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Cardiovascular diseases
The leading cause of death worldwide is cardiovascular disease (CVDs),
accounting for 16.7 million deaths annually 1, 2. The most common and most
severe CVDs are cerebrovascular disease (e.g. stroke) and coronary artery
disease (i.e. myocardial infarction). Both diseases have a major impact on
the personal health, but also on the society as a whole. The main underlying
cause of CVDs is atherosclerosis, which is a chronic inflammatory disease
mainly affecting medium and large-sized arteries 3. During this pathological
process lipids, immune cells and cell debris accumulate in the vessel wall,
thereby forming lesions. These initial lesions can progress and grow in size,
thereby partially or even fully occluding the vessel, resulting in obstructed
blood flow. More often, however, this occlusion and obstructed blood flow is
caused by thrombus formation due to the rupture of atherosclerotic lesions.
This obstruction can lead to ischemic areas in downstream tissues, most
commonly in the heart and in the brain resulting in a myocardial infarction
(MI) or stroke, respectively 3. Many risk factors have already been described
for CVDs, including hypertension, smoking, obesity, stress and lack of
physical activity 1. However, to date atherosclerosis is still not curable or
reversible with any available drug, warranting additional research in this
field. Inflammation is one of the most crucial drivers of atherosclerosis, which
can be regulated by the modulation of profiles of lipids and protein posttranslational modifications. This thesis will focus on the modulation of these
regulatory molecules.
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Atherosclerosis: a lipid driven, chronic inflammatory
disease
Atherosclerosis is a complex multifactorial pathology affecting mainly the
medium and large sized arteries. Formation of atherosclerotic lesions occurs
predominantly at predisposed sites, i.e. sites of disturbed laminar flow, like
bifurcations and curvatures 4, thereby disturbing the normal, quiescent state
of the endothelium. The resulting increased permeability of the endothelial
layer leads to the accumulation of lipids, more specifically low density
lipoproteins (LDL), in the subendothelial layer of the arterial wall (Fig. 1) 5.
LDL particles contain a core of cholesterolylesters and triglycerides surrounded
by phospholipids, free cholesterol and apolipoprotein-B100 (Apo-B100).
Apo-B100 is synthesized in the liver, assembled into and secreted as very
low density lipoproteins (VLDL), which are converted to LDL in the circulation
5
. Apo-B100 has a high affinity for proteoglycans and extracellular matrix,
resulting in the retention of LDL in the intima 6. LDL is very susceptible to
oxidation, resulting in oxidized-LDL particles (oxLDL). These modified lipids
will activate the endothelial cells (ECs) and tissue resident macrophages
7
. Monocytes will be attracted to the activated area and transmigrate into
the vessel wall, where they differentiate into macrophages 8. Subendothelial/
extravasated LDL will be oxidized and taken up by resident macrophages via
scavenger receptors (SRs), mainly SR-A and cluster of differentiation (CD)
36 9, 10. The level of oxidation is important in this process, since highly oxidized
LDL display a much higher affinity for these receptors than minimally oxidized
LDL 11. Intracellularly, oxLDL will be hydrolysed into free cholesterol and fatty
acids in late endosomes 12. Free cholesterol is subsequently transported to
the endoplasmic reticulum where it undergoes re-esterification to cholesteryl
esters by the acyl-CoA:cholesterol ester transferase (ACAT) enzyme 13.
This accumulation of cholesteryl esters will transform the macrophages
into foam cells, a characteristic hallmark of early atherosclerosis. Not only
the uptake and storage of cholesterol is disturbed, but also the excretion
mechanisms. ATP binding cassette transporters A1 and G1 (ABCA1 and
ABCG1), are the major contributors to this cholesterol efflux through reverse
cholesterol transport (RCT) 14, 15. Cholesterol will efflux toward high density
lipoproteins (HDL), making HDL beneficial for atherosclerosis development
14
. HDL’s metabolism and additional functions will be further introduced later.
Normally, this efflux mechanism is upregulated upon lipid loading, however,
11
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during hypercholesterolemia this route is compromised, further favouring the
conversion of macrophages to foam cells 16.
This macrophage activation, due to the lipid loading, together with the
activation of endothelial cells will also lead to more vascular inflammation, by
the secretion of various cytokines, chemokines and adhesion molecules 17.
Inflammation can be further modulated by A Disintegrin And Metalloproteases
(ADAMs), which is a group of proteins that are able to shed transmembrane
molecules like cytokines and chemokines and thereby modulate inflammation
18
. The inflammation will result in the attraction of additional monocytes and
other immune cells, like T- and B-lymphocytes and neutrophils to the site of
injury and lesion formation 8.

Monocytes/macrophages: the predominant inflammatory cells in
atherosclerosis

In mice, 2 main subtypes of circulating monocytes exist, i.e. the Ly6Chi CCR2hi
(inflammatory) and Ly6Clow CX3CR1hi (resident or patrolling) monocytes 19.
Ly6Chi inflammatory monocytes form the main subtype that will migrate to the
site of injury 20. The mechanism of monocyte recruitment consists of complex
interactions between various adhesion molecules and chemokines. The first
step in this cascade is the capture and rolling phase, where various chemokines
and selectins on the luminal side of the activated endothelium play a crucial
role 17, 21. The second step is the firm adhesion of these monocytes to the
endothelium. In this phase, vascular cell adhesion molecule 1 (VCAM1) and
intercellular adhesion molecule 1 (ICAM1) present on the endothelium are
essential 21. After firm adhesion, the monocytes will have to transmigrate
across the endothelial layer, mainly directed by various chemokines and their
receptors 22. Although many chemokines are implicated in this process, the
three major groups are CCL2-CCR2, CX3CL1-CX3CR1 and CCL5-CCR5,
although various receptors have been described for these chemokines 23. This
was further supported by the fact that combined deletion of all three axes in
ApoE-/- mice resulted in significant decreases in atherosclerosis development
24
. Next to these chemokines, also the endothelial junction molecules platelet
endothelial cell adhesion molecule 1 (PECAM1), VE-Cadherin and junctional
adhesion molecules (JAMs) play a crucial role as regulators of endothelial
cell permeability and leukocyte transmigration 25. Once inside the vessel wall,
monocytes can differentiate into macrophages, driven by macrophage colonystimulating factor (M-CSF) 26. Similar to the monocytes, also macrophages
are a heterogeneous cell population, consisting of 2 main groups, the
12
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classically activated, inflammatory M1 macrophages and the alternatively
activated, inflammation resolving M2 macrophages 27. Various cytokines play
a role in this polarization of macrophages 28. Both types of macrophages are
present in atherosclerotic lesions, where the balance between them is of
great importance for either plaque development or resolving inflammation 29.
These attracted leukocytes will again be exposed to the oxidized-lipid rich
environment of the developing lesion, thereby forming foam cells. Thereby
a vicious circle of leukocyte attraction and lipid accumulation is formed,
stimulating atherosclerosis development.

Figure 1. The development of an atherosclerotic lesion

17

. At the site of initial vessel

damage, a fatty streak is formed by the accumulation of foamy macrophages. Lesions will
further develop by accumulation of lipids and macrophages. Apoptosis of these macrophages
will eventually lead to the formation of a necrotic core, resulting in intermediate lesions. Migrated
smooth muscle cells into the intima will produce extracellular matrix, forming the fibrous cap.
Persisting inflammation, cell recruitment and cell death will further enlarge the necrotic core.
Ultimately, deterioration of the fibrous cap by proteases secreted from foamy macrophages
will decrease plaque stability and can result in plaque rupture, releasing thrombotic materials
into the lumen forming a thrombus and thereby blocking the blood flow.
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When lesional macrophages take up so many lipids and debris, many
will eventually go into apoptosis (Fig. 1). In early plaque development the
apoptosis will not be that harmful, since neighbouring macrophages will
take up and eliminate the apoptotic debris, a process called efferocytosis
29
. However, when plaque development progresses, the excessive uptake
of lipids and debris continues and eventually leads to cellular stress and
impaired efferocytosis 30. This will result in the accumulation of apoptotic
debris and apoptotic macrophages will go into secondary necrosis, leading
to the formation of the necrotic core which is characteristic of more advanced
lesions 29, 31. The necrotic core will significantly contribute to the lesional
inflammation, and thus progression, and also contains pro-thrombotic factors
that will lead to a thrombus when it comes into contact with platelets 32. To
prevent this from happening, a fibrous cap is formed between the necrotic core
and the lumen, by deposition of mainly collagen and elastin by intimal smooth
muscle cells (SMCs) 33. Various cytokines and growth factors, produced by
macrophages and T-lymphocytes, are important for the migration of intimal
SMCs to the intima and for the extracellular matrix production 33. Plaques with
a big fibrous cap are considered to be more stable atherosclerotic lesions,
i.e. less prone to rupture. However, macrophages can also produce matrix
metalloproteinases (MMPs), that are capable of degrading extracellular
matrix proteins 32. Furthermore, it has been shown that macrophages can
induce SMC apoptosis, resulting in a decreased matrix production 34. Fibrous
cap degradation and thus thinning makes the lesion more vulnerable and
can eventually lead to a plaque rupture, releasing pro-thrombotic material
into the bloodstream resulting in thrombus formation and obstruction of blood
flow. This can cause ischemia to distal regions and result in a MI or stroke 31.
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ADAMs in atherosclerosis
ADAMs are a group of proteins that have various effects on inflammatory
mediators, some of which are crucial in the pathogenesis of atherosclerosis.
ADAMs consist of many family members and the proteolytically active ADAMs
are able to shed / cleave off the extracellular part of transmembrane proteins,
thereby releasing an extracellular part which can among others be used to
secrete cytokines and chemokines or to inactivate adhesion molecules.
This way ADAMs can play a crucial role in leukocyte recruitment, since the
chemokines CX3CL1 and CXCL16, the adhesion molecules VCAM1 and
ICAM1, but also the junctional molecules JAM-A and VE-Cadherin are all
well-known substrates of ADAMs 35-39. Besides this clear role of ADAMs in
inflammation and leukocyte recruitment, ADAMs have also been implicated
in angiogenesis (new blood vessel formation), which has been associated
with atherosclerotic lesion development and plaque destabilization 40.
Recently, we found that high in vivo expression of ADAM10, a main member
of the ADAMs family, is associated with plaque angiogenesis in human
atherosclerosis 35. Although this makes an important role for ADAMs in
atherosclerosis development and stability very plausible, a causal role had
not been described so far. In chapter 2, the role of ADAMs in angiogenesis and
inflammation in relation to atherosclerosis will be reviewed more extensively.
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High Density Lipoproteins and cardiovascular disease
As introduced above, foam cells play a crucial role in the development of
atherosclerosis and the resulting cardiovascular events. Prevention or
reversal of this transition from macrophage to foam cell might therefore be
used as a therapy for lesion formation 41. HDL play a crucial role in the RCT,
mediating the transport of cholesterol from peripheral tissues, like lesional
macrophages, towards the liver for excretion into the faeces 42. Extensive
evidence suggests that HDL indeed play an important role in protection
against atherosclerosis, since various clinical and epidemiological studies
showed that HDL levels inversely correlate with cardiovascular disease
risk 43. HDL are a very heterogeneous class of lipoproteins, structurally and
functionally 44. In atherosclerosis, functional changes of HDL have been
observed, further indicating a role of HDL in this pathogenesis 44.

HDL heterogeneity and metabolism

The great heterogeneity of HDL is mainly attributable to the different
content of apolipoproteins and lipids, suggesting also distinct functions 45.
The main constituent of HDL is ApoA-I, accounting for ~70% of the total
HDL protein. The amphipathic, very dynamic structure of ApoA-I, ensuring
conformational changes upon lipid binding is also a main contributor to the
HDL heterogeneity 46. ApoA-I is produced and secreted by the liver and the
intestines (Fig. 2). The lipid free protein will rapidly interact with cells and
obtain phospholipids and free cholesterol, via ABCA1 to form the small, lipidpoor discoidal pre-β-HDL containing two or three ApoA-I proteins 45. Another
way by which this pre-β-HDL is formed, is by lipolysis of VLDL by lipoprotein
lipase. Subsequently, lecithin:cholesterol transferase (LCAT) will esterify the
cholesterol present in the pre-β-HDL, forming cholesteryl esters. Since these
cholesteryl esters are highly hydrophobic, they will accumulate in the centre
of the lipoprotein, forming a lipid core. This process will transform discoidal
pre-β-HDL into spherical α-HDL 47. Small spherical HDL can further increase
in size by taking up free cholesterol from peripheral cells by cholesterol
efflux mediated by ABCA1, ABCG1 or SR-B1 and subsequent esterification
by LCAT. Additionally, phospholipid transfer protein (PLTP) can transfer
phospholipids from VLDL and chylomicrons into HDL, thereby contributing to
the remodeling 48. This phospholipid transfer can also lead to apolipoprotein
destabilization, resulting in remnant particle fusion and formation of a larger
α-HDL particle 49. The latter can undergo constituent-exchange with ApoB
16
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containing lipoproteins (VLDL and LDL) via cholesteryl ester transfer protein
(CETP). The net effect of CETP is the transfer of cholesteryl esters from HDL
to ApoB containing lipoproteins in exchange for triglycerides (TG), generating
TG-rich HDL 44, 45. This CETP mediated transfer will result in the transition of
large α-HDL2 particles into smaller α-HDL3 particles. This transition can also
be caused either by cholesteryl ester uptake by the liver, mediated by SR-B1
or by hepatic lipase or endothelial lipase mediated hydrolysis of triglycerides
50
. The combined action of CETP and lipases results in reduction of HDL
size, accompanied by partial loss of ApoA-I from the particle surface. This
released lipid-free ApoA-I protein is recycled and will again interact with
ABCA1 to start a new lipidation cycle, or will be excreted via the kidneys.

Figure 2. HDL metabolism and reverse cholesterol transport 55.
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Besides size and lipid composition, HDL subfractions are also distinguished
based on their apolipoprotein composition. The two main groups are ApoA-I
HDL, which exclusively contain apolipoprotein A-I, and A-I/A-II HDL composed
of both ApoA-I and ApoA-II 51. Even a minor population of ApoE containing
HDL has been described 52. Additionally, HDL can be composed of various
other apolipoproteins like ApoC or ApoM 53, 54.

The HDL hypothesis

Already in 1964, The Framingham Heart Study was the first study
showing compelling evidence of an inverse relationship between HDL
and cardiovascular disease 56. This was the start of the concept that HDL
is the good cholesterol and could possibly protect against atherosclerosis
and cardiovascular disease, in contrast to LDL or the bad cholesterol. This
hypothesis was further supported by animal studies during the 1990s,
where for example Badimon et al. infused HDL plasma fractions into
cholesterol-fed rabbits and observed a regression of atherosclerotic lesions
57
. Furthermore, Rubin et al. showed that early atherogenesis was inhibited
in mice overexpressing human ApoA-I, resulting in high circulating HDL
levels 58. These studies were in line with the obtained epidemiological data
and strengthened the HDL hypothesis, stating that “a reduction of plasma
HDL concentration may accelerate the development of atherosclerosis, and
hence ischemic heart disease, by impairing the clearance of cholesterol from
the arterial wall” 59.

HDL functions

Cholesterol efflux capacity
Over the last years, a lot of studies have focussed on identifying the precise
function of HDL that has this protective effect against cardiovascular disease
60
. The most studied and best described function of HDL is its role in the RCT.
The efflux of cholesterol from peripheral cells, like macrophages, to HDL can
be mediated by various pathways. ABCA1 is responsible for the transport of
phospholipids and cholesterol from cells towards lipid free ApoA-I or small
lipid poor, discoidal HDL 61, 62. Discoidal HDL, but also the larger spherical
HDL can act as cholesterol acceptors for ABCG1 mediated efflux 61, 63. These
lipid rich HDL particles can also bind and interact with SR-B1. This interaction
is bidirectional and the rate of this efflux correlates positively with the HDL
cholesterol concentration 64. The final pathway is receptor-independent
passive diffusion of cholesterol along the concentration gradient. This gradient
is formed when LCAT esterifies cholesterol that mobilizes towards the centre
18
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of the HDL particle, thereby depleting the HDL membrane of cholesterol
enabling passive diffusion of cholesterol from cells 65. Andorni et al. even
found that this passive pathway had a major contribution to cholesterol efflux
in vitro, mostly in cells with normal cholesterol levels 65. However, the precise
contribution of these pathways in vivo remain poorly defined.
Antioxidant activity
Besides the effects of HDL on cholesterol efflux from cells, HDL particles also
have antioxidant activity. Hereby HDL can protect from oxidative damage
and modification of LDL 66. The precise mechanism by which HDL exert this
protection remains largely undetermined. A main enzyme of interest in this
aspect is paraoxonase-1 (PON-1), which is located on the HDL particle 67.
However, also PON-1 independent antioxidant activity of HDL is observed.
Initially phospholipid hydroperoxides (PLOOHs) are transferred from LDL to
HDL via CETP 68. These PLOOHs are subsequently reduced by methionine
residues of ApoA-I, forming redox-inactive phospholipid hydroxides 69.
Anti-inflammatory activity
HDL have a wide range of anti-inflammatory properties. They can limit
the extent of endothelial cell activation, resulting in a decreased adhesion
molecule expression such as VCAM-1 and ICAM-1 70. Additionally, HDL can
suppress chemokine secretion of CCL2, CCL5 and CX3CL1 from endothelial
cells and monocytes, that play a crucial role in monocyte recruitment and
atherogenesis 71. It was even shown that CCR2 and CX3CR1 expression in
plaques of ApoA-I injected mice was significantly decreased, further supporting
the anti-inflammatory properties of HDL 71. This in vivo anti-inflammatory
effect of HDL was further observed in normo- and hypercholesterolemic rabbit
models showing reduced vascular inflammation and adhesion molecule and
chemokine expression 72, 73.
Other activities
Besides, these three main and well defined functions, HDL have more
functions that could contribute to their protective capacity. For example, HDL
can inhibit thrombosis by directly or indirectly reducing platelet activation,
as well as factors involved in the coagulation cascade, like thrombin and
tissue factor 74, 75. HDL can also exert beneficial effects on the endothelium,
either by restoring the endothelial function by stimulating endothelial nitric
oxide synthase (eNOS) dependent NO production 76, or by enhancing the
recruitment of endothelial progenitor cells to damaged areas to ensure
19
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proper endothelial repair 77. Finally, Yvan-Charvet et al. recently showed that
HDL supress the proliferation of hematopoietic stem cells, thereby reducing
leukocytosis and monocytosis and eventually reducing the diet-induced
atherosclerosis 78.

HDL therapy

Since HDL have so much beneficial functions and epidemiological data
show an inverse relationship with cardiovascular diseases, many efforts are
made to increase the plasma HDL concentration in CVD patients. Life style
interventions, like increasing the physical activity have been shown to increase
HDL concentrations 79. Besides these interventions, also various therapeutic
modalities have been investigated. The main therapeutic strategies that were
and are still being investigated will be introduced here (Fig. 3).

Figure 3. Mode of action of currently available HDL-raising therapies 55.
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Niacin, or nicotinic acid, is the most effective agent to raise HDL levels and
has already been used for more than fifty years to modulate lipids 80, but it
also significantly decreases LDL and triglyceride levels. The mechanism of
action of niacin is not very well understood. Some studies show that niacin
can reduce direct ApoA-I catabolism 81, but also inhibit CETP 82. In recent
trials, this beneficial effect of niacin on HDL levels was indeed observed,
although without reduced cardiovascular risk 83-86. Also the latest trial, the
Second Heart Protection Study – Treatment of HDL to Reduce the Incidence
of Vascular Events (HPS2-THRIVE) trial, where statins and niacin treatment
was combined with laropiprant, a prostanoid receptor antagonist, to prevent
the niacin mediated vasodilatation causing the occurrence of flushing and
itching 87, showed beneficial lipid modifications without any significant
difference in primary cardiovascular outcome. The trial was even terminated
early, due to higher occurrences of serious side effects, like bleeding and
infection in the niacin treated group 87.
Another method to raise HDL levels would be CETP inhibition, since CETP
transfers cholesteryl esters from HDL to ApoB-containing lipoproteins.
Although various animal studies showed conflicting results of the effects of
CETP inhibition 88, 89, several promising inhibitors have been used in clinical
trials. Thus far CETP inhibition as therapy seems to be quite challenging,
since a trial using torcetrapib was terminated early because of significantly
higher mortality rates in torcetrapib treated patients, whereas a trial using
dalcetrapib was stopped due to futility 90, 91. Later it was shown that torcetrapib
had unexpected off-target effects on the renin-angiotensin-aldosterone
system, leading to hypertension and hypokalemia in patients 92. More recently,
a trial using anacetrapib did show significant increases in HDL levels without
major side effect, though no beneficial effect on cardiovascular outcome was
observed 93, 94. However, the small population size might have obscured any
beneficial effects. Therefore currently the Randomized Evaluation of the
Effects of Anacetrapib Through Lipid-modification (REVEAL) trial is started
enrolling 30,000 patients. This study should give the definitive answer whether
anacetrapib is indeed beneficial with regard to clinical outcome. Finally,
evacetrapib is in clinical development and showed promising results already
by beneficially modifying plasma lipid levels 95. Currently, the phase III clinical
trial, A Study of Evacetrapib in High-Risk Vascular Disease (ACCELERATE)
is on-going.
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Fibrates can also inhibit CETP activity, next to increasing the synthesis of
ApoA-I or ABCA1, via PPAR-α activation 96. However, the main effect of
fibrates, next to HDL raising, is the reduction of plasma TG levels, which
was confirmed in a trial using gemfibrozil that indeed showed this lipid
modification, resulting in significant reductions of cardiovascular outcome 97.
Additionally, a meta-analysis showed a 22% reduction of MI risk, furthermore
showing that fibrates are efficacious 98. PPAR-α activation resulting in HDL
raising is also mediated by statins 99. However, the major effect of statins is
the reduction of LDL by inhibiting 3-hydroxy-3-methylglutaryl coenzyme A
(HMG CoA) 100. Currently, statins are widely used as the therapy of choice to
reduce LDL cholesterol and reduce cardiovascular risk.
The most direct way to elevate plasma HDL is by direct infusion. The Effect
of rHDL on Atherosclerosis-Safety and Efficacy (ERASE) study is a small
randomized clinical trial showing that infusion of reconstituted HDL significantly
reduced atheroma volume 101. Another clinical trial using HDL infusion used
reconstituted HDL containing ApoA-I Milano, a naturally occurring mutant
of ApoA-I, also showing significant reductions in atheroma volume 102. Both
studies clearly indicate beneficial effects of HDL/ApoA-I infusions, although
much larger clinical studies are needed to assess its efficacy in reducing
cardiovascular risk 103. Also HDL mimetic peptides have already been well
established in basic research, although not so elaborately yet in a clinical
setting 104. For example, in vitro it was shown that the peptide 5A was effective
in reducing VCAM-1 and ICAM-1 expression in human coronary artery
endothelial cells 105. The mimetic peptide ETC-642 was also shown to reduce
vascular inflammation in vitro as well as in animals 106. Another ApoA-I mimetic
peptide, called 4F, was able to reduce atherosclerosis development in mice
107
. Studies using mimetic peptide D-4F in humans showed that this peptide
is safe and well tolerated, opening the doors for more elaborate clinical trials
108
. Animal models show that hepatic ApoA-I overexpression also results in
increased plasma HDL levels and a significant reduction in atherosclerosis
development 109. Therefore a compound called RVX-208 was developed, that
specifically increases endogenous hepatic ApoA-I production. Unfortunately,
a recent clinical trial (ASSURE trial) by Nicholls et al. showed that RVX-208
had no beneficial effects in patients (ESC press release 2013).
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Current HDL hypothesis debate

Several new developments, like many of the described clinical trials that
did not show any effect on cardiovascular event rates, started a lively
debate about the originally described HDL hypothesis and HDL raising
therapeutic strategies. The HDL hypothesis recently also took a big hit by
the meta-analysis of 39 clinical trials performed by Keene et al., showing
that niacin, fibrates and CETP inhibitors did not reduce all-cause mortality
or the incidence of MI or stroke 110. In addition to these clinical trial results,
also genetic evidence shows inconsistencies as Voight et al. showed that
polymorphisms exclusively altering HDL levels did not affect the risk of MI
in mendelian randomisation analyses 111. This debate makes HDL research
more than ever an exciting and challenging field of interest.

23

1

1

Chapter 1

Hypothesis and thesis outline
In this thesis, various approaches are used to modulate vascular inflammation,
focusing on both ADAMs and HDL, targeted in different cell-types.
Since ADAMs can shed various cytokines, chemokines and adhesion
molecules which are all implicated in general inflammation, we hypothesize
that they are critical players in atherosclerosis development. In chapter 2,
a review is given on the role of ADAMs in angiogenesis, inflammation and
atherosclerosis. Although many studies already show results implicating
ADAMs in crucial mechanisms of atherosclerosis and we already showed an
association between ADAM10 and human atherosclerosis progression, the
causal role of ADAMs in atherosclerosis still remains unknown. Therefore,
the first aim of this thesis is to determine the cell-type specific effects of
different ADAMs on atherosclerosis development. In chapter 3, we study
the role of ADAM8 in atherogenesis. We first confirm the already described
association of ADAM8 with lesion development, by showing increased
ADAM8 expression upon lesion progression in humans, especially in foamy
macrophages. Hereafter, we investigate the effect of myeloid ADAM8 on
atherosclerosis development in mice. In chapter 4, we show the effect of
another ADAM protease, ADAM10. Here, we investigate the causal role of
myeloid ADAM10 in atherosclerosis development. In addition to myeloid
cells, also endothelial cells play a crucial role in atherogenesis as these cells
form the barrier between the lumen and vessel wall. Expression of adhesion
molecules and secretion of chemokines from these cells is necessary
for atherosclerosis development. As ADAM proteases can shed these
molecules, we investigate in chapter 5 the effect of endothelial ADAM10 on
atherosclerosis development. Atherosclerosis in this study is induced using
a recently developed adeno-associated virus method 112, resulting in LDLreceptor breakdown.
It is clear that HDL can have a major influence on atherosclerosis and
cardiovascular disease. Recently, however, based on the disappointing
clinical trials the debate started whether HDL is still a suitable therapeutic
target to pursue. Many of these studies have investigated the HDL effects
on a systemic pathogenesis and did not focus on the more local, cell specific
HDL effects. Therefore the second aim of this thesis is to unravel the cell
specific effects of HDL on smooth muscle cells (SMCs) and macrophages.
24
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Based on the already described anti-inflammatory and atheroprotective
properties of HDL, we hypothesize that HDL will have anti-inflammatory
effects on both cell-types by reducing cytokine and chemokine secretion. In
chapter 6, we show the effects of HDL on SMC chemokine secretion and
proliferation and unravel the mechanism behind these effects. Chapter 7
describes our findings regarding HDL effects on macrophage activation and
the underlying mechanisms involved.
Chapter 8 discusses the most important findings of this thesis and puts them
into a broader perspective of the current status of the field. Furthermore,
future perspectives will be described.
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Abstract

2

A Disintegrin And Metalloproteases (ADAMs) are enzymes that cleave (shed)
the extracellular domains of various cell surface molecules, e.g. adhesion
molecules, cytokine/chemokine and growth factor receptors, thereby
releasing soluble molecules that can exert agonistic or antagonistic functions
or serve as biomarkers. By functioning as such molecular scissors, ADAM
proteases have been implicated in various diseases, e.g. cancer, and their
role in cardiovascular diseases is now emerging. This review will focus on
the role of ADAM proteases in molecular mechanisms of angiogenesis and
inflammation in relation to atherosclerosis. Besides a concise overview of the
current state and recent advances of this research area, we will discuss key
questions about redundancy, specificity and regulation of ADAM proteases
and emphasize the importance of confirmation of in vitro findings in in vivo
models.
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Introduction
To date 40 ADAM family members have been identified in the mammalian
genome, typically consisting of conserved and characteristic protein domains
(Fig. 1) 1. Only 12 ADAM genes encode for proteolytically active proteases,
i.e. ADAM8, 9, 10, 12, 15, 17, 19, 20, 21, 28, 30 and 33 1, 2, of which ADAM10
and 17 are the best studied family members 3. In this review we will specifically
focus on the ADAMs with sheddase activities, i.e. the ADAMs mediating
proteolytic cleavage of transmembrane proteins near the plasma membrane
releasing the extracellular part (ectodomains) (Fig. 1). This process called
ectodomain shedding affects various surface proteins, such as growth
factors, adhesion molecules, cytokines and cytokine receptors 2. Cleavage
of transmembrane proteins by ADAMs can be followed by a process known
as regulated intramembrane proteolysis (RIP), leading to the intracellular
release of signaling molecules (Fig. 1) 2. In this review, we focus on the roles
of ADAM sheddases and regulation of their activities in angiogenesis and
inflammatory processes in relation to atherosclerosis.
Ectodomain

ADAM

Metalloprotease domain

Transmembrane
protein

Disintegrin domain

1

Cysteine-rich domain
EGF-like domain
Transmembrane domain
Cytoplasmic tail

γ- secretases
2

Intracellular
domain

Figure 1. General domain structure and function of active ADAMs. Process 1: ectodomain
shedding. Process 2: regulated intramembrane proteolysis (RIP), i.e. initial juxtamembrane
cleavage by ADAMs and subsequent intramembrane cleavage by γ-secretases.
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Regulation of ADAMs shedding activities
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Regulation of ADAM activity occurs at various levels including transcriptional
control, post-translational processing, localization within the plasma
membrane and substrate regulation 3. ADAM proteases are produced as
latent enzymes and activated by removal of the prodomain 1. Inhibition can
be regulated by Tissue Inhibitors of Metalloproteases (TIMPs), e.g. TIMP1
blocks ADAM10, whereas TIMP3 inhibits both ADAM10 and ADAM17 4.
ADAM mediated shedding can occur both constitutively and in response
to a variety of stimuli (inducible shedding) 5. ADAM10-dependent shedding
for instance can be induced by stimulating intracellular calcium signaling,
while ADAM17 activity is induced by protein kinase C activation 6. Various
inflammatory, angiogenic and atherogenic stimuli, e.g. cytokines (TNF-α,
IFN-γ), growth factors (VEGF, PDGF) and oxidized low-density lipoproteins
(oxLDL) 7, 8 may regulate ADAMs activity, but specificity, temporal and spatial
mechanisms as well as downstream effects on atherosclerosis remain to be
elucidated.
ADAM-mediated shedding does not depend on a specific consensus
sequence. Recently, lipid rafts were suggested as regions that could regulate
shedding activity by bringing enzyme and substrate together 4. Lipid rafts are
cholesterol- and spingolipid-enriched microdomains within the cell membrane
that serve as organizing centers for the assembly of receptors and signaling
molecules, e.g. leading to signaling initiation 9. Lipid rafts are increased
under atherosclerotic/hyperlipidemic conditions and can be decreased by
cholesterol depletion, e.g. by high-density lipoproteins (HDL) or statins 10.
Until now, only few studies focused on lipid rafts as regulatory mechanism
for ADAM activity. Tellier et al. 9 showed that mature (i.e. active) ADAM17 in
endothelial cells (ECs) and fibroblasts is highly concentrated in these rafts.
The importance of lipid rafts in the regulation of ADAM17 substrate cleavage
is evidenced by the fact that lipid raft disruption (by cholesterol depletion, e.g.
by HDL) increases cleavage of TNF-α in these cells 9. Additionally, more than
half of the identified ADAM17 substrates are localized in lipid rafts. Besides
ADAM17 cleavage, also cleavage of CD44 by ADAM10 in tumor cells has
been shown to be located in lipid rafts 11. However, the number of studies so
far are limited and how exactly lipid rafts are involved in regulating ADAMsmediated shedding upon various stimuli in specific atherosclerotic processes
is not known so far.
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Many substrates of ADAMs have already been identified and the list
of substrates is still increasing (Table 1 and 2). Especially ADAM10 and
ADAM17 are closely related proteases and share many substrates,
suggesting redundancy of these proteases. Indeed Le Gall et al. showed
that ADAM10 can process substrates of ADAM17, but only when this
primary sheddase is absent 5. Importantly a role for ADAM10 as a secondary
sheddase has only been shown in vitro and functional redundancy in vivo
remains to be demonstrated. Recently, a study by Tang et al. 12 showed that
multiple adhesion molecules (e.g. CD44, ICAM-1 and L-selectin) are shed by
ADAM17 in vitro, although only a limited number of substrates are confirmed
to be shed in vivo. In addition, the embryonic lethality of both ADAM10-/- and
ADAM17-/- mice is a clear indication of the lack of in vivo redundancy between
these proteases. Indeed, it has been shown that ADAM17 cannot substitute
as sheddase for substrates of ADAM10 in ADAM10-/- cells 5, 6. Future research
should further extend our knowledge on mechanisms regulating ADAMs
activity and specificity in vivo.
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Table 1. ADAM proteases involved in (plaque) angiogenesis
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ADAM

In vitro
substrates *
Not identified

In vitro model or
assay
Not investigated

ADAM9

CD40 14
Tie-2 14
VE-cadherin 14
ProHB-EGF 2

Not investigated

ADAM10

VEGFR2 15
NRP-1 16
JAM-A 17
VE-cadherin 15
Notch 18

↓endothelial tube
formation in 2-D
matrigel (own
unpublished data)
ADAM10 inhibition
↓EC migration and
chemotaxis 15

ADAM15

Pro HB-EGF 2

ADAM17

VEGFR2 16
Tie-2 11
JAM-A 17
Notch 18

ADAM-15
recombinant
disintegrin domain
↓capillary-like
structure formation
ECs in a 3-D fibrin
gel 21
ADAM17 inhibition
↓EC proliferation,
destabilization of
capillary networks
and ↓endothelial
invasion in 3-D
matrigel assay 23

ADAM8

*relevant to angiogenesis

40

In vivo
ADAM8-/- ↑oxygeninduced retinal revascularization 13
ADAM9-/- ↓oxygeninduced pathological
neovascularization 14
ADAM9 overexpression
↑shedding of CD40, Tie-2
and VE-cadherin 14
ADAM10-/- lethal due to
defects in cardiovascular
system and
vasculogenesis 2, 19
ADAM10-Tie2-Cre show
vascular abnormalities,
defects in various organs
and ↓pathological
neovascularization 20
ADAM15-/- ↓angiogenic
response in murine
retinopathy of prematurity
model 22

ADAM17 Tie2-Cre mice
show larger avascular
area in oxygen-induced
retinopathy 24

A Disintegrin And Metalloproteases: Molecular scissors

Role of ADAMs in atherosclerosis
ADAM mediated cleavage of specific substrates has been associated with
(protective mechanisms in) various diseases, such as Alzheimer disease,
rheumatoid arthritis and cancer 3. Atherosclerosis is a chronic inflammatory
disease of the vessel wall. Considering the role of ADAMs in other
inflammatory diseases and angiogenesis as described below, they most
likely play an important role in cardiovascular diseases.

