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ABSTRACT 
The immune system needs to be efficient to protect organisms from invading 
pathogens. Lymphoid organs such as the spleen and lymph nodes are needed to initiate 
the response. The spleen is important for systemic immunity and filters the blood for 
blood-borne pathogens through its marginal zone, where marginal zone macrophages 
(MZM) and marginal zone B cells (MZB) reside. Part of the immune surveillance is 
carried out by scavenger receptors expressed by these cell types, as well as by natural 
antibodies produced by B cells that help to clear and engulf pathogens. The same 
scavenger receptors also recognize self and it is therefore crucial that the cells of the 
immune system are properly regulated to give a pro-inflammatory response when 
responding to non-self while inducing anti-inflammatory responses when recognizing 
self. When this balance is broken, the immune system turns against its own body, 
causing so-called autoimmune diseases. 

The aim of the work presented in my thesis was to investigate how B cells are 
regulated by components of innate immunity in the response to modified self, through 
the study of animal models for autoimmunity and atherosclerosis. In paper I, we 
investigated how the inflammatory cytokine IL-18 induces a potent antibody response. 
We found that IL-18 drives a MZB expansion leading to primarily extrafollicular foci 
responses and that the ensuing self-response is regulated by innate natural killer T cells 
(NKT). In paper II, we investigated how NKT cells regulate autoreactive B cells in a 
model where syngeneic apoptotic cells were injected repeatedly to break tolerance to 
self and induce an autoantibody response. We show that NKT cells make up an 
important CD1d-dependent check-point for autoreactive B cells prior to germinal 
center entry and that transfer of NKT cells lowers the load of autoantibodies. In paper 
III, we studied the role of scavenger receptor CD36 expressed on MZBs in this context. 
We found that down-regulation of CD36 coincides with germinal center formation, that 
B cells lacking CD36 are more easily activated towards apoptotic cells and that CD36 
exert its inhibitory effect on autoreactive B cells by associating with the tyrosine kinase 
Lyn and FcγRIIb. In paper IV, we investigated the role of the spleen in the recognition 
of modified self in atherosclerosis and how this is regulating an inducible protective B 
cell response. Transfer of spleen B cells from old atherosclerosis-prone ApoE-/- mice to 
young ApoE-/- mice has previously been shown to confer protection against plaque 
development. We found lipid-driven germinal center and plasma cell foci populations 
in the spleens of old ApoE-/- mice. Administration of apoptotic cells, carrying the same 
oxidation-specific epitopes as modified low-density lipoprotein (LDL), led to the same 
activated phenotype, protected against atherosclerosis, and led to a B cell-dependent 
cholesterol decrease through the production of anti-oxLDL IgM. 

In summary, the work presented here describes how autoreactive B cells are 
regulated extrinsically by components of the innate immune system such as IL-18, 
which drives autoantibody production and by NKT cells that inhibit them. B cells are 
also regulated intrinsically by inhibitory receptors on their surface and we found a 
novel co-receptor involved in the response to self-antigen. However, autoreactive B 
cells can also drive protective responses in atherosclerosis-prone mice. By studying 
how they are regulated, we can learn how to inhibit harmful while promoting protective 
responses and hopefully apply this knowledge to therapeutic approaches in the future. 
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1 INTRODUCTION 
1.1 THE IMMUNE SYSTEM 

The immune system has evolved to shield us from our environment and protect us from 
harm, such as invading pathogens 1. At the same time, it is needed to maintain 
homeostasis through clearance of dying (apoptotic) cells and initiation of tissue repair. 
To perform these various functions, the immune system needs to react in the proper 
way to attack invaders while recognizing self and not responding to it. It is therefore 
important that the immune system is properly regulated so that it can distinguish self 
from non-self and keep this crucial balance. Various control mechanisms have evolved 
to keep this balance in both arms of the immune system, the rapid broad innate system 
and the slower specific adaptive immune system. 
 
1.1.1 The innate immune system 

The innate immune system is our first line of defense against pathogens. The very first 
protection is mediated by physical and chemical barriers comprised of the skin, 
mucosal surfaces and their secretion of antimicrobial peptides. When the physical 
barrier is disrupted, or cannot contain the pathogen, inflammation occurs as a mean to 
restore homeostasis. A system of plasma proteins called the complement system can be 
activated after binding pathogen or pathogen-bound antibody 2. The complement 
system then helps to clear the pathogen by recruiting phagocytes, mediating uptake 
through complement receptors or by causing direct lysis of the pathogen. Resident 
macrophages in the periphery then set the alarm by secreting cytokines and 
chemokines. These inflammatory mediators, together with the complement system, 
affect the surrounding blood vessels, causing dilation and increased permeability, 
which permits augmented local blood flow and leakage. This triggers the characteristic 
signs of inflammation: heat, redness, and swelling. The endothelial cells lining the 
blood vessels are also stimulated to upregulate adhesion molecules, facilitating the 
migration into the tissues of phagocytes (namely neutrophils and monocytes), recruited 
from the blood stream to the inflammatory site by the secreted chemokines 3. Once in 
the tissue, monocytes can differentiate to either macrophages or dendritic cells (DCs) 
depending on the local environment. Pain, another sign of inflammation, arises from 
the infiltrating cells and their local actions. 
 
To recognize so-called pathogen-associated molecular patterns (PAMP) on pathogens, 
phagocytes express pattern recognition receptors (PRR) such as scavenger receptors 
(SR), toll-like receptors (TLR) and NOD-like receptors (NLR) 4-6. Expression of these 
receptors enables the innate immune system to recognize a vast array of ligands. Until 
recently these PRR were thought to specifically recognize pathogen-derived ligands. It 
is now known that they can recognize also self-derived ligands. This recognition can 
occur through the formation of so-called oxidation-specific epitopes, such as 
phosphorylcholine (PC), that arise when self is modified by mechanisms involving 
apoptosis or oxidation 7 (Fig. 1). When cells in the vicinity of other cells are modified 
by these processes, they can give rise to Danger-associated molecular patterns 
(DAMPs) rather than PAMPs 8, 9, also signaling phagocytes to mediate clearance of 
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modified self. The importance of oxidation-specific epitopes and how they can shape 
an immune response will be central to paper IV. 

Figure 1. Oxidation-specific epitopes (ox-PC, PC) arise during processes in which self 
is modified, such as apoptosis (top left) or oxidation of LDL (bottom left). They are 
also present in pathogens, such as Streptococcus pneumoniae (right). These epitopes 
are recognized by natural antibodies (middle bottom), CRP (middle top) and PRR such 
as CD36, SR-A and TLRs on macrophages. 
  
The scavenger receptor family is large and includes Class A family members SR-A and 
macrophage receptor with collagenous structure, as well as Class B scavenger receptors 
such as CD36 10. These receptors mediate phagocytosis of numerous ligands. They also 
mediate signaling although they do not have any intracellular signaling motifs. They 
are therefore believed to signal through co-receptors, such as TLRs. CD36 is able to 
recruit TLRs for this purpose, which will be further discussed later in 1.4. 
 
TLRs can be expressed on the cell surface as well as intracellularly in endosomes. 
Surface TLRs sense bacterial membrane components, such as lipoteichoic acid or 
lipopolysaccharide (LPS) 11. Viral or bacterial nucleic acids such as single-stranded 
(ss)RNA, double-stranded (ds)RNA and CpG-rich DNA are sensed by endosomal 
TLR3, TLR7 and TLR9, respectively. All TLRs signal through the Myeloid 
differentiation factor 88 (MyD88), except for TLR3 that signals through TRIF 5. 
MyD88 recruitment leads to the activation of transcription factors AP-1 and NFκB, 
driving the transcription of pro-inflammatory cytokines such as TNFα, interleukin-  
(IL-)1β, IL-6 and IL-12, as well as co-stimulatory molecules important for the 
activation of cells of the adaptive immune response 12. Alternatively, following 
engagement of nucleic acid sensors TLR7, TLR8 and TLR9, MyD88 recruitment can 
lead to the activation of interferon regulatory factor, thereby driving the production of 
antiviral type I interferons IFNα and IFNβ 13.  
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When macrophages engulf PAMPs or DAMPs, the engulfed material can also be 
recognized by other intracellular receptors, such as NLRs. NLRs associate with the 
adaptor protein ASC (apoptosis-associated speck-like protein containing a caspase 
activation and recruitment domain) and pro-caspase 1 to form so-called 
inflammasomes 14. This leads to the active form of caspase 1, which in turn activates 
pro-inflammatory cytokines IL-1β and IL-18 by cleaving pro-IL-1β and pro-IL-18, 
respectively 15, 16. Secretion of IL-1β requires a priming event through which MyD88 
signaling leads to NFκB-dependent transcription of pro-IL1β, as well as some NLRs. 
Pro-IL18 is constitutively expressed but is increased upon priming. A second signal can 
be induced by various triggers, including reactive oxygen species (ROS) production in 
response to ruptured endosomes, a decrease in potassium ions (K+) following exposure 
to bacterial toxins or extracellular ATP, viral DNA or large particles (Fig. 2) 6. 

 
Figure 2. Macrophages take up pathogens or modified self through SRs and TLRs. 
This leads to a priming event where NFκB is activated through MyD88 (1.) to produce 
pro-IL-1β or more pro-IL-18 constitutively expressed in the cell, as well as NLRs. 
NLRs together with ASC and pro-caspase 1 make up an inflammasome, activated by 
engulfed cholesterol crystals rupturing endosomes, extracellular ATP binding its 
receptor or pore-forming toxins, both leading to a decrease in intracellular K+ (2.). 
Caspase 1 is activated and cleaves pro-forms of IL-1β and IL-18 to their active forms. 
IL-1β can create a positive feedback loop through binding its receptor and signal 
through MyD88. 
 
The IL-1 family binds to the IL-1R family of receptors that, like TLRs, signal through 
MyD88 17. IL-1 can thereby enhance the inflammatory response through a positive 
feedback loop. IL-1β activates vascular endothelium and lymphocytes and potently 
recruits neutrophils. IL-18 was originally described as an IFNγ-inducing factor, but has 
later been shown to have other effects on the immune system 18. These effects will be 
mentioned throughout the introduction and described in greater detail when discussing 
the findings of paper I. 
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Following macrophage or DC activation, cytokines TNFα, IL-1β and IL-6 induce an 
acute-phase response by driving the production of so-called acute-phase proteins from 
liver hepatocytes 19, 20. One of these proteins is the C-reactive protein (CRP) (or serum 
amyloid P in mice), which acts as a soluble pattern recognition molecule. It binds to the 
oxidation-specific epitope PC present in the cell wall of certain fungi and bacteria, such 
as Streptococcus pneumoniae (S. pneumoniae), as well as oxLDL and apoptotic cells 
(Fig. 1) 7. CRP thereby activates the complement cascade, which recruits neutrophils, 
opsonizes ligands and enhances phagocytosis 2. CRP also interacts with Fc receptors 
binding the Fc-part of antibodies and bind nuclear constituents 21. 
 
IFNα, IFNβ or IL-12 produced by activated macrophages activate natural killer (NK) 
cells 22. These cells, as their name implies act by killing target cells through the release 
of cytotoxic granules. They recognize infected target cells through binding of cell 
surface receptors and become activated for instance by the lack of MHCI on the target 
cell 23, 24. IL-12 can also act in synergy with IL-18 to induce IFNγ-production by NK 
cells. 
 
A type of innate-like lymphocyte, called natural killer T (NKT) cell, also produces 
large amounts of IFNγ as well as other cytokines 25. It is named NKT cell because it 
expresses NK markers as well a T cell receptor (TCR). Its TCR however responds to 
lipid antigen presented on the MHCI-like molecule CD1d instead of peptide antigen on 
MHC molecules 26. NKT cells are believed to play an important role in an 
inflammatory environment by bridging the innate and adaptive immune responses 
through the rapid production of cytokines. NKT cells can also promote CD1d-
expressing DCs to produce IL-12, thereby transactivating NK cells. NKT cell 
development and regulation will be described in 1.3 and 1.5.3. 
 
The B1 subset of B cells is another type of innate-like lymphocytes. These cells are the 
main producers of natural antibodies. Natural antibodies are of the immunoglobulin M 
(IgM) subtype and have an important role in clearance of pathogen, as well as apoptotic 
cells. Some of these react to the same oxidation-specific epitopes as PRR and CRP, 
namely PC (Fig. 1). IgM binds its ligand and activates the complement system, which 
leads to enhanced uptake by phagocytes 27, 28. Different subsets of B cells and their 
specific roles in innate and adaptive immune responses will be discussed in detail in 
section 1.2.2. 
 
If the innate immune system cannot overcome the infection on its own, free antigen 
diffuses to the lymph and DCs that have engulfed antigen migrate to the lymph nodes. 
Here they can trigger cells of the adaptive immune system. Depending on the antigen, 
pathogen or modified self, the response will vary. Apoptotic cells for instance are 
known to mediate an anti-inflammatory effect, partly through the scavenger receptor 
CD36 29. This kind of regulation is crucial for the immune system not to react to self 
but also allows the innate immune system to dictate the appropriate type of adaptive 
response to a particular pathogen. Inflammation then allows for the cells of the adaptive 
immune response to find their way to the inflammatory site. Vascular endothelial cells 
upregulate adhesion molecules, causing leukocytes from the circulation to adhere. 
These then receive a chemokine cue signaling them to migrate across the endothelium 
to reach the inflamed tissue. 
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1.1.2 The adaptive immune system 

The innate immune system needs to orchestrate a specific adaptive immune response to 
clear the pathogen. Without the right cues from the innate immune system, the adaptive 
immune system could even respond to self-antigens (see 1.6). As a way to ensure that 
activation occurs only when needed, both B and T lymphocytes need two activatory 
signals in order to develop into effector cells. 
 
As previously mentioned, DCs in the periphery recognize and take up antigen through 
PRR such as TLRs. Signaling through TLRs increases processing of the antigen, 
upregulates co-stimulatory molecules as well as CCR7 needed for the migration 
towards the lymph nodes, guided by the chemokines CCL19 and CCL21 produced by 
stromal cells in the lymph nodes 30. Antigen diffusing through the lymph is taken up by 
specialized macrophages and DCs in lymph nodes. 
 
DCs efficiently process engulfed antigen to peptides and load these onto Major 
histocompatibility complex (MHC) molecules for subsequent presentation to T cells 31. 
This makes DCs professional antigen-presenting cells. When meeting naïve antigen-
specific CD4+ or CD8+ T cells, DCs present peptides on MHCII and MHCI, 
respectively. This leads to signaling through the TCR and provides a first activatory 
signal. A second signal is provided by co-stimulatory molecules expressed on the 
DCs32, 33. Depending on the pathogen encountered in the periphery, DCs provide a third 
signal by producing different sets of cytokines to induce a specific effector T cell 
response. The T cell subset induced will migrate to the site of infection, where it can 
exert its effector functions directly, or drive infiltration of new phagocytes. T cells will 
also skew the class of antibody produced by the B cells. While CD8+ T cells mainly 
differentiate into cytotoxic IFNγ-producing cells, CD4+ T cells can differentiate into 
various T helper (TH) subsets 34.  
 
