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Abstract 

Atherosclerosis is an inflammatory disease of the medium and large sized arterial vessels. Low 

density lipoprotein (LDL) particles carrying cholesterol are trapped within the arterial intima 

and elicit both innate as well as adaptive immune responses. T cells are present in the 

atherosclerotic plaque and cellular immunity plays an important role in lesion development. 

Mouse models of atherosclerosis are efficient means of unraveling the inflammatory process in 

the intima. The studies in this thesis have used some of these models to investigate the impact 

of the adaptive immunity on atherosclerosis and how antigen specific immunity can be explored 

to create new therapeutic opportunities.   

 

Dendritic cells (DC) are potent inducers of T cells. To explore the effect of DC on 

atherosclerosis, in the context of an atherosclerosis-related antigen, we injected 

hypercholesterolemic Apoe
-/- mice with malondialdehyde (MDA)-LDL pulsed DC. This cell 

transfer increased local inflammation in the vessel wall and accelerated plaque development. 

Importantly, the treatment also generated adaptive immune responses specific for components 

of LDL. This study suggests that DC can be used to influence atherogenic immunity. 

 

The use of the hypercholesterolemic huB100tg x Ldlr
-/- mouse model permitted us to study 

human LDL-derived epitopes to dissect the cellular autoimmune response in atherosclerosis. 

We demonstrated that CD4+ T cells, expressing T cell receptors (TCRs) with the variable beta 

domain TRBV31, recognize apolipoprotein B100 (ApoB100) of LDL and are needed for the 

development of advanced atherosclerosis. This illustrates the importance of ApoB100-specific 

T cell immunity in the atherogenic process. 

 

Furthermore, we employed a strategy for immunoprotection of atherosclerosis by nasally 

administrating an ApoB100-derived peptide fused to the B-subunit of cholera toxin. This 

treatment targeted the mucosal immunity which led to an induction of antigen-specific 

regulatory T cells and significantly reduced atherosclerosis in Apoe
-/- mice.  

 

Finally, to make use of DC as a treatment modality for atherosclerotic disease, we injected 

huB100tg x Ldlr
-/- mice with DC that had been made tolerogenic by treatment with IL-10 and 

ApoB100. This led to a very significant reduction of atherosclerotic lesions in the aorta with 

decreased CD4+ T cell infiltrates and dampened systemic inflammation. The tolerogenic DC 

therapy diminished the autoreactive T cell response to ApoB100, showing the relevance of 

antigen-specific immunity in atherosclerosis and treatments thereof. 

 

In conclusion, we have studied the adaptive immunity to ApoB100 of LDL in mouse models. 

This has led to the identification of novel therapeutic targets for cardiovascular disease. We 

found that pro-atherosclerotic T cells can recognize ApoB100 and that DC can present epitopes 

of LDL and activate pro-inflammatory T cells. When manipulating DC to induce T cell 

tolerance to ApoB100, immunoprotection is established with reduced atherosclerosis as a 

consequence. Finally, by using derivatives of ApoB100 for mucosal vaccination we could also 

target atherosclerosis development.  
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Flt3 Fms-related tyrosine kinase-3 

BCR B cell receptor 

TCR T cell receptor 

Ig Immunoglobulin 

CDR Complementarity determining regions 

APC Antigen presenting cells 

HLA Human leukocyte antigens 

Ir Immune response genes 

Aa Amino acid 

V Variable 

D Diversity 

J Joining 

C Constant 

RAG Recombination activating gene 

DP Double positive 

ICAM-1 Intracellular adhesion molecule 1 

LFA-1 Leukocyte functional antigen 1 

TNFSF TNF superfamily 

VLA-4 Very late antigen 4 

VCAM-1 Vascular cell adhesion molecule 1 

Eomes Eomesodermin 

STAT Signal-transducing activators of transcription 

DLL Delta like ligands 

Tfh T follicular helper cell 

nTreg Natural T regulatory 

iTreg Inducible Treg 



 

6 
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Preface 

 

 

Today cardiovascular disease is the leading cause of death in many countries. Coronary 

artery and cerebrovascular disease are the most common types of disease with severe 

consequences for the individual and gigantic costs for society. The underlying 

pathological process that eventually causes these diseases is atherosclerosis.  

 

For many years it was believed that atherosclerosis is nothing more than just 

accumulation of lipids within the vessel wall. Later on it was discovered that this 

process is a complicated interplay between lipids and cells in the arterial intima as well 

as surrounding tissues. Today, atherosclerosis research has embraced the inflammatory 

hypothesis that emphasizes the importance of the immune system in the evolution of 

the atherosclerotic plaque. Atherosclerosis is a chronic inflammatory disease. 

 

This thesis is focused on some of the key players in the inflammatory process: T cells, 

dendritic cells and antigens. I will present data demonstrating that dendritic cells 

present epitopes of low density lipoprotein (LDL) to T cells with consequences for the 

atherosclerotic process. This finding has also made it possible to develop strategies 

which aim at decreasing the atherosclerotic burden. 

 

To aid the reader in the understanding of the experimental studies performed, I will 

give an overview of the immune system with a focus on the cells and molecules 

important for the studies. Furthermore, I will describe the relation of the immune 

system to atherosclerosis and finally discuss the importance of our studies in this 

context.  
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1 The Immune System [1] 

 

The immune system has evolved to keep intruders out of the organism. It saves the 

individual from succumbing to infectious agents such as bacteria, viruses, fungi or 

parasites. It also functions to control certain intrinsic pathologic agents such as tumor 

cells. One of the hallmarks of the immune system is memory. Once an individual 

recovers from an acute infection he or she rarely develops the same disease again, and 

is therefore immune to the infectious agent. The response of the immune system to 

pathogens or substances is referred to as immune responses, which can be targeted 

against almost any macromolecule. The immune system has a remarkable ability to 

distinguish foreign molecules from self. Any substance capable of inducing an immune 

response is referred to as an antigen. The immune system can be divided into two parts: 

the innate and the adaptive system. The innate immunity is fast but blunt and sets the 

stage for the adaptive line of defence that is slower but much more specific. The two 

systems overlap and communicate by means of cell-cell interactions through surface 

molecules and by soluble messenger molecules such as cytokines and autacoids. 

 

 

1.1 Innate immunity 

 

The constituents of the innate immune defence are already prepared to act in the 

organism before an infection has occurred. This allows the system to act rapidly. First 

of all, epithelial cell barriers prevent pathogens from entering the organism and certain 

epithelial cells secrete antibacterial peptides that help eradicate the infectious agents. 

Mucosal epithelial linings that secrete protective mucus, enzymes in saliva and tears, 

gastric acid and ciliated cells are other components of innate immunity that prevent 

infection from taking place. Activation of the innate immune system relies on the 

recognition of highly conserved microbial structures via antigen receptors specific for 

certain patterns on the microbes, and are called pattern recognition receptors (PRRs) 

[2]. All of these receptors are encoded in the germline DNA and are estimated to 

recognize roughly 103 different patterns. Examples of such receptors are the scavenger 

receptors (ScRs) important for internalization and destruction of pathogenic material; 

and the toll like receptors (TLRs) that elicit signals leading to recruitment of the 

adaptive immunity [3]. The diverse molecular structures recognized by these receptors 

are called pathogen associated molecular patterns (PAMPs), which can range from 

lipids and proteins to nucleic acids. Infectious agents that slip through the first defence 

of physical barriers meet the cells of the innate system such as the NK cells or the 

phagocytic macrophages, neutrophils and dendritic cells, carrying PRRs which help 

ingest and eradicate the pathogen. Other essential components of innate immunity 

include the complement system and other opsonins, which are soluble PRRs that bind 

to the microbial surface leading to engulfment and destruction by the phagocyte.                                                               

 

1.1.1 The complement system 

The complement system comprises a set of interacting plasma proteins that are 

designed to destroy microbes. Some are soluble and some are associated with 
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membranes. These networks of proteins act in sequence by an enzymatic cascade that 

will amplify the response to the pathogen. Some of these complement proteins are 

inflammatory and recruit phagocytes and other leukocytes to the site of activation, 

whereas other proteins help building a complex that lyses the microbial cell. The 

complement system also facilitates opsonization of microbes by phagocytes via the 

attachment of certain complement proteins to the pathogen surface. 

 

 

1.1.2 Neutrophils and macrophages 

Neutrophils and macrophages are phagocytes that take up and kill microbes, but also 

help removing cell debris and dead cells. The phagocytes use their PRRs to internalize 

the pathogens into membrane bound vesicles called phagosomes. The phagosomes later 

fuse with lysosomes containing proteolytic enzymes that degrade what is inside the 

vesicle. Some PRRs deliver signals to the phagocyte leading to the production of 

reactive oxygen and nitrogen species that kill the ingested pathogen. Neutrophils are 

among the first cells to respond to invading microorganisms or tissue damage and are 

usually associated with acute inflammation. They are also the most abundant 

leukocytes in the circulation, but have a very short life span and die within a few hours 

of the inflammatory initiation. In contrast, monocytes that differentiate into 

macrophage in extravascular tissues can survive there for very long periods.  

Both neutrophils and monocytes migrate to and enter the site of infection by a process 

called extravasation. This process starts with a response from the infected tissue. 

Tumor necrosis factor (TNF) and interleukin 1 (IL-1) are two important cytokines that 

are secreted from macrophages present in tissue in response to the microbe. These 

cytokines act on the vessel endothelial cells to induce expression of adhesion molecules 

such as E- and P-selectin, but also integrins such as VCAM-1. Monocytes and 

neutrophils in the circulation express low affinity ligands for the selectins which make 

the cells slow down and “roll” over the endothelium. Chemoattractants expressed by 

cells in the tissue as well as by the endothelial cells in combination with high affinity 

binding to the integrins, enables the cells to migrate into the tissue and ingest the 

intruding microorganisms. 

 

 

1.1.3 Mast cells 

Although belonging to the myeloid lineage of cells, the mast cell is poorly defined. It is 

also one of the most versatile cell types and is important in immunoregulation. The 

mast cells mature locally in tissues near the sites of infection and are crucial for IgE 

mediated responses, both in fighting parasites and mediating allergic reactions. The 

mast cell is dependent on stem-cell factor (SCF), IL-3, IL-4 and IL-9 for growth and 

development, and expresses a receptor called FcεRI that can bind IgE. When bound IgE 

molecules are crosslinked by antigens the mast cell receives signals that result in 

different effector functions depending on the strength of the signal. For instance, a high 

receptor occupancy and strong signal can lead to secretion of IL-10, which is anti-

inflammatory. On the other hand if the signal is weaker which is the case for many 

allergens, the mast cell secretes pro-inflammatory TNFα. On activation the cell releases 

immunoregulatory mediators by degranulation. Among the many different mediators 

discharged by the mast cells are: vasoactive histamine that increases vascular 
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permeability; CCL3 that attracts monocytes and neutrophils; prostaglandins and 

leukotrienes that attract T cells and cause smooth muscle cell contraction; IL-4, IL-5 

and IL-13 inducing T helper 2 responses; and production of proteases such as tryptase, 

chymase, cathepsin G and carboxypeptidase, that may remodel and degrade the 

connective tissue matrix. Mast cells are also believed to participate in autoimmune 

reactions.  

  

 

1.1.4  Natural killer (NK) cells 

NK cells stem from the lymphocyte progenitor population and make up around 10% of 

those in blood and lymphoid organs. The NK cells have the ability to recognize and kill 

host cells that have been infected with intracellular pathogens. NK cells can recognize 

tumor cells as well. The mechanism of recognition and eradication depend on a balance 

between activating and inhibitory receptors. If the signals from the NK cell´s activating 

receptors are dominating as a result of interaction with an infected host cell, the NK cell 

will discharge its granules and release proteins such as granzyme and perforin. These 

proteins induce apoptotic death of the host cell. Another function of the NK cells is that 

they can recognize antibodies bound to cells and kill those cells via a phenomenon 

called antibody-dependent cellular cytotoxicity (ADCC). The activated NK cells also 

secrete the cytokine interferon-γ (IFNγ) which activates macrophages to kill 

internalized microbes.  
 

 

1.1.5 Innate-like lymphocytes 

Certain groups of lymphocytes occur only in particular locations in the organism and 

express invariant antigen receptors with limited variation. Furthermore, they do not 

need clonal expansion in order to respond properly to an antigen. For these reasons, 

they have an innate-like profile. One type of subset, the γδT cell subset, resides within 

the epithelia such as the skin. They recognize antigens not necessarily presented by the 

major histocompatibility complex (MHC) (described in section 1.2.2.2), but rather 

directly based on microbial patterns such as certain nucleotides or phospholipids. 

Another innate-like subset is the B-1 type of B cells. These cells express a limited set of 

gene rearrangements for their antigen receptors and are usually restricted to the 

peritoneal cavity of the human body. A significant portion of the B-1 cells produce 

antibodies of the IgM type mainly against polysaccharide antigens or phosphocholine. 

A third population of cells called NKT cells express receptors common for both NK 

and T cells. They express invariant antigen receptors that can recognize lipid antigens 

presented via the MHC-like molecule CD1d. The NKT cells are involved in 

immunoregulation and can respond very quickly to an antigen by releasing both pro- 

and anti-inflammatory cytokines. 

 

 

1.1.6 Dendritic cells 

Similar to the phagocytic cells, dendritic cells (DC) express receptors specialized for 

internalization of antigen (such as DEC-205 or the mannose receptor) and other PRRs 

that send inflammatory signals (e.g. TLR). They also patrol most tissues and engulf 
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pathogens, which are then degraded in the phagolysosome system on encounter. All 

DC express the integrin CD11c, however to different extent. These cells can be further 

divided into several broad subsets depending on expression of surface markers, location 

and function: 

 

1) The quite unususal cell type called plasmacytoid (p)DC, a lymphocyte-like cell that 

secretes large amounts of interferons (IFN) α and β, and seems to be particularly 

involved in fighting viral infections [4].  

2) The CD11b+ DC containing subgroups important for stimulating CD4+ T helper 

cells and humoral immunity to extracellular parasites, including CD4-CD8- and CD4+ 

DC in the spleen, Langerhans cells (LC) of the skin, dermal and lung CD11b+ DC and 

the CD103+ cells in the gut.  

3) The CD11b- DC can also be divided into subgroups with the main function of 

activating cytotoxic CD8+ T cell responses to cellular antigens; those include the CD8+ 

DC in the spleen and the langerin-positive CD103+ DC in skin, lung and other tissues. 

4) The monocyte derived inflammatory DC are cells that control local secondary 

responses to antigen in inflamed tissues [5].  

 

Other common classifications of DC are: migratory vs. splenic DC; or inflammatory vs. 

steady state DC. 

 

 

 

Figure 1. Dendritic cell differentiation. Abbreviations: MDP, monocyte/macrophage/ DC 

precursor; CDP, common DC precursor; pDC,  plasmacytoid DC; cDC, classical DC Mono-

DC, monocyte-derived DC. 

 

 

 

Dendritic cells are together with monocytes/macrophages derived from a progenitor  

cell in bone marrow called the macrophage and DC progenitor (MDP) (Figure 1). 

Myeloid DC development progresses from the macrophage and DC precursor (MDP), 

MDP

MonocyteCDP

Pre-DC

pDC cDC Mono-DC

Macrophage
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to common DC precursors (CDPs) that give rise to pDCs and classical (c)DCs but not 

monocytes [6]. The monocytes can differentiate into macrophages, but also into DC 

(monocyte derived DC). Whereas monocyte derived DC are heavily dependent on 

granulocyte-macrophage colony-stimulating factor (GM-CSF) ligation to the monocyte 

GM-CSF receptor, the CDP derived DC are more dependent on the fms-related 

tyrosine kinase-3 (Flt3). The latter one is involved in differentiation of DC from bone 

marrow and development of DC in peripheral lymphoid organs [7-8]. 

 

The main function of DC is to recruit adaptive immunity by presentation of degraded 

microbial (or self) proteins to T cells present in spleen and lymph nodes. In this way, 

the DC is one of the most important links between native and adaptive immunity. 

 

 

1.2 Adaptive immunity 

 

When the innate immune system is unable to combat an infection, an adaptive response 

will be induced. In contrast to the very rapid innate response (within hours), the 

adaptive immunity is slow (days to weeks), although much more powerful. It has a very 

high degree of specificity and the adaptive immune cells do not recognize common 

structures but distinct epitopes among millions of different antigens. The adaptive 

immune system consists of lymphocytes and their products. It can be divided into 

cellular immunity mediated mainly by T cells expressing T cell receptors (TCRs), 

exerting cytotoxicity and producing cytokines, and humoral immunity mediated by B 

cells expressing B cell receptors (BCRs), which can also be secreted as antibodies. 

These lymphocyte receptors are unique antigen receptors with extreme diversity (up to 

107-109 different T or B cell clones in one individual). The cells also have the ability to 

proliferate and clonally expand to an antigen in order to keep up with microbial 

replication. 

