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Abstract 

Regulatory B cells (Bregs) express high levels of CD1d that presents lipid 

antigens to invariant natural killer T (iNKT) cells. The role of CD1d in Breg biology 

and the specific contribution to iNKT cell function and in suppressing inflammation 

remains unknown. Combining chimeric mice, cell depletion and adoptive transfer 

strategies, we show that CD1d lipid presentation by B cells to iNKT cells is critical for 

the induction of iNKT cells that down-regulate Th1 and Th17 adaptive immune 

responses and arthritis, whilst dispensable for Breg development. Mice lacking CD1d-

expressing B cells developed exacerbated arthritis compared to wild-type mice and 

failed to respond to α-GalCer treatment. Absence of lipid presentation by B cells led to 

altered activation of iNKT cells, with disruption of regulatory pathways including those 

involved in metabolism and cytokine responses. Thus, we have identified a novel 

mechanism by which Bregs via CD1d, in an IL-10 independent manner, control and 

restrain excessive inflammation. 
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Chapter I: Introduction 

B cells 
In 1965 Cooper et al. reported the existence of a two-way division of the 

lymphoid immune system, which is recognised as a fundamental milestone of the B cell 

field (1). They determined that B cells developing in the bursa of Fabricius in birds gave 

rise to plasma cells and antibody responses, while T cells with thymic origin were 

required for cell-mediated immunity in delayed hypersensitivity reactions. Bone 

marrow development for B cells in humans and mice was described later (2).  

B cells can be defined as lymphocytes that express an immunoglobulin (Ig) 

receptor, which recognises specific antigenic epitopes in their native conformation (as 

opposed to T cells that recognise processed peptides from protein antigens in the 

context of major histocompatibility complex (MHC) molecules). Furthermore, unlike T 

cells, B cells recognize a vast variety of antigens beyond proteins. 

The surface Ig, together with the signal transduction molecules Ig-α (cluster of 

differentiation (CD) 79a) and Ig-β (CD79b), make up the B cell receptor (BCR) (3). 

Antibodies are the secreted form of the surface Ig. The Ig is composed of two identical 

heavy (H) chains and two identical light (L) chains (4). Both H and L chains have 

constant and variable regions. It is the combination of the variable regions of an H and 

an L chain that generates the antigen-binding site and determines the specificity for 

antigen (4). The constant region of the H chain can take five major distinguishable 

isoforms, which also determine some of the effector functions of the antibodies (4), as 

discussed below.  

The primary role of B cells is to generate protective humoral responses, 

nevertheless it is now recognised that they play a broader role in the maintenance of 

immunological homeostasis, including in antigen presentation, cytokine production, and 

suppression of immune responses. In order to address the role of B cells in immune 

regulation, which is the focus of this thesis, B cell development, maturation, as well as 

phenotypic and functional diversity must first be appreciated.   

B cell ontogeny in the bone marrow and central tolerance 
B cell development begins in the foetal liver and continues in the bone marrow 

(BM) in both mice and humans. B cell development from hematopoietic stem cell 

(HSC) progenitors is a highly regulated process, during which multiple checkpoints act 
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to ensure that largely non-autoreactive B cells expressing functional BCRs have access 

to the periphery (5).  

Generation of B cell antigen receptors 

An absolute prerequisite in B cell development is the functional rearrangement 

of the Ig loci, and this characterizes early B cell development. B cells progress via pre-

pro-, early and late pro-, large and small pre-B cell developmental stages that are 

defined by the rearrangement of Ig genes and the expression of cell surface Ig, and 

finally form immature B cells expressing surface IgM (6), as shown in Figure 1.1A. Ig 

H chain genes (variable (V), diversity (D) and joining (J) gene segments) are rearranged 

at the pro-B cell stage (7), while  L chain genes (V and J gene segments) are rearranged 

at the late pre-B cell stage, following successful expression of the pre-BCR (8). This 

process of somatic recombination is unique to mammalian genes.  

B cell gene rearrangement is initiated through the activation of recombination 

activating gene (RAG)-1 and RAG-2 products (9, 10). These enzymes, as part of multi-

subunit complexes, introduce DNA strand breakage at specific signal sequences that 

flank Ig gene segments. The rejoining of these segments marks the end of the 

recombination event. The expression of RAG-1/2 is dynamically and tightly regulated 

throughout B cell progression through the developmental stages in the BM. Repertoire 

diversity is generated by the random rearrangement of the many V, D, J gene segments 

that form the variable regions of the Ig, summarized for humans in Figure 1.1B. Further 

combinatorial diversity is achieved through the many possible H and L chain variable 

region pairings to form the antigen-binding site (8). Nucleotide deletion, addition of 

palindromic sequence nucleotides as well as of non-templated nucleotides by the 

specialized DNA polymerase terminal deoxynucleotidyl transferase (TdT) at the 

junctions between gene segments also contribute to diversity generation (11). 

Rearranged variable region gene segments are joined to the gene segments encoding the 

constant regions for the production of complete Ig H and L chain genes. 

There are three main steps to every developmental stage starting from pro-B 

cells – assembly, expression and signalling via BCR. The pro-B cells first make the D-J 

rearrangement, followed by V-DJ rearrangement (8). Pre-B cells are defined by their 

expression of the pre-BCR – H chain joined with the invariant surrogate L chain (SLC) 

(6, 12, 13). SLC is a heterodimer composed of λ5 and VpreB. Ig-α and Ig-β also form a 

part of this pre-BCR complex. These molecules have immunoreceptor tyrosine-based 

activation motifs (ITAMs) that become phosphorylated upon BCR engagement and are 



	18 

thus essential for signal transduction through the BCR (14). Signalling through the pre-

BCR halts H chain rearrangement, and B cells undergo a proliferative burst, generating 

clones of pre-B cells carrying the same H chain (15). This is called the large pre-B cell 

stage since these cells are proliferating.  

Following proliferation and internalisation of the pre-BCR, RAG-1/2 are re-

expressed and V-J recombination commences at the L chain locus in small pre-B cells 

(first at the κ, then λ loci, if initially unsuccessful) (14). Once a functional L chain is 

synthesized, it is expressed on the surface of the B cells together with the H chain, 

marking the development of an immature B cell (14).  

Somatic recombination can be productive or non-productive – due to generation 

of an out-of-frame V(D)J exon (16). Failure to make productive gene rearrangements 

and express Ig on the surface at appropriate times during development results in cell 

death (17). If human pro-B cells generate a non-productive H chain gene they can 

attempt to rearrange it from the other allele, while B cells have four attempts to 

rearrange the L chain – maternal and paternal κ and λ loci (14). Somatic recombination 

also leads to allelic exclusion. Allelic exclusion refers to the phenomenon of expression 

of only one of two alleles, despite the potential to express both, and this ensures the 

monospecificity of a B cell (14, 16).  

B cell tolerance checkpoints 

Negative selection mechanisms operate in the BM, with an estimated 10-20% of 

newly formed B cells emerging from the BM into blood (18). Central tolerance refers to 

the negative selection processes that occur in the BM to ensure that the emerging B cell 

pool is largely non-autoreactive (18). In studies of B cell repertoire, it has been reported 

that up to 50-75% of immature B cells in the BM react with self-antigens (19, 20). This 

is in stark contrast to 20-40% peripheral B cells displaying self-reactivity.  

Following BCR expression, immature B cells are tested for their reactivity 

against self-antigens (18). If a B cell is self-reactive, it can undergo rescue through 

receptor editing, or be controlled via clonal deletion or anergy. Receptor editing is the 

primary mode of ensuring non-autoreactivity (21). The rearrangement of V-J genes 

encoding the L chain was shown first in 1993 following the description of the other 

central tolerance mechanisms (22-24). Albeit less common, receptor editing can also 

occur at the H chain loci; this is known as H chain replacement (25). H chain 

replacement is estimated to occur in 5-10% of developing B cells (26). Clonal deletion 

occurs if receptor editing has been unsuccessful and a B cell binds a multivalent ligand 
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with high avidity, such as a highly expressed membrane-bound protein (27-29). These 

cells die by apoptosis (29). Anergy is a state of unresponsiveness that is caused by the 

recognition of monovalent, for instance soluble self-antigens (30). Anergic cells express 

IgD, but only low levels of IgM and have short-lifespans (with half-lives of 3-5 days), 

compared to their non-anergic counterparts in the periphery (31, 32). They also fail to 

respond to antigen and this is due to the recruitment of inhibitory signalling scaffolds to 

the BCR. Nevertheless, following these steps some self-reactivity remains, as some self-

reactive B cells escape to the periphery (20, 33, 34). Peripheral tolerance mechanisms 

further act to purge the immature B cell pool from autoreactivity. It is estimated that in 

humans, tolerance mechanisms acting on immature B cells, reduce self-reactivity from 

40 to 20% (20). It is also shown in transgenic mouse models that, when self-antigen 

expression is limited to periphery, negative selection events act primarily on immature 

B cells (35, 36).  

Microenvironmental cues in B cell development 

Stromal cells play an important role in generating the bone marrow 

microenvironmental niches that critically support B cell development (37). CXC 

chemokine ligand (CXCL) 12 was the earliest factor reported to be required for pre-pro-

B cell development (38). Through interacting with its ligand CXC chemokine receptor 

(CXCR) 4 it facilitates HSC homing to the BM as well as their retention (38-40). Early 

pre-pro-B cells expressing CXCR4 localise some distance away from interleukin (IL)-7 

producing stromal cells (41). IL-7 is a critical signal for B cell maturation, proliferation 

and survival (42). Lack of IL-7 or IL-7Rα leads to severely reduced numbers of B cells 

following the pre-pro-B cell stage in the murine BM, suggesting that IL-7 plays a 

crucial role at the pro-B cell stage in mice (43, 44). Furthermore, IL-7 maintains the 

common lymphoid progenitor (CLP) and pre-pro-B cell potential to differentiate into B 

cells (45). The spatial dissociation of CXCL12 and IL-7 provision by stromal cells, is an 

example of specialised BM niches for the different B cell developmental stages. 

However, patients with primary immunodeficiency associated with mutations in the 

IL7R gene have been reported to have normal circulating B cell numbers (46). 

Therefore, in humans, the role of IL-7 in B cell development is not well understood. 

FLT3 ligand (FLT3L) is also essential for the development of pre-pro-B cells through 

regulation of CLPs (47, 48), nevertheless its exact function remains to be elucidated. 

The delivery of microenvironmental cues requires complex signal integration as well as 

coordinated cellular interactions to support immature B cell development. 
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A role for the BCR during B cell development, maturation and survival 
Many findings have led to consider the important role of the BCR signal in the 

“positive selection” of B cells (49). “Positive selection” refers to the process by which 

nascent B cells test the generation of a functional BCR and undergo competition for 

limited survival factors (49). Continued selection and maturation requires: (1) functional 

BCR expression and signalling as well as (2) competition for limited resources, 

including optimal signals through the BCR. 

The requirement for the BCR expression in the survival of all B cells was shown 

by conditional deletion of BCR (50). This leads to the rapid loss of all B cells, including 

peripheral naïve B cells (50). In particular, pre-B cells that lack expression of a 

functional BCR, undergo developmental arrest and are unable to exit the BM (51-53). 

Targeting of Ig-α/Ig-β complexes to the B cell surface can rescue B cell development in 

the absence of IgH and IgL chains (54). Indeed, it has been shown that pre-BCR can 

signal immediately after assembly in the absence of any known ligand (55). This is 

known as “tonic signalling” (55). In the absence of basal signalling, B cells revert to 

pro- and pre-B cell developmental stages with associated reactivation of V(D)J 

recombination (56-58). 

The evidence for “positive selection” based on BCR expression and role for 

BCR signalling in shaping the mature naïve B cell repertoire comes from studies 

assessing the BCR repertoire in the BM and periphery. This has revealed enrichment for 

selected V gene usage as well as a bias towards specific H/L chain pairings, suggesting 

selection events based either on the enhanced structural stability of the BCR or ligand 

binding (59, 60). Furthermore, under conditions of low antigen abundance or when 

BCR signalling is reduced, self-antigen-recognizing B cells have an advantage over 

cells with non-self BCR specificities (61, 62). Specifically, low amounts of membrane-

bound antigens induce the selection and accumulation of B cells bearing self-reactive 

BCRs (61). These observations could be explained by requirement of BCR signalling to 

reach a threshold level, either by expression of sufficient levels of BCR on the cell 

surface, or by low affinity binding to undefined endogenous ligands. Further studies 

have shown the importance of BCR signal threshold in the continued differentiation of 

immature B cells (63-65). Reduced expression of BCRs is correlated with impaired 

transitional B cell development (65). Cyster et al. crossed mice deficient in the CD45 

tyrosine phosphatase, which positively regulates signal transduction via BCR, to mice 

carrying Ig transgenes with specificity for hen egg lysozyme (HEL)(62). In these mice, 
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the authors observed significant impairment in mature B cell generation, while 

immature B cell development was normal (66). Mature B cell development could be 

rescued either through BCR stimulation or upon transfer into irradiated lymphopenic 

hosts that express the relevant self-antigen. Thus ligand binding by the BCR can 

compensate for the reduction in signal transduction resulting from CD45 deficiency, 

again supporting a requirement for overcoming a threshold of BCR signalling in B cell 

development.  

Another crucial microenvironmental signal in B cell development is B cell 

activating factor (BAFF). BAFF is a trimeric member of the tumour necrosis factor 

(TNF) family, it signals through BAFF receptor (BAFFR) (as well as B cell maturation 

antigen (BCMA), and transmembrane activator and calcium modulator and cyclophilin-

ligand interactor (TACI) on more mature B cell subsets) (67). This pro-survival 

cytokine is necessary for B cell survival beyond the late transitional stage (68, 69), 

discussed below. BAFF signalling can activate both non-canonical and canonical 

nuclear factor-κB (NF-κB) pathways (70). The non-canonical NF-κB pathway is critical 

for B cell survival, as evidenced by severe impairment in B cell survival in mice with 

deficiencies in this pathway (71-73). BAFF is present in high concentrations in 

lymphoid follicles and through interactions with its receptor BAFFR it acts as a survival 

signal for B cells (70). B cell survival is promoted through the integration of BAFFR 

and tonic BCR signals. BCR signals increase the level of NF-κB2 (p52) precursor p100 

and p100 is a substrate for IκB kinase-α (IKKα), which is activated downstream of 

BAFFR (74). Of note, it has been reported that on immature B cells BAFFR expression 

correlates with that of BCR as well as with tonic signalling (75). 
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Figure 1.1. B cell development in the BM. (A) Earliest identifiable B cell-committed 
progenitors are pre-pro-B cells, but these have also been reported to maintain alternative 
lineage differentiation potential (37). Early pro-B cells initiate IgH rearrangement. 
Following productive VHDHJH rearrangement, recombination is halted and pre-BCR 
expression marks the differentiation of large pre-B cells. The pre-BCR consists of the 
rearranged H chain and the invariant L chain, composed of VpreB and λ5, as well as Ig-
α and Ig-β signal transduction molecules. These cells proliferate and differentiate into 
small pre-B cells. Small pre-B cells rearrange the L chain loci. Upon successful L chain 
rearrangement the BCR is expressed on nascent immature B cells. (B) The number of 
functional gene segments in the human Ig loci. The numbers are derived from cloning 
and sequencing in one individual. 
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B cell heterogeneity and functional maturation in the periphery 
Most B cell functional maturation occurs in secondary lymphoid tissues, 

including the lymph nodes and the spleen. B cells are divided into two main 

ontogenically different populations: B-1 and B-2 cells (76, 77).  

B-1 cells 

B-1 cell arise primarily in the foetal liver and are generally self-renewing in 

adult life (78). B-1 cells are present abundantly in the peritoneal and pleural cavities, 

but are also present in the spleen (79). B-1 cells are polyreactive with restricted 

specificity, they are predominantly IgM-expressing (little class-switching to other 

antibody isotypes) and undergo very little affinity maturation, which enhances 

specificity of the BCR for a particular antigen (79). B-1 cells are phenotypically 

identified as CD19hiCD23-CD43+IgMhiIgDvariable (79), and can be further divided into 

two functionally distinct subsets, namely B-1a (CD5+) and B-1b (CD5-) B cells (80). B-

1a cells are proposed to be the main source of natural antibodies, while B-1b cells 

provide protection against polysaccharide antigens (80). B-1 cell responses are 

predominantly T-independent (TI), unlike B-2 cell responses which are largely T-

dependent (TD) (81). In TD responses the B cell requires CD4+ T cell help for antibody 

production, while in TI responses the B cell can generate an antibody response without 

CD4+ T cell help (82). TI responses are further subdivided into type I and II, which are 

respectively elicited by mitogens and multivalent ligands. The existence, function, and 

subpopulations of human B-1 cells are still a matter of debate (83). 

B-2 cells 

B-2 cells form the adaptive arm of the humoral immune response, going on to 

generate high affinity, class switched antibody secreting cells, and memory B cells, 

following cognate interactions with helper T cells.  B-2 B cells exit the BM as immature 

B cells that home to the spleen, entering via terminal branches of central arterioles in 

the red pulp, from which they migrate to the outer zone of the periarteriolar lymphoid 

sheath (PALS) (84). In the spleen B cells progress through distinct transitional stages 

that result in the development of mature naïve follicular (Fo) and marginal zone (MZ) B 

cells (70). Of note, about a quarter of transitional B cells complete maturation to Fo B 

cells in the BM (85, 86). Most mature B cells are recirculating Fo B cells that are found 

within follicles in secondary lymphoid organs (70). MZ B cells are found in the splenic 

MZ and in mice are sessile, while in humans have capacity to recirculate (70).  
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There is a lack of consensus about the number, phenotype and developmental 

relationships between transitional B cell stages that bridge immature B cells leaving the 

bone marrow and mature Fo and MZ B-2 cells in the periphery (87). Similarly the 

events that shape transitional B cell pool are still disputed. Alternative schemes of B cell 

maturation are discussed below, and while they use similar nomenclature, it remains 

unclear to what extent the different populations of transitional B cells are functionally 

overlapping. 

Loder and colleagues first proposed the existence of T1 and T2 B cells (88). T1 

cells are phenotypically identified as CD21loCD24hiIgMhiIgD-/lo, and T2 cells as 

CD21int/hiCD24hiIgMhiIgDhi B cells in the murine spleen. They reported that, while T1 B 

cells undergo apoptosis upon BCR engagement, T2 B cells proliferate in response BCR 

cross-linking. This led the authors to propose that T1 cells are the key targets for 

negative selection. The cells that survive, differentiate into T2 cells and undergo BCR-

signalling mediated positive selection to develop into either mature Fo or MZ B cells. 

T2 cells were also suggested to undergo a proliferative burst before entering the mature 

B cell pool (88). 

Allman et al. proposed a second model by dividing transitional B cells into three 

non-proliferative/non-cycling transitional stages (T1-T3) (89, 90). In this study 

transitional B cells were designated as T1 (AA4+CD23−IgMhigh), T2 

(AA4+CD23+IgMhigh), and T3 (AA4+CD23+IgMlow). While displaying high turnover 

rates, all subsets failed to proliferate in response to IgM cross-linking in vitro. Of 

interest, in this study they took advantage of an in vivo 5-bromo-2'-deoxyuridine 

(BrdU)-labelling tracking system and showed measurable cell loss at both the T1-T2 

and T2-T3 transitions, suggesting the existence of multiple selection points within the 

peripheral immature B cell pool. Unlike the scheme reported by Loder et al., in this 

model it is the T3 B cell subset that gives rise to mature B cells. From T1 to T3 stages 

the cells display progressive increase in ability to respond to stimulation via the TNF 

receptor family member CD40 and Toll-like receptors (TLRs) (89). This model was 

later challenged by a report suggesting that T3 cells have properties of anergic rather 

than transitional B cells, including the expression of low levels of IgM following 

recognition of self-antigen (91).  

Subsequent studies have tried to resolve the discrepancies between the two 

models. The general consensus almost 20 years later is that the T2 population proposed 

by Loder et al. (88) is heterogeneous both phenotypically and functionally, and that an 
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additional stage of transitional differentiation exists. For example, following the 

observation that NF-κB p50 or Notch2 deficiency led to the absence of not only MZ B 

cells, but also CD21hiCD24hi splenic B cells (92, 93), Pillai et al. suggested that T2 cells 

with CD21hiCD24hi phenotype are primarily MZ B cell precursors (49). These cells are 

now termed transitional 2-marginal zone precursor (T2-MZP) B cells. The finding that 

T2-MZP (CD21hiCD24hi T2) B cells are a separate population to CD21intCD24hi T2 is 

supported by other studies. It has been shown that T2-MZP B cell generation is delayed 

in comparison to Fo B cells in sublethally irradiated mice, thus they are not precursors 

capable of giving rise to Fo B cells (90). Furthermore, T2-MZP B cells have a 

heightened proliferative response to lipopolysaccharide (LPS), which makes them 

functionally more similar to MZ B cells than Fo B cells, discussed later in this section. 

More recently, Rawlings and colleagues characterized a bipotent CD21intCD24hi T2 B 

cell population (94). They show that these cells give rise to both MZ and Fo B cells, 

upon encounter with different stimuli, and display augmented responses to a range of 

microenvironmental cues, compared to T1 cells. Unlike T2-MZP B cells, they are not 

long-lived and display minimal Notch2 activation. Addressing the controversy about the 

ability of transitional B cells to proliferate, the authors show that a significant fraction 

of these T2 B cells are indeed cycling. This suggests that these cells include both 

precursors to cycling T2-MZP and non-cycling Fo B cells. This ability to proliferate is 

nevertheless not a prerequisite for B cell maturation. It is also shown that it is at the T2 

stage that BCR-mediated selection occurs. Of note, transitional B cells have been 

identified in human peripheral blood (95-97). These immature cells are phenotypically 

CD19+CD38hiCD24hi (IgMhiIgDhiCD5+CD10+CD20+CD27-CD1dhi). 

The model that is used in reference to murine transitional and mature B cells and 

their phenotypes is shown in Figure 1.2A. This model will be used throughout this 

thesis. In adult C57BL/6 mice these populations of splenic CD19+ cells can be 

distinguished based on the expression of CD21, CD23, and CD24 (Fig. 1.2B).  

Characteristics of mature B cell subsets  

Most B-2 cells are non-self renewing Fo B cells, which home to B cell follicles 

in secondary lymphoid organs (70). These B cell follicles are adjacent to T cell areas, 

which facilitate B cell interaction with T cells at the border area. Fo B cells are therefore 

optimally positioned to respond to TD antigens. As shown in Fig. 1.2A, Fo B cells are 

CD21intCD23+CD24loIgDhiIgMlo. In response to antigen in the periphery Fo B cells can 

differentiate into plasmablasts, plasma cells, and memory B cells (70).  
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Like Fo B cells MZ B cells arise as antigen naïve cells, however, they display 

some characteristics of activated B cells including increased expression of MHC class 

II, CD80 and CD86 (98, 99). Unlike naïve Fo B cells, MZ B cells are also potent 

stimulators of naïve T cell responses (100). In mice MZ B cells reside in the MZ, which 

is the border area between the marginal sinus and the red pulp (101). This is where the 

arterial blood supply terminates and it enables MZ B cells to act as the first line of 

defence in protection from blood-borne pathogens (102). Of note, MZ B cells are self-

renewing (70). MZ B cells share a number of similarities with B-1 cells: they can 

produce TI antibody (TI-II antibody) (103); they can produce antibody spontaneously in 

the absence of infection or immunization; as with B-1 cells the antibody they produce 

tends to be low affinity with broad specificity (101). Immunohistological studies have 

shown that the human MZ is morphologically different to rodent (104) and therefore the 

phenotypic and functional properties of MZ B cells in humans are less understood 

(101). In humans, the splenic MZ contains B cells that are phenotypically 

IgMhiIgDlowCD1c+CD21hiCD23-CD27+ (101). In addition to the spleen, they are also 

found in the subcapsular sinus in the LNs, tonsilar epithelium and subepithelial dome of 

Peyer’s patches (101). While like murine MZ B cells they act like front-line sentinels 

and generate TI responses, there is also evidence for their participation in TD responses 

(101). Furthermore, their expression of CD27 (a B cell memory marker), together with 

the observations of some V(D)J mutation and germinal centre (GC) footprint, suggests 

that human MZ B-like cells have some properties of memory B cells (101). 
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Figure 1.2. B cell development in the periphery. (A) B cell maturation into Fo and 
MZ B cells occurs via transitional stages with the indicated phenotypes. (B) Splenic B 
cell developmental stages in mice as identified by flow cytometry staining for CD21, 
CD23 and CD24 in CD19+ B cells. 
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MZ versus Fo B cell fate decision 

The fate decision governing the differentiation of late transitional cells into Fo 

or MZ B cells is determined by the integration of signals from the BCR, BAFFR, 

canonical NF-κB pathway and Notch2 (70). In general, weak BCR signals lead to MZ B 

cell development, while strong signals favour commitment to Fo B cell fate (70). That 

BCR signal strength is a crucial determinant of Fo/MZ fate decision is demonstrated by 

studies where components of the BCR signalling cascade, as well as positive and 

negative modulators of this cascade, are absent. Bruton’s tyrosine kinase (BTK) is 

activated downstream of the BCR, and X-linked immunodeficiency (Xid) is caused by 

mutations in the BTK gene (105). Mice carrying the Xid mutation have impaired ability 

to transduce BCR signals and have substantially reduced Fo B cell compartment (105). 

Similarly, the absence of CD45, a component of the BCR signalling complex which 

amplifies BCR signals, leads to the loss of Fo B cells (106). Evidence for weak BCR 

signalling promoting MZ development was provided from Aiolos-deficient mice in 

which BCR signalling is increased. These mice had increased mature Fo B lymphocyte 

population, and an associated absence of MZ as well as T2-MZP B cells (107). 

Similarly, mice deficient in the inhibitory receptor CD22, which attenuates BCR 

signalling through recruitment of the tyrosine phosphatase SHP1, have a reduced MZ B 

cell population (108).  

The MZ B cell fate decision also involves Notch2 signalling, as conditional 

deletion of Notch2 results in a defect in both MZ and their precursor T2-MZP B cell 

development (92). Intracellular Notch2, recombination signal binding protein for Igκ J 

region (RBP-Jκ) and Mastermind proteins form a complex that activates target genes 

(70). Mice with B cell specific deletion of Notch2 or RBP-Jκ, as well as the Notch 

ligand delta-like 1 (DL1) and mastermind-like protein 1 (MAML1) deficiency have 

impaired MZ B cell development (92, 109-112). On the contrary, increased 

differentiation of MZ B cells is observed in the absence of MSX2-interacting nuclear 

target protein (MINT) that negatively regulates Notch signalling (113).  

As described above, BAFFR signalling can also activate the canonical NF-κB 

pathway (114). MZ B cell development requires BAFF signalling, but BAFF apparently 

plays a different role to that in B cell survival in the follicles (69, 115, 116). MZ B cell 

development is impaired in mice lacking NF-κB1 (also known as p50), and partially 

inhibited in mice deficient in REL (c-Rel) or RELA (p65) (93).  
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Figure 1.3. Signals in B cell maturation. Immature B cells continue their development 
in the periphery trough transitional B cell stages. T1 and T2 B cells mature into Fo or 
MZ B cells with the integration of signals from the BCR, BAFFR, canonical NF-κB 
pathway and Notch2.  
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Generation of humoral responses within GCs 
Unlike the specific receptors of the T cell compartment, B cells have the 

capacity to modify their antigen receptors in the periphery to enhance protection against 

pathogens. These modifications occur within specialized areas of lymphoid organs, 

known as GCs (117). GCs are critical for the generation of the majority of memory and 

plasma cells and for the formation of high-affinity antibody responses to antigens. High 

affinity antibody responses depend on the processes of somatic hypermutation (SHM) 

of genes encoding the Ig variable region, and affinity maturation (competition between 

B cells for antigen binding to test the value of new mutations). Additionally the process 

of class-switch recombination (CSR) can alter the isotype of Ig, and thus function, of 

the antibody response depending on the nature of the pathogen (117).  

During TD responses, GCs are formed by proliferating B cells in the follicles of 

lymphoid organs. When a mature naïve B cell encounters cognate antigen, it becomes 

partially activated, upregulates CCR7 expression, which enables it to migrate towards 

CCL19 and CCL21 chemokines of the T cell area (118). Here the B cell receives further 

activation signals from T cells. Crucial in this interaction is stimulation through CD40. 

CD40 is expressed by all B cells, and its ligand CD40L (CD154) is expressed on 

activated MHC class II-restricted CD4+ T helper (Th) cells. In turn B cells provide 

signals for further T cell activation (119). B cells present antigen in the context of MHC 

class II and express CD80/CD86, which interact with the T cell receptor (TCR) and 

CD28, respectively. Both MHC class II and CD80/86 are upregulated on B cells in a 

manner dependent on BCR recognition of antigen.  

This interaction has two outcomes for B cells: (1) B cells differentiate into 

antibody-secreting plasma cells that localize in specialized sites, including the 

medullary cords of lymph nodes; (2) B cells mature into GC precursor B cells that 

colonize a follicle consisting of IgD+IgM+ B cells and non-hematopoietic follicular 

dendritic cells (FDCs). The latter outcome for B cells, results in the formation of a GC, 

where B cells proliferate, undergo SHM and affinity maturation. B cells of the GC 

reaction, which gain increased affinity for the cognate antigen outcompete their 

counterparts that bind antigen less avidly, for survival and proliferation signals. Finally, 

through mechanisms that are incompletely understood, some B cells differentiate into 

plasma cells, while others develop into memory B cells (120).  

Histologically, the GC consists of dark and light zones, which are areas of 

proliferating B cells known as centroblasts and non-cycling cells, known as centrocytes. 
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The movement by centroblasts in the dark zone and centrocytes in the light zone is 

proposed to occur through CXCR4-CXCL12 and CXCR5-CXCL13 mediated signals, 

respectively (121).  

