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Introduction
The improvement in quality of life has increased the average life-expectancy over the 
last few years in many parts of the world. This is, however, accompanied by a strong 
increase in diseases associated with ageing, such as neurodegenerative diseases, cancer 
and cardiovascular diseases (CVDs). CVD is the main global cause of mortality, with 17.3 
million deaths per year, a number that is expected to grow rapidly 1. Atherosclerosis is 
the underlying pathology in the majority of clinical manifestations of CVD. Atherosclerotic 
disease progression is normally without any clinical symptoms. However, when clinical 
symptoms arise, they are mostly acute and can be the result of blood flow-obstructing 
stenoses or because of plaque rupture or erosion. Plaque rupture  or erosion results in 
thrombus formation which can obstruct blood flow in the heart or in the brain, leading to 
myocardial infarction or stroke respectively 2.
Several risk factors are known to promote atherogenesis and its clinical manifestations, of 
which smoking, dyslipidemia, hypertension and obesity strongly contribute to disease 3. 
With the incidence of obesity and the metabolic syndrome growing worldwide, a serious 
threat for the increased development of CVDs, including atherosclerosis, has emerged 
4-6. Lipid-lowering strategies have thus far been the main therapeutic approach to reduce 
atherosclerosis 7, 8. But anti-inflammatory strategies now also seem promising in reducing 
atherogenesis in experimental settings 9. Currently, clinical trials are being performed 
in which the relevance of blocking inflammatory agents in atherosclerosis development 
are tested 10-12. However, these therapies will likely not be enough to fully eradicate 
atherosclerosis and its cardiovascular complications. As atherosclerosis is an extremely 
complex and multifactorial disease, better understanding of the disease process is needed 
to develop more successful therapies.     

Atherogenesis 
Atherosclerosis is a complex lipid-driven inflammatory disease in which numerous cell 
types and inflammatory mediators are involved 13, 14. The initiating step in atherogenesis is 
endothelial dysfunction, which can be induced by shear stress or by traditional risk factors 
such as dyslipidemia or hypertension. A result of endothelial dysfunction is increased 
permeability to circulating lipoproteins, such as low-density lipoproteins (LDL) 15, 16. 
LDL particles accumulate in the intima, were they are prone to become modified, often 
resulting in oxidized LDL (oxLDL), which is the most abundant lipoprotein form present in 
atherosclerotic lesions 17. OxLDL on its turn induces inflammatory responses by further 
activating the endothelium by the expression of adhesion molecules such as vascular cell 
adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1), and by 
the expression of several cytokines and chemokines such as monocyte chemoattractant 
protein-1 (MCP-1) 2, 18. Consequently, monocytes are recruited to the arterial wall, where 
they migrate into the intima, differentiate into macrophages and ingest the modified 
lipoproteins 19, 20. This uptake is mainly regulated via scavenger receptor A and CD36 and 
leads to lipid-loaded foam cells 21, 22. Macrophages and foam cells are critical components 
of atherosclerotic lesions as they enhance inflammation via secretion of inflammatory 
cytokines and chemokines which recruits more inflammatory cells like monocytes, T cells 
and neutrophils 13, 23. 
Macrophages are very plastic cells, as they can switch from one phenotype to another thereby 
adopting different polarization states 24.  Numerous factors in the plaque microenvironment 
can induce macrophage polarization, resulting in a very heterogenic cell population 25. A 
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simplified classification describes that plaque-derived signals, like cytokines, can induce 
either a pro-inflammatory M1 macrophage phenotype or an anti-inflammatory M2 
phenotype. M1 macrophages are elicited by stimulation with IFNγ or LPS and secrete several 
inflammatory cytokines such as tumor necrosis factor (TNF), interleukin (IL)-1β, IL-6 and IL-
12, and produce reactive oxygen species. M2 macrophages can be induced upon stimulation 
with IL-4, IL-13 and IL-10 and respond by secretion of anti-inflammatory cytokines like IL-
10 and TGF-β 19, 24. As can be deducted from these characteristics, M1 macrophages may 
promote atherosclerosis, while M2 macrophages may dampen atherosclerosis development. 
Different macrophage populations have been described in human atherosclerotic lesions 
26. Interestingly, M1 macrophages were observed in the rupture-prone shoulder regions of 
plaques, while M2 macrophages were found in more stable plaque areas 27. Macrophage 
polarization may therefore be an important determinant of plaque stability.
Besides macrophages, other immune cells also tightly regulate atherosclerosis development. 
Concerning innate immunity, neutrophils have received increasing attention during the last 
few years and they are now known to influence atherogenesis by the secretion of several 
pro-inflammatory mediators and by affecting plaque stability 28, 29. Dendritic cells (DCs) 
link innate and adaptive immunity and are found to accumulate in atherosclerotic lesions. 
However, different DC subsets have been identified which differ in their location and immune 
functions and thus also exert different actions throughout disease development 30. The 
adaptive immune system also strongly influences atherosclerosis development. On the one 
hand a pro-atherosclerotic role for T cells was initially described, when T cell deficient mice 
showed a strong decrease in lesion development 31. However, several T cell subsets are now 
identified, with varying pro- and anti-atherogenic properties. Some of those have already 
a well-described role in atherogenesis, while other subsets are just being discovered 32. On 
the other hand, B cells were initially described as being atheroprotective 33. However, upon 
the finding that the B cell population also consist of different subsets, different atherogenic 
effects were attributed to each subset 34, 35. With all those different immune cell subsets in 
mind, it is clear the immune response is central in controlling atherosclerosis development.
When plaques advance, non-immune cells like vascular smooth muscle cells (VSMCs) come 
into play as well as they migrate from the media to the intima, where they form a plaque-
stabilizing fibrous cap surrounding the pro-inflammatory core of the lesion. In addition, 
collagen is secreted to create further plaque stability 23. Plaque stability is challenged by the 
death of lesional macrophages as apoptotic macrophages expel their lipid content into the 
intima 36, 37. Several apoptosis inducers are known to play a role in apoptosis of lipid-loaded 
foam cells, including oxysterols like oxLDL 38, oxygen radicals like nitric oxide 36 and several 
cytokines, for instance the interferons 39-42. Those potential apoptosis inducers all have the 
property to activate caspases and to induce ER stress 43, 44. In early phases of atherosclerosis, 
apoptotic cells are efficiently phagocytosed by macrophages. However, when atherosclerotic 
lesions progress this clearance becomes inefficient as macrophages are already fully lipid-
loaded. This results in secondary necrosis of the already death macrophages, leading to a 
plaque destabilizing necrotic core 38. The plaque fibrous cap and the necrotic core are the 
two most important determinants of plaque stability, which are both under the influence of 
inflammatory processes. So, the equilibrium between these lesional components and the 
inflammatory milieu determines plaque stability and thus, disease outcome.

Interferons 
In 1957 the interferons (IFNs) were the first cytokines to be described and were found to 
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interfere with viral infection 45. Nowadays they are known as class 2 cytokines with various 
effects influencing both innate and adaptive immunity during numerous infections. They 
are considered to be important immunomodulatory cytokines, but in contrast to their 
protective capacities, interferons can also have detrimental effects on disease outcome 46-

48. Their role in disease is very context specific and depends among others on the cellular 
source of the interferons and the subsequent induction of specific interferon stimulated 
genes (ISGs), processes that thus should be tightly controlled. 
The interferons consist of 3 distinct family members. The type I interferon (T1 IFNs) family 
consist of several members of which IFNα and IFNβ are best characterized. T1 IFNs can be 
secreted by almost all cells, with the plasmacytoid dendritic cells (pDCs) being their main 
producers 46, 49. The only type II IFN (T2 IFN), IFNγ, is secreted by lymphocytes, activated 
macrophages and natural killer cells 50. The type III interferons were recently discovered 
and were found to have similar biological activity as the T1 IFNs. Most cells can secrete the 
type III IFNs but its receptor is mostly restricted to the epithelium 51. All three interferon 
families signal via a different heterodimeric receptor complex 52, 53, which is described in 
more detail in Chapter 2 54. IFN signaling results in induction of the expression of hundreds 
of ISGs, of which some are regulated by a single IFN family, while others are induced by all 
3 classes of IFNs. Multiple connections exist between the different IFN families to induce a 
proper immune response 55, 56. For example, T1 IFNs can induce STAT1 homodimerization 
to stimulate IFNγ activated sequences, while T2 IFNs can activate the IFN-stimulated gene 
factor 3 complex to induce transcription of T1 IFN-target genes 57, 58.

Interferons in viral disease
Classically, the T1 IFNs are known to be induced upon viral infections. The presence of viral 
components, mostly nucleic acids, triggers activation of pattern recognition receptors, such 
as toll-like receptors (TLRs), RIG-1-like receptors (RLRs) and NOD-like receptors (NLRs). These 
receptors are located either at the cell surface, in the cytosol or in endosomal compartments 
59-62. Activation of those receptors results in rapid induction of T1 IFNs, which mostly requires 
the action of the transcription factors interferon regulatory factors (IRF) 3 and 7 63-66. The T1 
IFNs are produced in the early phases of an infection, where pDCs are essential for their 
first production, while in later stages of infection other cell types produce T1 IFNs as well 49, 

67. It has been shown that upon viral infection, 60% of the transcriptional activity of pDCs is 
associated with induction of T1 IFN genes 68. This rapid production of T1 IFNs is needed to 
hamper viral replication and spread either via direct production of ISGs such as myxovirus 
resistance 1 (MX1) and IFN-induced transmembrane proteins (IFITMs) 69, or via the indirect 
activation of antiviral functions of other cells such as macrophages, NK cells and T cells 70. As 
a result antigen presentation and cytokine production in innate cells is stimulated 71, while 
effector T cell responses are also enhanced 70. With those actions in mind, it is not surprising 
that several viruses have developed mechanisms to block T1 IFN antiviral activities 72, 73. 
Although the T1 IFNs have crucial antiviral actions, T1 IFNs can also have detrimental effects 
upon viral infection, which is among others mediated by the induction of immunosuppression 
48, 74. In lymphocytic choriomeningitis virus (LCMV) and human immunodeficient virus 
(HIV) infections, the T1 IFNs exert protective effects during the early phases of infection. 
However, when these infections cannot be cleared and become chronic, persistent T1 
IFN activity may become harmful. In chronic LCMV infections, T1 IFN activity induces the 
immunosuppressive cytokine IL-10 and the programmed cell death 1 ligand 1 (PDL1), which 
together suppress T cell function and therefore fail to clear infection 75, 76. HIV patients are 
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known to have a T1 IFN signaling profile 77, which has recently been associated with an 
increase in lymphocyte suppression and apoptosis, thereby enhancing disease progression 
78, 79. The immunosuppressive actions of the T1 IFNs might be part of a coping mechanism to 
reduce host morbidity.
Even though IFNγ is less well known as an antiviral cytokine, IFNγ has been proven to be 
essential for antiviral immunity as well 80-82. During a viral infection, IFNγ can be induced by 
earlier produced cytokines such as the T1 IFNs, IL-12 and IL-18 83, 84. This process is tightly 
controlled as the T1 IFNs can also negatively regulate IFNγ production, which seems mediated 
by STAT1 levels 85. Upon production of IFNγ, several antiviral mediators are produced of which 
protein kinase dsRNA-regulated (PKR) is an essential one. PKR is known to block viral protein 
synthesis and to induce apoptosis to limit viral spread 86, 87. Altogether, an equilibrium must 
be present in which the appropriate production of interferons is required to neutralize viral 
infections. A concise overview of the actions of IFNs in viral disease is presented in figure 1a.

Interferons in bacterial disease
Although the T1 IFNs were initially known to have potent antiviral activities, it is now 
appreciated that they have important antibacterial effects as well. Since T1 IFNs were quite 
long considered to be unimportant in bacterial infections, they received little attention 
here and a better understanding is still needed to determine how exactly the T1 IFNs 
act as antibacterial mediators. An already well-described phenomenon is the induction 
of T1 IFNs by macrophages and DCs upon TLR4 activation by lipopolysaccharide (LPS) 88-

90. The secreted T1 IFNs then signal in an autocrine fashion to induce the production of 
ISGs, including the gene encoding inducible Nitric Oxide Synthase (iNOS). Nitric oxide (NO) 
production is essential in antibacterial immunity as many bacteria are sensitive to NO-
mediated killing and its induction by T1 IFNs has been known for many years now 91, 92. 
As in viral disease, the T1 IFNs might have either disease inhibiting or disease promoting 
effects in bacterial infections, but the exact regulation of disease outcome is still poorly 
understood 48, 93. Next to NO production, the production of IFNγ by Th1 cells and NK cells 
is suggested to be an important mediator in T1 IFNs-induced antibacterial activity 94. IFNγ 
has always been classified as an antibacterial mediator. Upon infection IFNγ is secreted by 
Th1 cells and NK cells, which among others skews macrophages to a pro-inflammatory M1 
phenotype. Activated M1 macrophages secrete IL-12 and IL-18 to stimulate microbicidal 
effector functions, including enhanced phagocytosis and the production of reactive oxygen 
species such as NO 50. The relevance of NO production in macrophage defense mechanisms 
is widely recognized 95. However, for maximal microbicidal NO production, IFNγ priming of 
macrophages is needed to enhance responses to bacterial LPS 96-98. The need for this priming 
mechanism is demonstrated by the resistance of IFNγ receptor (IFNGR) deficient mice to 
LPS-induced shock 99. In addition, bacterial infection models have shown the importance 
of IFNγ, as deficiency of IFNGR or T-bet, the regulator of Th1 differentiation, resulted in 
increased susceptibility and an increased severity of infection 47, 100. This susceptibility to 
bacterial disease was confirmed in IFNγ and IFNGR-deficient patients as well 101, 102. Again, 
a balance between the T1 IFNs and IFNγ may be of importance, which can influence the 
outcome of for instance mycobacterial infections 103-105. A concise overview of IFNs actions 
in bacterial disease is presented in figure 1a.

Interferons in autoimmune disease
As mentioned above, the interferons are crucial mediators of cellular defense mechanisms. 
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However, their actions can also result in autoimmunity. The T1 IFNs for instance have been 
implicated in the pathogenesis of systemic lupus erythematosus (SLE). Peripheral blood 
monocytes from patients with SLE show an increased T1 IFNs signature 106 and the T1 IFNs 
are known to stimulate disease induction and progression 107. In addition, SLE patients may 
have an up to 50-fold increased risk for CVDs, which is amongst others attributed to this 
increased T1 IFN signature 108-111. Currently, clinical trials are being performed in which IFNα- 
and IFNAR-blocking strategies are being evaluated 112. The agents tested so far have proven 
to be safe, however great caution is required regarding the risk for developing infections. 
With the crosstalk of the T1 and T2 IFNs in mind, IFNγ also plays an established role in SLE 
pathogenesis 113. IFNγ-blocking therapies, like for IFNα, have thus far received little attention 
in the fight against SLE, probably due to the increased susceptibility towards infections. 
Nevertheless, IFNγ-antibody treatment of patients with progressive multiple sclerosis 
(MS) did show delay in disease progression. This indicates that neutralizing IFNγ could be 
a potential new treatment in progressive MS, outweighing the possible increased risk for 
infections 114. In Crohn’s disease, where IFNγ plays a prominent role, IFNγ-targeting therapies 
have also proven to be successful as early signs of clinical efficacy have been observed 115, 116. 
In addition to the abovementioned autoimmune diseases, future research should point out 
whether other diseases, like rheumatoid arthritis, would benefit from interferon-targeted 
therapies as well. A concise overview of IFNs actions in autoimmune disease is shown in 
figure 1b. 

Interferons as therapeutic agents 
In contrast to the detrimental role for the T1 IFNs in autoimmunity, IFNβ is used as an 
effective treatment against relapsing remitting MS. This treatment has been shown to reduce 
MS relapses and delay the onset of progressive MS 117, 118. In hepatitis C virus (HCV) IFNα 
therapy has been the standard treatment for many years now, even though its effectiveness 
is rather limited. A shift in treatment regimen from interferon-based treatments towards 
more direct anti-viral therapies is now suggested as this seems to be more effective 119-

121. Also in myeloproliferative diseases and other types of cancer the T1 IFNs have been 
used as successful treatments 122, 123. The induction of an immune response to tumors by 
IFNγ and IFNγ’s anti-proliferative effects have been the subject in several clinical cancer 
trials as well 124, 125. Despite these beneficial indications, several attempts to treat cancer 
with recombinant IFNγ have so far resulted in mixed effects. This suggests that IFNγ can 
have both cytotoxic as well as cytoproliferative actions, likely depending on its surrounding 
environment 126. Because of IFNγ’s numerous inflammatory actions, this cytokine has 
clinically been tested as a treatment for several other diseases as well, including tuberculosis, 
invasive fungal infections and in HCV 127, 128. Despite all the valuable therapeutic applications 
of the interferons, it is important to keep their many immunomodulatory actions in mind, as 
those might influence the patients’ immune response. 
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Figure 1. Overview of interferons in host protection and autoimmunity. a). Upon infection, infected cells produce 
IFNs, resulting in the expression of interferon stimulated genes (ISGs) in both infected and neighboring cells. One 
of the functions of ISGs is to limit the spread of infectious particles. Upon IFN stimulation or after sensing of 
infectious particles with pattern-recognition receptors (PRRs), macrophages and dendritic cells (DCs) also start 
producing IFNs and ISGs. In addition, they respond by increased antigen presentation and by the production of 
inflammatory mediators. Adaptive immunity is also influenced by the IFNs as effector functions of B and T cells 
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are enhanced. b). The chronic IFN production that is present in several autoimmune diseases is continued in part 
by persistent stimulation of antigen-presenting cells, including macrophages and plasmacytoid dendritic cells 
(pDCs), by self antigens and damage-associated molecular pattern molecules (DAMPs). Continued IFN production 
increases T and B cell effector function, leading to autoantibody production, resulting in the characteristic tissue 
injury. Chronic stimulation by IFNs also increases production of IL-10 by innate immune cells such as macrophages, 
which suppresses inflammatory responses, likely to reduce host morbidity. IFNAR, interferon α/β receptor; Ag 
presentation, antigen presentation; NO, nitric oxide.

Interferons in atherosclerosis
The interferons are also known to play a substantial role in atherosclerosis. A growing body 
of evidence is present showing that the interferons act as pro-atherosclerotic mediators 41, 

54, 129-139. Studies on the role of the T1 IFNs in atherosclerosis development have only just 
started, while the role of IFNγ in atherosclerosis is already longer established. Their actions 
are prominent throughout both the initiation and progression of the disease as they are for 
instance known to promote leukocyte recruitment towards atherosclerotic lesions and to 
stimulate lesional apoptosis 54. The way in which the interferons influence atherosclerosis 
development is extensively described in Chapter 2. In any case, the actions of this family 
of cytokines in atherogenesis are extremely complex, and the way in which they mediate 
atherosclerosis development can therefore be considered to be an intricate balance. 

Interleukin-10
Interleukin-10 (IL-10) is, like the interferons, a class 2 cytokine. It was discovered in 1989 
as a cytokine that inhibits the production of pro-inflammatory cytokines by Th1 cells 140. 
Indeed, mice deficient in IL-10 have increased Th1 cell responses, resulting for instance 
in enhanced bacterial clearance upon infection 141, 142. Subsequently, it was found that IL-
10 affects not only Th1 cells but several immune cells, like macrophages and DCs, thereby 
dampening inflammatory responses 143, 144. IL-10 is produced by nearly all leukocytes, 
adding to the complexity of this immunomodulatory cytokine 52, 144. T regulatory cells 
(Tregs) use IL-10 as their hallmark cytokine to limit inflammation and autoimmunity and 
nowadays B regulatory cells (Bregs) are investigated for their role in self-tolerance via the 
usage of IL-10 145, 146. Another important function of IL-10 is the suppression of antigen 
presentation by macrophages and DCs via an autocrine feedback loop 140, 147. As an essential 
immunosuppressive cytokine, IL-10 thus limits inflammatory responses at different levels in 
both innate and adaptive immunity.
IL-10’s actions are mediated after binding to its cell surface receptor, IL-10R, which consist of 
two chains, IL-10R1 and IL-10R2.  In response to IL-10 binding, signal transducer and activator 
of transcription (STAT)3, STAT1 and STAT5 are recruited to the receptor complex where 
they become phosphorylated for their activation. Homo- and heterodimers of these STAT 
molecules translocate to the nucleus to drive gene transcription of for instance suppressors 
of cytokine signaling (SOCS)-1 and SOCS-3 143. SOCS-1 is a negative regulator of inflammatory 
cytokine production and thus an important IL-10 target 148. Another mechanism by which IL-
10 suppresses inflammation is by inhibition of NFκb activity, a transcription factor necessary 
for inflammatory cytokine production 149.
IL-10-directed therapies have been tested in several clinical trials to treat autoimmune 
diseases. An important role for IL-10 in intestinal homeostasis has been described, which is 
impaired in inflammatory bowel disease (IBD) 150, 151.  Despite protective effects of IL-10 in 
mouse intestinal inflammation models, clinical trials using IL-10 therapy in IBD have mainly 
been negative 144, 152. IL-10 administration in MS, where reduced secretion of IL-10 by Bregs 
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has been reported, also appeared ineffective 144, 153. In contrast to deficient production of 
IL-10 in several autoimmune diseases, overproduction of IL-10 by monocytes and B cells 
has been implicated in SLE disease pathogenesis 154. Here, neutralization of IL-10 has shown 
potential in a small cohort of SLE patients 155. But altogether, therapeutic targeting of IL-10 
in autoimmune diseases still seems elusive as its widespread immunomodulatory actions 
are highly complex. 

IL-10 in atherosclerosis
With the strong anti-inflammatory properties of IL-10 in mind, IL-10 is thought to act in 
an anti-atherogenic manner. IL-10 has been identified in the human atherosclerotic lesion, 
where it seems to modulate the inflammatory response and protect from too much apoptotic 
cell death 156. Since this discovery, IL-10 has been a target for intervention in experimental 
atherosclerosis. These experimental data further confirmed the anti-atherogenic role 
for IL-10, as deficiency of IL-10 157, 158 or of its downstream signaling molecules 159, 160 
promoted atherosclerosis, whereas gene therapy for IL-10 161-164 decreased atherosclerosis 
development. These observed atheroprotective effects of IL-10 are not only attributed to 
anti-inflammatory activities, but also to its regulation of macrophage lipid handling. IL-10-
mediated effects on cholesterol metabolism are primarily linked to increased cholesterol 
efflux, resulting in decreased macrophage foam cell formation 165, 166. In addition, IL-10 is 
also involved in stabilization of the atherosclerotic lesion as it provides pro-survival factors 
to leukocytes 156, 163, 167 and limits extracellular matrix degradation 157, 158, 168. Altogether, IL-10 
can thus indeed be considered as an anti-atherogenic mediator. But as its atheroprotective 
actions are tightly controlled and still not fully understood, future research is needed to 
investigate the potential of IL-10-based therapies in atherosclerosis.

Aim of thesis
In recent years progress has been made in understanding the contribution of the interferons 
and IL-10 in both immunity and atherosclerosis, as can be deducted from the above 
mentioned sections. Accumulating in vitro and in vivo research indicates that the interferons 
can be considered as pro-atherosclerotic cytokines, whereas IL-10 is considered to be anti-
atherogenic. Nevertheless, their atherosclerotic actions are very complicated and tightly 
balanced. More research is therefore needed to fully elucidate their atherosclerotic effects. 
To this end, the aim of this thesis is 1) to assess the functional contribution of interferons 
in atherogenesis with regards to foam cell formation and foam cell inflammatory responses 
and 2) to investigate whether interferon and IL-10 modulation can be used to diminish 
atherosclerosis.

Chapter 2 provides an overview regarding the role of interferons in atherosclerosis and 
discusses whether interferons could be regarded as new molecular targets in atherosclerosis 
treatment. In Chapter 3 the effects of IFNβ on macrophage foam cell formation are 
characterized, as to date a direct link between the T1 IFNs and this essential atherosclerotic 
process is still missing. We could demonstrate that IFNβ promotes macrophage foam cell 
formation by increasing SR-A-mediated cholesterol influx and decreasing ABCA1-mediated 
efflux. In Chapter 4 the role of IFNβ in foam cell inflammatory responses is assessed, as lipid 
loading of monocytes and macrophages resulted in downregulation of interferon signaling 
pathways. This made us question whether this also results in a decreased interferon response 
and a decrease in the accompanying inflammatory response. We observed macrophage 
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hyporesponsiveness towards IFNβ under high cholesterol conditions, which might be 
relevant for IFNβ-mediated inflammatory activities. In Chapter 5 blockade of the IFNα/β 
receptor subunit 1 was investigated in a combined mouse model for atherosclerosis and 
arteriogenesis. We were able to stimulate arteriogenesis without enhancing atherosclerosis 
burden in our mice, which had been a downside of previous pro-arteriogenic stimuli so far. 
The pro-atherosclerotic role of IFNγ was already established many years ago. In vivo 
atherosclerosis studies to date focused on the systemic role of IFNγ, making it impossible to 
conclude which cell types exactly are involved here. Therefore we examined the effects of 
IFNγ on myeloid cells in atherogenesis, which is described in Chapter 6. From this study we 
could conclude that myeloid IFNγ signaling is dispensable for atherosclerosis development. 
A similar rationale formed the basis for the study described in Chapter 7. In this chapter 
the role of myeloid specific IL-10 signaling in atherosclerosis was studied. So far, the anti-
atherogenic role of IL-10 was already well established, but the contribution of cell-specific 
effects still remained unclear. We could show that myeloid cells do not contribute to the 
atheroprotective actions of IL-10 and that myeloid IL-10 signaling even acts pro-atherogenic. 
In addition, we observed a new link between myeloid IL-10 signaling and cholesterol 
metabolism. Finally, in Chapter 8 all results obtained in this thesis and its implications are 
summarized and discussed.
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Abstract
Interferons are key regulators of both innate and adaptive immune responses. The family 
of interferon cytokines can be divided into three main subtypes of which type I and type 
II interferons are most well-defined. Interferons are known to be important mediators in 
atherosclerosis. Evidence from both in vitro and in vivo studies shows that the interferons are 
generally pro-atherosclerotic. However, their role in atherosclerosis is complex, with distinct 
roles for these cytokines throughout different stages of the disease. In this review we will 
discuss the current knowledge on the role of type I and type II interferons in atherosclerosis 
development, specifically focusing on their role in endothelial activation, cell recruitment, 
foam cell formation and regulation of apoptosis. Furthermore, we will discuss whether 
interferons could be considered as new molecular targets for therapeutic intervention in 
atherosclerosis.
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Introduction
Since their discovery in 1957 interferons (IFNs) have been studied extensively and it is now 
well-known that interferons are essential regulators of innate and adaptive immunity 1. Isaac 
and Lindenmann initially described these proteins to inhibit viral replication. However, today 
many more functions are attributed to IFNs, as over time they were also found to exhibit 
important immunomodulatory functions and to affect tumor growth and cell survival. The 
interferons constitute a family of cytokines, which are divided into three main subtypes; 
type I, II and type III interferons 2. They can be distinguished by their respective receptors, 
inducing stimuli and cellular source. Of the type I interferons (T1 IFNs), IFNα and IFNβ are 
considered to be most important. Both cytokines are predominantly produced in response 
to viral infections by most cell types, with the plasmacytoid dendritic cells (pDCs) being 
the main source. In addition, they were shown to have anti-bacterial, anti-proliferative and 
antitumor activity 3, 4. The only type II interferon (T2 IFN), IFNγ, is among others secreted by 
lymphocytes, activated macrophages, NK cells, endothelial cells and vascular smooth muscle 
cells (VSMCs), not only in response to viral encounters, but throughout a broad repertoire of 
immune responses 5. The type III interferons were only recently discovered and consists of 
three IFNλ isotypes with a biological activity similar to the T1 IFNs. They can be secreted by 
virtually any cell type, while its receptor is mostly confined to the epithelium 6.

Interferon signaling
IFNγ signals via a heterodimeric cell-surface receptor consisting of two different subunits; 
IFNGR1 and IFNGR2. After binding of IFNγ the receptor subunits heterodimerize, resulting 
in activation of Jak1 and Jak2, which phosphorylate their downstream substrate; signal 
transducer and activator of transcription (STAT) 1. STAT1 homodimerizes and binds to 
gamma-activated sequences (GAS), resulting in subsequent transcription (Figure 1) 7, 8. 
The T1 IFNs are structurally unrelated to IFNγ and bind a different heterodimeric cell-
surface receptor which is also composed of two different subunits; IFNAR1 and IFNAR2. 
After T1 IFN binding, both subunits heterodimerize with a subsequent activation of Jak1 
and Tyk2 kinases, thereby phosphorylating STATs as well. This mostly induces STAT1-STAT2 
heterodimers, which require assembly with interferon-regulatory factor 9 (IRF9) for their 
function. The resulting complex, termed interferon-stimulated gene factor 3 (ISGF3), binds 
to IFN-stimulated response elements (ISREs) in order to initiate transcription of interferon-
stimulated genes (ISGs) 9. However, T1 IFNs can also activate other STAT family members in 
various cell types, which can lead to the assembly of many hetero- and homodimer pairs, 
resulting in context and cell type-specific cellular responses following IFNAR activation 
(Figure 1) 9, 10.
Both T1 and T2 IFNs are often secreted in parallel during the same immune response, and 
data suggest that crosstalk between type I and II interferon signaling is needed for an optimal 
response. It is known that T1 and T2 pathways are linked at several levels. IFNγ, for instance, 
can also induce the ISGF3 complex thereby stimulating the transcription of T1 IFN-related 
genes 11. Conversely, T1 IFNs can stimulate STAT1 homodimerization, which drives IFNγ gene 
transcription patterns 10. Furthermore, low continuous T1 IFN levels prime cells for a strong 
immune response to both T1 and T2 IFNs 12. It has also been shown that IFNAR1 can interact 
with IFNGR2, thereby inducing the expression and activation of STAT1, which provides a 
basis for IFNγ-stimulated STAT1 homodimerization, leading to a robust IFNγ response 13, 14.  
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Figure 1. Representation of T1 and T2 IFN signaling. Following binding of T1 or T2 IFNs to their receptor, Janus 
kinases (JAKs) become activated. This recruits signal transducer and activator of transcription (STAT), resulting in its 
phosphorylation. The phosphorylated STATs form dimers; T1 IFN signaling uses either a heterodimer of STAT1-STAT2 
or a homodimer of STAT1, while T2 IFN signaling only uses STAT1 homodimers. The STAT1-STAT2 complex associates 
with interferon regulatory factor 9 (IRF9) to form the interferon-stimulated gene factor 3 (ISGF3) complex. These 
complexes translocate to the nucleus, where ISGF3 binds to interferon-stimulated response elements (ISRE) to 
stimulate T1 IFN gene transcription. The STAT1 homodimers bind IFNγ-activated sequences (GAS), whereby they 
promote T2 IFN-stimulated gene transcription.  

Interferons in general inflammation
The interferons are essential regulators of immune function. Upon viral or bacterial infection, 
the pro-inflammatory cytokine IFNγ is secreted by Th1 cells. IFNγ can subsequently activate 
macrophages, resulting in the secretion of pro-inflammatory mediators like IL-12 and IL-
18 to enhance microbicidal actions. Under the influence of IFNγ, antigen presentation is 
enhanced by upregulating both MHC class I and class II expression on activated macrophages 
and the induction of MHC class II expression on mature dendritic cells (DCs). This results in a 
second wave of T cell activation, thereby linking innate with adaptive immunity 5, 15, 16. 
The T1 IFNs were first recognized to be released during viral infections, as their induction 
can inhibit viral replication and upregulate MHC class I antigen expression on virus-infected 
cells, thereby inducing the adaptive T cell response 17. Nowadays it is known that T1 IFNs also 
contribute to the antibacterial immune response as macrophages and DCs produce T1 IFNs in 
response to Toll-like receptor 4 triggering 18. Endogenous pro-inflammatory mediators such 
as TNF may also induce the production of T1 IFNs. The resulting T1 IFN autocrine feedback 
loop then further sustains the inflammatory response 19. Similar as for IFNγ, T1 IFNs can 
upregulate the expression of MHC class I and II and co-stimulatory molecules on DCs and so 
can initiate T cell responses 20, 21.  These diverse examples illustrate that the interferons are 
essential for a robust immune response. However, many more immunomodulatory actions 
can be attributed to the interferons. A concise overview of these actions is displayed in table 
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1. However, it should be noted that not all IFN-induced immunomodulatory actions are 
described here as details are beyond the scope of this review and are already extensively 
reviewed elsewhere 2, 5, 22, 23. 