 

Important tissues of the adaptive immune system are 1) the primary or generative 

lymphoid organs where lymphocytes develop into mature cells; these are the bone 

marrow and the thymus, and 2) secondary or peripheral lymphoid organs where 

lymphocytes meet and respond to antigens; these consist of the lymph nodes, spleen, 

mucosal and cutaneous immune systems. Tertiary lymphoid organs develop in non-

lymphoid tissues such as the pancreas, liver and adventitia of blood vessels; here the 

transition from acute to chronic inflammation can induce local lymphoid neogenesis 

[9]. Lymphocytes are considered naïve before their first encounter with a certain 

cognate antigen, but once activated they can expand clonally and differentiate into 

many subtypes, e.g. the effector cells that leave the secondary organs and patrol the 

peripheral tissues to search and eradicate the microbe containing the receptor-specific 

epitope. After infection has been cleared, most of the expanded lymphocyte populations 

die and balance is restored. However, some of the cells will differentiate into memory 

cells that survive for many years and that can respond very quickly upon re-infection by 

the same pathogen. This is the essence of immunological memory. 
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1.2.1 Humoral immunity 

Humoral immunity is carried out by B lymphocytes and the antibodies that they 

secrete. The humoral system has evolved to target extracellular microbes and can 

recognize many different antigens such as lipids, proteins, carbohydrates and small 

chemical groups as well as macromolecules.  

B cells develop in the bone marrow and mature in peripheral lymphoid organs. Cells 

that bind with high affinity to self-antigens are not useful to the organism and are 

therefore eradicated in a process called negative selection. The hallmark of mature B 

cells is the expression of immunoglobulin (Ig)M and IgD.  

Each B cell clone expresses a unique BCR that includes 1) the antigen binding part 

with highly variable complementarity determining regions (CDRs) important for 

antigen recognition; 2) the constant region which is called the Fc part and mediate 

effector functions by binding to other cells. The unique specificity of the receptor is 

created in the process of somatic recombination (almost identical to that of the TCR 

and will be described in section 1.2.2.3) which will give rise to a total potential BCR 

repertoire of 1011 or more variants. The variability in many B cells is further increased 

by somatic hypermutation when responding to antigens in peripheral lymphoid organs 

during the activation process and with repeated stimulation of antigens [10]. This high 

rate mutation results in a higher affinity of the BCR for the antigen and is called affinity 

maturation.  

 

The activation of B cells turns them into plasma cells that secrete antibodies. Without 

help from T cells the B cells normally produce only IgM, but upon interaction with T 

helper cells the B cell can perform an isotype switch [10]. The co-stimulatory signal 

that the B cell receives via ligation of its CD40 molecule with CD40L on the T cell 

induces another immunoglobulin recombination mechanism in the B cell. Depending 

on the cytokine milieu the B cell can switch to produce immunoglobulins of the IgG, 

IgE or IgA isotypes. For instance, TGFβ is responsible for the switch into IgA in 

mucosal tissue, and IL-4 helps B cells produce IgE. There are also subtypes of IgG 

molecules: for instance T cell production of IFNγ helps B cells produce antibodies of 

the IgG2a subtype (in mice), and IL-4 promotes switch into IgG1. The different 

isotypes exist because they induce different effector mechanisms. The IgM and certain 

IgG molecules can activate the complement system when bound to an antigen, whereas 

other IgGs can bind to Fc receptors on phagocytes that induces the uptake of the 

antibody coated antigenic target. IgE can bind to mast cell and eosinophil receptors 

important in allergic reactions or defence against parasites. IgA can be transported 

across the epithelial barriers and take part in the mucosal immune defences. Many 

different antibody isotypes also take part in neutralization of toxins and microbes. 

Some subtypes of B cells, like the marginal zone B cells or the B-1 cells mentioned 

earlier, can be activated and secrete antibodies without T cell help. This concerns 

mainly multivalent antigens that can crosslink several BCR, such as lipids or 

polysaccharides, and are called T-independent antigens. The T-independent responsive 

B cells produce mainly IgM with little or no affinity maturation.  

Finally, the differentiation of B cells also generates a small percentage of memory cells 

that reside in the circulation or bone marrow for many years, ready to respond quickly 

if the antigen is re-introduced. Similarly, some plasma cells can survive for many years 

after an infection and are thought to dwell in the bone marrow. 
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1.2.2 Cellular immunity 

Cellular or cell-mediated immune responses is the kind of adaptive immunity that is 

mediated by T lymphocytes and acts as defence against intracellular pathogens that 

continue to survive within phagocytes or other infected cells. This is somewhat in 

contrast to humoral immunity which serves to fight extracellular pathogens. Cell-

mediated immunity consists of CD4+ and CD8+ T cells and their interactions with the 

antigen presenting cells (APC) necessary for activation and differentiation into effector 

T cells. 

 

 
1.2.2.1 Antigen presentation 

The cells that initiate the cellular immune response are called professional APC and are 

the DC, B cells and macrophages. As described above, these cells can all bind and 

internalize microbes and other foreign material by their specific surface receptors, 

which leads to break-down and processing of the material in specialized endocytic 

vesicles. Small peptides that are produced by protein degradation via this pathway can 

bind to certain antigen presenting molecules called MHC class II. The MHC:peptide 

complex is transported to the APC surface where it can interact with T cells that 

recognize the antigenic complex via the TCR and become activated [11]. The APC can 

also present peptides via the MHC class I complex. In this pathway, proteins that were 

initially present in the cytosol are degraded to small peptides in the proteasome 

complex. The peptides are then transported into the endoplasmatic reticulum where 

they associate with MHC class I molecules; these MHC:peptide complexes are later 

presented on the APC surface to T cells. Self-peptides are believed to be processed 

mostly in the autophagosomes before transported to the cell surface where they are 

presented to T cells [11]. This may be important for maintenance of self-tolerance and 

is further discusse in section 1.2.3. The MHC class II molecules are normally expressed 

only on APC, however the MHC class I proteins can be found on all nucleated cells. 

 

 
1.2.2.2 MHC 

The MHC is a genetic locus whose principal encoded proteins function to display 

peptides to T cells. In every human being, different clones of T cells recognize only the 

peptides presented by the individual´s specific set of MHC molecules. This is called 

MHC restriction of T cells. This specificity can be achieved since the MHC genes are 

highly polymorphic.  

 

In humans, MHC molecules are called human leukocyte antigens (HLA). The MHC 

class I is coded from three polymorphic genes: HLA-A, HLA-B and HLA-C. These 

genes are codominantly expressed, which means that the alleles inherited from both 

parents are expressed equally, and results in an expression of six different genes in 

every cell. For the MHC class II locus, every person inherits one pair of the HLA-DP, 

HLA-DQ and one (or two) pairs of HLA-DR. Because of the extra number of DR 

genes, the number of different MHC class II molecules on APC can be much more than 
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six. Furthermore, due to the very polymorphic property of these genes, the total 

variance in MHC expression is vast, which makes sure that as many antigens as 

possible can be recognized in large populations. 

In mouse the homologous gene complex is called the H-2 locus. The MHC class I 

proteins are coded from the H2-K, H2-L and H2-D genes, while the class II proteins 

come from H2-M, H2-A and H2-E. The MHC class II genes A and E in mouse are 

however frequently called I-A and I-E since the original name of MHC class II genes 

were Immune response genes (Ir). 

 

Class I and II MHC molecules are membrane proteins that contain peptide binding 

clefts at the aminoterminal ends. The class I molecule consists of one α-chain that is 

linked non-covalently to a non-polymorphic protein called β-microglobulin. The α1 and 

α2 domains of the α-chain constitute the peptide binding groove that can fit peptides of 

approximately 8-11 aa. The complex is only stable with a peptide in the cleft. The α3 

domain can bind the T cell co-receptor CD8, and class I molecules is restricted to 

presenting antigens to CD8+ T cells. Similarly the class II molecule consists of two 

polypeptides, the α and the β-chain, where the α1 domain forms the peptide binding 

cleft together with a β1 domain. In contrast to the class I molecule, this protein complex 

can host peptides of much larger size; at least 13 aa long peptides with no upper limit 

according to structural constraints in theory, however most peptides seem to be around 

13-17 aa long. As in the case of class I, the complex must integrate a peptide in order 

for the structure to be stable on the cell surface. The class II β2 domain binds the T cell 

co-receptor CD4 and subsequently the MHC class II presentation is restricted to CD4+ 

T cells [12]. 

Finally, CD1 is another family of antigen presenting molecules which share similarities 

to the MHC class I genes. CD1 is expressed on APC but instead of presenting peptides 

they mostly present lipid antigens to T cells. CD1a, b, c, d and e are expressed in 

humans, but only CD1d is expressed in mouse. CD1d is the best characterized molecule 

within the CD1 family and can present glycolipids to NKT cells [13].   

 

 
1.2.2.3 T cells and the TCR 

T lymphocytes originate from progenitor cells in the bone marrow that have migrated 

to the thymus and developed into mature T cells. The TCR present on the T cell surface 

is composed of an α- and a β-polypeptide heterodimer [14], which contains a variable 

region and a constant region, very similar to the BCR. The variable domain of the TCR 

includes several CDR, where CDR3 is the most variable that engage in peptide binding. 

The generation of the TCR is a complex process that entails somatic recombination of 

variable (V), joining (J), diversity (D) and constant (C) genes (Figure 2). The number 

of different genes is vast and the total combinatorial diversity after recombination can 

be up to 1018. The TCR has an intracellular domain which is in close vicinity to the 

CD3 and ζ proteins. These proteins are necessary for signaling through the receptor and 

together with the αβ-heterodimer they are referred to as the TCR complex. TCR 

expression is closely related to development of T cells. The most immature progenitor 

cells do not express the TCR and are called double-negative T cells since they do not 

express the co-receptors CD4 or CD8. These precursor cells proliferate in response to 

IL-7  
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Figure 2. T cell receptor α- and β-chain gene rearrangement and expression. The 

TCRα- and β-chain genes are composed of discrete segments that are joined by somatic 

recombination during development of the T cell. For the α-chain a variable (V)α  gene segment 

rearranges to a joining (J)α segment to create a functional V-region exon. Transcription and 

splicing of the VJα exon on to the constant (C)α generates the mRNA that is translated to yield 

the TCRα-chain polypeptide. Rearrangement of the Vβ with a diversity (D)β segment and Jβ 

generates a functional VDJβ V-region exon that is transcribed and spliced to join to Cβ. This 

mRNA is then translated to yield the TCRβ-chain polypeptide. The α- and β-chains pair soon 

after their synthesis to form the αβ TCR heterodimer. From Janeway's Imunobiology 7E by 

Murphy et al. Reproduced by permission of Garland Science/Taylor and Francis LLC.  

 

 

 

produced in the thymus, but die if they do not express the pre- TCR. The pre-TCR 

complex is composed by an invariant pre α-chain and a re-arranged β-chain. Re-

arrangement of the β-chain is mediated by the VDJ recombinases (the recombinase-

activating-gene (RAG) proteins) and brings together a combination of the TCR β VDJ 

gene regions. The VDJ segment combines with the C region gene segment to complete 

the β-chain (Figure 2). The successful expression of a pre-TCR instructs the T cell to 

continue recombination at the α-chain gene locus and shut off recombination of the 

second β-chain locus (allelic exclusion). T cells that do not express the pre-TCR die. 

Surviving cells with complete αβTCR will proliferate and start to express both the CD4 

and CD8 molecules on their surface. These cells are called double-positive (DP) T 

cells. Cortical epithelial cells in the thymus expressing a high density of MHC class I 
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and MHC class II molecules associated with self-peptides, interact with the TCR on DP 

cells. Approximately 90% of the DP T cells bind very poorly to the MHC-peptide 

complexes and go into apoptosis (death by neglect), whereas 5% bind with very high 

affinity that this also induce apoptosis (negative selection). The negative selection is 

usually carried out by MHC+ medullary dendritic cells. The remaining DP T cells that 

bind with intermediate affinity initiates effective maturation (positive selection). DP T 

cells that have optimal interaction with MHC class I peptide complexes become CD8+ 

T cells, and those that express TCRs that interact with peptide-MHC class II complexes 

develop into CD4+ T cells [15-16]. These mature T cells are then ready to emigrate out 

to the secondary peripheral lymphoid organs where they can respond to antigens 

presented by APCs and differentiate into effector cells. 

 

 
1.2.2.4 Priming of T cells by APC 

Among the professional APC, dendritic cells are by far the best activators of naïve T 

cells. When the DC encounters a pathogen in the periphery, it internalizes it through 

phagocytic receptors like scavenger receptors or the DEC-205. The pathogen also binds 

to TLRs that deliver signals to the DC that in response accelerates the processing of 

antigens in the vesicle system to produce more peptide:MHC complex on the DC 

surface. The signals from receptor binding are said to induce maturation of the DC. 

Expression of the chemokine receptor CCR7 on the DC will direct it to peripheral 

lymphoid organs where stromal cells expressing CCL19 and CCL21 ligate CCR7 on 

the migrating DC. The mature DC secretes CCL18 which act in concert with the 

stromal cell chemokine secretion and attracts naïve T cells that circulate in blood also 

expressing CCR7. Naïve T cells are further attracted to the secondary lymphoid organs 

by the high expression of CD62L (L-selectin) on their surface. CD62L interact with 

GlyCAM-1 on the high endothelial venules and initiate the migration of naïve T cells 

into the peripheral lymphoid organs.  

 

Mature DC and naïve T cells present in the lymph nodes or spleen express adhesion 

molecules such as the intracellular adhesion molecule 1 (ICAM-1) on the DC and 

leukocyte functional antigen 1 (LFA-1) on the T cells. The interaction between the 

adhesion molecules enables a transient binding between the cells that lets T cells screen 

a large numbers of DC for antigens presented on their MHC molecules. When a T cell 

recognizes an antigen, the TCR binds, in concert with either of the co-receptors CD8 or 

CD4, to the peptide:MHC complex which induces a signal in the T cell via the CD3/ζ 

signaling molecules. In order for the T cell to receive enough signals to become 

activated, several TCR:MHC interactions must take place, and can do so with the help 

of the stabilizing adhesion molecules [17]. 

 

The signaling pathway evoked in the naïve T cell as a result of the interaction between 

MHC:peptide and the TCR is generally referred to as signal 1. The naïve T cell needs 

at least two signals from the APC to become activated and yet a third one to 

differentiate into different effector subsets. Signal 2 is the co-stimulatory signal T cells 

receive from APC to either promote or inhibit (as in the case of co-inhibitory signals) 

their survival and expansion. The most studied co-stimulatory molecules on the APC 

are the B7.1 (CD80) and B7.2 (CD86) molecules that deliver signals via the CD28 
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molecule on the T cell [18]. The synergistic activation of the naïve T cells by TCR 

engagement and co-stimulation via CD28 triggers the entry of T cell into G1 phase of 

the cell cycle (initiation of cell division) and at the same time upregulates the 

expression of IL-2 and the high affinity IL-2 receptor (CD25). IL-2 acts in an autocrine 

fashion to further clonally expand the T cells [19].  

When the T cell has become activated it expresses other co-stimulatory or inhibitory 

molecules that may modify the T cell response. ICOS and CTLA-4 are two such CD28-

related proteins where the former stimulate and the latter inhibit the T cell. CTLA-4 is 

very important for activated T cells since it restores homeostasis after expansion of the 

cells. It can bind to the B7 molecules on the APC with 20 times higher affinity than 

CD28 and diminish IL-2 production [20]. Mice lacking CTLA-4 develop fatal 

spontaneous lymphoproliferative disease [21]. Programmed death (PD)-1 is another 

CD28 analogue which bind to PD-ligands 1 and 2 (also belonging to the B7 family) 

[20]. It inhibits T cell responses and mice lacking PD-1 develop autoimmunity. Yet 

another family of co-stimulatory molecules that are upregulated shortly after T cell 

activation is the tumor necrosis factor superfamily (TNFSF) [22]. Important 

receptor/ligand pairs included in this family are: CD137/CD137L, OX40/OX40L, 

CD30/CD30L, CD27/CD70 and CD40/CD40L. The expression of CD40L on activated 

T cells has been well characterized and its ligation with CD40 shown to be important 

for macrophage and DC activation, and decisive for B cell antibody isotype switching. 

 

As described above, T cells can respond weakly to self-antigens presented by thymic 

APC during the positive selection of T cells in the thymus. Moreover, some self-

proteins are not presented in the thymus and can later be presented in the periphery. 

There are several mechanisms that inhibit the activation of T cells by self-antigens, the 

most important being lack of co-stimulation. APC that sample self-antigens are usually 

not activated and do not express co-stimulatory molecules. Similarly, most tissue cells 

cannot express these molecules at all and consequently the T cells cannot respond to the 

self-antigens. Instead, the T cell that recognizes an antigen in the absence of co-

stimulation enters a state of anergy, which is defined as a state of unresponsiveness 

with no proliferative responses and IL-2 secretion by the T cell. The anergic T cell 

cannot respond to the antigen even if it is subsequently introduced in association with 

induced co-stimulation [23]. It is believed that this mechanism help maintaining 

peripheral self-tolerance. However, there are many exceptions to this rule and self-

reactive or autoreactive T cell clones are present in many autoimmune disorders [24].       

