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ABSTRACT 

Ischaemic heart disease and stroke are the most common causes of death in the world, both 

diseases being manifestations of atherosclerotic cardiovascular disease. Atherosclerosis is a 

slow process initialized by the retention and accumulation of cholesterol rich lipoproteins in 

the innermost layer of the artery wall. Activation of an inflammatory response with the 

recruitment of immune cells lead to a buildup of plaques in the vessel. Both innate immune 

cells, most prominently macrophages, and adaptive immune cells play important roles in all 

stages of the development of atherosclerosis. 

Metabolism is intimately linked with atherosclerosis development. Systemically increased 

levels of metabolites such as cholesterol and glucose are known risk factors for atherosclerosis. 

The metabolism in the microenvironment of the atherosclerotic plaque shape the immune 

response and influence disease progression. Immune cell metabolism of glucose and amino 

acids have been suggested as possible targets for future therapy. While modern therapies are 

effective at reducing known risk factors such as hyperlipidemia, considerable risk remains and 

few therapies for atherosclerosis target the underlying inflammatory mechanisms that drive the 

disease. 

In Paper I the effect of indoleamine 2,3-dioxygenase (IDO) mediated tryptophan metabolism 

on atherosclerosis was investigated.  Pharmacological inhibition of IDO with 1-methyl-

tryptophan resulted in increased atherosclerotic burden in mice. Furthermore, in vitro data 

showed that the expression of pro-inflammatory molecules was increased on smooth muscle 

cells upon IDO inhibition. Treatment with the downstream tryptophan metabolite  

3-hydroxyanthranilic acid (3-HAA) reversed both the in vivo and in vitro effects of IDO 

inhibition. 

The effects of 3-HAA on lipoprotein metabolism was studied in Paper II. Activity of the 

transcription factor sterol response element binding protein 2 (SREBP2) was decreased when 

HepG2 hepatoma cells were treated with 3-HAA. Mice treated with the pharmacological 

inhibitor of the 3-HAA degrading enzyme 3-HAA oxygenase had less atherosclerotic plaque 

size and lower plasma lipids. In vitro experiments also showed 3-HAA to be a potent inhibitor 

of the inflammasome in macrophages. 

In Paper III we showed that the metabolism of tryptophan is altered in human atherosclerotic 

disease. Patients with symptoms had an impaired metabolism of tryptophan to kynurenic acid, 

a metabolite that can induce anti-inflammatory responses, possibly via aryl hydrocarbon 

receptor activation. In Paper IV we demonstrate that the small molecule dichloroacetate 

(DCA), a known inhibitor of glycolysis, reduces atherosclerosis lesion size, plasma lipids and 

reprograms the immune system towards an anti-inflammatory phenotype. We also show that 

DCA is a potent inhibitor of inflammasome production of IL-1β. 
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1 IMPACT OF ATHEROSCLEROTIC DISEASE 

During the last century, diseases of the heart and blood vessels, known as cardiovascular 

disease (CVD), have replaced communicable diseases as the main cause of mortality in the 

world. Ischaemic heart disease is the single most common cause of death, accounting for 16.6% 

of total deaths globally in 2016, followed by stroke which caused 10.2% of deaths in the same 

year. The most common cause of death not related to CVD, chronic obstructive pulmonary 

disease, accounted for 5.4% of global mortality. A similar pattern is seen across all income 

levels, except in the countries with lowest income where communicable disease still drives 

mortality rates. While a small decrease in mortality rates can be seen in countries with the 

highest income, CVD deaths globally are on the rise (1).  

Apart from being the principal cause of death and disability, CVD is also the most important 

cause of costs for developed healthcare systems. The total direct and indirect cost of CVD 

(including stroke) in the United States was estimated at an annual average of $329.7 billion for 

2013 to 2014. That accounts for 14% of total health expenditures and is the highest cost of any 

diagnostic group. By 2035, 45.1% of the total population of the United States is predicted to 

suffer from at least one CVD, and total costs for CVD-related illness are predicted to rise to 

$749 billion (2). 

Both of the main causes of death, ischaemic heart disease and stroke, are commonly caused by 

atherosclerosis. Atherosclerosis is recognized by the focal thickening of the inner most layer 

of the artery wall, the intima, a feature known as atheroma or atherosclerotic plaque. These 

atherosclerotic plaques contain lipids, several types of cells, connective tissue and debris. A 

premature form of the atherosclerotic plaque is the fatty streak, an aggregation of lipid-laden 

immune cells in the intima. Fatty streaks are seen in young patients and may recede or may 

develop into atherosclerotic plaques. The atherosclerotic plaques may mature over time and 

cause symptoms, either through the slow growth of a stable plaque obstructing arterial flow, or 

through rupture of the plaque and the sudden formation of an intra-arterial thrombus, the latter 

giving rise to acute onset end-organ ischaemia (3).  

Through epidemiological studies, several risk factors for atherosclerosis have been found. The 

current concept of risk factors for atherosclerosis was first introduced as a result of the 

Framingham Heart Study (4). The risk factors discovered within the Framingham Heart Study 

include tobacco smoking, hypertension, hypercholesterolemia (specifically elevated low-

density lipoprotein cholesterol [LDL-C] and decreased high-density lipoprotein cholesterol 

[HDL-C]), age, male sex and diabetes mellitus (5). Several of these risk factors are highly 

prevalent in the population; for example, 62% of Swedish men and 42% of women are expected 

to suffer from hypertension (6) and in 2015-2016, at least 12.4% of the adult U.S. population 

was estimated to suffer from hypercholesterolaemia (7). However, while conventional risk 

factors account for approximately 75% of CVD, substantial risk remains (8). Furthermore, even 

optimal treatment of risk factors in patients identified to be predisposed for CVD events does 
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not offer adequate protection, and considerable risk remains even with current preventive 

treatment (9). Thus a need for additional approaches in the treatment of CVD is apparent. 

1.1 HUMAN ATHEROSCLEROSIS IS AN INFLAMMATORY DISEASE   

The notion that atherosclerosis is an inflammatory disease was put forward in the 19th century 

by Rudolf Virchow (10), with Nikolai Anitschkow adding important insight into the role of 

cholesterol in vascular inflammation in the early 20th century. An important step in achieving 

acceptance of the hypothesis of inflammation as a main factor in atherosclerosis was taken with 

the discovery of an association between the acute phase reactant C-reactive protein (CRP) and 

atherosclerosis by Attilio Maseri et al. (11). In 1997, it was demonstrated that an elevated serum 

CRP level was associated with an increased risk of a vascular event later in life (12). The 

measurement of CRP is a common procedure to determine the level of inflammation in a 

patient, and the potential clinical applicability of this finding led to a wider spread of the notion 

that inflammation is intimately linked with the onset and progression of atherosclerosis.  

However, the clinical findings of the 1990s were founded on several experimental observations 

relating CVD and atherosclerosis to inflammation made in the previous decade. Several 

inflammatory molecules such as cytokines and growth factors were previously associated with 

atherosclerosis in experimental studies (13). Other epidemiological evidence of the relationship 

between inflammation and atherosclerosis comes from the observation that patients suffering 

from autoimmune disease have an increased risk of CVD. The presence of rheumatoid arthritis, 

one of the most common autoimmune diseases, increases the risk of myocardial infarction by 

a magnitude approximately similar to that of the conventional risk factor diabetes mellitus (14). 

The implication of inflammation and the immune system in the pathogenesis of atherosclerosis 

holds the promise of new therapeutic options targeting the cause of atherosclerosis. In 2017, 

the Canakinumab Anti-Inflammatory Thrombosis Outcomes Study (CANTOS) was the first 

randomized controlled trial to successfully show that an intervention directly targeting immune 

function could reduce CVD events and death independently from affecting conventional risk 

factors (15). The interleukin (IL) 1β targeting monoclonal antibody Canakinumab was used in 

patients with a previous myocardial infarction and an elevated level of high-sensitivity CRP 

(hsCRP ≥ 2 mg/l). While a decrease was seen in the primary endpoint (recurrent myocardial 

infarction, stroke or cardiovascular death), treatment with Canakinumab significantly increased 

the risk of mortality due to severe infection. This highlights both the potential of 

immunomodulatory treatment of CVD as well as it demonstrates the need for increased 

knowledge about the immune system and immune mechanisms in atherosclerosis to improve 

future therapies. 

2 THE IMMUNE SYSTEM 

Components of the immune systems are implicated in all stages of atherosclerotic disease. The 

immune system is a collective name for several cell types, tissues and organs dispersed 

throughout an organism tasked with defending the host against infection. To do so, an advanced 
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ability to discriminate between conditions that should give rise to a protective immune 

response, and conditions that should not, is needed so that an immune response is not developed 

against the organism’s self. Apart from foreign microorganisms, the intricate immune system 

of a human must also clear away debris from normal cell turnover, remove mutated cells and 

plays an essential part in maintaining normal homeostasis. These diverse tasks call for 

extensive crosstalk between the immune system and other organ systems, and a great variety 

of available immune responses. 

 

2.1 THE INNATE IMMUNE SYSTEM 

The immune system ccn be divided into the innate immune system and the adaptive immune 

system. The innate immune system is the first line of defence against infection, specialized at 

recognizing invading microorganisms and alerting the slower but more specific adaptive 

immune system. Epithelial barriers, such as skin and mucosa, are part of the innate immune 

system and apart from physically hindering pathogens from entering the host, these organs 

normally secrete antimicrobial molecules. Once in the host, microorganisms are recognized by 

the innate immune system by receptors that bind molecular motifs specific for infectious 

agents. These molecular motifs are often referred to as pathogen-associated molecular patterns 

(PAMPs). Molecules associated with tissue damage also give rise to an innate immune 

response, and these molecules are usually seen as damage-associated molecular patterns 

(DAMPs). The receptors that recognize PAMPs and DAMPs are called pattern recognition 

receptors (PRRs)(16). 

2.1.1 Innate immune receptors 

There are several PRRs. A notable family of PRRs is the Toll-like receptors (TLRs). Located 

on the cell surface are TLRs recognizing components of bacteria. Examples of cell-surface 

TLRs are TLR4 which binds lipopolysaccharide, TLR5 which binds flagellin, TLR2 which 

binds peptidoglycan and, TLR1 and TLR6 that are involved in the recognition of bacterial 

lipopeptides. Endosomal TLRs recognize components of nucleic acids often seen during viral 

infections such as dsRNA (TLR3), ssRNA (TLR7 and TLR8) and CpG DNA (TLR9). Most 

often, TLRs function as homo- or heterodimers. Once activated, TLRs signal through the 

mediator protein MyD88 to activate the transcription factor nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB). Alternatively, some signals are transduced via TIR-

domain-containing adapter-inducing interferon-β (TRIF), leading to the transcription of type 1 

interferons (INF-I) (17, 18).  

Another important family of PRRs is the nucleotide-binding oligomerization domain-like 

receptors (NOD-like receptors; NLRs). In contrast to membrane-bound TLRs, NLRs are 

cytosomal receptors and respond to a wide variety of PAMPs and DAMPs. There are at least 

22 different NLRs that can be subdivided based on the N-terminal domain of the receptor. The 

N-terminal domain is responsible for receptor effector functions and interacts with other 

proteins. There are four main types of NLR N-terminal domains: the acidic transactivation 
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domain (NLRA), the baculoviral inhibitory repeat-like domain (NLRB), the caspase activation 

and recruitment domain (NLRC) and the pyrin domain (NLRP) (19). The C-terminus of the 

receptor is responsible for sensing and recognizing ligands. Several PAMPs and DAMPs are 

recognized by different NLRs, including components of bacteria and viruses; extracellular 

adenosine triphosphate (ATP); changes in intracellular ion concentration; monosodium  

urate-, calcium pyrophosphate- and cholesterol crystals; free fatty acids; and reactive oxygen 

species. Some NLRs, such as NLRC1 (also known as NOD-1) and NLRC2 (also known as 

NOD-2) function in a similar manner as TLRs in that when activated, the receptors stimulate 

transcription of pro-inflammatory genes through the activation of NF-κB (20). Other NLRs 

recruit other cytosolic proteins to form multimeric complexes called inflammasomes. 

One of the most studied inflammasomes is the NLRP3 (also known as NALP3) inflammasome. 

Ligands for NLRP3 are structurally varied and include toxins or whole-pathogen components 

from microorganisms such as Candida albicans and Staphylococcus aureus as well as host-

derived molecules such as extracellular ATP, and monosodium urate- or cholesterol-crystals. 

The activation of the inflammasome is tightly regulated, and during physiological conditions 

counteracting inhibitory mechanisms are believed to block aberrant inflammasome activation. 

The end product of inflammasome activity is the secretion of the mature forms of the cytokines 

IL-1β and IL-18. To achieve this several steps are required, of which the first is priming of the 

inflammasome.  

During priming, pro-inflammatory signals such as TLR ligation and activation, or signals from 

pro-inflammatory cytokines such as tumour necrosis factor (TNF) and subsequent activation 

of NF-κB induce the transcription of components necessary for inflammasome function. 

Mainly the immature pro-form of IL-1β (pro-IL-1β) is needed as most cells do not have a ready 

supply of this cytokine during resting conditions. Additionally, components of the 

inflammasome machinery such as NLRP3 itself are increasingly transcribed upon pro-

inflammatory signalling. Once primed, an activating signal is needed to initiate the assembly 

of the inflammasome proteins. The activation is typically ligation of NLRP3 with one of its 

agonists. Once activated, NLRP3 recruits the adaptor protein “associated speck-like protein 

containing CARD” (ASC). The final component in the complex is pro-caspase-1 and several 

complexes oligomerize to form the mature inflammasome. Pro-caspase-1 is cleaved and thus 

activated, and in turn caspase-1 cleaves pro-IL-1β into mature IL-1β that is secreted. 

Inflammasome activation is a potent pro-inflammatory mechanism and is known to induce 

pyroptosis, a form of cell death. Failed inhibition or overactivation of the inflammasome is 

associated with several autoimmune disorders such as periodic fever syndromes, but has also 

more recently been implicated in chronic diseases such as diabetes mellitus type 2 (21). 

2.1.2 Monocytes and macrophages 

Several cell types make up the innate immune system. The first cells to encounter a pathogen 

or initiate an inflammatory response are often mononuclear phagocytosing cells such as 

monocytes or macrophages. Monocytes derive from CD34+ myeloid progenitor cells in the 

bone marrow. A supply of circulating monocytes is continuously released into the circulation. 
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Upon infection or inflammation, the bone marrow output of monocytes can be quickly 

increased, mainly as a response to cytokines such as granulocyte colony-stimulating factor (G-

CSF), C-C-motif-ligand 2 (CCL2) and CCL5. The spleen also functions as a reservoir for 

monocytes to be recruited after inflammatory stimuli. Traditionally, two populations of 

monocytes have been described in human circulation: the classical monocytes, identified by 

CD14++CD16- and non-classical monocytes, CD14dimCD16+. A similar division into two 

subsets can be made of murine monocytes, where the Ly6C+CCR2+CX3CR1low cells are short 

lived and quickly recruited in to inflamed tissues while Ly6C-CCR2-CX3CR1high cells migrate 

into non-inflamed tissues. However, with increasing ability to differentiate monocytes, the 

paradigm of two subsets has been challenged, and an intermediate subset of human monocytes 

has been proposed (CD14+CD16+HLA-DR+CD86+CD11c+). Classical monocytes would then 

gradually differentiate into non-classical monocytes by passing the intermediate stage. The 

function of the classical monocyte is to migrate to inflamed tissues, phagocytose antigens, and 

initiate the immune response. Intermediate monocytes display upregulation of several 

processes related to antigen presentation and are believed to be important for activation of the 

adaptive immune response as well as apoptosis control. Non-classical monocytes are important 

in antibody-mediated phagocytosis and in patrolling blood vessels. The transition between 

classical and non-classical monocytes is not clear-cut and with the advent of more advanced 

tools such as mass spectrometry coupled flow cytometry, an increasing number of further, 

partially overlapping, subdivisions of the monocyte population have been added.  (22, 23) 

Once migrated into an inflamed tissue, monocytes may differentiate into macrophages and 

dendritic cells (DCs); however, not all macrophages are derived from monocytes. A large 

portion of tissue resident macrophage populations are already established in foetal life and are 

not dependent on monocyte infiltration during adult life. Macrophages differentiated from 

monocytes are believed to have specific functions and phenotypes compared with tissue 

resident macrophages; however, the contribution of origin versus the contribution of local 

factors to macrophage function is still debated. Organs with self-renewing tissue resident 

macrophages include the brain, epidermis, lung and liver. The heart and pancreas have a slow 

renewal of their macrophage pool by infiltrating monocytes while the gut and dermis have a 

fast turnover of macrophages with a pronounced infiltration of circulating monocytes (24).  

