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Abbreviations

ABPI ankle-brachial pressure index
APC antigen-presenting cell
ApoE-/- Apolipoprotein E-deficient
CABG coronary artery bypass surgery
CAD coronary artery disease
CARD caspase recruitment domain
CATERPILLER CARD, transcription enhancer, R-(purine-) binding, pyrin, lots of 
 LRRs
CD Crohn’s disease
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CMV cytomegalovirus
COX cyclooxygenase 
DC dendritic cell
EDA extra domain A
EEL outer elastic lamina
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IKK complex IκB kinase complex
IL interleukin
IMT intima-media thickness
IRAK IL-1R-associated protein kinase
LA luminal area
LDL low-density lipoprotein
LDLr-/- low-density lipoprotein receptor-deficient
LPS lipopolysaccharide
LRR leucine-rich repeats
LTA lipoteichoic acid
mAb monoclonal antibody
MALP macrophage-activating lipopeptide
MCP monocyte chemoattractant protein
MDA-LDL malondialdehyde LDL



9Peptidoglycan in atherosclerotic plaque formation and vulnerability 
Manon Oude Nijhuis 

mDAP m-diaminopimelic acid
MDP muramyl dipeptide
MI myocardial infarction
MIP-1 macrophage inflammatory protein-1
MMP matrix metalloproteinase
MurNAc N-acetylmuramic acid
MyD88 myeloid differentiation factor 88
Nalp NACHT, LRR and PYD domains
NAMLAA N-acetyl muramyl-L-alanine amidase
NBS-LRR nucleotide-binding site leucine-rich repeat
NEMO NF-κB essential modulator
NF-κB nuclear factor-κB
NOD nucleotide-binding oligomerization domain
Ox-LDL oxidized LDL
PAMP pattern associated molecular patterns
PECAM platelet endothelial cellular adhesion molecule
PG peptidoglycan
PGLYRP2 peptidoglycan-recognition protein 2
PG-PS peptidogycan-polysaccharides
PRR pattern recognition receptor
PSGL-1 P-selectin glycoprotein ligand-1
PTA percutaneous transluminal angioplasty
PTCA percutaneous transluminal coronary angioplasty
SD standard deviation
SEM standard error of mean
SFA saturated fatty acid
SMART second manifestations of arterial disease
SMC smooth muscle cell
SR scavenger receptor
TA teichoic acid
TAK transforming growth factor-β-activated kinase
TIR Toll interleukin-1 receptor
TIRAP/MAL TIR-associated protein/MyD88 adaptor-like
TLR Toll-like receptor
TNF tumor necrosis factor
TRAF tumor necrosis factor receptor-associated factor
TRAM Toll receptor-associated molecule
TRIF Toll receptor-associated activator of interferon
UFA unsaturated fatty acid
VCAM vascular cell adhesion molecule
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Chapter 1

Atherosclerosis
Nowadays, cardiovascular disease still is the leading cause of morbidity and mortality 
worldwide. Every year almost 20 million people experience cardiovascular events, 
such as myocardial infarction and stroke, and atherosclerosis is the primary cause 
of these events. Atherosclerosis is a multifactorial disease affecting mainly the large 
arteries. The name Atherosclerosis is derived from the two Greek words “athere” and 
“sclerosis”, which stand for “accumulation of lipid” and “thickening of the arterial 
intima”, respectively. Atherosclerosis silently starts in early childhood [1-3] and 
becomes clinically evident in later life [4]. Development of atherosclerotic disease is 
characterized by the migration and proliferation of vascular smooth muscle cells 
(SMC) and accumulation of lipids in the sub-endothelial layer. In addition to increased 
atherosclerotic plaque formation, constrictive arterial remodeling, i.e. shrinkage of the 
artery, leads to lumen reduction. In the early phase of atherosclerosis, compensatory 
expansive remodeling, i.e. enlargement, can prevent narrowing of the lumen. However, 
in the acute phase, atherosclerotic luminal narrowing can be accelerated by rupture 
of a vulnerable plaque. This results in abrupt occlusion of a coronary artery [5-7], 
which is the common cause of cardiovascular events or sudden cardiac death. The 
manifestations of this disease are usually not restricted to a single segment of the 
vascular bed. Patients with symptoms of cardiovascular disease often have signs of 
atherosclerosis at many sites of the arterial tree [8-13]. Therefore, after a first clinical 
manifestation of atherosclerotic disease, the risk of recurrence due to lesion progression 
at another site in the circulatory system is increased.

Atherosclerosis: an inflammatory disease
Ross postulated in 1973 an important theory that contributed to a better understanding 
of the pathogenesis of atherosclerosis. In his “response to injury”-hypothesis Ross 
suggested that atherosclerosis was the result of endothelial denudation [14]. He 
hypothesized that endothelial denudation caused migration of SMC into the intima, 
followed by proliferation of these cells, increased lipid deposition and extracellular 
matrix synthesis [14,15]. Over the years, this concept has been modified significantly. 
Nowadays it is appreciated that the immune system, activation of the endothelium and 
induction of inflammatory pathways jointly play important roles in the pathogenesis 
of atherosclerosis [16]. Inflammatory cells are a major component of atherosclerotic 
lesions and cells like monocyte-derived macrophages and T-lymphocytes are already 
present in early lesions [4,17,18], called fatty streaks. During lesion progression, 
the number of lipid droplets-containing macrophages (foam cells) even increases 
[4,16,19]. Furthermore, many inflammatory mediators, such as adhesion molecules 
[20-23], chemokines [24,25], cytokines [26-30] and proteases [31-34], are expressed in 
atherosclerotic lesions and their role in development and progression of atherosclerotic 
plaques is confirmed in mouse models [35-42]. Therefore, atherosclerosis is now 
considered an inflammatory disease. 

In the past century, cohorts like the Framingham Heart Study have identified so-called 
traditional risk factors for cardiovascular disease. Both genetic and environmental 
factors, such as hypertension [43], diabetes mellitus, hypercholesterolemia [43], 
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smoking [43], high fat diet and stress [44], but also infectious microorganisms such 
as herpesviruses and Chlamydia	 pneumoniae [45,46] accelerate the progression of 
atherosclerosis into a clinically symptomatic stage [47,48]. These risk factors cause 
endothelial dysfunction and thereby the initiation of atherosclerotic lesion formation. 
Especially at atherosclerosis predilection sites, such as bifurcations, curvatures 
and branches, endothelial cells can get activated due to decreased shear stress 
and increased turbulence in the blood flow [49]. At these sites, adhesion molecules, 
responsible for rolling, adhesion and migration of leukocytes and T-lymphocytes, 
on the endothelial surface are upregulated [50]. Selectins and selectin ligands 
present on leukocytes and endothelial cells are required for capturing and rolling 
of leukocytes over the endothelial cells [51-53]. Chemoattractants and chemokines 
can activate leukocytes, resulting in increased integrin expression on the leukocyte 
surface. Binding of the activated integrins on the leukocyte to their counter ligands 
on the endothelial surface mediates firm adhesion to and subsequent spreading over 
the endothelial cells [54]. The leukocytes migrate to the subendothelial matrix and 
accelerate the inflammatory process. Atherosclerosis starts with the formation of a 
fatty streak [55], initially consisting of T-lymphocytes and monocytes that, once present 
in the arterial wall, are able to differentiate into macrophages, followed by ingestion 
of oxidized LDL particles and thereby changing in lipid-laden foam cells. Chemokines 
activate the T-lymphocytes, monocytes and monocyte-derived macrophages resulting 
in secretion of pro-inflammatory cytokines and subsequent recruitment of more 
monocytes and T-lymphocytes to the inflammatory site. Furthermore, already from 
the initiation of the atherosclerotic plaque development, SMC migrate from the media 
into the atherosclerotic plaque and proliferate. Slowly the fatty streak progresses into 
an advanced lesion. A fibrous cap is formed that walls off an atheromatous lipid core, 
containing a mixture of foam cells, lipid and debris, from the lumen. The apoptosis of 
foam cells, necrosis, increased proteolytic activity and more lipid accumulation within 
the lipid core eventually result in formation of a necrotic core. Besides leukocytes, 
platelets are also able to adhere to activated endothelial cells. When activated, these 
platelets release their granules, containing cytokines that may contribute further 
to the migration and proliferation of SMC and macrophages [56]. The macrophages 
accumulate as foam cells in the lipid core which is progressively growing. Furthermore, 
the activated macrophages release matrix metalloproteinases (MMPs) and other 
proteolytic enzymes which cause degradation of the matrix and as a result thinning of 
the fibrous cap covering the lipid core. Eventually, the fibrous cap might rupture and 
the thrombogenic material inside the necrotic core is exposed to the blood, leading to 
rapid thrombus formation. 
Figure	1 illustrates the events involved in the development of atherosclerotic plaques 
and plaque rupture.

Immunity
As already mentioned, the immune system plays an important role in development of 
atherosclerosis. The immune system is a system of specialized cells and organs that 
protects the host against bacteria and viral infections. This defense against invading 
microbial pathogens is composed of two arms: the innate and the adaptive immune 
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system. The early phase of the host-response to infection depends on innate immunity 
in which a variety of innate resistance mechanisms recognizes and responds to the 
presence of a pathogen and tissue damage. Activation of the innate immune system 
results in a fast response that does not change during life-time and will not result in 
long-lasting memory, so does not increase with repeated exposure to a given pathogen. 
In 1989, Charles Janeway proposed that infectious micro-organisms carry pathogen-
associated molecular patterns (PAMPs) that can be detected by the immune system 
through a set of specialized receptors, the pattern recognition receptors (PRRs) [57]. 
This concept was confirmed by the discovery of human Toll-like receptors (TLRs) by 
Medzhitov et	 al in 1997 [58]. Nowadays, the TLRs are the largest family of innate 
immune receptors [59]. Several different types of phagocytic cells (neutrophils, 
monocytes, macrophages and dendritic cells (DC)) recognize PAMPs, but also cell types 
like vascular endothelial cells have been shown to participate in innate immunity.
Adaptive immunity (also known as acquired immunity) confers lifelong protective 
immunity to re-infection with the same pathogen. In the adaptive immune system 

Figure 1. Atherosclerotic plaque formation and plaque rupture
Monocytes	 from	 the	blood	stream	 respond	 to	 chemoattractants	and	chemokines	secreted	by	 the	damaged	and	
activated	endothelial	cells.	Selectins	and	selectin	ligands	trigger	tethering	and	rolling	of	the	monocytes	over	the	
endothelial	cells.	Firm	adhesion	is	mediated	by	integrins	on	the	monocyte	surface	and	their	counter	receptors	on	the	
endothelial	cells.	Adhesion	is	followed	by	spreading	and	transendothelial	migration.	In	the	atherosclerotic	plaque	
monocytes	differentiate	into	macrophages,	a	process	that	is	followed	by	uptake	of	oxidized	LDL	and	formation	of	
lipid-laden foam cells. Activated T-lymphocytes, monocytes and macrophages secrete pro-inflammatory cytokines, 
which	recruit	more	monocytes	and	T-lymphocytes	to	the	atherosclerotic	plaque.	Foam	cells	and	lipids	accumulate	
in	an	atheromatous	lipid	core.	Proteolytic	enzymes,	secreted	by	the	activated	macrophages,	degrade	the	matrix	
eventually leading to thinning of the fibrous cap and formation of a thrombus.
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the responses to pathogens change and develop during life-time and activation of this 
system will result in long-lasting memory. The adaptive immune system is based on 
dedicated immune cells termed T-lymphocytes and B-lymphocytes. Previous research 
has demonstrated that TLRs are also important for optimal functioning of the acquired 
adaptive immune system.

toll-like receptors
The Toll receptor was first discovered in the fruit fly Drosophila	melanogaster [60]. In 
the last ten years, mammalian homologues of the Toll receptor have been identified, 
proteins that are now referred to as TLRs [58,61]. TLRs are transmembrane proteins 
that contain an extra-cellular ligand-recognition domain containing multiple leucine-
rich repeats (LRR domain), a trans-membrane domain, and an intra-cellular Toll 
interleukin-1 (IL-1) receptor signaling domain (TIR domain) [62]. A functional immune 
system must have a mechanism for the recognition of pathogens while maintaining 
tolerance to self. The sensitivity and specificity of this recognition is defined, at least in 
part, by the ability of the TLRs to recognize specific microbial patterns. To date, eleven 
TLR family members (TLR1–11) have been identified in the human genome [63], and 
different TLRs appear to play crucial roles in the activation of the immune response to 
different PAMPs. A wide variety of agonists is known for many of the TLRs. Especially 
TLR2 and TLR4 recognize a broad range of surface molecular patterns. Upon ligand 
binding TLR2 forms a dimer with either TLR1 or TLR6. The heterodimer TLR2/1 detects 
tris-acylated lipopeptides [64], whereas the TLR2/6 heterodimer detects bis-acylated 
lipopeptides [65], peptidoglycan (PG) [66] and zymosan. TLR2 is also able to recognize 
lipoteichoic acid (LTA) [67,68], lipoarabinomannan [69], mycobacteria [70,71], necrotic 
cells [72], heat shock protein (HSP)60 [73] and many others. The TLR2/6 heterodimer 
can be recruited to macrophages, followed by phagocytosis and detection of intracellular 
PG [74]. TLR2 is predominantly expressed by monocytes, macrophages, DC and 
neutrophils [75,76], whereas TLR1 and TLR6 are expressed by many different cell 
types [75]. TLR3 recognizes double-stranded RNA [77], is an intracellular receptor and 
is almost exclusively present in DC. TLR4 has been identified as the signal transducer 
for lipopolysaccharide (LPS) which is present in the Gram-negative bacterial wall [78]. 
For LPS recognition TLR4 requires other small molecules, such as CD14, MD2 and 
LPS-binding protein as well [79,80]. TLR4 also recognizes taxol [81,82], HSP60 [73,83], 
extra domain A (EDA) of fibronectin [84], saturated fatty acids [85] and many others. 
Monocytes, macrophages, endothelial cells, DC and neutrophils express TLR4 [75]. 
TLR5 recognizes flagellin and therefore flagellated bacteria [86,87] and is expressed 
on monocytes, DC and the surface of intestinal epithelial cells [75,86]. TLR7 is the 
receptor for single-stranded RNA [88] but also recognizes several compounds that are 
structurally related to nucleic acids, such as imidozoquinoline [89]. TLR8 recognizes 
the imidazoquinoline resiquimod (R-848) in the mouse, but not in human [90]. Both 
receptors are expressed by DC. TLR9 is the receptor for non-methylated CpG DNA 
[91]. Both TLR8 and TLR9 can not be found on the cell surface but are expressed 
intracellularly. No ligand has been identified for the other TLRs so far. Interaction 
of TLRs with PAMPs on pathogens indicates the presence of infection and initiates 
signaling cascades leading to inflammatory and immune responses [92-94].
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Peptidoglycan
PG is present in the cell walls of most bacteria; in Gram-positive bacteria PG consists of 
10-70 layers accounting for 30-70% of the total bacterial cell wall mass (Figure	2) [95]. 
In contrast, in Gram-negative bacteria PG consists only of 1 or 2 layers and accounts 
thus for only 10% of the total cell wall [96]. In Gram-positive bacterial walls LTA and 
teichoic acid (TA) are dispersed throughout the PG network. These structures partially 
stay in the PG layers after digestion and purification and are known ligands able to 
activate the TLR2. Completely surrounding the cell, the presence of PG stabilizes the 
cell wall of the bacteria and thereby functions to withstand the high intracellular 
pressure exerted by the cytoplasm [97]. Therefore PG is essential for the survival of 
bacteria. PG is composed of alternating N-acetyl glucosamine (GlcNAc) and N-acetyl 
muramic acid (MurNAc) residues forming long sugar chains that are interlinked by 
peptide bridges (stem peptides) resulting in a large, complex macromolecule (Figure	3). 
The glycan chain is conserved in all bacteria and the peptide bridges can be attached 
to each other directly or indirectly via interpeptide bridges, which vary in length and 
amino acid sequence between Gram-positive and Gram-negative bacterial strains 
[98]. Some stem peptides are only attached to the glycan chain and do not cross-link 
with other stem peptides. PG is insoluble in its native form, but can be enzymatically 
cleaved into smaller soluble portions by specific PG-degrading enzymes [99].  