 

 
1.2.2.5 T effector cell differentiation 

When activated T cells clonally expand they also initiate programs of differentiation 

that turn them into effector cells with specific functions. CD8+ T cells become 

cytotoxic and CD4+ T cells differentiate into helper cells. Signal 3 instructs the 

activated T cells to switch on a particular set of genes that further help differentiate the 

T cells. This signal is an environmental stimulus not very well defined in many 

instances; however in most cases the cytokines produced by nearby cells define what 

direction the T cell will take. An important distinction between naïve and effector T 

cells is that the differentiated cells have much lower threshold for secondary activation 

and do not need co-stimulation in order to carry out their effector functions in the 
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periphery. This is partly due to the expression of CD45RO, a molecule that interacts 

with the T cell receptor to make it more sensitive to stimulation by peptide:MHC 

complexes. Effector T cells also lose CD62L which is needed for entry into lymphoid 

organs, and instead upregulate adhesion molecules such as CD44 and integrins such as 

very late antigen 4 (VLA-4). The effector T cells circulate the peripheral tissues and 

can initiate extravasation via CD44 mediated primary adhesion to hyaluronate [25] with 

subsequent firm adhesion via VLA-4 to vascular cell adhesion molecule 1 (VCAM-1) 

expressed on endothelial cells at sites of infection [26]. 

 

 
1.2.2.6 CD8+ T cells 

The CD8+ T cells are restricted to peptide presentation via the MHC class I pathway. 

When activated they produce large amounts of IFNγ, TNFα and are very important for 

killing of virus infected host cells, or intracellular microbes as well as tumor cells. The 

CD8+ T cell does not produce as much IL-2 as the CD4+ T cells and are therefore 

somewhat dependent on CD4+ T cell help for their differentiation. The effector 

functions of the CD8+ T cells are controlled by the transcription factor Eomesodermin 

(Eomes). The actions of Eomes affect IFNγ expression and the cytolytic machinery 

including granzyme and perforin production [27]. When the differentiated CD8+ T cell 

recognizes peptides presented on the surface of infected host cells it releases cytotoxic 

granules that is taken up by the host cell. Perforin in the granules facilitates the entry of 

the granzymes into the cytosol where they cleave and activate caspases that induce 

apoptosis of the infected host cell. The membrane protein FasL on cytolytic CD8+ T 

cells can also induce apoptosis in target cells by ligating to the Fas receptor. The effects 

of IFNγ produced by these T cells enhance the inflammatory response by activating 

macrophages and upregulating the expression of both MHC class I and II [28]. 

 

 
1.2.2.7 CD4+ T cells 

The CD4+ T cells are restricted to peptide presentation via the MHC class II pathway. 

At the time of activation in peripheral lymphoid organs, CD4+ T cells can differentiate 

into several different subsets depending on the local environment (signal 3) (Figure 3). 

The best characterized subsets are the T helper (h)1 and Th2 CD4+ T cells [29].  

 

Th1 cells produce mainly large quantities of IFNγ that can activate macrophages and 

are important for combating intracellular pathogens. However, they also express 

CD40L and can help B cells to induce production of IgG isotypes that are efficient at 

inducing complement activation or opsonization by phagocytes [30]. Other cytokines 

produced by Th1 cells are TNFα and IL-2. Naïve CD4+ T cells are differentiated into 

Th1 cells by ligation of IL-12 or IFNγ produced by DC, macrophages or other cells that 

are in the vicinity of the T cell [31]. This induces STAT4 (signal-transducing activators 

of transcription 4) and STAT1 signaling that lead to the expression of the transcription 

factor T-bet, which switches on the IFNγ gene in the differentiating T cells [32-33]. 

Alternatively, Th1 cells can be induced by expression of Notch delta like ligands (DLL) 

1 and 4 on APC that interact with Notch 3 receptors on the CD4+ T cells leading to the 

transcription of T-bet [34].  
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Figure 3. CD4+ T cell differentiation. Naive CD4+ T cells originating from thymus 

can differentiate into several different helper (h) or regulatory (reg) subsets. Except for  

natural (n)Tregs which stem directly from thymus, activated CD4+ T cells can polarize 

into Th1, 2, 9, 17, follicular (Tfh) or inducible (i)Treg cells depending on the cytokine 

environment. Signals from ligating cytokines stimulate expression of transcription factors 

characteristic for the different T cell subsets (marked within each cell in the picture). The 

transcription factors induce a specific cytokine response in each CD4+ T cell subset. Figure 

modified from T cell immunology Resources. Courtesy and (c) Becton, Dickinson and 

Company.  
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Th2 cells secrete cytokines such as IL-4, IL-5 and IL-13. The cells also express CD40L 

and in combination with IL-4 is especially potent stimulator of IgE production by B 

cells, whereas IL-5 can promote production of IgA and natural IgM antibodies. Th2 

cells are essential in recruiting eosinophils to sites of inflammation and helping to clear 

parasitic infections; they also have an important role in allergic inflammation. Naïve 

CD4+ T cells are differentiated into the Th2 lineage by IL-33 [35], or IL-4 which 

induces STAT6 signaling [36]. STAT6 promotes expression of the transcription factor 

GATA-3 that is a powerful inducer of IL-4 and other Th2 related cytokines [37-38]. 

The transcription factor c-Maf can also induce IL-4 production and has been associated 

with Th2 cells [39]. Furthermore, the Notch ligands Jagged 1 and 2 can be expressed on 

APC after contact with parasites or allergens, and interact with Notch receptors 1 or 2 

on the CD4+ T cell leading to GATA3 upregulation and subsequent IL-4 production 

[34]. 

 

In recent years several other CD4+ T cell subsets have been described. A subset 

specific for regulation of immune tolerance is the regulatory T cell subset (Figure 3) 

that will be further discussed in section 1.2.3 below. The Th17 lineage of cells produces 

IL-17, IL-21 and IL-22 which seem to be important for recruitment of neutrophils and 

helping to clear extracellular bacterial and fungal infections [40]. IL-17 is a pro-

inflammatory cytokine that releases IL-1, TNFα and IL-6 from macrophages and DC, 

as well as promoting tissue destruction by inducing secretion of matrix degrading 

enzymes from endothelial and fibroblast cells. Naïve CD4+ T cells are differentiated 

into the Th17 subset by IL-6 and TGFβ. IL-6 induce STAT3 signaling which is 

stabilized over time by TGFβ and lead to expression of the transcription factor RORγt 

[41-42]. This factor initiates transcription of the IL-23 receptor in the Th17 cells. IL-21 

acts as an expander of the Th17 cells (similar to IL-2) and further upregulates the IL-23 

receptor in concert with TGFβ. IL-23 produced from monocytes or DC stabilizes the 

Th17 cell phenotype from further differentiation. The Th17 cells are involved in many 

chronic inflammatory and autoimmune diseases such as rheumatoid arthritis and 

systemic lupus erythematosus [40, 43-44]. 

 

Other CD4+ T helper subsets are being discovered however still the findings are rather 

unverified. Those lineages include the Th9 cells that secrete IL-9 and IL-10 and can be 

induced by IL-4 + TGFβ [45]; and the Tfh (T follicular helper) cells that reside in 

germinal centers of the lymphoid B cell follicles to help B cells produce antibodies. 

The Tfh cells are characterized by the expression of transcription factors MAF and 

BCL-6 [46] (Figure 3).   

 

 
1.2.2.8 Memory T cells and their migratory patterns  

As in the case of an infection or after a vaccination, T cells specific for that particular 

antigen go through the activation, clonal expansion and differentiation described above. 

When homeostasis is restored and most effector T cell numbers have been reduced by 

apoptosis, the surviving T cells are memory cells. They are preserved in enough 

numbers to be able to rapidly respond to a re-appearance of the antigen; they have also 

developed the capability of inducing effector responses much faster than primary 
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responding cells [47]. Memory responses are also known as secondary responses, 

tertiary responses and so on.  

Similar to effector cells the phenotypic setup of memory T cells includes high 

expression of CD45RO and CD44, but with the addition of either CD62L- CCR7- or 

CD62L+ CCR7+. T cells with the former setup are known as effector memory T cells 

and migrate to peripheral tissues, whereas the latter combination gives central memory 

T cells that re-circulate the secondary lymphoid organs [48]. Comparable to naive T 

cells, the memory T cells do not express activation markers such as CD69 or CD25, but 

may express CD127 (IL-7R) and Bcl-2, which promotes cell survival [49]. 

Furthermore, memory T cells respond much more quickly to antigen [50] and do not 

proliferate to the same extent as do naïve T cells; however they induce effector 

cytokines such as IFNγ much faster [51]. It has also been shown that some of the 

memory T cells reside and rest in the bone marrow where they are dependent on IL-7 

[52] .  

 

In contrast to effector T cells that are highly promiscuous in their migratory patterns, 

memory T cells can be much more restrictive in entering certain tissues. General 

molecules such as CD44, LFA-1, VLA-4 or P-selectin glycoprotein ligand 1 (PSGL-1) 

expressed both on effector T cells as well as memory cells enable these cells to reach 

most tissues unspecifically [53]. However, certain tissues like the brain, lung airways, 

peritoneal cavity, gut or the skin are restrictive in terms of what memory T cells that 

can enter. T cells that respond to an antigen presented in a lymph node draining the 

restricted tissues will generate memory T cells that upregulate molecules specific for 

that particular tissue. This process is called imprinting [54] and is dependent not only 

on the dendritic cells presenting the antigen, but also on the local microenvironment 

including non-haematopoietic cells and stromal lymph node cells [55-56]. The adhesion 

molecule cutaneous lymphocyte associated antigen (CLA) and the chemokine receptors 

CCR4 and CCR10 are included in the skin-homing T cell phenotype [57]; memory T 

cells that home to the gut express the α4β7-integrin and the receptor CCR9 [58-59]. 

The imprinted phenotype of the memory T cells can however be changed if for instance 

the antigen would re-appear via another route of entry [60]. 

 

 

1.2.3 Immune tolerance 

The adaptive immune response can be most powerful and needs to be controlled in 

order to prevent exaggerated responses to foreign antigens with concomitant 

destruction of healthy tissue. It also needs control to prevent activation of self-reactive 

lymphocytes that potentially escape the negative selection processes in the bone 

marrow and thymus. The uncontrolled immune responses against self-antigens that take 

place when self-tolerance fails are called autoimmune responses. The deletion of self 

reactive lymphocytes in their early development is known as central tolerance [61]. 

This process is relatively well characterized for T cells in thymus (see section 1.2.2.3). 

Here, self-antigens from most tissues are presented via dendritic-like cells to T cells 

and that the expression of these tissue-specific antigens is regulated by the transcription 

factor AIRE (autoimmune regulator) [62]. Humans and mice with a defective AIRE 

gene develop autoimmune disease [63-64]. It is believed that some self-reactive T cells 

that respond weakly to antigen pass through thymic selection and later circulate in the 
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periphery. They are however harmless as long as they do not see the antigen presented 

in presence of co-stimulation by the APC. Other important mechanisms to maintain 

self-tolerance are antigen segregation which protect self-antigens by physical barriers, 

or peripheral anergy which induces unresponsiveness in T cells recognizing antigens 

presented by APC without co-stimulation. A special type of immunoregulatory 

environment can be found within the immunologically privileged sites: the brain, testis, 

uterus and eye; they do not have conventional lymphatic drainage and are surrounded 

by tissue barriers that do not allow the entry of lymphocytes [65]. Furthermore, the 

production of suppressive cytokines such as TGFβ is high in these tissues as well as the 

expression of FasL. 

When these systems fail autoimmune reactions can occur, for instance when a self-

antigen that is normally not visible to the immune system and/or a very weak self-

antigen is presented to a T cell in the context of co-stimulation. This can happen if the 

self-antigen also induces PRR signaling e.g. via the TLRs, or if the antigen is co-

presented during infection. Tolerance that is induced in the lymphocytes that already 

left the central lymphoid organs is called peripheral tolerance. Two very important 

players in the immunoregulatory peripheral system are the regulatory T cells and the 

tolerogenic dendritic cells.  

 

 
1.2.3.1 Regulatory T cells 

Important regulators of T cell responses are the regulatory T cells (Treg) that make sure 

that immune homeostasis is ensured [66]. 

The best described Treg cells are the natural (n) CD4+ Treg that develop in the thymus 

(Figure 3) in response to self-antigens, and work in the periphery to prevent reactions 

against those antigens [67-69]. These cells are characterized by their expression of the 

transcription factor forkhead box P3 (FoxP3) and ability to suppress aberrant immune 

responses [70-71]. A special subset of the Treg cells can be induced in the periphery 

during an active immune response (iTreg) and seem to be driven by TGFβ, IL-2 and 

retinoic acid [67, 72]. FoxP3 expression is regulated by TGFβ signaling through smad3 

in combination with the nuclear factor of activated T cells (NFAT) pathway and IL-2 

receptor induced STAT5 activation [73-74]. Many of the nTregs also express the IL-2 

receptor α-chain (CD25), and recently it was shown that nTregs are the first T cells to 

consume and proliferate to IL-2 in a primary immune response, even before the effector 

cells producing the cytokine [75]. FoxP3 itself can help repress IL-2 transcription and 

induce expression of CD25 and CTLA-4, the latter one constitutively expressed and 

critical for the suppressive function of nTregs [76].  

 

The involvement of FoxP3+ nTregs in autoimmunity and inflammation is now well 

established as well as in immunity to tumors, tissue transplants and infectious disease 

[77]. Importantly, mice deficient of FoxP3 and humans with mutations in the FOXP3 

gene develop multiorgan autoimmune diseases with severe consequences [78-79]. 

 

Treg mediated suppression can be either antigen specific or non-specific. The 

mechanisms by which Tregs suppress immune responses have been widely debated. 

Studies have shown different results depending on whether the experiments were done 

in vitro or in vivo. For instance, one mode of inhibition by nTregs that have been 
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proposed is the secretion of inhibitory cytokines such as TGFβ and IL-10. These 

suppressive cytokines have been suggested to act as mediators of regulation by nTregs 

in vivo, but seem not to be essential for suppression in vitro [80-81]. IL-35 is another 

suppressive cytokine found recently to be produced by nTregs [82]. 

Another way of controlling immunity is for the nTreg to engage in cell-to-cell contact 

via CTLA-4 and CD80/86 expressed on APC. The interaction between the Treg and the 

APC can downregulate co-stimulatory molecules and thereby suppressing the function 

of the APC; alternatively it induces immunoinhibitory enzymes in the APC leading to 

downregulation of T effector responses [83]. Further modes of inhibition by the 

FoxP3+ Treg cells are: direct cytolysis of the target cells via release of perforin and 

granzyme [84]; transfer of immunosuppressive cAMP to neighboring cells via gap 

junctions or expression of the surface molecule galectin which interact with target cells 

to induce apoptosis [80]. Yet another important approach of the Treg cells can be to 

starve the effector T cells of IL-2 by the high expression of CD25 which binds and 

consume all before the effector cell had the chance to bind IL-2. It has been shown that 

Treg cells can induce apoptosis in activated T cells in vitro and in vivo by depriving 

them from IL-2 [85]. It has been further suggested that TGFβ bound to the surface of 

nTregs can act directly on the target T cell to inhibit its response [86]. However, this 

concept is controversial and it is more likely that surface bound TGFβ act on 

neighboring T cells to induce a Treg phenotype, i.e via infectious tolerance [87]. 

 

In addition to the nTreg and iTreg cells, there are other types of regulatory T cells. For 

instance, the Th3 cells that have been associated with oral tolerance and that produce 

TGFβ [88-90], the CD8+CD103+ suppressor T cells involved in immunoregulation 

[91-92], and the Tr1 cells producing IL-10, which are associated with mucosal 

tolerance and can be induced with or without IL-10 or by tolerogenic dendritic cells 

[93-94].The Tr1 Treg cells normally suppress antigen specific effector T cell response 

via cytokine dependent mechanisms involving IL-10, however no specific markers are 

yet available for this type of Treg cell [95]. The Th3 and the Tr1 Treg cells are thus not 

as well characterized as the nTreg cells and can be either FoxP3+ or FoxP3-.  

 

 
1.2.3.2 Tolerogenic dendritic cells 

DC are versatile and orchestrate not only the defense against infectious agents but also 

maintain and regulate peripheral tolerance; they are needed to preserve a self-tolerant 

immune system [96]. Mice that are lacking DC develop severe autoimmune disease and 

harbour increased numbers of self-reactive CD4+ Th1 cells [97]. The role of DC in 

regulation of autoimmunity is still complex however and it has been demonstrated that 

inhibition of apoptotic mechanisms in DC that led to increased lifespan and 

immunogenicity of the DC population resulted in chronic lymphocyte activation and 

autoreactive T cell responses [98-99]. Obviously there is a delicate balance between 

activating and tolerogenic DC in the control of immune homeostasis.  

As described earlier, DC that encounter non-self (e.g microbes) are activated via their 

TLRs to induce maturation and T effector cell stimulatory properties. However, 

immature DC that reside in the peripheral lymphoid organs and continuously present 

self-antigens to the circulating T cells confer tolerogenic signals and maintain a state of 

unresponsiveness and tolerance [100]; this is called the steady state. Under steady state 
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conditions, immature DC have been shown to capture apoptotic bodies which contain 

large amounts of self-antigens and through presentation silence those T cells specific 

for the self-antigens [101]. Self-antigens can also be transported from the periphery by 

semi-mature DC to tolerogenic immature DC in the lymph nodes [102]. The 

microenvironment of the DC is also important for tolerance induction and DC that 

reside in immune-privileged or mucosal sites can induce tolerance although they 

display a mature phenotype [102-104]. One important mechanism by which the DC 

control self-tolerance is to induce FoxP3+ Treg cells [104-105], or Tr1 cells [93-95]. 