Neovessel formation

Angiogenesis is the formation of new blood vessels in both physiological
processes, like wound healing, and pathophysiological processes including
cancer and atherosclerosis. Several ADAM proteases are associated with
angiogenesis (Table 1). Recently, we identified ADAM10 as a novel binding
partner and in vitro sheddase of the major angiogenic receptor Vascular
Endothelial Growth Factor Receptor VEGFR2 15. VEGF stimulation of ECs
increases ADAM10 expression and activity, which mediates (VEGF-induced)
EC functions such as migration, chemotaxis and EC permeability. Similarly,
VEGF was shown to activate ADAM17 shedding, also triggering cleavage of
VEGFR2 (e.g. as a negative feedback loop) and other ADAM17 substrates
such as TNF-α and Tie-2, whereas ADAM10 was shown to be responsible for
cleavage of the co-receptor neuropilin-1 16. In addition, ADAM10 and ADAM17
can cleave endothelial junctional adhesion molecules (JAMs), such as JAM-A
17
and vascular endothelial cadherin (VE-cadherin) 15, thereby increasing
vascular permeability and EC migration, a crucial step in angiogenesis.
Other important substrates of ADAMs involved in angiogenesis are molecules
from the Notch signaling pathway 25, e.g. Notch1 and Delta-like 4 are involved
in physiological and tumor angiogenesis, especially in vessel sprouting
25
. Although both ADAM10 and ADAM17 have been implicated in Notch
processing, ADAM10 appears to be the major Notch-processing enzyme in
vivo, as is evidenced by the phenotypic resemblance of ADAM10 knockout
(ADAM10-/-) and Notch1-/-/Notch4-/- mice (described below) 19.
Various studies indeed demonstrated an important role for ADAMs in
angiogenic processes in vitro. ADAM17-deficient ECs showed reduced
proliferation due to decreased activation of several growth factors, e.g.
VEGF, and cytokine signaling pathways 23. Furthermore, ADAM17 inhibition
41
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destabilizes the capillary networks and decreased EC invasion in a 3-D
matrigel 23, 26, whereas overexpression of ADAM17 results in a far greater
number of endothelial sprouts 26. Besides ADAM17, ADAM10 was also
found to reduce endothelial tube formation in a 2-D matrigel assay (own
unpublished data).
Several studies have shown a role of ADAMs in angiogenesis in vivo by using
knockout mice. ADAM8-/- mice 13 display increased, whereas ADAM9-/- and
ADAM15-/- mice 14, 22 show decreased retinal re-vascularization in a mouse
model of oxygen-induced retinopathy pathological neovascularization. Total
ADAM10-/- mice die already at 9.5 days of embryogenesis with multiple
defects in both cardiovascular system and vasculogenesis, including
malformation of the vessels 2. Phenotypically these mice resemble the
Notch1-/-/Notch4-/- mice, again indicating the crucial role of ADAM10 in Notch
signaling and (neo)vessel formation in vivo 19. Cell-type specific deletion of
ADAM10 in ECs (ADAM10-Tie2-Cre mice) induce vascular abnormalities
and decreased pathological neovascularization, along with various defects in
other organs 20. Similarly, ADAM17-Tie2-cre mice show reduced pathological
neovascularization in oxygen-induced retinopathy 24.
Angiogenesis has been associated with atherosclerotic lesion growth and
decreased plaque stability 27. Although the previously described studies do
not specifically investigate plaque angiogenesis, it is very likely that ADAMs
also play a major role in plaque angiogenesis. Interestingly, we found high
in vivo ADAM10 expression associated with plaque angiogenesis in human
atherosclerosis 15. Moreover, plaque microvessels are considered to be
immature and ‘leaky’, i.e. displaying increased vessel permeability facilitating
inflammatory cell entry 27. Considering the importance of ADAM proteases
in cleaving cell-cell adhesion contacts controlling vascular permeability as
described above, it is tempting to speculate that ADAMs could modulate
plaque angiogenesis and microvessel functionality thereby influencing
plaque inflammatory status and stability. The causal role of ADAM proteases
in plaque angiogenesis and atherosclerotic plaque growth and stability,
however, remains to be determined.
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Recruitment of inflammatory cells

Atherosclerosis is a chronic inflammatory disease, characterized by the
accumulation of lipids and inflammatory cells in the vessel wall. Besides
plaque angiogenesis, the balance between pro-inflammatory and antiinflammatory cytokines highly influences progression and stability of
atherosclerotic lesions and thereby determines clinical outcome 27.
ADAM proteases have been shown to have various effects on inflammatory
mediators, some of which are crucial in the pathogenesis of atherosclerosis
(Table 2). Leukocyte recruitment to the injured vessel wall is a critical step in
both initiation and progression of atherosclerosis and can be modulated by
ADAMs by cleavage of various adhesion molecules. As previously mentioned,
ADAM-mediated cleavage of JAM-A and VE-cadherin 15, 17 increases vascular
permeability and leukocyte transmigration. CX3CL1 (fractalkine) and CXCL16
are two transmembrane chemokines involved in atherosclerosis that act as
adhesion molecules in their membrane-bound form, whereas in soluble form
they serve as chemotactic factors for leukocytes 28. Moreover, CXCL16 can
act as a scavenger receptor for oxLDL 28, 29. The role of ADAMs 8, 10 and 17
in cleavage of these chemokines has been comprehensively reviewed by
Ludwig et al 28. Two other essential adhesion molecules involved in leukocyte
adhesion to the vessel wall, VCAM-I and ICAM-I can also be cleaved by
ADAM17 30, 31. Besides modulating leukocyte adhesion, the soluble forms of
VCAM-I and ICAM-I may be used as biomarkers for atherosclerosis 32. The
role of ADAMs in leukocyte recruitment in vivo has indeed been confirmed
by Tang et al. who showed that ADAM17-/- neutrophils roll slower and
adhere more to the vessel wall than wild-type neutrophils 12. Furthermore,
hematopoietic ADAM17-deficient (ADAM17-vav-cre-/-) mice have increased
neutrophil infiltration into the peritoneal cavity 33. The role of ADAMsmediated cleavage of adhesion molecules in leukocyte recruitment to the
atherosclerotic lesions, however, has not been determined so far.
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ADAM
ADAM8

ADAM9

ADAM10

ADAM15

44

In vitro
substrates*
L-selectin 2
TNFRI 51
CX3CL1 52
TNF 37
TNFRII 51

In vitro model or
assay
Not investigated

TNF 37
IL-6R 42
CD44 53
CX3CL1 28
CXCL16 28

ADAM10 inhibition
↑monocyte adhesion
to CX3CL1
expressing EC 54
ADAM10 inhibition
↓CX3CR1-mediated
leukocyte
transmigration
through CX3CL1expressing EC
and leukocyte
transmigration
through EC 55
ADAM15
overexpression in
ECs ↑platelet
adhesion 21
ADAM15
recombinant
disintegrin domain
↓EC adhesion
ADAM-15 ↓PDGF
induced Airway SMC
migration 46

Not investigated

In vivo
Not investigated

ADAM9 is expressed in
human atherosclerotic
plaques co-localizing with
macrophages 43
ADAM10 is expressed in
macrophages/foam cells
and ECs in human
atherosclerotic lesions and
↑ with disease progression
15

ADAM15 is expressed in
human atherosclerotic
plaques co-localizing with
macrophages 43
Overexpression of active,
but not inactive, ADAM15 ↓
atherosclerosis in rabbits 48
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ADAM17

TNF, TNFRI
and TNFRII
37

MCSFreceptor 34
CD163 41
IL-6R 42
CD44 53
VCAM-I 30
ICAM-I 31
CX3CL1 and
CXCL16 28
L-selectin,
CD30, CD40,
IL-1RII, IL15R 56
ADAM19
ADAM28

TNF 37

ADAM33

*

ADAM17 inhibition
↓CX3CR1-mediated
leukocyte
transmigration
through CX3CL1expressing EC 55

Not investigated
Soluble ADAM28
↑α4β1-dependent
cell adhesion to
VCAM-1 thereby
influencing Blymphocyte adhesion
/trans-migration to
endothelial
monolayers 57
ADAM33 inhibition
↑primary coronary
artery SMCs
migration 46

Reduced pro-inflammatory
cytokine release in
ADAM17-LysMcre-/- and
ADAM17-vav-cre-/- mice 33,
39
. The latter also show
faster neutrophil infiltration
to the peritoneal cavity 33.
ADAM17 is expressed in
human atherosclerotic
plaques co-localizing with
macrophages 43 and in
microparticles of human
atherosclerotic lesions 44
ADAM17 expression is
associated with
atherosclerosis resistance
in LDLr-/- mice 45
Not investigated
Not investigated

2

ADAM33 is expressed in
human atherosclerotic
plaques 46

relevant to atherosclerosis

45

Chapter 2
Differentiation of inflammatory cells

2

When monocytes enter an atherosclerotic plaque they will differentiate into
macrophages due to macrophage colony stimulating factor (M-CSF) produced
in the inflamed intima 34. ADAM17 can cleave M-CSF receptor 35, thereby
directly influencing the differentiation of macrophages. Furthermore, ADAMs
could influence macrophage differentiation by targeting Notch, which has
been shown to be crucial for myeloid (and lymphoid) lineage differentiation
36
. Besides differentiation factors, ADAM proteases have been implicated in
cleavage of various cytokines and their receptors. ADAM8, 9, 10, 17 and 19
are involved in cleavage of pro-TNF producing active TNF 37 and especially
ADAM17 seems to play a crucial role in cleavage of TNF and TNFRs in
vivo 38. ADAM17-deficiency in myeloid lineages (ADAM17-LysMcre-/-) or
hematopoietic cells (ADAM17-vav-cre-/-) also show reduced pro-inflammatory
cytokine secretion 33, 39. By cleavage of such cytokines and receptors, ADAMs
may play a role in modulation of macrophage phenotypes and functions.
TNF, for example, is a pro-inflammatory cytokine that can induce a proinflammatory M1 macrophage phenotype and is also produced by these M1
macrophages 34, 40. On the other hand, cleavage of the scavenger receptor
CD163 by ADAM17 41 may modulate macrophage polarization and function
since soluble CD163 is associated with anti-inflammatory M2 macrophage
activity. Furthermore, ADAM10 and ADAM17 can cleave the IL-6 Receptor
(IL-6R) in vitro and in vivo, which plays a critical role in coordination of the
immune system 42.

In vivo evidence for a role of ADAMs in atherosclerosis

Considering their role in neovessel formation, inflammatory cell
recruitment and differentiation ADAMs most likely play an important role in
atherosclerosis. Indeed, several ADAM proteases such as ADAM9, 15 and
17 have been found to be expressed in human atherosclerotic lesions, colocalizing with macrophages 43. Furthermore, microparticles released from
human atherosclerotic plaques were shown to contain active ADAM17,
which increased TNF-α cleavage 44. In mice, quantitative trait locus analysis
has shown an association of ADAM17 expression with atherosclerosis
resistance 45. Others have shown that ADAM33 is also expressed in human
atherosclerotic plaques and polymorphisms in ADAM8 and -33 genes are
associated with atherosclerosis 46, 47. Furthermore, we showed that ADAM10
is expressed in macrophages/foam cells in human atherosclerotic lesions as
well as ECs of plaque microvessels, linking ADAM10 to both inflammation
and plaque angiogenesis 15. Interestingly ADAM10 expression was
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significantly increased during plaque progression from early and advanced
to ruptured atherosclerotic plaques 15. The above described studies are
mainly descriptive and show an association of ADAM expression with
atherosclerosis. So far, only one study of a causal relation between ADAMs
activity and atherosclerosis has been published. Overexpression of ADAM15,
but not an inactive ADAM15 mutant, reduced atherosclerosis development
in rabbits indicating an atheroprotective role of ADAM15 48. Since complete
knockout mice of ADAM10 and 17 are lethal and many pharmacological
inhibitors currently available are not very specific, studies using conditional
knockout mice are required to determine the role of other ADAMs in this
disease and to fully explore the therapeutic potential of targeting these
enzymes in atherosclerotic disease.
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Various ADAMs are differentially expressed in diseases, such as cancer
and atherosclerosis 49. Therefore, these proteases and their inhibitors may
be used as biomarkers for early diagnostics and in certain cases also as
prognostic markers to enable selection of the appropriate therapy 49. Indeed,
in cancer several ADAMs are already emerging as potential biomarkers for
aiding diagnosis and predicting patient outcome50. Furthermore, a number of
selective ADAM inhibitors, especially against ADAM10 and ADAM17, have
been shown to have anti-cancer effects and are now undergoing clinical trials
50
. In line with this, ADAMs may also serve directly as biomarkers or targets
for intervention in the cardiovascular field. Moreover, identification of novel
molecules shed by ADAM-mediated protease (e.g. by proteomic analyses)
may provide not only novel mechanistic insights of how ADAMs may modulate
atherosclerotic plaque development, but could also provide novel diagnostic
tools or more specific targets for intervention in cardiovascular diseases.
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Conclusions
In this review, various ADAM substrates that are involved in angiogenesis
and inflammation in relation to atherosclerosis have been discussed. The list
of identified substrates for ADAM proteases is already long and still growing,
although future research should aim to confirm the physiological relevance
of these ADAM substrates in vivo. Furthermore, there is still need for
further elucidation of the mechanisms regulating ADAMs activity, substrate
specificity, redundancy and distinct functions of ADAM proteases. Shedding
of cell surface molecules is a complex process leading to a great variety of
(patho)physiological effects essential in vascular biology and atherosclerosis
(Fig. 2), i.e. either activation or inactivation of the membrane protein as well
as agonistic or antagonistic effects of the released ectodomains. These
soluble ectodomain could also serve as biomarkers for atherosclerosis.
Studies so far clearly indicate a crucial role for ADAM10 in endothelial cell
functions, mainly mediating angiogenesis and leukocyte adhesion to the
endothelium. In leukocytes, ADAM17 seems to be the predominant enzyme
regulating inflammatory functions. Considering the large list of substrates
and complexity of ADAMs-mediated shedding effects, ADAMs can be
implicated in both pro-inflammatory and anti-inflammatory functions and in
vivo studies are crucial to identify the in vivo outcome and roles of distinct
ADAM proteases in cardiovascular diseases. With the introduction of (celltype specific) conditional knockout mice such in vivo research is now feasible.
Elucidation of the distinct roles and mechanisms of specific ADAMs will
open perspectives for the development of novel, more specific therapeutic
interventions in cardiovascular diseases.
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Angiogenesis

Increased endothelial cell
permeability

Inflammation

Cell adhesion and
migration

Chemotaxis

Inflammatory responses

Soluble ectodomain
e.g. cytokine (receptors),
adhesion molecules
Loss of cell-cell or
cell-matrix interactions

Cleaved fragment
e.g. VE cadherin, JAM

ADAM
ICD
e.g. Notch
Gene expression

Figure 2. Schematic overview of ADAM protease functions in inflammation, angiogenesis
and atherosclerosis. ICD: intracellular domain; VE-cadherin: vascular endothelial cadherin;
JAM-A: Junctional Adhesion Molecule-A.
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Abstract

3

Atherosclerosis is characterized by the accumulation of lipids and
inflammatory cells in the vessel wall, which eventually can lead to major
clinical complications like myocardial infarction or stroke. Several cytokines,
chemokines and adhesion molecules were seen to play a crucial role in its
pathogenesis. A Disintegrin And Metalloproteases (ADAMs) are a family
of proteases capable of shedding many of these immune-modulators and
could thereby contribute to atherosclerosis development. Although carriers
of a polymorphism in the ADAM8 gene have a significantly greater risk of
myocardial infarction, associating ADAM8 to atherosclerosis, a causal role of
ADAM8 in atherosclerosis has not been demonstrated so far. In this study,
we show increased ADAM8 expression, especially in foamy macrophages,
upon progression of human lesions. Surprisingly, however, LDLr-/- mice
with hematopoietic ADAM8 deficiency showed unchanged lesion size or
composition, even though several circulating leukocyte subsets including
granulocytes and monocytes, were significantly reduced in these mice.
Further investigation using total body ADAM8 deficient mice is warranted to
fully elucidate a causal role of ADAM8 in atherosclerosis.
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Introduction
The primary antecedent of cardiovascular disease (CVD), the main cause of
death worldwide, is atherosclerosis 1. Atherosclerosis is a chronic inflammatory
disease, characterized by the accumulation of lipids and inflammatory cells
in the vessel wall. Atherosclerotic lesions can eventually narrow or rupture,
leading to thrombus formation, thereby occluding the artery 2, 3.
A family of proteases that has widely been associated with atherosclerosis
and vascular disease are the A Disintegrin And Metalloproteases (ADAMs)
4, 5
. Many ADAMs are expressed on cell-types important in atherosclerosis
development, like leukocytes, endothelial cells and smooth muscle cells 4, 5.
The best known members of this family are ADAM10 and ADAM17, whose
expression has been shown to be associated with plaque progression 6.
These proteases have also been shown to be important in many relevant
processes for atherosclerosis development, like endothelial permeability,
leukocyte adhesion and transmigration 4, 5.
Besides these two proteases, also ADAM8 has recently been associated with
atherosclerosis, since recent studies by Raitoharju et al. revealed that carriers
of a specific ADAM8 polymorphism (Rs2275725) display an increased risk
of myocardial infarction, in two independent cohorts 7. ADAM8 is expressed
on several cell-types, including bone marrow-derived and peripheral blood
derived lymphoid and myeloid cells 8. ADAM8 is associated with many
pathological processes, mostly inflammatory diseases. For example, ADAM8
expression correlated with the degree of joint inflammation in patients with
rheumatoid arthritis 9. One of the known targets of ADAM8 is for example
CD62L, a mediator of leukocyte infiltration into the vessel wall, which is a key
step in lesion development 9. More strikingly, it has been shown that ADAM8
expression increases upon atherosclerotic lesion development 10, 11.
However, until now only association studies have been reported regarding
ADAM8 in atherosclerosis development. In this study we investigated the
hypothesis that hematopoietic ADAM8 has a causal effect in the development
and progression of atherosclerotic lesions. Therefore atherosclerosis prone
LDLr-/- mice were lethally irradiated and reconstituted with either ADAM8
deficient bone marrow or bone marrow from littermate controls.
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Although we could confirm the association of ADAM8 expression and lesion
development in humans, we could not observe any difference in plaque size
or composition comparing hematopoietic ADAM8 deficient and wildtype mice.
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Methods
Immunohistochemistry of human tissues

Human carotid artery plaque tissue was obtained by endarterectomy, for
more detail see 12. Lesions were fixed in paraformaldehyde and paraffin
embedded. Sections were incubated with primary antibody (1:25 diluted,
AF1031, R&D systems) against human ADAM8, followed by detection with
a HRP-labelled rabbit anti-goat antibody (1:400 diluted, E0466, Dako) and
staining with the ABC kit (Vector Labs, USA).

PCR analysis of human tissues

Human carotid atherosclerotic lesions were obtained from surgical
interventions on human subjects that aimed to remove stenosis in the
common carotid artery. Segments were snap-frozen and subsequently RNA
was isolated using the guanidine isothiocyanate/CsCl method 13. RNA was
further purified and concentrated using RNeasy mini columns (Qiagen,
Germany). Total RNA was normalized and reverse transcribed using iScript
(BioRad). Quantitative PCR was performed using 10 ng cDNA, 300 nM of
each primer, and SensiMix (Quantace-Bioline). All gene expression levels
were corrected for cyclophilin A and β-actin as housekeeping genes.

Bone marrow derived macrophage isolation and culture

Bone marrow cells were isolated from femurs and tibiae of either ADAM8
deficient (ADAM8-/-) or wildtype (wt) mice. Cells were cultured in RPMI-1640
(GIBCO Invitrogen, Breda, the Netherlands) with 10% heat-inactivated fetal
calf serum (Bodinco B.V. Alkmaar, the Netherlands), penicillin (100 U/ml),
streptomycin (100 µg/ml) and L-glutamine 2 mM (all GIBCO Invitrogen, Breda,
the Netherlands) supplemented with 15% L929-conditioned medium (LCM)
for 8-9 days to generate bone marrow-derived macrophages (BMDMs), as
described previously 14.
Macrophages were seeded at 350,000 cells per well in 24 wells plates and
incubated 6-24 hrs with 0-10 ng/ml LPS. IL-12, IL-10 and TNF-α ELISA
assays (all Invitrogen) were performed on conditioned medium according
to manufacturer’s instructions. Analysis was performed using a micro-plate
reader (Bio-Rad) at 450 nm. NO production was measured in conditioned
medium using Griess reagent (2.5% H3PO4, 1% sulfanilamide, 0.1%
naphthalene diamine dihydrochloride). Analysis was performed using a
micro-plate reader (Bio-Rad) at 550 nm.
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All animal experiments were approved by the Animal Ethics Committee of
the Maastricht University (permit number 2012-065).

Bone marrow transplantation

3

Ten to twelve week old female ADAM8-/- or wt mice were used as donor
mice (n=2 per group). Forty female LDLr-/- recipient mice backcrossed onto
a C57Bl6 background for more than 10 generations were obtained from inhouse breeding. Bone marrow transplantations were performed as described
elsewhere 15. In short, LDLr-/- mice were lethally irradiated with 6 Gy the day
before and the day of transplantation. Mice were reconstituted with 1x105
bone marrow cells isolated from wildtype or ADAM8-/- mice. After recovery for
five weeks after transplantation mice were given a Western-type diet (WTD),
containing 16% fat and 0.15% cholesterol (Hope Farms, The Netherlands).
Before western type diet feeding, mice were fasted for 4 hrs, after which
blood samples were drawn from the tail vein for analysis of plasma lipids
and chimerism. Additional blood analysis was performed at 5 and 10 weeks
of WTD. The chimerism in transplanted mice was determined on DNA from
blood leukocytes as described previously 14.

Morphometry and immunohistochemistry of murine tissues

After 10 weeks of WTD feeding, mice were anesthetized and euthanized.
Mouse hearts were dissected and snap frozen in optimum cutting temperature
(OCT). Atherosclerosis development (lesion size and progression stage) was
determined as previously described 16, with a slight modification in plaque
classification. Plaques were classified as early (foam cell rich, but lacking a
necrotic core), moderately advanced (containing a fibrotic cap and often a
necrotic core, but no medial macrophage infiltration) and advanced lesions,
typified by medial macrophage infiltrates, elastic lamina degradation and
more pronounced necrosis and fibrosis. Serial sections (7 µm) of the aortic
root were cut and stained with toluidine blue for morphometric analysis and
routine qualitative examination of collagen content, necrosis, foam cell content
and amount of inflammatory cells (using scores from 0 (absent) to 3 (high
abundance)). Moma2 (an antibody recognizing monocytes/macrophages; gift
from G. Kraal), NIMP-1 (neutrophil specific antibody directed against Ly6G;
gift from P. Heeringa) and Sirius Red staining was used for the detection of
monocytes/macrophages, neutrophils and collagen respectively.
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Plasma Lipid analysis

Mice were fasted for 4 hrs, before blood was drawn for plasma lipid analyses.
Total plasma cholesterol and triglyceride levels as well as cholesterol in
lipoprotein fractions were determined using standard enzymatic kits according
to manufacturer’s protocols (Sigma-Aldrich, Zwijndrecht, the Netherlands).

Lipid uptake by peritoneal macrophages

Resident peritoneal macrophages were obtained by flushing the peritoneal
cavity with ice-cold PBS followed by culturing in RPMI 1640 culture medium
containing 10% (vol/vol) FCS, penicillin (100 U/ml), streptomycin (100 ug/ml),
and L-glutamine 2 mM (all GIBCO Invitrogen). After overnight attachment on
cover slips, floating cells were removed. Attached cells were stained with Oil
Red O and counterstained with haematoxylin.

Flow cytometry analysis

Absolute circulating leukocyte subset numbers were determined by flow
cytometry calibrated using Trucount Beads (BD, New Jersey, U.S.).
Leukocytes were defined as CD45+, T-cells as CD45+ CD3+ NK1.1- , NK cells
as CD45+ CD3- NK1.1+, B cells as CD45+ CD3- NK1.1- B220+, granulocytes
as CD45+ CD3- NK1.1- B220- CD11b+ Ly6G+ and monocytes as CD45+ CD3NK1.1- B220- CD11b+ Ly6G-. A list of applied antibodies is given in Table 1.
Table 1. Antibodies used for flow cytometry
Antigen

Clone

Company

CD16/32

93

eBioscience

CD45

30-F11

Biolegend

CD3e

145-2c11

eBioscience

NK1.1

PK136

BD

Ly6G

1A8

BD

CD11b

M1/70

BD

B220

RA3-6B2

BD
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Statistical analysis

Data are presented as mean ± the standard error of the mean (SEM). All
statistical analyses were performed using the Prism program (GraphPad
Software Inc, San Diego, U.S.). Differences between treatment groups were
evaluated for statistical significance with two-tailed, unpaired Student’s
t-test. Significance was accepted at the level of p<0.05. *p<0.05; **p<0.01;
***p<0.001.
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Results
ADAM8 is expressed in human atherosclerotic lesions and
associated with plaque progression

A previous study in which polymorphisms in ADAM8 were found to correlate
with the incidence of acute myocardial infarction, a phenomenon which is
mainly caused by atherosclerotic plaque rupture, prompted us to investigate
ADAM8 gene expression in different human atherosclerotic plaques 7. Tissue
lysates from early, stable and unstable human lesions showed increasing
ADAM8 mRNA expression with progression of disease (Fig. 1A). Additionally,
immunohistochemical staining of ADAM8 in human carotid atherosclerotic
plaques also confirmed expression of ADAM8 in lesions at the protein level.
Strikingly, ADAM8 expression was most prominent in the shoulder regions
of the plaque, an area composed of mainly inflammatory cells and therefore
considered to be the most active inflammatory region of the plaque (Fig. 1B).
Plaque macrophages located near the lumen were less positive for ADAM8,
whereas foamy macrophages, laying deeper in the vessel wall, showed high
expression of ADAM8 (Fig. 1C), suggesting that ADAM8 might play a more
important role at later stages of lesion progression.
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Figure 1
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Figure 1. ADAM8 expression in human atherosclerotic plaques. Relative gene expression
of ADAM8 in early, stable and unstable human plaques. Values have been corrected for GAPDH
expression (A, n=5-7). Immunohistochemical stainings for ADAM8 of human atherosclerotic
lesions (B-C). Representative image of shoulder region (B, magnification 4x) and region rich
of foamy macrophages (C, magnification 4x, insert 20x) is shown.
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ADAM8 deficient macrophages show overall reduced cytokine
secretion

Macrophages are the main inflammatory cell-type in mouse atherosclerotic
plaques, and are able to produce various pro- and anti-inflammatory
mediators. Since ADAMs play a crucial role in cytokine shedding, we
examined the role of ADAM8 in LPS-induced cytokine production by bone
marrow derived macrophages (BMDMs). TNF-α secretion was significantly
reduced in ADAM8 deficient BDMDs (Fig. 2A), while secretion of IL-12, NO
and IL-10 was only slightly reduced (Fig. 2B-D).

Figure 2
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Figure 2. ADAM8 deficient BMDMs show reduced TNF-α secretion. Pro-inflammatory
mediator (A-C) and anti-inflammatory cytokine (D) production by bone marrow-derived
macrophages (BMDMs) after activation by LPS (6 hrs for TNF-α and IL-10; 24 hrs for IL-12
and NO); n=3/group.

67

3

Chapter 3
Systemic reduction of inflammatory cell-types of hematopoietic
ADAM8 deficiency in LDLr-/- mice

3

ADAM8 expression is associated with human plaque progression and
instability; however, a causal role for ADAM8 in atherosclerosis development
still needs to be established. Therefore, we investigated the effect of
hematopoietic deficiency of ADAM8 on lesion development by reconstituting
lethally irradiated LDLr-/- mice with bone marrow from ADAM8-/- mice
(ADAM8del) or littermate controls (ADAM8wt). After reconstitution, mice were
fed a Western-type diet (WTD) for 10 weeks after which lesion development
was assessed. Overall chimerism determination showed more than 95%
repopulation for both genotypes (data not shown). No differences between
groups were found in body weight (24.6 ± 0.4 g for ADAM8wt vs 24.5 ± 0.7 g
for ADAM8del mice at sacrifice) and WTD induced weight gain.
Plasma cholesterol before and after WTD feeding were not different between
genotypes (Fig. 3A). Although triglyceride levels in ADAM8del mice were
significantly increased (14%) compared to ADAM8wt mice at baseline, no
differences were observed upon WTD (Fig. 3B).
Furthermore, circulating leukocyte subsets were analyzed by flow cytometry
in transplanted animals at baseline (0 weeks) and at sacrifice (10 weeks)
(Fig. 3C-D). At baseline and after 10 weeks WTD total number of CD45+
leukocytes in blood was significantly reduced in ADAM8del mice, compared
to ADAM8wt mice. ADAM8 deficiency associated leukopenia affected almost
all major leukocyte populations measured, but was most prominent for
Ly6G+CD11b+ granulocytes.
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Figure 3
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Figure 3. Reduction of circulating inflammatory cells in hematopoietic ADAM8 deficient
mice. Plasma cholesterol (A) and triglyceride (B) levels of ADAM8wt and ADAM8del mice; n=20/
group. FACS analyses showing absolute numbers of leukocytes, granulocytes, monocytes,
T-cells, B-cells and NK-cells in blood of ADAM8wt and ADAM8del mice at t=0 weeks (C) or t=10
weeks (D) of Western-type diet feeding; n=10/group.
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Hematopoietic ADAM8 deficiency does not affect atherosclerotic
lesion size or composition
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Atherosclerotic lesion development in the aortic root was assessed after
10 weeks of WTD feeding. Hematopoietic ADAM8 deficiency did not result
in differences in lesion area (Fig. 4A-C) or progression (Fig. 4D). Further
routine pathological examination for atherosclerotic lesion composition, i.e.
collagen content, necrosis, foam cell content, amount of inflammatory cells,
monocyte adhesion, granulocyte content and adventitial influx of leukocytes,
showed no significant differences between ADAM8del and littermate control
mice (Fig. 4E), even though the amount of circulating inflammatory cells and
del
granulocyte
Figure 4numbers were slightly decreased in ADAM8 mice.

Figure 4. Hematopoietic ADAM8 deficiency does not affect plaque size. Representative
pictures of toluidine blue-stained sections of the aortic root of ADAM8wt (A) and ADAM8del
(B) mice, magnification 40x. Quantification of plaque area (C), plaque classification (D) and
routine pathological examination of plaque composition (E); n=20/group.
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Subsequent quantitative analysis of plaque composition using
immunohistochemistry confirmed that macrophage (Fig. 5A-D) and collagen
(Fig. 5E-H) content of plaques were not influenced by ADAM8 deficiency.
Granulocyte content tended to be higher in plaques of ADAM8del mice; and in
particular in moderately advanced lesions (Fig. 5I-L).
Altogether, these data show that, despite reduced circulating leukocyte
levels, hematopoietic ADAM8 deficiency does not influence atherosclerotic
lesion development or composition.

