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Summary and general discussion 
 
Macrophages play a pivotal role in the initiation as well as resolution of 
inflammation, tissue repair, and maintenance of homeostasis. When perturbed, 
however, macrophages can display maladaptive responses and cause substantial 
collateral destruction. In this thesis, we focussed on modulating macrophage 
elicited immune responses. For this purpose we developed and applied HDL 
based nanoimmunotherapies, specifically targeting monocytes and macrophages, 
and investigated them in experimental cardiovascular disease models. 
 
The fundamentals: reviews 
 
In the first part of the thesis, the theoretical foundation for the macrophage-
targeted nanoimmunotherapies is laid out. Chapter 1 provides background 
information on the functions of the innate immune system. We also describe the 
role that macrophages can play in the development and aggravation of 
inflammatory diseases. We propose that modulation of both macrophage 
activation and macrophage metabolism is a promising therapeutic option for 
these diseases. Moreover, we hypothesize that the use of nanoparticles for 
macrophage-targeted drug delivery can improve the efficacy of such therapies.  
 
Chapter 2 goes into further detail on the role that monocytes and macrophages 
play in two inflammatory diseases, cancer and atherosclerosis. Their role in the 
pathology of both diseases underlines the importance of monocyte and 
macrophage targeting for better treatments and diagnostics. Furthermore, we 
put forward a range of targeted and non-targeted approaches that show the 
various possibilities and limitations of nanomedicine. 
 
The effectiveness of macrophage-targeted nanoparticle therapies can be 
attributed to a variety of factors. During inflammation, macrophages are more 
abundant and local blood vessels become more permeable. Tumors and 
atherosclerotic plaques often contain newly formed vasculature, marked by an 
enhanced permeability (5). This constitutes the ‘enhanced permeability and 
retention’ (EPR) effect that can facilitate the extravasation of nanoparticles into 
these areas. Because of the EPR effect, targeted and non-targeted nanoparticles 
can more easily reach tumor-associated macrophages or plaque macrophages 
(6,7),  allowing for improved delivery and efficacy of nanoparticle therapies. 
 
Macrophages and other type cells of the MPS have the ability to take up many 
different kinds of moieties. They express a wide variety of receptors to facilitate 
this process (8), making them ideal targets for nanoparticle therapies. Non-
targeted nanoparticles, like first generation liposomes, rely on passive targeting 
and are readily taken up by most myeloid cells (9). While most of the first 
generation nanoparticles are well suited for the delivery of therapeutics, they 
lack any cellular specificity, thereby increasing potential side effects. In addition, 
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they often have a poor drug release profile and are characterized by short 
circulation times (9). To overcome these drawbacks, more elaborate ‘next 
generation’ nanoparticles were developed that improved upon these factors. 
 
Depending on the requirements, different nanoparticle systems can be used, like 
micelles, dendrimers, polymeric nanoparticles, nanoparticles based on metals or 
HDL-based nanoparticles. While some nanoparticle systems are used mainly as 
drug carriers, others types can incorporate contrast agents as well. Most of these 
nanoparticle delivery systems have improved circulation times compared to the 
free agents. This not only increases the time window for imaging (10) but also 
results in increased accumulation and efficacy of their payload.  
 
Nanoparticles that possess multiple characteristics, like controlled drug release 
and the incorporation of contrast agents, are called theranostic systems (11). 
Such multifaceted nanoparticles have great potential for therapeutic and imaging 
applications because they allow for real-time in vivo validation of both 
accumulation and efficacy (11). This way, treatments can be adjusted along the 
way, while non-responsive patients can be excluded early in the treatment 
process, saving expenses and unnecessary harm by potential side effects. Due to 
their complexity, however, they are more expensive and require a more elaborate 
production process.  
 