At steady state, when no infection is present, DCs produce mainly TGFβ and some   
IL-6, and have not upregulated their co-stimulatory molecules. Upon presentation of 
self-peptides in MHCII to CD4+ T cells, DCs will therefore induce transcription factor 
Foxp3 expression in CD4+ T cells. This leads to the development of T regulatory cells 
(TREG), which produce the anti-inflammatory cytokines TGFβ and IL-10. This is an 
important mechanism through which tolerance to self is induced and autoimmunity is 
avoided.  Under inflammatory conditions, IFNγ and IL-12 drive T-bet expression and 
TH1 differentiation, committing CD4+ T cells to produce IFNγ and IL-2. Likely sources 
for the early IFNγ are NK and NKT cells of the innate immune system. IL-4 instead 
triggers the induction of TH2 CD4+ T cells through GATA3, leading to the production 
of TH2 cytokines IL-4 and IL-5. Some pathogens induce DCs to produce high levels of 
IL-6 in addition to TGFβ. CD4+ T cells will then upregulate RORγt inducing TH17 
differentiation. These cells produce IL-6 and IL-17 and are potent enhancers of 
inflammation. Finally, T follicular helper (TFH) cells need IL-6 and the expression of 
the transcription factor Bcl6 to develop. Bcl6 is required for the expression of CXCR5 
needed for proper localization of these cells. They produce IL-21, express ICOS and 
are important initiators of germinal centers (GC) 35. Several subsets can differentiate in 
the response to the same pathogen and exist side by side, but prolonged inflammatory 
responses usually enforce one subset to the other’s detriment. There might also be some 
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plasticity between TH subsets, and a subset could be converted to another in the 
presence of the right environmental triggers 34.  
 
DCs can also present foreign antigens to CD4+ T cells in the absence of co-stimulatory 
molecules. This activates the CD4+ T cells to produce cytokines and CD40L, in turn 
leading to the upregulation of co-stimulatory molecules on the DC. These DCs can 
subsequently activate CD8+ T cells through MHCI or by producing IL-12 and IL-18 36. 
CD8+ T cells are cytotoxic and mediate their effector function by inducing apoptosis in 
the target cell, through Fas-Fas ligand interaction or the release of perforin-granzyme 
containing granules 37. 
 
Also B cells require two signals to become activated. The first signal occurs when a 
specific B cell binds to its antigen through its B cell receptor (BCR). This leads to 
engulfment of the antigen, internal processing and loading of peptides onto MHCII 
molecules. The second signal is delivered by an antigen-experienced TH cell following 
presentation of antigen on MHCII by the B cell 38. This can drive the formation of GC 
B cells, as well as differentiation of TFH cells. This interaction, on which the GC 
formation depends, has been shown to be dependent on signaling lymphocyte 
activation molecule-associated protein (SAP) 39. Activated B and TFH cells localize to 
the B cell follicles where resident stromal-derived follicular dendritic cells (FDCs) 
provide additional help. B cells or DCs transport antigen and immune complexes for 
deposition on FDCs. The deposited antigen is crucial for proper selection of antigen-
specific activated B cells entering a GC response. Furthermore, the expression of 
complement receptors CR1 (CD35) and CR2 (CD21) on FDCs has been shown to be 
necessary for mounting a strong antigen-specific IgG response 40. Antigen is believed 
to be deposited and maintained on the surface of FDCs for long periods of time. 
Antigen was recently shown to be preserved through the endocytosis and recycling of 
immune complexes by FDCs 41. GC B cells can after selection develop either to 
antibody-producing plasmablasts or memory B cells 42. 
 
B cells can also follow an alternative pathway and directly differentiate into 
plasmablasts. Finally, there are also T cell-independent antigens, which can induce 
rapid antibody responses in the absence of T cells. Two signals are still often required 
for activation but these can be delivered by BCR cross-linking by the antigen followed 
by TLR activation. These responses will be further described when discussing B cell 
subtypes and activation in 1.2.2-1.2.3. 
 
1.1.3 The spleen 

T and B lymphocytes develop in primary lymphoid organs, the thymus and the bone 
marrow, respectively. The lymphocytes then continue to develop in secondary 
lymphoid organs, such as gut-associated lymphoid tissues (GALT), lymph nodes and 
the spleen. This is where cells of the innate immune system migrate to orchestrate the 
adaptive immune response. 
 
These organs share some of the same architecture. They consist of B cell follicles in 
which FDCs also reside, and T cell areas in which DCs are present. The lymph nodes 
are connected to the lymph and blood 30. The spleen however is not connected to the 
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lymphoid system and is instead connected to the circulation through the marginal sinus. 
Along this sinus, specialized cells form the organized structure that is the marginal zone 
(see Fig. 4 in 1.2.3). Cells resident in the marginal zone, marginal zone macrophages 
(MZM) and a specific B cell subtype, the marginal zone B cells (MZB), are believed 
to be crucial in the response towards blood-borne pathogens. Metallophilic 
macrophages line the inner part of the sinus towards the B cell follicle, separating the 
follicular B cells (FOB) from the blood. The B cell follicles and T cell areas surrounded 
by the marginal zone make up the white pulp. Outside the marginal zone lies the red 
pulp, residence of stromal cells and numerous macrophages and site of red blood cell 
disposal 43. 
 
MZMs express the class A SRs SR-A and macrophage receptor with collagenous 
structure. Through these SRs and others, MZMs capture various antigens from the 
blood stream and are able to provide MZBs with antigen. In the same manner, other 
subtypes of macrophages are present at anatomical sites where B cell activation 
occurs, such as subcapsular macrophages in the lymph nodes and peritoneal 
macrophages, limiting access to or providing antigen to lymph node B cells and B1 B 
cells, respectively 44, 45. Aside from regulating antigen availability, macrophages and 
DCs can provide additional signals regulating B cell function, such as cytokines.  
 
1.2 B CELLS 
1.2.1 B cell development 

During their development in the bone marrow, B cells need to assemble and express a 
functional BCR, which is the membrane-bound form of immunoglobulin (or antibody). 
The BCR is composed of two identical pairs of heavy and light chains (Fig. 3). Each 
chain has a variable region and a constant region. The variable heavy and light chain 
pair makes up the antigen-binding fragment (Fab) of the BCR. Each BCR therefore has 
two antigen-binding sites. The constant region determines the subclass of the 
immunoglobulin (Fc fragment). There are five major classes of immunoglobulins, 
namely IgM, IgD, IgG, IgA, and IgE. The immature B cell expresses IgM, upregulates 
IgD when it reaches the periphery and there develops to different subsets of mature B 
cells. During an immune response it can switch to other subclasses to acquire new 
effector functions. 

 
Figure 3. The BCR is composed of two light chains and two heavy chains. The 
variable regions of the light and heavy chains (V) make up the antigen (Ag)-binding 
sites, while the constant region (C) determines the subclass of the antibody. The 
antibody can be divided into Fab fragments containing the Ag-binding sites, and Fc 
fragment containing the constant region binding to Fc-receptors. 
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B cells develop in the bone marrow from common lymphocyte progenitors. They 
mature through the following stages: early pro B cell, late pro B cell, large pre B cell, 
small pre B cell and finally immature B cell before they exit the bone marrow to fully 
mature in the peripheral lymphoid organs 46. Commitment to the B cell lineage is 
dependent on transcription factor PAX5, which is induced by transcription factors E2A 
and EBF. PAX5 in turn drives the expression of CD19, Igα and the B cell-linker 
protein (BLNK), which are crucial for B cell development beyond the pro B cell     
stage 47. 
 
B cell development starts with rearrangement of the heavy chain. The heavy chain is 
made up of variable (V), diversity (D) and joining (J) gene segments. These are 
rearranged by components of the V(D)J recombinase, RAG-1 and RAG-2, also induced 
by transcription factors E2A and EBF. The first D-J rearrangement occurs at the early 
pro B cell stage and occurs on both alleles. The late pro B cell joins a V segment to the 
rearranged DJ segment. This rearrangement occurs on one chromosome at the time. An 
enzyme called terminal deoxynucleotidyl transferase (TdT) can at this stage add         
N-nucleotides to add further variation to the BCR specificity. The resulting VDJ heavy 
chain is expressed on the cell surface as a pre-BCR. This pre-BCR associates with 
surrogate light chains and signaling chains Igα and Igβ. If the VDJ rearrangement is 
successful, the surrogate light chains will upon cross-linking with neighboring light 
chains induce a BLNK and Bruton’s tyrosine kinase (BTK)-dependent signal, marking 
the completion of the large pre B cell stage. This signal also leads to IL-7 sensibility 
and proliferation of the pre B cells to create multiple resting small pre B cells with 
identical heavy chains. At this stage of development, the light chain rearranges one 
allele at the time. The light chain only has the V and J segments but two loci, κ and λ. 
This allows for several rounds of rearrangement to produce a functional light chain. 
When both heavy and light chains are expressed as a full IgM BCR, the cells have 
reached the immature B cell stage 46. 
 
However, the cost of creating highly diverse BCRs is the production of a high 
proportion of autoreactive B cells and around 75% of early immature B cells display 
autoreactivity 48. Before immature B cells exit, these cells are therefore tested for self-
reactivity by the surrounding tissue. Non-autoreactive B cells can exit the bone marrow. 
If a B cell reacts to self-antigens, it can undergo receptor editing, rearranging new light 
chains. If the resulting cell does not react to self, it can leave the bone marrow. If it still 
reacts strongly to self after using all its V-J segments, the cell undergoes apoptosis. If a 
B cell reacts to soluble self-antigen present in abundance, it instead downregulates its 
BCR and becomes anergic. Anergy implies that it cannot respond to its autoantigen in 
the periphery even if T cell help is provided. This checkpoint is called central 
tolerance. Finally, autoreactive B cells can be ignorant of their antigen and survive to 
exit the bone marrow. These cells could in an inflammatory setting potentially 
recognize their antigen and become pathogenic. Although central tolerance is capable 
of neutralizing a large proportion of autoreactive B cells, it is not complete and about 
40% of immature B cells exiting from the bone marrow remain autoreactive 48. 
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Autoreactive new emigrant B cells can when they encounter their antigen in the 
periphery meet different fates. A strongly cross-linking antigen will induce clonal 
deletion or apoptosis. As with immature cells in the bone marrow, a soluble antigen 
will instead induce anergy. These mechanisms are known as peripheral tolerance and 
decrease autoreactive B cells to 20% of mature B cells 48. The autoreactive cells 
remaining are mostly reactive to cytoplasmic antigens not normally encountered in 
homeostatic conditions, which might explain why they cannot be counterselected. TREG 
cells have recently been shown to play an important role in peripheral tolerance by 
directly suppressing autoreactive B cells 49. 
 
Once they have passed the checkpoint in the periphery, the new emigrant B cells 
compete for entry to the B cell follicles, in which they can receive survival factors and 
develop through transitional T1 and T2 stages before entering the mature B2 B cell 
pools. One of the most important survival signals for B cells is provided by the B cell 
activating factor belonging to the TNF family (BAFF) 50. BAFF is produced by several 
cell types such as macrophages, dendritic cells and neutrophils but FDCs residing in the 
B cell follicles of the spleen and lymph nodes produce particularly high amounts. 
Without BAFF, B cell development is arrested at the T1 stage. Tonic signaling through 
the BCR and phosphoinositide-3 kinase (PI3K) is also crucial for B cell survival 51. 
 
Contrary to B2 B cells, B1 cell development has not been fully elucidated. Although 
B1 cells may be able to originate from BM precursors when depleted in adulthood, 
their main origin is the fetal liver. B1 cells are also less dependent on BAFF for 
survival 52. 
 
1.2.2 B cell subsets 

As previously mentioned, B cell responses can be divided into T-dependent and T-
independent responses. T-dependent (TD) responses to protein antigens (e.g. the 
hapten 3-nitrophenylacetyl (NP) bound to the protein keyhole limpet hemocyanin 
(NP-KLH)) require BCR engagement by the antigen followed by cognate CD4+ T cell 
help via presentation of protein antigen by MHCII. T-independent responses occur 
without T cell help and can be of two types. T-independent type I (TI-I) antigens 
stimulate B cells without engaging the BCR, such as TLR-ligands 
lipopolysaccharides and CpG. T-independent type II (TI-II) antigens instead engage 
the BCR with multivalent epitopes such as polysaccharides (e.g. dextran) or the 
hapten NP bound to Ficoll (NP-Ficoll). A second signal for activation can be 
provided by innate cells, such as DCs, neutrophils or NKT cells 53 (see 1.3) but is not 
necessary for all responses (e.g. LPS). TI responses are innate-like responses that give 
rise to rapid extrafollicular foci rather than GC responses and do not lead to the 
generation of antibodies with enhanced affinity. Different subtypes of mature naïve  
B cells preferentially engage in TD or TI responses. As mice and human B cell 
populations are not completely comparable and my work is based on studies in mice, 
only mouse subsets will be described here. 
 
B1 cells are mainly confined to the peritoneal and pleural cavities. There are two 
subtypes of B1 cells, the B1a and the B1b cells 54. Both subsets share phenotypic 
characteristics and are CD19hiB220loCD43+CD23-IgMhiIgDlo cells. B1a cells express 
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CD5 while B1b cells do not. Although similar in phenotype, they seem to have 
different functions. B1a cells were convincingly shown to be the main producers of so 
called natural anti-PC antibodies. These antibodies are produced in steady-state, are 
present in germ-free mice and have an important role in the clearance of modified self, 
such as apoptotic cells and oxLDL. These natural antibodies can also be produced in 
response to viral infection. Both subsets respond preferentially to TI antigens. B1 cells 
are also less responsive to BCR-induced activation in comparison to B2 cells, but 
instead respond rapidly to BCR-independent stimuli, such as TLR agonists as well as 
IL-5. Both B1a and B1b cells rapidly migrate to the spleen or mucosal tissues in 
response to such stimuli and there differentiate to IgM- or IgA-secreting cells, 
respectively. Finally, antigen-specific B1b cells have been shown to expand and 
provide long-term protective antibody responses to certain bacterial infections 54. 
Contrary to B2 cells, B1a cells have also been proposed to be positively selected on 
self-antigen. 
 
The B2 cells consist of two even more distinct subtypes of cells, the conventional FOBs 
and the MZBs. Both subsets are CD19intB220+CD43-. FOBs are CD21loCD23+ 

IgMloIgDhi cells, while MZBs are CD21hiCD23loIgMhiIgDlo cells. FOBs are in vast 
majority and represent <70% of spleen B cells. They localize to the B cell follicles in 
lymphoid organs and can also recirculate. They respond to TD antigens and are 
believed to be the main source of germinal center B cells, as well as memory B cells 
and long-lived plasma cells. Some B2 cells are also present in the peritoneum. 
 