Following seeding of the dark zone by activated B cells, B cells/centroblasts 

reinternalise their BCR and undergo SHM. SHM refers to the introduction of point 

mutations into the Ig V region genes by activation-induced cytidine deaminase (AID) 

(122-125), which catalyses the deamination of cytidines in the DNA (126-131). It is 

then through an error-prone repair process that somatic mutations are introduced. Point 

mutations accumulate at a rate of ~1/103 per cell division in V region genes (as opposed 

to ~1/1010 in the other DNA regions) (132). The introduction of random mutations in 

the V region genes may change the structure of the BCR so that it recognises cognate 

antigen with a higher, or lower, affinity than the BCR encoded by unmutated genes. The 

affinity of the new BCR is then tested in the light zone by competition for antigen held 

on FDCs. Cells with improved antigen binding are selected; this is the process of 

affinity maturation. Centrocytes give rise to memory B cells and plasma cells. CSR 

occurs at the centrocyte stage; it is an irreversible recombination event, which switches 

the class from IgM/IgD to other classes (IgG, IgA, IgE) with distinct effector functions. 

Like SHM, CSR requires AID (124, 125). The resulting Ig class is determined by 

integration of signals from the co-stimulatory molecules and cytokines.  

 The cellular interactions and molecular events in GCs, as well as in GC 

formation and involution are much more dynamic and less defined than the linear 

scheme described above proposes (133). For example, two-photon microscopy of 

murine lymph nodes shows that activated antigen-specific B cells can shuttle not only 

within, but also bi-directionally between dark and light zones (134, 135).  

Molecules important in GC reaction 

An important role in the GC response is played by the nuclear phosphoprotein B 

cell lymphoma-6 (BCL-6), which is a transcriptional repressor. In B cells, BCL-6 is 

specifically expressed by GC centroblasts and centrocytes (136, 137) and, in the 

absence of BCL-6 in mice, GCs fail to form (138, 139). The proposed role of BCL-6 in 

GCs is to enable B cells undergoing SHM and CSR to withstand the genotoxic stress of 

DNA damage. It has also been suggested to suppress the expression of B cell activation 

factors that may enable their interaction with T cells prematurely. Finally, BCL-6 

suppresses the expression of positive-regulatory-domain containing 1 (Prdm1). Prdm1 

encodes B lymphocyte-induced maturation protein-1 (BLIMP-1), which is crucially 
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required for plasma cell development (140, 141). BCL-6 downregulation in centrocytes 

is mediated through BCR and CD40 (136, 142, 143). 

The control of B cell proliferation and death is important in the GC response to 

ensure that (1) a large pool of Ig specificities that can undergo affinity maturation are 

generated and (2) B cells with non-functional gene rearrangements or non-binding Igs 

are eliminated promptly. Centroblasts are rapidly dividing and a crucial step in 

centroblast differentiation is the downregulation of cell cycle inhibitors and 

upregulation of genes involved in proliferation (144, 145). Of note, ensuring the 

maintenance of replicative potential, centroblasts upregulate the expression of 

telomerase (146). In addition to pro-proliferative program, B cells within GCs have an 

increased expression of pro-apoptotic molecules and reduced expression of anti-

apoptotic molecules (144, 147). This allows their rapid elimination by cell death in case 

non-functional gene rearrangements or non-binding Igs are generated. 

The important role for CD40 in GC formation is observed in both mouse and 

human, where CD40-/CD154-deficiency leads to lack of GC formation (148). 

Furthermore, anti-CD40L administration in mice leads to the disruption of already 

established GCs (149). CD40-CD154 interaction with GC T cells is important in the 

induction of CSR in B cells (117). Roles for inducible T cell co-stimulator (ICOS), 

TACI and BAFFR in CSR have been proposed (150-152).  

There is considerable interest in understanding how the memory/plasma cell fate 

decision is made. BCR-driven signals are crucial in plasma cell development (153). 

However, how plasma and memory cell development is regulated outside of this 

requirement for BCR signals, is incompletely understood. It is known that inactivation 

of paired box 5 (Pax5), expressed in mature naïve, GC and memory B cells, as well as 

BCL-6 is required (154). Additionally, an important role for IRF4 in plasma cell 

generation through repression of the GC B cell transcriptional program has been 

suggested (142, 155, 156).  

The factors that enable differentiation of memory cells are even less clear. A 

role for phosphorylated STAT5 (pSTAT5) through regulation of BCL-6 has been 

proposed (157), however memory B cells still develop in the absence of BCL-6 (158) 

and the ectopic expression of BCL-6 in human B cells inhibited memory B cell 

generation in vitro (159). The role for p-STAT5 in memory B cell differentiation 

therefore remains to be determined. As memory cells express Pax5, it is suggested that 
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memory cell development is brought about through the absence of Pax5 downregulation 

(117). 

B cells receive help from specialized T cells, known as follicular helper T (Tfh) 

cells. Tfh cells express high levels of Bcl-6, CD40L, ICOS, SLAM-associated protein 

(SAP), CXCR5, CXCR4, IL-21, and programmed death-1 (PD-1) (160). The signals 

provided to B cells by Tfh cells include IL-4, IFN-γ, CD40L, IL-21 and BAFF. More 

recently invariant natural killer T (iNKT) cells with similar phenotype have been 

described (161).  
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B cell roles in addition to antibody production  
B cells are primarily recognized for their role in protection from pathogens 

through antibody secretion (15). Of interest, most successful vaccination strategies rely 

on eliciting a strong Ig response. B cells also play other roles in immune homeostasis 

and activation.  

B lymphocytes can act as professional antigen-presenting cells (APCs) both to 

activate and tolerise T cells (119). There are several properties that enable the unique 

APC function of B cells – location, endocytic capacity and antigen processing (119).  

Upon antigen encounter, B cells in LN follicles upregulate CCR7, which allows 

them to migrate towards the T cell zone chemokines CCL19 and CCL21 (162). B cells 

then form stable conjugates with antigen specific CD4+ T cells and thus are able to 

participate in the early phase of an immune response (163, 164).   

BCR-mediated endocytosis allows B cells to concentrate small quantities of 

specific antigen and present it efficiently. Indeed, it has been shown that BCR affinity 

for antigen is proportional to B cell capacity to present it to CD4+ T cells and elicit their 

proliferation (165). Furthermore, because BCR-mediated uptake leads to blocking of 

regions of the antigen bound by the Ig, the determinants presented are different to those 

originally recognized by the B cell (166, 167). This leads to the diversification of the 

immune response (168). Antigen recognition by the Ig leads to BCR-antigen complex 

internalisation and guiding towards MHC class II-rich compartments (169-171). BCR-

mediated uptake of antigen also changes the antigen processing machinery so that B 

cells preferentially present antigen internalized via the BCR (119). It also induces 

optimal conditions, such as acidification, within these compartments, which facilitate 

antigen processing and loading.  

B lymphocytes need to become activated to become competent APCs. This is 

achieved through BCR signalling and CD40 engagement following specific antigen 

encounter (119). BCR signals induce B cell growth, proliferation, survival, and co-

operate with CD40-derived signals to enhance expression of MHC class II and 

CD80/CD86, which reciprocally act to activate T cells (119). Therefore, optimal CD4+ 

T cell priming as well as expansion in response to antigens can be facilitated by B cells 

(172-174). B cell presentation of antigen can lead to T cell tolerance, if BCR-mediated 

activation does not occur (175, 176).  

Finally, B cells release an array of cytokines that can polarize and maintain T 

cell responses (177). Harris et al. showed that B cells can be induced to differentiate 
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into distinct effector subsets – B effector (Be) 1 cells that produce IFN-γ and Be2 cells 

that produce IL-4 in vitro (177). These cells in turn, can participate in supporting the 

differentiation respectively of Th1 and Th2 cells from naïve CD4+ T cells. Confirming 

the potential of effector B cell subset differentiation in vivo, the authors went on to 

show that in C57BL/6 mice in response to infection with Toxoplasma gondii (Th1-

mediated) and Heligmosomoides polygyrus (Th2-mediated), Be1 and Be2 cells arise.  

As well as polarised Be1 and Be2 cells, IL-17-producing B cells have been 

reported to have a physiological role (178). It has been shown that B cells with a 

plasmablast phenotype are the source of innate IL-17 in response to Trypanosoma cruzi 

trans-sialidase (178). Using both murine and human primary B cells, Rawlings and 

colleagues demonstrated that exposure to parasite-derived trans-sialidase in vitro is 

sufficient to trigger modification of the cell surface mucin, CD45. Trans-sialidase-

induced CD45 modifications, in a BTK-dependent manner, led to IL-17 induction; IL-

17 was then pivotal in neutrophil recruitment (178). B cell specific IL-17-deficiency in 

mice led to inability to control infection, increased liver damage and reduced survival 

compared to control animals (178). 

More recently B cells have been recognized as potent modulators of immunity, 

with particular interest in regulatory B cells (Bregs) (179), these cells are discussed in 

the next section. 
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Regulatory B cells 
Historical perspective 

“Regulatory B cells” (Bregs) is a term given collectively to B cells with a 

number of different phenotypes that through an expanding array of mechanisms act to 

suppress pathogenic T cell responses and thus support tolerance.  

The role of B cells in the homeostasis of T cell functions was first recognized in 

the 1970s. Studying delayed type hypersensitivity (DTH) reactions, Turk et al. had 

observed that the administration of cyclophosphamide (300 mg/kg) to guinea pigs, three 

days prior to epicutaneous sensitization with 2,4-dinitrofluorobenzene (DNFB), 

increased the intensity and persistence of contact skin reactions compared to control 

animals (180). They were also able to show that the effect of cyclophosphamide was 

reversed by the transfer of splenocytes and reproduced by splenectomy of animals; both 

were partial effects (180). The transfer of sera from pre-sensitized guinea pigs failed to 

transfer protection to cyclophosphamide treated animals, suggesting that protection was 

driven by cellular components (180). The histological examination of lymph nodes 

draining the site of sensitization revealed a depletion of B cells, identified as marked 

reduction of lymphocytes in follicles, GCs, cortico-medullary junction and medullary 

cords, as well as persistently reduced antibody responses triggered by passive cutaneous 

anaphylaxis. This suggested that the modulation of cell-mediated response to antigens 

required B cells (180).  

Katz et al. then used an alternative DTH model, in which sensitization is 

induced by injecting ovalbumin (OVA) in incomplete Freund’s adjuvant (IFA) into the 

footpad, to demonstrate that adoptively transferred splenocytes or peritoneal exudate 

cells from sensitized donors suppressed skin reactions to OVA in recipients (181). If 

sensitized donor animals had been cyclophosphamide-pre-treated, skin reactions in 

recipient guinea pigs were more intense and indurated compared to no transfer control 

animals (181). The reaction was immunologically specific, as sensitization of donors 

with bovine gamma globulin (BGG) did not suppress skin reactions in recipients. 

Suppression was mediated by live cells, as heating them, abrogated their suppressive 

capacity (181). To demonstrate the direct role of B cells in the suppression of contact 

hypersensitivity (CHS), the authors showed that total splenocytes were able to transfer 

suppression to cyclophosphamide-treated recipients, when administered one hour prior 

to skin testing, but B cell-depleted splenocytes lost this ability (182). Nevertheless, Katz 

et al. failed to implicate antibodies in the mechanism of B cell suppression and did not 
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offer a mechanistic explanation for the protection that these cells provided (182). 

Concomitantly, experiments by Neta and Salvin also demonstrated the suppression of 

skin DTH reactions upon transfer of lymphocytes from pre-sensitized animals; and went 

on to suggest B cells as the mediators of suppression (183).  

The early methods employed to study the role of B cells in the modulation of 

immunity relied on “crude” depletion strategies, such as the administration of anti-IgM 

in neonatal mice, with either B cell leakage or deleterious effects beyond the B cell 

compartment identified often as caveats in the interpretation of findings. The 

understanding of the role that B cells play in the modulation of immunity was therefore 

greatly facilitated by the generation of B cell deficient µMT mice, through the 

introduction of targeted gene disruption by nonsense mutation in the exon encoding 

IgM H chain transmembrane region (184).  

The next important suggestion of an immune modulatory role of B cells came in 

1996 from Janeway and colleagues in experimental autoimmune encephalomyelitis 

(EAE) – an animal model for multiple sclerosis (MS) (185). Previous studies had 

suggested a pathogenic role for B cells in EAE partly through antibody production 

(186-188), and also via antigen presentation to T cells (188). Using µMT mice, Wolf et 

al. investigated the role of B cells in EAE induced by acetyl-myelin basic protein 

(MBP) (1-11) immunization in B10.PL mice (185). They did not observe differences in 

the onset and overall severity of disease in B cell deficient compared to control animals, 

but in the absence of B cells, mice did not enter the recovery phase (185). Their 

interpretation of these results was that B cells acted as APCs and were skewing the T 

cell response towards a Th2 phenotype – “immune deviation” (185). Using a keyhole 

limpet haemocyanin (KLH) in CFA immunization model, Moulin et al. also showed, 

that in B cell deficient mice, dendritic cell (DC) production of IL-12 was enhanced, 

suggesting that B cells suppress DC activation and, as consequence, inhibit Th1 

response (189). Examining the B cell role in oral tolerance, in 2001 Gonnella et al. 

showed that IL-4, IL-10 and transforming growth factor-β (TGF-β) production in gut 

associated lymphoid tissue (GALT) following low dose oral antigen administration was 

induced in wild-type (WT), but not µMT mice (190). Furthermore, in myelin 

oligodendrocyte glycoprotein (MOG)-induced EAE, B cells were required for the 

protection provided by oral administration of low doses of MOG antigen (190).  
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It was the publication of the following three initial reports, showing that B cells 

could exert suppressive effects during immune responses, that challenged the paradigm 

of B cells as the “perpetrators” of autoimmune pathology.  

i) Using TCRα-/- mice, which develop spontaneous intestinal inflammation 

reminiscent of human ulcerative colitis, Mizoguchi et al. demonstrated that a subset of 

B cells induced in murine GALT, and characterized by high expression of CD1d, 

downmodulates inflammation through the production of IL-10 (191). They had 

previously shown the protective role for B cells in this model, as B cell and TCRα 

double deficient mice developed colitis at an earlier age and presented more severe 

disease than TCRα-/- single deficient mice (192, 193). TCRα-/- mice presented an 

increase in a population of CD1dhi B cells (CD21intCD23hiIgMintCD62Llow) in the 

mesenteric lymph node (MLN), but not in the spleen (191). Interestingly, these cells 

expanded during inflammation, as age-matched non-diseased mice had significantly 

lower expression of CD1d in MLN B cells. Generation of CD1d and TCRα double 

knockout mice (DKO) showed that, although initially these mice develop similar 

intestinal inflammation to the control group, at six months of age the DKO mice had 

exacerbated disease compared to single TCRα-/- mice. MLN B cell adoptive transfer 

experiments from the DKO and TCRα-/- mice into DKO mice with mild to moderate 

disease showed that, while B cells from TCRα-/- mice were able to down-regulate 

inflammation, those from DKO failed to exert suppression. MHC class II deficient B 

cells were also able to transfer protection, indicating that regulatory properties of B cells 

in this model did not require antigen presentation to CD4+ T cells. The authors observed 

that MLN B cells produced IL-10 in TCRα-/- mice upon onset of inflammation, when 

CD1dhi B cells emerged. Blockade of IL-10 and IL-10R in vivo using neutralizing 

antibodies abrogated B cell suppressive activity, therefore, B cell-mediated modulation 

occurred through IL-10. Furthermore, transfer of B cells from IL10-/-×TCRα-/- mice was 

not able to suppress intestinal inflammation. Addressing whether B cell-derived IL-10 

was modulating inflammation through the inhibition of Th2 pathology showed that 

suppression of IL-4 production by CD4+ T cells did not occur upon protective B cell 

transfer, instead in the absence of IL-10 production by B cells, diseased mice were 

unable to downregulate IL-1β induction and STAT3 activation. Thus, Mizoguchi et al. 

had shown that upon intestinal inflammation a B cell subset is induced in GALT that 

produces IL-10 and that is characterized by high expression of CD1d; these B cells 

suppressed IL-1β and STAT3-associated signalling (191). 
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ii) Confirming observations by Janeway and colleagues (185), Fillatreau et al. 

showed that whereas WT mice with EAE enter remission phase by day 30, µMT mice 

present sustained inflammation and disease (194). Fillatreau et al. went on to 

demonstrate that splenocytes, isolated from µMT mice, produced higher levels of IFN-γ 

in response to autoantigen stimulation, compared to splenocytes from WT mice, 

suggesting that the mechanism that typically acts to constrain the Th1 response in WT 

mice may be missing from µMT mice (194). Mechanistically, they showed that B cells, 

isolated from the spleens of mice during the remission phase of disease, released higher 

amounts of IL-10 after stimulation with an autoantigen and an agonistic anti-CD40 

monoclonal antibody (mAb; FGK-45), compared to B cells stimulated with autoantigen 

alone. More importantly, IL-10 production was increased in B cells from WT mice in 

the remission phase, compared to mice in the acute phase of EAE or mice immunized 

with CFA without MOG. In addition, they were also able to reproduce the effect of the 

antigen in this stimulation using anti-κ L chain antibodies, suggesting that B cell IL-10 

production required BCR stimulation. Of note, the requirement of CD40 in IL-10 

induction by B cells had been previously demonstrated (195). To finally prove that B 

cells producing IL-10 play a pivotal role in the modulation of EAE, the authors 

generated mixed BM chimeric mice with B cell-restricted deficiency in IL-10 or CD40. 

Both, the lack of B cells expressing IL-10 or B cells expressing CD40, prevented mice 

from entering the recovery phase of disease. Splenocytes from groups of chimeric mice 

that failed to enter remission from EAE had enhanced antigen-specific IFN-γ 

production, compared to splenocytes from groups that recovered from EAE. Finally, 

adoptive transfer of splenic B cells isolated from mice that had recovered from EAE, 

rescued disease remission in IL-10-/- B cell-chimeric mice. This therefore showed that B 

cells via provision of IL-10 can restrain Th1 responses, and that optimal IL-10 

production requires signals through the BCR and CD40 ligation. 

iii) At the same time Mauri et al. showed the role of B cells producing IL-10 in 

the suppression of chronic collagen-induced arthritis (CIA), an animal model of 

rheumatoid arthritis (RA) (196). This Th1-driven disease was induced by immunization 

of DBA/1-TCRβ-Tg mice with type II collagen (CII) in CFA (196). The authors were 

able to induce IL-10-producing B cells in splenocytes, isolated from arthritic mice, 

using antigen and agonistic anti-CD40 mAb and show that these cells were functionally 

suppressive in chronic disease upon adoptive transfer (196). B cells induced with this 

stimulation were able to prevent disease development in the recipient mice. The 

reduction of disease was mirrored by a decreased Th1 differentiation (196). That the 
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suppressive capacity relied on B cell ability to produce IL-10 was supported by two sets 

of experiments. Firstly, in vivo neutralization of IL-10 in B cell recipient mice led to 

abrogation of suppression conferred by B cells. Secondly, B cells isolated from spleens 

of IL-10 deficient animals, stimulated with collagen and anti-CD40, failed to suppress 

disease in recipient mice with CIA (196). Following the previously described findings, 

Carter et al. used mixed BM chimeric mice lacking IL-10 specifically in B cells (B-Il10-

/-) to demonstrate the importance of endogenous IL-10 produced by B cells in the 

suppression of inflammation in arthritis. The authors showed that B-Il10-/- mice 

developed exacerbated antigen-induced arthritis (AIA) and CIA, compared to control 

mice, with increased frequencies of Th1 and Th17 cells, and reduced number of FoxP3+ 

regulatory T cells (Tregs) and expression of FoxP3 (197, 198). The role of B cells in the 

maintenance of Tregs had previously been suggested in experiments using µMT mice 

(199, 200). Upon in vitro stimulation with autoantigens, WT B cells formed more and 

longer-lasting contacts with CD4+CD25- T cells, as measured by the frequency of 

conjugates and duration of interactions, and were able to facilitate T cell conversion into 

FoxP3+ cells, in contrast to their IL-10-deficient counterparts. Overall, the report by 

Carter et al. was the first to demonstrate a role for B cell endogenous IL-10 production 

in reducing the severity of inflammation. 

Since the original observations of IL-10 producing B cells, the field of Bregs has 

gained increasing interest and their role has become better defined. Thus, in addition, to 

“dampening” inflammation in the animal models of RA, MS and inflammatory bowel 

disease (IBD), Bregs have also been shown to play a role in inducing tolerance in 

transplantation (201) as well as suppressing anti-tumour immunity (202) and to 

negatively regulate immunity to bacterial and viral pathogens (203).  

Breg Phenotype 
The term Breg is generally used for B cells that produce IL-10 and limit 

inflammation. The available evidence suggests that, unlike natural Tregs (nTregs), 

which constitute a separate lineage of T cells with a thymic origin, multiple Breg 

subsets can arise in the periphery in response to inflammation, and that they can 

originate from B cells at a number of different developmental stages.  

T2-MZP B cells 

Building on their previous work, showing suppressive activity of anti-CD40-

treated splenic B cells through the provision of IL-10 (196), Mauri and colleagues 

showed that IL-10 production was largely contained in splenic T2-MZP B cells 
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(identified as CD19+CD21hiCD23hiCD24hiIgMhiIgDhiCD1dhiAA4+) and that, while 

present in naïve mice, IL-10+ T2-MZP B cells were significantly expanded in mice in 

remission from CIA (204). Upon adoptive transfer, T2-MZP B cells were the only B 

cell subset able to both suppress development of disease as well as ameliorate 

established arthritis. Importantly, neither MZ nor Fo B cells suppressed disease upon 

adoptive transfer. T2-MZP transfer significantly reduced joint damage, CII-specific IgG 

response, and inhibited IFN-γ production by CD4+ T cells. They also showed that this 

effect requires IL-10 production as mice that received IL-10-deficient T2-MZPs 

developed severe disease.  

Advancing the hypothesis of the T2-MZP B cells as the critical B cell subset in 

the regulation of immune responses, Blair et al. observed that in the MRL/lpr mice 

which spontaneously develop systemic lupus erythematosus (SLE)-like disease, there 

was an inverse correlation between T2-MZP B cell numbers and progression of disease 

measured as proteinuria (205). Furthermore, T2-MZP B cells isolated from MRL/lpr 

mice failed to suppress proteinuria or to increase survival upon transfer to mice with 

established lupus, suggesting functional impairment of T2-MZP cells in lupus-prone 

mice. As discussed above, CD40 signals have been shown to be important in the 

differentiation of Bregs (191, 194, 196) and agonistic anti-CD40 enhances their IL-10 

production (194, 196). Blair et al. showed that the lack of IL-10 production in B cells 

from MRL/lpr mice could be restored upon in vitro stimulation with anti-CD40, but not 

upon anti-IgM activation. In fact, the latter appeared to suppress anti-CD40-induced IL-

10 production. Intracellular staining revealed that majority of CD40-activated IL-10-

producing cells were also contained within T2-MZP B cells. These anti-CD40 treated 

T2-MZP cells were CD1dhi and expressed CD93, and were referred to as T2-like B cells 

(due to the in vitro induction). Of interest, unlike CpG and LPS stimulation, which 

induced both MZ and T2-MZP production of IL-10 (206), anti-CD40 effect appears to 

specifically induce the expansion of T2-MZP B cells producing IL-10 and to prevent 

spontaneous B cell maturation in culture.  

Unlike MZ or Fo B cells following anti-CD40 stimulation, T2-like B cells were 

able to suppress IFN-γ and TNF-α production, as well as promote IL-10 production, by 

CD4+ T cells in in vitro cultures. Furthermore, only T2-like B cells significantly 

reduced mortality and lowered proteinuria in MRL/lpr mice upon in vivo transfer. This 

suppressive effect on disease was abrogated by treatment with anti-IL-10/anti-IL-10R 

antibodies. The authors were also able to recover the suppressive effect of endogenous 



	42 

IL-10 producing T2-MZP B cells, by treating mice with four doses of anti-CD40 over a 

period of four weeks. The treatment regime enhanced survival, lowered proteinuria and 

anti-dsDNA IgG levels, as well as reduced skin disease. Administration of anti-CD40 

resulted in the expansion of T2-MZP B cells producing IL-10 starting from two weeks 

following the beginning of treatment. This treatment did not seem to affect the secretion 

of IL-10, IFN-γ or TNF-α by CD40-expressing non-B cells.  

The work by Blair et al. (205) was also amongst the first attempts to decipher 

where Bregs exert their suppressive effect. To do so, they stimulated T2-MZP B cells, 

isolated from transgenic MRL/lpr mice expressing a human copy of the CD20 gene 

(hCD20Tg), for 48 hours with anti-CD40, then transferred them into control MRL/lpr 

mice, and tracked their maturation and homing in vivo. Whereas, the majority of 

isotype-control stimulated T2-MZP B cells matured into Fo and MZ B cells, a small yet 

sizeable proportion of T2-like B cells retained their immature T2-MZP phenotype 

following transfer. Of interest, none of the transferred T2-like B cells homed to the 

kidneys, the primary site of inflammation in this disease, but appeared to home back to 

the spleen, suggesting systemic regulation by T2-like Bregs.   

Fallon and colleagues showed that the infection with Schistosoma mansoni 

provides protection in both acute anaphylaxis and chronic allergen-induced airway 

hyperresponsiveness (AHR) models, and that this protection requires IL-10 and B cells 

(207, 208). They then followed this up by identifying the induction of IL-10-producing 

B cells in the spleen in response to the parasite and showed that these B cells modulated 

allergic airway inflammation in OVA-sensitized mice upon adoptive transfer (209). 

They characterized these cells as CD19+CD21hiCD23+IgD+IgMhiCD5+CD1dhi. While 

the authors reported that 82% of IL-10-producing B cells were CD1d-expressing, only a 

fraction of these were CD1dhi. Furthermore, they established the phenotypic similarity 

between these Bregs and T2-MZP described by Mauri and colleagues in the CIA model 

(204). The regulation by these B cells was IL-10 dependent as Il10-/- CD1dhi B cells 

were unable to mediate amelioration of AHR upon adoptive transfer. Anti-CD1d 

treatment also abrogated the protection provided by Schistosoma mansoni infection in 

OVA-induced airway inflammation. Furthermore, protection did not occur in CD1d-/- 

mice, but did in Jα18-/- iNKT cell deficient mice. The authors thus concluded that B cell 

mediated protection in their model was CD1d-dependent, but did not involve iNKT 

cells. The relevance of CD1d for B cell mediated protection was nevertheless not 

addressed mechanistically. Amu et al. showed that the transfer of post-infection 
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CD1dhiCD19+ B cells lead to a reduction of IL-4, IL-5, IL-13 and CCL11 (eotaxin) in 

the bronchoalveolar lavage fluid in the recipient mice. Upon transfer, Bregs induced the 

pulmonary, but not splenic, accumulation of CD4+CD25+FoxP3+ Tregs, independent of 

TGF-β (209). 

Amu et al. also generated ex vivo Bregs using incubation with live worms, 

which were IL-10+CD1d+ B cells with comparable surface marker expression phenotype 

to those induced in vivo (209). Similar to T2-MZP identified by Mauri and colleagues 

(204), Bregs in this system arose or were enriched post initial challenge, and B cells 

from naïve mice had greatly diminished suppressive capacity. Both Breg subsets were 

also able to reverse established disease. However, the fact that helminth-induced Bregs 

provided protection in OVA-driven inflammation, suggests lack of antigen specificity in 

these B cells, in contrast to T2-MZP Bregs. 

A number of other studies have also shown the role of T2-MZP Bregs in 

immune modulation. Schioppa et al. showed the role of T2-MZP B cells in TNF-α-

mediated promotion of tumour development in a 7,12-dimethybenz-α-anthracene 

(DMBA)/ terephthalic acid (TPA) model of skin cancer (210). They showed that 

papilloma development required B cells and TNF-α; the antitumor immunity in TNF-α-

deficient mice was associated with increased IFN-γ and CD8+ T cells in the skin. 

Reduced IL-10+ Bregs and increase in IFN-γ+CD8+ were also observed in the spleen, 

suggesting that Bregs are important in controlling CD8+ responses. Using a 

Helicobacter felis infection model, Sayi et al. showed the role of T2-MZP B cells in 

limiting gastric premalignant pathology (211). These Bregs acted by converting naïve T 

cells into IL-10-producing CD4+CD25+ T cells, in a CD40-CD40L and CD80-CD28-

dependent manner. Nevertheless, B cell IL-10 production was redundant for protection, 

despite IL-10 production by T2-MZP B cells being increased in response to 

Helicobacter antigens. In a mouse model of transplant tolerance, T2-MZP B cell 

transfer from mice rendered tolerant to MHC class I mismatched skin grafts, prolonged 

graft survival in antigen-specific manner (212). This was associated with suppression of 

effector T cells, however, was independent of transferred T2-MZP ability to produce 

IL-10.  

B10 cells 

CD19 is a molecule that acts to positively regulate B cell responses and defines 

signalling thresholds in B cells; mice expressing human CD19 (hCD19Tg) display 

hyperresponsiveness to transmembrane signals, enhanced proliferation in response to 
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mitogens and antibody production to TD antigens, as well as spontaneous autoantibody 

production with aging (213). Unexpectedly, similar to B cell deficient mice, Cd19-/- 

mice develop a severe non-remitting form of EAE (214) and exacerbated CHS reactions 

(215). The latter study also demonstrated the ability of splenic total and MZ B cells, but 

not peritoneal B-1a cells, to normalize CHS reactions in Cd19-/- mice upon adoptive 

transfer (215).  

In 2008 Yanaba et al. identified CD1dhiCD5+ B cells as mediators of 

suppression in a model of CHS, using 4-ethoxymethylene-2-phenyl-oxazolin-5-one 

(oxazolone) sensitization. Yanaba et al. used Cd19-/- and human CD19 transgenic 

(hCD19Tg) mice, which develop exacerbated and ameliorated CHS compared to WT 

mice, respectively. B cell depletion in hCD19Tg mice resulted in restoration of 

responsiveness to oxazolone sensitization, establishing a protective role for B cells in 

this system. The depletion of B cells in WT mice using anti-CD20 antibodies also 

enhanced the response to oxazolone compared to control antibody treated WT mice. 

The depletion of B cells in Cd19-/- mice further enhanced CHS severity, albeit not 

significantly, which shows that residual regulatory B cell capacity remains in these 

mice. The authors also observed that IL-10 was decreased and increased in Cd19-/- and 

hCD19Tg and mice, respectively, compared to WT mice. IL-10 expression was 

inversely proportional to inflammatory T cell responses in these mice. They could, 

however, detect only very low levels of IL-10 in splenic B cells without stimulation, but 

this was enhanced by about 10-fold in response to five hour culture with LPS, phorbol 

12-myristate 13-acetate (PMA) and ionomycin. The differences in strains were 

exacerbated by this treatment and observed in the spleen and peritoneal cavity, but not 

in blood, peripheral and MLNs, and Peyer’s patches.  

