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Cardiovascular diseases (CVD) such as myocardial infarction or ischemic stroke are 
inflammatory diseases of the arterial wall characterized by plaque formation. Patients 
suffering from auto-immune diseases such as rheumatoid arthritis (RA) have an increased 
risk of developing CVD relative to the general population. RA affects synovial joints and 
leads to chronic pain, bone erosions and progressive disability. Beyond joint disease, 
inflammation is the major determinant of accelerated atherosclerosis observed in RA. 
Mortality risk in RA patients is 1.5 higher than the general population and occurs largely as 
a result of higher rates of cardiovascular death (1). This might be due to the similarities in 
the pathogenesis of systemic inflammation and atherosclerosis. In particular macrophage 
activation and production of pro-inflammatory cytokines are important. This results in 
endothelial activation and endothelial dysfunction, and eventually leads to development 
of an atherosclerotic plaque. 
Endothelial cell activation is represented by the production of vascular endothelial 
growth factor (VEGF) and the release of angiopoietin-2 (ANGP-2), which antagonizes 
binding of angiopoietin-1 (ANGP-1) to the Tie-2 receptor, sensitizing the endothelial 
cells to up-regulate and release adhesion molecules (2) as soluble vascular cell adhesion 
molecule-1 (sVCAM-1), thrombomodulin (TM or CD141) and von Willebrand Factor (vWF). 
Subsequently, endothelial dysfunction will occur which results in increased ‘stiffness’ of the 
arterial wall, which can be measured using tonometry of the radial artery by pulse wave 
analysis (PWA, recalculated to Small Arterial Elasticity (SAE)) (3). Endothelial dysfunction 
might be regarded as a first sign of endothelial damage and, as such requires recovery. 
Endothelial progenitor cells (EPCs) appear to be important in endothelial repair (4). EPCs 
can repair or form new blood vessels through two different mechanisms: by endothelial 
sprouting from a preexisting capillary network (angiogenesis) or by vasculogenesis, 
which refers to blood vessel formation from EPCs differentiating in situ (5). Therefore, the 
number and functionality of circulating EPCs may be an important factor contributing to 
the recovery in the atherogenic process (6). EPCs represent a population of human bone 
marrow-derived cells expressing CD34, vascular endothelial growth factor receptor-2 
(VEGFR-2 or KDR) and CD133, which is a stem cell subset marker (7). Furthermore, 
advanced glycation end products (AGEs) play a role in the development of atherosclerosis. 
By interaction with their major receptor (RAGE), AGEs promote inflammatory mechanisms 
leading to atherosclerotic plaque formation and vulnerability. As such, the above named 
systemic markers might be useful to measure the cardiovascular risk in patients with 
auto immune diseases.  However, as systemic markers give insight in the cardiovascular 
status of patients in an early state which can be used in a more preventive matter, risk 
stratification in later stage is also needed. That is, the presence of the underlying disease 
itself (subclinical atherosclerosis) is the causal risk factor directly leading to CVD in patients 
with systemic auto immune diseases.
The chance for an atherosclerotic plaque to cause clinical symptoms depends largely 
on its probability to become vulnerable and rupture. The term ‘vulnerable plaque’ was 
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first coined by Muller et al. (8) in 1989, who proposed the concept of non-flow limiting 
stenosis undergoing acute changes that result in sudden plaque rupture and acute 
coronary artery thrombosis. However, the debate regarding the substrate responsible for 
causing symptoms like ischemic stroke or myocardial infarction started much earlier. The 
thin-cap fibroatheroma (TCFA) is currently considered the prototypic vulnerable plaque 
phenotype that precedes plaque rupture (9).  Nevertheless, plaque vulnerability is not 
an established medical diagnosis, but an evolving concept to improve risk prediction. 