Degradation of PG in human cells occurs by three different hydrolytic enzymes: 
lysozyme (N-acetylmuramidase), N-acetylglucosaminidase and N-acetylmuramyl-L-
alanine amidase (NAMLAA) (Figure	3). Lysozyme is able to cleave PG sugar chains, 
producing monomeric muramyl peptides. N-acetylglucosaminidase is capable of 
hydrolyzing free N-acetylglucosamine groups from the non-reducing ends of the PG 
backbone, which results in the release of monomeric muropeptides. Both enzymes 
cleave the β-1-4 glycosidic bond between GlcNAc and MurNAc or MurNAc and GlcNAc, 
respectively [100,101]. NAMLAA, also known as peptidoglycan-recognition protein 2 
(PGLYRP2) [102,103], hydrolyzes the lactamide bond between MurNAc and L-alanine 
at position 1 of the stem peptide [104]. Furthermore, other bacteriolytic enzymes, 

Figure 2. PG in Gram-negative and Gram-positive bacterial wall
PG	is	only	a	minor	component	of	the	Gram-negative	bacterial	wall,	but	a	major	cell	wall	component	of	Gram-positive	
bacteria.	Furthermore,	 in	the	Gram-negative	bacterial	wall	LPS	is	abundantly	present	and	in	the	Gram-positive	
bacteria LTA and TA are integrated in the PG network. Modified from www.palaeos.com. 
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such as endopeptidases, are able to degrade PG (for example by cleaving of PG at 
the interpeptide bridges). Bacterial PG is constantly being synthesized and degraded, 
processes during which PG components can be released. The sensitivity of PG for 
degradation by enzymatic activity is depending on the composition of the cell wall. When 
there is a high-degree of cross-linkage between the stem peptides, PG is more resistant 
to degradation. Furthermore, O-acetylated PG is more resistant to degradation than 
N-acetylated PG [105,106]. And finally, the presence of many TA and LTA molecules 
can partially inhibit degradation of PG. Thus, the extent of PG degradation depends on 
the structure of PG and on the presence of relevant bacteriolytic enzymes.
Surface expressed TLR2 is thought to mediate recognition of PG in the extracellular 
milieu. Recently, however, Travassos et	al concluded that non-PG contaminants of PG 
preparations (lipoproteins and LTA) are recognized by TLR2 [107]. During PG isolation 
it is difficult to remove LTA and TA components completely. In contrast, Dziarski 

Figure 3. PG structure in Gram-negative and Gram-positive bacteria
The	 structure	 of	 PG	 differs	 between	 Gram-negative	 and	 Gram-positive	 bacteria.	 PG	 is	 composed	 of	 the	 two	
alternating	sugar	residues	N-acetylmuramic	acid	(MurNAc)	and	N-acetylglucosamine	(GlcNAc),	which	are	connected	
via	stem	peptides	(A	and	B	left	panel).	Gram-negative	bacteria	contain	a	meso-diaminopimelic	acid	(mDAP)	residue	
at	position	three	of	the	stem	peptide,	whereas	in	most	Gram-positive	bacteria	an	L-lysine	is	present	at	that	position	
(A and B right panel). The arrows indicate cleavage-sites by specific enzymes. Cleavage results in the release 
of	PG	fragments	with	different	sizes	and	biological	activities.	Furthermore,	 the	structural	motifs	of	PG	that	can	
be	 recognized	 by	 intracellular	 nucleotide-binding	 oligomerization	 domain	 (NOD)	 receptors	 NOD1	 and	 NOD2	 are	
shown.	NOD1	detects	a	PG	structure	from	Gram-negative	bacteria.	NOD2	recognizes	structures	that	are	present	in	
both Gram-negative and Gram-positive bacteria. Modified from the site of Community College of Baltimore County 
(www.cat.cc.md.us)
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et	 al provided evidence that TLR2 is the true receptor for isolated Staphylococcus	
aureus PG [108]. Besides recognition in the extracellular milieu, bacteria can also be 
phagocytosed by antigen-presenting cells (APC). Degradation and subsequent release 
of PG components takes place inside the phagosomes. Furthermore, PG fragments 
can also be released during bacterial replication and infection. Released PG motifs are 
recognized by intracellular innate antigen receptors, as discussed below. Recognition 
of PG by the innate immune receptors is shown in Figure	4. 

NOD1 and NOD2 receptors
Nucleotide-binding oligomerization domain (NOD) proteins belong to the nucleotide-
binding site leucine-rich repeat (NBS-LRR) family (also called CATERPILLER [CARD, 
transcription enhancer, R- (purine-) binding, pyrin, lots of LRRs] family). Mammals 
have two closely related NOD family members -NOD1 and NOD2-, containing 1 or 
2 amino-terminal caspase-recruitment domains (CARDs), respectively. Both NOD1 
(CARD4) and NOD2 (CARD15) are intracellular PRRs containing three functional 
domains: a C-terminal leucine-rich repeat (LRR) domain serving as ligand-recognition 
domain, a centrally located nucleotide-binding domain, and an N-terminal protein/
protein interaction domain (CARD) involved in signaling [109]. CARD and nucleotide-

Figure 4. PG recognition by innate immune receptors
PG	is	present	in	the	cell	wall	of	Gram-positive	and	Gram-negative	bacteria.	Membrane-bound	TLR2/6	heterodimers	
recognize extracellular PG, recruit MyD88 adaptor molecules with the intracellular TIR domain and activate NF-κB. 
When bacteria are phagocytosed by antigen-presenting cells, PG is degraded into specific PG fragments. The 
minimal	motif	that	is	required	for	NOD2	recognition	is	muramyl	dipeptide	(MDP),	which	is	present	in	both	Gram-
positive	and	Gram-negative	PG.	Upon	stimulation	RIP2	 is	recruited	and	the	homophilic	CARD-CARD	interaction	
activates NF-κB followed by synthesis of proIL-1β. MDP can also be recognized by the Nalp3 inflammasome. Nalp3 
binds	 to	 CARDINAL	 and	 ASC	 and	 activates	 Caspase-1,	 which	 in	 turn	 cleaves	 proIL-1β	 thereby	 generating	 the	
pro-inflammatory IL-1β. Modified from Martinon and Tschopp, 2005 [134].
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binding site (NBS) domains are crucial for the activation of NF-κB. The C-terminal 
LRR domain might play a negative regulatory role in the activation of NF-κB [110] and 
is involved in the recognition of PG [111,112]. NODs are general sensors for both Gram-
positive and Gram-negative bacteria, but it appears that specific fragments of the PG 
structure are responsible for its pro-inflammatory properties. Interestingly, NOD1 and 
NOD2 are distinct and non-overlapping in their sensing specificity for PG fragments 
(Figure	 3). NOD1 specifically detects gram-negative specific, meso-diaminopimelic 
acid containing (mDAP type) PG, composed of the following muropeptide: GlcNAc-
MurNAc-L-ala-D-Glu-mDAP (GM-TriDAP) [113,114]. Even without the glycan backbone 
NOD1 is able to recognize PG via γ-D-Glu-mDAP, the minimal motif necessary for PG 
recognition by NOD1 [113,115]. However, γ-D-Glu-mDAP is not a naturally occurring 
bacterial product, whereas TriDAP is present in most bacteria. In contrast to NOD1, 
NOD2 recognizes PG from both Gram-positive and Gram-negative bacteria. The 
minimal motif necessary for NOD2 engagement is muramyl dipeptide (MDP) [112,116], 
but just as γ-D-Glu-mDAP, MDP can not be formed naturally. Furthermore, recognition 
of PG by NOD2 depends on the presence of MurNAc and therefore NOD2 is also able 
to recognize the naturally occurring GlcNAc-MurNAc-L-ala-D-Glu (GM-DP), which is 
present in both Gram-positive and Gram-negative bacteria. Upon stimulation with PG 
fragments, NOD proteins have been shown to regulate NF-κB activation [110,117,118] 
and to induce apoptosis [119]. This stimulation probably occurs through the serine/
threonine kinase RIP2 (also known as RICK or CARDIAK), thereby inducing the 
expression of pro-inflammatory mediators [120] and the induction of inflammation 
and atherosclerosis [121].
NOD1 is ubiquitously expressed in a variety of adult tissues [110,117], as opposed to 
NOD2 which has been found mainly in macrophages, DC, granulocytes and Paneth 
and epithelial cells of the intestine [118,122-124]. 
Interestingly, mutations in NOD2 have been shown to be associated with Crohn’s 
disease (CD) and Blau syndrome, both inflammatory diseases. A frame-shift mutation 
and two single nucleotide polymorphisms in the NOD2 gene were found to be associated 
with CD [125,126] and point mutations in the nucleotide-binding domain of NOD2 have 
been shown to cause Blau syndrome [127]. For most of the mutations, inactivation of 
NF-κB after stimulation with MDP is defective, which results in decreased production 
of pro-inflammatory cytokines. Hence, the putative involvement of these receptors is 
x-fold: 1) they recognize microbial antigens, 2) they recognize self-antigens that are 
released during tissue damage, 3) they are involved in production of inflammatory 
compounds and 4) they regulate cellular apoptosis.
In this thesis we have used PG derived from S.	aureus as described previously [99], 
which does not contain the motif required for NOD1 ligation but does contain the motif 
necessary for NOD2 ligation.
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Nalp3 / Cryopyrin
A third class of innate receptors that are able to detect microbial agents are the 
Nalps. These intracellular receptors are, like NOD1 and NOD2, NBS-LRR proteins. 
Nalp (NACHT, LRR and PYD domains) proteins contain a C-terminal LRR domain, a 
centrally located nucleotide-binding domain or NACHT (neuronal apoptosis inhibitor 
protein, CIITA, HET-E and TP1) and at the N-terminus, the protein-protein interaction 
domain PYD (pyrin domain). Already 14 Nalps have been identified in the human 
genome [128]. Because all Nalps contain an LRR domain, it is possible that Nalps are 
activated in a similar way as NODs through the LRR-dependent sensing of a specific 
molecular motif. Until now, only Nalp1, 3 and 5 have been studied extensively. Recently, 
Martinon et	al demonstrated that, similar to NOD2, MDP is the minimal structure 
that allows activation of the Nalp3 inflammasome [129], see Figure	4. Nalp3 is also 
known as PYPAF1/Cryopyrin/CIAS1. It binds PYCARD/ASC and activates caspase-1 
and NF-κB [130]. Caspase-1 is able to cleave pro-IL-1β thereby generating the mature 
pro-inflammatory IL-1β. Expression of Nalp3 is restricted to immune cells. Mutations 
in the NACHT domain of Nalp3 have been associated with hereditary fever syndromes 
and chronic inflammatory diseases [131-133]. Furthermore, Blau syndrome is 
caused by mutations in the nucleotide-binding domain/NACHT domain of NOD2 that 
correspond to mutation R260W in Nalp3. 
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General introduction

1
Outline of the thesis

The aim of this thesis is to assess whether bacterial PG is involved in atherosclerotic 
plaque initiation and progression. Chapter 2 reviews the determinants that are known 
to play an important role in atherosclerotic plaque development, notably inflammation, 
infection and the immune system. Furthermore, this chapter focuses on exogenous 
and endogenous ligands that are able to stimulate TLRs and the role of these ligands 
and both the TLRs and intracellular NOD receptors in the atherosclerotic process. In 
Chapter 3 systemic antibody levels against PG in serum of both patients with and 
without severe atherosclerotic disease are determined. Furthermore, possible relations 
between the immune response against PG and the extent of atherosclerotic disease are 
examined. In addition, in Chapter 4 this first clinical study is extended by postulating 
that the systemic antibody levels against PG might be prognostic determinants for 
the occurrence of cardiovascular interventions after coronary angioplasty. PG is a 
well-known TLR2/NOD ligand, but the role of TLR2 in vascular occlusive disease is 
still not well-defined. Chapter 5 assesses the hypothesis that TLR2 is involvement 
in development of atherosclerotic occlusive disease. The effect of TLR2 activation on 
production and secretion of pro-inflammatory cytokines and chemokines by vascular 
cells has been studied as well as the induction of TLR2 stimulation on intimal and 
atherosclerotic plaque formation in in	vivo mouse models. In human atherosclerotic 
lesions PG is mainly present in macrophage-rich atheromatous lesions. Macrophages are 
derived from blood-borne monocytes, and monocyte adhesion to activated endothelial 
cells is an important first event in the inflammatory response. Chapter 6 determines 
whether stimulation of primary human monocytes with TLR/NOD ligands promotes 
adhesion molecule expression, adhesion to endothelial cells under flow conditions and 
their subsequent migration. To elucidate whether TLR/NOD ligation is involved in 
lesion progression and development, we determined the effect of PG and Pam3Cys-SK4 
on plaque characteristics in advanced lesions. In Chapter 7 we determine whether 
local stimulation with PG promotes plaque development and stability after placement 
of non-constrictive polyethylene cuffs around the femoral arteries of atherosclerosis-
susceptible ApoE*3Leiden transgenic mice. PG is a ligand that can be recognized by 
intracellular NOD1 and NOD2 receptors after processing into small motifs. 
Chapter 8 assesses the hypothesis that NOD1 and NOD2 protein is expressed in 
human atherosclerotic plaques (Athero-Express). Furthermore, we determined 
whether NOD1 and NOD2 expression is related to plaque characteristics and MMP 
activity. Chapter 9 summarizes and discusses the results of the studies that have 
been described in the preceding chapters.
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ABStrACt

Innate immunity is the first line of defense against invading micro-organisms. The 
family of Toll-like receptors (TLRs) recognizes pathogen-associated molecular patterns 
(PAMPs) that are carried by the invading micro-organisms. Infectious pathogens have 
been implicated to play an important role in atherosclerosis. Nowadays, evidence is 
accumulating that TLRs play an important role in the initiation and progression of 
atherosclerosis too. A lot is known about the exogenous ligands that are able to activate 
the TLRs, but it is also known that endogenous ligands have the capacity to activate 
TLRs when exogenous ligands are absent. Studies on knockout mice, epidemiological 
studies and even human polymorphism studies confirmed the important role of TLRs 
in development and progression of atherosclerotic disease. Studies with antagonists 
against TLR ligands and vaccination studies demonstrated that TLR signaling might be 
a potential target for intervention in the initiation and progression of atherosclerosis.
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Atherosclerosis is a chronic inflammatory disease of the vascular wall. Besides 
inflammation, metabolism and haemodynamics play a key role in the initiation and 
progression of atherosclerotic disease [1]. Disease onset can be triggered by risk factors 
like hypertension, diabetes mellitus, or high plasma concentrations of low-density 
lipoprotein (LDL) cholesterol. Fatty streaks are the precursors to atherosclerotic lesions 
and develop already during early childhood [2]. Susceptibility to plaque formation is 
the greatest in vascular regions where haemodynamic strain is changed, such as 
curvatures. At these low-shear rate sites, the endothelial cells become activated and 
permeability, adhesion molecule expression on the endothelial surface and chemokine 
production increases. 

Modified lipoproteins and inflammation in atherosclerosis
Accumulation and modification of lipoproteins in the arterial intima initiate 
the development of atherosclerosis. The innate immune system responds to this 
accumulation, as shown by in	vitro cell culture experiments, and thereby participates 
in the atherosclerotic process. Modified lipoproteins are capable of inducing 
cytokine and chemokine expression, which are mediators of innate immunity [3,4]. 
Proteoglycan and protein-bound lipoprotein particles can undergo modifications, such 
as oxidation of the lipid or protein moieties, non-enzymatic glycation, and several 
forms of enzymatic modifications [5-7]. The secretion of cytokines and chemokines, in 
turn, will cause expression of adhesion molecules on the surface of endothelial cells. 
Sequentially, leukocytes, monocytes, lymphocytes, and platelets are able to adhere 
to the endothelial cells and migrate between them to enter the intimal layer of the 
vessel wall. Leukocyte/monocyte adhesion to activated endothelial cells is a multistep 
process [8,9]. Molecules that play an important role in leukocyte-endothelial adhesion 
include L-selectin (CD62L), E-selectin (CD62E), and P-selectin (CD62P), expressed 
by leukocytes, endothelial cells and platelets, respectively [10-13]. Furthermore, 
intercellular adhesion molecule-1 (ICAM-1/CD54) and vascular adhesion molecule-1 
(VCAM-1/CD106) expressed by the activated endothelium play an important role in 
firm adhesion of the leukocytes to the endothelial cells [14,15]. Once firmly adhered 
to the endothelial cells, leukocytes migrate into the underlying intima in response to 
chemoattractant stimuli [16]. If the monocytes become activated, and remain in the 
intimal layer, they mature into macrophages, take up oxidized lipids to become foam 
cells, and release a variety of inflammatory mediators. At this point, the fatty streak 
becomes an advanced, complicated lesion with a fibrous cap overlying a necrotic and 
calcified core [17,18]. Eventually, atheromatous lesions might rupture, resulting in 
thrombus formation that is able to block the arterial lumen, thereby causing myocardial 
infarction (MI) or stroke [1,17,18].

Immunity
Both inflammation and the immune system play an important role in the development 
and perhaps even destabilization of the atherosclerotic plaque. The immune system 
can be divided in innate and adaptive immunity. Innate immunity, also known as 
natural immunity, is the first line of defense against invading micro-organisms and 
is not very specific to the threatening situation but provides a rapid response against 
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the invading pathogens. Micro-organisms and pathogens carry pathogen-associated 
molecular patterns (PAMPs) that are recognized by pattern recognition receptors, 
including scavenger receptors (SRs) and Toll-like receptors (TLRs). Immune competent 
cells, such as monocytes, macrophages, dendritic cells (DC), and leukocytes recognize 
PAMPs, but also cell types like vascular endothelial cells have been shown to participate 
in innate immunity. Adaptive immunity, also known as acquired immunity, responds 
not as quickly as innate immune responses, but is highly specific and does result in 
long-lasting immunologic memory. In this adaptive immune response T-lymphocytes 
and B-lymphocytes play an important role. Furthermore, the uptake of modified 
lipoproteins might result in presentation of processed ligands to specific T-lymphocytes, 
therefore linking innate and adaptive immunity [19].