In this study, most splenic IL-10-producing B cells were 

CD19hiCD24hiIgMhiCD1dhiCD5+ after stimulation, but also expressed IgD, some CD21, 

but not CD23. Thus, these splenic B cells share some features with T2-MZP and some 

with MZ B cells, and were designated “B10 cells” (216). They are able to protect mice 

from oxazolone-induced hypersensitivity upon adoptive transfer to Cd19-/- or B cell 

depleted mice. B10 cells were unable to mediate suppression if isolated from naïve or 

Il10-/- mice, or if non-CD1dhiCD5+ B cells were transferred. When the authors blocked 

IL-10 one hour prior to oxazolone sensitization, the protection from CHS observed in 

hCD19Tg, compared to WT mice, was abrogated. The authors did not offer any 

mechanistic explanation of how suppression is mediated.   
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Yanaba et al. were able to detect IL-10-producing B cells in the circulation, 

however, they did not observe an Il10 mRNA increase in B cells from draining lymph 

node (dLN). While there is a possibility that Bregs migrate in low numbers to sites of 

inflammation, these data suggest that Breg-mediated suppression occurs systemically, 

as is likely the case with T2-MZP B cells. Furthermore, like with T2-MZP B cells, 

inflammation appears to play a critical role in B10 induction. Yanaba et al. showed that 

inflammation increased IL-10 production by spleen B cells, but with the amount of IL-

10 produced being inversely related to inflammation. Antigen specificity was 

investigated by the transfer of splenic CD1dhiCD5+ B cells purified from the spleens of 

DNFB-sensitized mice, and these were again unable to mediate suppression upon 

oxazolone-challenge. These observations together emphasize the similarities between 

T2-MZP B cells and B10 cells, their mode of suppression, inflammation as stimulus for 

their induction and requirement for antigen-matching in induction and suppression. 

Yanaba et al. suggest that B-1a and B10 may be branches of the same lineage rather 

than related to MZ B cells, since only half of B10 were CD21hi.  

B-1 cells 

As discussed previously, B-1 cells are developmentally different from B-2 cells 

and are self-renewing. Splenic, but particularly peritoneal B-1a cells have been shown 

to be an important source of IL-10 (217). In murine schistosomiasis, it was shown that 

peritoneal, but not splenic, B-1a cells expanded with infection (218). These cells 

produced copious amounts of IL-10 in vitro in response to the carbohydrate lacto-N-

fucopentaose III, a Schistosoma mansoni egg antigen. The authors suggested that 

“immune deviation” in this case may lead to dominant Th2 response and thus prevent 

granulomatous pathology. Analysing Xid immunodeficiency on murine filarial 

infections, Fleischer et al. found that in the absence of B-1a cells mice were more 

susceptible to infection (219). Susceptibility to murine filariasis was associated with 

diminished Th2 cytokine production as well as reduced B cell-derived IL-10. 

CD5+(CD1d+) neonatal B cells have been shown to produce copious amounts of IL-10 

in response to TLR9 triggering with CpG and to inhibit Th1 response by suppressing 

DC production of IL-12 (220). 

Other Breg phenotypes 

It has been shown that MZ B cells produce copious amounts of IL-10 in 

response to activation with TLR ligands (206). Administration of apoptotic cells a 

month prior to the onset of CIA, protected mice from severe joint inflammation (221). 
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Suppression of disease was associated with increased IL-10 secretion from CII-specific 

T cells, and reduced anti-CII autoantibody production. Adoptive transfer of B cells from 

apoptotic cell-treated mice also provided protection from disease. This was IL-10-

dependent as IL-10 neutralization in vivo abrogated the protective effect of apoptotic 

cells. The suppressive capacity and IL-10 production was attributed to MZ B cells. 

Brummel and Lenert found that stimulation of B cells, isolated from mice with lupus, 

with CpG A(D) led to their upregulation of IL-10, CD25 and CD86 (222). However, 

they also promoted secretion of IgM and IgG3. These cells were of MZ B cell 

phenotype, and were expanded in lupus compared to control mice.  

A suppressive role for T cell Ig and mucin domain (TIM)-1-expressing B cells 

has been demonstrated. TIM-1 is expressed by most IL-10-producing B cells in all B 

cell populations, including transitional, MZ, Fo, as well as CD1dhiCD5+ B cells (223). 

An agonistic anti-TIM-1 antibody was able to enhance allograft tolerance, but only in 

the presence of B cells. It also induced IL-10 production and increased TIM-1+ Breg 

frequency in an IL-4-dependent manner. These TIM-1+ B cells were able to directly 

transfer suppression. Furthermore, a defect in Breg function was shown in TIM-1 

mucin-domain mutant mice (224). These mice have a defect in IL-10 production by B 

cells and aged mice developed spontaneous autoimmunity, with increased T cell IFN-γ 

production and elevated serum levels of autoantibodies.  

Ex vivo treatment of mouse splenocytes with granulocyte-macrophage colony-

stimulating factor (GM-CSF) fused to IL-15 (a fusokine designated GIFT15) induced 

suppressive Bregs with a phenotype reminiscent of T2-MZP B cells 

(CD21+CD23+CD24+IgM+IgD+IL-10+), but in addition these cells expressed CD138 and 

lacked the expression of CD19 (225). GIFT15 Bregs were able to suppress EAE, and 

relied on IL-10 production and expression of MHC class II. 

Madan et al. showed that B cell-produced IL-10 plays a non-redundant role 

during murine cytomegalovirus (MCMV) infection though restraining IFN-γ- producing 

MCMV-specific CD8+ T cells and inhibiting plasma cell expansion (203). Using an IL-

10 transcriptional reporter mouse, they also showed that in particular a population of IL-

10-producing CD138+ plasma cells arises in the spleen within 48 hours of systemic LPS 

challenge. More recently, IL-10 production by plasmablasts in the dLN during EAE 

induction has been reported. These plasmablasts inhibited DC generation of pathogenic 

T cells (226). Murine deficiency in Prdm1 and Irf4 genes, required for plasmablast 

generation, led to exacerbated EAE. Of note, suppression in this model was independent 
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of splenic B cells. This observation is in contrast to the majority of studies, where Bregs 

are shown to reside in the spleen. Furthermore, a role for splenic CD138+ plasma cells 

in the suppression of immune responses to Salmonella thyphimurium and EAE via IL-

10 and IL-35 has been demonstrated (227). It has nevertheless remained difficult to 

reconcile the pathogenic role that plasma cells play in antibody production with that of 

regulation. A study by Maseda et al. found that IL-10-producing B10 cells induce 

Prdm1 and Irf4 transcription leading to Ig-secreting B cell differentiation (203), 

suggesting IL-10-producing B cells may be an intermediate stage in plasma cell 

differentiation. 
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IL-10-independent mechanisms of Breg function 
Increased understanding of suppression mechanisms employed by immune cells, 

elucidation of networks of cellular interactions and more sophisticated tools to 

manipulate them has allowed IL-10-independent modes of immune modulation by B 

cells to be uncovered (Fig. 1.4). In 2010 Wilson et al. reported that helminth-induced 

MLN B cells were able to mediate suppression of MOG(35-55)-induced EAE and 

airway inflammation upon adoptive transfer. This suppression was maintained when IL-

10-deficient B cells were used (228). However, this study never identified the B cell-

expressed mediator of suppression.  

The first alternative mediators in B cell suppression identified were TGF-β and 

FasL (229). While not addressing regulation by endogenous B cells, the study by Tian 

et al. precedes the identification of IL-10-producing B cells as suppressors. The authors 

reported that LPS-stimulated B cells inhibited pathogenic Th1 cell-driven autoimmunity 

upon transfer to pre-diabetic non-obese diabetic (NOD) mice, which develop 

spontaneous diabetes with similarity to human autoimmune diabetes. This study 

nevertheless did not establish IL-10-independence. FasL-expressing B cell role in 

suppressing diabetogenic T cells upon adoptive transfer to NOD mice was also shown 

subsequently using CpG as stimulant (230). These cells shared phenotypic 

characteristics with pro-B cells and emerged within the bone marrow. The authors also 

showed that this suppression was preserved when blocking IL-10R on effector T cells.  

The role of FasL-expressing B cells in suppressing male-to-female rejection in a 

skin graft model upon adoptive transfer has been demonstrated (231). Transfer of B 

cells lacking FasL (from gld mice) accelerated the rejection. FasL was also upregulated 

on B-1a cells in cockroach allergen-induced airway inflammation and acted to induce 

apoptosis of effector T cells (232). Subsequently the authors showed that in a transgenic 

model of CIA, where nearly all CD4+ T cells recognize a single peptide of CII, lower 

numbers of FasL+CD5+ B cells correlated with increased disease severity, associated 

with reduced T cell apoptosis (233).  

B cell TGF-β production, as a mediator of suppression, was identified in studies 

of transplant tolerance. Anti-CD45RB mAb treatment induced murine kidney allogeneic 

tolerance (234), with Tregs being the proposed facilitators of successful engraftment 

(235). Nevertheless, transplant tolerance was demonstrated to rely on B lymphocytes a 

year later by the same group (236). The anti-CD45RB mAb treatment induced ICAM-1 

upregulation on B cells, and blocking this interaction resulted in abolition of B cell 
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suppressive effect (237). Transplantation tolerance upon anti-CD45R treatment was 

found to be IL-10-independent, in fact it seemed to play a counter-regulatory role, with 

chronic allograft vasculopathy and anti-graft antibodies reduced upon IL-10 

neutralisation (238). The observations that both Bregs and Tregs play roles in graft 

tolerance were consolidated in a study by Lee et al. (239). The authors showed that 

upon adoptive transfer, Breg mediated suppression required Tregs for tolerance 

establishment and acted through increasing the number of these cells. Bregs expressed 

latency-associated peptide, a membrane-bound form of TGF-β1, and neutralization of 

TGF-β abrogated transferred Breg-mediated graft prolongation.  

Glucocorticoid-induced TNF receptor ligand (GITRL) was identified to be 

important in B cell maintenance of the FoxP3+CD4+ T cell population (240). The 

authors observed a peripheral reduction of Tregs in the absence of B cells, achieved 

genetically or through antibody-mediated depletion. They showed that Treg numbers 

could be restored upon B cell transfer, and that B cell expression of GITRL, and not IL-

10 production was important for this effect.  

The PD-1- programmed death ligand-1 (PD-L1) axis has also been implicated in 

the regulatory function of B cells. It was reported that oestrogen treatment in mice 

ameliorated EAE (241). This protection was abrogated in µMT mice and in WT mice 

associated with upregulation of PD-L1 on B cells and expansion of IL-10-producing 

CD1dhiCD5+ B cells (242). PD-L1-deficient mice failed to respond to oestrogen 

treatment. It was shown that PD-L1 leads to the up-regulation of PD-1 on FoxP3+CD4+ 

Tregs, potentiating their activity (243). Finally, B cell specific requirement for PD-L1 

was shown (244). In 2015 Khan et al. published a study showing a role for PD-L1hi B 

cells in the regulation of humoral immunity through inhibition of PD-1+CXCR5+CD4+ 

Tfh cells (245). They also demonstrated the ability of the PD-L1hi B cells to suppress 

EAE upon transfer. Furthermore, as PD-1 ligation on human B cells inhibits their 

activation (246), it is therefore possible that PD-L1hi B cells could inhibit the activation 

of other B cells.  

IL-35 was shown to be important in the negative regulation of immune 

responses both in Salmonella typhimurium infection and EAE (227). The main 

producers of IL-35 were identified to be IL-10-

CD138+IgM+TACI+CXCR4+CD1dintTim1int plasma cells that expressed Blimp1. 

However, IL-35 as a more general mechanism of Breg-mediated suppression is disputed 

by an earlier study in AIA (247). In this study, mice deficient in the p35 subunit of IL-
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35 developed milder disease compared to WT mice, through a mechanism that relied on 

negative regulation by IL-27.  

Antibodies are overwhelmingly associated with enhanced immunity. 

Nevertheless, IgG molecules with catalytic activity are thought to be protective through 

the removal of toxic wastes. In sepsis, Lacroix-Desmazes et al. have showed that 

plasma IgG with serine protease-like activity was correlated with survival from sepsis 

(248). The IgG from three surviving patients hydrolysed factor VIII and from one also 

factor IX, suggesting that the protective activity may be via the inhibition of 

microvascular thrombosis. It was also shown than in renal transplanted patients the 

coagulation factor hydrolysis by circulating IgG was associated with reduced risk for 

chronic allograft nephropathy (249). 

Granzyme-B expressing B cells have been found to be enriched in tumours 

(250). These cells were expanded by IL-21 and limited T cell proliferation through 

degradation of TCRζ chain. These cells were CD19+CD38+CD1d+IgM+CD147+ and 

expressed IL-10, CD25 and indolamine-2,3-dioxygenase.  

Finally, B cells can also contribute to immune regulation by nucleotide 

catabolism. CD39 and CD73 ecto-enzymes, which together act to generate adenosine 

from extracellular nucleotides, have been shown to be expressed by B cells (251). In 

particular B-1 and B10 cells express high frequency of CD73. CD73+ B cell transfer is 

able to suppress disease in a dextran sulphate sodium-induced colitis model. Of interest, 

IL-10-deficient B cells have reduced expression of CD73, linking the two mechanisms 

of suppression. 
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Figure 1.4. Breg mechanisms. The expanding array of B cell suppression mechanisms 
includes IL-10, CD1d, FasL, TGF-β, GITRL, PD-L1, FasL, CD39/CD73, granzyme B, 
IL-35 and catalytic IgG.  
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Signals in Breg induction 
IL-10 is the major effector of Breg suppression, and efforts to understand signals 

involved in Breg generation have focused on IL-10-producing subsets. Interestingly, the 

signals that have been discussed when describing the advances in the study of Bregs, 

including CD40, TLR and BCR ligation and inflammation, are all crucial components 

of a successful immune response. It is conceivable that more than one pathway can 

stimulate, including synergistically, Breg function. The induction of regulatory function 

in B cells thus likely depends on context and relies on the integration of multiple 

signals.  

CD40  

CD40 is expressed on APCs, including B cells and DCs, as well as on non-

hematopoietic fibroblasts and endothelial cells (252). The interaction between CD40 

and its ligand CD154 leads to activation of such cell functions as cytokine and 

chemokine production, as well as the upregulation of co-stimulatory molecules. The in 

vivo disruption of CD40-CD154 interaction on APCs and T cells, respectively, leads to 

diminished T cell priming and reduced differentiation of effector functions. In B cell 

biology, as previously described, CD40 plays a critical role in proliferation and class-

switching, while in DCs CD40 ligation leads to superior induction of IL-12 compared to 

microbial molecules, including LPS, or TNF-α (253). Regarding the significance of 

CD40 signal dynamics in B cell activation, weaker signals through CD40 have been 

shown to drive plasma cell differentiation while during stronger stimulation, when 

ligand is abundant, it leads to the inhibition of antibody secretion in vitro (254).   

The first report on the important role of CD40, expressed on B cells, in 

regulating autoimmune and inflammatory processes came from Mauri et al. (195). The 

authors demonstrated that administration of an agonistic anti-CD40 antibody, 

previously shown to induce protective immunity, had therapeutic effects in both chronic 

and self-limiting CIA in DBA/1-TCRβ and DBA/1 mice, respectively. Protection was 

associated with production of IL-10 by splenocytes and inhibition of Th1 responses. As 

discussed above, in both CIA and EAE, signals from CD40 were required for the 

induction of IL-10 by B cells (194, 196). CD40 stimulation also potentiates the 

suppressive capacity of B cells, including attenuation of lupus in MRL/lpr mice with in 

vivo anti-CD40 treatment or through transfer of anti-CD40-activated T2-like B cells 

(205). B cell specific lack of CD40 leads to mice developing non-remitting EAE (194). 

TCRα-/-×µMT mice develop a severe form of spontaneous intestinal inflammation 



	 53 

observed in TCRα-/- mice (192, 193), as mentioned above. The adoptive transfer of B 

cells led to the amelioration of colitis, but not if these cells were pre-incubated with 

anti-CD40 blocking antibodies (193).  

 TLRs and inflammation 

Although signals through the BCR and CD40 are critical for the induction of 

functionally regulatory B cells and their IL-10 production, these are not sufficient to 

induce IL-10 from naïve B cells. As inflammation commences in response to a 

pathogen or tissue injury, it also induces regulatory cascades to re-establish homeostasis 

and initiate wound healing and tissue repair; this is a critical aspect of immune 

tolerance. TLRs are pattern-recognition receptors (PRRs) that respond to signals 

generated by infection or tissue damage. While needed to initiate inflammation and 

mount an efficient immune response, certain TLRs have been observed to promote the 

suppression of immune responses, as described above. Of note, murine B cells express 

TLRs 1-9 (206). When stimulated with certain sets of agonists, TLRs promote B cell 

cytokine production, and TLR agonists are potent inducers of IL-10 from naïve B cells. 

Among these, LPS from gram-negative bacteria, peptidoglycan from gram-positive 

bacteria and CpG-containing oligonucleotides that mimic bacterial DNA, have been 

studied and shown to potently induce IL-10 production by B cells. Myeloid 

differentiation primary-response gene 88 (MyD88) is an adaptor molecule and principal 

mediator of signalling downstream of TLRs. While global MyD88-deficient mice are 

resistant to EAE, mice with a B cell specific deletion of TLR2 and TLR4 or MyD88 

develop chronic EAE (255). Interestingly, in B cell MyD88-deficient mice the GC 

response, as well as specific antibody production, was maintained. MyD88 is also 

required to generate IL-10-producing plasma cell-like B cells in response to Salmonella 

typhimurium infection (256). LPS administration in vivo has been shown to modulate 

EAE, with significant delay in disease onset compared to control mice (257). The role 

of LPS in the in vitro induction of Bregs that mediate suppression of CHS (216) and 

pancreatic inflammation in NOD mice (229), has also been shown, as discussed above.  

The role of TLR9 in the induction of Bregs has been more difficult to discern. 

Of TLR9 ligands type A(D) oligonucleotides strongly activate DCs and macrophages, 

while B(K) oligonucleotides activate B cells (258). CpG is a potent inducer of B cell 

production of IL-10 (206). Nevertheless, Lampropoulou et al. observed that B cell 

TLR9-deficient mice recovered from EAE similarly to WT mice (255). In lupus-prone 

MRL/lpr mice, opposing roles for DNA- and RNA-sensing TLR9 and TLR7, 
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respectively, have been proposed. Tlr9-/- MRL/lpr mice developed exacerbated 

inflammation, while disease was milder in Tlr7-/- mice (259). TLR9 polymorphisms 

causing decreased expression of TLR9 are associated with increased risk of SLE in 

humans (260). TLR9 agonist administration has also been reported to ameliorate disease 

in NOD mice (261), and inflammatory arthritis in K/BxN serum transfer model (262). 

In the latter study, however, the authors identified CD8+ DC crosstalk with natural killer 

(NK) cells that resulted in reduced neutrophil recruitment to the joint as the mechanism 

of suppression. B cell TLR2 activation by Helicobacter felis led to IL-10 production 

and was associated with reduced Helicobacter–induced gastric immunopathology (211). 

Finally, IL-10 production driven by TLR activation is optimal after CD40 engagement, 

suggesting that Breg activation may be more potent after their synergistic interaction 

with T cells and contact with pathogen-associated  molecules (255, 263). A role for 

sterile inflammation in Breg induction was shown by Gray et al., who reported 

apoptotic cell induction of IL-10 and amelioration of CIA (221). Apoptotic cell-derived 

DNA complex stimulation of TLR9 to induce B cell IL-10 production was subsequently 

demonstrated (264). 

It has been shown that inflammatory “danger” or “damage” signals, apart from 

those inducing TLR activation, can drive Breg development. Zhivaki et al. showed that 

respiratory syncytial virus (RSV), upon interaction with both BCR and CX3CR1, 

infects and induces neonate-specific Bregs that produce IL-10, which in turn 

downmodulates Th1 responses (265).  

Suggesting a role for inflammatory environment in Breg potentiation, remission 

T2-MZP B cells were more potent in mediating suppression of CIA than their 

counterparts from naïve mice, but the effect was at least partially overcome when more 

T2-MZP B cells were transferred (204). Similarly, it has been shown that B cells, 

isolated on day 14 post-immunization to induce EAE, do not mediate suppression of 

EAE, unlike their counterparts isolated from mice in the recovery phase (194). IL-10 

producing Bregs reported by Mizoguchi et al. also only expanded with inflammation, as 

age-matched non-diseased mice had significantly lower expression of CD1d in MLN B 

cells (191).  

Further elucidation of inflammatory signals that can drive Breg differentiation 

was provided by Rosser et al. (266). The authors showed that microbiota-driven IL-1β 

and IL-6 signals are required for the induction of IL-10-producing T2-MZP Bregs in 

AIA. Similarly, Menon et al. demonstrated that human IL-10-producing Breg 
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differentiation is driven by IFN-α and CD40L signals from plasmacytoid DCs (pDCs); 

this Breg induction by pDCs was defective in patients with SLE and instead led to 

plasmablast differentiation (267). 

Earlier, it was shown that IL-10 production could be induced by IL-21 (268). IL-

35 and IL-10 have also been proposed to induce B cell IL-10 in an autocrine manner 

(269). Administration of IL-33, an IL-1 family member, to WT mice resulted in the 

induction of IL-10 producing B cells and protection in IBD, while administration to 

Il10-/- mice led to exacerbated disease (270). Protection was provided by 

CD19+CD25+CD1dhiIgMhiCD5-CD23-Tim-1- B cells (270).  

BCR and antigen-specificity  

Signals through the BCR may play a role in the induction of Bregs. In some of 

the studies described above, Breg suppression was dependent on “priming” and, in 

general, Bregs induced in response to one antigen were not “cross-suppressive” to 

another.  

Mauri et al. showed that optimal IL-10 induction by B cells with anti-CD40 in 

the CIA model, required the presence of CII (196). B cells from the anti-CD40 

stimulated splenocytes also lost ability to suppress clinical disease upon adoptive 

transfer to mice with CIA. Furthermore, they showed an approximately five-fold 

increase in IL-10 production if anti-κ L chain antibody was used instead of the antigen, 

again supporting a role for antigen recognition via BCR in Breg induction. Evans et al. 

similarly showed that in CIA, T2-MZP B cell suppression required the cells to be 

primed with the same antigen as the response they were suppressing (i.e. CII-primed 

T2-MZP B cells were unable to inhibit in vivo inflammatory response to OVA upon 

adoptive transfer) (204).  

The role for antigen specificity in endogenous Breg function has also been 

demonstrated by Fillatreau et al. (194). The authors showed that recovery from EAE is 

dependent on the presence of relevant antigen-recognising B cells (not induced in MD4-

transgenic model, in which all B cells recognize the same antigen). Furthermore, mice 

deficient in CD19, the receptor that potentiates BCR signalling, had exacerbated EAE 

compared to control animals, with reduced IL-10 production by B cells following MOG 

stimulation (214). Further evidence for BCR-derived signals in B cell-mediated 

suppression came from a study investigating the role of p110δ phosphoinositide 3-

kinase (PI3K) subunit, which is critical in BCR downstream signalling (271, 272). B 

cell specific deficiency in this PI3K subunit resulted in spontaneous IBD (272). 
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Furthermore, p110δ inactivation resulted in reduced efficiency of conjugate formation 

with antigen-specific T cells (271).  
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Bregs in humans 
IL-10 producing B cells have been identified in humans, importantly in the 

context of autoimmunity, but also in infection and tumours (273). Breg defects, both 

numerical and functional, have been reported in autoimmune conditions, including, SLE 

(274, 275), RA (276), MS (277) and psoriasis (278). 

Suppressive capacity of B cells was first observed in MS, where helminth-

infected patients displayed increased frequency of IL-10-producing CD19+CD1dhi B 

cells and had better clinical outcome (279). The B cells from helminth-infected patients 

also suppressed the proliferation and IFN-γ production of MOG- and MBP-specific T 

cell lines in an IL-10 dependent manner, unlike those from Trypanosoma cruzi- and 

Paracoccidioides brasiliensis-infected subjects. 

 The existence of a human B cell subset with regulatory capacity analogous to 

T2-MZP identified in mice was reported by Blair et al. (274). These Bregs are 

characterized by CD19+CD24hiCD38hi (CD1dhiCD5hi) surface phenotype, enrichment 

for IL-10-expression following culture with anti-CD40, and display functional 

impairment in patients with SLE. Immature B cells regulate IFN-γ and TNF-α 

production by conventional T cells in vitro. The suppression is IL-10-, CD80- and 

CD86-dependent, but does not require TGF-β. The requirement for contact through 

CD80 and CD86 is reminiscent of experiments reported by Mizoguchi et al. (193) 

described above, and suggests synergy between IL-10 and CD80/86 signals in Breg-

mediated suppression. Like murine counterparts isolated from MRL/lpr mice, immature 

B cells from SLE patients did not produce IL-10 in response to anti-CD40 stimulation, 

unlike those from healthy controls and were unable to suppress IFN-γ and TNF-α 

production by CD4+ T cells. Further elucidating suppressive mechanisms of 

CD19+CD24hiCD38hi B cells, immature B cells from healthy individuals were also 

shown to inhibit naïve CD4+ T cell differentiation towards Th1 and Th17 phenotypes 

and promote their differentiation into Tregs (276). Bregs from RA patients lost the 

ability to inhibit Th17 conversion and promote Treg induction. The authors of this study 

also reported the reduction of regulatory transitional CD19+CD24hiCD38hi B cells in 

active RA, compared to healthy individuals and patients with inactive disease, 

suggesting that Bregs may be unable to prevent the initiation of an autoreactive 

response, leading to autoimmunity. A rare population of B10 cells has also been 

described in human peripheral blood (280). These cells were phenotypically mostly 

CD19+CD24+CD27+ and regulated monocyte inflammatory cytokine production in an 
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IL-10-independent manner in vitro and were generally expanded in patients with 

autoimmune disease. 

Human Bregs have now also been described in infection. Bregs with 

CD19+CD27hiCD38hi phenotype are increased in chronic HBV infection, and their 

frequency was found to correlate temporarily with flares (281). In HIV-1 infection, 

increase in IL-10-producing CD19+CD38+ (282) and TIM-1+CD19+ (283) B cells 

correlated with increased viral load. Unlike in autoimmunity, where Bregs suppress 

Th1/17 responses, in infection they inhibit CD8+ T cells. Finally, tumour-enriched 

granzyme B+CD19+CD38+CD1d+IgM+CD147+ B cells have been described (250) as 

discussed above.  
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iNKT cells 
NKT cells are a unique population of CD1d-restricted, lipid-reactive αβ T cells 

that bridge innate and adaptive immunity, and as such have been attributed with 

important immunomodulatory roles in both homeostasis and immune activation, 

including in autoimmunity (284), allergy (285), infection (286, 287), and cancer (288). 

The term ‘NKT cells’ was first used by Makino et al. to refer to a unique population of 

murine αβ T lymphocytes, enriched for Vα14 usage, co-expressing NK1.1 (289); the 

co-expression of the αβ TCR and NK1.1 among CD4-CD8- double negative thymocytes 

in adult murine bone marrow had already been shown earlier by Sykes (290). Unlike 

conventional αβ T cells that recognize peptides presented in the context of MHC 

molecules, NKT cells recognize lipids presented in the context of the non-polymorphic 

MHC class I-like molecule CD1d. It was only subsequent to identification of T cells 

with restricted αβ usage that NKT cell CD1d restriction was established (291). 

Characterizing NKT cells as CD1d restricted has helped to resolve the contention 

caused by classification based on the co-expression of an αβ TCR and NK cell markers. 

Many mouse strains, including BALB/c and 129, do not express NK1.1, and other T 

lymphocytes also possess NK cell characteristics, such as the MR1-restricted mucosal-

associated invariant T (MAIT) cells (Vα19Jα33 in mice, Vα7.2Jα33 in humans), 

enriched in the lamina propria of the intestine (292), or γδ T cells. Of note, while γδ-

TCR expressing cells are generally not CD1d-restricted, human γδ T cells that 

recognize lipid-loaded CD1d have been described (293). Furthermore, conventional T 

cells can upregulate NK markers, including NK1.1 (CD161) upon activation (294). The 

majority of NKT cells express a semi-invariant antigen receptor (295). It is composed of 

Vα14Jα18 paired with Vβ2, Vβ7, Vβ8.1, Vb8.2 and Vβ8.3 in mice. An analogous TCR 

repertoire has been described in human iNKT cells where Vα24-Jα18 is paired almost 

exclusively with Vβ11. These cells are therefore referred to as “invariant” NKT cells, 

also “classical” and “type I” NKT cells; approximately 80-90% of NKT cells in mice 

have this semi-invariant TCR (289). Of interest, this cell subset displays remarkable 

conservation in phenotype and function in mammals. 

NKT cells with more diverse αβ TCRs are referred to as “type II” or “diverse” 

NKT cells; these represent a minority NKT cell population and are less studied than 

iNKT cells. This is in part due to the inability to readily identify these cells as discussed 

in more detail below. Although type II NKT cells express more diverse TCRs, recurrent 

usage of certain TCR genes is reported, including Vα3.2-Jα9 in mice (296, 297). 
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Furthermore, type II iNKT cell recognition of CD1d-bound lipids is different to that of 

iNKT cells (298, 299). 

iNKT cells are thymically imprinted for rapid effector function in the periphery. 