Plaque (de)stabilization is a very dynamic process, as it is influenced by many factors such 
as interaction of inflammatory cells, production of cytokines, and increased degradation 
of the matrix by matrix metalloproteinases. Nowadays, examination of carotid arteries 
for intima-media thickness (IMT) is a widely used and non-invasive marker to reveal the 
severity of atherosclerosis and evaluation of vascular stenosis. However, this conventional 
diagnostic imaging method is not sufficient for risk stratification. Factors that promote 
plaque vulnerability (presence of lipid pools and necrotic core with an overlying thin 
fibrous cap, increased macrophage activity and plaque progression) are observed within 
plaques that are modest in terms of angiographic stenosis severity within positively 
remodeled arterial segments (10). So other than anatomical imaging, imaging the cellular 
and molecular mechanisms of cardiovascular disease has become more important. Next 
challenge will be to find the optimal imaging modalities and targets. Until now, lipid 
accumulation, apoptosis and calcification, angiogenesis, thrombosis, proteolysis and 
inflammation have been targets for innovative imaging techniques (11). By imaging 
lipid accumulation using technetium labeled LDL (99mTc-LDL), as well as 99mTc-oxLDL it 
was shown that higher uptake of the tracer in carotid plaques was present compared 
with normal carotid arteries (12,13). Two main contributors to plaque vulnerability are 
apoptosis and calcification. Apoptosis of macrophages and vascular smooth muscle cells 
contribute to necrotic core growth, ongoing inflammation and thinning of the fibrous cap. 
Moreover, apoptotic bodies derived from the macrophages play a role in calcification of 
the plaque. Targeting annexin A5 has been used to visualize apoptosis. Annexin A5 binds 
to phosphatidylserine, which is one of the “eat me” signals at the surface of the apoptotic 
cell (14). Unstable plaques showed higher uptake of annexin A5 while in stable plaques 
no uptake of annexin A5 was seen after single-photon emission computed tomography 
(SPECT) imaging (15). Recent studies showed 18F-sodium fluoride targets micro calcification 
within the necrotic core, which is abundant in a vulnerable plaque. Imaging atherosclerotic 
plaque using a whole body 18F- sodium fluoride PET/CT scan was described in a recent 
paper (16). In atherosclerotic plaques, the formation of micro vessels has been studied as 
a possible contributing factor to plaque destabilization and rupture. Several angiogenic 
cytokines, such as vascular endothelial growth factor (VEGF) may be potential imaging 
targets (17). The most promising targets however, are those who target inflammation and/
or proteolysis. During the last decade, the glucose analogue [18F]-fluorodeoxyglucose 
(FDG) in combination with PET imaging has been studied extensively for visualization of 
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vascular inflammation and identification of vulnerable plaques. [18F]-FDG imaging is based 
on increased metabolic activity of macrophages, mostly by glucose transporters (GLUT) 
(18). Proof of principle studies have shown FDG capable of detecting vulnerable plaques 
in the carotid arteries (19) and evaluate general disease activity in the larger arteries 
(20). [18F]-FDG PET detects the early stage of foam cell formation and is dependent on 
inflammation and hypoxia, which are characteristics of plaque vulnerability. Another factor 
contributing to cap thinning is the involvement of immune cells (especially macrophages), 
smooth muscle cells (SMCs) and endothelial cells (ECs) by their ability to excrete matrix-
degrading proteases such as matrix metalloproteins (MMPs). These enzymes are a result 
of inflammatory signals in the necrotic core triggering excretion, such as activation by 
T-lymphocytes trough CD-40L (21), and have the ability to degrade extracellular matrix 
and collagen in the fibrous cap covering the atherosclerotic lesion, thus making the lesion 
vulnerable and more prone to rupture. A heterogeneous population of macrophages 
exists including a classically activated macrophage type (M1) as well as an alternatively 
activated macrophage population (M2) (22). The M1 macrophage is thought to have pro-
inflammatory properties and polarization in vitro is driven by interferon gamma and low 
concentration lipopolysacharride. Macrophages are driven towards the M2 type when 
the environment includes IL-4 and IL-10. Polarization of macrophages within a plaque is 
determined by the local micro-environment present in the atherosclerotic lesion (23). 
