD24-CD38int hepatic B cells 

may possess an inflammatory phenotype, which is another trend absent from blood 

CD24-CD38int B cells (Fig. 48C). 

 

As well as demonstrating pro-inflammatory qualities compared to some other hepatic 

B cell subsets, CD24-CD38int B cells were also found to produce significantly higher 

percentages of IL-10 following anti-BCR+CD40L, TLR7, TLR9 and RP105 

stimulation compared to memory populations, (CD24-CD38int: 23.9±14.2%, 

24.7±13.0%, 21.4±10.0% and 23.1±12.3% memory: 1.3±0.5%, 2.3±3.2%, 2.2±1.9% 

and 0.9±0.5% where p=0.008, 0.02, 0.01 and 0.002 for anti-BCR+CD40L, TLR7, 

TLR9 and RP105 respectively). This was also the case for activated 

plasmablast/plasma cell hepatic B cells, (plasmablast/plasma cells: 20.9±10.4%, 

30.0±16.8%, 29.0±24.5% and 24.0±13.3%, where p=0.007, 0.02, 0.03 and 0.001 for 

anti-BCR+CD40L, TLR7, TLR9 and RP105 respectively). In blood, CD24-CD38int B 



cells did not produce significantly higher levels of IL-10 following stimulation 

compared to other B cell subsets. Hepatic CD24-CD38int B cells therefore may be 

more responsive to stimulation compared to blood CD24-CD38int B cells (Fig. 48D). 
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Figure 48 – Hepatic CD24-CD38int B cells produced significantly higher levels 
of IL-6 compared to transitional B cells following TLR stimulation. Percentage 
(%) of (A) TNF-α, (B) IFN-γ, (C) IL-6 and (D) IL-10 production from peripheral blood 
and hepatic B cell subsets stimulated with BCR + CD40L, LPS, R848 (TLR7 ligand), 
CpG (TLR9 ligand) and RP105 (TLR homologue). Untreated samples contained 
brefeldin, and treated cells were stimulated for 5h (contained PMA, ionomycin and 
brefeldin). Error bars represent the mean and standard deviation, where n=5 for liver 
and n=4 for healthy blood. Statistical differences were calculated with a non-
parametric one-way ANOVA (Kruskal-Wallis test), corrected for multiple 
comparisons (Dunn’s).  
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Fig. 32 & 34 indicated that CD24-CD38int B cells may contain ABC type B cells. In 

line with the possibility that CD24- hepatic B cells could contain a majority age- 

associated B cell population, I decided to stimulate hepatic B cells with TLR7 

stimulation ±IL-21, IFN-γ and ±anti-CD40/BCR. These are the proposed methods of 

ABC generation according to the literature (479, 512). To assess activation of these 

B cell subsets, particularly CD24-CD38int B cells, I measured the percentage of IL-

10, IL-6, TNF-α and IFN-γ cytokine produced (Fig. 49). 

 

Fig. 49 showed that none of the hepatic B cell subsets demonstrated significantly 

different cytokine production with TLR7, TLR7+IL-21 or TLR7+IFN-γ stimulation in 

the presence or absence of CD40/BCR stimulation.  Additionally, in terms of IL-6, IL-

10 and IFN-γ (Fig. 49 B–D) cytokine production, blood plasmablasts/plasma cells 

were more unresponsive to TLR7, TLR7+IL-21 and TLR7+IFN-γ compared to 

hepatic B cells. Similarly, hepatic CD24-CD38int B cells showed higher IL-6 

production (Fig. 49C) in the presence and absence of TLR7, TLR7+IL-21 and 

TLR7+IFN-γ stimulation compared to blood CD24-CD38int B cells, as well as other 

liver B cell subsets. Although this increased IL-6 production was not found to be 

stimulation specific, these data highlighted the pro-inflammatory capacity of this 

subset in the liver, which was absent from blood. 
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Figure 49 – TLR7 did not induce increased cytokine production from hepatic 
CD24- B cells ±IL-21, IFN-γ or ±BCR/CD40 stimulation compared to 
unstimulated B cells. Percentage (%) of (A) TNF-α, (B) IFN-γ, (C) IL-6 and (D) IL-
10 production from peripheral blood and hepatic B cell subsets stimulated with 
TLR7, TLR7+IL-21 and TLR7+IFN-γ in the presence and absence of CD40/BCR 
stimulation. Untreated samples contained brefeldin alone. All treated cells were 
stimulated for 5h and also contained PMA, ionomycin and brefeldin. Error bars 
represent the mean and standard deviation, where n=5 for liver and n=4 for healthy 
blood. Statistical differences were calculated with multiple t tests.  
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5.3. DISCUSSION 
 

CD24-CD38- and CD24-CD38int B cell subsets were identified in the liver during 

phenotypic characterization of hepatic B cells. The next step was to functionally 

elucidate these populations to identify the potential role of these subsets in chronic 

liver disease. Mouse studies have shown that T cell responses are dampened in the 

liver (273, 274), which I hypothesise may also be the case for hepatic B cells. To 

address these points, I set out to characterize the localization and cytokine 

production of major B cell subsets in the liver, including the CD24- B cell population. 

To investigate the significance of CD24- B cells in liver disease pathogenesis, I 

stained for CD24- B cells (CD79α+CD24-) to establish where they localized within 

the liver architecture (Fig. 40). CD24- B cells were found throughout the liver, 

surrounding bile ducts and portal veins, and within the fibrotic scar tissue of 

chronically diseased livers, including PBC. It is possible that the aggregation of 

CD24- B cells around bile ducts and within fibrotic septa was an indication of their 

role in PBC, especially since the main hallmark of PBC is bile duct damage caused 

by inflammation (345, 513). Given that CD24-CD38- B cells were significantly 

elevated in PBC livers (Fig. 29), it was important to establish the specific localization 

of CD24-CD38- and CD24-CD38int B cells in the liver, to further elucidate their 

functional role. A preliminary triple stain was performed with the help of Gary 

Reynolds (Fig. 42), which showed that CD24-CD38- B cells aggregated in the region 

of bile ducts and fibrotic tracts (Fig 42B & C), excluding the CD24-CD38+ B cell 

population. Literature states that ABCs lack CXCR5, the chemokine receptor 

involved in B cell aggregation (479). The lack of aggregation found within the hepatic 



CD24-CD38+ B cell population, further adds to the possibility that CD24-CD38int 

population could be an ABC-like population.  