Evidence is accumulating that not only exogenous ligands are able to activate TLRs 
but that they can also be stimulated by endogenous ligands that are mostly produced 
during stress and cell damage. In this review we will focus on the role TLRs and their 
exogenous and endogenous ligands play in innate immunity and in the development 
of atherosclerotic disease. Since not only inflammation but also infection has been 
described to play an important role in development of cardiovascular disease, we will 
also discuss the role of infectious pathogens in atherosclerotic disease development.

toll-like receptors
The Toll receptor was first discovered in the fruit fly Drosophila	melanogaster [20]. In 
recent years, mammalian homologues of the Toll receptor have been identified, proteins 
that are now referred to as TLRs [21,22]. Both are transmembrane proteins that contain 
an extra-cellular ligand-recognition domain containing multiple leucine-rich repeats 
(LRR domain), a trans-membrane domain, and intra-cellular Toll interleukin-1 (IL-1) 
receptor signaling domain (TIR domain). TLRs play an important role in both our 
innate and acquired immune systems. They are involved in responses to infection and 
in development of sepsis and inflammatory bowel disease [23]. 
All TLRs share homology in their cytoplasmic TIR domains [21,24] and to date, eleven 
TLRs have been identified in mammals [25]. TLRs can be divided in 5 subfamilies, 
based on their genomic structure and their primary amino acid sequence; the TLR2, 
TLR3, TLR4, TLR5, and TLR9 subfamilies [24]. The TLR2 subfamily is composed of 
TLR1, TLR2, TLR6, and TLR10. TLR1 and TLR6 form heterodimers with TLR2. The 
homology among these receptors is high, more than 69% similarity in overall amino 
acid sequence, especially in the transmembrane and cytoplasmic domain [26]. The 
TIR domains of both receptors share over 90% identity. All TLR2 family members have 
the same genomic structure; all of the coding sequences are located in one exon. TLR3 
is composed of five exons, but the protein is encoded by exons 2 through 5. The TLR4 
gene has four exons and, in addition, the TLR5 gene consists of five exons. Both are 
encoded by only one or two exons. The TLR9 subfamily is composed of TLR7, TLR8, and 
TLR9. These family members are encoded by two exons [27,28]. TLR7 and TLR8 show 
almost 73% similarity in their amino acid sequences and more than 42% identity. 
TLRs recognize PAMPs on the surface of pathogens such as Gram-positive and 
Gram-negative bacteria, fungi and viruses. TLR2 and TLR4, in particular, recognize 
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a broad range of surface molecular patterns. From the TLR2 it is known that upon 
ligand binding a dimer is formed with either TLR1 or TLR6. The heterodimer TLR2/1 
detects tris-acylated lipopeptides [29], whereas the TLR2/6 heterodimer detects bis-
acylated lipopeptides [30], peptidoglycan (PG) [31] and zymosan. The TLR2 is also 
able to recognize lipoteichoic acid (LTA) and lipoarabinomannan [32]. The TLR4 has 
been identified as the signal transducer for lipopolysaccharide (LPS) which is present 
in the Gram-negative bacterial wall [33]. TLR4 also recognizes taxol [34], saturated 
fatty [35] acids and many others. TLR3 recognizes double-stranded RNA [36], TLR5 
recognizes flagellin [37], and TLR7 is the receptor for single-stranded RNA [38], but 
also recognizes several compounds that are structurally related to nucleic acids such 
as imidazoquinoline [39]. TLR9 is the receptor for non-methylated CpG DNA [40]. TLR8 
recognizes the imidazoquinoline resiquimod (R-848) in the mouse, but not in human 
[41]. No ligand has been detected for the other TLRs so far. TLR3, TLR8 and TLR9 
are intracellular TLRs, the others are transmembrane receptors. Interaction of TLRs 
with PAMPs on pathogens indicates the presence of infection and initiates signaling 
cascades leading to inflammatory and immune responses [24,42,43]. 

toll-like receptor signaling
After binding to a ligand intracellular signaling adaptors are recruited to the TLR. 
Binding of these adaptors to the TIR domain of the TLR is the first step of intracellular 
signaling [42,44,45]. The intracellular TLR signaling pathway is depicted in Figure	1. 
To date, four adaptor proteins, MyD88 (myeloid differentiation factor 88), TIRAP/MAL 
(TIR-associated protein/MyD88 adaptor-like), TRIF (Toll Receptor-associated activator 
of Interferon), and TRAM (Toll receptor-associated molecule) have been shown to be 
able to bind the TIR domain of TLRs. MyD88 is utilized by all the TLRs, except TLR3 
as shown in MyD88 knockout mice where the TLR3 ligand double-stranded RNA is 
able to induce Nuclear Factor-κB (NF-κB) activation. On binding to their ligands, 
TLRs recruit MyD88 to the receptor complex, which is then joined by IL-1R-associated 
protein kinase 1 (IRAK-1), IRAK-4 and tumor necrosis factor receptor−associated factor 
6 (TRAF6). IRAK-1 and TRAF6 then dissociate from this complex and associate with 
another complex composed of transforming growth factor-β−activated kinase (TAK-1) 
and TAK-1 binding proteins 1 and 2. TAK-1 is activated, which in turn activates the 
IκB kinase (IKK) complex. The kinase activity of this complex is modulated by its IKKγ 
subunit, the transcription factor NF-κB essential modulator (NEMO). IKK-mediated 
phosphorylation of IκB leads to its ubiquitination and degradation, thereby unmasking 
the nuclear localization domain of NF-κB. After its translocation into the nucleus, NF-
κB activates multiple pro-inflammatory genes, including tumor necrosis factor (TNF), 
IL-1 and IL-6. The molecular mechanisms underlying regulation at practically all 
these steps are not well-understood and are under intense investigation. TIRAP/MAL 
was identified to be involved in the MyD88-dependent pathways of TLR2/1, TLR2/6, 
and TLR4 but not other TLRs. The MyD88-independent adaptor molecule TRIF is 
essential for the TLR3 and TLR4 signaling, leading to the production of interferon-β 
(IFN-β) and the activation and maturation of DC. Furthermore, TRAM has been shown 
to be involved specifically in TLR4-, but not TLR3-mediated, MyD88-independent 
IFN-β production. So, most TLRs activate the MyD88-dependent pathway, resulting 
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in transcription of NF-κB, but some TLRs use different adaptor molecules. TLR4 
activation results in recruitment of all four adaptor molecules to the receptor complex, 
whereas TLR3 activation is entirely dependent on TRIF. 

exogenous ligands involved in atherosclerotic disease
The role of TLRs in innate immunity is well described, especially the role that LPS 
plays in inflammation and atherosclerotic plaque development. LPS, also known as 
endotoxin, is a glycolipid that is present in the outer wall of Gram-negative bacteria. 
Even in healthy individuals LPS can be detected in the plasma. Several observations 
suggest that this exogenous TLR4 ligand could be pro-atherogenic. Presence of LPS 
in inflammatory cells, such as monocytes and macrophages, and endothelial cells 
causes upregulation of adhesion molecule expression, production of cytokines 
and superoxide, loss of endothelial monolayer integrity and barrier function, and 
apoptosis [46] thereby confirming that LPS is able to cause vascular inflammation 
and endothelial dysfunction. PG is present in the cell wall of most bacteria; in large 
amounts it can be found in Gram-positive bacteria and only in small amounts in 
Gram-negative bacteria. Stimulation of the TLR2 by PG results in production and 
secretion of pro-inflammatory cytokines, like IL-1, IL-6 and TNF-, by monocytes and 
macrophages. Zeuke et	al investigated whether TLR stimulation on human coronary 

Figure 1. TLR ligation and intracellular signaling pathways
Schematic	representation	of	proteins	involved	in	the	signaling	pathway	after	TLR	ligation.	TLRs	can	be	activated	
by	either	exogenous	or	endogenous	ligands.	Upon	ligand	binding	TLRs	recruit	intracellular	signaling	adaptors	to	
their	receptor-signaling	domain.	Four	adaptor	molecules	have	been	shown	to	bind	the	TIR	domain	of	TLRs,	resulting	
in activation and nuclear translocation of NF-κB. NF-κB activates pro-inflammatory cytokines, like IL-6, IL-1β	
and TNF-, increases expression of adhesion molecules such as ICAM-1, VCAM-1 and E-selectin, and increases 
chemokine release (MCP-1 and IL-8). Modified from Takeda and Akira, 2004 [43].



	

	

35Peptidoglycan in atherosclerotic plaque formation and vulnerability 
Manon Oude Nijhuis 

Exogenous/endogenous ligands and atherosclerosis

2

artery endothelial cells could increase cytokine and adhesion molecule expression on 
the surface. Stimulation of the TLR4 by LPS results in enhanced secretion of IL-6, IL-8, 
and monocyte chemoattractant protein-1 (MCP-1) and upregulation of ICAM-1, VCAM, 
and ELAM-1 [47]. Furthermore, stimulation of TLR2 by LTA and AraLam and TLR4 
stimulation by Escherichia	coli-LPS, purified E.	coli-LPS and Neisseria	meningitidis-
LPS on human blood monocytes results in high expression of mRNA and increased 
protein synthesis of MCP-1 and MIP-1 [48]. Genetically altered mice studies showed 
that a decrease in expression of MCP-1 will result in decreased lesion formation in 
atherosclerosis-susceptible hypercholesterolemic mice [49]. MCP-1 attracts leukocytes 
bearing the chemokine receptor CCR-2, principally mononuclear phagocytes, and plays 
an important role in leukocyte spreading on the endothelial surface and leukocyte 
migration [50]. 

In addition, in	 vivo after cuff placement local activation of TLR4 by LPS augments 
neointima formation, whereas in mice with a defective TLR4, LPS application results 
in a smaller neointima than in the wild type strain [51]. Furthermore, outward arterial 
remodeling in the TLR4 defective mice is significantly less as compared to the wild 
type mice both after cuff placement around the femoral artery and LPS application 
(outward arterial remodeling with neointima formation) or carotid ligation (outward 
arterial remodeling without neointima formation), suggesting that TLR4 plays an 
important role in outward arterial remodeling [52]. Outward arterial remodeling also 
occurs in the absence of the exogenous TLR4 ligand LPS. Since an upregulation of 
endogenous ligands, such as heat shock protein 60 (HSP60) and Extra Domain A (EDA) 
of fibronectin, can be found in the arterial wall, TLR4-involvement in the absence of 
exogenous ligands might be dependent on stimulation by these endogenous ligands. 
Injections of LPS in rabbits on hypercholesterolemic diets and in Apolipoprotein E-
deficient (ApoE-/-) mice increased the rapid development of atherosclerotic disease 
[53,54]. Michelsen et	 al demonstrated that TLR4 knockout mice crossed onto the 
ApoE background show significantly reduced atherosclerotic lesion development 
[55]. Furthermore, in hyperlipidemic mice lacking expression of MyD88, early 
atherosclerosis is significantly reduced [56]. In those mice macrophage recruitment to 
the arterial wall is decreased resulting in reduced chemokine levels. In contrast, there 
are also data suggesting that pathogens do not play a role in atherogenesis. Wright et	
al showed previously that in germ free mice atherosclerosis is not different from mice 
with ambient microbial challenge. These results seem to disagree with a possible role 
for TLRs in atherogenesis [57]. However, Wright and colleagues did not quantify the 
amount of plaque present in the arteries and did not look at plaque phenotype but 
only looked at plasma cholesterol and triglyceride levels and extent of free cholesterol 
or cholesteryl ester accumulation in the aorta.
 
In human atherosclerotic plaques, elevated mRNA and protein levels of TLR1, TLR2 and 
TLR4 have been found [58,59]. In those atherosclerotic plaques, expression of TLR2 
and TLR4 has been described in macrophages and endothelial cells. TLR2 and TLR4 
expression by endothelial cells in normal arteries is low, but is significantly increased 
in endothelial cells lining atherosclerotic lesions [58]. Xu et	al showed that TLR4 is 
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expressed in lipid-rich, macrophage-infiltrated atherosclerotic lesions of mice and 
humans [59]. They also found that OxLDL induces upregulation of TLR4 expression 
in human monocyte-derived macrophages. And although Edfeldt et	al demonstrated 
that in both the macrophages and endothelial cells TLR2 and TLR4 colocalizes with 
NF-κB, this does not prove that in that particular situation stimulation of the TLR 
causes NF-κB activation. Therefore, it would be important to identify TLR ligands in 
atherosclerotic lesions. 
Bacterial PG has been detected in atherosclerotic plaques that reveal an inflammatory, 
unstable phenotype [60]. In those plaques, the presence of PG has been associated 
with the presence of macrophages. In a recent study, Travassos et	al concluded that 
non-PG contaminants of PG preparations (lipoproteins and LTA) are responsible for 
recognition by TLR2 and that PG detection is more likely to occur through nucleotide-
binding oligomerization domain (NOD)2 (CARD15), an intracellular protein [61]. NOD2 
is a general sensor for both Gram-positive and Gram-negative bacteria, through the 
recognition of muramyl dipeptide, the minimal motif found in all PGs. In contrast to 
NOD2, NOD1 (CARD4) specifically recognizes DAP-type PG, which is present in all 
Gram-negative bacteria. Since Dziarsky et	al, in response to the study by Travassos, 
demonstrated that Staphylococcus	aureus PG can be recognized by TLR2, the issue 
about which receptors recognize PG is still a matter of debate.
As in many diseases, gene polymorphisms play an important role in the atherosclerotic 
process as well. The TLR4 polymorphism Asp299Gly is a single nucleotide polymorphism 
in the TLR4 gene, resulting in an amino acid substitution in the extracellular domain 
of the receptor. Due to decreased ligand signaling, this polymorphism declines the 
capacity of the innate immune system to elicit an inflammatory reaction [62]. In a 
retrospective study, 810 persons were screened for the presence (55 persons) or absence 
of this Asp299Gly polymorphism [63]. During 5-year follow-up, the persons with the 
polymorphism had a lower risk of developing carotid atherosclerosis as compared to 
individuals with wild type TLR4 (odds ratio 0.54; 95% confidence interval 0.32-0.98). 
Furthermore, the individuals with the Asp299Gly TLR4 allele revealed less common 
carotid intima-media thickness. In a case-control study, among 216 controls and 
183 patients with acute coronary syndromes, the presence of the Asp299Gly allele 
was associated with a decreased risk of acute coronary events (odds ratio 0.41; 95% 
confidence interval 0.18-0.95) [64]. The results of both studies suggest that the presence 
of the TLR4 polymorphism protects against the progression of atherosclerosis. In 
contrast, Edfeldt et	al found that among 852 cases and 1054 controls the Asp299Gly 
genotype was associated with an increased risk of MI in men (odds ratio 1.4; 95% 
confidence interval 1.0-1.9) [65]. Other groups did not find significant associations 
between Asp299Gly and atherosclerosis. Zee et	al reported no association with risk 
of atherothrombosis, MI or stroke [66]. In a study among 293 patients with familial 
hypercholesterolemia the Asp299Gly polymorphism has no impact on the progression 
of atherosclerosis [67]. In accordance, Yang et	 al found no significant difference 
between the genotype frequencies and the number of coronary arteries with >50% 
stenosis [68]. 
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endogenous ligands
As already mentioned, antigen-presenting cells, like macrophages and DC, express 
TLRs, but also human endothelial cells have been shown to express TLR4 and low 
levels of TLR2. Human adventitial fibroblasts express a functional TLR4 as well. All 
these cells are able to produce a variety of cytokines after TLR stimulation. In the 
human atherosclerotic plaque, expression of TLR2 and TLR4 has been described in 
macrophages and the endothelial cells. But the question that remains is; which ligands 
are able to activate TLRs in the arterial wall? 
A lot is known about the exogenous ligands that can activate the TLRs, but it is also 
known that endogenous ligands are able to activate TLRs when exogenous ligands 
are absent. These endogenous ligands for TLR4 are mostly produced during stress 
or cell damage. The best-described endogenous ligands for TLR4 are HSP60 [69], 
EDA [70], and to a lesser extend also hyaluronan [71], and biglycan [72]. The ligands 
HSP60, EDA and hyaluronan have previously been associated with arthritic [73] and 
oncological disease [74], and biglycan is found in septic lungs [75] and fibrogenesis [76] 
which have, like in atherosclerotic disease, local inflammation and matrix turn-over 
in common. Since no exogenous ligands are necessary for development of murine 
atherosclerosis [57], the endogenous TLR4 ligands may play a potential role in the 
development and progression of atherosclerosis. 
EDA levels are elevated in plasma of ApoE-/- mice and EDA mRNA levels are increased 
during, TLR4-dependent, outward remodeling. Furthermore, in ApoE-/- mice lacking 
EDA, atherosclerotic lesion areas are reduced, lesions are thinner and lipid content of 
foam cells is lowered compared to lesions in animals that do express EDA fibronectin 
[77]. Heat-shock proteins are highly conserved molecules that participate in protein 
folding and assembly, and are crucial for correct transportation of proteins through 
the cell. Heat-shock protein synthesis is dramatically increased during cellular stress. 
The LPS-hyporesponsive C3H/HeJ mice strain, possessing a nonfunctional TLR4 
owing to a point mutation in the TLR4 gene, is resistant to human HSP60-induced 
macrophage activation, which suggests a role for TLR4 in cellular activation by human 
HSP60 [69].  
EDA is an extra domain of fibronectin incorporated by alternative splicing of fibronectin 
mRNA, which occurs during cell injury. EDA is able to induce the production of 
interleukins [78]. Okamura et	al showed that EDA is capable of activating NF-κB via 
TLR4 [70]. Similar to LPS and HSP60, the response to EDA is blunted in C3H/HeJ 
cells. Hyaluronan is one of the major glycosaminoglycans of the extracellular matrix. 
During inflammation, hyaluronan is rapidly degraded and degradation products are 
able to activate DC via TLR4 [71]. Biglycan belongs to the family of small, leucine-
rich repeat proteoglycans and interacts with fibrillar collagens, thereby modulating 
the organisation of the extracellular matrix. The leucine-rich repeats of biglycan 
protein facilitate protein-protein interactions. In addition, biglycan is able to bind 
SRs and the endocytic mannose receptor. Schaeffer et	al demonstrated that biglycan 
interacts with TLR4 and to a lesser extent with TLR2 in macrophages [72] and is able 
to increase MyD88-dependent activation of NF-κB, resulting in expression of TNF- by 
macrophages, followed by recruitment of more macrophages that are able to produce 
biglycan. In turn this biglycan is able to stimulate TLR2 and TLR4 resulting in a feed-
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forward cycle. Biglycan has been shown to be present in murine atherosclerotic plaques 
[79] and human coronary lesions [80]. In addition, biglycan in human atherosclerotic 
plaques co-localizes with ApoE and ApoA-I which are characteristics of atherosclerotic 
disease [81]. It should be recognized, however, that recent publications have revealed 
that the endogenous TLR ligands often suffer from LPS contaminations.
The aforementioned endogenous ligands for TLR4 may be expressed when cells 
undergo pathological cell death or are damaged and may thereby subsequently result 
in inflammation and an immune response [69-71]. As endogenous ligands can also 
trigger TLR4, it is possible that this receptor plays a role in atherosclerotic lesion 
development in the absence of pathogens. Following vascular injury or functional 
arterial remodeling, expression of pro-inflammatory proteins may be essential for 
vascular repair. To understand their potential role in atherogenesis, it remains to be 
determined how expression and release of endogenous TLR-ligands is regulated. 

