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Summary 

Background and aims: Atherosclerosis is characterized by accumulation of lipids and immune 

cells in the intima of blood vessels, creating a dysfunctional endothelium that may eventually 

become prone to plaque rupture and result in acute cardiovascular events. Macrophages play a 

central role in all stages of atherogenesis. They exist in a variety of phenotypes, where pro-

inflammatory M1 and anti-inflammatory M2 macrophages represent two extremes in a continuum 

of activation states. The balance of macrophage phenotypes in the plaque seems to be important in 

determining plaque outcome. Nicotinamide phosphoribosyltransferase (NAMPT) is an important 

enzyme in cellular metabolism, comprising the rate limiting step of the NAD salvage pathway. 

Also, NAMPT has pro-inflammatory properties and has been found to be located to the 

atherosclerotic plaque, in particular to the macrophage-rich areas. We wanted to elucidate the 

regulation of NAMPT in macrophage subsets, and furthermore address the role of NAMPT in 

macrophage polarization.  

Methods: The regulation of NAMPT in M1 and M2 macrophages were investigated in THP-1 

derived and murine bone marrow derived macrophages. Monocytes were differentiated into 

macrophages and polarized into M1 and M2 macrophages upon pro- and anti-inflammatory 

stimuli, respectively. NAMPT gene expression and protein secretion were measured using qPCR 

and suspension array system technology, respectively. Changes in macrophage inflammatory 

phenotype upon co-stimulation with NAMPT inhibitor, NAMPT substrate or recombinant 

NAMPT protein were investigated using a panel of inflammatory markers.  

Results: To our knowledge, this is the first report to show that NAMPT is differentially regulated 

in pro-inflammatory M1 and anti-inflammatory M2 macrophages. We found NAMPT expression 

and secretion to be significantly elevated in M1 macrophages. In order to investigate the role of 

NAMPT in macrophage polarization a panel of inflammatory markers was established. We found 

inhibition of NAMPT activity to reduce the inflammatory potential of the pro-inflammatory M1 

macrophages. Nicotinic acid and recombinant NAMPT mildly altered the inflammatory profile of 

polarized macrophages.  

Conclusions: The results presented in this thesis support the view of NAMPT as a pro-

inflammatory mediator. The gene expression and cytokine secretion of NAMPT was increased in 

the pro-inflammatory M1 macrophage subtype. Furthermore, the present data suggest a role of 

NAMPT in macrophage polarization.  
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1  Introduction 

1.1 Inflammation 

Inflammation is an essential response that enables survival during infection or injury, and 

maintains necessary homeostasis during harmful conditions (1). This response encompasses a 

complex set of reactions among soluble factors and cells that can arise in any tissue in 

response to traumatic, infectious, toxic or autoimmune injury (2).  

The inflammatory response consists of four main components; inducers, sensors, mediators 

and the affected tissue. Inflammatory inducers can be infectious pathogens, noxious 

conditions, hypoxia, high levels of reactive oxygen species, extracellular adenosine 

triphosphate (ATP) and certain crystals, including cholesterol crystals. The inducers are 

detected by sensors such as toll-like receptors expressed on mast cells, dendritic cells or 

macrophages (3, 4). These cells secrete mediators (e.g. cytokines) to create an environment 

suited for resolution of injury in the affected target tissue. The main task for the inflammatory 

response is to eliminate the threat of the triggering insult. Depending on the type of inducer of 

the inflammatory response, the type of sensor detecting the inducer, the mediators responding 

to the inducer and the target tissue affected by the response, an appropriate type of 

inflammation will be induced (1). The immune responses serves to eradicate the infection but 

also results in collateral tissue damage, in part due to production of reactive oxygen species 

that are cytotoxic, and secretion of proteases that degrade extracellular matrix (5). 

When the infection is cleared, the inflammatory response normally transitions into an active 

resolution phase (5), where termination of the inflammatory response and reestablishment of 

homeostatic state are induced. This is a highly regulated process, which involves a switch of 

cytokine release to a decreased release of inflammatory mediators, combined with an 

increased release of anti-inflammatory mediators. Concomitantly, there is an increased level 

of monocyte recruitment for clearance of dead cells and other debris.  

If the inflammatory response is not properly terminated, for example due to the inflammatory 

trigger not being appropriately eliminated, a state of chronic inflammation may occur. Low 

grade, systemic inflammation is present in various metabolic diseases (6). The pathogenesis 

of a growing number of chronic inflammatory conditions is characterized driven by 

maladaptive nonresolving inflammation (5). These inflammatory conditions are of particular 

interest because they accompany many life style related diseases, including atherosclerosis.  
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1.2 Atherosclerosis  

The last 20 years there have been a decrease in prevalence of cardiovascular disease (CVD) in 

the world. However, CVD is the leading cause of death in both developing and developed 

countries, and accounts for 17 million deaths each year according to World Health 

Organization (7). In Norway, cardiovascular disease remains to be one of the leading causes 

of death (8), and atherosclerosis is the most common pathological process that leads to CVD 

(9).  

It is well established that a high concentration of cholesterol, especially low density 

lipoprotein (LDL) cholesterol, is an important risk factor for atherosclerosis (10). Therefore 

atherogenesis was for a long period viewed mainly as a process of lipid accumulation in the 

intima. Even though Virchow postulated that atheroma mass was a product of inflammation 

about 170 years ago (11), the concept of inflammation in atherosclerosis was not fully 

accepted until Gerrity et al published a paper that for the first time demonstrated the presence 

of immune cells to the endothelium in early atherogenesis in 1979 (12). Now, it is widely 

appreciated that atherosclerosis is a condition characterized by accumulation of both lipids 

and immune cells, together creating a dysfunctional endothelium that may eventually become 

prone to plaque rupture (9).  

Formation of fatty streaks is the first step in the development of atherosclerosis. Here, 

lipoproteins are located in an environment favoring oxidative modification, which in turn 

increases the inflammatory response, and increases the expression of adhesion molecules in 

the endothelial layer. Under normal conditions, circulating leukocytes adhere poorly to the 

endothelium. However, the altered intima expresses adhesion molecules that mediates 

slowing of rolling and attachment of monocytes and leukocytes to the endothelium, which 

facilitates entering of immune cells to the intima of the blood vessel (13, 14). Within the 

intima monocytes mature and differentiate into macrophages (15-17). Macrophages 

proliferate and increase the inflammatory response through secretion of numerous growth 

factors and cytokines (14). The macrophages of the altered intima develop into foam cells 

through increased uptake of modified lipids, such as oxidized LDL (oxLDL) (10). This 

accumulation of modified lipids is facilitated through increased expression of scavenger 

receptors. Scavenger receptors are not down-regulated in response to abnormal cellular 
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cholesterol content like LDL-receptors are, and thus favor accumulation of lipids in the foam 

cells.  

Acute cardiovascular events like myocardial infarction and stroke result from plaque rupture 

and the subsequent thrombosis (9). The risk of plaque rupture is determined by plaque 

stability, which in turn depends on the composition of the plaque. The stable plaque is 

characterized by a thick fibrous cap, with a small lipid core. Compared to the stable plaque, 

the unstable and vulnerable plaque has a thin fibrous cap, a big thrombogenic lipid core and 

increased degree of inflammation, matrix remodeling and necrosis (18). The unstable plaque 

has an increased number of macrophages and foam cells in the shoulder region, where the 

plaque rupture mostly happens. In addition, macrophages have been shown to have a major 

role in the weakening and destabilization of the fibrous cap (19, 20). Thus, macrophages and 

inflammation plays important roles in atherosclerosis, but the roles and mechanisms in plaque 

destabilization are not fully understood. 
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1.3  Macrophages 

Macrophages play an essential role in defense and homeostasis in all tissues. They are widely 

distributed, and are present in most organs (e.g. liver, spleen, lymph nodes, lungs, bone 

marrow, bone tissue and nervous system), in connective tissue and in the serous cavity (21). 

They are part of the mononuclear phagocyte system, which includes precursor cells of 

monocytes in addition to pro-monocytes in bone marrow, blood monocytes and the diverse 

network of tissue macrophages and monocyte-derived dendritic cells (21-23). Circulating 

monocytes migrate to peripheral tissue upon pro-inflammatory, metabolic or immune stimuli 

and differentiates into mature macrophages (24) (Figure 1).  

Figure 1. Monocyte differentiation. The myeloid progenitor cell in bone marrow is released into blood 

and develops into a monocyte upon pro-inflammatory, immune or metabolic stimuli. Further, the 

monocyte enters various tissues and differentiates into one of several different macrophage subsets. In 

this thesis, the focus is the recruited macrophages which further polarize into classically activated, pro-

inflammatory M1 macrophages or alternatively activated anti-inflammatory M2 macrophages. M-CSF, 

macrophage colony stimulating factor; GM-CSF, granulocyte-macrophage colony stimulating factor. 

The figure is obtained from Journal of molecular endocrinology with permission (23). 
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Macrophages were first discovered as phagocytic cells responsible for elimination of 

pathogens (25). Following the discovery of macrophages as phagocytic cells the main 

research of interest focused on the concept of macrophages as immune cells and their role in 

host defense. It is now well established that, in addition to their involvement in host defense, 

macrophages have a vital homeostatic role through their participation in the clearance process 

and in the removal of cellular debris, which are independent of their involvement in immune 

response (26).  

1.4  Macrophage polarization 

Macrophages exist in a variety of phenotypes and executes several different inflammatory 

responses ranging from the classical pro-inflammatory effects including the elimination of 

pathogens and potential hazards, to anti-inflammatory effects such as wound healing and 

regeneration (26, 27). They were first considered to have mainly a pro-inflammatory 

physiology. However, it is now evident that macrophages comprise a far more diverse group 

than first assumed (25-31). Different macrophages have different phenotypes and abilities, 

and will subsequently have various effects on initiation, progression and maintenance of 

inflammatory status. They have the ability to take on a range of different phenotypes upon 

different stimuli, and responds to endogenous stimuli as well as signals produced by antigen 

presenting cells (26). Additionally, macrophages themselves secrete significant amounts of 

signaling substances such as cytokines, chemokines and inflammatory mediators, which also 

influence their physiology and phenotype.  
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Following the discovery of macrophages’ several different functions in immune response, the 

concept of macrophage polarization emerged. Macrophages develop from peripheral blood 

monocyte cells, and upon different stimuli they take on appropriate phenotypes suitable for 

the environmental conditions. Polarization of macrophages depends on two main groups of T-

lymphocytes; T-helper 1 cells (Th1) and T-helper 2 cells (Th2). The Th1 lymphocytes secrete 

typical pro-inflammatory cytokines such as interferon (IFN)γ,  lipopolysaccharide (LPS) and 

GM-CSF, while Th2 lymphocytes secrete anti-inflammatory cytokines such as interleukin 

(IL)-4, IL-5, IL-13 or IL-10 (32) (Figure 2).  

 

Figure 2. Macrophage polarization. T helper cells and other immune cells produce cytokines that 

influence macrophage activation states. Resting macrophages stimulated with pro-inflammatory 

stimuli such as pathogen associated molecular patterns (PAMPs) or IFNγ secreted by Th1 cells or 

natural killer cells (NK) are activated  to a pro-inflammatory M1 macrophage phenotype (M1 MΦ). 

Th2 cells and neutrophils secrete anti-inflammatory stimuli such as IL-4 and IL-13 stimulating the 

polarization of an anti-inflammatory M2 macrophage phenotype (M2 MΦ). The regulatory T cell 

stimulates resting macrophages with IL-10 and TGFβ generating a third phenotype, the deactivated 

macrophage subtype (dMΦ), also called regulatory macrophage. The figure is obtained from 

Psychoneuroendocrinology with permission (33).  
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It was early established that macrophages had a type of classical activation induced by IFN 

in a Th1 dependent matter. Other modulators such as IL-4, IL-10, IL-13, glucocorticoids and  

transforming growth factors (TGF), contributing to several different macrophage phenotypes, 

were categorized together as alternatively activated macrophages because they were activated 

in a Th2 dependent matter. Based on the Th1 and Th2 dependent activation of macrophages, 

the two macrophage subsets have been named M1 and M2 macrophages, respectively. These 

two macrophage subsets has also been referred to as classically activated  and alternatively 

activated macrophages (30) or wound-healing macrophages (26). However, both Th1 and Th2 

dependent subtypes are heterogeneous and the grouping of macrophage subsets in two main 

groups have by some been claimed to over-simplify the concept of macrophage polarization 

and to obscure the important differences in macrophage responses from these different stimuli 

(29, 30). Additionally, polarized macrophages have the ability to change phenotypes upon 

changes in the environment or changes in type of stimuli (34). This means that fully polarized 

M1 macrophages stimulated with IL-4 can develop into more M2-like macrophages, while 

M2 macrophages stimulated with IFNγ can alter their phenotype into a M1-like phenotype 

(35-38). Thus, macrophages display notable plasticity, having the ability to take on several 

different phenotypes upon various stimuli. Hence, M1 and M2 macrophages represent two 

extremes in a continuum of activation states (39). 

1.4.1 Pro-inflammatory M1 macrophages 

The classical activation of M1 macrophages are typically initiated by known pro-

inflammatory stimuli from Th1, CD8
+ 

T cells or NK cells. M1 macrophages have long been 

known to be induced by IFNγ, either alone or in concert with microbial stimuli (e.g. LPS) or 

pro-inflammatory cytokines (e.g. tumor-necrosis factor (TNF)-α and GM-CSF) (22, 25, 40). 

These pro-inflammatory macrophages are characterized by a pro-inflammatory secretome 

including secretion of  TNFs and IL-1, IL-1β and IL-12 (19, 29, 41). In this thesis the term 

M1 macrophages will be used to describe the classically activated, IFNγ and LPS induced 

pro-inflammatory macrophages.  
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1.4.2 Anti-inflammatory M2 macrophages 

Compared to M1 macrophages, the M2 macrophages are more diverse as a group and the 

classification encompasses a spectrum of macrophages predominantly with an anti-

inflammatory phenotype. M2 macrophages are induced by various types of stimuli including 

IL-4, IL-10, IL-13, TGFβ and glucocorticoids (32), and have been suggested to be further 

divided into subgroups (26, 27, 42). In this thesis, the term M2 macrophage will describe 

macrophages induced by IL-4 and IL-13, also referred to as alternatively activated or anti-

inflammatory macrophages.  

IL-4 and IL-13 are associated with Th2 responses, which have well defined effects on 

macrophages, other cells and immune function (29). These cytokines were initially thought to 

simply inhibit macrophage activation. However, it is now evident that these cytokines actually 

activates an anti-inflammatory macrophage subtype (26, 27, 30). Anti-inflammatory M2 

macrophages play a central role in resolution of inflammation through high endocytic 

clearance capacities and trophic factor synthesis (27). In addition, they  are generally 

characterized by low production of pro-inflammatory cytokines such as TNFs, IL-1 and IL-6 

(42), combined with increased secretion of anti-inflammatory cytokines and over expression 

of several scavenger receptors (43). Additionally, they have been shown capable of 

dampening the inflammatory response of surrounding M1 macrophages (44).  