 

The localization of CD24-CD38- B cells in the region of bile ducts and fibrotic tracts 

implies that this population may be representative of a more activated population in 

inflamed livers. Figure 29B in Chapter 4 supports this by highlighting that CD24-

CD38- B cells contain a significantly higher proportion of IgG class switched cells in 

PSC livers compared to viral livers. The triple stain also revealed that CD24-CD38+ 

B cells aggregated around bile ducts and within the fibrotic tracts in PBC livers. 

AMAs are known to be involved in bile duct damage in PBC (345, 349); therefore it is 

possible that this CD24-CD38int B cell subset in the liver may be involved in PBC 

disease pathogenesis.  

 

To further investigate whether distribution of CD24- B cells in the liver correlated with 

disease specificity, the frequency of CD24- B cells throughout the liver architecture 

were semi-quantitatively scored (Fig. 41). Results corroborated previous flow data in 

Chapter 4, demonstrating that PBC patients contained a higher frequency of CD24- 

B cells compared to other hepatic diseases, and that this B cell population was 

distributed relatively equally in PBC across fibrotic septa, portal areas, vessels and 

within lymphoid aggregates. Lymphoid aggregates have previously been found to be 

enriched in PBC (514), which was also supported by our aggregate data in Fig. 23, 

where their role remains uncertain. It is speculated that similar to tertiary lymphoid 

follicles in rheumatoid arthritis, lymphoid aggregates might provide an environment in 

which self-antigens can be presented and antigen-specific T cells can be activated, 

enabling the propagation of autoimmunity (223). Given that CD24- B cells are 



present in lymphoid aggregates in PBC (Fig. 41), it is possible that they may 

somehow contribute to this proposed function. How the composition of lymphoid 

aggregates in the context of PBC differs from ectopic lymphoid structures found in 

chronic HCV infection where CD24- B cells are also found to be present, and how 

this affects the lymphoid structure function is not clear. It is also possible that CD24-

CD38+ B cells are involved in PBC disease pathogenesis directly via cytokine/Ab 

production or indirectly by attracting other immune cells to cause damage. PBC 

patients harbored over twice as many CD24- B cells in the liver compared to the 

other autoimmune disease cohort of AIH patients, which had similar CD24- B cell 

percentages to donor livers (Fig. 41). It is possible that the addition of more patient 

numbers to this study may highlight further differences between these disease 

cohorts, giving further indication to the role of CD24- B cells within the liver in the 

presence of chronic disease. 

 

Studies have shown that early ontogeny B cells express high levels of CD24, a 

marker whose expression precedes that of the pan B cell marker CD19 (462, 515). 

As these B cells leave the bone marrow as transitional B cells, their development 

into naïve B cells and consequent antigen-induced activation into GC blasts, 

correlates with downregulation of surface CD24 expression (455, 488, 516). In order 

to investigate whether CD24- hepatic B cells resembled activated GC B cells, human 

tonsil and liver sections were stained and compared for pan B cell markers CD79α 

and CD24. Results from Fig. 41 demonstrated that in both liver and tonsil, CD24- B 

cells aggregated, and in both cases were surrounded by what appeared to be a 

‘halo’ of CD24+ B cells, indicating a possible GC in both the liver and tonsil. For 



confirmation that CD24- B cells were an actively proliferating population, I stained for 

the proliferation marker Ki67 following 5 hour stimulation of B cells with anti-

BCR/CD40L (Fig. 44A). Our experiments showed that both before and following 

stimulation, CD24-CD38int B cells, proliferated significantly more that memory B 

cells, but less than plasmablast/plasma cell populations, and that proliferation 

increased slightly across all B cell subsets following activation into blasts. These 

data was again indicative that this particular CD24- population might be a GC 

subset. CD24-CD38- B cells showed little if any proliferation following B activation at 

5 hours, further implying that this subset is different to the CD24-CD38int B cell 

population, is harder to stimulate and most likely is not comparable to the CD24- B 

cells that were observed in human tonsil. I was able to corroborate my CD24-

CD38int B cell data using IHC (Fig. 44B), which showed that some CD24- B cells 

also co-expressed the proliferation marker Ki67.  

 

In order to understand whether CD24- B cells could be generated in vitro, and 

whether CD24- B cells generated in vitro are comparable to liver CD24- B cells, 

blood B cells were assessed for CD24- B cell expression at day 0, then activated 

into B cell blasts as described in 2.4.7. Fig. 45 demonstrated that although CD24 

downmodulation of blood B cells could be induced following stimulation, the 

phenotypic profile of both CD24-CD38- and CD24-CD38int blood B cells did not shift 

to show a more activated memory phenotype prior to or following stimulation, and 

instead remained mainly naive. This result differed to what is reflected in the hepatic 

environment, where CD24-CD38- liver B cells ex vivo had an intermediate 

phenotype between naïve and memory cells, and CD24-CD38int B cells presented 

with a higher proportion of IgM+IgD+ B cells compared to memory cells. This did not 



only contradict recent literature describing blood CD24- B cells in general as a type 

of ‘memory’ B cell population (477), but also confirmed that CD24- B cells could not 

be generated from blood to represent hepatic CD24- B cells in our experiments, as 

these differ in IgD/CD27 expression. 

 

B cells have previously been found to contribute to hepatic diseases such as PSC 

and PBC (30, 417) (225, 517) (355, 378), where B cells have been found to have an 

autoimmune function and secrete autoantibodies. B cells have also been implicated 

in viral infections such as HBV and HCV (292, 400), where B cell markers have been 

associated with levels of fibrosis and B cells have served as a reservoir for persistent 

hepatitis C virus infection. In such cases, treatments such as rituximab have been 

used, resulting in a knock out of total B cells using anti-CD20 monoclonal antibodies 

(401). By characterizing the contribution of B cell subsets to end stage hepatic 

disease, I will be able to effectively target the knock out of specific B cell subsets, 

which contribute to immune inflammation and disease pathogenesis within the liver. I 

decided to investigate the function of major B cell subsets in the liver, by identifying 

their cytokine secretion profiles. This will indicate how B cells may exacerbate or 

dampen hepatic immune responses.  

 

The Buffa study (2013) identified a population of CD24-CD38- B cells expanded in 

chronic stimulation states and enriched in the blood of elderly patients. This 

population was labeled as a ‘new memory B cell population’ (477), which secreted 

significantly higher TNF-α compared to unstimulated B cells following stimulation 

with CpG/PMA. This study suggested that CD24-CD38- B cells played an 

inflammatory role in aged patient blood. However this study did not go on to define 



TNF-α, IFN-γ, IL-6 and IL-10 production from major B cell subsets or demonstrate 

any comparative data. I found that memory B cells in the blood differ to hepatic 

memory B cells (Fig. 19), and reports show that specific B cell subsets are 

susceptible to variable forms of stimulation (80, 81, 394). Studies have also shown 

that T cell responses are dampened in the liver (273, 274), which may also be the 

case for hepatic B cells, given that that the liver is a tolerogenic organ. More 

recently, the frequencies of CD19+CD24-CD38- B cells were found to be 

significantly enriched in atopic dermatitis patients compared to psoriasis patients and 

healthy individuals, suggesting that these B cells may play an important role in 

promoting inflammation, although these frequencies did not correlate with disease 

severity (478).  