Table 1 - Immunomodulatroy actions of type I and type II interferons

Cell type Effect IFN type

Macrophages

Production of pro-inflammatory cytokines, e.g IL-12, IL-6, TNF, IL-18, 
polarization towards M1 phenotype 
Production of chemokines e.g. CXCL10, CCL2 and CCL5 to attract 
macrophages and T cells 
Enhanced microbicidal killing activity, e.g. via NO production 
Induction MHC class I and II expression 
IFNβ-mediated autocrine loop to sustain expression of inflammatory 
genes required for an optimal immune response

I and II

I and II

I and II
II
I

Neutrophils Enhanced microbicidal killing activity, e.g. via NO production I

NK cells
Enhanced microbicidal killing activity 
Secretion of pro-inflammatory cytokines, e.g. IFNγ 
Enhanced NK cell survival via IL-15

I
I
I

T cells

Th1 response polarization; a.o. via increased IFNγ production by Th1 
cells  
Th1 response polarization; a.o. via inhibition of IL-4 production by Th2 
cells 
Protection against NK cell-mediated killing 
Trigger the generation of IL-10 producing T regulatory cells

I and II

II
 
I
I

B cells Fine-tune antibody class switching 
Enhanced antibody production

I
I

Dendritic cells Maturation of dendritic cells  
Induction MHC class I and II expression

I
I and II

Vascular 
smooth mucle 
cells

Induction endothelial cell adhesion molecules for leukocyte 
recruitment to inflammatory site 
Production of chemokines, e.g. CXCL10, CCL2 and CCL5 to attract 
macrophages and T cells  
Indirect Th1 response polarization by production of IL-12 and IL-18

II

I and II

II

Endothelial 
cells

Production of chemokines, e.g. CXCL10, CCL2 and CCL5 to attract 
macrophages and T cells  
Enhanced antigen presentation, a.o by upregulation of MHC class I and 
II antigens

I and II

II

NO indicates nitric oxide; Th1, T helper 1 cell; Th2, T helper 2 cell

Interferons in atherosclerosis
Atherosclerosis is a complex and multifactorial disease in which macrophages, T cells and 
VSMCs are important cellular components of the atherosclerotic lesion. Macrophages are 
abundant in the atherosclerotic lesion and are activated upon interferon stimulation. IFNγ, 
for instance, is known to polarize macrophages towards a pro-inflammatory M1 phenotype. 
Macrophages are major contributors of the atherosclerotic inflammatory response by the 
secretion of many inflammatory mediators including cytokines and chemokines. Activated 
macrophages can also secrete interferons, resulting in leukocyte attraction to the lesion. 
The other way around, several studies have shown that the interferons are also important 
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regulators of macrophage attraction towards the atherosclerotic plaque, as blocking 
interferon and its signaling led to a decreased macrophage accumulation 24-28. 
Regarding T cells, many studies have been performed to show their link with atherosclerosis 
via the induction of IFNγ. Th1 cells are the main producers of IFNγ, for instance upon 
activation by plaque antigens 15. IFNγ secretion leads to a further skewed Th1 response as it 
polarizes T cells towards this Th1 phenotype. The Th1 bias promotes atherosclerosis in both 
humans and mice 29, 30. Furthermore, Th1 cytokines are prevalent in both human and murine 
atherosclerotic lesions 15, 31. Studies in mice with a deficiency of IFNγ, IFNGR1 or the Th1 
differentiating factor T-bet, resulted in dimished atherosclerosis, indicating the importance 
of this Th1 response 24, 25, 32. 
VSMCs are crucial for plaque stability as they contribute to a fibrous cap surrounding the 
pro-inflammatory destabilizing necrotic core. VSMC proliferation is therefore considered 
beneficial during atherosclerosis progression. IFNγ is known to have profound effects on 
their proliferation. Both anti- and pro-proliferative actions have been attributed to IFNγ, 
but the net effect is that IFNγ inhibits proliferation which has been demonstrated both 
in vitro and in vivo 33-36. IFNγ also inhibits collagen I and III production in VSMCs, thereby 
increasing plaque vulnerability 37. In addition, IFNγ was shown to inhibit arterial stenosis 
after vascular injury in rats by reducing intimal thickening, which is mediated via VSMCs 
proliferation 38. Similar observations were made for IFNβ as treatment of human VSCMs with 
this cytokine reduced their proliferation, while blocking IFNAR1 stimulated VSMC growth 39, 

40. Furthermore, it was shown that VSMCs can produce IFNγ and IFNβ, which might serve as 
an autocrine feedback loop to regulate VSMC growth 39, 41. 
A plethora of cytokines, including interferons, has been shown to be important atherogenic 
regulators 15, 42, 43. Already in 1989 Hansson et al. observed IFNγ and IFNγ producing T cells 
to be abundant in human atherosclerotic plaques 31, 44. The T1 IFN producing pDCs have also 
been found in plaques, with a specific localization in its rupture-prone areas 45-48. Overall, the 
role of IFNγ in atherosclerosis has been investigated thoroughly 27, 28, 32, 49-51, while research on 
the role of T1 IFNs in atherosclerosis development has only recently started 26, 52, 53. Table 2 
summarizes important murine atherosclerotic studies regarding the T1 and T2 interferons. In 
this review we will further highlight their function in endothelial activation, cell recruitment 
to the atherosclerotic plaque, foam cell formation and regulation of apoptosis. 

Table 2 – Effects of type I and type II interferons on atherosclerosis in vivo 

Type I interferons

Intervention Atherosclerosis model Findings References

IFNα injections LDLR-/- ♂ + HFD
Lesion size ↑ 
Plasma cholesterol and triglyceride 
levels ↑

Levy et al.54

Daily IFNβ injections LDLR-/- and ApoE-/- ♂ 
+ HFD

Lesion size ↑ 
Lesion macrophage area ↑

Goossens et 
al.26 

LysMCre-IFNAR1fl/flBMT LDLR-/- ♂ + HFD

Lesion size ↓ 
Lesion macrophage area ↓ 
Advanced lesion numbers ↓ 
Neutrophil influx ↓ 
Lesion necrosis ↓

Goossens et 
al.26
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pDC depleting antibody 
(4 times weekly) LDLR-/- ♀ + HFD

Lesion size ↑ 
Lesion necrosis ↓ 
Lesion VSMC content ↓ 
Lesion T cells ↑

Daissormont 
et al. 55

pDC depleting antibody 
(twice) ApoE-/- ♀ + HFD Lesion size ↓ 

Lesion lipid area ↓ Döring et al.56

pDC activation by type A 
CpG ODNs 
(3 times weekly)  

ApoE-/- ♀ + HFD Lesion size ↑ Döring et al.56

pDC depleting antibody ApoE-/- ♀  + HFD

Lesion size ↓ 
Lesion lipid area ↓ 
Lesion macrophage area ↓ 
Lesion collagen content ↑

MacRitchie et 
al.53

Type II interferons

Intervention Atherosclerosis model Findings References

IFNγR-/- ApoE-/- + HFD

Lesion size ↓ 
Lesion lipid area ↓ 
Lesion cellularity ↓ 
Lesion collagen content ↑

Gupta et al.32

SCID-/-  mice with human 
or pig artery transplant 
followed by IFNγ 
injections 

No atherosclerotic KO 
mouse + NC

Intima thickening 
VSMCs in intima ↑

Tellides et 
al.57

Daily IFNγ injections ApoE-/- ♂ + NC
Lesion size ↑ 
Lesion T cells ↑ 
Lesion MHC2+ cells ↑

Whitman et 
al.58

IFNγ-/- ApoE-/- ♂ & ♀ + NC or 
HFD

No effect on lesions in ♀ 
Lesion size ↓ in ♂  
Lesion T cells ↓ and lesion MHC2+ 

cells ↓ during HFD in ♂

Whitman et 
al.51

IFNγ-/- LDLR-/- ♂ & ♀ + HCD 8 
or 20 weeks

Lesion size ↓ at 8 and 20 weeks 
Lesion macrophage area ↓ at 8 
weeks 
Lesion VSMC content ↓ at 8 
weeks

Buono et 
al. 24 

IFNγ-/- BMT LDLR-/- ♂ + HFD

Lesion size ↑ at 6 weeks, at 12 
weeks lesion size similar 
Lesion cellularity ↓ 
Lesion collagen content ↑

Niwa et al.50

Injection soluble mutant 
of IFNγR (every 2 weeks)

ApoE-/- + HFD 

early atherosclerosis

Lesion size ↓ 
Lesion lipid area ↓ 
Lesion macrophage area ↓ 
Lesion fibrotic area ↑ 
Lesion VSMC content ↑

Koga et al.27

Injection soluble mutant 
of IFNγR (every 2 weeks)

ApoE-/- + HFD 
advanced 
atherosclerosis

Lesion growth ↓ 
Lesion lipid area ↓ 
Lesion macrophage area ↓ 
Lesion fibrotic area ↑ 
Lesion VSMC content ↑ 
STAT1 phosphorylation in lesion ↓

Koga et al.28
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HFD indicates high fat diet; HCD, high cholesterol diet; NC, normal chow; BMT, bone marrow transplantation; 
pDC, plasmacytoid dendritic cell; ODNs, oligonucleotides; KO, knockout; VSMC, vascular smooth muscle cell; SCID, 
severe combined immunodeficient. 

Interferons in endothelial activation and cell recruitment
An early step in atherogenesis is endothelial dysfunction, resulting in increased permeability 
to circulating low-density lipoproteins (LDL) and recruitment of leukocytes 15, 59. IFNγ is 
known to induce the expression of endothelial cell adhesion molecules such as vascular 
cell adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1), 
which are early markers of atherogenesis and are crucial for leukocyte recruitment to the 
plaque 60. Their expression can be further intensified by crosstalk between IFNγ and LPS 
signaling 61. High fat diet-induced monocyte and T-cell recruitment to the microvasculature 
endothelium was decreased in IFNγ-/- mice 62. In atherosclerosis, IFNγ’s role in leukocyte 
recruitment could be confirmed, as IFNγ treatment of ApoE-/- mice resulted in an increased 
amount of lesional T cells 58. Vice versa, a reduced cellular density was observed in lesions 
from both ApoE-/-IFNγR-/- and IFNγ-/- bone marrow transplanted LDLR-/- mice, indicating 
less cell recruitment upon IFNγ deficiency 32, 50. Interestingly, gender-specific effects were 
observed in IFNγ-/-ApoE-/- double knockout mice, as this deficiency resulted among others 
in a decreased lesional T cell number in male mice only 51. IFNγ is also known to induce the 
expression of several chemokines like CXCL9, CXCL10 and CCL2, thereby further promoting 
cell recruitment towards the atherosclerotic plaque 49. Altogether, IFNγ can thus promote 
leukocytes recruitment to atherosclerotic lesions (Figure 2). 
An in vivo stimulatory effect of T1 IFNs in early endothelial cell dysfunction has also been 
documented 63. In systemic lupus erythemathosus (SLE), chronic exposure to T1 IFNs 
is present, which can promote and sustain chronic endothelial dysfunction, eventually 
leading to atherosclerosis. Indeed, SLE patients show a significant increased incidence of 
atherosclerosis and cardiovascular events as compared to healthy individuals 64.  The T1 IFN 
IFNβ is frequently used as a treatment of patients with relapsing remitting multiple sclerosis 
(MS) where it surprisingly has opposite effects on cerebral endothelial activation as compared 
to the peripheral endothelium 65. Regarding cell recruitment to the plaque, a recent in vivo 
study showed that T1 IFNs increased cell recruitment to atherosclerotic lesions in a CCL5-
dependent manner.  Moreover, IFNβ treatment of LDLR-/- mice increased macrophage lesion 
area, while deleting myeloid IFNAR1 in LDLR-/- mice prevented macrophage accumulation 
in the lesion 26.  Consistent with these findings, depletion of pDCs in ApoE-/- mice reduced 
macrophage accumulation 53. However, it has also been observed that depletion of pDCs 
results in increased plaque formation due to increased T cell accumulation 55. Overall, these 
data indicate that T1 IFNs promote cell recruitment to the plaque and can thereby promote 
atherosclerosis (Figure 2). 

Interferons in foam cell formation
Macrophage foam cell formation in the arterial wall is an early hallmark of atherosclerotic 
plaque formation. A contributory role for IFNγ in foam cell formation is well established, 
however, the results are conflicting. A first study in 1992 described an inhibiting role for 
IFNγ in the foam cell formation of human monocyte-derived macrophages, accompanied by 
a decreased gene expression of the uptake receptor SR-A 66.  An IFNγ-mediated decrease in 
CD36 gene expression in human monocyte-derived macrophages was subsequently found 
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in vitro 67. Decreased CD36 expression was also observed following STAT1 deficiency in 
the human THP1 cell line and in mouse peritoneal macrophages both in vitro and in vivo, 
resulting in decreased macrophage foam cell formation 68. Furthermore, IFNγ suppresses 
LDL oxidation, which makes LDL less attractive for macrophage uptake 69, 70. These examples 
thus suggest an inhibiting role for IFNγ in foam cell formation (Figure 2).
In contrast to these data, IFNγ increases SR-PSOX, another scavenger receptor involved in the 
uptake of oxidized LDL 71. Moreover, acetylated LDL-loaded murine peritoneal macrophages 
stimulated with IFNγ showed a decreased cholesterol efflux 72, 73. This was accompanied by 
a decreased expression of ABCA1 73. In addition, IFNγ is known to decrease expression of 
cholesterol 27-hydroxylase in macrophages, which normally stimulates cholesterol efflux via 
ABCA1 74. Furthermore, IFNγ receptor blockade in ApoE-/- mice on a high fat diet decreased 
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Figure 2. Schematic overview of T1 and T2 IFN effects on macrophages in atherosclerosis. (1) Activation of the 
endothelium induces the expression of leukocyte adhesion molecules and the secretion of chemokines, resulting in 
the recruitment of leukocytes to the vessel wall. (2) In the arterial wall monocytes differentiate into macrophages. 
Activated macrophages secrete among others T1 and T2 IFNs, enhancing leukocyte recruitment and macrophage 
activation. (3) Regulation of scavenger receptors and cholesterol efflux transporters by T1 and T2 IFNs in the 
presence of modified lipoproteins, resulting in (4) foam cell formation. (5) Apoptosis can occur in macrophage and 
lipid rich areas in the plaque. T1 and T2 IFNs regulate death receptor expression. (6) This can result in apoptosis 
of macrophages leading to necrotic core formation. Vascular smooth muscle cells (VSMCs) and T cells are also 
important sources and targets for the interferons. IFNγ is produced mainly by T helper 1 cells, which can act 
on VSMCs to regulate their proliferation. VSMCs also produce IFNγ themselves, which results in macrophage 
activation. Furthermore they secrete T1 and T2 IFNs as well as chemokines to attract more leukocytes to the 
lesion site. See text for more detail.  Green text indicates stimulation; red text indicates inhibition. Abbreviations: 
VCAM-1, vascular cell adhesion molecule-1; ICAM-1, intercellular adhesion molecule-1; SR-A, scavenger receptor 
A; SR-PSOX, scavenger receptor for phosphatidylserine and oxidized LDL; ABCA1, ATP-binding cassette A1; TRAIL, 
TNF-related apoptosis inducing ligand; FASL, FAS ligand; IFNGR, IFNγ receptor. 
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lipid accumulation in the atherosclerotic plaques as analyzed by oil-red-o staining 27, 28. On 
the contrary, it was recently observed that IFNγ decreases lipid uptake in THP1 cells via 
effects on macropinocytosis 75. Overall, it is now commonly thought that IFNγ disrupts lipid 
handling of macrophages with a net effect of promoting foam cell formation. However, 
these effects are mainly based on in vitro studies and therefore further in vivo investigations 
are required (Figure 2). 
Studies on the effects of T1 IFNs on foam cell formation are minimal and are so far inconclusive. 
In a recent study by Goossens et al. it was observed that T1 IFNs promote atherosclerosis. 
However, no effect on short-term oxLDL uptake by murine bone marrow-derived macrophages 
was observed following priming with IFNβ 26. In contrast to this increased SR-A gene 
expression. Furthermore PBMCs from SLE patients showed to have study, IFNα priming of 
THP1 cells showed increased oxLDL uptake, accompanied by increased SR-A gene expression. 
Furthermore PBMCs from SLE patients showed to have study, IFNα priming of THP1 cells 
showed increased oxLDL uptake, accompanied by increased SR-A expression, which was 
positively correlated with T1 IFN signaling activity 76. A similar phenomenon seems to play a 
role in PBMCs from HIV patients, as their PBMCs possess a T1 IFN profile with an increase in 
lipid uptake, accompanied by increased SR-A expression 77. And recently it was described that 
altering the structure of heparin sulfate on myeloid cells of LDLR-/- mice results in exacerbation 
of foam cell formation, which was linked to an increased T1 IFN signaling 78. A growing body 
of evidence thus supports a role for the T1 IFNs in promoting foam cell formation (Figure 2). 

Interferons in apoptosis
Apoptosis is a common phenomenon in macrophage-rich areas of atherosclerotic lesions. 
Defective clearance of apoptotic cells, or efferocytosis, results in the formation of an 
inflammatory necrotic core, which makes plaques prone to rupture 79.  Both T1 and T2 IFNs 
are implicated in the regulation of apoptosis. Their anti-proliferative effects have been well 
described in the oncology field, where the IFNs were the first human proteins to be effective 
as cancer treatment 2, 80.  Unfortunately the exact mechanism of their anti-tumor activity is 
not fully understood yet. In fact, the direct role of IFNγ in apoptosis induction is confusing, 
since both pro- and anti-apoptotic roles for IFNγ have been described. Depending on the 
levels of IFNGR on myeloid or on T cells present, the cell will die after IFNγ stimulation 81. 
This phenomenon is attributed to STAT1, as high levels of the IFNGR will rapidly activate 
STAT1, with a resulting activation of IRF1. High levels of IRF1 on its turn induce apoptosis 
by activating caspase-1 82. Low levels of IFNGR have the opposite effect, as low induction 
of IRF1 is not enough to induce apoptosis and proliferation is induced 81. IFNγ also induces 
the mRNA expression of tumor necrosis factor-α receptor 1 (TNFR1) and caspase-8 in THP1 
macrophages 83. In human vascular smooth muscle cells, IFNγ induced the expression of FAS 
and TNF-related apoptosis inducing ligand (TRAIL) 84, 85. Apoptosis of cultured rat smooth 
muscle cells by IFNγ is also partially mediated via the production of nitric oxide 86. This might 
indicate that apoptosis in the atherosclerotic plaque is the result of the present immune 
response, in which IFNγ is indispensable. Overall these studies show that IFNγ has pro-
apoptotic effects using different apoptotic mechanisms  (Figure 2). 
In infections, T1 IFNs sensitize cells for pathogen-induced cell death 22. In vitro analysis 
of IFNβ-stimulated THP1 monocytes indeed demonstrated a pro-apoptotic effect for 
IFNβ, by increased expression of TRAIL, FAS and FASL 40. SLE patients, whose monocytes 
possess a T1 IFN signature, show increased apoptosis of several leukocyte subtypes 87. In 
addition, monocyte-derived macrophages from MS patients who were treated with IFNβ 
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showed more apoptotic cell death as compared to the cells before start of the treatment 
88. In atherosclerosis the T1 IFNs are also involved in apoptosis; genetic myeloid deletion of 
IFNAR1 showed a prominent reduction in necrotic core formation as compared to IFNAR1 
wildtype mice 26. This is in line with an observed decrease in apoptosis of monocytes 
derived from IFNAR1-/- mice 40. In human atheromas, the secretion of IFNα enhanced TRAIL 
surface expression of CD4+ T cells. In vitro co-culture of those plaque-derived CD4+ T cells 
with human primary VSMCs resulted in death of the VSMCs, which would make plaques 
more vulnerable 89. All together these data show that T1 IFNs have a pro-apoptotic role, 
also in atherosclerosis. A common apoptotic mechanism for both T1 IFNs and IFNγ may 
be their overlapping STAT1 pathway as STAT1 plays a critical role in apoptosis of peritoneal 
macrophages in vitro and in an advanced atherosclerosis model using STAT1-/- bone marrow 
transplanted LDLR-/- mice 90 (Figure 2).

Therapeutic potential
Therapeutic strategies to reduce atherosclerosis have thus far mainly focused on lipid 
lowering, mostly by use of statins 91. In addition, several anti-inflammatory approaches have 
shown potential in reducing atherosclerosis in experimental settings 92. Ongoing clinical 
trials now have to prove the relevance of blocking inflammatory mediators in atherosclerosis 
treatment 93-95. As our knowledge on the mechanisms and functions of the T1 and T2 IFNs 
grows, targeting them might give us the opportunity to dampen atherogenesis progression. 
IFNγ has already been targeted in several human diseases, for instance in Crohn’s disease, 
with early signs of clinical efficacy 96, 97. However, actual clinical applications of anti-IFNγ 
treatment still seem to fail, probably because blockade of IFNγ or IFNGR is associated 
with high rates of infection, particularly of mycobacteria. This susceptibility has also been 
proven in IFNγ or IFNGR deficient humans, which predisposes them to severe infections 
98. Regarding the T1 IFNs, several clinical trials are currently being performed to study the 
effect of IFNα inhibition in SLE at different levels of IFNAR signaling or by targeting the pDCs 
99. So far, these treatments seem promising with no serious adverse effects. However, a 
potential limitation of these studies might be the increased susceptibility to viral infections 
or even the possible induction of tumor growth. This can be minimized when the blockade 
is directed against pDCs as the interferon response in all other cells remains intact. Targeting 
IFNAR blocks all T1 IFN production, thereby increasing the risk of adverse effects. On the 
contrary, T1 IFN blockade could still be useful in the control of persistent viral infections 
in which an unwanted sustained T1 IFN signaling is present, as has been shown in murine 
LCMV infections 100, 101.
Broad inhibition of either T1 or T2 IFNs in atherosclerotic disease may thus be associated 
with unwanted risks, and long-term inhibition will therefore not be favorable in treatment 
of the disease. However, short-term intervention might still have the potential to reduce 
atherosclerosis progression. The interferons could for instance be targeted after myocardial 
infarction or stroke, when the risk of recurrent events is drastically increased 102. Closely 
monitored treatment of patients is then critical, outweighing the possible adverse effects 
of infection. In both atherosclerosis development and myocardial infarction, myeloid cells 
are critically involved. Myeloid cells might therefore be an important target to influence 
disease progression. The use of nanoparticles may aid in a cell-specific treatment delivery, 
as recent studies have shown the value of this upcoming treatment strategy 103, 104. Future 
treatment of atherosclerosis may thus involve the cell-specific modulation of interferons as 
a short-term therapeutic intervention. However, more pre-clinical intervention studies are 

13358- Boshuizen-Binnenwerk na proefdruk.indd   39 4-3-2016   16:17:17



Chapter 2

40

necessary to better understand the value of such approaches for treatment of disease.

Concluding remarks
While initially being discovered as antiviral cytokines, we now know many more functions 
can be attributed to the interferons as they have been studied at a large extent during the last 
few decades. It is now recognized that both T1 and T2 IFNs play a central promoting role in 
the pathogenesis of atherosclerosis. However, their role in this disease is extremely complex 
as both families of interferons act at different stages throughout disease progression. During 
the early phases of atherosclerosis, starting with endothelial activation and leukocyte 
recruitment, expression of adhesion molecules and chemokines is upregulated by IFNγ to 
stimulate cell recruitment to the plaque. T1 IFNs are known to do this mainly in a CCL5-
dependent manner. Regarding foam cell formation, conflicting results on the role of IFNγ 
are observed. Nevertheless, it is generally thought that IFNγ disrupts lipid handling of 
macrophages with a balance towards foam cell promoting effects. Data on T1 IFNs and foam 
cell formation is minimal, but again, it seems that T1 IFNs promote foam cell formation. 
In the late phases of atherosclerosis, when apoptosis and necrotic core formation come 
into play, both interferon families seem to be pro-apoptotic and could therefore stimulate 
atherosclerosis progression. Advances in our knowledge on the interferons makes them 
potential new molecular targets in the cell-specific short-term treatment of atherosclerosis.
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Significance
The interferons have been studied extensively during the last few decades. These studies 
have demonstrated that they not only have important immunomodulatory functions, 
but that both the T1 and T2 IFNs also play a central promoting role in the pathogenesis 
of atherosclerosis.  Evidence from both in vitro and in vivo studies shows that interferons 
are generally pro-atherosclerotic. However, their role in this disease is extremely complex 
as both families of interferons act at different stages and to differing extents throughout 
disease progression. In this review the current knowledge on interferons in atherosclerosis 
is discussed. And as our understanding herein has increased, we now suggest that the 
interferons may act as possible new molecular targets in the cell-specific and short-term 
treatment of this disease. 
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Abstract

Foam cell formation is a crucial event in atherogenesis. While interferon-β (IFNβ) is known 
to promote atherosclerosis in mice, studies on the role of IFNβ on foam cell formation are 
minimal and conflicting. We therefore extended these studies using both in vitro and in 
vivo approaches and examined IFNβ’s function in macrophage foam cell formation. To do 
so, murine bone marrow-derived macrophages (BMDMs) and human monocyte-derived 
macrophages were loaded with acLDL overnight, followed by 6h IFNβ co-treatment. This 
increased lipid content as measured by Oil red O staining. We next analyzed the lipid uptake 
pathways of IFNβ-stimulated BMDMs and observed increased endocytosis of DiI-acLDL as 
compared to controls. These effects were mediated via SR-A, as its gene expression was 
increased and inhibition of SR-A with Poly(I) blocked the IFNβ-induced increase in Oil red 
O staining and DiI-acLDL endocytosis. The IFNβ-induced increase in lipid content was also 
associated with decreased ApoA1-mediated cholesterol efflux, in response to decreased 
ABCA1 protein and gene expression. To validate our findings in vivo, LDLR-/- mice were 
put on chow or a high cholesterol diet for 10 weeks. 24 and 8 hours before sacrifice mice 
were injected with IFNβ or PBS, after which thioglycollate-elicited peritoneal macrophages 
were collected and analyzed. In accordance with the in vitro data, IFNβ increased lipid 
accumulation. In conclusion, our experimental data support the pro-atherogenic role of 
IFNβ, as we show that IFNβ promotes macrophage foam cell formation by increasing SR-A-
mediated cholesterol influx and decreasing ABCA1-mediated efflux mechanisms. 

Key words: foam cell, interferon-beta, macrophage, animal models, cardiovascular disease
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1. Introduction

An important event in atherosclerotic lesion development is macrophage foam cell 
formation. The initiating step hereby is lipoprotein accumulation in the arterial wall, 
resulting in modifications of these lipoproteins thereby altering their structure. Excessive 
lipoprotein uptake by recruited macrophages is the result, which then become lipid-loaded 
foam cells 1. Macrophage scavenger receptors, like scavenger receptor-A (SR-A) and CD36, 
play a leading role in the internalization of lipoproteins 2, 3. Another process that may be 
disturbed during foam cell formation is cholesterol efflux, which is mostly mediated via the 
ATP-binding cassette transporters ABCA1 and ABCG1, to ApoA1 and HDL respectively, for 
reverse cholesterol transport 4. Macrophage foam cells thus show a dysregulation of their 
lipid metabolism, reflected by an excessive lipid uptake on the one hand and a decreased 
cholesterol efflux on the other hand.
Interferon-β (IFNβ) has previously been shown to promote atherogenesis in mice 5. However, 
its role in foam cell formation is still under debate, as both foam cell promoting as well as 
foam cell inhibiting properties have been attributed to the type I interferons 6. In one of our 
recent studies we showed no effect of IFNβ priming on short-term oxLDL uptake by bone 
marrow-derived macrophages (BMDMs) 5. Opposing results were found in THP1 cells, where 
IFNα priming results in increased oxLDL uptake accompanied by an increased SR-A gene 
expression 7. In systemic lupus erythematosus (SLE) patients a type I interferon signature 
is present and it has recently been shown that peripheral blood monocytes (PBMCs) from 
SLE patients have increased SR-A expression, which correlates with their higher type I 
interferon signaling activity 7, 8. PBMCs from HIV patients also possess a type I interferon 
profile, which is accompanied with an increased SR-A gene expression. Interestingly, their 
PBMCs also showed an increase in lipid uptake 9. In addition to these data, a recent study 
showed more foam cell formation when the structure of heparin sulfate on myeloid cells 
was altered, which also increased their type I interferon signaling 10. Altogether, a growing 
body of evidence emerges that supports a stimulating role for the type I interferons in foam 
cell formation. However, these data are mostly based on in vitro studies or on correlations, 
where a direct link between the type I interferons and foam cell formation is missing. 
Moreover, the way in which the type I interferons exactly regulate foam cell formation 
is still unknown. Therefore we extended these studies and focused on IFNβ’s function in 
macrophage foam cell formation using both an in vitro and an in vivo approach.

2. Materials and methods

2.1 Mice
Male LDLR-/- mice (on a C57Bl/6 background) were house bred at the Academic Medical 
Center (Amsterdam, The Netherlands).  All animal experiments were approved by the 
Institutional Animal Experimental committee that conforms to the guide for the care and 
use of laboratory animals published by the US National Institutes of Health (NIH Publication 
No. 85-23, revised 1996).

2.2 IFNβ treatment in LDLR-/- mice
A total of 24 LDLR-/- mice were either fed a normal chow diet or a high cholesterol diet 
(0.25% cholesterol, 16.42% crude fat; Special Diet Services, Essex, United Kingdom) for a 
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period of 10 weeks. Four days before sacrifice the mice received an intraperitoneal injection 
of 1 ml 3% thioglycollate medium (Sigma, Zwijndrecht, The Nederlands). Subsequently, the 
mice received an intraperitoneal injection of 100 µl with 5000 U IFNβ (R&D Systems, United 
Kingdom) dissolved in sterile PBS, 24 and 8 hours before sacrifice. Control animals received 
100 µl sterile PBS (n=6 per group).

2.3 Primary macrophage culture
Human peripheral mononuclear blood cells (PBMCs) were isolated from blood from healthy 
individuals. PBMC isolation was performed by density centrifugation using Lymphoprep 
(Axis-Shield, Oslo, Norway). Hereafter, monocytes were isolated by magnetic-activated 
cell separation using human anti-CD14 and MACS cell LS separation columns (both from 
Miltenyi, Leiden, The Netherlands). Cells were cultured in IMDM medium (Life Technologies, 
Bleiswijk, The Netherlands), complemented with 10% heat inactivated fetal calf serum 
(Bondico, Alkmaar, The Netherlands), 100 U/ml penicillin, 100 µg/ml streptomycin and 
2mM L-glutamine (GIBCO Invitrogen, Breda, The Netherlands) (hereafter stated as complete 
medium) in the presence of 25 ng/ml human MCSF, and seeded in 24-wells tissue culture 
plates at a density of 5*105 cells/well (Greiner Bio-One, Alphen a/d Rijn, The Netherlands).
Bone marrow cells were isolated from femurs and tibiae of C57Bl/6 mice and cultured in 
complete RPMI-1640 medium (Life Technologies, Bleiswijk, The Netherlands), complemented 
15% L929-conditioned medium. Cells were cultured for 8 days to generate bone marrow-
derived macrophages (BMDMs). BMDMs were seeded in bacteriologic plastic plates at a 
density of 5*105 cells/well in 24-wells plates, 1*105  cells/well in 96-well plates (both Greiner 
Bio-One, Alphen a/d Rijn, The Netherlands) and 7*104 cells in NUNC Lab-Tek chamber slides 
(Thermo Scientific, Breda, The Netherlands), and stimulated as indicated.
Thioglycollate-induced peritoneal macrophages were obtained 4 days after an intraperitoneal 
injection of 1 ml 3% thioglycollate medium. Cells were harvested by flushing the peritoneal 
cavity with 10 ml ice-cold sterile PBS. Cells were seeded on tissue culture plates at a density 
of  1*106 cells/well in 24-wells plates and 1*105 cells/well in NUNC Lab-Tek chamber slides 
(Thermo Scientific, Breda, The Netherlands). Cells were cultured in complete RPMI-1640 
medium. After 3h adhesion, non-adherent cells were removed and the remaining peritoneal 
macrophages were analyzed. 

2.4 Foam cell formation
Human primary macrophages or BMDMs were loaded overnight with 50 µg/ml acetylated 
LDL (acLDL) and the next day co-treated with or without 100 U/ml IFNβ and/or 25 µg/ml 
Poly(I) for 6 hours. Neutral lipids in the primary macrophages were stained with Oil red O 
(ORO). The cells were fixed with formalin for 10 minutes and stained with a working solution 
of ORO for 45 minutes. Cells were briefly destained with 60% isopropanol, washed in PBS 
and counterstained with heamatoxylin. Foam cell formation was visualized under a Leica 
DM3000 microscope (magnification 20x) and the percentage of cells in which at least 2 lipid 
droplets were observed was quantified.

2.5 Gene expression
Total RNA was extracted from macrophages using the High Pure RNA isolation kit (Roche, 
Woerden, The Netherlands).  cDNA synthesis from total RNA was performed using the 
iScript cDNA synthesis kit (Biorad, Veenendaal, The Netherlands).  Quantitative real-time 
PCR was performed on a Viia7 Real-time PCR system  using 4 ng cDNA, 300 nM of each 
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primer and 300 nmol Sybr Green Fast Mix (all Invitrogen, Life Technologies, Bleiswijk, The 
Netherlands). Gene expression was corrected using acidic ribosomal phosphoprotein (ARBP) 
and cyclophilin A as reference genes. 

2.6 In vitro lipid and bead uptake
BMDMs were incubated with 12.5 µg/ml DiI-oxLDL or DiI-acLDL (Sanbio, Uden, The 
Netherlands) in  RPMI-1640, complemented with 100 U/ml penicillin, 100 µg/ml 
streptomycin, 2mM L-glutamine and 15% L929-conditioned medium for 3 or 6 hours 
respectively, in the presence or absence of 100 U/ml IFNβ. Thioglycollate-elicited peritoneal 
macrophages were incubated for 1 hour with fluorescently labeled latex beads. Uptake was 
assessed by flow cytometry after residual DiI-oxLDL, DiI-acLDL or latex beads were washed 
away, and indicated as mean fluorescent intensity.
 
2.7 In vitro cholesterol efflux
BMDMs were loaded overnight with 25 μg/ml 3H-labeled acLDL in RPMI-1640 (Life 
Technologies, Bleiswijk, The Netherlands) with 1% free fatty acid (FFA) free BSA. Cells were 
washed four times with PBS-2% FFA free BSA. Then, they were incubated with RPMI-1640 
with or without ApoA1 and HDL as acceptors in the presence or absence of 100 U/ml IFNβ. 
After 16 hours, supernatants were collected, macrophages were lysed with 2-propanol and 
radioactivity was measured on a scintillation counter. Efflux was calculated as a percentage 
of the total cholesterol.

2.8 Western blot
Sample protein concentrations were determined using the Pierce BCA Protein Assay Kit 
(Thermo Scientific, Breda, The Netherlands). Equal amounts of protein samples were 
loaded on a SDS polyacrylamide gel and transferred to a nitrocellulose membrane (Bio-Rad, 
Veenendaal, The Netherlands). After blocking with 0.05% Tween-20 and 5% nonfat dry milk 
in PBS, blots were incubated overnight with anti-ABCA1 (1:500; Novus Biologicals, Littleton, 
USA) and anti-α-tubulin (1:5000; Sigma, Zwijndrecht, The Nederlands). Blots were then 
washed and incubated with the appropriate HRP-conjugated secondary antibody (1:5000; 
DAKO, Heverlee, Belgium) and visualized using the ECL substrate kit (Thermo Scientific, 
Breda, The Netherlands). 

2.9 Statistical analysis
Data are presented as mean ± the standard error of the mean (SEM). Statistical analyses 
were performed using GraphPad Prism 5 software (Graphpad Software Inc., California, USA). 
Statistical significance was calculated using a one-way or two-way ANOVA followed by a 
Bonferroni post-hoc test. For western blot data we performed a repeated measures two-
way ANOVA followed by a Bonferroni post-hoc test. Significance was set at p<0.05. 