Figure 5
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Figure 5. Atherosclerotic lesion composition is not influenced by hematopoietic ADAM8
deficiency. Representative pictures and quantification of MOMA+ macrophages (A-D), Siriusred stained collagen (E-H) and NIMP+ granulocytes (I-L) of ADAM8wt and ADAM8del mice,
magnification 40x; n=17-20/group.
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Discussion

3

In this study we investigated the role of ADAM8 in atherosclerosis
development. We show that ADAM8 expression is increased in unstable
human atherosclerotic lesion. Additionally, ADAM8 was shown to be highly
expressed in the shoulder regions of the atherosclerotic plaques, which
are the active regions of the lesions filled with (foamy) macrophages 17.
Specifically, these foamy macrophages were shown to have high ADAM8
expression, suggesting that ADAM8 plays an increasingly important role
upon lesion progression.
Remarkably, despite these clear associations, we did not observe any effects
of hematopoietic ADAM8 deficiency on atherosclerosis development in mice,
apart from mild leukopenia under normo- (baseline) and hyperlipidemic
conditions (10 weeks of WTD feeding), that affected almost all major
leukocyte populations, such as T- and B-cells (only after WTD feeding)
and granulocytes (both conditions). It has already been described that
ADAM8 deficiency results in decreased circulating T-lymphocytes and an
increased amount of T-lymphocytes in the thymus, probably because the
ADAM8 deficient T-lymphocytes are not able to migrate out of the thymus
18
. Further investigation is needed to elucidate the mechanisms behind
this effect of chronic WTD feeding on the T-lymphocyte development or
release from thymus, and to determine the plaque T-lymphocyte content.
More importantly, we observed significant reductions in myeloid cells, and
in particular in granulocytes, which are key players in the development of
atherosclerosis, in ADAM8del mice compared to ADAM8wt at baseline and
after 10 weeks WTD. The reduction in leukocytes observed at baseline could
be the result of repopulation problems, due to the ADAM8 deficiency. A main
target of ADAM8 is CD62L, which is expressed on leukocytes, in particular
on granulocytes and is important for the egress from the bone marrow into
the bloodstream 9, 19. Conceivably, ADAM8 deficient leukocytes do not shed
CD62L, important for this migration and therefore fewer leukocytes can be
released and/or are more slowly released, leading to decreased circulating
leukocyte levels, as CD62L acts as a retention factor for granulocytes in
the bone marrow 20. Further research is needed to elucidate the involved
mechanisms.
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Surprisingly, despite the avid expression in plaque, the reported role in a range
of inflammatory processes relevant to atherosclerosis, and the leukopenia,
we did not observe a causal effect of ADAM8 in atherosclerosis development
and progression. Not only plaque area, but also composition was comparable
between ADAM8del and ADAM8wt mice. These remarkable results might
be explained by the fact that we used mice that had only a hematopoietic
ADAM8 deficiency, although we observed a lot of ADAM8 expression in foam
cells of human lesions. Immunohistochemical stainings should determine
what the expression profile of ADAM8 in mouse lesions is, to determine the
possible involvement of ADAM8 expressed on other cell-types. Especially
since, in contrast to all other ADAMs, ADAM8 exists in two physiologically
active forms, namely a classical membrane bound and a soluble form 21.
To date, a lot is still unknown regarding this soluble ADAM8, e.g. exact
activity and targets, mechanism of synthesis and response to certain stimuli.
Therefore in our model of hematopoietic ADAM8 deficiency, it is plausible
that soluble ADAM8 derived from non-hematopoietic cells like endothelial
cells can still influence the hematopoietic cells, thereby compensating for
the hematopoietic deficiency. Alternatively, other ADAMs may compensate
for the loss of ADAM8, which in certain conditions is already observed for
ADAM10 and -17 22, explaining the absence of atherosclerotic effects. Another
possibility is that the role of ADAM8 is different for the various atherosclerotic
developmental stages, as ADAM8 was much higher expressed in unstable
human lesions compared to stable lesions. Further investigation of ADAM8
at different developmental stages would therefore be of great interest.
Since ADAM8 has not been investigated thoroughly yet, it is conceivable
that ADAM8 has more atherosclerosis-relevant substrates than currently
identified. Although ADAM8 plays important roles in physiological and
developmental processes like angiogenesis and neurogenesis, total body
ADAM8 deficient mice are still viable and show no pathological abnormalities
23-25
. These total body ADAM8 deficient mice should be used to further
investigate the causal role of ADAM8 in atherosclerosis, before making more
general conclusions. This study already shows a clear association of ADAM8
and atherosclerotic lesion development in humans, although hematopoietic
ADAM8 deficiency in mice did not affect plaque size or composition, possibly
due to compensation by active soluble ADAM8 derived from other nonhematopoietic cells. Therefore, follow-up studies using full body ADAM8
deficient mice will unravel a potential causal role for ADAM8 in atherosclerotic
lesion development.
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Abstract
A Disintegrin And Metalloprotease ADAM10 is a metalloprotease involved
in cleavage of various cell surface molecules such as adhesion molecules,
chemokines and growth factor receptors. Although we have previously
shown an association of ADAM10 expression with atherosclerotic plaque
progression, a causal role of ADAM10 in atherosclerosis has not been
investigated so far.

4

Bone marrow from conditional knockout mice lacking ADAM10 in the myeloid
lineage or from littermate controls was transplanted into lethally irradiated
LDLr-/- mice on an atherogenic diet. Myeloid ADAM10 deficiency did not affect
plaque size, but increased plaque collagen content. Matrix metalloproteinase-9
and -13 expression and matrix metalloproteinase-2 gelatinase activity was
significantly impaired in ADAM10-deficient macrophages, whereas their
capacity to stimulate collagen production was unchanged. Furthermore,
relative macrophage content in advanced atherosclerotic lesions was
decreased. In vitro, ADAM10-deficient macrophages showed reduced
migration toward monocyte chemoattractant protein-1 and transmigration
through collagen. Additionally, ADAM10-deficient macrophages displayed
increased anti-inflammatory phenotype with elevated interleukin-10, and
reduced production of pro-inflammatory tumor necrosis factor, interleukin-12
and nitric oxide production in response to lipopolysaccharide.
These data suggest a critical role of ADAM10 for leukocyte recruitment,
inflammatory mediator production and extracellular matrix degradation.
Thereby, myeloid ADAM10 may play a causal role in modulating atherosclerotic
plaque stability.
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Introduction
A Disintegrin and Metalloprotease 10 (ADAM10) is a ubiquitously expressed
enzyme that can cleave extracellular domains of various cell surface
molecules (a process called shedding), e.g. adhesion molecules, cytokine/
chemokine and growth factor receptors. ADAM10 mediated cleavage of
specific substrates has been associated with various diseases, ranging from
a protective function in Alzheimer disease to a detrimental role in rheumatoid
arthritis and cancer 1, 2. A crucial role for ADAM10 in development of the
cardiovascular system is evident from the embryonic lethality of classical
ADAM10-/- mice, which were seen to display overt cardiac and vascular
malformations 3. Conditional deletion of ADAM10 in endothelial cells resulted
either in embryonic lethality 4 or in viable mice with vascular abnormalities
and increased pathological neovascularization in a model of oxygen-induced
retinopathy 5. In agreement, we previously showed an important role of
ADAM10 in VEGF-induced endothelial cell functions, e.g. regulating vascular
permeability by cleaving VE-cadherin and migration of both endothelial
cells and monocytes 6. These processes are not only critically involved in
angiogenesis, but also in atherosclerosis, the main underlying pathology of
cardiovascular diseases.
Atherosclerosis is a chronic inflammatory disease characterized by the
accumulation of lipids, extracellular matrix and inflammatory cells in the vessel
wall. Although ADAM10 is implicated in various processes that are crucially
involved in atherosclerosis 7, like leukocyte adhesion and transmigration, the
causal role of ADAM10 in cardiovascular diseases has not been investigated
so far. Interestingly, we were the first to demonstrate ADAM10 expression
in human atherosclerotic lesions, associated with plaque neovascularization
and disease progression 6. Besides neovascularization, the progression
and stability of atherosclerotic lesions is strongly influenced by the balance
between pro- and anti-inflammatory cytokines, thereby determining clinical
outcome 8. In the atherosclerotic plaque, macrophages are the predominant
inflammatory cell-type and crucial determinants of the inflammatory equilibrium
9
. Since we found high expression of ADAM10 in plaque macrophages 6,
we hypothesize that macrophage ADAM10 is crucially involved in inducing
plaque development and progression.
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In this study, we therefore examined the role of ADAM10 in atherosclerotic
plaque development by crossing ADAM10-floxed mice with the LysMcre-deleter strain 10 to induce a myeloid specific deletion of ADAM10.
Transplantation of ADAM10-LysMcre bone marrow into atherogenic
LDLr-/- mice showed that, although total plaque size was not affected, myeloid
ADAM10 deficiency increased features of atherosclerotic plaque stability in
these mice by increasing collagen and decreasing macrophage content of
plaques.

4
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Methods
Generation and characterization of ADAM10fl/flLysM-cre+/0 mice

The ADAM10flox/flox mice 11 were generously donated by P. Saftig, crossed
with LysM-cre mice 10 and backcrossed to C57Bl6 background for at least 6
generations. Mice were analyzed both macroscopically and microscopically
for general organ morphology, including lungs, heart, gastro-intestinal tract,
liver, pancreas, brain, skin, urinary and reproductive systems, spleen, lymph
nodes, thymus, thyroid, and salivary and adrenal glands. For all experiments
we compared ADAM10fl/flLysM-cre+/0 mice (indicated as ADAM10del) to ageand sex-matched ADAM10fl/flLysM-cre0/0 littermate controls (ADAM10wt). All
animal experiments were approved by the Animal Ethics Committee of the
Maastricht University (permit number 2008-017).
Bone marrow derived macrophage isolation and culture
Bone marrow cells were isolated from femurs and tibiae of either wildtype
or ADAM10del mice. Cells were cultured in RPMI-1640 (GIBCO Invitrogen,
Breda, the Netherlands) with 10% heat-inactivated fetal calf serum (Bodinco
B.V. Alkmaar, the Netherlands), penicillin (100 U/ml), streptomycin (100 µg/
ml) and L-glutamine 2 mM (all GIBCO Invitrogen, Breda, the Netherlands)
supplemented with 15% L929-conditioned medium (LCM) for 8-9 days to
generate bone marrow-derived macrophages, as described previously 12.
Macrophages were seeded at 350000 cells per well in 24 wells plates and
incubated 6-24 hrs with 0-10 ng/ml LPS or 0-25 μg/ml CuSO4-oxidized LDL
(oxLDL) for 24 hrs. IL-12, IL-10 and TNF-α ELISA assays (all Invitrogen) were
performed on conditioned medium according to manufacturer’s instructions.
Analysis was performed using a micro-plate reader (Bio-Rad) at 450 nm.
NO production was measured in conditioned medium using Griess reagent
(2.5% H3PO4, 1% sulfanilamide, 0.1% naphthalene diamine dihydrochloride).
Analysis was performed using a micro-plate reader (Bio-Rad) at 550 nm.

Western blot

Cell pellets of bone marrow derived macrophages from ADAM10wt and
ADAM10del mice were resuspended and homogenized in equal volumes of
lysis buffer (1% Triton, protease inhibitor, 150 mM NaCl, 200 mM Tris and
glycerol). Equal amounts of protein were separated on a 10% SDS-PAGE gel
by electrophoresis and transferred to a nitrocellulose membrane. Membranes
were probed with primary anti-ADAM10 antibody (1:500, generous gift from S.
81
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Rose-John) followed by secondary donkey anti-rabbit-peroxidase (1:10,000)
antibody. Chemiluminescence was detected using a digital scanner.

Bone marrow transplantation

4

Ten to twelve week old male ADAM10del or ADAM10wt mice were used as
donor mice (n=5 per group). Forty female LDLr-/- recipient mice (10-12
weeks) backcrossed onto a C57Bl6 background for more than 10 generations
were obtained from in-house breeding. Bone marrow transplantations were
performed as described elsewhere 13. In short, LDLr-/- mice were lethally
irradiated with 6Gy the day before and the day of transplantation. Mice
were transplanted with 5x106 bone marrow cells isolated from wildtype or
ADAM10del mice. After recovery for five weeks after transplantation mice were
given a Western-type diet (WTD), containing 16% fat and 0.15% cholesterol
(Hope Farms, The Netherlands). Before western type diet feeding, mice were
fasted for 4 hrs, after which blood samples were drawn from the tail vein
for analysis of plasma lipids and chimerism. Additional blood analysis was
performed at 5 and 10 weeks of WTD. The chimerism in transplanted mice
was determined on DNA from blood leukocytes as described previously 13.

Morphometry and immunohistochemistry of murine tissues

After 10 weeks of WTD feeding, mice were anesthetized and euthanized.
Mouse hearts were dissected and snap frozen in OCT. Atherosclerosis
development (lesion size and progression stage) was determined as
previously described 14, with a slight modification in plaque classification.
Plaques were classified as early (foam cell rich, but lacking a necrotic core),
moderately advanced (containing a fibrotic cap and often a necrotic core, but
no medial macrophage infiltration) and advanced lesions, typified by medial
macrophage infiltrates, elastic lamina degradation and more pronounced
necrosis and fibrosis. Serial sections (7 µm) of the aortic root were cut and
stained with toluidine blue for morphometric analysis and routine qualitative
examination of collagen content, necrosis, foam cell content and amount
of inflammatory cells (using scores from 0 (absent) to 3 (high abundance)).
Moma2 (an antibody recognizing monocytes/ macrophages; gift from G.
Kraal), NIMP-1 (in house cultured and purified antibody against neutrophils),
TUNEL (Roche Diagnostics, Mannheim, Germany) and Sirius Red staining
was used for the detection of monocytes/macrophages, neutrophils, apoptotic
cells and collagen respectively. Suppl. Fig. 1 illustrates the region of interest
used in all our plaque analyses, distinguishing plaque from media and aortic
valve leaflets. A polarization filter and birefringence color discrimination
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was used to differentiate various collagen structures (ranging from loosely
patched, immature, thin collagen (green) to tightly packed, mature, thick
collagen fibers (red)) as described by MacKenna et al. 15.
Lipid analysis
Mice were fasted for 4 hrs, before blood was drawn for plasma lipid analyses.
Total plasma cholesterol and triglyceride levels as well as cholesterol in
lipoprotein fractions were determined using standard enzymatic kits according
to manufacturer’s protocols (Sigma-Aldrich, Zwijndrecht, the Netherlands).
Flow cytometry analysis (FACS)
Absolute circulating leukocyte subset numbers were determined by flow
cytometry calibrated using Trucount Beads (BD, New Jersey, U.S.).
Leukocytes were defined as CD45+, T-cells as CD45+ CD3+ NK1.1- , NK cells
as CD45+ CD3- NK1.1+, B cells as CD45+ CD3- NK1.1- B220+, granulocytes
as CD45+ CD3- NK1.1- B220- CD11b+ Ly6G+ and monocytes as CD45+
CD3- NK1.1- B220- CD11b+ Ly6G-. Inflammatory and resident monocytes
were defined as Ly6Chigh and Ly6C-, respectively, T-helper cells as CD45+
CD3+ CD4+, cytotoxic T-cells as CD45+ CD3+ CD8+ and regulatory T-cells as
CD3+ CD4+ CD25+ Foxp3+. As a measure of peritoneal macrophage polarity,
intracellular IL-10 and IL-12 production was assessed by flow cytometry, 6
hrs after activation by 10ng/ml lipopolysaccharide (LPS) in the presence of
GolgiSTOP (1:2000, BD-Pharmingen) and subsequent permeabilization.
CD19- F4/80+ cells were considered macrophages. ADAM10 cell surface
expression levels on BMDMs was measured by flow cytometry and expressed
as geomean fluorescence intensity. A list of applied antibodies is given in
Table 1.
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Table 1. List of antibodies used for flow cytometry
Antigen

4

Clone

Company

CD16/32

93

eBioscience

CD45

30-F11

Biolegend

CD3e

145-2c11

eBioscience

NK1.1

PK136

BD

Ly6G

1A8

BD

CD11b

M1/70

BD

Ly6C

1G7.G10

Miltenyi

CD4

GK1.5

BD

CD8

53-6.7

eBioscience

CD25

PC61.5

eBioscience

Foxp3

FJK-16s

eBioscience

B220

RA3-6B2

BD

F4/80

CI:A31

AbD

CD19

1D3

eBioscience

IL10

Jes5-16E3

eBioscience

IL12

C17.8

eBioscience

ADAM10

139712

R&D Systems

Vascular Smooth Muscle Cell isolation and culture
Primary mouse vascular smooth muscle cells (SMCs) were isolated by
collagenase and elastase (both Sigma-Aldrich, Zwijndrecht, the Netherlands)
digestion of freshly dissected C57Bl6 mouse aortas. Cells were cultured on
laminin (1 mg/ml) coated wells (Sigma-Aldrich, Zwijndrecht, the Netherlands)
in DMEM (GIBCO Invitrogen, Breda, the Netherlands) with 10% heatinactivated fetal calf serum (Bodinco B.V. Alkmaar, the Netherlands),
penicillin (100 U/ml), streptomycin (100 µg/ml) and L-glutamine 2 mM (all
GIBCO Invitrogen, Breda, the Netherlands). Cells were used for experiment
between passage 6-8.
Collagen assay in vascular Smooth Muscle Cells
SMCs were plated as 50,000 cells per well. After overnight attachment, cells
were starved (0% FCS) for 48 hrs and then incubated with macrophage
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supernatants for 24 hrs. Collagen production was measured by, fixating the
cells in 3.7% formaldehyde, staining with 1% Sirius Red in 0.01 M HCl, and
lysis with 0.01 M NaOH, as described previously 16. Analysis was performed
using a micro-plate reader (Bio-Rad) at 544 nm, using a gelatin standard.
Gene expression
RNA was isolated with the High Pure RNA Isolation Kit (Roche, Basel,
Switzerland). 500 ng total RNA was reverse transcribed using the iScript
cDNA Synthesis Kit (BioRad, Veenendaal, the Netherlands). Quantitative
PCR was performed using 10 ng cDNA, 300 nM of each primer, and SensiMix
(Quantace-Bioline, London, UK) in a total volume of 20 µl. All gene expression
levels were corrected for cyclophilin A, β-actin and GAPDH as housekeeping
genes. Primer sequences are available upon request.
Chemotaxis and transmigration assays
For chemotaxis and transmigration experiments, 24-well Costar transwell
chambers (Corning, New York, U.S.) were used with 8 µM pore size
polycarbonate membranes. For transmigration, membranes were coated
with rat tail collagen type I (Millipore). Upper wells were filled with 100
µl of cell suspension (2x105 BMDM in 100 µl RPMI/0.2% BSA). Lower
wells contained 600 µl RPMI/0.2% BSA with 3 nM murine MCP-1. After
incubation for 2 hrs (chemotaxis) or 4 hrs (transmigration), migrated cells
were quantified. Migrated cells were lyzed with 0.05% Triton in PBS, and
endogenous β-glucoronidase activity was measured using 5 µM p-nitrophenyβ-D-glucoronide (Calbiochem, San Diego, U.S.) as a substrate. The number
of transmigrated cells was determined using a serially diluted standard of
defined cell number run in parallel. After 24 hrs, analysis was performed
using a micro-plate reader at 405 nm.
Gelatin zymography
MMP-2 enzymatic activity in ADAM10wt and ADAM10del BMDMs was
determined by SDS-PAGE gelatin zymography. Cells were washed twice
with PBS and lyzed in ice-cold NP-40 lysis buffer (50 nM Tris-HCl ph7.4,
100 mM NaCl, 10 mM NaF, 1 mM Na3PO4, 10% glycerol, 1% nonidet). After
10 min incubation on ice, lysates were collected and 100 μg of protein was
applied to a 12% SDS-PAGE containing 0.1% (w/v) gelatin (Biorad) in the
presence of a non-reducing sample buffer (62.5 mM Tris-HCl pH6.8, 10%
SDS, 25% Glycerol, 0.01% Bromophenol Blue). Gels were incubated with
2.5% Triton X-100 (Sigma) for 30 min at room temperature and MMP-2 was
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activated overnight at 37 ºC in a developing buffer containing 50 mM TrisHCl (pH 7.5), 200 mM NaCl, 5 mM CaCl2, 0.02% Brij-35. Thereafter, the gels
were stained overnight at room temperature with PAGE-blue protein staining
solution (Fisher Scientific) and destained with milliQ to detect proteolysis as
a white band on a blue background.

Statistical analysis

Data are presented as mean ± the standard error of the mean (SEM). All
statistical analyses were performed using the Prism program (GraphPad
Software Inc, San Diego, U.S.). Differences between treatment groups were
evaluated for statistical significance with two-tailed, unpaired Student’s
t-test. Significance was accepted at the level of p<0.05. *p<0.05; **p<0.01;
***p<0.001.
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Results
Generation and characterization of ADAM10-LysMcre mice

To examine the role of myeloid ADAM10 in macrophage functions and
atherosclerosis, ADAM10 floxed mice 11 were crossed to mice that
express cre under the control of the Lysozyme M (LysM) promoter to drive
expression in the myeloid lineage, i.e. granulocytes and macrophages 10.
ADAM10fl/flLysM-cre+/0 (ADAM10del) mice were viable and fertile and no gross
abnormalities were found in general organ morphology both at macroscopic and
microscopic level. FACS analyses did not reveal any major effects of myeloid
ADAM10 deficiency on myeloid or lymphoid cell populations in bone marrow,
blood, spleen and lymph nodes under baseline conditions (data not shown).
Deletion of ADAM10 could be confirmed by genomic PCR 17 in the myeloid
lineage of ADAM10del mice, i.e. splenic granulocytes, splenic monocytes and
peritoneal macrophages (Fig. 1A). Consistently, ADAM10 mRNA expression
was significantly reduced in circulating granulocytes, in peritoneal and bone
marrow derived macrophages (BMDMs), and to a lesser extent in monocytes
but not in T cells (Fig. 1B). Within the monocyte population only partial
deletion was observed, most likely because LysM expression in circulating
monocytes is not sufficient to obtain the Cre levels for recombination and
deletion of the floxed gene as described by Goren et al. 18. Western blotting
of BMDM lysates showed expression of inactive pro-ADAM10 (~100 kD) and
mature, catalytically active ADAM10 (~70 kD, Suppl. Fig. 2A) in ADAM10wt.
Both forms were significantly reduced in ADAM10del BMDMs. Additionally,
FACS analysis of cell surface ADAM10 expression (i.e. mature ADAM10)
confirmed this deletion (85%, Fig. 1C). Moreover, ADAM10del BMDMs released
significantly 22% less soluble CXCL16, a known substrate of ADAM10 19,
indicating loss of ADAM10 sheddase function after conditional deletion (Fig.
1D). To some extent the closely related metalloprotease ADAM17, which has
partially overlapping substrates, could compensate for the loss of ADAM10.
However, mRNA expression of ADAM17 does not show any compensatory
effects in macrophages from ADAM10del mice (Suppl. Fig. 2B).
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Figure 1. Characterization of ADAM10-LysMcre mice. Genomic PCR of ADAM10 (wt: 2 kb,
ko: 0.7 kb) constructs in spleen granulocytes and monocytes, and peritoneal macrophages (A).
ADAM10 mRNA expression in peritoneal macrophages, bone marrow-derived macrophages
(BMDMs) and in circulating granulocytes, monocytes and T-cells of A10wt and A10del mice
(n=2/group, isolated by FACS sorting) (B). FACS analysis of ADAM10 in BMDMs (C, n=3/
group) and sCXCL16 levels in unstimulated BMDM supernatant (D, n=6/group).

ADAM10 deficiency impairs macrophage inflammatory responses to
LPS
Since macrophages are the main inflammatory cell-type in atherosclerotic
lesions, regulating the plaque inflammatory milieu by producing various
pro- and anti-inflammatory mediators, we examined the role of ADAM10
in cytokine production by BMDMs after activation by either LPS or oxLDL.
Whereas oxLDL-induced cytokine gene expression was essentially similar
between ADAM10del and ADAM10wt BMDMs (data not shown), production of
the pro-inflammatory mediators IL-12, TNF and NO in response to LPS were
reduced in ADAM10del BMDMs compared to ADAM10wt (Fig. 2A-C), whereas
anti-inflammatory IL-10 production was increased (Fig. 2D). These data may
suggest polarization toward alternatively activated macrophages.
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Figure 2
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Figure 2. Impaired inflammatory responses in ADAM10 deficient BMDMs. Proinflammatory mediator (A-C) and anti-inflammatory cytokine (D) production by bone marrowderived macrophages (BMDMs) after activation by LPS (6 hrs for TNF and IL-10; 24 hrs for
IL-12 and NO); n=3/group.

Systemic inflammatory effects of myeloid ADAM10 deficiency in
LDLr-/- mice
Previously we showed ADAM10 expression associated with human
atherosclerotic plaque progression 6. However, a causal role for ADAM10 in
atherosclerosis development has not yet been confirmed. Considering the
key role of ADAM10 in regulating various inflammatory processes implicated
in atherosclerosis 7, its high expression in plaque macrophages 6 and role in
modulating macrophage inflammatory responses (Fig. 2), we investigated
the effect of myeloid deficiency of ADAM10 on atherosclerosis development.
Therefore, we reconstituted lethally irradiated LDLr-/- mice with bone marrow
from ADAM10del mice or their wildtype littermate controls (ADAM10wt). Five
weeks after reconstitution, mice were placed on Western-type diet (WTD)
for 10 weeks after which atherosclerosis development was assessed in the
aortic root. Overall chimerism determination showed 96% repopulation for
both genotypes. No differences between groups were found in body weight
(21.6 ± 0.4 g for ADAM10wt vs 21.5 ± 0.5 g for ADAM10del transplanted mice).
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Plasma levels of soluble IL-6R, a well-known in vivo substrate for ADAM10
albeit not myeloid-specific 20, appeared to be 13% reduced in ADAM10del
transplanted mice, confirming functional ADAM10 deletion in these
transplanted animals (Suppl. Fig. 3A).
Plasma cholesterol levels before or after feeding a WTD were not different
between ADAM10del and ADAM10wt transplanted mice. Triglyceride levels
were reduced in ADAM10del transplanted mice before and after 5 weeks
of WTD feeding (25% and 37% respectively), whereas no significant
differences were found after 10 weeks of WTD, when mice were sacrificed
and atherosclerotic lesions were examined (Suppl. Fig. 3B-C).

4

Next, we analyzed by flow cytometry circulating leukocyte subset patterns in
ADAM10del and ADAM10wt transplanted animals after 0, 5 and 10 weeks of
WTD. Though total leukocyte numbers, including both lymphoid and myeloid
lineages, decreased between 0 and 5-10 weeks of WTD, which might be partly
due to repopulation dynamics after transplantation, we found no differences
in number of total CD45+ leukocytes or lymphoid lineages between genotypes
(data not shown). Interestingly, the number of Ly6G+CD11b+ granulocytes
was significantly decreased in ADAM10del transplanted mice, both at
baseline and after 10 weeks of WTD feeding (26% and 21% respectively,
Fig. 3A-C and H). Whereas the total number of Ly6G-CD11b+ monocytes
was not different, analysis of monocyte subsets revealed that the relative
amount of Ly6Chi (‘inflammatory’) monocytes was significantly increased in
ADAM10del transplanted mice, both at 5 and 10 weeks of WTD feeding (20%
and 26% respectively, Fig. 3D-G and I-L, Suppl. Fig. 4). Tissue resident
macrophages in the peritoneum, however, did not reflect a more proinflammatory phenotype and even tended to display increased production of
anti-inflammatory IL-10 cytokine (Suppl. Fig. 5), as also described above for
BMDMs (Fig. 2D).
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Figure 3. Reduced granulocyte levels and increased Ly6Chi monocyte levels in ADAM10del
transplanted mice. Representative FACS plots showing granulocyte and monocyte (sub)
populations (A-B) and absolute numbers of circulating Ly6G+ granulocytes, Ly6C+ monocytes,
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Myeloid deficiency of ADAM10 does not affect atherosclerotic lesion
size, but increases features of plaque stability in LDLr-/- mice
Analysis of atherosclerotic lesions in the aortic root revealed neither
differences in lesion area (Fig. 4A-C), nor in lesion progression between
ADAM10del and ADAM10wt transplanted mice (Fig. 4D). Atherosclerotic
lesions were further examined by routine pathological examination for their
composition, i.e. collagen content, necrosis, foam cell content, amount of
inflammatory cells. Whereas plaque necrosis and foam cell content as well
as
adventitial
inflammatory cell content did not differ between groups, a
Figure
4
significant increase in plaque fibrosis was found (Fig. 4E, p<0.05).
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This increase in plaque fibrosis observed by routine pathological examination
was quantified by Sirius red staining and showed a marked 40.5% increase
in collagen content of ADAM10del transplanted mice compared to ADAM10wt
(Fig. 5A-D, p<0.05). This effect appeared to be predominantly attributed to
an increased collagen content in advanced atherosclerotic lesions (Fig. 5D,
P<0.01). Differentiating on the basis of collagen structure (loosely patched,
immature, thin collagen (green) versus tightly packed, mature, thick collagen
fibers (red)) by using a polarization filter, we were able to demonstrate that
increased plaque fibrosis in ADAM10del transplanted mice was due to an
Figure 5 in mature, thick collagen fiber content (Fig. 5E-G, p<0.05).
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Figure 5. Increased mature, thick collagen fiber content in lesions from ADAM10del
transplanted mice. Representative pictures of Sirius-red stained collagen as visualized
by normal light microscopy (A-B) and polarizing light microscopy (E-F) of ADAM10wt (A+E)
and ADAM10del (B+F) transplanted mice, magnification 40x. Quantification of total collagen
in of ADAM10wt and ADAM10del transplanted mice (C-D), magnification 40x; n=15-17/group.
Quantification of different collagen fibers in the plaques ranging from thick, mature collagen
(red) to loosely packed, thin collagen fibers (green) (G); n=9-11/group.
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4

Increased plaque collagen can be either the result of increased production
or decreased degradation of collagen. Quantitative real-time PCR analyses
revealed that genes associated with collagen production, e.g. TGFβ, collagen
I, or arginase I, did not differ between ADAM10del and ADAM10wt BMDMs
(Suppl. Fig. 6). To examine whether myeloid ADAM10 deficiency could
modulate collagen production by vascular smooth muscle cells (SMCs) via
a paracrine mechanism, we incubated SMCs with conditioned medium of
ADAM10del compared to ADAM10wt BMDMs. Collagen I, III, IV or VIII gene
expression (Suppl. Fig. 7A-D) as well as collagen synthesis (Suppl. Fig. 7E)
by SMCs incubated with conditioned medium of ADAM10del and ADAM10wt
BMDMs was essentially similar. Though stimulation of collagen production
by SMC seems not affected, myeloid ADAM10 deficiency may influence
the amount of SMCs recruited to the atherosclerotic lesions. Quantification
of alpha-smooth muscle actin (αSMA)-positive SMCs indeed showed an
increase in SMC content in ADAM10del plaques, although this difference
was not statistically significant (Fig. 6A-B). Regarding collagen degradation,
SMCs incubated with conditioned medium did not show any differences
in expression of matrix degrading enzymes (Suppl. Fig. 7F-H), whereas
mRNA expression of MMP-2, MMP-9 and MMP-13 in ADAM10del BMDMs
was reduced (65%, 70% and 25%, respectively in non-LPS stimulated cells,
which was significant for MMP-9 and -13; Fig. 6C-E). To confirm the reduced
MMP gene expression was accompanied by a reduction in matrix degrading
activity, we performed gelatin zymography on BMDM lysates. Though
activity levels were very low in these cells and even undetectable for MMP-9,
ADAM10del BMDMs showed 25% reduced MMP-2 gelatinase activity (Fig.
6F). In summary, the increase in plaque fibrosis in ADAM10del mice most
likely results from a combination of increased SMC numbers and decreased
matrix degradation.
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Figure 6. Increased plaque SMC numbers and decreased matrix degradation in
macrophages from ADAM10del transplanted mice. Quantification of αSMA+ SMCs of
ADAM10wt and ADAM10del transplanted mice (A-B), magnification 40x; n=12-16/group. Matrix
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To quantify differences in inflammatory cell content of the plaques, (immuno)
histochemical staining was performed. Despite lowered circulating granulocyte
levels, no differences were found in the amount of NIMP1+ plaque neutrophils
(Fig. 7A-D). Although relative MOMA+ macrophage content in moderate
atherosclerotic lesions was not different, advanced atherosclerotic lesions
of ADAM10del transplanted mice contained less macrophages compared
to ADAM10wt transplanted mice (Fig. 7E-H, p<0.05). Since inflammatory
cytokine production by ADAM10del BMDMs in response to LPS suggested
a more anti-inflammatory alternatively activated phenotype, we quantified
iNOS+ (M1) and Dectin1+ (M2) macrophages but found no differences
(Suppl. Fig. 8).

4

The amount of macrophages in the plaque is determined by the balance
between recruitment and cell death. The relative apoptotic cell content in
advanced plaques (number of TUNEL+ cells per plaque area) was significantly
decreased in ADAM10del transplanted mice compared to ADAM10wt (38%,
Suppl. Fig. 9A-B, p<0.05); however, the number of TUNEL+ cells per
macrophage area did not change (data not shown), suggesting that the
decreased TUNEL+ cell content was merely a reflection of the decreased
macrophage content. Furthermore, necrotic core content of the atherosclerotic
lesions did not differ between groups (Suppl. Fig. 9C-D). As a measure of
macrophage recruitment to the plaque, we determined monocyte adhesion
at the luminal side of the lesions, showing a trend toward increased numbers
of adherent monocytes in ADAM10del transplanted mice (Suppl. Fig. 9E-F,
p=0.08). Furthermore, we determined the effect of ADAM10-deficiency on
macrophage MCP-1 induced chemotaxis and transmigration through collagen
type I in vitro. We found both types of migration to be reduced in ADAM10del
BMDMs (Fig. 7I-J). Therefore the reduced macrophage content in advanced
lesions of ADAM10del transplanted animals could, at least in part, be explained
by a reduced migration capacity of ADAM10-deficient macrophages. On the
other hand, a reduction in relative macrophage content may be a reflection
of the increased fibrosis as indeed the absolute macrophage content was not
different (Suppl. Fig. 10).
Altogether these data indicate that deficiency of ADAM10 dampens
macrophage pro-inflammatory responses, decreases their matrix-degrading
and migration capacity in vitro. In vivo, myeloid ADAM10 deficiency increased
fibrosis and reduced relative macrophage content in the plaque, which
suggests enhanced plaque stability.
96

Myeloid ADAM10 modulates plaque phenotype

A10wt

A10del

A10wt

0.8

**

0.4
0.0

ADAM10wt

ADAM10del

Transmigration (Fold change)

J
1.2

3.0
2.0
1.0
0.0

wt

ADAM10

del

ADAM10

G

A10del

I

D

ADAM10wt
ADAM10del

4.0
3.0
2.0
1.0
0.0

moderate

advanced

H

Macrophages (% of plaque area)

F

E

Migration (Fold change)

C

Granulocytes
(x10-5 NIMP+ cells/area)

B

Granulocytes
(x10-5 NIMP+ cells/area)

A

60
40
20
0

ADAM10wt

ADAM10del

Macrophages (% of plaque area)

Figure 7

ADAM10wt
ADAM10del

60

**

40
20
0

moderate

advanced

1.2

*

0.8

4

0.4
0.0

ADAM10wt

ADAM10del

Figure 7. Reduced macrophage content in advanced lesions from ADAM10del transplanted
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Discussion
In this study, we show a causal role of myeloid ADAM10 in atherosclerotic
plaque development in LDLr-/- chimeras. Although myeloid ADAM10 deficiency
did not affect total plaque size, plaques of myeloid deficient ADAM10 chimeras
displayed a more stable phenotype, with apparent increased extracellular
matrix content and reduced macrophage accumulation.