MZBs represent 5-10% of splenic B cells and are, as previously mentioned, localized to 
the marginal zone of the spleen. They therefore respond primarily to blood-borne 
pathogens. They exist in a pre-activated state and are, together with B1 cells, the first to 
induce rapid bursts of IgM and develop to plasmablasts already during the first 3 days 
of the response towards TI particulate bacterial antigens such as S. pneumoniae 55. They 
thus contribute to an early induced anti-PC response. In addition to the previously 
mentioned markers, MZBs express the MHC-like molecule CD1d, which gives them 
the ability to present lipid antigen to CD1d-restricted NKT cells (see 1.3). 
 
MZBs also have an important role in antigen deposition on FDCs. This deposition is as 
previously mentioned important for the induction of proper GCs. MZBs constantly 
shuttle between the marginal zone and the follicle. They shuttle antigen in a 
complement receptor (CD21/CD35)-dependent manner. Migration to the follicle is 
dependent on CXCR5 expression, the receptor for chemokine CXCL13 produced by 
FDCs. The return to the marginal zone is dependent on the sphingosine 1-phosphate 
(S1P) receptors S1P1 and S1P3 56, 57. 
 
1.2.3 B cell fates and regulation 

B cell activation and cell fate decision are tightly regulated processes 42. Upon 
activation, B cells can differentiate to plasma cells, germinal center B cells or memory 
cells. As during development, selection of autoreactive B cells during all differentiation 
stages needs to be avoided. 
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As described earlier, a B cell needs two signals to become activated. The first generally 
occurs after cross-linking of the BCR by its antigen in the follicle, leading to BCR 
clustering. Signaling following clustering is induced by the SRC family kinase LYN, 
which phosphorylates immunoreceptor tyrosine-based activation motifs (ITAM) in the 
cytoplasmic tails of BCR signaling chains. The tyrosine kinase SYK is phosphorylated 
and can activate PI3K, which in turn phosphorylates PIP2 to PIP3. Generation of PIP3 
recruits BTK and PLCγ to the membrane, which leads to the release of intracellular 
calcium and activation of downstream kinases and translocation of NFκB to the 
nucleus 58.  
 
Following BCR stimulation, MHCII and co-stimulatory molecules are upregulated. B 
cells migrate to the T-B border where they present antigen to cognate T cells and 
engage through CD40-CD40L interaction, thereby receiving a second signal 38. B cell 
help also involves cytokines such as IFNγ and IL-4. Activated B cells then form B-T 
conjugates at the interfollicular region between B cell follicles and the outer T cell zone 
of the spleen (Fig. 4), or the subcapsular interfollicular areas of lymph nodes 59. 
Migration to this site is dependent on the orphan G-coupled receptor EBI2 60, 61. The B 
cells thereafter either differentiate along the extrafollicular pathway to form 
extrafollicular plasma cell foci, or the follicular pathway to become germinal center B 
cells. 

 
Figure 4. Activated B cells can either form germinal centers or plasma cell foci. 
Immunofluorescence of the spleen shows B220+ B cell follicles (blue), PNA+ GC (red) 
and IgG1

+ plasma cells (green). The follicle (FO), marginal zone (MZ), interfollicular 
areas (IF) and T cell zone (TZ) are indicated in white. 
 
After activation by T cells in the interfollicular region, B cells upregulate the DNA-
editing enzyme activation-induced cytidine deaminase (AID) and initiate somatic 
hypermutation (SHM) and class-switch recombination (CSR) to further diversify the 
BCR. SHM introduces point mutations in the V(D)J genes, allowing for change in BCR 
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affinity to its antigen 62. CSR replaces the µ and δ constant genes encoding IgM and 
IgD with constant genes encoding IgG, IgA and IgE. This provides antibodies with new 
effector functions without changing BCR specificity 63. 
 
The interfollicular areas are rich in CD11chi DCs, which provide support for developing 
plasmablasts 64. Plasmablasts retain EBI2 and start expressing Blimp1, which drives 
expression of CXCR4. This leads to migration towards the ligand for CXCR4, 
CXCL12 expressed by stromal cells in the rep pulp. Stromal cells provide important 
differentiation and survival signals such as BAFF and APRIL.  
 
B cells committing to the GC pathway upregulate expression of Bcl6, which leads to 
the downregulation of EBI2. These cells can then migrate back to CXCL13-secreting 
FDCs in the follicles by upregulating the chemokine receptor CXCR5. Some activated 
T cells are also allowed to localize to the follicles through upregulation of CXCR5 and 
can after B cell help differentiate into TFH in a Bcl6-dependent way. In the follicles,     
B cells differentiate into highly proliferating GC B cells creating the dark zone of the 
GC. These cells further upregulate AID and undergo SHM and CSR. After exiting the 
cell cycle, GC B cells move to the so-called light zone where their affinity to FDC-
bound antigen is tested. Higher affinity clones are positively selected through a process 
involving CD19-dependent BCR signaling, FDC integrin signals and TFH help 
dependent on CD40L and cytokines such as IL-21, IL-4 and IL-10. TFH signals are 
needed for further recycling of selected B cells and maintenance of the GC. BAFF is 
also produced by FDC. All these signaling pathways promote cell survival and growth 
in a PI3K-dependent way and allow for the generation of high-affinity long-lived 
memory B cells and plasma cells. Low-affinity B cells as well as autoreactive B cells 
do not receive these survival signals, undergo apoptosis and are cleared by tingible-
body macrophages. 
 
Resulting IgG or IgM memory B cells enter the circulation and can upon later 
encounter of the antigen either rapidly differentiate into extrafollicular IgG-producing 
plasma blasts or re-enter GC reactions, respectively 65. GC-derived plasma cells can 
also join extrafollicular plasma cell foci in the spleen and home from there to bone 
marrow stromal cells expressing the ligand for CXCR4, CXCL12. Plasma cells can be 
short- or long-lived and their survival is dependent on IL-6 and APRIL. The source of 
APRIL varies depending on the immune compartment. While macrophages and DCs 
can provide APRIL in the spleen and lymph nodes, eosinophils are required in the bone 
marrow. Eosinophils also constitutively express IL-6 and together with stromal cells 
form niches in the bone marrow for long-term survival of plasma cells 66. 
 
TD antigens can give rise to both extrafollicular foci and GC reactions. Antibodies 
produced in the earlier extrafollicular response, as well as natural antibodies, can 
enhance GC responses by increasing localization of antigen to FDC through 
complement receptor- or Fc receptor-binding. Although there is no absolute 
requirement for different B cell subsets, FOB cells respond to TD antigen and are 
therefore thought to be preferentially recruited to GC and be the main source for B cell 
memory and long-lived plasma cells. 
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In TI responses, plasmablast production also occurs in the interfollicular regions but 
without help from T cells. B cell help can instead be provided by DCs, neutrophils or 
NKT cells. While NKT cell provide help in a similar way to TH cells (see 1.3), DCs and 
neutrophils instead provide signals such as antigen, BAFF and APRIL 45, 67. While      
TI responses are efficient inducers of extrafollicular foci responses, the GCs they give 
rise to are abortive. MZB and B1 cells, main responders to TI antigen have been shown 
to be rapidly recruited to extrafollicular plasma cell foci and give rise to short-lived 
plasma cells. In spite of this, some TI antigens are able to induce memory responses. In 
addition, MZBs contribute to TD responses by shuttling to the follicle for deposition of 
antigen on FDCs and presenting antigen to T cells 56, 68. B cells can also produce 
cytokines and B cells from the peritoneum and T2-MZP from the spleen have been 
shown to be able to develop into efficient IL-10 producers 69. 
 
The inhibitory Fc receptor FcγRIIb can inhibit B cell activation at a number of stages. 
First, the early events following BCR cross-linking can be regulated. If the BCR and 
FcγRIIb are co-ligated, as occurs when a B cell encounters an immune complex, LYN 
instead phosphorylates immunoreceptor tyrosine-based inhibitory motifs (ITIM) in the 
cytoplasmic tail of FcγRIIb. This leads to the recruitment of SRC-homology-2-domain-
containing inositol-5-phosphatase (SHIP) and the hydrolysis of PIP3 to PIP2, inhibiting 
the recruitment of BTK and PLCγ and downstream signaling. Cross-linking of FcγRIIb 
alone however has been shown to lead to B cell death 70, 71. In the GC, B cells are in 
close contact with immune complexes and these mechanisms have been suggested to be 
involved in selection during affinity maturation. While high affinity B cells would 
receive signals from the BCR and FcγRIIb, B cells that lose affinity for the cognate 
antigen would only signal through FcγRIIb and therefore be deleted. Finally, FcγRIIb 
has been shown to regulate plasma cell survival. Plasma cells express very low levels 
of BCR and cross-linking of FcγRIIb by immune complexes lead to apoptosis, thereby 
regulating the number of plasma cells present in the bone marrow niches 72, 73. 
 
1.3 NKT CELLS 

Like other T cells, NKT cells develop in the thymus from a CD4+CD8+ precursor pool 
expressing a randomly rearranged TCR 74. The TCR is composed of an α and a β chain, 
generated by V-J recombination or V-D-J recombination, respectively. Thymocytes 
that express a TCR binding a self-peptide loaded on MHCII or MHCI with the 
appropriate avidity are positively selected to the CD4+ or CD8+ T cell pools, 
respectively. If a thymocyte instead expresses a TCR that binds to a self-lipid loaded on 
the MHCI-like molecule CD1d, it will enter the NKT cell lineage 75. The NKT cell 
precursor then goes through differentiation stages 0-3, controlled by a series of 
transcription factors. The transcription factor PLZF, which is upregulated between 
stage 1 and 2, commits precursors to the NKT cell lineage 76, 77. Most NKT cells exit 
the thymus at stage 2 and progress to stage 3 in the periphery. TGFβ is very important 
in the development of NKT cells and signals through different pathways at the different 
stages 74. Transition between stages is defined by the expression of surface markers 
such as NK1.1 (with is expressed only at stage 3) but also mark changes in NKT cell 
function, as will be discussed later. NKT cells binding too strongly to self-antigens are 
probably negatively selected as development is stopped when a strong external ligand is 
administered or when DCs transgenetically overexpress CD1d 78, 79. 
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CD1d-restricted NKT cells positively selected in the thymus consist of type I/invariant 
(iNKT) and type II/diverse NKT cells. iNKT cells have an invariant TCRα chain  
Vα14Jα18 combined with a limited TCRβ repertoire. While the α chain is crucial for 
lipid recognition, the β chain modulates affinity of specific TCRs. The invariant           
α chain expressed by iNKT cells recognizes the prototypic ligand α-galactosylceramide 
(αGalCer) presented by CD1d. Identification of iNKT cells has been made easier by 
the development of CD1d-tetramers loaded with αGalCer. Type II NKT cells are also 
CD1d-restricted but have diverse TCRs and do not recognize αGalCer. Some ligands 
identified to date include sulfatide and lysophosphatidylcholine (released during 
apoptosis). Type II NKT cells are harder to study and the best way to evaluate their role 
in vivo is so far to compare two types of NKT cell-deficient mice. Mice deficient in 
Jα18 lack iNKT cells. In CD1d-deficient mice however, CD1d-restricted NKT cells 
can no longer develop in the thymus and these mice lack both iNKT cells and type II 
NKT cells. If a differential response is seen between these two strains, type II NKT 
cells are likely to play a role. As paper I and II further investigate the role of iNKT 
cells, I will from here on focus on iNKT cells and refer to them as NKT cells. 
 
NKT cell numbers vary greatly between mouse strains and even more between humans. 
The reasons for this variation are unknown but could include differences in 
development, or maintenance and population expansion in the periphery. The factors 
regulating peripheral NKT cell homeostasis are not well understood. However, it has 
been shown that NKT cells do not need continuous interactions with CD1d, in contrast 
to conventional T cells, which require ongoing interaction with MHC molecules. NKT 
cells in the periphery are dependent on IL-15 and their maintenance also varies 
depending on the resident tissue. 
 
NKT cells in mice have mostly been studied in the spleen and liver, where they 
represent 1-2% and 20-30% of lymphocytes, respectively. They are also present in 
various tissues, such as the bone marrow, gastrointestinal tract, skin, lung and adipose 
tissue. In the lymph nodes they represent only 0.1-0.2% of lymphocytes. NKT cells 
recirculate less than conventional T cells. 
 
NKT cells are very rapid producers of various cytokines and contribute to the innate 
immune response within hours. Interestingly, NKT cells have been described to 
mediate both pro-inflammatory and anti-inflammatory immune responses. Thus the 
question arises: How do NKT cells know when to suppress and when to enhance an 
immune response?  Subsets of NKT cells divided by their expression of NK1.1 and 
CD4, as well as by tissue origin were shown to produce specific sets of cytokines when 
stimulated with anti-CD3 and anti-CD28 80. In summary, NKT cells from the thymus 
produced larger amounts of cytokines, especially the TH2 polarizing IL-4, IL-10 and  
IL-13. It is also likely that differences seen in cytokine responses are influenced by the 
type of stimuli. In addition, tissue-specific lipid ligands might skew the NKT cell 
repertoire. 
 
There are two categories of NKT cell ligands, ceramide-based glycolipids, like 
αGalCer, and glycerol-based lipids, such as membrane phospholipids. NKT cells can 
be directly activated by a strong TCR signal from an exogenous lipid (such as 
αGalCer) and then produce both TH1 and TH2 cytokines. Alternatively, NKT cells are 
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indirectly activated in the absence of foreign lipids by TLR-activated DCs that produce 
pro-inflammatory cytokines. This leads to production of IFNγ, and not TH2 cytokines 
(Fig. 5). Indirect activation can sometimes occur in a CD1d-independent manner but 
often requires a signal from a CD1d-antigen complex, suggesting that self-lipid can 
contribute to NKT cell activation in infection. The search for these self-lipids has been 
a main area of research (reviewed in 25). Recently, mammalian β-glucosylceramide   
(β-GlcCer) was found to activate NKT cells. Furthermore, this type of self-lipid 
accumulates in antigen-presenting cells during inflammation and is presented on CD1d 
to NKT cells, promoting their activation. CD1d expression is also increased during 
infection and together these mechanisms could act as danger signals activating the 
NKT cell only in an inflammatory setting 81. 
 

 
Figure 5. NKT cells can be activated through direct or indirect activation. Direct 
activation, which occurs with a strong exogenous ligand leads to production of the TH1 
and TH2 cytokines IFNγ and IL-4, respectively. Indirect activation occurs through 
presentation of self-ligands and pro-inflammatory cytokines produced by TLR-
activated DCs and leads to the production of IFNγ. 
 