3. Results 

To assess the role of IFNβ on macrophage foam cell formation, we used an in vitro 
macrophage foam cell approach (Figure 1A). We observed that treatment of human primary 
macrophages with IFNβ promotes foam cell formation as their neutral lipid content was 
significantly increased compared to unstimulated lipid loaded macrophages (Figure 1B). 
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It is widely known that foam cell formation of macrophages is, predominantly mediated 
via several scavenger receptors 3.  We observed that the increase in foam cell formation 
was accompanied by a trend towards higher gene expression of one of the main scavenger 
receptors, SR-A, while gene expression of CD36 was unaffected (Figure 1C and 1D). 
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Figure 1. IFNβ promotes macrophage foam cell formation in vitro. (A) The experimental set-up used for in vitro 
macrophage foam cell formation. (B) Quantification of neutral lipid content by Oil red O staining of human primary 
macrophages upon overnight lipid loading with acLDL, co-treated with or without 100 U/ml IFNβ for 6h. (C) SR-A 
and (D) CD36 relative gene expression in human primary macrophages, n=3/group. Data represents mean ± S.E.M. 
** p<0.01.

When we repeated our in vitro foam cell approach in murine BMDMs, we could confirm the 
foam cell promoting role of IFNβ, as IFNβ-treated BMDMs had a significantly increased ORO 
staining as compared to untreated BMDMs (Figure 2A and 2B). Given that IFNβ promotes 
macrophage foam cell formation we examined whether IFNβ affects lipid uptake as assessed 
by endocytosis of DiI-labeled acLDL. Indeed, increased uptake of DiI-labeled acLDL was 
observed following IFNβ stimulation (Figure 2C and 2D). We then validated our previous 
experiments 5 by also examining DiI-labeled oxLDL endocytosis in untreated and IFNβ-
treated BMDMs, in which we could confirm that IFNβ treatment does not affect DiI-oxLDL 
uptake (Supplemental figure 1). 
Furthermore, we observed that the increase in foam cell formation and lipid uptake was 
accompanied by a significantly higher gene expression of SR-A (Figure 2E). To determine 
whether the increase in foam cell formation was due to increased lipid uptake mediated via 
SR-A, we loaded BMDMs with acLDL and stimulated them with IFNβ either in the presence 
or absence of Poly(I). Poly(I) is known to selectively bind SR-A, thereby blocking lipid uptake 
via this receptor 11. When we quantified foam cell formation we could indeed show that 
presence of Poly(I) blocks lipid uptake, as foam cell formation was abolished upon Poly(I) 
stimulation (Figure 2F). Also, in combination with IFNβ a significant lower percentage of 
foam cells was present, indicating that the increase in lipid uptake following IFNβ treatment 
is mediated by SR-A (Figure 2F). 
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Figure 2. IFNβ increases lipid uptake mediated via SR-A in vitro. (A) Representative Oil red O photographs of BMDMs 
upon overnight lipid loading with acLDL, co-treated with or without 100 U/ml IFNβ for 6h (20x magnification). 
(B) Quantification of neutral lipid content upon Oil red O staining, n=3/group. (C) Representative flow cytometric 
analysis curves of DiI-acLDL uptake in BMDMs upon 6h incubation with 12.5 µg/ml DiI-acLDL, co-treated with or 
without 100 U/ml IFNβ. (D) Median DiI-acLDL uptake by BMDMs, n=4/group. (E) SR-A relative gene expression in 
BMDMs upon overnight lipid loading with acLDL, co-treated with or without 100 U/ml IFNβ for 6h, n=3/group.  (F) 
Quantification of neutral lipid content by Oil red O staining of BMDMs upon overnight lipid loading with acLDL, co-
treated with or without 100 U/ml IFNβ  and/or 25 µg/ml Poly(I) for 6h, n=4/group. Data represents mean ± S.E.M. 
* p<0.05, ** p<0.01, *** p<0.001.

As foam cells have a dysregulated lipid metabolism affecting both lipid influx and efflux, 
we also examined whether the increase in foam cell formation upon IFNβ treatment could 
be the result of decreased cholesterol efflux. In macrophages, cholesterol is transferred to 
Apolipoprotein A1 (ApoA1) or to HDL particles for reverse cholesterol transport 4. As shown 
in figure 3A, IFNβ stimulation resulted in a diminished ApoA1-mediated cholesterol efflux, 
while HDL-mediated efflux remained unaffected. Macrophage cholesterol efflux to ApoA1 
is mediated via ABCA1. Correspondingly, we also found a significant decrease in ABCA1 
gene expression in lipid-loaded macrophages upon IFNβ stimulation (Figure 3B). Moreover, 
ABCA1 protein levels were also found to be downregulated, as was shown by western blot 
(Figure 3C and 3D). IFNβ-induced foam cell formation is thus not only the result of increased 
lipid uptake, but also of decreased cholesterol efflux. 

ctr IFNβ

acLDL+IFNβacLDL

0   10         10       10       10 2           3         4         5
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Figure 3. Decreased cholesterol efflux upon IFNβ treatment in vitro. (A) Cholesterol efflux from acLDL-loaded 
BMDMs after 16h incubation with ApoA1 or HDL, co-treated with or without IFNβ, n=3/group. (B) ABCA1 relative 
gene and (C) protein expression in BMDMs upon overnight lipid loading with acLDL, co-treated with or without 
IFNβ for 6h, n=3/group. (D) ABCA1 relative protein expression, quantified using a repeated measures two-way 
ANOVA in which paired data of n=3 independent experiments were compared.  Data represents mean ± S.E.M. ** 
p<0.01, ***p<0.001.

To confirm our results in an in vivo setting, LDLR-/- mice were put on a normal chow (NC) or a 
high cholesterol diet (HCD) for a period of 10 weeks. Four days before sacrifice thioglycollate 
was administered to induce a sterile inflammation in the peritoneal cavity. In addition, IFNβ 
or PBS was administered 24 and 8 hours before sacrifice (Figure 4A). Subsequent analysis 
of the peritoneal macrophages showed that their lipid content was higher following IFNβ 
administration, as was observed in vitro (Figure 4B and 4C). Gene expression analysis of 
peritoneal macrophages under hypercholesterolemic conditions showed regulation of a 
number of lipid-related genes upon IFNβ treatment (Figure 4D). Similar to our in vitro data, an 
increase in macrophage SR-A gene expression could be observed in a hypercholesterolemic 
environment after IFNβ stimulation as compared to PBS stimulation (Figure 4D). Since lipid 
uptake was enhanced following IFNβ stimulation in our in vitro model, we ex vivo cultured 
the peritoneal macrophages in the presence of fluorescently labeled latex beads to assess 
their phagocytotic activity. As expected, phagocytosis of peritoneal macrophages from 
IFNβ-stimulated HCD mice as compared to PBS-stimulated HCD mice was significantly higher 
(Figure 4E). These results thus indicate that not only in vitro, but also in vivo, IFNβ promotes 
macrophage foam cell formation, mainly via increased lipid uptake mediated by SR-A. 

4. Discussion

Macrophage foam cells are major constituents of the atherosclerotic plaque and macrophage 
foam cell formation is therefore an important process to study in the search for potential 
new therapies to treat atherosclerosis. In vitro macrophage foam cell formation can among 
others be induced by acetylated or oxidized LDL (acLDL and oxLDL respectively). Upon 
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Figure 4. IFNβ promotes macrophage foam cell formation in vivo. (A) The experimental set-up used for in vivo 
macrophage foam cell formation. (B) Representative Oil red O photographs of peritoneal macrophages (PEMs) 
from the different in vivo conditions (magnification 20x). (C) Quantification of neutral lipid content by Oil red O 
staining of PEMs, n=6/group. (D) Relative gene expression of lipid-related genes in PEMs from individual mice, 
n=6/group. (E) Uptake of latex beads of pooled PEMs, after 1h ex vivo culturing. Data represents mean ± S.E.M. * 
p<0.05, *** p<0.001.

uptake, acLDL and oxLDL proceed through different endocytotic pathways. That is, acLDL is 
efficiently degraded, resulting in formation of cytoplasmic cholesterol ester droplets, while 
inefficient degradation of oxLDL results in intralysosomal lipid deposition 12-14. The acLDL-
induced cytoplasmic lipid droplets can be clearly visualized using ORO as compared to the 
oxLDL-induced lipid deposition 15. To induce cholesterol ester accumulation in macrophages, 
we chose to use acLDL to generate macrophage foam cell formation. 
Nowadays it is thought that the type I interferons are pro-atherosclerotic cytokines 6. 
Regarding foam cell formation, a growing body of evidence exists that supports a stimulating 
role for the type I interferons in foam cell formation. However, these conclusions are solely 
based on in vitro studies or on correlations. A direct link between the type I interferons 
and foam cell formation is still missing. In this study we obtained direct evidence showing 
that IFNβ promotes macrophage foam cell formation. We could demonstrate that IFNβ 

HCD PBSchow PBS

HCD IFNβchow IFNβ
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promotes macrophage foam cell formation by increased lipid uptake via SR-A, both in an in 
vitro and in an in vivo setting.  SR-A is well characterized and thought to be one of the main 
scavenger receptors implicated in foam cell formation 11, 16. Several reports have already 
shown the involvement of SR-A in atherosclerotic lesion formation 17-20.  The presence of 
human scavenger receptors in macrophage-rich areas of the atherosclerotic lesion has 
been demonstrated using immunohistochemistry 17 and atherosclerosis studies in both 
LDLR-/- and APOE-/- mice with a genetic deletion of SR-A showed a significant reduction in 
plaque size 18, 20. However, in both murine studies macrophage foam cells were still present, 
indicating that macrophage foam cell formation is not solely mediated by SR-A. Alternative 
lipid uptake pathways could for instance be involved in macrophage foam cell formation, 
as it is known that lipids can enter macrophages via other pathways as well 21, 22. Conflicting 
data showing that SR-A is dispensable during macrophage foam cell formation have also 
been provided 23, 24. Studies on the role of SR-A in atherosclerosis have thus resulted in varied 
outcomes. Interestingly, in our study we not only observed effects of IFNβ on lipid uptake, 
but also on ABCA1-mediated cholesterol efflux. Similar to SR-A, it has been demonstrated 
that genetic deficiency of the ABCA1 cholesterol transporter increases foam cell formation 
and atherosclerosis, while macrophage overexpression of this lipid transporter inhibited 
atherosclerotic lesion formation 25-27. 
Crosstalk between cholesterol metabolism and innate immunity has been described 28. It 
is thought that the innate immune system uses differences in cholesterol metabolism to 
amplify itself. Evidence is present showing that cholesterol efflux pathways can suppress 
inflammatory signaling, suggesting that macrophage cholesterol efflux pathways promote 
anti-inflammatory activity 29, 30. Vice versa, Toll-like receptor (TLR) activation suppresses liver 
X receptor (LXR) activity, resulting in decreased expression of LXR-dependent genes such as 
ABCA1. Consequently, cholesterol efflux from macrophages is inhibited upon TLR activation, 
while the inflammatory response is enhanced 31. IFNβ is produced upon TLR activation 32 and 
seems thus, albeit indirectly, related to this phenomenon. 

5. Conclusion

In summary, our study provides direct evidence that IFNβ promotes macrophage foam cell 
formation. These findings emphasize the importance of IFNβ as a pro-atherogenic cytokine 
and may be helpful in the development of IFNβ-mediated therapies against atherosclerosis. 
However, our findings may have implications for other diseases such as SLE, as those patients 
have an increased risk of premature atherosclerosis, which is directly associated with their 
elevated type I interferon levels 33. This thus presents IFNβ as an important target for future 
cardiovascular studies. 
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Supplemental Figure 1. No effect on macrophage DiI-oxLDL uptake following IFNβ priming in vitro. Uptake in 
BMDMs upon 3h incubation with 12.5 µg/ml DiI-oxLDL, co-treated with or without 100 U/ml IFNβ, n=4/group. Data 
represents mean ± S.E.M.
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Abstract 

Introduction: Macrophage-derived foam cells are critical components of atherosclerotic 
lesions and their inflammatory response can influence atherogenesis. Previously we 
demonstrated that interferon-beta (IFNβ) promotes atherogenesis, but how IFNβ 
influences inflammatory responses of foam cells is incompletely understood. Ingenuity 
Pathway Analysis of published datasets indicated downregulated interferon signaling upon 
monocyte/macrophage lipid exposure. Hence we wanted to assess whether this also results 
in a decreased interferon response as this could affect IFN-mediated immune activities.
Methods: In vitro, murine bone marrow-derived macrophages or human monocyte-derived 
macrophages (MDMs) were loaded with acLDL overnight followed by 6 hours IFNβ or IFNγ 
treatment. Hereafter IFN-target gene expression was examined. For in vivo validation, LDLR 
-/- mice were put on normal chow (NC) or on a high cholesterol diet (HCD) for 10 weeks. 
Four days before sacrifice a thioglycollate injection was given, followed by IFNβ, IFNγ or 
PBS administration 24 and 8 hours before sacrifice, after which the peritoneal macrophages 
(PEMs) were collected. To assess effects of lipid exposure on anti-viral immunity in vitro, 
replication of a HIV-1 based luciferase reporter virus was measured in human MDMs.
Results and Conclusion: Macrophage lipid loading impaired the induction of IFNβ target 
genes like CCL5 and CXCL10. Additionally, ex vivo cultured PEMs from IFNβ-treated animals 
on HCD versus NC showed decreased inflammatory activity. This hyporesponsive state was 
found to be specific for IFNβ, presumably by decreased IFNβ-induced phosphorylation of 
STAT2. No effects of this hyporesponsiveness were observed with regards to viral replication 
using a model for HIV-1 infection. However, this does not exclude that a lipid environment 
could affect IFNβ-mediated anti-viral immunity with regards to the replication of other 
viruses or at different levels of the viral life cycle, which in the end could have implications 
for lipid-related disorders like atherosclerosis and obesity. 

Keywords: interferon-beta; foam cell; inflammatory response; obesity; animal model
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Introduction

Interferons (IFNs) are critical regulators of innate and adaptive immune responses. The 
family of interferons is subdivided into three different subtypes; the type I (mainly IFNα and 
IFNβ), type II (IFNγ) and the type III (mainly IFNλ) IFNs. The IFNs were the first cytokines to 
be discovered and were found to interfere with viral replication 1. Nowadays many more 
immunomodulatory functions can be ascribed to this class of cytokines, with effects on 
many different cell types, during numerous infections but also in retaining immunological 
homeostasis 2. The interferons are also known to influence atherosclerosis development 3. 
While the definite pro-atherosclerotic role for IFNγ was described by several reports many 
years ago 4-9, the influence of the type I IFNs on atherosclerosis development has only just 
recently been described 10-13.
The inflammatory response of macrophage-derived foam cells, being critical components 
of atherosclerotic lesions, is of importance as this response can influence atherosclerotic 
development 14. A plethora of factors in the plaque microenvironment, like cytokines, can 
influence macrophage polarization, which affects their inflammatory state 15. IFNγ, for 
example, has been shown to stimulate macrophage pro-inflammatory responses 16. However, 
the way in which the interferons influence foam cell inflammatory responses is incompletely 
understood. When we analyzed publicly available micro-array data from monocytes and 
macrophages that had been exposed to lipids 17-19, we could appreciate that this exposure 
led to downregulation of interferon signaling mediators. This led us to question whether 
macrophage lipid exposure or macrophage foam cell formation also results in a decreased 
interferon response, as this could have implications for IFN-mediated immune activities in 
lipid related disorders like atherosclerosis and obesity. Obesity has already been described 
as a risk factor for different types of infection and infection severity 20. And the interaction 
between obesity and infection has recently received substantial attention as data indicated 
that obesity was associated with poor outcome in the recent influenza H1N1 pandemic 21-24. 
As the incidence of obesity is growing rapidly worldwide, lipid-related immune dysregulation 
is an important research area.
In this study we could demonstrate that macrophage lipid loading impaired the cellular 
response to IFNβ, whereas the IFNγ response was unaffected by a lipid environment. In 
addition, IFNβ-stimulated macrophages showed decreased immune activity upon lipid 
loading. We found decreased IFNβ-induced phosphorylation of STAT2, a critical component of 
the type I IFN signalosome, upon macrophage lipid loading. No effects of a lipid environment 
could be observed with regards to viral replication of a HIV-1-based virus in IFNβ-stimulated 
human macrophages. This does not exclude, though, that a lipid environment could affect 
IFNβ-mediated anti-viral immunity, which in the end also could have implications for lipid-
related disorders like atherosclerosis and obesity. 

Materials and Methods

Mice
Male LDLR-/- mice (on a C57Bl/6 background) were bred at the Academic Medical Center 
(Amsterdam, The Netherlands). All animal experiments were approved by the University of 
Amsterdam Animal Experimental committee that conforms to the guide for the care and use 
of laboratory animals described by the US National Institutes of Health (NIH Publication 8th 
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edition, revised 2011).

Cytokine treatment in LDLR-/- mice
24 LDLR-/- mice were either fed a normal chow or a high cholesterol diet (0.25% cholesterol, 
16.42% crude fat; Special Diet Services, Essex, United Kingdom) for 10 weeks. Four days 
before sacrifice the animals were given an intraperitoneal injection of 1 ml 3% thioglycollate 
medium (Fisher, Bleiswijk, The Netherlands). Subsequently, an intraperitoneal injection 
of 100 µl with 5000 U IFNβ or IFNγ (R&D Systems, United Kingdom) in sterile PBS was 
administered, 24 and 8 hours before sacrifice. Control animals received 100 µl sterile PBS.

Primary macrophage culture
Bone marrow cells were isolated from the hind limbs of C57Bl/6 mice and cultured in RPMI-
1640 medium (Life Technologies, Bleiswijk, The Netherlands), with 10% heat inactivated 
fetal calf serum (Bodinco, Alkmaar, The Netherlands), 100 U/ml penicillin, 100 µg/ml 
streptomycin, 2mM L-glutamine (GIBCO Invitrogen, Breda, The Netherlands) and 15% L929-
conditioned medium. Bone marrow-derived macrophages (BMDMs) were generated by 
culturing the cells for 8 days. Then, BMDMs were seeded in bacteriologic plastic plates at 
a density of 1*106 cells/well in 6-wells plates and  5*105 cells/well in 24-wells plates (both 
Greiner Bio-One, Alphen a/d Rijn, The Netherlands). BMDMs were loaded overnight with 
50 µg/ml acetylated LDL (Sanbio, Uden, The Netherlands) to induce macrophage foam cell 
formation, and were the next day stimulated as indicated.
Four days after an intraperitoneal injection of 1 ml 3% thioglycollate medium, thioglycollate-
elicited peritoneal macrophages (PEMs) were obtained. The peritoneal cavity was flushed 
with 10 ml ice-cold sterile PBS to harvest the cells. Cell pellets of 5*105 cells were frozen 
in liquid nitrogen for further gene expression analysis. In addition, cells were pooled per 
group and seeded on tissue culture plates at a density 1*105 cells/well in 96-wells plates 
(Thermo Scientific, Breda, The Netherlands). Cells adhered for 3 hours in RPMI-1640 (Life 
Technologies, Bleiswijk, The Netherlands), complemented with 10% heat inactivated fetal calf 
serum (Bodinco, Alkmaar, The Netherlands), 100 U/ml penicillin, 100 µg/ml streptomycin, 2 
mM L-glutamine (GIBCO Invitrogen, Breda, The Netherlands). Next, non-adherent cells were 
removed and the remaining peritoneal macrophages were stimulated as indicated.
Human monocyte-derived macrophages (MDMs) were isolated as described before 25. 
Hereafter cells were seeded at a density of 5*105 cells/well in 24-wells tissue culture plates 
(Greiner Bio-One, Alphen a/d Rijn, The Netherlands) and cultured as indicated before 25. 
Human MDMs were loaded overnight with 50 µg/ml acetylated LDL (acLDL) and the next 
day stimulated as indicated. 

Ingenuity Pathway Analysis
Ingenuity pathway analysis (Ingenuity System Inc, USA) of upstream regulators of interferon 
signaling was performed on micro-array data of oxidized LDL exposed murine BMDMs 17, 
PEMs from high cholesterol fed LDLR-/- mice 19 and monocytes from patients with familial 
hypercholesterolemia, available from the GEO database: GSE6054 18. 

Gene expression analysis
Macrophage total RNA was isolated using the High Pure RNA isolation kit (Roche, Woerden, 
The Netherlands).  cDNA synthesis was then performed using the iScript cDNA synthesis kit 
(Biorad, Veenendaal, The Netherlands), followed by quantitative real-time PCR using 4 ng 
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cDNA, 300 nM of each primer and 300 nmol Sybr Green Fast Mix. Quantitative real-time PCR 
was performed on a Viia7 Real-time PCR system (all Invitrogen, Life Technologies, Bleiswijk, 
The Netherlands). Gene expression was calculated relative to the gene expression of acidic 
ribosomal phosphoprotein (ARBP) and cyclophilin A. 

Colorimetric assays
PEMs were stimulated ex vivo with LPS (10 ng/ml) plus IFNγ (100 U/ml), or left unstimulated, 
for 24 hours. Hereafter, supernatants were collected and were used to perform ELISAs for 
IL-6 (sample 1:20 diluted) and TNF (sample 1:10 diluted), according to the manufacturer’s 
instructions (Invitrogen, Bleiswijk, The Netherlands). Absorbance was measured at 450 nm 
on a microplate reader. In addition, nitric oxide (NO) production was assessed by using 50 µl 
culture medium, mixed with 50 µl of Griess reagent (Sigma, Zwijndrecht, The Netherlands), 
after which the absorbance was measured at 550 nm.

Western blot
After overnight acLDL lipid loading of BMDMs and 6 hours stimulation with IFNβ, samples 
were prepared for western blot by adding NP40 lysis buffer plus a 1:25 protease inhibitor 
cocktail and 1:20 phosphatase inhibitor (both from Roche, Woerden, The Netherlands). 
Sample protein concentrations were then determined using the Pierce BCA Protein Assay 
Kit (Thermo Scientific, Breda, The Netherlands). Equal amounts of protein samples were 
loaded on a 4-12% Bis-Tris protein gel and transferred to a nitrocellulose membrane (Bio-
Rad, Veenendaal, The Netherlands) by blotting for 2 hours at 30 V. After blocking in 5% 
non-fat dry milk, blots were incubated overnight with anti-phospho-STAT1 (1:1000; Santa 
Cruz Biotechnology, Heidelberg, Germany), anti-phospho-STAT2 (1:750; Cell Signaling 
Technologies, Leiden, The Netherlands), anti-IRF9 (1:1000; Santa Cruz Biotechnology, 
Heidelberg, Germany) and anti-α-tubulin (1:5000; Sigma, Zwijndrecht, The Nederlands). 
Blots were then washed and incubated with the appropriate HRP-conjugated secondary 
antibody (1:5000; DAKO, Heverlee, Belgium) and visualized using the ECL substrate kit 
(Thermo Scientific, Breda, The Netherlands). Hereafter blots were stripped for 15 minutes 
using stripping buffer (Thermo Scientific, Breda, The Netherlands), washed, blocked, 
and incubated overnight with anti-STAT1 (1:500; Santa Cruz Biotechnology, Heidelberg, 
Germany) and anti-STAT2 (1:1000; Cell Signaling Technologies, Leiden, The Netherlands) 
antibodies. The abovementioned procedure was then repeated. Densitometry analysis was 
performed using ImageJ software (NIH, Bethesda, USA).

Viral replication
Human monocyte-derived macrophages were seeded at a density of 2*105 cells/well in 
96-wells plates (Nunc, Langenselbold, Germany). They were loaded with 20 µg/ml oxidized 
LDL (Sanbio, Uden, The Netherlands) overnight and the next day stimulated with 0.1 U/
ml IFNβ, 200 U/ml IFNγ or left unstimulated for 6 hours. As important HIV-1 targets 26, 
the macrophages were infected with a single round HIV-1 luciferase reporter virus, NL4-
3Luc, pseudotyped with vesicular stomatitis virus glycoprotein (VSV-G) at a multiplicity 
of infection (MOI) of 0.02. 48 hours post-infection viral replication was assessed by their 
luciferase activity, as described previously 27. Activity was measured on a Berthold Centro LB 
960 luminometer (Berthold Technologies, Bad Wildbad, Germany).
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Statistical analysis
Data are presented as mean ± the standard error of the mean (SEM). Statistical analyses 
were performed using GraphPad Prism 5 software (Graphpad Software Inc., California, USA). 
Statistical significance was calculated using a two-way ANOVA followed by a Bonferroni 
post-hoc test and significance was set at p<0.05. 

Results 

The inflammatory response of macrophage-derived foam cells is of importance as this 
response might influence immune regulation in atherosclerosis development. For a first 
approach we analyzed publicly available micro-array data and a dataset from our own 
previous studies to identify regulated pathways in cells that were exposed to lipids. We used 
a dataset of oxidized LDL exposed murine bone marrow derived macrophages 17, peritoneal 
foam cells from high cholesterol diet fed LDLR-/- mice 19 and monocytes from patients with 
familial hypercholesterolemia 18. Performing Ingenuity Pathway Analysis on these earlier 
studies indicated that monocyte and macrophage lipid exposure results in downregulation 
of several upstream regulators of interferon signaling, such as IRF7, IRF3, IFNG, STAT1, IFNA 
and IFNB. These data suggest suppressed interferon signaling pathways upon lipid exposure 
(Figure 1). 

Figure 1. Ingenuity Pathway Analysis (IPA) of upstream regulators indicates a downregulated type I and type 
II interferon signaling upon lipid exposure. (A) IPA in bone marrow-derived macrophages treated with 25 µg/ml 
oxLDL for 24 hours 18. (B) IPA in thioglycollate-elicited peritoneal macrophages from LDLR-/- mice after 12 weeks 
of high cholesterol/high fat diet 20. (C) IPA in monocytes from familial hypercholesterolemia patients 19. Red text 
indicates IFN-signaling molecules.

With this in mind, we wanted to assess whether macrophage lipid loading actually results 
in a decreased interferon response. We therefore used an in vitro macrophage foam cell 
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approach in which we loaded BMDMs with acetylated LDL (acLDL) overnight, followed by 
stimulation with either 100 U/ml IFNβ or IFNγ for 6 hours. Gene expression analysis showed 
decreased induction of IFNβ target genes upon macrophage lipid loading (Figure 2A), while 
induction of IFNγ target genes was unaffected by lipid loading (Figure 2B).

Figure 2. Gene expression of IFNβ target genes is downregulated upon macrophage lipid loading in vitro. (A) 
Gene expression of IFNβ or (B) IFNγ target genes in bone marrow-derived macrophages upon o/n lipid loading with 
acLDL, subsequently co-treated with or without 100 U/ml IFNβ or IFNγ for 6 hours. Data represents mean ± S.E.M. 
* p<0.05, ** p<0.01, *** p<0.001.

Next, we wanted to validate these findings in an in vivo setting and therefore LDLR-/- mice 
were put on a normal chow (NC) or on a high cholesterol diet (HCD) for a period of 10 weeks 
to induce hyperlipidemia and in vivo foam cell formation 28. Three days after peritoneal 
administration of thioglycollate, two injections of IFNβ, IFNγ or PBS were given, 24 and 8 hours 
before sacrifice. Upon sacrifice, peritoneal macrophages (PEMs) were harvested. Similar to 
our in vitro data, in vivo lipid loading of PEMs impaired gene expression of IFNβ target genes. 
PEMs from IFNβ-stimulated mice that had been on HCD showed decreased IFNβ-target gene 
expression as compared to PEMs from IFNβ-stimulated animals that had been on NC (Figure 
3A). We then examined the general activation of lipid-loaded macrophages after interferon 
stimulation, by measuring pro-inflammatory parameters like nitric oxide production and 
secretion of IL-6 and TNF. To do so, PEMs were ex vivo stimulated with the pro-inflammatory 
stimulus LPS+IFNγ. In addition to the demonstrated IFNβ hyporesponsiveness, we observed 
that PEMs from IFNβ-treated animals that had been on HCD had a decreased inflammatory 
response as compared to PEMs from IFNβ-treated animals on NC, as production of all three 
inflammatory parameters was significantly decreased (Figure 3B-3D).
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Figure 3. Peritoneal macrophages (PEMs) from IFNβ-treated animals on high cholesterol diet show IFNβ 
hyporesponsiveness and decreased inflammatory activity as compared to PEMs from IFNβ-treated animals on 
chow. (A) Gene expression of IFNβ target genes in PEMs from individual mice, n=3/group. (B) NO, (C) IL-6 and (D) 
TNF production following ex vivo stimulation of PEMs with LPS+IFNγ for 24 hours. Data represents mean ± S.E.M. 
* p<0.05, *** p<0.001.

Figure 4. Hypercholesterolemia-induced hyporesponsive state is specific for IFNβ. (A) Gene expression of IFNγ 
target genes in PEMs from individual mice, n=3/group. (B) NO, (C) IL-6 and (D) TNF production following ex vivo 
stimulation of PEMs with LPS+IFNγ for 24 hours. Data represents mean ± S.E.M. * p<0.05.
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Corresponding with the in vitro data, induction of IFNγ target genes upon IFNγ administration 
was unaffected by a high cholesterol environment (Figure 4A). In addition, the decreased 
inflammatory response of HCD PEMs that was observed after in vivo IFNβ administration 
was not found following in vivo IFNγ administration (Figure 4B-4D). Altogether, these 
data made us conclude that macrophage lipid loading indeed results in a downregulated 
interferon response, which seems to be restricted to the type I IFNs.

To determine the mechanism behind this hypercholesterolemia-induced hyporesponsive 
state towards IFNβ, protein expression of STAT1, STAT2 and IRF9, the three constituents of 
the main type I interferon signalosome, the ISGF3 complex, was measured in IFNβ-stimulated 
BMDMs in the presence or absence of acLDL. We observed decreased phosphorylation of 
STAT2, while phosphorylation of STAT1 and protein expression of IRF9 was unaffected by the 
presence of lipids (Figure 5A-5C).

Figure 5. Lipid loaded macrophages stimulated with IFNβ show decreased phosphorylation of STAT2. (A) Western 
blot analysis of phosphorylated STAT2, (B) phosphorylated STAT1 and (C) IRF9 in BMDMs upon o/n lipid loading 
with acLDL, subsequently co-treated with or without IFNβ for 6 hours.

As the type I IFNs are crucial for anti-viral immunity, we assessed whether macrophage 
lipid loading also affects IFNβ-mediated anti-viral activity. First, we confirmed our in vitro 
findings in human monocyte-derived macrophages (MDMs), where we again could show 
IFNβ hyporesponsiveness upon lipid loading (Figure 6A). We then examined whether viral 
infection of a VSV-G pseudotyped single-round HIV-1 reporter virus NL4-3Luc*VSV-G, in 
interferon-stimulated human MDMs was affected by lipid loading (Figure 6B). A strong 
inhibition of viral replication was observed upon stimulation with either IFNβ or IFNγ, which 
has already been described 29. Although lipid loading of human MDMs did decrease viral 
replication, we could not show an additional effect of lipid loading on the replication of 
this virus in IFN-stimulated MDMs (Figure 6C). To ensure that the presence of oxLDL in the 
medium did not interfere with viral entry 30, and thus possibly with viral replication, a parallel 
experiment was performed in which human MDMs were infected in the absence of oxLDL 
and interferons for 2 hours. Hereafter, free virus particles were removed by replacing the 
medium with fresh medium which again contained oxLDL and interferons for a remaining 
period of 46 hours (Figure 6D). Again, no additional effect of lipid loading was observed 
in IFN-stimulated MDMs (Figure 6E). As both experiments showed a similar pattern of 
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viral replication, we could exclude the influence of oxLDL on viral entry. Altogether, the 
hypercholesterolemia interferes with HIV-1 replication in human MDMs, however, no 
additional effect of hypercholesterolemia on HIV-1 replication is observed in IFNβ treated 
MDMs.

Figure 6. IFNβ hyporesponsiveness upon lipid loading has no effect on viral replication of HIV-1 virus in human 
monocyte-derived macrophages in vitro. (A) Gene expression of IFNβ target genes in human monocyte-derived 
macrophages (MDMs) upon o/n lipid loading with acLDL, subsequently co-treated with or without 100 U/ml IFNβ 
for 6 hours. (B) The experimental set-up used to examine viral replication, as measured in (C). (D) The experimental 
set-up used to examine the influence of oxLDL on viral entry and replication, as measured in (E). RLU; Relative light 
units. Data represents mean ± S.E.M. * p<0.05, ** p<0.01, *** p<0.001.