1.5 Macrophage polarization in atherosclerosis 

Macrophages play a central role in all stages of atherogenesis. They participate in the 

orchestration of inflammatory responses through secretion of cytokines and chemokines, and 

expression of scavenger receptors and toll-like receptors, which connect innate and adaptive 

immune responses in atherosclerosis (13, 19). The classical view is that macrophages drive 

the atherogenic process and contribute to destabilization through production and secretion of 

pro-inflammatory cytokines, chemokines and reactive oxygen species. In addition, they 

regulate lipid accumulation, initiate vascular remodeling, release matrix metalloproteinases 

(MMPs) and promote apoptosis of smooth muscle cells (19, 45, 46). This has been supported 

by the finding that macrophage deficiency have shown to significantly decrease 

atherosclerotic progression in mice (17), and that macrophages are localized to the 

atherosclerotic plaque, and in particular to the unstable and rupture prone areas of the plaque 

(47-50). Now it is evident that macrophages also play opposite roles in atherogenesis, with the 
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ability to resolve the inflammatory response and to induce wound healing and tissue repair 

(39).  

Both pro-inflammatory M1 and anti-inflammatory M2 macrophages are present in the 

atherosclerotic lesion (13, 44, 51, 52). They play opposite roles in inflammation, and thus in 

atherosclerosis. However, the atherosclerotic setting differs from common injury both in 

environmental factors and in response. Upon common muscle injury, an initial wave of M1 

macrophages is attracted to the site of tissue injury for eliminating infectious compounds and 

cellular debris. This reaction is followed by recruitment of M2 macrophages promoting tissue 

repair and wound-healing (53). In the atherosclerotic plaque, the micro-environment is 

heterogeneous, displaying both traditional M1 and M2 inducers in addition to other factors 

that may alter macrophage phenotype (54). The picture is further complicated by the fact that 

fully polarized macrophages of the atherosclerotic plaque retain their plasticity and are 

capable of changing phenotypes upon certain stimuli or changes in the micro-environment 

(34, 36, 55). Macrophages of the atherosclerotic plaque have shown a gradual shift in 

phenotype from the shoulder region towards the center of the plaque (56). The rupture-prone 

shoulder regions are characterized by the dominance of M1 macrophages over M2 

macrophages (57). Furthermore, Khallou-Laschet et al found that the early lesion was 

characterized by a high content of anti-inflammatory and wound healing M2 macrophages, 

which favored the proliferation of smooth muscle cells (36). Lesion progression correlated 

with the dominance of M1 macrophages over M2 macrophages, and the advanced plaque 

favored the emergence of pro-inflammatory M1 macrophages (36). Thus, the balance of 

macrophage phenotypes seems to be important in determining plaque outcome (19, 54, 58).  
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1.6 Nicotinamide phosphoribosyltransferase 

Nicotinamide phosphoribosyltransferase (NAMPT) is a 52 kD protein suggested to have both 

intracellular and extracellular functions. Both the intracellular and the extracellular form seem 

to be responsible for NAMPTs relevance in immunity, metabolism and stress responses in 

both physiology and pathophysiology (59). The protein was originally cloned in 1994 as a 

protein involved in B-cell maturation and was named pre-B-cell enhancing factor (PBEF) 

(60). In 2002 the murine homologue of PBEF was found to be an enzyme involved in 

nicotinamide adenine dinucleotide (NAD) biosynthesis (61). The protein gained much 

attention in 2005, when Fukuhara et al reported NAMPT to bind to the insulin receptor. They 

also found NAMPT to be a protein abundantly produced in visceral adipose tissue, and hence 

named it visfatin (62). Later, this article was retracted because the binding to the insulin 

receptor was batch dependent (63). NAMPT has been approved as the official nomenclature 

of the protein and the gene by both the HUGO Gene Nomenclature Committee and the mouse 

Genomic Nomenclature Committee. Therefore, NAMPT will be used for the remaining of this 

thesis. 

1.6.1 Intracellular action of NAMPT 

NAD generation in the cell have two main pathways; salvage pathway and de novo pathway. 

In mammals, the salvage pathway is the major source of NAD production in cells (64). The 

intracellular form of NAMPT constitutes the rate limiting step in the salvage pathway of NAD 

generation (64) (Figure 3). NAD and the reduced form NADH are essential molecules 

involved in most biological processes through energy production, reductive biosynthesis, anti-

oxidation  and cellular metabolism (65). NAD plays pivotal roles in the regulation of NAD 

dependent proteins. For instance, NAD regulates the function of the sirtuins’ deacetylase 

activity, and thus regulates transcriptional regulation of proteins important in stress response, 

metabolism, apoptosis and autophagy (66). Additionally, NAD regulates cell death through 

interaction with poly [ADP-ribose] polymerase-1 (PARP-1), and are important in 

regeneration of reactive oxygen species through nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase (59). Thus, through its role in regulating NAD production, NAMPT is an 

important enzyme in cellular metabolism and energy production, possibly regulating several 

essential cellular processes, including enzyme regulation, aging, signal transduction, immune 

response, deoxyribonucleic acid (DNA) repair and cell death.  
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Figure 3. NAD biosynthesis. NAMPT comprises the rate limiting step of the NAD salvage pathway. 

This is the most important pathway of NAD biosynthesis in mammals. PRPP, phosphoribosyl 

pyrophosphate; NMNAT, Nicotinamide mononucleotide adenylyltransferease; NAD, Nicotinamide 

adenine dinucleotide. 

1.6.2 Extracellular function of NAMPT 

The extracellular role of NAMPT is not well understood. NAMPT is suggested to have 

functions as both a cytokine and an adipokine, in addition to an extracellular enzymatic 

activity.  

A cytokine is a small protein that mediates cellular communication affecting the growth, 

differentiation and function of various cells in either a paracrine or an autocrine manner (67). 

NAMPTs primary amino acid sequence does not include a cytokine signaling sequence, 

however NAMPT displays significant homology to cytokines (60). Additionally, NAMPT is 

secreted extracellularly by several cell types, such as macrophages, hepatocytes, skeletal 

muscles and adipocytes (60, 68-72). Currently, a receptor has not been detected. This 

complicates the understanding of NAMPT as a cytokine. However, the ability of NAMPT to 

increase the release of MMPs and inflammatory cytokines like TNFα, IL-6 and IL-8 when 

added extracellularly (73-76), indicates a cytokine function of NAMPT. The possibility of 

NAMPT having cytokine-like activity is further underscored by the ability of NAMPT to 

induce inflammatory signaling pathways such as AKT/Phosphatidylinositide 3-kinase (PI3K), 
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Mitogen-activated protein kinase (MAPK), Nuclear factor kappa-light-chain-enhancer of 

activated B cells (NFκB) and Signal transducer and activator of transcription (STAT) (73, 76, 

77). 

Adipose tissue, including adipocytes and adipose tissue resident macrophages, secrete a 

number of bioactive peptides collectively called adipokines. These compounds have a central 

role in energy and vascular homeostasis, as well as in immunity and inflammation (59, 78). 

NAMPT has been suggested to function as an adipokine due to its high expression in visceral 

fat (62, 75, 79). Other studies have demonstrated a more widespread expression, and NAMPT 

are also expressed in liver, skeletal muscle, bone marrow, lung and pancreas (60, 61, 68, 80-

82). The importance of NAMPT in visceral fat have also been indicated by the fact that 

plasma levels of NAMPT have been found to be positively correlated to obesity (62), and 

obesity related metabolic diseases (83, 84).  

NAMPT has been suggested to have extracellular enzymatic activity based on its important 

role in extracellular NAD generation. On the other hand, recent studies indicate that the 

extracellular form of NAMPT has no enzymatic activity in the extracellular milieu due to lack 

of activation by ATP which has a low level in extracellular space, including plasma (71). 

However, ATP level is increased during pathological conditions due to release from activated 

platelets at the site of injury, where dying cells release ATP into the extracellular space (3). 

Thus possibly creating an environment more suitable for NAMPT activity. Another proposed 

mechanism of extracellular NAMPT is through entering the intracellular compartment and  

then functioning as an intracellular enzyme in the NAD salvage pathway (59, 85). How 

NAMPT enters the cells before being used as an intracellular enzyme is far from clear (59). 

  

http://en.wikipedia.org/wiki/Mitogen-activated_protein_kinase
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1.6.3 NAMPT in atherosclerosis 

The interacting processes of inflammation and lipid accumulation defines the pathogenesis of 

atherosclerosis (86). NAMPT has been suggested to be a missing link that influences the 

interaction between metabolic disturbances and inflammation during atherogenesis (59, 87). 

The direct functions of NAMPT are not fully understood, but increasing evidence suggests an 

important role of NAMPT in atherosclerosis. 

MMPs and inflammatory cytokines and their mutual interactions play an important role in 

atherogenesis and plaque destabilization. In patients with type 2 diabetes and metabolic 

syndrome, particularly high circulating levels of NAMPT were found in those with 

accompanied carotid plaque, measured by intima thickness (88-90). Serum NAMPT have 

shown to be correlated with circulating inflammatory markers in obese patients (91). This has 

further been supported by a study describing a polymorphism in the NAMPT gene associated 

with low levels of NAMPT, which correlated with low levels of inflammatory mediators such 

as IL-6, C-reactive protein (CRP) and TNFα in coronary artery disease (CAD) patients (92). 

Several studies have demonstrated that NAMPT induces the expression and production of 

inflammatory and plaque destabilizing mediators such as extracellular matrix 

metalloproteinase inducer, MMP-9, inducible nitric oxide synthase (iNOS), TNFα, IL-6, IL-8 

and IL-1β (74-76, 93). In endothelial cells, NAMPT has been shown to increase expression of 

adhesion molecules (94), thus possibly being able to promote cellular adhesion in the plaque. 

NAMPT has previously been shown to be localized to the atherosclerotic plaque (74). The 

level of NAMPT in the plaque was increased in symptomatic compared to asymptomatic 

patients. Moreover plasma levels of NAMPT were elevated shortly after percutaneous 

coronary intervention (PCI), representing an artificial plaque rupture. In addition, NAMPT 

was localized to the areas that were rich in lipid-loaded macrophages (74), indicating a link 

between NAMPT and macrophages. 

  

http://www.ncbi.nlm.nih.gov/pubmed/15914026
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1.6.4 NAMPT in macrophages 

NAMPT expression increases during macrophage differentiation (74). Also, pro-

inflammatory stimuli such as TNFα, oxLDL and hypoxia have shown to increase NAMPT 

expression in macrophages (95). Our research group was the first to show that NAMPT are 

located in areas of the plaque which are rich in lipid-loaded macrophages, suggesting a role of 

NAMPT in macrophage lipid-loading (74). However, the role of NAMPT in lipid 

accumulation in macrophages remains unclear. In 2011, our group reported that silencing and 

inhibition of NAMPT increased lipid accumulation in macrophages (95). Conversely, Zhou et 

al found NAMPT to induce cholesterol accumulation in macrophages through up regulation 

of receptors (96). Moreover, the established anti-inflammatory M2 macrophage marker, 

PPARγ has been shown to induce NAMPT gene expression in human  macrophages (97). 

Thus, the present evidence suggests a link between NAMPT and macrophages. However the 

mechanisms and role of NAMPT in macrophages remains to be elucidated.  
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2  Aims of the thesis 

 

The current research project was initiated after the novel observation that NAMPT was 

localized in the atherosclerotic plaque, in particular to the macrophage-rich unstable regions 

(74). In these unstable regions, the pro-inflammatory M1 macrophages are reported to be the 

predominant macrophage subtype (57). 

Based on this knowledge, we hypothesized that NAMPT may be involved in the process of 

macrophage polarization. And through this action be involved in the pathogenesis of 

atherosclerosis and related inflammatory diseases.  

To study the role of NAMPT in macrophage polarization the aims of the present study were 

as follows;  

 

1. Investigate the expression and secretion of NAMPT in polarized macrophage 

subsets 

                            

2. Identify markers for pro-inflammatory M1 macrophages and anti-inflammatory 

M2 macrophages in model systems for  macrophage polarization 

 

 

3. Investigate the effect of NAMPT on macrophage phenotypes through detection of 

changes in gene expression and cytokine secretion in macrophage subsets upon co-

stimulation with NAMPT inhibitor, NAMPT substrate or recombinant NAMPT 
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3  List of materials 

Animals 

Mouse Manufacturer Location 

C57BL/6 The Jackson Laboratory Maine, USA 

Cell culture equipment 

Cell line Distributor Location 

THP-1 monocytes ATCC Virginia, USA 

 

Stimuli  Manufacturer Location 

FK866 Axon MedChem The Netherlands 

IL-13 R&D systems Minneapolis, USA 

IL-4 R&D systems Minneapolis, USA 

LPS  Sigma-Aldrich Missouri, USA 

Nicotinic acid Sigma-Aldrich Missouri, USA 

PMA Peprotech New Jersey, USA 

Recombinant NAMPT, rh Visfatin Phoenix Pharmaceuticals California, USA 

   Stimuli (mouse) Manufacturer Location 

IL-4 R&D systems Minneapolis, USA 

M-CSF Peprotech New Jersey, USA 

 

Chemical/compound/equipment Manufacturer Location 

1640 RPMI with L-glutamin and HEPES  PAA, GE Healthcare Austria 

Cell culture flask with delta  

treatment (25, 80, 175 cm
2
) NUNC Thermoscietific Denmark 

Cell culture plates, 12 wells NUNC Thermoscientific Denmark 

Gentamicin  Life technologies California, USA 

Calf serum  PAA, GE Healthcare Austria 

Penicillin  Sigma-Aldrich Missouri, USA 

Chemicals 

Chemical/compound Manufacturer Location 

Buffer RLT Qiagen Germany 

Ethanol Absolute  Kemetyl United Kingdom 

Ethanol Rectified Kemetyl United Kingdom 

MiliQ water Millipore Massachusetts, USA 

Primers Sigma-Aldrich Missouri, USA 

RNase free water Qiagen Germany 

Tryphan blue Invitrogen California, USA 

 



18 

 

 

Kits       

Kit Manufacturer Location 

Cytokine, chemokine and growth factor assay Bio-Rad California, USA 

Cytokine assay, Precision Pro Bio-Rad California, USA 

Cytotoxicity detection kit (LDH) Roche Germany 

High-Capacity cDNA Reverse Transcriptome Kit Applied Biosystems California, USA 

Human Diabetes kit, Visfatin Bio-Rad California, USA 

Mycoplasma Alert TM kit Lonza Maryland, USA 

SYBR green  Applied Biosystems California, USA 

RNeasy Mini kit Qiagen Germany 

Equipment 

Equipment Manufacturer Location 

qPCR plates 384 wells Applied Biosystems California, USA 

qPCR plates 96 wells Applied Biosystems California, USA 

Instruments 

Instrument Manufacturer Location 

ABI 7500 Applied Biosystems California, USA 

ABI 9500 Applied Biosystems California, USA 

Bio-Rad bioplex (100) Bio-Rad California, USA 

CO2 incubator MCO-18AIC Sanyo Electric Osaka, Japan 

Heraesus Megafuge 16 Centrifuge Thermo Fisher Scientific Massachusetts, USA 

Heraesus Fresco 21 Centrifuge Thermo Fisher Scientific Massachusetts, USA 

Heraesus Multifuge 3SR+ Centrifuge Thermo Fisher Scientific Massachusetts, USA 

Invitrogen Countess automate cellcounter Life Technologies California, USA 

Motic AE 2000, Light microscope with camera Motic Xiamen, China 

Luminometer Lonza Maryland, USA 

Multiscan Ascent Thermo Fisher Scientific Massachusetts, USA 

Nano Drop ND-1000 Spectrophometer Thermo Fisher Scientific Massachusetts, USA 

Veriti 96 Well Thermal Cycler  Applied Biosystems California, USA 

Software 

Software Manufacturer Location 

Bio-Plex Manager software 6.0 Bio-Rad California, USA 

EndNote X6 Thomson Reuters California, USA 

Graph Pad Prism 6.0 GraphPad Software California, USA 

Microsoft Office XP 2007 Microsoft Washington, USA 

Motic Images Plus 2.1 ML Motic Xiamen, China 

Primer Express  Applied Biosystems California, USA 

SDS 2.1 Applied Biosystems California, USA 

SDS 2.3 Applied Biosystems California, USA 
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4  Methods 

In order to elucidate the role of NAMPT in macrophage polarization two model systems have 

been used in the present work. Murine bone marrow derived macrophages have been used to 

investigate the differential gene expression of NAMPT in two subtypes of murine 

macrophages. In addition, the THP-1 monocytic leukemia cell line have been used as a model 

system to investigate the gene expression and cytokine secretion of NAMPT in human 

macrophage subsets with and without the co-stimuli NAMPT inhibitor, NAMPT substrate or 

recombinant NAMPT. The current section describes the methods used in this work. 

