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CHAPTER 12
SUMMARY, INTERPRETATION AND FUTURE PERSPECTIVES
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SUMMARY AND INTERPRETATION

The translation of lipid-driven inflammation in atherosclerosis is the central theme of this thesis. 
Chapter 1 provides the general introduction by pointing out the clinical and societal need for 
an improved understanding on atherosclerosis. Whereas in the 20th century atherosclerosis 
research mainly focuses on lipoproteins and cholesterol, today we recognize the elementary 
contribution of inflammatory processes throughout all stages of atherogenesis. Yet, most 
advances on inflammation’s role in atherosclerosis have been made in the preclinical realm. 
In three parts, this thesis aims to translate the systemic increased inflammatory activity, its 
response to atherogenic lipoproteins, and the potential of targeted anti-inflammatory 
therapies in patients with atherosclerosis. 

Part I - Imaging inflammatory network in atherosclerosis 

The first part of this thesis illustrates the increased inflammatory activity present in multiple 
compartments in patients with atherosclerosis, visualized with functional imaging. Positron 
emission tomography with computed tomography (PET/CT) is a nuclear technique that 
employs radioactive tracers, such as the glucose analogue 18F-fluorodeoxyglucose (18F-FDG). 
Uptake of this tracer marks cellular glucose consumption, and as such, the metabolic need of 
a cell. Several cell types are known for their high metabolic demands, including proliferative 
and inflammatory cells. Considering the large number of inflammatory cells in plaques, 
predominantly macrophages, 18F-FDG PET/CT is also an attractive strategy in atherosclerosis. 
In fact, several histological, plaque gene expression and biomarker studies have validated 
arterial 18F-FDG uptake as a surrogate for (macrophage-driven) inflammation1. 

In chapter 2 we question whether and to what extent PET can be used as a reliable method 
to non-invasively assess arterial wall inflammation in humans. To this end, we include 
83 individuals comprising of 25 healthy subjects, 23 patients at risk and 35 patients with 
atherosclerosis. First, we show that 18F-FDG uptake metrics (expressed as the target to 
background ratio, TBR) gradually increase from healthy to diseased subjects. This indicates 
that arterial wall inflammation can serve both as an early indicator (patients at risk) and as 
an advanced indicator (patients with atherosclerotic events) of disease severity. Second, 
we determine what degree of 18F-FDG uptake in the arterial wall is to be considered 
pathological. Assuming 18F-FDG uptake in the arterial wall of healthy subjects to represent 
normal, physiological uptake, we determine thresholds to identify inflamed arterial walls. 
Of note, these thresholds are exceeded by the vast majority of patients with atherosclerosis 
(>86%), or only risk factors for it (>78%), despite the standard of care. These data exemplify the 
therapeutic window for anti-inflammatory strategies in atherosclerosis. Hence, this chapter 
also emphasizes the opportunities for 18F-FDG PET/CT to select patients suitable for future 
interventions and provide reproducible readout metrics in relative small-scaled studies.
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Next to arterial wall inflammation, chapter 3 describes the continuous accumulation of 
circulating immune cells, peripheral blood mononuclear cells (PBMCs), to atherosclerotic 
plaques in patients. For this purpose, PBMCs are isolated from the blood, labelled with the 
radiolabel 99mtechnetium (99mTc), re-infused into the subject and trafficked using single photon 
emission computed tomography co-registered with computed tomography (SPECT/CT). As 
a validation step, we first confirm that the isolation and labelling procedures not significantly 
affect the migratory and adhesive capacity of PBMCs via flow cytometric and migration assays. 
Subsequently, SPECT/CT imaging is performed in 5 healthy controls and 10 patients with 
advanced atherosclerotic plaques, as evidenced by magnetic resonance imaging (MRI) and 
18F-FDG PET/CT imaging. In this chapter we objectify, for the first time, a rapid and marked 
accumulation of immune cells in atherosclerotic plaques of patients, expressed as the arterial-
wall-to-blood-ratio (ABR). An important finding is that the rate of PBMCs accumulation does 
not correlate with arterial wall thickness, as assessed with MRI, whereas it does with arterial wall 
inflammation on PET (r=0.88). These observations emphasize the difference between plaque 
burden and plaque biology, also indicating the room for improvement of risk stratification 
when refining conventional imaging with functional techniques to detail plaque composition 
and function. Next to arterial wall metrics, the level of low density lipoprotein cholesterol 
(LDL-c) correlates with PBMCs accumulation (r=0.77); an interaction that is further examined 
in the second part of this thesis. Taken together, we here show that also beyond the initiation 
phase, circulating immune cells are involved in much more advanced stages of atherogenesis. 
Whether these freshly influxed contribute to the plaque cell content (macrophages) or only 
serve as signaling molecules warrants further cell-trafficking studies2.