4

Conceivably, the reduction in macrophage content in advanced plaques of
ADAM10del transplanted mice could be explained by a decreased monocyte/
macrophage recruitment, since ADAM10 has been implicated in the cleavage
of various molecules important for chemotaxis, adhesion and (trans)
migration, e.g. cadherins and selectins 21. Interestingly, we found an increase
in circulating ‘inflammatory’ Ly6Chi monocytes in ADAM10del transplanted
mice, which could indicate a decrease in adhesion and migration to the vessel
wall. Monocyte adhesion to the atherosclerotic lesion was not significantly
altered between groups, and showed even a trend to increased monocyte
adhesion. This modest effect is likely due to the fact that monocytes do not
express sufficient lysozyme to obtain effective deletion of the floxed ADAM10
gene 18. We found a reduction in macrophage MCP-1 induced migration
and transmigration through collagen type I in vitro, which could at least
partly explain the reduction in macrophage content in advanced lesions of
ADAM10del transplanted mice. Similarly, we recently demonstrated reduced
leukocyte infiltration into acutely inflamed lung in ADAM10-LysMcre mice
22
. Various molecules important for leukocyte recruitment have been shown
to be cleaved by ADAM10 including cadherins 23 as well as CXCL16 and
fractalkine, two chemokines (expressed not only in myeloid cells, but also in
endothelium) that act as adhesion molecules in their membrane-bound form
and chemotactic factors when soluble 24, 25. These chemokines are especially
important in advanced atherosclerotic plaques 26. On the other hand, we
did not observe a difference in plaque neutrophil numbers in ADAM10del
transplanted mice, despite a significant reduction in circulating granulocytes.
Considering its role in junctional/adhesion molecule cleavage in endothelial
cells, regulating endothelial permeability and leukocyte recruitment it is
conceivable that endothelial specific deletion of ADAM10 would have a
stronger effect on atherogenesis.
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Besides reduced macrophage recruitment, the reduced macrophage content
in advanced plaques of ADAM10del transplanted mice could also be caused
by increased macrophage apoptosis. Indeed ADAM10 has been implicated
in the shedding of members of the death receptor family e.g. TNF, CD40L
and FasL 27, 28 and ADAM10 deficiency could therefore lead to increased
apoptosis. However, the number of TUNEL+ cells per macrophage area was
even reduced in advanced lesions, indicating that cell death does not explain
the differences in macrophage content.
Myeloid ADAM10 deficiency considerably increased plaque fibrosis in
ADAM10del transplanted mice, which could be related to the relative decrease
in macrophage content. The plaque extracellular matrix content is determined
by the balance between collagen production and degradation. Known
inducers of collagen production in myeloid cells, especially in the ‘wound
healing’ (M2) macrophage phenotype 29, are for example arginase I, Fizz-1
and transforming growth factor TGF-β. Arginase is an enzyme that drives
L-arginine metabolism toward ornithine and subsequently proline production,
which is critical for collagen synthesis 30. Although we did find ADAM10deficient BMDMs to produce less pro-inflammatory mediators like TNF, IL12 and NO but more anti-inflammatory cytokine IL-10 in response to LPS,
suggesting a switch toward M2 macrophages, we could not find an increase
in pro-fibrotic M2-markers such as arginase I, YM-1, Fizz-1 or TGF-β. Indeed
ADAM10del plaques did not show any differences in iNOS+ or Dectin-1+
macrophages, markers of M1 or M2 macrophages, respectively, indicating
that the ADAM10 deficiency in macrophages does not induce a general switch
in polarization. In peritoneal macrophages isolated from the atherosclerotic
mice, ADAM10-deficiency also resulted in a much milder, though still antiinflammatory response to LPS. This, however, does not necessarily reflect
the situation in the atherosclerotic lesions, where other stimuli (e.g. oxLDL)
may be more relevant. TNF is a well-known target of ADAM17 cleavage,
although other proteases including ADAM10 are capable of releasing TNF
27
, and this may become important under pathologic conditions. However,
it remains to be determined how ADAM10-deletion affects the expression
of the other inflammatory mediators. It is conceivable though that this is an
indirect effect of reduced TNF production in ADAM10-deficient macrophages
(Fig. 2B). Moreover, ADAM10del macrophage conditioned medium did neither
change expression nor production of collagen by vascular smooth muscle
cells. Hence, the increased plaque fibrosis can probably not be attributed
to a stimulated collagen production, though we found an (non-significant)
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increase in SMC content which could contribute to the increase in fibrosis. At
the other side of the equation, ADAM10del macrophages displayed decreased
expression of matrix metalloproteases (e.g. MMP-2, -9 and -13) and reduced
MMP-2 gelatinase activity, responsible for the degradation of the extracellular
matrix. Moreover, ADAM10 itself has been reported to have matrix-degrading
capacity, albeit in a rather artificial in vitro setting 31. Therefore it is conceivable
that the increased collagen content in plaques of ADAM10del transplanted
mice is caused either directly or indirectly by decreased collagenase activity.
Whether ADAM10 deficiency directly leads to decreased MMP activity or is
an indirect effect e.g. by changing the macrophage phenotype, i.e. reducing
TNF-α, or integrin signaling (now modulated by the absence of the ADAM10
disintegrin domain) remains to be determined.

4

Besides myeloid cells, the role of ADAM10 in other vascular cells e.g.
endothelial cells and smooth muscle cells in atherosclerosis can be
investigated using other cre-deleter strains.
In conclusion, this study is the first to unveil a causal role of ADAM10 in
atherosclerosis. Deletion of ADAM10 in the myeloid lineage did not affect
plaque size, but increased plaque fibrosis and reduced macrophage
accumulation. Consistently, in vitro production of inflammatory mediators,
migratory as well as matrix-degrading capacity of BMDMs was reduced.
By shifting the balance from inflammation towards more fibrosis, myeloid
ADAM10 deficiency may enhance plaque stability.
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Supplemental Figures

Supplemental Figure 1

Supplemental Figure 1. Region of interest for lesion analyses. Toluidine stained cross
sections of aortic heart valve with atherosclerotic lesion. The right panel illustrates the
region of interest for plaque analyses (the black area). The internal elastic lamina is used as
boundary between plaque and media, while the peripheral boundaries are determined by the
sites where the aortic valves start.
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Supplemental Figure 2. Characterization of ADAM10-LysMcre mice. (A) Western blot of
ADAM10 in BMDMs (n=3/group). (B) ADAM17 mRNA levels of ADAM10wt and ADAM10del
BMDMs stimulated with 0-25 μg/ml oxLDL for 24 hrs; n=3/group.
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Supplemental Figure 3. Reduced soluble IL-6R and triglyceride plasma levels in
ADAM10del transplanted mice. (A) Soluble IL-6R levels in plasma of ADAM10wt and
ADAM10del transplanted LDLr-/- mice after 10 weeks of Western-type diet feeding. Plasma
cholesterol (B) and triglyceride (C) levels of ADAM10wt and ADAM10del transplanted LDLr-/mice; n=18/group.
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Supplemental Figure 4
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Supplemental Figure 4. Increased Ly6Chi monocyte levels in ADAM10del transplanted
mice after 5 weeks WTD feeding. Absolute cell numbers of Ly6G+ granulocytes, Ly6C+
monocytes, Ly6Chi ‘inflammatory’, Ly6Clow and Ly6C- ‘patrolling’ monocytes in blood of
ADAM10wt and ADAM10del transplanted LDLr-/- mice at t=5 weeks of Western-type diet feeding;
n=10/group.
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Supplemental Figure 5. No changes of inflammatory phenotype in peritoneal
macrophages. Pro-inflammatory IL-12 and anti-inflammatory IL-10 cytokine production by
peritoneal macrophages of ADAM10wt and ADAM10del transplanted LDLr-/- mice after 10 weeks
of Western-type diet feeding as determined by intracellular FACS analysis; n=18/group.
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Supplemental Figure 7. Myeloid ADAM10 deficiency does not indirectly influence
collagen production in SMCs. Collagen type I (A), III (B), IV (C) and VIII (D) mRNA
expression, collagen protein production (E, detected by Sirius Red staining) or MMP-2 (F),
MMP-9 (G), MMP-13 (H) mRNA expression in vascular smooth muscle cells after 24 hrs
incubation with conditioned medium of ADAM10wt and ADAM10del BMDMs; n=3-5/group.
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Supplemental Figure 8. Plaque macrophage polarization markers are not changed due
to ADAM10 deficiency. Quantification of (A) iNOS+ (M1) and (B) Dectin-1+ (M2) macrophages
in atherosclerotic plaques of ADAM10wt and ADAM10del transplanted mice; n= 17 and 14-15,
respectively.
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Supplemental Figure 9. No major changes on cell death or cell adhesion in ADAM10del
transplanted mice. Quantification of TUNEL+ apoptotic cells in atherosclerotic plaques of
ADAM10wt and ADAM10del transplanted mice (A-B); n=13 and 16 respectively. Necrotic core
content quantified on toluidine blue-stained sections of ADAM10wt and ADAM10del transplanted
mice (C-D); n=18/group. Monocyte adhesion to the atherosclerotic plaques of ADAM10wt and
ADAM10del transplanted mice as quantified on toluidine blue-stained sections (E-F); n=15 and
16 respectively.
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Abstract

5

A Disintegrin And Metalloprotease (ADAM) 10 has been associated with
atherosclerotic lesion development, the main cause of cardiovascular
diseases. Atherosclerosis is characterized by the accumulation of lipids and
inflammatory cells in the vessel wall. Key steps in this pathology are the
adhesion and transmigration of leukocytes to/through the endothelium. We
performed a proteomics analysis of supernatant from mouse endothelial
cells with or without ADAM10 inhibition, revealing that ADAM10 is a crucial
regulator in this process by shedding transmembrane proteins, like adhesion
molecules but also chemokines. We further investigated the causal role
of endothelial ADAM10 in atherosclerosis development. Surprisingly,
endothelial ADAM10 deficiency resulted in a significantly increased plaque
area (45%) in aortic root and brachiocephalic arteries, while no differences
were observed in plasma cholesterol or various circulating leukocyte
subpopulations. Atherosclerotic lesions from endothelial ADAM10 deficient
mice were also more advanced, characterized by more plaque necrosis
and relatively less plaque macrophages. In vivo imaging, showed a clear
trend toward increased leukocyte adhesion and transmigration. Interestingly,
in line with our proteomics data, ADAM10 deficient mice had lower plasma
levels of Annexin A5. In conclusion, endothelial ADAM10 protects against
atherosclerosis, though further research is needed to fully elucidate the
underlying mechanisms.
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Introduction
Cardiovascular disease (CVD), like myocardial infarction and stroke, is a
major health burden and the leading cause of death worldwide 1. The main
underlying cause of CVD is atherosclerosis, which is a chronic inflammatory
disease characterized by the accumulation of lipids, inflammatory cells and
cellular debris in the vessel wall 2. The onset of atherosclerosis is marked
by arterial endothelium damage and subsequent increase in endothelial
permeability, allowing lipoproteins to infiltrate into and accumulate in the
vessel wall 3. In parallel, circulating leukocytes are attracted to the site of
injury by the expression of a range of adhesion molecules such as ICAM1
and VCAM1 and the secretion of various chemokines, such as CXCL16 and
CX3CL1 by endothelial cells 1, 4. Upon adhesion these cells may transmigrate
through the endothelial layer into the intima and contribute to lesion
development 5, 6.
Various chemokines, adhesion molecules and junction molecules are
substrates of A Disintegrin And Metalloproteases (ADAMs), a family of
proteolytic enzymes expressed on all vascular cells, including endothelial
cells 7, 8. ADAM10 is one of the major enzymes of this family and has been
associated with atherosclerosis development and progression, based
on increased expression of ADAM10 upon human lesion development
9
. However, a causal role for ADAM10 in atherosclerosis remains to be
established. A large amount of substrates of ADAM10 are already described,
many of which being important in inflammatory processes related to
atherosclerosis, like tumor necrosis factor-α (TNF-α), its receptor TNF-R and
the chemokines CXCL16 and CX3CL1 10, 11. The latter two are membrane
bound chemokines that primarily act as adhesion molecules, while they
can be released as soluble chemokines through shedding by ADAM10 11.
Additionally, ADAM10 influences endothelial permeability by cleaving VECadherin, a major endothelial junction molecule 9, 12. Considering the key
role of ADAM10 in regulating adhesion molecule expression, chemokine
secretion and cell permeability 1, 8 and that endothelial cells are instrumental
in atherosclerosis, we investigated the effect of endothelial deficiency of
ADAM10 on atherosclerosis development.
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Contrary to our expectations endothelial ADAM10 deficiency appears to
results in significantly increased rather than decreased plaque area and
progression. Lesions from endothelial ADAM10 deficient mice showed
more necrosis, while their macrophage content was decreased. In line with
the plaque phenotype, endothelial permeability, leukocyte adhesion and
transmigration as assessed by in vivo two-photon laser scanning microscopy
imaging tended to be enhanced.

5
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Methods
Cell culture and proteomic analysis

Mouse endothelial bEND5 cells were cultured in DMEM medium (GIBCO
Invitrogen) supplemented with 10% (vol/vol) heat-inactivated fetal calf serum
(Bodinco B.V.), 100 U/ml penicillin, 100 μg/ml streptomycin (All GIBCO
Invitrogen). Cells were incubated in serum free medium with or without
GI254023X for 24 hrs. Conditioned medium was harvested and concentrated
using 3kD Vivaspin concentrators (Sartorius). Equal volumes were separated
on a 10% SDS-PAGE gel by electrophoresis and subsequently stained with
Coomassie blue staining. Gels were cut in 1mm2 sections and freeze dried
overnight. Secretome analysis was performed using liquid chromatographytandem mass spectrometry.

Mice

For all experiments we compared ADAM10fl/flTie2-cre+/0 mice (from here on
indicated as ADAM10del) to age- and sex-matched ADAM10fl/flTie2-cre0/0
littermate controls (ADAM10wt). All mice (mixed genetic background) were
injected intravenously with 109 particles of the adeno-associated virus
serotype 8 (AAV8) containing D374Y-human proprotein convertase subtilisin/
kexin type 9 (PCSK9) 13. Adeno-associated virus will target the liver and induce
overexpression of PCSK9, which will degrade LDL receptors (LDLr) 13, 14. The
thus created functional LDLr knockdown will render the mice hyperlipidemic
and prone to atherosclerosis. AAV8-PCSK9 treated/infected mice were fed
a Western type diet (WTD) consisting of 16% fat and 0.15% cholesterol
(Special diet services) for 12 weeks. For blood analysis at baseline and at 6
and 12 weeks of WTD feeding, mice were fasted for 4 hrs, after which blood
samples were drawn from the tail vein for analysis of plasma lipids, leukocyte
subset patterns and cytokines. All animal experiments were approved by the
Animal Ethics Committee of the Maastricht University (permit number 2013009).

Morphometry and immunohistochemistry of murine tissue

After 12 weeks of WTD feeding, mice were anesthetized and euthanized.
Mouse hearts were dissected, fixed in 1% paraformaldehyde and embedded in
paraffin. Size and progression stage of atherosclerotic lesions was determined
as previously described 2, with a slight modification in plaque classification.
Plaques were classified as early (foam cell rich, but lacking a necrotic core),
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moderately advanced (containing a fibrotic cap and often a necrotic core, but
no medial macrophage infiltration) and advanced lesions, typified by medial
macrophage infiltrates, elastic lamina degradation and more pronounced
necrosis and fibrosis. Serial sections (7 µm) of the aortic root were cut and
stained with haematoxyline-eosine for morphometric analysis and routine
qualitative examination of collagen content, necrosis, foam cell content
and amount of inflammatory cells (using scores from 0 (absent) to 3 (high
abundance)). MAC3 (an antibody recognizing macrophages), Ly6G (antibody
against neutrophils) and Sirius Red staining was used for the detection of
macrophages, neutrophils and collagen respectively. A polarization filter and
birefringence color discrimination was used to differentiate various collagen
structures (ranging from loosely patched, immature, thin collagen (green) to
tightly packed, mature, thick collagen fibers (red)) as described by MacKenna
et al 15. For evaluation of liver inflammation MAC1 (an antibody recognizing
macrophages) and NIMP-1 (neutrophil specific antibody directed against
Ly6G; gift from P. Heeringa) were used.

Lipid analysis

5

Total plasma cholesterol and triglyceride levels as well as cholesterol in
lipoprotein fractions were determined, under fasting conditions, using
standard enzymatic kits according to manufacturer’s protocols (DiaSys –
Diagnostic Systems GmbH, Germany).

Flow cytometry analysis

Absolute circulating leukocyte subset numbers were determined by flow
cytometry calibrated using Trucount Beads (BD, New Jersey, U.S.) after
0, 6 and 12 weeks WTD. Leukocytes were defined as CD45+, T-cells as
CD45+ CD3+ NK1.1- , NK cells as CD45+ CD3- NK1.1+, B cells as CD45+ CD3NK1.1- B220+, granulocytes as CD45+ CD3- NK1.1- B220- CD11b+ Ly6G+
and monocytes as CD45+ CD3- NK1.1- B220- CD11b+ Ly6G-. A list of applied
antibodies is given in Table 1.
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Table 1. List of antibodies used for flow cytometry
Antigen
CD16/32

Clone
93

Company
eBioscience

CD45

30-F11

Biolegend

CD3e

145-2c11

eBioscience

NK1.1

PK136

BD

Ly6G

1A8

BD

CD11b

M1/70

BD

B220

RA3-6B2

BD

In vivo multiphoton laser scanning microscopy (MPLSM)

At sacrifice, 5 mice per genotype were used for in vivo imaging. The mice were
first anaesthetized using ketamine (100 mg/kg body weight, Nematek) and
xylazine (10mg/kg body weight, Sedamun) and the carotid artery as well as
the sternohyoid muscle was exposed. The mice were injected in the tail vein
with antibodies to visualize the endothelium (CD31-eFluor450, eBioscience)
and leukocytes (CD115-Alexa568, Invitrogen); and with labeled FITC-70kDa
dextran (Sigma) to study permeability. MPLSM imaging was performed using
a Leica SP5 imaging platform (Leica Microsystems) as previously described
16
. Adhesion was assessed as leukocytes adhering to and staying on the
endothelium and transmigration was scored as cells that have transmigrated
through the endothelium. Corrections were made for the endothelial surface
in mm2, which was calculated by measuring the endothelial diameter and
vessel length, and for the measurement time in minutes. Permeability was
defined as the ratio between dextran derived extraluminal fluorescence and
intraluminal fluorescence and was corrected for vessel volume (mm3) and
measurement time (minutes).

Transmigration assay

Flow chambers (iBidi) were coated with human umbilical vein endothelial
cells (HUVECs) that were stained for PECAM (mCherry-labeled CD31) and
VE-cadherin (55-7H1), stimulated with TNF-α (10 ng/mL) with or without
ADAM10 inhibition by GI254023X (5 µM) for 30 min. Neutrophils were
isolated from the blood from a healthy volunteer and were injected into the
flow system. Differential interference contrast and PECAM-mCherry (594 nm)
were recorded using a confocal laser scanning microscope (Zeiss Axiovert).
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Recorded images were scored for adhesion of neutrophils on HUVECs and
for transmigration of neutrophils.

ELISAs

CX3CL1 and CXCL16 ELISA assays (both R&D systems) were performed
on plasma from ADAM10wt and ADAM10del mice according to manufacturer’s
instructions. Analysis was performed using a micro-plate reader (Bio-Rad) at
450 nm.
Plasma Annexin A5 was measured using a commercial enzyme immunoassay
(Hyphen BioMed, Neuville-sur-Oise, France) according to manufacturer’s
instructions. Analysis was performed using a micro-plate reader (Bio-Rad)
at 450 nm.

Statistical analysis

Data are presented as mean ± the standard error of the mean (SEM). All
statistical analyses were performed using the Prism program (GraphPad
Software Inc, San Diego, U.S.). Differences between treatment groups were
evaluated for statistical significance with two-tailed, unpaired Student’s
t-test. Significance was accepted at the level of p<0.05. *p<0.05, **p<0.01,
***p<0.001.
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Results
Endothelial ADAM10 plays an important role in adhesion and
transmigration.
We performed a proteomics analysis on supernatant from mouse endothelial
BEND5 cells with or without ADAM10 inhibition, to identify the ADAM10
dependent endothelial sheddome, revealing 300 differentially secreted
proteins, of which a significant portion (10%) appeared to be involved in
permeability or leukocyte transmigration, including VE-Cadherin, VCAM-1
and PECAM-1. These data suggest a role for ADAM10 in transendothelial
migration (TEM) and TEM dependent inflammatory processes such as
atherosclerosis. To further investigate this, we measured the effect of ADAM10
inhibition in vitro on transmigration of freshly isolated neutrophils through
a HUVEC monolayer. Neutrophil transmigration tended to be reduced after
endothelial ADAM10 inhibition (Fig. 1A), while the transmigration time of
neutrophils
through
Figure
1 the layer was increased (Fig. 1B).
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Figure 1. Important role for ADAM10 in leukocyte adhesion and transmigration in vitro.
Transmigrated (black) and non-transmigrated (white) neutrophils, as percentage of total
adhered neutrophils (A) and transmigration time (B) in vitro, with or without ADAM10 inhibitor
GI254023X.

Deficiency of endothelial ADAM10 leads to significantly increased
atherosclerotic lesion size.

Since endothelial ADAM10 deficiency influences leukocyte adhesion,
ADAM10wt and ADAM10del mice were injected with AAV8-PCSK9 to induce
atherosclerosis development. Adeno-associated virus will target the liver and
induce overexpression of PCSK9, which will degrade LDL receptors (LDLr)
13, 14
, rendering these mice hyperlipidemic and prone for atherosclerosis.
Directly after injection, mice were placed on WTD for 12 weeks after
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which atherosclerosis development was assessed in the aortic root and
brachiocephalic artery. No differences between groups were found in body
weight (26.3 ± 0.8 g for ADAM10wt vs 27.9 ± 0.7 g for ADAM10del mice,
data not shown), vessel morphology (Suppl. Fig. 1A) or liver inflammation
(Suppl. Fig. 1B-C). Furthermore, plasma cholesterol and triglyceride levels
on chow and after WTD feeding were not different between ADAM10del and
ADAM10wt mice (Fig. 2A-B). Next, we analyzed the pattern of circulating
leukocyte subsets in ADAM10del and ADAM10wt mice by flow cytometry at
0, 6 and 12 weeks of WTD feeding. Apart from a minor increase in total
CD3+ T-cell numbers at week 12, no significant differences in number of total
CD45+ leukocytes or myeloid lineages between genotypes were found for all
Figure
2 (Fig. 2C-D and Suppl. Fig. 1D).
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Figure 2. ADAM10 deficiency does only effect T-cell levels after WTD feeding. Plasma
cholesterol (A) and triglyceride (B) levels of ADAM10wt and ADAM10del mice. FACS analysis
showing absolute numbers of leukocytes, granulocytes, monocytes, T-cells, B-cells and
NK-cells in blood of ADAM10wt and ADAM10del mice at t=0 weeks (C) or t=12 weeks (D) of
Western-type diet feeding.
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Deficiency of endothelial ADAM10 revealed 45% increased lesion size in the
aortic roots (Fig. 3A-C). Additionally, lesions from ADAM10del mice appeared
to be more advanced compared to lesions from ADAM10wt mice (Fig. 3D).
Besides the aortic roots, lesion area in the brachiocephalic artery was also
markedly increased in endothelial ADAM10 deficient compared to wildtype
mice (Suppl. Fig. 2A-B). Moreover, significantly more plaque hemorrhage was
observed in ADAM10del mice compared to ADAM10wt mice (Fibrin positivity
score of 1.75 ± 0.60 versus 0.25 ± 0.16 respectively, p=0.03). Atherosclerotic
lesions were further examined by routine pathological examination for their
composition, i.e. collagen content, necrosis, foam cell content or amount
and location of inflammatory cells. Lesions from ADAM10del mice showed
significantly more plaque-necrosis and less foam cells (Fig. 3E). Further
histological analysis confirmed the augmented necrotic core content of
atherosclerotic lesions from ADAM10del mice (Fig. 3F).
Additionally, the decreased amount of foam cells/macrophages observed
by routine pathological examination was quantified using MAC3 staining.
Lesions from ADAM10del mice had a 51% decrease in the percentage of
MAC3+ macrophage content, both in moderate and advanced lesions (Fig.
4A-D). However, no difference was observed in absolute plaque macrophage
content, suggesting that the decreased macrophage content merely reflected
plaque progression, i.e. increased necrosis (Suppl. Fig. 3A-B). Plaque
Ly6G+ granulocyte content did not differ between the genotypes (Fig. 4E-H),
while likewise, no differences were found in relative plaque collagen content
as quantified by Sirius Red staining (Fig. 4I-L). Differentiating on the basis of
collagen structure (loosely patched, immature, thin collagen (green) versus
tightly packed, mature, thick collagen fibers (red)) by using a polarization
filter, we were able to demonstrate that this increase is equally present in all
collagen types, suggesting no changes in collagen maturation (Fig. 4M-O).
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Figure 3. Endothelial ADAM10 deficiency results in larger and more necrotic
atherosclerotic lesions. Representative pictures of Hematoxylin-Eosin-stained sections of
the aortic root of ADAM10wt (A) and ADAM10del (B) mice, magnification 40x. Quantification
of plaque area (C), plaque classification (D) and routine pathological examination of plaque
composition (E). Quantification of percentage necrosis of plaque area in ADAM10wt and
ADAM10del mice (F).
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Deficiency of endothelial ADAM10 significantly reduces
plasma Annexin A5 levels and seem to increase adhesion and
transmigration in vivo.

5

The increased atherosclerosis might be explained by increased leukocyte
attraction via chemokines. Therefore, we next determined the effect of
endothelial ADAM10 deficiency on two well known substrates of ADAM10,
the chemokines CX3CL1 and CXCL16. These chemokines act as adhesion
molecules in membrane bound state to acquire chemotactic functions, after
shedding by ADAM10, in soluble state. However, we could not observe
any differences in soluble chemokine levels in plasma of ADAM10del and
ADAM10wt mice (Fig. 5A-B), suggesting they are, at least in soluble state,
not critical for the increased atherosclerosis development observed in
ADAM10del mice. Interestingly, our proteomics analysis identified Annexin
A5 as possible ADAM10 target. A well-known function of Annexin A5 is its
binding to phosphatidylserine, a surface marker for stressed or dying cells 17.
Recently, Annexin A5 treatment was reported to reduce leukocyte adhesion
and transmigration in vitro and plaque macrophage content in vivo, indicating a
role for Annexin A5 in leukocyte recruitment and atherosclerosis development
18
. Confirming our proteomics data, in vitro inhibition of endothelial ADAM10
led to significantly reduced Annexin A5 levels in endothelial cell medium (Fig.
5C). In line with this, atherogenic ADAM10del mice displayed significantly
reduced (54%) plasma levels of Annexin A5 (Fig. 5D). In vivo imaging of
microvessels in the sternohyoid muscle of ADAM10wt versus ADAM10del mice
(12 weeks WTD feeding) revealed more permeable vessels with a higher
degree of leukocyte adhesion and transmigration in ADAM10del compared to
ADAM10wt mice (Fig. 6A-C). In conclusion, ADAM10 deficiency remarkably
increases atherosclerotic lesion size and progression, possibly by modulating
leukocyte recruitment.

124

Endothelial
Figure 5 ADAM10 deficiency augments atherogenesis
A

B
600
CXCL16 (pg/ml)

CX3CL1 (pg/ml)

6,000
4,000
2,000
0

ADAM10wt

200
0

ADAM10del

C

400

ADAM10wt

ADAM10del

D
6.0

6.0

*

4.0

**

2.0
0.0

DMSO

GI

AnxA5 (ng/ml)

AnxA5 (ng/ml)

8.0

4.0

**

2.0
0.0

ADAM10wt

ADAM10del

Figure 5. Annexin A5 plasma levels are significantly reduced in ADAM10 deficient mice.
Soluble CX3CL1 (A), CXCL16 (B) and Annexin A5 (C) in plasma of ADAM10wt and ADAM10del

mice after 12 weeks Western-type diet feeding. Annexin A5 concentration in conditioned
medium from BEND5 cells incubated with or without GI254023X for 24 hrs (D).

Figure 6
B
0.6
0.4
0.2
0.0

ADAM10wt

ADAM10del

5

C
2.0

In vivo Permeability
(MFI Ratio/mm3/min)

0.8

In vivo Transmigration
(Leukocytes/mm2/min)

In vivo Adhesion
(Leukocytes/mm2/min)

A

1.5
1.0
0.5
0.0

ADAM10wt

ADAM10del

2.010 - 6
1.510 - 6
1.010 - 6
5.010 - 7
0

ADAM10wt

ADAM10del

Figure 6. In vivo ADAM10 deficiency increases leukocyte adhesion and transmigration.
Adhesion (A), transmigration (B) and permeability (C) in ADAM10wt and ADAM10del mice in
vivo. Adhesion and transmigration data are corrected for endothelial surface area in mm2 and
time in minutes. For permeability data the mean fluorescent intensity (MFI) is corrected for the
vessel volume in mm3 and time in minutes.