In chapter 3 we introduce high-density lipoprotein (HDL) as a nanoparticle 
platform with great potential for therapeutic and imaging applications. Due to its 
small size and endogenous character, HDL is specifically suitable as a nanocarrier 
for the targeting of myeloid immune cells. Myeloid cells, and macrophages in 
particular, possess several receptors for the recognition and uptake of HDL (12). 
To target these cells, HDL nanoparticles require no addition of targeting moieties 
that would otherwise increase production time and costs. However, the uptake of 
HDL particles is not restricted to myeloid cells (13). Hepatocytes and endothelial 
cells are known to take up HDL via the scavenger receptors B1 and CD36. 
Therefore, like any other nanoparticle therapy, HDL-based therapies require 
careful evaluation of liver toxicity and off-target effects. 
 
HDL-based nanoparticles can be modified and altered to accommodate the use 
for different applications. During the reconstitution of recombinant HDL, 
exogenous compounds, including lipophilic and nanocrystalline molecules, can be 
included, but sometimes require more advanced methods. This way, therapeutic 
compounds can be either packaged or integrated within the HDL core or corona. 
In addition, targeting moieties can be linked to the surface of HDL, promoting 
more specific targeting. At the same time, similar possibilities exist for the 
inclusion of imaging modalities. As each compound and contrast agents has its 
own advantages and disadvantages, they require careful formulation and 
extensive testing (14). 
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HDL proves to be a versatile nanoparticle platform that is optimally used for the 
targeting of macrophages, while its endogenous nature provides a solid basis for 
clinical translation. However, each individual HDL-based nanoparticle possesses 
unique characteristics, like size, shape and charge, changing its behavior in vivo 
(14). As such, further optimization in preclinical models is needed before they 
can be tested in humans. In addition, as HDL nanoparticles always accumulate in 
the liver and spleen, toxicity and systemic side-effects remain a concern. 
However, as (imaging) techniques improve, HDL-based nanotherapeutics and 
imaging agents will undoubtedly see its first clinical trials within the next decade.  
 
The applications: experiments 
 
The following chapters focus on macrophage modulation by using a variety of 
HDL-based nanoparticle applications. Chapter 4, 5 and 6 describe the 
modulation of macrophages in atherosclerosis, a chronic inflammatory condition. 
In chapter 7 we evaluate the impact of macrophage modulation in an acute 
inflammatory setting, a heart transplantation model. Together this thesis 
presents a step forward in the development of macrophage-targeted 
nanomedicine. 
 
Chapter 4 describes the developmental process of two novel immunomodulatory 
TRAF-STOP compounds that specifically inhibit the interaction between CD40 
and TRAF6, thereby leaving other CD40 and TRAF signaling pathways intact. 
Previous work has shown that especially macrophages rely on CD40-TRAF6 
signaling, rather than the CD40- TRAF2, 3 or 5 signaling pathways described in 
other cell types (15). As such, both these compounds have distinct anti-
inflammatory effects on macrophages, while minimizing off-target effects, as 
shown by extensive in vitro testing. Computer simulations and surface plasmon 
resonance experiments with different TRAF6 mutants show that both compounds 
interact with the TRAF6 binding pocket. Although the interaction of each 
compound is suggested to be different, as predicted by simulations, their 
inhibitory effects are similar. 
 
The results of the 6-week, 10 umol/kg IP daily, treatment clearly show that both 
TRAF-STOP compounds hamper the progression of atherosclerotic plaque 
formation and induce plaque stabilization of existing atherosclerotic plaques. 
This result was predominantly attributed to the modulatory effects on 
macrophages, which reduced inflammation. The inhibition of inflammation was 
confirmed by in vitro testing and transcriptome analysis that showed a 
significant reduction in the expression of genes from the canonical immune 
pathway. Intravital microscopy also revealed that accumulation of macrophages 
was significantly affected, as fewer cells were recruited to the arterial wall.  
 