In chapter 4 we subsequently set out to evaluate whether the production sites of immune cells, 
comprising bone marrow and spleen, are also affected in atherosclerosis. In this translational 
work, we first visualize the increased uptake of 18F-FDG in not just the arterial wall, but also 
in bone marrow and spleen as assessed with PET/CT imaging in 26 atherosclerosis patients 
compared with 25 controls. Whereas previously an increased activity of the hematopoietic 
system has been described in the setting of an acute myocardial infarction3, these findings 
indicate that, in patients with atherosclerosis, hematopoietic tissues are chronically active. To 
study this phenomenon at a cellular level, we screen a cohort of 953 cancer patients in whom 
hematopoietic stem and progenitor cells (HSPCs) have been harvested via granulocyte-colony 
stimulating factor (G-CSF) in the context of an autologous stem cell transplantation. In this 
cohort we identify 18 patients with atherosclerosis and 30 matched controls. Retrospectively, 
we find that the HSPCs of atherosclerosis patients have a 1.6-fold higher progenitor potential 
(expressed as the colony forming units-granulocyte/monocyte; CFU-GM capacity) compared 
with controls. Tentatively, this finding could imply that the enhanced hematopoietic 18F-FDG 
uptake in patients represents an increased proliferative rate of HSPCs. Alternatively, when 
taking a closer look at the SPECT images of the previous chapter, one can observe an increased 
immune cell signal in the bone marrow of patients compared with controls, suggesting that 
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an increased presence of inflammatory cells might also explain the bone marrow 18F-FDG 
signal.

Finally, this chapter describes an in vitro experiment studying the effect of (oxidized) lipids 
on healthy donor HSPCs. In line with the correlation between hematopoietic tissue 18F-FDG 
uptake, LDL-c (r=0.72) and monocytes (r=0.18) in patients, we find that the CFU-GM capacity of 
healthy HSPCs is 1.5-fold higher after co-incubation with oxidized LDL (oxLDL), also obtaining 
a myeloid differentiation bias in vitro. These data support the concept that predominantly 
oxidized lipids transduce the broad range of inflammatory responses in atherogenesis4. 
To paraphrase the first part of this thesis, patients with atherosclerosis have an increased 
multilevel inflammatory strain proportional to their lipids levels; an interplay that is further 
explored in the succeeding part of this thesis. 

Part II - The impact of lipids on atherosclerotic inflammation

Having witnessed the correlations between lipids and inflammation in plaque, plasma and 
progenitors, the second part of this thesis further investigates the direct impact of atherogenic 
lipoproteins on inflammation by integrating functional imaging with immunological assays. 
First, we focus our attention on LDL-c; the bad cholesterol.