4.1  Mouse bone marrow monocytes 

Bone marrow cells were harvested from femur and tibia of C57BL/6 mice (Jackson 

Laboratory, USA) as previously described (98, 99). The cells were seeded at 3 mill cells/ml in 

RPMI (1640 RPMI, 1 % penicillin, 10 % calf serum, 0.1 % gentamicin) and incubated for one 

week with M-CSF for macrophage differentiation. Cells were seeded in 6-well plates in a 

concentration of 1.5 mill cells/ml, and stimulated with 100 ng/ml LPS or 20 ng/ml IL-4 for 

polarization to M1 and M2 macrophages, respectively.  

4.2 THP-1 cells 

THP-1 cells originate from a human monocyte leukemia cell line derived from a male one-

year-old with acute monocytic leukemia (100). The cells were obtained from ATCC and 

grown in culture for 6 months. To ensure cell identity, cells were tested for genomic changes 

at the end of the experimental work (Appendix 1).  

Cells were thawed at 37 
o
C and resolved in growth medium (1640 RPMI, 1 % penicillin, 10 

% calf serum, 0.1 % gentamicin). Fresh medium was added up to a concentration of 0.8 mill 

cells/ml three times a week. Once a week cells were centrifuged at 1200 revolutions per 

minute (rpm) for 4 minutes and dissolved in fresh medium to the concentration of 0.8 mill 

cells/ml. Cells were kept at 37 
o
C, with 5 % CO2. 
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4.3  Cell viability and growth 

To ensure reliable results in the cellular experiments it is important to measure cell viability 

and growth. Decreased viability and growth may indicate a bacterial infection or increased 

death among the cells. This may affect gene expression and cytokine secretion from the cells, 

and thus might affect the experimental outcome.  

4.3.1 Counting cells 

Cells were counted and viability measured three times a week using Invitrogen Countess 

automate cell counter. This procedure uses tryphan blue combined with an image analysis 

algorithm to produce cell viability and count, through classifying cells by roundness and size. 

Live and dead cells are distinguished by their staining pattern.  

Tryphan blue were mixed with cells and added to the Countess Chamber slide. The cells were 

visualized on the screen and the focus adjusted before initiation of cell count and viability 

checked by Invitrogen Countess automate cell counter.  

4.3.2 Mycoplasma 

Mycoplasma are the smallest and simplest prokaryotes, and depend on their host for many 

nutrients (101). They are recognized as common contaminants in continuous cultures, and 

their presence can go undetected for months. As these prokaryotes compete for their hosts 

nutrients they may affect proliferation rate and cellular responses, including gene expression. 

To verify that results from the experiments were not influenced by presence of mycoplasma, 

the Mycoplasma Alert kit from Lonza was applied at the end of the experimental work. The 

MycoAlert assay exploits the activity of certain mycoplasmal enzymes. The viable 

mycoplasma is lysed and the enzymes react with the MycoAlert substrate, catalyzing the 

conversion of adenosine diphosphate (ADP) to ATP. The ATP is transferred to the Luciferace 

enzyme which emits light detected by the Luminometer. ATP level is measured before and 

after addition of the substrate, which makes it possible to obtain a ratio that is indicative of the 

presence or absence of mycoplasma.  

The MycoAlert reagent and MycoAlert substrate was reconstituted in assay buffer, and 

incubated for 15 minutes. Cell supernatant and reagent were added to a fresh tube and 

incubated for 5 minutes. Illuminescence was measured (Reading 1). MycoAlert substrate was 

added to the sample and incubated for 10 minutes. Illuminescence was measured (Reading 2), 
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and the result of the procedure was displayed at the instrument screen. The results are based 

on the ratio between Reading 2 and Reading 1. If the ratio is < 0.9 the sample is negative for 

mycoplasma. A result in the range 0.9-1.2 is borderline results and it is advised to keep the 

cells in quarantine for 24 hours. If the ratio is above 1.2 the sample is contaminated by 

mycoplasma. 

4.3.3 Measure of cell death 

Increased cellular mortality during an experiment can affect the results significantly. In 

addition, it is important to know whether added stimuli are toxic and causes cellular death. To 

quantify the amount of cell death, the Cytotoxicity Detection kit from Roche was used. This 

procedure is based on the detection of lactate dehydrogenase (LDH) which is a stable 

cytoplasmic enzyme present in all cells. It is rapidly secreted into the cell culture medium 

upon damage of the cell membrane. An increase in the amount of dead or damaged cells 

results in an increase of LDH enzyme activity. This activity is determined in a two-step 

process, where the first step is the LDH catalyzed reduction of NAD
+
 to NADH/H

+
. The 

second step comprises the diaphorase-catalyzed reduction of tetrazolium salt INT to formazan 

salt. The formazan is a water-soluble dye with absorption maximum around 500 nm. The 

amount of LDH directly correlates to amount of formazan formed during this assay (102).  

The Cytotoxicity detection kit from Roche was used for calorimetric quantification of cell 

death and cell lysis at the time point of cell harvest. Conditioned medium and reaction 

mixture incubated for 20 minutes at room temperature before the absorbance was measured 

using an ELISA reader measuring absorbance at 492 nm. 

4.3.4 Microscopic evaluation 

In all stages of an experiment, it is important to establish that cells are proliferating normally 

and that there is no infection or abnormal cellular death. For visual inspection of the cells 

prior to, during and at the end of cellular experiments, the Motic AE2000 microscope was 

used. This microscope uses a combination of light and a system of optical lenses to magnify 

objects, and has an attached camera which can take pictures of the magnified objects, creating 

a micrograph. Both magnifications 10 X and 40 X were used for inspection. Microscopic 

pictures were taken with 40 X magnification.  
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4.4 Cell culture experiments  

THP-1 monocytes differentiates to macrophages upon stimulation with phorbol 12-myristate 

13-acetate (PMA). Optimal PMA concentration and incubation time were decided as 

described in Appendix 2. Macrophages display notable plasticity and rapidly responds to 

changes in their environment (19). M1 macrophages are activated by pro-inflammatory 

stimuli, while the M2 macrophages are activated by anti-inflammatory stimuli. Previous 

studies have successfully stimulated THP-1 derived macrophages further with LPS and IFNγ 

for M1 polarization and IL-4 and IL-13 for M2 polarization (37, 103, 104).  

THP-1 cells were grown in 12-well cell culture plates with one million cells per well at 37 
o
C 

with 5 % CO2. Cells were incubated with PMA for 6 hours for differentiation into 

macrophages. After 6 hours, cells were stimulated with 5 ng/ml IFNγ and 10 ng/ml LPS for 

polarization into pro-inflammatory M1 macrophages. For polarization into anti-inflammatory 

M2 macrophages, cells were stimulated with 25 ng/ml IL-4 and 25 ng/ml IL-13 (Figure 4). 

Cells were harvested after 0, 6, 9, 12, 24 and 30 hours. Resolving of stimuli is listed in 

Appendix 3.  

 

Figure 4. Flow-chart of the experimental design. THP-1 cells were stimulated with 100 nM PMA 

for 6 hours for differentiation into macrophages. Then cells were stimulated with LPS (10 ng/ml) and 

IFNγ (5 ng/ml) for polarization into pro-inflammatory M1 macrophages, or with IL-4 (25 ng/ml) and 

IL-13 (25 ng/ml) for polarization into anti-inflammatory M2 macrophages.  
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In a different set of experiments cells were, in addition to stimulation with PMA (100 nM), 

co-stimulated with NAMPT inhibitor (FK866), nicotinic acid (NA) or recombinant NAMPT, 

either from 0 hours or 6 hours (Figure 5). Cells were harvested after 24 hours.   

 

Figure 5. Outline of the experimental design with co-stimuli. Cells were incubated with PMA (100 

nM) with or without the co-stimuli NAMPT inhibitor (100 nM), NAMPT substrate nicotinic acid (1 

μM) or recombinant NAMPT protein (100 nM) for 24 hours. After 6 hours of differentiation, 

macrophage polarization was initiated using IL-4 (25 ng/ml) and IL-13 (25 ng/ml) for anti-

inflammatory M2 polarization or LPS (10 ng/ml) and IFNγ (5 ng/ml) for pro-inflammatory M1 

polarization.  

To harvest cells, conditioned medium was removed and transferred to a DeepWell and stored 

at -80
  o

C until use. Lysis buffer from Qiagen was added to denaturate the cells. Lysed cells 

were stored at -80
 o
C until isolation of ribonucleic acid (RNA).  
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4.5 Isolation and purification of total RNA 

 Purification of total RNA was performed using a procedure based on the binding properties 

of a silica-based membrane combined with high speed centrifugation. Firstly, lysis and 

homogenization disrupts the cell membranes and release RNA into the lysis solution, making 

it accessible for isolation. Ethanol is added to provide appropriate binding conditions for the 

RNA to bind to the column membrane. Messenger RNA (mRNA) is the RNA of interest and 

this membrane is designed for selective binding of RNA molecules longer than 200 

nucleotides, since RNA shorter than 200 nucleotides are mostly ribosomal and transfer RNAs 

(105). The samples are treated with DNase for elimination of DNA to avoid DNA 

contamination, before several wash steps are performed in order to wash away all potential 

contaminants. Finally, RNA is eluted using RNase free H2O. 

Isolation of RNA was performed using the RNeasy Mini Kit from Qiagen as described by the 

manufacturer (105). The lysate from 4.4 was added ethanol to create appropriate binding 

conditions of RNA to the mini spin column. RNA was treated with DNase to make sure no 

DNA was left to contaminate. Several wash steps were performed to ensure complete 

purification of RNA. Finally, RNA was eluted using 30 µl RNase free H2O. Isolated RNA 

was stored at -80
 o
C until use.  

4.6 Quantification of RNA 

To ensure equal amounts and high quality of the isolated RNA, it is necessary to measure the 

amount and quality of the sample RNA. This information makes up the foundation of the 

further analysis of gene expression as it ensures equal RNA loading for each sample.  

The Nano-Drop ND-1000 Spectrophometer was used for measurement of quantity and quality 

of the isolated RNA. This is a full-spectrum spectrophometer that have the ability of 

measuring a wide range of biological molecules, including the concentration and purity of 

nucleic acids (106). This system is based on the combination of surface tension and fiber optic 

technology for measuring of path length. Ultra violet light with a wave length of 260 nm is 

aimed at the sample, and the absorbed light is estimated. According to the Beer-Lambert law 

the absorbed light can be related to the concentration of molecules, and one absorbance unit is 

equal to 40 μg/ml RNA. In addition to the RNA concentration of the sample, the absorption 

ratio between the wavelengths 260 nm and 280 nm are calculated and are used as a measure 

for protein contamination. A sample is considered clean if this ratio is 2.0.   
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The Nano-Drop ND-1000 software was set to measure RNA. Calibration was executed by 

using the same RNase free H2O as used for RNA extraction (the final step of isolation of 

RNA). Then the pedestal was wiped clean, and samples were measured by adding of sample 

to the pedestal.   

4.7  Complementary DNA synthesis 

The isolated RNA provides a snapshot of the cell transcriptome. However, RNA is an 

unstable molecule and is easily degraded which makes it an inaccurate target for further 

analyzes. This problem is managed by converting the isolated RNA to a more stable 

molecule; complementary DNA (cDNA). cDNA is synthesized by the enzyme reverse 

transcriptase, using random primers and a mix of the four deoxynucleotide triphosphates 

(dNTP). The reaction of cDNA synthesis is carried out using the polymerase chain reaction 

(PCR) which consists of 3 main processes. In the denaturation step, secondary structures are 

removed using heat exposure at 85-95 
o
C. During the annealing step, the temperature is 

lowered to 37 
o
C for attachment of the random primers. The third step is the elongation of 

strands where reverse transcriptase elongates the strand from the primer attachment site.  

cDNA synthesis was carried out using High-Capacity cDNA Reverse Transcriptome Kits 

from Applied Biosystems. In each set of experiments, 200 ng RNA were mixed with buffer, 

dNTP mix, random primers and multiscribe (Table 1). RNase free H2O was added for 

adjusting volume, to a final volume of 20 µl. The Veriti 96 Well Thermal Cycler was run for 

10 minutes at 95 
o
C, 120 minutes at 37 

o
C and 5 minutes at 85 

o
C. Then kept at 4 

o
C, before it 

was diluted 1:20 with miliQ water and stored at -20 
o
C.  

Table 1. Master Mix for cDNA synthesis. For each sample 5.8 μl master mix, 200 ng RNA and 

RNase free H2O up to a total volume of 14.2 μl were mixed and centrifuged prior to initiation of the 

PCR.  