Other molecules suggested to be involved in maintenance of tolerance by DC are B7 to 

CTLA-4; PD-1 to PD-L1; and ICOS to ICOS-L interactions [106-108], galectin-1 

[109], TGFβ and IL-10 [95, 105, 110]. In general, a tolerogenic DC is defined by: the 

migratory and antigen presenting capability in combination with low production of pro-

inflammatory cytokines such as IL-12 and a higher ratio of co-inhibitory to co-

stimulatory molecule expression, as well as the ability to generate Treg cells [108].   

Because of the great plasticity of the DC ranging from mature immunogenic through 

semi-mature and immature cells capable of inducing antigen-specific tolerance, DC 

have frequently been used as targets to manipulate antigen-specific immune responses. 

Successful approaches have included treatment with suppressive cytokines such as 

TGFβ and IL-10 [111-113]. 
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2 Atherosclerosis 

 

Cardiovascular disease (CVD) is the most common cause of death in most part of the 

world with 16.7 million deaths each year; a burden of disease that remains high. Most 

of the casualties often occur in individuals with unnoticed elevations in multiple risk 

factors, rather than a large increase in a single factor, and thus for many individuals, 

death is the first manifestation of CVD [114-115]. The underlying cause of CVD is 

usually atherosclerosis, a slowly progressing chronic inflammatory disorder of medium 

and large sized arteries, which eventually leads to clinical complications such as 

myocardial infarction or stroke [116]. 

 

 

2.1 The atherosclerotic plaque 

Atherosclerotic lesions form within the intima of arteries. A normal artery is composed 

of three different layers: the intima, media and adventitia. The outermost layer is the 

adventitia and consists of connective tissue, fibroblasts, some smooth muscle cells, 

immune cells and vasa vasorum, which supply the artery itself with oxygen. The 

middle layer is the media and contains almost exclusively smooth muscle cells that are 

responsible for vessel contractility. The intima is the innermost layer and composed of 

endothelial cells facing the lumen of the artery, as well as some loose connective tissue 

and occasional macrophages or smooth muscle cells. Elastic laminae are present 

between the adventitia and media as well as between media and intima [117]. 

 

 

Figure 4. Progression of the atherosclerotic plaque. a) fatty streak b) intermediate 

fibrofatty lesion c) advanced unstable lesion with a ruptured plaque inducing a thrombus d) 

advanced obstructive lesion causing stenosis. Reprinted by permission from Macmillan 

Publishers Ltd: Nature, Rader and Daugherty, 2008 Feb 21;451  (7181):904-13, Copyright 

2008.  
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The atherosclerotic plaque (Figure 4) is characterized by an accumulation of lipids 

within the intima, infiltration of immune cells, such as macrophages, T cells and mast 

cells, and migration of smooth muscle cells forming a fibrous cap composed mostly of 

collagen. Early lesions are called fatty streaks and consist of sub-endothelial 

depositions of lipids and macrophages that have taken up cholesterol, so called foam 

cells and also some T cells (Figure 4a-b). Fatty streaks can be found early in life and 

even in the arteries of small children [118]. With time a more complex lesion develops, 

with apoptotic as well as necrotic cells and cholesterol crystals forming a necrotic core 

of the lesion (Figure 4c). The core is covered by a fibrous cap of variable thickness and 

its shoulder regions are infiltrated by activated T cells, macrophages and mast cells, 

which produce pro-inflammatory mediators and enzymes [119-120]. Plaque growth can 

cause stenosis (narrowing of the lumen) that may contribute to ischemia in the 

surrounding tissue (Figure 4d). However, some plaques that are highly inflamed and 

have a thin fibrous cap can rupture. A ruptured lesion can expose thrombogenic 

substances from the plaque to the lumen of the blood vessel, which induces thrombus 

formation leading to clinical events [116] (Figure 4c).  

 

 

2.2 Low density lipoprotein (LDL) and Apolipoprotein (Apo) B100 

Plasma lipoproteins are the main carriers of lipids between tissues. They are complex 

particles consisting of protein and lipid that are non-covalently linked to each other. 

The common structure of these particles is made up by a surface layer consisting of 

phospholipids, unesterified cholesterol and protein, and an inner core containing 

cholesteryl esters and triglycerides (Figure 5). There are many different lipoproteins in 

the circulation of humans with the same general structure, but with very different ratios 

between lipid and protein content, as well as protein type. For this reason, the 

lipoproteins are usually classified according to the density of the particle and the 

protein present. The proteins in lipoproteins are called apolipoproteins and contain 

amphipatic regions, which enables them to bind lipids as well as being transported in 

plasma. 

 

Plasma contains many different lipoproteins, where some of the most common ones 

are: 1) chylomicrons, (containing ApoB48, ApoC-II and ApoE) that provide the 

primary means of transport of dietary lipids from the intestine; 2) very low density 

lipoprotein (VLDL; containing ApoB100, ApoE and ApoC-II); 3) LDL (containing 

ApoB100) (Figure 5) and 4) high density lipoprotein (HDL; containing ApoA-I, ApoE 

and ApoC-II) function to transport endogenous lipids, the latter one mainly moving 

cholesterol away from tissues. Triglyceride-rich VLDL particles are synthesized in the 

liver and function to transport the triglycerides to adipose tissue and muscle. After 

triglyceride removal in peripheral tissues, a portion of the remaining VLDL remnants 

are metabolized to LDL particles by further removal of core triglycerides and loss of 

apolipoproteins other than ApoB100. In humans, LDL particles carry the majority of 

plasma cholesterol and deliver it to peripheral tissues. LDL is taken up by the LDL 

receptor. When this receptor is not present, as is the case in familial 

hypercholesterolemia, massive accumulation of LDL in the vascular system occurs, 

with accelerated atherosclerotic disease. 
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Figure 5. Schematic molecular model of an LDL particle at around body 

temperature. Abbreviations: SM, sphingomyelin; PC, phosphatidylcholine; LYSO-PC, 

lysophosphatidylcholine; TG, triglyceride; CE, cholesteryl ester; UC, unesterified cholesterol. 

Reprinted from: Biochim Biophys Acta, Hevonoja et al. 2000 Nov 15; 1488(3):189-210, with 

permission from Elsevier.  

 

 

 

ApoB100 is among the largest proteins in humans (514kD) and has 4536 amino acids 

(aa). The protein can be divided into several functional domains. One is the LDL 

receptor binding site which is present in aa residues 3359-3369 [121]. Furthermore, 

extracellular matrix proteins can interact with positively charged arginine and lysine 

residues on ApoB100; several binding sites for glycosaminoglycans have been reported 

of which aa residue 3363 seems to be the most important [122]. ApoB100 and LDL can 

be extensively modified when trapped in the arterial intima and numerous hydrolytic 

enzymes and proteases have been found in the artery wall, e.g phospholipases and mast 

cell chymase or tryptase [123]. Proteolysis and lipolysis of LDL have been shown to 

affect its properties and may increase LDL aggregation as well as binding to 

proteoglycans, which can contribute to the initiation and progression of atherosclerosis 

[124-125]. Oxidative modification of ApoB100 and LDL can also cause damage and 

induce pathogenic responses leading to atherosclerotic disease [126].   

 

 

2.3 The pathogenesis of atherosclerosis 

Several epidemiological studies have identified risk factors important for 

atherosclerosis and the development of CVD; the most important ones being 

hypertension, high plasma levels of LDL, cigarette smoking and diabetes [114, 127]. 

Other potential but more controversial risk factors are increased levels of the 

inflammatory marker C-reactive protein (CRP) [128], IL-6 [129-130], lipoprotein-

associated phospholipase A2 and matrix metalloproteinase-9 [130]. LDL is central to 

SM PC LYSO-PC TG

CE UC
ApoB100

α helix 

ApoB100

β sheet
~2nm

PC rich/UC poor

environment



 

29 

 

the pathogenesis of atherosclerosis and sets the stage for the chronic inflammatory 

component of the disease (see below). The pathogenesis of atherosclerosis, also termed 

atherogenesis with regards to the early events in the process, is described in the 

following sections (Figure 6). 

 

 

2.3.1 Initiation 

LDL present in the circulation can diffuse into the intima or be transported through the 

endothelial layer of arteries [131]. In the intima the protein constituent of LDL, 

ApoB100 can interact with the extracellular matrix where it preferentially binds 

proteoglycans through ionic interactions [122, 132]. This has been shown to be an 

important initiating factor in early atherogenesis [133].  

 

 

 

 

Figure 6. Initiation of atherosclerosis. LDL infiltrates the artery wall and undergoes 

modification by oxidative and enzymatic reactions. The modified LDL particles induce  

expression of leukocyte adhesion molecules on endothelial cells. Monocytes and T cells 

migrate into the vessel wall where the former differentiate into macrophages and further evolve 

into foam cells after taking up large quantities of modified LDL. Dendritic cells present in the 

vessel wall can also take up modified LDL and transport it to draining lymphoid tissue. 

Macrophages and dendritic cells in the intima may present antigens, e.g. LDL components, to T 

cells that become activated and produce mediators such as IFNγ. This will further amplify the 

inflammatory response and contribute to atherogenesis. Figure modified from: Clin Immunol, 

Andersson et al. 2010 Jan;134 (1):33-46,with permission from Elsevier.  
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2.3.2 Oxidation 

As a consequence of the sub-endothelial retention, LDL particles are trapped within the 

intima where they are prone to oxidative modifications by e.g. enzymatic attacks of 

myeloperoxidase and lipoxygenases, or by reactive oxygen species such as HOCl, 

phenoxyl radical intermediates or peroxynitrite (ONOO-) present within the intima 

[121, 134]. As a result of oxidation, the double bonds of fatty acid residues in 

phospholipids, cholesteryl esters, and triglycerides are cleaved, generating reactive 

aldehydes and truncated lipids [135]. Among the latter, modified phospholipids such as 

lysophosphatidylcholine and oxidized 1-palmitoyl-2-arachidonyl-sn-glycero-3-

phosphocholine (ox-PAPC) can initiate innate immune responses. These lipids can 

induce endothelial cell expression of adhesion molecules and chemokine production by 

macrophages (Figure 6). Ox-PAPC can also be recognized by natural antibodies 

containing germline IgM sequences secreted from B1-type B cells [136-139]. The 

protein moiety of LDL, ApoB100, can also undergo oxidative modification, whereby, 

for example, malondialdehyde (MDA) adducts, 4-hydroxynonenal, and other molecular 

species form on lysyl residues of ApoB100 [140]. 

 

 

2.3.3 Accumulation of leukocytes 

The activation of endothelial cells by components of oxidized (ox)LDL, and possibly 

also by the turbulent blood flow at arterial branching points, lead to the expression of 

selectins on the endothelial cell surface, this will initiate leukocyte extravasation [141]. 

The induced expression of VCAM-1 [142-143] on the endothelial cells and chemokines 

such as CCL2, CXCL10 [144] and SCF [145] will attract monocytes, T cells and mast 

cells respectively into the intima. Dendritic are also attracted to the vessel similar to 

monocytes, where they may conceivably participate in antigen-presentation to T cells. 

Monocytes in the intima are further stimulated by macrophage colony-stimulating 

factor (M-CSF) and possibly granulocyte-macrophage colony-stimulating factor (GM-

CSF), produced by activated endothelial cells, to differentiate into macrophages, which 

is necessary for development of atherosclerosis [146-148].   

 

 

2.3.4 Uptake of oxLDL by macrophages 

In the intima, macrophages start to express scavenger receptors that can take up 

oxLDL, which eventually will turn them into the characteristic foam cells since 

receptors (such as SR-A) are not downregulated as the cholesterol content increases. 

Originally, the scavenger receptor was described only as a receptor that takes up 

modified LDL [149], however scavenger receptors are multifunctional receptors that 

clear the environment of debris from dead cells, internalizing microbes and mediating 

adhesion and antigen presentation; at present there are eight different classes of such 

receptors. Scavenger receptors that can recognize oxidation-specific epitopes of oxLDL 

include SRA-1/2, MARCO, CD36, SR-B1, LOX-1 and PSOX [150-151]. The most 

important scavenger receptors for oxLDL are SRA and CD36. Together they are 

responsible for around 90% of oxLDL uptake [152]. Native LDL has been reported to 

induce foam cell formation as well via macropinocytosis, however in much higher 
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concentrations than oxLDL [153]. It is therefore likely that oxidation-induced uptake of 

LDL is the major pathway leading to foam cell formation.   

 

 

2.3.5 Lipid core and fibrous cap 

The development of the lipid core is poorly understood. It is believed that the death of 

cells such as foam cells and smooth muscle cells (SMC) contribute to the acellular 

areas seen in the basal intima. Those are probably filled with lipids from dying cells 

that ingested LDL, as well as lipids retained from free lipoproteins [154]. Large lipid 

cores usually contain a higher ratio of free cholesterol to cholesterol esters which also 

promotes the generation of cholesterol crystals that may weaken the plaque [155]. The 

lipid core, also referred to as the necrotic core due to the importance of cell death in its 

growth, is surrounded by layers of collagen and other extracellular matrix proteins that 

originate from SMC. The SMC have migrated in response to cytokines and growth 

factors produced in the plaque, which can be seen as a healing response to the triggered 

inflammation in the intima [156-157]. 

 

 

2.3.6 Atherothrombosis 

The growing fibrofatty plaque can evolve into a vulnerable plaque which may rupture 

and cause thrombosis, thereby limiting blood flow to nearby tissues. A thrombus in a 

coronary artery can cause myocardial infarction, whereas a cerebral artery thrombus or 

carotid emboli can cause a stroke. Phospholipids, tissue factor and collagen that are 

present in the plaque can induce thrombus formation if they are exposed to the lumen 

[116]. In about 75% of all coronary thrombi leading to death and about 90% of all 

carotid thrombo-embolic stroke, the reason for exposure of these molecules to the 

lumen is plaque rupture, [158-159]. The ruptured plaque is “a plaque with deep injury 

with a real defect or gap in the fibrous cap that had separated its lipid-rich atheromatous 

core from the flowing blood, thereby exposing the thrombogenic core of the plaque” 

[160]. In about 20% of the fatal coronary thrombi, the triggering event has been 

superficial erosion of the endothelial monolayer. This phenomenon has been more 

difficult to explain, but may depend on apoptosis of the endothelial cells exposing sub-

endothelial thrombogenic material such as collagen [161]. 

Even though some plaques grow progressively inwards the lumen to eventually cause 

stenosis-related limited blood flow, most lesions do not. Instead the artery wall adapts 

to the lesion growth by expanding outwards, so called positive remodeling [162]. It is 

nowadays believed that the important factors influencing myocardial or cerebral 

infarction depend on how prone the plaques are to rupture [154]. A lesion that contains 

a large necrotic core with a thin fibrous cap in combination with neovascularization, 

intra-plaque haemorrhage and accumulation of immune cells in shoulder regions is 

generally considered to be unstable.  

The rupture of the unstable plaque preferentially occurs in the shoulder regions where 

activated T cells, macrophages, mast cells, dendritic cells and NKT cells are found 

[119-120, 163-166]. Many of the immune cells release cytokines, enzymes or other 

mediators that will act in concert to inhibit stabilization of the plaque and promote a 

more rupture prone phenotype [161, 167-171]. For instance, IFNγ can inhibit SMC 
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production of collagen and the collagen fiber formation process [172] and matrix 

metalloproteinases may contribute to the breakdown of collagen.  

Atherothrombosis does not always lead to clinical symptoms and can sometimes pass 

unnoticed if the thrombus does not occlude the vessel. In such case, a healing response 

will take place that often includes SMC proliferation and collagen synthesis, which 

contributes to further growth of the lesion. 

 

 

2.4 The immune response in atherosclerosis 

 

It is now evident that atherosclerosis does not depend solely on cholesterol 

accumulation in the artery wall. Instead, a growing body of evidence suggests that the 

inflammatory component of atherosclerosis is crucial for development of disease [116, 

173]. 

  

2.4.1 Atherosclerosis is an inflammatory disease 

Patients with acute coronary syndromes have elevated levels of CRP, which is a 

systemic marker of inflammatory activity. However, the presence of CRP is more 

dependent on the vascular inflammation rather than the myocardial ischemia [174]. 

Recently it was discovered that treatment of individuals, having high plasma CRP 

values but no hyperlipidemia, with a lipid-lowering statin, significantly reduced major 

cardiovascular events such as myocardial infarction [128]. This clearly suggests that 

inflammation plays a major role in human disease development. Human genetic 

association studies have shown that several inflammatory or immune-related genes 

contribute to coronary artery disease, such as genes for: the cytokine IL-6 [175], OX40 

ligand important for T cell activation [176], enzymes involved in the biosynthesis of 

inflammatory leukotrienes [177-179], and the MHC class II transactivator important for 

antigen presentation to T cells [180]. Furthermore, patients with systemic inflammatory 

or autoimmune diseases such as systemic lupus erythematosus (SLE) and rheumatoid 

arthritis (RA) show increased atherosclerosis and a higher incidence of myocardial 

infarction [181-183]. In addition to the data from these human studies, a great number 

of animal studies have also suggested the importance of innate and adaptive immunity 

in atherosclerosis.  