They do not require co-stimulation upon TCR engagement for activation and produce 

copious amounts of cytokines following TCR engagement (300). This has been 

attributed to iNKT cell constitutive expression of cytokine mRNA (300). Through the 

rapid expression of different cytokines they have been shown to modulate the evolving 

innate and adaptive immune responses. Equipped with an antigen receptor generated 

through somatic recombination and poised for immediate effector function, iNKT cells 

were referred to as “hybrid” cells that bridge innate and adaptive immunity by Brennan 

et al. (295). Further support for iNKT cell “hybrid” nature comes from a report 

demonstrating the extensive sharing of transcriptional signature between iNKT cells and 

NK cells, as well as with conventional T cells (301). Taken together, these 

considerations have led to classification of these cells as innate lymphocytes, along with 

other cells including B-1 and MZ B cells, and γδ T cells.  

iNKT cells in the mouse are found in the highest frequency in the liver, where 

they account for 20-50% of total T cells. However, they are also present in the thymus, 

bone marrow, peripheral blood and spleen, and at smaller frequencies in peripheral 

lymph nodes and other tissues. Of interest, recently it has been reported that they reside 

in the adipose tissue where they constitute a large proportion of T lymphocytes (291). In 

humans, the tissue distribution of iNKT cells is much less studied. iNKT cells account 

for around 0.1% of lymphocytes in peripheral blood (302-304) and they are less 

abundantly present in the liver than in mice (305, 306). Very little is known regarding 

the location of NKT cells in tissues mostly due to difficulty to access these sites.   

iNKT cell ontogeny 
iNKT cell development diverges from conventional T cell development at the 

CD4+CD8+ double positive (DP) cortical thymocyte stage; it relies on the stochastic 

generation of the semi-invariant TCR. That the generation of the iTCR is critical to 

iNKT cell development is evidenced by the complete absence of iNKT cells in mice 

that lack the recombinase subunits RAG-1/2 or Jα18 gene segment (307). Analogous to 

BCR generation in B cells, iNKT cell receptor is generated by V-J recombination of the 

α chain and V-D-J recombination of the β chain. While stochastic, there is greater 

probability of generating V-J recombinations using 5’ proximal segments that rely on 
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fewer excision events (308); therefore, the probability of generating iNKT cells bearing 

Vα14Jα18 TCRs is greater than that of generating T cells with upstream segment usage.   

iNKT cells are selected in the thymus through interactions with CD4+CD8+ 

double positive cortical thymocytes. CD1d is critical in this process as CD1d deficient 

mice lack NKT cells (309). iNKT cell dependence on CD1d expression by 

hematopoietic lineage cells for selection was first described by Bendelac (310), and 

later confirmed by others (311). While the identity of the antigen recognized by iNKT 

cells in their development (in positive selection) is unclear, a study by Facciotti et al. 

has proposed a role for peroxisome-derived lipids in the selection process of iNKT cells 

(312).  

Cortical thymocytes, and not cortical epithelial cells provide unique signals that 

play an important role in iNKT cell development. In this context, SLAM family 

proteins through their interaction with SLAM adaptor protein (SAP), encoded by 

Sh2d1a in mice and SH2D1A in humans, have been shown to drive iNKT cell 

development. SLAM family members are SLAM (SLAMF1/CD150), CD48 (BCM1), 

Ly9 (CD229/SLAMF3), 2B4 (CD244), CD84 (SLAMF5), SLAMF6 (Ly108/NTB-A), 

SLAMF7 (CRACC/CS1/CD319), SLAMF8 (SBBI42) and SLAMF9 (Cd2f10/CD84-

H1), most of which form trans homotypic interactions. Evidence supporting the role of 

SLAM in iNKT cell development came from data showing defective iNKT cell 

development in mice lacking SLAM (SLAMF1/CD150) and SLAMF6 (Ly108/NTB-A) 

(313).  

iNKT cell development is defective in patients with SAP-deficient X-linked 

lymphoproliferative disease (314-316) and in SAP-deficient mice (314-316). SAP has a 

Src homology 2 (SH2) domain and can be recruited to phosphorylated tyrosine residues 

of several SLAM family members. Upon SLAM binding, Src2 recruits Fyn. There is 

partial redundancy between the Src tyrosine kinases Fyn and Lck (associated with CD4 

and CD8 co-receptors). A similar impairment in iNKT cell development to that 

observed in SLAM protein-deficient mice, was also observed with Fyn or Lck 

deficiency (317, 318). Other signalling molecules, implicated in iNKT cell development 

are BTK and IL-2-inducible T cell kinase (ITK) downstream of Fyn and Lck, 

respectively. Activation of these leads to the phosphorylation of phospholipase C-γ, 

subsequent conversion of phostidylinositol-4,5-bisphosphate into diacylglycerol and 

inositol-1,4,5-triphosphate. These hydrolysis products then activate the NF-κB and 

calcineurin pathways, correspondingly. Studies have also suggested mechanisms by 
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which SLAM modulation of TCR signals may be achieved. DOCK2 is a downstream 

target of Fyn, and DOCK2 deficient mice have a marked reduction in iNKT cells in a 

cell-autonomous manner (319). Thus together these results show that Slamf1 and 

Slamf6 function via SAP and Fyn to induce critical signals for iNKT cell development. 

As these signalling events are also present in the activation and survival of T 

cells, an important question is how the specific iNKT cell phenotype is achieved. 

Promyelocytic leukaemia zinc finger (PLZF), a broad-complex, tramtrack, and bric-a-

brac zinc finger (BTB-ZF) transcription factor, encoded by Zbtb16, has been proposed 

to be the master regulator of the development of iNKT cell phenotype (320, 321). 

PLZF, while expressed by all iNKT cells, is not an iNKT cell specific factor; indeed, it 

is present in other nonconventional T cells, including human MAIT cells and a subset of 

γδ T cells as well as in ILC progenitors (322). PLZF is induced immediately after 

positive iNKT cell selection. Egr1 and Egr2 downstream of TCR signalling direct the 

expression of PLZF (323). The requirement for intra-thymic PLZF expression is 

evidenced by the fact that PLZF-deficient mice have very few iNKT cells (324). 

Moreover, the residual iNKT cells are defective with respect to development of effector 

functions, including cytokine production, activation marker expression, and trafficking. 

T-bet has been also found to be a master regulator of iNKT cell development. 

iNKT cells in T-bet deficient mice failed to mature and were present in decreased 

numbers in the periphery. It was subsequently shown to be in control of many of the 

phenotypic attributes characteristic of iNKT cells, including inability to express NK1.1 

and failure to produce IFN-γ (325, 326). Negative selection is thought to act on the 

iNKT cell compartment. In support of this, the overexpression of CD1d results in 

reduced iNKT cells numbers and the remaining iNKT cells are biased towards Vβ2 

usage, which exhibits lower affinity for CD1d-α-galactosylceramide (α-GalCer) (327). 

Similarly, supporting negative selection acting on iNKT cells, perinatal in vivo α-

GalCer treatment, results in significantly reduced frequencies of iNKT cells (328). 

Following selection events, iNKT cells undergo maturation that proceeds in stages from 

0 to 3, as follows. iNKT cells that are first detectable are CD1d-

tetramer+CD24hiCD69+CD44loNK1.1lo (stage 0) and these are thought to arise 

immediately following positive selection (329). These iNKT cells that are first 

detectable are CD4+ and mostly CD8- and can subsequently become DN; they are also a 

very rare and non-proliferating population. iNKT cells then downregulate CD24 and 

sequentially become CD24loCD44loNK1.1lo (stage 1), CD24loCD44hiNK1.1lo (stage 2) 
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and CD24loCD44hiNK1.1+ (stage 3) (330, 331). Several cell surface molecules, 

particularly DX5 (a CD49b epitope), have been used to study iNKT cell thymic 

development. Stetson et al. have described that the acquisition of DX5 expression 

between stages 2 and 3, coincides with the transcription of Il4 and Ifng (300). It has 

been reported that iNKT cells at stages 1 together with 2, and 3 have different ability to 

produce cytokines, with bias towards IL-4, IL-10 and IFN-γ production, respectively 

(330, 332). While stages 0,1 and 2 are believed to be thymus-dependent, most iNKT 

cells will exit to the periphery before completing stage 3 of their maturation (329, 331). 

iNKT cells acquire some activation markers and effector memory characteristics during 

their thymic development; unlike developing conventional T cells, iNKT cells also 

undergo rounds of division intrathymically. A report by Wei et al. suggests that the 

selection and maturation (proliferation and acquisition of effector phenotype, including 

cytokine production) of iNKT cells requires solely CD1d expression by cortical 

thymocytes and is largely independent of other antigen presenting cells (333). The 

transition to stage 3 is CD1d dependent, nevertheless iNKT cell survival and expansion 

in the periphery of lymphopenic mice (334) and upon adoptive transfer to CD1d 

deficient hosts (335) suggests independence of peripheral expression of CD1d.  

Emigration of iNKT cells from the thymus has been demonstrated to depend on 

iNKT cell sphingosine 1-phosphate (S1P) receptor interactions with S1P, expressed on 

lymphocytes and endothelial cells (336). It has also been suggested that LTβR-

expressing stromal cells, through a mechanism that is not completely understood, 

regulate iNKT cell emergence from the thymus (337). Of note, the latter is not a 

requirement for conventional T cell emigration (337).  

iNKT cell ligands 
iNKT cell ligands identified so far fall into two categories based on either a 

sphingosine or glycerol backbone, some of the important ligands for studying iNKT cell 

function are shown in Figure 1.5.  

α-GalCer and synthetic analogues 

In 1997 Kawano et al. identified the first iNKT cell agonist glycosphingolipid 

KRN7000 with α-GalCer structure (the two terms are now used interchangeably) (338). 

α-GalCer has an α-linked carbohydrate moiety attached to sphingosine and fatty acid 

chains. iNKT cell stimulation by α-GalCer-CD1d complexes leads to rapid and robust 

cytokine production by iNKT cells, among which IFN-γ and IL-4 are prominent. These 

cytokines then act to activate other cell types and have pleiotropic effects on the 
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resulting immune response. The antitumor potential of α-GalCer compounds was first 

recognized in B16 melanoma and EL4 lymphoma models (339). Since then a series of 

studies have also shown the immunomodulatory function of α-GalCer and its potent 

immunosuppressive activity in various models of autoimmune disease (284).  

Although ligands of mammalian origin have largely failed to reproduce this 

potent iNKT cell-activating potential, a number of α-GalCer analogues have been 

synthesised. The structural modifications in these have been demonstrated to induce 

different iNKT cell functions. Among the most studied ligands are OCH (with a 

truncated sphingosine chain) and α-C-GalCer (with a carbon- rather than oxygen-based 

glycosidic linkage). OCH elicits a dominant Th2 (IL-4) response from iNKT cells upon 

in vivo challenge (340). α-C-GalCer stimulates murine iNKT cells and preferentially 

induces a Th1 (IFN-γ) response (341-343), as well as providing superior protection 

against malaria and melanoma metastases (341, 343). However, it was found to only 

weakly stimulate human iNKT cells in vitro. A truncated non-isosteric α-C-GalCer 

analogue was synthesised and found to induce cytokine production with the highest 

IFN-g:IL-4 and IFN-g:IL-13 ratios in an in vitro assay using human iNKT cells, 

compared to α-C-GalCer and α-GalCer (344). When the stimulatory activities to human 

iNKT cells of various C-glycoside analogues were investigated in in vitro screening 

assays, it was found that almost all ligands with E-alkene linker between carbohydrate 

and lipid moieties were stimulatory to iNKT cells and while still inferior to α-GalCer in 

ligand strength, could potentially be used to induce a Th1 response (345).  

Importantly, iNKT cell semi-invariant TCR allows for the unambiguous 

detection of these cells using α-GalCer-analogue PBS-57-loaded tetrameric complexes 

of CD1d. Of note, type II iNKT cells do not recognize α-GalCer.   

Exogenous ligands 

iNKT cells also recognize CD1d-binding microbial ligands and therefore have a 

role during microbial infections (286, 287). Examples of microbial ligands include 

Sphingomonas spp.  α-galacturonosylceramides and α-glucuronosylceramides (346-

348), Borrelia burgdorferi α-galactosyldiacylglycerols (349), Streptococcus 

pneumoniae and group B Streptococcus α-glucosyldiacylglycerols (350), Helicobacter 

pylori glycolipids (351), and mycobacterial phosphatidylinositol mannosides (352). 

Apart from the latter, which are phospholipids, the rest have a sugar moiety in α-linkage 

to a ceramide or diacyglycerol. Sphingomonas is a gram-negative, LPS-free non-
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pathogenic α-Proteobacteria the glycolipids from which were shown to directly activate 

iNKT cells and to control septic shock and bacterial clearance (346).   

Endogenous ligands 

The identity of the endogenous glycolipid ligands that are naturally recognized 

by iNKT cells and trigger their activation has been the subject of extensive research. 

Nevertheless, despite continued efforts for over a decade, these remain poorly 

understood, with relatively few antigens that are recognized by iNKT cells defined that 

have withstood the “test” of advancing technology.  

A caveat to endogenous ligand identification is that α-GalCer and the vast 

majority of other iNKT-stimulating ligands are α-anomeric with respect to the 

carbohydrate moiety. α-linkage is thought to be an important prerequisite for 

stimulatory capacity and in general is thought to represent a microbial signature, and α-

GalCer to be a microbial mimetic (349), Brennan et al. have referred to it as the “motif 

for antigenicity” (295). Glycosylceramides in mammals are thought to only exist as β-

anomers. The only two mammalian glycosylceramide synthases are glucosylceramide 

synthase (GCS) and ceramide galactosyl transferase (CGT)/galactosylceramide 

synthase, which are inverting glycosyltransferases. This means that they transfer α-

glucose and α-galactose from uridine diphosphate (UDP)-sugar moieties onto ceramide 

in a β linkage. This has been at the basis of the assumption that mammals were not able 

to synthesise α-linked ceramides, and therefore that these ceramides were not part of the 

mammalian lipidome.  

As the closest mammalian structural counterparts to α-GalCer, mammalian β-

linked glucose- and galactose-based glycosphingolipids have been tested for their iNKT 

cell stimulating potential. It was found that synthetic β-GalCer with a non-mammalian 

fatty-acid tail could stimulate iNKT cells (353, 354). Nevertheless, murine deficiency in 

β-linked galactose lipids does not result in iNKT cell abnormalities (355). In regard to 

β-GlcCer, cell lines deficient in β-glucose-based lipids were unable to stimulate iNKT 

cells (355), conversely when injected into mice some β-GlcCer species potently 

stimulated iNKT cells (356). The disialoganglioside GD3, a β-glucosyl 

glycosphingolipid, has also been shown to stimulate some iNKT cells (357).  

The first endogenous iNKT cell ligand to be reported was 

isoglobotrihexosylceramide (iGb3), a lysosomal glycosphingolipid of previously 

unknown function (358). Zhou et al. set out to investigate whether therefore lysosomal 

glycosphingolipids could be the endogenous ligands for iNKT cells (358). They 



	66 

observed that mice with β-hexosaminidase b, the lysosomal glycosphingolipid 

degrading enzyme (conversion of iGb4 to iGb3), deficiency (Hexb-/-) had a severe 

reduction in iNKT cells (95% on average). They also observed that thymocytes from 

Hexb-/- mice were unable to stimulate an iNKT cell hybridoma. In an in vitro 

stimulation assay with various natural products of β-hexosaminidase b activity, they 

found that only iGb3 was able to activate iNKT cells. In fact iGb3 presented by bone 

marrow-derived dendritic cells activated a variety of iNKT cell hybridomas specifically, 

irrespective of Vβ usage. However, they were unable to show iNKT cell staining using 

iGb3-loaded tetramers. Authors had themselves identified several other caveats in their 

identification of iGb3 as an endogenous iNKT cell ligand. Biochemical evidence for 

iGb3 in mouse and human was lacking – iGb3 in CD1d-bound lipids had not been 

shown, and neither had the presence of iGb3 in mouse or human tissue.  

Doubts as to whether iGb3 was a physiological ligand for iNKT cells were 

raised by studies showing reduced iNKT cell numbers in other models of 

glycosphingolipid storage disorders that did not affect the formation of iGb3, suggesting 

a defect in lysosomal function (affecting CD1d trafficking). In 2007 two groups 

published their studies. Speak et al. used highly sensitive high performance liquid 

chromatography (HPLC) and only detected iGb3 expression in murine dorsal root 

ganglion, but not in any other mouse or human tissue examined, including in DCs or in 

the thymus (359). Porubsky et al. generated mice deficient in iGb3 synthase (iGb3S-/-) 

and showed that these had normal numbers of iNKT cells in the thymus, liver and the 

spleen with comparable TCR Vβ usage to controls (360). Thus, while iGb3 is capable of 

stimulating iNKT cells in vitro, the in vivo role of this ligand has been refuted.  

Elution of CD1d-associated lipids has identified glycosphingolipids, glycerol-

based phospholipids and lysophospholipids as potential iNKT cell ligands (361-364). 

Nevertheless, most of these failed to stimulate iNKT cells. More recently, Facciotti et 

al. proposed that ether-bonded phospholipid antigens – plasmalogen 

lysophosphatidylethanolamine and ether lysophosphatidic acid – have a role in iNKT 

cell development (312). Indeed, they demonstrated that mice unable to generate 

plasmalogens have impaired iNKT cell development.  

However, that mammals are unable to synthetize α-linked glycolipids has 

recently been contested in a report by Kain et al., where the authors show that small 

amounts of α-glycosylceramides may be produced, that have been overlooked due to the 

relatively low sensitivity of lipid analytical methods (365). They show that that C24:1 
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α-GalCer is an endogenous iNKT cell ligand. They utilized two new approaches. First, 

Kain et al. developed a new probing method for commercially available β-

glucosylceramide and β-galactosylceramide structure and terminal sugar linkage using 

enzymes responsible for their digestion in cells. β-glucocerebrosidase (a catabolic 

enzyme of defined specificity) digestion of commercially available β-anomers did not 

always lead to the loss of their iNKT activating potential. They were also able to purify 

this stimulatory capacity with lectins specific for α-linked glucose. Second, they used 

the specificity of antibodies to detect subtle differences in chemical structure. Kain et al. 

observed that the stimulatory capacity of thymocytes, DCs or RBL-CD1d cells in 

culture with NKT cells or hybridoma cells was lost following blockade of CD1d. 

Furthermore, this autoreactivity was blocked with L363 antibody specific for CD1d-α-

GalCer complexes. They then purified the ligand in RBL-CD1d cells using sodium 3-

[(2-methyl-2-undecyl-1,3-dioxolan-4-yl)methoxy]-1-propanesulfonate, and by multiple 

reaction monitoring mass spectrometry determined its weight at 809.67kDa – a C24:1 

monoglycosylceramide. To determine the isomerisation, they radiolabeled the cells 

using C14-UDP-galactose followed two days later with immunoprecipitation using 

either L363 antibody or polyclonal antibodies (pAbs) specific for α-GalCer they had 

generated. When these lipid extractions were borate-impregnated to separate α and β-

anomers, and subjected and high performance thin layer chromatography, it showed that 

the radiolabelled material was α-anomeric, therefore C24:1 α-GalCer. Rather than 

disagreeing with the current paradigm of mammalian lipidome, the authors postulate 

that mammals are capable of producing α-linked ceramides through other means. They 

propose that this could occur through a number of mechanisms. First, under specific 

physicochemical conditions such as in lysozymes passive α-anomerization occurs, but 

the efforts to induce this in low pH conditions have failed. Second, ceramide glucosyl 

and galactosyl transferases are unfaithful and produce small amounts/quantities of α-

anomers. There is no evidence to substantiate that this could be occurring. Third, as yet 

unidentified enzyme catalyses the conversion from β- to α-anomer. Finally, it is 

possible that enzymes involved in the removal of the α-linked glycan could also transfer 

it to a new ceramide (366). 
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Figure 1.5. Synthetic iNKT cell ligands. α-GalCer was the first iNKT cell ligand 
identified and since then analogues capable of eliciting and skewing iNKT cell 
responses have been synthesised, including OCH and α-C-GalCer. 
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CD1d and lipid presentation 
The interaction between the iNKT cell TCR and antigen-loaded CD1d is central 

to the activation of iNKT cells. To better understand iNKT cell function in steady-state 

and in disease, as well as to harness iNKT cell therapeutic potential it is necessary to 

understand how they recognize self, microbial and synthetic lipid antigen in the context 

of CD1d specifically. This includes understanding the factors that govern the 

antigenicity of a given ligand, and how monomorphic CD1d facilitates the binding of an 

array of self-, microbial- and synthetic ligands. The type of response elicited by the 

ligands may explain the pro- and anti-inflammatory roles that iNKT cells play in 

immune responses.  

CD1d is a transmembrane protein and, like MHC class I molecules, it is non-

covalently associated with β2-microglobulin. CD1d is expressed in both mice and 

humans, while humans also express CD1a, CD1b, CD1c and CD1e (295). It is 

composed of intracellular, transmembrane and three extracellular domains designated 

α1, α2 and α3 (367). α1 and α2 helices make up the lipid antigen-binding surface of 

CD1d. 

CD1d recycles between the cell surface and the endolysosomal compartment, 

where endogenous and exogenous lipid loading occurs (368). Lipid transfer proteins 

play a role in this process. It had been reported that lysosomal trafficking of CD1d 

molecules (369) and lysosomal proteases (370) are required for endogenous lipid 

presentation. Saposins, also referred to sphingolipid activating proteins, were shown to 

play a role in lipid presentation since mice deficient in prosaposin lack iNKT cells 

(371). In addition saposins are required to bind α-GalCer to CD1d for iNKT cell 

activation (372). 

The crystal structure of synthetic α-GalCer-CD1d complexes reveals that 

hydrophobic sphingosine and acyl chains are buried within pockets formed by α1 and 

α2 helices, while the galactose head group is exposed to the aqueous environment (373, 

374). Of interest, the crystal structure of iTCR-lipid-CD1d complexes has revealed a 

different TCR binding mode, compared to TCR-peptide-MHC complexes (375). iTCR 

positioning over lipid-CD1d complexes appears to be more parallel, compared to the 

diagonal mode of conventional TCR engaging peptide-MHC. In iTCR binding, only the 

α-chain is positioned over the head group of the lipid, in contrast to both chains 

positioned to recognize the peptide in conventional TCR binding of peptide-MHC. The 

latter observation may explain the conservation of the iTCR α-chain. The lipid antigen 
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is important as it stabilises the interactions between the iTCR and CD1d. Nevertheless, 

most of the interaction that supports iTCR binding of CD1d occurs between TCR α- and 

β-chains and CD1d. Mutational analysis of iNKT cell TCR “hotspots” revealed 

comparable modes of TCR-mediated recognition for multiple different α-linked lipid 

antigens (376). Crystal structures of iTCR in complex with CD1d and Streptococcus 

pneumoniae- and Borrelia burgdorferi-derived α-linked glycerol-based lipids, revealed 

strikingly similar binding to iTCR-α-GalCer-CD1d (377, 378). Of interest, similar 

trimolecular complexes appear to be formed, even when β-linked lipids are studied 

(379, 380). The recognition of β-linked lipids by the iTCR results from the β-linked 

head group being flattened into a similar conformation to that naturally assumed by α-

anomeric counterparts. Taken together these data suggest that iTCR utilises one binding 

strategy that allows the recognition of a variety of lipid antigens.  

iNKT cell activation 
iNKT cell activation has been proposed to occur through two distinct pathways. 

Broadly, iNKT cells can be triggered through the direct TCR recognition of exogenous 

ligands in the context of CD1d, or by a combination of innate cytokines and CD1d-

loaded endogenous ligands (Fig. 1.6).  

iTCR-mediated foreign antigen recognition is not required for iNKT cell 

activation. Endogenous lipid-CD1d complexes are sufficient to activate iNKT cells, 

when PRR-induced cytokines are present. The best-studied cytokine in iNKT cell 

activation is IL-12. Potent iNKT cell IFN-γ production during in vivo Salmonella 

typhimurium infection can be induced by the combination of (1) low level endogenous 

lipid-CD1d complex stimulation of the iTCR and (2) DC-derived IL-12 that is driven by 

pathogen-recognition via TLRs (381). The ability of Salmonella typhimurium to elicit 

iNKT cell activation through effect on DCs was also confirmed in a subsequent study 

(346). In a later study of murine responses to Escherichia coli LPS, Nagarajan et al. 

reported a role for both IL-12 and IL-18 in the IFN-γ production by iNKT cells, and 

surprisingly showed that such activation could occur in the absence of TCR signals 

altogether (382). In support of TCR-independent activation, it has also been reported 

that TLR9-activated DCs can drive iNKT cell IFN-γ in a CD1d-independent, IL-12-

dependent manner in vitro (383). Furthermore, during MCMV infection, IFN-γ by 

iNKT cells was primarily driven by PRR signals and cytokines, and not iTCR 

stimulation by CD1d (383, 384).  
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Consolidating these findings, it is thus considered that pathogens expressing 

strongly activating ligands primarily stimulate iNKT cells in a cognate, while those 

expressing weakly stimulating ligands or not expressing iNKT cell ligands altogether, 

activate them in an innate, cytokine driven manner. Of note, Brigl et al. have 

subsequently shown that in iNKT cell IFN-γ production during microbial infection 

dominant role is played by innate TLR-driven IL-12, and endogenous ligand-derived 

signals (385). Together these studies have shown how iNKT cell responses to pathogens 

that do not contain TCR activating lipids can be elicited, expanding iNKT cell relevance 

in immunity. 

There have been a number of studies that have explored where iNKT cells are 

activated and exert their effector function (386-388). King et al. attempted to elucidate 

the spatiotemporal nature of each mode of iNKT cell activation using novel in situ 

tracking of iNKT cells with loaded CD1d-tetramers and cytokine reporter mice in fresh 

splenic tissue by confocal imaging (386). They used cytokine-induced activation, 

glycolipid immunization and systemic infection with Streptococcus pneumoniae. Under 

steady-state conditions iNKT cells are distributed throughout the spleen, but accumulate 

in the MZ and bridging channels following α-GalCer administration or systemic 

infection. Upon activation by IL-12 and IL-18, King et al. showed that iNKT cells 

remain widely and evenly distributed throughout the spleen. In addition, following α-

GalCer administration iNKT cells induced CD11c+ DCs to upregulate CCR7 and 

relocate to the T cell zone (386). Interestingly, despite localized cytokine production, 

non-cognate (CD1d-independent) iNKT cell-dependent mechanisms were sufficient to 

induce STAT signalling in the total B cell compartment and DC licensing across the 

spleen. This suggests that α-GalCer administration may affect lymphocytic responses by 

profoundly changing the landscape of secondary lymphoid organs.   
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Figure 1.6. iNKT cell activation modes. The two important signals in iNKT cell 
activation are (1) iTCR engagement by lipid-CD1d complexes, and (2) cytokine 
receptor stimulation. Pathogen-derived antigens can contain iNKT cell ligands that 
induce strong TCR signals (top). This mode of activation does not rely on APC-derived 
cytokines, induced by pathogen recognition through PRRs. Alternatively, pathogens 
that lack lipid antigens that strongly stimulate iNKT cells, can activate iNKT cells 
indirectly via cytokines (bottom). In most cases, the absence of lipid antigens derived 
from the pathogen still relies on iTCR engagement. This can be provided by 
endogenous CD1d-bound ligands. 
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Role of different APCs in iNKT cell activation 
As discussed above, the lipid ligands presented in the context of CD1d, 

cytokines and more broadly inflammatory signals are all needed in directing and 

conditioning iNKT cell responses. CD1d is expressed by various cells of the 

hematopoietic lineage, including B cells, DCs, and macrophages. However, it is also 

found on tissue cells, such as epithelial cells lining the gastrointestinal tract (389). 

Indeed the ability of iNKT cells to fulfil pro- or anti-inflammatory roles in immunity 

could be dictated by the instructions provided by the specific CD1d-lipid presenting 

cells. 

The murine spleen has been of particular interest in the study of iNKT cell 

activation and cellular interactions. This is driven in part by a substantial reservoir of 

iNKT cells in the murine spleen, and part by the important role of this organ in immune 

surveillance. MZ, where antigen and cells are first encountered in the spleen, acts as a 

“bottleneck” for access to lymphoid areas. MZ zone contains innate immune cells, 

including macrophages (metallophilic CD169+ and SIGN-R1+MARCO-1+) and MZ B 

cells, which enable antigen trapping/degradation and early production of antibodies, 

respectively. MZ B cells express particularly high levels of CD1d, which has been 

reported previously (390). MZ B cells were nevertheless found by Bialecki et al. to play 

an accessory role in iNKT cell activation (391). They showed that in co-culture with 

splenic and hepatic iNKT cells, α-GalCer-sensitized MZ B cells were incapable of 

promoting iNKT cell IFN-γ or IL-4 production, while they maintained their ability to 

stimulate IL-2 production form iNKT cell hybridomas. The authors explain the ability 

to activate hybridomas, but not primary iNKT cells by the fact that hybridoma 

activation can be driven by TCR-mediated signals alone, without co-stimulation. When 

unstimulated DCs were added to the α-GalCer-pulsed MZB cell cultures with iNKT 

cells, ability of MZ B cells regained potential to stimulate iNKT cell IFN-γ and IL-4. 

The authors also demonstrated that this was 50-70% dependent on DC-expression of 

CD1d, suggesting either cross-presentation of α-GalCer or self-ligand involvement. 

Indeed addition of α-GalCer-loaded MZ B cells to DC-iNKT cell cultures amplified 

iNKT cell IFN-γ and IL-4 production. When exposed to various concentrations of α-

GalCer, MZ B cell-depleted splenocytes were less able to stimulate the production of 

cytokines by iNKT cells than undepleted splenocytes in culture. Furthermore, α-GalCer-

loaded MZ B cells were able to stimulate iNKT cells upon in vivo transfer. The authors’ 

conclusion was therefore that B cells and DCs cooperate to elicit optimal iNKT cell 

activation. However, it has been shown that MZ B cells in a CD1-dependent manner, at 



	74 

least in vitro, potently activate iNKT cells (392, 393). Shin et al. show that B cells can 

induce a population of iNKT cells with an increased capacity to produce IFN-γ and 

decreased IL-4 which consequently drives a Th1 response (394). In this study the B cell 

role in skewing of the response was dependent on the expression of CD1d (394). B cell 

role in iNKT cell homeostasis and function has been shown in humans, and appears to 

be aberrant in disease (275). Reciprocally, iNKT cells can provide both direct and 

indirect help for B cell antibody production; this is discussed in the next section.  

DCs are the major population attributed with initiating iNKT cell responses to α-

GalCer (295). Steinman and colleagues have reported the ability of α-GalCer-loaded 

DCs to induce potent and sustained iNKT cell IFN-γ, compared to low level IL-4 and 

no IFN-γ induction by non-DC leukocytes (395). Furthermore, this increased IFN-γ 

production was associated with protection from B16 melanoma metastases. 