Depending on the strength of the ligand-TCR interaction but also the type of ligand, the 
NKT cell response will be skewed towards TH1 or TH2. This has been shown using 
different αGalCer-derived ligands but is likely to occur also with endogenous ligands. 
As suggested by indirect activation, also cytokines play a dominant role in NKT cell 
activation during infection. Among the cytokines that activate NKT cells are IL-12,   
IL-18, IL-23 and IL-25. These help direct the NKT cells to various effector functions. 
This is thought to be in part due to the activation of different subsets of NKT cells. The 
subset classification of NKT cells is still emerging and definition can vary between 
publications. For the sake of simplicity, I chose to follow a classification based on 
effector function, proposed by Brennan et al 25. NKT cells can thereby be divided into 
so-called TH1-like, TH2-like, TH17-like and NKTFH cells. 
 
TH1-like NKT cells are in majority in mouse spleen and liver and therefore the NKT 
cells described in these organs are likely to be of that subtype. While all NKT cells 
express PLZF and GATA3 (a TH2 transcription factor in T cells), they in addition 
express T-bet, a transcription factor needed for TH1 differentiation. They also express 
NK1.1, IL-12R and can either be CD4+ or CD4-. These cells produce TH1 cytokines 
such as IFNγ in response to IL-12, although they can produce some TH2 cytokines in 
response to strong TCR stimuli 82. Similarly to NK cells, NKT cells can produce robust 
levels of IFNγ in response to IL-12 in combination with IL-18, also independently of 
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CD1d 83, 84. These cells have also been shown to mediate cytotoxicity through Fas-FasL 
interaction and most probably correspond to stage 3 NKT cells. Finally, IL-18 increases 
αGalCer-induced IL-4 production by these NKT cells 85. 
 
TH2-like NKT cells are CD4+ IL-25R+ and produce high amounts of IL-4 and IL-13 in 
response to IL-25. These cells have been associated to the lung where they contribute to 
TH2 type airway hyperreactivity in an IL-25-dependent way. As they are NK1.1-, these 
correspond to stage 1 or 2 NKT cells. Another subtype enriched in lung (but also skin 
and lymph nodes) are the IL-17-producing NKT cells, therefore called TH17-like NKT 
cells. These are CD4-NK1.1- and develop as a distinct population in the thymus. They 
selectively express RORγt (as do TH17 cells) and are not IL-15-dependent. NKT cells 
can also produce other cytokines associated with TH17 responses, such as IL-21 and IL-
22. NKT cells are known to produce IL-10 and Foxp3 can be induced in NKT cells     
in vitro by TGFβ. However, if a TREG-like NKT cell exists in vivo still has to be 
determined. 
 
Finally, a Bcl6-expressing IL-21-producing NKT cell resembling TFH cells 
(CXCR5+PD1hi) has recently been described by two different groups 86, 87. These 
“NKTFH” provide cognate B cell help when a stimulatory lipid antigen (αGalCer) is 
linked to a specific B cell antigen (NP or HEL). This interaction induces extrafollicular 
foci followed by GC formation, some affinity maturation but does not lead to long-term 
B cell memory 87. As development of TFH cells, development of NKTFH was dependent 
of B cell help, shown by the requirement for co-stimulatory molecules CD80/CD86. 
When αGalCer instead is given side by side with a B cell antigen, NKT cells can still 
provide non-cognate help and enhance antibody responses, partly through IL-4. 
 
Furthermore, NKT cell cognate help in response to coupled lipid antigens is dependent 
on CD1d, CD40L and IFNγ, but not IL-4. Strikingly, MZBs express the highest levels 
of CD1d among antigen-presenting cells 88. The antibody response following            
NP-αGalCer immunization was dominated by IgM, IgG3 and IgG2c subtypes and 
MZBs were shown to induce stronger antigen-induced proliferation, indicating an 
important role for this subset 89. NKT cells could also indirectly influence B cells by 
affecting DCs, macrophages or neutrophils. 
 
In human, the expression of CD4 defines functionally different NKT cell subsets. 
While CD4+ NKT cells can produce both TH1 and TH2 cytokines, CD4- NKT cells only 
produce TH1 cytokines. The ability of NKT cells to sense changes in self-lipids raises 
the question about their role in autoimmunity. Their implications in autoimmune 
disease will be mentioned in 1.5 and the regulation of B cell responses to modified self 
by these cells have been investigated in paper I and II. 
 
1.4 CD36 

Uptake of bacteria as well as modified self to be presented on CD1d is likely mediated 
through scavenger receptors. Among these is the previously mentioned class B 
scavenger receptor CD36, which can bind and mediate uptake of various ligands 
including apoptotic cells and oxLDL. CD36 has been mostly studied in lipid 
metabolism and atherosclerosis in macrophages and DCs due to its ability to 
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specifically bind oxLDL 90. CD36 was recently shown to mediate oxLDL uptake by 
associating with beta1 and beta2 integrins as well as tetraspanins CD9 and CD81 on 
macrophages. This receptor complex enabled CD36 to link to the adaptor FcRgamma, 
which lead to phosphorylation of Syk and SHIP 91. 
The nuclear hormone receptor, peroxisome proliferators activated receptor gamma 
(PPARγ) is an important regulator of CD36 expression 92. Interestingly, PPARγ 
ligands enhance human B cell antibody production and differentiation in response to 
stimulation with anti-IgM and CpG 93. Only CpG-stimulated memory B cells, with 
higher levels of PPARγ, could respond to PPARγ ligands and a PPARγ antagonist 
decreased PPARγ ligand-induced IgG but not IgM. These data indicate that PPARγ 
could, rather than regulate the primary response, regulate the ability of B cells to 
class-switch. 
 
CD36 was also shown to be expressed on a small population of human normal 
peripheral CD19+ lymphocytes. Increased expression was increased on B cells in 
chronic B cell malignancies and this was associated with adverse prognostic factors 
94, 95. CD36 was more recently discovered to be differentially expressed on the MZB 
cell subset in mice 96, 97. The expression of CD36 is differently regulated depending on 
the cell type. While the expression of CD36 is dependent on the transcriptional 
activator Oct-2 in B cells, this is not the case in DCs or macrophages 98, suggesting 
that CD36 could mediate different roles in these cell types. CD36-deficiency has been 
reported not to affect B cell development 96 and does not directly affect homeostatic B 
cell function 98. However, absence of CD36 affects specific antibody responses in 
vivo. CD36-deficient mice infected with Leishmania major showed higher levels of 
specific IgG, smaller lesions and faster recovery after infection 98. CD36 expression 
on macrophages was not the limiting factor for parasite invasion and survival in this 
model, suggesting a role for this receptor on B cells. CD36 is reported to interact with 
TLR2 in vivo in response to heat-killed S. pneumoniae, a T-independent antigen 96. 
CD36-/- mice mounted a reduced anti-PC antibody response, which was due to 
absence of CD36 on B cells. This was shown by ex vivo co-cultures of B cells with   
S. pneumonia-pulsed DCs, in which the absence of CD36 on DCs or macrophages did 
not affect the antibody response. The seemingly opposing effects of CD36-deficiency 
on specific antibody responses might be due to distinctive binding ability of CD36 to 
the antigens, possibly requiring cooperation with different TLRs. 
 
In other cells, CD36 has been shown to interact with TLR2-TLR1 and TLR2–TLR6 
heterodimers, as well as the recently discovered TLR4–TLR6 heterodimer 99-101. 
Upon binding to oxLDL, CD36 was shown to associate with Lyn and thereby recruit 
TLR4-TLR6 heterodimers, enabling signaling and the production of pro-
inflammatory cytokines in macrophages. The presence of TLR4 and TLR6 as well as 
CD36 on MZB cells suggests that CD36 could induce signaling in response to oxLDL 
also in B cells. The role of CD36 on B cells in the context of modified self and sterile 
inflammation was studied in paper III. 
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1.5 INFLAMMATORY DISEASES 

When homeostasis or tolerance is out of balance, regardless of the initial trigger, 
inflammation is not contained and components of the innate and adaptive immune 
system can become part of the pathogenesis of inflammatory diseases where the own 
body becomes the target of the immune system. In the absence of pathogens, modified 
self in the form of accumulating apoptotic cells or modified LDL, can lead to sterile 
inflammation. Since numerous regulatory mechanisms have evolved to impede this 
from happening, some of which were described earlier, these diseases are in most cases 
multifactorial. A certain genetic background combined with often several dysregulated 
checkpoints in lymphocyte development can lead to activated autoreactive cells, 
autoimmune diseases and allergies. Evidently, the environment also plays an important 
role in humans. 
 
Unfortunately, in the wrong microenvironment, modified self-antigens are recognized 
as DAMPs by the innate immune system, and are then indistinguishable from PAMPs, 
leading to inflammation through the same mechanisms (Fig. 2). Although different co-
receptors should help PRRs to recognize self from non-self and mediate separate 
signaling pathways, sustained inflammation could render this task a difficult one. 
 
Diseases that arise as a consequence of such an imbalanced immune system are 
inflammatory diseases, such as type I diabetes (TID), multiple sclerosis (MS), atopic 
eczema (AE), rheumatoid arthritis (RA), Sjögren’s syndrom, systemic lupus 
erythematosus (SLE) and atherosclerosis. Of interest for the studies presented in this 
thesis, I here describe in more detail components involved in SLE (of relevance for 
paper I-III) and atherosclerosis pathogenesis (paper IV). The role of NKT cells and the 
inflammatory cytokine IL-18 will then be discussed. 
 
1.5.1 Systemic Lupus Erythematosus 

SLE is a systemic autoimmune disease associated with high levels of circulating 
autoantibodies. These autoantibodies bind to autoantigens, forming immune complexes. 
These deposit in the walls of small blood vessels, thereby affecting diverse organs of 
the body, such as joints and kidneys, through induction of local inflammation. This is 
thought to be in part due to a defective clearance of apoptotic cells by components of 
the innate immune system (Fig. 1) 102. The strongest argument to support this is that 
humans deficient in complement components C1q and C4 almost always develop SLE 
103, 104. The complement system can act alone or in concert with soluble IgM to enhance 
phagocytosis and mice deficient in complement as well as soluble IgM further support 
an important role for clearance defects in the pathogenesis of SLE 105. In addition to a 
defect in serum components, an intrinsic defect has been shown in monocyte-derived 
macrophages from patients with SLE 106. These defects in clearance are believed to be 
responsible for the accumulation of apoptotic cells and thereby secondary necrotic cells 
at multiple sites seen in patients with SLE 107, 108.  
 
Deficient uptake of apoptotic cells by macrophages can lead to more antigen available 
for DC to process and present to autoreactive T cells 109. Normally, presentation of 
autoantigen occurs in the absence of co-stimulation and thereby induces peripheral 
tolerance. In an inflammatory setting, macrophages and DCs instead upregulate          
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co-stimulatory molecules and cytokines which leads to the activation of the adaptive 
immune response. Inflammation can be induced either by an infection or by the 
presence of TLR ligands in the autoantigen. The type 1 interferon IFNα has been 
shown to play an important role in the pathogenesis of SLE 110. A subset of DCs, called 
plasmacytoid DCs, has been identified as the main producer of IFNα. These cells are 
activated via TLR ligation by immune complexes containing autoantibodies and 
endogenous nucleic acids. IFNα further drives maturation and activation of DCs, 
including upregulation of MHC and co-stimulatory molecules. In addition, DCs can 
present autoantigens to B cells and induce plasma cell differentiation through the 
production of BAFF and IL-6. CD4+ TH cells stimulated by IFNα further promote       
B cell responses. B cells also present autoantigens to T cells, worsening the disease.  
 
Importantly, impaired clearance of apoptotic cells affects both the availability of self-
antigen as well as negative selection of B cells in the periphery. Accumulation of 
apoptotic cells in GCs due to reduced uptake by tingible body macrophages can lead to 
autoantigen deposition on FDCs selecting autoreactive B cells arising from SHM. 
Autoreactive B cells that have not been negatively selected in the periphery can, when 
encountering autoantigen receive their first activatory signal through the BCR, 
followed by intracellular TLR signaling. The availability of autoantigens due to 
impaired clearance leads to the occurrence of anti-dsDNA and anti-RNA antibodies in 
SLE and the involvement of TLR9 and TLR7 has therefore been studied. While TLR7 
drives pathogenesis, TLR9 seems to have a protective effect 111. Polymorphisms in the 
TLR7 gene in patients with SLE have confirmed a pathogenic role for TLR7 also in 
humans, while the role for TLR9 is still unclear.  
 
In addition to defects in the innate immune system affecting clearance, B cell defects 
can also take part in SLE pathogenesis. Indeed, defective central and peripheral 
checkpoints are observed in patients with SLE. Defective central tolerance seems to be 
due to defective BCR signaling, as defects in signaling components downstream of the 
BCR lead to an increase in autoreactive early bone marrow emigrants 112. B cells that 
would otherwise have been negatively selected due to strong signaling in response to 
autoantigen are able to survive. 
 
The cytokine BAFF, crucial for B cell survival, also gives rise to autoimmunity when 
improperly regulated. While BAFF transgenic mice have normal B cell numbers in the 
bone marrow, B cells are expanded in the periphery. These mice show dramatically 
enlarged lymphoid organs, develop autoantibodies and glomerulonephritis 113. With 
systemically increased levels of BAFF, B cells no longer need to compete for BAFF 
and entry to the follicles and more B cells can survive and be activated in the periphery. 
 
As previously described (in 1.2.3), FcγRIIb negatively regulates B cells at different 
stages of B cell activation and allelic variants of FcγRIIb are associated with SLE in 
humans. Mice deficient in FcγRIIb develop SLE-like disease, more or less severe 
depending on the genetic background. FcγRIIb-deficient B cells are more easily 
activated and BCR signaling cannot be inhibited by immune complexes, leading to an 
impaired deletion of B cells in GC. Also, FcγRIIb seems to specifically inhibit 
autoreactive B cells from GC entry 114. In addition, plasma cell numbers are not 
properly regulated, accumulate and give rise to autoantibodies 73. Finally, FcγRIIb has 
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been shown to regulate BCR/TLR-dependent responses to ICs containing RNA or 
DNA as FcγRIIb-deficient B cells proliferate more in response to these ICs 115. 
 
Also in the periphery, modified BCR signaling can play a role in the pathogenesis of 
SLE. One of the various affected molecules is Lyn, which can initiate either positive 
signaling downstream of the BCR or negative signaling through FcγRIIb. Lyn 
polymorphisms have been associated to SLE susceptibility. B cells of Lyn-deficient 
mice show abnormal positive signaling and spontaneously develop into autoreactive 
plasma cells, which lead to the formation of immune complexes that deposit in the 
kidneys of these mice 116-119. These studies stress the importance of Lyn in negative 
signaling of autoreactive B cells. 
 
B cell survival in the periphery is also regulated by other cells. One mechanism 
involves the Fas-FasL cytotoxic pathway. Mice lacking Fas (lpr) develop autoimmune 
disease, lymphadenopathy associated with aberrant T cells, and circulating immune 
complexes giving rise to glomerulonephritis, although severity is strain-dependent 120. 
Fas deficiency leads to mild autoimmunity in humans with autoimmune lympho-
proliferative syndrome 121. 
 