Infectious pathogens and atherosclerosis
A number of infectious agents have been proposed as a potential cause of atherosclerotic 
disease since the late 1800s and early 1900s. Agents that have been implicated in 
atherosclerosis are cytomegalovirus (CMV), herpes simplex virus (HSV), Helicobacter	
pylori and Chlamydia	pneumoniae [82,83]. Exposure to these organisms occurs early 
in life. However, literature shows a lot of conflicting data regarding the association 
between these infectious pathogens and atherosclerotic disease or cardiovascular 
events. And therefore it is difficult to draw conclusions regarding their role in disease 
pathogenesis. 
CMV is a member of the herpes virus group, which includes HSV 1&2 and Epstein-
Barr virus, and is a virus that infects most people world-wide. This virus is able to 
remain dormant within the body over a long period. CMV has been associated with an 
increased risk in atherosclerotic disease and a prior CMV infection has been linked to 
increased risk of restenosis after percutaneous coronary angioplasty [84]. There are, 
however, conflicting data about antibody responses against CMV and development 
of atherosclerosis. In a population-based cohort study Sorlie et	al showed that high 
antibody levels against CMV correlate with an increased risk of coronary artery 
disease (CAD) during a 5-year follow-up [85], whereas Ridker et	al could not find any 
association between antibodies against CMV or HSV and MI or stroke after 12-year 
follow-up in a prospective, nested case-control study [86]. 
H.	pylori is a spiral-shaped Gram-negative bacterium that is known to cause infection 
of the stomach. Ameriso et	al found that H.	pylori is present in carotid atherosclerotic 
lesions [87] and Pieniazek showed that H.	pylori infection increases the risk of CAD 
[88]. In contrast, Tsai et	al demonstrated that H.	pylori seropositivity is not associated 
with several coronary risk factors in either cases or controls [89]. A meta-analysis 
of 18 epidemiological studies involving over 10000 patients failed to demonstrate a 
significant association between H.	pylori infection and CAD [90]. Furthermore, Menge 
et	al stated in a review that data regarding the association between H.	pylori infection 
and CAD are inconclusive and need further investigation [91]. 
In addition, several studies have shown that infectious burden (number of microbial 
infections) is associated with the extent of atherosclerotic disease and risk for 
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cardiovascular death [92,93]. With respect to a potential role for infectious agents in 
the development of atherosclerotic disease C.	pneumoniae has been the best-described 
pathogen. C.	 pneumoniae is an intracellular Gram-negative bacterium and C.	
pneumoniae infection is ubiquitous and common in young adults, but has the highest 
incidence in the elderly. It is transmitted by respiratory aerosol transmission and 
causes 5-10% of all community-acquired pneumonia or bronchitis. The presence of C.	
pneumoniae in atherosclerotic lesions has been detected by PCR, immunocytochemical 
staining, immunofluorescence, and in situ hybridization. Gibbs et	 al reviewed 17 
studies on the detection of C.	pneumoniae and found that it is present in 303 of 597 
(50.8%) atherosclerotic lesions versus 5 of 131 (3.8%) specimen without atherosclerosis 
[94]. Of 18 seroepidemiological studies performed before 1997, most of them show 
a positive association between C.	pneumoniae antibodies and coronary disease, as 
reviewed by Danesh et	al [82]. Most of these studies are cross-sectional or case-control 
studies. Danesh also performed a meta-analysis of 15 prospective studies published 
through May 2000 [95]. Again they found a positive correlation between C.	pneumoniae 
infection and atherosclerotic disease, but the odds ratio found in this study was a lot 
lower than found in their first study (1.15 compared with 2.0). This was confirmed 
by Bloemenkamp et	al who showed in a meta-analysis that the odds ratio for cross-
sectional or case-control studies is higher than that of prospective studies [96]. These 
more recent data suggest that a strong causal relationship, as postulated by the first 
studies investigating the correlation between C.	pneumoniae and atherosclerosis, is not 
very likely. Therefore it is still not known whether C.	pneumoniae is able to induce the 
atherosclerotic process, might play a role in progression of the disease, or just simply 
is an innocent bystander that does not contribute to atherosclerotic development. The 
use of antibiotics effective against C.	pneumoniae could be an important treatment 
option. Some small studies showed beneficial effects of anti-chlamydial antibiotics 
on outcomes of MI or angina pectoris [97]. Unfortunately, these studies are often too 
small and the treatments too short to show convincing evidence. The WIZARD study 
is a large, randomized trial that includes patients with previous MI and elevated C.	
pneumoniae titers. In this study a 3-month course of azithromycin shows no beneficial 
effects on secondary cardiac events after a median follow-up of 14 months [98]. 
Another large trial, Azithromycin and Coronary Events Study (ACES), showed similar 
negative results [99,100]. This is supported by a study by Gieffers et	al showing that 
C.	pneumoniae are able to survive within monocytes treated with high-dose, but short 
duration, azithromycin [101]. Andraws et	al performed a meta-analysis on the effects 
of antibiotic therapy on the outcome of patients with CAD [102]. They found that there 
is no overall benefit of anti-chlamydial antibiotic therapy in reducing mortality or 
cardiovascular events in patients with CAD. The failure to improve clinical outcome 
by treatment with anti-chlamydial antibiotics does not exclude C.	 pneumoniae as 
a potential etiology of acute coronary events, but suggests that a single course of 
treatment might be ineffective over a lifetime of a patient or that C.	pneumoniae are 
resistant to treatment. 
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targeting the innate immune system as a treatment of atherosclerosis
Excess stimulation of host cells by bacterial LPS causes the pathogenesis of Gram-
negative septic shock. This stimulation leads to expression and release of pro-
inflammatory marker genes, which in turn can initiate events leading to systemic 
toxicity. However, cells that are part of the innate immune system respond to initial 
exposure of LPS to defend the host from a Gram-negative infection. It has been reported 
that TLR4-derived signaling pathways are differentially modulated by fatty acids [103]. 
Epidemiological and biochemical studies have shown that different types of dietary 
fatty acids can modify the risks of many chronic diseases, such as atherosclerotic 
diseases, cancer and inflammatory diseases. Unfortunately, the molecular and cellular 
mechanisms by which dietary fatty acids exert such effects are not well understood. 
As already mentioned, TLR4 is the LPS receptor and it has been demonstrated that 
LPS responsiveness can be determined by activation of NF-κB and expression of 
cyclooxygenase 2 (COX-2). It has been demonstrated that saturated fatty acids (SFAs), 
but not unsaturated fatty acids (UFAs), induce NF-κB activation and expression of 
COX-2 and other inflammatory markers in macrophages. 
To prevent LPS toxicity, some research groups have investigated the effects of using 
a receptor antagonist to block activation of cells. Lipid A is the unique fatty-acylated 
diphosphorylated diglucosamine portion of LPS that is a common element of LPS from 
most pathogenic bacteria and is mainly responsible for the toxic effects of LPS [104]. 
Therefore, antagonism of the interaction of lipid A with target cells is an attractive 
target for the treatment of sepsis, septic shock or other indications. Addition of the first 
lipid A analogue, E5531, to blood in	vitro and in	vivo, inhibited LPS but the activity of 
the analogue decreased as a function of time, due to interaction of E5531 with plasma 
lipoprotiens [105]. Mullarkey et	al described the activity of E5564, a second-generation 
LPS antagonist derived from the structure of R.	sphaeroides [106]. Compared with 
E5531, E5564 is structurally and synthetically less complex, and has even superior 
activity and pharmacological characteristics. In	vivo studies showed that administration 
of low doses E5564, also known as eritoran, into human volunteers and animals 
results in extremely active eritoran when co-administered with LPS, but its activity 
decreases shortly after ending the infusions [107]. Still, eritoran is inactivated more 
slowly than E5531, suggesting that eritoran may be  a more pharmacological effective 
antagonist of LPS [106]. In a study performed by Rossignol et	al healthy volunteers were 
injected with high doses of eritoran. The majority of eritoran bound to high-density 
lipoproteins and for up to 72 hours after injection, the ex	vivo response of blood to 
LPS was inhibited by ≥85% [108]. In	vitro analyses revealed that eritoran is inactivated 
by high-density lipoproteins, but not by low-density, very low-density lipoproteins, or 
albumin. Eritoran has also been used in a phase II clinical trial. Patients with severe 
sepsis were randomized to receive a high dose eritoran, a low dose eritoran, or placebo. 
Twenty-eight-day all-cause mortality in the high dose group was reduced compared 
to placebo. 

Vaccination against atherosclerosis
Atherosclerosis is an inflammatory disease in which the immune system plays an 
important role too. The role for immunity and therefore immune cells in atherosclerosis 
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suggests important similarities to autoimmune disorders, such as arthritis, lupus, 
and multiple sclerosis [109]. A lot of research has been done on the effect of vaccination 
on development and progression of autoimmune disorders and it has been shown 
that autoimmune diseases can be prevented by pretreatment with vaccines [110]. So, 
the next important question is whether vaccination might prevent atherosclerosis as 
well.
As already discussed autoantigens like HSP60 and OxLDL play an important role 
in atherosclerosis. Furthermore, autoantibodies against these autoantigens have 
been shown to be associated with atherosclerosis. Therefore, in	 vivo experiments 
were performed to investigate the effect of active immunization of naïve animals with 
these antibodies. The idea is that immunization will result in a specific immune 
response that is able to attenuate atherosclerosis. Several studies showed the effect of 
immunization with malondialdehyde (MDA)-LDL and OxLDL on atherogenesis. George 
et	al demonstrated that immunization of ApoE-/- mice with MDA-LDL for 12 weeks at 
2-week intervals results in high titers of anti-MDA-LDL antibodies and atherosclerotic 
lesion size at the aortic sinus is significantly lower as compared with littermates 
that are immunized with PBS [111]. Immunization of hypercholesterolemic rabbits 
with homologous LDL at the start of a cholesterol-rich diet and at 3 weeks results 
in increased levels of antibodies against LDL at 16 weeks and significantly reduced 
atherosclerotic lesions in the proximal aorta [112]. In addition, Palinski et	al immunized 
LDL receptor-deficient rabbits with homologous MDA-LDL, which generates high-titers 
of autoantibodies and results in reduction in the extent of atherosclerotic lesions in the 
aortic tree after 6.5 months [113]. All these studies suggest that an immune response 
to modified LDL protects against the development of atherosclerosis. 
In contrast, there are also conflicting results. Increased levels of antibodies against 
OxLDL predicted progression of carotid atherosclerosis in a case-control study among 
60 Finnish men [114] and predicted MI occurrence and mortality in a prospective 
nested case-control study among 50-year-old men that were followed for 20 years 
[115].
It has been postulated that immunization with OxLDL results in production of two 
different antibodies; pathogenic antibodies, that are able to promote atherosclerosis, 
and autoantibodies, which have a protective role in atherosclerosis. These antibodies 
can be cleared as autoantibody-antigen complex instead of accumulating in the arterial 
wall. Shaw et	al were able to isolate monoclonal antibodies to epitopes of MDA-LDL 
and OxLDL that could inhibit the uptake of OxLDL by macrophages and antibodies 
that could bind apoptotic cells and inhibit their phagocytosis by macrophages [116]. 

DC are able to induce innate and adaptive immune responses. Binding to pathogens 
triggers maturation of DC. This is followed by secretion of cytokines and chemokines 
by the DC that recruit innate cells such as macrophages and neutrophils to the site 
of infection. The dendritic cells migrate to draining lymph nodes, where they activate 
and expand antigen-specific T-lymphocytes, cells that are part of the adaptive 
immune system. Activated T-lymphocytes migrate to the site of inflammation, clear 
the infection and give rise to memory. CD4+ T-lymphocytes can be divided in Th1 and 
Th2 cells that counterbalance each other. Th1 cells induce macrophage activation, 
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promote inflammation by secreting IFN-γ and Th1 differentiation can be promoted by 
IL-12, IL-23 and IL-27 [117]. Th2 cells suppress inflammation and reduce activity of 
macrophages via secretion of anti-inflammatory cytokines such as IL-4, IL-5, IL-10 
and IL-13 [117]. TLR ligands generally induce antigen-presenting cells to produce IL-
12 and therefore favor Th1-type adaptive immune responses. DC that are activated 
with imiquimod and R848 (both TLR7 ligands) switch from an immature to a mature 
phenotype and induce CD4+ T-lymphocyte differentiation into Th1 cells mediated by 
IL-12 and IFN- [118]. However, MyD88-deficient mice fail to generate Th1-type immune 
responses to Mycobacterium	tuberculosis, which can activate TLRs such as TLR2 and 
TLR4, whereas Th2 responses are completely preserved [119]. Re et	al demonstrated 
that TLR4 stimulation by LPS induces the production of IL-12 p70 and interferon 
gamma-inducible protein (IP)-10, which both are associated to Th1 responses [120]. In 
contrast, TLR2 stimulation by PG fails to induce the production of IL-12 p70 and IP-10 
but does result, however, in the release of IL-12 inhibitory p40 homodimer, producing 
conditions that are predicted to favor Th2 development. Lauw et	al performed a study 
in which healthy volunteers received an intravenous injection of LPS [121]. After 3-6 
hours whole-blood production of Th1 cytokines IFN-γ and IL-2 is significantly reduced 
while production of Th2 cytokines IL-4 and IL-5 is slightly increased. So, LPS exposure 
influences lymphocyte cytokine production, resulting in a shift from a Th1 toward a 
Th2 cytokine response. Some studies found that LPS has no effect on Th2 responses 
[122] and since that discovery it appeared that the dose and timing of LPS exposure 
are critical determinants. When LPS is used at a low dose, it causes allergen-specific 
Th2 responses and increases levels of IL-4, IL-5 and IL-13, whereas high dose LPS 
induces a Th1 response [123]. 
Emeson showed that deletion of CD4+ and CD8+ T-lymphocytes reduces fatty streak 
formation in C57BL/6 mice [124]. Furthermore, as shown by Zhou et	al atherosclerosis 
is enhanced after transfer of CD4+ T-lymphocytes from atherosclerotic ApoE-/- mice 
into apoE-/- × SCID-/- immunodeficient mice, indicating a pro-atherogenic role of 
T-lymphocytes [125]. The transplanted cells produce high levels of IFN-γ, suggesting 
a Th1-related pro-atherogenic effect. Some studies suggest that Th2-driven immune 
responses may be athero-protective. In mouse models a switch towards Th2-driven 
immunity is associated with production of protective OxLDL antibodies [126]. In ApoE-
/- mice antibodies against MDA-LDL are associated with reduced atherosclerotic lesion 
size [111,112]. 
So, although consistence exists on the fact that Th1 cells in general are pro-atherogenic 
and Th2 cells anti-atherogenic, the effect of TLR ligands on the balance between Th1 
and Th2 is less clear. Some TLR ligands and in certain doses cause athero-protective 
Th2 responses, whereas exposure to other ligands might cause Th1 responses inducing 
atherosclerotic development.
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Summary
Infectious pathogens have been implicated to play an important role in atherosclerosis. 
However, literature shows a lot of conflicting data regarding the association between 
these infectious pathogens and atherosclerotic disease or cardiovascular events. Data 
of studies performed before 1997 show positive correlations between C.	pneumoniae 
infection and coronary disease, whereas studies performed at later time points suggest 
that a causal relationship between C.	 pneumoniae and atherosclerosis, is not very 
likely.
Besides infection, exogenous and endogenous ligands of the TLRs, and therefore 
the signaling pathway elicited via TLRs, play an important role in innate immunity 
and atherosclerosis. Already 11 TLRs have been found and, in addition, for most of 
the TLRs the ligands have been identified. Some TLRs need to form dimers before  a 
signaling cascade can be initiated. These activated intracellular signaling cascades 
may result in protection of the host. Extensive investigations showed that a number 
of endogenous molecules, such as EDA of Fibronectin and HSP60, may be important 
activators of the immune system resulting in induction of pro-inflammatory cytokine 
production by monocytes and macrophages. These endogenous molecules are able to 
mediate these effects via TLR stimulation comparable to TLR stimulation by LPS and 
bacterial lipoproteins. Some studies however reported that the endogenous ligands are 
a result of contaminated pathogens. Therefore, the role of these endogenous ligands 
has to be studied more intensively in mice. 
Manipulation of the effects of infectious agents or of the TLR signaling pathways might 
be important as therapy for human disease, but still there are considerable risks 
associated with such manipulations. TLR agonists might be used as vaccines and 
antagonists of these ligands might improve prognosis of septic patients. Unfortunately, 
the other side of the coin might be that these agonists are able to increase atherosclerotic 
development. Since it has been found that TLR polymorphisms protect against the 
progression of atherosclerotic disease, in the future the genotype of patients will be an 
important factor in determining the best therapy for the patient. Future studies will 
continue examining the mechanisms of disease development and eventually might lead 
to the discovery of new targets to intervene in the development of atherosclerosis.
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ABStrACt