Nevertheless, the aim for the study was to compare the ability of DC-α-GalCer 

presentation to free α-GalCer to activate iNKT cells.  

Bezbradica et al. reported that in B cell deficient mice iNKT cells show an 

enhanced ability to produce IFN-γ in response to α-GalCer. In contrast, in α-GalCer-

administered DC-depleted mice both the frequency of iNKT cells expressing IFN-γ and 

the level of IFN-γ in the serum were profoundly reduced (396). More recently it has 

been shown that activation of iNKT cells by synthetic analogues of α-GalCer is 

impaired in Batf3 deficient mice (that lack a CD8α+ DC population)(397). King et al. 

observed that clodronate treatment of mice depleted approximately 1/3 of dendritic 

cells. Upon this treatment iNKT cells were unable to produce IFN-γ and less able to 

produce IL-4 in response to α-GalCer (386). The authors did not offer an explanation as 

to why residual cells were unable to, at least in part, activate iNKT cells. This loss of 

iNKT cell IFN-γ production upon DC depletion was nevertheless restored upon 

exogenous administration of IL-12 in combination with IL-18. 

It is possible that while under steady-state conditions DCs are the primary lipid-

presenting cell, B cell role increases when co-stimulatory signals are provided through a 

systemic inflammatory response.  

iNKT cell help for B cell antibody production 
The generation of high-affinity, class-switched antibodies relies critically on 

help from peptide-specific CD4+ T cells. In the past decade it has become clear that also 

iNKT cells can provide help to B cells for Ig responses.  



	 75 

iNKT cell ability to enhance humoral immunity was first reported by Galli et al. 

(398). They showed that human iNKT cells induce antibody production by autologous 

naive and memory B cells in vitro similarly to conventional CD4+ T cells. The induction 

of antibody production was CD1d-dependent and occurred even in the absence of α-

GalCer, suggesting involvement of endogenous ligands. Since then, studies have 

identified that iNKT cells provide both cognate (innate) and non-cognate (adaptive) 

help for B cells (Fig. 1.7). Depending on the type of iNKT cell help provided, the 

outcomes for B cells and ensuing antibody responses are different. 

iNKT cells that provide help to B cells acquire a phenotype similar to Tfh cells 

and are referred to as iNKTfh cells, as alluded to in the section “Generation of humoral 

responses within GCs”. These iNKT cells are CXCR5+PD-1+ICOS+Bcl-6+ and produce 

IL-4, IFN- γ, IL-21, and BAFF (161, 399).  

It has been shown in a number of murine models that iNKT cells can provide 

CD1d-mediated cognate help for B cell antibody production in vivo (392, 393, 400). 

BCR-mediated uptake of CD1d-restricted antigens as well as CD1d-expression by B 

cells is required for iNKT cell cognate help (392, 400). Provision of cognate help also 

depends on the engagement of CD40 and CD80/86 on B cells by iNKT cells, as well as 

on iNKT cell release of IL-21 and IFN-γ, but not IL-4 (393, 401). The persistence of 

antibody titres and plasma cell survival is also shown to depend on iNKT cell 

production of BAFF and a proliferation-inducing ligand (APRIL) (402).  

Non-cognate help refers to CD1d-lipid presentation by DCs to iNKT cells that 

results in DC licensing for enhanced antigen-presenting capacity (403). These DCs are 

then able to activate conventional T cells to acquire a Tfh phenotype for provision of 

help to B cells. In this case, antigen is presented by B cells to Tfh cells in the context of 

MHC class II.  

The two modes of help generate different outcomes (404). Upon receiving 

cognate help, iNKT cell stimulated B cells produce high quantities of IgM as well as 

early class-switched antibodies. This robust primary response is associated with the 

formation of plasmablast foci and short-lived GCs, and lacks SHM/affinity maturation. 

This is a transient response that does not generate memory. Non-cognate help leads to 

GC formation, plasma cells and memory B cell induction, affinity maturation and class-

switching. 

In addition to enhancing antibody responses, iNKT cells also act to curtail them, 

which may be important in the context of inflammatory and autoimmune disease. It has 
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been shown that in IL-18-driven sterile inflammation, associated with self-reactive 

antibody production, neutrophil accumulation leads to the CD1d-dependent induction of 

FasL on iNKT cells (405). FasL then acts to inhibit autoantibody producing CD1d+ B 

cells.  
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Figure 1.7. iNKT cells provide cognate and non-cognate help for B cell antibody 
responses. Upon recognition of CD1d-lipid complexes on B cells iNKT cells provide 
co-stimulation including via CD40-CD40L and CD80/86-CD28, as well as cytokines, 
such as IFN-γ and IL-21, that lead to antibody production (top). This cognate help leads 
to robust antibody production, but does not generate memory. Alternatively, iNKT cells 
through CD1d licence DCs to be more effective APCs and activate T cells (bottom). 
These T cells then interact with B cells to generate antibody production. This non-
cognate iNKT cell help leads to memory induction.  
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iNKT cells in the regulation of inflammatory and autoimmune disease 
iNKT cells are important in the protection from pathogens and enhancement of 

anti-tumour immunity (295). The investigation of the role that iNKT cells play in the 

modulation of immune responses was prompted by recognition of their ability to 

produce regulatory cytokines (284). iNKT cell numerical deficiencies and functional 

defects have been reported in animal models of spontaneous autoimmunity (406, 407) 

and in patients with SLE (275, 408, 409), RA (408-410), MS (411) and IBD (409). 

Although mice deficient in iNKT cells, namely Jα18-/- and Cd1d-/- fail to develop 

spontaneous autoimmunity, aged Jα18-/- mice develop lupus-like nephritis (412). iNKT 

cell role and the mechanism by which they may function in various disease models and 

in human disease has generated a substantial amount of research, which is discussed 

below. Finally, iNKT cell capacity to both positively and negatively regulate immune 

responses has more recently been attributed to the existence of specialized subsets; the 

subsets ascribed with regulatory properties will also be discussed. 

Type I diabetes mellitus (TIDM) 

In NOD mice, iNKT cell numbers inversely correlate with disease incidence 

(407). NOD mice crossed with Cd1d-/- mice develop an exacerbated disease compared 

to control NOD mice (413, 414). Experimental strategies, which increase the number of 

iNKT cells in various experimental models, demonstrate an improved level of 

protection against the development of autoimmunity, including diabetes in NOD mice. 

Adoptive transfer of syngeneic DN thymocytes enriched for iNKT cells prevent 

diabetes in NOD mice (415). Vα14Tg NOD mice, which have increased numbers of 

iNKT cells, are protected from developing diabetes compared to the non-transgene 

NOD control mice. Protection from diabetes is observed upon treatment of NOD mice 

with the prototypical iNKT cell agonist, α-GalCer (407, 414, 416-418), as well as with 

OCH (419) and the α-GalCer analogue C20:2 (420). Unlike in mice, where the role of 

iNKT cells in the protection from diabetes is established, translation in humans has 

proven to be more complex. Two original studies showed deficiency in iNKT cell 

number or function in patients with TIDM (421, 422), however these findings were not 

reproduced in other cohorts of patients (304, 423-427). One potential explanation for 

the discrepancies observed in the human studies could be that iNKT cell defect is 

observed in peripheral lymphoid tissues and not in the blood of NOD mice compared to 

non-autoimmune strains (428). Indeed, an iNKT cell functional defect in cytokine 

secretion has been reported in the pancreatic lymph nodes of TIDM individuals (429).  
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It has been reported that diabetes in humans and in NOD mice is Th1 driven, 

with associated inability to mount a Th2 response (430-436). Initial data suggested that 

the production of IL-4 by iNKT cell was pivotal in skewing pathogenic Th1 towards a 

protective Th2 response. This hypothesis is supported by increased IL-4 production in 

Vα14Tg mice (437) and correlation of increased IL-4 levels in the periphery with 

protection from diabetes observed in NOD Vα14Tg (438). 

Transfer of diabetogenic BDC2.5 CD4+ T cells, isolated from BDC2.5 NOD 

mice, into recipient NOD mice induces diabetes (439, 440). In this model, iNKT cells 

provide protection as Vα14Tg NOD mice present reduced disease incidence compared 

to control NOD mice lacking iNKT cells. In addition, when BDC2.5 CD4+ T cells are 

co-transferred with CD5+ T cells from Vα14Tg NOD mice, the iNKT cell deficient 

mice are protected against diabetes. However, the protection in Vα14Tg mice is 

associated with pathogenic T cell anergy rather than differentiation of a Th2 response. 

CD4+ T cell production of IFN-γ, IL-2, IL-4 and IL-10, as well as their proliferation are 

inhibited in Vα14Tg compared to control iNKT cell deficient mice (440). More in depth 

analysis of the suppressive effect of iNKT cells shows that that protection provided by 

iNKT cells does not require functional IL-4, IL-10, IL-13 or TGF-β, but is dependent on 

cell-to-cell contact (441). Elucidation of how iNKT cells may regulate diabetes 

induction was provided in a co-transfer model. When diabetogenic BDC2.5 CD4+ T 

cells are co-transferred with normal NOD splenocytes from young mice, the 

development of diabetes is prevented (442). The absence of disease is dependent on 

iNKT cell production of IFN-γ, as iNKT cells from IFN-γ-deficient mice were unable to 

mediate regulation. Of note, IFN-γ production by iNKT cells is impaired in NOD mice 

(443). In addition, α-GalCer-iNKT cell-mediated protection from diabetes in NOD mice 

requires the presence of FoxP3+CD4+ Treg (444). However, whether or not Tregs are 

implicated in the iNKT cells mediated suppression remains to be fully ascertained as the 

activation of iNKT cells does not alter the frequency, phenotype or regulatory function 

of Tregs either in vitro or in vivo (417, 444). 

RA 

Human studies in RA patients consistently report that iNKT cell numbers in the 

peripheral blood of RA patients are reduced compared to healthy individuals (408-410). 

Nevertheless, experiments in animal models have produced inconsistent results. The 

role of iNKT cells in arthritogenic inflammation fluctuates between pathogenic and 

protective, depending on the experimental system and mouse strain used. In CIA, 
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disease is less severe in iNKT cell deficient Jα18-/- mice and ameliorated upon CD1d-

blockade (445). It was also reported that in two antibody-induced arthritis models 

(K/B×N serum transfer and anti-CII antibody-induced) disease was less severe in Jα18-/- 

and Cd1d-/- compared to WT mice. Nevertheless, administration of α-GalCer or OCH 

has been shown to inhibit CIA (446-448). Interestingly, in one of the studies, α-GalCer 

administration was shown to be associated with increased frequency of IL-10+CD4+ 

cells in the lymph node, and α-GalCer effects were abrogated by anti-IL-10 receptor 

antibody, implicating IL-10 in suppression mediated by α-GalCer (448). More recently, 

it has been published that iNKT cells play a protective role in arthritis as in Cd1d-/- mice 

both CIA and AIA are more severe (449). In the latter study it was proposed that there 

is a skew towards arthritogenic Th1 type responses in the absence of iNKT cells as 

authors observed a specific increase in IFN-γ production by T cells.  

SLE 

 Similarly to experimental arthritis, investigation of iNKT cell role in lupus has 

not always provided consistent results. Thus, lupus is ameliorated in (NZB×NZW)F1 

mice by anti-CD1d treatment (450, 451) and disease could be transferred by 

NK1.1+CD3int T cells from diseased to healthy (NZB×NZW)F1 mice (452). α-GalCer 

treatment exacerbates nephritis and reduces survival (450, 452), but ameliorates 

dermatitis in MRL/lpr mice (453). Taking into account that MRL/lpr, C3H/gld and 

(NZB×NZW)F1 have reduced iNKT cell numbers (453-455), it is suggested that in 

murine lupus iNKT cells are protective before disease onset and pathogenic following 

initiation. It has been demonstrated that iNKT cells can play a protective role in limiting 

autoantibody response in a model, in which autoantibody production was induced by 

repeated injections with syngeneic apoptotic cells, which leads to an acute lupus-like 

disease (456). The absence of iNKT cells or disruption of their interaction with CD1d-

expressing B cells leads to increased autoreactive B cell activation and exacerbation of 

disease. This suppression is mediated before B cell entry into GCs. Research from our 

laboratory has confirmed observations of reduced iNKT cell numbers in the peripheral 

blood of patients with SLE (275, 408, 409). Furthermore, iNKT cell homeostasis and 

activation appear to be regulated by CD1d-expressing immature B cells. In patients with 

active disease where there is a recycling defect of CD1d specifically on B cells, iNKT 

cells fail to produce IFN-γ upon activation (275). In patients responding to B cell 

depletion therapy, iNKT cell homeostasis and activation are normalized upon B cell 

repopulation; immature CD1dhi B cells correlate with increased iNKT cell frequency in 

patients responding to therapy.  
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EAE 

In Vα14Tg NOD mice that are protected form EAE compared to the non-

transgene NOD controls, protection has been shown to be independent of iNKT cell 

production of IL-4 (457). IL-4-deficient Vα14Tg NOD mice are still protected from 

EAE. Of note, IFN-γ+granzyme B+ iNKT cells infiltrate the CNS in this model (458). 

Protection in EAE appears to be mediated through inhibition of Th1 and Th17 

responses (458). Through apparently similar mechanisms employed by iNKT cells in 

suppression of autoimmunity in NOD mice, iNKT cells display immunomodulatory role 

in experimental autoimmune uveitis (EAU). α-GalCer-iNKT cell mediated protection 

was associated with reduced Th1/Th17 responses and was abolished by the systemic 

IFN-γ neutralization (459). Thus further suggesting that iNKT cells producing IFN-γ 

play a protective role in autoimmunity.  

Specialized iNKT cell subsets in immunomodulation 

More recently, specialized iNKT cell subsets that are regulatory in 

autoimmunity or inflammation have been identified. IL-10 producing NKT10 cells have 

been shown to be induced by repeated administration of α-GalCer (460). These cells 

impaired anti-tumour immunity and ameliorated EAE in an IL-10-dependent manner. 

iNKT cell activation with α-GalCer leads to amelioration of disease. This is associated 

with the emergence of a FoxP3+ iNKT cell population in the cervical lymph nodes, 

which was critically dependent on TGF-β (461). These cells had similar PLZF mRNA 

levels to their non-FoxP3+ iNKT cell counterparts. Adipose tissue E4BP4+PLZF- iNKT 

cells produce IL-10 and IL-2 modulating obesity-associated immune activation (462). 

These iNKT cells suppress pro-inflammatory phenotype in macrophages and control the 

proliferation and suppressive function of Tregs.  
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Antigen-induced arthritis 
Antigen-induced arthritis (AIA) is T cell-driven delayed type hypersensitivity 

disease model that aims to mimic the pathology observed in RA (463). It reproduces 

multiple characteristics of RA, including immune complex deposition in the cartilage, 

cartilage and bone erosion, as well as immune cell infiltration of the synovial tissue 

(463).  

The model was developed in rabbits by Dumonde and Glynn in 1962 and relied 

upon their assumption that repeated antigen injections were required to initiate 

pathogenesis (464). AIA is dependent on local antigen administration in a pre-

immunized animal (463, 464). Among antigens, OVA, bovine serum albumin (BSA) 

and fibrin have been exploited (463, 464). Antigen retention in the avascular 

collagenous structures of the joint occurs either through charge- or antibody-mediated 

mechanisms (465, 466). While antibody-mediated trapping occurs in rabbits, it does not 

appear to significantly contribute to antigen retention in mice (463). Nevertheless, 

antigen retention can be achieved through the use of cationic antigens (467, 468). As 

such, methylated BSA (mBSA) is used as the antigen in mice due to its cationicity 

(463). 

The murine model of AIA was first described in 1977 (469). Arthritis is initiated 

by the injection of antigen directly into the joint of a mouse pre-immunized with 

complete Freund’s adjuvant (CFA) (463). The disease is unilateral, which enables the 

assessment of disease severity clinically and immunologically through the comparison 

of contra-lateral joints in the same animal (463). Similarly, the disease incidence is 

100% and the onset is defined – in mice swelling of the joint can be detected within the 

first 24 hours after local administration of antigen. These features are in contrast to 

classical arthritis models, such as the most commonly used collagen-induced arthritis 

(polyarthritis with disease onset 21-28 days following immunization and disease 

incidence 80-100% in DBA/1 mice) (470). 

The dominant role for T cells using adoptive transfer experiments in athymic 

nude mice was established upon description of AIA in mice (469). A T cell role in 

driving pathogenesis of AIA was further shown in experiments in which lymphocytes 

from pre-immunized animals were able to transfer disease to susceptible C57BL/6 mice 

(471). This disease-inducing capacity was enhanced in B cell-depleted lymphocytes and 

diminished upon anti-Thy-1 treatment of lymphocytes (471). It was found that while 

oligogenic, the high responder state to antigen and susceptibility to AIA was primarily 
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determined by T cells (472). That the T cells driving arthritis were CD4+ was 

demonstrated by Petrow et al. who showed that in SCID mice in which transfer of 

lymphocytes is able to transfer disease, CD4+ T cell-, but not CD8+ T cell-depletion 

abrogated this effect (473).  

While chronicity was not induced in our model, it is driven by antigen retention 

and the destruction of the cartilage is greater with high antibody titres (463). Flares are 

also T cell-driven and mBSA specific (474-476) and can be induced through repeated 

administration of low dose antigen either locally or systemically (463). Bordetella 

pertussis boosting of the immune response can enhance the generation of antibodies, 

and thus cartilage erosion (463); this has been reported to be due to IL-23-driven 

enhancement of a Th1 response. In exacerbations during flares, IL-1 drives cartilage 

pathology (477). T cell-driven IL-17 has been shown to regulate the pathogenic IL-1 

and TNF-α levels in the synovial washouts during flares and the authors were able to 

ameliorate flare pathology by IL-17 neutralization (478).  

To summarize the experimental procedure, mice are sedated under isoflurane 

and mBSA emulsified in CFA is administered subcutaneously. The injection of mBSA 

is made under the patellar ligament one week later (463). The control knee is injected 

with equivalent volume of PBS without the antigen. Symmetric butterfly-like swelling 

develops around the mBSA-injected joint. In our experiments, peak swelling occurs on 

days 1-3 following intra-articular injection, and mice enter remission between days 5 

and 7. Matrix proteoglycans have been reported to be severely depleted at day 7 

following disease induction (463). 
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Chapter II: Materials and Methods 

Mice 
C57BL/6 mice were from Harlan Laboratories (now Envigo Laboratories). µMT 

(184), Cd1d-/- (479), Il10-/- (480) mice were from The Jackson Laboratory. CD11c-DTR 

(481) mice were provided by C. Bennett, University College London, UK. Jα18-/- (307) 

mice were provided by A. Karadimitris, Imperial College London, UK. Il10ra-/- mice 

were provided by W. Muller, University of Manchester, UK.  IL-10 transcriptional 

reporter (Vert-X) mice were provided by C. Karp, Bill & Melinda Gates Foundation 

(203). All mice were on C57BL/6 background. Mice were age- and sex-matched, and 

used at 6-12 weeks of age. Mice were bred and maintained at the animal facility at 

University College London. All experiments were approved by the Animal Welfare and 

Ethical Review Body of University College London and authorized by the United 

Kingdom Home Office. 

Induction of antigen-induced arthritis (AIA) and administration of α-GalCer 
AIA was induced as previously described (197, 247). Briefly, mice were 

immunized subcutaneously at the tail base with 200µg methylated bovine serum 

albumin (mBSA, Sigma-Aldrich) in 200µl CFA and phosphate-buffered saline (PBS, 

Sigma-Aldrich). 3mg/ml CFA was prepared by mixing of Mycobacterium tuberculosis 

(Difco) in IFA (Sigma-Aldrich). After 7 days, mice received an intra-articular injection 

of 200µg mBSA in 10µl PBS in the right knee or PBS alone as a control in the left knee. 

Joint size was measured using POCO 2T calipers (Kroeplin Längenmesstechnik), and 

swelling was calculated as percentage increase in size between antigen- and control-

injected knee. When treated with α-GalCer (Enzo Life Sciences), mice received an 

intraperitoneal (i.p.) injection of 2µg α-GalCer in 200µl 0.5% DMSO (Sigma-Aldrich) 

in PBS at the time of the intra-articular injection, unless otherwise indicated. As a 

control, a separate group of mice were treated with 200µl 0.5% DMSO in PBS.  

B cell depletion 
For B cell depletion, mice were treated intraperitoneally with 200µg anti-CD20 

(5D2, Genentech) in 200µl PBS, or isotype control antibody in PBS, on days -21, -14 

and -7 prior to intra-articular injection to induce AIA.  

CD11c+ cell depletion 
CD11c-DTR mice were treated intraperitoneally with 100ng diphtheria toxin 

from Corynebacterium diphtheriae (Sigma-Aldrich) in 200µl PBS, or PBS alone as 
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control, as previously described (482), at the time of intra-articular injection to induce 

AIA, and 8 hours prior to α-GalCer or vehicle administration. 

MZ B cell depletion 
For MZ B cell depletion, mice were treated intraperitoneally with 100µg of each 

anti-CD11a (M17/4, eBioscience) and anti-CD49d (cR1-2, BioLegend), or isotype 

control antibodies, as previously described (483, 484), 16 hours prior to intra-articular 

injection to induce AIA.  

In vivo IFN-γ neutralization 
For IFN-γ neutralization, mice were treated intraperitoneally with 200µg of anti-

IFN-γ (XMG1.2, BioXCell) in 200µl PBS, or isotype control antibody in PBS 2 days 

prior to intra-articular injection, and at day 0 of and 2 days post intra-articular injection 

with mBSA as previously described (459). 

Cell preparation 
Spleens and livers were collected in complete RPMI-1640 with L-glutamine and 

NaHCO3 (cRPMI, Sigma-Aldrich) with 1:10 FBS (Biosera), 1:100 Penicillin (10’000 

units/ml)/Streptomycin (10mg/ml) (Sigma-Aldrich) and 1:1000 50mM 2-

Mercaptoethanol (Gibco, Invitrogen). Single cell suspensions were obtained by 

dissociating tissue through 70µM cell strainers (BD Biosciences), and erythrocytes in 

spleens lysed using Red Blood Cell (RBC) Lysis buffer (Sigma-Aldrich). For the 

isolation of liver mononuclear cells, Percoll (Amersham Biosciences) 30%/70% 

gradient was used. Briefly, following extensive washes, liver homogenates were 

resuspended in 30% Percoll in RPMI-1640 and layered on 70% Percoll in PBS. 

Following centrifugation, the pellet was recovered. Following washes, RBCs were 

lysed.  

Generation of mixed BM chimeric mice  
Mixed BM chimeric mice were generated as previously described (194, 197, 

266). Briefly, recipient WT mice received 8Gy γ-irradiation via a caesium source. Five 

hours following irradiation, recipients were administered 107 donor BM cells. To 

restrict genetic deficiency of CD1d or IL-10 to B cells, lethally irradiated WT mice 

were reconstituted with a mixture consisting of 80% BM from µMT mice and 20% BM 

from Cd1d-/- or Il10-/- mice. Control mice received 80% BM from µMT mice and 20% 

BM from WT mice. The efficiency of irradiation of WT mice was confirmed by the 

absence of B cells in mice reconstituted with 100% µMT BM. Chimeric mice were left 

to reconstitute for at least 8 weeks prior to use in AIA experiments.  
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Adoptive transfer  
T2-MZP B cells were isolated from the spleens of Jα18-/-, Cd1d-/- or WT mice 

on day 7 post-disease onset by FACS (Figure 2.1). iNKT cells were isolated from the 

spleens of WT mice on day 3 following α-GalCer treatment by FACS (Figure 2.1). 

2×106 T2-MZP B cells or iNKT cells were then transferred intravenously (i.v.) to Cd1d-

/- and WT, or µMT and WT mice respectively, immediately following induction of 

arthritis. The control group received a Hanks’ Balanced Salt Solution (Sigma-Aldrich) 

injection. 

Flow cytometry and cell sorting  
Single-cell suspensions were incubated with FcR blocking reagent for mouse 

(Miltenyi Biotec) prior to staining with specific antibodies (Table 1) and CD1d 

tetramers. CD1d tetramers were conjugated to PE, AF488, APC and AF647 and loaded 

with PBS57 or left unloaded, and were obtained from the National Institutes of Health 

Tetramer Core Facility. Tetramer staining was carried out prior to surface antibody 

staining. All staining was performed at 4°C for 30 minutes as described previously 

(197, 204, 247, 266, 274). For transcription factor and Ki-67 staining, cells were fixed 

and permeabilized using Foxp3/Transcription Factor Staining Buffer Set (eBioscience) 

according to manufacturer’s instructions. For the detection of IFN-γ and IL-17, cells 

were stimulated for 5 hours in cRPMI with 50ng/ml PMA and 250ng/ml ionomycin 

(both Sigma-Aldrich). For the detection of IL-10, cells were stimulated for 5 hours in 

cRPMI with 100ng/ml PMA and 1000ng/ml ionomycin. Protein Transport Inhibitor 

(either containing brefeldin A or monensin, both from BD Biosciences) was added 

during stimulations according to manufacturer’s instructions. Cells were then stained 

for surface markers, fixed and permeabilized using Intracellular Fixation & 

Permeabilization Buffer Set (eBioscience) according to manufacturer’s instructions. 

Dead cells were excluded with LIVE/DEAD Fixable Dead Cell Stains or DAPI (both 

Invitrogen). Flow cytometry was performed on LSRFortessa, LSRFortessa X-20, LSRII 

and cell sorting on FACSAria cell sorter (all BD Biosciences). Data were analysed 

using FlowJo (Treestar). 

Immunofluorescence  
Spleens were harvested and embedded in O.C.T compound (Tissue-Tek) and 

snap-frozen in liquid nitrogen for cryosectioning. Tissue was cut into 6µm sections. 

Sections were then fixed with 100% ethanol for 5-10 min (4°C), followed by 

rehydration in PBS for 5 min (4°C). The sections were blocked with 10% normal goat 

serum for 20 min at room temperature (RT), then rinsed with PBS. The tissues were 
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incubated with primary antibodies for 1 hour at RT and then washed 3X in PBS (2 min 

each wash). When secondary antibodies were used, the tissue was further incubated 

with the secondary antibody for 1 hour at RT, again followed by 3 washes in PBS (2 

min each wash). The slides were finally mounted in Prolong Antifade Mountant with 

DAPI (Thermo Fisher), imaged on a Leica SPE confocal microscope using LAS X 

software and analysed using Fiji (ImageJ). 

Visualising CD1d and lipid raft co-localisation by ImageStream 
Splenocytes were stained ex vivo as described for flow cytometry. Following 

this, cells were stained with cholera toxin B subunit (CTB)-FITC (Sigma-Aldrich). 

Cells were then washed in PBS, and incubated with goat anti-CTB pAb (Merck) in the 

dark for 20 min (4°C), before transferring to an incubator (37°C) for 20 min to induce 

clustering of CTB. Following washes and fixing, cells were imaged on ImageStreamX 

(Merck). Analysis was performed using IDEAS (Merck).   

In vitro B cell culture  
Splenic B cells were negatively purified (>95%) by magnetic separation using 

CD43 (Ly-48) microbeads (Miltenyi Biotec) and cultured for 72 hours with 10µg/ml 

mBSA, 10µg/ml anti-CD40 (FGK4.5, BioXCell) or mBSA with anti-CD40. 

Supernatants from cell cultures were harvested and IL-10 was measured using mouse 

IL-10 DuoSet ELISA (R&D Systems) according to manufacturer's instructions. 

In vitro iNKT cell suppression assay  
Splenic iNKT cells from arthritic µMT and WT mice were sorted by FACS 16 

hours following α-GalCer treatment. iNKT cells were then co-cultured 1:1 with 

CD4+CD25- T cells, isolated from the spleens of WT mice by magnetic separation 

(Miltenyi Biotec), for 72 hours in the presence of 0.5µg/ml plate-bound anti-CD3 (145-

2C11, BD Biosciences). PMA, ionomycin and Protein Transport Inhibitor were added 

for the last 6 hours of culture. Following stimulation cells were analysed for the 

expression of IFN-γ by flow cytometry. 

In vitro B cell suppression assay  
B cells were isolated from the spleens of WT, Jα18-/- and Cd1d-/- mice on day 7 

post AIA induction followed by stimulation with 10µg/ml anti-CD40 in cRPMI for 5 

hours. B cells were then co-cultured 1:1 with CD4+CD25- T cells, isolated from the 

spleens of WT mice by magnetic separation (Miltenyi Biotec), for 72 hours in the 

presence of 0.5µg/ml plate-bound anti-CD3 (145-2C11, BD Biosciences). PMA, 

ionomycin and Protein Transport Inhibitor were added for the last 6 hours of culture. 



	88 

Following stimulation cells were analysed for the expression of TNF-α by flow 

cytometry. 

In vitro B cell and dendritic cell depletion 

Splenocytes were negatively depleted of B cells (CD19) or dendritic cells 

(CD11c) by FACS and stimulated with IL-2 (80U/ml) in the presence of 100ng/ml α-

GalCer for 48 hours.  

RNA sequencing  
Splenic iNKT cells from B-Cd1d-/- and B-WT mice that received α-GalCer or 

vehicle as control were sorted by FACS. Sorted cells were >95% pure. Total RNA was 

isolated using PicoPure RNA Isolation Kit (Applied Biosystems) according to 

manufacturer’s instructions. cDNA was synthesized and amplified using SMARTer v4 

Ultra Low Input Kit (Clontech). 200pg of amplified cDNA was then converted to 

sequencing library using the Nextera XT Kit (Illumina, 12 cycles of PCR). Samples 

were individually indexed during library preparation, which allowed pooling and 

sequencing on the Illumina NextSeq 500 platform (43bp paired end). An average of 

18M read pairs was obtained for each sample. Reads were adapter trimmed (FASTX-

Toolkit) and aligned to the Mus musculus genome (mm10) using Tophat v2.0.7.  

Bioinformatics analysis of RNA-seq data 
Differential expression analysis was performed using the edgeR algorithm (485) 

under default settings. Genes with false discovery rate (FDR) values <0.05 were 

considered to be differentially expressed. Significantly over-represented pathways were 

identified using Signaling Pathway Impact Analysis (SPIA) (486). Kyoto Encyclopedia 

of Genes and Genomes (KEGG) Pathways database (487) was used as reference, whilst 

full mouse genome was used as background for enrichment. 