Another common way to subdivide macrophages other than being tissue resident or not, is 

based on their cytokine and receptor response to stimulation. Macrophages activated by ligation 

of TLRs as a response to invading foreign microorganisms primarily develop into a pro-

inflammatory phenotype called M1 macrophages. Pro-inflammatory cytokines, particularly 

interferon-γ (INF-γ), also polarize macrophages into the M1 phenotype. Functionally, M1 

macrophages specialize in phagocytosing foreign antigens and cell debris, killing and 

degrading phagocytosed material, and maintaining the inflammatory response. Upregulation 

of the transcription of pro-inflammatory cytokines such as TNF and IL-12b is a signature of 

M1 macrophages, as is a change in arginase metabolism with upregulation of inducible nitric 

oxide synthase (iNOS) to generate the free radical nitric oxide (NO). M2 macrophages are on 

the other end of the spectrum compared to pro-inflammatory M1 macrophages, as M2 
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macrophages play important roles in wound healing, resolution of inflammation and 

maintaining tissue homeostasis. Most of tissue resident macrophages are not activated during 

normal conditions and could be argued to be of the M2 phenotype. In vitro, a similar phenotype 

can be achieved by polarizing macrophages with the cytokines IL-4 and IL-13. Typical M2 

macrophages express arginase instead of iNOS. M2 macrophages secrete the pro-tolerogenic 

cytokines IL-10 and transforming growth factor β (TGF-β), which are important in tissue 

repair. Components of the NLRP3 inflammasome also seem to be downregulated in M2 

macrophages.  

The dichotomy of dividing macrophages into M1 and M2 macrophages is, however, a 

simplification. For example, several subsets of M2 macrophages have been described (M2a, 

M2b and M2c), and each subset depends on different stimuli for polarization. Furthermore, 

other subsets of macrophages have been described, such as regulatory macrophages (Mregs), 

macrophages induced by oxidized lipids (Mox) and M4 macrophages. The applicability of the 

M1 and M2 classification, a nomenclature mainly sprung from the stimulation of macrophages 

in vitro, in the in vivo setting is also being questioned. It is clear that macrophages are a highly 

plastic cell type with the ability to change between several functions and roles depending on 

local stimuli and that classification should be done on a continuous spectrum rather than into 

clear-cut populations (25-28). 

2.1.3 Dendritic cells  

Dendritic cells (DCs) have traditionally been described to be of myeloid lineage like 

monocytes. Modern views on haematopoiesis have, however, given nuance to that belief, 

suggesting that myeloid and lymphoid potentials run together longer than previously suggested 

and explaining the observed lymphoid markers in some subsets of DCs. DCs originate in the 

bone marrow and are then released into the circulation. In the human setting, there are three 

main subsets of DCs: conventional DCs 1 and 2 (cDC1 and cDC2 respectively) and 

plasmacytoid DCs (pDCs). Finally, monocytes can differentiate into DCs under certain 

conditions, and are then called monocyte-derived DCs (mo-DC).  

In the activation of the immune response, DCs have two functions. The first is to collect antigen 

and transport it to an appropriate lymphoid organ. To do so, DCs are spread throughout most 

tissues of the body but are particularly abundant at sites commonly exposed to foreign 

microorganisms, such as epithelial barriers. DCs form a cellular net throughout the tissues of 

the body where they sample their environment and take up antigens using a wide array of PRRs. 

Once an antigen is taken up and an inflammatory response is initiated, DCs lose adhesion to 

their environment and start to migrate along a chemokine gradient towards a lymph node (LN).  

The DCs then begin to mature and to perform their second task in initiating an immune 

response, which is to present the antigen to the adaptive immune system and initiate an 

appropriate adaptive response. During the maturation process, the lysosomes of the DCs acidify 

to breakdown and process the antigen into small peptides. The antigen peptides are displayed 

on major histocompatibility complex class II (MHC-II) molecules that are trafficked to the cell 
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surface. To activate a robust immune response, DCs are also producers of cytokines and 

microbial activation induces the production of TNF, IL-12 and other pro-inflammatory 

cytokines. Dendritic cells that have not undergone maturation do not display antigen to the 

same extent. However, displaying the antigen is not enough to initiate an immune response. An 

additional signal is needed such as co-stimulation of the adaptive immune system by the DC, 

e. g., by CD80 or CD86. During resting conditions, DCs seem to play an important role in 

maintaining tolerance towards self-antigens while presenting endogenous peptides without co-

stimulation.  

The cDC2 subset seems to have the broadest ability to present foreign antigens and give rise to 

a wide variety of adaptive immune responses, even tolerogenic ones. In the case of cDC1, this 

subset is specialized in promoting a cellular immune response aimed at activating CD8+ T cells 

and a T-helper cell type 1 (TH1) response. pDCs are named for their morphological similarity 

with plasma cells, and the function of pDCs is particularly important in combatting viruses and 

neoplasia. TLR7 and TLR9, both receptors of nucleic acid elements are abundant in pDCs and 

upon activation, pDCs produce large quantities of INF-I. In certain autoimmune diseases and 

experimental settings, pDCs have been found to be tolerogenic and to induce regulatory cells 

of the adaptive immune response (29-31). 

2.1.4 Granulocytes 

Granulocytes, sometimes referred to as polymorphonuclear cells due to the multilobulated 

shape of their nuclei, are the most abundant immune cells in human blood. The most numerous 

granulocytes are neutrophils, numbering between approximately 1.6 and 5.9 million cells per 

milliliter of blood in healthy adults, constituting 50% to 70% of circulating immune cells (in 

mice, however, neutrophils constitute approximately 10% to 25% of circulating white cells) 

(32). At times of inflammation such as infection, the count of neutrophils quickly increases 

under the influence of G-CSF, sometimes doubling the count. Neutrophils are generated in the 

bone marrow. Once formed, they patrol the circulation, and during physiological conditions, 

they have limited survival in tissues. Exceptions are sites of reservoirs of mature neutrophils, 

such as the spleen and lungs, where mature neutrophils carry out surveillance and function as 

a pool to quickly recruit cells from in the event of inflammation. During inflammation the 

lifespan of neutrophils is substantially prolonged.  

Neutrophils are the first responders at sites of inflammation. Local cells of the innate immune 

system are activated, secreting pro-inflammatory cytokines that activate the endothelium. By 

binding to selectins and subsequently to integrins, neutrophils first roll along and then attach to 

the activated endothelium. Once attached, the neutrophil moves across the endothelium and out 

into the inflamed tissue. Several effector functions are available to mature neutrophils. The 

neutrophils are adept phagocytes and can quickly phagocytose bacteria or sterile antigens. 

Additionally, as the name granulocyte implies, neutrophils are loaded with granules that can 

be released upon activation. The granules are filled with cytotoxic components such as 

myeloperoxidase or proteolytic enzymes. Finally, neutrophils may expel their DNA to form 
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net-like structures called neutrophil extracellular traps (NETs) coated with enzymes to trap and 

kill invading microorganisms (33). 

Based on staining properties, two other forms of granulocytes exist, eosinophils and basophils. 

Eosinophils play an important role in defending the host against helminth and parasitic 

infection but are also implied in late phase hypersensitivity reactions. Basophils are rare white 

blood cells that also play a role in hypersensitivity reactions. 

2.1.5 Additional innate immune cells 

Mast cells are bone marrow derived innate immune cells. Typical mast cells have a strong 

affinity for immunoglobulin E (IgE) antibodies mainly through the FcεRI receptor. This 

affinity for IgE makes mast cells important effector cells in type 1 hypersensitivity reactions. 

Upon stimulation, mast cells release preformed granulae containing histamine, tryptase and 

chymase. Mast cells have been found in atherosclerotic plaques and have been argued to 

influence macrophage cholesterol uptake (34). In addition to mast cells, the innate immune 

system also includes natural killer cells (NK-cells) that are important in the defence against 

tumours and intracellular pathogens. Recently, innate cells from the lymphoid lineage called 

innate lymphoid cells (ILCs) have been discovered. 

2.1.6 Complement 

The innate immune system comprises a humoral arm made up of acute phase proteins and the 

complement system. The complement system is made up of several proteolytic proteins 

forming an enzymatic cascade, allowing for great amplification of the response upon 

activation. Three different pathways activate the complement system. The classical pathway is 

dependent on antibody coating of a pathogen to initiate the first signal. Certain molecular 

structures on microbes may directly activate the so called alternative pathway of complement 

activation. Third, mannose-binding lectin may also activate the complement cascade. 

Regardless of the mode of activation, the pathways join in the cleavage of complement factor 

C5 which initiates the assembly of a protein structure called the membrane attack complex 

(MAC). The MAC may then form a pore in the membrane of the microbe, killing it. However, 

the coating of microbes with complement, targeting them for phagocytosis by macrophages or 

neutrophils, is probably of greater functional importance than the direct bactericidal functions 

of the complement system. To not coat cells belonging to the self, an array of inhibitory 

molecules present at most cell membranes inhibit the binding of complement (35). 

2.2 THE ADAPTIVE IMMUNE SYSTEM 

While the innate immune system is tasked with detecting foreign microorganisms and alerting 

the organism of danger and infection, it falls on the adaptive immune system to mount an 

effective response. Furthermore, the adaptive immune system is capable of immunologic 

memory, which improves the response should the same antigen be encountered again. If the 

innate immune system is rigged for detecting common and repeating patterns found in 



 

 9 

pathogens, the adaptive immune system excels at diversity. The main cells of the adaptive 

immune system are two types of lymphocytes, T cells and B cells. 

2.2.1 T cells  

While originating in the bone marrow, immature T cells migrate to the thymus to undergo 

maturation. The purpose of maturation is to generate T cells that are active enough to respond 

to pathological antigens but not activated when encountering host antigens. At the heart of this 

process is an antigen recognizing surface receptor called the T-cell receptor (TCR). The most 

common TCRs are heterodimers made up of one α chain and one β chain (36). The chains 

contain both constant domains (C) and variable domains (V) where the V-domains are 

responsible for antigen recognition.  

The complete repertoire of antigens recognized by the pool of T cells is at least 2.5 × 107 but 

potentially as large as over 1020 antigens (37), and to achieve such diversity, genes encoded in 

the germline would not suffice. Instead, T cells have developed an advanced system to 

introduce variability in the peptide sequence of the antigen-sensing domain of the TCR. First, 

several variants of gene segments for the antigen-sensing domain exist that can be assembled 

in different combinations by lymphocyte-specific recombinases (recombination activating 

gene; RAG 1 and 2) to generate large variety. Second, in the recombination step, several 

changes to the nucleotide sequence are added, making the variation in the resulting sequence 

increase dramatically. This process does however allow for the generation of non-functioning 

sequences or even sequences that are not able to be translated into protein. Selection is therefore 

needed. In a process referred to as positive selection, only clones of T cells with intact TCRs 

that are able to bind antigen presenting receptors (MHC-II) are given stimuli for further 

maturation, and clones without functioning TCRs undergo apoptosis. Negative selection occurs 

when the maturing T cells that react strongly to self-antigens are removed. Conventional T cells 

can only detect peptide antigens presented by an antigen-presenting cell (APC) on an MHC-II 

molecule. The distribution of a specific TCR is clone specific, meaning that each T cell clone 

has a unique TCR that reacts to a specific antigen. 

To become fully activated, T cells require two signals. The first signal (signal 1) is ligation of 

the TCR by an antigen displayed on MHC-II by an APC. A typical second signal (signal 2) is 

provided by costimulatory molecules on the APC, the most well-known of which are B7-1 

(CD80) and B7-2 (CD86). Costimulatory molecules are upregulated on APCs by 

microorganisms or pro-inflammatory cytokines, thus ensuring that signal 2 is only present 

during an inflamed state. CD80 or CD86 binds to CD28 on T cells, which mediates the second 

signal to T cells. Another set of molecules important for co-stimulation of T cells are CD40 on 

APCs and CD40 ligand (CD40L) on activated T cells. Instead of functioning as co-stimulation 

per se, ligation of CD40 on APCs upregulates regular co-stimulatory molecules on the APC, 

thus allowing the activated T cell to aid in initiating an immune response. Other molecular 

interactions inhibit the immune response; for example cytotoxic T-lymphocyte-associated 

protein 4 (CTLA-4) and programmed cell-death protein 1 (PD-1) bind ligands on APCs but 

inhibit the immune response. 
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T cells that have not yet been activated are referred to as naïve T cells. Once activated, most 

often by APCs that have migrated to a secondary lymphoid organ, the T cell starts to proliferate. 

As the specificity of the TCR is clonal, the number of T cells that recognize a particular antigen 

is greatly expanded. Of this expanded pool of antigen-specific T cells, most are recruited to 

carry out immune effector functions and are thus called effector cells, and when the stimulus 

of the particular antigen is cleared, these cells undergo apoptosis. A small fraction of cells, 

however, turn in to more long-lived memory cells, increasing immune response efficiency 

against future challenge by the same antigen.  

2.2.2 T-cell types 

Two types of conventional T cells exist, CD4+ T cells and CD8+ T cells. CD8+ cells are often 

referred to as cytotoxic T-lymphocytes (CTLs) as they are mediators of cellular immunity. To 

be activated, CTLs are stimulated by antigens bound to major histocompatibility complex class 

I (MHC-I) molecules. MHC-I displays intracellular antigens from the cytosol and is present on 

all cells, while specialized APCs such as DCs may display phagocytosed antigens on MHC-I 

as well. This affinity for MHC-I makes CTLs important for immunity against intracellular 

pathogens such as viruses and intracellular bacteria. Once an activated CTL binds its 

corresponding antigen presented on MHC-I, it may secrete granule proteins such as granzymes 

and perforins that mediate cell death. An alternative effector function is to ligate the Fas 

receptor of an infected cell, causing apoptosis. 

CD4+ T cells have effector functions that enhance or fine tune other arms of the immune 

system, mainly by secreting cytokines or providing stimulatory cell-to-cell interactions, and 

are therefore referred to as T-helper (TH) cells. There are several subsets of TH cells based on 

the profile of their secreted cytokines and effector functions, where each TH cell subset typically 

is dominant in a particular type of immune response (38). TH cells that are activated in the 

presence of INF-γ and IL-12 activate the transcription factor T-box-containing protein 

expressed in T cells (T-bet) and become TH1 cells. TH1 cells are important for protection against 

intracellular bacteria and are adept at inducing bactericidal activity in phagocytosing cells of 

the innate immune system.  

INF-γ is the most important cytokine secreted by TH1 cells, not only activating macrophages 

and polarizing them towards M1, but also maintaining the TH1 response as a positive feedback 

loop. If IL-4 instead is present during TH cell activation, a TH2 response is initiated. The main 

transcription factor governing TH2 polarization is GATA-binding protein 3 (GATA-3). TH2 

cells are part of the immune response to parasites such as helminths and secrete IL-4 and IL-5, 

which potentiate eosinophil function. In addition, TH2 cells secrete IL-10, which downregulates 

TH1 responses and together with other TH2 cytokines, promotes M2 macrophage polarization. 

A particular subset of TH cells are TH17 cells, named after their hallmark secreted cytokine, IL-

17. TH17 cells develop by the actions of pro-inflammatory cytokines such as IL-23, IL-6 and 

IL-1 as well as to some degree TGF-β. The main transcription factor driving the TH17 response 

is RAR-related orphan receptor gamma isoform t (RORγt), and TH17 cells are important in 

fighting extracellular bacteria (36, 39). 
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Regulatory TH cells (TReg) are important in maintaining immune tolerance against the self and 

for regulating pro-inflammatory immune responses. TReg cells comprise approximately 5-7% 

of CD4+ T cells and are classically recognized as CD4+CD25+ cells with upregulation of the 

transcription factor forkhead box P3 (FOXP3). TReg cells can be generated already in the 

thymus or alternatively develop in the periphery as inducible TReg cells (iTReg), mainly in 

conjunction with gut epithelial barriers, under the influence of TGF-β. While thymic TReg cells 

display TCRs mainly recognizing self-antigens, iTReg cells have TCRs specific for a broad 

variety of substances, including innocuous foreign antigens. TReg cells maintain immunological 

tolerance during homeostasis and downregulate the immune response against their cognate 

antigen. To do this, TReg cells secrete regulating cytokines, such as IL-10 and TGF- β, as well 

as display regulatory molecules such as CTLA-4 (40). 

Finally, a specific subset of T cells, called natural killer T cells (NKT-cells), may be generated 

in the thymus. NKT cells display a unique set of TCRs that recognize a variety of lipid antigens. 

The TCRs of NKT cells display less variety than regular T cells, and specific lipid components 

of bacteria activate several clones of NKT cells. Lipid antigens are presented to NKT cells on 

the CD1d molecule, expressed not only on APCs but also on several other tissue cells. Although 

often more sensitive to activation than conventional T cells, NKT cells require APC stimulation 

to fully activate, for example via CD80/CD86 ligation, and are sensitive to co-inhibitory 

pathways such as PD-1 ligation. Upon activation, NKT cells produce cytokines similar to a 

TH1 response (41).   