Discussion

Macrophages are essential mediators of the innate and adaptive immune response and are 
also important components of atherosclerotic lesions 14. Likewise, the interferons are crucially 
involved in the immune response and were found to significantly influence atherosclerosis 
throughout several stages of disease development 3. In this study we used in vitro and in 
vivo macrophage foam cell models to assess whether macrophage lipid exposure affects 
their interferon responses and activation. When we performed Ingenuity Pathway Analysis 
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on micro-array data from cells that had been exposed to lipids 17-19, we could demonstrate 
that this exposure results in downregulation of upstream regulators of interferon signaling 
mediators. In accordance with these data we observed macrophage hyporesponsiveness 
towards IFNβ in the presence of lipids, which is accompanied by a decreased IFNβ-mediated 
inflammatory response in general. Our observation that IFNγ-mediated immunity remained 
unaffected in a lipid environment, argues for a type I IFN specific effect. We propose decreased 
phosphorylation of STAT2 as a likely mechanism behind this hypercholesterolemia-induced 
IFNβ hyporesponsiveness, because of the prominent role of phosphorylated STAT2 in the 
ISGF3 complex which is needed for the induction of IFNβ target genes 31. However, the 
mechanism by which STAT2 phosphorylation is downregulated and its biological relevance 
still remain to be discovered. 
Due to the essential anti-viral actions of IFNβ 2, and the accumulating evidence associating 
obesity with increased frequency, higher severity and poorer prognosis of infections 32, 
we examined whether this hyperlipidemia-induced hyporesponsive state affected IFNβ-
mediated anti-viral activities. We hypothesized that with this impaired immune activity, viral 
infection could not be controlled properly. To test this we examined viral replication of HIV-
1 in human monocyte-derived macrophages. We observed that hyperlipidemia inhibited 
viral replication in MDMs. IFNβ has previously been described to efficiently inhibit HIV-1 
replication in MDMs 29, but hyperlipidemia had no additional effect on HIV-1 replication 
in IFN-stimulated MDMs. However, we cannot exclude an effect of the hyporesponse on 
other virus families that differ in virulence and infection mechanisms 33, which should 
therefore be subject to further investigation. This assumption is strengthened by a study 
from Easterbrook et al. 34 which also showed varied immune responses upon infection with 
different virus strains in lean versus obese mice. This suggests that functional effects of our 
observed IFNβ hyporesponsiveness may be highly variable and context dependent.
Our data is consistent with studies from Smith et al. 35, 36 in which lean and diet-induced obese 
(DIO) C57Bl/6 mice were infected with influenza virus. DIO mice showed an altered immune 
response as characterized by decreased lung gene expression of inflammatory cytokines 
and chemokines, including the type I IFNs itself. Additionally, DIO mice demonstrated an 
increased mortality rate as compared to lean animals, which indicates that obesity results 
in an inability to mount an effective immune response. Unfortunately, the authors do not 
present a possible mechanism behind this inability. However, they do comment on an old 
study in which maturation of monocytes into macrophages was significantly reduced in 
morbidly obese individuals as compared to lean individuals 37, which possibly could explain 
the diminished expression of pro-inflammatory cytokines in DIO mice. In addition to our 
observed decrease in phosphorylation of STAT2, a comparable issue might be present in 
our experiment as we observed reduced infiltration of Ly6C+ monocytes in the peritoneum 
of IFNβ-treated animals on HCD as compared to IFNβ-treated animals on chow (data not 
shown). It is thus likely that multiple mechanisms contribute to the hypercholesterolemia-
induced IFNβ hyporesponsive state. 
In contrast to the possible detrimental effects of IFNβ hyporesponsiveness on anti-viral 
immunity, this hyporesponsiveness may also have slight disease dampening effects in, 
for instance, the development of atherosclerosis and obesity. The IFNβ target genes 
CCL5 and CXCL10 have been found to enhance atherosclerosis development either upon 
systemic 38 or myeloid-specific 12 modulation in experimental atherosclerosis. In obesity 
these chemokines are also known to stimulate disease progression 39, 40. As in our study 
macrophage lipid loading resulted in decreased expression of these genes, this could, albeit 
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indirectly, slightly diminish atherosclerosis and obesity development. However, this will 
have only minor implications as both diseases are extremely complex. Taken together, the 
hypercholesterolemia-induced hyporesponsiveness to IFNβ might have dual implications; 
negative implications for anti-viral immunity on the one hand, whereas it could have small 
inhibitory effects on the development of atherosclerosis and obesity on the other hand. 
To conclude, in this study we observed that a high cholesterol environment, which is present 
in atherosclerosis and in obesity, results in IFNβ hyporesponsiveness of macrophage foam 
cells and in dysfunctional foam cell inflammatory responses.  Further studies are needed 
to address whether this altered immune response also influences anti-viral immunity, 
which would have serious implications for our society in which lipid-related disorders as 
atherosclerosis and obesity are reaching epidemic proportions.
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Abstract

Aims IFN-beta (IFNβ) signalling is increased in patients with insufficient coronary collateral 
growth (i.e. arteriogenesis) and IFNβ hampers arteriogenesis in mice. A downside of 
most pro-arteriogenic agents investigated in the past has been their pro-atherosclerotic 
properties, rendering them unsuitable for therapeutic application. Interestingly, type I IFNs 
have also been identified as pro-atherosclerotic cytokines and IFNβ treatment increases 
plaque formation and accumulation of macrophages. We therefore hypothesized that 
mAb therapy to inhibit IFNβ signalling would stimulate arteriogenesis and simultaneously 
attenuate—rather than aggravate—atherosclerosis.
Methods and results In a murine hindlimb ischaemia model, atherosclerotic low-density 
lipoprotein receptor knockout (LDLR−/−) mice were treated during a 4-week period with 
blocking MAbs specific for mouse IFN-α/β receptor subunit 1 (IFNAR1) or murine IgG isotype 
as a control. The arteriogenic response was quantified using laser Doppler perfusion imaging 
(LDPI) as well as immunohistochemistry. Effects on atherosclerosis were determined by 
quantification of plaque area and analysis of plaque composition. Downstream targets of IFNβ 
were assessed by real-time PCR (RT-PCR) in the aortic arch. Hindlimb perfusion restoration 
after femoral artery ligation was improved in mice treated with anti-IFNAR1 compared with 
controls as assessed by LDPI. This was accompanied by a decrease in CXCL10 expression in 
the IFNAR1 MAb-treated group. Anti-IFNAR1 treatment reduced plaque apoptosis without 
affecting total plaque area or other general plaque composition parameters. Results were 
confirmed in a short-term model and in apolipoprotein E knockout (APOE)−/− mice.
Conclusion Monoclonal anti-IFNAR1 therapy during a 4-week treatment period stimulates 
collateral artery growth in mice and did not enhance atherosclerotic burden. This is the first 
reported successful strategy using MAbs to stimulate arteriogenesis.
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1. Introduction

Arteriogenesis is a natural mechanism to restore obstructed blood flow by remodeling of 
small, pre-existing collateral arterioles 1. In both the coronary as well as the peripheral 
circulation numerous interarterial connections are present between the different vascular 
territories 2. Through arteriogenesis a circulatory system arises that bypasses arterial 
occlusions. In days to weeks after an acute occlusion, full arterial function can be restored 
by arteriogenesis 3. In the presence of a sufficient collateral network, symptoms of ischemia 
and the extent of myocardial infarction are reduced 4, 5. Patients with coronary artery disease 
(CAD) show a large heterogeneity in their arteriogenic response upon coronary obstruction. 
In a previous study we found upregulation of interferon-beta (IFNβ) signaling in patients 
with poor coronary collateral development 6, leading to the hypothesis that IFNβ has anti-
arteriogenic effects. Indeed, mice treated with IFNβ demonstrate inhibition of collateral 
artery growth and mice with a genetic deletion of the Interferon-α/β Receptor subunit 1 
(IFNAR1) show accelerated arteriogenesis 7. Thus, blockade of IFNβ signaling is a potential 
therapeutic target for stimulation of arteriogenesis. Interestingly, interfering with IFNβ might 
also have a beneficial effect on atherosclerosis. A downside of most pro-arteriogenic agents 
investigated in the past, has been their pro-atherosclerotic properties, rendering them 
unsuitable for therapeutic application 8. In mouse models of atherosclerosis, IFNβ treatment 
accelerated lesion formation and macrophage accumulation in plaques whereas in mice 
lacking myeloid IFNAR1, atherosclerosis was attenuated, with a decreased accumulation 
of macrophages and a reduction in plaque cell death 9. We hypothesized that blocking IFNβ 
signaling with antibody therapy has a two-ways beneficial effect in the treatment of coronary 
artery disease; stimulating arteriogenesis while at the same time inhibiting atherosclerosis 
development. Therefore, in a LDLR-/- murine model we determined the long-term effects 
of IFNAR1 MAbs on arteriogenesis as measured by LDPI as well as the effects on plaque 
composition as determined by immunohistochemistry. An APOE-/- model with very advanced 
atherosclerotic disease was used as a confirmatory model. Also, we determined the effects 
of IFNAR1 MAbs on macrophage polarization and expression of IFNβ downstream targets in 
hindlimb tissue.

2. Methods

2.1 Selection of antibody 
We analyzed the neutralizing capacities of three antibodies in an IFN-activity assay. RAW-
264.7 cells (murine monocyte-macrophage cell line; American Type Culture Collection, 
Bethesda, MD) were cultured at a density of 2x106 cells/ml in DMEM (Invitrogen, 
Bleiswijk, Netherlands), supplemented with 10% heat-inactivated fetal bovine serum (iFBS; 
Lonza, Breda, Netherlands), and 1000 Units/ml penicillin/streptomycin (Lonza). Graded 
concentrations of mouse IFNβ (PBL Interferonsource, Piscataway, NJ, USA) were used to 
stimulate the cells as indicated. We tested the capacity of the antibodies to inhibit IFNβ 
activity at a concentration of 2 µg/ml for each antibody; rat anti-mouse IFNβ, clone 7D3 
(Abcam, Cambridge, UK), rat anti-mouse IFNβ clone RMMB-1 (PBL Interferonsource) and 
mouse anti-mouse IFNAR1/CD118, clone MAR1-5A3 (Leinco technologies, St. Louis, MO, 
USA). After 24 hours of culture, total RNA was isolated from the RAW cells using the RNeasy 
Mini Kit (Qiagen), according to the manufacturer's protocol. IFN-response gene expression 
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was quantified by real-time polymerase chain reaction (real-time PCR). In brief, RNA was 
reversed transcribed into cDNA, using the RevertAid H Minus First Strand cDNA Synthesis Kit 
(Fermentas, St. Leon-Rot, Germany). Quantification was performed using TaqMan Universal 
PCR Master Mix (Invitrogen Life Technologies, Bleiswijk, the Netherlands) with SYBR green 
(Invitrogen Life Technologies) as a detection agent on an ABI Prism 7900HT Fast Real-Time 
PCR System. mRNA expression levels of  the IFN-response gene MX1 was calculated using an 
arbitrary standard curve and normalized to the amount of HPRT and GAPDH gene transcripts.

2.2 Primary animal experiments in LDLR-/- mice
Experiments were approved by the Institutional Animal Experimental committee that 
conforms to the Guide for the Care and use of Laboratory Animals published by the US 
National Institutes of Health (NIH Publication, 8th edition, revised 2011). Female C57Bl/6 
LDL receptor knockouts (LDLR-/-) were house bred and backcrossed ten times. At 10 
weeks old, they were fed with a high fat diet (0.15% cholesterol, 16% fat, Arie Blok Inc., 
the Netherlands) for 2 months. A total of 32 LDLR-/- mice were divided into a group of 
16 mice receiving antibody treatment and 16 control mice. Mice were anesthetized by 
intraperitoneal (i.p.) injection of dexmedetomidine (1.0 mg/kg, Orion) and ketamine (70.0 
mg/kg, Alfasan Pharma). Unilateral double ligation of the right femoral artery was performed 
as previously described 10 and a sham operation, in which the femoral artery was dissected, 
was performed on the left side. Adequacy of the anesthesia and surgical tolerance was 
monitored by close observation and reflex response tests. After surgery, anesthesia was 
antagonized with i.p. injection of atipamezole (0.5 mg/kg, Orion) and to minimize pain caused 
by surgical procedures, buprenorphine (2.0 mg/kg, MSD Animal Health) was administered 
subcutaneously. After ligation, the treatment group received an intraperitoneal injection 
with 2.0 mg of monoclonal antibodies specific for mouse Interferon-α/β Receptor subunit 
1 (IFNAR1) 11 (MAR-1 5A3 MAb, Leinco Technologies Inc., St. Louis, Missouri, USA) and 
control mice were injected intraperitoneally with 2.0 mg murine IgG isotype control (Leinco 
Technologies Inc, St Louis, Missouri, USA). During a 4-week period, in which the high-fat diet 
was continued, treatment and placebo were continued twice weekly with 0.2 mg IFNAR1 
MAbs and IgG isotype respectively. 

2.2.1. Laser Doppler Perfusion Imaging
Hindlimb perfusion was measured using laser Doppler perfusion imaging (LDPI) (MoorLDI2, 
Moor Instruments, Devon, United Kingdom). LDPI was performed under anesthesia 
directly before and after femoral artery ligation, as well as at 2, 7, 14 and 28 days following 
ligation. Mice were anesthetized by i.p. injection of dexmedetomidine (1.0 mg/kg, Orion) 
and ketamine (70.0 mg/kg, Alfasan Pharma). Excess hair from the hindlimb was removed 
using depilatory cream and mice were placed on a heating plate to minimize temperature 
variation. After LDPI, anesthesia was antagonized with atipamezole (0.5 mg/kg, Orion). 
Dedicated software was used to quantify tissue perfusion. To account for variables such as 
ambient light, temperature and experimental procedures, perfusion was calculated in the 
foot and expressed as a ratio of right (ischemic) to left (nonischemic) hindlimb as previously 
described 12-15. 

2.2.2. Histological analysis of arteriogenesis and angiogenesis
At day 28 after operation, adductor muscles were harvested. For the detection of smooth 
muscle cells, frozen tissue sections (5 µm) were stained for smooth muscle actin (Rabbit 
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Anti-Mouse alpha Smooth Muscle Actin antibody, α-SMA, Abcam, Cambridge, UK, 1:100). 
The antibody for CD31 (Pecam-1, M-20, Santa Cruz Biotechnology, UK, 1:100) was used for 
the detection of capillaries. Nuclei were stained with 1:50000 Hoechst (Molecular Probe, 
Bleiswijk, Netherlands). Images of stained sections were made with the Leica DM6000 
fluorescence microscope using a 20x objective. All analyses were done by two blinded 
observers using LAS AF Lite software (Leica microsystems, IL, USA) and quantification was 
performed using ImageJ 1.46 (National Institutes of Health, USA).

2.2.3. Mouse blood parameters
Blood was withdrawn via tail vein incision at three time-points: before start of the diet, 
before start of treatment and right before sacrifice. Plasma cholesterol and triglyceride 
levels were measured according to the manufacturer’s protocol (Roche, Woerden, The 
Netherlands) and relative blood leukocyte counts were determined using the Scil Vet abc 
Plus analyzer (Scil animal care company BV, Oostelbeers, The Netherlands). 

2.2.4. Atherosclerotic lesion analysis
Mice were sacrificed for tissue isolation and further analysis after LDPI scanning at 28 days 
following ligation, whilst under anesthesia, by cervical dislocation. Following sacrifice of the 
animals, the heart was dissected, frozen in Tissue-Tek (Sakura Finetek Europe BV, Alphen aan 
de Rijn, The Netherlands) and subsequently cut into sections of 7 µm. Serial cross-sections 
of every 42 µm were stained with toluidin blue and images were obtained using the Leica 
DM3000 microscope (5x). Necrosis was also measured on the toluidin blue stained slides 
and was identified by the presence of pyknosis, karyorrhexis or by the complete absence of 
nuclei. To measure collagen, slides were air dried, fixed in 10% formalin, washed and then 
incubated for 5 minutes in 0.2% PMA.  Hereafter, slides were incubated for 30 minutes in 
0.05% Sirius Red (direct red 80; Sigma, Zwijndrecht, The Netherlands), which was diluted in 
saturated picric acid. The slides were then rinsed with 0.01N HCl, followed by an incubation 
period of 5 minutes in this solution. Next the slides were rinsed in a series of 70, 90, 96 and 
100% ethanol followed by 2x3 minutes of xylene. Quantification of plaque size from the 
sections stained by Sirius red staining was performed using Adobe Photoshop software.
For immunohistochemistry, lesions from the aortic root were air dried, fixed in acetone 
and blocked with the Avidin/Biotin Blocking Kit (all immunohistologic kits are from Vector 
Laboratories, Burlingame, USA, SP-2001). During the second phase of blocking, the slides 
were incubated with the primary antibody; 1:4000 MOMA-2 (macrophages, AbD Serotec, 
Uden, The Netherlands, 1:400 NIMP (neutrophils, gift from P. Heeringa), 1:250 KT3 (CD3, T 
cells, AbD Serotec) and 1:1000 rabbit-a-cleaved-caspase-3 (apoptosis, Cell Signaling, Leiden, 
The Netherlands). Slides were then washed 3x with PBS and incubated for 60 min with a 
1:300 biotin labeled rabbit-anti-rat antibody (Dako, Hervelee, Belgium) or polyvision anti-
rabbit-HRP (Immunologic, Duiven, the Netherlands) for cleaved caspase-3. Hereafter, the 
signal was amplified using the ABC kit (except for the cleaved caspase-3 staining). Slides 
were washed three times with PBS and then stained using different AEC kits for MOMA-
2, KT3 and cleaved caspase-3 respectively, and using Novared for NIMP. Quantification of 
KT3, NIMP and cleaved caspase-3 was performed manually, whereas MOMA-2 staining was 
quantified using Adobe Photoshop software.

2.2.5. Real Time-PCR
Total RNA from snap-frozen aortic arches was isolated using the Qiagen RNeasy Mini Kit 
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(Qiagen, Venlo, the Netherlands). cDNA synthesis was then performed using 500 ng of RNA 
with the iScript cDNA synthesis kit (BioRad, Veenendaal, The Netherlands).  Real-time PCR was 
performed for several pro-inflammatory cytokines and chemokines, and IFNβ downstream 
target genes using 2 ng of cDNA, 300 nM of each primer and 300 nmol/l Fast SYBR Green 
master mix (Invitrogen Life Technologies) in a total volume of 20 µl. Forty amplification 
cycles were performed after which fluorescence was analyzed using a computer-based 
imaging system (ViiA 7 Real-Time PCR system, Invitrogen Life Technologies, Bleiswijk, The 
Netherlands). All gene expression levels were corrected for ARBP and cyclophilin A as 
housekeeping genes. 

2.3. Effect of treatment at early time-point
To investigate the effects of our treatment on arteriogenesis and angiogenesis, macrophage 
polarization, other target cells and systemic inflammation at an early time-point, we 
repeated our experiments in a 2-day model. 12 female LDL receptor knockouts were treated 
(6 received antibody treatment and 6 served as controls) for 2 days following femoral artery 
ligation. Anesthesia, surgical procedures including monitoring, and postoperative analgesia 
were performed according to the protocol of the other experiments. Mice were sacrificed 
after 2 days for tissue harvesting and further analysis. 

2.3.1. Histological analysis of arteriogenesis, macrophages and angiogenesis
Frozen tissue sections (5 µm) of the adductor muscle were stained in order to identify 
vessels and differentiate between M1- and M2-macrophages. Slides were fixed in 
dehydrated acetone for 10 minutes (min). Next, slides were blocked in PBS/1%BSA and 
10% normal mouse serum. Slides were then incubated with 1:80 primary Rat Anti-Mouse 
F4/80 antibody (AbdSerotec, Düsseldorf, Germany) for 60 min followed by incubation 
with secondary antibody, Alexa Fluor 647 Goat Anti-Rat IgG (Molecular Probes, Bleiswijk, 
Netherlands). All slides were incubated overnight at 4°C with 1:100 primary antibody Rabbit 
Anti-Mouse alpha Smooth Muscle Actin antibody (α-SMA) (Abcam, Cambridge, UK) and 
with either 1:400 biotinylated Rat Anti-Mouse CD40 (α-CD40) (eBioscience, Vienna, Austria) 
or 1:50 biotinylated Rat Anti-Mouse Mannose Receptor (α-MR) (BioLegend, Cambridge, UK) 
for staining of M1 or M2 macrophages respectively. Slides were incubated with secondary 
antibody Alexa Fluor 488 Goat Anti-Rabbit IgG (Molecular Probes, Bleiswijk, Netherlands) 
for α-SMA and Streptavidin Alexa Fluor 555 (Molecular Probes, Bleiswijk, Netherlands) for 
α-CD40 and α-MR. Nuclei were stained with 1:50000 Hoechst (Molecular Probe, Bleiswijk, 
Netherlands). Angiogenesis was studied by CD31 staining and quantification of capillary 
density as described above. 

2.3.2. Blood parameters
Blood plasma was withdrawn following sacrifice to determine the effects of anti-IFNAR1 
treatment on systemic inflammation. Using flow cytometry relative leukocyte numbers 
and M1 monocyte/macrophage markers on blood monocytes were determined. Blood 
monocytes were defined as CD45+CD11b+Ly6G- cells. Flow cytometry measurements were 
performed using a FACS Canto II with FACSDiva software (BD Biosciences, USA).

2.4. Animal experiments in APOE-/- mice
To confirm our results in a different model of atherosclerosis, animal experiments were 
repeated in 28 female C57Bl/6 Apolipoprotein E knockouts (APOE-/-) (Charles River 
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Laboratories, France, B6.129P2-APOE/J) of which 14 received antibody treatment and 14 
served as controls. Animals had severely advanced atherosclerosis, after being on a lipid 
rich diet for 6 months, being 9 months of age at the time of sacrifice. Anesthesia, surgical 
procedures including monitoring, and postoperative analgesia were performed according 
to the protocol of the LDLR-/- experiments. APOE-/- mice in the treatment group received an 
intraperitoneal injection with 2.5 mg of IFNAR1 antibody and control mice were injected 
intraperitoneally with 2.5 mg murine IgG isotype control. Antibody and IgG isotype were 
identical to the LDLR-/- experiments. Using methods described above, LDPI was performed 
before, directly after- as well as 2 and 7 days following ligation. Mice were sacrificed after 
7 days for tissue harvesting and further analysis as in LDLR-/- experiments. Atherosclerotic 
lesion analysis was performed as in LDLR-/- animals. 

2.4.1. Histological analysis of arteriogenesis, macrophages and angiogenesis
Analysis of arteriogenesis and angiogenesis was performed on sections from calf muscle 
tissue. Macrophage analysis was performed on adductor muscle tissue. Protocols were used 
as described above. 

2.4.2. Downstream targets of IFN-beta in hindlimb tissue
Frozen tissue sections (8 µm) of the right adductor muscle and left adductor muscle were 
stained for CXCL10 en IL-27 expression. Slides were fixed in dehydrated acetone for 10 min 
and dried to air for 10 min. Slides were then rehydrated in EBSS/0.1% saponin (EBSS/sap) for 
5 min followed by blocking with Avidin/Biotin Blocking Kit (Vector Laboratories, Burlingame, 
USA, SP-2001) for 15 min each and EBSS/0.1% saponin/1%block (EBSS/inc) with 10% normal 
mouse serum and 10% Normal Donkey Serum for 60 min. Slides were incubated overnight 
at 4°C with 10 µg/ml primary antibody Goat Anti-Mouse CXCL10 (Leinco, St. Louise, USA, 
I-236) or 10 µg/ml primary antibody Goat Anti-Mouse IL27 (R&D Systems, Minneapolis, USA, 
AF1834). After incubation, slides were washed 3x5 min with EBSS/sap and incubated for 60 
minutes with Biotinylated Donkey Anti-Goat IgG (Jackson ImmunoResearch, Baltimore, USA, 
705-066-147) followed by Tyramide Signal Amplification (TSA™ Kit #23, Molecular Probes/
Invitrogen, T20933) including incubation with HRP-streptavidin for 90 minutes followed by 
3x5min washing with EBSS/sap and incubation with Alexa Fluor 546 tyramide for 5 minutes. 
Next, slides were washed with 3x5 min EBSS/sap and stained for α-SMA and Hoechst as 
described above. Quantification of macrophages and arterial lumen area was performed as 
described above. CXCL10+ cells and IL-27+ cells were counted using ImageJ. Cell Fluorescence 
was measured in the vessel wall with correction for background staining and expressed in 
arbitrary units (AU). 

2.4.3. Real Time-PCR
Total RNA was isolated from adductor muscle according to the Trizol reagent protocol (Leiden 
University Medical Center, Leiden, the Netherlands). Total RNA was reverse-transcribed 
with the Revert Aid H Minus First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, 
Massachusetts, USA). The resulting cDNA was amplified using 5 nmol/L of each primer and 
50 nmol/l Fast SYBR Green Master Mix (Invitrogen Life Technologies). Real-time PCR was 
performed as in the LDLR-/- protocol described above. 

2.5 Statistical analysis
Results are presented as mean ± S.E.M. Significant differences between sample means 
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were determined with an independent-samples t test for data with a normal distribution 
and a nonparametric Mann-Whitney U-test for data with a non-normal distribution using 
GraphPad Prism 5 (GraphPad Software Inc., California, USA). LDPI data were statistically 
evaluated using a repeated measurement ANOVA test. A value of p<0.05 was considered 
significant. 

3. Results

3.1 Selection of antibody
Three different antibodies were tested for their capacities to inhibit the activity of IFNβ; two 
monoclonal antibodies were directed against IFNβ, and one against the IFNAR1 (a common 
receptor chain for IFNα and IFNβ). We stimulated mouse macrophages with murine INFβ, 
and measured the expression of IFNβ-response gene MX1 as readout for IFNβ activity 
(Supplemental figure 1). All three antibodies effectively inhibited IFNβ activity. Because 
the IFNAR1 antibody showed the highest level of inhibition we selected this antibody for 
subsequent use in our in vivo experiments.

3.2 Primary animal experiments in LDLR-/- mice
To analyze the effect of anti-IFNAR1 treatment on both arteriogenesis and atherosclerosis 
we performed experiments in LDLR-/- mice that were subjected to femoral artery ligation. The 
study in LDLR-/- involved 4 weeks anti-IFNAR1 treatment in a setting of early atherosclerosis 
development. 3 control animals died during the surgical procedure and these animals were 
excluded from the analysis.

3.2.1. Laser Doppler Perfusion Imaging in LDLR-/- mice
Hindlimb perfusion restoration was significantly improved in anti-IFNAR1 treated animals 
compared to controls at 7, 14 and 28 days (control vs. treatment; day 7: 23.6 ± 8.7% vs. 35.6 
± 16.5%, p= 0.03, day 14: 35.0 ± 12.3% vs. 51.4 ± 17.2%, p= 0.01, day 28: 54.0 ± 16.3% vs 71.5 
± 13.8%, p=0.01; ANOVA p=0.004) (Figure 1A and 1B). Notably, no signs of necrosis of the 
paws were detected in anti-IFNAR1- or control-treated mice and the anti-IFNAR1 showed 
the same weight gain as the control mice (data not shown). 

3.2.2. Histological analysis of arteriogenesis and angiogenesis
Quantification of arterial lumen area in adductor muscle tissue by alpha-smooth muscle 
actin (SMA) staining showed no difference in arterial lumen area as a ratio of total section 
area after 4 weeks in treated LDLR-/- animals compared to controls (control vs. treatment: 
0.37 ± 0.04 vs. 0.54 ± 0.09, p=0.20). Arterial lumen area was significantly larger on the 
ligated side compared to sham side in anti-IFNAR1-treated animals (0.54 ± 0.09 vs. 0.28 ± 
0.07, p=0.04) (Figure 1C and 1D). Also, the number of arterioles per um2 was similar (control 
vs. treatment: 3.79∙10-6 ± 5.14∙10-7 vs. 3.28∙10-6 ± 4.54∙10-7, p=0.46) (Supplemental figure 
2A and 2B). Capillary density expressed in number of capillaries per mm2 was similar in 
treated animals compared to controls (control vs. treatment: 588.7 ± 23.0 vs. 632.7 ± 54.2, 
p=0.50) (Supplemental figure 2C).

3.2.3. Atherosclerotic lesion analysis in LDLR-/- mice
Gene expression analyses of the aortic arches in the LDLR-/- mice demonstrated a decrease 
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in IFNβ downstream target genes in the anti-IFNAR1 treated animals as compared to 
the controls following 4 weeks of treatment (STAT1 control vs. treatment: 1.00 ± 0.20 
vs. 0.37 ± 0.04, p=0.02, CXCL10: 1.00 ± 0.21 vs. 0.54 ± 0.11, p=0.06, MX1: 1.00 ± 0.19 vs. 
0.53 ± 0.15, p=0.07, MX2: 1.00 ± 0.02 vs. 0.93 ± 0.01, p=0.01) (Figure 2A). No effects of 
anti-IFNAR1 therapy on gene expression in aortic arches of typical pro-inflammatory 
cytokines, such as TNF, IL-1β and IL-6 could be observed (Figure 2B). Plasma cholesterol 
and triglyceride levels did also not differ between control and anti-IFNAR1 treated mice 
(Supplemental figure 3A and 3B). In addition, no effect of anti-IFNAR1 treatment on 
relative leukocyte subsets was observed (Supplemental figure 3C). Total atherosclerotic 
lesion area showed no difference between the controls and the treatment group after 
4 weeks of treatment (Figure 3A and 3B). In addition, lesion distribution into early, 
moderate or severe lesions did not show a difference in plaque severity between control 
and anti-IFNAR1 treated animals (Figure 3C). A more extensive immunohistochemical 
analysis of the aortic root demonstrated no differences in plaque phenotype, regarding 
collagen deposition, neutrophils and T-cells as related to the lesion area (Figure 3D-G). 
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Figure 1. Arteriogenesis in 4-week treated LDLR-/- mice. (A) Restoration of hindlimb perfusion in LDLR-/- mice after 
ligation of the femoral artery imaged by Laser Doppler Perfusion Imaging (LDPI). (B) 4-week treatment of LDLR-

/- mice with anti-IFNAR1 and follow-up with LDPI. Restoration of hindlimb perfusion was significantly improved 
in mice treated with anti-IFNAR1 compared to controls at 7, 14 and 28 days after femoral artery ligation. (C) 
Quantification of arterial lumen area as a ratio of total section area in hindlimb tissue by alpha-smooth muscle 
actin (α-SMA) staining. (D) Representative immunofluorescence stainings (10x) for SMA from adductor muscle 
tissue. Shown are mean ± S.E.M. n=13-16/group.

13358- Boshuizen-Binnenwerk na proefdruk.indd   85 4-3-2016   16:17:27



Chapter 5

86

Figure 2. Systemic anti-IFNAR1 treatment blocks IFNβ signaling in vivo, but does not affect general inflammation 
in aortic arch of LDLR-/- mice. (A) Relative gene expression of IFNβ downstream target genes in aortic arches of LDLR 
-/- mice treated with anti-IFNAR1 and controls in the 4-week experiments. (B) Relative aortic arch gene expression 
of pro-inflammatory cytokines. Shown are mean ± S.E.M. n=13-16/group.

Figure 3. Systemic IFNAR1 blockade has no effect on atherosclerotic plaque size or phenotype. (A) Representative 
toluidin blue staining (5x) of aortic root tissue from controls and treated LDLR-/- mice. Scale bars represent 500 μm. 
(B) Quantification of lesion size in aortic root lesions. (C) Plaque severity score. (D) Representative Sirius red stained 
lesions (5x) from control and anti-IFNAR1 treated LDLR-/- mice. Scale bars represent 500 μm. (E) Quantification of 
collagen deposition in aortic root lesions. (F) Neutrophil and (G) T-cell counts in aortic root tissue from LDLR-/- mice 
following 4 weeks of control or anti-IFNAR1 treatment and (H) quantification of the necrotic core in the aortic root 
lesions. Shown are mean ± S.E.M. n=13-16/group.
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Also no difference was found in the amount of necrosis as a percentage of lesion area (Figure 
3H). However, a significant decrease in apoptosis was observed in the anti-IFNAR1 treated 
mice (control vs. treatment: 0.16 ± 0.05 vs. 0.04 ± 0.01, p= 0.04) (Figure 4A and 4B). 
Further immunohistochemical analysis demonstrated a significant increase in the percentage 
of macrophage area in the lesions of anti-IFNAR1 treated animals (control vs. treatment: 
43.0 ± 5.4% vs. 59.0 ± 3.5% of plaque area p=0.02) (Figure 4C and 4D). In addition, a trend 
towards an increased gene expression of the macrophage marker CD68 was present in the 
aortic arches of anti-IFNAR1 treated animals (control vs. treatment: 1.0 ± 0.2 vs. 1.5 ± 0.2, 
p=0.11), (Figure 4E). This points to an increased macrophage accumulation in the plaques of 
those animals. However, gene expression of M1 and M2 macrophage markers did not differ 
between control and anti-IFNAR1 treated animals (Figure 4F).

Figure 4. Systemic IFNAR1 blockade results in increased macrophage area and decreased apoptosis in the 
atherosclerotic plaque. (A) Representative caspase-3 staining in aortic root tissue from LDLR-/- mice following 4 
weeks of control or anti-IFNAR1 treatment. Scale bars represent 500 μm. (B) Quantification of caspase-3 positive 
cells in aortic root lesions. (C) Representative MOMA-2 staining (5x) in aortic root tissue. Scale bars represent 500 
μm. (D) Quantification of MOMA-2 in the aortic root lesions. (E) Relative gene expression of CD68 and (F) M1 and 
M2 macrophage markers in aortic arches of LDLR-/- mice. Shown are mean ± S.E.M. n=13-16/group.
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3.3.1. Histological analysis of arteriogenesis, macrophages and angiogenesis
To assess early changes upon ligation we performed a short-term 2-day experiment. 
Quantification of arterial lumen area in calf tissue by alpha-smooth muscle actin (SMA) 
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days in treated LDLR-/- animals compared to controls (control vs. treatment: 0.09 ± 0.03 vs. 
0.17 ± 0.08, p=0.40) (Supplemental figure 4A). The number of arterioles per μm2 was similar 
in calf tissue 2 days following ligation in treated animals and controls (control vs. treatment: 
3.65∙10-6 ± 5.19∙10-7 vs. 2.69∙10-6 ± 6.20∙10-7, p=0.26). Fewer arterioles per μm2 were found 
on ligated side when compared to sham side in anti-IFNAR1-treated animals (2.70 ± 0.62 vs. 
4.84 ± 0.72, p=0.048) and controls (3.65 ± 0.52 vs. 5.44 ± 0.46, p=0.03) (Supplemental figure 
4B). Capillary density expressed in number of capillaries per mm2 in calf tissue after 2 days 
was similar in treated animals compared to controls (control vs. treatment: 762.7 ± 158.9 vs. 
638.0 ± 92.3, p=0.52) (Supplemental figure 4C).
The mean number of surrounding macrophages per vessel in sections from hindlimb tissue 
from the LDLR-/- mice did not differ between mice treated with anti-IFNAR1 and controls 
(control vs. treatment: 5.3 ± 0.3 vs. 5.1 ± 0.3, p=0.62). Furthermore, the mean number of 
vessels with surrounding macrophages per fixed section area did not differ significantly 
(control vs. treatment: 1.3 ± 0.04 vs. 1.3 ± 0.05, p=0.96). We found no differences in M1 
and M2 infiltration in ligated adductor muscle tissue between anti-IFNAR1 treated animals 
and controls (ratio of CD40 positive cells (M1) versus F4/80 positive cells (all macrophages); 
control vs. treatment: 0.81 ± 0.03 vs. 0.77 ± 0.03, p=0.23; ratio of MR positive (M2) versus 
F4/80 positive cells (all macrophages); control vs. treatment: 0.08 ± 0.01 vs. 0.07 ± 0.01, 
p=0.52). Also, we found no significant differences in mean number of surrounding neutrophils 
per vessel between anti-IFNAR1 treated animals and controls (control vs. treatment: 2.59 
± 0.20 vs. 2.50 ± 0.14, p=0.71) (Supplemental figure 5A). However, a significant higher 
mean number of surrounding T-cells per vessel was found in animals treated with IFNAR1 
antibodies compared to controls (control vs. treatment: 1.50 ± 0.11 vs. 2.85 ± 0.22, p<0.0001) 
(Supplemental figure 5B).

3.3.2. Systemic inflammation 
Anti-IFNAR1 treatment had no effect on systemic inflammation after 2 days of treatment, as 
the percentage of leukocyte subsets and pro-inflammatory M1 markers on blood monocytes 
were not different between control and treated mice (Supplemental figure 6).