 

I wanted to assess whether the hepatic CD24-CD38- and CD24-CD38int B cell 

populations, which I identified, were similar to the CD24- B cells described in the 

Buffa paper. Furthermore, I wanted to compare cytokine production of B cell subsets 

across hepatic diseases following B cell stimulation via BCR/CD40 and TLRs. 

Several TLRs have been reported to be present in B cells (518) which trigger 

cytokine stimulation upon ligation (519). Cognasse et al. previously reported 

secretion of IL-6 by TLR9 expressing memory B cells (520). Additionally, Buffa et al. 

stimulated B cells using CpG/PMA to induce TNF-α production from CD24-CD38- B 

cells (477). I decided to use the same method to investigate hepatic B cell activation 

and cytokine production of IL-6, TNF-α, IL-10 and IFN-γ via flow cytometry. Fig. 46B 

demonstrates that stimulation with CpG/PMA was effective at stimulating hepatic B 

cell subsets, as TNF-α production was higher from B cells post-stimulation. 

Supportive of the Buffa findings, directly ex-vivo, CD24-CD38int hepatic B cells 



demonstrated an inflammatory phenotype which was increased upon stimulation, 

where this population produced significantly higher levels of IFN-γ compared to most 

other B cell subsets and significantly higher levels of IL-6 compared to naïve and 

memory subsets. Considering I showed that CD24-CD38+ B cells cluster around bile 

ducts in PBC, it is possible that this B cell population causes immune damage by 

contributing to elevated inflammatory responses in PBC patients, or by propagating 

direct or indirect inflammatory-mediated destruction of bile ducts by attracting other 

immune cells, further driving the characteristic bile duct damage seen in PBC. CD24-

CD38int B cells from the liver also demonstrated anti-inflammatory properties, by 

producing significantly higher levels of IL-10 compared to transitional and memory B 

cells directly ex vivo when unstimulated. This increase in IFN-γ, IL-6 and IL-10 

cytokine production from hepatic CD24-CD38int B cells following stimulation was not 

observed in healthy blood, where all B cell subsets maintained low cytokine 

production both prior to and following stimulation. This contradicts previous studies, 

where peripheral blood B cells stimulated by CpG produced IL-10 levels between 

12–20% (69, 93). This is with the exception of TNF-α, which increased across 

peripheral B cell subsets following stimulation. Previous studies showed that MZ B 

cells secreted IL-10 in response to LPS (TLR4) and CpG (TLR9) (77). Since the 

hepatic CD24-CD38int B cell population contains a human MZ population (Fig. 27), 

it is possible that this B cell subset was activated in the same way to modulate 

immune responses in the liver. Duddy et al., using the BCR and CD40 signaling 

system, showed that memory B cells produce TNF-α and lymphotoxin (TNF-β) (508), 

so it is also possible that hepatic CD24- B cells are activated by T cell-dependent 

mechanisms. Fig. 46D demonstrated dual pro-inflammatory cytokine production 

from stimulated (CpG/PMA/Iono) and unstimulated CD24- B cells in a matched liver 



and blood sample from an ALD patient. Results demonstrated the hepatic CD24-

CD38int hepatic B cells contained a population which secreted both IFN-γ and IL-6 

cytokine, directly ex-vivo (55%) and following CpG stimulation (42%). This 

population was not enriched in CD24-CD38 B cells. One study has shown that 

subsets of CD24hiCD38hi transitional B cells, CD24hiCD27+ memory B cells, and 

naïve B cells from human peripheral blood, expressed IL-10 and the proinflammatory 

cytokine TNF-α simultaneously (521). Furthermore, this study highlighted that 

neutralization of IL-10 significantly inhibited transitional B cell-mediated suppression 

of autologous Th1 cytokine expression, and that blocking TNF-α increased the 

suppressive capacity of both memory and naïve B-cell subsets. The study thereby 

concludes that the ratio of IL-10/TNF-α expression may be a better indicator of 

regulatory function than IL-10 expression alone (521). 

http://jasn.asnjournals.org/content/25/7/1575.long Although neither liver nor blood 

CD24- B cells expressed IL-10/TNF-α simultaneously, it appears from Fig. 46D that 

a small percentage of the CD24- B cell population in matched blood and liver are 

capable of expressing IL-10 and IFN-γ simultaneously. However, this percentage is 

extremely low, and no differences are observed in this dual cytokine production 

between CD24- B cells directly ex-vivo compared to following stimulation. 

Nonetheless, our data has shown that CD24-CD38int B cells are rich in ABC 

markers, and ABCs are known to co-express IL-10 and IFN-γ simultaneously (483, 

484). It would be interesting to investigate the ratio of pro-inflammatory and anti-

inflammatory cytokine co-expression within this population further, as well as from a 

number of matched liver and blood samples going forward, in order to more 

accurately assess the regulatory capacity of B cell subsets in the liver. 

 



It was clear from Fig. 46B that although CD24-CD38int B cells could be stimulated 

by CpG, the CD24-CD38- hepatic B cell population was mainly unresponsive to this 

form of activation. Unlike the Buffa study suggested, the CD24-CD38- population did 

not produce significantly higher levels of TNF-α cytokine following 5h stimulation with 

CpG compared to other B cell subsets. 

 

Since hepatic CD24-CD38- B cells produced low amounts of cytokines in response 

to CpG stimulation, I decided to investigate the roles of range of TLR stimulations on 

hepatic B cells within a new cohort of explanted patient livers. Studies have shown 

that different B cell subsets are susceptible to variable forms of TLR stimulation. One 

study in particular investigated cytokine production of murine B cell subsets, 

examining the role of TLRs in secretion of IL-6, IL-10, IL-12 and IFN-γ by B cells, 

and found that activation of B cells by different TLR stimuli increased cytokine 

production (16, 77). In order to investigate the effects of TLR stimulations on CD24-

CD38- B cells, hepatic and blood B cells were co-cultured with a range of TLR 

stimuli and anti-BCR/CD40L to assess B cell subset cytokine profiles compared to 

unstimulated B cells (Fig. 47). CD24-CD38int B cells produced innate cytokines ex-

vivo (IL-10, IFN, IL-6) in the first patient cohort (Fig. 46B), and increased TNF-α 

following TLR9 stimulation in a second cohort of patients (Fig. 47A). One 

explanation for this is that the donors were different i.e. different hepatic diseases. It 

is possible that B cells in certain chronic liver diseases produce different types and 

quantities of cytokines upon same stimulations. Further investigations into cytokine 

production from B cell subsets across hepatic diseases could be further investigated 

in the future to determine whether this is the case.