Objective: Atherosclerosis may lead to acute clinical events by rupture of a vulnerable 
atherosclerotic plaque. Previously, we demonstrated that peptidoglycan (PG), a 
major cell wall component of Gram-positive bacteria that induces production of pro-
inflammatory cytokines through Toll-like receptor 2 (TLR2) or nucleotide-binding 
oligomerization domain (NOD) receptors, is prevalent in atherosclerotic lesions with 
histological features associated with plaque vulnerability. We hypothesized that in 
atherosclerotic patients antibody levels against PG may differ compared with matched 
controls. 
Methods and results: ELISA was performed to measure immunoglobulin levels 
against PG in sera of 80 atherosclerotic patients versus 77 control patients with an 
increased cardiovascular risk, frequency-matched for age, sex and risk factors for 
atherosclerotic disease. In all patients and controls intima-media thickness was 
assessed using an array transducer. Significantly lower levels of IgM directed against 
PG were found in atherosclerotic patients compared with the controls without clinically 
manifest disease (p=0.02). The IgM levels against PG decreased with increasing mean 
common carotid intima-media thickness (p=0.006).
Conclusions: These results show that patients suffering from atherosclerotic disease 
have decreased IgM antibody levels against PG. The data suggest that an antibody 
response against PG could have a protective effect against the development or activity 
of atherosclerotic disease.   
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INtrODUCtION

Atherosclerosis is a chronic inflammatory disease [1]. During the inflammatory 
response mediators such as chemokines, cytokines and growth factors are released. 
These mediators are able to recruit inflammatory cells such as T-lymphocytes and 
macrophages to the site of injury [2]. 
Peptidoglycan (PG) may promote chronic inflammation at non-mucosal sites [3]. This 
antigen is present in the cell walls of most bacteria and is the major constituent 
(30-70%) of Gram-positive cell walls. PG surrounds the cell and gives strength to 
withstand the turgor pressure exerted by the cytoplasm. During gram-positive 
infections, PG can activate granulocytes [4] and upregulate the expression of adhesion 
molecules on endothelial cells [5]. PG can induce polyclonal antibody formation in 
peripheral blood mononuclear cells of healthy donors dependent on the presence of 
T-lymphocytes and monocytes [6]. Furthermore, PG is able to induce production of 
pro-inflammatory cytokines such as interleukin (IL)-1, IL-6 and tumor necrosis factor 
(TNF)- by monocytes/macrophages in	vitro through engagement of Toll-like receptor 2 
(TLR2) [7,8] or nucleotide-binding oligomerization domain (NOD) receptors [9,10]. These 
macrophages are crucial in lipid metabolism and the development of atherosclerotic 
lesions [11]. Recently, we demonstrated that PG is present in atherosclerotic plaques with 
histological features of a vulnerable plaque phenotype [12]. Furthermore, PG may play 
a role in the pathogenesis of rheumatoid arthritis, which also is a chronic inflammatory 
disease [13,14]. In view of the postulated functional roles of antibodies against self 
antigens in atherosclerosis, we hypothesized that levels of antibodies directed against 
PG may be different in atherosclerotic patients as compared to matched controls. In 
the present study, we determined systemic antibody levels against PG in patients with 
severe atherosclerotic disease and compared these levels to those in a control group 
without clinically manifest disease. Furthermore, we examined a possible relation 
between the immune response against PG and the extent of atherosclerotic disease 
using duplex wall thickness measurements of the carotid artery.

MethODS 

Patients
All patients were participants of the Second Manifestations of ARTerial disease 
(SMART) study; an ongoing, single-center, prospective cohort study of approximately 
3500 patients referred to the University Medical Center Utrecht for the first time 
because of atherosclerotic vascular disease or treatment of atherosclerotic risk factors 
[15]. The study was approved by the ethics committee of the University Medical Center 
Utrecht, and written informed consent was obtained from all participants. 
Eighty atherosclerotic patients that fulfilled all of the following three criteria were 
selected: 1- a history of clinically manifest atherosclerotic disease, 2- atherosclerotic 
disease at the time of hospital-entry AND 3- one cardiovascular risk factor (hypertension, 
diabetes mellitus or hyperlipidemia). Patients were additionally screened for the 
presence of clinically silent atherosclerotic lesions in the carotid and femoral arteries 
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and aorta using three approaches. First, atherosclerotic luminal narrowing in the 
femoral artery was evaluated by measuring the ratio of the systolic blood pressure 
measured at the ankle to the systolic blood pressure measured in both arms (ankle-
brachial pressure index, ABPI). When patients had a lowered ABPI (≤0.9) they were 
classified having silent atherosclerosis. Second, stenosis of the common and internal 
carotid arteries was measured bilaterally with Doppler-assisted duplex scanning. 
When carotid stenosis exceeded 70%, patients were diagnosed having clinically silent 
atherosclerosis. Third, ultrasonography of the abdomen was performed to measure 
the anteroposterior juxtarenal diameter and the distal anteroposterior diameter of 
the aorta. When distal anteroposterior diameter ≥3 cm or ≥1.5 times anteroposterior 
juxtarenal diameter, patients were diagnosed having clinically silent atherosclerosis. 
Seventy-seven controls from the SMART study were frequency-matched for sex, age and 
one of three major risk factors (hypertension, diabetes mellitus and hyperlipidemia). 
These controls did neither reveal clinically evident nor silent atherosclerosis. 

Isolation of PG from human intestinal flora
PG was prepared from faeces of a healthy subject [16]. In short, homogenized faeces 
was filtrated and centrifuged for 45 minutes at 5,000 g. Four volumes of 96% ethanol 
were added and after 2 h the precipitate was centrifuged for 15 min at 5,000 g. 
After dissolving in Milli-Q the suspension was centrifuged for 1 h at 100,000 g. Size 
exclusion chromatography was done on the clear supernatant using dilutions of 15-60 
mg/30 ml. Collected fractions containing carbohydrates but no proteins were pooled, 
dialyzed and lyophilized. About 50 mg PG could be retrieved from 100 g of faeces. This 
represents a full representation of the multitude of bacterial species occurring in the 
normal intestinal flora. Since the PG structure varies from one bacterial species to 
another, PG derived from the full flora provides a broad range of PG structures.

Enzyme-linked	immunosorbent-assay	(ELISA)	for	anti-PG	immunoglobulin	level
The direct ELISA with faeces PG coated to microtiter wells to measure anti-PG antibody 
level has been developed and validated previously [14,17]. As a reference for calculating 
antibody levels against PG, a pooled standard serum (≈500 bloodbank donors) selected 
for high anti-PG reactivity was used. In microtiter plates 50 μl 10 μg/ml PG diluted in 
PBS was coated overnight at 50˚C. 100 μl serum diluted in PBS/Tween 0.2% was added 
and incubated for 1 h at 37˚C. Dilutions of 1:400, 1:1600 and 1:200 were used for IgM, 
IgG and IgA measurements, respectively. Peroxidase conjugated rabbit anti-human 
IgM, IgG or IgA (Jackson Immunoresearch, Inc., Westgroove, PA) diluted in PBS/Tween 
0.2% was used as  secondary antibody during 1 h at 37˚C. The development of the 
colorimetric assay took place in the dark for 10-20 min after the addition of 100 μl of 
substrate with ortho-phenylene diamine/H2O2. The reaction was stopped by adding 50 
μl 4 M H2SO4. Optical density was measured at 492 nm. On each plate the standard 
serum was included and the background absorption of the conjugate was tested in 
duplicate. Levels of antibodies were expressed as a ratio calculated as follows:
ratio = ODsample–ODbackground/ODstandard serum–ODbackground
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Total	immunoglobulin	determination
To examine whether total immunoglobulin concentrations were in the normal range total 
IgM and IgG concentrations of all patients were measured using immunonephelometry 
according to routine and validated clinical chemistry protocols.
 
Risk	score
Previously, a risk score based on data of pre-existing disease and risk factors available 
in the SMART cohort (SMART risk score) was developed and validated by comparing 
the SMART risk score to the Framingham risk score and the EPOZ risk score [18]. The 
three risk scores strongly correlated with each other. Single points were given for male 
gender, age, cardiovascular risk factors, and history and presence of cardiovascular 
disease, to a maximum of 24 points (Table 1). If more than two risk indicators were 
missing, the risk score was classified as missing (n=9 patients). If two or fewer risk 
indicators were missing, the missing indicator was given 0 points (n=1 patient). 

Intima-media	thickness	measurement
In all patients intima-media thickness (IMT) was measured in the left and right 
common carotid arteries as a measure for the extent of atherosclerosis. Arteries were 
examined in anterolateral, posterolateral and mediolateral direction using an ATL 
Ultramark 9 machine (Advanced Technology Laboratories, Bethel, WA) equipped with 
a 10 MHz linear array transducer. The intima-media surface of the selected area was 
calculated on-line using built-in software of the ultrasound system. The mean IMT of 
the six measurements in each patient was calculated. Investigators who performed the 
ELISAs were blinded for the outcome of IMT measurements.

Statistical	analysis
A Mann-Whitney test was used to compare the ratios of IgM, IgG and IgA measured in 
the PG-ELISA of the atherosclerotic patients and the controls versus standard serum. 
All patients and controls were divided into quartiles on the basis of IMT or SMART risk 
score. Differences in IgM levels against PG between the quartiles were measured with 
one-way ANOVA and Tukey post hoc multiple comparisons. All values are presented as 
mean ± standard error of mean (SEM). A p-value of <0.05 was considered significant.
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reSULtS

Systemic antibody level against PG in atherosclerotic patients
The study population consisted of 80 atherosclerotic patients (40 males, 40 females; 
mean age 60, range 31-79) and 77 sex-, age and risk factor-matched controls without 
clinically manifest disease (38 males, 39 females; mean age 58, range 32-76). Forty, 
34 and 6 atherosclerotic patients entered the hospital with (a)symptomatic carotid 
stenosis, peripheral arterial disease and abdominal aortic aneurysm, respectively. 
Furthermore, 5, 7 and 68 atherosclerotic patients suffered from hypertension, diabetes 
mellitus and hyperlipidemia, respectively. In Table 2, the baseline characteristics of the 
study population are presented. The ELISA results show that atherosclerotic patients 
have significantly lower IgM antibody levels against PG compared to control patients 
(0.527 ± 0.037 versus 0.630 ± 0.039, p=0.02). No differences were observed in IgG and 
IgA antibody levels against PG in atherosclerotic patients compared to control patients 
(0.400 ± 0.023 versus 0.348 ± 0.023, p=0.1 for IgG and 0.853 ± 0.074 versus 0.932 ± 
0.079, p=0.4 for IgA, respectively). Total IgM and IgG immunoglobulin concentrations 

Indicator Points
Demographic characteristics 
 Male gender 1
 Age ≥ 30 1
 Age ≥ 40 1
 Age ≥ 50 1
 Age ≥ 60 1
 Age ≥ 70 1
  
Risk factors 
 Body mass index ≥ 30 1
 Smoking, current or past 1
 Hyperlipidemia * 1
 Medication for indication hyperlipidemia 1
 Hyperglycemia † 1
 Medication for indication hyperglycemia 1
 Hypertension ‡ 1
 Medication for indication hypertension 1
  
History of vascular disease 
 Angina pectoris 1
 Myocardial infarction 1
 Transient ischemic attack or stroke 1
 Carotid endarterectomy 1
 Intervention on leg arteries § 1
 Aortic aneurysmectomy 1
  
Existing vascular disease 
 Peripheral arterial disease || 1
 Internal carotid artery stenosis ≥ 50% ¶ 1
 Abdominal aortic aneurysm # 1
 Renal failure **  1

Table 1. SMART risk score based on pre-existing vascular disease and risk factors
*  Total cholesterol ≥ 6.5 mmol/l, triglycerides ≥ 2.3 mmol/l, or HDL-cholesterol ≤ 1.0 mmol/l
†  Fasting serum glucose ≥ 7.0 mmol/l or non-fasting serum glucose ≥ 11.1 mmol/l
‡  Systolic pressure ≥ 160 mmHg or diastolic pressure ≥ 95 mmHg
§		 Every	vascular	intervention	on	the	aorta,	iliacal,	femoral	and	crural	arteries
|| Resting ABPI ≤ 0.90 or post exercise ABPI decreasing ≥ 20% in at least one leg
¶  Peak systolic velocity >150 cm/s corresponding with diameter reduction ≥ 50% on at least one leg
#  Distal anteroposterior diameter ≥ 3 cm or ≥ 1.5 times the anteroposterior juxtarenal diameter
**  Serum creatinine > 120 μmol/l or microalbuminuria > 20 mg/mmol
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of the control patients were not significantly different from atherosclerotic patients 
(1.26 ± 0.07 g/l versus 1.09 ± 0.07 g/l, p=0.1 and 9.93 ± 0.34 g/l versus 10.13 ± 0.28 
g/l, p=0.6, respectively). Furthermore, no relation between IgM, IgG and IgA antibody 
levels against PG and age was observed (p=0.07, p=0.9 and p=0.2, respectively). In the 
same patient cohort at another time point, measurement of IgM antibody levels against 
PG could be reproduced (0.711 ± 0.055 versus 0.860 ± 0.057, atherosclerotic patients 
versus control patients, p=0.03).  For repeat experiments both primary optical density 
readings as well as ratio of patient over reference signals were ranked for all patients. 
No differences between the experiments were observed in the rankings, demonstrating 
that the experiments were comparable and the data reproducible.

Antibody titers against PG in relation to IMt and SMArt risk score 
Figure	1 presents the association between common carotid IMT and IgM antibody level 
against PG in all patients and controls. The cut-off values of the IMT run from 0.05 cm 
to 0.06 cm in quartile 1, from 0.07 cm to 0.09 cm in quartile 2, from 0.10 cm to 0.12 
cm in quartile 3 and from 0.13 cm to 0.15 cm in quartile 4. The IgM level against PG 
decreased with increasing mean IMT (p=0.006); the p for trend is 0.008.

The decrease was significant between the first and third and between the first and 
fourth quartile (p=0.02 and p=0.004, respectively). After normalization of the specific 
IgM response against PG to the total IgM response, a decrease could still be observed 
with increasing IMT (p=0.009). During the repeat measurements these data could be 
reproduced. The IgM antibody level against PG decreased with increasing mean IMT 

Characteristics of the study population Controls Atherosclerotic
  patients
Total number 77 80
Age (years) 58 60
Women (%) 49 50
Body mass index (kg/m2) 26 26
Smoking (%) 29 50
  
Mean common carotid intima-media thickness (mm) 0.78 1.04
SMART risk score 6.77 9.96

Table 2. Characteristics of the study population

Figure 1. IgM antibody level against peptidoglycan in relation to common carotid intima-media 
thickness
The	IgM	antibody	level	against	PG	decreased	with	increasing	IMT	(R2=0.0537, p=0.006, p for trend is 0.008). The 
decrease was significant between the first and third and first and fourth quartile. *p=0.02 and **p=0.004
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(p=0.001). Between the first and third and between the first and fourth quartile, this 
decrease was again significant (p=0.01 and p=0.009, respectively).

Figure	2 demonstrates the relationship between IgM antibody levels against PG and 
the SMART risk score in all patients and controls. The IgM antibody level against PG 
decreased with increasing SMART risk score (p=0.003); the p for trend is < 0.001. The 
significant decrease in IgM antibody levels against PG was due to significant differences 
between the first and second, first and third and between the first and fourth quartiles 
(p=0.003, p=0.003 and p<0.001, respectively). Again after normalization of the specific 
IgM response against PG to the total IgM response, the IgM response decreased with 
increasing SMART risk score (p=0.02).