2.2.3 B cells 

The other major lymphocyte population is, similarly as T cells, originated in the bone marrow 

from lymphoid progenitor cells. However, instead of migrating to the thymus for maturation, 

this lymphocyte population matures in the bone marrow and is thus referred to as B cells. B 

cells are responsible for the humoral arm of the adaptive immune system by differentiating into 

antibody-producing plasma cells. Similar to T cells, each B-cell clone has a unique affinity for 

a particular antigen. However, B cells do not have TCRs; instead they recognize antigens by 

membrane-bound antibodies, sometimes referred to as B-cell receptors (BCRs). 

Antibodies, also known as immunoglobulins (Ig), contain four peptide chains, two heavy 

chains with a light chain each, connected by disulfide bonds to form a Y-shaped tetramer. The 

heavy chain contains 3 or 4 constant regions (C) and one variable region (V), whereas the light 

chain contains only one C and one V region. Variability in the V region is achieved through 

the action of recombinase analogous to the generation of the TCR. The V regions of one heavy 

and one light chain align to give each Ig two antigen binding sites. While the conventional TCR 

only recognizes peptide antigens displayed by MHC-II molecules, the tertiary structure of the 

antigen binding region of Ig allows binding of other types of antigens, as well as antigens not 

displayed by MHC molecules. There are two types of light chains, κ and λ, and each B cell is 

restricted to one type. Five types of heavy chains exist, α, γ, δ, ε, and μ, and Ig are classified by 

their heavy chain into IgA, IgG, IgD, IgE, or IgM respectively. BCRs are of IgD or IgM class, 

IgA is associated with mucosal immunity, IgE is implicated in parasite defence and eosinophil 
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activation as well as hypersensitivity, while IgG is the main class of a fully developed humoral 

adaptive immune response (36). 

Specific signals are required to activate B cells. Several BCRs usually need to be ligated at 

once to activate a naïve B cell. Once activated, B cells may initiate the production of IgM and 

become short-lived plasma cells. To develop a more potent humoral response, T-cell 

interactions are necessary. The stimulated B cell endocytoses the bound antigen and may start 

to migrate towards the T-cell zone in a secondary lymphoid organ. B cells function as 

competent APCs for the antigen recognized by their respective BCR. In the borders between 

the follicle and T-cell zones, the B cell displaying peptide antigens of the endocytosed antigen 

may encounter a TH cell with specificity for the displayed antigen. The TH cell may then activate 

the B cell, for example, by CD40-CD40L interaction or by secreted cytokines. Activated B 

cells may then migrate to the follicle and proliferate rapidly, forming a germinal centre.  

Through the interaction with specific follicular T-helper cells (TFH), the type of heavy chain 

expressed by the B cell may change from μ to form other classes of Ig (e.g., IgG or IgE) in a 

process called class switching. In the DNA coding for Ig V regions, there is a highly increased 

rate of mutation during the germinal centre reaction. Through interaction with specialized 

follicular dendritic cells supplying pro-survival signals conditioned by antigen binding, B-cell 

clones producing Ig with the highest affinity are selected in a process called affinity maturation. 

Many of the high-affinity Ig expressing B cells develop into long-lasting plasma cells that 

produce large quantities of Ig. Some B cells however, develop into memory B cells that patrol 

tissues and the circulation for a long time, allowing for an efficient response upon challenge by 

the same antigen again (36, 42). 

The largest population of B cells are the follicular B cells responsible for the above-described 

germinal centre formation. Another population, marginal zone B cells, is also found in 

secondary lymphoid organs. Both follicular B cells and marginal zone B cells come from the 

B-2 cell population. A third population of B cells, B-1 cells, is mainly found around mucosal 

interfaces, primarily in the gut and peritoneal cavity but also in the pleura. The B-1 cell 

population is believed to be foetal in origin and maintained by self-renewal. One of the major 

functions of B-1 cells is to secrete natural antibodies, mainly of the IgM or IgG3 type. Targets 

of natural antibodies are pathogen-associated structures such as cell wall components of 

bacteria, but B-1 cells seem to be specific for self-antigens to a larger extent than are other B 

cells, and natural antibodies also recognize antigens such as lipid molecules, which could be of 

particular interest in atherosclerosis. A recently discovered B-cell subset is BReg cells, which 

are induced by TLR9 stimulation and similarly to TReg cells have tolerogenic functions, for 

example, via the production of IL-10 and TGF-β (43, 44). 

2.3 TOLERANCE AND RESOLUTION OF INFLAMMATION 

Much research efforts has been made to map the intricate machinery that initiates an immune 

response against a foreign antigen. This is expected, as defending the host against foreign 

pathogens is arguably the main function for which the immune system evolved. Paul Ehrlich 



 

 13 

observed however, by the beginning of the 20th century, the devastating effects of when this 

system fails and the immune system is turned on the self in what Ehrlich called horror 

autotoxicus (45). During resting conditions, the immune system is not activated. From the 

earlier view of this merely being an absence of antigen, this state of tolerance is now determined 

to depend on several active functions. Furthermore, as inflammation is a central part of the 

pathophysiology in many modern diseases, the need for suppression of the inflammatory 

response is ever increasing. With chronic inflammatory diseases on the rise, interest in how the 

inflammatory response is resolved has seen a tremendous increase. 

2.3.1 Tolerance  

Immune tolerance is the absence of immune reactions to the self and the state in which the 

immune system is during homeostasis. Mechanisms of tolerance are sometimes divided into 

peripheral tolerance and central tolerance, where central tolerance is the process of negative 

selection in the generation of lymphocytes and peripheral tolerance is the generation of 

tolerance-maintaining cells in the tissues (such as iTReg cells). TReg cells are important effector 

cells for maintaining tolerance (36). Important T-cell dependent mechanisms of tolerance are 

the ligation of CTLA-4 and PD-1. Ligation of these co-inhibitory molecules to their receptors 

blocks T cell proliferation, induces anergy, downregulates the production of pro-inflammatory 

cytokines and promotes the production of tolerogenic cytokines such as IL-10 and TGF-β. 

Tolerogenic signals can, however, already be provided by the innate immune system. Local 

factors in the microenvironment may push DCs to develop into tolerogenic DCs, often with a 

pDC-like morphology. Instead of activating naïve T cells, tolerogenic DCs cause T-cell anergy 

and secrete anti-inflammatory cytokines such as IL-10. The role of DCs in activating the 

adaptive immune system for a particular antigen makes tolerogenic DCs particularly interesting 

in autoimmune disease, given their ability to induce tolerance against a specific antigen (46, 

47). Other innate cells important for immune tolerance are M2 macrophages that inhibit pro-

inflammatory M1 responses. A less homogenous population of tolerance-induced innate cells 

are myeloid-derived suppressor cells (MDSCs). The MDSCs are not of clear lineage but 

comprise immature myeloid cells with features of both monocytes, DCs and granulocytes. 

During inflammation, particularly chronic inflammation, the population of MDSCs is 

increased, a focus of interest in tumour escape research (48). 

Local tolerogenic conditions vary between tissues and anatomical sites. It has long been known 

that sites where an inflammatory reaction would have particularly negative consequences have 

strong mechanisms that inhibit local inflammatory reactions. These sites are said to be immune 

privileged, and examples include the central nervous system (CNS), the eye, the gravid uterus, 

testes, hair follicles, liver and the gut. From originally being seen as mostly an anatomical 

feature of barriers inhibiting the circulation of immune cells, such as the blood-brain barrier in 

the CNS and the unique circulation of the eye, immune privilege is now viewed as an active 

process that depends on local regulatory cells and the production of regulatory cytokines and 

cell ligands in the tissue. It has been proposed that the tunica media of arteries is a tissue with 
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increased immune privilege and that breakdown of this immune privilege is central in many 

CVDs (49, 50). 

While mechanisms of tolerance are active processes that can be downregulated upon challenge 

with PAMPs or DAMPs, most pharmacological modulation of the immune system relies on 

immune suppression. The suppressive effects of anti-inflammatory and immunosuppressive 

agents remain the same regardless of the challenging antigen (e.g., an IL-1 targeting antibody 

will deplete IL-1 regardless of the physiological state of the organism or activation of the 

immune system). The unspecific nature of such treatments makes them prone to cause 

unwanted effects such as susceptibility to infection. The modulation of host tolerance and 

resolution pathways presents an attractive alternative approach for future treatment options 

(51). 

2.3.2 Resolution of inflammation 

Immune reactions and the inflammatory process are not only aimed at clearing pathogens. An 

integral part of the inflammatory response is tissue repair and a return to homeostasis, and every 

inflammatory reaction can be divided into an initiation phase and a resolution phase. While the 

predominant view for a long time was that with the removal of the causative antigen, the 

inflammatory response automatically diminished through the passive diffusion and dilution of 

pro-inflammatory mediators, it is now clear that resolution is an active process with a distinct 

cell and molecular machinery.  

The process of resolution begins early in the inflammatory response, even before the causative 

antigen is removed (52). One hallmark feature of resolution is the clearance of dead cells, 

apoptotic bodies and other debris by macrophages. During the resolution process, macrophages 

are polarized to a more M2-like phenotype specialized at efferocytosing apoptotic bodies and 

debris. Signals promoting resolution include not only common tolerogenic mediators such as 

IL-10 and the effect of TReg cells but also specialized pro-resolving mediators (SPMs). SPMs 

are lipid mediators such as lipoxins, resolvins, maresins and protectins, which are derived from 

the ω-3 fatty acids eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), 

docosapentaenoic acid (DPA) and the ω-6 fatty acid arachidonic acid. Signalling pathways for 

the SPMs include specialized G-protein coupled receptors (GPR), mainly ALX/FPR2 and 

ChemR23. Apart from the SPMs, the protein annexin A1 is an important mediator of resolution, 

as are the gaseous mediators NO and H2S (53). 

3 METABOLISM 

The reactions between molecules within an organism to generate energy or building blocks for 

new material constitute its metabolism. Metabolic processes are tightly regulated and variations 

in metabolism give important signals to the cell regarding both the extracellular and the 

intracellular environment. An ability to adapt metabolism to the needs of the current conditions 

is necessary for survival. While specific metabolic pathways exist for important classes of 
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nutrients such as lipids, amino acids and glucose, a tight linkage and overlap between metabolic 

pathways is common. 

3.1 LIPID METABOLISM 

Lipids are essential for all cells and tissues; as the main part of cell membranes, to store and 

distribute energy, for physical insulation and as part of signalling molecules. A particular class 

of lipids are sterols, most notably cholesterol. Lipids are acquired through the digestion of 

ingested nutrients and de novo synthesis.  

3.1.1 Lipoprotein metabolism 

The mean dietary intake of fat of the modern day population is between 30% and 40% of total 

energy intake, which is close to the nutritional recommendation for the Nordic countries of fat 

constituting 25 – 40% of total energy intake (54, 55). The majority of the ingested fat 

(approximately 95%) is esterified into triacylglycerols (TAGs). TAGs are hydrolysed by 

lipases in the gastrointestinal tract to free fatty acids (FFAs) and monoacylglycerols (MAGs) 

and, together with phospholipids and components of bile, emulsified into mixed micelles. 

Transport of the FFA into enterocytes across the brush border membrane occurs through both 

active protein receptor-mediated transport and passive processes, where long- and medium-

length chain fatty acids are more dependent on transport, while short-chain fatty acids diffuse 

more easily. The most important transporters for fatty acids on the luminal side of enterocytes 

are CD36 and fatty acid transport protein 4 (FATP4), while fatty acid binding protein (FABP) 

is important for enriching FFAs at the cell membrane and organizing absorbed FFAs in 

enterocytes for further metabolism (56-58). 

Cholesterol is a sterol that is an essential part of human cell membranes as well as the precursor 

for several bioactive molecules such as steroid hormones. Approximately 0.5% of dietary lipids 

are cholesterol. Cholesterol uptake over the brush border membrane in the intestine is primarily 

achieved by the Niemann-Pick C1 like 1 (NPC1L1) protein (59).  Not only dietary cholesterol 

is absorbed, but also cholesterol secreted into the intestinal lumen with bile as part of the 

enterohepatic circulation. 

Once absorbed, FFAs are conjugated to coenzyme A (CoA) to form acyl-CoA esters. In 

sequential steps, the acyl-CoA is re-esterified to MAGs to form diacylglycerols and finally new 

TAGs. Cholesterol is esterified with acyl-CoA to form cholesteryl esters (CE) by the enzyme 

acyl-CoA:cholesterol acyltransferase isoform 2 (ACAT2). While short-chain FFAs may 

diffuse through the enterocyte and enter the circulation, TAG and cholesterol need to be 

packaged into lipoprotein particles to be soluble enough to enter the circulation and to be 

directed for use by tissues throughout the organism. A key enzyme for packaging TAGs and 

CE into lipoprotein particles is microsomal triglyceride transfer protein (MTTP). Lipoprotein 

particles are divided based on density and size, where the chylomicrons produced by 

enterocytes have the lowest density. The protein moiety, made up of different apolipoproteins 

(Apo), also differs between the different lipoprotein particles. The other lipoprotein particles 
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apart from chylomicrons are very low-density lipoprotein (VLDL), low-density lipoprotein 

LDL and high-density lipoprotein (HDL) particles (58, 60). 

Table 1: General features of apolipoprotein particles. TAG, triacylglycerol; CE, cholesteryl ester; C, cholesterol; 

PL, phospholipid (60). 

Lipoprotein Diameter (nm) Apolipoprotein TAG (%) CE (%) C (%) PL (%) Protein (%) 

Chylomicrons 75 - 1200 B-48, C, E 86 3 1 8 2 

VLDL 30 - 80 B-100, C, E 52 14 7 18 8 

LDL 18 - 25 B-100 10 38 8 22 21 

HDL 7.5 - 20 A 5 - 10 14 - 21 3 - 7 19 - 29 33 - 57 

 

3.1.1.1 Chylomicrons 

The main apolipoprotein of chylomicrons is ApoB-48. It is transcribed from the APOB gene, 

which encodes ApoB-100. In human enterocytes, the apolipoprotein B mRNA editing enzyme, 

catalytic polypeptide 1 (Apobec-1) edits the APOB mRNA by changing a single nucleotide, 

which generates a stop codon that truncates the ApoB protein after 48% of the amino acids. 

ApoB-48 is lipidated in the endoplasmic reticulum (ER) by MTTP which loads nascent 

chylomicrons with TAG and CE as well as phospholipids. Unlipidated ApoB-48 is degraded. 

The lipid content of chylomicrons varies, and during the fasted state, chylomicrons with less 

lipids and thus smaller in diameter, are released. In the postprandial state, the TAG loading of 

chylomicrons increases manifold. Nascent chylomicrons then move to the Golgi to mature. 

Apart from the structurally necessary ApoB-48, chylomicrons may acquire a number of 

exchangeable apolipoproteins, such as ApoC. The mature chylomicron is released into the 

lymphatics and, via the thoracic duct, further into the circulation, where it may acquire ApoE 

from other lipoprotein particles such as HDL (61). 

The TAGs of chylomicrons are used by tissues as fuel or for storage in adipocytes. To mobilize 

the lipids from the TAGs in the chylomicrons into the target cells, the fatty acids of the TAGs 

are hydrolysed to FFAs by lipoprotein lipase (LPL). LPL is expressed in cells that utilize FFAs 

as either fuel or storage such as myocytes, cardiomyocytes and adipocytes. Mature LPL is 

transported and attached to the glycocalyx of capillaries in the target tissues (62). Of the 

exchangeable apolipoproteins, Apo-CII is believed to facilitate LPL-mediated lipid uptake, 

while Apo-CI and Apo-CIII are believed to inhibit LPL-mediated uptake (63). The liver has a 

tissue-specific lipase called hepatic lipase that also hydrolyses TAG. As the chylomicron 

becomes increasingly poor in TAG, it is turned in to what is called a chylomicron remnant. The 

chylomicron remnants are cleared from the circulation by the liver, where ApoE binds to 

heparan sulfate proteoglycans to facilitate uptake of the chylomicron remnants by LDL 

receptors (LDLr) and LDL receptor-related protein 1 (LRP1) (61). 
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3.1.1.2 Very low-density lipoprotein particles 

The second largest lipoprotein particle after chylomicrons is VLDL. VLDL is secreted by 

hepatocytes to recirculate TAGs and cholesterol to tissues. Sources of TAG include absorbed 

chylomicron remnants as well as FFAs taken up and re-esterified in the hepatocyte. The FFAs 

come via the portal circulation from the intestine or from FFAs released by adipocytes into the 

circulation during fasting. The majority of the de novo synthesis of cholesterol takes place in 

the liver, while peripheral tissues are mostly dependent on the uptake of cholesterol from 

recirculated lipoprotein particles. The structurally obligate apolipoprotein in VLDL is ApoB-

100 in human as the human liver lacks Apobec-1 and only produces the full-length transcript 

of APOB. Several rodents, including mice and rats, do have active Apobec-1 analogues in liver 

tissue and thus synthesize VLDL containing either ApoB-100 or ApoB-48. The ApoB protein 

is lipidated mainly with TAG but also cholesterol and CE by MTTP in the ER, after which the 

forming VLDL particle is moved to the Golgi apparatus for maturation. VLDL is secreted as 

an approximately 35 to 100 nm diameter lipoprotein particle (64). Similar to chylomicrons, 

VLDL can acquire several different exchangeable apolipoproteins, most notably ApoE and 

species of ApoC (65). 