CD24-CD38- hepatic B cells appeared to be unresponsive to TLR4, TLR7, RP105 

and anti-BCR/CD40L stimulations when it came to IL-10, IFN-γ and IL-6 production. 

However, hepatic CD24-CD38- and CD24-CD38int B cells were both sensitive to 

CpG (TLR9) stimulation, where both CD24- B cell subsets produced a significantly 

higher percentage of TNF-α compared to unstimulated CD24- B cells following 

treatment (Fig. 47A). With regard to TLR9 stimulation of blood CD24-CD38- B cells, 

this increase in TNF-α production was absent. The liver encounters a constant influx 

of bacterial antigens through the portal vein from the gut (408). Previous studies 

have already shown that TLR9 signals directly activate human peripheral blood 

naive and memory B cell subsets to produce IL-1α, IL-1β, IL-6, TNF-α, IL-13, and IL-

10 cytokines (519). It is possible that bacterial antigens, which enter the liver, are 

internalized and processed by B cells into CpG-containing 

oligodeoxyribonucleotides. Binding of CpG peptides to TLR9 could elicit these TNF-

α cytokine responses from hepatic CD24- B cells through TLR9 stimulation. Studies 

have highlighted that ABCs can be stimulated to produce TNF-α via TL7/9 

stimulation (483, 484). As the CD24-CD38int B cell compartment has been shown to 

be enriched in ABC markers, it is possible that TNF-α production from this particular 

population is further indicative of CD24-CD38int B cells being representative of an 

ABC population. 

 

Fig. 48B, C, and D demonstrated that liver B cells contain populations that make 

innate type-cytokines without any stimulus. When attempting to induce this cytokine 

production from blood B cells, the CD24-CD38int compartment showed that it can be 

induced to make innate-type cytokines but not to levels similar to liver. Furthermore, 

stimulation of the hepatic CD24-CD38int subpopulation with TLR4, TLR7, TLR9 but 



not BCR/CD40L or RP105 induced significantly higher IL-6 production (Fig. 48C) 

compared to transitional liver B cells, a profile which was absent in the blood. This 

reinforces that CD24-CD38int B cells were more susceptible to TLR stimulation 

compared to blood CD24-CD38int B cells, and indicates that this population may be 

sensitive to stimulation by bacterial antigens from the gut. Previous studies have 

shown that stimulation of human B cells via TLR7 and TLR9 induced significantly 

higher IL-6 secretion compared to unstimulated B cells (519, 520, 522). More 

interestingly, I showed that the CD24-CD38int B cell subset contains a large 

proportion of non-switched memory, marginal zone B cells (Fig. 27B). Supportive of 

our results, one mouse study showed that MZ B cells produced pro-inflammatory 

cytokines, such as interleukin-6 (IL-6), and exacerbates systemic inflammatory 

responses to lipopolysaccharide (LPS) via TLR4 ligation (523). 

 

Overall, the CD24-CD38int hepatic B cells express an immunomodulatory 

phenotype, due to being able to produce significantly high levels of IL-10, as well as 

IL-6 and IFN-γ with specific treatment types. Again, this response was not replicated 

by blood CD24-CD38int B cells. Although contradictory to the Buffa study on aging 

blood B cells, hepatic CD24- B cells did not secrete significantly higher levels of 

TNF-α compared to other B cell subsets in blood or liver. Previous studies have 

termed CD19+CD24-CD38- B cells ‘new memory B cells’ (477). However, our 

functional data demonstrates that the cytokine profiles of both CD24-CD38- and 

CD24-CD38int B cells differ (in some cases significantly) to that of memory B cells, 

implying this subset in the liver may not be representative of a memory subset. 

Differences in cytokine profiles between memory and CD24- B cells also exist, 

implying that the hepatic CD24-CD38- and CD24-CD38int B cells I identified in the 



liver may be different to those described as a ‘new inflammatory memory’ 

CD19+CD24-CD38- B cell subset in the Buffa study (477).  

 

Studies have shown that in mice, ABCs were refractory to CD40 and BCR 

stimulation and instead were activated by TLR7 and TLR9 stimulation resulting in 

increased IL-10 and IL-4 production (479, 512). ABC phenotypes are induced with 

TLR stimulation in the presence of IFN-γ, IL-4 and IL-21. Figure 32 & 34 

demonstrated that CD24-CD38int B cells were rich in ABC markers T-bet and 

CD11c. In line with our theory that CD24- B cells may include a population of ‘age-

associated B cells’, I decided to stimulate hepatic B cell populations with TLR7 in 

combination with IL-21 and IFN-γ with and without BCR/CD40 stimulation, which the 

literature has reported to specifically expand and activate ABC populations (479, 

512). Results from Fig. 49 indicated that cytokine production from CD24-CD38- and 

CD24-CD38int hepatic B cell populations did not increase significantly following any 

of the combinations of stimuli compared to unstimulated CD24- B cells. This also 

proved to be true for CD24- B cells in the blood, indicating that it is possible that 

these populations are exhausted rather than ABCs, or that hepatic ABCs require 

different stimuli to induce activation and cytokine secretion. The recent study by 

Thorarinsdottir et al. investigating human CD21-/lo ABC-like cells in human blood, 

found that CD24lo B cells within this population were more difficult to stimulate ex 

vivo unless performed with BCR, R848 and IL-2 (485). It is possible that the ABC-

like cells we find in the liver are a similar population, which can only be stimulated in 

the same way. 

 



Literature states describes CD24-CD38int B cells as being a type of GC B cells (488, 

510). Although CD24- B cells look like they could be present in lymphoid follicles in 

the liver which resemble similar structures to those found in SLOs, our previous 

findings have shown that CD24-CD38int B cells are significantly enriched in donor 

liver compared to SLOs such as perihepatic lymph nodes and spleen. Furthermore, 

given that the cytokine profiles of hepatic CD24- B cells differ from hepatic memory 

and plasma cell populations, as well as blood CD24-CD38int B cells, it is more likely 

that these cells are representative of an inflammatory B cell population.   