The most promising techniques currently available are radiographic scintigraphic 
techniques such as PET and SPECT. Combining functional molecular imaging methods 
with detailed anatomical imaging by HR-MRI or CT seems to be the most useful for 
diagnostic purposes. Identifying vulnerable plaques before myocardial infarction or stroke 
occur is therefore the most important goal. The kinetics of inflammatory processes in 
atherosclerosis and in particular the expression patterns of potential molecular markers 
within inflamed vessel are still under debate. Targets that may be most promising for clinical 
imaging applications are monocytes/macrophages or their products (such as MMPs), as 
hallmarks of inflammations (24). Therefore, in this thesis we tested folate-FITC and 99mTc-
folate as macrophage activity markers, and MMPsense as a marker for MMP activity within 
an atherosclerotic carotid plaque. 
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Aim and outline of the thesis
Cardiovascular diseases are related to auto-immune diseases due to similarities in the 
pathogenesis of systemic inflammation and atherosclerosis. In particular macrophage 
activation and production of pro-inflammatory cytokines are important. This results in 
endothelial activation and endothelial dysfunction, and eventually leads to development 
of an atherosclerotic plaque. So, a systemic marker to measure the cardiovascular risk in 
patients with auto immune diseases has to be found. Also, the chance for an atherosclerotic 
plaque to cause clinical symptoms is equal to its probability to destabilize and rupture. 
Until now, currently established imaging techniques used for making carotid artery 
disease visible focus on anatomic features of the plaque and give little information on 
the molecular and cellular processes involved in plaque destabilization. Therefore, they 
cannot distinguish between stable and unstable plaques prone to rupture. This warrants 
the need for new imaging modalities that focus on plaque morphology rather than blood 
vessel narrowing (stenosis) to optimize treatment of atherosclerotic patients. In this 
thesis, markers for endothelial activation and endothelial dysfunction as a sign for early 
atherosclerosis correlated to RA-development (part 1), as well as potentially promising 
markers and tools for imaging atherosclerotic diseases are investigated (part 2). 

Part 1 Markers for early atherosclerosis
Systemic inflammation accelerates and causes premature atherosclerotic disease through 
endothelial activation and dysfunction. Endothelial dysfunction might be regarded as a 
first sign of endothelial damage and, as such requires recovery. Endothelial progenitor cells 
(EPCs) appear to be important in endothelial repair. In chapter 2 EPC levels were measured 
in early RA patients, compared to healthy controls. The aim of this study was to relate EPC 
numbers to endothelial activation and dysfunction preceding atherosclerosis in early RA 
patients and to investigate whether a diminished number of EPCs might be associated 
with increased cardiovascular risk. EPC counts were correlated to disease activity in RA 
patients (DAS-28), to endothelial activation markers and small arterial elasticity (SAE). 
Furthermore, endothelial activation markers and SAE were measured at diagnosis and 
after one year. To evaluate whether reduction of disease activity will influence early 
markers of cardiovascular disease, these measurements were related to disease activity, 
independently of traditional risk factors in chapter 3. Another factor that contributes to 
the development of atherosclerosis are advanced glycation end products (AGEs). AGEs 
are formed by non-enzymatic glycation and oxidative reactions. By interaction with their 
major receptor (RAGE), AGEs have been shown to be related to atherosclerotic plaque 
formation and vulnerability. AGEs can be measured non-invasively by evaluating skin 
autofluorescence (skin AF). In chapter 4 skin AF is investigated in relation to plasma levels 
of MMPs in subjects with a wide range in Framingham risk score profile without overt 
atherosclerosis, to test whether AGEs and plasma levels of MMPs play a role in the early 
stages of atherosclerotic plaque development. 