TREG cells were recently shown to be important in peripheral tolerance, as defective 
TREG lead to increased levels of autoreactive B cells in the periphery in mice and 
humans, as well as an activated T cell phenotype 122. In line with this, TREG numbers 
correlate inversely with disease activity in patients with SLE 123. TH17 numbers are 
instead increased, correlate with disease severity and can be detected in target organs of 
SLE (i.e. skin, kidneys and lung), suggesting a role for these cells in local inflammation 
and tissue damage 124.  
 
In addition, patients with SLE have a higher risk of developing atherosclerosis. While 
they present increased classical risk factors partly due to high corticosteroid treatment, 
they can also have SLE-specific risk factors. How these risk factors lead to increased 
cardiovascular events is poorly understood and I believe that uncovering underlying 
mechanisms will help discover new therapeutic strategies. 
 
1.5.2 Atherosclerosis 

Atherosclerosis is a chronic inflammatory disease developing over decades that affects 
the blood vessels. Lipid-rich lesions develop in the wall of the vessels and can 
eventually rupture, leading to thrombosis and occlusion of the vessels. This causes 
acute cardiovascular events such as myocardial infarction or stroke, making 
cardiovascular disease one of the most common causes of mortality worldwide 125. 
Classical risk factors include family history, T1D, hypertension, tobacco use and 
hyperlipidemia 126. 
 
Increased levels of circulating low density lipoproteins (LDL; the major cholesterol 
transporter) lead to deposition in the lumen of the vessel. LDL goes through the vessel 
wall where it is modified by several processes, including oxidation, causing the 
formation of oxidized LDL (oxLDL). Vascular endothelial cells become activated and 
upregulate adhesion molecules, produce inflammatory cytokines and chemokines, 
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which recruit monocytes to the site of inflammation, as would happen in the setting of 
inflammation towards a pathogen 127. These differentiate to macrophages and engulf 
modified self through scavenger receptors, mainly CD36 and SR-A. This eventually 
leads to a cholesterol-overload within the macrophages. Macrophages become so-called 
foam cells and eventually die. The engulfing macrophages also produce pro-
inflammatory cytokines, recruiting more monocytes as well as neutrophils to the site of 
inflammation 100, 128. The accumulating foam cells can be seen as fatty streaks in the 
blood vessels and are the first visible signs of a lesion. T cells are also present from this 
stage. Resident DCs are in steady state believed to induce tolerance, partly by driving 
TREG differentiation. However, in this inflammatory setting, resident as well as 
recruited DCs sample antigen and activate T cells in the lymph nodes and spleen 129. 
This drives a TH1 response and IFNγ is present in the plaque 130. IL-12 has been shown 
to drive pathogenesis of atherosclerosis and IFNγ and IL-12 could together drive 
further TH1 differentiation. There is also evidence for an important pathogenic role for 
CD4+ T cells in driving an antigen-specific response directed against the ApoB100 
protein present in LDL 131. oxLDL can also be the origin of cholesterol crystals forming 
in phagocytes as well as extracellularly. Interestingly, a sensor of sterile inflammation, 
the NALP3 inflammasome, has been shown to be activated by cholesterol crystals 
leading to caspase-1 activation 132-134 (Fig. 2). Caspase-1 in turn cleaves the pro-forms 
of IL-1β and IL-18 into their active pro-inflammatory counterparts. IL-18 together with 
IL-12 could also drive more IFNγ, further driving a pro-inflammatory TH1 loop 135. As 
the lesion progresses, more cells infiltrate and apoptotic cells accumulate, forming a 
necrotic core beneath a fibrous cap 128. 
 
The contribution of the immune system to atherosclerosis has been dissected mostly in 
animal models for the disease. Mice deficient in apolipoprotein E (ApoE-/-) develop 
atherosclerosis spontaneously. There are also LDL receptor-deficient (LDLr-/-) mice 
and rabbits. These need to be fed an atherogenic diet to induce hyperlipidemia and 
atherosclerosis development. Existing models do not develop acute cardiovascular 
events and all available data in mice originate from these two models in combination 
with additional deficiencies when these mice have been crossed to other strains. 
 
A TH1 response dominates mouse atherosclerosis and IFNγ has been shown to be 
atherogenic as deletion protects from atherosclerosis, while administration of IFNγ 
aggravates lesion development in hypercholesterolemic mice 136, 137. CD4+ T cell 
transfer has further been shown to worsen atherosclerosis 138. However, NKT cells are 
very potent producers of IFNγ and could contribute to this response, something that 
will be further discussed in 1.5.3. While most T cells are pro-atherogenic, TREG have 
been shown to be protective. Transfers of TREG and TREG-associated cytokines have a 
protective effect, while depletion of these cells drive atherosclerosis 139, 140. 
 
Although B cells are few in lesions they can be seen in tertiary lymphoid structures in 
the associated adventitia of advanced plaques. The T cell response is also paralleled 
with the formation of autoantibodies to oxLDL and PC. However, this response has 
been associated with protective immunity, as immunizations using S. pneumoniae, 
MDA-LDL and PC, all giving rise to an anti-PC response, as well as passive 
immunization using anti-PC antibodies, have all shown to reduce plaque formation. 141-

144. This prompted further study of B cells in atherosclerosis and a protective role for   
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B cells was supported by B cell transfer experiments to ApoE-/- mice in which B cells 
from atherosclerotic old mice conferred protection to young ApoE-/- mice 145. B cell-
deficient (µMT) bone marrow transfers to LDLr-/- mice instead aggravated 
atherosclerosis compared to mice that had received wild type bone marrow146. Due to 
the association of natural IgM with a protective response, studies on B cells in 
atherosclerosis have focused on the B1a B cell subtype. 
 
It has been convincingly shown that B1a cells have the ability to produce natural IgM 
that can protect from atherosclerosis 147. In particular, B1a cells are the main producers 
of the anti-PC T15 idiotype 148. In the recent publication by Kyaw et al., transfer of B1a 
cells from peritoneum have a protective effect on plaque development in 
splenectomized mice lacking this subset 149. However, even though splenectomy 
decreases B1a cells in the peritoneum it also removes the marginal zone which is the 
niche needed for development of MZBs 150. In addition, B1a cells are generally rare in 
the spleen. Therefore, the protective effect carried by peritoneal B1a cells or by spleen 
B1a cells after immunization might not completely explain the protective effect seen 
when transferring total spleen B cells 145.  
 
Of interest, S. pneumoniae administered i.v. recruits not only B1a but also MZB to the 
early pool of IgM-producing plasma cells 55. This is in contrast to low dose i.p. 
immunization in which the response is almost exclusively derived from B1a cells. 
Since oxLDL is found in the circulation of hypercholesterolemic mice these cells could 
be activated to produce plasmablasts towards modified self. In addition, it has been 
shown that the MZB contribution to the anti-PC response to S. pneumoniae is 
proportional to the frequency of anti-PC clones present in the preimmune repertoire. 
While B1a and MZB have been compared in wt mice for their capacity to produce anti-
PC antibodies 142, spleen B1a and MZB from atherosclerotic ApoE-/- mice might 
behave differently, especially as B cells are naturally selected on self-antigen available 
as they mature through BCR reactivity 151. While B1a are the main producers of anti-
PC IgM at steady state, MZB could be contributing to the protective response in 
atherosclerosis.  
 
Lately, the view that B cells have a protective role has been challenged somewhat by 
B2 transfers to lymphocyte-deficient ApoE-/- mice showing worsening of disease, as 
well as by the atheroprotective effect mediated by anti-CD20 B cell depletion 147. In 
paper IV, we investigated the protective response that develops in response to 
hyperlipidemia and atherosclerosis in old ApoE-/- mice and the B cell subsets involved. 
 
1.5.3 NKT cells and IL-18 in inflammatory diseases 

In patients with T cell-driven autoimmune diseases such as TID and MS, a reduction in 
NKT cells and/or a selective reduction in CD4+ NKT cells can be seen, leading to a TH1 
bias in sremaining NKT cells. Mouse models have reinforced a protective role for NKT 
cells in these diseases, associated with a skewing towards TH2 responses (including IL-4 
and IL-10) and the induction of tolerogenic DCs promoting TREG differentiation 152. 
 
In agreement, we showed a similar pattern for patients with the chronic inflammatory 
skin disease AE, in which a decrease in CD4+ NKT cells was seen. This decrease was 
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accentuated in patients with higher levels of IgE. Interestingly, increased IL-18 
correlated with higher levels of IgE and long-term cultures with IL-18 reduced the 
proportion of CD4+ NKT cells. Activation of NKT cells by IL-18 was associated with a 
potent CD1d-dependent increase in IFNγ 153. 
 
While NKT cell numbers are reduced also in patients with RA, Sjögren’s syndrome and 
SLE 154, the role of NKT cells remains unclear as studies have shown both protective 
and pathogenic roles for NKT cells in mouse models for autoimmune disease 152. 
Notably, susceptibility loci for SLE and diabetes have been shown to negatively control 
NKT cell numbers 155. The reduced number in NKT cells in SLE patients is considered 
a primary defect, as it is seen also in family members without symptoms 154. To clarify 
a potential connection between NKT cell numbers and autoantibodies, we in paper II 
set out to investigate the role of NKT cells in response to an increased load of apoptotic 
cells, mimicking the situation in patients with SLE. 
 
During apoptosis, cells release extracellular ATP, which in turn can activate the 
inflammasome (Fig. 2). The inflammasome drives the activation of caspase 1, which 
cleaves IL-18 to its active form. Interestingly, IL-18 is elevated in the same 
inflammatory and autoimmune diseases in which NKT cell-deficiencies are seen, such 
as T1D, MS, AE, RA, Sjögren’s syndrome and SLE 156. In patients with SLE, increased 
levels of serum IL-18 correlated with disease severity 157, 158. Autoimmune lpr/lpr mice 
also express higher levels of IL-18 159 and lymph node cells from these mice respond to 
IL-18 with dramatically increased levels of IFNγ and increased proliferation 160.           
A vaccination approach using IL-18 cDNA in those mice lead to antibodies towards IL-
18, decreased proliferation and proteinuria and increased survival 159. In paper I, we 
study the effect of IL-18 on antibody production. 
 
Although IL-18 has been shown to promote an IFNγ-dependent T cell activation in 
T1D and MS 156, IL-18 could also skew the remaining NKT cells towards a TH1-like 
phenotype, as is the case in AE. In RA, IL-18 is elevated in synovial tissues and 
synovial fluids. It induces endothelial cells to upregulate adhesion molecules, synovial 
fibroblasts to produce chemokines and itself acts as a chemokine in recruitment of 
monocytes, neutrophils and lymphocytes. IL-18 acts in synergy with IL-12 on 
infiltrating T cells to induce IFNγ. This drives macrophages to produce TNFα, which 
leads to IL-1β production and joint destruction 161. 
 
Increased IL-18 levels are found also in the serum of patients with acute myocardial 
infarction 162. IL-18 is present in human lesions and increased IL-18R expression is 
found in macrophages and endothelial cells at this site 163. Higher levels of IL-18 are 
also increased in unstable symptomatic lesions compared to stable asymptomatic ones, 
indicating a role for IL-18 in plaque destabilization. Administration of IL-18 to ApoE-/- 
mice lead to an IFNγ-dependent increase in lesions 164, 165, while IL-18-deficient ApoE-

/- show reduced atherosclerosis 166. 
 
The increase in IL-18 might also be connected to a pro-inflammatory IFNγ-producing 
NKT cell phenotype in atherosclerosis. In contrast to the previously described 
inflammatory diseases, NKT cells in atherosclerosis have been shown to be pro-
atherogenic. Both NKT cells and CD1d-expressing cells are present in atherosclerotic 
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lesions of mice and humans. Atherosclerotic mice deficient in NKT cells develop less 
lesions and αGalCer injections increase lesion size 167-169. αGalCer lead to an increase 
in levels of IFNγ in serum 167 and aorta 169. Interestingly, one study also showed a 
marked decrease in NKT cell numbers in wt mice fed an atherogenic diet. In response 
to αGalCer, splenocytes from these mice showed increased levels of IFNγ and lowered 
IL-4 and IL-10, indicating a skewing towards a more pro-inflammatory NKT cell 
population due to diet 167. Accordingly, older ApoE-/- mice show a decrease in NKT 
cell numbers. The remaining NKT cells however respond less to αGalCer with IFNγ 168 
and treatment of older mice with αGalCer does not lead to significant differences in 
lesion size compared to vehicle-treated mice 167. Together these data suggest a 
pathogenic role for NKT cells in atherosclerosis as well as a skewing of the NKT cell 
population with age in ApoE-/-mice. Similar results were shown in Jα18-/- LDLr-/- mice, 
where NKT cell-deficiency was associated with a decrease in lesion size and reduced 
levels of IFNγ in the lesions 170. 
 
In contrast, in another study on NKT cells in LDLr-/- mice, αGalCer was shown to lead 
to protection, while no effect on lesion size was shown in ApoE-/- mice. This study also 
compared NKT cells from ApoE- and LDLr-deficient mice and showed that LDLr-/- 
NKT cells responded to αGalCer with stronger proliferation and higher production of 
IL-10. An atherogenic diet also increased NKT numbers in LDLr-/- mice 171. Finally, 
CD1d-deficiency in LDLr-deficient mice showed an atherogenic effect for NKT cells 
only at 4 weeks of atherogenic diet, while no differences were seen at 8 or 12 weeks 172. 
 
The different effects seen after administration of αGalCer could be due to the use of 
different administration protocols. These data also show that diet might affect NKT cell 
function. In addition, the self-lipids presented to NKT cells in atherosclerosis are yet 
unknown and might skew NKT cell populations differently than αGalCer. Potential 
problems with translating results on NKT cell function in currently available models of 
atherosclerosis to human disease as well as the potential effects of IL-18 and NKT in 
atherosclerosis will be further discussed in the final reflections, with the data from 
paper I, II and IV in mind. 
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2 THE PRESENT STUDY 
2.1 AIM 

 
The overall aim of my thesis was to study how B cells are regulated in responses to 
modified self.  
 
The more specific aims were: 
 
Paper I – To investigate and describe the IL-18-induced B cell response and how this 
was regulated by NKT cells. 
  
Paper II – To examine the role of NKT cells in autoreactive B cell responses to 
apoptotic cells. 
  
Paper III – To investigate the role of scavenger receptor CD36 on B cells in responses 
to modified self. 
 