As a means to improve the drug delivery towards macrophages, we decided to 
make use of the HDL nanoparticle platform. Due to differences in lipophilicity, we 
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were able to encapsulate one of the compounds, namely compound 6877002. 
This time, mice were treated 2 times per week by intravenous injections of 10 
ug/kg. The therapeutic nanoparticles were found predominantly present in 
macrophages, monocytes and to a lesser extent in neutrophils. Histology 
confirmed accumulation within the atherosclerotic plaques. However, the liver 
and spleen were the main organs of nanoparticle accumulation, due to 
hepatocyte-related uptake and the large population of myeloid cells within the 
spleen. In comparison to the 6-week IP treatment, the HDL nanoimmunotherapy 
resulted in a similar reduction in macrophage content. This is astonishing, 
considering the total amount of compound administered in each treatment 
regimen. During the 6-week IP treatment, mice received a total of 105.5 gram/kg 
of the TRAF-STOP compound. In comparison, mice only received a total of 120 
ug/kg during the 6-week nanoimmunotherapy, corresponding to a 10^6 times 
reduction in the amount of compound administered. 
 
In previously performed clinical trials, anti-CD40 antibody treatments resulted in 
cytokine release syndrome, lymphopenia and liver toxicity (16). In contrast, the 
specific inhibition of CD40-TRAF6 did not induce any of these conditions, in spite 
of substantial nanoparticle accumulation inside the liver and spleen. However, 
besides macrophages, several other cell types are known to rely on CD40-TRAF6 
signaling (17). In some nonhematopoietic cells, TRAF6 is required for proper 
activation of canonical NFκB, Jnk, p38, and Akt after CD40 engagement  (18, 19). 
Inhibition of CD40 signaling in vascular endothelium can prevent activation and 
reduce the expression of adhesion molecule (20). As such, it would be important 
to further explore CD40-TRAF6 signaling in endothelial cells and to quantify its 
role in macrophage adhesion. In B cells, TRAF6 can interact with TRAF2 and 
induce a CD40 mediated response. Although TRAF6 is required for this 
interaction, it does not require direct binding to CD40 (21). It is possible that 
systemic inhibition with the TRAF6 inhibiting compounds could lead to impaired 
B cell function. This can be partially prevented by using the nanoimmunotherapy, 
as B cells do not take up HDL particles (chapter 5). 
 
In chapter 5, we further explore the modulatory aspects of the CD40-TRAF6 
inhibiting nanoimmunotherapy. In the previous chapter, we described a 6-week 
long treatment regimen, with two IV injections per week. Although effective, we 
deemed the therapy not clinically translatable due to the long treatment period. 
In chapter 5, we aim to reduce the treatment duration to one week, including four 
IV injections, relating to a common hospitalization period following a cardiac 
event. We hypothesize that one week of nanoimmunotherapy can reduce 
inflammation, thereby decreasing the risk of future cardiovascular events, which 
remain a concern under current treatment regimens.  
 
Again, we used the HDL-based nanoparticle platform with a TRAF-STOP dose of 5 
mg/kg, which is dosed substantially higher when compared to the nanoparticle 
therapy in the previous chapter. Yet the cumulative dose, 20mg/kg when adding 
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up all 4 injections, is still markedly lower than the IP dose used in chapter 4. FMT-
CT imaging revealed a significant reduction in plaque inflammation, in part by 
reducing the accumulation of monocytes and macrophages. We confirmed that 
the HDL nanoparticles are primarily taken up by macrophages and monocytes, 
while T and B cells do not. As mentioned in chapter 4, minimizing CD40-TRAF6 
inhibition in T and B lymphocytes is of great importance for avoiding systemic 
immune suppression. However, as dendritic cells are also able to take up HDL 
(Chapter 5), their CD40-TRAF6 related interaction with lymphoid cells might be 
hampered (17). As such, the effects of CD40-TRAF6 inhibition in dendritic cells 
require further research.  
 