Component 
Reaction volume 

per sample 

10 X RT buffer 2 μl 

10 X RT random primers 2 μl 

25 X dNTP mix 0.8 μl 

Multiscribe 1 μl 
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4.8 Quantitative real-time PCR  

Quantitative real-time PCR (qPCR) is a technique used to quantify the mRNA level of the 

gene of interest at a specific time point. This method is based on multiple PCR cycles. 

Fluorescence dye for labeling and a thermal cycler constructed for real-time fluorescence 

detection gives the opportunity to quantify the PCR products as they accumulate. In these 

experiments SYBR Green was used as fluorescence dye. SYBR green absorbs blue light and 

emits green light upon binding to double stranded DNA. The SYBR Green master mix 

contains DNA polymerase, dNTP, ROX as a passive reference and optimized buffer 

components. Primers specific for the gene of interest ensures amplification of the target only. 

Once every cycle fluorescence data are collected. Thus for each cycle performed, the PCR 

product and hence the fluorescence exited are increased exponentially if the efficiency of the 

reaction is optimal. At the point where the reaction is most efficient and the fluorescence 

curve is the steepest, the threshold is set (Figure 6). At the point where the threshold crosses 

the sample PCR curve, a cycle threshold (CT) is set. One way of calculating gene expression 

is relative quantification. Here, gene expression of the target gene is related to the expression 

of a reference gene, using the         method. This approach relates the CT value of the gene 

of interest to the CT value of an endogenous control, a reference gene. The reference gene is 

not assumed to be regulated under the experimental conditions, and is used to standardize the 

CT value of the target gene to minimize possible internal errors, such as differences in RNA 

loading during cDNA synthesis. The amount of target is given by the formula 

      =                                    
(107).  
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Figure 6. Processing of qPCR raw data. The threshold is set at the point where the curves are the 

steepest, and thus reactions are most efficient. Gene expression of the target gene is related to a 

reference gene, not assumed to be regulated during the experimental conditions. The amount of target 

is given by       =                                   .  

Forward and reverse primers of the gene of interest were designed as described below. SYBR 

green  master mix (Table 2) was added to a PCR plate. Then, cDNA was added and the 

reagents were mixed using the pipette, before transferring half of the solution to empty 

duplicate wells. The qPCR reaction was carried out using ABI 7500 for 96 well PCR-plates 

and ABI 9500 for 384 well plates, with the accompanying software, SDS 2.1 or SDS 2.3, 

respectively.  

Table 2. Master Mix for the qPCR procedure. Master Mix was added to 5 μl cDNA for 96 well 

plates and 2.5 μl cDNA for 384 well plates before mixing and transferring of 50 % to duplicate wells.  

Component 
Reaction volume per 2 

duplicates (96 well plate) 

Reaction volume per 2 

duplicates (384 well plate) 

2X SYBR green 20 μl 10 μl 

Forward primer 0.5 μl 0.25 μl 

Reverse primer 0.5 μl 0.25 μl 

H2O 14 μl 7 μl 
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4.9 Primer design 

Primer design is a critical step for a successful qPCR reaction, as primers determine which 

segment of the cDNA that is amplified. Primers are required for the DNA polymerase to 

initiate DNA synthesis, and both forward and reverse primers are required to ensure the 

correct product. It is important that the primers used actually detect the mRNA of interest and 

not other RNA or DNA areas. To ensure correct primer sequences the primers were blasted in 

a nucleotide database. It is optimal when the primer goes over exon-exon boundaries as this 

further minimizes the chances of DNA contamination. Primer design has been carried out 

aiming for these conditions to be met.  

For establishing that the primers only amplify one single product, a qPCR was run and a 

dissociation curve was plotted. The dissociation curve is based on the melting point which is 

where 50 % of the DNA is dissociated. Each PCR product has a unique melting point. As 

SYBR green binds all double stranded DNA, more than one melting point indicates an 

inaccurate qPCR run. In this case more than one transcript are amplified for each cycle and 

the results cannot be trusted as one cannot be certain what transcript are the one of interest or 

which one is determining the CT value. A dissociation curve was plotted after each qPCR.  

Primer design was carried out using Primer Express from Applied Biosystems. The mRNA 

sequence of interest was found using http://ncbi.nlm.nih.gov/sites/entrez. The website 

http://ensembl.org/index.html was used to view different splice variants, and to identify 

exons. Primer Express was used to find appropriate primers and the primers were purchased 

from Sigma Aldrich. Primer sequences are listed in Table 3. 

  

http://ncbi.nlm.nih.gov/sites/entrez
http://ensembl.org/index.html
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Table 3. Primers used in the qPCR procedure.  

Gene Forward primer Reverse primer 

Human 

  CD163 5’-GCTGCAGTGAATTGCACAGATAT-‘3 5’-CGGGATGAGCGACCTGTT-’3 

IL-1ra 5’-CCTGAGCGAGAACAGAAAGCA-‘3  5’-GGCGGCAGACTCAAAACTG-‘3 

IL-6 5’-CTGCGCAGCTTTAAGGAGTTC-‘3 5’-TGAGGTGCCCATGCTACATTT-’3 

NAMPT 5’-CTTCTGGTAACTTAGATGGTCTGGAA-‘3 5’-GCTCCTATGCCAGCAGTCTCTT-‘3 

PPARγ 5’-GCCTGCATCTCCACCTTATT-3’ 5’-TCCACAGACACGACATTCAA-’3 

TBP 5’-AGTGAACATCATGGATCAGAACAAC-‘3 5’-AGATAGGGATTCCGGGAGTCA-’3 

TNFα 5’-CCAGGCAGTCAGATCATCTTCTC-‘3 5’-GGAGCTGCCCCTCAGCTT-’3 

   Murine 

  Arg-1 5’-GTGAAGAACCCACGGTCTGT-‘3 5’-CTGGTTGTCAGGGGAGTGTT-‘3 

GAPDH 5’-AACTTTGGCATTGTGGAAGG-‘3 5’-ACACATTGGGGGTAGGAACA-‘3 

iNOS 5’-CACCTTGGAGTTCACCCAGT-‘3 5’-ACCACTCGTACTTGGGATGC-‘3 

NAMPT 5’-CGGCAGAAGCCGAGTTCA-‘3 5’-TGGGTGGGTATTGTTTATAGTGAGTAA-‘3 

TNFα 5’-AGCCCCCAGTCTGTATCCTT-‘3 5’-CTCCCTTTGCAGAACTCAGG-‘3 
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4.10 Detection of protein secretion 

Detection of secreted proteins in the medium was assessed using the Bio-Plex suspension 

array system. The test principle permits simultaneous detection of different molecules and 

gives the opportunity to quantitate the level of several cytokines in the medium at the same 

time (108). The test principle is similar to an ELISA sandwich assay (Figure 7). A magnetic 

bead is covalently coupled to a monoclonal antibody specific for a target protein which 

detects and binds the desired biomarker. Further, the biomarker creates a sandwich binding a 

second antibody attached to a detection streptavidin-phycoerythrin. Multiple wash steps with 

the magnetic washer ensure that only the magnetic bead complexes are left in the wells. A 

flowcytometer with two lasers makes it possible to measure multiple proteins at the same 

time. One laser quantitates the captured analyte, and one detects and recognizes the magnetic 

beads. Up to 48 different magnetic beads, each with a unique spectral address can potentially 

be added and detected at once.  

 

 

Figure 7. The suspension array system technology. In each of the 96 wells and for each analyte, a 

magnetic bead with a specific spectral address is covalently coupled to an antibody designed to detect 

the biomarker of interest (illustrated with different colors). The detection antibody is bound to the 

streptavidin-reporter complex, and detects the biomarker. The fluorescent reporter emits light. Two 

lasers permits simultaneous detection of several cytokines in the cell culture medium. One laser 

detects the amount of light emitted from the fluorescent reporter, quantitating the captured analyte, and 

one laser recognizes the magnetic beads. 
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The assays were preformed according to their respective instruction manuals (108-110). 

NAMPT detection was carried out using the Human Diabetes kit, Visfatin. IL-1, IL-1ra, IL-

2, IL-4, IL-5, IL-6, IL-10, IL-13, IFN and TNF were run in the high-sensitivity plex 

Precision pro and in the Cytokine, chemokine and growth factor assay. Briefly, the wash 

station was primed and the Bio-Plex system was calibrated. Standards were prepared in an 8 

point dilution series plus blank. Thawed samples were diluted in Sample diluent. Coupled 

beads were mixed with Assay buffer, before the beads were added to the assay plate and 

washed in the magnetic washer. Then, samples, standards, blanks and controls were added 

and incubated in the dark while shaking, before the plate was washed. Detection antibody was 

added and incubated in the dark while shaking, before the final wash step. The streptavidin-

phycoerythrin was prepared with assay buffer, added to the samples and incubated in the dark 

while shaking. Finally, beads were re-suspended in assay buffer, shaken roughly before the 

plate was placed in the reader. Emitted light was detected by the Bio-Rad bioplex 100, and 

data processed by Bio-Plex Manager software 6.0.  

4.11 Data analysis 

During these experiments Student’s two-tailed t-test was used to evaluate differences in gene 

expression and cytokine secretion when comparing two groups. When comparing more than 

two groups One-way ANOVA with Bonferroni post test were used for evaluation of 

differences between groups and within groups at different time points. Experiments were 

performed in triplicates, and were repeated 3 times at the point of 24 hours for verification of 

results. 

Significance level was set to p<0.05 for all statistical tests performed. Data are represented as 

mean ± standard error of the mean (SEM). One-way ANOVA and Bonferroni tests were 

conducted using GraphPad Prism 6.0 and Students two-tailed t-test was performed using 

Microsoft Excel 2007.  
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5  Results 

Macrophages play a central role in all stages of atherogenesis through orchestrating the 

inflammatory response, lipid accumulation and vascular remodeling (13, 19). NAMPT is an 

important pro-inflammatory protein with the ability both to induce inflammation, and to itself 

be induced by pro-inflammatory stimuli (74). NAMPT is located to the atherosclerotic plaque, 

in particular to the rupture-prone areas (74), rich in the pro-inflammatory M1 macrophage 

subtype (57). This may indicate that macrophage phenotype in the plaque is crucial for plaque 

outcome. Furthermore, NAMPT may play a role in regulation of macrophage phenotype. To 

the best of our knowledge, the role of NAMPT in macrophage polarization has not previously 

been reported. The results are presented in the following section. 

5.1 NAMPT in polarized macrophages  

5.1.1 Expression of NAMPT is increased in pro-inflammatory M1 macrophages 

The gene expression of NAMPT was significantly increased in both human and murine M1 

macrophages compared to control macrophages (Figure 8). In the THP-1 derived 

macrophages, stimulation with PMA alone significantly increased the gene expression of 

NAMPT the first 9 hours of the experiment in all macrophage subtypes (Figure 8A). After 3 

hours of polarization and throughout the experiment, the gene expression of NAMPT was 

significantly increased in pro-inflammatory M1 macrophages compared to both the anti-

inflammatory M2 macrophages and the unpolarized control macrophages. There were no 

significant differences in NAMPT expression between the anti-inflammatory M2 

macrophages and control macrophages. Murine bone marrow derived macrophages displayed 

similar NAMPT expression pattern in polarized macrophages (Figure 8B). The murine M1 

macrophages showed a 3-fold increase in expression of NAMPT compared to the control 

macrophages. There were no significant differences in NAMPT gene expression in THP-1 

derived or murine bone marrow derived anti-inflammatory M2 macrophages compared to 

control macrophages.  
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Figure 8. Expression of NAMPT increased in pro-inflammatory M1 macrophages. A. THP-1 

cells were stimulated with PMA (100 nM) for control. Cells were stimulated with LPS (10 ng/ml) and 

IFNγ (5 ng/ml) to generate pro-inflammatory M1 macrophages and IL-4 (25 ng/ml) and IL-13 (25 

ng/ml) to generate anti-inflammatory M2 macrophages. NAMPT expression was measured by qPCR. 

B. Murine bone marrow derived macrophages differentiated by M-CSF and further stimulated with 

LPS (100 ng/ml) for pro-inflammatory M1 macrophage polarization and IL-4 (20 ng/ml) for anti-

inflammatory M2 macrophage polarization. Results are represented as mean ± SEM. ** p < 0.01; *** 

p < 0.001; n.s. no statistically significant differences.  
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5.1.2 Increased NAMPT secretion in pro-inflammatory M1 macrophages 

Protein content of NAMPT was measured using the suspension array system technology. Pro-

inflammatory M1 macrophages secreted significantly higher amounts of NAMPT compared 

to anti-inflammatory M2 macrophages and control macrophages (Figure 9). After 6 hours of 

PMA stimulation the media were changed and macrophages were stimulated for polarization. 

Already after 9 hours (i.e. 3 hours after polarization and change of media) pro-inflammatory 

M1 macrophages secreted more NAMPT than both anti-inflammatory M2 macrophages and 

unpolarized controls. The M1 macrophages continued to secrete more NAMPT than the other 

macrophage subtypes throughout the experiment. PMA alone increased the NAMPT protein 

content of the media at all points of the experiment, except for the 9 hours point. There were 

no significant differences between macrophage subtypes regarding cellular death as measured 

by LDH detection, suggesting that in fact secretion of NAMPT occurs rather than leakage of 

intracellular NAMPT.  
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Figure 9. NAMPT secretion was elevated in pro-inflammatory M1 macrophages compared to 

controls and anti-inflammatory M2 macrophages. THP-1 cells were stimulated with PMA (100 

nM) for control, LPS (10 ng/ml) and IFNγ (5 ng/ml) for pro-inflammatory M1 macrophages or IL-4 

(25 ng/ml) and IL-13 (25 ng/ml) to generate anti-inflammatory M2 macrophages. At the polarization 

point (6 hours) media were changed. Results are represented as mean ± SEM. * p < 0.05. 

  



 

 

35 

 

5.2 Characterization of M1 and M2 macrophages  

5.2.1 Characterization of THP-1 derived macrophage phenotypes 

In order to analyze differences in macrophage phenotypes during various co-stimuli 

conditions, it was necessary to characterize the macrophage phenotypes. Polarized 

macrophage subsets were observed in a light microscope, and were evaluated based on 

inflammatory markers at the levels of gene expression and cytokine secretion. The pro-

inflammatory TNFα and IL-6 were used as makers at the levels of gene expression and 

cytokine secretion. IL-1β, IL-2 and IFNγ were used as pro-inflammatory cytokine secretion 

markers. IL-1ra, PPARγ and CD163 were used as anti-inflammatory markers at the gene 

expression level, and IL-1ra, IL-4, IL-10 and IL-13 were used as anti-inflammatory markers 

for cytokine secretion.  

 

 

Figure 10. Macrophage subsets display distinct characteristics at the microscopic level. A. 

Unpolarized THP-1 derived macrophages stimulated with PMA (100 nM). B.  Pro-inflammatory M1 

macrophages stimulated with LPS (10 ng/ml) and IFN (5 ng/ml). C. Anti-inflammatory M2 

macrophages stimulated with IL-4 (25 ng/ml) and IL-13 (25 ng/ml). Micrographs were taken with 40 

X magnification.  