Paper IV – To define the protective B cell response in atherosclerosis and how it could 
be induced. 
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2.2 RESULTS AND DISCUSSION 

 
2.2.1 The inflammatory cytokine IL-18 induces self-reactive innate 

antibody responses regulated by natural killer T cells (Paper I) 

The cytokine IL-18 was first discovered to be an IFNγ-inducing factor and was 
therefore believed to drive TH1 responses 18. While IL-18 co-administered with IL-12 
was shown to induce strong IFNγ responses abrogating IgE responses in vivo, IL-18 
alone or together with IL-2 induced and enhanced TH2 response dominated by IgE and 
IgG1

135. This response was shown to be dependent on CD4+ T cells, IL-4 and CD40L 
interaction 173, 174. While a lot of effort had focused on the T cell contribution to this  
IL-18 driven response, little was known about how B cells were activated to produce 
antibodies. Thus, we set out to characterize the B cell response and how this response 
was regulated. 

Repeated IL-18 injections (2µg i.p./mouse/day for 10 days) led also in our hands to a 
potent IgE response. Since most studies had previously focused on IgE, we further 
characterized the response overtime and found an increase in IgM and IgG levels, 
especially of the IgG1 subclass. We showed that the IL-18-induced antibody response 
was directed to the self-antigens DNA and PC (Fig. 6), as well as NP, a reactivity 
enriched in the natural repertoire. An increase in antibodies towards self-antigens is in 
line with the increased levels of IL-18 in patients with autoimmune disorders 156. 

Figure 6. Serum levels of anti-DNA (left) and anti-PC (right) IgM and IgG in 
preimmune (PI) and IL-18-injected mice (d12). Mean and individual mice (n=5) are 
plotted. * p <0.05, ** p<0.01 using a Mann-Whitney test. 

To determine the site of antibody production, we cultured splenocytes or peritoneal 
cells after IL-18 injections. We could localize the response to the spleen as no 
difference was seen in peritoneal antibody levels in response to IL-18. When 
investigating B cell subtypes, we saw a MZB expansion peaking at day 6 of the 
response. Since BAFF is known to be important in MZB cell survival and activation, 
we measured BAFF in serum and found an increase in BAFF after IL-18 injections. 
The link between IL-18, BAFF and MZB cell expansion was further confirmed using 
CD19-deficient mice. These mice are usually deficient in MZB cells but IL-18 
injections drove MZB cell development through BAFF despite the lack of CD19, as 
confirmed by BAFF injections. The delayed IgE response to IL-18 seen in the CD19-
deficient mice suggests that development of MZB cells in these mice was needed to 
drive this antibody response. In addition, increased BAFF levels could provide help for 
self-reactive B cell activation. This is in line with the fact that BAFF transgenic mice 
develop an autoimmune phenotype 113. 
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Self-reactivities are enriched in the MZB cell pool, and early plasma cell foci responses 
have previously been associated with MZB cell responses. When further characterizing 
the B cell response, we found that it was mainly confined to extrafollicular foci and the 
germinal centers formed were most likely abortive, indicated by the low expression of 
aid in the spleens of IL-18 injected mice. The extrafollicular plasma cell response was 
further confirmed by expression of ebi2 measured by quantitative PCR and detection of 
CD138+IgE+ and CD138+IgG1+ plasma cells by flow cytometry.  

Since MZB cells express high levels of CD1d, a MHC-like molecule that presents 
glycolipids to NKT cells, we investigated the role of NKT cells in the IL-18-induced 
response. Strikingly, mice lacking NKT cells (CD1d-/- and Jα18-/-) had a dramatically 
increased IgE response compared to wild type mice (Fig. 7). 

Figure 7. Increased serum IgE levels in NKT cell-deficient mice (CD1d-/- and Jα18-/-) 
injected with IL-18 compared to wild type mice. Mean and SEM from four to five mice 
per group is plotted. * p <0.05, ** p<0.01 by comparing deficient and wild type mice 
with a Mann-Whitney test (left). The presence of high-affinity antibodies against NP 
was determined by binding of pooled sera of PI or IL-18-injected (d14) wild type and 
CD1d-/- mice to NP4-BSA immobilized on a carboxyl-chip. Binding was detected as 
changes in frequency using an Attana 100 (right).  

The IgG1 response was also increased and larger extrafollicular foci could be seen in 
CD1d-/- mice. Interestingly, more GCs were also formed. Contrary to wild type mice, 
IL-18-injected CD1d-/- mice showed increased aid expression in the spleen. Increased 
affinity of antibodies to NP after IL-18 injections in CD1d-/- mice further showed that 
productive germinal centers were formed (Fig. 7). Since GC responses to T-
independent antigens have so far been shown to be abortive, this suggests the presence 
of cognate T cell help. This also implies the presence of a self-antigen resembling NP 
that is able to drive the selection of B cells with higher affinity in the germinal centers. 
In addition, aging CD1d-/- mice spontaneously produce IgE, indicating that NKT cells 
not only regulate IgM and IgG with natural reactivities but also natural IgE. 

Intriguingly, the enhanced IgE response to IL-18 seen in CD1d-/- mice was 
contradicting published data showing a complete abrogation of the IgE response in 
another founder line of CD1d-deficient mice 175. When investigating these mice, we 
surprisingly found that they lacked MZB cells, which further strengthened our 
hypothesis that MZBs are necessary for the IL-18-induced IgE response. The cause 
underlying the additional phenotype seen in this strain of CD1d-deficient mice remains 
to be determined. 
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We next wanted to investigate how NKT cells were regulating these responses. 
Injections of IL-18 in combination with a potent NKT cell-activating ligand (αGalCer) 
resulted in a marked decrease in the IgE response. Upon activation, NKT cells rapidly 
produce large amounts of cytokines. Among these, IL-21 has been shown to activate 
NKT cells and enhance their cytotoxicity 176. Interestingly, IL-21 has also been shown 
to inhibit IgE responses 177. We therefore measured IL-21 expression and found it to be 
increased in the spleen of IL-18 injected mice. Thus, IL-21 could be contributing to 
NKT cell cytotoxicity towards B cells in this model. IL-18 was further injected in mice 
deficient in perforin or the CD95-CD178 (Fas-FasL) pathway, both important 
mechanisms for cytotoxic cells to induce death of target cells. The IgE response was 
enhanced in both perforin-/- and CD178-/- mice, suggesting that cytotoxicity regulated 
the response. These pathways are also used by cytotoxic CD8+ T cells as well as NK 
cells. However, depletion of CD8+ T or NK cells does not affect the IL18-driven IgE or 
IgG1 responses 174, indicating that NKT cells are indeed responsible for the killing of B 
cells. NKT cells could thereby inhibit the formation of autoantibodies in response to 
sterile inflammation. 
 
2.2.2 Invariant NKT cells limit activation of autoreactive CD1d-positive 

B cells (Paper II) 

Patients with SLE have increased apoptotic cells in their circulation and autoantibodies 
are a hallmark of this disease. Autoantibodies lead to immune complexes that deposit in 
the kidney, driving glomerulonephritis. The increased load of apoptotic cells is thought 
to be due to defective clearance and trigger autoreactive B cell activation. NKT cell 
numbers have been shown to be lower in patients with SLE 154. B cells express high 
levels of CD1d 88 and could thereby interact with these cells in the pathogenesis of 
SLE. We thus used a model in which apoptotic cell injections lead to an anti-DNA 
response in wild type mice 178 to study NKT cells’ role in the early events leading to 
break of tolerance. 

After four injections of apoptotic cells, a profound increase in anti-DNA antibodies was 
seen in both strains of NKT cell-deficient mice used, indicating a suppressive effect of 
NKT cells on autoreactive B cells (Fig. 8). We also saw an increase in anti-PC 
antibodies. Autoantibodies led to IgG immune complex deposition in the kidneys of 
NKT cell-deficient mice, as can be seen in SLE pathology. Importantly, this response 
was not due to an increased number of autoreactive B cells in the naïve pool, as no 
difference could be seen in natural anti-PC antibody levels, or anti-DNA antibodies in 
response to ex vivo LPS stimulation between wild type and NKT cell-deficient mice. 
Furthermore, the suppressive effect of NKT cells was specific for self-responses, as 
there was no difference in the response to the T-independent antigen TNP-Ficoll or the 
T-dependent antigen NP-OVA (Fig. 8).  
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Figure 8. Autoreactive B cells are more activated in NKT cell-deficient mice. Wild 
type and NKT cell-deficient (Jα18-/- and CD1d-/-) mice were injected four times i.v. 
with syngeneic apoptotic cells and the anti-DNA IgG response was measured by 
ELISA (left). Anti-NP IgG levels in response to immunization with the T-dependent 
antigen NP-OVA were measured by ELISA (right). The mean and SEM is plotted. 
n=6-8. * p <0.05, ** p<0.01 by comparing deficient and wild type mice with a Mann-
Whitney test. 

We next investigated if NKT cells directly responded to the apoptotic cell injections. 
We found that NKT cells upregulated the activation marker CD69 after a single 
apoptotic cell injection. The ability of NKT cells to produce cytokines was also 
evaluated. Apoptotic cell injections skewed NKT cells to produce less IFNγ and more 
IL-10. The cytokine profile was unique to NKT cells, as NK and T cells increased their 
IFNγ production after apoptotic cell exposure. In addition, viability of B cells was 
decreased in splenocyte culture after NKT cell activation by αGalCer following 4 
injections of apoptotic cells, indicating that NKT cells might be induced to mediate 
killing of B cells after exposure to apoptotic cells. 

To investigate whether NKT cells interacted directly with autoreactive B cells through 
CD1d, adoptive B cell transfers were made with wt or CD1d-deficient B cells. B cells 
deficient in CD1d were more prone to give rise to an anti-DNA response and were 
shown to drive the formation of more germinal centers by histology, revealing a direct 
role for CD1d on B cells. In addition, an increased proportion of the remaining 
transferred CD1d-/- cells were MZBs, suggesting an increased survival of MZBs 
lacking CD1d. To better study the role of CD1d in autoreactive GC formation, wild 
type and CD1d-/- mixed bone marrow chimeras were made. After already two injections 
of apoptotic cells, a higher proportion of CD1d-deficient B cells had a GC phenotype, 
something that was accentuated after four injections. The increased GC phenotype was 
shown to be specific for autoreactive B cell activation, as no difference was seen in 
spontaneous GC B cells of Peyer’s patches or in GC B cells in response to NP-OVA. 
Together these results suggest the existence for a novel CD1d-dependent peripheral 
tolerance checkpoint. As CD1d is downregulated on GC B cells, this checkpoint most 
likely occurs before GC entry. 
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Figure 9. Mice heterozygous for the Jα18 allele (+/-) show a 50% decrease in NKT cell 
numbers (left) sufficient to lead to an increase in anti-DNA IgG levels similar to that in 
Jα18-/- mice (right). Mean and three mice (left) or mean and SEM from seven mice 
(right) are plotted. * p <0.05 by comparing deficient and wild type mice with a Mann-
Whitney test 

Patients with SLE do not completely lack NKT cells, even though they show decreased 
numbers. To address the question whether reduced numbers of NKT cells would be 
sufficient to allow increased autoreactive B cell activation, we made mice heterozygous 
for Jα18 (Jα18+/-). Deletion of one Jα18 allele resulted in a near 50% reduction in NKT 
cells (Fig. 9). Surprisingly, this reduction was sufficient to lead to an increased 
production of anti-DNA antibodies, similar to that found in Jα18-/- (Fig. 9). Also, the 
same percentage of GC B cells was seen in heterozygous and homozygous mice, 
indicating that the reduced number of NKT cells was insufficient to stop autoreactive B 
cells from entering germinal centers. 

Inversely, transfer of NKT cells to NKT-deficient Jα18-/- mice was sufficient to 
decrease the GC response leading to a decreased anti-DNA response. The need for 
CD1d on B cells suggests that NKT cells need to recognize a self-ligand presented by B 
cells, somehow signaling the NKT cell to inhibit B cell activation. A recent paper 
showed that NKT cell cytotoxicity correlated with the level of CD1d expression on the 
surface of the cell 179. The cytotoxicity was also dependent on TCR affinity for the 
glycolipid presented in CD1d, with highest cytotoxic effect when αGalCer was 
presented. This antigen-specific cytotoxicity depended on Fas-FasL interaction. The 
data from paper I and II suggest that a CD1d-dependent Fas-FasL mechanism is at play 
also when it comes to regulating autoreactive B cells. In the future we aim to address 
the ligand-specificity in our model. It is likely that a lower affinity ligand, such as those 
self-ligands presented during an infection, together with the right cytokine 
environment, drives NKT cell cytotoxicity. 

Together, the data from paper I and II show that NKT cells could have a protective role 
in patients with autoimmune disorders, and these disorders could be regulated by 
increasing NKT cell numbers. 
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2.2.3 Scavenger receptor CD36 regulates autoreactive B cells (Paper III) 

CD36 is a class B scavenger receptor that has mostly been studied in lipid metabolism 
and atherosclerosis due to its ability to bind to modified LDL 90. CD36 also binds to 
apoptotic cells and has been shown to mediate uptake of both these ligands in 
macrophages and dendritic cells. Interestingly, MZB cells were shown to preferentially 
express CD36 amongst B cells 96, 97. Since we have previously shown that injected 
apoptotic cells localize to the marginal zone of the spleen 180, we set out to investigate 
the role for this scavenger receptor on B cells in the setting of responses to modified 
self using the model described in paper II. 

We first studied the expression of CD36 and B cell activation overtime during 
apoptotic cell injections. We found that CD36 on MZBs was downregulated overtime 
and when no additional injections were given, CD36 expression increased to normal 
levels again. Interestingly, downregulation of CD36 coincided with an increase in GC 
B cells. To investigate whether this was just a coincidence or if CD36 had an effect on 
B cell activation, mixed wild type and CD36-/- bone marrow chimeras were injected 
with apoptotic cells. We found that CD36-deficient B cells were more prone to enter 
GC, as well as to differentiate into unswitched IgM-producing plasma cells compared 
to wt B cells in the same mouse (Fig. 10). Interestingly, these IgM+ plasma cells 
express CD36, while switched plasma cells do not. To make sure that the differences 
seen were not due to background disparity, mixed bone marrow chimeras with wild 
type and CD36+/+ (with identical genetic background to the CD36-/-) were also injected 
with apoptotic cells. When comparing the two groups of bone marrow chimeras, the 
mice that had received CD36-deficient bone marrow produced significantly more anti-
DNA antibodies, showing that activated cells also gave rise to antibody-producing 
cells. 