 

In this chapter, I have characterised the localization and cytokine production of the 

novel CD24-CD38- and CD24-CD38int B cells in the liver. I show that CD24-CD38int 

B cells expressed immunomodulatory cytokines compared to other major B cell 

subsets, and produced significantly higher TNF-α levels following TLR9 stimulation 

compared to unstimulated B cells. Furthermore, CD24-CD38int B cells localized 

around bile ducts and fibrotic tracts in PBC patients, implying that these cells may 

play a contributing role in chronic hepatic disease. The function of CD24-CD38- B 

cells was less clear. Although numbers were enriched in PBC livers, this population 

produced low percentages of cytokines following BCR and TLR stimulations 

compared to other B cell subsets. Consequently, it is possible that these B cells 

were representative of a more unresponsive B cell population, much like the 

dampened T cell responses which have been previously demonstrated in the liver 

(273, 274). Nevertheless, like the CD24-CD38int hepatic B cell population, CD24-

CD38- liver B cells produced significantly higher TNF-α percentages following TLR9 

stimulation compared to unstimulated B cells, indicating that this population may 

exert some pro-inflammatory effects. Overall, I have shown that cytokine secretion 



differs between hepatic and peripheral blood B cells, and that blood B cells are 

difficult to stimulate in vitro. Furthermore, cytokine secretion from hepatic B cell 

subsets are dependent on the type of stimulation, which could highlight the role of B 

cell subsets, and particularly CD24- B cells in the liver.  

 

 

 
 
 
 
 

 



 

 

 

 

 

 

 

 

 

 

 



6.1. GENERAL DISCUSSION 
Research over the recent years has confirmed that B cells are a diverse multifaceted 

immune cell population (93, 116, 138, 139, 524). Much like CD4+ and CD8+ T cells 

which are comprised of effector and regulatory T cells, B cell subsets can be 

protective or pro-inflammatory (525, 526). Despite massive biological differences 

between mouse and man, classification of B cell subsets have been based on 

murine models, where the phenotypic characterization of B cell subsets has been 

well established. Phenotypic profiles have also been established to identify stages of 

B cell maturation in human lymph node and bone marrow. Due to their phenotypic 

complexity, peripheral blood circulating B cell subsets have been poorly defined until 

recently. Consequently, over the last few years many different approaches have 

been proposed to characterize mature B cell populations in human peripheral blood, 

including ‘newer’ B cell populations such as ‘B1-type’ cells (386), double negative 

memory B cells (155), marginal zone B cells (134, 195)  and Bregs (93).   

 

Despite the lack of consensus over methods of human B cell characterization (138, 

144, 188, 189, 527, 528), it has been proven that disturbed B cell homeostasis and 

impaired B cell development play a role in several immunological diseases (58, 296, 

349, 529, 530). For example, B cell dysfunction has been associated with fibrosis in 

human skin and lung, where B cell gene signatures have been found to characterize 

skin biopsies from systemic sclerosis patients (531). Moreover, a B cell line 

established from the lung tissue of a patient with scleroderma has been shown to 

augment proliferation and inflammatory responses likely to lead to fibrotic changes 

(532). B cells have also been implicated in autoimmune diseases such as multiple 

sclerosis, where an increased frequency of (GM-CSF)-expressing human memory B 



cell subsets and IL-10-expressing B cells, are found to be enriched in multiple 

sclerosis patients compared to healthy controls (525). In rheumatoid arthritis, a 

distinct population of FcRL4+ B cells in the synovial tissue and fluid expressed high 

levels of TNF-α and RANKL mRNA, indicating that these cells play a role in bone 

destruction and inflammation (529). 

 

The liver is an organ rich in immune cells. In addition to the presence of large 

numbers of resident macrophages known as Kupffer cells, the liver also contains 

monocytes, T cells, NK cells, and NKT cells (249). Interestingly, there have been few 

studies investigating the role of B cells in the adult liver, which constitute 5–10% of 

the human hepatic lymphocyte population (5). Research on hepatic B cells in mice is 

also scarce, which is surprising considering that the murine embryonic liver is a well-

studied site of origin for B cells (533). This may be because the liver is often seen as 

a conduit for blood cells; however recent studies have identified liver resident CD8+ 

T cells (534, 535), and NK cells (536-538). The Cuff et al. study capitalized on the 

HLA mismatch of donors and recipients for liver transplants, and demonstrated that 

there was a long lived Eomeshi NK cell population that originated from the donor and 

did not recirculate (536). It is therefore likely that liver resident B cell populations also 

exist.  

 

There have been many studies which support B cells playing a contributing role in 

chronic hepatic disease, where patients suffering from ALD, HCV, and PBC exhibit 

immune-mediated liver damage, including persistent inflammation, cellular damage, 

regeneration, and fibrosis (539). One recent study used IHC to investigate the 

proportion of CD20+ B cells across hepatic diseases, and discovered that B cells 



significantly accumulated in the liver tissues of CLD patients. These B cells mainly 

clustered in the portal areas of liver tissues and correlated with inflammatory grades 

(287). Other studies have found that ectopic lymphoid structures containing B and T 

cells are enriched in the livers of patients with chronic HCV, and that these 

structures function as microniches for tumor progenitor cells in hepatocellular 

carcinoma (421). This implies that the etiology of the chronic hepatic inflammatory 

environment is very likely to specify the type of intrahepatic inflammation present 

and its consequences (223, 422).  

Murine studies have shown that hepatic fibrosis is attenuated in the liver in the 

absence of B cells in a T cell and antibody-independent manner (282), and that B 

cell depletion in AIH mouse models reduced liver inflammation and improved liver 

function following treatment with a single dose of anti-CD20 (58). However, 

conflicting studies demonstrate that B cell depletion exacerbated PBC-like diseases 

in murine models (405), highlighting a novel disease-protective role, and suggesting 

that B cell depletion therapy in humans with PBC should be approached with 

caution. As well as contributing to hepatic autoimmune diseases, B cells have also 

been found to have a protective role in viral diseases, where clinical studies have 

shown that rituximab mediated B cell depletion in HBV patients resulted in latent 

HBV reactivation (398), and that rituximab treatment in HCV patients resulted in 

increased viral loads in the blood (540). Conversely, in peripheral blood naïve B cell 

frequencies were higher in HCV patients with more severe hepatic fibrosis (541). 

Collectively, these studies further support both protective and contributing roles for B 

cells in end stage hepatic disease pathogenesis.  