 

 

2.4.2 Innate immunity in atherosclerosis 

On the innate side of immunity, the monocyte/macrophages, which are the signature 

cells of the fatty streaks, have a prominent role in atherosclerosis and have been clearly 

established as participants in all stages of plaque development [144]. They are best 

known for their lipid loading capacity, ability to activate other immune cells by 

cytokine production, and release of proteases. Mast cells are also important in the 

atherosclerotic process and these cells are believed to contribute to inflammation by 

releasing proteases, lipid mediators and cytokines [144-145, 184]. Dendritic cells are 

also present in the plaque where they most likely take part in presenting antigens to T 

cells [185]. More uncommon plaque cell populations are the NK cells and the NKT 

cells [186-188], however important producer of pro-inflammatory cytokines. Other 
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important innate components of atherosclerosis are the complement system, from 

which certain member proteins have been found in the lesions [189]. The TLRs, which 

together with scavenger receptors on macrophages make up the major PRRs expressed 

in the plaque, can be found on most cells in the lesion [190]. These signaling molecules 

are especially important for professional APC in the lesion and contribute to the 

recruitment of adaptive immunity in atherosclerosis [190-191]. 

  

 

2.4.3 Adaptive immunity in atherosclerosis 

The involvement of adaptive immune mechanisms in atherosclerosis has been very 

well documented in several studies and there is plenty of evidence suggesting an 

antigen-specific adaptive immune response in the atherogenic process [192]. On the 

adaptive side of immunity, T cells are the most common cell type and are present in all 

stages of disease. They express adhesion molecules, activation markers and produce 

cytokines affecting the inflammatory status of the lesion. They also co-localize to APC 

expressing MHC class II molecules. B cells have been found in early plaques and in the 

adventitia surrounding the vessel and the antibodies they produce such as IgG and IgM 

are commonly found in the lesion [193-194]. Studies performed in mice models of 

atherosclerosis, such as the Apoe-/- or the Ldlr-/- mice, in combination with mice 

deficient in both B and T cells have shown a substantial role for the adaptive arm of 

immunity in atherosclerosis. The Apoe-/- mice crossed with Rag1-/- or Rag2-/- mice 

show between 60-80% decreased lesion size in the aortic root compared to 

immunocompetent mice [195-196]. In another experiment, the crossing of Apoe-/- with 

severe combined immunodeficiency (SCID) mice generated mice that had 70% less 

lesions than regular Apoe-/- [197]. These experiments suggest a detrimental role of 

adaptive immunity on lesion development. However, other experiments demonstrating 

the role of the B cells in atherosclerosis showed that B cells seem to play a protective 

role. Bone marrow transfer from B cell deficient µMT mice into Ldlr-/- mice showed 

that B cells and/or antibodies are protective in both early and late atherosclerosis [198]. 

Splenectomy aggravated atherosclerosis in Apoe-/- mice, but transfer of splenic B cells 

from aged atherosclerotic Apoe-/- mice had a protective effect in splenectomized 

recipients [199]. It is not known why B cells are protective in atherosclerosis, but some 

have suggested that antibodies to oxLDL can have a dampening effect on disease. In 

many experimental studies on rabbits and mice where oxLDL was used for 

immunization of the animals, there was a correlation between high titers of anti-oxLDL 

and degree of protection against atherosclerosis [200-204]. However studies in human 

have shown that although autoantibodies to ox-LDL are common in plasma, their 

association with atherosclerosis and cardiovascular disease remains unclear [205-206]. 

This may be explained by the complexity of the oxLDL particle making it difficult to 

standardize tests, but also that oxLDL contains many different epitopes inducing many 

kinds of antibody subclasses with different effects on disease. 
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2.5  T cells and DC in atherosclerosis 

 

Even though macrophages and B cells can present antigens to T cells, the primary 

immune response takes place in the lymph node by DC. It is believed that the DC 

migrate into the vascular area where it can take up antigens that are later presented to T 

cells, which will initiate an adaptive immune response with effects on atherosclerosis 

development. 

 

 

2.5.1 Vascular dendritic cells 

About fifteen years ago, cells with dendritic-like morphology were identified in the 

human arteries and atherosclerotic plaques and later identified as DC [207-208]. These 

arterial DC are phenotypically similar to the Langerhans cells of the skin, and studies 

on the healthy artery have shown that CD68+CD11c+ DC build a network with long 

dendrites extending within the intima of the lesion-susceptible parts in the aortic arch 

[209]. These DC are dependent on VCAM-1 for their recruitment to the vessel wall, as 

well as the expression of the chemokine receptor CX3CR1 [209-210]. The recruitment 

of DC to the vessel wall may come from capillaries within the aortic wall since it has 

been shown that DC are found mainly close to vasa vasorum in the adventitia or in 

areas of neovascularization [185]. Once in the plaque, DC may have difficulties in 

emigrating out again. Studies have shown that DC can get trapped inside the vessel 

wall, possibly by reduced migratory capacity due to the high lipid levels within the 

plaque [211-212]. 

 

The significance of the vascular DC as an inflammatory cell in atherosclerosis is rather 

unclear. Data from immunohistological findings show that the DC are present in the 

atherosclerotic lesions of humans and rodents [207-208, 213-214]. DC are also seen in 

healthy human aorta as well as in the carotid artery of young individuals where they 

appear in regions exposed to turbulent blood flow, regions that are predisposed to 

atherosclerosis [215-216]. The early presence of DC indicates their importance in the 

initiation of disease.  

 

Similar to macrophages, dendritic cells can take up oxLDL through scavenger 

receptors, which may possibly induce maturation of the DC [217]. It has been 

suggested that the DC screen the arterial wall for antigens and then migrate back to the 

draining lymph nodes where they present the antigens to naïve T cells. In later stages of 

atherosclerosis DC are present more frequently in the plaques than the healthy part of 

the vessel wall, as well as in nearby para-aortic lymph nodes [218]. Recently, a study 

showed that DC taken from the aorta and cardiac valves of mice are excellent antigen 

presenting cells in vitro [219], and the antigen presenting capability of DC is still 

functional during the hypercholesterolemic conditions associated with atherosclerosis 

[220]. DC that form clusters with T cells in lesions express high levels of MHC class II, 

ICAM-1, VCAM-1 and CD1d, which indicates that they are activated and may present 

antigens to the T cells, as well as NKT cells [185, 218, 221]. The presence of NKT 

cells in human plaques is controversial though (personal communication; Paulsson-

Berne, GB.). Several TLR ligands present within the artery wall such as heatshock 

proteins (HSP) from apoptotic cells and lipoproteins may activate the DC in the 
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atherosclerotic plaque [191, 218]. Activated DC can secrete IL-12 which is a pro-

inflammatory cytokine acting on T cells to differentiate into the Th1 type. IL-12 

produced by DC was also shown to upregulate CCR5 receptors on T cells which 

enabled them to migrate into the atherosclerotic plaque [222]. 

 

In more advanced atherosclerotic plaques DC accumulate in clusters with T, and 

possibly NKT, cells in the rupture-prone shoulder regions [166, 223]. The T cells 

express CD40L and the DC produce CCL19, CCL21 and CCL22 chemokines that may 

recruit naïve lymphocytes to the plaque [144, 224]. 

 

From the studies examined it is clear that vascular DC play an important role in 

atherosclerosis. However, the mechanisms by which DC activate the adaptive immune 

system in the context of atherosclerosis is far from clear; whether they act locally in the 

plaque to stimulate the T cells, or if the primary antigen presentation takes place in 

regional lymph nodes, is unknown. Somewhere along the way in atherogenesis, the DC 

will present antigens to T cells. It is also unclear to what extent DC shape the T effector 

cell response in atherosclerosis, although it seems likely that they promote Th1 

immunity.  

 

 

2.5.2 T cells in lesion development 

In the mid 80s T cells were found to be present in the atherosclerotic plaque [225]. 

They were shown to be in the vicinity of macrophages, but also SMC, that expressed 

MHC class II molecules [119, 225]. Other studies have further confirmed these 

findings and showed that DC are present in the immediate vicinity of the T cells [223, 

226]. This suggests that the T cells might recognize antigens presented by those cells 

and participate in a local inflammatory reaction. T cells in the plaque are in an activated 

state [119, 227] and express markers indicating that they are of a memory/effector 

phenotype [228], i.e. these T cells already recognized antigens, possibly in secondary 

lymphoid organs where most naïve T cells reside. Human plaque T cells are mostly of 

the TCRαβ and CD4+ type, although many CD8+ T cells can also be found, as well as 

a small population of TCRγδ+ cells [228-229].  

 

The recruitment of effector T cells to the plaque is similar to that of monocytes, with 

extravasation via endothelial selectins and integrins such as VCAM-1. However, 

certain chemokines produced by activated cells in the intima are particularly important 

for the T cells to enter. Those are CCL5 and CXCL9, 10 and 11, which act via CXCR3 

expressed on activated T cells [230], and are important for development of 

atherosclerosis [231]. Although many T cells are recruited to tissues in an unspecific 

way to screen large areas for antigen in a rapid manner, there is some evidence for a 

local antigen-specific reaction in the plaque. Clonal expansion of T cells has been 

demonstrated in lesions from humans and Apoe-/- mice [232-233] and is not 

accompanied by a similar expansion in the peripheral blood, which suggests that the 

antigen-specific reaction actually takes place within the lesion. With increasing severity 

of disease, the activated T cells also increase in numbers [227, 234-235].  
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In the atherosclerotic plaques of Apoe-/- and Ldlr-/- mice there is a predominance of 

CD4+ T cells with few CD8+ T cells present [236-237]. Several lines of evidence 

support the important role of the CD4+ T cells in atherosclerosis. Apoe-/-/SCID mice 

reconstituted with CD4+ T cells from old Apoe-/- develop accelerated atherosclerosis 

almost to the same level as immunocompetent mice with homing of T cells to the 

lesions [197]. C57BL/6 mice that received depleting anti-CD4 antibodies, as well as 

CD4 deficient C57BL/6 mice fed a high-cholesterol diet had reduced fatty streak 

formation [238-239]. Studies using Apoe-/-CD4-/- mice are not conclusive. They 

suggest that CD4+ T cells seem to be important for progression but perhaps not in the 

initiation of disease [240-241]. However it is important to keep in mind that CD4 is not 

only expressed on T cells. Taken together, all of these data suggests a pro-atherogenic 

role for the CD4+ T cells. 

 

CD8+ T cells have also been investigated in the development of atherosclerosis, but not 

to the same extent and therefore their role in disease is less well understood. Apoe-/- 

mice deficient of CD8+ T cells showed no major difference in plaque burden compared 

to immunocompetent Apoe-/- [241], which suggests a minor role of the CD8+ T cells in 

atherosclerosis. However, when stimulating CD8+ T cells with an agonist to the co-

stimulatory molecule CD137 a dramatic increase in inflammation and leukocyte 

recruitment was seen as well as increased atherosclerosis in Apoe-/- mice [242]. In line 

with this, another study has shown that CD8+ T cells can be activated and promote 

atherogenesis in response to a foreign antigen expressed by vascular SMC [243]. In 

addition, Ldlr-/- mice deficient in the co-inhibitory molecules PD-L1 and PD-L2 had 

increased plaque size with massive lesional infiltration of CD8+ T cells, which indicate 

that these cells may be controlled by the PD-1 molecule in atherosclerosis [244]. In 

summary, these data and the relative abundance of CD8+ T cells in human lesions 

suggest that this cell type has a pathogenic role in atherosclerotic disease. 

 

 

2.5.3 Th1-driven immunity in atherosclerosis 

Atherosclerosis is a Th1-driven disease. IFNγ, the Th1 signature cytokine, is present in 

the plaque [227, 245-246] and display effects related to the pathology of 

atherosclerosis. Such effects include reduced collagen synthesis, increased expression 

of MHC class II, enhanced protease and chemokine secretion, upregulation of adhesion 

molecules, induction of pro-inflammatory cytokines, and several other effects that 

increase activation of macrophages and other immune cells contributing to a general 

pro-inflammatory environment [247-248]. IFNγ act in synergy with IL-12 to induce 

Th1 cells. The latter cytokine, produced by macrophages and DC, is abundantly 

expressed in the lesion [249]. Several animal experiments have demonstrated the 

importance of Th1 immunity in the progression of disease. For instance, mice deficient 

of IFNγ or its receptor showed reduced lesion burden and mice that received injections 

of IFNγ had bigger lesions compared to control mice [250-253]; injections of IL-12 

also had caused lesion formation [249]. Furthermore, the cytokine IL-18 can potentiate 

IFNγ secretion in several cell types including T cells and mice lacking IL-18 showed 

decreased lesion size [254], whereas mice that were treated with IL-18 had more 

atherosclerosis [255]. When Apoe-/-IFNγ-/- mice were treated with IL-18, no effect on 
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lesion area could be detected, arguing for the importance of IFNγ in plaque 

development [255].  

Only one study has argued for the possible anti-atherogenic effect of IFNγ. In this 

experiment Ldlr-/- mice were transplanted with bone marrow from IFNγ-/- mice, which 

led to increased atherosclerosis compared to mice that received cells expressing IFNγ 

[256]. Evidence for IFNγ+ T cells in lesions is scarce, although clones isolated from 

lesions can produce IFNγ [257]. There are other cells in the plaque that can also 

produce IFNγ, such as NK and NKT cells, macrophages and in some instances even 

smooth muscle cells [186, 258-259]. The NK cells are particularly high producers of 

IFNγ, and even though they are scarce in the plaque, their deficiency in the Ldlr-/- mice 

caused a decrease of lesion area [260]. Despite these conflicting data, a major role for 

Th1 cells in atherosclerosis has been suggested. Recently, a study showed that deletion 

of Tbet in Ldlr-/- mice led to significant decreased lesion development [261]. This 

study taken together with all the previous ones mentioned above implies that 

atherosclerosis is a Th1-driven disease.  
 

 

2.5.4 Th2 immunity in atherosclerosis    

The overall role of Th2 in atherosclerosis is somewhat unclear. IL-4, the signature 

cytokine for the Th2 lineage, is not frequently observed in human plaques [245]. 

However, experiments done in both Apoe-/- and Ldlr-/- mice have shown that IL-4 may 

promote the development of atherosclerosis [262-263]. In contrast to this, BALB/c 

mice are genetically prone to a Th2 response but athero-resistant. When this strain was 

made deficient for STAT6 (necessary for Th2 induction); the targeted mice then 

showed a characteristic Th1 pattern with increased atherosclerosis susceptibility [239]. 

Other studies suggest that Th2 immunity is protective. For instance, Ldlr-/- mice 

deficient of Tbet show a T cell response skewed towards Th2 with production of IL-5 

and a change in specific antibody isotypes, in association with decreased 

atherosclerosis [261]. Previously, it was demonstrated that engraftment of IL-5 

deficient bone marrow in the same mouse strain increased atherosclerosis but led to a 

decrease in natural antibody titers associated with protection against atherosclerosis 

[138]. It seems that IL-5 might be protective by the promotion of such natural IgM 

antibodies expressed by B-1 cells [264]. IL-33 is a powerful inducer of Th2 responses 

and can promote production of IL-5. Injection of IL-33 into Apoe-/- mice protected 

against atherosclerosis [265]. In summary, the role of the Th2 immune response in 

atherosclerosis is still unclear and needs further experimental data to be evaluated 

properly.  

 

 

2.5.5 Th17 cells  

The Th17 subset is a recently discovered group and its role in atherogenesis has just 

started to be explored. Somewhat contradictory data has been presented. IL-17 was 

detected in human atherosclerotic tissue where it was produced mainly by mast cells 

and B cells in intact plaques [266]. Neutrophils produced IL-17 in complicated plaques, 

whereas SMC secreted it in normal arteries [266]. However, T cells did not express IL-

17 in the normal artery or the plaque [266]. Another study showed the existence of T 
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cells in coronary artery plaques that expressed both IL-17 and IFNγ with pro-

inflammatory induction of SMC [267]; this finding is surprising with regards to the 

known inhibitory effect by IFNγ on Th17 development [40]. Studies on Apoe-/- mice 

treated with an antibody against IL-17, or Ldlr-/- mice reconstituted with IL-17 

receptor deficient bone marrow suggest a pro-atherogenic role for IL-17 [268-269]. 

Furthermore, Th17 cells in the lesions of Apoe-/- mice were seen to increase with age 

and severity of disease and blockade of IL-17 signaling decreased atherosclerosis [270]. 

In sharp contrast to these studies, mice that had a pre-dominance of Th17 cells due to 

deficiency of a STAT3 negative feedback regulator showed decreased disease 

development; when adding an anti-IL-17 antibody the protection was lost [271]. 

Although this study showed a protective effect, most studies demonstrate a pro-

atherogenic role of Th17 cells in atherosclerosis.  

 

 

2.5.6 Treg cells 

All studies so far, although few, have shown a protective effect of Treg cells in models 

of atherosclerosis. FoxP3+ cells have been found in the plaques of mice [272-273] as 

well as humans, although in small quantities [274-275]. In mice, the effect of natural 

Treg cells have been investigated mostly in association with the cytokine TGFβ. 