 

Pro-inflammatory M1 macrophages 

The pro-inflammatory M1 macrophages stimulated with LPS (10 ng/ml) and IFNγ (5 ng/ml) 

had an increased pro-inflammatory profile compared to the control macrophages stimulated 

with PMA (100 nM), and had an increase of both pro- and anti-inflammatory markers (Table 

4 and 5). The pro-inflammatory M1 macrophages had a stretched phenotype (Figure 10B).  
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In addition, the gene expression of TNFα was approximately 7-fold increased in the M1 

macrophages compared to control cells after 9 hours, i.e. 3 hours after polarization (Table 4). 

This increase declined at the following time points, and was no longer statistically significant 

after 30 hours. IL-6 had a low gene expression in the control macrophages. The expression of 

IL-6 in M1 macrophages were over 20-fold higher compared to control macrophages. PPARγ 

gene expression was significantly decreased in M1 macrophages compared to control 

macrophages after 12 hours, 24 hours and 30 hours. IL-1ra and CD163 gene expression were 

significantly increased in the pro-inflammatory M1 macrophage subtype compared to the 

control cells after 12 hours and 24 hours. Additionally, the gene expression of CD163 was 

significantly increased after 30 hours.  

Table 4. Gene expression in THP-1 derived pro-inflammatory M1 and anti-inflammatory M2 

macrophages compared to controls over time. THP-1 monocytes were differentiated into 

macrophages by stimulation with PMA (100 nM) for 6 hours. Macrophages were further stimulated 

with LPS (10 ng/ml) and IFNγ (5 ng/ml) for pro-inflammatory M1 polarization or IL-4 (25 ng/ml) and 

IL-13 (25 ng/ml) for anti-inflammatory M2 polarization. Control macrophages were treated with PMA 

(100 nM) only. Results are presented relative to control macrophages as mean (SEM).   

Phenotype 

Time 9 h 12 h 24 h 30 h 

Gene 

 

M1/ctr             

(SEM) 
p- value 

M1/ctr             

(SEM) 
p- value 

M1/ctr             

(SEM) 
p- value 

M1/ctr             

(SEM) 
p- value 

M
1

 m
a

cr
o

p
h

a
g

e
 M1 

markers 

TNFα 6.9 (0.4) p<0.001 4.9 (0.3) p<0.001 2.9 (0.5) p<0.05 2.4 (0.5) ns 

IL-6 22.4 (3.1) p<0.01 83.8 (7.2) p<0.001 106.6 (12.3) p<0.01 70.1 (12.5) p<0.01 

M2 

markers 

IL-1ra 1.7 (0.07) ns 8.6 (0.7) p<0.01 23.1 (3.2) p<0.01 22.1 (4.2) ns 

PPARγ 0.7 (0.05) ns 0.3 (0.01) p<0.05 0.1 (0.01) p<0.001 0.1 (0.01) p<0.05 

CD163 2.1 (0.3) ns 1.3 (0.1) p<0.01 3.9 (0.1) p<0.001 5.3 (1.1) p<0.05 

           

  

Gene 

 

M2/ctr           

(SEM) 
p- value 

M2/ctr           

(SEM) 
p- value 

M2/ctr           

(SEM) 
p- value 

M2/ctr           

(SEM) 
p- value 

M
2

 m
a

cr
o

p
h

a
g

e
 M1 

markers 

TNFα 0.9 (0.1) ns 0.4 (0.05) p<0.05 0.1 (0.02) p<0.001 0.3 (0.03) p<0.01 

IL-6 ND - ND - ND - ND - 

M2 

markers 

IL-1ra 3.8 (1.7) ns 7.2 (2.8) ns 18.8 (2.9) p<0.05 106.6 (59.9) ns 

PPARγ 2.5 (0.2) p<0.001 1.2 (0.2) ns 1.2 (0.03) p<0.001 1.1 (0.04) p<0.05 

CD163 1.5 (0.2) ns 3.4 (0.4) ns 15.0 (1.6) p<0.001 20.1 (0.7) p<0.05 

ND  Not detectable value                     

ns  Non-significant p-value 
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Similar to the gene expression, the cytokine secretion from the pro-inflammatory M1 

macrophages were increased compared to unpolarized control macrophages (Table 5). This 

macrophage subtype had an increased secretion of all pro-inflammatory cytokines. IL-6 and 

TNFα were increased 44-fold and 18-fold respectively, after 24 hours. In addition, the 

secretion of the anti-inflammatory markers IL-1ra and IL-2 were approximately doubled, and 

IL-4 was increased after 30 hours. There were no significant changes in IL-10 secretion. IL-

13 secretion was not detectable in the control macrophages.  

 

Table 5. Cytokine secretion from the pro-inflammatory M1 macrophages. THP-1 derived 

macrophages, differentiated with PMA (100 nM) for 6 hours, were further stimulated with IFNγ (5 

ng/ml) and LPS (10 ng/ml) for M1 polarization. Control macrophages (Ctr) were stimulated with 

PMA (100 nM) only. Results are presented as mean (SEM).  

C
y

to
k

in
e 

p
h

en
o

ty
p

e
 

Cytokine 

(concentration) 

24 h 30 h 

Control 

(SEM) 

M1  

(SEM) 

p-

value 

(vs Ctr) 

Control 

(SEM) 

M1  

(SEM) 

p-

value 

(vs Ctr) 

P
ro

- 
  

  
  

 

in
fl

a
m

m
a

to
ry

  

IL-1β (ng/ml) 1.3 (0.1) 2.8 (0.5) * 2.6 (0.1) 4.8 (0.7) * 

IL-2 (pg/ml) 10.3 (1.3) 36.6 (2.7) *** 17.4 (1.0) 36.0 (1.7) *** 

IL-6 (pg/ml) 39.0 (3.3) 1 729.6 (75.8) *** 86.3 (6.5) 2 387.5 (148.9) *** 

IFNγ (pg/ml) 56.1 (3.0) ¥ - 91.8 (2.9) ¥ - 

TNFα (pg/ml)  309.9 (34.3) 5 727.7 (366.0) *** 825.1 (32.9) 7 530.8 (579.3) *** 

                

A
n

ti
- 

  
  

  
  

  
  

  
  
  

in
fl

a
m

m
a

to
ry

  IL-1ra (ng/ml) 2.2 (0.3) 4.7 (0.3) ** 4.1 (0.2) 8.4 (0.5) ** 

IL-4 (pg/ml) 2.2 (0.5) 10.8 (3.6) ns 3.5 (0.2) 6.8 (0.1) *** 

IL-10 (pg/ml) 13.9 (2.4) 15.9 (1.4) ns 14.8 (0.4) 15.1 (1.4) ns 

IL-13 (pg/ml) ND 2.4 (1.2) - ND 1.5 (0.1) - 

 

*         p<0.05   

  

 

**       p<0.01   

  

 

***     p>0.001   

  

 

¥        Cells stimulated with the cytokine   

  

 

ND     Not detectable value   

  

 

ns       Non-significant p-value 
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Anti-inflammatory M2 macrophages 

The anti-inflammatory macrophage subtype had a decreased inflammatory profile. These M2 

macrophages had decreased expression and secretion of pro-inflammatory markers, and 

increased expression and secretion of anti-inflammatory markers (Table 4 and 6). Visually, 

the anti-inflammatory M2 macrophages (Figure 10C ) stimulated with IL-4 (25 ng/ml) and 

IL-13 (25 ng/ml) and the control macrophages (Figure 10A) had a rounder shape compared to 

the M1 macrophages (Figure 10B).  

The gene expression of TNFα was decreased 10-fold compared to control macrophages 

(Table 4). The other pro-inflammatory gene expression marker, IL-6, was not detectable in 

the anti-inflammatory M2 macrophages. Additionally, the M2 macrophages had an 

approximate 20-fold increase in the expression of IL-1ra compared to control macrophages 

after 24 hours. PPARγ was significantly increased in M2 macrophages after 9 hours, 24 hours 

and 30 hours. The cell surface receptor CD163 was significantly increased in M2 

macrophages compared to control macrophages, 15- and 20-fold after 24 hours and 30 hours, 

respectively.  

The anti-inflammatory M2 macrophages displayed a reduced inflammatory secretion profile, 

with decreased secretion of pro-inflammatory cytokines and increased secretion of the anti-

inflammatory cytokines (Table 6). Consistent with the findings at the gene expression level, 

IL-1ra cytokine concentration were increased, and was up to 6 times higher in the M2 

macrophage media compared to controls. IL-10 secretion was reduced in the M2 macrophages 

after 30 hours. Additionally, most of the pro-inflammatory cytokines were reduced in the M2 

macrophages compared to control macrophages. TNFα secretion had the greatest change with 

an up to 7- fold reduction. There were no significant differences in secretion of  IFNγ.  
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Table 6. Cytokine secretion from the anti-inflammatory M2 macrophages. THP-1 derived 

macrophages, differentiated with PMA (100 nM) for 6 hours, were further stimulated with IL-4 (25 

ng/ml) and IL-13 (25 ng/ml) for anti-inflammatory M2 polarization. Control macrophages were 

stimulated with PMA (100 nM) only. Results are presented as mean (SEM).   

C
y

to
k

in
e 

p
h

en
o

ty
p

e
 

Cytokine 

(concentration) 

24 h 30 h 

Control 

(SEM) 

M2  

(SEM) 

p-

value 

(vs Ctr) 

Control 

(SEM) 

M2  

(SEM) 

p-

value 

(vs Ctr) 

P
ro

- 
  

  
  

 

in
fl

a
m

m
a

to
ry

  

IL-1β (ng/ml) 1.3 (0.1) 0.8 (0.04) ** 2.6 (0.1) 1.6 (0.04) ** 

IL-2 (pg/ml) 10.3 (1.3) 15.3  (0.2) * 17.4 (1.0) 21.0 (1.5) ns 

IL-6 (pg/ml) 39.0 (3.3) 50.1 (2.5) ns 86.3 (6.5) 64.4 (0.3) * 

IFNγ (pg/ml) 56.1 (3.0) 63.4 (2.0) ns 91.8 (2.9) 77.8 (4.2) ns 

TNFα (pg/ml)  309.9 (34.3) 87.7 (5.3) ** 825.1 (32.9) 108.5 (9.3) *** 

                

A
n

ti
- 

  
  

  
  

  
  

  
  
  

in
fl

a
m

m
a

to
ry

  IL-1ra (ng/ml) 2.2 (0.3) 10.9 (0.4) *** 4.1 (0.2) 25.8 (1.0) *** 

IL-4 (pg/ml) 2.2 (0.5) ¥ - 3.5 (0.2) ¥ - 

IL-10 (pg/ml) 13.9 (2.4) 16.1 (0.3) ns 14.8 (0.4) 18.9 (1.3) * 

IL-13 (pg/ml) ND ¥ - ND ¥ - 

 

*         p<0.05  

   

 

**       p<0.01  

   

 

***     p>0.001  

   

 

¥        Cells stimulated with the cytokine  

   

 

ND     Not detectable value  

   

 

ns       Non-significant p-value 
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5.2.2 Characterization of polarized murine macrophages 

To investigate the polarization of the murine macrophages, murine bone marrow derived 

macrophages were stimulated with LPS (100 ng/ml) for pro-inflammatory M1 polarization 

and IL-4 (20 ng/ml) for anti-inflammatory M2 polarization. Murine macrophage gene 

expression was analyzed using qPCR (Table 7). TNFα and iNOS were used as pro-

inflammatory M1 markers. Arginase 1 (Arg-1) was used as a marker for the anti-

inflammatory M2 macrophage subtype.  

Gene expression of TNFα was increased 25-fold compared to control macrophages in the pro-

inflammatory M1 macrophages. Additionally these macrophages had an increased gene 

expression of iNOS, with a more than 2000-fold increase compared to the unpolarized control 

macrophages. Anti-inflammatory M2 macrophages had thousands-fold  increase in the gene 

expression of Arg-1 compared to control macrophages. There were no changes in the gene 

expressions of TNFα or iNOS in the M2 macrophages.  

Table 7. Gene expression in murine pro-inflammatory  M1 and anti-inflammatory M2 

macrophages compared to controls (ctr). Murine bone marrow derived macrophages stimulated 

with LPS (100 ng/ml) for M1 polarization and IL-4 (20 ng/ml) for M2 polarization. Results are 

presented as mean (SEM).   

Phenotype Markers Gene MΦ/ctr (SEM) p- value  

M
1

 

m
a

cr
o

p
h

a
g

e
 

M1 
TNFα 25.5 (9.2) p<0.05 

iNOS 2647.4 (1166.4) p<0.05 

M2 Arg-1 9.8 (1.3) ns 

 
          

M
2

 

m
a

cr
o

p
h

a
g

e
 

M1 
TNFα 1.1 (0.2) ns 

iNOS 1.1 (0.5) ns 

M2 Arg-1 5759.2 (941.2) p<0.05 

MΦ  Macrophage                      

ns  Non-significant p-value 
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5.3 The role of NAMPT in macrophage polarization 

Due to the findings that NAMPT gene expression and secretion were significantly increased 

in pro-inflammatory M1 macrophages compared to the anti-inflammatory M2 macrophages 

and control macrophages, we hypothesized that NAMPT could influence the inflammatory 

phenotype of macrophages. In order to elucidate the role of NAMPT in macrophage 

polarization, THP-1 derived macrophages were polarized into pro-inflammatory M1 or anti-

inflammatory M2 macrophages as previously described, and co-stimulated with either 

NAMPT inhibitor (FK866), NAMPT substrate (nicotinic acid) or recombinant NAMPT 

protein.  

5.3.1 NAMPT inhibitor 

As a first step towards understanding the role of NAMPT in macrophage polarization, we 

investigated how inhibition of the enzymatic activity of NAMPT affected the inflammatory 

profile of THP-1 derived pro-inflammatory M1 macrophages and anti-inflammatory M2 

macrophages.  

Inhibition of NAMPT enzymatic activity during macrophage polarization using FK866 (100 

nM) gave a reduced inflammatory profile in the pro-inflammatory M1 macrophages (Figure 

11). At the gene expression level the pro-inflammatory markers TNFα and IL-6 displayed a 3-

fold decrease (Figure 11A). Concomitantly, the anti-inflammatory marker PPARγ had a 3-

fold  increase in the pro-inflammatory M1 macrophages when NAMPT activity was inhibited 

(Figure 11B). There were no statistically significant changes in gene expression of the anti-

inflammatory markers IL-1ra and CD163. 