 



Given that the majority of chronic liver conditions are either immune mediated or 

facilitate immune damage, and given that little is known about the role of B cells in 

the adult liver, I decided to thoroughly investigate the role of hepatic B cells in human 

end-stage chronic liver disease. By establishing which B cell subpopulations exist in 

the human liver in health and in end stage disease, an insight would be gained into B 

cell contribution to disease pathogenesis. Ultimately, B cells may provide novel 

therapeutic targets for treating chronic liver disease in the future. For example, 

rituximab is a drug already investigated in the treatment of patients suffering from 

autoimmune liver diseases PBC and AIH by depleting total CD20+ B cells (30, 31). 

Understanding which B cell subsets may be responsible for pathogenesis would 

allow the targeting of subset specific depletion, which may ameliorate liver 

inflammation. As B cell subsets may have protective and pathogenic roles, targeting 

B cell subsets would provide an important toggle switch for inflammation. 

Furthermore, one may not wish to deplete the entire B cell compartment and expose 

the patient to infection, which is one of the complications of rituximab therapy (542).  

All B cell subsets detected using our extensive custom 18 antigen marker flow 

cytometry panels, were present in the blood as well as in matched liver samples. 

When quantified, it appeared that diseased liver harboured more activated B cells 

(centroblasts, double negative memory (CD27-IgD-) (Fig. 27) compared to matched 

blood which contained more naïve B cells. This is justifiable given that antigen rich 

blood enters the liver via the portal vein from the gut (408), and may result in 

constant uptake of antigen via APCs such as B cells, leading to their activation. 

Furthermore, as most of these livers were chronically inflamed, an influx of activated 



immune cells into the organ contributing to local inflammation and damage would be 

expected.  

I characterised the total number of CD19+ B cells across hepatic diseases such as 

autoimmune (PBC, PSC), dietary mediated (NASH, ALD), viral (HCV, HBV) and 

donor livers. PBC livers appeared to contain the highest proportion of CD19+ B cells. 

However, the total number of CD19+ B cells did not vary significantly between any 

hepatic diseases (Fig. 21). This was also true for the number of B cell subsets per 

gram of liver tissue between liver diseases; with the exception of naïve mature B 

cells, which were enriched in PBC livers compared to donors. This flow cytometry 

data was in agreement with our IHC data, which demonstrated CD20+ B cells were 

significantly enriched in PBC patients compared to PSC patients (Fig. 22). A similar 

study corroborated our data, using IHC staining to show that CD20+ B cells were 

increased more significantly in the liver tissues of PBC patients compared with HBV, 

AIH and ALD patients (287). It is likely that some B cells are lost during the 

mechanical digestion process of the liver tissue due to being trapped within the 

fibrotic areas in the liver, making it difficult to isolate and quantify larger aggregates 

of B cells. Liver slices were washed vigorously to remove blood cells. Consequently, 

it is likely that the absolute B cell numbers from liver homogenates are being 

underestimated. Hence, IHC data are more accurate for absolute B cell number 

calculations compared to flow cytometry. 

Whilst characterizing B cell subsets in the liver, I noticed that CD24- B cells were 

highly enriched in the liver (Fig. 26B), and that this population could be further 

separated into CD24-CD38- and CD24-CD38int subsets (Fig. 26A). CD24 

downregulation has been associated with decreased cell proliferation; decreased 



motility, immunomodulation and both increased and decreased susceptibility to 

apoptosis (445, 543). I found that both CD24-CD38- and CD24-CD38int B cells were 

enriched in diseased livers, compared to matched blood, and that CD24-CD38int B 

cells were also enriched in donor livers compared to secondary lymphoid organs. 

Collectively, these data suggests that CD24- B cells may be preferentially recruited 

to the liver, or are representative of a liver-resident population. This is important in 

deducing whether CD24- B cells have an immunosurveillance/homeostatic role in 

the liver or whether they are recruited to the liver in the presence of inflammation 

and disease. It is also possible that these cells are generated in the liver, and are 

derived from another B cell subset such as transitional, memory, naïve or even 

progenitor B cells. Sorting these subsets and performing BCR sequence analyses 

would address clonal relationships between B cell subsets (544).  

CD24- B cells are a heterogeneous population, but while CD24-CD38- B cells 

contained more IgD+ naïve cells in diseased and donor liver, they represented more 

of a non-switched memory population in the blood (Fig. 27). Similarly, CD24-

CD38int B cells contained a majority naïve and non-switched memory phenotype in 

diseased livers (which was not the case in donor livers) and non-switched memory 

majority in blood (Fig. 27). In order to accurately assess the role and significance of 

CD24-CD38int B cells in hepatic disease, future work could involve targeted 

depletion of CD24-CD38int B cells in mice, or expansion via adoptive transfer of this 

specific subpopulation in mouse models of hepatic inflammation. To begin this 

investigation, I would need to identify whether these CD24- (HSA-) B cell populations 

exist in mice. Although CD24 can be used in mouse and human tissue to identify 

distinct B cell subsets (113), we still know very little regarding the functional 



differences between mouse and human CD24 antigen. Furthermore, the B cell 

compartment differs hugely between human and mice (113). Given that murine 

CD38 is down-regulated on GC B cells and mature plasma cells (545), and is 

expressed highly on human plasma cells (546), it is possible that equivalent CD24-

CD38- and CD24-CD38int hepatic B cell populations in mice may have a different 

functional phenotype, making these CD24- B cells difficult to locate in mice. 

After establishing that B cells were enriched in PBC, I showed that CD24-CD38- B 

cells were significantly increased in PBC compared to donor livers, implying that this 

B cell subset may be involved in the pathogenesis of PBC. Of note, this was the only 

B cell subset that was increased in PBC compared to other end stage diseases. I 

therefore attribute the increase of B cells in PBC to the increased CD24-CD38- 

subset. IHC staining helped us to further establish that within PBC patients, CD24-

CD38- B cells clustered in aggregates in the vicinity of bile ducts and fibrotic tracts, 

and CD24-CD38+ B cells were mainly located around the bile ducts and within 

fibrotic scar tissue, which again hinted towards the role of CD24- B cells in hepatic 

disease pathogenesis. 

 

Previous findings demonstrate that cirrhotic livers harbor large numbers of NKT cells 

and that activated NKT cells drive fibrogenesis in NASH livers (547). However, I 

found that CD1d expression on CD24- populations was significantly increased in 

donor livers compared to some other chronic diseased livers, especially those from 

dietary injury (Fig. 29 & 30). Hepatic NKT cells, which patrol the liver, enhance 

inflammatory responses in the presence of liver injury via pro-inflammatory cytokines 

and by activating HSCs (548). As CD1d expression is highest on APCs, this may 



hint that CD24- B cells may be responsible for mediating NKT cell activation (549), 

and that NKT activation may be impaired in the presence of certain chronic liver 

diseases.  