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Part 2 Imaging of atherosclerosis
Plaque vulnerability and rupture directly leads to CVD. Systemic markers give insight in 
the cardiovascular status of patients in an early state, but risk stratification in a later stage 
(imaging subclinical atherosclerosis) is also needed. In chapter 5, the role of macrophage 
subtypes in systemic inflammation as well as in atherosclerotic disease is depicted. 
A heterogeneous population of macrophages exists including a classically activated 
macrophage type (M1) as well as an alternatively activated macrophage population (M2). 
M2 macrophages might be important as a direct cause of plaque vulnerability by producing 
tissue degrading MMPs. Folate receptor-β (FR-β; a protein that binds with high affinity to 
vitamin folic acid) is selectively expressed on activated macrophages, and is thought to 
be a marker for M2 macrophages. As stated in the above, targets that may be most useful 
for clinical imaging applications are monocytes/macrophages. Therefore, FR-β is a very 
promising tool for distinguishing between stable and vulnerable atherosclerotic disease 
in association with systemic disease. In chapter 6 and 7 targeting of FR-β in atherosclerotic 
carotid plaques is described. Furthermore, macrophage polarization within a plaque is 
investigated. In chapter 6 we aimed to explore the potential role of fluorescence-labeled 
folate (folate-FITC) imaging as a macrophage activity marker in the vessel wall. In addition, 
the distribution of folate–FITC uptake was compared histologically to the presence of 
activated macrophages and hypoxia (hypoxia-inducible factor–1α (HIF-1α), characteristics 
of an unstable plaque in the carotid artery. Because of the low penetration depth of folate-
FITC, leading to a limited clinical usage, folate imaging using SPECT was investigated in 
chapter 7. In this study, folate was labeled to technetium (99mTc). It was evaluated whether 
this technique can discriminate between a M1-like and M2-like macrophage phenotype 
within an atherosclerotic carotid plaque. As MMPs are a key factor in plaque vulnerability, 
their distribution in atherosclerotic plaques is measured by a MMP-sensitive activatable 
fluorescent probe (MMPSense™ 680) and imaged using a multispectral fluorescence 
system  (IVIS® Spectrum) in chapter 8. Furthermore, in this chapter the role of smooth 
muscle cells and macrophage subsets in the production of MMPs is depicted. 

Finally, the results of this thesis are summarized and discussed in chapter 9.
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List of abbreviations

[18F]FDG   2-deoxy-2-[18F]fluoro-D-glucose
[18F]FDM  2-deoxy-2-[18F]fluoro-D-mannose
ACEi   antiotensin-converting enzyme inhibitor
ACR   American College of Rheumatology
AF   alkaline phosphatase
AGE   advanced glycation end products
AIIRD    auto-immune inflammatory rheumatic diseases 
AMAC-1   alternative macrophage activation-associated CC-chemokine-1
ANGP-1    angiopoietin-1
ANGP-2   angiopoietin-2
Anti-CCP   anti-cyclic citrullinated protein
APC   allophycocyanine
ApoE   apolipoprotein E
ARB   antiotensin receptor blokker
AU   arbitrary units
BMI   body mass index
BSA   bovine serum albumin
CAD   coronary artery disease
CCD   charged coupled device
CCL-1   chemokine (C-C motif ) ligand-1
CCR-4   chemokine (C-C motif ) receptor-4
CEA   carotid endarterectomy
CFU   colony forming unit
CpG-DNA  C-phosphate-G deoxyribonucleic acid
CRP   C-reactive protein
CS-1   connecting segment-1
Ct   threshold cycle 
CT   computed tomography 
CTA   computed tomography angiography
CVA   cerebrovascular accident