Statistical analysis 

All data are expressed as mean±s.e.m. Replicates were biological replicates. 

Clinical scoring was performed blinded. Mice were assigned to treatment groups at 

random for all mouse studies and, where possible, mixed among cages. Groups were 

compared with two-tailed Student’s t-test (2 groups), one-way analysis of variance 

(ANOVA) (≥3 groups) or two-way ANOVA (clinical data and other instances, when 

two factors were compared between groups simultaneously) followed by Bonferroni 

post-test with Prism (GraphPad). Data distribution, and variance between groups were 

considered before statistical comparison. Data followed Gaussian distribution with 

similar variance between groups that were compared. Careful consideration was given 
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to calculate the group sizes needed to give statistically significant results, while using 

the minimum number of mice possible. Experimental group sizes were decided after 

consultation with a statistician at UCL. For in vivo studies, power calculations were 

based on data showing mean maximum WT arthritic knee swelling of 2.00mm with a 

standard deviation of 0.39mm, and an expected test group arthritic knee swelling of 

±0.6mm compared to control group depending on the experiment. Group sizes of 5 or 

above were sufficient to reach a statistical power of at least 80%. Further, experiments 

were performed independently in triplicate to control for experimental variation.  

 

 
Figure 2.1. Gating strategy and purity for iNKT cell, Fo, MZ and T2-MZP B cell 
transfer experiments. (A) Representative flow cytometry plots showing iNKT cells 
prior to flow cytometry sorting (left) and purity following sorting (right). (B) 
Representative flow cytometry plots showing B cell subsets prior to flow cytometry 
sorting (top) and purity of indicated subsets following sorting (bottom).  
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Antibody Clone Source 

CD3-BUV395 145-2C11 BD Biosciences 

CD3-PerCPCy5.5 17a2 BioLegend 

CD4-BV711 RM4-5 BioLegend 

CD8a-PECy7 53-6.7 BioLegend 

NK1.1-BV421 PK136 BioLegend 

NK1.1-PE PK136 BD Biosciences 

CD19-PECy7 1D3 BD Biosciences 

CD19-PE 1D3 BD Biosciences 

CD19-BV785 6D5 BioLegend 

CD21-FITC 7G6 BD Biosciences 

CD21-APC 7G6 BD Biosciences 

CD21-PerCPCy5.5 7E9 BioLegend 

CD23-PE B3B4 BD Biosciences 

CD23-BV605 B3B4 BD Biosciences 

CD23-PECy7 B3B4 BioLegend 

CD24-PerCPCy5.5 M1/69 BD Biosciences 

CD24-APC M1/69 BD Biosciences 

CD24-BV421 M1/69 BioLegend 

CD1d-PE 1B1 BD Biosciences 

CD1d-PerCPCy5.5 1B1 BioLegend 

CD1d-BV510 1B1 BD Biosciences 

CD5-AF647 53-7.3 BioLegend 

CD5-PE 53-7.3 BD Biosciences 

IgD-PerCPCy5.5 11-26c.2a BioLegend 

IgD-BV510 11-26c.2a BioLegend 

IgD-BV711 11-26c.2a BioLegend 

IgM-APCCy7 RMM-1 BioLegend 

IgM-FITC RMM-1 BioLegend 

B220-BUV395 RA3-6B2 BD Biosciences 

CD11b-APC M1/70 BioLegend 

CD11b-APCCy7 M1/70 BioLegend 

CD11b-BV711 M1/70 BioLegend 

CD11c-PECy7 N418 BioLegend 

CD11c-FITC N418 BioLegend 
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I-A/I-E-PerCPCy5.5 M5/114.15.2 BioLegend 

F4/80-BV605 BM8 BioLegend 

F4/80-APC BM8 eBioscience 

Ly6C-BV785 HK1.4 BioLegend 

Ly6G-BV421 1A8 BioLegend 

Ly6G-BV605 1A8 BioLegend 

Siglec F-PE E50-2440 BD Biosciences 

CD25-BV510 PC61 BioLegend 

CD25-FITC PC61 BioLegend 

CD25-PerCPCy5.5 PC61 BioLegend 

CD69-PECy7 H1.2F3 BioLegend 

CXCR5-PerCPCy5.5 L138D7 BioLegend 

PLZF-PE Mags.21F7 eBioscience 

PLZF-PECy7 9E12 BioLegend 

PLZF-PerCPCy5.5 9E12 BioLegend 

Ki-67-PE B56 BD Biosciences 

Ki-67-PECy7 B56 BD Biosciences 

T-bet-PE eBio4B10 eBioscience 

T-bet-eFluor660 eBio4B10 eBioscience 

GATA3-AF647 16E10A23 BioLegend 

IL-10-PE JES5-16E3 BioLegend 

IFN-γ-APC XMG1.2 BD Biosciences 

IFN- γ -FITC XMG1.2 BD Biosciences 

IL-17A-PE TC11-18H10.1 BioLegend 

IL-17-AF647 eBio17B7 eBioscience 

TNF-α-APC MP6-XT22 eBioscience 

TNF-α-PE MP6-XT22 BD Biosciences 

Table 1. Antibodies used for flow cytometry and cell sorting. 
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Chapter III: Results I 

As discussed in the introduction, the administration of the prototypical iNKT 

cell agonist α-GalCer has been shown to induce suppression of immune responses in 

various models of inflammatory and autoimmune diseases (284, 407, 488). 

Nevertheless, the contribution of different CD1d-expressing cells to α-GalCer-driven 

modulation of immunity has remained relatively unexplored.  

A numerical deficiency in iNKT cells is observed in various autoimmune 

conditions (275, 408-411). The role of CD1d expression on B cells for the maintenance 

of iNKT cells as well their functional characteristics in human peripheral blood has 

previously been demonstrated (275). It was shown that the interaction between B cells 

and iNKT cells was perturbed in patients with SLE due to a defect in CD1d recycling 

on B cells. CD1d expression on B cells was normalized in patients responding to anti-

CD20 treatment, and iNKT cell responses reversed to healthy control levels. This 

correlated B-iNKT cell interaction to suppression of autoimmune responses.  

In this chapter we confirm that α-GalCer is suppressive in AIA and explore the 

specific requirement for B cells and CD11c+ DCs for this effect. We show that B cells 

are responsible for the immunomodulatory effect following in vivo α-GalCer 

administration. This is associated with the ability of B cells to regulate the expression of 

the master regulator of iNKT cell development and function, PLZF, as well as IFN-γ. 

We also demonstrate that DCs are instead required for iNKT cell expansion in vivo. We 

show the different roles of B cells and DCs in iNKT cell activation in response to α-

GalCer in vitro. While depletion of B cells from splenocytes resulted in lower PLZF 

and IFN-γ expression, DCs in turn had superior ability to induce iNKT cell expression 

of CD25 and CD69 activation markers. 
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B cells mediate α-GalCer-iNKT cell dependent amelioration of arthritis 
To address the role that B cells play in α-GalCer-iNKT cell-driven amelioration 

of arthritis, B cell deficient (µMT) and WT mice were immunized with methylated 

bovine serum albumin (mBSA) in CFA, followed by an intra-articular injection of 

mBSA at day 7 in the right knee or PBS alone as a control in the left knee. Mice were 

treated with α-GalCer (to promote interactions with CD1d-expressing cells) at the time 

of intra-articular injection of mBSA. α-GalCer treatment suppressed the development of 

arthritis in WT whilst it failed to inhibit disease in µMT mice (Fig. 3.1A). In response to 

α-GalCer we observed an equal increase in the frequencies and absolute numbers of 

iNKT cells in the spleen (Fig. 3.1B). Analysis by flow cytometry revealed that splenic 

iNKT cells from both α-GalCer treated µMT and WT mice expressed comparable levels 

of Ki-67, suggesting that α-GalCer-driven proliferation of iNKT cells was normal in the 

absence of B cells (Fig. 3.1C).  

iNKT cell expansion in response to α-GalCer also occurred in the liver, the 

mBSA-injected joint-draining inguinal LN as well MLN of µMT and WT mice (Fig. 

3.2, A,B, and C, respectively). Comparing the α-GalCer-treated groups, the frequency 

of iNKT cells was significantly lower in the MLN of µMT mice (Fig. 3.2C). Albeit not 

significantly, in the vehicle-treated µMT mice the frequency of iNKT cells in the MLN 

was also lower than in the vehicle-treated WT mice. Therefore, it is likely that B cells 

play a role in the iNKT cell maintenance in steady-state rather than in iNKT cell 

expansion in response to α-GalCer. It can thus be concluded that iNKT cell expansion 

in response to α-GalCer is normal in the absence of B cells. 

It has been previously shown that the BTB-ZF transcriptional regulator PLZF, is 

responsible for the innate-like effector phenotype of iNKT cells and rapid cytokine 

production, including IFN-γ (320, 321), which has also been associated with iNKT cell 

suppressive function (442, 458, 459, 489, 490). We observed that in the absence of B 

cells, splenic iNKT cell ability to up-regulate the expression of PLZF and IFN-γ in 

response to α-GalCer was significantly impaired compared to WT mice (Fig. 3.3, A and 

B). This is in contrast to the liver where α-GalCer-induced iNKT cells expressed 

comparable levels of PLZF and IFN-γ in µMT and WT mice (Fig. 3.3, C and D). We 

could not detect FoxP3+ or E4BP4+iNKT cells, previously ascribed with regulatory 

function in the lymph nodes and adipose tissue, respectively (462, 491), in the spleens 

of mice treated with α-GalCer. Of note, iNKT cell activation leads to the 

downregulation of the iTCR (492), and thus the inability to detect and interrogate the 
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entire iNKT cell population at early time-points constitutes an important limitation in 

our assays. 

 

 
Figure 3.1. α-GalCer-iNKT cell-dependent amelioration of arthritis requires B 
cells. (A) Mean clinical score of wild-type (WT) mice (left) and µMT mice (right) that 
received α-GalCer or vehicle alone following induction of arthritis. Y axis shows 
percentage swelling in antigen-injected knee compared to control knee (µMT±α-GalCer 
n=14 per group, WT±α-GalCer n=20 per group, one of three experiments is shown). (B) 
Representative flow cytometry plots and bar charts showing the frequency and number 
of splenic iNKT cells in µMT and WT mice that received α-GalCer or vehicle alone 
(n=5 per group, one of three experiments is shown). (C) Representative histograms and 
bar chart showing median fluorescence intensity (MFI) of Ki-67 in splenic iNKT cells 
from α-GalCer- or vehicle-treated µMT and WT mice (n=3 per group, one of three 
experiments is shown). B, C analysed on day 3 post-disease onset. Data are 
mean±s.e.m. **P<0.01, ***P<0.001, ****P<0.0001 (A two-way analysis of variance 
(ANOVA), B, C one-way ANOVA). 
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Figure 3.2. α-GalCer-driven iNKT cell expansion occurs in the liver, inguinal and 
mesenteric lymph nodes. Representative flow cytometry plots and bar charts showing 
the frequency and number of iNKT cells in the liver (A), inguinal (B) and mesenteric 
(C) lymph nodes of µMT and WT mice that received α-GalCer or vehicle alone (n=4 
per group, one of two experiments is shown). Analysed on day 3 post-disease onset. 
Data are mean±s.e.m. *P<0.05, **P<0.01, ****P<0.0001 (one-way ANOVA).  
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Figure 3.3. Splenic, but not hepatic iNKT cells display reduced PLZF and IFN-γ 
induction in µMT mice following α-GalCer treatment. (A) Representative 
histograms and bar chart showing MFI of PLZF in splenic iNKT cells from α-GalCer- 
or vehicle-treated µMT and WT mice (n=3 per group, one of three experiments is 
shown). (B) Representative flow cytometry plots and bar chart showing the frequency 
of IFN-γ+ splenic iNKT cells from α-GalCer- or vehicle-treated µMT and WT mice 
(n=4 per group, one of three experiments is shown). (C) Representative histograms and 
bar chart showing MFI of PLZF in hepatic iNKT cells from α-GalCer- or vehicle-
treated µMT and WT mice (n=3 per group, one of two experiments is shown). (D) 
Representative flow cytometry plots and bar chart showing the frequency of IFN-γ+ 
hepatic iNKT cells from α-GalCer- or vehicle-treated µMT and WT mice (n=4 per 
group, one of two experiments is shown). Analysed at 16h post-disease onset. Data are 
mean±s.e.m. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (one-way ANOVA). 
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B cell depletion abrogates the protective effect of α-GalCer on arthritis  
µMT mice lack B cells from birth, which could impair the development of iNKT 

cells. In particular, multiple B cell-extrinsic immune defects in µMT mice have been 

reported, including aberrant T cell and DC function (190, 199, 493-495). To explore the 

role of B cells in lipid presentation in an environment where iNKT cells have developed 

in the presence of B cells, adult WT mice were treated either with a depleting anti-

CD20 antibody or with an isotype control antibody. Mice were then immunized and 

treated with α-GalCer. The administration of anti-CD20 antibody depleted over 98.9% 

of B cells in the spleens of mice (Fig. 3.4A). Of note, anti-CD20 treatment fails to 

deplete plasma cells, which lack CD20 expression (496, 497) and peritoneal cavity B 

cells, including B-1 cells (498). The peritoneum has been proposed to constitute a 

protective niche during anti-CD20 immunotherapy. In agreement with the results 

observed in µMT mice, α-GalCer treatment ameliorated disease in control but not in B 

cell-depleted mice (Fig. 3.4B). The frequencies and absolute numbers of iNKT cells 

were similar between B cell-depleted and control mice, with or without α-GalCer 

treatment (Fig. 3.4C). A significant increase in the expression of PLZF and IFN-γ in 

iNKT cells, following treatment with α-GalCer, was observed in control mice, but their 

upregulation was significantly lower in B cell-depleted mice (Fig. 3.5, A and B).   
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Figure 3.4 B cell depletion abrogates the protective effect of α-GalCer on arthritis. 
(A) Left, schematic showing experimental design for B cell depletion. Right, bar charts 
showing the frequency and number of splenic CD19+ B cells in B cell depleted and 
isotype-control-treated WT mice prior to α-GalCer or vehicle administration (n=5 per 
group, one of three experiments is shown). (B) Mean clinical score of isotype-control-
treated WT mice (left) and B cell depleted WT mice (right) that received α-GalCer or 
vehicle alone following induction of arthritis. Y axis shows percentage swelling in 
antigen-injected knee compared to control knee (n=5 per group, one of two experiments 
is shown). (C) Representative flow cytometry plots and bar charts showing the 
frequency and number of splenic iNKT cells in B cell depleted and isotype-control-
treated WT mice that received α-GalCer or vehicle alone (n=5 per group, one of two 
experiments is shown). C analysed on day 3 post-disease onset. Data are mean±s.e.m. 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (A Student’s t-test, B two-way 
ANOVA, C one-way ANOVA). 
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Figure 3.5. B cell depletion results in impaired induction of iNKT cell PLZF and 
IFN-γ in response to α-GalCer. (A) Representative histograms and bar chart showing 
MFI of PLZF in splenic iNKT cells in B cell depleted and isotype-control-treated WT 
mice that received α-GalCer or vehicle alone (n=3 per group, one of two experiments is 
shown). (B) Representative flow cytometry plots and bar chart showing the frequency 
of IFN-γ+ splenic iNKT cells in B cell depleted and isotype-control-treated WT mice 
that received α-GalCer or vehicle alone (n=4 per group, one of two experiments is 
shown). Analysed at 16h post-disease onset. Data are mean±s.e.m. **P<0.01, 
***P<0.001, ****P<0.0001 (one-way ANOVA). 
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DCs are not required for α-GalCer-iNKT cell mediated suppression of arthritis  
As CD11c+ DCs have been shown to be the major CD1d-expressing cell 

population in iNKT cell activation in vivo (295), we next wanted to explore the role of 

DCs in the α-GalCer-mediated suppression of arthritis. We selectively depleted DCs to 

determine what effect they were having on iNKT cells in AIA. Diphtheria toxin was 

administered to mice that express the diphtheria toxin receptor (DTR) under the control 

of the Cd11c promoter (482). 

Due to the central role that DCs play in the initiation of arthritis through the 

priming of pathogenic T cells, we had to change the protocol for α-GalCer 

administration. α-GalCer, was, in this instance, administered 8 hours after intra-articular 

injection of mBSA and intraperitoneal administration of diphtheria toxin. We confirmed 

CD11c+ DC depletion at the time of α-GalCer administration (Fig. 3.6A). α-GalCer 

mediated suppression of arthritis in CD11c+ cell-depleted mice was equivalent to 

control mice (Fig. 3.6B). Crucially, we did not observe significant iNKT cell expansion 

in response to α-GalCer in mice lacking CD11c+ DCs (Fig. 3.6C). iNKT cell 

upregulation of PLZF or IFN-γ, in response to α-GalCer was comparable in CD11c+ 

cell-depleted mice and controls (Fig. 3.7, A and B).  
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Figure 3.6. Dendritic cells are dispensable in α-GalCer-mediated amelioration of 
arthritis. (A) Left, schematic showing experimental design. Right, bar charts showing 
the frequency and number of splenic CD11c+ cells in CD11c+ cell depleted (DT 
administered) and control mice prior to α-GalCer or vehicle administration (n=3 per 
group, one of two experiments is shown). (B) Mean clinical score of CD11c+ cell 
depleted mice (right) and control mice (left) that received α-GalCer or vehicle alone, 8 
hours following induction of arthritis. Y axis shows percentage swelling in antigen-
injected knee compared to control knee, arrow indicates time of α-GalCer 
administration (n=5 per group, one of two experiments is shown). (C) Representative 
flow cytometry plots and bar charts showing the frequency and number of splenic iNKT 
cells in CD11c+ cell depleted and control mice that received α-GalCer or vehicle alone 
(n=5 per group, one of two experiments is shown). C analysed on day 3 post-disease 
onset. Data are mean±s.e.m. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (A 
Student’s t-test, B two-way ANOVA, C one-way ANOVA). 
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Figure 3.7. CD11c+ DC depletion does not impair iNKT cell upregulation of PLZF 
and IFN-γ in response to α-GalCer. (A) Representative histograms and bar chart 
showing MFI of PLZF in splenic iNKT cells from α-GalCer- or vehicle-treated CD11c+ 
cell depleted and control mice (n=3 per group, one of two experiments is shown). (B) 
Representative flow cytometry plots and bar chart showing the frequency of IFN-γ+ 
splenic iNKT cells from α-GalCer- or vehicle-treated CD11c+ cell depleted and control 
mice (n=3 per group, one of two experiments is shown). Analysed 16h post-disease 
onset. Data are mean±s.e.m. *P<0.05, **P<0.01, ****P<0.0001 (one-way ANOVA). 
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B cells and DCs play different roles in iNKT cell activation in vitro 
To gain more understanding of the differential roles of B cells and DCs in 

presenting α-GalCer in mice with arthritis, we depleted B cells or DCs from 

splenocytes, isolated from arthritic mice, before stimulating them in vitro with α-GalCer 

and IL-2. Similarly to the in vivo results, only depletion of B cells led to a reduced 

PLZF and IFN-γ expression by iNKT cells, compared to both control and DC-depleted 

splenocytes. Depletion of DCs led to decreased expression of CD25 and CD69 by iNKT 

cells (Fig. 3.8). Thus, these data show that whereas B cells are responsible for driving 

the expression of PLZF and IFN-γ in iNKT cells, CD11c+ DCs are required for iNKT 

cell expansion and activation. 

It has been previously shown that CD1d exclusion from lipid rafts leads to the 

induction of a type 2 response by iNKT cells, suggesting that lipid raft-associated CD1d 

may drive a type 1 response, with associated IFN-γ production (499). We therefore 

wanted to explore whether this could in part explain the ability for B cells and DCs to 

stimulate different iNKT cell response. We found that indeed while T2-MZP, MZ and 

Fo B cell CD1d was co-localizing with lipid rafts, in CD11c+ cells it was largely 

excluded (Fig. 3.9).  
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Figure 3.8. B cells and dendritic cells play different roles in α-GalCer-iNKT cell 
activation in vitro. Bar charts showing the expression of PLZF, IFN-γ, CD25 and 
CD69 in iNKT cells from B cell-depleted, dendritic cell-depleted, and undepleted 
control splenocytes following in vitro treatment with α-GalCer and IL-2 (n=3 per group, 
one of two experiments is shown). Data are mean±s.e.m. *P<0.05, **P<0.01 (one-way 
ANOVA). 
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Figure 3.9. CD19+ B cell subsets display higher CD1d association with lipid rafts 
than CD11c+ DCs. Representative images (top) and summary histograms (bottom) 
showing co-localization of CD1d (red) and lipid rafts by CTB (green) binding in T2-
MZP B, MZ, and Fo B and CD11c+ cells in the spleens of WT mice, isolated from 
arthritic mice (generated using ImageStreamX; one of two experiments is shown). 
Analysed on day 3 post-disease onset.  
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Chapter IV: Results II 

We have so far shown the importance of B cells in the α-GalCer-iNKT cell-

mediated amelioration of arthritis. As discussed in the introduction, iNKT cell 

activation can occur in both CD1d-dependent and -independent manners. In this 

chapter, I address the mechanism of B cell interaction with iNKT cells.  

To investigate whether CD1d on B cells was required for the suppressive effect 

of α-GalCer and the changes we have so far observed on iNKT cell phenotype, we 

generated mixed BM chimeric mice with B cell-restricted CD1d deficiency. We show 

the requirement for B cell CD1d expression in suppression of arthritis, as mice 

specifically lacking CD1d on B cells develop exacerbated arthritis to control group and 

fail to respond to α-GalCer treatment. B cells via CD1d induce the differentiation of 

PLZFhiIFN-γ+ iNKT cells. We also show that α-GalCer-mediated suppression of 

arthritis is independent of B cell IL-10 expression.  

We demonstrate that uniquely in control chimeric mice α-GalCer administration 

leads to iNKT cell localisation in the T cell area where they are in contact with IgDhi B 

cells, suggesting that this is where iNKT-B interaction may occur in vivo. Furthermore, 

we show that CD1d+ B cells control GC formation. Mice lacking CD1d+ B cells have an 

increased number of GCs. When we treated WT mice with α-GalCer there was a 

profound decrease in the number of GCs, and this reduction was not observed in the 

absence of B cells expressing CD1d.  

Finally, we address the directionality of iNKT-B cell interaction. We show that 

while B cells following in vitro culture with anti-CD40 are able to transfer protection to 

arthritic WT mice, as previously demonstrated (204), they lost this ability upon transfer 

to iNKT cell deficient mice. α-GalCer-activated iNKT cells from WT mice were able to 

suppress arthritis in both µMT and WT mice, suggesting that B cells empowered iNKT 

cell suppressive capacity, and not the other way around.  

Note that immunofluorescence staining was performed in collaboration with 

Miss Diana E. Matei, and iNKT cell transfer experiments with Dr Anneleen Bosma. 

When experiments were performed in collaboration with Diana E. Matei or Anneleen 

Bosma, this is indicated in the figure legend.  
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B cells induce iNKT cells that limit inflammation via a CD1d-dependent 
mechanism  

To ascertain whether B cells interact with iNKT cells directly via CD1d, we 

generated mixed BM chimeric mice lacking CD1d on B cells (B-Cd1d-/-) and a group of 

control chimeras (B-WT) (Fig. 4.1A). B-Cd1d-/- mice developed exacerbated disease 

compared to B-WT mice, suggesting a role for endogenous lipid presentation by B cells 

in controlling the severity of arthritis (Fig. 4.1B).  

To assess the importance of B cells expressing CD1d in the differentiation of 

iNKT cells that limit disease, we treated B-Cd1d-/- and B-WT mice with α-GalCer. 

Whilst α-GalCer suppressed disease development in B-WT mice compared to vehicle-

treated B-WT mice, B-Cd1d-/- mice failed to respond to the treatment (Fig. 4.2A).  

AIA is a T cell driven pathology, as originally demonstrated by the inability of T 

cell-depleted lymphocytes to induce arthritis upon transfer to C57BL/6 mice, compared 

to enhanced disease-inducing capacity when B cells were depleted under the same 

conditions (471). Furthermore, the production of pro-inflammatory IFN-γ and IL-17 by 

CD4+ T cells as well as the enhanced differentiation of Th1 and Th17 cells has been 

associated with exacerbation of AIA (knee swelling, accumulation of inflammatory 

cells in the affected joints, cartilage damage, bone erosion) in multiple reports published 

by our group (197, 247, 266). Th1 and Th17 cells are present in increased frequencies in 

the synovial infiltrate of mice with more severe disease and correlate with increased 

frequencies of IFN-γ+ and IL-17+ CD4+ cells in the both the spleen and the dLN (197, 

247, 266). Based on these findings, we therefore assayed IFN-γ and IL-17 expressing 

CD4+ T cells in the spleen as an immunological readout for the peripheral inflammatory 

milieu. This also allowed us to confirm the clinical disease scores obtained from 

measuring joint swelling.  

α-GalCer-induced inhibition of disease in B-WT mice was accompanied by a 

reduction in the frequency and absolute number of IFN-γ+ and IL-17+ CD4+ T cells 

(Fig. 4.2B). iNKT cell expansion and proliferation in response to α-GalCer were 

comparable in B-Cd1d-/- and B-WT mice (Fig. 4.2, C and D). However, upon α-GalCer 

treatment, we observed a significant decrease in PLZF expression by iNKT cells and a 

decrease in the frequency of IFN-γ+PLZF+ iNKT cells in B-Cd1d-/- compared to B-WT 

mice (Fig. 4.3, A and B).  This allowed us to establish that iNKT cells expressing PLZF 

were also producing IFN-γ, indeed in B-WT mice these phenotypes were overlapping. 
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We had observed that CD11c+ cells were required for iNKT cell expansion in 

response to α-GalCer (Fig. 3.6D) and that B cells via CD1d induced iNKT cell 

upregulation of PLZF and IFN-γ.  

It has been shown that iNKT cells can respond via the activation of different 

transcription factor programs. iNKT cell subsets analogous to Th1, Th2 and Th17 have 

been described, which are T-bet+PLZFlo, T-bet-PLZFhiGATA3+, and T-bet-

PLZFintROR-γt+, respectively (500). High PLZF expression is reported to be a 

characteristic of iNKT2 cells, but there are two main caveats. First, these studies were 

conducted under steady-state conditions, but we observe the induction of PLZF upon α-

GalCer treatment in arthritic animals. Second, each of the subsets produces a 

characteristic cytokine, with IFN-γ, IL-4 and IL-17 production defining respectively 

iNKT1, iNKT2 and iNKT17 cells (500). 

To attempt to reconcile our observations with previously published data, we 

investigated the expression of T-bet and GATA3 in iNKT cells. We report a decrease in 

the MFI value of T-bet and an increase in GATA3 expression in iNKT cells from B-

Cd1d-/- compared to B-WT mice in response to α-GalCer (Fig. 4.4, A and B). Therefore, 

it is likely that upon α-GalCer administration during an inflammatory response a unique 

iNKT1-like subset is induced. Collectively, these data show that CD1d expression by B 

cells is critical for the induction of PLZF+IFN-γ+ iNKT cells that restrain arthritogenic 

responses.   
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Figure 4.1. Chimeric mice lacking CD1d specifically on B cells develop 
exacerbated arthritis. (A) Schematic showing experimental design for the generation 
of B-Cd1d-/-, B-Il10-/- and B-WT mixed BM chimeric mice. (B) Mean clinical score of 
B-Cd1d-/- and B-WT chimeric mice following induction of arthritis. Y axis shows 
percentage swelling in antigen-injected knee compared to control knee (B-Cd1d-/- n=5, 
B-WT n=5, one of three experiments is shown). *P<0.05, **P<0.01 (B two-way 
ANOVA). 
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Figure 4.2. B cell specific CD1d is critical for α-GalCer-iNKT cell-amelioration of 
arthritis. (A) Mean clinical score of B-WT chimeric mice (left) and B-Cd1d-/- chimeric 
mice (right) that received α-GalCer or vehicle alone following induction of arthritis. Y 
axis shows percentage swelling in antigen-injected knee compared to control knee (B-
Cd1d-/-±α-GalCer n=5 per group, B-WT±α-GalCer n=4 per group, one of three 
experiments is shown). (B) Representative flow cytometry plots and bar charts showing 
the frequency (top) and number (bottom) of splenic IFN-γ+ and IL-17+ CD4+ T cells in 
B-Cd1d-/- and B-WT chimeric mice that received α-GalCer or vehicle alone (n=3 per 
group, one of two experiments is shown). (C) Representative flow cytometry plots and 
bar charts showing the frequency and number of splenic iNKT cells in B-Cd1d-/- and B-
WT mice that received α-GalCer or vehicle alone (n=3 per group, one of two 
experiments is shown). (D) Representative histograms and bar chart showing MFI of 
Ki-67 in splenic iNKT cells from α-GalCer- or vehicle-treated B-Cd1d-/- and B-WT 
mice (n=3 per group, one of two experiments is shown). B analysed on day 7 post-
disease onset, C, D analysed on day 3 post-disease onset. Data are mean±s.e.m. 
*P<0.05, **P<0.01, ***P<0.001 (A two-way ANOVA, B-D one-way ANOVA).  
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Figure 4.3. B cell specific expression of CD1d is required for iNKT cell 
upregulation of PLZF and IFN-γ in response to α-GalCer. (A) Representative 
histograms and bar chart showing MFI of PLZF in splenic iNKT cells from α-GalCer- 
or vehicle-treated B-Cd1d-/- and B-WT mice (n=3 per group, one of two experiments is 
shown). (B) Representative flow cytometry plots and bar chart showing the frequency 
of IFN-γ+PLZF+ splenic iNKT cells from α-GalCer- or vehicle-treated B-Cd1d-/- and B-
WT mice (n=4 per group, one of two experiments is shown). Analysed at 16h post-
disease onset. Data are mean±s.e.m. *P<0.05, **P<0.01 (one-way ANOVA). 
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Figure 4.4. α-GalCer induces reciprocal T-bet and GATA3 expression in iNKT 
cells from B-Cd1d-/- and B-WT mice. Representative histograms and bar chart 
showing MFI of T-bet (A) and GATA3 (B) in splenic iNKT cells from α-GalCer- or 
vehicle-treated B-Cd1d-/- and B-WT mice (n=3 per group, one of two experiments is 
shown). Analysed at 16h post-disease onset. Data are mean±s.e.m. *P<0.05, 
***P<0.001 (one-way ANOVA). 
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α-GalCer treatment leads to disruption of GCs in arthritic mice in a B cell CD1d-
dependent manner 

It has been previously suggested that iNKT cells regulate the  GC entry of B 

cells and that this effect is CD1d+ B cell dependent (456). We wanted to explore the GC 

response in our model. Antibodies against GL7, B220 and CD3 were used to delineate 

GCs, B and T cell areas, respectively. Analysis of GCs in chimeric mice revealed that 

amelioration of disease by α-GalCer in B-WT mice was accompanied by a decrease in 

the number of GCs compared to untreated group (Fig. 4.5A). This reduction was 

controlled by CD1d+ B cells, since α-GalCer-driven decreased in GCs was not observed 

in arthritic mice lacking CD1d+ B cells. We also observed that in WT mice, α-GalCer 

treatment led to a reduction in Tfh cells compared to the vehicle treated group, whereas 

iNKTfh cells were not significantly changed between the two groups (Fig. 4.5B). 
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Figure 4.5. GC formation, Tfh and NKTfh cells are inhibited by α-GalCer 
treatment. (A) Representative immunofluorescence and bar chart showing the number 
of splenic GCs, defined as discrete GL7+ areas within B220+ follicles, in B-Cd1d-/- and 
B-WT chimeric mice that received α-GalCer or vehicle alone. Bar, 100 µM (n=3 per 
group, one of two experiments is shown). (B) Bar charts showing the frequency and 
number of splenic CXCR5+CD4+ T cells and CXCR5+ iNKT cells in WT mice that 
received α-GalCer or vehicle alone (n=3, one of two experiments is shown). Analysed 
on day 3 post-disease onset. Data are mean±s.e.m. *P<0.05, **P<0.01, ***P<0.001 (A 
one-way ANOVA, B Student’s t-test). Immunofluorescence staining performed in 
collaboration with Diana E. Matei. 
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iNKT cells localise with IgDhi B cells in the T cell zone in arthritic B cell CD1d-

sufficient mice 

Where iNKT cells localize in the spleen or in other tissues has been addressed 

by a number of studies (386-388). However, in our model we not only introduce 

inflammation, but also administer a strong iNKT cell ligand. iNKT cell migration in 

response to α-GalCer during an inflammatory response has not been previously studied. 