125

Chapter 5

Discussion

5

In this study we determined the effect of endothelial ADAM10 deficiency
on atherosclerosis development, after induction of sustained LDLr
knockdown/hyperlipidemia by AAV8-PCSK9 gene transfer 13. The approach
of atherosclerosis induction was successful, based on markedly increased
plasma cholesterol levels and atherosclerosis development. Although ADAM10
is involved in the shedding of various adhesion and junctional molecules,
we surprisingly observed that ADAM10del mice have significantly increased
lesion size and progression compared to ADAM10wt mice. In accordance
with this increased atherosclerotic lesion size, we observed a trend towards
increased leukocyte adhesion and transmigration to the sternohyoid muscle
capillary endothelium in ADAM10del mice. In keeping, ADAM10 deficient mice
had increased vessel permeability, which at least partly could explain the
increased leukocyte transmigration, albeit it that this effect did not reach
statistical significance due to too small group sizes. In sharp contrast, in vitro
we observed reduced transmigration, with increased transmigration time after
pharmacological ADAM10 inhibition, which is in line with findings by Schulz
et al. showing an important role of ADAM10 in endothelial permeability and
T-cell transmigration 12. These paradoxical findings could be explained by
differences in the duration of ADAM10 (functional) knockdown and the method
of knockdown, comparing pharmacological inhibition versus genetic ablation.
Furthermore, differences in experimental set-up may underlie this paradox,
as the in vivo studies were conducted in mice, and the in vitro setup under
laminar flow was based on human cells. Additionally, the in vitro setup may
reflect conditions of acute inflammation, whereas the in vivo setup studies
the impact of ADAM10 deficiency in WTD induced chronic inflammation.
Therefore, the chronic inflammatory situation could be the consequence of
endothelial damage, induced by the accumulation of adhered leukocytes.
A study using retinal endothelium already showed that sustained adhesion
of leukocytes can cause damage 19. Eventually, when the endothelium is
damaged it will get leaky, which might explain the observed increase in
permeability and transmigration.
While endothelial ADAM10 deficiency did not alter major leukocyte subsets
relevant to atherosclerosis, such as monocytes and neutrophils, it was
associated with a significant increase in CD3+ T-cells, and especially in CD8+
cytotoxic T-cells in blood (data not shown). Further research is needed to
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determine how endothelial ADAM10 deficiency can increase circulating T-cell
levels, since transendothelial migration is also important for the recruitment
of lymphocytes from lymphoid organs to the periphery 20. T-cells are known to
contribute to the pathogenesis of atherosclerosis. This was primarily attributed
to CD4+ T-cells 4, although a recent study stressed that the importance of
CD8+ T-cells in atherogenesis should not be underestimated, since depletion
of CD8+ T-cells ameliorated atherogenesis 21. Quantitation of T-cell presence
in the atherosclerotic lesions, could give further insight into the effects of
ADAM10 deficiency on CD8+ T-cell influx into the lesion and their impact on
atherogenesis.
Endothelial ADAM10 deficiency did not seem to significantly influence
the shedding of well-known substrates such as CX3CL1 and CXCL16, in
that plasma levels of soluble form of both chemokines were not different
between the genotypes. This does not necessarily imply that the expression
of membrane bound chemokines is equivalent as well, since upregulation of
their expression and membrane presentation can at this point not be excluded.
Besides these well-known ADAM substrates, also other substrates that have
not yet been investigated in this study, such as the junctional molecules VECadherin and junctional adhesion molecules (JAMs), could be implicated in
the ADAM10 deficiency associated increase in atherosclerosis.
Another potential mechanism that could be involved is the receptor for
advanced glycation end products (RAGE) since it also has been described
as a substrate for ADAM10 and is prominently expressed on activated
endothelial cells, where it mediates leukocyte adhesion and transmigration 22,
23
. Especially since AGEs, the ligands for RAGE that are abundantly present
in atherosclerotic conditions, have also been shown to increase leukocyte
adhesion in a RAGE specific manner 24. Moreover, Harja et al. showed that
RAGE plays a crucial role in atherosclerosis development by augmenting
endothelial dysfunction and VCAM-1 expression in ApoE-/- mice 25.
Interestingly, we did observe marked effects on Annexin A5 levels in the
plasma. Annexin A5 is known for its binding to phosphatidylserine, expressed
on stressed and apoptotic cells. Furthermore, Annexin A5 has been shown to
exert anti-inflammatory properties via this phosphatidylserine binding, which
may shield the cells from inflammatory cell contact 17, 26. Recently, shortterm intraperitoneal Annexin A5 treatment was reported to reduce plaque
macrophage content, an effect that was attributed to diminished leukocyte
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adhesion and transmigration 18. Therefore it is conceivable that the observed
reduced plasma Annexin A5 levels in ADAM10del mice, are involved in the
increased lesion size and progression upon ADAM10 deficiency. To date, it
is not known how ADAM10 modulates circulating/extracellular Annexin A5
levels. Recently, Annexin A1 has been shown to be proteolytically cleaved by
ADAM10, thereby creating a peptide with monocyte chemotactic activity 27.
Further research is necessary to elucidate whether ADAM10 can also cleave
Annexin A5, or whether ADAM10 modulates AnxA5 secretion or even binding
to the cells. Furthermore, it remains to be determined whether Annexin A5 is
indeed causally involved in the augmented atherosclerosis development in
endothelial ADAM10 deficient mice.
In conclusion, this study surprisingly shows that endothelial ADAM10 protects
against atherosclerosis, by modulating leukocyte recruitment. The precise
mechanisms behind this effect remain to be elucidated.
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Abstract
The inflammatory chemokines CCL2, CCL5 and CX3CL1 stimulate vascular
smooth muscle cell (SMC) proliferation. High-density lipoproteins (HDL)
exhibit potent cardioprotective and anti-inflammatory properties. We
therefore sought to determine the effect of reconstituted HDL (rHDL) on SMC
chemokine expression and proliferation and elucidate the mechanisms. Preincubation of primary human SMCs with rHDL containing apolipoprotein (apo)
A-I and phosphatidylcholine (600 μg/ml, final apoA-I concentration), prior to
stimulation with TNF-α, inhibited CCL2, CCL5 and CX3CL1 protein levels.
The chemokine receptors CCR2 and CX3CR1 were also reduced by rHDL.
Incubation with rHDL reduced the NF-κB subunit, p65, in the nucleus and
phosphorylated IκBα, both regulators of chemokine expression. Furthermore,
rHDL inhibited the upstream signaling proteins phosphoinositide 3-kinase and
phosphorylated Akt (pAkt). Incubation with rHDL strikingly suppressed SMC
proliferation and ERK phosphorylation (pERK). Finally, siRNA knockdown of
the scavenger receptor SR-B1 attenuated rHDL-induced inhibition of SMC
chemokine expression, p65 and proliferation, indicating that SR-B1 plays
a key role in mediating these effects. Thus, rHDL reduces SMC chemokine
expression (via NF-κB/pAkt inhibition) and proliferation (via pERK inhibition).
This has important implications for atherosclerosis and preventing the
pathogenesis of neointimal hyperplasia, the main cause of early vein graft/
stent failure.
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Introduction
The protective properties of high-density lipoproteins (HDL) on the
vasculature are well established 1. Although this has been primarily attributed
to the ability of HDL to efflux cholesterol from cells in the periphery, especially
macrophages in the arterial wall, HDL have also been shown to exhibit antithrombotic, anti-oxidative and in particular anti-inflammatory properties 2.
Chemokines are small proteins that direct cellular trafficking and thus play
an important role in inflammatory processes 3. They are divided into four
classes (C, CC, CXC, CX3C), based on the number and location of conserved
cysteine residues. The chemokines CCL2 (MCP-1) and CCL5 (RANTES) are
members of the CC-chemokine class and CX3CL1 (fractalkine) is the only
known member of the CX3C class. Chemokines have a well-documented
role in directing monocyte recruitment and migration. More recently they
have been implicated in the direct promotion of SMC proliferation and SMC
neointimal expansion. For example, in vitro studies show that incubation with
the chemokines CCL2, CCL5 or CX3CL1 causes significant increases in SMC
proliferation 4-8. Neointimal hyperplasia is also attenuated in murine arterial
injury models that have targeted chemokine deletions (eg CCL5 5) and CCL2
is rapidly elevated following vascular injury 9-11. Chemokines mediate these
effects via cognate chemokine receptors. For example, knockout mice with
deletions in the chemokine receptors CCR5 12 (receptor to CCL5) and CCR2
13
(receptor to CCL2) have reduced neointimal hyperplasia following vascular
injury. Furthermore, treatment of SMCs with a competitive antagonist of CCR2
14
, or short hairpin RNA targeted against CCR2, inhibit SMC proliferation in
in vivo models 13, 15. Studies in vitro have also shown that an antagonist of
CX3CR1 (receptor to CX3CL1) abrogates the proliferative effects of CX3CL1
in SMCs 8. Excessive neointimal hyperplasia causes restenosis, which can
limit the success of percutaneous coronary interventions (PCI) such as
balloon angioplasty and stent implantation, which are commen interventions
for atherosclerosis patients 16. This highlights the potential significance of
chemokine-induced SMC proliferation and suggests that an agent capable
of suppressing vascular SMC inflammation, chemokine expression and
proliferation would be potentially valuable in the context of PCIs.
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HDL have potent anti-inflammatory properties 2. We and others have shown
that reconstituted HDL (rHDL) suppress the expression of chemokines
including: CCL2, CCL5 and CX3CL1 in in vitro studies in various celltypes (e.g. endothelial cells, monocytes) and in vivo studies in rabbits 17-21.
However, the effect of HDL on SMC chemokine expression and proliferation
is currently unexplored.
We therefore sought to determine whether HDL can inhibit SMC chemokine
and chemokine receptor expression and proliferation. In this study we report
that rHDL are able to inhibit the expression of the chemokines CCL2, CCL5
and CX3CL1 via suppression of PI3K/Akt and NF-κB signaling pathways. We
also report that rHDL strikingly inhibit SMC proliferation, via ERK inhibition
and that rHDL suppress the chemokine receptors CCR2 and CX3CR1.
siRNA knockdown experiments indicated that these inhibitory effects of rHDL
involved the scavenger receptor SR-B1.
This study provides mechanistic insight into a unique role for rHDL, whereby
rHDL may protect against the development of restenosis and early vein graft/
stent failure in atherosclerosis patients.
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Methods
Preparation of HDL, apoA-I, discoidal reconstituted HDL and
phospholipid vesicles

Expired, autologously donated plasma samples were used for the study.
Approval for subsequent use was obtained at the time of collection. The native
HDL (nHDL) fraction (1.063-1.21 g/ml) was isolated from pooled samples of
normal human plasma (5 donors) by ultracentrifugation then dialysed against
phosphate buffered saline (PBS) 22. For the isolation of apoA-I, nHDL were
delipidated and subjected to anion-exchange chromatography using a fast
protein liquid chromatography (FPLC) system 22. Discoidal rHDL containing
apoA-I complexed to 1-palmitoyl-2-linoleoyl-phosphatidylcholine (PLPC,
Avanti Polar Lipids, Alabaster, AL, USA), initial PLPC/apoA-I molar ratio 100:1,
were prepared by the cholate dialysis method 23. Following dialysis, the final
PLPC/apoA-I ratio was ~80:1. Phospholipid vesicles (PLPC) were prepared
by sonication (3 x 5 min on ice) in PBS and cholate, followed by dialysis
against PBS. The protein concentration of apoA-I was determined using
the bicinchoninic acid (BCA) assay (Thermo Scientific, Scoresby, Victoria,
Australia). Phospholipid concentrations were enzymatically determined
(Wako, Richmond, VA, USA) 24.

Cell culture and incubations

Primary human umbilical vein smooth muscle cells (HUVSMCs, Cell
Applications, San Diego, CA, USA) were cultured in smooth muscle cell growth
medium (Cell Applications) and grown until 80% confluent. They were then
incubated with rHDL, apoA-I, nHDL (all 600 μg/ml, final apoA-I concentration),
phospholipid vesicles (2 µM), cyclodextrin (54 µM 25, Sigma-Aldrich, Sydney,
Australia) or PBS (Control) for 16 hrs. Following incubation, the cells were
washed twice with PBS and stimulated with TNF-α (final concentration 1 ng/
ml) (R&D Systems, Minneapolis, MN, USA) for 4 hrs. For signaling studies
(PI3K, pAkt and pERK), HUVSMCs were stimulated for 10 min with TNF-α
(final concentration 1 ng/ml), washed with PBS, then harvested using a cell
scraper. All experiments were performed in quadruplicate (n=4) and repeated
three-five times.
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Real-time PCR

RNA extraction was performed using Total RNA Extraction Kit (Qiagen,
Victoria, Australia), according to manufacturer’s instructions, after which RNA
content was quantified using the Nanovue (General Electric, Rydalmere, NSW,
Australia). Total RNA was normalized and reverse-transcribed in triplicate using
iScript (Bio-Rad, Gladesville, NSW, Australia). Real-time PCR was conducted
with SybrGreen (Bio-Rad) using primer sequences (Geneworks, Hindmarsh,
SA, Australia) for CCL2 forward: 5’-TCATAGCAGCCACCTTCATT-3’
CCL2 reverse: 5’-TCGGAGTTTGGGTTTGCTT-3’
CCL5 forward: 5’-TCCTCATTGCTACTGCCCT-3’
CCL5 reverse: 5’-TTGGCGGTTCTTTCGGGTGA-3’
CX3CL1 forward: 5’-TATCTCTGTCGTGGCTGCT-3’
CX3CL1 reverse: 5’-TCCTTGACCCATTGCTCCTT-3’. Relative mRNA
quantification was calculated with the 2-(∆CT) method and normalised to
GAPDH.

Enzyme-Linked Immunosorbent Assay (ELISA)

Harvested HUVSMCs were homogenised in cell lysis buffer (80 mM Tris-HCl,
100 mM NaCl, 50 mM NaF, 5 mM Na4P2O7, 1% Triton X-100, Sigma, Castle
Hill, NSW, Australia) with phenylmethylsulphonyl fluoride (PMSF, Sigma) and
a protease inhibitor cocktail (Sigma) (both 1:100). CCL2 and CCL5 protein
concentrations in cell lysates and culture media were determined using
standard ELISA kits (Quantikine, R&D systems) and normalised to the total
protein content.

Western Blotting

6

Cell pellets were resuspended in equal volumes (60 µl) of RIPA buffer (50
mM Tris-HCl, 1% sodium-deoxycholate, 1 mM NaCl, 1 mM EDTA-Na2, 1
mM PMSF, 0.1% SDS and 1% Triton X-100, Sigma) and homogenised by
passage through a pipette six times. For assessment of NF-κB (p65 subunit),
the nuclear fraction was isolated using Nuclear Extraction Kit (Thermo
Scientific). Equal amounts of protein were separated on a 4-12% BisTris gel (Invitrogen, Mulgrave, Victoria, Australia) by electrophoresis, then
electro-transferred onto nitrocellulose membranes (Invitrogen) using iBlot
(Invitrogen). Membranes were probed with primary antibodies against the
chemokine receptors CCR2 (1:500, ab21667) and CX3CR1 (1:1000, ab8021)
(Abcam, Cambridge, MA, USA), the chemokine CX3CL1 (1:1000, #2099,
ProSci Inc., Poway, CA, USA) and the signaling proteins: pIκBα (1:1000,
#28595), IκBα (1:1000, A841), pAkt (1:300, #40585), Akt (1:300, #9272)
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(Cell Signaling Technology, Danvers, MA, USA) as well as pERK (1:1000,
MAB1018), ERK (1:400, MAB1576) (R&D Systems, Minneapolis, MN, USA),
p65 (1:500, sc372, Santa Cruz, Santa Cruze, CA, USA) and PI3K (1:5000,
#610045, BD Bioscience, San Jose, CA, USA). This was then followed by
incubation with secondary goat anti-mouse (1:1000, sc2030) or goat antirabbit (1:1000, sc2005) HRP conjugated antibodies (Santa Cruz). Equal
protein loading was confirmed by β-actin (1:5000, sc81178, Santa Cruz).
Protein levels were quantified from digitized images of the nitrocellulose
membranes using ImageJ software and expressed relative to β-actin as
arbitrary units (AU).

siRNA knockdown

HUVSMCs were cultured in 6 well plates to 30% confluency. 16 hrs later,
transfection reagent mixture was prepared using Lipofectamine 2000
(Invitrogen) in serum free Dulbecco’s Modified Eagles Medium (DMEM,
Lonza, Mt Waverley, Victoria, Australia). The siRNAs were used at a final
concentration of 80 µM (Qiagen). Fluorescein-labelled dsRNA oligomer was
used to visualise transfection efficiency (Qiagen). The cells were washed
with PBS and incubated at 37°C for 5 hrs with siRNA transfection reagent
mixtures. The transfection reagent mixture was then replaced by smooth
muscle cell growth medium (Cell Applications) and incubated for a further
72 hrs. The cells were then incubated with rHDL (600 μg/ml, final apoA-I
concentration) or PBS for 16 hrs, washed twice with PBS and stimulated
with TNF-α (final concentration 1 ng/ml) (R&D Systems) for 4 hrs. After
stimulation, the cells were washed with PBS before harvesting.

Proliferation assay

HUVSMCs were seeded at a density of 1.5x105 cells per well (6 well plate).
24 hrs after seeding, the cells were incubated with DMEM containing 0.1%
Fetal Calf Serum (FCS, v/v) for 48 hrs. The cells were then incubated with
rHDL, apoA-I, nHDL (all 600 μg/ml, final apoA-I concentration), phospholipid
vesicles (2 µM), cyclodextrin (54 µM) or PBS (Control) for 16 hrs. Following
this, cells were washed and stimulated with 1 ng/ml TNF-α and 5-ethynyl2’-deoxyuridine (EdU, 40 µM, final concentration) and in some experiments
PDGF-BB (20 ng/ml, Sigma-Aldrich, Sydney, Australia) for another 48 hrs.
Cells were then harvested by trypsinisation (Trypsin EDTA, Lonza), fixed
and stained according to the “Click-IT” proliferation protocol (Invitrogen).
HUVSMC proliferation was measured as EdU incorporation by flow cytometry
(Beckman Coulter FC500 using MXP software, Gladesville, NSW, Australia).
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Statistical analyses

Data are presented as mean ± the standard error of the mean (SEM). All
statistical analyses were performed using the Prism program (GraphPad
Software Inc, San Diego, U.S.). Differences between treatment groups were
evaluated for statistical significance with two-tailed, unpaired Student’s t-test.
Significance was accepted at the level of p<0.05. # denotes a significant
difference compared to non-treated cells. * denotes a significant difference to
cells incubated with TNF-α only. #/*p<0.05, ##/**p<0.01, ###/***p<0.001.
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Results
Reconstituted HDL inhibit the expression of chemokines CCL2,
CCL5 and CX3CL1 in SMCs

Culture medium and SMC lysates were analyzed as described in “Methods”
for changes in CCL2, CCL5 and CX3CL1 protein and mRNA levels. Incubation
with TNF-α significantly increased CCL2 protein levels in the cell lysates (Fig.
1A) but not in culture media (Fig. 1B). When the cells were pre-incubated
with rHDL, there were significant reductions in CCL2 protein levels in the cell
lysates (54%, Fig. 1A) and culture media (62%, Fig. 1B), compared to cells
stimulated with TNF-α only. Consistent with the observed increase in CCL2
protein levels, TNF-α incubation also caused an increase in CCL2 mRNA
levels (Fig. 1C) and when cells were pre-incubated with rHDL CCL2 mRNA
levels were significantly reduced, compared to TNF-α only control cells.
Stimulation with TNF-α also caused a significant increase in CCL5 in cell
lysates (Fig. 1D), culture media (Fig. 1E) and CCL5 mRNA levels (Fig. 1F),
however, in cells that were pre-incubated with rHDL there was significantly
less CCL5 protein in lysates and media and less CCL5 mRNA, compared to
TNF-α only control cells. Similar to CCL2 and CCL5, incubation with TNF-α
elevated CX3CL1 protein levels in cell lysates and CX3CL1 mRNA levels
(Fig. 1G-H). Pre-incubation of cells with rHDL significantly suppressed these
elevations in CX3CL1 protein and mRNA, compared to TNF-α only control
cells. As CX3CL1 is predominantly a membrane-bound chemokine we were
unable to detect it in the culture media.
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Figure 1

200

Cell protein (mg/ml)

***

CCL2 (pg/ml)

-

-

+

-

+

+

###

600

*

400
200

CCL5 (pg/ml)

CCL5 (pg/ml)

Cell protein (mg/ml)

#

20

*

10

-

+

-

+

+

G

+

+
+

50

#

-

+

-

+

+

#

250

###

200

**

400
200

150

**

100
50
0

-

+

+
+

rHDL:
TNF-:

-

+

+
+

#

0.5

CX3CL1 (%)

300

*

1.0

-

H

Lysate

1.5

rHDL:
TNF-:

600

rHDL:
TNF-:

**

F

Media

0
-

100

0
-

800

0

CX3CL1/-actin (AU)

150

E

Lysate

800

200

**

100

0

0.0
rHDL:
TNF-:

30

rHDL:
TNF-:

Cell protein (mg/ml)

D

rHDL:
TNF-:

200

0

0
rHDL:
TNF-:

C

40

CCL5 (%)

CCL2 (pg/ml)

Cell protein (mg/ml)

400

Media

B

##

600

CCL2 (%)

Lysate

A

-

+

+
+

rHDL:
TNF-:

-

+

+
+

Figure 1. rHDL reduce CCL2, CCL5 and CX3CL1 protein and mRNA levels in SMCs.
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HUVSMCs were pre-incubated with rHDL (600 μg/ml, final apoA-I concentration) or PBS for

16 hrs then stimulated with TNF-α (1 ng/ml) for 4 hrs. CCL2 (A-B) and CCL5 (D-E) protein
levels in cell lysates and media were quantified using ELISAs. Changes in CX3CL1 protein
levels in cell lysates were determined using Western blotting (G). mRNA levels were quantified

using real-time PCR (C, F, H). Results are expressed as mean ± SEM. #p<0.05, compared to
non-treated control cells. *p<0.05, compared to cells incubated with TNF-α only.

144

HDL suppress chemokine expression and proliferation in SMCs
The effect of apoA-I, phospholipid vesicles and nHDL on SMC
chemokine expression

Isolated human plasma nHDL and the components of rHDL (apoA-I and
phospholipid vesicles) were tested for their effects on SMC chemokine
expression. Incubation of SMCs with rHDL, apoA-I, phospholipid vesicles
and nHDL had no effect on basal CCL2, CCL5 or CX3CL1 protein levels in
cell lysates (Fig. 2A, C and E). However, in cells that were stimulated with
TNF-α, pre-incubation with apoA-I significantly reduced CCL2 protein levels.
This reduction in CCL2 was not as great as when cells were pre-incubated with
rHDL. Pre-incubation with phospholipid vesicles and nHDL had no effect on
CCL2 levels in TNF-α stimulated cells. When SMCs were pre-incubated with
rHDL, phospholipid vesicles and nHDL, followed by stimulation with TNF-α,
it caused significant reductions in CCL5 protein levels in cell lysates. ApoA-I
had no effect on CCL5 protein levels and neither did ApoA-I, phospholipid
vesicles and nHDL have an effect on CX3CL1 protein levels. Only rHDL had
an inhibitory effect on CX3CL1, when compared to TNF-α stimulated SMCs,
confirming the findings of Fig. 1G.

The effect of cholesterol efflux on SMC chemokine expression

Cholesterol efflux is one of the main functions of HDL. We therefore assessed
its role in rHDL-mediated SMC chemokine inhibition using the cholesterol
acceptor cyclodextrin. Incubation of SMCs with rHDL and cyclodextrin had
no effect on basal levels of CCL2, CCL5 and CX3CL1 (Fig. 2B, D and F).
Pre-incubation with cyclodextrin, followed by stimulation with TNF-α had no
effect on CCL2 or CX3CL1 protein levels, however there was a significant
reduction in CCL5 (Fig. 2D). This reduction in CCL5 was not as great as
when cells were pre-incubated with rHDL.
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Figure 2. The effect of apoA-I, phospholipid vesicles, nHDL and cholesterol efflux on
SMC chemokine expression. HUVSMCs were pre-incubated with rHDL, apoA-I, nHDL (all
600 μg/ml, final apoA-I concentration), phospholipid vesicles (PLPC, 2 µM), cyclodextrin (54
µM) or PBS for 16 hrs, then stimulated with TNF-α (1 ng/ml) for 4 hrs. CCL2 (A-B) and CCL5
(C-D) protein levels in cell lysates were quantified using ELISAs. Changes in CX3CL1 protein

levels were determined using Western blotting (E-F). Results are expressed as mean ± SEM.
#

p<0.05, compared to non-treated control cells. *p<0.05, compared to cells incubated with

TNF-α only.
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SR-B1 mediates the inhibition of CCL2, CCL5 and CX3CL1 by rHDL

To determine whether the ATP-binding cassette transporters ABCA1 and
ABCG1 or the scavenger receptor SR-B1 mediate the inhibitory effects of
rHDL on chemokine expression, siRNAs were used to knockdown these
proteins in SMCs. Western blotting was used to confirm siRNA knockdown
efficiency. We were able to achieve efficient transfection in SMCs and a
subsequent >90% inhibition of ABCA1 protein as well as complete knockdown
of ABCG1 and SR-B1 proteins (Suppl. Fig. 1). When scrambled siRNA
control cells were incubated with TNF-α there was a significant increase in
CCL2 protein levels (Fig. 3A). Pre-incubation of scrambled siRNA control
cells with rHDL inhibited CCL2 protein levels, as in Fig. 1A. Knockdown of
ABCA1 and ABCG1 did not affect the ability of rHDL to inhibit the TNF-αinduced increase in CCL2. When SR-B1 was knocked down, the inhibitory
effect of rHDL on CCL2 protein levels was attenuated.
Incubation of scrambled siRNA cells with TNF-α significantly increased
CCL5 protein levels, as measured by ELISA (Fig. 3B). When the siRNA
control cells were pre-incubated with rHDL, CCL5 levels were significantly
suppressed compared to TNF-α only controls. siRNA knockdown of ABCA1
or ABCG1 did not affect the ability of rHDL to inhibit CCL5. Inhibition of CCL5
by rHDL in the ABCA1 and ABCG1 knockdown cells was similar to siRNA
control cells. The siRNA knockdown of SR-B1, however, abolished the ability
of rHDL to inhibit expression of CCL5.
Incubation of scrambled siRNA cells with TNF-α significantly increased
CX3CL1, as determined by Western blotting (Fig. 3C). Pre-incubation of
scrambled siRNA control cells with rHDL inhibited CX3CL1 protein levels.
Inhibition of CX3CL1 in the ABCA1 and ABCG1 knockdown cells was
comparable to what was observed for the siRNA control cells. Finally, siRNA
knockdown of SR-B1, significantly attenuated the ability of rHDL to inhibit
expression of CX3CL1.
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Figure 3. rHDL inhibit SMC CCL2, CCL5 and CX3CL1 expression via SR-B1. HUVSMCs

were transfected with scrambled (Scr), ABCA1, ABCG1 or SR-B1 siRNA. After 72 hrs, the
cells were incubated for 16 hrs with rHDL (600 μg/ml, final apoA-I concentration) or PBS and
then stimulated with TNF-α (1 ng/ml) for 4 hrs. Changes in CCL2 (A) and CCL5 (B) protein
levels were quantified by ELISA. Western blotting was used to determine changes in CX3CL1

protein (C). Results are expressed as mean ± SEM. #p<0.05, compared to non-treated control

cells. *p<0.05, compared to cells incubated with TNF-α only.
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Reconstituted HDL suppress the NF-κB and PI3K/Akt pathways
in SMCs

NF-κB regulates chemokine expression. In order to determine the effect of
rHDL on the NF-κB activation pathway, the protein levels of the active subunit
of NF-κB, p65, were determined in SMC nuclear extracts. Stimulation with
TNF-α increased p65 protein levels (Fig. 4A), compared to control cells.
However, pre-incubation with rHDL significantly suppressed this elevation
in p65, relative to cells stimulated with TNF-α only. Stimulation with TNF-α
increased the phosphorylation of IκBα, part of the NF-κB activation pathway
and pre-incubation of SMCs with rHDL significantly decreased phosphorylated
IκBα, when compared to TNF-α stimulated cells (Fig. 4B). Taken together,
these results demonstrate that rHDL inhibit IκBα phosphorylation and the
subsequent translocation of p65 to the nucleus.
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HDL suppress chemokine expression and proliferation in SMCs
Stimulation of SMCs with TNF-α for 10 min caused an increase in PI3K protein
levels. PI3K protein levels were significantly inhibited when SMCs were preincubated with rHDL (Fig. 4C). Stimulation with TNF-α did not significantly
change Akt phosphorylation, however, pre-incubation with rHDL reduced Akt
phosphorylation, compared to cells stimulated with TNF-α only (Fig. 4D).
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Figure 4. rHDL inhibit the NF-κB - PI3K/Akt pathway in SMCs. (A-B). HUVSMCs were
incubated with rHDL (600 μg/ml, final apoA-I concentration) or PBS for 16 hrs and then
stimulated with TNF-α (1 ng/ml) for 4 hrs. Using Western blotting, p65 protein levels were
assessed in nuclear extracts. Phosphorylated IκBα (pIκBα) was measured in whole cell
lysates and expressed relative to total IκBα and β-actin. (C-D) HUVSMCs were pre-incubated
with rHDL (600 μg/ml, final apoA-I concentration) or PBS for 16 hrs and stimulated with
TNF-α (1 ng/ml) for 10 min. PI3K and phosphorylated Akt (pAkt) protein levels were assessed
by Western blotting and expressed relative to β-actin or total Akt and β-actin, respectively.
Results are presented as mean ± SEM. #p<0.05, compared to non-treated control cells.
*p<0.05, compared to cells incubated with TNF-α only.

Mechanisms for rHDL-induced inhibition of p65 in SMCs

When SMCs were incubated with rHDL and phospholipid vesicles there were
significant reductions in the basal levels of p65 protein in nuclear extracts
(Fig. 5A), compared to control cells. There were no reductions in basal p65
protein levels following incubation with apoA-I or nHDL. Pre-incubation with
apoA-I, phospholipid vesicles and nHDL had no effect on the protein levels of
p65 when cells were stimulated with TNF-α. However, as also demonstrated
in Fig. 4A, pre-incubation with rHDL in TNF-α stimulated cells reduced p65
protein levels in nuclear extracts.

6

Incubation of SMCs with cyclodextrin did not affect basal levels of p65
in nuclear extracts (Fig. 5B). However, in TNF-α stimulated cells, preincubation with cyclodextrin significantly reduced p65, when compared to
TNF-α only stimulated cells. Indicating a role for cholesterol efflux in rHDLinduced inhibition of SMC chemokine expression and this is consistent with
the inhibitory effect of cyclodextrin on CCL5 (Fig. 2E). The importance of
SR-B1 was also assessed. Cells transfected with SR-B1 siRNA, had similar
p65 protein levels as control non-transfected cells and cells transfected with
scrambled siRNA. When SR-B1 transfected cells were stimulated with TNF-α
there was an increase in p65 protein levels (Fig. 5C). Transfection of SR-B1
siRNA completely attenuated the inhibitory effects of rHDL on p65 protein
levels in TNF-α stimulated SMCs. This supports a role for SR-B1 in the
inhibitory effects of rHDL on SMC chemokine expression, which is consistent
with Fig. 3 where SR-B1 siRNA prevented rHDL-induced inhibition of SMC
chemokines.
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Figure 5. Mechanisms of rHDL-induced inhibition of p65 in SMCs. (A-B) HUVSMCs
were pre-incubated with rHDL, apoA-I, nHDL (all 600 μg/ml, final apoA-I concentration),
phospholipid vesicles (PLPC, 2 µM), cyclodextrin (54 µM) or PBS for 16 hrs, then stimulated
with TNF-α (1 ng/ml) for 4 hrs. (C) HUVSMCs were transfected with scrambled (Scr) and SRB1 siRNA. After 72 hrs, the cells were incubated for 16 hrs with rHDL (600 μg/ml, final apoA-I
concentration) or PBS and then stimulated with TNF-α (1 ng/ml) for 4 hrs. Western blotting
was used to assess p65 protein levels in nuclear extracts. Results are presented as mean ±
SEM. #p<0.05, compared to non-treated control cells. *p<0.05, compared to cells incubated
with TNF-α only.
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rHDL inhibit SMC proliferation

The effect of rHDL on SMC proliferation was determined using the “Click-IT”
proliferation assay. Stimulation of SMCs with TNF-α increased proliferation,
compared to control cells (Fig. 6A). When SMCs were incubated with rHDL
before stimulation with TNF-α, proliferation was strikingly reduced, compared
to TNF-α only treated SMCs. Furthermore, rHDL was found to inhibit SMC
proliferation at lower concentrations (inset Fig. 6A). Pre-incubation of cells
with rHDL at final apoA-I concentrations of 6.5 and 13 µM significantly
inhibited SMC proliferation.
Incubation with rHDL, apoA-I and phospholipid vesicles increased SMC
proliferation in non-TNF-α stimulated cells (Fig. 6B). nHDL had no effect
on SMC proliferation in non-stimulated cells. However, pre-incubation with
rHDL, apoA-I and phospholipid vesicles inhibited TNF-α stimulated SMC
proliferation, when compared to cells that were incubated with TNF-α only.
The role of cholesterol efflux was also assessed on SMC proliferation.
Cyclodextrin had no effect on SMC proliferation in non-TNF-α stimulated
cells or on TNF-α stimulated cells (Fig. 6C).

6

Knockdown of ABCA1, ABCG1 and SR-B1 with siRNA was used to
determine their importance in mediating the inhibitory actions of rHDL on
SMC proliferation (Fig. 6D). In scrambled siRNA transfected control cells,
stimulation with TNF-α increased SMC proliferation and when they were preincubated with rHDL, proliferation was inhibited. When ABCA1 and ABCG1
were knocked down, the extent of inhibition of proliferation by rHDL was not
affected. When SR-B1 was knocked down, the inhibitory effect of rHDL on
SMC proliferation was ameliorated.
Incubation with platelet-derived growth factor (PDGF)-BB was used to
determine if rHDL could inhibit SMC proliferation under stimuli different to
TNF-α (Suppl. Fig. 2). PDGF increased SMC proliferation, but pre-treatment
with rHDL, apoA-I, phospholipid vesicles and nHDL had no effect on PDGFstimulated proliferation.
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Figure 6. rHDL inhibit SMC proliferation. (A-C) HUVSMCs were serum starved by incubation
with DMEM containing 0.1% Fetal Calf Serum (FCS, v/v) for 48 hrs. The cells were then
incubated with rHDL, apoA-I, nHDL (all 600 μg/ml, final apoA-I concentration), phospholipid
vesicles (PLPC, 2 µM), cyclodextrin (CD, 54 µM) or PBS for 16 hrs prior to stimulation with
1 ng/ml TNF-α and EdU (40 µM) for a further 48 hrs. The cells were then fixed and stained
according to the “Click-IT” proliferation protocol. (D) SMC proliferation was determined
following transfection of HUVSMCs with scrambled (Scr), ABCA1, ABCG1 or SR-B1 siRNA.
Cells were then treated with rHDL or PBS and stimulated with TNF-α before proliferation was
assessed as described above. Results are presented as mean ± SEM. #p<0.05, compared to
non-treated control cells. *p<0.05, compared to cells incubated with TNF-α only.
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rHDL inhibit ERK phosphorylation

Chemokines stimulate SMC proliferation via increased phosphorylation of
ERK1/2 8. Incubation with rHDL was found to increase basal levels of ERK
phosphorylation, compared to control cells. Stimulation of SMCs with TNF-α
also increased phosphorylation of ERK. However, when cells were preincubated with rHDL, ERK phosphorylation was significantly decreased,
compared to cells stimulated with TNF-α only (Fig. 7A).
When cells transfected with scrambled siRNA were incubated with rHDL
before stimulation with TNF-α, ERK phosphorylation was significantly
reduced (Fig. 7B). The siRNA knockdown of ABCA1 and ABCG1 did not
affect the inhibitory actions of rHDL on pERK protein levels, as the extent of
inhibition was similar to the scrambled control. However, when SR-B1 was
Figure
knocked
down,7this suppression was ameliorated.
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Figure 7. rHDL inhibit ERK phosphorylation. (A) HUVSMCs were pre-incubated with rHDL
(600 μg/ml, final apoA-I concentration) or PBS for 16 hrs and stimulated with TNF-α (1 ng/
ml) for 10 min. (B) HUVSMCs were transfected with scrambled (Scr), ABCA1, ABCG1 or
SR-B1 siRNA for 72 hrs. Cells were then treated with rHDL or PBS for 16 hrs and stimulated
with TNF-α. Phosphorylated ERK1/2 (pERK1/2) protein levels were assessed using Western

blotting and expressed relative to total ERK. Results are expressed as mean ± SEM. #p<0.05,
compared to non-treated control cells. *p<0.05, compared to cells incubated with TNF-α only.
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The role of chemokines in SMC proliferation

SMCs were transfected with siRNAs to knockdown the expression of
CCL2, CCL5 and CX3CL1. When scrambled siRNA transfected cells were
stimulated with TNF-α, SMC proliferation was elevated (Suppl. Fig. 3). In
SMCs transfected with CCL2, CCL5 and CX3CL1 siRNAs, prior to TNF-α
stimulation, SMC proliferation was reduced, compared to TNF-α only cells.
This confirms their importance in inflammation-driven SMC proliferation 4-8.