The TAG in VLDL is used by peripheral tissues in a similar way as the TAG in chylomicrons, 

and LPL plays an important role in successively decreasing VLDL size and TAG content by 

hydrolysis, increasing the density and proportion of cholesterol in the lipoprotein particle. As 

the density increases and size decreases, the VLDL turns in to what is termed an intermediate 

density lipoprotein particle, and eventually, as the density increases, an LDL particle.  

3.1.1.3 Low-density lipoprotein particles 

As the VLDL particle is transformed into an LDL particle, it loses in most cases its 

exchangeable apolipoproteins, leaving the majority of LDL particles with only ApoB. The 

main lipid in LDL is CE, and, in humans, the majority of cholesterol in the circulation is found 

in the LDL fraction. The LDL particle is taken up via LDLr by receptor-mediated endocytosis. 

Mutations in the LDLr gene are the most common cause of familial hypercholesterolaemia 

(FH) (66), a class of conditions associated with greatly elevated serum cholesterol and 

increased CVD, and the study of FH has been pivotal in understanding the importance of LDL 

and LDLr in cholesterol metabolism and vascular health. The ApoB of LDL binds to LDLr and 

induces clathrin-dependent endocytosis. Acidification of the endosome causes a 

conformational change in the LDLr which releases the LDL particle. The LDL particle is 

degraded allowing for the use of carried cholesterol, and ApoB is broken down into amino 

acids. The LDLr is recycled and recirculated to the cell membrane. After mutations in 

proprotein convertase subtilisin/kexin type 9a (PCSK9) were proven to strongly influence 

plasma cholesterol (67), it was found that PCSK9 inhibits the recirculation of LDLr and instead 

targets the receptor for degradation, by inhibiting the conformational change in the endosome 

(60, 68). 
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3.1.1.4 High-density lipoprotein particles 

Cholesterol transport out to peripheral tissues is managed by LDL. Transport of cholesterol 

from the periphery to the liver, so-called reverse cholesterol transport, is conducted by HDL. 

The major apolipoprotein of HDL is ApoA-I which is produced mainly by the liver and 

intestine (60, 69). In contrast to chylomicrons and VLDL, which are secreted as mature 

particles, ApoA-I is secreted not fully lipidated and mainly loaded with phospholipids as a 

nascent HDL, and maturation occurs in the circulation through interaction with other 

lipoproteins. The regulation of ApoA-I synthesis is mainly transcriptional, and several 

mediators have been shown to affect ApoA-I secretion such as dietary fat, niacin, alcohol, 

androgens, oestrogens, glucocorticoids and statins. While ApoA-I is the most abundant 

apolipoprotein in HDL, it has the ability to acquire several other exchangeable apolipoproteins, 

such as ApoA-II, ApoE, ApoC species and other less common proteins.  

Several processes contribute to loading HDL with lipids to form mature HDL. The cholesterol 

efflux protein ATP-binding cassette transporter A1 (ABCA1) is one of the main exporters of 

cholesterol from peripheral cells, and ABCA1 binds ApoA-1 and allows for HDL uptake of 

cholesterol from tissues. Free cholesterol that is taken up from membranes and via ABCA1 is 

esterified by the enzyme lecithin-cholesterol acyl-transfer (LCAT) which is bound to HDL 

particles. Cholesteryl ester transfer protein (CETP) is a soluble enzyme present in human 

plasma secreted by the liver and the intestine. CETP mediates an exchange where HDL delivers 

CE to VLDL and LDL and gets TAG in return. This flux of CE back to VLDL and LDL caused 

high interest in CETP inhibition as a potential therapeutic avenue to lower the risk for CVD. 

However, clinical trials have failed to deliver positive results, and indeed, an increase in 

cardiovascular death is seen (70). The final uptake of HDL content in the circulation is mainly 

done in the liver, where HDL cholesterol is taken up via scavenger receptor class B type I (SR-

BI). The receptor mediating complete particle uptake is still not known. SR-BI also seems to 

play a role in macrophage cholesterol efflux, together with ABCA1 and ATP-binding cassette 

transporter G1 (ABCG1) (69). 

3.1.2 Fatty acid metabolism 

Apart from being absorbed from the diet by the intestine, several cell types have the capability 

of synthesizing fatty acids, and most fatty acid synthesis takes place in the liver and adipocytes. 

The substrate for fatty acid synthesis is acetyl-CoA, generated by, for example, carbohydrate 

metabolism. Acetyl CoA carboxylase (ACC) catalyses the committing step of fatty acid 

synthesis by carboxylation of acetyl-CoA to malonyl-CoA (60). Subsequent elongation of the 

carbon chain is carried out by a multiunit enzyme in mammals called fatty acid synthase (FAS) 

restricted to the cytosol.  

Fatty acid synthesis is regulated by the transcription factor sterol response element binding 

protein (SREBP) 1 (71). There are two genes encoding SREBPs: SREBF1 coding for the two 

isoforms SREBP-1a and SREBP-1c, and SREBF2 coding for SREBP-2. The isoform SREBP-

1a is expressed at much lower levels, in the liver by almost a factor of 10 times less than isoform 
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1c, however, it is more widely distributed being the most prevalent form in certain 

metabolically inactive tissues. Being a much more potent transcription factor than 1c, isoform 

1a upregulates FAS mRNA expression greater than 4 times more than 1c, and 1a also has a 

more pronounced effect on sterol synthesis than 1c (72, 73). SREBP-1c is mainly responsible 

for regulating fatty acid synthesis in liver and metabolically active tissue, while SREBP-2 

regulates sterol metabolism.  

To ensure separation of the synthetic and degrading pathways, degradation of fatty acids takes 

place in the mitochondrial matrix. Long-chain fatty acids are transported into the 

mitochondrion via carnitine shuttles, where they are degraded by β-oxidation (60), yielding 

acetyl-CoA that can be used for energy or in the generation of ketone bodies. 

3.1.3 Cholesterol metabolism 

Cholesterol is used by all cells in the body as part of the cell membrane. Specialized cells also 

use cholesterol for steroid hormone synthesis. A subject maintaining a normal Nordic diet 

absorbs approximately 250 – 350 mg of cholesterol from dietary intake per day. Endogenous 

synthesis of cholesterol however, normally supplies approximately 1 g of cholesterol per day 

(55). The balance of intake and synthesis is closely regulated, and increased intake results in 

lower synthesis. The substrate of cholesterol synthesis is acetyl-CoA, and the committed step 

of the pathway is the formation of mevalonate from 3-hydroxy-3-methylglutaryl-CoA (HMG-

CoA) catalysed by the enzyme HMG-CoA reductase (HMGCR), the inhibition of which is the 

pharmacological target of statins. Via the intermediates geranyl pyrophosphate, farnesyl 

pyrophosphate and squalene, cholesterol is formed (60).  

The regulation of cell cholesterol homeostasis is carried out by SREBP-2. SREBP-2 acts as a 

sensor for cholesterol availability, and in conditions with low levels of cholesterol in the 

membrane, the basic-helix-loop-helix-leucine zipper protein SREBP-2 is cleaved by site-1-

protease (S1P) and transported to the Golgi by a protein known as Scap. In the Golgi, site-2-

protease (S2P) cleaves off the DNA binding domain of SREBP-2 that translocates to the 

nucleus and binds to sterol response elements (SREs), promoting gene transcription (74, 75). 

During periods of adequate sterol levels, membrane cholesterol causes Scap to undergo 

conformational change, allowing the binding of the protein “insulin induced gene” (INSIG) 

which in turn binds Scap to SREBP, inhibiting cleavage and translocation to the Golgi. Not 

only is the transcription of HMGCR and enzymes involved in cholesterol synthesis regulated 

by SREs, but several proteins regulating the cell sterol concentration are also induced by 

SREBP-2, such as LDLr. Curiously, even PCSK9, while normally causing a decrease in 

cholesterol influx by increasing LDLr degradation, is also upregulated by SREBP-2 activation. 

Cholesterol cannot be degraded in the body but has to be excreted via bile, either as cholesterol 

or as part of bile acids and bile salts. The hepatocytes secrete bile into canaliculi, and free 

cholesterol can be secreted into the bile, a process that is regulated by the NPC1L1 receptor 

that mediates reabsorption to hepatocytes (76). Cholesterol and bile components may then be 

reabsorbed in the intestine as part of the enterohepatic circulation of sterols. 
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3.2 TRYPTOPHAN METABOLISM 

Tryptophan (Trp) is the least abundant of all amino acids and a prerequisite for all lifeforms. 

While certain plants and prokaryotes are able to synthesize Trp de novo, mammals must acquire 

it through the diet (77). Apart from being used in protein synthesis, tryptophan is metabolized 

along two main pathways. Tryptophan hydroxylase carries out the reaction forming 5-

hydroxytryptophan from Trp, which can then be further modified by aromatic amino acid 

decarboxylase to serotonine (5-hydroxytryptamine; 5-HT) (60). 5-HT is an important 

neurotransmitter in both the CNS and the enteric nervous system but also conveys signals in 

mast cells and platelets. Through the actions of serotonin-N-acetyl transferase and acetyl-

serotonin O-methyltransferase, 5-HT can be metabolized to melatonin, primarily in parts of the 

CNS regulating sleep, such as the pineal gland. However, only approximately 1% of Trp is 

metabolized to 5-HT and melatonin, while 95% of Trp is metabolized along what is commonly 

called the kynurenine pathway.  

3.2.1 The kynurenine pathway   

The initial and rate-limiting step of the kynurenine pathway is the cleavage of Trp by one of 

two haem-dependent dioxygenases, tryptophan 2,3-dioxygenase (TDO) and indoleamine 2,3-

dioxygenase (IDO), which exists in two isoforms, IDO1 and IDO2. TDO is mainly expressed 

in the liver with less pronounced expression in the gastrointestinal tract, brain and bone marrow 

(78-80). TDO in the liver metabolizes the quantitatively largest portion of Trp, approximately 

90% of oxidized Trp (81), and liver TDO functions as a regulator of plasma Trp concentration, 

degrading excess ingested Trp that is neurotoxic in high concentrations (82). Of the 

dioxygenases, TDO has the highest specificity for Trp, is induced by glucocorticoids and 

stabilized by the availability of Trp (77) and is inhibited by feedback inhibition by protonated 

nicotinamide adenine dinucleotide phosphate (NADPH) (81).  

While TDO is concentrated in the liver, IDO expression is more ubiquitous and expression is 

seen in the kidney, liver, both the male and female reproductive systems, and in immune cells 

and is likely to be inducible in several other tissues and cell types. In contrast to TDO, IDO has 

little influence on systemic Trp levels during basal conditions (81, 83). However, under 

inflammatory conditions, IDO transcription is greatly increased, the main inducer being INF-γ 

with INF-α exhibiting a less pronounced effect. Other pro-inflammatory cytokines such as 

TNF, IL-1β and IL-2, potentiate INF-γ-mediated IDO induction while mediators of resolution 

and tolerance, such as NO, TGF-β and IL-10, inhibit IDO induction by INF-γ (81).  

Trp is cleaved by TDO or IDO into N-formylkynurenine, which is further metabolized to 

kynurenine (Kyn) by the enzyme N-formylkynurenine formamidase. Kyn can be modified to 

kynurenic acid (KynA) by one of four kynurenine aminotransferases (KYAT 1 - 4). KynA is 

an end product of the Kyn pathway, and its formation is irreversible. However, under normal 

conditions, the KYATs have a high KM of approximately 4.7 mM for the reaction of Kyn to 

KynA, and other pathways of Kyn processing are favoured. In the main Kyn metabolizing 

pathway, Kyn can be metabolized to 3-hydroxykynurenine by kynurenine monooxygenase 
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(KMO) and then further to 3-hydroxyanthranilic acid (3-HAA) by the enzyme kynureninase 

(KYNU).  

As an optional pathway to generate 3-HAA from Kyn, it may be transformed to anthranilic 

acid by KYNU, which can then be modified to 3-HAA by KMO. 3-HAA is then quickly 

degraded by the most active enzyme in the Kyn pathway, 3-hydroxyanthranilic acid 3,4-

dioxygenase (HAAO), to form 2-amino-3-carboxymuconic acid-6-semialdehyde (ACMS), 

which is decarboxylated by ACMS decarboxylase into 2-aminomuconic-6-semialdehyde 

(AMS). In turn, AMS is metabolized by AMS dehydrogenase into 2-aminomuconic acid which 

can be further metabolized into acetyl-CoA. The Kyn pathway may also serve to generate 

substrate for nicotinamide metabolism. In this branch of the pathway, ACMS undergoes 

cyclization in a non-enzymatic process to form quinolinic acid (QA). QA can then serve as a 

substrate for further nicotinamide adenine dinucleotide (NAD+) generation through the action 

of the enzyme quinolinate phosphoribosyltransferase (QPRT). Finally, the other possible end 

products of the Kyn pathway are picolinic acid (PA), formed from AMS through non-

enzymatic cyclization, and xanthurenic acid (XA), formed from 3-hydroxykynurenine by 

KYAT (81) (Figure 1). 

3.2.2 IDO as an immune modulator 

When IDO was first described in the 1960s, the discoverers Hayaishi et al. connected IDO to 

immune function and soon discovered the strong upregulation by INF-γ (84, 85). However, it 

was not until Mellor and Munn et al. proved that IDO was integral for immune tolerance of 

allogeneic concepti in mice, and that inhibition of IDO with the pharmacological inhibitor 1-

methyl-tryptophan (1-MT) caused rejection of the concepti, that research into the potential 

immunomodulatory properties of IDO received more widespread attention (86). The rejection 

of allogeneic concepti upon 1-MT treatment was already in the early experiments found to be 

T cell dependent. DCs, and in particular tolerogenic DCs expressing the marker CD123, were 

found to have high IDO expression and the capability of inducing T-cell anergy and TReg 

induction, a capability that was lost upon IDO inhibition with 1-MT (87, 88). Conversely, TReg 

cells strongly induce the expression of IDO in APCs in a CTLA-4 dependent manner, forming 

a positive feedback loop (89). 
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Figure 1. The metabolism of tryptophan. A small portion of tryptophan is metabolized to serotonin and melatonin 

(right), while the quantitatively largest portion of tryptophan in humans is metabolized along the kynurenine 

pathway (left). Enzymes are denoted in italics. Purple outlines the serotonin branch of metabolism and green the 

common part of the kynurenine pathway. The red box outlines the kynurenic acid branch of the kynurenine 

pathway while the yellow box outlines the quinolinic branch. MAO, monoamine oxidase; 5-HIAA, 5-

hydroxyindoleacetic acid; TDO, tryptophan 2,3-dioxygenase; IDO, idoleamine 2,3-dioxygenase; KYAT, 

kynurenine aminotransferase; KMO, kynurenine monooxygenase; KYAT, kynureninase; ACMSD, 2-amino-3-

carboxymuconic acid-6-semialdehyde dehydrogenase; AMSD, 2-aminomuconic-6-semialdehyde dehydrogenase; 

NAD+, nicotinamide adenine dinucleotide. 

The kinase general control nonderepressible 2 (GCN2) is part of a cell protective system called 

the integrated stress response (ISR). In conditions of amino acid starvation, GCN2 is activated 

by empty tRNA, which leads to the phosphorylation of eukaryote initiation factor 2 subunit α 

(eIF2α) that in turn regulates protein synthesis and inhibits mRNA translation (90). Under 

inflammatory conditions, the induction of IDO by INF-γ and other cytokines causes a local 
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depletion of Trp. T cells are sensitive to GCN2 activation, responding with anergy. Activation 

of GCN2 by low Trp availability is believed to be a major mechanism by which IDO activity 

regulates T-cell responses (91). Interestingly, IDO consumption of Trp is mainly believed to 

occur in innate immune cells, e.g., plasmacytoid DCs.  