DISCUSSION

Previously we have demonstrated that the bacterial cell wall component PG is present 
in atherosclerotic plaques [12]. Since individual systemic immunoglobulin isotypes 
are involved in the process of immune exclusion, i.e. prevention of redistribution of 
microbial antigens from the mucosa to other sites in the body [19], we hypothesized 
that atherosclerotic patients may differ from matched controls in their levels of 
antibodies directed against PG. We indeed observed that atherosclerotic patients had 
a significantly lower systemic IgM antibody level against PG than control patients 
closely matched for risk factors, but comparable IgG and IgA. In addition, the level 
of IgM antibodies against PG negatively correlated with common carotid IMT and a 
risk score for atherosclerotic disease, suggesting a functional relationship. The results 
show that there is no statistically significant difference in total IgM concentration. 
There was however a trend towards a decrease in total IgM in atherosclerotic patients 
as well as a trend toward a decrease in IgM levels against PG with age. Since these 
trends might partly explain the lowered IgM PG titers we also normalized the specific 
IgM to the total IgM. After normalization a decrease in IgM antibody levels could still 
be observed with increasing common carotid IMT and SMART risk scores.
There are three obvious interpretations of these findings: First, the decrease in antibody 
levels to PG in atherosclerotic patients might be due to a generalized depression of 
antibody levels. However, as mentioned earlier, even after correction for total IgM the 

Figure 2. IgM antibody level against peptidoglycan in relation to SMART risk score
The	SMART	risk	score	showed	an	inverse	relation	with	IgM	antibody	levels	against	PG	(R2=0.0834, p=0.003, p for 
trend is <0.001). Differences were significant between the first and second, first and third and first and fourth 
quartiles *p=0.003, **p=0.003 and ***p<0.001
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difference in IgM levels against PG among groups was still evident. Second, decreased 
IgM antibody levels against PG might be explained by decreased exposure to the 
antigen. This possibility is hard to address, but seems unlikely with respect to the 
ubiquitous nature of PG, being present at high level in all Gram-positive bacteria 
and low level in Gram-negative bacteria to which we are continuously exposed at all 
mucosa, including the healthy intestinal and skin flora. The unaltered levels of IgG 
and IgA specific for PG also argue against this option. Third, the decreased IgM levels 
may reflect an increased consumption of anti-PG IgM antibodies, caused by binding 
to intact bacteria or cell wall fragments with subsequent immune complex formation 
and enhanced removal. 
To our knowledge, this is the first study that has examined the relationship between 
the presence of immunoglobulins against PG and atherosclerosis. Other studies also 
demonstrated significantly lower titers of IgM against oxidized LDL (OxLDL), a key 
autoantigen with neo-epitopes, in patients with a history of atherosclerosis, as well 
as negative associations between levels of IgM OxLDL antibodies and IMT [20,21]. 
Another study indicated that low IgM and IgG antibody levels against OxLDL may 
be associated with the presence of major risk factors for developing atherosclerotic 
disease [22]. These results support the concept that a lowered antibody response to 
pro-inflammatory antigens like PG or OxLDL may be causally related with the activity 
of atherosclerotic disease. 
In a few other studies, immunization with OxLDL was found to be correlated with 
inhibition of the progression of atherosclerosis. In mice and rabbits, it has been 
demonstrated that immunization with OxLDL leads to increased immunoglobulin 
levels and immunization with both OxLDL and HSP-65 inhibits progression of 
atherosclerosis [23,24]. Furthermore, Caligiuri et	 al suggest that protection from 
atherosclerosis is associated with specific antibody responses to OxLDL, developing in 
the spleen [25]. This is further supported by Witztum and coworkers who reported that 
IgM antibodies reactive to phosphorylcholine are deposited in atherosclerotic lesions, 
can recognize OxLDL and block its uptake by macrophages [26]. These results suggest 
that an immune response against (auto)antigens has a protective effect against the 
development of atherosclerotic lesions. In this study we showed the opposite, a lowered 
immune response to the antigen PG is associated with more pronounced atherosclerotic 
disease. While OxLDL and HSP65 are auto-antigens, PG is the first exogenous antigen 
that shows a negative correlation between specific IgM and atherosclerotic activity. 
However, the role of the immune system in the pathogenesis of atherosclerosis is 
complex [27]. Therefore, we can not conclude that all increased antibody responses 
are protective, while decreased antibody responses are pro-atherogenic. 
In atherogenesis, the earliest changes are observed in the subendothelial matrix where 
fatty streaks develop with the invasion of monocytes, T-lymphocytes and smooth 
muscle cells. The fatty streak progresses into an advanced lesion with necrotic core 
formation that is covered by a fibrous cap. Eventually a plaque can rupture, leading 
to unstable coronary syndromes or myocardial infarction (MI). Previously, we studied 
PG expression in advanced lesions [12] and demonstrated that PG is present in lesions 
with an inflammatory and vulnerable plaque phenotype. In this study we found that 
in atherosclerotic patients the IgM antibody levels against PG are significantly lower 
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compared to the controls, suggesting that the presence of PG is associated with a 
decreased IgM antibody titer against PG. It is unknown whether the results of the 
present study can be applied not only to advanced lesion formation but also to the 
early stages of atherosclerotic disease. It is highly likely that any control population 
will also hide early stage atherosclerotic lesions so this answer will probably be given 
by post mortem studies in which non-atherosclerotic segments need to be investigated 
for the presence of PG.
Other research groups showed previously that PG may play a role in the pathogenesis 
of rheumatoid arthritis, which also is a chronic inflammatory disease [13,14]. In these 
studies rheumatoid arthritis patients had significantly lower systemic IgG antibody 
levels against PG compared to healthy controls. 
Previous studies suggest that an association exists between chronic infection with 
Chlamydia	pneumoniae and manifestations of coronary heart disease (CHD) [28,29]. 
C.	 pneumoniae has been found within atherosclerotic tissues and high-titer IgG 
antibodies against C.	pneumoniae are associated with an increased risk of CHD death 
and MI [30]. Furthermore, few studies have suggested there is a strong correlation 
between Helicobacter	pylori infection and adverse cardiovascular events or systemic 
inflammation markers [31,32]. Most attention has been paid to the potential role of 
Gram-negative bacteria, like C.	 pneumoniae, in atherogenesis and the occurrence 
of adverse events. The present observation suggests that the role of Gram-positive 
bacteria and their most recognized ligand, PG, needs to be taken into account when 
the role of bacterial load in atherogenesis is discussed.
In summary, in atherosclerotic patients systemic IgM antibodies against the pro-
inflammatory antigen PG are significantly lower compared to controls with increased 
cardiovascular risk but without clinically manifest disease, perhaps due to preferential 
downregulation of the IgM antibody response. This result supports the idea that 
immune modulation may affect the progression of atherosclerotic disease. Further 
studies are required to assess which mechanism underlies lower IgM antibody levels, 
and whether IgM directed against PG is beneficial for example by reducing its access 
to plaques. 
This is a cross-sectional study. Therefore, this study cannot exclude the possibility that 
the decrease in IgM antibody levels against PG is a consequence of the atherosclerotic 
process itself. To show that the levels of IgM antibody titers against PG are preceding 
the atherosclerotic process and thereby contribute to atherosclerosis, prospective 
studies need to be performed.
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Appendix

Smart studygroup

The SMART Study Group consists of:
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Magnus Institute for Neurosciences, Department of Neurology

P.A.F.M. Doevendans, MD, PhD, Department of Cardiology

B.C. Eikelboom, MD, PhD, Department of Vascular Surgery

Y. van der Graaf, MD, PhD, Julius Center for Health Sciences and Primary Care

D.E. Grobbee, MD, PhD, Julius Center for Health Sciences and Primary Care

L.J. Kappelle, MD, PhD, Department of Neurology

H.A. Koomans, MD, PhD, Department of Nephrology

W.P.Th.M. Mali, MD, PhD, Department of Radiology

F.L. Moll, MD, PhD, Department of Vascular Surgery
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ABStrACt

Objective: Peptidoglyan (PG) is a membrane compound of bacteria that is known to 
induce production of pro-inflammatory cytokines through ligation of innate immune 
receptors. Previously, we demonstrated that in atherosclerotic patients systemic IgM 
antibody levels against PG are significantly lower compared to control patients and 
that common carotid intima-media thickness is inversely related with anti-PG IgM 
levels. Therefore, in the present study, we examined systemic antibody levels against 
PG as a prognostic determinant of cardiovascular outcome in patients undergoing 
coronary angioplasty. 
Methods and results: A prospective case-cohort study was conducted in 655 patients, 
admitted for elective coronary angioplasty. Cases (N=136) were patients with a first 
cardiovascular event during a median follow-up time of 2.6 years (range 0.4-4.6). A 
total of 101 patients served as controls. ELISA was performed on serum collected 
at time of coronary angioplasty to measure immunoglobulin levels against PG. The 
risk of a first cardiovascular event during follow-up was not associated with IgM, IgG 
and IgA levels against PG, both unadjusted and adjusted for gender, age, diabetes, 
hypertension and hyperlipidemia. 
Conclusion: In patients undergoing coronary angioplasty, systemic IgM, IgG and 
IgA antibody levels against pro-inflammatory PG are not prognostic determinants of 
cardiovascular outcome.
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INtrODUCtION

Atherosclerosis is a vascular disease that is characterized by local inflammatory cells 
and increased systemic markers for inflammation [1]. Atherosclerosis starts with 
damage to the endothelial lining of the blood vessels that attracts monocytes to the 
site of injury [2]. The monocytes migrate into the arterial wall and differentiate into 
large lipid-laden macrophages under the action of cytokines and chemokines [3]. A 
self-sustaining reaction is initiated when the resident macrophages, T-cells and mast 
cells release cytokines and chemokines that recruit and activate more inflammatory 
cells [4]. 
Biomarkers for the occurrence of adverse cardiovascular events have been studied 
extensively, including antibodies against bacterial antigens like Chlamydia	pneumoniae 
[5]. C.	pneumoniae has the capacity to initiate and propagate inflammation in ways 
that contribute to atherosclerosis. 
Previously, we found that the antigen peptidoglycan (PG) is prevalent in atherosclerotic 
lesions with an inflammatory unstable phenotype [6]. The presence of PG was mainly 
observed in macrophage-rich regions. In addition, we demonstrated in atherosclerotic 
patients that systemic IgM antibody levels against PG are significantly lower compared 
to control patients and that common carotid intima-media thickness is inversely 
related with anti-PG IgM levels [7].
PG is present in the cell walls of most bacteria. It is the major constituent of Gram-
positive bacteria (30-70% of the cell wall mass) and is also present in Gram-negative 
bacterial walls but to a smaller extent (only 10% of the cell wall) [8]. PG surrounds 
the cell, providing strength to withstand the turgor pressure exerted by the cytoplasm 
and is able to induce production of pro-inflammatory cytokines such as interleukin 
(IL)-1, IL-6 and tumor necrosis factor (TNF)- by monocytes/macrophages in	 vitro 
[9,10] through engagement of Toll-like receptor 2 (TLR2) [11], nucleotide-binding 
oligomerization domain (NOD) receptors [12] or Nalp3/cryopirin [13]. 
Our previous results raised the question whether a deficient immunological response 
to PG is functionally or indirectly related to atherosclerotic disease. In support of this 
notion, in an in	vivo mouse-model we found that TLR2 ligation is capable of inducing 
neointima formation [14]. Therefore, in the present study we examined systemic 
antibody levels against PG as a prognostic determinant of cardiovascular outcome 
after coronary angioplasty.

MAterIAL AND MethODS

The study was approved by the Institutional Review Board of the University Medical 
Center Utrecht. Written informed consent was obtained from all patients. The 
procedures followed were in accordance with the institutional guidelines and the 
investigation conforms to the principles outlined in the Declaration of Helsinki. 

Patients
A prospective case-cohort study was performed within the “Second Manifestations 
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of ARTerial disease (SMART) study”. The latter study is an ongoing prospective 
cohort study conducted at the University Medical Center Utrecht [15]. At enrolment, 
medical history is recorded with a standardized questionnaire, and height, weight, 
and blood pressure are measured. Blood and urine samples are taken. Information 
on occurrence of new fatal or non-fatal cardiovascular disease and cardiovascular 
interventions during follow-up is obtained by contacting the patients every six months 
with a questionnaire. Follow-up for this study ended March 1, 2003.

For the purpose of the present study, we used a case-cohort design. Cases and non-
cases originated from a study performed by Koerselman et	al in which the presence and 
extent of coronary collaterals as long-term prognostic determinant of cardiovascular 
outcome was examined [16]. The study population consisted of 655 patients, who were 
admitted for elective percutaneous transluminal coronary angioplasty (PTCA) and 
took part in SMART between January 1, 1998 and July 8, 2002. For the control group, 
a 20% random sample of 131 of the 655 patients (20%) was selected. Cases consisted 
of all patients in whom a cardiovascular event occurred during follow-up, in total 
152 patients, 25 of whom had also been selected in the random sample. The baseline 
angiographic data for 258 patients who underwent PTCA were retrieved (131 + 152 - 25 
= 258). From 237 patients blood samples were available. Therefore, in this study data 
are shown for 136 cases and 101 non-cases. 

Cardiovascular	outcome
In the present study, we determined whether specific antibody levels against PG are 
predictive for adverse cardiovascular outcome in atherosclerotic patients undergoing 
coronary angioplasty. Therefore, we defined adverse cardiovascular outcome as a 
composite of cardiovascular death, non-fatal myocardial infarction (MI), non-fatal 
stroke, or any cardiovascular intervention. The adverse outcome of interest was 
defined as the first cardiovascular event occurring during follow-up. In case potential 
outcomes of interest occurred, additional information was collected from either the 
patients’ specialist or general practitioner. 

Cardiovascular death was defined as fatal cerebral infarction, fatal MI, sudden death, 
or fatal rupture of an abdominal aortic aneurysm. Non-fatal MI was defined by at least 
two out of the three following characteristics present: 1) ischemic chest pain of ≥ 30 
min duration, 2) an increase in MB-fraction of creatine kinase to more than twice the 
upper level of normal and 3) characteristic changes on the electrocardiogram consistent 
with the diagnosis. Non-fatal stroke was defined as focal brain injury persisting for 
more than 24 hours, combined with an increase in handicap of at least one point 
on the Rankin Scale. A cardiovascular intervention was defined as any coronary 
artery bypass grafting (CABG), PTCA, carotid endarteriectomy, or revascularization 
(surgical or with percutaneous transluminal angioplasty [PTA]) of the aorta or one of 
its branches, or of the iliac, femoral, or crural arteries [15]. All events were reviewed 
by three members of an independent Clinical Event Committee for final diagnosis and 
classification, and coded as described previously. If an event was classified differently, 
consensus was obtained. 
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Isolation of PG from human intestinal flora
PG from faeces of a healthy subject was prepared as described previously [17]. In 
short, faeces was homogenized, filtrated and centrifuged for 45 min at 5000 x g. 
Four volumes of 96% ethanol were added to one volume of supernatant. After 2 h 
the precipitate was centrifuged for 15 min at 5000 x g. The pellet was dissolved in 
Milli-Q, the suspension was centrifuged for 1 h at 100000 x g and the supernatant was 
collected. Size exclusion chromatography was done on the clear supernatant using 
dilutions of 15-60 mg/30 ml. Collected fractions containing carbohydrates but no 
proteins were pooled, dialyzed and lyophilized. From 100 g of faeces about 50 mg PG 
could be retrieved by this procedure. Preparation of PG from faeces using this method 
gives a representation of the multitude of bacterial species occurring in the normal 
intestinal flora. Since the PG structure varies from one bacterial species to another, 
PG derived from the full flora provides a broad range of PG structures.

Enzyme-linked	immunosorbent-assay	(ELISA)	to	measure	anti-PG	level
To measure anti-PG antibody levels in serum an ELISA was performed. This direct 
ELISA has been developed and validated previously [18]. In microtiter plates 50 µl, 10 
µg/ml PG diluted in PBS was coated overnight at 50ºC. One hundred µl serum diluted 
in PBS/Tween 0.2% was added to the wells and incubated for 1 h at 37ºC. Dilutions of 
1:400, 1:1600 and 1:200 were used for IgM, IgG and IgA measurements, respectively. As 
detecting antibody peroxidase conjugated rabbit anti-human IgM, IgG or IgA (Jackson 
Immunoresearch, Inc., Westgroove, PA) diluted in PBS/Tween 0.2% was used during 1 
h at 37ºC. After washing three times, development of the colorimetric assay took place 
in the dark for 10-20 min after the addition of 100 µl of substrate with ortho-phenylene 
diamine/H2O2. The reaction was stopped by adding 50 µl 4 M H2SO4. Optical density 
was measured at a wavelength of 492 nm. As a reference for calculating antibody 
levels against PG, a pooled standard serum (≈ 500 bloodbank donors) selected for high 
anti-PG reactivity was used. On each plate this standard serum was included and the 
background absorption of the conjugate was tested in duplicate. Levels of antibodies 
were expressed as a ratio calculated as follows: 
ratio = ODsample–ODbackground/ODstandard serum–ODbackground

Data-analysis
First, the associations between IgM, IgA and IgG antibody levels (as continuous 
variables) against PG and cardiovascular outcome were quantified with the unweighted 
Cox proportional-hazards model by Prentice, particularly suitable to analyze case-
cohort data and hazard ratios with robust 95% confidence interval are presented. A 
two-sided p-value<0.05 was considered statistically significant. This weighted method 
is incorporated in a SAS macro written by Barlow and Ichikawa, and made available 
through Statlib on the Internet http://lib.stat.cmu.edu/general/robphreg [19]. 
Subsequently, the analyses were repeated with adjustment for variables, known to 
potentially affect the association examined, notably gender, age, diabetes, hypertension 
and hyperlipidemia. The statistical package used was the SAS system for Windows, 
release 8.02 (SAS Institute Inc., Cary, NC). 
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Follow-up and cardiovascular outcome
Median follow-up time of patients was 2.6 years (range 0.2–4.6). A first cardiovascular 
event during follow-up occurred in 136 patients. Three patients died of cardiovascular 
disease: sudden death occurred in two patients and one patient died of congestive 
heart failure. In 26 patients a non-fatal myocardial infarction occurred, in 3 patients 
a non-fatal ischemic stroke, and 104 patients had a cardiovascular intervention. 
Baseline- and clinical characteristics of the 136 cases and the 101 non-cases that 
were studied are presented in table 1.

Cardiovascular outcomes and antibody levels against PG
Table 2 summarizes the results of the analysis regarding the specific serum antibody 
levels against PG and the risk of a cardiovascular event after PTCA, both unadjusted and 
adjusted for gender, age, diabetes, hypertension and hyperlipidemia. The unadjusted 
risk of a first cardiovascular event was not associated with systemic IgM, IgG and IgA 
levels against PG (IgM, hazard ratio [HR] 0.88, 95% confidence interval [CI] 0.61-1.28, 
p=0.5; IgG, HR 1.30, 95% CI 0.67-2.51, p=0.4; and IgA, HR 1.07, 95% CI 0.71-1.62, 
p=0.8). Also, adjusted for gender, age, diabetes, hypertension and hyperlipidemia, the 
IgM, IgG and IgA antibody levels against PG at baseline were not related to a higher or 
lower risk of a cardiovascular event during follow-up (IgM, HR 1.05, 95% CI 0.95-1.16; 
p=0.4; IgG, HR 1.15, 95% CI 0.92-1.45, p=0.2; and IgA, HR 1.00, 95% CI 0.88-1.13, 
p=0.9). 