Chapter 5 is a multi-center, intervention study demonstrating the direct contribution of 
LDL-c on arterial wall inflammation in patients suffering from familial hypercholesterolemia 
(FH). Baseline 18F-FDG PET/CT imaging shows that FH patients (n=24) have increased arterial 
wall inflammation, correlating to their LDL-c levels (r=0.52), compared with control subjects 
(n=14). Subsequently, half of the FH patients undergoes lipoprotein-apheresis, on average 
reducing LDL-c levels by 51±23%. An important finding is that concomitantly arterial wall 
inflammation decreases with 11.8±14.2%. In other words, each 10% reduction in LDL-c via 
apheresis, induces a 2% reduction in arterial wall inflammation. Contrary to the concept of 
pleiotropic, anti-inflammatory effects induced by statins on top of lipid lowering5, these data 
imply that LDL-c reduction directly affects arterial wall inflammation. Interestingly, we find 
that the decreased arterial wall inflammation does not translate into lower levels of C-reactive 
protein (CRP), indicating that this generalized marker of inflammation might fail to reflect the 
inflammatory activity at the level of the arterial wall6. The latter might even imply that the lack of 
CRP change following lipid lowering by proprotein convertase subtilisin/kexin type 9 (PCSK9) 
antibodies7, does not mean that no improvement of arterial wall inflammation or eventually 
outcome of PCSK9 inhibition is to be expected. Finally, in view of the rapid reduction within 
just 5 days after lipid-apheresis, this study shows that arterial wall inflammation in patients is 
susceptible to improvement.

Supplementary to the increased (macrophage-driven) arterial inflammation, chapter 6 
studies monocytes (the precursors of macrophages) in FH patients. In this observational study 
we characterize the monocytes of 11 healthy controls and 38 FH patients, of whom 16 not 
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on therapy, 11 on statins and 12 receiving PCSK9 antibodies. First, we find a proinflammatory 
phenotype of monocytes harvested from FH patients compared with those from healthy 
controls, as evidenced by flow cytometric and gene expression assays. These data imply 
that indeed LDL-c has a direct inflammatory effect on immune cells, already in the plasma 
compartment. In addition, we show that monocytes of FH patients with reduced LDL-c 
levels show an improvement of their phenotype, independent of the drug inducing LDL-c 
lowering (e.g. statins or PCSK9 inhibition). Again these findings stress that lipid lowering itself, 
and not just a pleiotropic effect of statins, silences the inflammatory phenotype of immune 
cells in atherosclerosis. In addition, these findings give PCSK9 therapy the opportunity to 
counterbalance their lack of CRP reduction with decreased monocyte activation

Next to the well-described LDL particle, in chapter 7 we propose a novel inflammatory route 
for lipoprotein (a) [Lp(a)], which is a plasma lipoprotein composed of apolipoprotein(a) [apo(a)] 
bound to apolipoprotein B-100 (apoB). Whereas Lp(a) is elevated in one-fifth of the general 
community and described as a causal atherosclerotic risk factor, its pathogenic mechanisms 
have remained unresolved. In this chapter we include 30 subjects with elevated Lp(a) and 30 
matched controls with normal Lp(a) levels. Proportional to their Lp(a) levels, these subjects have 
increased arterial wall inflammation quadrated by an increased immune cell accumulation 
in vivo, as assessed with the functional imaging approaches described in Part I. Of note, 
functional inflammatory measures of the arterial wall did not correlate with structural arterial 
wall metrics, which might imply that Lp(a) increases cardiovascular event risk by enhancing 
plaque vulnerability rather than accelerating plaque burden. Moreover, monocytes isolated 
from subjects with high Lp(a) exhibit a long-lasting primed state, evidenced by an increased 
capacity to transmigrate endothelium, and to produce inflammatory cytokines. Further, in vitro 
studies unravel that oxidized phospholipids (OxPL), which are preferentially carried by Lp(a) 
in the plasma, are obligatory mediators in the increased monocyte responsiveness. These 
OxPL can be considered as danger signals recognized by multiple innate pattern recognition 
receptors (PRRs) on myeloid cells. In line with other pathogen- and danger-associated signals 
previously described to prime monocytes via epigenetic alterations8, our findings suggest 
that a similar epigenetic phenomenon might transduce the effects of OxPL and Lp(a). 

