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General introduction and outline of the thesis 
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Introduction 
 
The body’s optimally functioning defense system relies on the orchestrated 
interaction of the immune system’s innate and adaptive parts. The innate and 
adaptive immune systems work closely together, not only to stave off infection 
but also to maintain tissue homeostasis. The functions carried out by the immune 
system can be categorized into four main groups, namely immunological 
recognition of pathogens, immune effector functions to eliminate pathogens, self-
regulation of the immune response, and acquiring immunological memory (1, 2).  
 
The first line of defense is provided by the innate immune system, which is 
comprised of a non-cellular and a cellular component (3). The non-cellular 
defense is provided by antimicrobial peptides such as defensins, and the 
complement system. The latter is a plasma protein system that can directly target 
pathogens both for lysis and opsonization (4). The innate immune system’s 
cellular component includes a variety of cells, including monocytes, macrophages, 
and granulocytes. These cells possess pattern recognition receptors (PRRs) that 
can recognize pathogen-specific structures, which are absent on the body’s own 
cells (5). Such structures are referred to as pathogen-associated molecular 
patterns (PAMPs) and can be comprised of lipopolysaccharides, mannose-rich 
oligosaccharides, and peptidoglycans (6). Innate immune cells can also react to 
damage-associated molecular patterns (DAMPs), such as nuclear or cytosolic 
proteins, and evoke a non-infectious inflammatory response to clear up debris 
and damaged tissue (7). Upon recognition of these molecular patterns, the innate 
immune cells become activated and rapidly induce an inflammatory response. 
This response entails phagocytosis of the pathogens, as well as cytokine and 
chemokine release to activate cells and recruit other immune cells (2). 
Furthermore, the innate immune cells engage the adaptive immune system by 
antigen presentation (8). The adaptive immune system, comprised of T and B 
cells, plays a crucial role not only in eliminating the pathogens but also in 
acquiring immune memory and self-regulating the immune response (9). 
 
Monocytes and macrophages are key players in the immune system. Monocytes 
circulate in the blood and migrate into tissues were they irreversibly differentiate 
into macrophages (2, 3). Recent studies have revealed that tissue macrophages 
can also be derived from embryonic progenitors in the yolk sac and that the 
macrophages can be self-maintained in adult tissues by local proliferation (10). 
Tissue macrophages are long-lived cells that perform a variety of functions. In 
addition to their phagocytic role and inflammation initiation, they also play a key 
role in the resolution of inflammation, tissue homeostasis, metabolism, and 
repair (11). These multifaceted activities make macrophages important for 
maintaining the delicate balance of immune regulation and tissue homeostasis. In 
many conditions, ranging from sepsis to cancer, cardiovascular disease, solid 
organ transplantation, metabolic diseases, and auto-immune diseases, 
macrophage (dys)function play a central role in the pathogenesis (12, 13, 14, 15, 
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16). Therefore, this thesis’ overarching objective is specifically altering 
macrophage function and dynamics as a compelling therapeutic target, relevant 
to a wide array of diseases. 
  
In conditions in which macrophages instigate and perpetuate an exaggerated 
inflammatory response, it may be opportune to specifically target macrophages 
to resolve the disease. Conceptually, this may be aimed at decreasing macrophage 
numbers, constraining their activity, or both. Diminishing macrophage numbers 
may be achieved either by impairing recruitment of monocytes from the 
circulation, by suppressing their local self-renewal capacity, or by inducing 
autophagy. Inhibiting macrophage activity may be attained by targeting the 
signaling pathways by which macrophages are triggered or by disturbing their 
metabolic rate needed to sustain their energy demanding demeanor. 
 
Outline of the thesis 
 
This thesis is aimed at developing and applying macrophage-targeted therapies 
to modulate inflammatory responses in cardiovascular diseases. To that end, we 
took advantage of a myeloid cell-specific nanoparticle carrier platform based on 
high-density lipoprotein (HDL) (reviewed in chapters 2 and 3), for the purpose of 
selectively delivering therapeutic compounds to macrophages. This nanoparticle 
platform simultaneously allows decreasing systemic exposure to the 
(immunomodulatory) drug, while directly engaging to the target cell population.  
 
In chapter 2, we describe the concept of nanomedicine and further explain why 
macrophages and monocytes are desired targets for the treatment and diagnosis 
of certain diseases. We describe several recent macrophage-targeted 
nanoparticle systems and the situations they are used in. In chapter 3, we focus 
on the HDL nanoparticle platform and its uses. This chapter contains detailed 
information on the methods that we use for the formation and characterization of 
HDL nanoparticles. We explore how the repurposing and re-engineering of native 
HDL particles have led to the development of advanced diagnostic and 
therapeutic applications. Together, the reviews in chapter 2 & 3 comprise the 
rationale for HLD’s use as a macrophage-targeted nanomedicine. 
 
In the following chapters, we focus on (imaging-guided) HDL 
nanoimmunotherapies in two different disease models, namely atherosclerosis 
and solid organ transplantation. Atherosclerosis is a chronic low-grade 
inflammatory disease in which macrophage inflammation drives disease 
progression (17). In solid organ transplantation (heart transplantation), organ 
rejection is the cause of an acute inflammatory response. Following the 
recognition of a foreign transplanted organ, macrophages initiate a fierce 
immune reaction that involves the generation of a T cell response (16). Without 
the use of immunosuppressive therapies, this rapidly leads to rejection of the 
organ 
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In chapter 4 we describe the development of a novel CD40-TRAF6 signaling 
inhibitor and its implementation in a mouse model of atherosclerosis. The CD40-
mediated interaction between macrophages and T cells is crucial for maintaining 
a sustained inflammation in several chronic diseases (18, 19). By specifically 
inhibiting CD40-TRAF6 signaling, we aim to reduce CD40-CD40L-mediated 
macrophage activation, while trying to avoid immunosuppression and side 
effects. Additionally, we introduce a CD40-HDL based nanoimmunotherapy to 
improve delivery of the compound.  
 
In chapter 5, we apply the CD40-HDL based nanoimmunotherapy to regress 
atherosclerosis in mice. In addition to the efficacy, we extensive evaluate the 
immune system’s response and the therapeutic mechanism. With new positron 
emission tomography (PET) with magnetic resonance imaging techniques, we 
further explore the biodistribution our nanoimmunotherapy in a non-human 
primate model. Finally, we show its safety in mice and non-human primates. 
  
In chapter 6, we introduce the concept of modulating macrophage metabolism. 
The main regulator of cell metabolism is the mTOR pathway. Central to this 
pathway lies the mTORC1 complex, which receives its input from upstream 
growth signals and environmental cues (20). Here we aim to reduce the 
macrophage burden in atherosclerosis by inhibiting the cellular mTOR pathway 
with two HDL-based nanoimmunotherapies. For this, we incorporated 
rapamycin, an inhibitor of mTORC1, and an inhibitor of one of mTORC1’s 
downstream targets, S6K1. With the help of RNA sequencing, we unravel mTOR 
pathway’s role in atherosclerosis.  
  
Finally, in chapter 7 we focus on the concept of macrophage-related ‘trained 
immunity’ in a mouse model of heart transplantation. Trained immunity is a 
recently discovered de facto innate immune memory, which is epigenetically 
regulated (21). While the current therapies for immune regulation in the field of 
transplantation are based on T cell tolerance (16), our nanoimmunotherapy 
relies on a yet unexplored macrophage-mediated mechanism. Here, we aim to 
increase the graft acceptance rate, by combining the inhibition of mTOR signaling 
with the inhibition of CD40 signaling. 
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