An important observation is described by the RNA sequencing results from 
plaque monocytes and macrophages. Treatment with the nanoimmunotherapy 
showed differential expression of genes of the focal adhesion pathway, which 
plays a role in the adhesion and migration of cells (22). This consolidates the 
results from both Chapter 4 and 5, which show that decrease in monocyte 
recruitment is an important mechanism of action by this compound, which could 
also be confirmed by in vitro monocyte - endothelial transmigration assays. 
 
Finally, we were able to explore the nanotherapeutics pharmacokinetics, 
biodistribution, and safety in non-human primates (NHPs). From state of the art 
PET-MRI experiments, we conclude that HDL nanoparticles behave similarly to 
HDL in murine, rabbit and porcine models. Most accumulation was observed in 
the liver and spleen, organs with high myeloid cell populations. In the first 72h 
after nanoparticle injection, there were no signs of toxic effects in the liver, 
kidney or spleen and all tissues showed normal tissue architecture. 
 
Together, Chapter 4 and 5 show that specific CD40-TRAF6 inhibition can halt 
chronic inflammation in atherosclerosis. Additionally, we induced regression of 
atherosclerosis by using a CD40-TRAF6 inhibiting nanoimmunotherapy, targeted 
towards monocytes / macrophages. We discovered that CD40-TRAF6 inhibition 
can decrease monocyte recruitment to the plaque. Due to a favorable toxicity 
profile, the CD40-TRAF6 inhibiting compounds possess great potential for clinical 
translation. Future studies are needed to investigate the safety and 
pharmacokinetics in humans. 
 
Chapter 6 focusses on the inhibition of the mTOR pathway in atherosclerotic 
plaque macrophages, aiming to reduce macrophage metabolism. It was found 
that local proliferation is one of the main drivers of macrophage accumulation in 
atherosclerosis (23). Because the mTORC1 complex is known as a regulator of 
general cell metabolism and growth (24), we hypothesized that it was possible to 
stop plaque macrophage accumulation by inhibiting either mTORC1 or one of its 
main downstream effector-molecules, S6K1. S6K1 is known to inhibit gene 
transcription and cell cycle, although its role in plaque macrophages has not yet 
been described.  
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The mTORC1 inhibitor rapamycin and the novel S6K1 inhibitor PF-4708671 were 
incorporated in an HDL-based nanoparticle, rendering two similar sized 
nanotherapeutics. Both particles were efficiently taken up by macrophages and 
the organ distribution was similar. In an initial dose-finding study, 5 mg/kg of the 
mTORi-HDL nanoparticle showed a significant decrease in plaque macrophage 
content. In addition, mTORi-HDL also decreased the macrophage protease 
activity within the plaques, as measured by FMT-CT. The effects of S6K1i-HDL 
were compared to those of mTORi-HDL, showing a similar decrease in the 
number of plaque macrophages. We were able to show both in vivo and in vitro 
that this was mediated by a decrease in plaque macrophage proliferation. 
 
To unravel the molecular mechanism of these effects, we isolated RNA from 
plaque macrophages by laser capture microdissection and used for sequencing. A 
weighted gene correlation network analysis was performed to identify 
importantly affected pathways and processes. Both mTORC1 and S6K1 inhibition 
suppressed gene expression involved in RNA translation, protein synthesis and 
protein transport. Interestingly, this was accompanied by marked suppression of 
gene expression involved in oxidative phosphorylation. Furthermore, intra-
modular hub-genes were identified. Hub genes are highly connected differentially 
expressed genes in the network, expected to play an essential role in the affected 
biological processes. One hub gene, PSAP, was downregulated in both mTOR and 
S6K1 inhibitor-treated groups. PSAP encodes for the prosaposin protein, which is 
a precursor for 4 cleavage products, namely saposins A, B, C, and D. Prosaposin 
and saponins activate several lysosomal hydrolases involved in the metabolism of 
various sphingolipids. Interestingly, breakdown products of sphingolipids, such 
as such as ceramide, sphingosine, sphingosine-1-phosphate (S1P), ceramide-1-
phosphate and lyso-sphingomyelin, have roles in various biological processes, 
among which the regulation of cell growth as well as immune responses (25, 26). 
Together these data suggest that inhibition of mTOR-S6K1 signaling is involved in 
regulating macrophage proliferation in plaque, that it impairs protein synthesis 
and mitochondrial respiration of macrophages, and that sphingolipids 
metabolism plays an important role in regulating these effects. 
 