3.4 Animal experiments in APOE-/- mice
The study in APOE-/- mice was performed to investigate the effect of anti-IFNAR1 treatment on 
arteriogenesis and advanced atherosclerosis with a short 1-week anti-IFNAR1 intervention. 
2 animals receiving treatment died and these animals were excluded from the analysis.

3.4.1. LDPI
In accordance with the results obtained from the 4-week treated LDLR-/- mice experiments, 
hindlimb perfusion restoration was also significantly improved in APOE-/- mice treated with 
anti-IFNAR1 compared to controls at 2 and 7 days after femoral arty ligation (control vs. 
treatment; day 2: 18.8 ± 4.2% vs. 27.6 ± 9.7%, p=0.01, day 7: 31.1 ± 5.9% vs. 45.9 ± 6.2%, 
p=0.04; ANOVA p=0.015) (Figure 5A). 

3.4.2. Histological analysis of arteriogenesis, macrophages and angiogenesis
Quantification of arterial lumen area as a ratio of total section area in hindlimb tissue by 
alpha-smooth muscle actin (SMA) staining also showed an increased arterial lumen area 
after 1 week in treated APOE-/- animals compared to controls (control vs. treatment: 0.21 ± 
0.04 vs. 0.35 ± 0.04, p=0.02). Arterial lumen area was also significantly larger on the ligated 
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side compared to sham side in anti-IFNAR1-treated animals (0.35 ± 0.04 vs. 0.09 ± 0.03, 
p=0.0001) and in control animals (0.22 ± 0.04 vs. 0.09 ± 0.02, p=0.008) (Figure 5B and 5C).
The mean number of surrounding macrophages per vessel in sections from hindlimb tissue 
from the APOE-/- mice did not differ between mice treated with anti-IFNAR1 and controls 
(control vs. treatment: 3.9 ± 0.6 vs. 4.0 ± 0.4, p=0.26). Furthermore, the mean number of 
vessels with surrounding macrophages per fixed section area did not differ significantly 
(control vs. treatment: 6.5 ± 0.9 vs. 6.8 ± 1.0, p=0.62). No difference was found in the 
distribution of macrophage subsets surrounding the vessels (ratio of CD40 positive cells 
(M1) versus F4/80 positive cells (all macrophages); control vs. treatment: 0.05 ± 0.03 vs. 
0.08 ± 0.02, p=0.13). In both groups very few M1 macrophages were seen. The ratio of MR 
positive (M2) versus F4/80 positive cells (all macrophages) was also similar in both groups 
(control vs. treatment: 0.77 ± 0.05 vs. 0.75 ± 0.03, p=0.92). 
The number of arterioles per μm2 was similar (control vs. treatment: 2.65 ± 0.39 vs. 2.87 
± 0.36, p=0.68) (Supplemental figure 7A). Fewer arterioles  per μm2 were found on ligated 
side when compared to sham side in anti-IFNAR1-treated animals (1.41 ± 0.25 vs. 2.87 ± 
0.36, p=0.003) and controls (0.91 ± 0.11 vs. 2.65 ± 0.39, p=0.0001). Also, capillary density 
expressed in number of capillaries per mm2 was similar in treated animals compared to 
controls (control vs. treatment: 747.1 ± 105.3 vs. 678.1 ± 57.3, p=0.59) (Supplemental figure 
7B).

Figure 5. Arteriogenesis in 1-week treated APOE-/- mice. (A) 1-week treatment of APOE-/- mice with anti-IFNAR1 
and follow-up with LDPI. Restoration of hindlimb perfusion was significantly improved in mice treated with anti-
IFNAR1 compared to controls at 2 and 7 days after femoral artery ligation. (B) Quantification of arterial lumen area 
as a ratio of total section area in hindlimb tissue by alpha-smooth muscle actin (α-SMA) staining. (C) Representative 
immunofluorescence stainings (10x) for SMA from adductor muscle tissue. Shown are mean ± S.E.M. n=14-12/
group.
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3.4.3. Gene expression analysis arteriogenesis
In search of mechanistic evidence responsible for increased arteriogenesis, we performed 
real-time RT-PCR for major factors known to influence arteriogenesis in ischemic hindlimb 
tissue of anti-IFNAR1 treated mice and controls. PDGF-a and FGF-2 showed similar 
expression, whereas VEGF-a showed lower expression in hindlimb tissue from anti-IFNAR1 
treated animals compared to controls (control vs. treatment: 1.84 ± 0.50 vs. 0.63 ± 0.15, 
p=0.03) (Supplemental figure 8).

3.4.4. IFNβ downstream targets: ligated versus sham hindlimb
Cell fluorescence of two IFNβ downstream targets, CXCL10 and IL-27 was compared between 
sham (left) hindlimb and ligated (right) hindlimb. At day 7, a significantly higher intensity of 
CXCL10 in the vessel wall was found at the ligated side in comparison to the sham side while 
a trend was found for IL-27 (CXCL10, sham vs. ligated: 458.7 ± 68.2 vs. 951.1 ± 60.4, p<0.001. 
IL-27, sham vs. ligated: 253.2 ± 64.1 vs. 395.3 ± 37.7, p=0.05). Also, the number of CXCL10 
and IL-27 positive cells was higher in hindlimb tissue from ligated side compared to sham 
side (CXCL10, sham vs. ligated: 6.9 ± 0.8 vs. 10.2 ± 0.4, p<0.001. IL-27, sham vs. ligated: 1.9 
± 0.4 vs. 5.3 ± 0.5, p<0.001). Real-time RT-PCR analysis correspondingly showed increased 
expression of CXCL10 in ligated compared to sham adductor muscle (sham vs. ligated: 0.03 ± 
0.01 vs. 1.1 ± 0.4, p=0.02) (Figure 6A and 6B). These data confirm induction of an interferon 
response upon femoral ligation.

Figure 6. IFNβ downstream targets in 1-week treated APOE-/- mice. (A) Representative immunofluorescence 
stainings (40x) for CXCL10 and IL-27 from sham (left) and ligated (right) adductor muscle tissue from the hindlimb 
of APOE-/- mice. (B) Cell fluorescence of CXCL10 and IL-27 in the vessel wall from sections of sham and ligated side in 
arbitrary units, positive cell count of CXCL10 and IL-27 in hindlimb tissue from sham and ligated side, real-time RT-
PCR analysis of relative gene expression of CXCL10 in hindlimb tissue from sham and ligated side in arbitrary units. 
(C) Representative immunofluorescence stainings (40x) for CXCL10, IL-27 and alpha-SMA from adductor muscle 
tissue from the hindlimb of a control mouse. (D) Cell fluorescence of CXCL10 and IL-27 in the vessel wall from 
sections of treated mice and controls in arbitrary units, positive cell count of CXCL10 and IL-27 in hindlimb tissue 
from treated mice and controls, real-time RT-PCR analysis of relative gene expression of CXCL10 in hindlimb tissue 
from treated mice and controls in arbitrary units. Shown are mean ± S.E.M. n=14-12/group.
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3.4.5. IFNβ downstream targets: anti-IFNAR1 treated versus control 
When comparing anti-IFNAR1 treated to control mice, no significant differences were 
found in total cell fluorescence of CXCL10 and IL-27 in the vessel wall (CXCL10, control vs. 
treatment: 902.6 ± 72.0 vs. 1004 ± 99.9, p=0.42. IL-27, control vs. treatment: 348.3 ± 42.6 vs. 
437.2 ± 61.5, p=0.22). However, upon quantification of cells, a decreased number of CXCL10 
positive cells was found in hindlimb tissue from the anti-IFNAR1 treated group (control vs. 
treatment: 11.1 ± 0.5 vs. 9.5 ± 0.5, p=0.02). IL-27 positive cell count was not significantly 
different between the groups (control vs. treatment: 5.7 ± 0.8 vs. 4.9 ± 0.8, p=0.46). These 
findings were corroborated by significant higher levels of CXCL10 gene expression in control 
mice compared to anti-IFNAR1 treated mice (control vs. treatment: 1.6 ± 0.6 vs. 0.1 ± 0.1, 
p=0.02) (Figure 6C and 6D).

3.4.6. Atherosclerosis assessment
Atherosclerotic lesion analyses were also in line with the 4-week experiments showing no 
significant differences between the anti-IFNAR1 and control group when examining general 
plaque characteristics and severity (Figure 7A and 7B). In addition, no effects of anti-IFNAR1 
therapy on gene expression of typical pro-inflammatory cytokines, such as TNF, IL-1β and 
IL-6 in aortic arches could be observed (Figure 7C).

Figure 7. Systemic IFNAR1 blockade does not affect atherosclerotic lesion size and does not affect pro-
inflammatory cytokines in aortic arch of 1 week treated APOE-/- mice. (A) Quantification of lesion size and (B) 
plaque severity score in aortic root lesions of APOE-/- mice. (C) Gene expression in aortic arches of APOE-/- mice 
following 1 week of anti-IFNAR1 treatment. Shown are mean ± S.E.M. n=14-12/group.

4. Discussion

In this study we investigated the effect of blocking IFNAR1 on arteriogenesis and 
atherosclerosis using in vivo mouse models. For the first time, we show that monoclonal 
antibody therapy against IFNAR1 leads to improved restoration of hindlimb perfusion after 
femoral artery ligation in mice, without enhancing atherosclerotic burden. Application of 
monoclonal antibody therapy has proven to be an efficacious treatment in multiple diseases, 
like cancer and rheumatic diseases 16 17. In the field of cardiovascular disease, monoclonal 
antibodies are currently being investigated, for example to reduce low-density lipoprotein 
cholesterol levels by blocking PCSK9 18 or to reduce the inflammatory profile by blocking 
IL-1β 19. Monoclonal antibodies were also previously tested to stimulate arteriogenesis. 
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Hellingman et al. expanded regulatory T-cell numbers 2-fold in a murine ischemic hind limb 
model by injecting mice with IL-2 mixed with an IL-2 MAb 20. They showed a significant 
attenuation of blood flow recovery on LDPI and also a significant lower number of alpha-
SMA-expressing collaterals in the hind limb tissue on the ligated side in animals treated with 
antibody compared to controls 20. Depletion of regulatory T-cells with anti-CD25 treatment 
however showed no effect on arteriogenesis in this study. 
Mouse monoclonal antibodies specific for the IFNAR1 subunit of the mouse interferon-
alpha and -beta receptor were previously generated in IFNAR1-/- mice. Clone MAR1-5A3 was 
shown to block type I interferon-induced antiviral, antimicrobial, and antitumor responses 
in vivo 11. Increased sensitivity to viral infection was shown to be similar in IFNAR1 knockout 
mice as compared to antibody treated wild type mice 21. The MAR1-5A3 clone was also 
shown to delay CD8+ T cell maturation during viral infection 22. In accordance, our MX-1 assay 
showed a strong blocking capacity of MAR1-5A3 and therefore we selected this clone for 
application in our in vivo experiments.
In previous studies we found IFNβ expression to be upregulated in monocytes isolated from 
patients with a poor arteriogenic response 6. Furthermore, arteriogenesis is hampered 
after exogenous application of IFNβ in a murine hindlimb model 6. IFNAR1-/- mice showed 
improved hindlimb perfusion 1 week after femoral artery ligation compared to wild-type 
mice as assessed by infusion of fluorescent microspheres 7. In the present study, we show 
that the inhibitory effect of IFNβ on arteriogenesis can be inverted by blocking IFNAR1. 
Hindlimb perfusion restoration after femoral artery ligation was improved in mice treated 
with anti-IFNAR1 compared to controls as assessed by LDPI. An increased arterial lumen area 
in animals treated for 1 week endorses the finding of an accelerated growth of collateral 
arteries. The lack of a significant difference in arterial lumen area in animals treated for 2 
days and 4 weeks may be attributed to the fact that perfusion depends on luminal size to 
the fourth power and consequently relatively small changes in vessel diameter can result in 
large changes in perfusion, as seen by LDPI. Furthermore, we show that in hindlimb tissue 
the IFNAR1 blockade leads to a decreased number of CXCL10 positive cells and a lower 
CXCL10 gene expression and likewise to a decrease in CXCL10 gene expression in the aortic 
arches. The mechanism through which CXCL10 mediates its effects on arteriogenesis is not 
completely elucidated. Van den Borne et al. investigated the role of CXCL10 in arteriogenesis 
and showed that bone marrow-derived CXCL10 and tissue-derived CXCL10 play a role in 
accelerating perfusion recovery after arterial occlusion in mice 23. They postulate that this 
is probably induced by the promotion of vascular smooth muscle cell recruitment and 
maturation of pre-existing anastomoses. The discrepancy between our results and those of 
van den Borne et al. can be explained by the fact that CXCL10 has both pro-arteriogenic- 23 
as well as anti-arteriogenic effects 24 25 26 27. Van den Borne et al. demonstrated that in the 
early phase after femoral artery ligation, CXCL10 expression in hindlimb tissue increases, 
with improved restoration of perfusion. In the late phase however, CXCL10 expression 
subsides and the rapid perfusion recovery as seen in the early phase is diminished. This 
anti-arteriogenic effect of CXCL10 in the late phase corresponds with our findings that 
restoration of perfusion is accelerated in the late phase following ligation accompanied by 
lowered levels of CXCL10. Moreover, it is important to take into account that CXCL10-/- mice 
possibly have an altered immune system causing differences in endothelial cell proliferation, 
making comparison to previous studies as well as our own work challenging.
Studies investigating the role of macrophage subpopulations in arteriogenesis have shown 
that a shift towards M2 macrophages improves collateral remodeling 28. However, we found 
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no difference in distribution of macrophage subsets between the groups and the total 
number of vessels with surrounding macrophages was similar. 
In search of mechanistic evidence responsible for increased arteriogenesis, we performed 
PCR for major factors known to influence arteriogenesis in ischemic hindlimb tissue of anti-
IFNAR1 treated mice and controls. PDGF-a and FGF-2 showed similar expression, whereas 
VEGF-a showed lower expression in hindlimb tissue from anti-IFNAR1 treated animals 
compared to controls. VEGF-a is known to induce a heterogeneous response 29 and its inducing 
effect on angiogenesis is more distinct than that of arteriogenesis 30. Our results cannot 
confirm a role for aforementioned growth factors in promoting collateral vessel growth. 
Thacker et al. showed that IFNAR1 knockout mice show enhanced endothelial-dependent 
vasodilation 31. Possibly, the IFNAR1 blockade as performed in our experiments leads to 
enhanced blood flow recovery through this mechanism. Another possible mechanism 
behind the enhanced collateralization found in our experiments could be T-cell dependent 
vascularization. Stabile et al. showed that CD4+ T-cells control the arteriogenic response to 
acute hindlimb ischemia 32. Sharir et al. found that regulatory T-cells play an important role 
in flow re-establishment after inducement of hindlimb ischemia 33. In line with these studies, 
we found significantly elevated numbers of CD3+ T-cells in hindlimb tissue from anti-IFNAR1 
treated animals compared to controls.
Increased atherosclerotic plaque formation and plaque destabilization have hindered the 
development of therapeutic pro-arteriogenic therapies 10. For example, MCP-1 was shown 
to be a potent pro-arteriogenic chemokine 34. However, local application caused systemic 
monocyte activation and effects on neointima and plaque composition leading to potentially 
unstable atherosclerotic lesions 10, rendering its pharmaceutical application unsuitable for 
the treatment of CAD. 
Although type I interferons have important immunomodulatory functions, primarily in 
response to viral encounters 35, 36, they also have been linked to disease progression, as they 
are for instance implicated in the pathogenesis of systemic lupus erythematosus (SLE) 37. 
Interestingly, patients with SLE show an increased risk of cardiovascular disease, which is 
directly associated with their increased type I interferon levels 38. The involvement of type I 
interferons in atherosclerosis was further illustrated by the observation that the main cellular 
source of type I interferon, plasmacytoid dendritic cells (pDCs), are present in rupture-prone 
areas of the human atherosclerotic plaque 39. Furthermore, pDC depletion in APOE-/- mice 
decreased lesion size, and similar reductions in lesion size were obtained in LDLR-/- mice 
with MHC class II-deficient pDCs, which indicates that pDCs promote atherosclerosis 40, 41. 
In addition, we recently demonstrated that vulnerable plaques have increased type I IFN 
signaling as well 9. Thus, type I interferons are associated with plaque instability in human 
lesions. 
In our experiments we examined the effect of systemic IFNAR1 blockade on plaque size and 
composition using a well-established mouse model of atherosclerosis, the LDLR-/- mouse 
42.  Using this model, we observed no effects of anti-IFNAR1 treatment on total plaque 
size following treatment. An enhanced macrophage accumulation was found, however, 
M1 and M2 macrophage markers in the aortic arch did not differ between control and 
treated animals. Thus, even though an increase in macrophages may be present, these 
macrophages do not display an increased pro-inflammatory phenotype. Furthermore, 
relative blood leukocyte levels were similar between control and anti-IFNAR1 treated 
animals, which we could confirm in the 2-day experiments, indicating anti-IFNAR1 treatment 
has no effect on systemic inflammation either. The increased macrophage accumulation was 
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also accompanied by decreased apoptosis in the lesions of anti-IFNAR1 treated animals, 
indicating improved survival of foam cells upon blockade of IFN signaling. We previously 
demonstrated that absence of myeloid IFNAR1 signaling is also protective for foam cell 
death 9 and we can thus recapitulate this with a systemic antibody blockade. Such decrease 
in apoptosis may be considered beneficial, as the resulting decrease in cell debris limits 
necrotic core formation, which strongly affects plaque vulnerability 43.  This is in line with our 
previous results, showing pro-apoptotic effects of IFNβ via increased expression of TRAIL, 
FAS and FASL, as well as decreased apoptosis in monocytes derived from IFNAR1-/- mice 7. Of 
note, IFNβ is also known to prime monocyte-derived macrophages for cell death in multiple 
sclerosis (MS), in which a subgroup of patients is treated with IFNβ 44. 
In a previous study 9 we observed a reduction in atherosclerosis development, with less 
macrophage accumulation and a decrease in plaque cell death, by the genetic myeloid-
specific ablation of IFNAR1. In the present study we did not observe such reduction in 
atherosclerosis. Possibly, the anti-IFNAR1 treatment period in the present study was too 
short. In addition, the systemic antibody mediated approach, as studied in the present 
manuscript, also targets the endothelium which might counteract the myeloid effects 
observed previously 9. We indeed observed a significantly increased expression of the 
endothelial cell activation marker VCAM1 in lesions of anti-IFNAR1 treated animals, 
with a concomitant increase in VCAM1 aortic gene expression (data not shown), which 
demonstrates that in atherosclerosis, type I IFNs might prevent endothelial activation. 
Interestingly, part of the beneficial effects of IFNβ-treatment in MS patients is attributed 
to an indirect blockade of cerebral endothelial activation. IFNβ-treatment increases serum 
levels of soluble VCAM1 (sVCAM1), which binds to its co-receptor VLA-4 on leukocytes. This 
subsequently inhibits leukocyte adhesion to membrane-bound VCAM1, resulting in less 
cellular recruitment to inflammatory foci and dampening clinical relapses 45.  
A similar counteracting factor might be the targeting of T regulatory cells (Tregs). Tregs are 
atheroprotective as depletion of CD4+CD25+ Tregs, aggravated atherosclerosis in LDLR-/- 

mice, whereas adoptive transfer of CD4+CD25+ Tregs diminished atherosclerosis in APOE-/- 

mice 46. In the spleen of the anti-IFNAR1 treated LDLR-/- mice we observed less suppressive 
Tregs as compared to control treated mice, as the gene expression of FoxP3 and TGF-β, its 
key cytokine, decreased (data not shown). This further demonstrates the importance of cell-
specific targeting, making the myeloid compartment an attractive target for further studies, 
where we will specifically focus on myeloid IFNAR1 signaling to stimulate arteriogenesis 
with an additional reduction in atherosclerosis development and without side effects on 
endothelium or T-cell populations.

5. Conclusion
The findings of the present study indicate that blocking IFNAR1, using monoclonal 
antibodies during both a 1- and a 4-week period, stimulates collateral artery growth in mice 
without enhancing atherosclerotic burden. This is the first successful approach to stimulate 
arteriogenesis using monoclonal antibodies, paving the way towards clinical application of 
such strategy.
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Supplemental material

Supplemental figure 1. Selection of antibody in vitro. In an interferon activity assay, IFNAR1 mouse antibody clone 
MAR1-5A3 caused lowest expression of MX1. Shown are mean ± S.E.M.
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Supplemental figure 2. Arteriolar density and capillary density are similar in hindlimb tissue of treated LDLR 
-/- animals compared to controls after 4 week treatment. Quantification of arterioles per μm2 tissue in hindlimb 
tissue by alpha-smooth muscle actin (α-SMA) staining in (A) the ligated hindlimb and (B) the non-ligated hindlimb. 
(C) Quantification of capillary density in hindlimb tissue by CD31 staining after 4 week treatment. Shown are mean 
± S.E.M. n=13-16/group.

Supplemental Figure 3. LDLR-/- mice characteristics following 4-week of anti-IFNAR1 treatment. (A) Plasma 
cholesterol levels before and after 4 and 8 weeks of high fat diet (HFD). (B) Plasma triglyceride levels before and 
after 4 and 8 weeks of HFD. (C) Relative levels of leukocyte subsets after 8 weeks of HFD. Mono = monocytes, 
Granulo = granulocytes. Shown are mean ± S.E.M. n=13-16/group. 

Supplemental Figure 4. Mean arterial lumen area, number of vessels and capillary density are similar in calf 
muscle tissue of treated animals compared to controls after 2 day treatment in LDLR-/- mice. Quantification of (A) 
mean arterial lumen area and (B) number of arterioles per μm2 tissue in calf muscle tissue by alpha-smooth muscle 
actin (α-SMA) staining and (C) capillary density by CD31 staining. Shown are mean ± S.E.M. n=6-6/group.
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Supplemental figure 5. Neutrophil and T-cell counts. Quantification of (A) neutrophils (Ly6G) and (B) T-cells (CD3) 
in hindlimb tissue from animals treated for 2 days following femoral artery ligation. Shown are mean ± S.E.M. 
n=6-6/group.

Supplemental Figure 6. Two day anti-IFNAR1 treatment of LDLR-/- mice has no impact on blood leukocyte 
subsets and pro-inflammatory M1 macrophage markers. (A) Relative levels of leukocyte subsets 2 days following 
anti-IFNAR1 treatment. Mono = monocytes, Granulo = granulocytes. (B) MFI of M1 macrophage markers. (C) 
Representative histograms of M1 macrophage markers. Shown are mean ± S.E.M. n=6-6/group.
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Supplemental figure 7. Arteriolar density and capillary density are similar in hindlimb tissue of treated APOE-/- 
animals compared to controls after 1 week treatment. (A) Quantification of arteriols per μm2 tissue in hindlimb 
tissue by alpha-smooth muscle actin (α-SMA) staining. (B) Quantification of capillary density in hindlimb tissue by 
CD31 staining. Shown are mean ± S.E.M. n=13-16/group.

Supplemental Figure 8. PCR of PDGF-a, VEGF-a, FGF-2. PCR of (A) PDGF-a, (B) VEGF-a and (C) FGF-2 in hindlimb 
tissue from APOE-/- mice treated for 1 week. n=13-16/group.
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Abstract

Background and Aims: Atherosclerosis is a chronic lipid-driven inflammatory disease of 
the arterial wall. Interferon gamma (IFNγ) is an important immunomodulatory cytokine 
and a known pro-atherosclerotic mediator. However, cell-specific targeting of IFNγ or its 
signaling in atherosclerosis development has not been studied yet. As macrophages are 
important IFNγ targets, we here addressed the involvement of myeloid IFNγ signaling in 
murine atherosclerosis. 
Methods: Bone marrow was isolated from interferon gamma receptor 2 chain (IFNγR2) 
wildtype and myeloid IFNγR2 deficient mice and injected into lethally irradiated LDLR-/- mice. 
After recovery mice were put on a high fat diet for 10 weeks after which atherosclerotic lesion 
analysis was performed. In addition, the accompanying liver inflammation was assessed. 
Results: Even though absence of myeloid IFNγ signaling attenuated the myeloid IFNγ 
response, no significant differences in atherosclerotic lesion size or phenotype were found. 
Also, when examining the liver inflammatory state no effects of IFNγR2 deficiency could be 
observed.  
Conclusion: Overall, our data argue against a role for myeloid IFNγR2 in atherosclerosis 
development. Since myeloid IFNγ signaling seems to be nonessential throughout 
atherogenesis, it is important to understand the mechanisms by which IFNγ acts in 
atherogenesis. In the future new studies should be performed considering other cell-specific 
targets.  

Keywords: Interferon gamma receptor, atherosclerosis, macrophage, mouse model
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Introduction

Atherosclerosis is a chronic lipid-driven inflammatory disease of the arterial wall 1. 
Macrophages are abundant in the atherosclerotic plaque and play an important role in both 
disease initiation, progression and plaque stability 2. Macrophages are an important source 
and an important target of inflammatory cytokines, with interferon gamma (IFNγ) being a 
central player 3. IFNγ is an important immunomodulatory cytokine and is for instance known 
to polarize macrophages to a pro-inflammatory M1 phenotype 4. For many years now, IFNγ 
and IFNγ producing T cells are known to be present in the human atherosclerotic plaque 5, 6. 
This resulted in several IFNγ-related atherosclerosis studies which have shown that IFNγ is 
an essential atherogenic regulator throughout different stages of disease progression 7. On 
the one hand, blockade or deletion of this cytokine or its receptor resulted among others in 
smaller and more stable lesions 8-12. While exogenous administration of IFNγ, on the other 
hand, increased lesion size and the amount of lesional T lymphocytes and MHC class II-
positive cells 13. Cell-specific targeting of IFNγ or its signaling in atherosclerosis development 
has not been performed yet. As macrophages are both numerous in an atherosclerotic 
lesion and are important IFNγ targets, we here addressed the involvement of myeloid 
IFNγ signaling in a mouse model of atherosclerosis by specifically deleting the interferon 
gamma receptor 2 chain (IFNγR2) on myeloid cells. Since the IFNγR2 chain of the IFNγR is 
the signal transducing component of this receptor complex and the limiting factor upon 
IFNγ stimulation 14, 15, deleting this receptor chain would fully ablate IFNγ signaling. We could 
demonstrate for the first time that in contrast to systemic IFNγ or systemic IFNγ signaling, 
myeloid IFNγ signaling is dispensable for atherosclerosis development in mice. 

Materials and Methods

Mice
All mice were on a C57Bl/6 background. Female LDLR-/-, IFNγR2fl/fl (IFNγR2wt) and LysMCre-
IFNγR2fl/fl (IFNγR2del) 16 littermates were house bred at the breeding facility of the Academic 
Medical Center (Amsterdam, The Netherlands) according to guidelines of the Animal 
Research Ethics Committee of the University of Amsterdam. IFNγR2-/- (IFNγR2KO) mice were 
generated at the Helmholtz Institute for Infection Research, Braunschweig, Germany. All 
animal experiments were approved by the Animal Welfare Committee of the University of 
Amsterdam.

Bone marrow transplantation
42 10 week old female LDLR-/- mice were placed in filter-top cages and were provided 
with antibiotics water (autoclaved tap water containing neomycin (100 mg/l, Sigma, 
Zwijndrecht, The Netherlands) and polymyxin B sulphate (60.000 U/l, Invitrogen, Bleiswijk, 
The Netherlands)) one week before the transplantation until 5 weeks after the bone marrow 
transplantation. The animals received 2 times 6 Gy total body irradiation on two consecutive 
days. Bone marrow was isolated from IFNγR2wt and IFNγR2del mice and 107 cells were injected 
intravenously per LDLR-/- mouse. Six weeks after the transplantation, mice were put on a 
high fat diet (0.15% cholesterol, 16% fat, Arie Blok Diets, The Netherlands) for a period of 10 
weeks. Bone marrow transplantation efficiency was determined by q-PCR for the LDLR on 
DNA isolated from blood. Blood samples were taken before start of the diet and at 9 weeks 
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of diet for lipid profiling and to determine blood leukocyte counts. 

Histological analyses of atherosclerosis and hepatic inflammation
Upon sacrifice, hearts were taken out and frozen in tissue-tek (Dako, Eindhoven, The 
Netherlands). Hearts were cut into sections of 7 µm at the aortic root, after which serial 
cross-sections of every 42 µm were stained with toluidin blue. Plaque size was measured in 
a blinded fashion using Adobe Photoshop software and was presented as the sum of three 
valves. On the toluidine blue stained slides necrosis was measured (as % of lesion size) and 
the lesions were typed according to severity by an experienced pathologist, as described 
before 17. Lesion collagen in the aortic root was stained with 0.05% sirius red (direct red 
80; Sigma, Zwijndrecht, The Netherlands) in saturated picric adic, for 30 min. Images were 
obtained using the Leica DM3000 microscope. Quantification of collagen content (as % of 
lesion size) was performed in a blinded fashion using Adobe Photoshop software. 
For Oil red O staining at the aortic root the slides were shortly fixed with formalin and 
stained with a working solution of Oil red O for 45 minutes. Cells were then destained with 
60% isopropanol, washed in PBS and counterstained with heamatoxylin. Quantification of 
neutral lipid content (as % of lesion size) was performed using Adobe Photoshop software. 
For further immunohistochemistry at the aortic root slides were fixed in acetone, blocked 
with the Avidin/Biotin Blocking Kit (all immunohistological kits are from Vector Laboratories, 
Burlingame, USA) and incubated with an antibody against macrophages (MOMA-2, 1:4000, 
AbD Serotec, Uden, The Netherlands) or against the endothelium (VCAM-1, 1:200, BD 
Pharmingen, Breda, The Netherlands). Biotin-labeled rabbit anti-rat antibody (1:300, Dako, 
Hervelee, Belgium) was used as secondary antibody. Hereafter, the signal was amplified 
using the ABC kit and then visualized using an AEC kit. Quantification of macrophage content 
(as % of lesion size) was performed using the Adobe Photoshop software. Scoring of VCAM-
1 was performed by an experienced pathologist, where score 1 indicated little staining and 
score 3 indicated severe staining.
Liver sections were H&E stained and stained for total leukocytes (CD45 1:200, BD Pharmingen, 
Breda, The Netherlands), macrophages/kupffer cells (CD68, 1:200, AbD Serotec, Uden, 
The Netherlands), infiltrating macrophages (CD11b, 1:50, EBioscience, Vienna, Austria), 
neutrophils (Ly6G, 1:200, BD Pharmingen, Breda, The Netherlands) and T cells (KT3, 1:250, 
AbD Serotec, Uden, The Netherlands), using the same protocol as was used for the MOMA-2 
staining in the aortic root. Quantification of cells was performed in 3 liver sections per mouse 
and was noted as cells/mm2. Scoring of liver steatosis was performed on the H&E stained 
slides and scoring of Kupffer cell foam cell formation was performed on CD68 stained slides. 
Both scorings were performed by an experienced pathologist, where score 0 indicated no 
lipid deposition in the hepatocytes or Kupffer cells for steatosis or Kupffer cell foam cell 
formation respectively. Score 4 indicated severe lipid deposition in both the hepatocytes or 
in the Kupffer cells.  

Mouse blood parameters
Blood was withdrawn via tail vein incision before the diet and right before sacrifice. 
Plasma cholesterol and triglyceride levels were enzymatically measured according to the 
manufacturer's protocol (Roche, Woerden, The Netherlands). Absolute leukocyte blood 
counts were determined using the Scil Vet abc Plus analyzer (Scil animal care company BV, 
Oostelbeers, The Netherlands) and relative counts were assessed by flow cytometry after 
antibody staining with CD11b and Ly6C for macrophages, Ly6G for neutrophils (all from 
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EBioscience, Vienna, Austria), CD3 for T cells and CD19 for B cells (both from Biolegend, 
London, UK) and CD4 and CD8 for T cell subsets (both from BD Pharmingen, Breda, The 
Netherlands). Flow cytometry measurements were performed on a FACS Canto II (BD 
Biosciences, USA) and analyzed using FlowJo Software.

Peritoneal macrophage analysis
Four days before sacrifice 5 mice per group were intraperitoneally injected with 3% 
thioglycollate medium (Fisher, Bleiswijk, The Netherlands). Upon sacrifice the peritoneum 
was flushed twice with 10 ml ice-cold PBS to collect peritoneal macrophages. Flow cytometry 
was used to determine peritoneal macrophage status by staining for CD11b, F4/80 (both 
from EBioscience, Vienna, Austria), MHC2 and CD64 (both from Biolegend, London, UK). 
In addition, after extracellular staining with CD11b and F4/80, cells were washed and 
permeabilised using ice-cold methanol for 30 minutes at 4°C. Then cells were intracellularly 
stained for phospho-STAT1 (Cell Signaling Technologies, Leiden, The Netherlands). Flow 
cytometry measurements were performed on a FACS Canto II (BD Biosciences, USA) and 
analyzed using FlowJo Software. 
Cell pellets of 5*105 cells were made for gene expression analysis of individual mice and 
the remainder of the thioglycollate-elicited macrophages was pooled and cultured in RPMI-
1640 containing 25 mM HEPES, 2 mM L-glutamine, 10% FCS, 100 U/ml penicillin and 100 
μg/ml streptomycin (all Gibco, Breda, The Netherlands) at a density of 5*105 cells/well in 
a 24-wells plate (all plates from Greiner Bio-One, Alphen a/d Rijn, The Netherlands). The 
peritoneal macrophages adhered overnight after which the medium was replaced. Cells 
were then stimulated with IFNγ (100 U/ml), LPS (10 ng/ml) or left unstimulated for 6 hours 
after which gene expression was analyzed. 
To measure nitric oxide (NO) production, cells were seeded at a density of 1*105 cells/
well in a 96-wells plate. Cells adhered for 2h, then the medium was replaced after which 
the cells were stimulated with LPS (100 ng/ml), IFNγ (50 ng/ml), a combination of both 
or left unstimulated for 24 hours. Hereafter NO production was measured by mixing 50 
µl of culture medium with 50 µl of Griess reagent (1 part 0.1% N-(1-napthyl)ethyldiamine 
dihydrochloride/60% ethanoic acid plus 1 part 1% sulfanilamide/30% ethanoic acid (all 
Sigma-Aldrich, Gillingham, UK)). Then, the absorbance was measured at 570 nm on a plate 
reader.  
To measure arginase-1 activity, cells were seeded at a density of 1*105 cells/well in a 96-wells 
plate. Cells adhered for 2h, then the medium was replaced after which the cells were 
stimulated with LPS (100 ng/ml), IL-4 (50 ng/ml), a combination of both or left unstimulated 
for 24 hours. Hereafter the cells were lysed with 50 µl 0.1% Triton X-100 containing 5 µg 
of the protease inhibitors pepstatin, aprotinin and antipain (all Sigma-Aldrich Gillingham, 
UK). Then, 50 µl of 10 mM MnCl2, 50 mM Tris-HCl, pH 7.5 (Sigma-Aldrich) was added to 
the cell lysate for 10 minutes at 55°C. Hereafter arginine hydrolysis was started by adding 
25 µl 0.5 M arginine, pH 9.7 (Sigma-Aldrich) to 25 µl of the activated lysate for 60 minutes 
at 37°C. The reaction was stopped by adding 400 µl stop solution containing H2SO4, H3PO4 
in H2O (1:3:7 v/v; Sigma-Aldrich).  Arginase-1 activity was then assessed as the amount of 
conversion from arginine to urea, which was colorimetrically quantified at 540 nm on a plate 
reader.  