The response to GCN2 activation in immune cells other than T cells is less well studied, and 

reports of GCN2 effects in macrophages point to an increased IL-6 response upon IDO-

mediated GCN2 activation, and monocyte GCN2-depleted mice suffer increased lethality in 

experimental endotoxaemia (92). In addition to activating GCN2, Trp depletion may stimulate 

other metabolic sensors influencing the immune response, and it is known that IDO activation 

inhibits the mammalian target of Rapamycin (mTOR) and protein kinase C isoform θ (PKC-θ) 

by depleting Trp (93). The immune-modifying ability of IDO has been shown to be protective 

in several models of autoimmune disease, such as experimental autoimmune encephalitis (94), 

colitis (95), rheumatoid arthritis (96) and renal disease (97, 98). While beneficial in settings of 

autoimmunity and inflammatory disease, most human cancer types display an upregulation of 

IDO that mediates tumour immune escape (99). The IDO inhibitor 1-MT, and most often the 

D-isomer clinically named Indoximod, has been used in clinical trials as an adjuvant to cancer 

therapy with varying results (100). 

3.2.3 Kynurenine metabolites 

Several of the downstream metabolites of Trp have been shown to exert potent biological 

effects. KynA is a known agonist of the aryl hydrocarbon receptor (AhR) (101) and of GPR35 

(102). AhR is a basic helix-loop-helix transcription factor that, during resting conditions, is 

bound to chaperones and inactive in the cytosol. Upon ligation of the receptor, AhR translocates 

to the nucleus and binds to dioxin response elements (DREs) in the DNA. The first known 

ligand of AhR was the irritant 2,3,7,8-tetrachlorodibenzo-p-dioxin, and AhR signalling was 

implicated in the response to noxious foreign substances (103). However, AhR is expressed at 

a particularly high level in the immune system and has been found to interact with several other 

pathways, including suppressing NF-κB action in macrophages (104).  

The role of KynA in immune reactions is debated, and both suppressive and stimulatory effects 

are described. Treatment with KynA in vitro during unstimulated conditions has, for example, 

been shown to both increase (101, 105) and decrease (106) IL-6 secretion in different cell lines. 

KynA has also been implicated in the infiltration of neutrophils into the vascular wall (107). 

After stimulation, however, KynA has a more consistent immunosuppressive effect, for 

example, by inhibiting the secretion of pro-inflammatory cytokines such as TNF (108, 109).  

In the CNS, KynA has long been known to have an effect on neurotransmission, particularly 

as an antagonist of the N-methyl-D-aspartate (NMDA) glutamate receptor (110). In a set of 

elegant experiments, Agudelo et al. demonstrated that exercise training induced KYAT activity 

and subsequent peripheral KynA synthesis, which led to a decreased expression of pro-

inflammatory markers in the CNS and provided a molecular mechanism for the beneficial 

effects seen by exercise training in depression (111). In more recent work, the same research 
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group demonstrated that KynA, through the action of GPR35, increased the energy expenditure 

in mice, decreased white adipose tissue mass, and transformed adipose tissue into having a 

metabolically more favourable profile with increased expression of uncoupling protein 1. 

Furthermore, the adipose tissue of treated mice showed signs of decreased inflammation with 

the expression of genes connected to M2-type like macrophages and TReg cells (112). 

Another Kyn metabolite with strong bioactivity is 3-HAA. Treatment with 3-HAA induces T-

cell apoptosis in a caspase-8 dependent manner (113). The balance between T-cell subsets is 

seen to shift upon 3-HAA treatment with an increase in TReg cells (114). Although the exact 

mechanism of 3-HAA action is not fully known, it has been suggested that 3-HAA inhibits 3-

phosphoinositide-dependent protein kinase 1 (PDPK1), thus inhibiting NF-κB activation and 

interfering with TCR activation, leading to TH cell anergy and apoptosis (115). Other suggested 

mechanisms are related to redox balance, and 3-HAA has been suggested to deplete 

intracellular glutathione (GSH) in activated T cells and to induce the expression of 

haemoxygenase-1 (116, 117). Additionally, monocyte cell lines have been shown to respond 

to 3-HAA with apoptosis, although at higher treatment concentrations (118).  

3.3 GLYCOLYSIS AND OXIDATIVE PHOSPHORYLATION 

A steady supply of energy, carried in the form of ATP, is necessary for cell survival. Central 

to the generation of ATP is the metabolism of carbohydrates and the process of glucose 

degradation by glycolysis. The resulting metabolites may be used in a series of reactions known 

as the citric acid cycle (TCA), which provides fuel for mitochondrial oxidative 

phosphorylation, a process generating large amounts of ATP. However, several metabolites of 

glycolysis or TCA are necessary as materials for biomolecule synthesis while others have 

signalling functions. It is clear that both glycolysis and oxidative phosphorylation have several 

other functions beyond the generation of energy. 

3.3.1 Glycolysis 

Glycolysis is the generation of two molecules of pyruvate from one molecule of glucose 

through a series of reactions with a net result of two molecules of ATP generated in the process 

(60). The pathway is evolutionally conserved, and both prokaryotic and eukaryotic cells 

perform glycolysis. Glucose may enter the cell through glucose transporters (GLUTs), with 

different tissue distributions. Insulin sensitive GLUT-4 is abundant in muscle while a wide 

array of GLUTs are present on immune cells and, TH cells are dependent on GLUT-1 function 

(119). Once in the cell, glucose is trapped after phosphorylation by hexokinase, isomerized to 

fructose and then phosphorylated again in the rate-limiting step of glycolysis by 

phosphofructokinase. The six-carbon sugar is then cleaved into two three-carbon compounds, 

dihydroxyacetone phosphate and glyceraldehyde-3-phosphate. Thus far, glycolysis requires 

energy, and two molecules of ATP are spent. The two generated three-carbon compounds can 

be further metabolized to pyruvate, generating 2 molecules of ATP each, making the sum of 

ATP gained from running one glucose molecule through glycolysis 2 ATP. In tissues with a 
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high ratio of NADH to NAD+, such as during hypoxic conditions, or in cells lacking 

mitochondria, pyruvate is reduced to lactate. 

Glycolysis is tightly regulated and several metabolites function as negative feedback loops, 

such as phosphorylated glucose, which inhibits hexokinase and a high ATP to adenosine 

monophosphate (AMP) ratio, which inhibits phosphofructokinase. Hormonal regulation of 

glycolysis by insulin and glucagon also plays major regulatory roles. Interestingly, the 

transcription factor hypoxia-induced factor 1α (HIF-1α) has emerged as a potent inducer of 

glycolysis (120). 

3.3.2 The citric acid cycle and oxidative phosphorylation 

While the production of two molecules of lactate from one glucose molecule yields two ATP, 

an alternative path for the generation of large quantities of ATP would be for the pyruvate to 

enter the TCA and eventually be oxidized to CO2 and water, fuelling ATP generation through 

oxidative phosphorylation (OXPHOS). The complete oxidation of glucose yields 

approximately 30 molecules of ATP, the majority of which, 26 molecules, are generated during 

OXPHOS (60). TCA takes place in the mitochondria, and pyruvate is transported into the 

mitochondrion by specific transporters. The committed and irreversible step of entry into the 

TCA cycle is the decarboxylation of pyruvate to acetyl-CoA by the pyruvate dehydrogenase 

(PDH) complex. PDH is tightly regulated, in part by feedback inhibition, and both acetyl-CoA 

and NADH inhibit PDH activity. However, the key regulatory process is inhibition of PDH 

due to phosphorylation by the enzyme pyruvate dehydrogenase kinase (PDK).  

There are four isoforms of PDKs with slightly different tissue distributions where PDK2 and 

PDK4 are the most widely distributed and PDK1 and PDK3 are less common (121). PDK is 

an important switch, as PDH activity not only regulates the formation of lactate but also the 

shift between glycolysis and fatty acid oxidation as being the source for substrate in the TCA. 

Peroxisome proliferator-activated receptor γ (PPARγ) coactivator 1 (PGC-1) and activation of 

the glucocorticoid receptor are both known to induce the expression of PDK4, while insulin 

seems to downregulate PDK4 expression (122, 123). Several pharmacological inhibitors of 

PDK exist, with one of the most thoroughly investigated being the small molecule 

dichloroacetate (DCA), which effectively inhibits PDK activity (124). Several studies have 

been conducted with DCA, mainly reprogramming the metabolic profile of cancer cells (124, 

125).   

TCA is a set of reactions where the two-carbon unit acetyl-CoA is completely oxidized to CO2 

and H2O (Figure 2). Intermediate steps include the metabolism of citrate, isocitrate, α-

ketoglutarate, succinyl-CoA, succinate, fumarate, malate and oxaloacetate. Several of the 

intermediates are important biomolecules. Succinate has been shown to have immune-

activating properties by stimulating IL-1β release (120). GPR91 has been shown to be 

selectively ligated by succinate (126), and succinate signalling through GPR91 has been argued 

to promote pro-inflammatory mechanisms and activate innate immune responses (127, 128).  
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Figure 2. Glycolysis and the citric acid cycle. Glucose is metabolized in the glycolysis to pyruvate. Pyruvate may 

either enter the citric acid cycle or be used as substrate for lactate production. Dichloroacetate inhibits pyruvate 

dehydrogenase kinase, which in turn inhibits pyruvate dehydrogenase complex, the enzyme responsible for 

metabolizing pyruvate to acetyl-CoA. TCA, citric acid cycle; DCA, dichloroacetate; CoA, co-enzyme A. 

3.3.3 The Warburg effect 

The cellular metabolic switch to glycolysis and the formation of lactate during conditions of 

restricted oxygen is widely known and termed anaerobic glycolysis. However, in 1926 Otto 

Warburg et al. published the observation that tumours rely on glycolysis and lactate formation 
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even during normoxia (129). This phenomenon of a preference for glycolysis and lactate 

formation over OXPHOS during normoxia is referred to as aerobic glycolysis or the Warburg 

effect. It is prevalent in rapidly dividing and metabolically active cells, such as tumour cells or 

activated immune cells. The rationale for using the less efficient way of generating ATP, 

glycolysis, over OXPHOS is the need for biomolecules to form new nucleic acids, membranes 

and organelles (130). Active glycolysis favours the intake of glucose and increases the 

availability of intermediate metabolites. Indeed, a clear dichotomy can be seen in immune cells 

where naïve lymphocytes, TReg cells, and M2-like macrophages employ OXPHOS while 

activated T cells and M1-like macrophages activate glycolysis (131, 132). The metabolism of 

Trp by IDO has the ability to shift T-cell metabolism towards increased OXPHOS, possibly 

through the action of GCN2 (133, 134). 

4 THE ATHEROSCLEROTIC PLAQUE 

The most prominent feature of atherosclerosis and the feature that causes symptoms is the 

atherosclerotic plaque. The initial event of atherosclerotic plaque formation is the retention of 

LDL and ApoB-containing remnant lipoprotein particles in the intimal layer of large- and 

medium-sized arteries (135, 136), a process where proteoglycans seem to play a pivotal role 

(137, 138). Local factors predisposing towards lipoprotein retention and plaque formation are 

low shear stress and turbulent and oscillating flow (139). The mechanisms governing 

lipoprotein uptake in the endothelium are incompletely understood but involve, in part, specific 

receptors such as SR-BI and caveolin-1 (140, 141). Once retained, lipoprotein particles may 

undergo modifications such as aggregation or oxidation, generating highly immunogenic 

oxidized LDL particles (oxLDL) (142, 143). While oxidation improves macrophage uptake of 

the LDL particle and oxLDL is immunogenic, epitopes on native ApoB have also been shown 

to give rise to strong immune responses (144) and clinical trials of antioxidants in 

atherosclerosis have so far not yielded desired results (145-147). 

Retention of lipoprotein particles in the intima activates the endothelium, induces expression 

of adhesion molecules such as vascular adhesion molecule 1 (VCAM-1), and leads to the 

recruitment of immune cells propagating an inflammatory and maladaptive response (148). 

Through the recruitment and proliferation of leukocytes by continuous pro-inflammatory 

processes, the plaque grows.  

Symptoms of atherosclerotic disease arise either when the growing plaque obstructs the lumen 

of the artery to such a degree that distal blood flow is inadequate, as in chronic coronary 

syndromes (CCS; stable angina pectoris) and in peripheral arterial disease of the limbs. 

Alternatively, acute symptoms may arise from plaque rupture, with the exposure of pro-

thrombotic material to the circulation causing an intraluminal thrombus formation that quickly 

obstructs blood flow causing end organ ischaemia. Examples of conditions caused by plaque 

rupture are acute coronary syndromes (ACS) including myocardial infarction in the case of 

plaque rupture in the coronary arteries, stroke when plaque rupture occurs in the carotid or 

intracranial arteries and bowel ischaemia with plaque rupture in mesenteric arteries. 
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Interestingly, the proportion of acute events due to plaque rupture is suggested to be declining, 

while other causes of thrombus formation on atherosclerotic plaques, such as endothelial 

erosion, are increasing, possibly due to increased statin use (149) (Figure 3). 

 

Figure 3. Overview of an atherosclerotic plaque. Low-density lipoproteins are retained in the intima. Immune 

cells such as monocytes, macrophages and T cells are recruited to the site. Macrophages may develop in to lipid 

laden foam cells. Depending on local environmental conditions, both pro-inflammatory cells such as TH1 cells and 

tolerogenic cells such as TReg cells occur in plaques. Smooth muscle cells infiltrate the plaque and form a fibrous 

cap. If the fibrous cap ruptures, thrombogenic material is exposed to the bloodstream and a thrombus may form, 

causing end-organ ischaemia. INF, interferon; TNF, tumour necrosis factor; IL, interleukin; SMC, smooth muscle 

cell. 

4.1 IMMUNE CELLS IN THE ATHEROSCLEROTIC PLAQUE 

Atherosclerosis is a chronic inflammatory disease (3). The initial retention of cholesterol-rich 

lipoprotein particles and endothelial activation recruit mainly monocytes and macrophages 

which are the most prominent cells of the atherosclerotic plaque. Macrophages in 

atherosclerotic plaques originate both from differentiated monocytes recruited from the 

circulation and the proliferation of local macrophages, with the latter being the predominant 

factor (150). Plaque macrophages take up oxidized and native LDL, in part by scavenger 

receptors such as CD36 (151) and SR-A (152). The loading of macrophages with modified 

LDL saturates the cytoplasm with cholesterol, turning the macrophages into “foam cells”, 

hallmark cells of fatty streaks and atherosclerotic plaques (153). The importance of scavenger 

receptors such as CD36 in vivo has, however, been questioned, as results from experiments in 

mouse models are not uniform and it has been reported that ApoE -/- CD36 -/- mice have larger 
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lesions than with ApoE-/- mice (154). Furthermore, patients with CD36 deficiency were 

demonstrated to have an increased risk of coronary artery disease (CAD) in a small study (155).  

A factor other than uptake that influences macrophage lipid loading is macrophage cholesterol 

efflux. Important mediators of cholesterol efflux from macrophages to HDL particles are 

ABCA1 and ABCG1, and genetic ablation of these genes in macrophages leads to more severe 

atherosclerosis in mice (156, 157). Another possible mode for cholesterol efflux out of the 

atherosclerotic plaque is the migration of cholesterol-laden macrophages out of the intima, and 

it has been shown that local factors in the plaque prevent macrophages from migrating out, 

trapping them in the plaque (158). The uptake of oxLDL has been shown to induce several 

forms of cell death, including immunologically inert apoptosis, and necrosis and pyroptosis 

which generate immunogenic material (159-161). The accumulation of dead cells and debris, 

in conjunction with impaired macrophage efferocytosis observed in atherosclerotic plaques 

(162), leads to the formation of a necrotic core. 

The loading of macrophages with oxLDL may also activate PRRs. Influx of oxLDL via CD36 

is known to prime the NLRP3 inflammasome by inducing NF-κB (163, 164). Furthermore, the 

accumulation of cholesterol in the cytosol of macrophages leads to the precipitation of 

cholesterol crystals, which are well-known activators of the NLRP3 inflammasome (165). The 

role of the NLRP3 inflammasome in atherosclerosis is underscored by the finding that transfer 

of bone marrow cells genetically ablated for components of the NLRP3 inflammasome (either 

ASC, NLRP3 or IL-1α/β) abolishes plaque formation in Ldlr-/- mice (166). Curiously, the same 

strong effect was not observed in ApoE-/- mice (167). Studies in human cohorts show an 

increase in components of the NLRP3 inflammasome in atherosclerotic plaque material (168). 

The product of inflammasome activation, IL-1β, is also closely linked to atherosclerosis. IL-

1β has been observed in human coronary atherosclerosis, and its expression correlates with the 

severity of disease (169). Mechanistic studies in ApoE-/- mice revealed that blockade or genetic 

ablation of IL-1β decreased fatty streak and plaque formation (170, 171). The final proof of 

concept that IL-1β is a valid target for atherosclerosis treatment came with the CANTOS trial 

in which inhibition of IL-1β by the monoclonal antibody Canakinumab decreased 

cardiovascular events (15). 