To summarize the major findings in part II, atherogenic lipids and its associated oxidized 
phospholipid content directly affect inflammation both at the level of the arterial wall as the 
circulating cells in the plasma compartment. Considering the increased inflammatory activity 
in patients, despite standard of care including lipid lowering, the final part of this thesis 
addresses inflammation as a potential additional target in atherosclerosis.
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Part III - Therapeutic targeting of inflammation in atherosclerosis

Notwithstanding the spectacular success of statin therapy, even in the best of scenario - the 
controlled clinical trial - two thirds of the patients still experience major cardiovascular events9. 
In view of excess inflammation in the majority of patients, as described in this thesis, the final 
part discusses inflammation as therapeutic target in atherosclerosis. 

Chapter 8 reviews anti-inflammatory therapies in atherosclerosis, discussing their potential 
benefits and drawbacks. Two of the most advanced strategies, currently in ongoing phase 
III trials, comprise the cardiovascular inflammation reduction trial (CIRT) using low-dose 
methotrexate and the canakinumab anti-inflammatory thrombosis outcomes study 
(CANTOS) addressing the impact of interleukin 1 inhibition. The outcome of these studies 
will color the horizon for anti-inflammatory strategies in cardiovascular patients (expected in 
2017-2019). In addition, this review envisions non-invasive imaging modalities to aid future 
drug development studies by means of patient selection and surrogate endpoint studies. 
Long-term and systemic use of immunosuppressive drugs in patients with atherosclerosis, 
however, might be complicated by severe side effects. Hence, this chapter underscores the 
need for selective and targeted immunomodulation in atherosclerosis. 

In pursuit of the latter, nanotechnology offers opportunities for targeted drug delivery in 
atherosclerosis10. In chapter 9 we describe our efforts concerning the first anti-inflammatory 
nanomedicinal approach in patients with atherosclerosis, hypothesizing that local exposure 
to prednisolone will silence plaque inflammation. First, a pharmacokinetic study shows that 
liposomal encapsulation of prednisolone (in short LN-PLP) makes its plasma half-life 7 to 15-
fold longer. The latter is a prerequisite for nonspecific drug targeting in atherosclerosis; long 
circulating particles eventually accumulate at sites of enhanced permeability in the arterial 
wall - typical of atherosclerosis11. Indeed, we find that the liposomal nanoparticles appear in 
75% of plaque macrophages isolated from 7 patients, who received LN-PLP infusions twice. 
Strengthened by the confirmed macrophage targeting, we next question whether local 
exposure of prednisolone to plaque macrophages can decrease the inflammatory activity 
of atherosclerosis. Counter intuitively though, this randomized placebo-controlled efficacy 
study shows that LN-PLP is not suited for patients with atherosclerosis. After two LN-PLP 
infusions, the arterial wall permeability is unaltered, however, the arterial wall inflammation 
increases with 7% in just 12 days in 20 patients compared with 10 receiving placebo, as 
assessed with multimodal imaging. At that time, we are faced with the fact that the negative 
outcome in patients diametrically opposes previous LN-PLP work in an experimental model 
of atherosclerosis in rabbits12. 

Therefore, we aim to unravel why liposomal prednisolone increases arterial wall inflammation 
in patients in chapter 10. To this end, we first study the effect of LN-PLP in another experimental 
model of more chronically induced atherosclerosis; the low-density lipoprotein receptor 
knockout (LDLr-/-) mice, characterized by lipid- and macrophage-rich plaques. Initially, we find 
an increased number of monocytes in the plaque after LN-PLP infusions for 2 weeks. In line 
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with these early proinflammatory effects, we subsequently show that prolonged exposure 
to LN-PLP for 6 weeks induces more advanced plaque stages; evidenced by a larger necrotic 
core size and macrophage number. The latter is of specific interest considering the observed 
increase in arterial 18F-FDG uptake in patients (chapter 9), a marker of macrophage content1. 
Succeeding in vitro studies in both murine and human macrophages show that prednisolone 
polarizes inflammatory macrophages towards a reparative phenotype. However, the latter 
phenotype is also more prone to lipid loading, resulting in ER stress with subsequent 
apoptosis. Considering the high lipid-burden in atherosclerotic plaques, this prednisolone-
induced macrophage phenotype might explain the proinflammatory changes observed after 
LN-PLP treatment in mice and men. Hence, these findings highlight the importance of taking 
the atherosclerotic micro-environment into account upon modulating inflammation. 