In the previous chapters we have shown the modulation of macrophage function 
in a mouse model of atherosclerosis. While atherosclerosis is characterized by 
long-term inflammation within the arterial wall, we were able to reduce the 
number of macrophages and the macrophage related inflammation within only 
one week of nanoimmunotherapy. Therefore, we decided to explore the 
immunomodulatory capabilities in a model of acute inflammation, namely the 
rejection of a transplanted organ. 
 
In chapter 7, we describe a novel treatment perspective for heart graft 
transplantation that could have great implications for future immunomodulatory 
treatments. This treatment is based on the concept of trained immunity, a 
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recently discovered macrophage functional state. Specific signals can introduce 
non-permanent changes in the macrophage epigenome that control gene 
expression and cell physiology (27). In trained immunity, these epigenetic 
changes are sustained for several weeks to months and were shown to aid in the 
host's defense upon reinfection (28).  
 
Inhibition of mTORC1 was previously shown to prevent the trained immunity 
phenotype, which we hypothesized could play an important role in allograft 
rejection (28). Shortly after organ transplantation, macrophages and other APC’s 
can initiate an acute inflammatory response. Their actions lead to the 
development of an adaptive immune response, facilitated by the interaction 
between APC’s and T and B lymphocytes. We hypothesized that inhibition of the 
mTOR pathway in macrophages can prevent activation of the adaptive immune 
response, thereby removing the need for further immune suppression. 
As previously described, the mTOR inhibitor rapamycin was incorporated into 
the HDL nanoparticle platform, allowing for enhanced macrophage targeting. Six 
days after receiving a heterotopic heart transplant, the mice were treated with 
one injection of the nanoimunotherapeutic. PET-CT imaging revealed substantial 
accumulation of labeled particles within the allografts, which was 2.3-fold higher 
than in the native heart. Nanoparticle uptake was dominated by macrophages, 
monocytes, and other innate immune cells, while T and B cells did not take up any 
nanoparticles. 
 
Next, mice with transplanted allografts received 3 nanotherapeutic infusions, 
resulting in a strong immunomodulatory effect on the immune cell population. 
Not only did mTOR inhibition result in less immune cell accumulation, 
macrophages collected from allografts were also impeded in their pro-
inflammatory functions. Most notably, treated macrophages were found to inhibit 
T cell proliferation in vitro, explaining the increase of regulatory T cells in vivo.  
 
Eventually, the anti-inflammatory phenotype of treated macrophages resulted in 
a tolerant T cell population that helped to prolong survival of the allograft. 
Although rapamycin prevents a classical T cell response, the effects of mTORi-
HDL only work through the inhibition of mTOR in macrophages. This was shown 
by a macrophage depletion experiment, resulting in graft rejection, despite our 
nanoimmunotherapy. Interestingly, mTOR inhibition resulted in increased 
expression of the CD40 receptor, which in turn increases the potential 
inflammatory state of the macrophage. Therefore, we started a combination 
therapy of mTOR and CD40-TRAF6 inhibition (see chapter 4/5). A total of 3 
infusions of the combination therapy resulted in a synergistically longer allograft 
survival, with more than 70% of the transplanted hearts still functioning after 
100 days. However, the fact that the combination therapy was more effective 
than the mTOR inhibiting therapy alone shows that did not fully inhibit the 
interaction between T cell and macrophages after a single therapy. Although the 
combination therapy was more successful in prolonging allograft survival, such 
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therapies require exponentially more factors to be taken into account. 
Additionally, as CD40-TRAF6 inhibition is based on macrophage 
immunosuppression rather than the suppression of T cells, the combination 
therapy provides many more interesting opportunities in other inflammatory 
and immunodeficiency-related diseases.  
 