Macrophages in atherosclerotic plaques display traits of several different subsets. Pro-

inflammatory and matrix-degrading functions normally associated with an M1-like phenotype 

are associated with worsened disease, and M1-like macrophages have been linked to 

symptomatic plaques both in carotid and coronary arteries (172, 173). The distribution within 

the plaque also points towards a protective role of M2-like macrophages, which are often seen 

in the fibrous cap that prevents rupture, while M1-like macrophages are seen in the rupture-

prone shoulder regions (174). M1-like and M2-like macrophages normally constitute 40% and 

20%, respectively, of macrophages in mouse atherosclerotic lesions, thus allowing for a large 

proportion of less common and atherosclerosis-specific macrophages such as Mox 

macrophages (175).  
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The determining factor for macrophage polarization is the local plaque milieu, where TH1 

cytokines such as INF-γ promote an M1-like phenotype. The two polarizing cytokines M-CSF 

and GM-CSF have been described to play important and partly opposite roles in the vascular 

wall, where the latter is a known M1-like polarizing cytokine while the former is suggested to 

induce a more M2-like phenotype (176, 177). Interestingly, foam cells that normally display 

markers of both M1-like and M2-like phenotypes, are less prone to polarize towards M1-like 

functions compared to non-foamy macrophages, suggesting the uptake of lipids to be a 

protective response (178). 

DCs are found in the vascular wall and more abundantly in atherosclerotic plaques where they 

play an important role (179). In an indirect manner, DCs may affect atherosclerotic plaques by 

lowering plasma cholesterol and increasing lipoprotein clearance via T-cell dependent 

antibody-mediated effects (180). As the main activators of the adaptive immune system, DCs 

are believed to be important in mobilizing T-cell responses in atherosclerotic plaques, and 

genetic ablation of the co-stimulatory molecules CD80/CD86 resulted in decreased early lesion 

formation in Ldlr-/- mice (181). As co-stimulatory molecules are found on several types of 

APCs, the contribution to the phenotype of DCs versus that of macrophages remains to be 

demonstrated.  

A study targeting MyD88, the main adaptor protein involved in TLR activation, in DCs showed 

that the transfer of MyD88-deficient CD11c cells into Ldlr-/- mice resulted in more pronounced 

lesions (182). A likely mechanism causing the increased lesion development would be that 

while MyD88 deficiency inhibited TH1 effector cells, it would also inhibit TReg cells, and 

indeed, a decreased TReg activity was seen in the plaques supporting the notion that TReg 

inhibiting functions outweigh the pro-inflammatory functions of effector T cells in this setting. 

The ability of DCs to shape immune responses has also been suggested as a potential 

therapeutic approach for atherosclerosis with the administration of tolerogenic DCs, for 

example, by taking advantage of the IDO-mediated induction of TReg cells (183). 

In addition to myeloid cells such as macrophages and DCs being common in the plaque, the 

pro-inflammatory environment induces changes in vascular smooth muscle cells (SMCs). 

During the formation of the atherosclerotic plaque, media SMCs infiltrate the growing lesion, 

and are primarily found in the fibrous cap, where they have a stabilizing function. Collagen 

secreted by vascular SMCs improves the mechanical stability of the fibrous cap and the plaque 

while degradation of mature collagen increases vulnerability (184). The pro-inflammatory 

milieu of the atherosclerotic plaque induces vascular SMCs to change to a more myeloid 

phenotype, losing SMC markers and gaining phagocytic abilities (185). 

Adaptive immune responses are highly active in atherosclerotic plaques. T cells are found in 

high proportion, particularly in the fibrous cap and the shoulder region of the plaque 

constituting 22% and 18% of cells at each location (186). An active T-cell response is seen in 

plaque rupture (187). Immunodeficient mice without lymphocytes (scid/scid mice) display a 

dramatic decrease in atherosclerotic plaque formation (188). Depletion of CD4+ cells leads to 

less lesion formation, and the pro-atherogenic effect of CD4+ cells is dependent on the TH1 
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subset (189). Both oxLDL and native LDL are potential sources of epitopes for T cells, and 

while increasing oxidation leads to decreased T-cell reactivity, this may be due to degradation 

of ApoB epitopes by excessive oxidation (143, 190). Aggregation of LDL particles correlates 

with T-cell activation in vitro and is associated with cardiovascular events in humans (191).  

The main cytokine of the TH1 response is INF-γ, which has been demonstrated to aggravate 

atherosclerosis in numerous studies. Deletion of the INF-γ receptor causes a decrease in 

atherosclerosis in both ApoE-/- and Ldlr-/- mice (192, 193), and deletion of the TH1-inducing 

transcription factor Tbet also induces less INF-γ production and less plaque formation (194). 

INF-γ signals mainly via the Janus activated kinase / signal transducer activator of transcription 

1 (JAK/STAT1) pathway, and transfer of STAT1 deficient bone marrow results in reduced 

atherosclerosis in mouse models (195). 

Congruent with the notion that atherosclerosis is a TH1-mediated disease, signs of TH2 activity, 

such as IL-4 and IL-5 production, are found to a much lesser extent than TH1 in atherosclerotic 

plaques (196). The role of TH2 responses in atherosclerosis is debated. While a skewing of the 

immune response towards TH2 could limit detrimental TH1 responses, individual TH2 cytokines 

are shown to have both pro- and anti-atherogenic effects (197-199). Some of the protective 

effects of TH2 cytokines are likely mediated through the generation of a beneficial B cell 

response.  

TH17 cells have been shown to have a highly pro-inflammatory role in several autoimmune 

diseases. The role of TH17 in atherosclerosis is less clear. Hypercholesterolaemic 

atherosclerosis-prone ApoE-/- mice were found to have increased IL-17A, and developed less 

plaque upon treatment with anti-IL-17A antibodies (200). However, IL-17A is important for 

collagen synthesis and confers a TGF-β mediated plaque-stabilizing effect, and blockade of IL-

17A leads to increased plaque vulnerability (201). 

TReg cells are found in small numbers in atherosclerotic plaques but have a potent anti-

atherogenic effect. The number of lesional TReg cells fluctuates with plasma cholesterol in a 

mouse model of atherosclerosis, where prolonged hypercholesterolaemia attenuates TReg 

infiltration (202). The depletion of TReg cells increases atherosclerosis (203), as does depletion 

of the TReg signature cytokine IL-10 in ApoE-/- mice (204). Genetic ablation of the TReg-secreted 

cytokine TGF-β also leads to larger and more inflamed plaques in mice, while  

TGF-β has a complex role also promoting plaque cellular proliferation (205). In human 

atherosclerosis, there is evidence that TReg cell numbers and functionality are reduced in 

patients with symptomatic coronary atherosclerosis (206), and low CD4+FoxP3+ counts 

increase the risk of myocardial infarction (207). 

B cells were not considered to be of importance in atherosclerosis for a long time. Detection of 

B cells in atherosclerotic plaques is scarce (186); however in advanced plaques follicle-like 

structures, i.e., tertiary lymphoid organs, with aggregations of B cells, develop in the adventitia 

(208). In a set of elegant experiments, Caligiuri et al. demonstrated that splenectomy of ApoE-

/- mice aggravated atherosclerosis but that this outcome could be reversed by adoptive transfer 
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of B cells (209). In seemingly conflicting results however, pharmacological deletion of B cells 

led to a decrease in atherosclerosis (210). In part, contradicting results in the field of B cells in 

atherosclerosis can be attributed to separate B cell subsets having different effects, for example, 

the recently discovered BReg cells have been shown to be protective in atherosclerosis in an IL-

10 dependent manner (211). 

Antibodies against oxLDL have been found in both human and experimental atherosclerotic 

plaques (212) and are thought to clear oxLDL and reduce atherosclerosis. Of particular 

importance for the atheroprotective effect of antibodies are naturally produced IgMs against 

oxLDL produced by B-1 cells and Ldlr-/- mice depleted of IgM show aggravated atherosclerotic 

disease (213). B-cell depletion with anti-CD20 antibody treatment, however, decreased 

atherosclerotic burden in mice, believed to be partially due to a preferential deletion of B-2 

cells, and indeed reconstitution with B-2 but not B-1 abolished the effect of anti-CD20 

treatment (214). In a recent study, the effect of germinal centre derived IgG was studied. With 

abolition of germinal centre IgG production, a decrease in plaque size was observed while SMC 

content was decreased and plaques were more prone to rupture, which further highlights the 

complex role of B cells in atherosclerosis (215). 

4.2 TRYPTOPHAN METABOLISM IN ATHEROSCLEROTIC DISEASE 

As a strong modulator of inflammatory responses, implications of Trp metabolism exist at 

several stages of atherosclerotic disease. The expression and activity of IDO is strongly 

upregulated by INF-γ, a key cytokine in atherosclerosis, and thus, kynurenines have been 

proposed as tools in the diagnosis and prognosis of atherosclerosis. Dysregulation of Trp 

metabolism and the Kyn pathway has been linked to several risk factors for CVD. 

In a Finnish cohort, IDO activity, as measured by the Kyn/Trp ratio, had a positive correlation 

with risk factors for atherosclerosis, such as CRP and parameters of plasma cholesterol (216). 

A univariate correlation with intima-media thickness, an early marker of atherosclerosis, was 

also seen in females; however, when corrected for other risk factors the association was lost. A 

connection has also been made between kynurenine metabolites and type II diabetes mellitus. 

Plasma levels of Kyn, KynA and 3-hydroxykynurenine were elevated in patients with diabetic 

retinopathy (217). In hepatitis C infection, kynurenine metabolism has been suggested to 

correlate with insulin resistance, although a positive correlation was seen with both Trp and 

Kyn, and no correlation was seen with the Kyn/Trp ratio (218). The metabolite XA has been 

suggested to interfere with insulin signalling and synthesis (219) and has been found in elevated 

concentrations in urine in a small study of patients with type II diabetes (220). Additionally, 

KynA has been suggested to inhibit pro-insulin synthesis by islet cells in vitro (221). In the 

setting of type I diabetes mellitus, a disease marked by autoimmune destruction of pancreatic 

beta cells, the metabolism of Trp seems to have a protective effect. In streptozotosin-induced 

experimental type I diabetes, inhibition of IDO aggravated disease (222). IDO induction has 

been observed in human islets as a protective response to INF-γ (223). Taken together, while 

increasing levels are present in the pro-inflammatory setting of type II diabetes, the protective 
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role in type I diabetes speaks for IDO induction being a protective consequence rather than a 

cause of diabetes. 

Kynurenines have been studied in relation to hypertension. Treatment with Kyn relaxed smooth 

muscle tension in porcine arterial rings. Furthermore, after induction of IDO with INF-γ, the 

same effect was observed with Trp, an effect believed to be endothelium dependent but lost 

with concomitant treatment with 1-MT (224). Kyn also reduced blood pressure in hypertensive 

rats. Hypotension is a fatal complication of sepsis, and increased IDO activity was observed in 

septic patients compared to healthy subjects, while IDO activity was also correlated to the need 

for inotrope medication in septic shock (225). In a mouse model of endotoxaemia, IDO 

knockout mice (IDO-/-) were observed to have higher survival, and in human experimental 

endotoxaemia, IDO activity correlated with hypotension (226, 227). KynA has also been 

implicated in the regulation of blood pressure, where injections of KynA in hypertensive rats 

reduced blood pressure, and mutations in the genes encoding KYATs are seen in spontaneously 

hypertensive rats (228, 229). 

Modulation of IDO has been implicated in the regulation of plasma lipids. In an early 

exploratory study of IDO-/- on a BALBc background, a dramatic increase in plasma TAG was 

noted (230). We have shown that treatment of Ldlr-/- mice with the metabolite 3-HAA 

decreases both plasma cholesterol and TAG and provides a more favourable lipoprotein profile 

(231). The mechanism behind this effect is explored in Paper II, while Paper I demonstrates 

effects on plasma lipoproteins by pharmacological IDO inhibition. 

Epidemiological studies have linked IDO activation to atherosclerotic disease. A decrease in 

Trp and an increase in the Kyn/Trp ratio were observed in patients with CAD compared with 

healthy controls (232). In patients with CAD, manifested as CCS, a high Kyn/Trp ratio was 

associated with an elevated risk of cardiovascular events and all-cause mortality, particularly 

in the quartile of patients with the highest Kyn/Trp ratio (233). Furthermore, the same research 

group demonstrated that the Kyn metabolites KynA, 3-hydroxykynurenine, AA and 3-HAA 

correlated with an increased risk of myocardial infarction in patients with CCS, a risk that was 

even more pronounced in those with concomitant diabetes or pre-diabetes (234). The urinary 

Kyn/Trp ratio was found to correlate strongly with both myocardial infarction, major coronary 

events and all-cause mortality, while surprisingly, no correlation was seen with ischaemic 

stroke (235). Additionally, in previously healthy elderly subjects, an elevated Kyn/Trp ratio, 

level of Kyn or level of 3-hydroxykynurenine at baseline predicted future coronary events (236, 

237). KynA has been reported to increase the risk of all-cause mortality or recurrent myocardial 

infarction in a cohort of patients admitted for myocardial infarction (238). One large clinical 

trial connected to Kyn metabolites in CAD has been conducted. Oral treatment with Tranilast, 

a 3-HAA synthetic analogue, was used to prevent restenosis after percutaneous coronary 

intervention. No effect was seen in the primary outcome of death, myocardial infarction or 

revascularization, although a non-significant decrease in myocardial infarction was seen (239). 

While data on IDO activity in relation to stroke development are less clear than coronary 
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atherosclerosis, the Kyn/Trp ratio has been reported to correlate with stroke severity and infarct 

volume (240).  

In an alternative approach by Li et al., the relationship between the Kyn pathway activity and 

CVD was investigated by means of Mendelian randomization. By this approach, IDO activity 

has a protective effect on the development of ischaemic heart disease, and a similar trend was 

seen for stroke (241). Interestingly, a similar trend towards protection was also observed for 

KYAT3. While seemingly contradictory to other epidemiological studies, the result of the 

Mendelian randomization approach strengthens the notion that IDO activity and Kyn 

metabolite levels are elevated in patients with CVD as a consequence rather than a cause of 

disease. Apart from experimental and clinical studies from other fields, a plethora of 

experimental investigations of IDO and Kyn in the vascular system support this notion. Indeed, 

the strong upregulation of IDO and Kyn metabolites upon inflammation as a feedback response 

highlights the need to differentiate the aim of individual studies. Studies aimed at discovering 

biomarkers may not be suitable for drawing conclusions regarding disease cause or 

mechanisms, and vice versa.   

In Paper I, we were the first to describe the effect of pharmacological IDO inhibition on 

atherosclerosis. Shortly after, Cole et al. used genetic ablation of IDO in ApoE-/- mice to show 

similar results of increased atherosclerosis formation and aggravated plaque inflammation 

(242). Treatment of Ldlr-/- mice with 3-HAA reduced atherosclerotic plaque formation, reduced 

both T-cell and macrophage contents in plaques and downregulated T-cell markers in the 

spleen (231). The interplay between IDO-expressing DCs and TReg cell generation has been 

investigated in several publications. IDO-expressing pDCs are responsible for controlling T-

cell proliferation and infiltration into atherosclerotic plaques, an effect that is abrogated by 1-

MT, and inducing TReg cells that inhibit plaque inflammation (243, 244). Treatment of high fat 

diet fed mice expressing human ApoB with DCs loaded with ApoB and polarized with TGF-β 

to induce a tolerogenic phenotype resulted in an increase in arterial IDO, increased TReg cell 

numbers and reduced atherosclerosis and vascular inflammation, possibly through CTLA-4-

mediated mechanisms (183). Surprisingly, one study reported increased IL-10 production and 

decreased atherosclerosis in IDO-/- mice (238). The same research group, however, recently 

published a report investigating the strong effect of gut microbiota on the IDO effect, which 

could provide one possible explanation for the differing results from different laboratories 

(245).  