Gene expression analysis
Total RNA from aortic arches and liver was isolated using the Qiagen RNeasy Mini Kit 
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(Qiagen, Venlo, The Netherlands) according to the manufacturer’s protocol. For the 
peritoneal macrophages, RNA was isolated from 5*105 cells per mouse or in vitro condition 
using the High Pure RNA Isolation kit (Roche, Woerden, The Netherlands). cDNA synthesis 
was performed using 500 ng total RNA with iScript (BioRad, Veenendaal, The Netherlands). 
Real-time PCR was performed with 4 ng cDNA, 300 nM of each primer and 300 nmol Sybr 
Green Fast Mix (Applied Biosystems, Bleiswijk, The Netherlands) on a ViiA7 PCR machine 
(Applied Biosystems, Bleiswijk, The Netherlands). Gene expression was corrected for ARBP 
and cyclophillin-A as housekeeping genes. Primer sequences are available on request.

Western blot
Equal amounts of protein samples were loaded on a SDS polyacrylamide gel and transferred 
to a PVDF membrane (Bio-Rad, Hemel Hempstead, UK). After blocking with 0.05% Tween-20 
and 5% nonfat dry milk in PBS for 90 minutes, blots were incubated overnight with anti-
STAT1 (1:1000; Santa Cruz, Heidelberg, Germany), anti-pSTAT1 (1:1000; Cell Signaling 
Technologies, Hitchin, UK) and anti-β-actin (1:1000; Sigma, Gillingham, UK). Blots were then 
washed and incubated with the appropriate HRP-conjugated secondary antibody (1:10000; 
Stratech Scientific, Newmarket, UK) for 90 minutes and visualized using the ECL substrate kit 
(Thermo Scientific, Hemel Hempstead, UK). 

Statistical analysis
All results are presented as mean ± S.E.M. Statistical analysis was performed using GraphPad 
Prism 5 software (GraphPad Software, San Diego, CA, USA) and SPSS Statistics 20 (IBM 
Software Group). All data were evaluated by the unpaired student t-test, except for scoring 
data, which were evaluated by the Pearson Chi-Square test. Data were considered significant 
if p<0.05. 

Experimental results

We studied the role of macrophage IFNγR2 in atherosclerosis development by use of 
a genetic approach. First a full IFNγR2-/- mouse (IFNγR2KO) was used to show that IFNγR2 
deficiency ablates IFNγ responses in general. IFNγ is known to polarize macrophages towards 
a pro-inflammatory M1 phenotype, with NO production as one of its hallmarks 4. As a tightly 
regulated balance exists between the different macrophage phenotypes, IFNγR2 deficiency 
was expected to decrease the M1 macrophage phenotype on the one hand and promote 
the M2 anti-inflammatory phenotype, with increased arginase-1 activity, on the other hand 
4.  Indeed peritoneal macrophages lacking IFNγR2 were irresponsive to IFNγ and showed 
strongly reduced NO production after LPS + IFNγ (Figure 1A). Moreover, we observed 
increased arginase-1 activity upon LPS and IL-4 stimulation of the cells lacking IFNγR2 (Figure 
1B), indicating that full IFNγR2 deficiency results in a shift towards the anti-inflammatory 
M2 macrophage phenotype. Next, a LysMCre-IFNγR2fl/fl (IFNγR2del) conditional knockout was 
generated to specifically ablate IFNγ signaling in myeloid cells only. We could then show that 
macrophages from both IFNγR2KO and IFNγR2del mice indeed had a decreased IFNγ signaling 
pathway as compared to IFNγR2wt mice. CD11b+F4/80+ peritoneal macrophages (PEMs) 
from both IFNγR2KO and IFNγR2del mice were unresponsive to IFNγ stimulation as compared 
to IFNγR2wt mice, as phosphorylation of STAT1 was absent, indicating an abrogated IFNγ 
signaling pathway (Figure 1C). In addition, the non-myeloid CD11b-F4/80- cells from IFNγR2wt 
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Figure 1. Absence of interferon gamma receptor 2 signaling attenuated the IFNγ response. (A) Nitric oxide 
production in IFNγR2wt and IFNγR2KO peritoneal macrophages (PEMs) after 24h stimulation with either LPS, IFNγ or 
a combination of both, n=6/condition. (B) Arginase-1 activity in IFNγR2wt and IFNγR2KO PEMs after 24h stimulation 
with either LPS, IL-4 or a combination of both, n=6/condition. (C) STAT1 phosphorylation in PEMs from IFNγR2wt, 

IFNγR2del and IFNγR2KO mice after 20 minutes stimulation with IFNγ, n=3/condition. Data are shown as mean ± 
S.E.M. * p<0.05, ** p<0.01, *** p<0.001.

and  IFNγR2del mice still had increased STAT1 phosphorylation upon IFNγ stimulation, while 
STAT1 phosphorylation was absent in PEMs from IFNγR2KO mice (Figure 1C). This indicates 
that the conditional myeloid knockout has no effect on other inflammatory cell lineages.  
In non-T cells isolated from a mixed population of splenocytes and peripheral lymph 
nodes from IFNγR2del mice, a similar abrogation of IFNγ signaling was detected upon IFNγ 
stimulation, as decreased phosphorylation of STAT1 was detected (Supplemental Figure 1). 
In contrast, their isolated T cell populations were still responsive to IFNγ, again indicating 
the conditional myeloid knockout has no effects on other inflammatory cell lineages 
(Supplemental Figure 1).  

Next, we transplanted atherosclerosis susceptible LDLR−/− mice with bone marrow from 
either IFNγR2fl/fl (IFNγR2wt) or IFNγR2fl/fl-LysMCre (IFNγR2del) mice and fed them a high fat 
diet for a period of 10 weeks. We could confirm that reconstitution of the transplanted bone 
marrow was efficient and was not different between IFNγR2wt and IFNγR2del mice (Figure 
2A). Throughout the experiment, IFNγR2wt and IFNγR2del mice showed a similar weight gain 
(Figure 2B) and a similar plasma lipid profile (Figure 2C and 2D). In addition, there were 
no differences in blood leukocyte subsets between both groups of mice (Figure 2E-2G). In 
spleen only very modest effects on some leukocyte subsets could be seen (Supplemental 
figure 2A-2C). 
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Figure 2. Mouse general characteristics were not different between IFNγR2wt  and IFNγR2del animals. (A) Chimerism 
in plasma of mice. (B) Mouse weight in grams at the start of the diet and right before sacrifice. (C) Triglyceride and 
(D) cholesterol levels in plasma from mice at the start of the diet and right before sacrifice. (E) Percentage of blood 
leukocyte levels and (F) the distribution of Ly6Clow and Ly6Chigh monocytes and (G) CD4+ and CD8+ T cells in blood, 
right after sacrifice. Data are shown as mean ± S.E.M., n=20-22/group.

To study the effect of myeloid IFNγR2 deficiency in atherosclerosis, we first tested 
characteristics and responses of isolated macrophages. We could demonstrate that gene 
expression of the IFNγR2 was almost completely absent on PEMs under unstimulated 
conditions confirming excellent gene deletion (relative gene expression: IFNγR2wt 1 ± 0.05 
vs. IFNγR2del 0.02 ± 0.004, p<0.0001) (Figure 3A). When stimulated ex vivo with IFNγ or LPS 
the expression of IFNGR2 was upregulated but remained strongly reduced in the IFNγR2del 

macrophages (relative gene expression after IFNγ: IFNγR2wt 5.48 ± 0.44 vs. IFNγR2del 3.11 ± 
0.28, p=0.017. LPS: IFNγR2wt 14.87 ± 0.10 vs. IFNγR2del 5.94 ± 0.27, p=0.0001) (Figure 3A). We 
then analyzed whether gene expression of IFNγ target genes was also reduced due to the 
absence of the IFNγR2. Indeed, gene expression of Cxcl10, Nos2 and Cd86 was significantly 
downregulated in PEMs from IFNγR2del animals as compared to IFNγR2wt animals (relative 
gene expression Cxcl10: IFNγR2wt 1 ± 0.06 vs. IFNγR2del 0.04 ± 0.004, p<0.0001. Nos2: IFNγR2wt 
1 ± 0.08 vs. IFNγR2del 0.006 ± 0.003, p=0.0002. Cd86 IFNγR2wt 1 ± 0.28 vs. IFNγR2del 0.40 ± 
0.08, p=0.112) (Figure 3B). Also after ex vivo stimulation with IFNγ or LPS this downregulation 
was present (Figure 3C and 3D). When PEMs were analyzed by flow cytometry we observed 
that expression of the Fc-gamma receptor CD64, which is induced upon IFNγ stimulation 
18, was reduced in IFNγR2del mice compared to IFNγR2wt (median: IFNγR2wt 11920 ± 857.5 
vs. IFNγR2del 8967 ± 873.8, p=0.050) (Figure 3E). In addition, we observed a trend towards 
decreased expression of IFNγR2 in the aortic arch (relative gene expression: IFNγR2wt 1 ± 
0.24 vs. IFNγR2del 0.57 ± 0.14, p=0.128) (Figure 3F). As many different non-myeloid cell types 
are present in the aortic arch, we did not see such a strong deletion as the deletion observed 
in the PEMs. Similar for the PEMs, we could show a downregulation of the IFNγ target 
genes Stat1, Cxcl10 and Cd86 in the aortic arch (relative gene expression Stat1: IFNγR2wt 
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1 ± 0.16 vs. IFNγR2del 0.82 ± 0.14, p=0.385. Cxcl10: IFNγR2wt 1 ± 0.27 vs. IFNγR2del 0.45 ± 
0.08, p=0.048. Cd86: IFNγR2wt 1 ± 0.15 vs. IFNγR2del 0.65 ± 0.08, p=0.048) (Figure 3G). No 
downregulation of IFNGR2 or of IFNγ target genes was observed in the spleen of IFNγR2del 

compared to IFNγR2wt animals (Supplemental figure 2D and 2E). As most spleen leukocytes 
are lymphocytes, this indicates that the bone marrow transplantation had no effect on non-
myeloid cells. Altogether these data demonstrate that the myeloid deletion of IFNγR2 was 
successful, also in a complex in vivo setting. 

Figure 3. Absence of myeloid interferon gamma signaling attenuated the myeloid IFNγ response. (A) IFNγR2 gene 
expression in PEMs under basal conditions or after 6h stimulation with either IFNγ or LPS, n=3/condition. (B) IFNγ 
target gene expression in PEMs under basal conditions, (C) upon 6h IFNγ or (D) 6h LPS stimulation n=3/condition. 
(E) CD64 extracellular expression on PEMs as measured by FACS analysis, n=5/group. (F) IFNγR2, (G) IFNγ target 
genes and (H) inflammatory cytokines gene expression in the aortic arch under basal conditions n=9-11/group. 
Data are shown as mean ± S.E.M. * p<0.05, ** p<0.01, *** p<0.001.

We then set out to determine whether myeloid deletion of IFNγR2 affected atherosclerosis 
development. Upon sacrifice, we assessed gene expression of inflammatory cytokines in the 
aortic arch as a first indication of atherogenesis. Gene expression of several inflammatory 
cytokines was found to be similar in both groups of mice (Figure 3H). In addition, gene 
expression of the macrophage marker CD68, which was used as a surrogate marker for 
atherosclerotic lesion development, did also not differ between both groups (relative gene 
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expression CD68: IFNγR2wt 1 ± 0.22 vs. IFNγR2del 0.65 ± 0.17, p=0.216). Hereafter, we further 
analyzed atherosclerosis development in a second atherosclerotic location, the aortic root. A 
comparable lesion size in the aortic root was observed between IFNγR2 wildtype and deleted 
animals (lesion size in µm*104: IFNγR2wt 32.20 ± 1.60 vs. IFNγR2del 27.22 ± 2.38, p=0.101) 
(Figure 4A and 4B). In addition, plaque severity scoring showed no difference between both 
groups (p=0.535) (Figure 4C). Plaque phenotype analysis showed no effects on collagen 
or macrophage content either, as well as on the amount of necrosis or the lipid content 
(Data represent % of lesion area; Collagen: IFNγR2wt 33.08 ± 2.87 vs. IFNγR2del 36.60 ± 2.40, 
p=0.350. Macrophage content: IFNγR2wt  58.68 ± 2.50 vs. IFNγR2del 59.67 ± 2.63, p=0.786. 
Necrosis: IFNγR2wt 17.70 ± 2.38 vs. IFNγR2del 17.40 ± 2.45, p=0.931. Lipid content: IFNγR2wt 
42.95 ± 3.60 vs. IFNγR2del 40.79 ± 4.39 p=0.713) (Figure 4D-H). Furthermore, endothelial 
activation as measured by VCAM1 staining was also similar between both groups (IFNγR2wt 

2.22 ± 0.11 vs. IFNγR2del 2.30 ± 0.11 p=0.645) (Figure 4I). These data thus exclude a role for 
myeloid IFNγR2 in atherosclerosis development. 
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Figure 4. Deficiency of myeloid interferon gamma signaling had no effect on atherosclerosis development in 
IFNγR2wt and IFNγR2del transplanted LDLR-/- mice. (A) Representative toluidine blue stained slides of the aortic 
root. The scale bar represents 500 µm. (B) Quantification of aortic root lesion area. (C) Plaque severity score. (D) 
Representative Sirius red stained slides. The scale bar represents 500 µm. (E) Quantification of collagen content and 
(F) macrophage, (G) necrotic and (H) lipid area and (I) VCAM1 staining. Data are shown as mean ± S.E.M., n=20-22/
group.
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As increased dietary cholesterol intake is also associated with liver inflammation 19, 20, we 
assessed the inflammatory state of the liver in both groups of mice. High fat diet induced 
liver steatosis as an accumulation of lipid droplets was observed in H&E stained sections. 
However, the amount of steatosis was comparable between wildtype and IFNγR2 deleted 
mice (p=0.682) (Figure 5A and 5B). Also, when Kupffer cell foam cell formation was scored, 
no significant differences between the groups were found (p=0.564) (Figure 5C and 5D). 
Further quantification of hepatic inflammatory cells showed no effect of IFNγR2 deletion 
(Data represent cells/mm2; Leukocytes: IFNγR2wt 1121 ± 61.49 vs. IFNγR2del 1171 ± 70.78, 
p=0.595. Infiltrated macrophages: IFNγR2wt 200.6 ± 15.07 vs. IFNγR2del 242.9 ± 22.86, 
p=0.142. T cells: IFNγR2wt 250.1 ± 18.33 vs. IFNγR2del 223.9 ± 15.23, p=0.279. Neutrophils: 
IFNγR2wt 63.15 ± 5.17 vs. IFNγR2del 58.42 ± 4.77, p=0.505) (Figure 5E-5H).  Further analysis 
of inflammation by assessing gene expression of inflammatory cytokines and chemokines 
showed no difference either (relative gene expression Il-1β: IFNγR2wt 1.03 ± 0.12 vs. IFNγR2del 
1.18 ± 0.19, p=0.508. Il-6: IFNγR2wt 1 ± 0.14 vs. IFNγR2del 1.03 ± 0.15, p=0.886. Tnf: IFNγR2wt 

0.95 ± 0.14 vs. IFNγR2del 0.87 ± 0.13, p=0.676. Mcp1: IFNγR2wt 0.97 ± 0.14 vs. IFNγR2del 0.96 
± 0.15, p=0.975) (Figure 5I). This indicates that myeloid IFNγR2 is also dispensable for the 
hepatic inflammation that accompanies atherosclerosis development.
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Figure 5. Deficiency of myeloid interferon gamma signaling had no effect on hepatic inflammation in IFNγR2wt 

and IFNγR2del transplanted LDLR-/- mice. (A) Representative H&E stained liver slides. The scale bar represents 100 
µm. (B) Scoring of liver steatosis in H&E stained slides, n=20-22/group. (C) Representative CD68 stained liver slides. 
The scale bar represents 100 µm. (D) Scoring of Kupffer cell foam cell formation n=20-22/group. (E) Quantification 
of leukocytes, (F) infiltrated macrophages, (G) T cells and (H) neutrophils in livers of IFNγR2wt and IFNγR2del mice 
n=20-22/group. (I) Relative gene expression of hepatic inflammatory cytokines and chemokines, n=12-13/group. 
Data are shown as mean ± S.E.M.
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Discussion

This study clearly demonstrates that myeloid IFNγR2 is dispensable for both atherosclerosis 
development and its accompanying hepatic inflammation. So far IFNγ was thought to be an 
essential pro-atherosclerotic cytokine 3, 7. But unlike several reports showing that targeting 
systemic IFNγ or IFNγ signaling strongly inhibits atherosclerosis development, we now 
demonstrate that focusing solely on myeloid IFNγ signaling does not affect atherosclerosis 
9-12, 21. So, even though myeloid cells itself are critically involved in atherosclerosis, IFNγ 
signaling is dispensable in those cells. As systemic IFNγ has been shown to be critical in 
atherosclerosis development, IFNγ signaling is thus essential in non-myeloid cells in 
atherogenesis. T-cells are obvious candidates as the IFNγ-producing Th1-cells for instance 
are present in the human atherosclerotic plaque and are also known IFNγ targets 3, 6. But 
IFNγ acts on nearly all cell types, including smooth muscle cells and endothelial cells, which 
are also important components of the atherosclerotic lesion 3, 7. As in our experiment IFNγ 
signaling was still intact in all these cells, the numerous immunomodulatory actions of IFNγ 
here could have counterbalanced the expected anti-atherogenic outcome of a myeloid 
IFNγR2 deletion.
As IFNγ is known to polarize macrophages to a pro-inflammatory M1 phenotype 4, deleting 
myeloid IFNγ signaling would result in a less pro-inflammatory state. At the same time, M1 
polarization can also be induced by Toll-like receptor (TLR) stimuli. Oxidized LDL is abundantly 
present in the atherosclerotic lesion and can act as a TLR4 ligand 22. Its presence could 
therefore sustain the macrophage M1 phenotype and the accompanying inflammatory 
response, which might be an explanation for the discrepancy between our initial hypothesis 
and the obtained results. However, it must be noted that we still observed downregulation 
of specific IFNγ-target genes upon LPS stimulation of PEMs in vitro. Data on gene expression 
of actual LPS-dependent genes is missing, which could turn out to be comparable in both 
groups of mice, supporting the abovementioned assumption. Not only in these PEMs, but 
also in the aortic arch we observed downregulation of IFNγ-target genes, which is important 
as several IFNγ-target genes, like for instance CXCL10 and MCP1, have been proven to 
be potent stimulators of atherosclerosis development 23-26. It is known that IFNγ-target 
genes possess atherosclerosis-promoting roles throughout disease development 7, the 
observed downregulation of those genes would thus suggest a reduction in atherosclerosis 
development. But, despite the observed downregulation and the excellent gene deletion, 
we did not observe any phenotypic effects on atherosclerosis or hepatic inflammation 
of myeloid IFNγR2 deficiency. Compensation for the loss of myeloid IFNγR2 might be 
an explanation for these unexpected results. However, compensation by IFNγR1 itself is 
impossible as IFNγR2 is required for signal transduction 14, 15. Perhaps alternative signaling 
mechanisms might have come into play in our in vivo setting, with intercellular vesicle 
trafficking being one of them. Recently it has been shown that the IFNγ/IFNγR1 complex 
can be transferred to neighboring cells in order to activate their STAT1 signaling 27. It could 
thus be that surrounding cells in the atherosclerotic lesion produce IFNγ and activate 
macrophages via this alternative mechanism of IFNγ signaling. However, this intercellular 
communication mechanism might only partially explain the lack of phenotype we observed, 
as we still observed downregulation of IFNγ-target genes. In addition, cross-talk exists 
between the type I and type II interferons, which explains some overlapping functions of the 
two interferon families. It has for instance been shown that the type I interferons can also 
induce STAT1 homodimerization, resulting in gene expression of downstream IFNγ-target 

13358- Boshuizen-Binnenwerk na proefdruk.indd   114 4-3-2016   16:17:50



Myeloid IFNγ signaling is dispensabe for atherosclerosis development

115

6

genes 28. Compensation by production of other cytokines than the type I interferons is also 
possible, as in antimicrobial studies IFNγ deficiency was compensated by increased TNF 
production 29, 30. However, in our study no increased TNF gene expression was observed, 
and again, as we observed a strong downregulation of IFNγ-target gene expression upon 
deletion of myeloid IFNγR2, it seems unlikely that the lack of myeloid IFNγ signaling is fully 
compensated by the action of other cytokines. 
Recently the paradigm that macrophages accumulate in the atherosclerotic lesion solely 
by monocyte recruitment has been brought into question, as it has been shown that 
maintenance of lesional macrophages also depends on local proliferation of previously 
recruited macrophages 31. However, in our study atherosclerosis development was initiated 
6 weeks after the bone marrow transplantation was performed. As it has been shown that 
early atherosclerosis is predominantly dependent on monocyte influx 31, 32, it is thus likely 
that in our study all lesional macrophages were monocyte-derived and thereby of donor 
origin. So, although the contribution of proliferating resident macrophages is of importance 
in advanced atherosclerotic lesions, it did likely not affect our bone marrow transplantation 
strategy. 
The contribution of gender in atherosclerosis development is also an issue to address. The 
influence of gender in murine atherosclerosis is still under debate, but it is known that 
gender specific effects on atherosclerosis exists 33. In a study by Whitman et al. male IFNγ-/-

ApoE-/- mice had decreased atherogenesis as compared to controls, while atherogenesis in 
female mice was unaffected 12. However, in a mixed group of both male and female IFNγ-

/-LDLR-/- mice a reduction in atherosclerosis development could be observed compared to 
controls, suggesting that effects on atherosclerosis were present in both genders 21. Gender 
differences are thus important to consider, which we cannot exclude in our experiments. 
Taken all abovementioned factors in consideration, we now assume that the lack of myeloid 
IFNγ signaling is somehow compensated by IFNγ-induced immunomodulatory actions on 
other cell types in the atherosclerotic lesion.
Next to atherosclerotic lesion analysis we analyzed the amount of hepatic inflammation in 
both groups of mice, as it has been shown that dietary cholesterol intake can induce liver 
inflammation 19, 20.  IFNγ is thought to be a stimulating factor in liver disease and it has for 
instance been shown that increased IFNγ production resulted in more liver damage upon 
liver inflammation 34, 35. Deleting myeloid IFNγ signaling might therefore reduce the degree 
of hepatic inflammation present under the course of a high fat diet. But in contrast to our 
expectations, myeloid IFNγR2 deletion did not influence this. Again other cell type-specific 
approaches, perhaps lymphocyte or vascular smooth muscle cell-specific, might be more 
effective in reducing the liver inflammation that is present during atherosclerosis. 
In conclusion, we show that absence of myeloid IFNγ signaling has no effect on atherosclerosis. 
As myeloid IFNγ signaling is not essential throughout atherosclerosis development, we now 
suggest that the role of IFNγ in this disease should be investigated in other cell types. 
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Supplemental material

Supplemental figure 1. Absence of myeloid interferon gamma signaling specifically attenuated the IFNγ response 
in non-T cells as compared to T cells. STAT1 phosphorylation in pooled splenocytes and peripheral lymph node 
cells after 20 minutes stimulation with 10 ng/ml IFNγ, n=3/condition.
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Supplemental figure 2. Spleen characteristics were not different between IFNγR2wt and IFNγR2del animals. (A) 
Percentage of spleen leukocyte levels and (B) the distribution of Ly6Clow and Ly6Chigh monocytes and (C) CD4+ and 
CD8+ T cells, n=20-22/group. (D) IFNγR2 and (E) IFNγ target gene expression in the spleen, n=10/10. Data are shown 
as mean ± S.E.M. ** p<0.01.
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Abstract 

Inflammatory responses and cholesterol homeostasis are interconnected in atherogenesis. 
IL-10 is an important anti-inflammatory cytokine, known to suppress atherosclerosis 
development. However, the specific cell types responsible for IL-10’s atheroprotective 
effects remain to be defined and knowledge on IL-10’s actions on cholesterol homeostasis 
in atherogenesis is scarce. Here we investigated the functional involvement of myeloid IL-
10-mediated atheroprotection. 
To do so, bone marrow from IL-10 receptor 1 (IL-10R1) wildtype and myeloid IL-10R1 
deficient mice was transplanted to lethally irradiated female LDLR-/- mice. Hereafter mice 
were given a high cholesterol diet for 10 weeks after which atherosclerosis development and 
cholesterol metabolism were investigated. In vitro, myeloid IL-10R1 deficiency resulted in a 
pro-inflammatory macrophage phenotype. However, in vivo significantly reduced lesion size 
and severity was observed. This surprising phenotype was associated with lower myeloid 
cell accumulation and higher levels of apoptosis in the lesions. Additionally, a profound 
reduction in plasma and liver cholesterol was observed upon myeloid Il-10R1 deficiency, 
which was reflected in the plaque lipid content. This decreased hypercholesterolemia was 
associated with lowered VLDL and LDL levels, likely as a response to decreased intestinal 
cholesterol absorption. In addition, IL-10R1 deficient mice demonstrated substantially 
higher fecal sterol loss. This increased non-biliary cholesterol efflux was linked to impaired 
ACAT2-mediated esterification of liver and plasma cholesterol.
Overall, myeloid cells do not contribute to IL-10-mediated atheroprotection. In addition, 
this study demonstrates a novel connection between IL-10-mediated inflammation and 
cholesterol homeostasis in atherosclerosis. These findings make us reconsider IL-10 as a 
beneficial influence on atherosclerosis.

Keywords: Interleukin-10; myeloid cells; atherosclerosis; cholesterol; TICE
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Introduction

Atherosclerosis forms the underlying pathology for many cardiovascular diseases through a 
complex interplay between inflammatory responses and hyperlipidemia. Characteristically, 
monocyte-derived macrophages and other leukocytes accumulate in the arterial intima 
in response to local lipoprotein retention. Here, immune activation and cell recruitment 
fuels an inflammatory state, in part by production of pro-inflammatory cytokines such as 
TNF, interleukin (IL)-1β and IL-12 1, 2. Opposing this inflammatory response are select anti-
inflammatory cytokines (e.g. IL-10) that support a more balanced plaque microenvironment. 
Since its involvement in human atherosclerosis was recognized 3, 4, a large body of 
evidence presents IL-10 as a potent regulator of several cellular processes central to 
plaque development. In plaques, this pleiotropic cytokine is produced by leukocytes, most 
notably macrophages 5, and acts to (auto)regulate pro-inflammatory cytokine synthesis 6-8. 
Furthermore, IL-10 influences foam cell formation 9 and stimulates survival of immune cells 
3, 10-13. As such, IL-10 signaling has been a target for selective intervention in experimental 
atherosclerosis. Indeed, several studies have employed either IL-10 gene therapy 11-13, 
or disruption of IL-10 14-16 and its downstream signaling components 17, 18 to effectively 
consolidate its status as an atheroprotective cytokine. 
As mentioned above, the combined actions of inflammatory responses and hyperlipidemia 
influence atherosclerosis. Retaining cholesterol homeostasis is therefore of key importance 
19. The liver is a central player here, adjusting synthesis and clearance of cholesterol and 
lipoproteins in relation to the supply of dietary cholesterol coming from the intestine. 
Additionally, the liver regulates removal of cholesterol from the body through high-density 
lipoprotein (HDL) mediated reverse cholesterol transport (RCT), for subsequent biliary 
secretion to the feces. Although this hepatobiliary pathway was assumed to be the sole 
route for cholesterol excretion, several studies have now suggested the existence of an 
alternative pathway 20, 21. 
In addition to the liver, the intestine also profoundly affects cholesterol metabolism by 
facilitating cholesterol (re-)absorption, biosynthesis and fecal excretion. Recently, cholesterol 
transport from the blood to the intestinal lumen directly via enterocytes has been confirmed 
and termed transintestinal cholesterol efflux (TICE) 22. Although incompletely understood, 
available data illustrates that TICE contributes substantially to fecal neutral sterol (NS) 
excretion in rodents and also likely in humans 23, 24, with ApoB-containing lipoproteins, like 
VLDL and LDL, as cholesterol substrates 25.  Hepatic depletion of acetylcoA-acetyltransferase 
2 (ACAT2), the main enzyme responsible for the esterification of free cholesterol into ApoB-
lipoproteins secreted by the liver, has been found to stimulate TICE 26. However, insight into 
the actual control mechanisms of TICE is limited. 
So far, the way by which IL-10 influences atherosclerosis and cholesterol homeostasis is 
incompletely understood. For instance, it remains uncertain which of IL-10’s many target 
cell types mediate its beneficial atherosclerotic properties. Because myeloid responsiveness 
to IL-10 is required for appropriate immunoregulation, we hypothesized that myeloid cells 
might be critical in IL-10-mediated modulation of plaque inflammation. Hence, we assessed 
the functional involvement of myeloid IL-10 signaling in atherogenesis. Our results reveal 
an unexpected pro-atherogenic role for myeloid IL-10R1 signaling in LDLR-/- mice, which is 
partly mediated via reduced hypercholesterolemia induced by altered intestinal cholesterol 
fluxes. Hereby, we identify a previously unknown connection between IL-10 signaling and 
intestinal cholesterol metabolism.
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Materials and Methods

Animals
Mice carrying floxed IL-10R1 alleles 27 were crossed to LysMCre-mice 28 to yield animals 
with a homozygously floxed IL-10R1 gene and either wildtype or heterozygous knock-in for 
LysMCre (IL-10R1wt and IL-10R1del, respectively). These animals were backcrossed to C57Bl/6 
eight times. LDLR-/- mice were acquired from Jackson Laboratories (Bar Harbor, Maine, US) 
and had been backcrossed to C57Bl/6 ten times. The Committee for Animal Welfare of 
Maastricht University Medical Center approved all study protocols (permit-nr. 2008-064 and 
2010-167).

Bone marrow transplantation
SPF-housed female LDLR mice-/- were provided with water supplemented with neomycin 
(100 mg/l) and polymyxin B sulphate (6*104 U/l; both GIBCO, Breda, The Netherlands) one 
week prior to transplantation. Mice subsequently received 6 Gy total body irradiation on 
two consecutive days. LDLR-/- recipients received intravenous injection of 5*106 pooled bone 
marrow cells from either IL-10R1wt mice or IL-10R1del donors (all littermates). Transplantation 
efficiency was evaluated ten weeks post-transplantation by isolating genomic DNA from 
blood leukocytes using the GFX Genomic Blood DNA purification kit (Amersham Pharmacia 
Biotech Inc., Arlington Heights, Illinois, USA) and the quantity of native (LDLR-/-) DNA was 
assessed using RT-qPCR, as previously described 15.

Atherosclerosis assessment
Following a six-week recovery period, LDLR-/- recipients were provided a high-cholesterol 
diet (HCD) containing 16% fat, 0.15% cholesterol and no cholate (Western type diet 4021.13, 
Hope Farms, The Netherlands) for 6 (n=9/genotype) or 10 weeks (n=20/genotype) to 
induce either early or more advanced atherosclerosis. At indicated time points over the 
course of each experiment fasting blood samples were collected for analyses as described 
below. Upon sacrifice, hearts were isolated, dissected and frozen in Tissue-Tek (Shandon, 
Veldhoven, The Netherlands). Subsequently, aortic roots were cut into 7 µm sections, of 
which serial cryosections were routinely stained with toluidine blue for plaque quantification 
using Adobe Photoshop software. Moreover, plaques were classified by an experienced 
pathologist as early, moderate or advanced as described before 15. 

Immunohistochemistry    
Murine aortic root cryosections were fixed in acetone prior to incubation with antibodies 
against monocytes and macrophages (MOMA-2, a gift from G. Kraal, VUmc, Amsterdam); 
newly recruited myeloid cells (ERMP-58, a gift from P. Leenen, Erasmus MC, Rotterdam) 
and granulocytes (NIMP1 directed against Ly6G, a gift from P. Heeringa, UMCG, Groningen).  
Staining was visualized using a biotin-labelled rabbit-α-rat secondary antibody and ABC kit 
(Vector Labs, Burlingame, CA, USA). Sirius red staining was performed to visualize plaque 
collagen content. Oil Red O (ORO) staining enabled visualization of neutral lipids in plaques. 
TUNEL staining (Roche Diagnostics, Mannheim, Germany) was used for detection of 
apoptotic cells. For MOMA-2, Sirius red and ORO staining, quantification was performed 
using Adobe Photoshop software.
For intestinal immunohistochemistry, colons were excised upon sacrifice and paraffin-
embedded. Then, 4 μm sections were HE-stained and evaluated by a pathologist.
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Flow cytometry analysis
Plasma cytokine levels were measured by flow cytometry using a Cytometric Bead Array (BD 
Biosciences, CA, USA) according to manufacturer’s instructions. 

Primary macrophage culture
Bone marrow cells were isolated from the hind limbs of wildtype and IL-10R1-deficient 
mice and cultured in RPMI-1640 medium (Life Technologies, Bleiswijk, The Netherlands) 
complemented with 10% heat-inactivated fetal calf serum (Bodinco, Alkmaar, The 
Netherlands), 100 U/ml penicillin, 100 μg/ml streptomycin, 2 mM L-glutamine (all from 
GIBCO Invitrogen, Breda, The Netherlands) and 15% L929-conditioned medium (LCM) for 
8–9 days to generate bone marrow-derived macrophages (BMMs), as described previously 
17. BMMs were seeded at 3.5*105 cells/well in bacteriologic plastic 24-well plates (Greiner 
Bio-One, Alphen a/d Rijn, The Netherlands) and incubated with 10 ng/ml of recombinant 
murine IL-10 (R&D Systems Inc., Abingdon, UK) for 24 hours or with 10 ng/ml LPS for 3, 8 or 
24 hours where designated.