Fuelled by our experience with liposomal prednisolone, we next propose a screening 
approach for drug candidates intended to target plaque macrophages in chapter 11. Drug 
effects on multiple key pathways of macrophage activity are assessed, comprising cytokine 
release, oxidative stress, lipid handling, ER stress and proliferation of macrophages. Seven 
compounds recognized for their beneficial impact on at least one of these pathways are 
selected to evaluate their overall performance. First, we confirm that a reduced cytokine 
release induced by prednisolone is counterbalanced by multiple adverse effects on lipid 
handling pathways, which is in line with the previous two chapters. In addition, we show that 
other candidates, comprising pterostilbene (anti-oxidant), T0901317 (liver X receptor agonist) 
and simvastatin, have an overall anti-atherogenic effect. In recognition of just in vitro data, in 

vivo validation is warranted to determine the value of our screening assays as a translational 
tool in atherosclerotic disease. Thus far, earlier in vivo experiments with nanodelivery of 
prednisolone (chapter 9 and 10; negative control) and simvastatin13 (positive control) are in 
agreement. Ultimately, such approaches might provide a framework for high-throughput 
screening to facilitate drug development. 

In aggregate, the studies in part III of this thesis illustrate the challenges and opportunities 
of anti-inflammatory drugs in atherosclerosis, in which nanotechnology might facilitate the 
pursuit for selective and targeted approaches.  

As a summary to this thesis, this central illustration aims to capture the highlights.
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atherosclerosis is a multi-compartment disease, and stress the need for whole body imaging 
to objective systemic inflammatory networks in vivo. Whereas this thesis mainly concerned 
observational studies, prospective approaches integrating whole body imaging with cellular 
assays of peripheral and stem cells are warranted to address (i) the nature of tracer uptake in 
various target cells and tissues,  and (ii) the incremental value of inflammatory metrics in future 
risk stratification. With respect to the latter, the ongoing prospective BioImage14 and PESA15 
studies are awaited to address the additional prognostic value of 18F-FDG PET inflammation 
imaging in cardiovascular risk prediction. Future imaging studies are also challenged to 
dissect more specific inflammation-associated targets in multiple compartments involved 
in atherosclerosis. Alternative PET tracers have the opportunity to improve the specificity of 
18F-FDG, and facilitate cardiac and neurovascular imaging with decreased myocardial and 
cerebral uptake, respectively. In view of the key role of myeloid cells described in this thesis, 
selective ligands such as (i) the translocator protein (TSPO) with a higher affinity for myeloid 
cells and (ii) the folate receptor-β (FR-β) predominantly present on activated macrophages, are 
considered promising. Next to an improved understanding of plaque biology, such advances 
might aid in the identification of those at high risk for major cardiovascular events. 