The effect of Trp metabolism on non-immune vascular cells is important for IDO effects in 

atherosclerosis. Cuffy et al. demonstrated that vascular SMC IDO activity is integral for 

maintaining tunica media immunoprivilege (246). In a model of allografting, they showed that 

during intact IDO function, vascular SMCs prevent lymphocyte infiltration of the media; 

however, this effect is lost upon 1-MT treatment. 3-HAA is suggested to act by inducing 

haemoxygenase-1 expression in endothelial cells by activating the transcription factor NF-E2 

related factor 2, leading to decreased activation of NF-κB and CCL2 secretion by endothelial 

cells (117). 
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4.3 METABOLISM IN ATHEROSCLEROTIC DISEASE 

The fact that cancer cells and activated immune cells such as M1-like macrophages and T 

effector cells have an increased rate of glycolysis and thereby increased glucose consumption 

has routinely been used for the discovery and monitoring of neoplastic and infectious diseases 

by means of positron emission-tomography for a long time. It was noted early that 

atherosclerotic plaques display a positive signal when labelled glucose is used, most commonly 
18F-deoxyglucose (FDG). Support for the inflammatory component of atherosclerotic disease 

and the connection to modified immune metabolism come from FdG imaging studies showing 

that increased glycolytic activity in the spleen and bone marrow is associated with an increased 

risk of future cardiovascular events (247). Investigating the arterial wall and atherosclerotic 

plaque specifically also shows that increased FdG uptake in the carotid artery is associated with 

increased ipsilateral stroke recurrence in patients with stroke, and increased FdG uptake in the 

ascending aorta is associated with subsequent CVD events in a cohort without previous CVD 

(248, 249). These studies demonstrate that not only is the atherosclerotic plaque detectable by 

its specific metabolism but also that the extent of the change to increased glucose metabolism 

is tied to plaque vulnerability. 

Further evidence of an important metabolic component of atherosclerotic disease comes from 

metabolomic profiling of carotid artery plaques. Cluster analysis of metabolomics data 

separated plaques into one cluster containing highly glycolysing, reduced lipid oxidation group 

of plaques and a second group of plaques without increased glycolysis that maintained lipid 

oxidation (250). These two groups were shown to highly correspond to symptomatic and 

asymptomatic plaques, with the symptomatic plaques being the group with increased 

glycolysis. Analysis of individual metabolites revealed a decreased hexose concentration and 

increased lactate in the symptomatic plaques, and increased expression of glycolytic enzymes, 

both pointing towards a shifted metabolism in vulnerable plaques. Experimental data support 

this notion, where the blocking of pathways necessary for glycolysis, such as GLUT1 glucose 

transport, demonstrates a decrease in atherosclerotic burden in ApoE-/- mice (251).  

Metabolic pathways other than glucose metabolism, such as lipid metabolism and lipoproteins, 

are also connected to modulation of the immune response. It is known that a high-cholesterol 

western diet (WD) induces inflammation in Ldlr-/- mice. Through elegant work, Christ et al. 

demonstrated that WD feeding and hyperlipidaemia metabolically reprograms the immune 

system in Ldlr-/- mice, making myeloid cells from WD-treated mice more reactive even long 

after hypercholesterolaemia has subsided (252). This metabolic reprogramming was dependent 

on NLRP3 function. Interestingly, the sterol metabolism regulator SREBP-2 has been shown 

to regulate IL-1β release (253), and SREBP-2 induced in the endothelium has experimentally 

been linked to NLRP3 activation and plaque formation in mice (254), and SREBP-1 has been 

shown to induce NLRP3 in the aorta of atherosclerotic pigs (255). 
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5 AIMS 

The aim of this thesis is to study immunometabolic mechanisms in atherosclerosis, including 

the kynurenine pathway and glucose metabolism. 

The specific aims for the included papers were as follows: 

Paper I:   To determine the role of IDO-mediated Trp metabolism in atherosclerosis. 

Paper II:   To clarify the mechanism by which 3-HAA affects vascular inflammation and 

lipoprotein metabolism. 

Paper III:  To characterize and understand the role of the kynurenine pathway in human 

atherosclerosis. 

Paper IV: To investigate the effect of the metabolic reprogramming of immune cells 

through the inhibition of PDK in atherosclerosis. 
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6 METHODOLOGICAL CONSIDERATIONS 

6.1 MOUSE MODELS IN ATHEROSCLEROSIS 

Mice are widely used in research, and the characteristics of common strains, such as C57Bl/6 

mice are well known and the whole genome has been sequenced. Wild-type mice do not 

develop atherosclerosis, mainly due to their lipoprotein profile being different from humans. 

Mice circulate a majority of their plasma cholesterol in the HDL fraction, while in humans, 

most cholesterol is found in the LDL fraction. The progression in humans from fatty streak to 

complex atherosclerotic plaque takes several decades, much longer than the lifespan of a 

mouse. To develop atherosclerosis, genetic manipulation and modification of the mouse 

lipoprotein profile is necessary. Two knockout mouse strains, ApoE-/- mice (256) and Ldlr-/- 

mice (257), are the most widely used models for atherosclerosis. The use of mouse models 

offers several advantages to mechanistic research, including well-established inbreeding, 

which reduces experimental variability, fast reproductive cycles and the option to perform 

mechanistic experiments that would not be technically possible or ethically feasible in humans.  

ApoE-/- mice develop hypercholesterolaemia, mainly due to inhibited clearance of 

chylomicrons, VLDL and intermediate lipoprotein particles. Thus, a majority of cholesterol in 

ApoE-/- mice is found in these lipoprotein fractions. Plaque development in ApoE-/- mice occurs 

even on a chow diet; however, atherogenesis can be accelerated by feeding a high-cholesterol 

diet. The distribution of plaque formation follows the distribution seen in humans, with sites of 

turbulent flow such as the minor curvature of the aorta being more affected. The development 

of atherosclerotic plaques in ApoE-/- mice goes through all stages of development found in 

humans, from fatty streak to fibrous or complex plaques with necrotic cores. The most 

prominent difference between rodent disease and human atherosclerosis is that plaques in mice 

do not rupture spontaneously. Another drawback of the ApoE-/- mouse model is that myeloid 

cells with intact ApoE synthesis secrete enough ApoE to mitigate hypercholesterolaemia, thus 

limiting the use of ApoE-/- mice in bone marrow transfer experiments. 

Deletion of Ldlr in mice also induces hypercholesterolaemia, due to reduced clearance of 

VLDL and LDL from the circulation. The hypercholesterolaemia of Ldlr-/- mice is, however, 

not as pronounced as that in ApoE-/- mice, and Ldlr-/- mice display an approximate doubling of 

plasma cholesterol compared to wild-type mice. Lipoprotein profiles of Ldlr-/- mice are more 

similar to the situation seen in most humans, with more cholesterol found in the LDL fraction. 

Fed a chow diet, Ldlr-/- mice do only develop fatty streaks and occasionally very early 

atherosclerotic lesions. On a high-fat and high-cholesterol diet, Ldlr-/- mice develop plaques at 

sites similar to human atherosclerosis, and while complex plaques are seen, progression of 

lesions is not as pronounced as that seen in ApoE-/- mice. Similar to ApoE-/- mice, the plaques 

do not rupture spontaneously. The deletion of Ldlr complicates the study of metabolic 

processes that potentially involve the uptake and binding of LDL particles. 
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In Paper I, ApoE-/- mice were used to study the role of IDO in vascular inflammation and 

atherosclerotic plaque development. For Paper II, Ldlr-/- mice were used. In Paper IV, ApoE-

/- mice were used, and in Paper III, only wild type C57Bl/6 mice were used. 

6.2 PATIENT COHORT 

Human blood, tissues, plaque mRNA data and proteomics data from the Biobank of Karolinska 

Endarterectomies (BiKE) were used in Paper III and Paper IV. The biobank enrols patients 

who undergo endarterectomy of atherosclerotic plaques in the carotid artery due to 

symptomatic (minor stroke, transient ischaemic attack or amaurosis fugax) and asymptomatic 

high-grade stenosis according to the North American Symptomatic Carotid Endarterectomy 

Trial (NASCET) (258). BiKE encompasses plaque material, plasma samples both locally from 

the plaque and from peripheral sites, and patient clinical data. Snap-frozen plaque material that 

was processed and then purified for mRNA assessed by chip array was evaluated for gene 

expression in Paper III, along with plasma and sections of paraffin embedded plaque tissue. 

In Paper IV, plaque material retrieved from BiKE was used for proteomic evaluation, and 

fresh plaque tissue was cultured for in vitro assays. 

6.3 EVALUATION OF EXPERIMENTAL ATHEROSCLEROSIS 

Experimental atherosclerosis was quantified using two methods. In Paper I, Paper II and 

Paper IV en face staining of thoracic aorta with Sudan IV was used, with subsequent 

quantification of the stained area by manual measurement using the ImageJ software. Plaque 

quantification was also carried out in the aortic root, the most proximal part of the ascending 

aorta. Frozen sagittal sections of the first 800 µm of the aorta were stained for lipid content 

with Oil Red O, and the stained area was quantified manually on digital micrograph images for 

each level of the aorta. Evaluation of plaque composition, stability and inflammation was 

performed by immunohistochemistry staining of frozen aortic root sections for vascular and 

immune cells, such as CD68+ macrophages, CD4+ T cells, alpha smooth muscle actin-

expressing SMCs, and VCAM-1. 

6.4 LIPOPROTEIN PROFILES 

Lipoprotein profiles were determined from mouse plasma after fractionation by size exclusion 

fast protein liquid chromatography (FPLC). Detection of total cholesterol and TAG in the 

fractionated material was performed by colourimetric reactions from commercially available 

kits. Profiles of ApoB-containing lipoproteins secreted by HepG2 cells were analysed in cell 

supernatant. The collected supernatant was concentrated by centrifugation in filter centrifuge 

units before fractionation by FPLC. Detection of ApoB-containing lipoprotein particles was 

carried out by enzyme-linked immunosorbent assay (ELISA).  

6.5 STATISTICAL ANALYSIS 

To analyse data where a Gaussian normal distribution could not be assumed, the Mann-

Whitney U-test was carried out to determine the statistical significance of differences between 

two groups. In instances with more than two groups, Kruskal-Wallis one-way analysis of 



 

 39 

variance with Dunn’s multiple comparisons post hoc test was performed. Correlations between 

two variables that could not be assumed to have a normal distribution were assessed by 

Spearman’s rank correlation coefficient (Paper I and Paper II). The statistical significance of 

differences between two groups with a normal distribution was calculated by paired or unpaired 

Student’s t-test. Linear correlation between two normally distributed variables was presented 

as the Pearson linear correlation coefficient. In Paper III, a binary logistic regression model 

was produced to evaluate the effect of gene expression on symptoms from carotid 

atherosclerotic plaques. Where correction for multiple comparisons was indicated, the 

Bonferroni method of correction was used. Acceptable type I error was set at 0.05 (5%), and 

in the planning of animal experiments, the type II error was set to 0.8 (80%). All statistical 

calculations were performed with either GraphPad Prism (GraphPad Software Inc., USA) or 

SPSS (version 26.0.0, IBM Corporation, USA). 
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7 RESULTS AND DISCUSSION 

7.1 IDO-MEDIATED TRYPTOPHAN METABOLISM REGULATES 
ATHEROSCLEROSIS FORMATION 

In Paper I, we investigated the effects of IDO activity on atherosclerosis formation. Ample 

evidence existed, both from experimental studies and other inflammatory diseases where IDO 

had a protective role, as well as epidemiological data that linked IDO to CVD events. A 

pharmacological approach was used in which the IDO inhibitor 1-MT was administered in 

drinking water to ApoE-/- mice fed a western diet.  

Inhibition of IDO aggravated atherosclerotic disease and plaque formation in ApoE-/- mice both 

in the aortic arch and the aortic root. Mice treated with 1-MT had more CD68+ macrophage 

infiltration into the plaques and expressed more VCAM-1. Expression of the pro-inflammatory 

cytokines CCL2, CXCL10 and TNF was increased in the aortas of treated mice. Surprisingly, 

a strong upregulation of VCAM-1 was seen not only in the plaque but also in the tunica media 

of treated mice, and medial VCAM-1 expression correlated strongly with plaque size. Only 

modest changes in plasma lipids were seen, particularly a decrease in HDL cholesterol.  

We had previously shown that administration of the Kyn metabolite 3-HAA protected against 

atherosclerosis and reduced inflammation (231). In an attempt to reverse the effects seen with 

1-MT treatment, a second experiment was run in which 1-MT-treated mice were given back 3-

HAA or vehicle via intraperitoneal injection. Simultaneous treatment with  

3-HAA completely reversed the effect of 1-MT treatment on lesion size, CD68+ macrophage 

infiltration and VCAM-1 expression both in plaques and in the media.  

As a result of the observed increase in VCAM-1 in the media in IDO-inhibited mice, an in vitro 

system with human coronary SMCs was set up to further investigate the effects of IDO 

inhibition on SMCs. The cultured human SMCs displayed a similar upregulation of the 

VCAM-1 response to INF-γ stimulation with 1-MT treatment as that observed in vivo. 

Treatment of the cultured cells with 3-HAA inhibited the effect of 1-MT. 

Activation of the endothelium and expression of cellular adhesion molecules such as  

VCAM-1 is an early step in atherosclerosis development and is necessary for the recruitment 

of immune cells into the forming plaque (148, 259). Not only VCAM-1 expressed on 

endothelial cells, but also VCAM-1 on SMCs are suggested to influence atherosclerotic plaque 

formation (260). While the observed VCAM-1 expression could be a result of increased 

inflammatory burden, it could also be implicated in the formation of the atherosclerotic lesion. 

Trapping of macrophages in the vascular wall has been suggested to maintain a pro-

inflammatory environment and to inhibit cholesterol efflux from the vasculature, and the 

expression of VCAM-1 by SMCs is proposed to be one mechanism retaining macrophages in 

the plaque (261). 

IDO is a known regulator of T-cell function in vitro and in vivo. In Paper I, however, mostly 

innate immune cells such as macrophages, and vascular cells were affected by 1-MT treatment. 
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Staining of T cells in plaques, expression of T-cell markers in spleen and splenocyte 

proliferation rates were not affected by 1-MT treatment. As mice were sacrificed at the end of 

the experiment at 20 weeks of age after 8 weeks of treatment, it is possible that changes in the 

T-cell response were in effect earlier during the treatment. Changes in adaptive immune 

responses could modulate innate immune responses and lesion formation, thus having an 

impact on the results seen; however no certain effects on adaptive immunity could be seen in 

Paper I. 

Inhibition of IDO was achieved with the pharmacological inhibitor 1-MT. A mix of D and L 

isomers was used after initial pilot studies revealed the mix to be a more potent inhibitor of 

IDO in peripheral blood mononuclear cells (PBMCs) than the individual isomers. Effective 

systemic inhibition of IDO activity was confirmed by measuring the Kyn/Trp ratio in the spleen 

and duodenum. Although observations exist that would argue for specific roles of the different 

isomers where the L stereoisomer inhibits IDO1 (262) and only the D isomer inhibits IDO2 

(263), more recent work has cast doubt over this assumption (264). It is also known that 1-MT 

may have effects not related to its inhibition of IDO (265). Shortly after the publication of 

Paper I, Cole et al. published a study using IDO-/- ApoE-/- mice where deletion of IDO had a 

similar effect, i.e., aggravating plaque formation, as was observed in Paper I. This strengthens 

the hypothesis that the observed results were due to IDO inhibition. Furthermore, while not 

mechanistically proving the involvement of IDO, the observation that replenishment of the Kyn 

pathway by treatment with 3-HAA completely reversed the effect of 1-MT also supports the 

involvement of the Kyn pathway in the regulation of atherosclerosis. 

7.2 THE KYN METABOLITE 3-HAA ACTS BY INHIBITING SREBP-2 AND THE 
NLRP3 INFLAMMASOME  

We previously demonstrated the atheroprotective effect of the Kyn metabolite 3-HAA (231). 

However, the mechanisms by which 3-HAA reduces vascular inflammation and lowers plasma 

lipids were not known. In Paper II, we investigated the metabolic and immunological 

pathways affected by 3-HAA. In vitro systems using the human hepatoma cell line HepG2 

were set up to explore the metabolic effects of the metabolite, and mouse bone marrow-derived 

macrophages (BMDMs) were used to explore the mechanisms involved in innate immunity. 

Furthermore, a pharmacological inhibitor of the 3-HAA-degrading enzyme HAAO was used 

to explore the effects of endogenously produced 3-HAA in Ldlr-/- mice. 

When treated with 3-HAA, HepG2 cells exhibited a dose dependent reduction in SREBP-2 

transcription. Nuclear translocation of SREBP-2 (nSREBP-2) was also reduced. The 

expression of SREBP-1 was not affected; however, when stimulated with insulin, a known 

inducer of SREBP-1, treatment with 3-HAA also reduced SREBP-1 expression. Treatment 

with 3-HAA also reduced HepG2 secretion of ApoB-containing lipoproteins. Mouse BMDMs 

treated with 3-HAA showed a drastic inhibition of NLRP3 inflammasome activation, and the 

supernatant concentration of IL-1β was dose-dependently decreased. Curiously, the effect was 

present both when treatment with 3-HAA was carried out before LPS priming and when cells 

were treated only 30 minutes before activation with ATP. Investigation of cleaved caspase 1 
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by western blot showed a robust reduction in cleaved protein with 3-HAA treatment. To raise 

the level of endogenously produced 3-HAA, Ldlr-/- mice were treated with NCR-631, an 

HAAO inhibitor. Elevated endogenous 3-HAA levels resulted in reduced atherosclerosis in the 

aorta and lowered plasma lipids comparable to 3-HAA treatment. NCR-631 treatment did not 

affect plaque composition with regard to CD68+ macrophages or CD4+ T cells but did reduce 

aortic caspase 1, mainly uncleaved pro-caspase 1. In line with our in vitro results, NCR-631 

treatment reduced hepatic SREBP-2 and HMGCR expression, while SREBP-1 expression was 

unchanged. NCR-631 treatment reduced the lipid content in the liver, but did not affect LDL 

clearance from the plasma. 