Gene expression
RNA was isolated from BMMs and liver samples using the High Pure RNA Isolation Kit 
(Roche, Woerden, The Netherlands). RNA isolation from aortic arches was performed using 
the RNeasy mini column kit (Qiagen, Venlo, The Netherlands). 500 ng total RNA was reverse 
transcribed using the iScript cDNA Synthesis Kit (BioRad, Veenendaal, The Netherlands). 
Quantitative PCR (qPCR) was performed using 10 ng cDNA, 300 nM of each primer, and 
sensiMix SYBR Hi-ROX (Bioline, Brussels, Belgium) in a total volume of 20 μl. Gene expression 
levels were corrected for cyclophilin A as reference gene. Primer sequences are available 
upon request.
RT2 Profiler™ PCR Array Mouse Lipoprotein Signaling & Cholesterol Metabolism (PAMM-
080Z, Qiagen, Venlo, The Netherlands) was used to outline cholesterol-associated gene 
expression in RNA from homogenized liver samples according to manufacturer’s protocols 
(n=8/genotype). 

Cytokine secretion
TNF and IL-12 secretion by IL-10R1wt and IL-10R1del BMMs was quantified in supernatants 
after LPS stimulation using corresponding ELISA kits (Invitrogen, Bleiswijk, The Netherlands) 
according to manufacturer’s protocols.

Macrophage oxLDL loading
BMMs, left untreated or treated for 24 hours with 10 ng/ml IL-10 were incubated for 3 hours 
in Optimem-1 with 12.5 mg/ml DiI-labelled oxLDL (SanBio, Uden, The Netherlands). Uptake 
was assessed by flow cytometry after residual oxLDL was washed away.

Lipid analysis
Total plasma cholesterol and triglyceride levels were determined using standard enzymatic 
kits according to manufacturer's protocols (Sigma-Aldrich, Zwijndrecht, The Netherlands). 
For liver cholesterol and triglyceride quantification, frozen liver specimens were 
homogenized in 1.0 ml SET buffer (Sucrose 250 mM, EDTA 2 mM and Tris 10 mM) using 5.0 
mm glass beads. Three freeze–thaw cycles ensured complete cell lysis. Liver protein content 
was measured using the BCA method (Pierce, Rockford, IL, USA). Lipid measurements were 
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performed as described above.
Lipoprotein profiles were determined on pooled plasma samples from 20 mice/genotype 
using an AKTA Basic chromatography system with a Superose 6PC 3.2/30 column (Amersham 
Biosciences, Roosendaal, The Netherlands).

Determination of systemic cholesterol balance
Cholesterol fluxes were measured as described previously 29. Briefly, at day 0, mice received 
an intravenous dose of 0.3 mg (0.73 μmol) cholesterol-D7 dissolved in Intralipid (20%, 
Fresenius Kabi, Den Bosch, The Netherlands) and an oral dose of 0.6 mg (1.535 μmol) 
cholesterol-D5 dissolved in medium-chain triglyceride oil. Blood spots were collected from 
the tail on filter paper (Schleicher & Schuell No2992, ‘s Hertogenbosch, The Netherlands) 
daily for 10 days. 72 hours before sacrifice 13C-acetate was added to the drinking water to 
determine the amount of newly synthesized cholesterol. At the end of the experiment, mice 
were anaesthetised (intraperitoneal Ketamine/Diazepam), the gallbladder was canulated 
and bile was collected for 30 minutes. Subsequently, mice were sacrificed by cardiac 
puncture and organs were harvested. Feces were collected for 48 hours prior to sacrifice.
For analytical procedures, cholesterol was extracted from blood spots and cholesterol-D5 
and D7 were analysed by gas chromatography/mass spectrometry (GC/MS) as described 
30. Biliary phospholipid concentrations were determined as described 30. Biliary bile acids 
were determined by an enzymatic fluorimetric assay. Cholesterol in plasma and bile, fecal 
cholesterol and its derivatives (also called neutral sterols) and biliary bile acid species were 
determined by gas chromatography 30. Hepatic lipids were extracted according to Bligh & 
Dyer. 

Cholesterol precursor analysis
Cholesterol was determined by gas chromatography-flame ionization detection using 
5a-cholestane as internal standard. The cholesterol precursors lathosterol, lanosterol and 
desmosterol as well as the plant sterol campesterol was measured by gas chromatography-
mass spectrometry-selected ion monitoring, as described previously 31, 32.

Statistics
Data are presented as mean ± the standard error of the mean (SEM). All statistical analyses 
were performed using GraphPad Prism (GraphPad Software Inc.). Groups were compared 
using (Welch-corrected) two-tailed, non-paired t-tests or a two-way ANOVA. Plaque severity 
scores were compared using a Chi-square test. Significance was set at p<0.05. *, ** and *** 
indicate p<0.05, 0.01 and 0.001, respectively. 

Results

IL-10R1del primary macrophages are unresponsive to IL-10 and hyperresponsive to LPS
To assess macrophage function in absence of IL-10R signaling, we specifically deleted IL-
10R1 in the myeloid lineage by crossing IL-10R1floxed mice with LysMCre mice. The resulting 
LysMCre-IL-10R1fl/fl (IL-10R1del) mice were compared to IL-10R1fl/fl (IL-10R1wt) mice as 
wildtype controls. Deletion in bone marrow-derived macrophages (BMMs) resulted in an 
approximate 80% decrease in IL10R1 gene expression (Figure S1A, further characterization 
has been described in 27). This significantly impaired induction of established IL-10 target 
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genes (e.g. suppressor of cytokine signaling 3, SOCS3; IL-4Rα) upon IL-10 treatment (Figure 
S1B, S1C), indicating that genetic ablation of IL-10R1 was both efficient and effective. As 
IL-10 is an important regulator of innate pathogen-associated inflammation, we tested 
the response to lipopolysaccharide (LPS). After 24 hours LPS stimulation, IL-10R1del BMMs 
showed enhanced secretion of pro-inflammatory cytokines TNF and IL-12p40 in comparison 
to WT BMMs (Figure S1D, S1E). Moreover, whereas IL-10 treatment could strongly inhibit 
these cytokine responses in WT BMMs, this effect was far less pronounced in IL-10R1del 

BMMs (Figure S1F-S1G). Thus, IL-10R1del macrophages have a pro-inflammatory phenotype 
in vitro. 

Myeloid IL-10R1-deficiency attenuates atherosclerotic plaque size and severity in 
LDLR-/- mice
Next, we examined the involvement of myeloid IL-10R1 signaling in atherosclerosis 
development. To this end, we reconstituted lethally irradiated LDLR-/- mice with bone marrow 
from either IL-10R1wt or IL-10R1del mice. Repopulation of the bone marrow compartment 
was found to be similar for both groups (97.6% ± 0.1 vs. 97.1% ± 0.3). After 10 weeks of 
high cholesterol diet (HCD), quantification of atherosclerosis in the aortic root revealed a 
dramatic 70% reduction in lesion area in IL-10R1del mice vs. IL-10R1wt animals (Figure 1A and 
1B). Moreover, classification of plaque severity showed that lesions from IL-10R1del mice 
were less advanced in comparison to their wildtype counterparts (Figure 1C, Chi-square 
test p<0.0001). Quantification of plaque collagen area demonstrated that lesions from IL-
10R1-deficient animals had 34% less fibrous tissue in relation to lesion size as compared to 
controls (Figure 1D). Quantifying TUNEL+ cells in the lesions showed a significantly higher 
incidence of apoptotic cells/mm2 in lesions from IL-10R1del mice This increased susceptibility 
to apoptotic cell death could contribute to the reduced lesion size we observed in IL-10R1del 

mice. 
In order to confirm the consistency of this phenotype, we performed an analogous 
experiment with a six-week period of high cholesterol feeding. As for 10 weeks HCD, IL-
10R1del mice demonstrated an identical 70% decrease in plaque area as compared to 
wildtype animals (Figure S2A and S2B). Together, these findings indicate that disruption of 
myeloid IL-10R signaling strongly inhibits atherosclerosis development.

Myeloid IL-10R1 deficiency reduces plaque neutral lipid content and macrophage 
cholesterol loading
Because hyperlipidemia is a driving force of atherosclerosis, we explored circulating lipid 
levels in both groups of mice. Whilst bodyweight and plasma triglyceride content were 
equal between genotypes, plasma cholesterol was markedly reduced in IL-10R1-deficient 
animals (Table 1). This effect was greatest after 10 weeks HCD, but already apparent on chow 
diet. Next, we questioned whether this resistance to diet-induced hypercholesterolemia in 
IL-10R1del mice affected plaque size and morphology. Through linear regression analysis 
of plasma cholesterol levels and plaque size we observed that the generated curves had 
different slopes, indicating that for given cholesterol levels IL-10R1-deficient plaques were 
smaller (Figure S3A). To confirm this, we selected mice with comparable cholesterol exposure 
(Figure S3B) and found that in absence of myeloid IL-10R1-signaling plaque burden was still 
significantly decreased (Figure S3C). Thus, reduced blood cholesterol levels could not fully 
account for altered lesion size in these animals. 
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Figure 1. Myeloid IL-10R1-deficiency attenuates atherosclerotic plaque size and severity and alters cholesterol 
handling. (A) Representative photographs of toluidine blue-stained aortic roots from high-cholesterol fed IL-
10R1wt and IL-10R1del mice (x40). (B) Quantification of lesion area in aortic roots from IL-10R1wt and IL-10R1del 
mice upon 10 weeks HCD, n=18/group. (C) Pie diagrams of lesion distribution in IL-10R1wt and IL-10R1del mice into 
early, moderate or advanced lesions, n=18/group. Data were tested using the Chi-square test. (D) Quantification 
of plaque collagen content by Sirius Red staining. Data are presented as a percentage of total lesion area, n=18/
group. (E) Quantification of TUNEL+ cells in atherosclerotic lesions, n=18/group. (F) Representative photographs of 
ORO-stained aortic roots of wildtype and IL-10R1 deleted mice. (G) Quantification of neutral lipid content, n=18/
group. (H, I) OxLDL uptake by wildtype and IL-10R1 deficient BMMs upon 3 hours incubation with 12.5 mg/ml DiI-
labelled oxLDL in OPTIMEM-medium in the presence or absence of 10 ng/ml αIL-10, n=3/group (H) Representative 
histograms of positive counts in both genotypes. (J, K) Gene expression analysis of oxLDL-loaded IL-10R1wt and 
IL-10R1del BMMs for scavenger receptors (CD36, SR-A) and efflux transporters (ABCA1, ABCG1), n=3/group. Data 
represents means ± SEM, and data were tested using the students t-test.
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Table 1. Basal characteristics of wildtype and IL-10R1-deficient mice on chow and high-cholesterol diet. 

chow diet 4w HCD 10w HCD

Basal characteristics IL-10R1wt IL-10R1del IL-10R1wt IL-10R1del IL-10R1wt IL-10R1del

Bodyweight (g) 17.9 ± 0.2 18.3 ± 0.3 20.4 ± 0.1 21.0 ± 0.1 21.6 ± 0.3 21.5 ± 0.3

Cholesterol (mM) 8.60 ± 0.30 7.62 ± 0.27a 30.68 ± 1.58 20.12± 1.18b 37.07 ± 2.78 25.72± 1.39b

Triglycerides (mM) 0.49 ± 0.03 0.57 ± 0.04 1.02 ± 0.08 0.89 ± 0.06 0.85 ± 0.07 0.75 ± 0.04

a indicates p<0.01, b indicates p<0.0001.

As IL-10 is known to influence macrophage cholesterol handling 9, we quantified plaque 
neutral lipid content by Oil Red O (ORO) staining. This revealed a significantly reduced ORO+ 

area in relation to plaque size in IL-10R1del mice (Figure 1F and 1G), suggesting diminished 
foam cell formation in vivo. We subsequently confirmed this finding in vitro, as IL-10R1del 

BMMs displayed significantly less oxLDL uptake compared to IL-10R1wt BMMs upon 3 hours 
of oxLDL incubation (Figure 1H and 1I). This effect could be abolished in WT BMMs by a 
neutralizing α-IL-10 antibody, whereas uptake by IL-10R1del BMMs was not affected (Figure 
1H). This effect was associated with decreased transcription of the scavenger receptors CD36 
and SR-A, as well as efflux transporters ABCA1 and ABCG1, which were shown previously to 
be IL-10-inducible genes. (Figure 1J and 1K) 9, 33. Concluding, myeloid IL-10R1 deletion results 
in resistance to macrophage cholesterol loading.

Myeloid IL-10R1 deficiency limits plaque macrophage and neutrophil content, but does 
not affect systemic inflammation
Since IL-10 limits the inflammatory responses that drive plaque progression, we tested 
whether myeloid IL-10R1-deficiency affected systemic and intimal inflammation in our 
atherosclerosis model. Absolute blood leukocytes numbers after 6 weeks HCD were not 
different in myeloid subsets, whereas in the lymphoid populations only a mild increase in 
NKT-cells was observed (data not shown). Plasma levels of inflammatory cytokines were 
also comparable between genotypes (Figure 2A). 
To further assess the inflammatory status of the vessel wall, we first assessed inflammatory 
gene expression in the aortic arch. Although decreased aortic expression of the macrophage 
marker CD68 reflected impaired atherogenesis in IL-10R1del mice (Figure 2B), myeloid IL-10R1 
disruption did not elicit a significantly skewed inflammatory profile (Figure 2C). Subsequently, 
we measured plaque leukocyte content. Lesions consisted mostly of macrophages, which 
were significantly decreased in IL-10R1del mice (Figure 2D and 2E). Accordingly, the number 
of newly recruited myeloid cells was smaller in IL-10R1del lesions after 6 weeks and 10 weeks 
of HCD (Figure 2F and 2G). Neutrophil counts were significantly decreased in IL-10R1del mice 
at 6 weeks of HCD, but not after 10 weeks of HCD (Figure 2H and 2I). Hence, in contrast 
to our in vitro data, loss of myeloid IL-10 signaling does not lead to systemically enhanced 
inflammation in an atherosclerotic setting. 
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Figure 2. Myeloid IL-10R1 deficiency limits macrophage and neutrophil accumulation in plaques, but does not 
affect systemic inflammation. (A) Circulating plasma levels of mouse inflammatory cytokines in both genotypes, 
n=10/group. (B) Aortic arch gene expression of CD68 and (C) of inflammatory cytokines, n=16/group. (D-E) 
Representative photographs of aortic root staining and quantification of macrophages after 10 weeks of HCD and 
(F-G) recently infiltrated myeloid cells and (H-I) neutrophils after both 6 and 10 weeks of HCD, with n=9/group for 6 
weeks n=18/group for 10 weeks HCD. Data represents means ± SEM, and data were tested using the students t-test.

Myeloid IL-10R1 deficiency reduces hypercholesterolemia in high cholesterol fed 
LDLR-/- mice
As myeloid IL-10R1 deficiency had profound effects on plasma cholesterol levels, we further 
investigated cholesterol metabolism in these mice. We first confirmed that this effect was 
not a result of enterocolitis, as recent papers describe an important role for IL-10 signaling 
in gut homeostasis 34-36, and as defective IL-10 signaling is associated with inflammatory 
bowel disease (IBD) 37. As genetic background and environmental factors determine disease 
course in IL-10-/- mice 38, we used SPF mice on a naturally resistant C57Bl/6 background and 
assured that our colony tested negative for Helicobacter pylori (data not shown). Under 
these conditions, IL-10R1del mice did not present any symptoms to suggest disease. The lack 
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of weight loss (Figure S4A) and intestinal inflammation at histological examination (Figure 
S4B) subsequently eliminated overt intestinal inflammation as a causal factor for reduced 
hypercholesterolemia in IL-10R1del mice. 
To gain further insight into the observed cholesterol phenotype, we subsequently assessed 
lipoprotein profiles in pooled plasma samples taken before and 10 weeks after HCD. IL-10R1del 
mice showed a pronounced 56.3% and 33.6% decrease in circulating VLDL and LDL particles 
respectively upon HCD, whereas no differences in HDL cholesterol were observed (Figure 3A 
and 3B). Like for plasma cholesterol levels, we observed decreased liver cholesterol levels, 
while triglyceride levels remained similar between both groups of mice (Figure 3C). 
Next, to evaluate which areas of cholesterol metabolism were affected by loss of myeloid 
IL-10 signaling, we performed a RT2 Profiler™ PCR Array aimed at genes involved in 
lipoprotein signaling and cholesterol metabolism on hepatic RNA. Out of 84 genes, 9 
genes were significantly upregulated in IL-10R1del mice compared to IL-10R1wt  (Figure 
3D). Together, these genes represent the majority of enzymes involved in the cholesterol 
biosynthesis cascade, indicating enhanced endogenous cholesterol synthesis. In addition, 
13 genes involved in cellular cholesterol transport and metabolism displayed significant 
downregulation (Figure 3D). 

Figure 3. Myeloid IL-10R1 deficiency attenuates hyperlipidemia in LDLR-/- mice. (A, B) Lipoprotein profiles from 
pooled plasma samples of IL-10R1wt and IL-10R1del mice on chow and upon 10 weeks HCD. (C) Liver total cholesterol 
and triglyceride levels in both groups of mice, n=8-9/group. (D) Gene expression levels of hepatic genes involved in 
cholesterol metabolism, expressed as fold change of IL-10R1del mice compared to wildtype animals with associated 
p-value (dots), n=8/group. (E, F) Plasma lanosterol- and lathosterol-to-cholesterol ratios and campesterol- and 
cholestanol-to-cholesterol ratios as respective markers of cholesterol biosynthesis and intestinal absorption in IL-
10R1wt and IL-10R1del mice, n=16-15/group. Data represent mean ± SEM, and data were tested using the students 
t-test.
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We then determined the plasma lathosterol-to-cholesterol ratio, which reflects the rate of 
de novo cholesterol synthesis 19. Surprisingly, we found this ratio to be significantly decreased 
in IL-10R1del mice relative to controls (a decrease of 11.8%). Alternatively, lanosterol, the 
principal precursor of lathosterol, and desmosterol did match hepatic gene expression in 
showing significantly enhanced plasma levels in IL-10R1del mice (an increase of 85.6% and 
44.5% respectively) (Figure 3E). This indicated that cholesterol biosynthesis was increased, 
and thereby unlikely to account for reduced hypercholesterolemia in IL-10R1del mice. As 
the amount of dietary cholesterol directed to the liver by the intestine strongly affects 
cholesterol synthesis rates 19, we focussed on intestinal cholesterol absorption. Therefore 
we determined plasma levels of campesterol and cholestanol. Both of these markers 
showed lower plasma levels in relation to cholesterol in IL-10R1del mice (a decrease of 24.9 
and 11.6% respectively) (Figure 3F), implying reduced intestinal absorption of cholesterol is 
a likely contributor to reduced hypercholesterolemia and increased cholesterol biosynthesis 
in IL-10R1del mice.

Myeloid IL-10R1 deficiency reduces intestinal cholesterol absorption and promotes non-
biliary cholesterol efflux
In addition to de novo cholesterol synthesis and intestinal absorption, excretion of 
cholesterol into feces is another key determinant of cholesterol homeostasis. Traditionally, 
this occurs through liver-mediated secretion into bile, but recently a distinct transintestinal 
route has come under attention that operates independently from the biliary pathway 
(TICE). We quantified these cholesterol fluxes using differentially labelled cholesterol 
molecules and 13C-acetate. Basal characteristics of IL-10R1wt and IL-10R1del mice before and 
after 6 weeks HCD are shown in Table 2. IL-10R1del mice demonstrated decreased plasma 
and liver cholesterol levels, whereas liver triglyceride levels were equal between genotypes. 
Likewise, hepatobiliary output parameters did not reveal any differences between both 
groups of mice (Table 3). 
In line with hepatic gene expression, the level of newly synthesized cholesterol in IL-10R1del 

mice was increased five-fold compared to wildtype animals (Figure 4A). This coincided with 
significantly enhanced mRNA levels for HMG-coA reductase in liver and intestine of IL-
10R1del mice (Figure 4B). Fractional intestinal absorption of cholesterol was indeed lowered 
in the absence of myeloid IL-10 signaling (Figure 4C). Next, we assessed the amount of 
fecal sterol loss. IL-10R1del mice showed a pronounced increase in fecal neutral sterol (NS) 
and cholesterol content (Figure 4D). Yet, the amount of fecal bile acids was comparable 
between genotypes (Figure 4D). Interestingly, linear regression analysis revealed an inverse 
correlation between plasma cholesterol levels and fecal neutral sterol content in IL-10R1del 

mice, but not in wildtype animals (Figure 4E). By integrating calculated cholesterol fluxes, 
we defined the amount of non-biliary cholesterol efflux (TICE) in IL-10R1del and IL-10R1wt 

mice. In line with our previous finding, non-biliary cholesterol efflux was upregulated almost 
12-fold in the absence of myeloid IL-10R signaling (Figure 4F). Recently an inverse link 
between TICE and the expression of Cyp7A1 and 8B1 enzymes that generate bile acids was 
shown (unpublished data A.K.G.). Correspondingly, hepatic gene expression of these bile 
acid synthesizing enzymes was determined and was found to be significantly downregulated 
(Figure 4G). In summary, IL-10R1del mice have decreased hypercholesterolemia due to a 
combination of reduced fractional absorption of cholesterol and enhanced fecal cholesterol 
excretion, an effect that occurs independently from biliary excretion.  
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Table 2. IL-10R1del mice display a reproducible phenotype upon 6 weeks high-cholesterol feeding. 

chow diet high cholesterol diet

Basal characteristics IL-10R1wt IL-10R1del IL-10R1wt IL-10R1del

Plasma cholesterol (mM) 7.2 ± 0.3 6.6 ± 0.1 36.9 ± 2.6 23.5 ± 3.2a

Plasma triglycierides (mM) 1.0 ± 0.1 0.9 ± 0.2 2.6 ± 0.2 1.5 ± 0.2a

Bodyweight (g) 17.9 ± 0.2 18.3 ± 0.3 21.6 ± 0.3 21.5 ± 0.3

Liver weight (g) n/a n/a 1.1 ± 0.04 1.0 ± 0.04

Liver cholesterol (ng/μg protein) n/a n/a 40.0 ± 1.7 25.3 ± 1.3b

Liver triglycerides (ng/μg protein) n/a n/a 143.6 ± 9.4 143.1 ± 9.0

Food intake (g/d) n/a n/a 2.4 ± 0.1 2.6 ± 0.2

Fecal output (g/d) n/a n/a 0.3 ± 0.01 0.4 ± 0.04b

NOTE. Certain measurements were not available (n/a) at t=0. a indicates p<0.01, b indicates p<0.0001.

Table 3. Hepatobiliary output parameters after 6 weeks HCD are comparable between IL-10R1wt and IL-10R1del mice.

IL-10R1wt IL-10R1del

Bile flow (μl/min) 0.7 ± 0.1 0.8 ± 0.1

Cholesterol (nmol/min) 0.4 ± 0.06 0.3 ± 0.03

Phospholipids (nmol/min) 5.7 ± 0.6 5.3 ± 0.4

Bile acids (nmols/min) 38.9 ± 8.6 37.7 ± 7.9

Enhanced non-biliary cholesterol efflux in myeloid IL-10R1 deficient mice is associated 
with decreased ACAT2 expression and function
Recent data shows that hepatic depletion of ACAT2, the enzyme responsible for cholesterol 
esterification in the liver, enhances TICE. This suggests that altered composition of VLDL and 
LDL, which are likely substrates for TICE, can also influence TICE activity considerably 25, 26. 
We therefore analysed cholesteryl ester (CE) and free cholesterol (FC) content of plasma 
and hepatic lipoprotein particles, revealing a significantly reduced CE/FC ratio in IL-10R1del 

mice when compared to controls (Figure 5A and 5B). Next, we evaluated gene expression of 
ACAT2 in BMMs upon 24 hours of IL-10 stimulation, confirming ACAT2 is an IL-10-responsive 
gene (Figure 5C). Then we assessed hepatic and intestinal mRNA levels of ACAT2, showing 
significantly reduced liver gene expression in IL-10R1del mice (Figure 5D). Although intestinal 
mRNA levels were comparable between genotypes, ACAT2 gene expression in the proximal 
small intestine displayed an inverse correlation with fecal NS excretion in IL-10R1del animals 
(Figure 5E). These data therefore imply that ACAT2 expression and function are impaired 
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in absence of myeloid IL-10R1 signaling, which may contribute to the altered cholesterol 
metabolism in IL-10R1del mice. 

Figure 4. Myeloid IL-10R1-deficiency alters systemic cholesterol fluxes in hyperlipidaemic LDLR-/- mice. (A) 
Percentage of cholesterol biosynthesis upon 6 weeks of HCD. (B) Relative mRNA expression for HMG-coA reductase 
in liver and proximal small intestine samples of IL-10R1del mice vs. IL-10R1wt mice upon 6 weeks of HCD. (C) 
Percentage of cholesterol absorption and (D) fecal loss upon 6 weeks of HCD. (E) Linear regression analysis of fecal 
neutral sterol excretion vs. plasma cholesterol levels. (F) Non-biliary cholesterol efflux upon 6 weeks of HCD. (G) 
Hepatic gene expression of bile acid synthesizing enzymes. Data represent mean ± SEM with n=7-9/group, and data 
were tested using the students t-test.
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Figure 5. Myeloid IL-10R1-deficiency decreases esterification of cholesterol in plasma lipoproteins. (A, B) 
Cholesteryl ester/free cholesterol ratio in plasma and liver lipoproteins after 6 weeks of HCD. (C) Relative ACAT2 
gene expression in primary murine macrophages. (D) Relative ACAT2 gene expression in liver and proximal small 
intestine following 6 weeks of HCD. (E) Linear regression analysis of fecal neutral sterol excretion vs. mRNA 
expression of ACAT2 in proximal small intestine. Data represent mean ± SEM of n=7-9/group, and data were tested 
using the students t-test.

Discussion
Despite previous reports demonstrating the anti-atherogenic properties of IL-10, the specific 
cell types responsible for IL-10’s atheroprotective effects remained to be defined. We used 
hyperlipidemic mice carrying a conditional deletion of the ligand-binding domain of the IL-
10 receptor complex (i.e. IL-10R1) in their myeloid lineage to assess whether myeloid cells 
form the basis of IL-10-mediated atheroprotection. 
IL-10’s ability to negatively regulate macrophage activation was recognized soon after its 
discovery in 1989 6, 7. Comparably, our current in vitro findings demonstrate that BMMs 
deficient for IL-10R1 lose most of their responsiveness to IL-10 and consequently are less 
well equipped to dampen TLR4-mediated activation in vitro. Thereby, we strengthen the 
observations by Pils et al. 27, who demonstrated the pro-inflammatory nature of the IL-
10R1del phenotype in an experimental LPS endotoxemia model. Whereas prior evidence 
demonstrates a robust and consistent decrease in atherosclerosis development and 
associated inflammation by enhancing local or systemic IL-10 levels 3, 11, 12, haematopoietic 
16 or systemic 14, 39 deficiency for this cytokine typically yields increased plaque formation. In 
this light, we expected IL-10R1del mice to display increased inflammation and atherogenesis. 
Instead, we observed that loss of myeloid IL-10R1 signaling attenuates atherosclerotic lesion 
size and severity through altered susceptibility to diet-induced hypercholesterolemia, and by 
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altered lesional leukocyte accumulation and apoptosis. This suggests IL-10 exerts diverse 
cell-specific effects in atherogenesis and cholesterol handling that act as important 
determinants of disease outcome.
Even though IL-10R1del BMMs displayed greater inflammatory potential in vitro, we 
consider the lack of amplified systemic inflammation in IL-10R1del mice a reflection of 
the complexity that comes with cell-cell interactions under hyperlipidemic conditions. 
As myeloid IL-10 signaling is dispensable with regard to counteracting pro-inflammatory 
mediators in the atherosclerotic vessel wall, other cell types are likely to facilitate IL-
10-mediated atheroprotection. Endothelial cells could for instance act as an influential 
player in IL-10-mediated immunomodulation. Aside from the fact that IL-10 can 
favourably affect endothelial cell function 40, 41, work by us and others has revealed 
contrasting outcomes when using macrophage and endothelial cell-specific approaches 
to interfere with inflammatory signaling pathways 15, 42. In this context, some have 
argued that a dichotomy between pro- and anti-inflammatory cytokines is too simplistic 
and that a given cytokine may behave in either way depending on multiple variables. 
In addition, there have been several reports demonstrating an unfavourable role for 
IL-10 in inflammatory disease, explaining why IL-10 treatment regimes in for instance 
inflammatory bowel disease have yielded somewhat disappointing results 43.
Lipid metabolism has a central role in the pathogenesis of atherosclerosis and it is 
known that lipid metabolism and inflammatory processes can interact on many levels 
to influence atherogenesis 44. Previous reports concerning IL-10 overexpression in 
experimental atherosclerosis have reported an average decrease in plasma cholesterol 
levels of approximately 50% 13, 45. Contrastingly, our data reveal a substantial reduction 
in plasma cholesterol levels in mice with abrogated myeloid IL-10 signaling, which was 
also reflected in the lesional neutral lipid content. We could associate this decreased 
hypercholesterolemia with lowered VLDL and LDL levels upon altered intestinal 
cholesterol fluxes. We found a sizeable decrease in intestinal cholesterol absorption with 
compensatory stimulation of hepatic and intestinal cholesterol biosynthesis. Moreover, 
while hepatobiliary output was unchanged between genotypes, IL-10R1del mice 
demonstrated substantially higher levels of fecal sterol loss. Accordingly, augmented 
non-biliary cholesterol efflux in these mice was linked to impaired ACAT2-mediated 
esterification of liver and plasma cholesterol. This non-biliary cholesterol route, or TICE, 
has gained attention over the past few years and several mouse models now provide 
evidence for this alternate pathway of RCT facilitated by the intestine 22. Yet, the exact 
processes that regulate TICE remain subject of investigation. Since intestinal cholesterol 
output is likely to be derived from plasma lipoproteins synthesized by the liver, we 
expect the liver to exert a certain amount of control regarding TICE. Interestingly, Brown 
et al. 26 recently reported on a model of liver-specific depletion of ACAT2, in which it was 
shown that limited hepatic cholesterol esterification leads to decreased levels of plasma 
VLDL, LDL and total liver cholesterol, while leaving plasma HDL unaltered. Moreover, 
fractional intestinal absorption of cholesterol was reduced in hepatic ACAT2 depleted 
mice, whereas fecal neutral sterol excretion was increased. Strikingly, this phenotype 
bears many similarities to that of our IL-10R1del mice, which possess a pronounced 
decline in CE/FC ratio too, and a significant reduction in hepatic ACAT2 gene expression, 
suggestive of impaired function. In support of this notion, macrophages incubated in 
vitro with IL-10 and acLDL were previously shown to accumulate more cholesterol esters 
than cells treated with acLDL alone 9. 
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In summary, abrogating myeloid IL-10 signaling strongly reduces plaque development 
in atherogenic LDLR-/- mice by compromising recruitment and survival of myeloid cells 
in atherosclerotic lesions and by mediating resistance to diet-induced hyperlipidemia. 
Hence, myeloid cells are not responsible for IL-10-mediated atheroprotection. These 
findings challenge us to re-evaluate our understanding of IL-10 as a beneficial influence 
on atherosclerosis development, as IL-10 can induce opposing effects in its target cell 
types, indicating its functional involvement in atherosclerosis is more complex than 
previously appreciated. In addition, this study is the first to demonstrate that ablation 
of myeloid IL-10 signaling affects the packaging of cholesterol into nascent lipoproteins 
by ACAT2 and likely limits intestinal cholesterol absorption and enhances non-biliary 
cholesterol efflux. More research directed at this novel connection between IL-10-
mediated inflammation and cholesterol homeostasis is needed to help us to more fully 
comprehend IL-10’s therapeutic potential in chronic inflammatory diseases, including 
atherosclerosis.
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Supplemental material

Supplemental Figure 1. IL-10R1-deficiency in primary macrophages yields a pro-inflammatory phenotype in 
vitro. (A-C) Gene expression analysis of the gene encoding IL-10R1 and of IL-10-inducible genes SOCS3 and IL-
4α upon 24 hours incubation with 10 ng/ml IL-10. (D, E) Secretion of TNF and IL-12p40, upon incubation with 
10 ng/ml LPS for 8 or 24 hours. (F, G) Secretion of TNF and IL-12p40 upon stimulation with 10 ng/ml LPS for 24 
hours in the presence or absence of 10 ng/ml IL-10. Data represent means ± SEM, with n=3/group and data 
were tested using the students t-test.
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Supplemental Figure 2. Plaque size and severity are reduced upon 6 weeks HCD in IL-10R1del mice. (A) 
Quantification of lesion area in aortic roots from IL-10R1wt and IL-10R1del mice upon 6 weeks HCD. Data were 
tested using the students t-test. (B) Lesion distribution into early, moderate or advanced lesions. Data were 
tested using the Chi-square test. Data represents means ± SEM with n=9/group.
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Supplemental Figure 3. Reduced plasma cholesterol levels do not fully account for attenuated atherogenesis 
in IL-10R1del mice. (A) Linear regression analysis of plasma cholesterol and plaque size, n=16/group. (B) 
Selection of mice with a similar cholesterol exposure in both groups. (C) Analysis of plaque size from animals 
with similar cholesterol exposure. AUC; area under the curve. Data were tested using the students t-test. Data 
represents means ± SEM with n=6-8/group.
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Supplemental Figure 4. Signs of colitis are absent in myeloid IL-10R1del mice. (A) Bodyweight of IL-10R1wt 
and IL-10R1del mice throughout the course of the experiment, n=18/group, tested with a 2-way ANOVA. 
(B) Histological sections (x100) of colon tissue from IL-10R1wt and IL-10R1del mice, showing no indices of 
inflammatory bowel disease.
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The inflammatory response, with cytokines as important mediators, is essential throughout 
all stages of atherogenesis (Chapter 2) 1, 2. An inflammatory imbalance is present in 
atherosclerosis, where numerous pro-inflammatory cytokines such as IFNγ are known to 
promote atherosclerosis development, while anti-inflammatory cytokines like IL-10 are 
considered to be anti-atherogenic in general. Many experimental atherosclerosis studies 
have indeed shown that modulation of pro-inflammatory cytokines reduces atherosclerotic 
lesion size and severity 3-5, and vice versa for the anti-inflammatory cytokines 6, 7. Therefore, 
in this thesis immunomodulatory strategies were investigated to restore the inflammatory 
imbalance by modulating interferon and myeloid IL-10 signaling during atherogenesis. 
Additionally, the functional contribution of interferons in atherogenesis with regards to 
foam cell formation and foam cell inflammatory responses was assessed.  