From count, to function and phenotype

Whereas lipids have a central role in atherogenesis, the mechanistic links between lipids and 
atherosclerosis have not yet been fully crystalized. Current concepts state that the oxidative 
modification of lipids induce a broad range inflammatory processes, eventually driving 
atherosclerosis. Indeed, we find that the carry load of oxidized phospholipids is elementary in 
changing cell behavior, driving monocyte-mediated arterial wall inflammation in humans. As 
such, this thesis underscores the need for an improved understanding of (i) not just lipid-driven 
inflammation within the plaque, but also in the plasma compartment, (ii) not just lipid particle 
numbers, but also their carry load, and (iii) not just inflammatory cell count, but also their 
functional features such as migratory and proliferative rate. In addition, future studies need to 
unravel the (epigenetic) mechanism responsible for the adaptive response of immune cells 
upon exposure to oxidized lipids. Moreover, in view of the prognostic value of OxPL associated 
to lipoproteins in the plasma16, therapeutic lowering of the oxidized lipid burden in the 
plasma might bear potential. Whereas the observational studies per definition have a limited 
clinical relevance, the findings in chapter 7 have provoked the unique opportunity to assess 
the plasticity of monocytes in response to specific Lp(a) (and OxPL) lowering using an apo(a) 
antisense strategy (first data expected in 2016). This antisense-based approach has previously 
shown to specifically reduce Lp(a) levels, and its associated oxPL load, by ~80% in a phase 
I study17,18. Such strategies will not only facilitate studies on Lp(a)’s pathogenic mechanisms, 
but also address whether substantial and specific Lp(a) lowering will benefit cardiovascular 
outcome. Finally, in line with the transition in atherosclerosis imaging from anatomical to 
functional features, this thesis illustrates that we should look beyond “count” to “function and 
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phenotype” in the assessment of lipid-driven inflammation in atherosclerosis. Such progress 
might generate novel biomarkers better reflecting early, functional changes in atherosclerosis.

From systemic exposure to targeting therapies

Whereas expectations are high, it is fair to state that immunomodulation still remains to be 
proven beneficial in reducing cardiovascular disease risk in patients. To this end, we eagerly 
await the first data of two randomized clinical trials testing anti-inflammatory drugs on 
cardiovascular outcome, expected in 2017-2019. A general movement in medicine, is the 
tendency towards patient-tailored therapy of which targeted drug delivery is a fine example. 
In a first-in-human anti-atherosclerosis nanotherapy trial we demonstrate that long-circulating 
nanoparticles accumulate in human plaque macrophages. This phenomenon most likely 
holds true for other long-circulating platforms, such as micellar or polymeric nanoparticles. In 
addition, particles with a natural conduit to the plaque, like HDL mimetics, bear potential as drug 
carriers in atherosclerosis. Future efforts should be aimed at the non-invasive and quantitative 
assessment of nanoparticle targeting-efficacy (% injected dose) by imaging. Such approaches 
can also address the heterogeneity in arterial wall permeability, and consequently the ability 
of nanoparticles to accumulate in atherosclerotic lesions. Existing experience in rheumatoid 
arthritis has accelerated the translation of liposomal prednisolone (LN-PLP) into atherosclerosis. 
However, the prednisolone payload was not suited for patients with atherosclerosis. The LN-
PLP work illustrates that the favorable effects of an anti-inflammatory compound in a classical 
inflammatory disease like rheumatoid arthritis cannot be extrapolated to a comparable efficacy 
in the lipid-rich environment of an atherosclerotic plaque. Hence, future drug candidates need 
to undergo a multifaceted screening with careful consideration of its effect on the target cells 
and tissues, as well as its microenvironment. In addition, preclinical validation should preferably 
be addressed in a model closely resembling the chronic, lipid-driven inflammatory burden 
in human atherosclerosis. This thesis may provide guidance for future development of anti-
atherosclerotic (nano)therapies using imaging-assisted readouts of efficacy in small-scaled 
studies.

CONCLUSION

This thesis illustrates that inflammation is involved throughout all stages of human atherogenesis, 
exceeding physiological levels in the vast majority of patients with atherosclerosis, or only risk 
factors for it. In addition, this multilevel inflammatory burden is directly linked to circulating 
atherogenic lipids and their contents. Now the most LDL-c lowering seems achieved with 
statins and PSCK9 inhibition, and even Lp(a) lowering is within reach with the advent of anti-
sense based strategies, future efforts should pursuit the therapeutic targeting of inflammatory 
pathways in atherosclerosis. Finally, in view of the previous stated “who, what and how” issues, 
we envision an important role for inflammatory pathways in atherosclerosis.  
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