Characteristics of the All patients Cases Non-cases p-value
study population (n=237) (n=136) (n=101)
    
Demographics:    
Age at index-PTCA (years) 58 ± 9 58 ± 9 57 ± 10 0.6
Male gender 198 (84) 119 (88) 79 (78) 0.07
    
Cardiovascular risk factors:    
Current smoking 59 (25) 30 (22) 29 (29) 0.4
Alcohol consumption:    
- never 35 (15) 21 (15) 14 (14)  0.6
- < 1-21 units/week 153 (65) 89 (66) 64 (63) 0.6
- ≥ 21 units/week 26 (11) 13 (10) 13 (13) 0.4
Diabetes mellitus 44 (19) 31 (23) 13 (13) 0.03 *
Hypertension  79 (33) 46 (34) 33 (33) 0.5
Hyperlipidemia  174 (73) 101 (74) 73 (72) 0.1
Number of patients with events (%) or mean ± SD

Table 1. Characteristics of the study population
PTCA	=	percutaneous	transluminal	coronary	angioplasty	
SD	=	standard	deviation
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DISCUSSION

Previously, we have demonstrated that the bacterial cell wall component PG is present 
in atherosclerotic plaques with histoimmunological features of a vulnerable phenotype 
[6]. Furthermore, in a clinical study, we observed that atherosclerotic patients had 
a significantly lower systemic IgM antibody level against PG than control patients 
with increased cardiovascular risk but without clinically manifest disease and 
closely matched for risk factors [7]. In addition, the level of IgM antibodies against 
PG negatively correlated with common carotid IMT. In the present case-cohort study 
among 655 patients with ischemic heart disease which were referred for elective 
PTCA, we investigated the predictive value of antibodies to PG for the occurrence of 
subsequent cardiovascular events. In concordance with our previous cross-sectional 
observations we expected that a low IgM antibody titer against PG would be predictive 
for the occurrence of adverse cardiovascular events. However, we found in the present 
study that the occurrence of cardiovascular events after coronary angioplasty was 
not associated with IgM, IgG and IgA antibody levels against PG. We demonstrated 
that, overall, systemic IgM antibody levels against PG were negatively correlated with 
common carotid IMT which confirms our previous observations (data not shown). 

In our previous study we found that IgM antibody levels against PG were significantly 
lower in atherosclerotic patients compared to control patients with increased 
cardiovascular risk, but without clinically manifest disease. In this study, all 
patients were admitted for elective PTCA implying that domains of these studies differ 
significantly. In this study we can only make inferences concerning the predictive value 
of systemic antibody levels against PG for cardiovascular events in atherosclerotic 
patients undergoing PTCA. So, basically, patients included in this study can be 
considered as a sub-group of the atherosclerotic patients in our previous study, which 
makes direct comparisons difficult. 

Development of atherosclerosis starts with the formation of a fatty streak consisting 
of monocytes, T-lymphocytes and smooth muscle cells. The fatty streak progresses  
into an advanced lesion with a necrotic core that is covered by a fibrous cap. 
Eventually the fibrous cap can rupture and the thrombogenic material inside the 
necrotic core is exposed to the blood. This rupture leads to formation of a thrombus 

 IgM IgG IgA
Unadjusted 0.88 (0.61-1.28) 1.30 (0.67-2.51) 1.07 (0.71-1.62)
p-value 0.50 0.44 0.75
   
Adjusted * 1.05 (0.95-1.16) 1.15 (0.92-1.45) 1.00 (0.88-1.13)
p-value 0.37 0.22 0.96
Hazard ratio (95% Confidence interval)

Table 2. Hazard ratio of first cardiovascular event after coronary angioplasty 
in relation to specific serum antibody levels against peptidoglycan
*	adjusted	for	gender,	age,	diabetes	mellitus,	hypertension	and	hyperlipidemia
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and in a later stage to unstable coronary syndromes or MI. Microbial antigens, like 
PG and C.	 pneumoniae, have been found to be present in atherosclerotic tissues.  
Previous studies suggest that an association exists between chronic infection with C.	
pneumoniae and manifestations of coronary heart disease (CHD) [20,21]. High-titre IgG 
antibodies against C.	pneumoniae are associated with an increased risk of CHD death 
and MI [22,23]. Nishimura et	al found that in patients with end-stage renal disease 
seropositivity for C.	pneumoniae IgA but not IgG strongly associated with the presence 
of coronary stenosis [24]. In contrast, a strong body of evidence suggests that such 
an association does not exist [25-27]. Haim et	al found in a prospective case-control 
study that IgG and IgA antibody levels against C.	pneumoniae in patients with chronic 
stable CHD were not associated with an increased risk of acute coronary events [26]. 
Koh et	al performed a study in Singapore in which they found no association between 
high IgG antibody titers against C.	pneumoniae and ischemic heart disease [27]. Ieven 
and Hoymans summarized in a review that, although initial reports were positive, the 
later ones, often prospectively designed and adjusted for known cardiovascular risk 
factors, showed a negative or weak positive association overall between seropositivity 
for C.	pneumoniae and atherosclerosis [28].

It has been postulated that the physiological function of antibodies to antigens 
is to participate in the removal of these agents from the artery wall and to have a 
protective role (eg, an antiatherogenic role of the humoral immune system), similar 
to the defense mechanisms in infectious disease. In support of the concept that the 
immune response might be antiatherogenic rather than proatherogenic are reports 
showing that immunization of experimental animals with oxidized LDL (OxLDL) leads 
to increased immunoglobulin levels and that immunization with both OxLDL and heat 
shock protein (HSP)60 inhibits the progression of atherosclerosis [29-31]. Chyu et	al 
demonstrated that immunization of ApoE-/- mice aged 6-7 weeks with LDL did modulate 
cellular and humoral immune responses and did decrease plaque size, whereas 
immunization of 20-week old ApoE-/- mice did not reduce plaque size or composition, 
suggesting that anti-atherogenic efficacy of immunization depends on timing [32]. 
George et	al previously studied the effects of immunization with recombinant HSP65 
and HSP65-rich Mycobacterium	tuberculosis on early atherogenesis in C57BL/6J mice 
fed either a normal chow diet or a high-cholesterol diet [33]. Early atherosclerosis was 
significantly enhanced in HSP65-immunized mice. Furthermore, serum antibodies 
to mycobacterial HSP65 have been found to be significantly higher in patients with 
established coronary or carotid atherosclerosis [34,35]. Increased antibody levels were 
also found to be predictive of the future development of severe atherosclerosis, and 
this was independent of several established coronary risk factors [36]. 

The current study demonstrates that IgM, IgA and IgG directed against PG (isolated 
from the healthy human gut) is not a useful prognostic marker for cardiovascular 
events in patients admitted for elective coronary angioplasty. However, this does not 
preclude a prognostic application of anti-PG antibodies in other patient groups. Finally, 
several lines of evidence from both human material [6] and from animal studies [14] 
do convincingly support the hypothesis that this bacterial compound plays a role in 
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atherosclerosis.
In summary, in patients with ischemic heart disease and referred for elective PTCA, 
risk of a second cardiovascular event is not associated with systemic IgM, IgG or IgA 
antibody levels against PG. In patients undergoing angioplasty, IgM, IgG and IgA levels 
against PG are no ideal markers for prognosis of a subsequent cardiovascular event.  
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ABStrACt

Objective: Toll-like receptors (TLRs) are essential in activation of the innate immune 
system. We recently described that peptidoglycan, an exogenous TLR2 specific ligand, 
is present in human atherosclerotic plaques and is associated with histological 
markers for plaque vulnerability. Also, endogenous TLR2 ligands can be expressed 
in atherosclerotic tissues. Here, we determined whether TLR2 stimulation promotes 
pro-inflammatory cytokine/chemokine production in	 vitro and augments neointima 
formation and development of atherosclerotic plaques in	vivo. 
Methods and results: We detected TLR2 using Western blot and RT-PCR in human 
coronary arteries and primary adventitial fibroblasts. RNAse protection assay 
demonstrated significant induction of IL-1, IL-6, IL-8 and MCP-1 mRNA after TLR2 
stimulation in human adventitial fibroblasts in	vitro. ELISA demonstrated induction of 
IL-6, IL-8 and MCP-1. In	vivo, application of Pam3Cys-SK4, a synthetic TLR2 ligand, on 
femoral arteries of C57BL/6 wild type mice using a peri-adventitial cuff, significantly 
enhanced neointima formation compared to control arteries. This increased 
inflammatory response was not observed in TLR2 knockout (TLR2-/-) mice. In ApoE 
knockout (ApoE-/-) mice, application of the same TLR2 ligand led to a significant 
increase in atherosclerotic plaque development. 
Conclusion: TLR2 stimulation induces the expression of pro-inflammatory cytokines 
and chemokines by vascular cells. Furthermore, local arterial TLR2 stimulation 
induced neointima and atherosclerotic plaque formation in mouse femoral arteries. 
TLR2 stimulation may be an important mediator in arterial occlusive disease. 
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INtrODUCtION

As part of the innate immune system Toll-like receptors (TLRs) play a key role in 
the host defense against exposure to micro-organisms [1,2]. Eleven members of 
the TLR-family have been described and all recognize specific pathogen-associated 
molecular patterns (PAMPs) [3]. Upon activation, TLRs predominantly use a similar 
downstream nuclear factor (NF)-κB signaling pathway leading to the production of 
pro-inflammatory cytokines and chemokines, thereby enhancing the inflammatory 
response and influencing the adaptive immune response [4,5]. Clinical data that 
support the importance of the TLRs in human immune-deficiency have already 
emerged. TLR2 and TLR4 polymorphisms have been associated with susceptibility 
to Staphylococcus	aureus infection [6] and endotoxin hypo-responsiveness [7]. With 
respect to cardiovascular disease it has been demonstrated that patients with an 
Asp299Gly TLR4 polymorphism showed less carotid intima-media thickness compared 
with non-carriers [8]. Patients with this polymorphism and suffering from coronary 
occlusive disease also showed significantly more benefit from pravastatin treatment, a 
lipid-lowering HMG-CoA reductase inhibitor, compared to non-carriers [9]. 
Previously, we demonstrated that TLR4 is expressed in adventitial fibroblasts and that 
TLR4 activation augments intimal lesion formation [10]. We also demonstrated that 
TLR4 plays a role in arterial geometrical remodeling [11]. 
To date, it has been demonstrated that TLR1, TLR2 and TLR4 expression is markedly 
enhanced in human atherosclerotic plaques [12]. Earlier, we demonstrated the presence 
of the bacterial cell wall component peptidoglycan (PG), a ligand that can be recognized 
by TLR2 and intracellular nucleotide-binding oligomerization domain (NOD) receptors 
[13,14], in atherosclerotic plaques. The presence of PG was associated with histological 
markers for plaque vulnerability [15]. Besides this exogenous PG, other publications 
indicate the presence of endogenous TLR2 ligands in the atherosclerotic plaque. 
Heat shock protein (HSP)60 and HSP70, that are considered potential endogenous 
ligands for TLR2 [16-18], are found in plaques of ApoE deficient mice [19] and human 
coronary bypass grafts [20]. Evidence for TLR2 involvement in vascular occlusive 
disease however is still not provided. Here we hypothesized that TLR2 activation in 
vascular cells promotes pro-inflammatory cytokine and chemokine production and 
that TLR2 ligand application in	vivo augments neointima and enhances arterial plaque 
formation. 

MAterIAL AND MethODS

Human	cells	and	coronary	tissue
Our study conformed to the Declaration of Helsinki and all volunteers gave written 
informed consent. Primary adventitial fibroblasts were isolated from freshly obtained 
thoracic aorta, dissected from donor and recipient hearts (n=5) during heart 
transplantation. Adventitial layers were stripped from the aorta and rinsed with 
PBS several times. The adventitial layer was cut into small pieces and treated with 
2.5 µg/ml collagenase A (Roche, Basel, Switzerland). After 6 h, we spun debris for 5 
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min at 1000 rpm and took up the cell pellet in minimal essential medium (MEM), 
supplemented with 10% FBS, penicillin/streptomycin, minimum essential amino 
acids and sodium-pyruvate. Cells that attached in the first 6 h after transfer onto a 
6-well plate were considered fibroblasts. Fibroblast origin of the cells was checked by 
an anti-vimentin staining as described earlier [10]. Cells were used for in	vitro assays 
at 80-90% confluence. 
All cells were cultured under standard conditions (5% CO2, 37°C) using 10% FBS. One 
h before stimulation cells were cultured with medium containing only 1% FBS. All cells 
were stimulated for 6 h with 1% FBS medium containing 500 ng/ml Pam3Cys-Ser-
(Lys)4, Hydrochloride (Pam3Cys-SK4, 3HCl; Novabiochem, Cambridge, MA), a synthetic 
TLR2 ligand and 15 µg/ml polymyxin B sulphate (Calbiochem, San Diego, CA), which 
blocks the effects of possible LPS contamination. After stimulation, medium was 
collected and cells were washed with PBS. RNA was isolated using Tri-pure reagent® 
(Roche) according to the manufacturer’s protocol. 

Tissue
Fresh coronary arteries were dissected from 2 individuals post mortem (1 left ascending 
and 1 right coronary artery; post mortem delay was ≤ 24 h). Arteries were frozen in 
liquid nitrogen and stored at -80°C until use. Tissue samples were pulverized under 
liquid nitrogen using a pestle and mortar and RNA and protein were isolated from the 
same sample using Tri-pure reagent® according to manufacturer’s protocol. 

RT-PCR
After isolation, total RNA was treated with DNAse (Amersham Pharmacia, Freiburg, 
Germany). The presence of genomic DNA was tested by PCR without reverse 
transcriptase. cDNA was created using ‘Ready to go, You prime First system’ (Amersham 
Pharmacia). For the amplification of TLR2 a specific primer set was used, derived 
from the indicated nucleotide positions in the EMBL accession number, using Prime 
(Caoscamm, Nijmegen, the Netherlands). Human TLR2: 5’gagacctatagtgactcccag3’ 
(758-777, U88878), 5’tgatgatgacccccaagac3’ (871-852, U88878), forward and reverse, 
respectively. After a hot start at 94°C for 2 min, amplification was performed during 30 
cycles at 94°C for 30 s, 57°C for 30 s and 72 °C for 30 s, followed by a 7 min extension at 
72°C. The identity of the amplified PCR product was confirmed by sequence analysis. 

Western	blot	analysis
Denatured protein samples (10 µg/lane) were loaded on a 10% SDS-PAGE and blotted 
on a Hybond-P membrane (Amersham Pharmacia). Next, membranes were blocked 
overnight in 5% non-fat dried milk in PBS/0.1% Tween 20. Blots were incubated with 
0.5 µg/ml goat anti-human TLR2 (Santa Cruz, San Diego, CA) followed by 0.1 µg/ml 
rabbit anti-goat-HRPO (Dakopatts, Glostrup, Denmark). Blots that were incubated 
with normal goat serum served as negative controls. 

RNAse	protection	assay
RNAse protection assay was used to measure the pro-inflammatory cytokine and 
chemokine induction on mRNA level following TLR2 stimulation. In these assays 
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radioactive multi-probes detect different cytokines or chemokines simultaneously. 
RNAse protection assay was performed using manufacturer’s protocol (BD Pharmacia, 
San Diego, CA). In short, 32P UTP radioactive labeled RNA probes were generated using 
manufacturer’s hCK-2 or hCK-5 cDNA multi-templates including 15 cytokines and 
chemokines and 6 house keeping genes (BD Pharmacia) and T7 RNA polymerase 
(Roche). Radioactive probes were used to hybridize 2 µg total RNA from cultured cells. 
Protected RNA fragments were quantified after film exposure using Quantity One 
software (Bio-Rad, Hercules, CA). 

Enzyme-linked	immunosorbent	assay	(ELISA)
Human interleukin (IL-1), IL-6, IL-8 and monocyte chemoattractant protein (MCP)-1 
protein concentrations were determined using commercially available ELISA kits (IL-6 
and IL-8 from Sanquin, Amsterdam, the Netherlands; IL-1 and MCP-1 from R&D 
Systems, Abingdon, UK) according to manufacturer’s protocol. Cells were stimulated 
in cell culture medium containing only 1% FCS. This medium was collected after 6 h 
of incubation and used for the ELISA measurements. 

Animal	experiments
All experiments were approved by the local ethical committee on animal experiments, 
conformed to the Guide	for	Care	and	Use	of	Laboratory	Animals published by the U.S. 
National Institutes of health (NIH publication No. 85-23, revised 1996). The following 
experiment was performed on 10 male C57BL/6 mice, 10 male ApoE-/- mice (both 
from Jackson Laboratory, Bar Harbor, ME) and 9 TLR2-/- mice (kindly provided by 
Dr. Shizuo Akira, Osaka University, Japan). All mice were 10-14 weeks of age. Mice 
were anesthetized through intraperitoneal injection using 0.025 ml/10 g body weight 
of KRA cocktail (ketaminehydrochloride 57.5 mg/ml, xylazine 10 mg/ml, atropine 0.5 
mg/ml in NaCl 0.9%). Under sterile conditions, a non-constrictive polyethylene cuff 
(0.4 mm inner diameter, 0.8 mm outer diameter, length 2 mm, Portex, Kent, UK), cut 
longitudinally, was placed around the femoral arteries, as described before [21]. Two% 
gelatin with (right femoral) or without (left femoral; internal control) the synthetic 
TLR2 ligand Pam3Cys-SK4 (1 µg/µl), was injected between the cuff and artery. The skin 
was closed with a suture. After 21 days, the mice were anesthetized with KRA mix. 
The thorax was opened and the arterial system of the mice was perfused by cardiac 
puncture via the left ventricle with 0.9% NaCl containing 0.1 mg/ml nitroglycerin (3 
min) and subsequently with 4% formalin with nitroglycerin (3 min). After perfusion, 
the left and right femoral arteries were harvested and paraffin embedded. 
ApoE-/- mice were fed a high cholesterol-rich diet, containing at least 1% cholesterol 
(USP), 0.5% cholic acid, 2% choline (CL 50%), 20% acid casein, 15% cacao butter, 
10% corn starch, 40.5% sucrose and minerals (purified diet N, Hope farms, Woerden, 
the Netherlands). The diet was fed for 3 weeks before cuff placement, to enhance the 
process of atherosclerotic plaque formation. 