 

CD24-CD38- B cells have been previously described by Buffa et al. 2013, where this 

population was enriched in the blood of aged patients (477). There have since have 

been numerous reports on age-associated B cells (ABCs), a population which 

responds poorly to BCR/CD40 ligation and are instead stimulated by TLRs to 

preferentially secrete antibodies, IL-10 and IL-4 (479, 483). One recent study, 

described a B cell subset with an ABC-like phenotype, CD21- B cells, to exist in 

human blood. This subset contained a CD38-CD24lo B cell population (485). I 

therefore wanted to investigate whether hepatic CD24-CD38- and CD24-CD38int B 

cell populations contained age-related populations. Although neither CD24- hepatic 

B cell population correlated with end-stage liver disease patient age (Fig. 31), ABC 

markers were enriched in the CD24-CD38- B cell compartment in healthy donor 

blood, and within the CD24-CD38int compartment in end-stage disease livers (Fig. 

34). This further highlighted possible functional differences between blood and liver 

B cells, and implied that hepatic CD24-CD38int B cells may be activated in the 

absence of T cells via TLRs. ABCs have been reported to be activated with TLR7 

and IL-21 or TLR7 and IFN-γ (83, 84, 479, 512). Using a combination of these 

stimuli, our data showed that stimulation did not induce greater cytokine productions 

from either hepatic CD24- B cell population following stimulation compared to 

unstimulated. This implies that hepatic ABCs may require different stimuli, as 

described in the Thorarinsdottir et al. study, where CD21-CD38-CD24lo B cells could 

only be stimulated in vitro with BCR, R848 and IL-2 (485). Alternatively, it is also 



possible that these hepatic CD24- B cell populations are unresponsive to stimulation 

in vitro. 

 

Upon stimulation, B cells can secret pro-inflammatory cytokines such as IL-6 and 

TNF-α, thereby perpetuating inflammatory responses (550). In the AIH animal model 

for example, CD45+CD19+ B cells in the liver secreted significantly higher 

percentages of both IFN-γ and TNF-α compared to C57BL/6 littermates, contributing 

to a pro-inflammatory hepatic microenvironment (58). On the other hand, Bregs have 

been associated with inhibiting inflammation through IL-10, IL-35 and TGF-β 

production, which prevents pathogenic T cell expansion and limits damage (14, 551-

553). In this way, B cells may play both positive and negative regulatory roles in 

chronic liver disease pathogenesis.  

The Buffa study described the age-associated CD24-CD38- B cell subset as a pro-

inflammatory TNF-α secreting population, following stimulation with CpG (TLR9 

stimulation) for 5 hours (477). With the same stimuli CD24-CD38int B cells 

expressed both pro-inflammatory (IL-6 & IFN-γ) and anti-inflammatory (IL-10) 

cytokines in the liver compared to some other B cell subsets. This was not the case 

for blood CD24-CD38int B cells, which did not respond to this form of stimulation and 

produced low levels of cytokine following stimulation (Fig. 46B). The hepatic CD24-

CD38- B cell population also initially demonstrated very little cytokine secretion 

following stimulation compared to other B cell subsets (Fig. 46B).  

When tested with different TLR stimulations, CD24-CD38int B cells were again found 

to be pro-inflammatory directly ex-vivo, producing IFN-γ and IL-6 prior to simulation. 

12% of CD24-CD38int B cells also produced anti-inflammatory cytokine IL-10 



following BCR+CD40, TLR7, TLR9 and RP105 stimulation, which is over that which 

has been previously reported for Breg IL-10 production (93). As these pro-

inflammatory CD24-CD38int B cells were previously shown surrounding bile ducts in 

PBC IHC stains, it is possible that this population is involved in direct or indirect 

targeted destruction of bile ducts in PBC. However, where CD24-CD38int B cells 

demonstrate significantly higher IL-10 production compared to memory B cells 

following stimulation, it is possible that they also have a protective role in end stage 

liver disease. The importance of IL-10 has been highlighted in mice where Crohn’s-

like colitis developed in IL-10-deficient mice generated by gene targeting (554, 555). 

IL-10 has also proven to regulate hepatic injury in vivo. IL-10 exerted antifibrogenic 

effects during CCl4-induced hepatic fibrogenesis (556) and administration of 

recombinant IL-10 in mice challenged with Con A dramatically reduced pro-

inflammatory cytokine secretion, apoptosis of hepatocytes, hepatic neutrophil 

infiltrate and delayed hepatic necrosis (557, 558). Given that IL-10 has played a role 

in protecting against hepatic injury, it is possible that in the presence of hepatic 

disease, CD24-CD38int hepatic B cells respond by producing IL-10 to control liver 

inflammation by inhibiting antigen presentation to T cells, T cell cytokine production 

(559) and neutrophil chemokine production (560, 561). Alternatively, it is possible 

that IL-10 production exacerbates hepatic conditions such as PBC by enhancing 

proliferation and differentiation of plasma cells and IgM synthesis (507, 562). This 

can be assessed further in future work by comparing the cytokine production of 

CD24- B cells between end stage liver diseases and donor livers.   

 

By comparison, hepatic CD24-CD38- B cells were unresponsive to most TLR 

stimulations, with the exception of TLR9 stimulation, which triggered significantly 



higher percentages of TNF-α secretion compared to unstimulated CD24-CD38- B 

cells. This was also true for the CD24-CD38int B cells (Fig. 47). This contradicted 

findings from the previous patient cohort (Fig. 46), where I was unable to stimulate 

CD24-CD38- hepatic cells with TLR9, highlighting possible differences in B cell 

susceptibility to stimulation in patients suffering from different hepatic diseases. 

Considering CD24-CD38- B cells are enriched in the liver of PBC patients and 

produce TNF-α, and that CD24-CD38int B cells surround bile ducts and secrete 

TNF-α, IFN-γ and IL-6, the presence of pro-inflammatory cytokine secretion in the 

liver is intriguing as these cells may contribute to PBC disease pathogenesis. Zhao 

et al. 2011 has shown that TNF-α and IL-6 were elevated in PBC patient blood, and 

another study demonstrated that mRNA encoding TNF-α, IFN-γ, IL-6, IL-12 and IL-

23 were elevated in the livers of PBC mouse models (autoimmune cholangitis mice) 

II (563, 564). It is possible that TNF-α produced by hepatic CD24-CD38- and CD24-

CD38int B cells and IFN-γ produced by CD24-CD38int B cells can be destructive for 

BEC in PBC by increasing BEC expression of ICAM-1, HLA class I, and HLA class 

(564, 565), which has been previously shown. This in turn could increase antigen 

presentation to T helper cells, where T cells have been found to infiltrate near bile 

ducts in PBC patients (566), causing T cell activation and cytotoxic immune 

mediated bile duct damage. It is also possible that TNF-α secreted by CD24- B cells 

in the liver stimulate BEC to produce IL-8 and monocyte chemotactic protein-1, as 

this has been previously shown to promote recruitment of neutrophils and 

lymphocytes, which could contribute to pathological inflammation of bile ducts (567). 