Figure 10. CD36-deficient B cells are more prone to enter germinal centers and 
become unswitched plasma cells compared to wild type B cells. Mixed wild type and 
CD36-/- bone marrow chimeras were injected four times with apoptotic cells and 
analyzed by flow cytometry. Percent GC B cells (left) and unswitched plasma cells 
(right) from wild type (WT) and CD36-/- (-/-) cells are shown. Open symbols indicate 
uninjected mice while full symbols show mice injected with apoptotic cells. Lines 
connect WT and deficient cells in the same mouse. Shown are p values <0.05 from a 
Mann-Whitney test. n=5. 
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These data indicated that CD36 was negatively regulating autoreactive B cells. CD36 
had previously been shown to associate with the tyrosine kinase Lyn in macrophages, 
leading to a positive signal in this cell type. In B cells, Lyn is also known to 
phosphorylate a potent negative regulator of B cell activation – FcγRIIb. In addition, 
both Lyn and FcγRIIb have been implicated in the pathogenesis of SLE. We therefore 
hypothesized that CD36 associated with Lyn also in B cells, but that this association 
instead helped to give a negative signal by mediating FcγRIIb phosphorylation. To 
address this, I first investigated whether CD36 co-localized with the BCR or FcγRIIb 
using total internal reflection fluorescence (TIRF). We found that in steady state, CD36 
co-localized with the BCR (when cells where added to lipid bilayers containing only 
ICAM-1). However, upon cross-linking of FcγRIIb CD36 instead co-localized with this 
receptor (Fig. 11). To examine whether CD36 could bring Lyn to FcγRIIb, we 
immunoprecipitated Lyn and immunoblotted CD36. We found that under all 
stimulatory conditions, CD36 did indeed immunoprecipitate together with Lyn. 
Strikingly, no detectable CD36 signal was left in the whole cell lysate after 
immunoprecipitation of Lyn (WCL-), indicating that all CD36 was associated to Lyn. 

 
Figure 11. CD36 co-localizes with FcγRIIb after FcγRIIb cross-linking. Pearson’s co-
localization coefficient is shown for CD36 and IgM (upper left) or FcγRIIb (upper 
right) in images of CH27 cells at 5 (left) and 10 min (right). Cells were added to lipid 
layers with ICAM-1 alone or ICAM-1 together with anti-rat Fc antibodies (Ab) as 
controls, or ICAM-1 together with Ab cross-linking FcγRIIb (CD32) (anti-rat Fc          
+ anti-CD32 Ab), fixed at indicated time points and imaged by TIRF. Inserts are 
representative of the mean and show co-localization. Mean and individual cells      
(n=6-39) are plotted. Shown are p values <0.05 from a Mann-Whitney test. Lyn was 
immunoprecipitated from CH27 cells and CD36 was detected by western blot after 5, 
10 and 30 min stimulations with antibodies against Fc, FcγRIIb and/or CD36 (bottom 
panel).  

Taken together, these data suggested that CD36 exerts a negative regulation on 
autoreactive B cells by bringing Lyn to FcγRIIb, thereby increasing their activation 
threshold. We next investigated whether CD36 had an effect on known FcγRIIb-
mediated regulation of B cells. Since CD36 was expressed on plasma cells and FcγRIIb 
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has been shown to be an important regulator of plasma cell survival 73, we assayed 
FcγRIIb-mediated plasma cell death. We found that CD36-deficient plasma cells were 
less susceptible to FcγRIIb-mediated plasma cell death, suggesting that this process is 
partly CD36-dependent. The experiment showed that a larger proportion of CD36-/- B 
cells were viable, indicating an overall survival advantage for CD36-deficient B cells. 

Interestingly, the higher CD36 expression on IgM+ plasma cells suggested that plasma 
cell survival could be regulated differently and, depending on its subclass, be more or 
less susceptible to FcγRIIb-mediated apoptosis. Adding to the complexity of plasma 
cell regulation, a recent paper also showed the presence of a functional BCR on IgM 
and IgA-secreting plasma cells 181. 
 
2.2.4 Sterile inflammation in the spleen provides oxidation-specific 

epitopes that induce an atheroprotective B cell response  
(Paper IV) 

While many cells of the immune system are driving atherosclerosis, B cells have been 
shown to be both protective and disease-driving in atherosclerosis-prone ApoE-/- mice. 
Data supporting a protective role for B cells is exemplified by splenectomy 
experiments. While splenectomy aggravates disease, transfer of spleen B cells from old 
to young ApoE-/- mice confers protection. We set out to investigate which B cell subset 
was protective in these mice. In addition, antibody responses to oxLDL and PC have 
been shown to be protective in atherosclerosis. Since the injection of apoptotic cells can 
induce antibodies binding oxLDL 182, we also wanted to investigate the effect of 
apoptotic cells on atherosclerosis. 

To understand which B cell populations were conferring protection when transferred to 
young mice, we first characterized the ongoing response in atherosclerotic old ApoE-/- 
mice and compared it to young ApoE-/- mice and age-matched wild type controls. An 
increased proportion of MZB cells was seen in the B cell compartment with age in both 
strains with an additional increase in ApoE-/- mice. When investigating the other naïve 
B cell subsets, we found decreased proportions of B1a and FOB cells in old compared 
to young ApoE-/- mice. Strikingly, there were ongoing plasma cell foci formation, as 
well as GC responses in spleens of old ApoE-/- mice (Fig. 12). In previous reports 
studying aged wild type mice it was shown that the altered populations in these mice 
accumulated due to their reactivity to environmental antigens that selected specific 
clones of B cells 183. The expanded population seen in old ApoE-/- mice could therefore 
be due to differential selection. Thus, we investigated the clonal distribution in these 
mice compared to old wild type mice. Interestingly, we found an increase in clones of 
the Vh families 5 and 7, which are families harboring anti-PC reactivity 151, 184, 185. To 
further explore whether the response was skewed towards this specificity, we used an 
anti-idiotypic antibody against T15, which is the prototypic anti-PC clone. We found 
that in both young and old mice, more antibody-secreting cells (ASC) were T15+ in 
ApoE-/- compared to wild type mice, something that was accentuated with age. The 
anti-PC response was further confirmed by ELISA, detecting all PC-reactive 
antibodies. Since antibodies directed against PC can recognize oxLDL, we also 
measured the reactivity against oxLDL and found it to be increased in mice deficient in 
ApoE. Together these data suggested that the B cells transferred from old ApoE-/- 
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mice most likely included antibody-secreting cells against oxidation-specific 
epitopes, a reactivity previously associated with protection against atherosclerosis. 
 

Figure 12. GC B cells and antibody-secreting cells (ASC) are increased in spleens of 
old ApoE-/- compared to wild type mice. Data from 7-8-week-old (7-8w) and          
20-week-old (20w) mice are shown. Mean and individual mice (n=7-10) are plotted.  
* p <0.05, ** p <0.01, *** p <0.001 with a Mann-Whitney test. 

We next investigated the spleen for accumulation of lipids carrying oxidation-specific 
epitopes, which could be driving B cell activation. We found that during 
hyperlipidemia present in atherosclerotic mice, lipids also accumulated in the spleen. 
Accumulation of cholesterol crystals has previously been shown to activate the 
inflammasome leading to active caspase 1 133. Thus, we investigated the activity of 
caspase 1 by flow cytometry and found increased levels of active caspase 1 in 
macrophages of the spleens of old ApoE-/- mice, suggesting inflammasome activation. 
The lipid accumulation in the spleens of these mice most likely occurs through the 
marginal zone, which is the interface between the circulation and the spleen. MZMs 
and MZBs residing in this region express scavenger receptors known to bind and 
mediate uptake in the atherosclerotic plaque. Uptake of oxLDL from the circulation 
was therefore investigated. We found that already 30 min after injection of labeled 
oxLDL, it could be seen within MZMs of the spleen. In addition, flow cytometry data 
showed that MZBs directly bound to oxLDL. To examine if lipid accumulation could 
be directly driving inflammasome activation, we injected oxLDL and measured active 
caspase 1. In the same experiment, we also investigated the effects of syngeneic 
apoptotic cells containing oxidation-specific epitopes, previously shown by our group 
to similarly target the marginal zone of the spleen 180. Both antigens led to activation of 
caspase 1, as well as neutrophil infiltration, indicating the release of cleaved IL-1β, a 
known neutrophil attractant 133.  

Thus, lipids accumulating in the spleen of old ApoE-/- mice have the potential to lead to 
increased inflammasome activation compared to wild type mice. In addition, both 
oxLDL and apoptotic cells carrying oxidation-specific epitopes can be recognized and 
taken up in the marginal zone and result in inflammasome activation. 
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Figure 13. Decreased lesion area in the aortic root of ApoE-/- mice injected with 
apoptotic cells were assessed by oil-red-o staining (left). A drop in serum cholesterol 
coincided with apoptotic cell injections in both wt (B6) and ApoE-/- mice (middle). 
Cholesterol serum levels at d19 in ApoE-/- and B cell-deficient µMT-ApoE-/- mice 
(right). Mean, SEM and individual mice (left and right) or mean and SEM (middle) 
were plotted. n=5-8. * p <0.05 by comparing non-injected with injected mice with a 
Mann-Whitney test. 

It has been shown that injection of antigens carrying oxidation-specific epitopes gives 
rise to anti-PC responses that can protect from atherosclerosis 141. Here, we wanted to 
investigate whether the inflammasome-driven sterile inflammation in the spleen could 
induce a B cell response towards oxidation-specific epitopes similar to that seen in 
atherosclerotic ApoE-/- mice. Syngeneic apoptotic cells were injected six times during 
atherosclerosis development in an attempt to enhance the protective B cell response. 
Interestingly, injections did protect ApoE-/- mice from lesion development compared to 
uninjected controls (Fig. 13). We could also see a drop in cholesterol levels following 
apoptotic cell injections. In addition, we found that this cholesterol drop was B cell-
dependent, as it could not be seen in B cell-deficient ApoE-/- mice. Thus, injection of 
apoptotic cells targeted to the marginal zone and carrying oxidation-specific epitopes 
can drive an atheroprotective B cell-dependent response. When investigating the B cell 
populations in the spleens of injected mice, we saw an increase in GC B cells and ASC 
a phenotype similar to that seen in old ApoE-/- mice. These ASC gave rise to serum 
antibodies towards PC and oxLDL. Furthermore, anti-PC and anti-oxLDL IgM levels 
inversely coincided with cholesterol levels. 

Together these data show that a systemic sterile inflammatory response gives rise to 
activation of a protective B cell response in the spleen that has beneficial effects on 
lipid levels as well as cardiovascular disease development. 
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2.3 FINAL REFLECTIONS AND FUTURE PERSPECTIVES 

The main findings presented in this thesis are the following. IL-18 leads to activation of 
autoreactive B cells. NKT cells hinder B cells responding to self from entering 
germinal centers in response to sterile inflammation triggered by IL-18 or apoptotic 
cells. We have also uncovered CD36 as a novel co-receptor to FcγRIIb for intrinsic 
regulation of autoreactive B cells. Finally, oxidation-specific epitopes arising during 
sterile inflammation can be used to trigger a protective autoreactive B cell response in 
atherosclerosis. In these final reflections, I will attempt to put these pieces of the puzzle 
together to create a bigger picture, as well as discuss some of the missing pieces we 
now set out to find. 

Central in this thesis is how autoreactive B cells are regulated in response to modified 
self. Increased exposure of the immune system to modified self occurs both in SLE and 
atherosclerosis in the form apoptotic cells and oxLDL, respectively. As oxidation-
specific epitopes (such as PC) can be found on modified lipids within these self-
antigens, and NKT cells can be activated by self-lipids presented in CD1d, these cells 
have the potential to regulate these responses. 

CD36 has been shown to directly bind to and mediate uptake of apoptotic cells and/or 
oxLDL in macrophages and DCs. In paper III, we show that CD36 on B cells has a role 
in dampening B cell responses to these self-antigens by regulating B cell activation as 
well as B cell survival. This is similar to the effects mediated by FcγRIIb and Lyn, as 
defects in these molecules lead to autoimmune manifestations, further indicating that 
CD36 exerts its function through these mediators. Hyperresponsiveness of Lyn-/- B 
cells was recently shown to be mediated through increased PI3K activity in response to 
BCR cross-linking 186. In the absence of CD36, Lyn might not be able to regulate BCR-
mediated activation. How downstream events are regulated by CD36 in response to 
apoptotic cells however needs to be further investigated. To address this question, we 
will study how signaling pathways downstream of the BCR and FcγRIIb are regulated 
in the absence or presence of CD36. CD36 on an autoreactive B cell could also 
potentially compete for ligand-binding with the BCR and preferentially associate with 
FcγRIIb when binding self-immune complexes, leading to inhibition of the B cell. 
These are some of the pathways that could be involved when an autoreactive B cell first 
comes in contact with self-antigen. Chronic exposure of B cells to apoptotic cells 
showed downregulation of CD36, which coincided with B cell activation. How this 
downregulation occurs needs to be determined. CD36 likely leads to uptake of 
modified self also in B cells, and oxLDL metabolites could bind to PPARγ, a nuclear 
receptor know to modulate CD36 expression in other cells. PPARγ is also known in 
macrophages to regulate the balance between lipid metabolism and inflammation, and 
could therefore shift the balance towards a self-response in B cells. As antibody levels 
could be affected by PPARγ agonists, I believe that apoptotic cells or oxLDL 
metabolites will play an important role in B cell responses to self. As a continuation of 
paper III, we will now investigate the role of PPARγ in B cells in response to modified 
self, and have therefore crossed mice with a floxed PPARγ gene with mice expressing 
cre under the CD19 promoter. The cre recombinase thereby mediates a deletion of 
PPARγ only in CD19+ cells, enabling us to study B cell-specific deficiency of PPARγ. 
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Lipid-ligands taken up through CD36 could potentially be presented on CD1d. Indeed, 
a recent paper showed a major role for scavenger receptors (SR-A in particular) in the 
presentation of lipids in CD1d for subsequent activation of NKT cells 187. Interestingly, 
oxLDL was shown to through PPARγ indirectly induce CD1d expression on DCs 188. 

In paper II, we show that NKT cell numbers over a certain threshold inhibit the entry of 
autoreactive B cell numbers through a CD1d-dependent mechanism. Interestingly,       
B cells were recently described to regulate NKT cell numbers in SLE patients. B cells 
were shown to be essential in NKT cell expansion and activation. In SLE patients, a B 
cell defect in CD1d was associated with the inability of B cells to expand NKT cells. In 
patients responding to anti-CD20 treatment, NKT cell number and function were 
restored following CD1d normalization on repopulated immature B cells 189. NKT cells 
in patients also produced less IFNγ and more IL-10, in line with the phenotype we see 
after apoptotic cell injection in paper II. Together these data show a very interesting 
reciprocal regulation of NKT and B cells and that restoration of one population could 
help reset the other. 

To translate the knowledge about NKT cells acquired in mice to therapeutic strategies 
in autoimmune diseases involving B cells, it is also important to take into account how 
lipids are taken up for presentation on CD1d. Mechanisms of exogenous lipid antigen 
delivery to CD1d-antigen loading compartments were elegantly showed by Brenner’s 
group 190. αGalCer was shown to associate with ApoE in the VLDL lipoprotein 
fraction, and IFNγ production by NKT cells in response to αGalCer-pulsed DCs was 
greatly impaired in the absence of ApoE. The response to αGalCer was also reduced in 
ApoE-/- mice although comparable numbers of NKT cells were present in deficient and 
wild type mice. This was not due to an intrinsic signaling defect as ApoE-/- mice 
responded to anti-CD3 treatment to the same extent as wild type mice. ApoE was 
shown to be taken up through the LDL-R for lipid-delivery to endosomal 
compartments. In experiments where cognate NKT cell help to B cells were revealed, 
cognate help would take place after a specific B cell takes up NP-αGalCer through its 
BCR. However, B cells were also shown to be able to take up αGalCer through ApoE 
and LDL-R for presentation to NKT cells. This led to increased proliferation of both B 
and NKT cells as well as an increase in B cell help as shown by increased IgG 
production 191. 