Whereas inhibition of Treg function by injection of anti-CD25 antibodies in Apoe-/- 

mice increased lesion size, no such effect was seen in Apoe-/- mice with a defective 

response to TGFβ in T cells [276]. This suggests the importance of natural Treg cells in 

the context of TGFβ in atherogenesis, however the precise mechanisms regarding this 

protection is unknown. Further evidence for the atheroprotective effect of Tregs was 

shown in CD80/86- and CD28-deficient mice. These mice have reduced numbers of 

Tregs, and reconstitution of atherosclerotic mice with CD80/86 and CD28 deficient 

bone marrow increased disease [276]. In several atherosclerotic mouse models, the 

transfer of natural FoxP3+ T cells has also been shown protective against disease [276-

277].  

Peripheral Treg cells, other than the natural Tregs, can be induced by e.g. oral or nasal 

administration of anti-CD3 antibodies. Apoe-/- mice that received oral anti-CD3 had 

reduced atherosclerosis associated with the induction of CD4+CD25- Treg cells that 

expressed the latency associated peptide (LAP) of TGFβ [278]. Nasally induced 

CD4+CD25- Treg cells were associated with production of IL-10 [279]. Induced Treg 

cells producing IL-10 are usually classified as Tr1 cells. One study has shown that 

adoptive transfer of clones of ovalbumine-specific Tr1 cells together with its cognate 

antigen into Apoe-/- mice increased levels of IL-10 and decreased Th1 skewed 

immunity and atherosclerosis [280]. The protective effect of IL-10 on atherosclerosis 

development has been further confirmed in several animal studies, in both early and 

late stage of the disease [281-285]. 

 

 

 

 

 

 



 

39 

 

2.6 T cell autoantigens in atherosclerosis 

 

As outlined above, the clonal expansion of T cells and their clustering in close 

proximity to DC and macrophages in the plaque suggest that a local immune response 

takes place where the APC present antigens to the T cells with subsequent activation. 

The lesion content in terms of potential antigens is complex and the origin of antigens 

may not necessarily derive from the plaque itself. Among the many antigens that have 

been suggested to play a role for the adaptive immune system in atherosclerosis, some 

stem from microbes. Chlamydia, cytomegalovirus (CMV) and herpesvirus have been 

found in the plaque and patients with cardiovascular disease have increased antibody 

titers to these pathogens in the circulation [286-287]. Heat shock protein (Hsp) 65 from 

Chlamydia pneumonia may induce an autoimmune T cell response to human Hsp 60 by 

molecular mimicry (cross reaction) of the protein epitope, and autoantibodies to Hsp 

60/65 have been found in patients with atherosclerosis, which further indicate an 

autoimmune response [229, 288-289]. Mice and rabbits that were immunized with Hsp 

60/65 in complete Freund´s adjuvant showed increased fatty streak formation [290-

291]. When Hsp 60/65 is used for mucosal administration in mice this induces 

protection against atherosclerosis [292-294]. Although the immune response to Hsp 

60/65 seems to be somewhat complex, it indicates that this antigen may play a role in 

modulation of atherosclerosis. There are however doubts that infection might play such 

a big role in atherosclerosis. For instance, gnotobiotic mice that never experienced 

infection still develop atherosclerosis [295].  

Another candidate antigen is β2-glycoprotein I (β2GPI), which is a phospholipid 

binding protein present on platelets and also in the plaque [296]. Patients with 

atherosclerosis or other autoimmune diseases such as SLE and anti-phospholipid 

syndrome have autoantibodies against β2GPI [297]. A study in which Ldlr-/- mice 

were immunized with β2GPI showed increased lesion development [298], and transfer 

of β2GPI specific T cells from the immunized mice to Ldlr-/- accelerated disease [299]. 

 

The most studied autoantigen in atherosclerosis is LDL. It is believed that epitopes of 

LDL are presented to T cells since oxLDL is readily taken up by macrophages or DC, 

which contribute to local inflammation in the plaque. Autoantibodies to oxLDL, as well 

as MDA modified ApoB100 peptides have been found in humans as well as mice with 

atherosclerosis [300-304]. The presence of specific IgG antibodies suggests that T cells 

recognizing parts of LDL helped B cells with production of these antibodies. T cell 

clones from human atherosclerotic plaques and cells from peripheral blood can also 

recognize components of oxLDL [257, 305]. Interestingly, autoantibodies against 

peptides of ApoB100 are also found in the circulation of humans [304, 306-307]. So 

far, the immunodominant epitopes of the LDL particle are still unknown. When CD4+ 

T cells from mice immunized with MDA-LDL are transferred to Apoe-/-/SCID mice 

atherosclerosis is markedly increased compare to control groups, which indicates that 

LDL-specific CD4+ T cells have atherogenic properties [308]. 
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2.7 Future therapies for atherosclerotic disease 

 

The discoveries made within the cardiovascular field providing mechanistic evidence 

for inflammatory pathways in atherosclerosis development have paved the way for new 

treatment possibilities. Established clinical treatment regimens for atherosclerotic 

cardiovascular disease target the classical risk factors such as hypercholesterolemia, 

high blood pressure or hyperglycemia, but fail to take into consideration the 

inflammatory mechanisms underlying atherogenesis. Today preventive treatments, 

such as the statins, can only reduce disease with up to 40% and around two thirds of the 

clinical events can unfortunately still take place [309]. The statins themselves may be 

intrinsically anti-inflammatory, and it was recently shown in a large-scale clinical trial 

that they decrease levels of CRP together with decreased cardiovascular disease [128]. 

However, no other large-scale human clinical trial has yet proved anti-inflammatory 

treatment, which does not alter lipid levels, effective for atherosclerotic cardiovascular 

disease [130, 310]. It seems that general anti-inflammatory compounds such as the 

corticosteroids or the nonsteroidal anti-inflammatory drugs are not beneficial to 

atherosclerosis [130, 310]. They are not specific enough and often create unwanted 

side-effects that sometimes even may increase cardiovascular risk instead of being 

protective [130, 311]. This is not strange since the immune system consists of both pro- 

and anti-inflammatory agents which try to maintain a balance. The goal is instead to 

create more specific targets aiming at the inflammatory cascade in atherosclerosis. 

Much can be learnt by looking at other inflammatory and autoimmune diseases. 

Although preliminary, blocking the tumor necrosis factor-α signaling have shown 

efficacy in RA, which also reduced the incidence cardiovascular events in those 

patients [310]. Other interesting emerging of therapies are IL-1 receptor antagonism, 

inhibitors of enzymes involved in eicosanoid synthesis, inhibitors or antagonists for 

molecules involved in leukocyte recruitment, and therapies aimed at changing the 

balance between effector T cells and Treg cells [310, 312]. Administration of anti-CD3 

antibodies to atherosclerosis prone mice are very effective to reduce disease and 

increase Treg cells [313]. This therapy is however not very specific and other strategies 

which include antigen-specificity should be more attractive. One such strategy would 

be to target the specific TCR of pathogenic effector T cells involved in disease 

development. Studies have shown that by immunizing mice or humans with a part of 

the autoreactive TCR (for instance the CDR2 region of one of the receptor chains 

variable domain), those T cells are either deleted or, more commonly, regulated by 

induced Treg cells, which could protect against multiple sclerosis or RA [314-316]. 

Another attractive therapy that can induce Treg cells is injection of tolerogenic DC. 

These cells have been pulsed with disease associated antigens in the presence of anti-

inflammatory cytokines. This kind of cell therapy can restore peripheral tolerance to 

antigens and improve autoimmune disease [110-113]. There is also the possibility of 

inducing peripheral tolerance to autoantigens by administrating them orally or nasally. 

For atherosclerosis this has been performed in mice, orally, with Hsp 65 [292-294] as 

well as oxLDL [317] and shown to improve disease with associated induction of Treg 

cells. Parenteral immunization with LDL is also a very attractive option for treating 

atherosclerosis. As described previously, many studies have shown the potential of 

oxLDL or peptides from ApoB100 as vaccine targets [200-204, 318-319]; although 

none of them has established firm evidence for the mechanism of vaccine protection 
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but rather circumstantial data. A possible explanation, indirectly supported in most 

studies, is that antibodies induced by immunization protect against disease. This may 

turn out to be true, however cellular immunity has also been suggested to play a 

protective role [318]. Recently, a human antibody recognizing a MDA-modified 

peptide from ApoB100 (aa 661-680) was approved for clinical testing [320].  

 

Data from most of the studies described rely on animal experiments, where inbred 

animal strains express only one type of class I or II MHC molecule. In contrast, humans 

have a tremendous variation in HLA expression, which has to be taken into 

consideration e.g. when formulating new vaccines. This and other factors will be of 

great importance when translating new treatment strategies into the clinic, especially 

those ones focusing on T cell immunity. Nonetheless, modulating adaptive cellular 

immunity remains a very promising therapeutic approach in atherosclerotic disease. To 

be able to create more specific treatments and avoid cumbersome side-effects, antigen-

specific mechanisms seem an attractive target. Therefore, it is of importance to 

elucidate the role of antigen recognition and cellular immunity in atherosclerosis.     
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3 Aims 

 

 

The common objective for all studies performed within this thesis has been to 

investigate the role of adaptive cellular immunity to low density lipoprotein (LDL) and 

its protein moiety, apolipoprotein B100 (ApoB100) in the context of atherosclerosis. 

 

More specifically the original aims were to: 

 

• Explore the role of dendritic cells presenting epitopes of oxidized LDL in the 

development of atherosclerosis. 

 

• Identify T cells reactive to oxidized LDL and the function of such autoreactive 

T cells in atherosclerosis. 

 

The original aims were then modified, as new discoveries were made, to include: 

 

• Investigation of the function of T cells reactive to native LDL and ApoB100 in 

atherosclerosis 

 

• Development of new treatment strategies to atherosclerosis by: 

 

� targeting a peptide of ApoB100 to the nasal mucosa to induce a 

protective mucosal immune response. 

 

� using tolerogenic dendritic cells loaded with ApoB100 to induce 

a protective cellular immune response. 
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4 Methodological considerations 

 

All experiments in this thesis were performed on mice or on cells originating from 

mice. The experiments were approved by the Stockholm North Committee for 

Experimental Animal Ethics. I will in this section comment on certain important 

aspects of the methods as well as describe the animal models that were used in our 

experiments. The corresponding papers are referred to with roman numerals (I-IV) 

 

 

4.1 Mouse models of atherosclerosis  

Animal models are important for exploring the pathogenic mechanisms that lead to 

atherosclerosis. They are needed for studying early as well as late stage disease. The 

mouse is the most commonly used model to study atherosclerosis. Even before the 

beginning of transgenic technology it was known that certain mouse strains were more 

prone to develop atherosclerosis. The C57BL/6 strain develops small lesions in aorta 

when fed a high fat diet. With the techniques of genetic manipulation, several models 

of atherosclerosis arose [321]. The most common ones are the apolipoprotein E 

knockout (Apoe-/-) mouse and the LDL receptor knockout (Ldlr-/-) mouse. The former 

model develops hypercholesterolemia and atherosclerosis spontaneously, whereas the 

latter one needs a high fat diet to induce a similar pathology. A more recent model is 

the human ApoB100 transgenic combined Ldlr -/- (huB100tgxLdlr-/-) mouse. This 

strain develops hypercholesterolemia and spontaneous atherosclerotic lesions. All of 

these models develop much larger lesions compared to the wild type C57BL/6 strain 

[321]. By crossing the atherosclerosis-prone mouse models with other strains that lack 

functional genes important for the immune system, several important findings have 

been made to elucidate the role of immunity in atherosclerosis. I will describe the 

Apoe-/- and huB100tgxLdlr-/- models in more detail since they were used in our studies. 

 

4.1.1 The Apoe-/- mouse (papers I and III) 

ApoE is present in VLDL and chylomicrons as the ligand for their uptake by 

lipoprotein remnant receptors in the liver. Mice that lack functional ApoE genes 

develop severe hypercholesterolemia on a normal chow diet (low fat and low 

cholesterol diet) since they accumulate chylomicrons and VLDL in their circulation. 

This leads to the spontaneous development of human-like atherosclerotic plaques, 

which span from early fatty streaks to fibrofatty plaques and advanced lesions [322-

324]. Spontaneous induction of atherosclerosis without a high fat diet is an advantage 

when performing experiments. In terms of lipoprotein profile the Apoe-/- mouse is not 

the best model for human disease, since humans carry most of their cholesterol in the 

LDL fraction whereas the Apoe-/- model show increased VLDL but low LDL 

cholesterol. 

 

4.1.2 The huB100
tg

xLdlr-/- mouse (papers II and IV)    

Ldlr-/- mice do not develop spontaneous lesions, but need a high fat diet. This might be 

explained by the low production of LDL in the mouse liver where ApoB100 mRNA is 

edited to express ApoB48 instead. A high fat diet induces both lipoprotein remnants 
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and LDL hypercholesterolemia in the Ldlr-/-. Likewise, if mice are made transgenic for 

human ApoB100 they develop lesions only with a high fat diet, but in contrast these 

mice show humanized lipoprotein profiles [325-326]. When crossing the human 

ApoB100 transgenic strain with the Ldlr-/- model, those mice develop spontaneous 

severe hypercholesterolemia and large lesions [327]. By further preventing ApoB48 

formation via converting codon 2153 in the APOB100 gene from a leucine into a 

glutamine, only ApoB100 can be expressed in these mice [133]. This is a more human-

like model for atherosclerotic disease. The mice express high levels of human 

ApoB100, develop large lesions on chow diet and display a human-like lipid profile 

with a peak in plasma LDL cholesterol. Furthermore, the huB100tgxLdlr-/- model 

makes it possible to study cellular immune responses to human LDL-derived epitopes 

in a controlled model system and with easy access to large amounts of human antigen 

for purification and characterization. 

 

 

4.2 Experimental methodology 

 

4.2.1 LDL preparation (papers I-IV) 

In experiments such as immunization or in vitro culture of cells where LDL was used, it 

was always freshly prepared either from mouse or human plasma. LDL was isolated 

from plasma by ultracentrifugation using either a one-step or a two-step method. In the 

former technique the plasma was centrifuged through a discontinuous NaCl gradient for 

20 h with subsequent collection of the fraction between 1.020 mg/ml and 1.063 mg/ml. 

This density cutoff should contain mainly LDL particles [300]. However, it is 

extremely difficult to collect this middle fraction in a tube without disturbing the other 

layers containing other plasma lipoproteins, and thus contamination is a serious matter 

using this technique. As a consequence we decided to change technique to the classical 

two-step centrifugation [328] where plasma is first centrifugated 12h through 1.020 

mg/ml of KBr and then in a second round through 1.063 mg/ml. After the first round 

chylomicrons and VLDL are removed from the top, and after second round the LDL 

particles are removed from the top. In this way antigen preparations have increased 

purity. In preparations of native LDL, 1 mM EDTA was always present in preparations, 

and protease inhibitors were added in the plasma for all preparations used. 

 

4.2.2 ApoB preparation (papers II-IV) 

ApoB100 is not a soluble protein and needs certain measures to stay soluble after 

delipidation. We used a standard chloroform/methanol/water extraction protocol to 

remove lipids from LDL. The unsoluble extracted ApoB100 was then resuspended in a 

minimal volume of 10% SDS until it dissolved completely. This unclean preparation 

was run on a PD-10 desalting column to remove excess SDS, and then purified on a 

Superdex 200 size-exclusion column using Tris-HCl buffer. The purified ApoB100 was 

always checked in cell cultures to see whether it was toxic due to remaining SDS in the 

preparation. If this was the case, extensive dialysis was performed against Tris-HCl or 

PBS buffer to further clean the preparation. It is reasonable to believe that some SDS 

will remain bound to the protein in order to keep it solubilized in salt solutions. 

However, the ApoB100 preparations were more than 90% pure and kept at pH 7.4. 
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4.2.3 T cell assays (papers I-IV) 

Most of our T cell studies focused on proliferation of antigen-specific T cells. We either 

used total splenocytes, or purified T cells together with irradiated splenocytes as APC, 

in the presence of antigen. In our experience it is better to use a coherent system such as 

total splenocytes, rather than purified T cells. The spleen is a more in vivo-like system 

and less vulnerable compared to cumbersome purification of specific cell types. It is 

also easy to analyze specific populations of spleen in the flow cytometer when needed. 

However in some cases (paper III) where CD4+ T cells were absolutely needed, 

purification was performed. In this case a commercially available column was used that 

negatively selected T cells in order to not cause any activation of the T cells. 

Proliferation was measured by 3H-Thymidine incorporation as detected by a β-counter 

in counts per minute (CPM). In some instances we also measured IL-2 to estimate T 

cell activation, or other cytokines that would suggest T effector differentiation such as 

IFNγ, IL-10, IL-5 and others. Data were sometimes presented as stimulation index (SI) 

when the baseline was different between groups. SI is calculated by subtracting the 

baseline value from the stimulated value and dividing by the baseline value.   

In all T cell assays except T hybridoma cells, we used a serum free medium including 

ITS (insulin, transferring and selenous acid). This medium worked much better than 

regular fetal calf serum containing medium since small amounts of LDL in the altter 

medium caused high background proliferation. 