To continue elucidating the possible function of hepatic CD24- B cells in liver 

damage, further investigation to assess the effects of CD24- B cell cytokine 



secretion on other hepatic cells such as BEC within specific hepatic diseases is 

required. 

One possibility is that both CD24-CD38- and CD24-CD38int B cells are related. It is 

true that CD38 expression is gained as CD24- GC B cells differentiate into plasma 

blasts and plasma cells. Therefore it is possible that CD24-CD38- and CD24-

CD38int B cells represent an earlier stage of B cell differentiation. However, given 

that these populations localize to different areas within the liver, produce different 

cytokines and differ in terms of proportions of naïve and non-switched memory cells, 

it is unlikely that these populations are related. Further investigations involving 

sorting these subsets and performing BCR sequence analyses would address clonal 

relationships between these B cell subsets, therefore confirming whether these 

subsets are related.  

 

All findings from this PhD project, with regard to B cell subsets in human liver and 

blood, are summarized in Figure 50 below. 

 

 

 

 

 

 

 

 

 



 

Figure 50 – A diagram summarizing the main findings of this project with 
regard to human B cells in blood and liver. Both general B cells and B cell 
subsets are described, with a particular focus on CD24-CD38- and CD24-CD38int B 
cells. 
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6.2. FUTURE WORK 

Despite the thorough characterisation of B cell subsets in the liver, the additional 

mechanisms of hepatic B cells which may affect the pathogenesis of chronic liver 

disease still remains elusive. Going forward, it would be interesting to characterize 

the function of these hepatic CD24- B cell subsets further. Firstly, whether these 

populations are liver resident or whether they home to the liver could be established. 

This could be investigated by staining CD24- B cells for chemokine receptors such 

as CXCR6, CXCR3, and CXCR4, adhesion molecules VCAM-1 and ICAM-1, and 

integrin αEβ7, which have been implicated in lymphocyte recruitment to biliary 

epithelium (382, 568, 569). Establishing this would indicate whether CD24- B cells 

have an immunosurveillance/homeostatic role in the liver, or whether they are 

recruited to the liver to play a role under certain conditions such as inflammation. 

The ontogeny of these cells could also be investigated, so that if they are found to 

play a role in hepatic disease, we can target their genesis therapeutically. This could 

be performed by BCR sequencing to analyse clonal relationships between B cell 

subsets (299, 301, 331). 

Given that CD24-CD38- B cells are enriched in PBC livers, investigating antibody 

production, antigen specificity and class switching of these cells, would aid in further 

elucidating the function of this population. Establishing these characteristics may 

also result in the identification of characteristic hyperimmunoglobulin G (IgG) and 

circulating autoantibodies participating in the pathogenesis of autoimmune liver 

diseases such as PBC. Investigations into the stimulation of CD24-CD38- B cells 

could be conducted using TLRs in combination with the presence of various 

cytokines and soluble factors such as BAFF. This will create a more realistic 



microenvironment reflective of that found in the liver (544, 570). Furthermore, the 

effects of TLRs and anti-BCR/CD40L on CD24-CD38- B cells can once again be 

tested, however this time different types of cytokine production could be established 

such as IL-35, TGF-β, IL-2, IL4 and IL-12 (16). This will inform us how and if this 

population promotes or suppresses immune responses in the liver. Antibody 

production could be investigated from hepatic B cells by isolating them from human 

liver tissue, and culturing them for various time points before harvesting the 

supernatants and detecting supernatant IgA, IgG and IgM via ELISA. The presence 

of autoantibodies (AMAs) can also be tested following culture of CD24- B cell 

subsets, by harvesting supernatants and using them in ELISA, immunoblotting and 

indirect immunofluorescence experiments. 

It would be interesting to investigate the competency of hepatic B cells to present 

antigen, as they may be involved in T cell co-stimulation. To do this B cell subsets 

can be sorted from PBC livers and measured for their ability to present autoantigen 

to activate T cells in vitro. Investigating the mRNA expression of hepatic CD24- B 

cell populations compared to blood CD24- B cells and other hepatic B cell subsets 

using transcriptomic analysis would be equally useful. This would help us to identify 

whether there are specific molecules that define these subsets, much like FoxP3+ 

for Tregs. Consequently, in a clinical setting, this would further indicate whether 

these B cells are responsible for driving or controlling hepatic disease. 

 

 

 



6.3. CONCLUSION 
Overall, the aim of this project was to characterise and quantify B cell subsets in 

human liver across end-stage hepatic diseases, and to identify the significance of B 

cells in hepatic disease. Addressing these aims would further assist in our 

understanding of whether specific B cell subsets can be targeted therapeutically 

(knocked out or activated) to treat chronic end stage liver disease.  

Our data supports that B cell subset proportions in the liver varied to those in 

matched blood, and that total B cells were enriched in PBC patients. I also 

demonstrated that CD24-CD38- and CD24-CD38int B cells were enriched in end 

stage diseased livers compared to matched blood, and that CD24-CD38- B cells 

were enriched in PBC compared to donor livers. Both hepatic CD24- B cell 

populations also responded to TLR9 stimulation to produce a higher percentage of 

TNF-α compared to unstimulated CD24- B cells, and directly ex vivo, CD24-CD38int 

B cells also expressed IL-6, IL-10 and IFN-γ. These CD24-CD38int B cells were 

located around bile ducts and within the fibrotic tracts of PBC patients, further 

indicating a possible pathogenic role of CD24- B cells in hepatic disease. 

These findings have improved our understanding of B cell subsets in the blood and 

liver, both in the presence and absence of chronic liver disease. In conclusion, our 

study highlights that B cells may play a pathological role in hepatic inflammation in 

chronic liver disease patients caused by different etiologies. Our data phenotyped 

hepatic B cell subsets and revealed their cytokine production potential, which hints to 

an immunomodulatory role. However, more detailed functional studies of intrahepatic 

B cell subsets, particularly CD24- B cells, are still required in chronic liver disease 

patients and healthy controls to fully elucidate their function.  
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