In addition to a marked and statistically significant decrease in the pro-inflammatory gene 

expression, inhibition of NAMPT activity reduced the inflammatory cytokine secretion in the 

pro-inflammatory M1 macrophages. Cytokine secretion of TNFα was reduced to half  and IL-

6  was reduced to one third of the concentration when NAMPT activity was inhibited (Figure 

11C). There were no significant changes in the cytokine secretion of the pro-inflammatory 

cytokines IL-1β or IL-2 at 24 hours. None of the anti-inflammatory cytokines IL-1ra, IL-4, 

IL-10 or IL-13 changed in secretion when NAMPT enzymatic activity was inhibited (Figure 

11D).  
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Figure 11. Inhibition of NAMPT activity shifted the inflammatory profile of pro-inflammatory 

M1 macrophages towards a reduced inflammatory state. THP-1 derived macrophages were 

polarized  into pro-inflammatory M1 macrophages  by stimulation with LPS (10 ng/ml) and IFNγ (5 

ng/ml) for 18 hours. NAMPT enzymatic activity was inhibited using NAMPT inhibitor FK866 (100 

nM). A. Gene expression of pro-inflammatory markers. B. Gene expression of anti-inflammatory 

markers. C. Cytokine secretion of pro-inflammatory markers.  D. Cytokine secretion of anti-

inflammatory markers. Data are presented relative to M1 macrophages not co-stimulated with 

NAMPT inhibitor, and are given as mean ± SEM.  * p<0.05; ** p<0.01. 

 

The inflammatory profile of anti-inflammatory M2 macrophages showed modest changes 

upon inhibition of NAMPT enzymatic activity (Figure 12). There were no significant changes 

in gene expression of the pro-inflammatory marker TNFα (Figure 12A) or the anti-

inflammatory markers IL-1ra, PPARγ or CD163 (Figure 12B). The gene expression of IL-6 

was not detectable in the M2 macrophages.  

Incubation with NAMPT inhibitor significantly increased IL-2 cytokine secretion 

(Figure12C). Whereas no significant changes in the secretion of the other pro-inflammatory 

cytokines IL-1β, IL-6, IFNγ or TNFα were observed. There were no significant changes in the 
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secretion of the anti-inflammatory cytokines IL-1ra and IL-10 in the M2 macrophages (Figure 

12D).  

 

TNF IL-6
0

1

2

3

N.D.

E
x
p

re
s
s
io

n

(r
e
la

te
d

 t
o

 M
2
)

IL-1ra PPAR CD163
0

1

2

3 M2

M2 + FK866

E
x
p

re
s
s
io

n

(r
e
la

te
d

 t
o

 M
2
)

IL-1 IL-2 IL-6 IFN TNF
0.0

0.5

1.0

1.5

2.0 **

C
y
to

k
in

e
 s

e
c
re

ti
o

n

(r
e
la

te
d

 t
o

 M
2
)

IL-1ra IL-10
0.0

0.5

1.0

1.5

2.0

C
y
to

k
in

e
 s

e
c
re

ti
o

n

(r
e
la

te
d

 t
o

 M
2
)

A

DC

B

 

Figure 12. Inhibition of NAMPT had a mild effect on cytokine secretion in anti-inflammatory 

M2 macrophages. THP-1 derived macrophages, treated with or without NAMPT inhibitor FK866 

(100 nM), were polarized  into anti-inflammatory M2 macrophages  by stimulation with IL-4 (25 

ng/ml) and IL-13 (25 ng/ml) for 18 hours. A. Gene expression of pro-inflammatory markers. B. Gene 

expression of anti-inflammatory markers. C. Cytokine secretion of pro-inflammatory markers.  D. 

Cytokine secretion of anti-inflammatory markers. Data are presented relative to M2 macrophages not 

co-stimulated with NAMPT inhibitor, and are given as mean ± SEM. ** p<0.01; N.D. not detectable. 

5.3.2 NAMPT substrate  

To further elucidate the role of NAMPT in macrophage polarization, THP-1 derived 

macrophages were co-stimulated with NAMPT substrate nicotinic acid during differentiation 

and polarization.  
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Pro-inflammatory M1 macrophages co-stimulated with the NAMPT substrate nicotinic acid 

displayed a decreased inflammatory potential (Figure 13). Incubation with nicotinic acid 

significantly decreased the secretion of the pro-inflammatory cytokine IL-1β (Figure 13C). 

The gene expression of the pro-inflammatory markers TNFα and IL-6 (Figure 13A) and the 

anti-inflammatory markers IL-1ra, PPARγ or CD163 (Figure 13B) did not change 

significantly when the availability of nicotinic acid was increased. There were no significant 

differences in the secretion of anti-inflammatory cytokines (Figure 13D).  
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Figure 13. Nicotinic acid (NA) reduced the level of pro-inflammatory cytokine secretion from 

pro-inflammatory M1 macrophages. THP-1 derived macrophages treated with or without nicotinic 

acid (1 μM), were polarized into pro-inflammatory M1 macrophages with LPS (10 ng/ml) and IFNγ (5 

ng/ml) for 18 hours. A. Gene expression of pro-inflammatory markers. B. Gene expression of anti-

inflammatory markers. C. Cytokine secretion of pro-inflammatory markers.  D. Cytokine secretion of 

anti-inflammatory markers. Data are presented relative to M1 macrophages not co-stimulated with 

nicotinic acid, as mean ± SEM. * p<0.05. 
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Co-stimulation with the NAMPT substrate nicotinic acid moderately decreased the 

inflammatory profile of the anti-inflammatory M2 macrophages (Figure 14). As shown in 

Figure 14D, nicotinic acid increased the cytokine secretion of IL-10 with an approximate 1.4-

fold. There were no significant changes in the secretion of IL-1ra. Pro-inflammatory markers 

were not altered at the levels of gene expression (Figure 14A) or cytokine secretion (Figure 

14C). Neither of the anti-inflammatory gene expression markers IL-1ra, PPARγ or CD163 

was altered when the anti-inflammatory M2 macrophages had increased availability of the 

NAMPT substrate nicotinic acid (Figure 14B).   
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Figure 14. Co-stimulation with nicotinic acid (NA) increased the secretion of IL-10 in anti-

inflammatory M2 macrophages. THP-1 derived macrophages treated with or without nicotinic acid 

(1 μM), were polarized into anti-inflammatory M2 macrophages by stimulation with IL-4 (25 ng/ml) 

and IL-13 (25 ng/ml) for 18 hours. A. Gene expression of pro-inflammatory markers. B. Gene 

expression of anti-inflammatory markers. C. Cytokine secretion of pro-inflammatory markers.  D. 

Cytokine secretion of anti-inflammatory markers. Data are presented relative to M2 macrophages not 

co-stimulated with nicotinic acid, as mean ± SEM. N.D. not detectable; ** p<0.01 
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5.3.3 Recombinant NAMPT  

NAMPT is an important protein in cellular metabolism through its intracellular function as it 

comprises the rate limiting step of the NAD salvage pathway. The extracellular form of 

NAMPT has been suggested to have cytokine, adipokine and enzymatic functions. We 

investigated the effect of extracellular NAMPT in macrophage polarization through co-

stimulation of pro-inflammatory M1 and anti-inflammatory M2 macrophages with 

recombinant NAMPT protein.  

Recombinant NAMPT decreased the inflammatory profile of the pro-inflammatory M1 

macrophages. The secretory level of the anti-inflammatory cytokines IL-10 and IL-13 were 

decreased with approximately one third, compared to the M1 macrophages not stimulated 

with recombinant NAMPT protein (Figure 15D). There were no significant differences in the 

secretion of IL-4 or IL-1ra. The secretion levels of  pro-inflammatory cytokines were not 

altered when recombinant NAMPT was added to the pro-inflammatory M1 macrophages 

(Figure 15C).  

Increased availability of NAMPT protein did not alter the gene expression profile in the M1 

macrophages. The pro-inflammatory markers TNFα and IL-6 were not significantly altered 

(Figure 15A). Furthermore there were no significant changes in the expression of the anti-

inflammatory markers IL-1ra, PPARγ or CD163 (Figure 15B).  
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Figure 15. Co-stimulation with recombinant NAMPT protein (rh) reduced secretion of some 

anti-inflammatory cytokines in pro-inflammatory M1 macrophages. THP-1 derived macrophages 

treated with or without recombinant NAMPT protein (100 nM), were polarized into pro-inflammatory 

M1 macrophages  by stimulation with LPS (10 ng/ml) and IFNγ (5 ng/ml) for 18 hours. A. Gene 

expression of pro-inflammatory markers. B. Gene expression of anti-inflammatory markers. C. 

Cytokine secretion of pro-inflammatory markers.  D. Cytokine secretion of anti-inflammatory 

markers. Data are presented relative to M1 macrophages not co-stimulated with recombinant NAMPT, 

as mean ± SEM. * p<0.05; ** p<0.01.  

 

Increased extracellular access of recombinant NAMPT protein did not alter the inflammatory 

profile of the anti-inflammatory M2 macrophages. The gene expression of the pro-

inflammatory marker TNFα were not altered, and IL-6 was not detectable in these M2 

macrophages either under normal conditions or with increased NAMPT availability (Figure 

16A). The anti-inflammatory gene expression markers IL-1ra, PPARγ and CD163 were not 

significantly altered (Figure 16B).  
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Increased accessibility of NAMPT had no significant effects on cytokine secretion from the 

anti-inflammatory M2 macrophages. The pro-inflammatory cytokines IL-1β, IL-2, IL-6, IFNγ 

and TNFα were not significantly altered (Figure 16C). The same applied for the anti-

inflammatory cytokines IL-1ra and IL-10, which were not significantly changed when the M2 

macrophages were co-stimulated with recombinant NAMPT protein (Figure 16D).  
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Figure 16. Co-stimulation with recombinant NAMPT protein (rh) had no effect on gene 

expression in anti-inflammatory M2 macrophages. THP-1 derived macrophages treated with or 

without recombinant NAMPT protein (100 nM), were polarized into anti-inflammatory M2 

macrophages by stimulation with IL-4 (25 ng/ml) and IL-13 (25 ng/ml) for 18 hours. A. Gene 

expression of pro-inflammatory markers. B. Gene expression of anti-inflammatory markers. C. 

Cytokine secretion of pro-inflammatory markers.  D. Cytokine secretion of anti-inflammatory 

markers. Data are presented relative to M2 macrophages not co-stimulated with nicotinic acid, as 

mean ± SEM. N.D. not detectable. 
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6  Discussion 

Atherosclerosis is characterized by increased accumulation of lipids and immune cells in the 

intima of blood vessels, creating a dysfunctional endothelium (9). Macrophages are important 

mediators of inflammation, lipid accumulation and vascular remodeling in the atherosclerotic 

lesion, and both pro-inflammatory M1 and anti-inflammatory M2 macrophages are present in 

the atherosclerotic plaque. These two macrophage subtypes seem to play opposite roles in 

inflammation and thus in atherosclerosis. M1 macrophages have been suggested to be 

involved in plaque progression and are increased in the advanced and rupture prone plaque, 

whereas the M2 macrophages have been suggested to have wound-healing effects in the 

plaque, partly through favoring the proliferation of smooth muscle cells in the early lesion 

(36, 57). Hence, the phenotype of the macrophages present in the atherosclerotic lesion may 

be important in determining plaque outcome.  

In the present thesis, we have been studying the expression and secretion of NAMPT in 

polarized pro-inflammatory M1 and anti-inflammatory M2 macrophages. NAMPT expression 

and secretion in the two different phenotypes of macrophages were established in two model 

systems of macrophage polarization. We established appropriate markers for gene expression 

and cytokine secretion in pro-inflammatory M1 and anti-inflammatory M2 macrophages in 

order to investigate the role of NAMPT in the process of macrophage polarization. The role of 

NAMPT was investigated through co-stimulation of the two macrophage subsets with 

NAMPT inhibitor, NAMPT substrate, or recombinant NAMPT protein. Changes in 

macrophage phenotype were measured through the established markers of gene expression 

and cytokine secretion. This section starts with a discussion of the methods used in this thesis, 

followed by a discussion of the results.  
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6.1 Methodological considerations 

In order to investigate the regulation and role of NAMPT in macrophage polarization, we 

used the THP-1 monocyte cell line and murine primary bone marrow derived macrophages as 

models. In the studies of the role of NAMPT, THP-1 cells were polarized to pro-inflammatory 

M1 macrophages and anti-inflammatory M2 macrophages with or without co-stimuli such as 

NAMPT inhibitor, NAMPT substrate and recombinant NAMPT protein. Gene expression was 

measured by qPCR and cytokine secretion was measured using the suspension array 

technology. Gene expression of polarized murine bone marrow derived macrophage subtypes 

was analyzed using qPCR.  

6.1.1 Cellular model systems in experimental research 

The use of in vitro studies of physiological responses are widely used for characterization and 

understanding of human physiology and makes up a solid ground for human research. In vitro 

methods make it possible to investigate signaling pathways and cellular responses to stimuli 

in an affordable manner and without unnecessarily affecting living subjects.  

The THP-1 cell line is a human acute leukemia monocyte cell line. Cell lines are widely used 

in screening research because they make up an affordable, easily applied and standardized 

basis for further investigations. Cell lines derived from cancer cells have different metabolism 

and cell cycle regulation compared to cells normally occurring in vivo. Additionally, 

established cell lines have undergone genetic transformations to make them able to divide 

almost indefinitely and to be stored for longer periods of time. The modifications have made 

the cell lines able to grow continuously despite genetic changes. This makes these cells able 

to proliferate and grow, despite occurring mutations. Over time this may result in the 

development of cells phenotypically different from the original cells. To ensure the cells were 

not genetically altered, a cell line authentication was performed at the end of the experimental 

procedures. The genotyping certificate is provided in Appendix 1 and ensures that cells were 

not significantly changed.  

In order for the experimental results to have clinical relevance, the response of the cell 

screening system must have some resemblance to the intact organism. THP-1 cells are 

initially monocytes (100), and develop into adherent cells upon stimulation with PMA (111). 

PMA stimulated THP-1 cells have been shown to respond to acetylated LDL by lipid 

accumulation through a receptor for acetylated LDL (112, 113), and to have an increased 
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expression of scavenger receptor and LDL receptor (114). Additionally, these macrophages 

have been shown to mimic human macrophage activity and function, particularly in 

atherosclerotic lesions (76, 115). Therefore THP-1 derived macrophages have been widely 

used in studies of macrophage function in atherosclerosis (74, 76, 95). Together, these 

findings have led to the establishment of PMA stimulated THP-1 cells as a model system for 

human macrophages. However, there exists several subgroups of THP-1 derived 

macrophages, and there are differences between human macrophages and THP-1 derived 

macrophages (116).  

THP-1 monocytes can be kept in liquid nitrogen for a long time, which guaranties sufficient 

cells for DNA, RNA and protein analyzes. The THP-1 cell line is well characterized and their 

homogeneous genetic background minimizes the degree of variability in the cell phenotype 

(115). Still, it is important to underscore that cell line experiments should be regarded as 

initial screening investigations being hypothesis generating, and that results must be repeated 

in other model systems to verify that the observed effects also apply in primary cells and in 

vivo.  