We found that following α-GalCer treatment, iNKT cells were found in close proximity 

to IgDhi B cells in the T cell area of the spleen in B-WT mice, but not in B-Cd1d-/- mice 

(Fig. 4.6).  
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Figure 4.6. iNKT cells localise in the T cell area in the spleens of arthritic B-WT 
mice treated with α-GalCer. Representative immunofluorescence showing the 
localisation of splenic NK1.1+CD3+ T cells and IgD+ B cells in B-Cd1d-/- and B-WT 
chimeric mice that received α-GalCer or vehicle alone; arrowheads indicate selected 
iNKT cells. Bar, 100 µM  (n=3 per group, one of two experiments is shown). Analysed 
on day 3 post-disease onset. Immunofluorescence staining performed in collaboration 
with Diana E. Matei. 
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B cell subset frequencies are not affected by α-GalCer treatment in B cell CD1d-
sufficient mice 

In 2010 Wingender et al. published a report showing the in vivo killing of MZ B 

cells and to a lesser extent CD11c+ and CD11b+ cells in a CD1d-dependent manner 

(501). MZ B cells are enriched for autoreactivity and associated with autoantibody 

production. An explanation for α-GalCer mediated suppression could therefore be iNKT 

cell-dependent killing of pathogenic CD1d-expressing MZ B cells. Investigating the 

various B cell populations in our model, we did not observe a reduction in the frequency 

in any of the subsets of B-WT mice with α-GalCer treatment (Fig.4.7A). Furthermore, 

we observed significant increases in the number of cells of each B cell subset in WT 

mice upon α-GalCer administration. We show that in B-Cd1d-/- mice, MZ B cell 

frequency is significantly reduced upon α-GalCer treatment. Importantly, there was no 

difference in CD1d MFI between vehicle and α-GalCer treated B-WT mice (Fig. 4.7B).  

While this experiment does not directly address whether iNKT cell killing of B 

cells in a CD1d-dependent manner occurs in our model, if it does, there appears to be a 

mechanism that allows for the rapid repopulation of the niche with cells of equivalent 

CD1d expression.  
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Figure 4.7. Effect of α-GalCer treatment on splenic B cell populations. (A) 
Representative flow cytometry plots (top) and bar charts (bottom) showing the 
frequency and number of splenic B cell subsets in B-Cd1d-/- and B-WT mice that 
received α-GalCer or vehicle alone (n=3 per group, one of two experiments is shown). 
(B) Representative histograms and bar chart showing MFI of CD1d in splenic B cells 
from α-GalCer- or vehicle-treated B-Cd1d-/- and B-WT mice (n=3 per group, one of two 
experiments is shown). Analysed at 24h post-disease onset. Data are mean±s.e.m. 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (one-way ANOVA). 
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IL-10 is dispensable for α-GalCer-mediated amelioration of arthritis 
As Bregs are known to suppress via the production of IL-10, we assessed 

whether, in addition to B cell expression of CD1d, IL-10 was necessary for α-GalCer 

mediated suppression of arthritis. We generated mixed BM chimeric mice lacking IL-

10-producing B cells (B-Il10-/-) and WT (B-WT) chimeric mice (Fig. 4.1A). α-GalCer 

ameliorated disease in both B-Il10-/- and B-WT mice (Fig. 4.8A). We also found that α-

GalCer-treatment ameliorated arthritis in global Il10ra-/- mice, just as in WT mice (Fig. 

4.8B). These data demonstrate that B cell IL-10 is not required for α-GalCer mediated 

suppression of arthritis, and also that iNKT cell IL-10 is not critical for suppression 

observed with α-GalCer treatment.  
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Figure 4.8. α-GalCer-mediated suppression of arthritis is independent of IL-10. 
(A) Mean clinical score of B-Il10-/- chimeric mice (right) and B-WT chimeric mice (left) 
that received α-GalCer or vehicle alone following induction of arthritis; y axis shows 
percentage swelling in antigen-injected knee compared to control knee (B-Il10-/-±α-
GalCer n=5 per group, B-WT±α-GalCer n=6 per group, one of two experiments is 
shown). (B) Mean clinical score of Il10ra-/- mice (right) and WT mice (left) that 
received α-GalCer or vehicle alone following induction of arthritis. Y axis shows 
percentage swelling in antigen-injected knee compared to control knee (Il10ra-/- n=6, 
WT n=8, one of two experiments is shown). Data are mean±s.e.m. *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001 (two-way ANOVA). 
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iNKT cells, and not B cells, are the effectors of suppression in arthritis 
Having shown that CD1d-mediated interaction between B cells and iNKT cells 

helps suppress inflammatory responses, we next wanted to explore which of the two cell 

types, iNKT cells or B cells, was the effector of suppression. 

 To address this, we first stimulated B cells isolated from the spleens of WT 

mice in remission from arthritis with anti-CD40 in vitro. As discussed, it has been 

previously shown that this treatment expands Bregs and results in the induction of B 

cells capable of mediating suppression upon adoptive transfer (179, 196). We 

transferred these B cells into WT mice, as well as Jα18-/- and Cd1d-/- mice that lack 

iNKT cells and both type I and II NKT cells, respectively. Anti-CD40 stimulated B 

cells were suppressive upon transfer to WT mice, but failed to mediate suppression in 

iNKT cell deficient mice (Figure 4.9). This suggests that iNKT cells are required for B 

cells to mediate suppression of arthritis following adoptive transfer.  

Secondly, we transferred iNKT cells isolated from α-GalCer- or vehicle-treated 

WT mice into WT mice. While iNKT cells from vehicle-treated mice suppressed 

arthritis in WT mice, the iNKT cell capacity to ameliorate disease was greatly 

enhanced, if the donor mice had received α-GalCer (Figure 4.10). Furthermore, α-

GalCer-potentiated iNKT cells were also able to suppress disease in B cell deficient 

µMT mice.  

Collectively these data show that while B cell suppression of disease in the acute 

phase requires the presence of iNKT cells, iNKT cells maintain their suppressive 

potential in B cell deficient environment. 
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Figure 4.9. Anti-CD40-stimulated B cells do not suppress arthritis in the acute 
phase upon adoptive transfer to iNKT cell deficient mice. Left, schematic showing 
experimental design. Right, bar chart showing suppression of knee swelling in Jα18-/-, 
Cd1d-/- and WT mice that received anti-CD40 stimulated B cells, isolated from the 
spleens of WT mice on day 7 post-disease onset, compared to Jα18-/-, Cd1d-/- and WT 
mice that received no transfer (n=3 per group, one of two experiments is shown). Data 
are mean±s.e.m. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (two-way ANOVA).  
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Figure 4.10. iNKT cells from donor mice treated with α-GalCer ameliorate 
arthritis upon transfer to B cell deficient and WT mice. Left, schematic showing 
experimental design. Middle, mean clinical score of WT mice that received iNKT cells 
isolated from the spleens of α-GalCer- or vehicle-treated WT mice on day 3 post-
disease onset, or WT mice that received no transfer following induction of arthritis. Y 
axis shows percentage swelling in antigen-injected knee compared to control knee. 
Right, mean clinical score of µMT mice that received iNKT cells isolated from the 
spleens of α-GalCer-treated WT mice on day 3 post-disease onset, or µMT mice that 
received no transfer following induction of arthritis. Y axis shows percentage swelling 
in antigen-injected knee compared to control knee (n=4 per group, one of two 
experiments is shown). �P<0.05, ***P<0.001, ****P<0.0001 (two-way ANOVA). 
Experiment performed in collaboration with Anneleen Bosma. 
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CHAPTER V: Results III 

So far we have shown that signals provided by B cells to iNKT cells lead to the 

induction of iNKT cells, characterized as PLZF+IFN-γ+. This B-iNKT cell interaction 

through CD1d is important in the suppression of arthritis, and iNKT cells are the 

effectors of this suppression. In this chapter we explore the characteristics of iNKT cells 

that enable their immunomodulatory function during an inflammatory response.  

Through RNA-seq analysis we show that CD1d+ B cell lipid presentation 

controls iNKT cell expression of genes related to metabolism and effector function, 

including cytokine response. We show that the transcriptional program of PLZF is 

controlled by lipid presenting CD1d+ B cells, which is important as PLZF has a central 

role in establishing iNKT cell phenotype and function during differentiation and their 

maintenance in the periphery (320, 321). 

We also provide mechanistic insight into how the balance in IFN-γ production 

by iNKT cells can differentially affect pro-inflammatory response by conventional 

CD4+ T cells. Indeed, we demonstrate that IFN-γ production by B cell-induced iNKT 

cells is partially responsible for the suppression of adaptive immune responses 

(measured as Th1 and Th17 response inhibition) in arthritic mice and amelioration of 

arthritis in response to α-GalCer.  

Note that analysis of RNA-seq data was performed in collaboration with Dr 

Ignat Drozdov. When analysis was done in collaboration with Ignat Drozdov, this is 

indicated in the figure legend. 
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iNKT cell transcriptional profile is altered in the absence of CD1d+ B cells 
To gain insight into the potential mechanism underlying the suppressive 

capacity of iNKT cells conferred by B cell lipid presentation, we profiled the 

transcriptomes of iNKT cells sorted from α-GalCer- or vehicle-treated B-Cd1d-/- and B-

WT chimeric mice using RNA-seq. iNKT cell purity was >95% (see Materials and 

Methods Fig. 2.1A). α-GalCer had similar effects on the majority of gene expression in 

iNKT cells from both B-Cd1d-/- and B-WT mice (Fig. 5.1A). However, 3826 genes 

were significantly differentially expressed in α-GalCer-treated B-Cd1d-/- and B-WT 

mice (p<0.05). Amongst these were those encoding immune-related genes essential for 

T and iNKT cell effector function (Fig. 5.1B). Of interest, Zbtb16, which encodes 

PLZF, was expressed at significantly higher levels in iNKT cells from control B-WT 

than from B-Cd1d-/- chimeric mice following α-GalCer treatment, corroborating the 

results shown in Fig. 4.3.  

To understand aspects of iNKT cell function regulated by B cells presenting 

lipid antigens, we enriched differentially expressed genes from α-GalCer-treated B-

Cd1d-/- versus B-WT mice for over-represented pathways. This analysis revealed gene 

sets encoding products involved in cell cycle, NK cell-mediated cytotoxicity as well as 

cytokine-cytokine receptor interaction (Fig. 5.1C). 
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Figure 5.1. Expression of immune-related genes in mice lacking CD1d specifically 
on B cells following α-GalCer treatment. (A) Scatter plot showing fold change 
relationships between common expressed genes (n=5797) in iNKT cells from B-Cd1d-/- 
and B-WT chimeric mice that received α-GalCer or vehicle alone following induction 
of arthritis (data sets from RNA-seq). Colour gradient indicates the degree of difference 
in fold change values between iNKT cells in B-Cd1d-/- and B-WT mice following α-
GalCer treatment. (B) Volcano plot showing fold changes of differentially expressed 
genes between iNKT cells from B-Cd1d-/- and B-WT chimeric mice following α-GalCer 
treatment, plotted against P values. (C) Pathway enrichment analysis of pathways (right) 
showing enrichment among genes expressed differentially in iNKT cells from B-Cd1d-/- 
and B-WT mice following α-GalCer treatment. Presented as net pathway perturbation in 
iNKT cells from B-Cd1d-/- mice compared to B-WT mice. Negative values mean 
inhibited in iNKT cells from B-Cd1d-/-, positive values mean activated in iNKT cells 
from B-Cd1d. Analysed at 16 h post-disease onset. Analysis performed in collaboration 
with Ignat Drozdov. 
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B cell inability to present α-GalCer affects iNKT cell expression of genes involved 
in cytokine responses and metabolism 

A substantial increase in the bioenergetic demands over the resting state is a 

defining feature of T cell activation (502, 503). Analysis of metabolic pathways showed 

that in α-GalCer-treated B-Cd1d-/- mice, iNKT cells were highly anabolic and presented 

an increase in genes encoding enzymes involved in glycolysis and a reduction in those 

involved in fatty acid oxidation (FAO) compared to B-WT mice with α-GalCer 

treatment (Fig. 5.2A). In particular, crucial mediators of the metabolic switch in effector 

T cells, namely Irf4, Myc and Hif1a (502, 503), were significantly increased in B-Cd1d-

/- compared to B-WT mice following α-GalCer treatment (Fig. 5.1B). 

iNKT cells have been assigned, similarly to Th cells, into subsets according to 

their transcription factor expression and cytokine profile (504, 505). To further elucidate 

whether lipid presentation by B cells selectively skewed the response of iNKT cells 

towards a specific effector subset we compared the expression of cytokine genes by 

iNKT cells from B-Cd1d-/- and from control B-WT mice with or without α-GalCer 

treatment. The expression of most cytokines was enhanced by the absence of CD1d-

presenting B cells in α-GalCer treated mice, suggesting that B cells have a different role 

in iNKT cell activation compared to other antigen-presenting cells. For instance, we 

found an increase of Il21, Il9 and Il10 in iNKT cells from B-Cd1d-/- compared to B-WT 

mice following α-GalCer treatment (Fig. 5.2B). We also found an increase of Il17a, 

however we could no detect any iNKT cell IL-17 by intracellular staining or ELISA. 
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Figure 5.2. B cell inability to present α-GalCer affects iNKT cell expression of 
genes involved in cytokine responses and metabolism. (A) Heatmaps showing 
expression of genes involved in glycolysis (top) and fatty acid oxidation (bottom) by 
iNKT cells from B-Cd1d-/- and B-WT mice that received α-GalCer or vehicle alone. (B) 
Heatmap showing expression of cytokine genes by iNKT cells from B-Cd1d-/- and B-
WT mice that received α-GalCer or vehicle alone. Analysed at 16h post-disease onset. 
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B cell CD1d is involved in the induction of genes associated specifically with NKT1 
phenotype and PLZF transcriptional control 

The transcriptional profiles of iNKT cells isolated from B-Cd1d-/- and B-WT 

mice treated with α-GalCer or vehicle control did not overlap with those previously 

assigned to sorted thymic NKT1, NKT2 and NKT17 cells (Fig. 5.3) (505). However, at 

transcriptome-wide level changes have to be extensive to establish similarity. In 

addition, in our experiments, iNKT cells were obtained from the spleens of mice during 

acute inflammation, rather than from the thymus at steady state as previously reported 

(505). 

Therefore, we compared the transcripts that were identified as most significantly 

enriched in NKT1, NKT2, and NKT17 cells relative to the other subsets. Among 

significant genes differentially expressed, there was an overall skew away from NKT1 

and towards NKT2 phenotype in B-Cd1d-/- mice compared to B-WT mice after α-

GalCer treatment (Fig. 5.4A). This change in transcriptional profile was consistent with 

the results reported in Fig. 4.4 showing a lack of upregulation of T-bet, and an 

upregulation of GATA3 expression in B-Cd1d-/- mice compared to B-WT mice 

following α-GalCer treatment. A low number of genes, previously associated with 

NKT17 cells were found to be significantly expressed in iNKT cells from B-Cd1d-/- 

mice compared to B-WT mice following α-GalCer treatment. 

We have consistently shown that upon α-GalCer treatment the expression of 

PLZF by iNKT cells from µMT, B cell-depleted or B-Cd1d-/- mice is reduced compared 

to the control groups. Therefore, we compared our α-GalCer treated data sets to 99 

genes previously identified as PLZF targets and found that 39 of these transcripts were 

significantly differentially expressed, with 36 down-regulated in the absence of B cells 

expressing CD1d. This is consistent with an induction of an iNKT cell PLZF signature 

supported by B cell CD1d. Of interest, Bach2, a known repressor of effector 

differentiation in naïve T cells (506), and previously shown to be bound to and 

repressed by PLZF, was significantly upregulated in iNKT cells of B-Cd1d-/- mice 

compared to B-WT mice after α-GalCer administration (Fig. 5.5B). Thus, iNKT cell 

suppression of arthritis is dependent on B cell-driven calibration of iNKT cell cytokine 

response, as well pathways in iNKT cells associated with effector function and 

metabolism.  
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Figure 5.3. Comparison of splenic iNKT cell gene expression to NKT1, NKT2 and 
NKT17 published data sets. Principal component analysis of transcripts in iNKT cells 
from B-Cd1d-/- and B-WT chimeric mice that received α-GalCer or vehicle alone and 
published data sets for NKT1, NKT2 and NKT17 cells across experimental replicates. 
Analysed at 16h post-disease onset. Analysis performed in collaboration with Ignat 
Drozdov. 
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Figure 5.4. B cell CD1d controls the induction of transcriptional programs 
associated with NKT1 cells and PLZF regulation. (A) Volcano plots showing fold 
changes of differentially expressed genes associated with NKT1 (top), NKT2 (middle), 
NKT17 (bottom) phenotypes, and (B) PLZF transcriptional regulation, between iNKT 
cells from B-Cd1d-/- and B-WT mice following α-GalCer treatment, plotted against P 
values. Analysed at 16 post-disease onset. Analysis performed in collaboration with 
Ignat Drozdov. 
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α-GalCer induced IFN-γ inhibits Th1 and Th17 cells in arthritis 
Through their rapid production of cytokines, iNKT cells can regulate other cells 

and act as a bridge between innate and adaptive immunity. We had observed inhibition 

of Th1 and Th17 responses associated with increased IFN-γ production by iNKT cells, 

and it has been previously demonstrated that IFN-γ can be protective in autoimmunity, 

including in AIA (507). Thus, we investigated whether α-GalCer-CD1d-B cell 

dependent protection is mediated by the iNKT cell IFN-γ production. We neutralized 

IFN-γ in vivo as previously published (459), prior to α-GalCer or vehicle treatment, 

aiming to block α-GalCer-driven iNKT cell IFN-γ. Control mice treated with α-GalCer, 

which were protected from disease (Fig. 5.5A), displayed significantly lower adaptive 

IFN-γ and IL-17 production compared to control mice that received vehicle (Fig. 5.5B). 

In contrast, neutralization of IFN-γ reduced the suppressive effect of α-GalCer on 

clinical disease and prevented α-GalCer treatment from reducing the frequency and 

number of Th1 and Th17 cells. This supports the notion that innate production of IFN-γ 

elicited by α-GalCer has a role in the protection from arthritis and inhibition of adaptive 

responses.  

To understand whether iNKT cell IFN-γ, induced by CD1d+ B cells, plays a role 

in suppressing Th1 and Th17 cells, we used an in vitro suppression assay in which 

splenocytes, isolated from arthritic µMT or WT mice, were challenged with anti-CD3 

(to activate CD4+ T cells) and α-GalCer in the presence of anti-IFN-γ. We observed 

significant down-regulation in the expression of T-bet and ROR-γt (transcription factors 

for Th1 and Th17 cells respectively) in CD4+ T cells from WT mice, but not in CD4+ T 

cells from µMT mice after α-GalCer stimulation (Fig. 5.6). Neutralization of IFN-γ 

abolished the α-GalCer-driven suppression of T-bet and ROR-γt in WT CD4+ T cells. 

No significant effect on GATA3 expression in CD4+ T cells from WT or µMT mice by 

α-GalCer was observed. To ascertain whether iNKT cells can directly inhibit pathogenic 

T cells, iNKT cells were isolated from either µMT or from WT arthritic mice treated 

with α-GalCer and cultured with CD4+ T cells isolated from arthritic WT mice. WT 

iNKT cells significantly inhibited the differentiation of WT IFN-γ+ CD4+ T cells, 

whereas iNKT cells from µMT mice failed to show any suppressive capacity (Fig. 5.7).  

Given that blocking IFN-γ, both in vivo and in vitro, ablated the ability of α-

GalCer stimulated iNKT cells to suppress Th1 and Th17 responses, we next confirmed 

whether IFN-γ could directly suppress T-bet and ROR-γt in vitro. We stimulated CD4+ 

T cells isolated from spleens of mice with arthritis with anti-CD3 and increasing doses 
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of IFN-γ. Both the expression of T-bet and ROR-γt was significantly reduced as the 

concentrations of IFN-γ were increased (Fig. 5.8). Taken together these results support 

the notion that B cell CD1d-induced innate production of IFN-γ by iNKT cells has a 

role in the suppression of inflammation and inhibition of adaptive Th1/Th17 responses.  
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Figure 5.5. α-GalCer amelioration of arthritis is partially dependent on IFN-γ 
production by iNKT cells. (A) Left, mean clinical score of anti-IFN-γ-treated and 
isotype-control-treated WT mice that received α-GalCer or vehicle alone following 
induction of arthritis. Y axis shows percentage swelling in antigen-injected knee 
compared to control knee. Right, bar chart showing suppression of knee swelling in 
anti-IFN-γ-treated and isotype-control-treated WT mice that received α-GalCer, 
compared to anti-IFN-γ-treated and isotype-control-treated WT mice that received 
vehicle alone (anti-IFN-γ-treated WT±α-GalCer n=5 per group, isotype-control-treated 
WT±α-GalCer n=4 per group, one of two experiments is shown). (B) Bar charts 
showing the frequency and number of splenic IFN-γ+ and IL-17+ CD4+ T cells in anti-
IFN-γ-treated and isotype-control-treated WT mice that received α-GalCer or vehicle 
alone (n=3 per group, one of two experiments is shown). B analysed on day 3 post-
disease onset. Data are mean±s.e.m. *P<0.05, **P<0.01, ***P<0.001 (A two-way 
ANOVA, B one-way ANOVA). 
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Figure 5.6. B cells are required for α-GalCer-driven and IFN-γ-mediated 
suppression of T-bet and ROR-γt expression in CD4+ T cells. Bar charts showing the 
frequency of T-bet+, ROR-γt+, and GATA3+ CD4+ T cells in µMT and WT splenocyte 
culture with α-GalCer in the presence or absence of anti-IFN-γ blocking antibodies 
(µMT n=3, WT n=6, one of two experiments is shown). Data are mean±s.e.m. *P<0.05, 
****P<0.0001 (two-way ANOVA). 
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Figure 5.7. Following α-GalCer treatment in vivo iNKT cells from WT, but not B 
cell deficient mice, are suppressive in vitro. Left, schematic showing experimental 
design. Right, bar chart showing the frequency of IFN-γ+CD4+ T cells following co-
culture with in vivo α-GalCer stimulated iNKT cells isolated from the spleens of µMT 
and WT mice (n=4 per condition, one of two experiments is shown). Data are 
mean±s.e.m. *P<0.05, ***P<0.001, ****P<0.0001 (one-way ANOVA). 
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Figure 5.8. Exogenous IFN-γ regulates expression of T-bet and ROR-γt in CD4+ T 
cells. Bar charts showing MFI of T-bet (left) and ROR-γt (right) in CD4+ T cells, 
isolated from the spleens of WT mice, following stimulation with increasing 
concentrations of IFN-γ (n=3 per condition, one of two experiments is shown). Data are 
mean±s.e.m. **P<0.01 (one-way ANOVA).  
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CHAPTER VI: Results IV 

In the previous chapter I addressed how B cell CD1d-instructed iNKT cells may 

regulate the inflammatory response in arthritis. As we had observed the critical role for 

B cells in the α-GalCer-iNKT amelioration of arthritis, we next wanted to address 

whether a particular B cell subset was responsible for this effect.  

We performed a series of adoptive transfer and selective depletion experiments 

showing that the amongst B cells that express high levels of CD1d, T2-MZP, previously 

ascribed with regulatory function, and not MZ B cells are responsible for the 

differentiation of this novel iNKT cell subset that protects from arthritis.  
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T2-MZP Bregs via CD1d induce the differentiation of iNKT cells that limit 
inflammation  

Among splenic APC subsets T2-MZP and MZ B cells express the highest levels 

of CD1d (Fig. 6.1A). Furthermore, T2-MZP B cell expression of the marker can be as 

high as that of MZ B cells (Fig.6.1B). Indeed CD1dhi B cells are composed of equal 

frequencies of T2-MZP and MZ B cells. However, only T2-MZP, and not MZ or Fo B 

cells, isolated from mice in remission from arthritis, conferred protection upon adoptive 

transfer to arthritic WT mice (Fig. 6.1C). These results are consistent with previously 

published reports (204, 205, 266). 

Based on our findings showing that B cells are important in mediating 

suppression conferred by α-GalCer, we hypothesized that T2-MZP B cells, induced the 

differentiation of iNKT cells that ameliorate disease through suppression of Th1 and 

Th17 responses.  

To address this hypothesis we adoptively transferred T2-MZP B cells (see 

Materials and Methods Fig. 2.1B), isolated from the spleens of WT mice in remission 

from arthritis, into WT mice and Cd1d-/- mice that lack both iNKT cells and type II 

NKT cells (307, 479).  As previously shown, T2-MZP Bregs suppressed arthritis and 

reduced the frequency and absolute number of IFN-γ+ and IL-17+ CD4+ T cells in WT 

mice, however WT T2-MZP Bregs were unable to convey the same suppressive effect 

in iNKT cell deficient mice (Fig. 6.2, A and B).  

