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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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