 

4.2.4 Generation and treatment of dendritic cells (papers I and IV) 

In order to generate high amounts of murine DC, bone marrow was cultured in the 

presence of GM-CSF and IL-4. This cytokine environment will also induce 

proliferation of other myeloid cells including granulocytes and macrophages [329]. For 

this reason we purified DC by density gradient centrifugation in Optiprep 

(commercially available sugar solution). More than 70% of the resulting fraction of DC 

expressed the surface markers CD11c, I-Ab and co-stimulatory molecules, indicating 

that many cells were in a mature state. They could however take up antigen and were 

effective in presentation to T cells. This was not the case for cells that remained 

unselected after density gradient purification. Antigens were added to DC and 

incubated overnight together with LPS, which was used to induce complete maturation 

and to avoid antigen specific maturation effects. In paper IV we reduced the 

concentration of LPS by titration to lowest possible, yet able to trigger maturation. We 

also changed the purification protocol from density gradient to CD11c purification 

column. These measures allowed us to receive more than 95% pure DC that contained a 

mix of immature and mature cells and that were slightly pushed into maturation. It was 

necessary not to have highly mature DC during treatment with IL-10 in the antigen 

pulse. Consequently, during antigen pulse we waited a few hours before adding the low 

LPS concentration, which also allowed us to have more efficient uptake by immature 

DC. Compared to the previous protocol the mature DC were equally good presenters of 

antigen to T cells and expressed similar levels of co-stimulatory molecules. In paper I 

we used MDA-LDL as antigen and in paper IV we prepared the pure protein ApoB100 

for antigen pulsing of DC. This together with the changed procedure for DC 

purification and maturation will render comparisons in treatment results somewhat 

difficult and must be kept in mind when interpreting data from papers I and IV.   
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5 Results and discussion 

 

The corresponding papers are referred to with roman numerals (I-IV) 

 

 

5.1 DC can induce a cellular immune response to components of 

LDL 

As pointed out in the introductory section, it is well known that DC are potent 
stimulators of T cell responses. Furthermore, they are present in atherosclerotic 
plaques, where they may conceivably take up antigens and present them to T cells, 
either in the draining lymph nodes or locally in the plaque [185]. In paper I we aimed 
at exploring the role of the DC in atherosclerosis. Another reason for studying DC was 
to establish a new vaccination protocol for inducing immune responses against oxLDL 
in the host and evaluate how it differed from established oxLDL vaccination protocols 
employing parenteral immunization with free antigen emulsified in an adjuvant [200-
204]. Since MDA-LDL has often been used as a model antigen of oxLDL, we decided 
to load DC with this antigen.  
 
DC pulsed with MDA-LDL or keyhole limpet hemocyanin (KLH), an antigenic protein 
from a sea urchin used as a control, were injected subcutaneously into Apoe-/- mice; we 
also included one untreated control group. Mice that received MDA-LDL pulsed DC 
showed increased T cell responses to components of MDA-LDL compared to control 
groups. This response was accompanied by a burst of IFNγ. A similar response was 
seen in a parallel study in our lab, in which mice immunized with MDA-LDL in 
adjuvant showed increased antigen-specific T cell responses with production of Th1 
cytokines such as IFNγ [308]. This suggests that injection of MDA-LDL pulsed DC 
mimics the in vivo uptake of antigen in terms of eliciting Th1 responses in the host. In 
line with this, previous studies have shown that DC that were injected into mice 
migrated to the regional lymph nodes where they primed T cells [330]. We did not look 
at migration patterns in our study, however the induction of IL-6 in draining lymph 
nodes of DC-immunized mice suggested that the treatment initiated an immune 
response.  
 
DC immunization also induced strong IgG antibody responses to the antigens used. 
This indicates that an adaptive immune response took place that included T cell help to 
B cells producing IgG antibodies.   
 
 

5.2 DC presenting epitopes from LDL aggravate atherosclerosis 

Immunization with MDA-LDL pulsed DC increased atherosclerosis in Apoe-/- mice 

(Figure 7). Mice receiving KLH pulsed DC did not have a significant change in lesion 

size compared to untreated mice (paper I). This is in line with a recent study showing 

that transfer of CD4+ T cells from mice that were immunized with MDA-LDL was 

highly atherogenic in Apoe-/-/SCID mice [308]. The atherogenic response in our study 

was associated with an increased expression of VCAM-1 in the artery of mice, 

indicating an increased local inflammation (paper I). VCAM-1 mediates the entry of 

leukocytes into the intima, but we could not find a proportional increase of T cells or   
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I-Ab+ APC. Interestingly, a recent study has shown decreased VCAM-1 expression on 

arterial endothelial cells and less atherosclerosis in mice that were treated with IL-17. 

The enhanced Th17 response in mice was also associated with a lowered Th1 profile 

[271]. IL-6 is critical for Th17 differentiation and we could see in our study that DC 

pulsed with MDA-LDL had significant less secretion of IL-6. This may indicate an 

inclination of MDA-LDL as a Th1 prone antigen.  

 

 

 

Figure 7. Effects of pulsed DC-transfer on atherosclerotic lesion development. 

Morphometric quantitation of lesion size (µm2) in the aortic root of Apoe-/- mice.  

 

 

 

Another variable that might actually be more important is the route of antigen delivery. 

Subcutaneous immunization of mice with MDA-LDL in complete Freund´s adjuvant 

(CFA) reduces atherosclerosis [202, 204], whereas our vaccination protocol using 

MDA-LDL pulsed DC induces more lesions. When looking at the T cell re-call 

responses to MDA-LDL and KLH in lymphoid organs from mice vaccinated with 

either of the different regimens, we observed that CD4+CD25+FoxP3+ T cells were 

increased when vaccinating with MDA-LDL in CFA. This was not seen in the DC 

administration protocol and may be one explanation to the different outcome on 

atherosclerosis development. 

 

It is tempting to speculate that the immunization of mice with DC containing 

atherosclerosis-related antigens boosts the already existing responses to LDL 

components in the artery wall, and that this study stands as a model for those immune 

mechanisms that take place during the development of disease. OxLDL can bind to 

TLR in the atherosclerotic plaque and possibly activate the DC [191]. It has been 

shown that oxLDL can provide a danger signal and induce maturation of DC with 

upregulation of antigen presenting and co-stimulatory molecules [331-332]. DC 

presenting parts of LDL from the plaque to T cells in the regional lymph nodes may 

then contribute to the pro-atherogenic inflammation. In order to avoid confounding 

factors in terms of DC maturation between the KLH and MDA-LDL antigens, we used 
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lipopolysaccaride (LPS) in our study to induce maturation of all DC during the antigen 

pulse. 

These findings illustrate the antigen-specific effect of MDA-LDL pulsed DC on 

atherosclerosis and support the concept that T cell recognition of LDL components 

aggravates disease in an autoimmune fashion (Figure 7).  

 

 

5.3 T cells recognize native LDL 

The finding in paper I showing that DC pulsed with MDA-LDL can induce T cell 

responses to MDA-LDL in vivo is in line with previous studies indicating the positive 

effect of oxLDL on T cell activation. T cell clones from human atherosclerotic plaques 

as well as T cells from peripheral blood can respond to epitopes of oxLDL [257, 305] 

and mice that were immunized with oxLDL exhibit T cell responses to this antigen 

[308, 333]. Other studies have suggested a T cell response directed against oxLDL 

since they found T cell dependent anti-oxLDL IgG in plasma of mice and humans [204, 

301]. Despite the fair amount of data produced, nothing is known about the molecular 

properties of the T cell epitopes in oxLDL or what kind of T cells that are responsible 

for the recognition of these epitopes.  

 

In paper II we set out to characterize the T cells that can recognize oxLDL, by creating 

T cell hybridomas from draining lymph nodes of mice that had been immunized with 

oxLDL. The hybridoma technology allowed us to immortalize a large number of T cell 

clones, but to our surprise none of the T cell hybridomas responded to oxLDL. Instead, 

several of them recognized native LDL (Figure 8).  

 

 

 

 

Figure 8. T cell hybridomas recognize native LDL and ApoB100. Responses of 

monoclonal T cell hybridomas to human oxLDL, native LDL, and purified unmodified 

ApoB100. Activation is measured by IL-2 secretion. 
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It is difficult to standardize the LDL oxidation procedure and there is no strict 

consensus on the physiological oxidation level of plaque LDL. OxLDL with MDA 

modifications exist in the plaque [300], and the most commonly used model for 

OxLDL that contains MDA epitopes is the 18 hour treatment of LDL with 20µM of 

CuSO4. However, to induce expression of adhesion molecules on vascular endothelial 

cells by oxLDL a much milder oxidation is required [136]. To exclude the possibility 

that LDL with a certain degree of oxidation is needed for T cell recognition we set up 

an assay where we oxidized LDL to different degrees ranging from very mild to highly 

oxidized LDL. This was also done for the MDA modified LDL. It was striking to see 

that even a very mild oxidation of the particle resulted in an immediate decrease of T 

cell activation. A dose dependent response to ox/MDA-LDL could be detected at any 

given concentration but its amplitude was inversely proportional to the extent of 

modification of the particles. It is tempting to speculate that previous investigators 

reporting dose-dependency for T cell responses to oxLDL would probably had seen a 

higher degree of activation had they used native LDL. Many of the earlier studies did 

not include native LDL as a control but included other antigens such as KLH instead. A 

study that compared oxLDL with native LDL concerning the uptake via SR-A and 

further presentation to T cells showed a much higher activation level for native LDL 

[334]. It was however concluded that the native LDL may have become oxidized. 

 

Since we could not completely rule out that freshly prepared LDL, kept in a native state 

with an anti-oxidant and protease inhibitors, contained minor oxidative modifications, 

we delipidated LDL immediately after isolation and purified ApoB100. The 

apolipoprotein showed a similar activation pattern as LDL (Figure 8), which suggested 

that native structures were presented by the APC used in the culture. Furthermore, with 

the use of blocking antibodies to MHC class II we demonstrated that peptides from 

ApoB100 were presented via I-Ab to activate the CD4+ T cell hybridomas. 

Interestingly, a recent study has shown that T cell recognition is dramatically impaired 

when an immunodominant peptide from human CMV is oxidized so as to change the 

structure of one amino acid in the peptide. The binding of the peptide to MHC was 

however unaffected [335]. Perhaps this also happens to T cell recognition of LDL 

peptides when they are oxidatively modified. A scenario where binding of the antigenic 

LDL derived peptide to MHC would be unaffected by oxidation (similar to the CMV 

peptide) would probably result in a competition between native and oxidized peptides 

for the peptide binding groove of the MHC molecule. A higher degree of oxidation 

would then result in loading of the oxidized peptides on MHC, but without T cell 

recognition. Such a mechanism would explain the findings in our experiments. Giving 

a fixed concentration of ApoB100 or native LDL to T cells in vitro, but adding 

increasing concentration of oxLDL on top, we could see that T cell activation decreased 

in a dose dependent way. This could be interpreted as a competition between the 

oxidized peptides and the native ones in the MHC peptide cleft; especially since the 

effect was gone when using an unrelated antigen such as ovalbumin.  

Since the hybridoma studies focused on a small population of T cells, we decided to 

extend our studies to include polyclonal populations as well. Mice that were immunized 

with oxLDL or native ApoB100 followed by in vitro re-call of splenocytes from these 

mice with either oxLDL or native ApoB100 showed very weak responses to oxLDL. In 
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contrast, T cell responses to ApoB100 were significantly higher than controls in both 

groups of mice, and we could thus confirm that the activation pattern seen in 

hybridomas was representative for large polyclonal T cell populations. Importantly, we 

found high titers of T cell dependent antibodies against ApoB100, native LDL but also 

oxLDL in these mice. This shows that humoral immune responses are directed also 

against oxLDL, whereas T cell help to B cells producing these antibodies may be 

dependent on native epitope recognition.  

 

The large amount of research regarding the effects of oxLDL on atherosclerosis during 

the last decades has created a dogma. Even though the innate and humoral immune 

responses toward oxLDL are based on firm evidence, the notion that T cells can 

recognize and become activated by oxLDL needs to be changed. Some of the few 

previous studies arguing for T cell reactivity to oxLDL have actually included data on 

T cell responses to native LDL as well, although this was not the focus of these studies 

and clearly underestimated [257, 305]. In fact no studies have ever shown that oxidized 

peptides from LDL are presented via the MHC complex. On the contrary, among 

peptides eluted from I-Ab on B cells and macrophages from mice, several are derived 

from the native ApoB100 sequence [336]. Similarly, a high proportion of the HLA-DR 

molecules present on human APC contained peptides derived from the native ApoB100 

as well [337]. We are currently characterizing the immunodominant epitopes of 

ApoB100 recognized by our T cell hybridomas. 

 

The display of self-peptides by APC in the periphery is believed to be part of the 

steady-state peripheral tolerance [100]. This seems to be a normal process for 

controlling responses to those weak self-antigens that allowed certain self-reactive T 

cell clones to pass the negative selection in thymus. As described in section 1.2.3 there 

are several control mechanisms such as Treg cells or the peripheral segregation that 

help prevent the reactivity to self-antigens. A problem arises when a strong self-antigen 

appears, or when peripheral control of weak self-antigens is not sufficient to prevent 

autoimmunity. We hypothesize that the accumulation and oxidation of LDL that take 

place during early atherogenesis disrupt the peripheral segregation, enhance antigen 

presentation and perhaps even produce strong self-antigens that break tolerance to 

ApoB100. It is tempting to speculate that this may depend on differential processing of 

modified LDL due to changed cleavage sites for proteases present in phagolysosomes 

of APC. Furthermore, APC in the periphery that continuously present weak self-

antigens of ApoB100 may receive TLR stimulation when present in the fatty streak, 

which disturbs the peripheral anergy to that particular ApoB100 peptide and 

consequently induce a T cell response in the local lymph node. 

 

 

5.4 TRBV31+ CD4+ T cells recognize native LDL 

To determine the TCR repertoire of our hybridomas and amplified the CDR3 regions of 

the α and β chain using reverse transcriptase (RT) PCR. All hybridomas responding to 

native LDL and ApoB100 expressed a single TCR variable (V) β chain, the TRBV31. 

Vα expression was more promiscuous and hybridomas that did not respond to 

ApoB100 expressed all different α and β chain combinations. The surface expression of 

the receptor chain TRBV31 was also confirmed by flow cytometry.  
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A previous study that found oligoclonal T cell expansion in the plaques of Apoe-/- mice 

showed the existence of TRBV31 in those plaques [232]. We further confirmed the 

presence of TRBV31 RNA in the lesions of huB100tgxLdlr-/- mice. This suggests that 

TRBV31+ CD4+ T cells participate in the atherogenic process. When depleting 

TRBV31+ T cells from mice that had been immunized with ApoB100, a dramatic drop 

in splenic T cell proliferation was seen in response to ApoB100 invitro. This effect was 

not seen in populations depleted of T cells bearing a β chain not related to ApoB100 

recognition. TRBV31+ T cells (previously called Vβ14) have also been suggested to be 

involved in other autoimmune diseases such as colitis [338] and rheumatoid arthritis 

[339].  

 

 

5.5 TRBV31+ CD4+ T cells are pro-atherosclerotic 

To further characterize the TRBV31+ T cell subset in vivo, we designed a peptide that 

included the full CDR2 region of the TRBV31 chain. It was conjugated to a carrier 

protein, KLH, to induce a strong immune response. Previous studies had shown that by 

immunizing animals or humans with part of an autoreactive and pathogenic TCR, a 

protective response could be achieved that diminished autoimmune disease [314-316]. 

Such protection was associated with induction of Treg cells and/or antibodies, or with 

deletion of autoreactive T cell clones [314-316]. HuB100tgxLdlr-/- mice that were 

immunized with the TRBV31-KLH conjugate developed significantly less lesions 

compared to mice immunized with the carrier protein only. The atheroprotective effect 

was accompanied by an induction of anti-TRBV31 antibodies that could bind to the 

specific TCR and inhibit activation of ApoB100-specific TRBV31+ CD4+ T cells. 

These results clearly indicate the pro-atherogenic potential of TRBV31+ CD4+ T cells 

and are in line with an earlier study showing the atherogenic effect of CD4+ T cells 

recognizing components of LDL [308].   

 

The potential for treating human disease with an anti-TCR strategy is appealing and has 

proven successful in other autoimmune disorders [315-316]. Several important 

obstacles need to be overcome in order to apply this treatment to patients with 

atherosclerosis. To begin with, the TCRs that can recognize autoantigens related to 

plaque development in humans have not yet been characterized. Identifying the 

immunodominant epitopes of atherosclerosis-related antigens like ApoB100 will also 

be important in the search for autoreactive T cells. The human receptor chain 

homologous to TRBV31 may perhaps be a good target, however humans tend to vary 

considerably for their MHC type and show extreme polymorphy in their MHC regions. 

The C57BL/6 genetic background of our mice includes only one type of MHC class II 

which makes TCR identification and epitope mapping much easier than in humans who 

normally carry several different MHC haplotypes. What complicates matters even more 

is the fact that atherosclerosis is a widespread and complex disease with T cell 

polyclonality in the lesions. Maybe a first step would be to narrow down subsets of 

patients, probably among those recovering from acute events such as myocardial 

infarction or stroke. A second step would be to classify MHC haplotype among those 

patients, and a third step would be to look for TCR phenotypes and reactivity towards 

antigens such as LDL. 
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5.6 Atheroprotective Treg cells specific for components of LDL       

Not all CD4+ T cells promote atherosclerosis development. Several recent studies have 

focused on CD4+ Treg cells and shown that natural CD4+CD25+FoxP3+ Treg cells are 

protective against atherosclerosis in mice [276-277, 340]. It has been reported that 

defective Treg function and numbers is associated with certain immune mediated 

diseases such as diabetes and multiple sclerosis in humans [341], but not much is 

known yet for Treg in human atherosclerosis. It is tempting to speculate that Treg 

function in Th1-driven atherosclerotic disease is rather sub-optimal and that restoring or 

boosting Treg function would benefit patients with such disease.  