The effect of rHDL on SMC chemokine receptors CCR2 and
CX3CR1

CCR2 is the chemokine receptor for CCL2. Western blot analysis showed that
stimulation with TNF-α increased CCR2 protein levels (Fig. 8A). Incubation
with rHDL decreased basal SMC CCR2 protein levels and in cells stimulated
with TNF-α. Furthermore, TNF-α had no effect on CX3CR1 protein levels
(the receptor for CX3CL1), but incubation with rHDL significantly reduced
Figure
CR1 in 8
non-stimulated and stimulated cells (Fig. 8B).
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Figure 8. rHDL inhibit CCR2 and CX3CR1 expression in SMCs. HUVSMCs were incubated

with rHDL (600 μg/ml, final apoA-I concentration) or PBS for 16 hrs and then stimulated with

TNF-α (1 ng/ml) for 4 hrs. Protein levels were determined by Western blotting and expressed
relative to β-actin. Results are expressed as mean ± SEM. #p<0.05, compared to non-treated
control cells. *p<0.05, compared to cells incubated with TNF-α only.
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Discussion
Unregulated, inflammation-induced SMC proliferation is a key driver of
neointimal hyperplasia and causes re-narrowing of the lumen following PCI
such as stent implantations 5, 6. The chemokines CCL2, CCL5 and CX3CL1
have all been implicated in the promotion of SMC proliferation 4-6, 8, 14, 26. HDL
have potent anti-inflammatory properties 2 and have previously been shown
to inhibit the expression of the chemokines CCL2, CCL5 and CX3CL1 and
their receptors 17-21. The aim of this study was to determine whether rHDL
exhibit anti-inflammatory effects in SMCs by inhibiting chemokine expression
and proliferation. We have found that rHDL inhibit SMC expression of CCL2,
CCL5 and CX3CL1 via inhibition of intracellular PI3K/Akt and NF-κB pathways.
We also demonstrate that rHDL inhibit SMC proliferation via a reduction in
ERK phosphorylation. rHDL inhibit the expression of CCR2 and CX3CR1,
two chemokine receptors that are known to be critical for mediating the
proliferative effects of chemokines in SMCs. Finally, SR-B1, plays a key role
in mediating the inhibitory effects of rHDL on SMC chemokine expression,
p65 and proliferation.

6

Inflammation-driven neointimal hyperplasia plays causative role in the
reduction of stent patency 14. The thickened neointima predominantly contains
SMCs that proliferate in an unregulated manner, secrete inflammatory
factors and can recruit leukocytes 6, 26. Accumulating evidence has pointed to
an important role for chemokines in the promotion of neointimal thickening
following PCI. The chemokines CCL2, CCL5 and CX3CL1 have all been
found to play important roles in SMC proliferation following vascular injury.
For example, chemokine knockout mice 5, 13 and strategies that inhibit or
increase the expression of CCL2, CCL5 and CX3CL1 are found to modulate
neointimal hyperplasia in surgical models 5, 13, 14, 26. Using siRNA knockdown
we confirmed the importance of these chemokines in inflammation-driven
SMC proliferation. We also show that rHDL inhibit the expression of the
chemokines CCL2, CCL5 and CX3CL1. These later findings support our
previous work and the work of others, which demonstrated rHDL inhibit these
three chemokines in vitro in primary human coronary artery endothelial cells
(HCAECs) and monocytes 17, 18 and in in vivo studies 19, 20. It also suggests
that rHDL may protect against the development of neointimal hyperplasia
and thereby prolong stent patency. This is consistent with clinical studies that
find patients with higher HDL cholesterol levels (>45 mg/dL) have improved
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stent patency at one year
stent implantation 28.

27

, and reduced major cardiac events following

Vascular SMC chemokine expression is regulated via the transcription factor
NF-κB 4, 5 and further upstream by the PI3K/Akt pathway 4, 8. The current
study found that incubation of SMCs with rHDL reduced the level of the
p65 subunit of NF-κB in the nucleus, the phosphorylation of its upstream
regulator IκBα, PI3K and the phosphorylation of Akt. This suggests that rHDL
inhibit CCL2, CCL5 and CX3CL1 via suppression of the PI3K/Akt and IκBα/
NF-κB intracellular pathways. Consistent with these findings, other studies
have also found that rHDL is able to inhibit the NF-κB activation pathway
in HCAECs and monocytes 17, 25. Furthermore, HDL isolated from human
plasma have also been found to reduce oxidized LDL-induced elevations
in NF-κB in rabbit femoral SMCs 29. Interestingly, in contrast to our findings,
PI3K was found not to be a target of HDL in that study 29. This may reflect
the use of the cytokine TNF-α to stimulate PI3K (as used previously 4) in the
present study, as opposed to the use of oxidized LDL in the earlier study,
which may activate PI3K via an alternative pathway to TNF-α 29.
HDL interact with three cell-surface proteins: ABCA1 and ABCG1 and SRB1. Although the vasculo-protective properties of HDL have been reported to
be predominantly mediated via cholesterol efflux, there is mounting evidence
that HDL may also confer benefit by inducing intracellular signaling events
via interactions with these proteins. The current study found that rHDL
mediate inhibition of SMC chemokine expression, p65 and proliferation via
SR-B1. This is in agreement with other studies showing that rHDL mediate
their actions through SR-B1 30, 31. Work in this area has largely focused on
the beneficial effects of HDL on the endothelium including: rHDL-induced
elevations in endothelial cell migration 31, enhanced endothelial-mediated
vascular function 30 and improved endothelial repair 31, 32, using in vitro
SR-B1 siRNA silencing or knockout mouse models. In the present study,
silencing SR-B1 effectively attenuated the reductions in SMC chemokine
expression. Consistent with this SR-B1 mediated anti-inflammatory effect
of rHDL, work by McGrath et al. found that the anti-inflammatory effects
of rHDL in HCAECs were also mediated via SR-B1 through an elevation
in 3β-Hydroxysteroid-∆24 Reductase (DHCR24) 25. Cholesterol efflux also
appeared to have a role (although modest) in mediating the inhibitory effects
on SMC chemokine expression. Incubation with the cholesterol acceptor
cyclodextrin significantly reduced CCL5 protein levels and caused a non157
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significant reduction in CCL2 (19%). When compared to rHDL, cyclodextrin
was not as effective at inhibiting SMC chemokine expression, indicating
that other mechanisms in addition to cholesterol efflux are mediating
these inhibitory effects. Consistent with these findings, we also found that
cyclodextrin suppressed p65 and cholesterol efflux is reported by others to
mediate anti-inflammatory effects 33. It is possible therefore that SR-B1 may
mediate rHDL-induced suppression of SMC chemokine expression at least
in part, by cholesterol efflux (Fig. 9).
rHDL strikingly reduced SMC proliferation in the present study. This appears
to have been mediated by three possible pathways (Fig. 9): 1) via SRB1, which causes downstream suppression of the PI3K/Akt/IκBα/NF-κB
pathway and inhibition of CCL2, CCL5 and CX3CL1 expression, chemokines
that are known to promote SMC proliferation 5, 8, 14 and 2) via a reduction in
the expression of chemokine receptors CCR2 and CX3CR1, which reduces
chemokine/chemokine receptor interactions and downstream activation
of ERK, an important mediator of SMC proliferation. This also supports
the findings of Roque et al. who reported that neointimal hyperplasia was
significantly reduced in CCR2-/- mice following femoral artery injury 13,
suggesting a key role for CCR2 in SMC proliferation. 3) Finally, ERK is also
downstream of SR-B1 32, suggesting a third possible pathway for rHDLmediated inhibition of SMC proliferation. In support of this, the present
results show that silencing of SR-B1 attenuated the inhibitory effects of rHDL
on SMC proliferation and ERK phosphorylation.

6

The current study found that cholesterol efflux did not play a role in the
inhibitory effect of rHDL on SMC proliferation. This is in contrast to a recent
report that found cholesterol efflux played a key role in the inhibition of
hematopoietic stem cell proliferation 34. The disparity in these results is likely
to be due to the differences in cell-type used in the two studies and indicates
that it is the reduction in chemokine expression by rHDL that is inhibiting SMC
proliferation. In contrast to the inhibitory effects of rHDL on SMC proliferation
in TNF-α stimulated cells, rHDL was able to induce SMC proliferation in nonstimulated cells. This result was supported by the increase in pERK in nonstimulated cells and is consistent with a previous report that found nHDL
induced pERK in non-stimulated human vascular SMCs 35. The current
study also found that rHDL was unable to inhibit PDGF-stimulated SMC
proliferation. In agreement with this, previous reports have found that the
proliferative effects of chemokine CX3CL1 are not mediated via PDGF-BB
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but rather via NF-κB and epidermal growth factor (EGF) pathways 4, 8. Taken
together, this suggests that HDL conditionally regulates SMC proliferation
and ERK phosphorylation, which is dependent on the presence (or not) of a
stimulus and the type of stimulus.
The current study found that there were discrepancies between the effects
of HDL and cyclodextrin on SMC chemokine expression. A possible reason
for this is that they remove cholesterol by different mechanisms. In the case
of nHDL, cholesterol efflux occurs via desorption of unesterified cholesterol
from the plasma membrane into the aqueous phase and subsequent
incorporation of the desorbed cholesterol into the phospholipid-containing
acceptor particles (nHDL or rHDL) 36. The much smaller size of cyclodextrin
molecules, by contrast, allows them to access invaginations in caveolae,
where cholesterol can associate directly with the acceptor.
Overall, the different components of rHDL (apoA-I and phospholipid vesicles)
and nHDL isolated from human plasma had more modest or no effects on
SMC chemokine expression and proliferation, when compared to rHDL. Other
studies have reported similar findings and show that rHDL is more effective
at inhibiting vascular cell adhesion molecule-1 (VCAM-1) than lipid-free
apoA-I or phospholipid vesicles 37, 38. It may have been expected that nHDL
would be more effective than rHDL at inhibiting SMC chemokine expression
and proliferation, particularly as these effects appear to be mediated via SRB1, which is the preferred acceptor for nHDL rather than rHDL. However, a
recent publication has identified that SR-B1 can act as a cholesterol sensor
that then triggers intracellular signaling and is important to the actions of
nHDL 39. Whilst rHDL only contains phospholipid initially, after incubation
with the SMCs they are likely to acquire cholesterol, enabling them to then
interact with SR-B1 and subsequently mediate anti-inflammatory and antiproliferative effects. In conclusion, rHDL inhibit SMC chemokine expression
and proliferation. These findings suggest that strategies, which increase HDL
levels may protect against inflammation-driven neointimal hyperplasia. This
has important implications in the pathogenesis of restenosis, which can lead
to early stent failure.

159

6

Chapter 6

UC

Mechanistic Pathways
of rHDL action
Effects via Cholesterol
Efflux
Unesterified
Cholesterol

rHDL
(1)

CCL2

(2)

(2)
CCR2

SR-B1

CX3CL1

CX3CR1

UC
UC

(3)

(1)
PI3K
P

(2)
P

ERK1/2

Akt

SMC
Proliferation

Iκ
κB
p65 p50
P

Iκ
κB

(2)

NF-κB
Nucleus
p65 p50

6
CX3CL1

CCL2

CCL5

160

HDL suppress chemokine expression and proliferation in SMCs
Figure 9. Proposed mechanisms for rHDL-induced inhibition of SMC chemokine
expression and proliferation. Under inflammatory conditions rHDL suppress the chemokines
CCL2, CCL5 and CX3CL1 via SR-B1 and inhibit the PI3K/Akt/IκBα/NF-κB pathway (1). SMC

proliferation is inhibited by rHDL via a reduction in chemokines CCL2, CCL5 and CX3CL1
and the chemokine receptors CCR2 and CX3CR1, indicating reduced chemokine/chemokine

receptor interaction and a subsequent reduction in ERK phosphorylation (2). An additional
pathway for suppression of proliferation is via SR-B1 and the inhibition of ERK phosphorylation
(3). Cholesterol efflux, via SR-B1, partially mediates the inhibitory effects of rHDL on p65 and
SMC chemokine expression (dashed red lines).
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Supplemental Figure
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Supplemental Figure 1. siRNA knockdown of ABCA1, ABCG1 and SR-B1 in SMCs.
HUVSMCs were transfected with scrambled (Scr), ABCA1, ABCG1 or SR-B1 siRNA. After
72 hrs, Western blotting was used to determine changes in ABCA1, ABCG1 or SR-B1 protein
levels on cell lysates.
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Supplemental Figure 2. rHDL have no effect on PDGF-stimulated SMC proliferation.
HUVSMCs were serum starved by incubation with DMEM containing 0.1% Fetal Calf Serum
(FCS, v/v) for 48 hrs. The cells were then incubated with rHDL, apoA-I, nHDL (all 600 μg/
ml, final apoA-I concentration), phospholipid vesicles (PLPC, 2 µM) or PBS for 16 hrs prior
to stimulation with PDGF-BB (20 ng/ml) and EdU (40 µM) for a further 48 hrs. The cells were
then fixed and stained according to the “Click-IT” proliferation protocol. Results are presented
as mean ± SEM. *p<0.05, compared to non-treated control cells.
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Supplemental Figure 3
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Supplemental Figure 3. The role of chemokines in SMC proliferation. HUVSMCs were
serum starved by incubation with DMEM containing 0.1% Fetal Calf Serum (FCS, v/v) for 48
hrs and transfected with scrambled (Scr), CCL2, CCL5 and CX3CL1 siRNA prior to stimulation

with TNF-α (1 ng/ml) and EdU (40 µM) for a further 48 hrs. The cells were then fixed and
stained according to the “Click-IT” proliferation protocol. Results are presented as mean ±
SEM. *p<0.05, compared to non-treated control cells. **p<0.05, compared to cells incubated
with TNF-α only.

6

168

Chapter 7
High Density Lipoproteins exert proinflammatory effects on macrophages
via passive cholesterol depletion and
PKC-dependent NF-κB/STAT1 activation
Emiel P.C. van der Vorst, Kosta Theodorou, Marten A. Hoeksema, Pieter
Goossens, Christina A. Bursill, Sander W. Tas, Leonie Huitema, Ine M.J.
Wolfs, Debby P.Y. Koonen, Shahla Abdollahi-Roodsaz, Toby Lawrence,
Jogchum Plat, Miranda van Eck, Kerry-Anne Rye, Menno P.J. de Winther,
Erik A.L. Biessen, Marjo M.P.C. Donners.

Cell Metabolism; In revision

Chapter 7

Abstract
Membrane cholesterol is known to modulate a variety of cell signaling
pathways and functions. While cholesterol depletion by High-Density
Lipoproteins (HDL) have potent anti-inflammatory effects in various celltypes, its effects on inflammatory responses in macrophages remain ill
defined. Here we show overt pro-inflammatory effects of HDL mediated
passive cholesterol depletion and lipid raft disruption in murine and human
primary macrophages in vitro. These pro-inflammatory effects are confirmed
in vivo in peritoneal macrophages from ApoA-I transgenic mice. Native
and reconstituted HDL enhance Toll Like Receptor-induced signaling by
activating an atypical PKC-NF-kB/STAT1 axis, leading to enhanced IL-12
and decreased IL-10 production. In parallel HDL enhance ADAM protease
activity, thereby mediating TNF-α release. Such pro-inflammatory activities
on macrophages could at least partly underlie the disappointing therapeutic
potential of HDL raising therapy in cardiovascular clinical trials.
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Introduction
Innate immunity is the first line of defense against a variety of pathogens and
tissue damage 1. Macrophages are crucial actors in this process, employing
a range of intra- and extracellular pattern recognition receptors (PRRs)
to recognize foreign substances 1. Key PRRs are the Toll-like receptors
(TLRs), which upon ligand recognition activate several signaling pathways,
thereby regulating immune cell functions including pro-inflammatory cytokine
production, cell survival, apoptosis and phagocytosis 2. Membrane cholesterol,
more specifically lipid rafts play a pivotal role in the modulation of signaling,
including TLR pathways, and subsequent cellular functions 3. Indeed,
cholesterol depletion by High Density Lipoproteins (HDL) is well known to
exert anti-inflammatory, anti-oxidant, anti-thrombotic and anti-apoptotic
functions 4. Hence, plasma HDL levels have been inversely associated
with clinical events resulting from atherosclerosis 5, a chronic inflammatory
disease of the vessel wall characterized by progressive accumulation of
lipids, debris and inflammatory cells, predominantly macrophages. We
have previously shown that HDL reduce the expression of pro-inflammatory
chemokines in endothelial cells and smooth muscle cells in a Scavenger
Receptor-B1 dependent manner, by inhibiting the canonical nuclear factorκB (NF-κB) pathway, providing further insight into the mechanism of its antiinflammatory effects 6, 7.
In contrast to the protective effects in endothelial and smooth muscle cells,
however, little is known about the effects of HDL on inflammatory cells.
Only few studies investigated the effects of lipid-free ApoA-I 8 or ApoA-I
reconstituted with soy-bean phosphatidylcholine 9 on macrophages, showing
pro-inflammatory or anti-inflammatory effects, respectively. Although the
transcription factor ATF3 has been implicated in HDL mediated responses
in the latter study, the signaling pathways affected by HDL in macrophage
inflammatory responses largely remain to be elucidated.
Here we report that both reconstituted and native HDL enhance TLR-induced
pro-inflammatory responses in murine, both in vitro and in vivo, and in human
macrophages. We propose a dual mechanism via cholesterol depletion
and subsequent protein kinase C activation leading to NF-κB/STAT1
dependent modulation of IL-10/IL-12 production as well as A Disintegrin And
Metalloprotease (ADAM)-mediated release of TNF-α.
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Methods
Reagents

Ultrapure LPS (E.coli 055:B5) was from Sigma. Polymyxin was obtained
from Life Technologies. Pam3CSK4 (PAM), Poly:IC, R848 and CpG were from
Invivogen. Methyl-β-cyclodextrin was from Sigma. 1 mg/ml Cholesterol / 4%
(vol/vol) methyl-β-cyclodextrin mixture was prepared by vortexing at 37°C
(50 mg/ml stock solution of cholesterol in ethanol). Ro31-8425 and casein
kinase II-inhibitor were from Merck Millipore. GI54023X and GW280264X
were a kind gift from Glaxo Smith Kline. Enbrel was from Amgen.

Preparation of native HDLs and discoidal reconstituted HDLs

HDLs were isolated from human plasma by ultracentrifugation to isolate native
HDLs (nHDLs) or commercially bought (cHDLs, GenWay Biotech). To prepare
discoidal reconstituted HDLs (rHDLs) human plasma was ultracentrifuged,
delipidated and subjected to anion-exchange chromatography using a
Fast Protein Liquid Chromatography (FPLC) system to isolate ApoA-I 10.
Discoidal rHDL containing apoA-I complexed to 1-palmitoyl-2-linoleoylphosphatidylcholine (PLPC, Avanti Polar Lipids), initial PLPC/apoA-I molar
ratio 100:1, were prepared by the cholate dialysis method 11. The protein
concentration of apoA-I was determined using the nanodrop (Thermo
Scientific). Phospholipid concentrations were enzymatically determined
(Wako) 12. Limulus test was performed to exclude potential endotoxin
contaminations (HyCult biotechnology).

Animals

7

All animal experiments were approved by the Animal Ethics Committee
of the Maastricht University (permit numbers 2010-178 and 2012-090).
All mice were 9-16 weeks old when used for experiments. Human ApoA-I
transgenic mice, ABCA1, ABCG1, SR-B1, CD36, IKKAA/AA, IKKβ, NIK, STAT1
(generously donated by Dr. Mathieu and Dr. Gysemans) deficient mice
and NF-κB Luciferase mice were all on a C57Bl/6 background. Age- and
gender matched C57Bl/6 control mice were purchased from Charles River
Laboratories.
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Cell culture and treatments

Human Coronary Artery Endothelial Cells (HCAECs; Lonza) were cultured
using EGM-2 MV BulletKit (Lonza) and grown until 90% confluent. Cells
were incubated with HDLs for 24 hrs, washed and stimulated with 2.5 ng/ml
TNF-α (R&D systems) for 5 hrs.
Bone marrow was isolated from femurs and tibiae of described mice. Cells were
cultured in RPMI-1640 medium (GIBCO Invitrogen) supplemented with 10%
(vol/vol) heat inactivated fetal calf serum (Bodinco B.V.), 100 U/ml penicillin,
100 μg/ml streptomycin, 2 mM L-glutamine (All GIBCO Invitrogen) and 20%
(vol/vol) L929-conditioned medium (LCM) for 8-9 days to differentiate into
bone marrow-derived macrophages (BMDMs). Macrophages were incubated
with various concentrations of HDLs for 24 hrs, washed and stimulated for 6
or 24 hrs with 0-10 ng/ml LPS.
Resident peritoneal macrophages were obtained by flushing the peritoneal
cavity with ice-cold PBS followed by culturing in RPMI 1640 culture medium
containing 10% (vol/vol) FCS, penicillin (100 U/ml), streptomycin (100 ug/ml),
and L-glutamine 2 mM (all GIBCO Invitrogen). After overnight attachment,
floating cells were removed while attached cells were incubated with various
concentrations of HDLs for 24 hrs, washed and stimulated for 6 or 24 hrs with
0-10 ng/ml LPS.
Human monocyte derived macrophages were obtained by isolating
mononuclear cells from healthy donor buffy coats (Sanquin) using
Lymphoprep (AXIS-SHIELD) density gradient centrifugation. Monocytes
were further isolated by Standard Isotone Percoll gradient centrifugation
(Amersham) and plated in Iscove modified Dulbecco medium (IMDM, Life
Tech), supplemented with 1% (vol/vol) fetal bovine serum (FBS, Life Tech) for
30 min at 37°C. Non-adherent cells were removed, and monocytes cultured
for 7 days in IMDM containing 10% (vol/vol) FBS, 1% (vol/vol) penicillin/
streptomycin (Life Tech) and 10 ng/ml M-CSF (Miltenyi). Macrophages
were incubated with various concentrations of HDLs for 24 hrs, washed and
stimulated for 6 or 24 hrs with 0-10 ng/ml LPS.
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Gene expression

RNA was isolated using the High Pure RNA Isolation Kit (Roche), according
to manufacturer’s instructions, after which RNA content was quantified using
the Nanodrop. Total RNA was normalized and reverse transcribed using
iScript (BioRad). Quantitative PCR was performed using 10 ng cDNA, 300
nM of each primer, and SensiMix (Quantace-Bioline). All gene expression
levels were corrected for cyclophilin A and β-actin as housekeeping genes.
Primer sequences are available upon request.

Enzyme-Linked Immunosorbent Assay (ELISA)

IL-12 and TNF-α ELISA assays(Invitrogen) and IL-10 ELISA assay
(eBioscience) were performed on conditioned medium according to
manufacturer’s instructions. Analysis was performed using a micro-plate
reader (Bio-Rad) at 450 nm.

NO assay

NO production was measured in conditioned medium using Griess reagent
(2.5% (vol/vol) H3PO4, 1% (wt/vol) sulfanilamide, 0.1% (wt/vol) naphthalene
diamine dihydrochloride). Analysis was performed using a micro-plate reader
(Bio-Rad) at 550 nm.

Cholesterol efflux assay

BMDMs were incubated for 24 hrs with 3H Cholesterol. Cells were washed
and equilibrated for 1 hrs. After equilibration cells are incubated for 24 hrs
with 300 ug/ml nHDL or rHDL, after which radioactivity was measured in the
media and cell lysates.

Flow cytometry analysis

7

C57Bl/6 and ApoA-I transgenic mice were intra-peritoneally stimulated with
20 μg LPS for 48 hrs or with 10 μg R848 for 2 hrs prior to isolation. Resident
peritoneal macrophages were obtained by flushing the peritoneal cavity with
ice-cold PBS followed by culturing in RPMI 1640 culture medium containing
10% (vol/vol) FCS, penicillin (100 U/ml), streptomycin (100 ug/ml), and
L-glutamine 2 mM (all GIBCO Invitrogen). After overnight attachment, floating
cells were removed while attached cells were activated by 10 ng/ml LPS or
10 μg/ml R848 in combination with GolgiSTOP (BD) for 9 hrs. Cells were
subsequently collected and stained according to described protocol 13. All
flow cytometry measurements were performed by a FACS CANTO II (BD)
followed by data analysis using FACSdiva software.
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Cholera toxin staining

For lipid raft staining, bone marrow-derived macrophages were plated on
Lab-Tek borosilicate 8-chambered coverglasses (Thermo Fisher Scientific,
Nunc) at a density of 2x105 cells/well. Once adhered, the macrophages were
treated overnight with native HDL (300 µg/ml), reconstituted HDL (300 µg/
ml) or cyclodextrin (4% (vol/vol)) or cholesterol-loaded cyclodextrin (4%
(vol/vol)). Staining was performed using the Vybrant® Lipid Raft Labeling
kit (Life Technologies, Molecular Probes) according to the manufacturer’s
protocol. In short, cells were washed with cold, serum-free DMEM and
incubated with Alexa488-conjugated cholera toxin subunit B (CT-B) for 10
min at 4°C, followed by lipid raft crosslinking with an anti-CT-B antibody for
15 min at 4°C. Subsequently, the cells were fixed with 4% (vol/vol) Antigenfix
(DiaPath) for 10 min on ice and nuclei were stained with TO-PRO-3. Pictures
were made using an Axiovert LSM 510 confocal microscope (Zeiss) at a
63x magnification. Total cell fluorescence was measured for each cell within
six fields of view per treatment using the ImageJ software and corrected
for background fluorescence (corrected total cell fluorescence = total cell
fluorescence – (average background fluorescence x total cell area)). Data
shown are representative for three independent experiments.

NF-κB Luciferase assay

BMDMs from NF-κB Luciferase reporter mice were lysed in luciferase lysis
buffer. Luciferase activity was measured in supernatants of the lysates,
according to the manufacturer’s protocol (Promega), using a GloMax®-96
Luminometer (Turner Biosystems).

Western blotting

BMDMs from C57Bl/6 mice were incubated with 300 μg/ml nHDL for 24 hrs,
washed and stimulated for 5 min with 10 ng/ml LPS. Cells were washed with
PBS and subsequently lysed and homogenized in equal volumes of lysis
buffer (1% (vol/vol) Triton, protease inhibitor, PhosSTOP, 150 mM NaCl, 200
mM Tris and glycerol). Equal amounts of protein were separated on a 8%
(vol/vol) SDS-PAGE gel by electrophoresis and transferred to a nitrocellulose
membrane. Membranes were probed with a primary antibody to phopho-NFκB p65 (1:1,000, Cell Signaling) followed by a peroxidase labeled secondary
antibody to rabbit IgG (1:1,000, Cell Signaling). Phospho-p65 levels were
normalized using β-actin (primary antibody to β-actin, 1:1,000, Cell signaling).
Chemiluminescence was detected using a digital scanner.
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Immunofluorescence staining

BMDMs from C57Bl/6 mice were plated on Lab-tek chamber slides (Thermo
Scientific) and incubated with 300 μg/ml nHDL for 24 hrs, washed and
stimulated for 1 hr with 0-10 ng/ml LPS. Cells were washed with PBS, fixed in
ice cold aceton for 10 min and stored at -20 °C. Defrosted slides were washed
three times with PBS and incubated with a NF-κB p65-specific antibody (C20, Santa Cruz) for 1 hr in 1% (wt/vol) bovine serum albumin (BSA) in PBS
at room temperature. Slides were again washed 3 times with PBS and an
Alexa Fluor 488 labeled antibody to rabbit IgG (A21206, Invitrogen) was
diluted in 1% BSA, 10% (vol/vol) donkey serum in PBS. Incubation with
secondary antibody was 30 min at room temperature after which slides were
washes 3 times with PBS. Finally, the slides were mounted with prolong®
gold antifade moutant with DAPI (Invitrogen). As a negative control, sections
were incubated with isotype controls (IgG rabbit, Santa Cruz) or PBS. The
slides were analyzed using a Leica TCS SP8 X Confocal Microscope (Leica)
using a 40x objective with digital zoom. On average 10 z-stacks spanning
∼1 μm were captured and then flattened by maximum projection using the
Leica software.

Statistical analysis

Data are presented as mean ± the standard error of the mean (SEM). All
statistical analyses were performed using the Prism program (GraphPad
Software Inc). All data are from at least three independent experiments,
unless stated otherwise. The statistical significance of differences was
evaluated with the Student’s t-test. Significance was accepted at the level of
p<0.05. *p<0.05, **p<0.01, ***p<0.001 or #p<0.05, ##p<0.01, ###p<0.001.
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Results
HDL enhance inflammation in murine macrophages

In keeping with previous studies 6, 14, HDL treatment of endothelial cells
significantly reduced TNF-α elicited gene expression of chemotactic
and adhesion molecules CCL2, CCL5, VCAM-1 and E-selectin in human
coronary artery endothelial cells (HCAECs, Fig. 1A). These data confirm that
the HDL preparations exert anti-inflammatory effects on endothelial cells as
demonstrated before.
Next we studied effects of HDL on inflammatory responses on bone marrow
derived macrophages (BMDMs) from C57Bl6 mice. HDL functionality in
BMDMs was firmly established by a macrophage cholesterol efflux assay,
showing 53% efflux capacity of 0-300 μg/ml discoidal reconstituted HDL (rHDL,
consisting of merely ApoA-I and 1-palmitoyl-2-linoleoyl-phosphatidylcholine
(PLPC)) and 63% efflux capacity of native HDL (nHDL) (Fig. 1B), as previously
published 15. Much to our surprise, treatment of BMDMs with rHDL resulted
in a significant, concentration dependent increased gene expression of proinflammatory IL-12 and TNF-α (Fig. 1C), whereas anti-inflammatory IL-10 was
significantly decreased (Fig. 1C). Additionally, at protein level rHDL treated
BMDMs had augmented LPS-induced pro-inflammatory cytokine secretion
(Fig. 1D), whereas IL-10 secretion was significantly reduced (Fig. 1D). To
verify whether these effects are limited to reconstituted/semi-synthetic rHDL,
we tested mature nHDL preparations isolated in our lab or obtained through
commercial sources (cHDL). Both lipoprotein batches showed comparable
pro-inflammatory effects on LPS-induced cytokine secretion by BMDMs (Fig.
1E-F), illustrating the broad validity of our findings for reconstituted and blood
derived HDL. Although, commercial HDL does not seem to influence TNF-α
secretion, indicating some specificity in HDL subtypes. All HDL preps were
negative for endotoxin as tested in a Limulus test (i.e., <0.01 EU [<1 pg]
per 10μg apoA-I, Suppl. Fig. 1A). Moreover, treatment of non-stimulated
BMDMs with HDL failed to induce inflammatory responses, while as a positive
reference LPS already showed drastic responses at very low concentrations
(Suppl. Fig. 1B). Finally, BMDMs treated with HDL in the presence of the
endotoxin neutralizing agent polymyxin B, displayed similar pro-inflammatory
effects (Suppl. Fig. 1C). These data exclude that endotoxin contaminations
of the HDLs preparations are responsible for HDL’s pro-inflammatory activity.
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Together our data demonstrate clear pro-inflammatory effects of various
functional, endotoxin-free HDL preps on mouse BMDMs, while exerting antiinflammatory effects on HCAECs as published before 6, 14.
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Figure 1. HDL increase inflammatory cytokine expression in mouse bone marrow
derived macrophages (BMDMs). (A) mRNA expression in HCAECs pre-treated with nHDL
(600 μg/ml) for 24 hrs and stimulated with TNF-α (2.5 ng/ml) for 5 hrs quantified by PCR
(representative figure of n=3). (B) Cholesterol efflux of 3H cholesterol loaded BMDMs (n=6)
after treatment with 0.2% (wt/vol) BSA or 300 μg/ml HDL. Radioactivity was measured in
the media and cell lysates and expressed as percentage of 3H Cholesterol present in the
media. (C) mRNA expression in BMDMs (n=3) incubated for 24 hrs with HDL. (D-F) ELISA
of cytokines and Griess assay of NO secretion by BMDMs (n=3), pre-incubated with HDL
for 24 hrs, washed and stimulated with 10 ng/ml LPS for 6 hrs (TNF-α and IL-10) or 24
hrs (IL-12 and NO). BMDMs were either pre-incubated with rHDL (C-D), self-isolated nHDL
(E) or commercially obtained nHDL (cHDL) (F). All results are expressed as mean ± SEM.
*p<0.05, **p<0.01, ***p<0.001, compared to non-HDL pre-incubated control cells. ###p<0.001,
compared to non-TNF-α treated cells.