A cell culture system is not a perfect model for in vivo macrophage polarization. In the 

present work, the results showing the regulation of NAMPT in polarized macrophages have 

been replicated in murine bone-marrow derived macrophages. The use of both a cell line 

model and a primary cell model strengthens the results of the current work. Primary cell 

physiology is more similar to conditions in vivo, as they have not undergone genetic 

modifications to the same extent as cell lines. In addition, the use of murine cells gives the 

opportunity to establish if the traits investigated are biologically preserved between species. 

Similar regulation of a trait indicates the trait to be preserved between the species, which 

further indicates an important biological value.  
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6.1.2 Cellular experiments 

THP-1 derived macrophages have previously been used as a model system for polarization of 

macrophages to pro-inflammatory M1 and anti-inflammatory M2 macrophages. This 

represents a simplification of the reality of macrophage polarization, where M1 and M2 

macrophages only represent two extremes in a continuum of macrophage activation states. In 

the present thesis, the aim was to investigate the differences in NAMPT regulation in these 

two extremes of macrophage phenotypes, and how NAMPT could regulate the inflammatory 

profile of them. The experimental design of the THP-1 study was adopted from previously 

described THP-1 models for macrophage polarization (37, 103). Tjiu et al described that 

THP-1 derived macrophages differentiated with PMA, were polarized to M1 macrophages 

with LPS and IFNγ and M2 macrophages with IL-4 and IL-13 after 18 hours (37). Caras et al 

found that also lower concentrations than those used by Tjiu et al were sufficient to achieve 

polarization of the macrophage subsets (103). We used the same concentrations as Caras et al. 

According to the inflammatory markers the macrophages were fully polarized after 18 hours.  

Characterization of the polarized THP-1 derived subtypes was by Tjiu et al and Caras et al 

done by measurement of cytokine secretion. Previous studies conducted in similar 

macrophage polarization models have successfully used TNFα, IL-6 and IL-1β as pro-

inflammatory cytokine secretion markers, and IL-1ra and IL-10 as anti-inflammatory 

secretion markers (37, 103, 117). We wanted a broader panel of secretory markers, and also 

IL-2 and IFNγ were included as pro-inflammatory markers and IL-4 and IL-13 as anti-

inflammatory markers. Analyses of gene expression in polarized THP-1 derived macrophages 

have not been extensively investigated as a means of classification of polarized macrophages 

subsets. We wanted to be able to classify the polarized macrophage subsets also at the level of 

gene expression. We used the classical M1 markers IL-6 and TNFα which Kohlstedt et al 

used successfully and even found the expression of these genes to be down regulated upon 

certain stimuli in THP-1 cells (118). Moreover NAMPT is induced by these pro-inflammatory 

stimuli, and are also capable of inducing them (74). In addition, we wanted to identify 

markers for M2 macrophages at the gene expression level. We used IL-1ra, CD163 and 

PPARγ which have previously proven to be appropriate M2 markers in other models of 

macrophage polarization (57).   

Murine bone-marrow derived macrophages have been extensively used as a model for 

macrophage polarization (34, 36, 119, 120). The macrophage subsets of murine macrophages 
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have previously been classified by gene expression of selected inflammatory markers (36, 

119). In 1998, Munder et al reported that in murine macrophages iNOS was up-regulated by 

Th1 stimuli, whereas Arg-1 was up-regulated by Th2 stimuli (38). Later, these two genes have 

become established markers for the two extremes of murine macrophage polarization, pro-

inflammatory M1 and anti-inflammatory M2 macrophages, respectively (25, 35, 36, 38). 

Hence, we wanted to use these markers to characterize the murine macrophage subsets. In 

addition, we wanted to use TNFα as a pro-inflammatory marker in the murine macrophage 

polarization model, since TNFα have previously been shown to be regulated by NAMPT (74).  

In cellular experiments, there is a risk for the stimuli to induce apoptosis in the wrong 

concentrations. During these experiments we used concentrations of stimuli which have 

previously successfully been used by others. In addition, for every experiment cells were 

routinely tested for cellular death by LDH.  

6.1.3 Analyses of gene expression 

The overall efficiency of a technique is the efficiencies of each individual step involved (121). 

Thus, for an accurate result, precision is crucial in all steps of the process, from the cell lysate 

to the measure of gene expression.  

The procedure of RNA isolation is a sensitive process which requires precision and accuracy 

throughout the process. In addition, the process is complicated by the fact that RNA is easily 

degradable. The amount and quality of RNA were assessed using the Nano-Drop 1000 

spectrophometer. This step is critical for the following procedures as it is essential that the 

amount of RNA is equal in each sample during cDNA synthesis. Low quality RNA can cause 

false results, either false positive or false negative expressions. This makes it important to 

ensure that all samples are of good quality. In these experiments NanoDrop ND-1000 was 

used to measure the ratio between the wavelengths 260 nm and 280 nm, which describes 

protein contamination. This has been important in the evaluation of RNA purity. All samples 

with a ratio of 260 nm / 280 nm above 1.83 were considered pure, and were included for the 

next steps of the process.  

cDNA synthesis is the process where RNA is replicated into cDNA. It is important that the 

RNA is not polluted during this step. Thus, the use of RNase free equipment and protecting 

the samples from possible contaminations through the use of lab coat and gloves are crucial. 
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In addition extreme accuracy are required, as the loading of RNA to the wells determines the 

amount of gene product analyzed and hence the results in the end.  

qPCR is a well established method for quantification of gene expression. In the present work, 

gene expression was evaluated using SYBR green as fluorescence dye. SYBR green is based 

on the detection of double stranded DNA, and requires specific primers of the gene of interest. 

TaqMan is another fluorescence dye widely used in qPCR analysis. The two methods have 

been classified as equally reliable (122). TaqMan primers are designed with a probe within 

the primers, which emits light when the primers are replicated. Thus one cannot be certain if 

there are more than one segment of the genome that are detected, or if some of the gene 

segments replicated are shorter and does not include the TaqMan probe. An advantage of the 

SYBR green assay, is that a dissociation curve can be plotted. This has the potential to 

elucidate if the primers are non-specific or if the sample has been polluted by other PCR 

products or primers and detect more than one product. Additionally, SYBR green primers are 

more affordable than the primers used for TaqMan.  

Calculation of results was conducted using relative quantification, more specifically the 

       method. This approach relates the CT value of the gene of interest to the CT value of a 

reference gene, and thus does not acquire a standard curve. The use of the CT value ensures 

that the PCR is in an exponential phase of amplification (123), where the efficiency have its 

maximum. It is important to note however, that this method makes several assumptions, 

including that the efficiency of the PCR reaction is close to 100 % and the PCR efficiency of 

the target gene is similar to that of the internal control gene (107).  

The internal reference gene is a gene ideally not regulated under the experimental conditions, 

and the choosing of the appropriate endogenous control is a critical point in the qPCR 

procedure when using the        method. The reference gene serves to reduce possible 

internal errors. In these experiments the CT values of the genes of interest were normalized 

using TBP as the reference gene, which has been evaluated to be an appropriate internal 

reference gene in THP-1 cells (124). GAPDH, a widely used reference gene, was used as a 

reference gene for the murine samples.  
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6.1.4 Measurement of protein concentration 

The commercially available Bio-Plex suspension array technology assay was used to quantify 

the protein level of NAMPT, IL-1β, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-10, IL-13, IFNγ and 

TNFα in the supernatant of the polarized THP-1 derived macrophages. This method is based 

on the ELISA method, but allows the detection of several cytokines at once. A great 

advantage of this method is thus that it makes it possible to measure multiple proteins using 

only small amounts of sample.  

This method is highly dependent on correct detection of antibodies, thus the specificity of the 

antibodies is crucial for the correct results. It is also important to note that the results are 

calculated based on a standard curve. This makes loading precision extremely important as 

different volumes of supernatant from two samples may alter the results. Additionally, it is 

important that the standard curve is optimized as a poor standard curve may give false results. 

Thus all steps of the process should be performed with maximum precision.  
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6.2 General discussion 

In the work presented in this thesis, the role of NAMPT in macrophage polarization was 

studied. First, we found NAMPT to be differentially regulated in pro-inflammatory M1 and 

anti-inflammatory M2 macrophages, with increased expression in and secretion from pro-

inflammatory M1 macrophages. Then, markers for macrophage polarization were identified at 

the levels of gene expression and cytokine secretion. We found NAMPT inhibitor to reduce 

the inflammatory profile of pro-inflammatory M1 macrophages. Nicotinic acid and 

recombinant NAMPT protein affected the inflammatory profile of polarized macrophages to a 

lesser extent. The principal results are discussed in the following section.   

6.2.1 NAMPT in polarized macrophages 

To the best of our knowledge, NAMPTs role and differential distribution in polarized 

macrophage subsets have not previously been investigated. However, NAMPT has been 

shown to be a protein with strong inflammatory potential, to induce inflammatory signals and 

to be induced itself in an inflammatory milieu (73, 95). In the atherosclerotic plaque, NAMPT 

has been found to be located to the rupture prone, macrophage rich areas (74). These areas 

have been suggested to be dominated by the pro-inflammatory M1 macrophages over the anti-

inflammatory M2 macrophages (57). Thus, we hypothesized that NAMPT could be 

differentially expressed in M1 and M2 macrophages, with a higher gene expression in and 

secretion from the pro-inflammatory M1 macrophages.  

We demonstrate here for the first time, to our knowledge, that NAMPT is differentially 

regulated in pro-inflammatory M1 and anti-inflammatory M2 macrophages. NAMPT was 

significantly higher expressed in the THP-1 derived pro-inflammatory M1 macrophages. The 

M1 macrophages had increased NAMPT gene expression compared to both anti-

inflammatory M2 macrophages and control macrophages throughout the experiment. 

Moreover, the gene expression pattern was similar in the murine bone marrow derived 

macrophages. NAMPT was 3-fold increased in the pro-inflammatory murine M1 

macrophages compared to both control and the M2 macrophage subtype. This indicates that 

NAMPT expression is a preserved trait between mouse and human. In fact, this is one of the 

strengths of this study, suggesting an important and vital role of NAMPT in macrophages. 

PMA alone significantly increased the expression of NAMPT in the differentiation process 
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from THP-1 monocytes to macrophages, which have previously been described by Dahl et al 

(95).  

Consistent with the findings of Curat et al we found NAMPT to be secreted from the 

macrophages (72). More importantly, we found NAMPT secretion from macrophages to be 

different in the two subtypes of polarized  macrophages. NAMPT secretion level was 

significantly higher in the pro-inflammatory M1 macrophages at all time points after 

polarization compared to both anti-inflammatory M2 macrophages and unpolarized control 

macrophages. Although NAMPT have previously been shown to be secreted constitutively 

from human hepatocytes (68) and actively from human adipocytes (70), the mechanisms of 

NAMPT secretion from macrophages is yet to be discovered. 

Taken together, we report for the first time, to the best of our knowledge, that the regulation 

of NAMPT in macrophages is dependent of macrophage phenotype. Moreover, the 

differential regulation of NAMPT gene expression in pro-inflammatory M1 macrophages and 

anti-inflammatory M2 macrophages seems to be a preserved trait, similar in human and 

murine macrophages. Our results suggest a differential role of NAMPT in the different 

macrophage subtypes, which will be addressed more thoroughly in the future.  

6.2.2 Macrophage classification 

The most commonly used approach for characterization of M1 and M2 macrophages are 

through analyses of differences in secretion of cytokine and expression of genes and cell 

surface receptors. Macrophage polarization is a fairly new field of research. The alternative 

activation of murine macrophages was first proposed by Munder et al in 1998 (38), and the 

M2 macrophages were described in 2002 by Anderson et al (125). In addition, the 

classification of macrophage subsets has been complicated by the extreme plasticity the 

macrophages exhibit.  

In this thesis, two model systems for macrophage polarization were used; THP-1 derived 

macrophages and murine bone marrow derived macrophages. Murine macrophages have been 

used extensively in macrophage polarization research. The macrophage polarization pattern of 

murine macrophages seems to be comparable to human, in that there are pro-inflammatory 

and anti-inflammatory macrophage subtypes. However, the gene expression and cytokine 

secretion differs between macrophages of the two species. In murine macrophages, iNOS 

have proven to be a reliable marker of M1 macrophages (35, 38), and  Arg-1 is a well 
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established marker of murine anti-inflammatory M2 macrophages (25, 36, 38). However, 

these markers have not been found in human macrophage subsets, at least not in vitro (57, 

126, 127). We found the LPS stimulated pro-inflammatory M1 macrophages to have an up 

regulated gene expression of iNOS. Additionally the anti-inflammatory IL-4 stimulated M2 

macrophages had an increased expression of Arg-1. Moreover TNFα, a well established pro-

inflammatory marker, was increased and proved to be a good marker of the murine M1 

macrophages in the current experiments.  

THP-1 derived macrophages have previously been used as a model system for macrophage 

polarization (37, 103, 104, 117). Since previous studies are limited in number polarization 

patterns from other models of macrophage polarization were considered when polarization 

markers were selected. In previous studies using THP-1 derived macrophages, the phenotypes 

of macrophages have been characterized by analysis of cytokine concentration in the cell 

culture supernatant (37, 103, 117). Consistent with  findings of Tjiu et al and Caras et al, the 

THP-1 derived M1 macrophages stimulated with LPS and IFNγ, presented with an up 

regulation of IL-1β, IL-6 and TNFα at the cytokine secretion level (37, 103). In addition the 

gene expression level of both IL-6 and TNFα was significantly elevated. These are also well 

established markers of pro-inflammatory M1 macrophages in other macrophage polarization 

models (26, 27, 29, 32, 57, 128).  

The levels of anti-inflammatory cytokines in THP-1 derived pro-inflammatory M1 

macrophages have shown conflicting results in previous studies. Tjiu et al found the secretion 

of the anti-inflammatory cytokine TGFβ to be decreased in THP-1 derived M1 macrophages 

compared to control macrophages (37). In line with the results of Caras et al we found the 

anti-inflammatory cytokine IL-1ra to be increased in M1 macrophages compared to control 

macrophages (103). Also the other anti-inflammatory cytokines IL-4, IL-10 and IL-13 were 

increased in the media of the M1 macrophages compared to the controls. Conversely Wang et 

al found the gene expression of IL-1ra to be down-regulated in murine M1 macrophages 

(128). We found an up regulation of IL-1ra and the anti-inflammatory marker CD163 in the 

M1 macrophages, whereas the transcription factor and M2 marker PPARγ had decreased level 

of mRNA in pro-inflammatory M1 macrophages.  