To confirm that CD1d plays a functional role in T2-MZP Breg suppressive 

function and in the differentiation of disease-ameliorating iNKT cells, we isolated T2-

MZP Bregs from the spleens of WT, Jα18-/- and Cd1d-/- mice in remission from arthritis 

and transferred them into WT mice. T2-MZP Bregs from WT and Jα18-/- mice (T2-

MZP Bregs express CD1d in both strains) suppressed arthritis and significantly 

inhibited IFN-γ+CD4+ T cells in WT recipient mice (Fig. 6.3, A and B). A trend in the 

reduction of IL-17+CD4+ T cells was also observed. In contrast, T2-MZP Bregs from 

Cd1d-/- mice failed to inhibit arthritis or to limit Th1/Th17 responses in the recipient 

WT mice (Fig. 6.4, A and B). Together these data demonstrate that suppression of 

arthritis by T2-MZP Bregs requires both iNKT cells and the expression of CD1d.  
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Figure 6.1. T2-MZP B cells express high levels of CD1d and suppress arthritis 
upon adoptive transfer. (A) Representative histograms and bar chart showing MFI of 
CD1d in APCs the spleens of arthritic WT mice (n=3 per group, one of four 
experiments is shown). (B) Representative flow cytometry plots showing the expression 
of CD1d in Fo, MZ and T2-MZP B cells in the spleens of arthritic WT mice, and bar 
chart showing the frequency of Fo, MZ and T2-MZP B cells in CD1dhiCD19+, 
CD1dloCD19+ or total CD19+ B cells in the spleens of WT mice (n=3, one of five 
experiments is shown). (C) Mean clinical score of WT mice that received T2-MZP, MZ 
or Fo B cells, isolated from the spleen of WT mice on day 7 post-disease onset, or WT 
mice that received no transfer following induction of arthritis. Y axis shows percentage 
swelling in antigen-injected knee compared to control knee (n=4 per group, one of two 
experiments is shown). A, B analysed on day 3 post-disease onset. Data are 
mean±s.e.m. *P<0.05, **P<0.01, ****P<0.0001, °°P<0.01, °°°°P<0.0001, 
°°°°P<0.0001 (B, C two-way ANOVA). 
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Figure 6.2. T2-MZP Bregs mediate suppression via iNKT cells. (A) Left, schematic 
showing experimental design. Right, bar chart showing suppression of knee swelling in 
Cd1d-/- and WT mice that received T2-MZP B cells, isolated from the spleens of WT 
mice on day 7 post-disease onset, compared to Cd1d-/- and WT mice that received no 
transfer (Cd1d-/- n=11, WT n=16, one of two experiments is shown). (B) Bar charts 
showing the frequency and number of splenic IFN-γ+ and IL-17+ CD4+ T cells in Cd1d-

/- and WT mice that received T2-MZP B cells, isolated from the spleens of WT mice on 
day 7 post-disease onset, or Cd1d-/- and WT mice that received no transfer (n=3 per 
group, one of two experiments is shown). B analysed on day 3 post-disease onset. Data 
are mean±s.e.m. *P<0.05, **P<0.01, ****P<0.0001 (A two-way ANOVA, B one-way 
ANOVA). 
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Figure 6.3. T2-MZP Bregs from CD1d-sufficient Jα18-/- mice suppress arthritis 
upon adoptive transfer. (A) Left, schematic showing experimental design. Right, 
mean clinical score of WT mice that received T2-MZP B cells, isolated from the spleens 
of Jα18-/- or WT mice on day 7 post-disease onset, or WT mice that received no transfer 
following induction of arthritis. Y axis shows percentage swelling in antigen-injected 
knee compared to control knee (Jα18-/- T2-MZP transfer n=4, WT T2-MZP transfer 
n=3, no transfer n=4, one of two experiments is shown). (B) Bar charts showing the 
frequency and number of splenic IFN-γ+ and IL-17+ CD4+ T cells in WT mice that 
received T2-MZP B cells, isolated from the spleens of Jα18-/- or WT mice on day 7 
post-disease onset, or WT mice that received no transfer (n=4 per group, one of two 
experiments is shown). B analysed on day 3 post-disease onset. Data are mean±s.e.m. 
*P<0.05, **P<0.01, ***P<0.001, ��P<0.01, ���P<0.001 (A two-way ANOVA, B one-
way ANOVA). 
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Figure 6.4. T2-MZP Bregs from CD1d-deficient mice fail to suppress arthritis 
upon adoptive transfer. (A) Left, schematic showing experimental design. Right, 
mean clinical score of WT mice that received T2-MZP B cells, isolated from the spleens 
of Cd1d-/- or WT mice on day 7 post-disease onset, or WT mice that received no 
transfer following induction of arthritis. Y axis shows percentage swelling in antigen-
injected knee compared to control knee (n=6 per group, one of two experiments is 
shown). (B) Bar charts showing the frequency and number of splenic IFN-γ+ and IL-17+ 
CD4+ T cells in WT mice that received T2-MZP B cells, isolated from the spleens of 
Cd1d-/- or WT mice on day 7 post-disease onset, or WT mice that received no transfer 
(n=4 per group, one of two experiments is shown). B analysed on day 3 post-disease 
onset. Data are mean±s.e.m. *P<0.05, **P<0.01, ****P<0.0001 (A two-way ANOVA, 
B one-way ANOVA). 
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α-GalCer mediated suppression does not require MZ B cells  
In addition to T2-MZP, MZ B cells also express high levels of CD1d (Fig. 6.1, 

A and B) and at least in vitro have been shown to exert suppression (221). We have 

previously reported and demonstrated in Fig. 6.1C that adoptively transferred MZ B 

cells are unable to suppress arthritis in the recipient mice (204), which is due to their 

inability to re-populate the spleen (P.A. Blair, unpublished results). To circumvent this 

issue and to ascertain the role that MZ B cells play in the differentiation of anti-

arthritogenic iNKT cells in vivo we depleted MZ B cells in WT mice, by administering 

anti-CD11a and anti-CD49d antibodies (483, 484) prior to the induction of arthritis and 

treatment with α-GalCer. Isotype-treated mice were used as controls. No changes in the 

number of T2-MZP B cells were observed in MZ B cell-depleted compared to control 

mice (Fig. 6.5). α-GalCer significantly reduced disease both in the control group and in 

MZ B cell depleted mice (Fig. 6.6A). The reduction in disease severity was 

accompanied by iNKT cell expansion and increased expression of Ki-67 (Fig. 6.6, B 

and C). The induction of PLZF and IFN-γ expression in iNKT cells from both MZ B 

cell-depleted and control mice was also comparable (Fig. 6.7, A and B).  These results, 

together with those shown in Fig. 4.6, demonstrating that during inflammation upon α-

GalCer treatment iNKT cells relocate to the T cell area, suggest that MZ B cells are not 

required for iNKT cell mediated suppression of arthritis.  
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Figure 6.5. Anti-CD11a and anti-CD49d antibody treatment depletes MZ, but not 
T2-MZP B cells. Left, schematic showing experimental design. Right, bar charts 
showing the number of splenic MZ and T2-MZP B cells in anti-CD11a- and anti-
CD49d-treated mice and isotype-control-treated mice prior to α-GalCer or vehicle 
administration (n=6 per group, one of two experiments is shown). Data are mean±s.e.m. 
*P<0.05 (Student’s t-test). 
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Figure 6.6. MZ B cells are dispensable for α-GalCer-mediated amelioration of 
arthritis. (A) Mean clinical score of control mice (left) or MZ B cell-depleted mice 
(right) that received α-GalCer or vehicle alone following induction of arthritis. Y axis 
shows percentage swelling in antigen-injected knee compared to control knee (α-
GalCer-treated n=5 per group, vehicle-treated n=6 per group, one of two experiments is 
shown). (B) Representative flow cytometry plots and bar charts showing the frequency 
and number of splenic iNKT cells in MZ B cell-depleted mice and control mice that 
received α-GalCer or vehicle alone (n=3 per group, one of two experiments is shown). 
(C) Representative histograms and bar chart showing MFI of Ki-67 in splenic iNKT 
cells from α-GalCer- or vehicle-treated MZ B cell-depleted mice and control mice (n=3 
per group, one of two experiments is shown). B, C analysed on day 3 post-disease 
onset. Data are mean±s.e.m. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (A two-
way ANOVA, B, C one-way ANOVA). 
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Figure 6.7. MZ B cells are dispensable for α-GalCer-mediated induction of PLZF 
and IFN-γ. (A) Representative histograms and bar chart showing MFI of PLZF in 
splenic iNKT cells from α-GalCer- or vehicle-treated MZ B cell-depleted mice and 
control mice (n=3 per group, one of two experiments is shown). (B) Representative 
flow cytometry plots and bar chart showing the frequency of IFN-γ+ splenic iNKT cells 
from α-GalCer- or vehicle-treated MZ B cell-depleted mice and control mice (n=4 per 
group, one of two experiments is shown). Analysed at 16h post-disease onset. Data are 
mean±s.e.m. *P<0.05, **P<0.01, ***P<0.001 (one-way ANOVA). 
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CHAPTER VII: Results V 

In the previous chapter we have shown that of CD1dhi splenic B cells T2-MZP 

and not MZ B cells are required for α-GalCer-mediated amelioration of arthritis.  

Having asserted the role of B cells in directing iNKT cell phenotype we finally 

wanted to explore whether a feedback loop existed whereby iNKT cell provided signals 

lead to the empowerment of Breg suppressive capacity.  

We show that the development of Bregs and their CD1d-independent 

suppressive capacity is preserved in iNKT cell-deficient mice.  

Note that assessment of B cell in vitro suppressive capacity was performed by 

Dr Anneleen Bosma. When experiments were performed by Anneleen Bosma, this is 

indicated in the figure legend. 
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iNKT cells are dispensable for Breg development  
Recently, it has been shown that iNKT cells can induce the expansion of IL-10-

producing Bregs in a cognate manner (508), a finding that could also explain the 

inability of α-GalCer treatment to suppress arthritis in the absence of B cells. We 

therefore wanted to explore whether a feedback loop exists, whereby iNKT cells 

support the differentiation of IL-10-producing Bregs. We did not observe an 

enhancement of B cell IL-10 expression following administration of α-GalCer to IL-10-

eGFP reporter mice at time of arthritis induction (Fig. 7.1).  

We then induced arthritis in iNKT deficient Jα18-/- and Cd1d-/- mice to further 

explore whether iNKT cells had a role in Breg homeostasis. While Jα18-/- mice only 

lack iNKT cells (due to the inability to rearrange the iTCR) (307), Cd1d-/- mice lack 

both iNKT and type II NKT cells due to lack of thymic selection (479). Confirming that 

iNKT cells play an immunomodulatory role in the context of arthritis, both Jα18-/- and 

Cd1d-/- mice developed severe disease that was associated with exacerbated Th1 and 

Th17 responses both in the spleen and dLN (Fig. 7.2 and 7.3).  

Confirming previously published observations, B cell development was 

comparable in iNKT cell deficient and WT mice (Fig. 7.4A) (456). We could not find 

any differences in the frequency of IL-10+ B cells and the amount of IL-10 produced by 

B cells in response to different stimuli in Jα18-/-, Cd1d-/- and WT mice (Fig. 7.4, B and 

C). 

To further understand whether Bregs differentiating in iNKT cell deficient mice 

were able to suppress conventional T cells as efficiently as their WT counterparts, B 

cells were isolated from spleens of Jα18-/- and Cd1d-/- mice, as well as WT mice, and 

were stimulated in vitro with anti-CD40. We have previously shown that this protocol 

induces the differentiation of Bregs that can suppress autoimmune diseases (179, 196). 

Bregs isolated from iNKT cell deficient mice retained their ability to inhibit TNF-α-

producing T cells in vitro (Fig. 7.5). Collectively these results demonstrate that iNKT 

cells are not required for the differentiation of functional Bregs.  
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Figure 7.1. α-GalCer does not induce B cell IL-10. Bar charts showing the frequency 
and number of splenic IL-10-eGFP+CD19+ B cells from IL-10-eGFP mice that received 
α-GalCer or vehicle alone following induction of arthritis (α-GalCer-treated group n=4, 
vehicle-treated group n=3, one of two experiments is shown). Analysed on day 7 post-
disease onset. Data are mean±s.e.m. (two-way ANOVA). 
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Figure 7.2. Jα18-/- mice develop exacerbated arthritis associated with elevated Th1 
and Th17 responses. (A) Mean clinical score of Jα18-/- and WT mice following 
induction of arthritis; y axis shows percentage swelling in antigen-injected knee 
compared to control knee (Jα18-/- n=16, WT n=23). (B) Representative flow cytometry 
plots (left) and bar charts (right) showing the frequency and number of IFN-γ+ and IL-
17+ CD4+ T cells in the spleen (top) and inguinal lymph node (bottom) of Jα18-/- and 
WT mice (n=3 per group, one of three experiments is shown). B analysed on day 7 post-
disease onset. Data are mean±s.e.m. *P<0.05, **P< 0.01, ***P<0.001, ****P<0.0001 
(A two-way ANOVA, B Student’s t-test). 
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Figure 7.3. Cd1d-/- mice develop exacerbated arthritis associated with elevated Th1 
and Th17 responses. (A) Mean clinical score of Cd1d-/- and WT mice following 
induction of arthritis; y axis shows percentage swelling in antigen-injected knee 
compared to control knee (Cd1d-/- n=22, WT n=24). (B) Representative flow cytometry 
plots (left) and bar charts (right) showing the frequency and number of IFN-γ+ and IL-
17+ CD4+ T cells in the spleen (top) and inguinal lymph node (bottom) of Cd1d-/- and 
WT mice (n=3 per group, one of three experiments is shown). B analysed on day 7 post-
disease onset. Data are mean±s.e.m. *P<0.05, **P< 0.01, ***P<0.001 (A two-way 
ANOVA, B Student’s t-test). 
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Figure 7.4. Breg development is not impaired in iNKT cell deficient mice. (A) Bar 
charts showing the frequency and number of splenic T2-MZP, MZ and Fo B cells in 
Jα18-/-, Cd1d-/- and WT mice following arthritis (Jα18-/- n=6, Cd1d-/-n=7 and WT n=10, 
one of two experiments is shown). (B) Bar charts showing the frequency and number of 
splenic IL-10+CD19+ B cells in Jα18-/-, Cd1d-/- and WT mice following arthritis (Jα18-/- 
n=5, Cd1d-/-n=8 and WT n=9, one of two experiments is shown). (C) Bar chart showing 
IL-10 production by B cells isolated from the spleens of arthritic Jα18-/-, Cd1d-/- and 
WT mice following stimulation with methylated BSA (mBSA), anti-CD40 or 
mBSA+anti-CD40 as measured by ELISA (n=9 per group, one of three experiments is 
shown). Analysed on day 7 post-disease onset. Data are mean±s.e.m. (A, C two-way 
ANOVA, B one-way ANOVA). 
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Figure 7.5. Breg in vitro suppressive capacity is not impaired in iNKT cell deficient 
mice. Representative flow cytometry plots and bar chart showing the frequency of TNF-
α+CD4+ T cells following co-culture with anti-CD40 stimulated B cells isolated from 
the spleens of arthritic Jα18-/-, Cd1d-/- and WT mice (n=3 per group, one of two 
experiments is shown). Analysed on 7 post-disease onset. Data are mean±s.e.m. 
***P<0.001, ****P<0.0001 (one-way ANOVA). Experiment performed in 
collaboration with Anneleen Bosma. 
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Chapter VIII: Discussion 

Bregs help to restrain immune-driven diseases by inhibiting pathogenic T cell 

responses and thus keeping the immune system in check. Most Bregs described in mice 

and humans have been identified by their IL-10 production and/or by the expression of 

high levels of CD1d. Indeed, expression of CD1d is a hallmark of several identified 

Breg subsets including B10, T2-MZP and MZ B cells (179, 509). To date, however, 

whether CD1d plays a functional role in Breg suppressive function remains unknown. 

Here, we show that the CD1d-dependent interaction with iNKT cells is dispensable for 

Breg development, but critical for their regulatory function by supporting the 

differentiation of iNKT cells with suppressive capacity.  

For the first time, we show that at an early stage of an autoimmune response T2-

MZP B cells, previously ascribed with regulatory function (and not any of the other B 

cell subsets expressing CD1d), present lipid antigen via CD1d and induce the 

differentiation of iNKT cells, which partially via the release of IFN-γ exert suppressive 

function. iNKT cells, primed by Bregs, in turn, downregulate Th1 and Th17 adaptive 

immune responses that contribute to the development of arthritis (Fig. 8.1). Therefore, 

we have identified a novel mechanism by which Bregs, via CD1d, bridge innate and 

adaptive immune responses in an IL-10-independent manner, and control and restrain 

excessive inflammation. 

B cells perform a diverse array of immunological functions, including 

presentation of both peptide and lipid antigens. Whereas the upregulation of major 

histocompatibility complex class II molecules upon B cell activation promotes the 

activation of CD4+ Th cells, CD1d-dependent presentation of α-GalCer by B cells to 

iNKT cells generates an activation signal that drives antibody production (392, 393, 

398, 400, 510).  

It is important to note that in the iNKT cell field, the current “dogma” states that 

the effector function of iNKT cells is almost exclusively driven by lipid presentation by 

DCs (295). In addition, the majority of the research has focussed on the role that iNKT 

cells have in providing help to B cells and promoting their differentiation into plasma 

cells (392, 393, 398, 400, 510). Whereas very little is known in regards to the function 

that lipid presentation by B cells has on iNKT cell biology. Emerging evidence also 

shows that optimal CD1d expression on B cells is essential for the generation of iNKT 

cell responses. For example, the loss of CD1d expression on B cells, following Epstein-
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Barr virus infection, results in severe attenuation of iNKT cell effector functions (511). 

Published data by our laboratory and confirmed by other groups (275, 512) also 

suggested that aberrant CD1d expression by B cells is associated with iNKT cell 

functional defect observed in SLE patients, and that B cell specific expression of CD1d 

is important for the in vitro iNKT cell activation. Together, these findings suggest that 

crosstalk between CD1d-expressing B cells and iNKT cells may be important in the 

maintenance of iNKT cell homeostasis and for regulation of suppression (275).  

By taking advantage of a combination of chimeric mice and adoptive transfer 

strategies we have demonstrated that CD1d+ Bregs inhibit inflammation by directly 

interacting with iNKT cells, thus underscoring a new mechanism for Breg suppression. 

It is becoming increasingly clear that Bregs can suppress in an IL-10-independent 

manner, including via the production of IL-35, TGF-β, adenosine or expression of PD-

L1 (245, 513, 514). In contrast to the induction of CD4+ Tregs by Bregs (197), which is 

impaired in the absence of IL-10+ B cells, here we have shown that the differentiation of 

iNKT cells that limit inflammation in arthritis is CD1d-dependent, but IL-10-

independent. Indeed, arthritis in B-Il10-/- or in global Il10ra-/- mice was ameliorated by 

α-GalCer treatment.  

To date, several mechanisms for iNKT cell-mediated regulation of pathogenic 

Th cell responses that drive autoimmunity have been suggested (284, 407, 488).  For 

example, expression of IL-4, IL-10 and IFN-γ have all been shown to mediate iNKT 

cell-dependent inhibition of autoimmunity (284). We consistently found that iNKT cell 

IFN-γ upregulation was impaired in response to α-GalCer treatment in B cell deficient 

or B-Cd1d-/- mice compared to control mice. The protective role of iNKT cell IFN-γ in 

arthritis was supported by the experiments where the neutralization IFN-γ reversed to 

some extent the protective effect of α-GalCer and restored the subsequent pro-

inflammatory cytokine production. Grajewski et al. originally showed that iNKT cells 

producing IFN-γ ameliorate uveitis by inhibiting the adaptive Th1 and Th17 responses, 

suggesting that innate, iNKT cell produced, IFN-γ is critical to initiate regulatory 

circuits that inhibit pathogenic Th cells in uveitis (459). In EAE and TIDM, iNKT cells 

producing IFN-γ protect mice from developing disease by dampening CD4+ T cell 

activation, including their production of IFN-γ and IL-17 (442, 489, 490). 

Of interest, at least in vitro iNKT cells isolated from SLE patients produce less 

IFN-γ compared to healthy individuals (275). Furthermore, iNKT cell production of 

IFN-γ after healthy peripheral blood mononuclear cell (PBMC) culture with α-GalCer 
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was ablated upon depletion of B cells (275). Therefore, we propose that early (innate) 

production of IFN-γ by iNKT cells is protective, but late (adaptive) production of IFN-γ 

(together with IL-17) by CD4+ T cells is associated with increased inflammation and 

pathology.  

In agreement with our data, several reports using different experimental models 

of RA, including CIA and glucose-6-phosphate isomerase (GPI)-induced arthritis, have 

shown that α-GalCer ameliorates arthritis via inhibition of pro-inflammatory cytokines 

produced by CD4+ T cells (447, 515). Coppieters et al. also show that high levels of 

IFN-γ accumulate in the serum of mice treated with α-GalCer and that neutralization of 

IFN-γ at the time of α-GalCer administration during disease onset reduced the efficacy 

of the treatment, which again supports our data showing that α-GalCer protection is 

mediated by iNKT cell production of IFN-γ (447). In contrast to our results, however, it 

has been reported that the protective role of α-GalCer in CIA was also mediated by an 

upregulation of IL-10 by T cells, and that administration of an anti-IL-10R mAb 

abrogated the protective effect. In our model suppression of arthritis following α-GalCer 

was IL-10-independent as there was equivalent suppression of disease in Il10ra-/- and 

WT mice treated with α-GalCer. It is interesting to note that the same authors reported 

different effects of α-GalCer treatment on cytokine production between DBA/1 and 

C57BL/6 mice with CIA; higher levels of serum IFN-γ were observed in C57BL/6 mice 

compared to DBA/1 mice. This suggests that α-GalCer may mediate suppression 

differentially accordingly to the disease model (CIA versus AIA, chronic versus acute) 

and to the genetic background of the mice (C57BL/6 versus DBA/1) (448). Importantly, 

when applying our findings, showing an important role for CD1d-mediated B-iNKT cell 

interaction in the suppression of acute inflammatory responses to chronic autoimmune 

conditions, limitations of the current study, including the use of a self-limiting disease 

model, should be considered. 
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The induction of different populations of regulatory iNKT cells, such as lymph 

node FoxP3+ iNKT cells (491), adipose tissue-enriched FoxP3-IL-10+ iNKT cells (460), 

or adipose tissue-resident FoxP3-PLZF-E4BP4+ (462) iNKT cells, has also been 

associated with iNKT cell anti-inflammatory effects. Our data suggests that Breg-

induced iNKT cells are FoxP3-PLZF+E4BP4-. The different phenotype may reflect the 

tissue from which they were isolated, the particular inflammation model, or the stimuli 

received from Bregs.  

The comparative analysis of gene expression in iNKT cells from B-Cd1d-/- and 

B-WT mice showed changes in several regulatory pathways. In particular, in the 

absence of CD1d-presenting B cells, we observed a downregulation of many genes that 

are enriched in NKT1 cells and the upregulation of those associated with NKT2 

phenotype (505). The expression of PLZF has been linked with the acquisition and 

regulation of multiple facets of iNKT cell phenotype, development, homeostasis and 

function (320, 321). Here we consistently found PLZF expressed at lower levels when 

B cells were not able to present α-GalCer. Considering the central role of PLZF in 

establishing iNKT cell function during differentiation and its maintenance in the 

periphery, it is tempting to speculate that T2-MZP Bregs, via the expression of CD1d, 

and possibly other factors, may play a role in PLZF expression or in the stabilization of 

PLZF locus. More in-depth experiments including the analysis of proximal conserved 

non-coding sequences in the PLZF locus should be performed in the future to assess this 

question in more detail. Taken together with the results showing alteration in genes 

involved in immunometabolism in iNKT cells from B-Cd1d-/- compared to B-WT mice, 

our data suggest that Bregs expressing CD1d coordinate the induction of iNKT cell 

effector program, and that Breg-induced iNKT cells are likely to suppress inflammation 

via multiple mechanisms. 

Recently, work carried out by Vomhof-DeKrey et al. (508) showed that 4-

hydroxy-3-nitrophenyl-α-GalCer administration does not induce humoral memory, but 

instead drives the expansion of IL-10+ Bregs. This suggests that iNKT-B cell 

interactions lead to a feedback loop whereby iNKT cells provide pivotal signals for 

Breg differentiation in vivo. In contrast, we could not see the induction of IL-10+ B cells 

upon α-GalCer treatment. We also show that Breg development and in vitro suppressive 

function on conventional T cells is unaltered in mice lacking iNKT cells. It was also 

demonstrated previously that Schistosoma mansoni-induced Bregs suppress allergic 

airway inflammation in mice in a CD1d-dependent, iNKT cell-independent manner 
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(209). We however, observed the Breg effect required iNKT cells. iNKT cells isolated 

from α-GalCer treated AIA immunized WT mice transferred disease suppression to 

µMT mice and Bregs failed to suppress disease in iNKT cell deficient mice. Therefore, 

at least in our experimental system, there is a “long-lasting” effect of B cell-activated 

iNKT cells that persists following transfer of iNKT cells to a B cell deficient host. 

Previous work has shown that in an in vivo killing assay α-GalCer loaded, CD1d-

expressing cells, in particular MZ B cells and to certain extent CD11c+ and CD11b+ 

cells are killed (501). In the context of arthritis we could not recapitulate this finding. In 

contrast we found that splenic B cell subset frequency was not reduced and absolute 

numbers of each subset were increased in B-WT mice following α-GalCer treatment. In 

B-Cd1d-/- mice upon α-GalCer treatment MZ B cell frequency was reduced.  

Although MZ B cells as a subset express higher levels of CD1d than T2-MZP B 

cells, examination of their respective roles in the regulation of inflammation via CD1d-

dependent interaction with iNKT cells revealed that only T2-MZP Bregs were required 

to induce iNKT cells with suppressive function. We observed that, upon α-GalCer 

administration to arthritic mice, iNKT cells localized in the T cell area, but only in B-

WT and not B-Cd1d-/- mice. This could explain the requirement for CD1d+ T2-MZP B 

cells that have access to T cell area in the regulation of iNKT cell phenotype, over MZ 

B cells that are located in the MZ. Nevertheless, King et al. published a report in which 

they tried to elucidate the spatiotemporal nature of various modes of iNKT cell 

activation, using a combination of IL-12 and IL-18, α-GalCer administration or 

Streptococcus pneumoniae infection (386). Their observations were that both α-GalCer 

administration and systemic infection led to the redistribution of iNKT cells to the MZ, 

while IL-12 and IL-18 did not affect iNKT cell location compared to steady-state. The 

discrepancy with our results, in regards to iNKT cell localization following α-GalCer 

treatment, may arise from the different route of administration, i.p. versus i.v., and dose 

of α-GalCer, 2µg versus 0.5µg. Furthermore, they administered α-GalCer in naïve mice, 

while we used the glycolipid to treat arthritic mice. The cytokines elicited under our 

experimental conditions together with antigen stimulation are likely to provide unique 

instructions for iNKT cell migration to those investigated by King et al. (386). It may 

also be that by the time we assayed iNKT cell location on day three following α-GalCer 

administration, inflammation had already resolved and instead we observed the reversal 

to homeostasis-like iNKT cell location in α-GalCer-treated B-WT mice, including them 

residing in the T cell area. In support of this, even in arthritic vehicle-treated control 

mice iNKT cells appear to localise in the MZ and splenic parenchyma rather than across 
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the white pulp as observed by King et al. (386). Thus taken together this suggests that 

migration of iNKT cells is finely tuned by the microenvironmental input that they 

received during activation. 

Using a model of syngeneic apoptotic cell injection to trigger autoantibody 

production, Wermeling et al. (456) have shown a role for iNKT restriction of 

autoreactive CD1-expressing B cells. Upon transfer of Cd1d-/- or WT B cells to Cd19-/- 

mice, which lack MZ B cells and do not mount an antibody response in this model, 

Cd1d-/- B cells localized in the GCs. The mice that received Cd1d-/- B cells also had 

elevated antibody titres, compared to the group that received WT B cells. The authors 

confirmed these observations in 50/50 mixed BM chimeric mice with CD1d-deficient 

and CD1d-sufficient B cells. CD1d-deficient B cells were more likely to acquire a GC 

phenotype upon apoptotic cell injection. These results are in agreement with our data 

showing that in the absence of CD1d-expressing B cells GCs were unaffected by α-

GalCer treatment unlike in B-WT control mice, in which we observed a decrease in the 

number of GCs. However, the present study cannot exclude that the lack of GCs in α-

GalCer-treated B-WT mice is due to reduced inflammation, and thus GCs are not 

formed. 

Previously it has been shown that MZ B cells can enhance the activation of 

iNKT cells in the presence of DCs (391).  In addition, a pivotal role for DCs in the 

activation of iNKT cells, as determined by downstream cytokine responses, was shown 

in diphtheria toxin-treated human DTR transgenic animals (396). We also found that in 

the context of arthritis, DCs and MZ B cells were required for the α-GalCer-mediated 

activation and expansion of iNKT cells. In addition, our data demonstrate that MZ B 

cells and DCs are not essential in the differentiation of iNKT cells that limit 

inflammation. Instead, B cells via CD1d induce iNKT cell upregulation of PLZF and 

IFN-γ. Therefore, we propose a new mechanism by which during an ongoing immune 

response the role of regulatory T2-MZP B cells is distinct from the function of MZ B 

cells and DCs with respect to iNKT cells. As discussed in the introduction, iNKT cells 

can be potently activated by CD1d-lipid presentation in combination with cytokines 

(295). An explanation to our results could be that some of the co-stimulatory signals to 

iNKT cells may have been provided in vivo by other cells, and therefore that in our 

model of inflammation, requirement for DC-mediated stimulation is overridden by 

signals from inflammatory cytokines. In support of this hypothesis, is the study by 

Bialecki et al., who reported reduced capacity of α-GalCer to stimulate iNKT cell 
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cytokine production in vitro when MZ B cells were depleted (391). They also observed 

that MZ B cells were not able to stimulate iNKT cells, but were able to stimulate iNKT 

cell hybridomas. The authors explain the ability to activate hybridomas, but not primary 

iNKT cells by the fact that hybridoma activation can be driven by TCR-mediated 

signals alone, without co-stimulation (of note, the authors excluded IL-12 as blocking it 

did not abrogate effect). Similarly in support of our observations, King et al. observed 

that clodronate treatment of mice depleted approximately 1/3 of dendritic cells, but 

upon this treatment iNKT cells completely lost ability to induce IFN-γ and significantly 

reduced capacity to produce IL-4 in response to α-GalCer (386). The loss of iNKT cell 

IFN-γ production upon DC depletion was restored upon exogenous administration of 

IL-12 in combination with IL-18. It is therefore possible that, in our model, the 

inflammation, induced upon immunization, overrides the requirement for DCs in iNKT 

cell activation and explains why we did not see impaired IFN-γ induction upon in vivo 

or in vitro DC depletion. Thus, we propose that the inflammatory environment promotes 

B cells to efficiently present α-GalCer, even in the absence of DCs. We have also 

shown that there were 50% less IFN-γ + iNKT cells in the liver compared to the spleen 

after in vivo α-GalCer treatment of arthritic mice.  T2-MZP B cells do not reside in the 

liver (K. Oleinika, unpublished observations) and in this organ the majority of B cells 

are Fo which express low levels of CD1d, providing indirect evidence that T2-MZP 

Bregs are important for the differentiation of suppressive IFN-γ+ iNKT cells. One 

possible explanation of how MZ B cells contribute differentially to iNKT cell driven 

disease outcome in arthritis is the location, as discussed.  

What remains to be answered in a lot of mechanistic Breg studies is how exactly 

Bregs suppress Th1/Th2/Th17 responses i.e. whether the effect is direct. It has been 

shown in vitro that Bregs can directly induce Tregs as well as suppress Th1/Th17 

responses (274, 276). Here we have shown that in addition Bregs can suppress 

Th1/Th17 responses via their effect on iNKT cell function. 

In conclusion, we have described a novel T2-MZP Breg regulatory mechanism 

that acts as a rheostat in the differentiation of iNKT cells with suppressive capacity. We 

propose that Breg CD1d-mediated suppression may allow more immediate suppression 

and control of inflammation, while IL-10 response is induced. Indeed, cytoplasmic IL-

10 is not a feature of resting B cells (216), and in vivo Breg IL-10 induction, as 

discussed, requires signals such as CD40 or TLR ligation, and inflammation. Similarly 

in vitro induction of IL-10 requires strong signals or longer cultures (179, 263). 
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In an era where B cells constitute a primary therapeutic target in several 

autoimmune diseases and in cancer, these data add a further degree of complexity that 

needs to be considered when designing new therapies aimed to eliminate the entirety of 

B cells.  
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Figure 8.1. Proposed mechanism of Breg modulation of inflammation in a CD1d- 
and iNKT cell-dependent manner. Lipid presentation by CD1d-expressing B cells 
with a T2-MZP phenotype induces PLZF+IFN-γ+ (T-bet+) iNKT cells. These iNKT cells 
in turn regulate Th1 and Th17 response partially via the production of IFN-γ. 
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