HDL augment TLR-induced inflammation in macrophages in vivo

The pro-inflammatory activity of HDL in BMDMs could be confirmed in
murine primary peritoneal macrophages. In vitro HDL treatment of resident
peritoneal macrophages resulted in comparable pro-inflammatory effects
(Fig. 2A). Furthermore, HDL exerted similar pro-inflammatory responses
on human peripheral blood monocyte-derived macrophages. Both rHDL
and nHDL showed a concentration-dependent increment of LPS-induced
pro-inflammatory TNF-α and IL-12 cytokine secretion, while that of antiinflammatory IL-10 was significantly decreased (Fig. 2B).
To corroborate whether these pro-inflammatory effects of HDL on macrophages
also manifest in vivo, we examined transgenic mice, overexpressing
human ApoA-I in the liver, resulting in increased circulating HDL levels 16.
Indeed, in vivo LPS activated peritoneal macrophages isolated from ApoA-I
transgenic mice showed significantly increased pro-inflammatory IL-12 and
TNF-α production compared to wildtype mice (Fig. 2C). Interestingly, the
HDL associated increase in pro-inflammatory responses of BMDMs was
not restricted to TLR4 stimulation by LPS, but was observed for TLR1/2,
TLR3, TLR7/8 and TLR9 as well, though HDL’s impact on TLR3 and TLR9
responses did not reach significance (Fig. 2D). Likewise, HDL enhanced also
in vivo TLR7/8 responses, since R848 (TLR7/8 ligand) activated peritoneal
macrophages isolated from ApoA-I transgenic mice showed a trend towards
increased IL-12 and TNF-α production, compared to wildtype macrophages
(Fig. 2E). Collectively, these data show that HDL exert TLR-induced proinflammatory effects in human and murine macrophages in vitro and in vivo.
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Figure 2. Pro-inflammatory effects of HDL on murine and human macrophages in vitro
and in vivo. (A) TNF-α secretion from resident peritoneal macrophages from C57Bl/6 mice
(n=3) was measured by ELISA after treatment with rHDL and nHDL (0-300 μg/ml) for 24
hrs, washing and stimulation with LPS (10 ng/ml) for 6 hrs. (B) Peripheral blood monocyte
derived human macrophages (n=3) pre-incubated with rHDL and nHDL (0-300 μg/ml) for 24
hrs, washed and stimulated with 10 ng/ml LPS for 6 hrs (TNF-α and IL-10) or 24 hrs (IL12). Cytokine secretion was quantified using ELISA. (C) Representative intracellular FACS
plots and quantification of IL-12+ peritoneal macrophages isolated from wildtype and ApoA-I
transgenic mice (n=6) after i.p. injection with 20 μg LPS for 48 hrs. Ex vivo TNF-α secretion
from isolated peritoneal macrophages was measured by ELISA after 6 hrs LPS stimulation.
(D) TNF-α secretion of BMDMs (n=3) stimulated with various TLR ligands quantified by
ELISA. BMDMs were pre-incubated with nHDL (300 μg/ml), washed and stimulated with 10
μg/ml Pam3CSK4 (TLR1/2), 10 μg/ml Poly:IC (TLR3), 10 μg/ml R848 (TLR7/8) or 5 ng/ml

CpG (TLR9) for 6 hrs. (E) Representative intracellular FACS plots and quantification of IL-12+

peritoneal macrophages isolated from wildtype and ApoA-I transgenic mice (n=6) after i.p.
injection with 10 μg R848 for 2 hrs. TNF-α secretion from isolated peritoneal macrophages
after 6 hrs R848 stimulation in ex vivo culture was quantified using ELISA. All results are
expressed as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, compared to non-treated control
or wildtype cells.
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Passive cholesterol efflux mediates pro-inflammatory HDL effects

The cardioprotective activity of HDL has mainly been attributed to its capacity
to enhance cholesterol efflux mediated by ABCA1, ABCG1, SR-B1 or CD36
17-19
. Therefore we determined whether these transporters or scavenger
receptors are implicated in HDL’s pro-inflammatory activity using BMDMs
isolated from the corresponding knockout mice. As shown before, analyses
of wildtype BMDMs showed significant, concentration-dependent proinflammatory effects upon nHDL treatment (Fig. 3A). Remarkably, ABCA1,
ABCG1, SR-B1 or CD36 deficiency was unable to prevent the HDL-induced
increase in LPS response (Fig. 3A). BMDMs from these knockout mice
even showed exacerbated IL-12 responses, as was the TNF-α response in
SR-B1 knockouts. These data indicate that active cholesterol efflux by the
aforementioned transporters or receptors is not responsible for HDL’s proinflammatory activity in macrophages.
Besides active cholesterol efflux, HDL can also extract cholesterol from the
cell membrane by passive diffusion. The latter has been shown to disrupt
lipid rafts, which are cholesterol-rich domains important for signaling 3.
Cholera toxin-B (which binds the ganglioside GM-1, a marker for lipid rafts)
was used to visualize and quantify membrane lipid rafts in BMDMs (Fig. 3B).
HDL appeared to be equally effective in extracting membrane cholesterol by
40-50% as methyl-β-cyclodextrin, a known cholesterol depleting and lipid
raft disrupting agent, reaffirming its functionality as cholesterol acceptor.
Interestingly, treatment of BMDMs with methyl-β-cyclodextrin showed similar
effects on LPS induced secretion of TNF-α and IL-10 by BMDMs than HDL,
although it did not affect IL-12 (Fig. 3C), suggesting that the observed
inflammatory response is at least partly associated with cholesterol extraction.
Indeed treatment of BMDMs with methyl-β-cyclodextrin ablated the stimulatory
effects of HDL on TNF-α and IL-10 secretion (Fig. 3C). In contrast, treatment
of BMDMs with cholesterol saturated methyl-β-cyclodextrin failed to quench
the pro-inflammatory effects of HDL (Fig. 3C). These results indicate that
lipid rafts can play an important role in the observed pro-inflammatory effects.
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Figure 3. Lipid raft disruption by cholesterol depletion is responsible for pro-inflammatory
HDL effects. (A) Cytokine secretion by BMDMs from wildtype, ABCA1-/-, ABCG1-/-, SR-B1-/or CD36-/- mice (n=3) pre-incubated with native HDL, washed and stimulated with 10 ng/
ml LPS for 6 hrs (TNF-α and IL-10) or 24 hrs (IL-12). (B) BMDMs from C57Bl6 mice treated
overnight with 300 μg/ml HDL or 4 hrs with 4% (vol/vol) methyl-β-cyclodextrin and stained
for lipid rafts using cholera-toxin staining of the ganglioside GM-1. Representative pictures
and quantification of three independent experiments are shown. (C) Cytokine secretion by
BMDMs (n=3) after cholesterol depletion by 24 hrs treatment with 300 μg/ml nHDL or 4 hrs
with 4% (vol/vol) methyl-β-cyclodextrin. BMDMs are pre-incubated for 24 hrs with 300 μg/ml
nHDL or 4 hrs with 4% (vol/vol) cyclodextrin. Additionally, BMDMs were pre-treated for 4 hrs
with 4% (vol/vol) cyclodextrin or cyclodextrin/cholesterol mixture, followed by treatment for 24
hrs with 300 μg/ml native HDL. After washing, BMDMs were stimulated with 10 ng/ml LPS for
6 hrs (TNF-α and IL-10) or 24 hrs (IL-12) and cytokine secretion was measured by ELISA.
All results are expressed as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, compared to nontreated control cells. #p<0.05, ##p<0.01, ###p<0.001, compared to wildtype cells.
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Pro-inflammatory HDL effects are mediated by NF-κB activation

Lipid rafts harbor several receptors and signaling kinases, the activity of
which will be impacted upon cholesterol depletion and subsequent lipid raft
disruption 20. Conceivably, passive HDL mediated cholesterol efflux will have
major effects on signal transduction. Therefore, we investigated the effects of
HDL on nuclear factor-κB (NF-κB), a major regulator of macrophage cytokine
expression 23. Indeed, treatment of BMDMs with rHDL resulted in significantly
increased expression of NF-κB target genes (Fig. 4A). In addition, treatment
of BMDMs from NF-κB luciferase reporter mice with HDL amplified the LPSinduced luciferase activity (Fig. 4B), while not affecting baseline luciferase
activity, once more underpinning that the used HDL batches were endotoxinfree (Fig. 4C). More specifically, HDL as well as methyl-β-cyclodextrin
induced phosphorylation (i.e. activation) of the NF-κB subunit, p65 (Fig. 4D).
Using confocal imaging we determined that HDL also increased the nuclear
translocation of p65 (Fig. 4E), further indicating that HDL activates NF-κB.
Several upstream signaling pathways can affect NF-κB activation, including
the IKKβ dependent canonical pathway, the non-canonical pathway involving
NF-κB inducing kinase (NIK) and IKKα, and the largely casein kinase II (CKII)
mediated atypical pathway 21. Surprisingly, absence of IKKα activity (IKKαAA/AA
mice homozygously express an inactivatable variant of IKKα) and deficiency
in IKKβ or NIK did not influence the HDL mediated changes in LPS-induced
cytokine secretion of BMDMs (Fig. 4F-H), indicating that the HDL induced
NF-κB activation is independent of these factors. In addition, CKII inhibition
did not attenuate HDL’s pro-inflammatory effect on LPS-induced cytokine
secretion (Fig. 4I), excluding the involvement of the atypical NF-κB activation
pathway as well.
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Figure 4. Macrophage pro-inflammatory HDL effects are mediated by NF-κB activation.
(A) mRNA expression of NF-κB target genes in BMDMs (n=3) incubated with rHDL (0-300
μg/ml) for 24 hrs. (B) Luciferase levels in BMDMs from NF-κB luciferase reporter mice (n=3)
pre-incubated with rHDL or nHDL (0-300 μg/ml) for 24 hrs, washed and stimulated with 10
ng/ml LPS for 3 hrs. (C) Luciferase levels in BMDMs from NF-κB luciferase reporter mice
(n=3) stimulated with 0-0.1 ng/ml LPS for 3 hrs or incubated with rHDL or nHDL (0-300 μg/
ml) only for 24 hrs. (D) Immunoblots showing phosphorylation of NF-κB subunit p65 (p-p65)
after treatment with 300 μg/ml nHDL for 24 h or 4% (vol/vol) methyl-β-cyclodextrin for 4 hrs
followed by 5 min stimulation with 10 ng/ml LPS. Representative immunoblot is shown with
quantification of n=5 experiments (E) Immunofluorescent images of NF-κB subunit p65 after
treatment with 300 μg/ml nHDL for 24 hrs followed by 1 hr stimulation with 10 ng/ml LPS.
Representative images of experimental n=2 are shown. (F-I) ELISA of cytokine production
by BMDMs (all n=3) with deficiency and inhibition of major NF-κB pathway components,
i.e. IKKAA/AA (F), IKKβ-/- (G), NIK-/- (H), CKII inhibited (I) BMDMs. BMDMs were pre-incubated
with nHDL (0-300 μg/ml) for 24 hrs, washed and stimulated with LPS (10 ng/ml) for 6 hrs
(TNF-α and IL-10) or 24 hrs (IL-12). Casein Kinase II inhibitor (10 μg/ml) was added during
LPS stimulation. All results are expressed as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001,
compared to non-treated control cells.
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PKC-dependent dual mechanism of HDL’s pro-inflammatory
effects

A well-known lipid raft-associated kinase implicated in direct NF-κB activation
22
is protein kinase C (PKC). Co-incubation of BMDMs with HDL and Ro318425, a specific PKC inhibitor, diminished the LPS-induced pro-inflammatory
effects of HDL, identifying PKC as a key mediator in HDL pro-inflammatory
cytokine production in BMDMs (Fig. 5A). PKC has been shown not only to
induce NF-κB phosphorylation, but also Signal Transducer and Activator of
Transcription (STAT)1 phosphorylation 23, 24. Remarkably, deficiency of STAT1
blunted the HDL-associated augmentation of the IL-12 and IL-10 response
to LPS (Fig. 5B), while it did not alter that of TNF-α (Fig. 5B), suggestive of
differential regulation of these cytokines by HDL.
This dichotomous response led us to investigate whether HDL induced TNF-α
production would implicate a pathway independent of the NF-κB/STAT1 axis.
Our attention was drawn to the A Disintegrin And Metalloprotease (ADAM)
protease family, as several members of this family, such as ADAM17 (TNF-α
converting enzyme or TACE), and ADAM9, 10 and 19 25, were reported to be
capable of cleaving membrane-bound pro-TNF-α, thereby releasing active
TNF-α. Interestingly ADAMs are localized in lipid rafts and activated upon
their disruption 26, 27. Using inhibitors of the two major ADAMs with TNF-α
shedding activity, GI254023X (ADAM10) and GW280264X (ADAM10/
ADAM17) we confirm that indeed ADAM17 is the major enzyme responsible
for TNF-α secretion by BMDMs since TNF-α production was completely
blunted with combined ADAM10/ADAM17 inhibition, but not with ADAM10
inhibition alone (Fig. 5C). While HDL treatment increased TNF-α release
in control or ADAM10-inhibited BMDMs, it was unable to enhance TNFproduction in ADAM10+ADAM17-inhibited BMDMs. The HDL-mediated
increased TNF-α release could in turn initiate a positive feedback loop,
inducing NF-κB activation 21. We used the soluble TNF-Receptor (Enbrel)
to capture the TNF-α released by BMDMs, thereby blunting this potential
feedback loop. Enbrel treatment did not impact IL-12 and IL-10 responses
refuting that BMDM released TNF-α is responsible for HDL’s modulation of
IL-10/IL-12 secretion (Fig. 5D).
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Figure 5
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Figure 5. PKC mediates HDL pro-inflammatory effects in macrophages. (A-D) BMDMs
were pre-incubated with nHDL (0-300 μg/ml) for 24 hrs, washed and stimulated with LPS (10
ng/ml) for 6 hrs (TNF-α and IL-10) or 24 hrs (IL-12). (A) ELISA of cytokine secretion from

7

BMDMs treated with 0-10 μM Ro31-8425 during treatment with HDL and LPS. (B) Cytokine
secretion of wildtype and STAT1-/- BMDMs after treatment with HDL and LPS-stimulation as
before. (C) Effect of ADAM inhibition (5 μM GI254023X – ADAM10 or 5 μM GW280264X –
ADAM10/17) on cytokine secretion by BMDMs. (D) ELISA of cytokine secretion from BMDMs
treated as described before in the presence or absence of 10 μg/ml of the TNFR blocker
Enbrel during all treatments. All results are expressed as mean ± SEM. *p<0.05, **p<0.01,
***p<0.001, compared to non-treated control or wildtype cells.
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Discussion
Aside from its cholesterol efflux stimulatory capacity, cardioprotection of HDL
is also attributed to its anti-inflammatory functions, which are mainly based
on findings in ECs and SMCs. Here we provide in vitro and in vivo evidence
for a pro-inflammatory activity of HDL in macrophages. We demonstrate that
the observed pro-inflammatory effects are mediated by passive cholesterol
depletion, independent of the conventional cholesterol transporters or
scavenger receptors. HDL induced cholesterol depletion induces lipid raft
disruption, leading to activation of the PKC–NF-κB/STAT1 axis without
implicating the established NF-κB signaling pathways, thereby modulating
IL-12/IL-10 cytokine production. In parallel, HDL influence ADAM protease
dependent TNF-α release.
Immunomodulatory effects of HDL in macrophages have only been subject of
a few scattered studies. In line with our observations, others have previously
shown that native HDL induce TNF-α cytokine secretion in acetylated
LDL-loaded peritoneal macrophages 28. This study unfortunately did not
detail the mechanism underlying HDL induced TNF-α secretion. A second
study revealed that human lipid-free apoA-I can activate NF-κB signaling,
by interacting with TLR2, TLR4 and MyD88 to induce pro-inflammatory
cytokine secretion in peritoneal macrophages 8. However, the physiological
relevance of those findings in vivo is unclear as in blood lipid-free apoA-I
will be rapidly converted into HDL 29, which in that study did not display any
activity. Recently, a study reported overt ATF3 mediated anti-inflammatory
effects of reconstituted HDL in macrophages 9, which is in sharp contrast to
our findings and the aforementioned studies. Their study, however, mainly
focusses on reconstituted HDL, consisting of soy-bean phosphatidylcholine
and ApoA-I, used at supra physiological concentrations (i.e. approx. 2-fold
higher than average HDL levels in humans). Previously it has already been
shown that various soy-bean components can act anti-inflammatory in
macrophages 30, suggesting the observed anti-inflammatory effects may be
limited to HDL compounds specifically containing soy bean phospholipids/
phosphatidylcholine. In this study, we show that both 1-palmitoyl-2linoleoyl-phosphatidylcholine reconstituted ApoA-I and native HDL exert
pro-inflammatory effects in macrophages, even at (sub)physiological
concentrations.
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Further supporting our observations of pro-inflammatory activity of HDL in
both mouse and human macrophages in vitro, peritoneal macrophages from
human ApoA-I transgenic mice, with increased circulating HDL levels, had
an augmented pro-inflammatory response in vivo. This seems at odds with
a previous report showing reduced plasma cytokine responses in endotoxin
challenged ApoA-I transgenic compared to wildtype mice 31, although plasma
cytokine values reflect TLR responses by a variety of cell-types and tissue
sources, rather than merely macrophages.
The cardioprotective properties of HDL have been primarily ascribed to its
capacity to mediate cholesterol efflux. However, ablation of ABCA1, ABCG1,
SR-B1 or CD36 in macrophages did not affect the pro-inflammatory response
modulation by HDL. Deficiency of SR-B1 even led to further increased TNF-α
secretion, which is in line with previous studies in SR-B1 knockout mice 32.
Several studies have already alluded to the passive, cholesterol depleting
and lipid raft disrupting activity of HDL in endothelial cells 33, 34, a notion that
was confirmed in our study for BMDMs.
Lipid rafts are highly dynamic cholesterol-rich domains in the cell membrane
which form platforms concentrating signaling molecules 3. Indeed, NF-κB
has been shown to be activated by membrane cholesterol disruption via
methyl-β-cyclodextrin 35. In line with this, the current study demonstrated that
HDL induced NF-κB activation in macrophages, in contrast to our previous
findings in endothelial and smooth muscle cells where HDL inhibit NF-κB
signaling 6, 7. Surprisingly, HDL associated activation of NF-κB as we show,
appears to be independent of IKKα, IKKβ, NIK and CKII, suggesting that
none of the well-described NF-κB signaling pathways is operational in our
set-up.

7

Our data thus point towards a direct phosphorylation and translocation of the
p65 subunit of NF-κB. As previously reported, PKCα and PKCζ can activate
NF-κB 22. Importantly, PKC has also been shown to reside in lipid rafts and
to be activated upon raft disruption 36. In the current study we show that HDL
treatment of macrophages results in PKC-dependent modulation of LPSinduced cytokine production, amplifying the inflammatory response. PKC
can also directly phosphorylate STAT137, a major transcription factor involved
in a variety of biological responses 38. While HDL have not yet been linked to
STAT1 activation, we clearly present conclusive evidence that HDL effects
on LPS-induced cytokine secretion are partly STAT1 dependent. Intriguingly,
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we observed a regulatory dichotomy between on the one hand IL-10/IL-12
induction which appear to be STAT1 dependent and on the other hand TNF-α
responses, which seem at least partly STAT1 independent.
Interestingly, PKC not only activates STAT1 but also specific ADAM family
members 39, which are instrumental in TNF-α secretion, such as ADAM10
and ADAM17 25. Furthermore, lipid raft disruption has been shown to enhance
ADAM17-dependent TNF-shedding in endothelial cells 27, 34. The finding that
ADAM inhibition ablated TNF-α response to LPS in baseline as well as HDL
treated macrophages, not only underpins the crucial relevance of ADAMs
for TNF-α release, but also their involvement in the HDL augmented TNF-α
production. Although ADAM activation associated TNF-α release might
indirectly augment the production of the other cytokines, in our setting such
positive feedback loop does not contribute significantly to the secretion of
IL-12 or IL-10.
Collectively, we propose the following mode of action of HDL’s
immunomodulatory effects in macrophages (Fig. 6). HDL extract membrane
cholesterol, thereby disrupting cholesterol rich regions called lipid rafts
without the involvement of known cholesterol transporters or scavenger
receptors. This in turn will activate PKC, as was reported before 40, 41, but will
also induce ADAM protease activity, leading to increased TNF-α secretion 39.
In parallel, PKC will target STAT1 24 and NF-κB, thereby inducing Il-12, while
reducing IL-10 production.
In conclusion, HDL induce pro-inflammatory responses in LPS challenged
macrophages in vitro and in vivo, via passive cholesterol depletion leading
to activation of the PKC-NF-κB/STAT1 axis on the one hand and to ADAM
protease dependent TNF-α release on the other hand. This pro-inflammatory
response appears to be specific for macrophages, since HDL exert antiinflammatory effects in other cell-types, including ECs and VSMCs 6, 7, 42, 43.
Macrophages are implicated in a whole range of pathologies 44, including
cardiovascular diseases but also autoimmune diseases, neurological
disorders, metabolic complications and cancer. It is conceivable that elevated
HDL levels can impact these disorders by augmenting TLR dependent proinflammatory responses. Thus, our study legitimates a thorough assessment
of HDL associated effects on macrophage inflammatory responses and
clinical outcome in the context of these pathologies. Considering the cell-type
specificity of HDL effects, the therapeutic potential of HDL might depend on
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the type and stage of disease targeted. Regarding cardiovascular diseases,
the disappointing outcome from recent clinical trials and a meta-analysis
integrating data from 39 clinical trials on the efficacy of HDL targeting therapy
45
underline the urgency of a better understanding of HDL’s activity spectrum
such as provided by our study.

Figure 6. Proposed mechanism of pro-inflammatory action of HDL in macrophages. HDL
extract cholesterol from the membrane of macrophages, thereby disrupting the cholesterol
rich regions called lipid rafts without involvement of known cholesterol transporters (ABCA1
and ABCG1) or scavenger receptors (SR-B1 and CD36). Cholesterol depletion activates

7

PKC, which stimulates two parallel pathways shown to be essential in the observed proinflammatory effects. On the one hand NF-κB is activated, leading to IL-10/IL-12 production.
NF-κB activation is independent of the traditional activation pathways and is induced either
by PKC-mediated phosphorylation of p65. HDL modulation of IL-10 and IL-12 is STAT1
dependent. On the other hand HDL modulate ADAM protease activity required for TNF-α
secretion and increased TNF-α release does not indirectly influence the production of IL-10/
IL-12.
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Supplemental Figure 1. HDL do not show any signs of contamination. (A) Endotoxin
concentration per 10 μg protein of BMDMs (n=3) incubated for 24 hrs with 10 ng/ml LPS,
rHDL or nHDL (both 300 μg/ml) was measured using Limulus testing. (B) TNF-α, IL-12 and
IL-10 production by unstimulated or LPS (1 ng/ml) stimulated BMDMs (n=2) pre-incubated
with 300 μg/ml nHDL for 24 hrs. (C) ELISA of BMDMs (n=3) pre-incubated for 24 hrs with
nHDL in the absence or presence of polymyxin B, washed and stimulated with 10 ng/ml LPS.
All results are expressed as mean ± SEM. *p<0.05, **p<0.01, compared to non-HDL preincubated control cells.
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Introduction
Vascular inflammation is crucial in the development of various pathologies
including atherosclerosis, which is the underlying cause of cardiovascular
diseases like myocardial infarction and stroke. After years of research, to date
the available drugs or therapies to prevent, cure or reverse atherosclerosis
in all patients are still limited. In this thesis we focussed on two hallmark
features of atherosclerosis: inflammation and lipid metabolism. More
specifically, in the first part of this thesis we focussed on ADAM dependent
vascular inflammation, whereas in the second part we investigated the HDL
dependent modulation of vascular inflammation.
The main findings of this thesis are:
- Although ADAM8 expression is associated with atherosclerotic lesion
progression, its deficiency in leukocytes did not influence plaque development
(Chapter 3).
- Myeloid ADAM10 deficiency improves atherosclerotic plaque stability
by influencing inflammation and fibrosis (Chapter 4), while its deficiency
in endothelial cells aggravates atherosclerotic lesion development and
progression (Chapter 5).
- High density lipoproteins suppress chemokine expression and proliferation
of vascular smooth muscle cells, in a SR-B1 and NF-κB dependent manner
(Chapter 6).
- Conversely, in macrophages high density lipoproteins exert pro-inflammatory
effects, by passive cholesterol depletion and by PKC-dependent activation of
NF-κB / STAT1 and ADAM pathways (Chapter 7).
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A Disintegrin And Metalloproteinases
Cell specific effects of ADAM10 on atherosclerosis

Chapters 4 and 5 clearly indicate a cell-type specific role of ADAM10 in
atherosclerosis development. We focussed on ADAM10, since this protease
has many substrates relevant for atherosclerosis (Chapter 2) and our group
already showed that ADAM10 is associated with plaque progression in
humans 1. Where myeloid ADAM10 deletion only results in a mild modulation
of plaque stability (Chapter 4), endothelial ADAM10 deficiency considerably
increases the lesion size and progression (Chapter 5). This suggests that
ADAM10 in endothelium has strong atheroprotective effects, which most
likely will overrule the less beneficial effects in myeloid cells.
The endothelium is a crucial barrier that needs to be crossed by inflammatory
cells to contribute to atherosclerosis. In this process, various adhesion
molecules, chemokines but also junction molecules play a crucial role 2 and
it has been shown that ADAMs play a role in the cleavage of various involved
proteins 1, 3-6. Since endothelial ADAM10 already plays an important role in
the initial phase of disease development, it is expected to primarily influence
disease initiation.
Myeloid ADAM10 deficiency, however, mainly influences the disease
development in a somewhat later stage. Macrophages, in the lesions mainly
foam cells, secrete various cytokines, but also matrix degrading enzymes
7
. This way it contributes to leukocyte recruitment, but also to plaque
stabilization by influencing the fibrous cap. Especially this influence on
plaque fibrosis explains the observed differences in the myeloid ADAM10
deficient mice. Depending on the disease stage and the targeted cell-type
involved, conditional ADAM10 deficiency may thus have different effects on
atherosclerosis.

ADAM8 in atherosclerosis

A relatively unexplored ADAM family member is ADAM8. Interestingly a recent
cohort study showed that a polymorphism of ADAM8 significantly increases
the risk of myocardial infarction 8. Surprisingly, we did not find any causal
role for hematopoietic ADAM8 on lesion development (Chapter 3). To date,
there are still only few substrates described for ADAM8, for example CX3CL1
and L-selectin 9. For better understanding of the function of this protease
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it is crucial that more substrates are identified. A proteomics analysis of its
sheddome, like we performed in chapter 5, could be very helpful in this regard.
The observed results in chapter 3 do not necessary rule out an involvement
of ADAM8 in the pathophysiology of atherosclerosis, especially since ADAM8
exist in two active forms, namely membrane bound and a soluble form 10.
This makes the investigation of the true role of ADAM8 in atherosclerosis,
and especially the involved mechanisms more challenging. The existence of
a soluble ADAM8, combined with many unknown substrates, makes it very
plausible that ADAM8 on, or secreted by other cell-types, like endothelial
cells and smooth muscle cells have compensated for the loss of ADAM8
expression on ADAM8 deficient hematopoietic cells. This interaction could
either be via membrane bound ADAM8 on two different cell-types, directly
influencing each other, or by secretion of soluble ADAM8.
To exclude this possible compensation, total body ADAM8 deficient mice,
which we have rendered atherosclerosis prone by AAV aided PCSK9 gene
transfer 11, can be used to determine the role of ADAM8 in atherosclerosis.
This gene transfer approach will circumvent time-consuming breedings with
atherosclerosis-prone LDLr-/- or ApoE-/- mice. In addition, a bone marrow
transplantation of ADAM8 wildtype or deficient hematopoetic cells into either
wildtype or total body ADAM8 deficient mice, injected with PCSK9-AAV, may
add to unveil the specific role of cell-specific ADAM8 and soluble ADAM8 in
this pathogenesis.
Several studies have already been performed with total body ADAM8 deficient
mice in other diseases, like cancer, where ADAM8 targeting resulted in
reduced tumor load and metastasis 12. Furthermore, ADAM8 has also been
implicated in the development of inflammatory diseases. ADAM8 plays for
example a pro-inflammatory role in an ovalbumin-induced asthma model or
favours allergen-induced airway inflammation 13, 14. Both studies used total
body ADAM8 deficient mice, thereby excluding possible confounding effects
of soluble ADAM8, further supporting the hypothesis that ADAM8 plays a role
in atherosclerosis but that full knockout models have to be used to elucidate
this.
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The ADAMs family: redundancy or complementarity?

Other ADAMs have also been implicated in the shedding of relevant molecules
for atherosclerosis (Chapter 2). One of the most important and most closely
related to ADAM10, is ADAM17. It has been shown that these two ADAMs
share many substrates and can compensate for each other’s function to a
certain extent, although this was mainly demonstrated in vitro 15. In addition,
total body knockout mice of ADAM10 and ADAM17 are embryonically lethal,
due to defects in vasculogenesis or cardiac development respectively 16,
17
, suggesting that full redundancy is not present in vivo, though partial
redundancy may still occur. Also for ADAM17 many substrates relevant for
atherosclerosis have been described such as TNF-α, VCAM-1 and ICAM1, suggesting important roles for ADAM17 in atherosclerosis development.
This is supported by the fact that ADAM17 expression has been associated
with atherosclerosis resistance in mice 18. It would be very interesting to also
investigate the effect of cell-specific ADAM17 deficiency in atherosclerosis.
Recently is has already been shown that macrophage ADAM17 plays a crucial
role in efferocytosis regulation in vivo 19. Additionally, endothelial and smooth
muscle cell ADAM17 have been shown to promote acute inflammation 20, 21.
Based on these studies in combination with the large amount of publications
showing ADAM17 substrates, also listed in chapter 2, it would be expected
that ADAM17 deficiency would dramatically influence atherosclerosis. A
recent publication by Pruessmeyer et al. suggests that leukocyte-expressed
ADAM10, but not ADAM17 is essential for leukocyte recruitment at least in
a model of acute pulmonary inflammation 22. Whether there are also cellspecific differences on lesion outcome with ADAM17 deficiency remains to
be determined.

Domain dependent functions/metalloprotease activity vs integrinrelated functions

To date, 12 proteolytically active ADAMs have been described 23, including
ADAM8, -10 and -17. Besides these three ADAMs, also other active ADAMs
have at least been associated with atherosclerosis. ADAM9 and ADAM33
for example are expressed in human atherosclerotic lesions 24, 25, and
polymorphisms of the latter have been associated with atherosclerosis
development 24. For ADAM15, a causal relationship is even described,
showing that overexpression of ADAM15 reduced atherosclerosis in rabbits
26
. Next to the 12 proteolytically active ADAMs, over 28 ADAMs have been
described, which are proteolytically inactive. Besides the metalloproteinase
domain, the ADAMs also contain a disintegrin domain, capable of binding
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to various integrins 27. Integrins are involved in atherosclerosis related
processes, like leukocyte adhesion and transmigration 28. Though, the
precise functional consequences of this ADAMs-integrins interaction remains
an exciting area of future research. To date, some interactions have already
been described. ADAM8 for example has been shown to stimulate osteoclast
formation by its interaction with α9β1-integrin 29. Additionally, ADAM9 binds
to various integrins 30, such as β1 integrins, an interaction which increases
keratinocyte migration leading to accelerated wound repair 31, 32. Recently, it
has also been shown that ADAM10 promotes integrin activation, in particular
α5-integrin, although it is not clear whether this involves direct binding via
the disintegrin domain 22. Finally, the disintegrin domain of ADAM15 inhibits
airway smooth muscle cell adhesion and migration 33. The relevance of these
interactions for atherosclerosis still have to be determined, as well as the
evaluation of proteolytically inactive ADAMs. This could open a whole new
field of investigation, including many more proteases that could influence
leukocyte adhesion and migration and thereby atherosclerosis development
by their disintegrin domain.

Regulation of ADAM functions

ADAM activation is regulated at various levels, e.g. at transcriptional and
post-transcriptional level, but also by membrane localization 34.
Transciptional and post-transcriptional regulation.
Especially in various pathological conditions increased expression levels
of various ADAMs have been described 35. However, ADAM proteases are
produced as latent enzymes and are only activated after removal of the
prodomain 23. Another post-transcriptional regulation method is by tissue
inhibitors of metalloproteases (TIMPs), where for example TIMP1 blocks
ADAM10 activation and TIMP3 inhibits both ADAM10 and ADAM17 36.
Recently, it became clear that integrins can not only act as binding partners
for ADAMs, but are also able to regulate ADAMs activity. More specifically,
α5β1 integrin has been shown to inhibit and thereby regulate ADAM17
activity in kidney mesangial cells 37. It would be very interesting to investigate
whether this regulation is ADAM or cell-type specific or is more generally
present, to give more insight into the regulation of ADAMs.
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Regulation by membrane localization
Another level of regulation involves the membrane localization of ADAMs,
which can be regulated by lipid rafts. These are, cholesterol rich areas in the
membrane where many receptors and signaling molecules cluster together 38.
Tellier et al. showed that also ADAM17 is preferentially present in these rafts
38
. Furthermore, they observed that disruption of these rafts led to increased
shedding of TNF-α, a main substrate of ADAM17. Disruption of the lipid
rafts is then necessary to bring the ADAM and its substrate in each other’s
vicinity. Various lipid raft disrupting agents have already been described, like
unsaturated free-fatty acids that may be liberated from LDL 39. In this thesis,
we showed that HDL can also disrupt these lipid rafts. As expected, since
ADAM17 is the main protease responsible for TNF-α shedding, we observed
reduced TNF-α release upon ADAM17 blockage, however it remains to be
investigated whether HDL directly influences ADAM17 activity or that this
activation is also mediated by lipid raft disruption and thereby relocalization
of ADAM17. Recently, another membrane domain became of interest for
ADAMs regulation, i.e. the tetraspanin-enriched microdomains. Tetraspanin
CD9 was shown to be associated with ADAM17 on the surface of endothelial
cells and leukocytes, where CD9 overexpression decreased ADAM17 activity
and mediated shedding of TNF-α and ICAM-1 40. Also other interactions have
already been described, like the regulation of ADAM10-mediated amyloid
precursor protein shedding by tetraspanin 12 41 and TNF-α and ADAM10dependent cleavage of epidermal growth factor by tetraspanins CD9, CD81
and CD82 42. However, the precise in vivo relevance of the tetraspaninADAMs interaction has to be further investigated.
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High Density Lipoproteins
Cell-specific and disease-specific effects of HDL

Our studies are the first to demonstrate clear cell-type specific effects of
HDL on inflammation. The most striking difference is that concordant with
the current notion we observed significant anti-inflammatory effects of HDL
in SMCs, (Chapter 6), while in macrophages we surprisingly observed proinflammatory HDL effects (Chapter 7). The SMC data align well with previous
studies which showed that HDL has anti-inflammatory effects on endothelial
cells and monocytes amongst others by inhibiting chemokine secretion 43.
This discrepancy makes cell-type specific HDL research warranted.