In contrast to the M1 macrophages, THP-1 derived anti-inflammatory M2 macrophages have 

shown an up regulation of typical anti-inflammatory markers such as TGFβ, IL-10, IL-1ra and 

mannose receptor combined with a decreased expression and secretion of pro-inflammatory 



 

 

59 

 

cytokines TNFα, IL-6 and IL-1β (37, 103, 128, 129). Consistent with these previous findings 

we found anti-inflammatory M2 macrophages to have increased gene expression and cytokine 

secretion of the anti-inflammatory markers. In line with the findings of Caras et al we found 

IL-1ra to be significantly increased in the supernatant of M2 macrophages (103). In addition, 

IL-1ra was significantly increased at the gene expression level in the M2 macrophages 

compared to controls, as previously reported by Stöger et al (57). PPARγ was in 1998 

reported to inhibit the inflammatory potential of macrophages (130). However after the 

discovery of the anti-inflammatory M2 macrophage phenotype it has been shown that PPARγ 

primes human monocytes into a M2 macrophage phenotype (44). This has led to the 

investigation of PPARγ as a marker of M2 macrophages, and in line with previous findings 

we found the THP-1 derived M2 macrophages to have increased PPARγ gene expression 

compared to control macrophages (57). CD163 have proven to be a potential marker of M2 

polarization in other model systems (32, 57), and also in these THP-1 derived anti-

inflammatory M2 macrophages CD163 was up regulated compared to the unpolarized control 

macrophages. M2 macrophages also had  reduced expression and secretion of TNFα, as Caras 

et al have previously reported (103). Moreover, in the anti-inflammatory M2 macrophages IL-

6 was not detectable at the gene expression level and the cytokine secretion of IL-6 was 

significantly reduced. In  line with the present findings, a recently published paper also found 

IL-6 not to be expressed in IL-4 stimulated macrophages (104), underlining the non-pro-

inflammatory profile of this M2 macrophage phenotype.  

6.2.3 The effect of NAMPT in macrophage polarization 

NAMPT is a protein with several suggested functions. The most studied and best understood 

function of NAMPT is its essential function as the rate limiting enzyme of the NAD salvage 

pathway, the major source of NAD in mammalian physiology (64). In the atherosclerotic 

plaque, NAMPT has been found to be located to the rupture prone, macrophage rich areas 

(74) where the pro-inflammatory M1 macrophages have been suggested to dominate over the 

anti-inflammatory M2 macrophages (57). After establishing the differential gene expression 

and cytokine secretion of NAMPT in pro-inflammatory M1 and anti-inflammatory M2 

macrophages we wanted to elucidate the potential role and involvement of NAMPT in the 

process of macrophage polarization. To the best of our knowledge, the role of NAMPT in 

macrophage polarization has not previously been investigated. 
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NAMPT is a potent pro-inflammatory protein shown to have the ability to induce 

inflammatory signaling pathways  (73, 76, 77) and secretion of pro-inflammatory stimuli 

when added extracellularly (73, 75, 95). In addition NAMPT itself has shown to be induced 

by prototypical pro-inflammatory stimuli such as TNFα and oxLDL (74).  

The use of high concentrations of co-stimuli may cause increased apoptosis. Previous studies 

using NAMPT inhibitor FK866 in cellular experiments have used concentrations ranging 

from 0.01 nM to 1000 nM (76, 95, 97, 131). Mayi et al successfully used a concentration of 

100 nM in primary human macrophages. In the current experiments, this concentration did not 

affect the cellular death in the THP-1 derived macrophages, as measured by LDH. Previous 

studies have shown that the NAMPT inhibitor FK866 is a specific non-competitive inhibitor 

of NAMPT enzymatic activity (64, 132). In mesangial cells, FK866 have shown to decrease 

NAD production in the cells (133). Previous studies have shown an anti-inflammatory effect 

when inhibiting NAMPT with FK866. In spinal cord injury for instance, the administration of 

FK866 gave a reduced secondary inflammation at the site of injury (134). Also in our 

experiments inhibition of NAMPT activity using FK866 significantly reduced inflammatory 

profile. However, we have expanded these findings. Herein, we report that the reduction of 

inflammatory gene expression and cytokine secretion were limited to the pro-inflammatory 

M1 macrophage subtype. These macrophages had a significantly reduced expression and 

secretion of the pro-inflammatory cytokines IL-6 and TNFα when NAMPT enzymatic activity 

was inhibited. In several cell types, including human peripheral blood mononuclear cells 

(PBMCs), Busso et al have previously found FK866 to dose dependently reduce the secretion 

of pro-inflammatory cytokines such as IL-6, TNFα and IL-1β (135). Considering the known 

anti-inflammatory potential of PPARγ, it was unexpected that this transcription factor 

appeared to have increased expression upon inhibition of NAMPT enzymatic activity. Mayi et 

al found NAMPT to be a PPARγ-regulated gene, and that PPARγ activation enhanced the 

expression of NAMPT in both M1 and M2 human macrophages (97). On the other hand, they 

also found PPARγ agonists to have an additive effect with pro-inflammatory cytokines on 

NAMPT expression (97). Taken together the changes towards a less inflammatory state of the 

anti-inflammatory M1 macrophages may have an important biological function in 

inflammation related diseases. 

The anti-inflammatory M2 macrophages have a reduced expression of pro-inflammatory 

markers compared to the pro-inflammatory M1 macrophages (26, 27, 42). We found the 

http://en.wikipedia.org/wiki/Peripheral_blood_mononuclear_cell
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expression and protein secretion of NAMPT to be significantly lower in M2 macrophages 

compared to M1 macrophages. This suggests a potentially lesser role of NAMPT in this anti-

inflammatory macrophage subtype. In light of this it is not surprising that inhibition of 

NAMPT only mildly affected the inflammatory profile of the M2 macrophages.  

Considering NAMPTs pro-inflammatory properties, an increased availability of NAMPT 

substrate may potentially increase the activity of NAMPT, and accordingly increase 

inflammatory expression and secretion from the stimulated macrophages. In the present work, 

nicotinic acid was used as NAMPT substrate. Cells were stimulated with nicotinic acid in a 

concentration as previous experiments have established as a successful concentration (136-

138). Digby et al have previously found nicotinic acid to reduce the secretion of TNFα and 

IL-6 in THP-1 monocytes (139). In our experiments these markers were not altered. However, 

the pro-inflammatory M1 macrophages had a reduced secretion of IL-1β accompanied with 

an, although not statistically significant, reduced gene expression and cytokine secretion of 

IL-6 and TNFα. In the anti-inflammatory M2 macrophage subtype we found a significant 

increase in secretion of IL-10. Niacin is a generic term for nicotinamide and nicotinic acid. In 

the literature these terms are used interchangeably (136, 140), which may be confusing or 

even misleading. Revollo et al suggests that mammals predominantly use nicotinamide as a 

precursor for NAD biosynthesis (141). However, Dahl et al have previously reported effects 

of nicotinic acid in human hepatocytes with the same concentration as used in the present 

work (137). Moreover, Chai et al recently showed an effect of nicotinic acid in similar 

concentration in lipid loaded macrophages (138). We have used concentrations of nicotinic 

acid as previously used by others, however we cannot exclude the possibility that the 

vagueness of our results may be due to low concentrations or that nicotinamide could give a 

different effect.  

Recombinant NAMPT protein has previously been found to induce inflammatory profile in 

both murine and human cells. Recombinant NAMPT was used for co-stimulation to evaluate 

the role of extracellularly added NAMPT in macrophages. In the pro-inflammatory M1 

macrophages recombinant NAMPT reduced the secretion of the anti-inflammatory mediators 

IL-10 and IL-13. This is partly in line with previous reported effects of recombinant NAMPT. 

In  2007 Dahl et al found recombinant NAMPT to increase the gene expression of TNFα in 

THP-1 monocytes (74). Similarly Moschen et al reported recombinant NAMPT to induce 

production of the pro-inflammatory cytokines IL-1β, TNFα and IL-6 in monocytes (75). 
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Later, recombinant NAMPT has been shown to have the ability to induce pro-inflammatory 

signaling pathways such as NFκB (93, 142), MAPK(76) and PI3K/Akt (73). Thus it was 

somewhat surprising that stimulation with recombinant NAMPT did not increase the gene 

expression or cytokine secretion of pro-inflammatory markers in either the pro-inflammatory 

M1 macrophages or in the anti-inflammatory M2 macrophages.  

The fact that previous studies showing NAMPT to exert its pro-inflammatory function in a 

concentration dependent manner (74-76), may suggest that our limited results when co-

stimulating with recombinant NAMPT could be due to low concentration of the protein. 

However, previously published studies have shown a significant increase with lower 

concentrations than that used in the current work (74-76, 93). Additionally, stimulation with 

recombinant NAMPT for 24 hours, or even less, have proven to be successful (74-76, 93). We 

cannot exclude batch differences, which may explain the minor alterations of inflammatory 

profile of the macrophages. However, to our knowledge this is the first time NAMPT are 

studied in different macrophage phenotypes. Thus the recombinant NAMPT protein may not 

be suited for the polarized macrophage subtypes. On the other hand, the inflammatory profile 

of the resting macrophages was not altered by the recombinant NAMPT protein. Moreover it 

is not clearly established if the recombinant NAMPT protein works extracellularly or 

intracellularly. The recombinant form of NAMPT has a his-tag, which may inhibit NAMPT to 

enter the cell. If the action of NAMPT in macrophages are through its intracellular function 

and recombinant NAMPT exerts extracellular functions, then there may not be great 

inflammatory effects of recombinant NAMPT in macrophages, as we have seen in this work.  
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7  Conclusions 
 

The main conclusions of the present thesis are as follows: 

 

 

1. NAMPT is differentially regulated in pro-inflammatory M1 macrophages and anti-

inflammatory M2 macrophages. In particular, the pro-inflammatory M1 macrophages 

display significantly higher gene expression and cytokine secretion of NAMPT 

compared to control macrophages and anti-inflammatory M2 macrophages. 

 

 

2. The pro-inflammatory M1 and anti-inflammatory M2 macrophages have different 

inflammatory profiles. 

 

a. The pro-inflammatory M1 macrophages have significantly increased gene 

expression of the pro-inflammatory markers IL-6 and TNFα, combined with an 

increased secretion of the pro-inflammatory cytokines IL-1β, IL-2, IL-6 and 

TNFα.  

 

b. Anti-inflammatory M2 macrophages have significantly increased gene 

expression of the anti-inflammatory markers IL-1ra, PPARγ and CD163. 

Additionally M2 macrophages display an elevated cytokine secretion of the 

anti-inflammatory cytokines IL-1ra and IL-10.  

 

3. The inflammatory profile of the pro-inflammatory M1 macrophages is reduced when 

NAMPT enzymatic activity is inhibited. Co-stimulation with NAMPT substrate and 

recombinant NAMPT affected the inflammatory profile of the two macrophage 

subtypes to a lesser extent.  

 

 

In conclusion, our results support the view of NAMPT as a pro-inflammatory molecule. M1 

macrophages display a particularly increased gene expression and cytokine secretion of 

NAMPT. The present data also suggests a role of NAMPT in the process of polarization of 

macrophages. However, more studies on the mechanisms and functions of NAMPT are 

needed to unravel the role of this enzyme in macrophage polarization.   
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8  Future perspectives 
 

This master thesis is a part of a large project studying NAMPT in atherosclerosis and related 

metabolic disorders, and NAMPTs role in macrophage polarization in such pathological 

processes are of main interest. The present thesis has generated new knowledge in the area of 

NAMPT in macrophage polarization, and demonstrated that modulation of NAMPT activity 

might guidance a shift in macrophage phenotype.  

The macrophage polarization model as established in this thesis will be a valuable model to 

further investigate the differential regulation of signaling pathways in M1 and M2 

macrophages. This may elucidate the pathways in which NAMPT regulates inflammatory 

profile in macrophages. Preliminary data from our research group indicate that NAMPT can 

activate NRLP3 inflammasome. If such activation occurs in different macrophage subset 

remains to be investigated further.  

In addition, it will be of interest to measure metabolic differences between the two subtypes 

of macrophages through detection of intracellular NAD. Additionally, we will use 

nicotinamide as NAMPT substrate which may potentially alter the inflammatory profile more 

extensively than the nicotinic acid, since nicotinic acid has been claimed not to be directly 

used in NAD salvage pathway of humans (64). 

Another issue which should be studied more closely is whether endogenously secreted 

NAMPT has inflammatory effects through mechanisms other that the intracellular form of the 

protein. This together with studies with recombinant NAMPT will be an important issue to 

examine. 

The current model is based on the cell line THP-1, which have been altered and displays some 

characteristic differences from normal monocytes. It will be important to do the current 

investigations also in PBMC derived macrophages, to see if also primary human macrophages 

have the same polarization pattern in vitro as do the THP-1 derived macrophages and primary 

murine macrophages.  

The NAMPT inhibitor FK866 is currently used as a therapeutic drug in cancer treatment 

(143). In the long run, NAMPT may be a potential therapeutic target in atherosclerosis, 

possibly being able to shift the inflammatory profile of resident macrophages within 

atherosclerotic plaque towards a less inflammatory state.  
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Appendix 

 

Appendix 1 – Cell line authentication 

Cell lines have undergone genetic transformations to make them able to divide almost 

indefinetly and to be stored for longer periods of time. This makes them able to prolifirate and 

grow despite occuring muations, which may result in the developement of cells genetically 

different from the original cells. In order to establish the genetics of the cells, a cell line 

autentication procedure was preformed at the end of the experimental work. The e-mail from 

the performing lab at Radiumhospitalet, Oslo University Hospital, together with the 

genotyping certificate ensures that cells were not altered during the time of experimental 

work.  
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Appendix 2 – PMA experiment 

Phorbol-12-myristate-13 acetate (PMA) was used for differentiation of monocytes to 

macrophages. To establish what concentration of PMA and how long PMA stimulation was 

needed at different concentrations, a PMA screening experiment was preformed. Cells were 

grown at a concentration of 1 million cells/ml with 100 nM PMA or 300 nM PMA. Every 

hour cells were observed in the ligth microscope. The cells were evaluated to have the 

macrophage phenotype based on adherence to the culture plate and cessetation of 

prolifiration. Cells were harvested at 8 hours, and cells were evaluated to have a macrophage 

phenotype after 6 hours of PMA stimulation (100 nM). 

 

Appendix 3 – Resolving of stimuli 

Table A. Resolving of stimuli used for the THP-1 cell experiments. In the cellular experiments, 

cells were stimulated with the following stimuli. This table describes the solvent used for dissolving of 

the stimuli, and the stock concentration.  

Stimuli Solvent Stock concentration 

IFNγ PBS with 0.1 % HSA 200 μg/ml 

IL-13 PBS with 0.1 % HSA 50 μg/ml 

IL-4 PBS with 0.1 % HSA 100 μg/ml 

LPS Natrium Cloride 1000 μg/ml 

FK866  Etanol   10 mg/ml 

Nicotinic acid H20 25 mg/ml 

rh Visfatin Tris and PBS with 0.1 % HSA 100 μg/ml 

 



 

 

 

  



 

 

 

  



 

 

 

 