 

In paper III we aimed at developing an atheroprotective vaccine by targeting the p210 

ApoB100 peptide of LDL to the nasal mucosa of Apoe-/- mice. We hypothesized that 

this would boost peripheral tolerance toward p210 and thereby reduce atherosclerosis. 

P210 has been associated with immune responses in cardiovascular patients and shown 

to inhibit atherosclerosis by regular parenteral immunization [304, 319]. An important 

reason for the design of this study was that a nasal vaccine would vastly benefit over a 

regular s.c. injected vaccine. Nasal administration is easy in contrast to injection of a 

vaccine with a needle and syringe, which requires skilled medical professionals at the 

time of inoculation and disposal of the used needles and syringes. To target the peptide 

to the mucosal immune system, we fused the p210 with cholera toxin B subunit (CTB). 

This subunit can bind to a ganglioside (GM1) on mucosal epithelia and has been well 

documented for its antigen delivering properties and induction of tolerance superior to 

antigen delivered alone. CTB-coupled vaccines have been used successfully for treating 

autoimmune disorders and allergies in animal models [342]. 

 

Apoe-/- mice received the vaccine nasally twice a week for 12 weeks and were then 

sacrificed and evaluated. The p210-CTB treated group of mice was compared to mice 

receiving CTB fused to an ovalbumin (OVA) peptide, or saline alone. Nasal 

administration of p210-CTB caused a significant 35% reduction in lesion size in the 

aortic root of the mice as compared to the control groups. This was an antigen-specific 

effect rather than adjuvant-related since OVA-CTB immunization did not reduce 

atherosclerosis. The effect on disease was accompanied by an induction of antigen-

specific Treg cells generated after p210-CTB vaccination. These cells inhibited 

ApoB100-specific effector T cells as seen by decreased proliferation in co-culture 

studies. In contrast, Treg cells from OVA-CTB vaccinated mice did not inhibit 

ApoB100-specific T cells (Figure 9).  

 

Nasal vaccination is generally associated with induction of IL-10 producing Tr1 cells 

[95, 279] that may be antigen-specific [343]. CD4+ T cells in spleens of p210-CTB 

vaccinated mice produced significantly more IL-10 than did control groups. Therefore, 

we believe that the Treg cells generated in the spleen of the p210-CTB vaccinated mice 

are Tr1 cells. Since IL-10 has proven anti-atherogenic [281-285], its effects may 

contribute to the atheroprotection seen in our study. This is however controversial since 

the inhibition of ApoB100-specific effector T cells required cell-cell contact. IL-10 

producing Tr1 cells do not necessarily mediate suppression only by IL-10 but also via  
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Figure 9. Nasal p210-immunization induces ApoB100-specific Treg activity in 

spleen. Stimulation index represents the ratio of [3H]thymidine uptake by ApoB-specific T 

effector cells in response to 20µg/ml ApoB100, relative to unstimulated cells. Addition of 

purified CD4+ T cells from nasally immunized mice is indicated at different ratios to effector 

cells.  

 

 

 

other mechanisms [95], and IL-10 may however contribute to the reduced 

atherosclerosis in other ways than T effector suppression. For instance, it was recently 

shown that IL-10 acts in a paracrine manner to maintain the expression of FoxP3 in 

Treg cells that would otherwise have lost FoxP3 expression due to inflammatory 

conditions [344]. In our study, FoxP3 expression was increased in aortas of mice that 

received the p210-CTB vaccine. This was also seen in the OVA-CTB mice, although 

not to the same extent. What speaks against an atheroprotective effect of FoxP3+ Treg 

cells in our study is that immunohistochemical staining of FoxP3 in the lesions of 

treated mice did not differ between groups. Importantly, when vaccinating Apoe-/- mice 

lacking functional TGFβ receptors on T cells (Apoe-/-xCD4dnTGFβRII mice) the 

atheroprotective effect of p210-CTB remained significant. Since TGFβ is important for 

the function of FoxP3+ Treg cells it is very unlikely that the atheroprotection seen in 

our study depends on such cells. Nasal tolerance has been more associated with IL-10 

rather than TGFβ, which seems to be more critical for the generation of FoxP3+ CD4+ 

Treg cells in oral tolerance pathways [278, 294, 317]. This may be explained by the 

importance of gut associated retinoic acid that promotes TGFβ induced FoxP3 

expression but inhibits TGFβ-mediated IL-10 expression in naïve CD4+ T cells [345].  

 

P210-CTB immunization via the nasal route induced systemic as well as mucosal 

immunity. Antigen-specific Tr1 cells generated after vaccination were found in the 

spleen, which is in line with previous studies showing similar data [95, 343]. We could 

not detect any differences between the groups concerning CD4+ T cell expression of 

IFNγ, IL-17, IL-4 or FoxP3 in the spleen. However, when analyzing CD4+ T cells of 

the lung which is the major target organ of the nasal vaccination, we saw significant 

less production of IFNγ and IL-17 by those T cells, which suggests a downregulation of 

Th1 and Th17 effector responses in the respiratory mucosa. We could also observe 

higher titers of IgG against p210 in the plasma of mice nasally vaccinated with p210-
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CTB. Although IgA is normally associated with a mucosal immune response, it is more 

prone to be expressed in the oral mucosa rather than the nasal. The latter one may 

induce both systemic (IgG) and mucosal (IgA) responses [346]. The IgG antibodies 

produced against p210 in the mice did not cross-react to mouse LDL particles, 

implying that antibody-dependent LDL clearance did not play any major role for the 

atheroprotective response in the p210-CTB immunized mice. If that would have been 

the case, we should have seen differences in lipoprotein profiles or correlation to lesion 

size, but this was not the case. It is then more likely that the protective effect seen in the 

p210-CTB vaccinated mice depends on antigen-specific Treg cellular immunity rather 

than humoral responses against LDL. 

 

One of the effects of antigen-linked CTB on mucosal tissue may be to induce 

tolerogenic dendritic cells [342]. CTB is associated with the production of IL-10 and 

TGFβ during the mucosal immune response and it is likely that the combination of 

these anti-inflammatory cytokines act on the local DC to induce a tolerogenic function 

in this cell. The tolerogenic DC that takes up the antigen-CTB fusion protein and 

presents it to T cells in the draining lymph node will probably generate regulatory T 

cells. The induced IL-10 producing Tr1 subset in our study can also be generated by 

DC that had been exposed to IL-10 [93]. In paper IV our strategy was to utilize the 

powerful tolerogenic potential of DC and generate such tolerogenic DC in vitro in the 

presence of an LDL-derived antigen in order to influence atherogenesis. 

 

 

5.7 Tolerogenic DC can modulate the cellular immunity to LDL-

derived antigen  

As seen in paper I and II the cell-mediated response to epitopes of LDL is of the pro-

inflammatory type, promoting cytokines such as IFNγ that will induce a Th1 type 

cellular response. In paper IV we took advantage of the anti-inflammatory cytokine 

IL-10 to induce tolerogenic properties in DC with the idea that it would affect LDL-

immunity and counterbalance the pro-inflammatory Th1 response. IL-10 is a potent 

inhibitor of pro-inflammatory immunity. It acts preferentially on DC and macrophages 

where it downregulates their expression of MHC class II, co-stimulatory molecules 

such as CD80/CD86, chemokines, and pro-inflammatory cytokines e.g. IL-6, IL-12 and 

TNFα [347]. The effects of IL-10 on DC indirectly inhibit Th1 and Th2 immune 

responses [347]. We hypothesized that by treating DC with ApoB100 in the presence of 

IL-10 to create tolerogenic ApoB100-specific DC, we could modulate the aberrant 

cellular immune response against LDL and ApoB100. 

 

Bone-marrow derived DC that had been treated with IL-10 did not show any less 

expression of MHC class II or co-stimulatory molecules CD80/86 when compared to 

untreated DC. This may be due to the administration of LPS to all DC in order to 

exclude antigen-inducing effects on maturation. We did, however, titrate to the lowest 

possible LPS concentration needed for induction of maturation. IL-10 treatment 

reduced the secretion of TNFα and CCL-2, and completely abrogated the IL-12 

production of the DC. Activated CD4+ T cells that were incubated with such 

tolerogenic DC significantly reduced their secretion of IFNγ and upregulated the 
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expression of PD-1 as compared to controls. PD-1 is a co-inhibitory molecule essential 

for the control of T cell activation and generation of FoxP3+Treg cells [106]. 

Tolerogenic DC also induced a de novo generation of FoxP3+ CD4+ T cells. 

Interestingly, IL-10-induced tolerogenic DC could suppress the proliferation of effector 

T cells in line with previous observations [112, 348], indicating induction of anergy. 

Presentation of ApoB100 by tolerogenic DC significantly abolished the antigen-

specific response of a T cell hybridoma that responds to ApoB100 (paper II). When 

tolerogenic DC pulsed with ApoB100 were injected into huB100tgxLdlr-/- mice, the 

splenic population of ApoB100-specific T cells became less prone to proliferate against 

ApoB100. Th1 as well as Th2 responses were also decreased from in vitro re-

challenged splenic T cells. Mice that received IL-10-treated DC had significantly 

increased mRNA levels of IL-10, TGFβ and FoxP3 in the spleen, which shows that the 

DC induced a regulatory and anti-inflammatory machinery. 

 

Taken together, these data demonstrate that IL-10 induced tolerogenic DC could 

modulate the cellular immunity to LDL-derived ApoB100 in such a way that peripheral 

tolerance to the antigen was increased. 

 

 

5.8 Immunotherapy with tolerogenic ApoB100-pulsed DC attenuates 

atherosclerosis 

Many studies suggest that the pro-inflammatory environment that develops in the 

plaque in response to retained LDL particles reduces plaque stability and worsens 

disease outcome [116]. It is therefore of importance to find ways of suppressing the 

pathologic cellular immune response to LDL when developing a therapy against 

atherosclerosis. One way of doing this is to target epitopes of LDL to the nasal mucosa 

as done in paper III. Another option would be to manipulate the DC so they do not 

activate pro-inflammatory T effector immunity when presenting ApoB100 epitopes. In 

paper IV, huB100tgxLdlr-/- mice were injected i.v with IL-10-induced tolerogenic 

ApoB100-pulsed DC. The extent of disease was compared to that in animals injected 

with DC that had been pulsed with either a) medium; b) ApoB100; or c) IL-10. An 

untreated group of mice was also included in the study.  

 

A significant, 70% reduction of lesions in the descending thoracic aorta was observed 

in mice receiving ApoB100-pulsed tolerogenic DC as compared to all other groups 

(Figure 10). This was accompanied by a reduced infiltration of CD4+ T cells in the 

lesion, which suggests a dampened antigen-specific T effector response by the 

treatment with tolerogenic DC. Furthermore, antigen-specific treatment also reduced 

plasma levels of IFNγ which indicate that it had a systemic anti-inflammatory effect as 

well as a local one. The presence of anti-ApoB100 IgG in plasma of mice that were 

injected with DC containing ApoB100 did not change with the IL-10 treatment. This 

clearly suggests that the effect of treatment lies within the cellular immunity rather than 

the humoral. It is also in line with previos studies showing that tolerogenic DC act by 

dampening the cellular effector response and instead promoting Treg generation [108, 

112, 348]. 
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Figure 10. Tolerogenic DC reduce atherosclerotic lesion formation in thoracic 

aorta of huB100
tg

xLdlr-/- mice. Mice received one injection I.V. with DC loaded with or 

without ApoB100 and/or IL-10 and fed western diet for 10 weeks.  

 

 

 

In contrast to this, another study has shown that oxLDL-pulsed DC can reduce 

atherosclerosis in the carotid arteries of mice when a collar was surgically attached 

[349]. These were not tolerogenic DC and they were prepared in a different way 

compared to our protocol, as well as injected in a different mouse model. The study 

also failed to show any differences in the aorta of treated mice, which suggests that the 

local environment determines the outcome. The increased atherosclerosis found in mice 

that received immunogenic antigen-pulsed DC (Figure 7 and paper I) has also been 

shown by others [243]. Mice that received DC pulsed with ApoB100 had a modest 

increase in atherosclerosis development which is further in line with the notion that 

immunogenic antigen-pulsed DC do not protect against inflammatory disease (Figure 

10 and paper IV). Generation of immunogenic DC includes maturation by LPS via 

TLR ligation, which has been shown to promote autoreactive T cells in recipients 

[350]. Thus it seems likely that by promoting cellular immune tolerance to ApoB100, 

one could overcome the pro-inlammatory T cell responses that exist against LDL in 

atherosclerosis (papers I and II). 
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6 Concluding remarks 

 

Despite improved prevention and treatment of cardiovascular disease in recent decades, 

it remains a major health problem globally. The important discoveries made within the 

field of atherosclerosis research pointing out inflammation as a cause of disease has 

opened up new possibilities for treatment of atherosclerotic cardiovascular disease. 

Since it has become clear that the immunology of atherosclerosis includes not only pro-

inflammatory mechanisms but also anti-inflammatory and immune-regulatory 

components, it is of great importance to understand the specific inflammatory pathways 

that either promote or inhibit atherosclerosis when designing new therapy. Current 

treatments for most human diseases including atherosclerosis have the disadvantage of 

causing side effects. This is a major issue that has brought to mind the need for 

personalized medicine and expensive individualized treatments. However, an attractive 

option to minimize side effects for immune mediated diseases such as atherosclerosis is 

to explore antigen driven mechanisms and develop antigen-specific therapies. This has 

also been the focus of this thesis. 

 

Mouse models of atherosclerosis are efficient means of unraveling the inflammatory 

process in the intima. The studies in this thesis have used some of these models to 

investigate the impact of cellular immunity on atherosclerosis and how antigen specific 

immunity can be explored to create new therapeutic opportunities (Figure 11). In 

paper I we used the Apoe-/- model and showed that DC can present part of LDL to T 

cells in vivo that augment local inflammation and atherosclerosis. We conclude that DC 

may play a central role in the initiation of atherosclerosis and may also be used to 

influence the disease. In paper II we demonstrated that CD4+ T cells can recognize 

native LDL and ApoB100. When blocking antigen recognition by these T cells, which 

all expressed the TRBV31 TCR β chain, atherosclerosis was abrogated. This work was 

done in the huB100tgxLdlr-/- model. We conclude that T cells recognizing the self-

antigen ApoB100 are pro-atherosclerotic. In paper III we modulated the cellular 

immune response to an ApoB100 derived peptide, p210, towards tolerance by 

exploiting mucosal immunity. By nasally vaccinating Apoe-/- mice with p210 coupled 

to CTB we targeted the peptide to the nasal mucosa, induced ApoB100 specific 

regulatory T cells that produced IL-10 and decreased atherosclerosis. We conclude that 

mucosal immunity can be utilized to dampen the cellular immune response to 

ApoB100, and that p210-CTB is a potential vaccine candidate for treating 

atherosclerosis. In paper IV we manipulated DC presenting ApoB100 and turned them 

into tolerogenic DC that dampened the inflammatory cellular immune response to 

ApoB100 and attenuated atherosclerosis when injected into huB100tgxLdlr-/- mice. We 

conclude that vaccination with tolerogenic ApoB100 presenting DC constitutes a new 

potential immunotherapy against atherosclerosis. 

 

I have in this thesis put forward a concept that assumes autoimmunity in 

atherosclerosis. Briefly, this concept states that atherosclerosis is in part an autoimmune 

disease. This concept is based on the fact that dendritic cells and T cells respond to the 

self-antigen LDL and act in concert to promote atherosclerosis (Figure 11). It builds on 

studies included in this thesis as well as the many previous experiments done by other  
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Figure 11. Cellular immune responses to LDL in atherosclerosis. Dendritic cells 

(DC) take up and present components of LDL to CD4+ T cells. TRBV31+ CD4+ T cells 

respond to native epitopes of LDL. The activation of DC and T cells by LDL leads to 

production of pro-inflammatory cytokines such as IL-12 and IFNγ, which accelerates 

atherosclerosis. The T effector response to LDL can be dampened in several ways: 1) Blocking 

the function of LDL-specific TRBV31+ T cell subset by IgG in vivo. 2) Stimulating a mucosal 

immune response to an ApoB100-derived peptide (p210), which leads to generation of Tr1 cells 

that suppress ApoB100-specific T effector cells. 3) Inducing tolerogenic DC by treating them 

with IL-10 in the presence of ApoB100. These DC stimulate de novo generation of FoxP3+ 

Treg cells and dampen the function of ApoB100-specific T effector cells. All these strategies 

lead to decreased inflammation and less atherosclerosis. 
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researchers showing the antigenic potential of LDL and the significance of adaptive 

immunity in atherosclerosis. Furthermore, I have exploited this concept and used LDL 

as an immunotherapeutic target to create new opportunities for treatment of 

atherosclerosis. Hopefully the knowledge gained from the studies of this thesis will 

contribute to our understanding of autoimmunity and become useful in the future when 

translating experimental therapies into the clinic.     
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