Although higher doses of αGalCer could drive pro-atherogenic responses in ApoE-/- 
mice (as discussed in 1.5.3), indicating an alternative less efficient way for lipid uptake, 
NKT cell responses in atherosclerotic mouse models are likely to be directly affected 
by the lack of ApoE or LDL-R. With B and NKT cells’ well-being intimately link, one 
could also expect B-NKT cell interactions to be affected by the change in lipid 
presentation. In paper IV, we see an increase in autoreactive B cell responses, including 
plasma cell foci and GC formation in the spleens of ApoE-/- mice. This might, in 
addition to the effects of local lipid accumulation, be due to a defect in the NKT cells 
normally regulating these responses, as seen in paper I and II. An increase in CD1d 
expression has been seen in plaque in mouse and man and NKT cells are present in the 
plaque. NKT cells therefore most probably have a role to play, although new models 
might be needed to study the effect of these cells in atherosclerosis. 
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Patients with SLE are at higher risk of developing atherosclerosis. Since there is a an 
NKT cell defect in SLE, the role for NKT cells in patients developing atherosclerosis or 
not might give us further insight to the underlying mechanisms. We will also have the 
opportunity to investigate the expression of CD36 on human B cells in an SLE cohort, 
including patients both with or without cardiovascular disease. Recycling of CD1d was 
shown to be increased in SLE 189. It will be interesting to see how CD1d is affected in 
those patients developing atherosclerosis and if CD36 and CD1d expression are 
associated and how this translates to NKT cell activation status. 

In lesions, the increase seen in CD1d could enhance lipid antigen presentation to NKT 
cells, as is seen during infection, where increased levels of self-lipids as well as 
cytokine production by DCs act as danger signals to activate NKT cells. Among these 
cytokines is the cytokine IL-18. As mentioned earlier, IL-18 has been shown to be pro-
atherogenic in several models. Some of the effects of IL-18 driving atherosclerosis 
might be mediated by NKT cells. ApoE-/-IL-18-/- mice, although protected from 
atherosclerosis, had higher serum cholesterol levels 166. We find that natural IgM can 
lower cholesterol levels (paper IV) and we have shown in paper I that IL-18 can drive 
these same reactivities. In paper IV, we find active caspase 1 in the spleen of old  
ApoE-/- mice, as well as mice injected with oxLDL and apoptotic cells. As caspase 1 
cleaves the pro-forms of IL-1β and IL-18 to their active forms, these cytokines are most 
probably involved in the antibody response seen in these mice. IL-18 might therefore 
be driving an IFNγ-independent protective B cell response in the spleen while driving 
an IFNγ-dependent pro-atherogenic response in atherosclerotic lesions. However, this 
remains to be further investigated. Although we see a protective effect in 
atherosclerosis-prone mice, the pro-inflammatory environment most likely drives 
parallel responses that could have autoimmune consequences in other organs, such as 
immune complex deposition in the kidneys and this must be taken into account. 

A question we would like to address is how IL-18 is modulating NKT cell responses. 
IL-18 will be studied in combination with known NKT cell ligands. Changes in the 
self-lipids presented in CD1d will also be studied, with the hope of finding new self-
ligands important in the regulation of autoimmunity. Lipids found through this 
approach are likely to enlighten mechanisms underlying activation of autoreactive B 
cells.  

Another mean of driving autoreactive B cells is through elevated levels of BAFF 113 
and we know from paper I that IL-18 can drive BAFF. In paper IV, we suggest that one 
of the ways to drive B cell activation is through the inflammasome and thereby IL-18. 
We also find that caspase 1 activation is associated with neutrophil recruitment to the 
spleen shortly after oxLDL and apoptotic cell injections. Interestingly, neutrophils were 
shown to produce BAFF 192, a factor we found to be crucial for MZB cell expansion. 
Neutrophils were recently described to provide B cell help through production of BAFF 
and APRIL in humans 67. We are therefore investigating the role of neutrophils in the 
IL-18 response as potential B cell helpers. 
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However, BAFF-driven B cells have been shown to have a disease-driving role in 
atherosclerosis. BAFF-R-/-ApoE-/- mice as well as mice treated with anti-BAFF-R show 
a reduction in lesion size 52, 193, 194. This was associated with a marked decrease in B2   
B cells but not B1a cells indicating that these cells are protective, while B2 cells are 
atherogenic. A decrease was also seen in activated T cells in the spleen as well as in the 
lesions. However none of these studies discriminated between the MZB and FOB 
subpopulations of B2 cells. It is possible that FOB cells contribute to the atherogenic 
response by interacting with T cells, leading to switch to more pathogenic antibodies as 
well as activation of T cells, while MZB cells could be contributing to the secretion of 
protective anti-PC IgM, as they do in response to S. pneumonia 55. In collaboration, we 
will have the opportunity to address this question by using ApoE-/- mice specifically 
deficient in MZB. 

Together, the data presented in this thesis add to the knowledge on how B cells are 
regulated in responses to modified self and how different players interact with each 
other. Theurapeutic approaches integrating different angles of the autoimmune 
inflammatory response must be taken into account, none the less for patients with SLE, 
where current treatment could lead to an even higher risk for developing 
atherosclerosis. IL-18 and BAFF seem to have disease-driving roles in both diseases 
and could therefore be targeted. The finding of self-lipids presented to NKT cells 
should shed some light on the seemingly opposing roles for these cells in SLE and 
atherosclerosis. 
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3 POPULÄRVETENSKAPLIG SAMMANFATTNING 

Kroppen behöver immunförsvaret för att hålla inkräktare ute. Första försvarslinjen 
består av vår hud och av slemhinnor i mag- tarmkanalen och luftvägar. Främmande 
organismer såsom bakterier och virus lyckas ibland ta sig igenom och utgör då en 
infektion. Patrullerande celler som bor ute i vävnaden i anslutning till hud och 
slemhinnor känner snabbt igen de främmande ämnena med hjälp av receptorer som 
kan känna av och ta tag i dessa ämnen. De försöker då att på bästa sätt göra sig av 
med dem genom att utlösa en inflammation. Vissa av dessa celler – så kallade 
makrofager - kan liknas vid kroppens städare och tar upp och äter allt de kan ta tag i. 
De utsöndrar också ämnen för att slå larm och varna sin omgivning. Dessa ämnen 
leder till att blodkärl vidgas och svullnad och rodnad uppstår. Makrofagerna 
kommunicerar även med celler i närliggande blodkärlsväggar och ber dem flagga för 
hjälp på den sidan av kärlet som är vänt mot blodflödet. De uppsatta flaggorna kan 
från långt håll synas av andra celler i immunförsvaret som då rekryteras till platsen. 
En annan typ av städare - dendritiska celler - kan agera som budbärare och lämna 
vävnaden för att hämta hjälp. De migrerar då till organ där många olika immunceller 
(vita blodkroppar) bor i organiserade strukturer. Till dem hör lymfkörtlar och mjälten. 

I dessa organ letar budbärarna rätt på så kallade B- och T-celler och visar upp hela 
eller bitar av de ämnen de tagit upp vid infektionsstället. Det ger B- och T-cellerna 
den information de behöver för att rikta in sig på att bli av med ämnet i fråga. De 
informerade cellerna kommunicerar med varandra och B-celler börjar producera 
antikroppar mot det uppvisade ämnet. T-celler hjälper till genom att säga till B-
cellerna när antikropparna de gör är tillräckligt bra, det vill säga när de kan hålla i det 
främmande ämnet i ett starkt grepp. Då börjar B-cellerna att massproducera. 
Antikropparna flyter då ut i blodet och fäster vid inkräktarna och hjälper därmed 
städarna att ta upp dessa. T-cellerna åker också ut i blodet och vet vart de ska genom 
att se flaggorna. På plats kan de antingen döda celler som blivit infekterade (celler 
som bakterier eller virus lever i) eller mana på makrofagerna att de ska fortsätta 
producera inflammationsdrivande ämnen. Det kan ta ett tag innan dessa T- och B-
celler är informerade, har hittat till varandra och kan rikta in sig ordentligt på det 
infekterande ämnet. Det finns därför även snabbare sorter av T- och B-celler som 
reagerar mot främmande ämnen på ett mindre specifikt eller riktat sätt. De snabba B-
cellerna kan nästan med en gång börja massproducera antikroppar av mindre bra 
kvalité som också kan ta tag i inkräktarna men med mindre styrka. De snabba T-
cellerna (NKT-celler) kan snabbare driva på inflammationen. Snabba B- och T-celler 
kan också kommunicera med varandra genom att B-cellen visar upp för T-cellen det 
den tagit upp. Det är de snabba cellerna jag har studerat mest i min avhandling. 

Makrofagerna finns också där för att ta upp och göra sig av med alla de celler som 
normalt dör varje dag för att lämna plats för andra nya celler. Eftersom döende celler 
tillhör den egna kroppen ses de inte som främmande och upptaget av dem leder inte 
till någon inflammation. Om något i stället är fel (som ineffektiva makrofager) kan 
döende celler ansamlas och förfalla. Förfallet förändrar struktur på t.ex. fett som utgör 
det yttre skiktet på cellen. Förändringar kan också ske i fettdroppar som bär på 
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kolesterol i blodet när man har för höga nivåer av det. Makrofager och dendritiska 
celler kan då börja tro att egna ämnen är främmande och svarar då precis som om det 
handlade om en infektion – med inflammation. De säger även till B- och T-celler att 
göra antikroppar mot de förändrade strukturerna eller trigga andra celler. Detta ger 
upphov till s.k. autoimmuna inflammatoriska sjukdomar där immunförsvaret börjar 
attackera den egna kroppen. Jag har studerat två av dessa, nämligen SLE (systemisk 
lupus erythematosus) och åderförkalkning. 

I alla arbeten har vi fokuserat på de försvarsmekanismer som finns för att B-celler 
inte ska börja producera antikroppar mot den egna kroppen i modeller för SLE och 
åderförkalkning. I de två första arbetena har vår grupp tittat på hur de snabba NKT-
cellerna reagerar och kommunicerar med B-celler som förbereder sig på att svara mot 
egna strukturer. I det första arbetet studerade vi hur ett av de utsöndrade ämnena vid 
inflammation leder till att B-celler aktiveras. I det andra tittade vi på hur ansamling av 
döende celler kan leda till antikroppar mot egna kroppen. I det tredje fokuserade vi på 
en receptor på ytan av B-celler och studerade den roll den spelar i reaktionen mot 
döende celler. Till slut tittade vi på B-celler i åderförkalkning där det visar sig att de 
kan ha en skyddande roll, medan T-celler driver på mer inflammation. 

I det första arbetet kom vi fram till att det utsöndrade ämnet kan leda till att de snabba 
B-cellerna blir fler och massproducerar antikroppar. Vi upptäckte att dessa 
antikroppar producerades i mjälten och reagerade mot den egna kroppen. Den 
reaktion vi såg reglerades av NKT-cellerna. Då de saknades producerades nämligen 
fler antikroppar. Vi såg också att det bildades starkare antikroppar, vilket tydde på att 
B-celler fick hjälp vid tillverkningen. Vi ville ta reda på hur NKT-celler reglerade 
reaktionen. Eftersom NKT-celler kan döda infekterade celler, undrade vi om de även 
kunde döda B-celler. Vi jämförde därför NKT-celler som saknade sina dödliga vapen 
med normala NKT-celler. När NKT-celler inte kunde döda blev antikroppsvaret 
större, vilket tydde på att NKT-celler reglerar reaktionen genom att döda B-celler som 
kommer att göra antikroppar mot den egna kroppen. 

I den andra studien tittade vi på om NKT-celler även reglerar antikroppsvar mot egna 
strukturer vid ansamling av döende celler. Vi såg att så var fallet och att avsaknad av 
NKT-celler gav ett förhöjt antikroppsvar. Vi kunde även se att B-cellen behövde visa 
vad den tagit upp för att bli dödad av NKT-cellen. Om den visar upp något som inte 
är främmande, kan NKT-cellen veta att den förbereder sig att göra antikroppar mot 
den egna kroppen och döda den. Patienter med SLE har lägre antal NKT-celler och vi 
testade därför om en begränsning av antalet NKT-celler var tillräckligt för att leda till 
ett förhöjt antikroppsvar. Det visade sig att om antalet NKT-celler hamnade under en 
viss tröskel var de inte tillräckligt många för att kontrollera B-cellerna. Vi kunde även 
sänka antikroppsvaret genom att tillföra NKT-celler där de saknades. 
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Vi undersökte sedan en receptor på B-cellen och vilken roll den hade i det ovan 
beskrivna svaret. Det visade sig att om receptorn saknades, producerade B-cellen fler 
antikroppar mot den egna kroppen. Vi såg att receptorn jobbade tillsammans med två 
kända hämmare av B-cellsaktivering för att hindra B-celler från att producera 
antikropparna. Vi upptäckte att den kunde göra det på två olika sätt. Antingen genom 
att göra det svårare för B-cellen att börja göra antikroppar eller genom att göra det 
lättare att döda de celler som redan börjat producera antikroppar. 

Till sist studerade vi B-celler i en modell för åderförkalkning. I denna modell finns 
det förhöjda nivåer av kolesterol i form av fettdroppar som leder till kolesterol- och 
cellansamling i kärlväggarna. I den modellen har det tidigare visats att medan T-celler 
driver inflammation så kan B-celler ha skyddande effekter och förhindra 
ansamlingen. Vi ville veta vilka B-celler som hade en skyddande effekt och om det 
kunde gå att öka den skyddande effekten. Vi fann att B-celler som producerade 
antikroppar mot egna strukturer kunde ha en skyddande effekt och att de snabba B-
cellerna förmodligen var inblandade. Vi såg ansamling av fett i mjälten, vilket drev 
produktion av inflammatoriska ämnen i makrofager i mjälten. Vi kunde även se att 
om vi tillförde döende celler, som bär samma typ av förändringar på sin yta som 
fettdropparna, började B-celler producera antikroppar. Dessa tog tag i fettdropparna 
och sänkte kolesterolnivåerna och skyddade mot ansamling i kärlväggen. 

Tillsammans bidrar de här arbetena till förståelsen om hur B-celler regleras i 
reaktioner mot den egna kroppen. Vår förhoppning är att denna kunskap kan leda till 
nya läkemedel mot SLE och åderförkalkning. Ett alternativ skulle vara att öka antalet 
NKT-celler hos patienter med SLE. 
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