SREBP-2 is a transcription factor that regulates cell sterol content, and increased activity 

corresponds to an increase in cell actions to acquire more sterols, both through synthesis and 

uptake. The increase in cholesterol uptake is utilized in statin treatment of 

hypercholesterolaemia, where inhibition of HMGCR induces the activation of SREBP-2 in 

hepatocytes, and the SREBP-2 induced upregulation of LDLR results in higher hepatic uptake 

of plasma lipoprotein particles (266). Treatment with 3-HAA also reduced the plasma 

lipoprotein content, but decreased SREBP-2 activity which suggests a different mode of action 

compared to statins. One plausible hypothesis is that 3-HAA reduces the synthesis of sterols 

by inhibiting SREBP-2. This hypothesis is supported by the observation that there was no 

increase in LDL clearance from plasma, while a lower cholesterol content was seen in the 

faeces of treated animals, although the observations were too few to draw robust conclusions. 

Furthermore, the reduced lipoprotein secretion in HepG2 cells could also be explained by 

reduced substrate synthesis. In Paper II, as in our earlier work with 3-HAA in Ldlr-/- mice 

(231), we see a clear effect on plasma lipids, while the effects of IDO inhibition on lipids in 

ApoE-/- mice in Paper I are only modest. Additionally, in models using genetic inhibition of 

IDO, mice with IDO-/- on an Ldlr-/- background displayed an increase in plasma lipids, mainly 

TAG (230), while IDO-/- on an ApoE-/- background was not reported to show major changes in 

plasma lipids (242). LDLR is a direct target regulated by SREBP-2, and it is possible that if the 

lipid-lowering effect of 3-HAA is mediated by SREBP-2 inhibition, a parallel inhibition of 

Ldlr transcription would counteract the lipid-lowering effect in ApoE-/- mice. 

The regulation of SREBP-2 activity is active on several levels. As SREBP-2 transcription is 

partly regulated by a feed-forward mechanism (267), decreased nuclear translocation may 

further decrease the transcription of new SREBP-2. Interestingly, we found a similar effect on 

SREBP-2 expression in HepG2 cells when treated with a PDPK1 inhibitor as when treated with 

3-HAA. One suggested target of 3-HAA is PDPK1 (115). The PDPK1 – AKT – mTOR 

pathway is also implicated in SREBP regulation, where activation of the pathway stimulates 

SREBP activation (268). Intriguingly, the NLRP3 inflammasome has also been proposed to be 

regulated by the AKT – mTOR pathway, possibly linking our findings of 3-HAA action on 

both SREBP-2 and NLRP3 inflammasome (269). Alternatively, SREBP-2 is suggested to have 

a direct effect on NLRP3 activity (254).The finding that 3-HAA inhibited inflammasomes both 

when treatment was given during priming, but also shortly before assembly induced by ATP 

would suggest, at least in part, a direct effect of 3-HAA on assembly of the inflammasome, as 
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there would be insufficient time for effects mediated by gene transcription. The inhibitor  

NCR-631 increases the endogenous levels of 3-HAA (270). As a decrease was seen in pro-

caspase 1 expression in the aortas of NCR-631 treated mice, it is possible that 3-HAA affects 

both the priming and assembly of the inflammasome. 

7.3 DEVIATION OF THE KYN PATHWAY AWAY FROM KYNA FORMATION 
AGGRAVATES HUMAN ATHEROSCLEROSIS 

The role of the Kyn pathway and the balance of different branches within the pathway, in 

human atherosclerosis were explored in Paper III. Transcriptomic data from human 

atherosclerotic plaques available through a collaboration with the BiKE biobank were analysed 

for the expression of Kyn pathway enzymes. We found that the first common steps of the 

pathway, and the branch of the pathway leading to the formation of QA (the “QA branch”) 

were upregulated in atherosclerotic plaques compared to healthy arteries, while the branch of 

the pathway leading to KynA (the “KynA branch”) was downregulated. Correlations were 

made between the expression of Kyn pathway enzymes and the expression of pro- and anti-

inflammatory genes. The main enzymes of the QA branch were found to have a positive 

correlation with pro-inflammatory and plaque-destabilizing genes, whereas enzymes of the 

KynA branch were found to have an inverse correlation with such genes and instead correlated 

with the expression of stabilizing and tolerogenic factors. Sections of plaque material were 

stained for the expression of Kyn pathway enzymes, and while a clear upregulation in sites of 

macrophage activity near the necrotic core could be seen for IDO and KMO from the common 

and QA branch of the pathway, respectively, KYAT1 from the KynA branch did not have the 

same staining pattern. Expression patterns of plaques from symptomatic and asymptomatic 

patients were compared, both at the mRNA and protein levels, and plasma was analysed for 

Kyn pathway metabolites. Symptomatic plaques showed a decrease in the expression of KYAT 

enzymes, both in mRNA and protein. Enzyme activity of the KynA branch was decreased in 

symptomatic patients, as seen by the lower KynA/3-HAA ratio. Interestingly, activity of the 

common branch, which includes IDO, was also lower in symptomatic patients as seen by the 

lower Kyn/Trp ratio. 

Clinical parameters were retrieved, and a logistic regression model was set up to describe the 

effect of KYAT expression on the odds of being symptomatic or asymptomatic. A significant 

decrease in the odds of having presented with symptoms was seen with increasing expression 

of KYAT1. The molecular mechanism by which the Kyn pathway metabolite KynA acts was 

further explored in vitro. Treatment of macrophages generated from human PBMCs indicated 

that KynA has anti-inflammatory properties that are mediated via activation of the AhR. The 

anti-inflammatory properties of KynA were confirmed in a mouse model of peritonitis. 

Activation of the Kyn pathway has previously been described in CVD in epidemiological 

studies (233-237). The expression of IDO has been shown in advanced atherosclerotic plaques 

(271). However, Paper III explores the specific intermediate steps of the Kyn pathway in 

atherosclerosis and how changes within the pathway affect the atherosclerotic plaque. One 

advantage of using material from the BiKE biobank is that when comparing symptomatic and 
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asymptomatic plaques, both groups have advanced disease that requires surgery. When 

studying the Kyn pathway, which is strongly upregulated by inflammation, there is always a 

question of whether observed differences between groups could be the result of underlying 

differences in inflammation. By comparing two groups that both have advanced disease, such 

as symptomatic and asymptomatic patients in BiKE, this problem could be partially mitigated. 

It is therefore interesting that we observed increased IDO activity, demonstrated by an 

increased Kyn/Trp ratio, in plasma from asymptomatic patients. This observation goes well 

with the finding of a recent Mendelian randomization study that found genetically instrumented 

IDO activity to be protective in ischaemic heart disease (241). 

In Paper III, we demonstrate that a deviation from the KynA branch of the Kyn pathway, to 

the QA branch of the pathway, is associated with a more inflammatory plaque phenotype and 

higher odds of being a symptomatic patient. In Paper I and Paper II, and in earlier work (231), 

we demonstrated that 3-HAA, a metabolite within the QA branch of the Kyn pathway, is 

atheroprotective. As we did not evaluate all individual metabolites in Paper III, the properties 

of the particular metabolite 3-HAA could still be atheroprotective. Furthermore, the common 

branch of the Kyn pathway is upregulated in both asymptomatic and symptomatic patients. In 

Paper I and Paper II, we did not study how 3-HAA treatment affected the Kyn pathway, and 

it is possible that administration of a QA branch metabolite also changed the flux in the KynA 

branch of the pathway. In the study by Zhang et al. (231), however, we showed that 3-HAA 

treatment downregulated hepatic KYNU and HAAO expression, suggesting a possible role of 

3-HAA in modulating Kyn pathway flux. 

In immunohistochemistry stainings, we show that IDO and KMO are most upregulated in areas 

of plaques rich in macrophages and immune cells. This raises the question of in which cells of 

the atherosclerotic plaque does the observed deviation of the Kyn pathway take place. Using 

transcriptomic data from PBMCs from BiKE patients, we observed a weak trend towards a 

similar deviation of the Kyn pathway away from KynA formation in PBMCs from 

symptomatic patients, as was seen in plaque tissue (Figure 4).  

 

Figure 4: Expression of KYAT1 in PBMCs from BiKE. A trend towards decreased 

expression is seen. AS; asymptomatic. S; symptomatic. # p<0.1 

 

 

To further investigate the deviation of the Kyn pathway in circulating myeloid cells, a publicly 

available data set, consisting of transcriptomic data from CD14+ cells from a population study, 

with measurement of the coronary artery calcium (CAC) score (available through NCBI-GEO, 

http://www.ncbi.nlm.nih.gov/geo, GSE56045, deposited by Yongmei Liu, previously 

published (272)) was used. Subjects were stratified based on CAC-score as previously shown 

(273). In subjects with above median expression of KYAT1, there was a clearly reduced odds 

http://www.ncbi.nlm.nih.gov/geo
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ratio of having the highest category of CAC-score compared to subjects with below median 

KYAT1 expression (Table 2). However, the same pattern was not observed with KYAT2 (data 

not shown). These findings raise the question of whether deviation of the Kyn pathway is 

already present in circulating immune cells, in addition to locally in the atherosclerotic plaque, 

something that warrants future studies. 

Table 2: High or low KYAT1 expression in a population study. “Median Low” denotes KYAT1 expression below 

the median, “Median High” denotes KYAT1 expression above the median. OR refers to the odds of a patient 

having the specified CAC-score comparing above the median expression level to below the median expression 

level.* p<0.05. 

 No CAC Low CAC Intermediate CAC High CAC Total Missing 

Total 337 324 187 293 1141 61 

Median Low 166 163 87 171 587  

Median High 171 161 100 122 554  

OR (CI95%) 
1,132 

(0,878-1,460) 

1,066 

(0,824-1,378) 

1,266 

(0,925-1,733) 

0,687 

(0,525-0,899) 
  

χ2-test 0,338 0,628 0,141 0,006*   

 

7.4 METABOLIC REPROGRAMMING VIA PDK1 INHIBITION REGULATES 
VASCULAR INFLAMMATION 

In Paper IV, we explored the role of metabolic reprogramming by targeting PDKs with the 

inhibitor DCA in atherosclerosis. We show that treatment of ApoE-/- mice on a western-type 

diet with DCA drastically reduces atherosclerotic burden. Furthermore, treatment with DCA 

reduced plaque inflammation, as demonstrated by a reduction in infiltrating CD68+ 

macrophages and CD4+ T cells while increasing plaque stability by increasing alpha smooth 

muscle actin and collagen in the plaque. A distinct change in immunological phenotype was 

observed upon DCA treatment, with a reduction in M1-like macrophage markers, upregulation 

of M2-like macrophage markers and downregulation of markers of TH1-type responses in both 

spleen and aorta. Interestingly, we demonstrate that DCA has the ability to block NLRP3 

inflammasome activation and IL-1β secretion from macrophages.  

Metabolomic studies revealed, apart from an expected shift away from lactate production, that 

DCA treatment reduces cell accumulation of succinate. The addition of succinate abrogated the 

effects of DCA on NLRP3 inhibition. The reversal of the DCA effect on NLRP3 

inflammasome by succinate was not seen when treated with a GPR91 antagonist, implicating 

the succinate receptor GPR91 signalling as a potential mechanism of succinate to increase 

inflammasome activity. Furthermore, we showed that DCA treatment decreased the expression 

of PDK in the spleen and aorta, in the latter particularly isoforms PDK1 and PDK4, but not in 

liver. In human carotid artery tissue, PDK1 protein expression was increased in plaque 
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compared to adjacent tissue, and DCA had a reducing effect on the secretion of pro-

inflammatory cytokines by plaque cells cultured in vitro.  

Similar to our study, a recently published study also found that DCA reduces the atherosclerotic 

burden in ApoE-/- mice (274). DCA was found to reduce white adipose tissue and induce 

thermogenesis and increase the expression of the brown adipose tissue marker uncoupling 

protein 1. The study suggested that the effect of DCA was at least partly mediated by hepatic 

expression of fibroblast growth factor 21. Additionally, in our study we observed changes not 

only in glucose metabolism but also in lipid metabolism, with a decrease in plasma cholesterol 

at the end of the study. The observed metabolic changes in lipid metabolism, both in the study 

of Min et al. (274) and in our study, are surprising considering that the activity of PDK has 

been argued to promote lipolysis (121). The observed ability of DCA to promote glucose 

oxidation without apparent accumulation of lipids warrants further investigation. 

The connection between aberrant immune activation and increased lactate production is 

clinically well recognized, particularly in sepsis and septic shock. While there have been 

clinical trials of DCA treatment in septic patients, the most complete studies failed to show an 

effect on mortality and haemodynamic function (275). It is worth noting however, that the 

study of Stacpoole et al. included not only septic patients but all patients with severe lactic 

acidosis and that the inclusion criteria favoured the recruitment of patients with advanced 

disease and a poor prognosis. Experimental data argue for the ability of DCA to reprogram the 

immune response, inhibiting the maladaptive immune response in sepsis and improving the 

survival of mice undergoing caecal ligation and puncture, an experimental sepsis model (276). 

The reprogramming of the immune system observed in Paper IV could thus be applied in 

several other clinical settings beyond atherosclerosis. 

7.5 CONCLUDING REMARKS 

The idea that atherosclerosis is a chronic inflammatory disease is widely accepted today. Yet, 

no therapies routinely used in the clinical setting specifically target the underlying 

inflammatory responses driving atherosclerosis. The close link between metabolism and the 

immune response offers a new approach to investigate important mechanisms in the 

pathophysiology of atherosclerosis, and to discover new and better avenues for treatment.  

Paper I, II and III of this thesis focus on the strong immune regulatory potential of Trp 

metabolism through the Kyn pathway. Inhibition of Trp metabolism results in increased 

inflammation and atherosclerosis. The Trp metabolite 3-HAA is shown to regulate sterol 

metabolism by inhibiting SREBP2 activity, and a deviation away from KynA production is 

seen in symptomatic carotid atherosclerosis.  
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In Paper IV the PDK inhibitor DCA was investigated in the context of atherosclerosis. Active 

immune cells, both T cells and macrophages, favours aerobic glycolysis and lactate production 

over TCA cycle, and treatment with DCA reduced atherosclerotic burden in mice. A summary 

of the findings in this thesis can be seen in Figure 5. 

The field of immunometabolism, the study of the interplay between the traditional science 

disciplines of metabolism and immunology, is an emerging field of research. The present thesis 

highlights the potent immune-modulating potential that can be achieved from manipulation of 

one metabolic pathway, the Kyn pathway of Trp metabolism. The Kyn pathway has several 

features that makes it promising as a therapeutic target. The metabolites in the pathway are 

small molecules and as such more convenient as analogues for pharmacological agents than, 

for example, large proteins such as antibodies which are complicated to produce and to 

administer. For several enzymes in the Kyn pathway there are well-established 

pharmacological inhibitors that already are used in vivo, as seen in Paper I and II. The use of 

1-MT in cancer therapy will hopefully add knowledge of the clinical implication of Kyn 

pathway modulation over the coming years. The present thesis highlights the need for careful 

cardiovascular surveillance in patients receiving IDO inhibitors. Furthermore, several 

metabolites of the Kyn pathway are quickly degraded and have short half-lives in plasma, 

which necessitates further research before they can effectively be used as pharmacological 

agents. 

The reprogramming of the immune response in atherosclerosis after modulation of glucose 

metabolism with DCA observed in Paper IV can be generalized to several other settings 

outside of the field of CVD. Regulation of glucose metabolism, succinate availability and TCA 

flux is of interest in any inflammatory response. It is the hope and belief of the author that the 

insights gained from the studies in the present thesis, together with other work in the field of 

immunometabolism, will provide new approaches to treatment and prevention of not only 

atherosclerosis, but all inflammatory diseases. 
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Figure 5. A summary of findings in the current thesis. Modulation of metabolism of tryptophan or metabolic 

flow through the glycolytic pathway is associated with the level of inflammation, and can be observed both in 

liver, arteries and at the level of immune cells. 3-HAA, 3-hydroxyanthranilic acid; DCA, dichloroacetate; TCA, 

citric acid cycle; SREBP2, sterol response element binding protein 2; IL, interleukin. 
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