The inhibition of trained immunity approach is different from current 
immunosuppressive therapies that mainly rely on total immune suppression. 
Antibody therapies are effective in prolonging graft survival but are costly and 
lead to a higher incidence of opportunistic infections. Especially in recent years, 
most new treatments failed in the clinical trial stage, due to toxicity or drug 
interactions (29). Because inhibition of trained immunity is focused on 
preventing the adaptive immune response, our nanoimmunotherapy required 
only 3 injections within the early stages after graft transplantation. However, 
while a short-term treatment regimen is much less of a burden on the immune 
system, risks of immune suppression and opportunistic infections still exist. This 
risk may be mitigated by careful monitoring of the recipients during their 5 – 10 
day hospital stay following transplantation surgery. 
 
To conclude, by selective inhibition of trained immunity in macrophages, were 
able to induce tolerance towards transplanted tissue, and thus we are close to 
creating the perfect for therapy for organ transplantation. Finally, as our mTOR 
nanotherapeutic combines the use of existing FDA approved compounds, its 
development may have an immediate pathway to clinical translation. 
 
Concluding remarks 
 
In this thesis, various macrophage modulating therapies are tested and discussed. 
Although their therapeutic mechanisms differ, all therapies are shown to 
effectively alter macrophage functions. As has become clear from this thesis, HDL 
is very suitable as a carrier of different compounds and can be used for 
therapeutic and diagnostic purposes, or a combination thereof. The advantages of 
the HDL nanoparticle platform are versatile. First, encapsulation improves the 
pharmacokinetic parameters of a drug and thus its efficacy in vivo. Secondly, it 
increases the delivery of agents to macrophages, stimulated by the macrophages 
natural affinity for HDL. Additionally, HDL nanoparticles can be made and 
modified in a variety of ways, increasing the number of possible applications. 
Finally, it was found that repeated HDL administrations show no toxic effects in 
humans (30), making HDL an attractive delivery platform. 
 
From the various studies described in this thesis, we can conclude that the 
modulation of macrophage functions can have a major impact on the outcome of 
atherosclerosis and cardiac transplants. Although these models differ widely, 
they are both characterized by the crucial role of macrophages in the 
pathogenesis. We also see that the two important agents in this thesis, rapamycin 
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and the CD40-TRAF6 inhibitor, have positives effects in both atherosclerosis and 
the cardiac transplantation model. This confirms that macrophage function can 
be effectively modulated in various ways, which is stimulating to the search for 
new immunomodulatory targets. The Hub gene analysis from the RNA 
sequencing data in chapter 6 describes how such a search for new targets could 
be accomplished. 
 
The modulation of macrophage function in cardiovascular disease has for many 
years been the goal of many scientists (31). Very recently, the first successful 
large-scale clinical trial with IL-1B antibodies has been published (32, 33). IL-1B 
antibodies are already used to treat arthritis, but now also show their 
effectiveness in the treatment of atherosclerosis. The fact that anti-inflammatory 
agents have a significant effect on atherosclerosis in humans is an important step 
for the advancement of immunomodulation. It helps to pave the way for future 
modulatory therapies, such as HDL-based nanomedicine. 
As of now, improvements in the scaling of the production process of HDL-based 
nanoparticles are needed to facilitate clinical translation. In this regard, the use of 
microfluidic chips could provide that opportunity. Using the microfluidics-based 
approach, the ratios between each of the particles components can be easily 
controlled, while particles are formed continuously without the need for chemical 
or sonication assembly methods (34). By synthesizing HDL-based nanoparticles 
in such a controlled and consistent manner, nanoparticle-based interventions will 
become more accessible for future clinical use. 
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