8

Pro-inflammatory effects of HDL in macrophages
Looking at the systemic effects of HDL, it is well described that HDL protects
against cardiovascular diseases such as atherosclerosis 44, 45. This is
illustrated by the observation that infusion of HDL into cholesterol-fed rabbits
resulted in regression of atherosclerotic lesions 46. Moreover, Rubin et al.
showed that overexpression of human ApoA-I, the main constituent of HDL,
resulted in high plasma HDL levels in mice and inhibited early atherogenesis
47
. However, these and other studies in this field of research do not specifically
focus on particular cell-types, like the inflammatory status of macrophages in
these lesions for example. Although for atherosclerosis the balance between
the contradicting cell-type specific HDL effects seems to shift toward the
anti-inflammatory and protective side, this does not necessarily hold true for
other pathologies. Rheumatoid arthritis (RA) for example is mainly driven by
TNF-α, which is predominantly produced by macrophages 48. Since we show
that HDL significantly increases TNF-α secretion in macrophages, it would
be crucial to further investigate the impact of HDL on a primarily macrophage
driven pathology like RA. Also for infections, especially the HDL effects on
macrophages are very interesting, since their response to invading pathogens
is regulated by toll-like receptors (TLRs) 49. This TLR response is amplified
by HDL conditioning (Chapter 7). It has been shown for many infections, like
the macrophage activating gram-negative bacteria P. aeruginosa, that TLR
signaling is crucial for the defence against these pathogens 50, 51. Augmenting
the TLR response to pathogenic stimuli in this setting may well improve
bacterial clearance and thus inhibit disease development. This could not only
be the case for infectious diseases, but also for example for asthma where
TLR signaling plays a crucial role 52.
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Anti-inflammatory HDL effects in SMCs
Such disease specific effects can also be proposed for HDL effects on
SMCs, in particular on SMC proliferation. We showed that HDL reduces
SMC proliferation (Chapter 6), which can be beneficial for neointimal
hyperplasia, which occurs often after stent placement in CVD patients 53. The
thickening is mainly caused by hyperproliferation of SMCs 54. Reduction of
this proliferation may thus prevent stent occlusion and increase the patency.
Clinical studies showed that patients with higher HDL levels indeed have
improved stent patency at one year following stent placement 55, conceivably
at least partly due to this inhibited SMC proliferation. However, in the context
of atherosclerosis, inhibited SMC proliferation in more advanced lesions will
result in a thinner fibrous cap and thus a more instable lesion that is more
prone to rupture and cause thrombus formation. This supports the notion that
HDL effects should not merely be investigated systemically, but more efforts
should be made to determine the combined cell-type as well as disease-type
specific effects of HDL.

Focus on HDL composition

Next to dissecting cell-specific responses to HDL, it is also very important
to further investigate HDL composition as determinant of its inflammatory
effects. Already in many studies various types and compositions of HDL have
been used, like lipid free ApoA-I, reconstituted HDL, native HDL or ApoA-I
mimetic peptides. Further research elucidating the specific effects of all of
these subtypes is very important, especially since comparison of our study
of HDL effects in macrophages with a recently published study by De Nardo
et al. 56 possibly indicates that HDL composition, in particular phospholipid
composition can influence the outcome. Their study namely showed that HDL,
composed of soybean derived phospholipids, mediates anti-inflammatory
effects in macrophages, directly contradicting our results. It has already
been shown that soy-bean components have anti-inflammatory effects on
macrophages 57, further supporting the fact that phospholipid composition
might be a critical factor involved in the HDL effects. To date, still a lot of the
observed HDL effects cannot exactly be related to specific HDL constituents
58
, which should be a major focus of future HDL research.
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Therapeutic implications

Already since the Framingham Heart Study in 1977 that showed an important
inverse relationship between HDL and the risk of a cardiovascular event 59,
there has been great interest in HDL as therapeutic approach to prevent
cardiovascular complications. To date, already various clinical trials have
been conducted using different approaches to target the HDL metabolism 60,
61
. However, many of these clinical trials did not show the expected beneficial
effects of HDL therapy. Based on findings in this thesis, showing contradictory
effects of HDL on smooth muscle cell versus macrophage activation it is
plausible that systemically these effects, at least partially, counterbalance
each other, thereby limiting the effectiveness of the HDL treatment. These
cell-type specific effects of HDL can also have major implications for treatment
effectiveness in specific pathologies, since in pathologies like RA or bacterial
infections macrophages play a crucial role whereas in neointimal hyperplasia
SMCs are more important. Next to these cell-type and thus disease-specific
effects of HDL, it is crucial that future research focusses on the elucidation
of the relationship between observed HDL effects and HDL composition,
enabling pharmaceutical companies to develop more targeted HDL-based
approaches.
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Overall future perspectives
For both ADAM10 as well as HDL this thesis demonstrates cell-specific effects
on various processes involved in vascular inflammation. This is of particular
interest for the development of targeted therapeutic approaches, since by
specifically targeting certain cell-types one could modulate the outcome
in a disease-related and personalized manner. Further research, however
is needed to fully elucidate these effects in vivo and in other diseases.
Regarding ADAMs targeting, research must first gain more insight in the
precise regulation of ADAMs and their specificity and redundancy in vivo.
To date, still much is unclear and unexplored. This will be crucial for more
specific ADAMs-based therapies, since for some ADAMs compensatory
mechanisms by other ADAMs have already been described, like ADAM10
and ADAM17 in certain conditions. For HDL-based therapy it would be very
important to further investigate the effects of specific HDL types and HDL
constituents. As described, this can have a great influence on the specific
outcome and can therefore influence therapeutic efficacy. Additionally, for
ADAMs as well as HDL efforts should be made to translate the observed
results to humans. Especially for HDL there could be major difference in
outcome between mice and humans, since the lipid metabolism of the mouse
is very different as they lack CETP 62. Additional experiments in other animal
models, like rabbits or even human materials can overcome this limitation.
Taken together, this thesis showed various cell-type specific effects of ADAMs
and HDL on vascular inflammation, although research in this field remains
highly interesting to fully elucidate all remaining aspects.
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Summary
Cardiovascular diseases (CVDs), mostly cerebrovascular (e.g. stroke) and
coronary artery disease (i.e. myocardial infarction) are the leading cause
of death worldwide. The main underlying cause of CVD is atherosclerosis,
a chronic inflammatory disease of mostly medium and large-sized arteries.
Atherosclerotic lesions form by the accumulation of lipids, immune cells
and cell debris in the vessel wall. These lesions can grow over time and
eventually obstruct the blood flow, or more often these lesions rupture leading
to thrombus formation that can form an occlusion. This obstruction will
result in ischemic areas in downstream tissues, most commonly resulting in
myocardial infarction or stroke. Although in recent decades a lot of research
has been performed in this area, there is still no available therapy to fully
cure or reverse atherosclerosis. This thesis focussed on the regulation of
inflammation, a crucial driver of atherosclerosis, by the modulation of plasma
lipid profiles, more specifically high density lipoproteins (HDL), and protein
post-translational modifications mediated by members of the A Disintegrin
And Metalloprotease (ADAMs) family.
In chapter 2, the role of ADAMs in angiogenesis, inflammation and
atherosclerosis was reviewed. ADAMs are membrane bound proteins
that can shed or cleave, among others, various inflammatory molecules
like cytokines, chemokines and adhesion molecules. Some regulatory
mechanisms, like lipid raft disruption, have already been described for
ADAMs. However, further elucidation of this regulation, substrate specificity,
redundancy and distinct functions of ADAM proteases is still warranted. For
many of the ADAM proteins, associations have already been shown between
ADAM expression and atherosclerotic plaque progression, mainly in humans.
However, the exact causal role of ADAMs in atherosclerosis development
remained elusive.
In chapter 3, we investigated the causal role of ADAM8 in atherogenesis,
more specifically the role of hematopoietic ADAM8. It was already shown
that polymorphisms in the ADAM8 gene in humans resulted in a significantly
greater risk of myocardial infarction, associating ADAM8 to atherosclerosis.
We confirmed this association by showing increased ADAM8 expression upon
human lesion progression, especially in foamy macrophages. To study the
specific effects of hematopoietic ADAM8 in atherosclerosis, we transferred
bone marrow from ADAM8 deficient or wildtype mice into atherogenic
LDLr-/- mice. Surprisingly, after Western type diet feeding, we could not observe
any differences in atherosclerotic lesion size or composition between wildtype
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and ADAM8 deficient animals. These unexpected results might be explained
by the fact that we used a hematopoietic specific deficiency model, especially
since ADAM8, in contrast to other ADAMs, physiologically exists in two active
forms, being the classical membrane bound and a unique soluble form. Still a
lot is unknown with regard to this soluble form. Conceivably, in atherosclerosis
soluble ADAM8 secreted by other vascular cells, like endothelial and smooth
muscle cells, could have compensated for the loss of ADAM8 on hematopoietic
cells. Therefore, further research using total body ADAM8 deficient mice is
necessary to fully unravel the potential causal role of ADAM8 in atherogenesis.
For ADAM10, we previously also showed an association of ADAM10
expression with human atherosclerotic plaque development. In chapter 4,
we determined the causal role of myeloid ADAM10 in atherosclerosis using
atherogenic LDLr-/- mice transplanted with bone marrow from conditional
knockout mice lacking ADAM10 in the myeloid lineage. After Western type
diet feeding, no differences in plaque size could be observed between
ADAM10 wildtype or deficient mice. However, plaque collagen content was
increased in mice lacking myeloid ADAM10. Collagen is crucial for fibrous
cap strength and thereby the stability of atherosclerosis lesions and can be
degraded by matrix metalloproteases (MMPs), among others. In ADAM10deficient bone marrow derived macrophages, MMP-9, -13 expression
and MMP-2 gelatinase activity were significantly reduced, suggesting that
myeloid ADAM10 may play a causal role in modulating plaque stability. In vitro
transmigration experiments showed that ADAM10-deficient macrophages
have reduced migration capacity toward monocyte chemoattractant protein-1
and transmigration through collagen. Together, these results suggest
that myeloid ADAM10 is crucial in inflammatory processes, like leukocyte
recruitment and extracellular matrix degradation in atherosclerotic lesion,
thereby possibly modulating lesion stability.
Besides myeloid cells, also endothelial cells play a crucial role in
atherosclerosis. Endothelial cells form the barrier between the lumen and
vessel wall, secrete many chemokines capable of attracting immune cells
and express adhesion molecules, which can then bind these cells. These
characteristics make endothelial cells a central player in atherogenesis.
In chapter 5, we performed a proteomic analysis of conditioned medium
from endothelial cells with or without ADAM10 inhibition, indicating a role
for ADAM10 in transmembrane protein shedding, like chemokines and
adhesion molecules. To establish the causal role of endothelial ADAM10
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in atherosclerosis, we injected endothelial cell specific ADAM10 deficient
mice with an adeno-associated virus overexpressing human proprotein
convertase subtilisin/kexin type 9 (PCSK9), leading to degradation of LDL
receptors, rendering these mice prone for atherosclerosis development when
fed a Western type diet. Contrary to our expectation, endothelial ADAM10
deficiency resulted in a marked increase in atherosclerotic lesion area, while
no differences were observed in plasma cholesterol or circulating leukocyte
populations. Lesions from ADAM10 deficient mice additionally showed a more
advanced phenotype, characterized by more plaque necrosis and relatively
less macrophages. In vivo multiphoton laser scanning microscopy imaging
indicated an increase in leukocyte adhesion and transmigration in endothelial
ADAM10 deficient mice. Interestingly, in line with our proteomic data, we
also observed a significant reduction of plasma Annexin A5 in endothelial
deficient ADAM10 mice. It has recently already been shown that Annexin
A5 administration in mice resulted in a reduced lesion size and plaque
macrophage content, accompanied by reduced leukocyte recruitment. This
makes it very conceivable that the marked reduction in plasma Annexin A5
in our study plays a role in the observed effects on atherogenesis. However,
further research will be needed to confirm this interaction and mechanism.
Besides the post-translational modifications mediated by ADAMs, we also
investigated the regulation of inflammation by HDL. Various in vitro studies
already showed that HDL is anti-inflammatory in endothelial cells, but did
not investigate the effects of HDL on other vascular cells like smooth muscle
cells (SMCs) and macrophages. In chapter 6, we investigated the effects of
HDL on SMCs. Pre-incubation of SMCs with HDL, prior to TNF-α stimulation,
significantly inhibited the secretion of CCL2, CCL5 and CX3CL1 chemokines
and expression of the chemokine receptors CCR2 and CX3CR1. This
decreased chemokine secretion was mediated via the PI3K – Akt – NF-κB
pathway, as HDL pre-incubation inhibited phosphorylation and thus activation
of all these signaling molecules. Besides these anti-inflammatory effects on
chemokine secretion, we also observed that HDL strikingly reduced SMC
proliferation, which appeared to be mediated via ERK signaling. Finally, we
identified the scavenger receptor SR-B1 as essential membrane molecule,
necessary for mediating the effects of HDL on chemokine secretion and SMC
proliferation. These results are of great importance with respect to current
atherosclerosis therapy, as percutaneous coronary interventions, like stent
implantation, are common interventions for atherosclerosis patients but often
result in excessive neointimal hyperplasia causing restenosis and early stent
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failure. Inhibiting SMC inflammation and in particular proliferation might be
beneficial in this respect.
Chapter 7 focuses on the effects of HDL on macrophages. In controst to
the expected anti-inflammatory effects, we surprisingly observed major proinflammatory effects of HDL on mouse as well as human macrophages in
vitro, leading to increased TNF-α and IL-12 secretion, while reducing IL-10
release. In vivo pre-incubation of macrophages with high levels of HDL, in
ApoA-I transgenic mice, also resulted in a more pro-inflammatory phenotype
of macrophages from these mice, compared to wildtype mice. Using
macrophages from specific cholesterol transporter (ABCA1 and ABCG1) and
scavenger receptor (SR-B1 and CD36) knockout mice, we showed that none
of these classical transporters were mediating these inflammatory effects.
However, HDL appeared to extract membrane cholesterol via a passive
manner from macrophages. Cholesterol depletion, resulting in lipid raft
disruption can have major influences on intracellular signaling. Therefore,
we determined the effect of HDL on various signaling pathways. We showed
that NF-κB, in particular p65, is activated upon HDL incubation, although
none of the described upstream activation pathways seemed to be involved
in this process. This indicates that HDL results in direct phosphorylation
and thus activation of p65. This direct phosphorylation may be mediated by
protein kinase C, which was also essential for the observed inflammatory
effects. Additionally we showed a role for STAT1 signaling in mediating IL12 and IL-10 release and for ADAM proteases in mediating TNF-α release.
These results underline the importance of a better understanding of cell-type
specific effects of HDL, especially in light of to the disappointing outcome of
recent clinical trials.
Finally, in chapter 8 the most important results of this thesis were discussed.
The cell-type specific effects described in this thesis are of particular interest
for the development of targeted therapeutic approaches, thereby modulating
the clinical outcome in a disease-related and personalized manner. However,
for ADAM targeting, future research must first further elucidate the precise
regulation, specificity and redundancy of ADAMs in vivo. Concerning HDLbased therapies, it will be very important to focus future research on the
effects of specific HDL subtypes and HDL constituents. Taken together,
this thesis showed various cell-type specific effects of ADAMs and HDL on
vascular inflammation.
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Hart- en vaatziekten, waaronder cerebrovasculaire (bijvoorbeeld beroerte)
en kransslagader aandoeningen (hartinfarct) zijn wereldwijd de belangrijkste
doodsoorzaken. De belangrijkste oorzaak van hart- en vaatziekten is
atherosclerose oftewel aderverkalking, een chronische ontstekingsziekte
van met name de middelgrote en grote slagaders. Atherosclerotische laesies
worden gevormd door de opeenstapeling van lipiden, immuun cellen en cel
resten in de vaatwand. Deze laesies kunnen gedurende de tijd groeien en
uiteindelijk de bloedstroom belemmeren. Het gebeurt echter vaker dat deze
laesies scheuren waardoor een bloedstolsel gevormd wordt dat het bloedvat
(geheel of gedeeltelijk) afsluit. Deze obstructie leidt in stroomafwaarts gelegen
weefsels tot een zuurstof tekort, meestal resulterend in een hartinfarct of
beroerte. Hoewel de laatste decennia veel onderzoek is uitgevoerd naar
atherosclerose, is er nog steeds geen therapie beschikbaar om het volledig te
genezen. Dit proefschrift richt zich op de regulatie van ontsteking, een cruciale
motor van atherosclerose, door het moduleren van plasma lipidenprofielen,
meer in het bijzonder high density lipoproteins (HDL, ook wel bekend als het
goede cholesterol) en eiwit modificaties gemedieerd door A Disintegrin And
Metalloprotease (ADAMs) enzymen.
Hoofdstuk 2 geeft een overzicht van de rol van ADAMs in de vorming van
nieuwe vaten, ontsteking en atherosclerose. ADAMs zijn membraangebonden
eiwitten die onder andere diverse ontstekingsmoleculen zoals cytokinen,
chemokinen en adhesiemoleculen van het membraan af kunnen knippen.
Enkele regulerende mechanismen, zoals verstoring van cholesterol
rijke gebieden in het membraan, zijn reeds beschreven voor ADAMs.
Echter meer onderzoek naar deze regulatie, maar ook naar substraat
specificiteit, compensatie door andere ADAMs en verschillende functies
van ADAM proteasen is noodzakelijk. Voor veel van de ADAM eiwitten
zijn reeds associaties aangetoond tussen hun aanwezigheid en humane
atherosclerotische laesie progressie. Echter, de exacte causale rol van
ADAMs in atherosclerose ontwikkeling was tot dusverre onbekend.
Hoofdstuk 3 beschrijft de causale rol van ADAM8 in atherosclerose, meer
in het bijzonder de rol van ADAM8 aanwezig op bloedcellen. Er werd
reeds aangetoond dat afwijkingen in het ADAM8-gen bij de mens tot een
significant groter risico op een hartinfarct leiden, wat ADAM8 associeert met
atherosclerose ontwikkeling. Wij bevestigden deze associatie door aan te
tonen dat ADAM8 verhoogd aanwezig is tijdens humane atherosclerotische
laesie progressie, voornamelijk in vet geladen ontstekingscellen, de
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schuimcellen. Om de specifieke gevolgen van bloedcel ADAM8 in
atherosclerose te bestuderen, hebben we beenmerg van ADAM8 deficiënte
of controle muizen overgebracht naar LDLr deficiënte muizen, die gevoelig
zijn voor het ontwikkelen van atherosclerose. Na het geven van een
vetrijk dieet konden wij geen verschil in atherosclerotische laesie grootte
of samenstelling tussen controle en ADAM8 deficiënte dieren observeren.
Deze onverwachte resultaten kunnen mogelijk verklaard worden doordat
we gebruik gemaakt hebben van een specifiek bloedcel deficiëntie model,
met name omdat ADAM8, in tegenstelling tot andere ADAMs, voorkomt
in twee actieve vormen, de klassieke membraangebonden vorm en een
unieke uitgescheiden vorm, waarvan nog steeds veel onbekend is. Het kan
daarom zijn dat de ADAM8 uitgescheiden door andere vaatwandcellen zoals
endotheelcellen en gladde spiercellen, het verlies van ADAM8 op bloedcellen
heeft gecompenseerd. Daarom is verder onderzoek met behulp van volledig
ADAM8 deficiënte muizen nodig om de mogelijke causale rol van ADAM8 in
atherosclerose volledig te ontrafelen.
Voor ADAM10 hebben we in een eerdere studie ook een associatie van
ADAM10 aanwezigheid met humane atherosclerotische plaque ontwikkeling
aangetoond. In hoofdstuk 4 hebben we de causale rol van ADAM10 in
bepaalde ontstekingscellen (myeloïde cellen) bij atherosclerose bepaald
door gebruik te maken van LDLr deficiënte muizen welke getransplanteerd
zijn met beenmerg van muizen waarbij ADAM10 specifiek in deze
ontstekingscellen ontbreekt. Na het geven van een vetrijk dieet, kon geen
verschil in laesie grootte worden waargenomen tussen ADAM10 deficiënte of
controle muizen. Echter, bij de muizen zonder myeloïde ADAM10 was meer
collageen aanwezig in de laesies. Collageen is essentieel voor de sterkte
van de fibreuze kap en daarmee ook de stabiliteit van atherosclerotische
laesies. Collageen kan onder andere afgebroken worden door matrix
metalloproteasen (MMPs). In ADAM10-deficiënte beenmerg macrofagen was
de MMP-9, -13 expressie en MMP-2 activiteit aanzienlijk verminderd, erop
wijzend dat myeloïde ADAM10 een causale rol kan spelen bij het moduleren
van de stabiliteit van laesies. In vitro transmigratie experimenten hebben
aangetoond dat ADAM10-deficiënte macrofagen een verminderde migratie
richting monocyte chemoattractant protein 1 en transmigratie door collageen
vertonen. Samen wijzen deze resultaten erop dat myeloïde ADAM10 cruciaal
is bij ontstekingsprocessen waaronder de aantrekking van ontstekingscellen
en extracellulaire matrix afbraak in atherosclerotische laesies en daarmee
mogelijk de stabiliteit van deze laesies beïnvloedt.
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Naast myeloïde cellen spelen ook endotheelcellen een cruciale rol bij
atherosclerose. Endotheelcellen vormen de barrière tussen het lumen en
de vaatwand. Eigenschappen zoals chemokine productie die immuun
cellen aantrekken en de expressie van adhesiemoleculen die vervolgens
deze cellen kunnen binden, maken endotheelcellen een belangrijke speler
in atherosclerose. In hoofdstuk 5 hebben we een eiwit analyse, oftewel
proteomics, van geconditioneerd medium van endotheelcellen met of zonder
ADAM10 inhibitie uitgevoerd. De resultaten suggereren dat endotheelcel
ADAM10 een belangrijke rol speelt in het knippen van membraaneiwitten,
zoals chemokines en adhesiemoleculen. Om de causale rol van endotheelcel
ADAM10 in atherosclerose te bepalen hebben wij endotheelcel specifieke
ADAM10 deficiënte muizen geïnjecteerd met een adeno-geassocieerd
virus dat humaan proprotein convertase subtilisin/kexin type 9 (PCSK9) tot
overexpressie brengt, hetgeen leidt tot afbraak van LDL receptoren waardoor
deze muizen gevoelig worden voor de ontwikkeling van atherosclerose
bij het geven van een vetrijk dieet. In tegenstelling tot onze verwachting
resulteerde endotheelcel ADAM10 deficiëntie in een duidelijke toename van
atherosclerose, terwijl er geen verschillen waargenomen werden in plasma
cholesterol of circulerende leukocyt populaties. Laesies van ADAM10
deficiënte muizen waren bovendien verder gevorderd, gekenmerkt door meer
necrose en relatief minder macrofagen. In vivo multi-foton laser scanning
microscopische beeldvorming liet een verhoging van ontstekingscel adhesie
en transmigratie zien in endotheelcel ADAM10 deficiënte muizen. Opvallend
is dat we in lijn met onze proteomics resultaten, ook een significante
reductie van plasma Annexine A5 in endotheelcel deficiënte ADAM10
muizen zagen. Onlangs is reeds aangetoond dat Annexine A5 toediening
in muizen resulteerde in een verminderde omvang van de laesie en minder
macrofagen in deze laesie, gepaard gaande met een verlaging van het aantal
aangetrokken ontstekingscellen. Dit maakt het aannemelijk dat de duidelijke
vermindering in plasma Annexine A5 in onze studie een rol speelt bij de
waargenomen effecten op atherosclerose ontwikkeling. Verder onderzoek is
echter nodig om deze interactie en mechanisme te bevestigen.
Naast de eiwit modificaties gemedieerd door ADAMs, onderzochten wij ook
de regulatie van ontsteking door HDL. Verschillende in vitro studies hebben
reeds aangetoond dat HDL ontstekingsremmend werkt in endotheelcellen,
maar de effecten van HDL op andere vasculaire cellen zoals de gladde
spiercellen en macrofagen waren nog niet onderzocht.
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In hoofdstuk 6 onderzochten wij de effecten van HDL op gladde spiercellen.
Pre-incubatie van gladde spiercellen met HDL alvorens TNF-α stimulatie
remde de uitscheiding van de chemokines CCL2, CCL5 en CX3CL1 en
de aanwezigheid van de chemokine receptoren CCR2 en CX3CR1. Deze
verminderde chemokine uitscheiding was bewerkstelligd door de PI3K - Akt NF-κB route, omdat HDL pre-incubatie de fosforylering en derhalve activatie
van deze signaalmoleculen remde. Naast deze anti-inflammatoire effecten
op chemokine uitscheiding observeerden wij ook dat HDL de celdeling van
gladde spiercellen verminderde. Dit opmerkelijke effect bleek gemedieerd
te zijn door ERK signalering. Tenslotte identificeerden wij de scavenger
receptor SR-B1 als essentieel membraanmolecuul, noodzakelijk voor
het bewerkstelligen van de effecten van HDL op chemokine uitscheiding
en celdeling van gladde spiercellen. Deze bevindingen zijn van grote
waarde met betrekking tot de huidige atherosclerose therapie. Momenteel
worden kransslagader interventies, zoals stentimplantaties, veel gebruikt
bij atherosclerose patiënten. Echter resulteren deze interventies vaak in
overmatige neointima hyperplasie (gladde spiercel groei) waardoor restenose
en vroeg stent falen veroorzaakt wordt. Het remmen van gladde spiercel
ontsteking en in het bijzonder de celdeling kan in dit opzicht gunstig werken.
Hoofdstuk 7 richt zich op de effecten van HDL op macrofagen. In tegenstelling
tot het verwachte anti-inflammatoire effect, hebben we verrassenderwijs
in vitro pro-inflammatoire effecten van HDL op zowel muizen als humane
macrofagen waargenomen, resulterende in verhoogde TNF-α en IL-12
uitscheiding, terwijl IL-10 uitscheiding verminderd was. In vivo pre-incubatie
van macrofagen met hoge niveaus van HDL in ApoA-I transgene muizen
resulteerde ook in een meer pro-inflammatoir fenotype van macrofagen uit
deze muizen vergeleken met controle muizen. Met behulp van macrofagen
uit specifieke cholesterol transporter (ABCA1 en ABCG1) en scavenger
receptor (SR-B1 en CD36) deficiënte muizen, toonden we aan dat geen van
deze klassieke transporters betrokken waren bij deze inflammatoire effecten.
Echter bleek HDL membraancholesterol via een passieve wijze te extraheren
uit macrofagen. De verstoring van cholesterolrijke gebieden in het membraan
door cholesterol onttrekking kan grote invloed hebben op intracellulaire
signaaloverdracht. Derhalve hebben we het effect van HDL op verschillende
signaalroutes bepaald. NF-κB, in het bijzonder p65, werd geactiveerd
door HDL incubatie, hoewel geen van de beschreven activeringsroutes
stroomopwaarts betrokken leken bij dit proces, wat aangeeft dat HDL leidt
tot directe fosforylering en derhalve activering van p65. Deze fosforylering
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kan worden gemedieerd door proteïne kinase C, die ook essentieel bleek
te zijn voor de waargenomen inflammatoire effecten. Daarnaast toonden
wij een rol aan voor STAT1 signalering bij het mediëren van IL-12 en IL10 secretie en ADAM proteasen bij het mediëren van TNF-α secretie. Deze
resultaten accentueren de urgentie van het verkrijgen van meer inzicht in de
cel specifieke effecten van HDL.
Tenslotte werden in hoofdstuk 8 de belangrijkste resultaten van dit
proefschrift besproken en in perspectief tot andere literatuur geplaatst. De
cel specifieke effecten beschreven in dit proefschrift zijn in het bijzonder
van belang voor de ontwikkeling van doelgerichte therapieën, waardoor de
klinische resultaten in een ziektegerelateerde en patiënt specifieke manier
gemoduleerd kunnen worden. Voor therapie gericht op ADAMs is toekomstig
onderzoek, waar de precieze regulatie, specificiteit en compensatie door
andere ADAMs wordt ontrafelt in vivo, een vereiste. Voor HDL gebaseerde
therapieën zal het zeer belangrijk zijn om toekomstig onderzoek te richten
op de effecten van specifieke subtypen HDL en HDL bestanddelen. Tezamen
laten de resultaten in dit proefschrift diverse cel specifieke effecten van
ADAMs en HDL op vasculaire ontsteking zien.
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After years or even decades of research, cardiovascular disease (CVD)
still remains the main cause of death worldwide, accounting for 16.7 million
deaths annually 1, 2. However, not all patients with CVD die, but are often
hospitalized or should receive lifelong treatment, leading to high healthcare
costs. This economic burden can be quite substantial, since in the United
States alone, the cost related to CVD were more than $312 billion per
year 3. In addition, also the social burden on the patients but also on their
environment should not be underestimated. The main underlying pathology
of CVD is atherosclerosis, a chronic inflammatory disease of mainly medium
and large sized arteries. In an effort to reduce the high mortality number and
the burden caused by CVD, extensive research into the underlying pathology
is essential. Fundamental research can contribute to a better understanding
of this complex disease, and thereby create new possibilities to target and
treat this pathology.
In this thesis, we investigated the cell-type specific role of ADAMs in
atherosclerosis, more specifically ADAM8 and ADAM10. The ultimate goal
of these studies is the identification of possible therapeutic targets to combat
atherosclerosis. It has already been suggested that ADAM inhibition could
be efficient for treating various other diseases. Looking at ADAM10 and
its closely related family member ADAM17, selective inhibition of these
proteases has already been shown to have anti-cancer effects and clinical
trials are currently being performed 4. Inhibitors for ADAM17 have also
been shown to be effective against arthritis in animal models 5, however
clinical trials failed to confirm this positive outcome 6. Although ADAM10 and
ADAM17, substrate-wise look like the most suited candidates for targeting,
caution is warranted. One of the main targets of ADAMs involved in growth
and development are ligands of epidermal growth factor receptors (EGFRs)
7
. Therefore, one should be careful with inhibiting ADAMs, to avoid unwanted
side effects on cell growth for example.
This is further supported by results from chapters 4 and 5 from this thesis.
In chapter 4, we showed that myeloid specific ADAM10 inhibition does not
affect lesion size, but rather shifts the phenotype of the lesions to a more
fibrotic one. Thereby myeloid ADAM10 inhibition might increase plaque
stability, which would be beneficial for clinical outcome. However, in chapter
5, endothelial specific ADAM10 deletion results in a significant increase in
lesion size, which would of course be detrimental for clinical outcome. These
results clearly indicate that cell-type specific ADAM10 inhibition might be on
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the one hand beneficial or on the other hand detrimental for disease outcome,
depending on the targeted cell subset. Unfortunately, to date the developed
inhibitors for ADAMs are not yet cell-type restricted nor ADAM specific,
therefore a future focus must lie on developing more specific intervention
approaches. Recently, an alternative method of specifically inhibiting ADAMs
was proposed, namely inhibition of iRHOM2 8. This inactive member of the
Rhomboid intramembrane proteinase family regulates the maturation of
ADAM17, but is only expressed in hematopoietic cells. Using a siRNA approach
it was shown that inhibition of iRHOM2 resulted in decreased furin-mediated
maturation and trafficking of ADAM17 to the cell surface in both mouse and
human monocytes. Therefore iRHOM2 targeting might be an attractive new,
cell-type specific method of blocking ADAM17. Further research is needed to
identify comparable regulators of other ADAMs. Therefore cell-type specific
inhibition seems essential to overcome this hurdle.
Another therapeutic option is to specifically target the disintegrin domain of
ADAMs, which for some ADAMs already has been shown to be responsible
for integrin binding. Thereby influencing various processes like cell adhesion,
migration and proliferation. The inhibitory effect might be more specific but
probably also much less effective, since only a limited amount of ADAMs
function is inhibited. For ADAM10 and ADAM17 the role of this domain has
not yet been elucidated. Therefore future research is first needed to elucidate
this precise role, before evaluating the therapeutic potential and risk.
Besides therapeutic targets, ADAMs could also serve as diagnostic as well
as prognostic biomarkers. Expression levels of ADAM8, 10 and 17 correlated
with atherosclerotic lesion progression. Additionally, ADAM8 polymorphisms
associate ADAM8 with risk of myocardial infarction. Untill now research into
ADAMs as biomarkers has been limited, especially in the field of atherosclerosis
and CVDs. However, several reports do suggest that a number of ADAMs
may at least be used as cancer biomarker 4. For example, for ADAM12 it
has been shown that high urinary ADAM12 levels were correlated with the
presence of breast cancer. As well as breast cancer, urinary ADAM12 was
also elevated in patients with bladder cancer and ADAM12 measurement
even showed to be more sensitive than the currently used standard cytology.
As a more prognostic marker, high levels of ADAM17 were found to predict
adverse outcome in patients with breast cancer. These data clearly show
prospects for ADAMs as biomarkers, although for cardiovascular diseases
this remains to be established.
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Besides modulation of ADAMs as approach to dampen vascular inflammation,
we also focused on modulating lipoproteins in this thesis, in particular
HDL. Various clinical and epidemiological studies showed that HDL levels
inversely correlate with CVD risk 9. However, many of the recently performed
and described clinical trials using various methods of increasing HDL levels
in humans did not show any effect on cardiovascular event rates. Especially
the meta-analysis of 39 clinical trials showing that niacin, fibrates and CETP
inhibitors did not reduce all-cause mortality or the incidence of MI or stroke
10
, fuelled a lively debate about the effectiveness of HDL raising therapeutic
strategies.
In this thesis, we showed strikingly divergent, cell-type effects of HDL on
inflammation, showing anti-inflammatory effects in smooth muscle cells
(chapter 6), but pro-inflammatory effects in macrophages (chapter 7).
Therefore, therapies using HDL should be used in a personalized and
more importantly, disease specific manner. For example our observation
that HDL has inhibiting effects on smooth muscle cell proliferation may be
beneficial for neointimal hyperplasia, but detrimental for other pathologies.
Additionally, the pro-inflammatory HDL effects on macrophages may be
beneficial for bacterial clearance for example, but detrimental for patients
with rheumatoid arthritis. Besides this pathology specific approach, future
therapeutic research should also focus on the specific composition of HDL.
HDLs are very heterogeneous, consisting of many different subpopulations.
Especially the effects of specific subtypes are still relatively limitedly studied.
HDL raising therapies have varying effects on these different subpopulations
11
, making further knowledge of the differences between these populations
warranted. This is supported by comparing results from chapter 7 with a
recently published study by De Nardo et al. 12, where they observe antiinflammatory effects on macrophages using HDL composed of soy-bean
derived phospholipids, suggesting that the phospholipid composition of HDL
may influence the outcome of HDL treatment. Therefore, next to the celltype and disease specific approach, it is necessary to further elucidate the
exact relation between observed HDL effects and HDL composition. This will
be essential to continue developing more specific and targeted HDL-based
approaches to combat disease.
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