The main findings of the studies presented in this thesis are:

1. IFNβ promotes macrophage foam cell formation by increasing SR-A-mediated cholesterol 
influx and by decreasing ABCA1-mediated cholesterol efflux.
2. A high cholesterol environment results in macrophage IFNβ hyporesponsiveness, which 
might have implications for IFNβ-mediated inflammatory activities.
3. Blockade of the IFNα/β receptor subunit 1 stimulates arteriogenesis without enhancing 
atherosclerosis burden, whereas other pro-arteriogenic treatments that had been tested 
thus far stimulated atherosclerosis development. 
4. Myeloid IFNγ signaling is dispensable for atherosclerosis development.
5. Deficiency in myeloid IFNγR2 does not affect liver inflammation under hypercholesterolemic 
conditions. 
6. Myeloid cells do not contribute to the established atheroprotective actions of IL-10, as 
absence of myeloid IL-10-receptor decreased plaque size and severity and reduced myeloid 
cell accumulation.
7. Deficiency in myeloid IL-10R1 reduces hypercholesterolemia by altering intestinal 
cholesterol fluxes.

Crosstalk between IFNβ and macrophage foam cells
Macrophage foam cells are the most abundant cells in atherosclerotic lesions, and their 
inflammatory properties make them crucial lesional components 8. Work by others 
already associated macrophage foam cells with the presence of type I interferons, either 
through correlations or in in vitro work only 9-12. Our study described in Chapter 3 now 
unambiguously shows that the presence of IFNβ directly promotes macrophage foam cell 
formation both in vitro and in vivo 13. In addition to the lipid environment that is promoting 
atherosclerosis, the disease is also strongly influenced by inflammatory processes 14. 
However, thus far these two important disease modulators have mainly been examined as 
two separate elements. In the last few years evidence is accumulating that demonstrates a 
crosstalk between cholesterol metabolism and the immune response 15. It has for instance 
been shown that cholesterols can induce pro-inflammatory activities in macrophages 16, 

17. If more contributors of this crosstalk could be elucidated, potential new targets could 
be developed to treat atherosclerotic disease. In Chapter 4 we could demonstrate a new 
crosstalk between a high cholesterol environment and inflammatory responses. On the 
one hand, IFNβ stimulates macrophage foam cell formation, while on the other hand foam 
cells become hyporesponsive towards IFNβ stimulation. These data, in combination with 
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the previously suggested pro-atherosclerotic role for IFNβ 18-22, might have implications 
for IFN-based treatment regimens in for instance multiple sclerosis (MS), hepatitis C virus 
and myeloproliferative disease 23-26. We suggest that IFNβ-treated patients should be 
closely monitored, as their treatment may not be as harmless as previously thought. In 
addition, MS patients are known to have an increase in cardiovascular risk factors, such 
as hyperlipidemia, and correspondingly have an increased risk to develop cardiovascular 
diseases 27, 28. We should now bear in mind that long-term treatment with IFNβ could further 
increase this cardiovascular risk. Additionally, these data may help clarify the mechanisms 
underlying the increased cardiovascular risk in diseases with a putative role for the type I 
interferons such as SLE and HIV 12, 29, 30. Moreover, these data could have implications for the 
anti-viral immune response of macrophage foam cells. It has already been shown that diet-
induced obese mice have increased morbidity and mortality upon viral infections 31-33, which 
indeed suggests that a lipid environment affects anti-viral immunity. 

IFNβ as potential target in arteriogenesis
The specified actions of type I interferons in both arteriogenesis and atherosclerosis 20, 34-36 
made us question whether monoclonal antibody blockade of its receptor, IFNAR, could be 
useful to study both diseases in a combined mouse model (Chapter 5). Monoclonal antibody 
blockade has proven to be an efficacious treatment in several inflammatory diseases and in 
cardiovascular disease its applications are currently under investigation 37, 38. In Chapter 5 we 
show that arteriogenesis upon ischemia was stimulated by anti-IFNAR1 treatment without 
enhancing atherosclerosis burden, which thus far had been a side effect of pro-arteriogenic 
therapies 39. General inhibition of IFNAR1 does not decrease atherosclerosis, which is 
likely due to the diverse effects of type I interferons in this disease 2. Although no adverse 
effects were observed upon treatment, systemic long-term blockade of IFNAR1 could bear 
some risks. As type I interferons are crucial in immunity 40, a potential concern might be 
the increased susceptibility to infections. Long-term inhibition of IFNAR1 may thus increase 
risks for infection and would therefore not be favorable in the stimulation of arteriogenesis, 
for example after a myocardial infarction (MI). However, short-term inhibition of interferon 
signaling may herein still be very efficacious, outweighing the increased risk for infection. 
In addition, the risk of atherosclerosis development after MI is enhanced 41, demonstrating 
the significance of our promising strategy. To diminish any potential adverse effects of the 
treatment, cell-specific targeting of IFNAR may be of importance. As macrophages are 
critically involved in both arteriogenesis and atherosclerosis development, they serve as 
an attractive target for treatment. Nanoparticles have already shown value in cell-specific 
targeting 42, 43. Future preclinical studies should investigate whether cell-specific interferon 
blockade, likely nanoparticle-based drug delivery, adds value to our proposed short-term 
intervention in arteriogenesis.         

Modulation of atherogenesis by targeting macrophage cytokine signaling
Macrophages are a heterogenic group of cells, comprising a whole spectrum of phenotypes 
with distinct functions in both health and disease 44, 45. This in combination with their 
abundance in atherosclerotic lesions makes it of great importance to investigate the 
functional relevance of the different macrophage subsets in atherosclerosis development. 
As we believe that the inflammatory response of macrophages is crucial herein, we used an 
approach in which the macrophage phenotype was altered, either by myeloid deletion of the 
IFNγR2 to induce a more anti-inflammatory phenotype (Chapter 6) or by myeloid deletion of 
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the IL-10R1 to induce a more pro-inflammatory macrophage phenotype (Chapter 7). 

Although the myeloid-specific deletion of IFNγR2 ablated the myeloid response to IFNγ, 
no significant differences on atherosclerosis or on hypercholesterolemia-induced liver 
inflammation were observed (Chapter 6). As myeloid IFNγ signaling seems dispensable for 
atherosclerosis, the profound pro-atherosclerotic properties of IFNγ should affect other cell 
types, which should therefore be examined in future studies. Myeloid deletion of IL-10R1 
resulted in a pro-inflammatory macrophage phenotype in vitro (Chapter 7). However, in vivo 
this resulted in significantly reduced atherosclerotic lesion size and severity, accompanied 
by reduced myeloid cell accumulation and higher apoptotic cell numbers in the lesion. 
Thus, myeloid cells are not likely to contribute to IL-10-mediated atheroprotection. These 
myeloid-specific data suggests that the effects of both IFNγ and IL-10 in atherosclerosis are 
more complex than thought before and also suggests that they exert cell-specific effects 
in atherosclerosis thereby influencing disease outcome. IFNγ is known to act on several 
cell types during atherogenesis, including T cells, smooth muscle cells and endothelial cells 
2, 46, 47. These cells are therefore likely candidates through which IFNγ could exert its pro-
atherogenic effects. The non-myeloid target cells through which IL-10 could perform its anti-
atherogenic actions could for instance be dendritic cells, T cells and B cells, as these cells can 
all be modulated by IL-10 and have all been found to influence atherosclerosis development 
48-50. Evidence supporting the assumption that IFNγ and IL-10 can exert cell specific actions 
during atherogenesis comes from studies in which NFκB modulation in experimental 
atherosclerosis also showed this cellular specificity. Myeloid-specific inhibition of its activity 
increased plaque size and severity in LDLR-/- mice, whereas endothelial-specific inhibition of 
NFκB activity diminished this 51, 52.

With our myeloid IFNγR2 and IL-10 deficient mice we assumed to hold murine atherosclerotic 
models that lacked either M1 or M2 macrophages respectively. Although we could confirm 
that both the IFNγ and IL-10 response were abrogated upon myeloid deficiency, the underlying 
thought of just shifting the macrophage phenotype in vivo from an M1 to an M2 phenotype 
and vice versa was probably too simplistic. Macrophages possess high plasticity and can 
switch from one phenotype to another depending on the local plaque micro-environment 
53. The general dogma that macrophages are either M1 or M2 has therefore recently been 
brought into question, with more and more macrophage phenotypes becoming apparent 54, 

55. As numerous M1 and M2 polarizing factors are present in an atherosclerotic lesion, the 
lack of IFNγ and IL-10 signaling may have hereby been neutralized 54, 56. In line with this, the 
loss of a cytokine might be compensated by the increased production of other cytokines 
with analogous properties. In antimicrobial studies for instance, defects in IFNγ resulted 
in increased TNF production 57, 58. So, although cell-specific approaches like the ones used 
here are of great importance and interest, they will always be challenging to interpret as 
potential compensatory mechanisms may take over.

In the IL-10R1 myeloid specific approach we utilized in Chapter 7, profound effects on 
cholesterol metabolism were observed as myeloid IL-10R1 deficient mice developed 
resistance to hypercholesterolemia. This phenotype was associated with lowered VLDL 
and LDL levels, probably in response to reduced intestinal cholesterol absorption. 
Additionally, IL-10R1 myeloid deficient mice demonstrated substantially higher fecal sterol 
loss. This increased non-biliary cholesterol efflux, or TICE, was associated with impaired 
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ACAT2-mediated esterification of liver and plasma cholesterol. A similar phenotype has been 
described in a study in mice having a hepatic depletion of ACAT2 59. As mentioned above, 
the interplay between cholesterol metabolism and the immune response has become 
increasingly clear 15. Here, we describe a marked effect of immune response modulation 
on cholesterol metabolism. The downside of this study, however, is that we do not know 
how myeloid IL-10R1 deficiency results in increased TICE yet. Future studies are required to 
elucidate this important question.

Future perspectives and concluding remarks
As atherosclerosis is described as a chronic inflammatory response of the arterial wall, 
modulation of inflammation will be of value in the search for new atherosclerosis therapies. In 
this thesis the central role of interferons and IL-10 in the immune response in atherosclerosis 
was exemplified through the use of treatment and myeloid specific knockout models. 

Atherosclerosis is the underlying pathology in the majority of clinical manifestations of 
cardiovascular diseases (CVDs), which are nowadays the main global cause of mortality 
60. Classically, vulnerable atherosclerotic lesions can rupture, thereby exposing their pro-
thrombotic content into the circulation, resulting in thrombus formation with CVDs as a 
consequence 61, 62. However, this concept is changing at present, as recent studies suggest 
that the fraction of CVDs caused by classical plaque rupture is decreasing while the 
complications due to plaque erosion are increasing 63. Plaque erosion is nowadays a frequent 
event, estimated to occur in up to 40% of fatal coronary thrombi 64, 65. Clinically, plaque 
erosion inclines to occur more frequently in younger individuals, specifically in women 66, 67. 
These clinical differences may indicate mechanistic differences in its underlying pathology, 
which is corroborated by morphological differences in ruptured versus eroded plaques. 
Plaques with endothelial erosion are for instance less inflammatory and do not have a large 
lipid core compared to classic ruptured plaques 64, 68. The driving force behind this recent 
shift in plaque phenotype is thought to be related to a more favorable cardiovascular risk 
factor profile, such as improved blood pressure and a decreased prevalence of smoking in 
high-income countries 69. The positive trend is also likely associated with the widespread use 
of statins as atherosclerosis treatment 70. Clinical and experimental data have demonstrated 
that statin use increases lesion stability, making them less prone to rupture 71, 72. It is however 
difficult to draw mechanistic conclusions regarding the lipid-lowering effect of statins, as 
they also seem to have pleiotropic anti-inflammatory actions 73. To tackle this difficulty, new 
studies are being performed in which the lipid-lowering and potential plaque stabilizing 
effects of proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors are examined 74, 75. 
PCSK9 is implicated in hypercholesterolemia as it promotes degradation of the LDL receptor. 
Most atherosclerotic studies are thus directed at lipid lowering. However, as proposed in 
this thesis, modulation of inflammation may also be very valuable in the development of 
new atherosclerosis therapies. Some anti-inflammatory approaches have already proven 
to be promising in experimental atherosclerosis, yet,  due to the intricacy of inflammatory 
processes in atherosclerosis development, this has also led to disappointing results 76. 
We are currently awaiting results from clinical trials in which the efficacy of blocking IL-
1β and IL-6 in atherosclerosis is being investigated 38, 77, 78. Anti-IL-1β therapy has already 
been used as treatment against the chronic inflammatory disease,  rheumatoid arthritis 
(RA) 79. However, this does not ensure effectiveness as an atherosclerosis treatment per 
se, as has been shown for anti-TNF therapy 80. Anti-TNF-treated RA patients do show a 
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reduced incidence of cardiovascular events 81, 82, but opposed to this, it has been observed 
that anti-TNF treatment increased total and HDL cholesterol levels as well, making it 
unsuitable as atherosclerosis treatment 83. This example demonstrates the complexity of 
targeting inflammation in atherosclerosis, which is made even more complex by its apparent 
interaction with lipids. Due to this interaction we are still in need for anti-inflammatory 
strategies on top of the standard lipid-lowering therapies that are being given. 

Another changing view in the development of atherosclerosis and its risk factor obesity is 
evolving, with accumulating evidence suggesting a role for the gut microbiome herein 84-87. 
Several bacterial signatures have for example been found in human atherosclerotic lesions 
88, which correlated with the gut bacteria of the same individual 89. Future experimental 
studies could help understand whether microbiome modulation would be a valuable 
approach to treat atherosclerosis and obesity. It has already been observed that lactobacilli 
can reduce plasma cholesterol levels in both mice and humans, thereby decreasing the risk 
for both diseases 90, 91. In experimental atherosclerosis bacterial modulation had inconclusive 
outcomes 92-94, but this research is still in its infancy.

During atherogenesis macrophages accumulate in the arterial wall, which was thought to 
be exclusively mediated by continuous influx of newly recruited monocytes from the blood 
95-98. However, reassessment of this concept is needed as macrophages were also found to 
accumulate via local macrophage proliferation in tissues during general inflammation 99. 
This process has now also been shown to contribute substantially to atherogenesis 100. This 
adds a new aspect to our understanding of atherosclerosis development, which can have 
broad clinical implications. With cell-specific targeting of monocytes and macrophages in 
experimental atherosclerosis, as proposed earlier, one should keep this process in mind as 
one likely wants to target both infiltrating as well as proliferating macrophages. Systemic 
targeting of these cells could therefore be insufficient to fully block, for example, IFNAR. Also 
in bone-marrow transplantation approaches, as employed in this thesis, local macrophage 
proliferation could influence atherosclerosis when this disease has already been induced at 
the moment of transplantation. All in all, this new concept is thus also of importance in our 
own future studies. 

As described before, macrophages form a very heterogeneous group with high plasticity 101, 

102. Modulating macrophage phenotype may therefore alter their functionality, which could 
be used to treat inflammatory diseases like atherosclerosis. Indeed, specific macrophage-
directed therapies against a range of inflammatory diseases are being tested in the clinic 
101, 103. Additionally, originally non-macrophage-directed therapies have been found to 
modulate macrophage activation and polarization, for example in the case of PPARγ agonists 
which were originally used as diabetes treatment 104, 105. In this thesis we also modulated 
the inflammatory phenotype of macrophages by specifically deleting IFNγR2 and IL-10R1. 
Despite the apparent value of this approach, we must bear in mind that systemically 
altering macrophage function may compromise its immunological functions. Increasing the 
specificity of these macrophage-targeted approaches by locally modulating macrophages 
in the plaque would reduce immunologic complications and increase its therapeutic value. 
Despite promising applications, the use of therapeutic local macrophage targeting is still in 
an early stage. 
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In conclusion, this thesis provides the interferons and IL-10 as novel targets to influence 
the immunological imbalance that is present in atherosclerosis. However, further 
characterization of these potential targets is still required to determine their clinical 
feasibility as atherosclerosis treatment. 
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Summary

Cytokines in Atherosclerosis: an intricate balance

Atherosclerosis is a multifactorial disease of the arterial wall, which is driven by chronic 
inflammatory responses and a dysregulated lipid metabolism. The accumulation of lipids, 
inflammatory cells such as macrophages and debris in the arterial wall results in the 
formation of complex atherosclerotic lesions. Plaque progression may result in its rupture 
or erosion, which can lead to thrombus formation. As a result, subsequent blood flow 
obstruction may cause myocardial infarction or stroke. 
Inflammatory responses, with cytokines as key mediators, play an essential role in 
atherosclerosis development. Various experimental studies have indeed described an 
influential role for cytokines in atherosclerosis development, including the interferons 
and IL-10. Interferons were the first anti-viral cytokines to be described. At present, the 
interferons are known to have important immunomodulatory functions in both innate and 
adaptive immune responses. IL-10 is a classical anti-inflammatory cytokine with effects at 
different levels in immunity. However, the effects of the interferons and IL-10 on health and 
disease are context specific and their actions should thus be tightly balanced. 
Accumulating research indicates that the interferons can be considered as pro-atherosclerotic 
cytokines, whereas IL-10 is considered to be anti-atherogenic. The research described in 
this thesis focuses on the understanding of the functional contribution of interferons in 
atherogenesis with regards to foam cell formation and foam cell inflammatory responses and 
describes whether interferon and IL-10 modulation can be used to diminish atherosclerosis.

In Chapter 1 a short overview of atherosclerosis and its etiology and pathogenesis is 
provided. Additionally, an introduction on the interferons and IL-10 is given with regards to 
their immunological functions and their atherogenic effects.

Chapter 2 reports on the role of interferons in atherosclerosis with regards to leukocyte 
recruitment towards atherosclerotic lesions, macrophage foam cell formation and lesional 
apoptosis. In addition, we discuss whether interferons could be used as novel molecular 
targets in atherosclerosis treatment. We conclude they would be valuable as a cell-specific, 
short-term treatment for this complex disease. 

In Chapter 3 we report on the macrophage foam cell stimulating properties of IFNβ. We 
here identified IFNβ as a direct promoter of macrophage foam cell formation by increasing 
SR-A-mediated cholesterol influx and decreasing ABCA1-mediated efflux. This research adds 
to the accumulating evidence that the T1 IFNs are pro-atherosclerotic mediators, which 
could be used in the development of new IFNβ-mediated treatment approaches against 
atherosclerosis. In addition these findings may have implications for IFNβ-based treatment 
regimens, for example in multiple sclerosis treatment, or may help elucidate the mechanisms 
underlying the increased cardiovascular risk in diseases with a suggested role for the type I 
interferons such as in SLE.

In Chapter 4 we present the effects of IFNβ on macrophage foam cell inflammatory responses. 
Previous studies showed downregulated interferon signaling pathways upon macrophage 
and monocyte lipid loading. We investigated whether this also resulted in a decreased 
interferon and an altered inflammatory response. We demonstrated an IFNβ-specific 
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hyporesponsiveness in macrophages under high cholesterol conditions, which could have 
serious implications for IFNβ-mediated inflammatory actions. In addition, these data 
demonstrate a new crosstalk between a high cholesterol environment and inflammation, 
which adds to the recent data concerning the importance of this crosstalk in atherogenesis. 

In Chapter 5 we made use of a hindlimb ischemia model in atherosclerotic LDLR -/- 

mice. Using this mouse model we investigated the hypothesis that we could stimulate 
arteriogenesis and simultaneously decrease atherosclerosis by blocking IFNβ signaling. 
Previous reports already demonstrated an anti-arteriogenic role for IFNβ and a stimulating 
function in atherosclerosis. To date, the pro-arteriogenic agents tested had as a downside 
that they promoted atherosclerosis as well. In our studies we were indeed able to stimulate 
arteriogenesis, without stimulating atherosclerosis burden. In contrast to our hypothesis 
we were unable to decrease atherosclerosis, which may be due to the pleiotropic actions 
of IFNβ. However, this is a first successful approach to stimulate arteriogenesis and we 
now suggest further, more cell-specific, research to precede clinical application of such an 
approach. 

In Chapter 6 we examined the role of myeloid IFNγ signaling in atherosclerosis development. 
IFNγ is a pro-inflammatory cytokine known to induce a pro-inflammatory macrophage 
phenotype. As macrophage inflammatory responses can influence atherosclerosis 
development, we tested the hypothesis that deleting myeloid IFNγ signaling would induce 
a more anti-inflammatory macrophage phenotype, thereby reducing atherosclerosis 
development. Myeloid deletion of IFNγR2 strongly diminished the myeloid response to 
IFNγ. However, no effects on atherosclerosis or on hypercholesterolemia-induced liver 
inflammation could be observed. Since several reports showed that systemic modulation 
of IFNγ or of its signaling did affect atherosclerosis, IFNγ likely exerts its pro-atherosclerotic 
actions through other cell types. 

In Chapter 7 we tested the hypothesis that the anti-inflammatory cytokine IL-10 exerts 
its anti-atherosclerotic effects via myeloid cells. Myeloid deletion of IL-10R1 resulted in a 
pro-inflammatory macrophage phenotype in vitro. Nevertheless, in vivo this led to strongly 
reduced lesion size and severity, which was accompanied by decreased accumulation of 
myeloid cells and a high apoptotic cell number. This made us conclude that myeloid cells 
do not contribute to the atheroprotective actions of IL-10. In addition, we demonstrated a 
new link between myeloid IL-10 signaling and cholesterol metabolism, as we observed that 
myeloid IL-10R1 deficient mice developed resistance to hypercholesterolemia by altering 
their intestinal cholesterol fluxes. 

Chapter 8 gives a discussion of all results obtained in this thesis and offers several future 
perspectives. We suggest that the interferons and IL-10 could be used as novel targets to 
restore the immunological imbalance that is present in atherosclerosis. 
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Samenvatting

Cytokines in Atherosclerose: een complexe balans

Atherosclerose is een ziekte van de vaatwand welke gekenmerkt wordt door een chronische 
ontstekingsreactie en een verstoord cholesterol metabolisme. Een opeenhoping van vetten, 
immuuncellen zoals macrofagen en cellulair afval in de vaatwand zorgt voor de vorming 
van complexe atherosclerotische plaques. Progressie van deze plaques kan uiteindelijk voor 
scheuring of erosie van de plaque zorgen, met bloedstolsels tot gevolg. Deze stolsels kunnen 
de bloedstroom blokkeren, wat in een hartinfarct of een beroerte kan resulteren.
De immuunrespons, met cytokinen als belangrijke mediatoren, speelt een zeer belangrijke 
rol in het ontstaan en verloop van atherosclerose. Verschillende experimenten hebben 
inderdaad aangetoond dat cytokinen atherosclerose kunnen beïnvloeden, waaronder de 
interferonen en IL-10. Interferonen waren de eerste beschreven cytokinen, en stonden 
bekend om hun antivirale effecten. Momenteel weten we dat de interferonen verschillende 
functies bekleden in zowel het aangeboren als in het adaptieve immuunsysteem. IL-10 
is een anti-inflammatoir cytokine met verschillende effecten op de immuunrespons. De 
specifieke effecten van de interferonen en van IL-10 in zowel gezondheid als ziekte zijn 
context afhankelijk en hun acties zijn hierdoor strikt gebalanceerd. 
Een groeiend aantal onderzoeken toont aan dat de interferonen atherosclerose 
stimuleren, terwijl IL-10 atherosclerose juist weet te remmen. Het onderzoek beschreven 
in dit proefschrift is gericht op het begrijpen van de specifieke rol van interferonen in 
atherosclerose, met betrekking tot schuimcel formatie, schuimcel inflammatoire responsen 
en bespreekt of het moduleren van interferonen en IL-10 atherosclerose kan verminderen.

In Hoofdstuk 1 wordt een overzicht gegeven van de oorzaken en de ziekteontwikkeling van 
atherosclerose.  Daarnaast introduceer ik de interferonen en IL-10, met betrekking tot hun 
immunologische functies en hun aandeel in atherosclerose. 

Hoofdstuk 2 beschrijft de effecten van interferonen in atherosclerose met daarin een 
specifieke focus op hun rol in het aantrekken van immuuncellen naar de plaques, in macrofaag 
schuimcelvorming en in apoptose. Daarnaast bediscussiëren we of de interferonen 
gebruikt zouden kunnen worden als nieuw target in het behandelen van atherosclerose. 
We concluderen dat het ‘targeten’ van interferonen mogelijk gebruikt kan worden in deze 
complexe ziekte wanneer dit cel-specifiek en kortdurend is. 

In Hoofdstuk 3 tonen we de schuimcel stimulerende rol van IFNβ aan. In ons onderzoek laten 
we zien dat IFNβ macrofaag schuimcel vorming direct kan stimuleren door SR-A gemedieerde 
cholesterol influx te verhogen en ABCA1-gemedieerde efflux te verlagen. Dit onderzoek kan 
toegevoegd worden aan de data die aantoont dat IFNβ een pro-atherosclerotisch cytokine 
is en benadrukt dus verder dat IFNβ-afhankelijke therapeutische benaderingen tegen 
atherosclerose interessant zijn. Daarnaast kunnen deze bevindingen implicaties hebben 
voor behandelingen die gebaseerd zijn op IFNβ, zoals in multiple sclerose. Tevens kunnen 
deze data helpen ontdekken hoe het verhoogde risico op hart- en vaatziekten ontstaat in 
ziekten waarin IFNβ een rol speelt, zoals in SLE. 

In Hoofdstuk 4 laten we de effecten van IFNβ op de inflammatoire respons van schuimcellen 
zien. Eerdere studies lieten zien dat vetstapeling in macrofagen en monocyten leidt tot 
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een verminderde interferon signalering in deze cellen. We wilden onderzoeken of dit ook 
tot een verminderde interferon en een veranderde immuun respons leidt. We toonden 
aan dat schuimcellen minder gevoelig worden voor IFNβ, wat substantiële gevolgen kan 
hebben voor de inflammatoire effecten van IFNβ. Daarnaast duiden deze bevindingen 
een nieuwe verbinding aan tussen het cholesterol metabolisme van macrofagen en hun 
bijbehorende immuun respons. Recente data tonen aan deze verbinding belangrijk kan zijn 
in atherosclerose. 

In Hoofdstuk 5 hebben we gebruik gemaakt van een muismodel in welke we zowel 
arteriogenese als atherosclerose konden bestuderen. Met behulp van dit model hebben 
we de hypothese getest dat we arteriogenese konden stimuleren en tegelijkertijd 
atherosclerose zouden kunnen remmen wanneer we de IFNβ signalering zouden blokkeren. 
Eerdere studies demonstreerden een inhiberende rol voor IFNβ in arteriogenese en een 
stimulerende rol in atherosclerose. Daarnaast hadden de tot dusver geteste pro-arteriogene 
middelen als bijwerking dat ze atherosclerose ook stimuleerden. In ons experiment hebben 
we arteriogenese weten te stimuleren, zonder dat atherosclerose verergerd werd. Onze 
hypothese was dat we met deze aanpak atherosclerose zelfs zouden kunnen verminderen, 
waarschijnlijk is dit niet gelukt door de diverse functies die IFNβ bekleed. Desalniettemin 
laten we met dit onderzoek een potentiële therapeutische benadering zien om arteriogenese 
te stimuleren.

In Hoofdstuk 6 hebben we de rol van myeloïde IFNγ signalering in atherosclerose onderzocht. 
IFNγ is een pro-inflammatoir cytokine welke een pro-inflammatoir fenotype in macrofagen 
kan induceren. De immuun respons van macrofagen kan atherosclerose sterk beïnvloeden. 
Hierdoor hebben we de hypothese getest dat het deleteren van myeloïde IFNγ signalering 
een meer anti-inflammatoire macrofaag zou induceren, wat vervolgens atherosclerose zou 
verminderen. De deletie van IFNγR2 verminderde de macrofaag respons op IFNγ sterk. Echter, 
dit had geen zichtbaar effect op de ontwikkeling van atherosclerose of op de bijbehorende 
lever inflammatie. Meerdere onderzoeken hebben eerder al aangetoond dat het systemisch 
aanpakken van IFNγ of van IFNγ signalering wel tot vermindering van atherosclerose leidde. 
Hierdoor concluderen we dat IFNγ zijn pro-atherosclerotische effecten via andere celtypen 
teweeg brengt.

In Hoofdstuk 7 hebben we de hypothese getest dat IL-10 zijn anti-atherosclerotische 
effecten via myeloïde cellen uitoefent. Myeloïde deletie van IL-10R1 resulteerde in een pro-
inflammatoir macrofaag fenotype in vitro. Echter, in vivo leidde dit tot een sterk verminderde 
plaque grootte en plaque ernst, en was er verminderde opeenhoping van myeloïde cellen 
en meer apoptose. Hieruit concludeerden we dat myeloïde cellen niet bijdragen aan de 
beschermende acties van IL-10 in atherosclerose ontwikkeling. Daarnaast demonstreerden 
we een nieuwe verbinding tussen myeloïde IL-10 signalering en cholesterol metabolisme, 
omdat we observeerden dat de muizen met de myeloïde IL-10R1 deletie resistent waren 
voor hypercholesterolemie door hun cholesterol balans in de darm aan te passen.

Hoofdstuk 8 bespreekt alle verkregen bevindingen gepresenteerd in dit proefschrift en biedt 
enkele toekomst perspectieven. We stellen dat de interferonen en IL-10 therapeutische 
potentie hebben om de immunologische onbalans die aanwezig is in atherosclerose, te 
herstellen.
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gelegenheid hebben gegeven om onderzoek uit te voeren bij de EVB. Ik heb veel geleerd 
de afgelopen 4 jaar. Menno, bedankt voor je begeleiding bij mijn project. Ik heb veel 
vrijheid gekregen en heb daardoor zelfstandig onderzoek leren doen. Daarnaast vond 
ik het fijn dat je heel toegangkelijk bent, ik kon altijd even langs lopen met een vraag of 
met nieuwe data. Ook heb je me de kans gegeven om naar leuke cytokine congressen te 
gaan om mijn data te presenteren. Veel succes nog met je macrofaag groep!

Natuurlijk wil ik ook mijn co-promotor bedanken. Marion, we hebben wat afgekletst de 
afgelopen jaren, over onderzoek maar ook vooral over onze gezamenlijke liefde voor 
reizen. Je bent altijd oprecht geïnteresseerd in anderen en brengt leven in de brouwerij 
met je speciale levenslessen en soms ietwat dubieuze uitspraken. Bedankt voor je hulp 
en gezelligheid.

Prof. de Vries, prof. van Royen, prof. van Eck, prof. de Jong, prof. Sterk en prof. van der 
Wal, hartelijk dank voor de beoordeling van dit proefschrift en uw bereidheid zitting te 
nemen in mijn promotiecommissie. 

Annette en Susan, bedankt dat jullie mijn paranimfen wilden zijn. Annette, als 
kamergenootje hebben we veel lief en leed gedeeld. We konden lekker kletsen en we 
wisten op een gegeven moment al wat de ander dacht zonder iets te zeggen. Daarnaast 
was je nooit te beroerd om even te helpen, je bent een topper! Susan, je was de ultieme 
combinatie van een gezellige collega en een bw-buddy. Je vrolijkheid op het lab werkte 
vaak aanstekelijk en ik heb veel om en met je gelachen.

Daarnaast wil ik natuurlijk ook mijn andere EVB collega’s bedanken. In het bijzonder wil 
ik daarbij kleine Esther, Marten en Saskia noemen. Esther, jammer dat je er na al die 
jaren kamergenootschap vandaag niet bij kunt zijn, ik wens je veel succes in SF! MH, 
met je bedenkelijke gezichten heb ik vaak om je moeten lachen, maar ik heb ook van je 
geleerd als semi-lid van de cytokine club. En dan Saskia, hoe vaak jij wel niet mijn heldin 
van de dag bent geweest.. en wat voor hilarische momenten we wel niet bij de muizen 
hebben meegemaakt.. bedankt voor al je hulp! Myrthe, Svenja, Linda, Quinte, Jan, 
Pascal, Jeroen, Suzanne, Helene, Carlos, Lauran, Tom, Charo, Annelie, Oliver en Claudia, 
dankzij jullie heb ik het de afgelopen 4 jaar erg naar mijn zin gehad op het lab, thanks!

Paul, Maurits en Niels, bedankt voor de samenwerking. Het heeft bloed, zweet en tranen 
gekost, maar met een mooi stuk tot gevolg!

Dan de bw-buddies; Jasmijn, Madelon, Sabrina, Sarah, Jessica, Kimberly en Susan, jullie 
zijn top! Wanneer iemand klaagt over iets in het lab, begrijpt iedereen precies wat er 
bedoeld wordt. Maar hierna gaan we snel weer verder met goede verhalen of hilarische 
dansmoves. Ik hoop dat we onze etentjes, dobbeltaferelen en weekendjes weg nog lang 
voort kunnen zetten.
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Opa en oma, jullie zijn altijd betrokken bij de dingen die ik doe en zeggen vaak hoe 
‘groos’ jullie op me zijn. Ik waardeer het zeer dat jullie er vandaag bij zijn.

Pap, mam, Leendert, Lenny en Jolanda, het is altijd leuk om weer even thuis te komen. 
Waarschijnlijk vertrekken Mark en ik binnenkort naar het buitenland en dat zal even 
wennen zijn maar onthoudt dat we ook weer terugkomen! Pap en mam, dankzij jullie 
heb ik kunnen studeren en sta ik nu hier, veel dank daarvoor.

Als laatste natuurlijk Mark. Je hebt de afgelopen 4 jaar aardig wat aan moeten horen, 
maar je steunde me altijd en vrolijkte me weer op met je slechte grappen. Ondanks ons 
harde werken hebben we al veel mooie dingen beleefd en fantastische reizen gemaakt. 
Ik hoop dat we samen nog veel mooie avonturen mogen beleven!

Liefs,

Marieke 

21 april 2016 

13358- Boshuizen-Binnenwerk na proefdruk.indd   178 4-3-2016   16:18:06



Dankwoord

179

13358- Boshuizen-Binnenwerk na proefdruk.indd   179 4-3-2016   16:18:06



13358- Boshuizen-Binnenwerk na proefdruk.indd   180 4-3-2016   16:18:06