CVD    cardiovascular disease
CXCL-4,16  chemokine (C-X-C motif ) ligand-4,16
CXCR-6    chemokine (C-X-C motif ) receptor-6 
DAPI   4’,6-diamidino-2-phenylindole
DAS-28    disease activity score of 28 joints
DM   diabetes mellitus
ECM   extracellular matrix
EDTA   ethylenediaminetetraacetic acid
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ELISA   enzyme-linked immunosorbent assay
EPC   endothelial progenitor cell
ECPP   endothelial cells with proliferative potential
FACS   fluorescence activated cell sorting
FcγR    fragment crystallizable gamma receptor
FCM   foam cell macrophages
FCS   fetal calf serum
FDG   fluorodeoxyglucose
FGF   fibroblast growth factor
FITC   fluorescein isothiocyanate
Flk-1   fetal liver kinase-1
FMT   fluorescence molecular tomography
FOV   field of view
FR-α   folate receptor-alpha
FR-β   folate receptor-beta
FRS   Framingham risk scores 
GAPDH   glyceraldehyde-3-phosphate dehydrogenase
GLUT   glucose transporter proteins
GM-CSF   granulocyte macrophage colony stimulatory factor
GPI   glycosylphosphatidylinositol
CTA   computed tomography angiography
HC    healthy controls
HD   hemodialysis
HDL-cholesterol  high density lipoprotein cholesterol
HIF-1α   hypoxia-inducible factor–1alpha
HLA-DR    human leukocyte antigen-DR
HRP   horseradish peroxidase
ICAM-1   inter-cellular adhesion molecule-1
IFN-γ   interferon-gamma
Il-6, 10, 30, 33  Interleukine-6, 10, 30, 33
IMT   intima media thickness
IRB   institutional review board
iNOS   inducible Nitric Oxide Synthase;
IP-10    interferon-inducible protein 10
KDR   kinase domain region
LDL-cholesterol  low density lipoprotein cholesterol
LPS   lipopolysaccharide
MCP-1    monocyte chemo attractant protein-1
M-CSF   macrophage colony-stimulating factor 
MDRD   modification of diet in renal disease
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MHC   major histocompatibility complex
MI   myocardial infarction
MIP-1   macrophage inflammatory protein-1
MMP   matrix metalloproteinases
MR   mannose receptor
MRI   magnetic resonance imaging
mRNA    messenger ribonucleic acid
MSOT   multispectral optoacoustic tomography
MTX   methotrexate
NIR   near infrared
NO   nitric oxide
PAD   peripheral artery disease
PASW   predictive analytics software
PBMC   peripheral blood mononuclear cell
PDGF   platelet-derived growth factor
PET   positron emission tomography
PGE2   prostaglandin E2
PWA   pulse wave analysis
RA   rheumatoid arthritis
RAGE   receptor for advanced glycation end products
RF   rheumatoid factor
ROI   region of interest
RPMI medium  Roswell Park Memorial Institute medium
RT-PCR   reverse-transcription polymerase chain reaction
SAE   small artery elasticity
SD   standard deviation
SLE   systemic lupus erythematosus
SMC   smooth muscle cell
SPECT   single-photon emission computed tomography
SPSS   statistical package for the social sciences
sVCAM-1  soluble vascular cellular adhesion molecule-1
TBR   target-to-background ratio
TCFA   thin-cap fibroatheroma
TGF-β   transforming growth factor beta
TIA   transient ischaemic attack
TIMP   tissue inhibitors of metalloproteinases
TLR   toll like receptor
TM   thrombomodulin
TNF   tumor necrosis factor
TNF-α   tumor necrosis factor-alpha
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TRITC   tetramethyl rhodamine isothiocyanate
VCAM-1   vascular cell adhesion molecule-1
VEGF    vascular endothelial growth factor
VEGFR-2   vascular endothelial growth factor receptor-2
VLA-4   very late activation antigen-4
VSMC   vascular smooth muscle cells
v/v    volume fraction
vWF    von Willebrand factor





15

Part 1
MARKERS FOR EARLY ATHEROSCLEROSIS