Histology
Serial cross-sections (5 µm thick) were obtained over the entire length of the cuffed 
femoral artery (200 µm intervals) for histological analysis. The sections were stained 
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by elastin van Giesson staining to visualize the internal and external elastic lamina. In 
each section, we measured the luminal area (LA), area inside the inner elastic lamina 
(IEL), and the area inside the outer elastic lamina (EEL) by using image-analyzing 
software (Soft Imaging Systems, Munster, Germany). The intimal area was defined as 
IEL-LA. The medial area was defined as EEL-IEL. Due to technical problems we lost 2 
ApoE-/- treated arteries and 4 of the TLR2-/- mice (non-perpendicular embedding of 
tissue; n=4 and non-detectable cuff at termination; n=2). 

Statistics
Values are presented as mean ± standard deviation (SD). A Mann-Whitney test was 
used to compare differences among groups. A paired T-test was performed to compare 
differences between left and right arteries within one animal. A p-value <0.05 was 
considered significant.

reSULtS

tLr2 expression in vascular cells and arteries
Western blot demonstrated the presence of TLR2 in human coronary arteries and 
non-stimulated primary adventitial fibroblasts (Figure	 1). To determine if TLR2 
expression was distributed equally over the whole artery, we investigated both a 
proximal and distal part of the same artery. As shown in Figure	1, TLR2 protein was 
not homogenously expressed in the atherosclerotic arteries. RT-PCR confirmed these 
results (data not shown). 

Cytokine/chemokine expression in vascular cells after tLr2 stimulation
Next, we questioned if TLR2, expressed on the vascular cells, could be activated. After 
stimulation of the adventitial fibroblasts with the synthetic TLR2 ligand, Pam3Cys-
SK4, we observed significant increments of IL-1, IL-1β, IL-1Ra, IL-6, IL-8 and MCP-1 
mRNA using RNAse protection assays (Figure	2/table 1). 

Figure 1. Human coronary arteries and primary adventitial fibroblasts express TLR2
Western blot showing TLR2 in human coronary artery tissue samples; (A) and (C) represent proximal samples of 
two	different	arteries,	(B)	and	(D)	represent	the	distal	samples	of	the	same	arteries.	(E)	shows	TLR2	expression	on	
human primary adventitial fibroblasts. TLR2 bands are detected at ± 78 kD as predicted.

 Control Pam3Cys-SK4

IL-1Ra 3168 ± 404 6995 ± 1660 *
IL-1β 1924 ± 213 3990 ± 750 *
IL-1 785 ± 416 1136 ± 256 *
IL-6 10674 ± 2792 19545 ± 3456 *
IL-8 1324 ± 623 7859 ± 1144 *
MCP-1 4208 ± 1502 10432 ± 221 *

Table 1. Induction of pro-inflammatory factors after TLR2 stimulation in vitro
Cytokine	 and	 chemokine	 mRNA	 upregulation	 after	 Pam3Cys-SK4	 stimulation	 of	 human	 primary	 adventitial	
fibroblasts for 6 h (mean OD ± SD); n=3. *p<0.05
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via TLR2 would also induce protein expression of pro-inflammatory cytokines/
chemokines in primary adventitial fibroblasts. Using ELISA, we demonstrated 
significant increments of IL-8 (Figure	3A), IL-6 (Figure	3B) and MCP-1 (Figure	3C) in 
stimulated versus non-stimulated primary adventitial fibroblasts. We were unable to 
observe detectable levels of IL-1. ELISAs for IL-1β and IL-1Ra were not performed. 

Intimal hyperplasia formation after Pam3Cys-SK4 stimulation
Having demonstrated that TLR2 can be activated in vascular cells in	vitro, we performed 
in	vivo TLR2 stimulation studies in mice to investigate neointima or atherosclerotic 
plaque formation. After 21 days both intimal hyperplasia and intima-media ratio 
were significantly increased (p=0.004 and p=0.005, respectively) after Pam3Cys-SK4 
application in C57BL/6 wild type mice (Figures	4A and 4C, 5A and 5B). At this time 
point, the TLR2-/- mice showed no significant increase in intimal hyperplasia in 
Pam3Cys-SK4 treated versus untreated arteries (p=0.46; Figures	4A and 4C, 5C and 
5D), confirming that in	vivo effects of Pam3Cys-SK4 are mediated trough its specific 
receptor TLR2. In addition, intimal hyperplasia and intima-media ratio in wild type 
mice showed a significant increase compared to the TLR2 -/- mice in Pam3Cys-SK4 
treated arteries (p=0.013 and p=0.003, respectively; Figures	4A and 4C). The medial 
area of the TLR2-/- animals was significantly larger in both the untreated (7746 ± 
1206 µm2 versus 4052 ± 231 µm2 in TLR2-/- versus wild type) and treated (8303 ± 
797 µm2 versus 4282 ± 883 µm2 in TLR2-/- versus wild type) arteries (p<0.001 in both 
cases). 

Figure 2. TLR2 stimulation leads to mRNA upregulation of pro-inflammatory factors in vitro
Detection	 of	 cytokine	 and	 chemokine	 mRNA	 induction	 after	 TLR2	 stimulation	 in	 cultured	 primary	 adventitial	
fibroblasts using RNAse protection assay (n=3). NC --- negative control: non-stimulated human adventitial 
fibroblasts, Pam3Cys-SK4 --- stimulated human adventitial fibroblasts
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Atherosclerotic plaque formation after Pam3Cys-SK4 stimulation
To investigate TLR2 involvement in atherosclerotic disease we performed in	 vivo 
Pam3Cys-SK4 application experiments in ApoE-/- mice that were put on a high 
cholesterol diet for 3 weeks prior to operation. Treatment of the right femoral artery 
with Pam3Cys-SK4 resulted in a significant increase in atherosclerotic plaque formation 
and plaque-media ratio (both p=0.005; Figures	4B and 4D, 5E and 5F). The medial 
area of the Pam3Cys-SK4-treated arteries (16087 ± 4323 µm2) in ApoE-/- mice was 
significantly larger compared to the untreated artery (10087 ± 1541 µm2, p=0.004). 
Arterial size was significantly larger in the Pam3Cys-SK4-treated artery (33722 ± 
10243 µm2) compared to the untreated artery (16796 ± 3928 µm2, p=0.002).

DISCUSSION

The present study, in which we locally applied a specific TLR2 ligand on the femoral 
artery of the C57BL/6 and the TLR2-/- mice, demonstrates that TLR2 stimulation 
induces vascular intimal hyperplasia formation. 
Previous research on the role of the TLR in arterial occlusive disease primarily focused 
on the TLR4. Although the role of TLR4 in atherosclerotic and injury-related luminal 
narrowing is appreciated, the role of TLR2 in atherosclerotic luminal narrowing is 
unknown. We previously demonstrated that TLR4 was involved in development of intimal 

Figure 3. TLR2 stimulation leads to protein upregulation of IL-6, IL-8 and MCP-1 in vitro
IL-6	 (A),	 IL-8	 (B)	 and	 MCP-1	 (C)	 protein	 expression	after	 TLR2	stimulation	measured	by	 ELISA.	 NC	 ---	 negative	
control: non-stimulated human adventitial fibroblasts, Pam3Cys-SK4 --- stimulated human adventitial fibroblasts 
(mean pg/ml ± SD); n=6. *p<0.05
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lesions [10]. Besides neointima formation, recent studies also suggest an important role 
for TLR4 in atherogenesis. These studies demonstrate the reduction of arterial plaque 
formation in TLR4/ApoE double knockout mice [22]. This was accompanied by a more 
stable plaque phenotype. Knocking out MyD88, an essential downstream adaptor 
molecule in the TLR signaling pathway in the ApoE-/- mice, reduced the number of 
aortic atherosclerotic lesions by 40-65% and decreased macrophage content compared 
to ApoE-/- mice [22,23]. So not only TLR4, but also the downstream TLR signaling 
molecule MyD88, is a key player in atherosclerosis. 
In this study, using the ApoE-/- atherosclerotic mouse model, we show that triggering 
TLR2 activation dramatically increases atherosclerotic plaque formation and plaque-
media ratio. So here we provide evidence that TLR2 is involved not only in intimal 
lesion formation but also in development of atherosclerotic occlusive disease. How 
TLR2 stimulation exactly leads to neointima and atherosclerotic plaque formation, 
remains to be elucidated. However, in the present study, we demonstrated that TLR2 
stimulation of adventitial fibroblasts induces IL-1, IL-1β, IL-1Ra, IL-6, IL-8 and MCP-
1 production. This points not only to TLR2 expression but also to pro-inflammatory 
effects upon TLR2 stimulation in vascular cells. Earlier studies have shown that pro-
inflammatory cytokine production after TLR2 stimulation is a direct effect of NF-κB 
translocation [24,25]. Genetic elimination of some chemokines and cytokines can 
prevent atherosclerosis [26], demonstrating the importance of these inflammation-
associated proteins in relation to arterial occlusive disease. Most cytokines and 
chemokines are pro-inflammatory factors, favoring cell migration, proliferation 
[27,28] and chemoattraction of inflammatory cells, like monocytes/macrophages and 
T-lymphocytes [29-31]. TLR2 deficiency may well prevent these atherosclerotic favoring 
signals. Indeed, the earlier paper of Björkbacka et	al [23] indicates that deletion of 
MyD88 resulted in reduced chemokine expression in ApoE-/- mice, which leads to 

Figure 4. Neointima and atherosclerotic plaque formation after TLR2 stimulation in vivo
Intimal hyperplasia area (A) and intima-media ratio (C) of wild type (rectangles, n=10) mice and TLR2-/- (circles, 
n=5) mice treated with peri-adventitial cuff containing only gelatin (open circles and rectangles) or cuff and 
gelatin	 containing	 Pam3Cys-SK4	 (closed	 circles	 and	 rectangles)	 after	 21	 days.	 (B)	 and	 (D)	 demonstrate	 plaque	
area	and	plaque-media	ratio	 in	ApoE-/-	mice	after	gelatin	 (open	diamonds)	or	gelatin	with	Pam3Cys-SK4	 (closed	
diamonds) treatment (n=8). Bar represents median, *p=0.004, **p=0.013, ***p=0.005, ****p=0.005, *****p=0.003, 
******p=0.005.
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reduced macrophage attraction and reduction of atherosclerotic lesion development. 
TLR2 deficiency may also reduce matrix metalloproteinase (MMP) activity during 
neointima and plaque formation. IL-6 and IL-8, but also MCP-1, which are elevated 
after TLR2 stimulation in this study, are activators of MMP-2 and MMP-9 [32]. Both 
MMP-2 and MMP-9 are important enzymes associated with atherosclerotic occlusive 
disease [33] and facilitate smooth muscle cell migration and proliferation [34-38]. 

How ligands are able to trigger TLR2 stimulation in the arterial wall is another question 
that needs to be elucidated. In an earlier study we demonstrated that PG, a ligand that 
can be recognized by TLR2, NOD1 and NOD2, is present in atherosclerotic plaques [15]. 
However, the ligand-repertoire for TLR2 is expanding. Endogenous TLR2 ligands [39] 
like necrotic cells [40] but also HSP60 [18] and HSP70 [16], which are expressed after 
tissue injury, are found in the atherosclerotic plaque [19]. Possible exogenous triggers 
for the arterial TLR2 cannot be excluded. Redistribution of microbial antigens from for 
instance the intestinal mucosa, where abundant numbers of commensal microbes are 
present, by macrophages or dendritic cells to other sides of the body is possible [41]. 
For our experiments we used a selective TLR2 agonist, Pam3Cys-SK4. Pam3Cys-SK4 
is a cell-permeable, water soluble synthetic cationic lipohexapeptide analog of the 
immunological active N-terminal portion of bacterial lipoprotein [42]. The in	 vivo 
experiments in ApoE-/- mice presented in this paper have been reproduced with 

Figure 5. Pathology of neointima and atherosclerotic plaque formation induced by TLR2 stimulation 
in vivo
Elastin	van	Giesson	staining	on	cross-sections	of	mouse	 femoral	arteries	 treated	with	peri-adventitial	cuff	and	
gelatin	(panels	A,	C	and	E),	or	with	cuff	and	gelatin	with	Pam3Cys-SK4	(panels	B,	D	and	F).	Panels	(A)	and	(B)	depict	
C57BL/6 femoral arteries. Panels (C) and (D) depict TLR2-/- femoral arteries. Panels (E) and (F) depict ApoE-/- 
femoral arteries. *Internal elastic lamina. Bar is 100 µm.



	

	

87Peptidoglycan in atherosclerotic plaque formation and vulnerability 
Manon Oude Nijhuis 

TLR2 stimulation induces atherosclerotic lesion development

5

the natural TLR2 ligand PG isolated from S.	aureus (data not shown). Also, the in	
vitro RNAse protection assays have been reproduced with the natural TLR2 ligand 
lipoteichoic acid (LTA) from S.	 aureus (n=1, data not shown). However, since LPS 
contamination could not be excluded, which is the case for most natural TLR2 ligands 
[43] and since recent reports raised doubts about the TLR2 specificity of PG [17,44], we 
chose to activate TLR2 with a synthetic ligand.
In this study we made an additional interesting observation. The medial area of the 
TLR2-/- mice was significantly larger in the control artery compared to the wild type 
mice (p<0.001), accounting for an almost significant lower intima-media ratio in the 
TLR2-/- mice compared to the wild type (p=0.062). The reason for this increased 
media size is unknown. Our observation merits careful consideration, since other 
investigators reported no differences in medial area between TLR2-/- and wild type 
mice [45].
In summary, this study demonstrates that TLR2 stimulation on vascular cells induces 
the expression of pro-inflammatory cytokines and chemokines. Moreover, intima and 
atherosclerotic plaque formation can be induced by TLR2 stimulation in	vivo, pointing 
to a potential role for TLR2 in local augmentation of arterial obstruction. 
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ABStrACt

Objective: The Toll-like receptor (TLR)2/nucleotide-binding oligomerization domain 
(NOD) ligand peptidoglycan (PG) has been shown to be present in macrophage-rich 
regions within atherosclerotic lesions. Furthermore, it is known that TLR2 ligation 
stimulates atherosclerotic plaque and intima formation in in	 vivo mouse models. 
Monocytes play an important role in the initiation and progression of atherosclerosis 
but it is as yet largely unknown whether PG affects adhesion and migration processes. 
We therefore determined the effect of PG and Pam3Cys-SK4, a synthetic TLR2 activator, 
on I) adhesion molecule expression by flow cytometry, II) monocyte adhesion to 
endothelial cells under flow conditions and III) monocyte migration using a Boyden 
chamber assay. 
Methods and results: Total adhesion (=rolling and firm adhesion) of the PG-stimulated 
monocytes to L-cells, constitutively expressing ICAM-1 and E-selectin, was decreased 
(shear stresses 0.8-1.6 dyn/cm2). This was most likely due to the L-selectin shedding, 
since monocyte incubation with a blocking L-selectin antibody resulted in a comparable 
number of adherent monocytes as PG-stimulated cells. Stimulation by PG resulted in 
an increase in the percentage of firmly adherent, polarized cells. Furthermore, PG 
stimulated a β2-integrin-dependent increase in binding of monocytes to ICAM-1 coated 
beads. Interestingly, PG-activated monocytes were primed for increased migration 
towards the chemoattractant C5a which was TLR2- and β2-integrin-dependent. Next 
to PG stimulation, monocytes were stimulated with Pam3Cys-SK4, which gave identical 
results in all assays tested. 
Conclusion: This study demonstrates that PG activation of monocytes results in an 
increase in adhesive and migratory capacities of these cells. This might be a mechanism 
by which PG promotes atherosclerotic disease in	vivo.
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INtrODUCtION

One of the first steps in the series of events underlying atherosclerotic plaque formation 
is the recruitment of monocytes to the site of vascular damage with subsequent 
uptake of oxidized lipid particles [1]. Atherogenic lesions have been observed to arise at 
regions of the vessel wall exhibiting endothelial activation. The adhesion of circulating 
monocytes to the activated endothelium is an important first event in the inflammatory 
response. Like for all leukocytes, monocyte adhesion to activated endothelial cells 
is a multistep process [2]. First, L-selectin (CD62L) and the P-selectin glycoprotein 
ligand-1 (CD162) expressed on monocytes and E-selectin (CD62E) and P-selectin 
(CD62P) expressed on activated endothelial cells mediate the initial tethering and 
rolling interactions of these cells. When a rolling monocyte encounters chemokines 
presented by the activated endothelial cells, integrins get activated, a process that is 
called inside-out signaling [3]. Not only chemokines, but also other stimuli like growth 
factors, cytokines, and bacterial-derived products such as lipopolysaccharide (LPS), a 
Toll-like receptor (TLR)4 ligand [4], and R-848, a TLR7 ligand [5], are able to activate 
integrins on leukocytes. However, these stimuli act much slower (minutes) than 
chemokines (seconds) in integrin activation. Activated β2-integrins and 4-integrins 
on the monocyte ensure firm adhesion by binding to intercellular adhesion molecule-
1 (ICAM-1/CD54) and vascular cell adhesion molecule-1 (VCAM-1/CD106) on the 
activated endothelium, respectively [2, 6]. Finally, the cells spread and migrate into 
the site of inflammation where in the case of monocyte migration to the atherosclerotic 
plaque the cells develop into large lipid-laden macrophages [7].   
Monocytes are part of the innate immune system that provides a first line of defense 
against invading pathogens. This response is initiated by host pattern recognition 
receptors (PRRs) [8]. The most widely studied class of PRRs are the TLRs. Eleven 
members of the TLR-family have been described and all recognise specific microbial 
agents, also known as pathogen–associated molecular patterns [9]. The latter include, 
among others, LPS, lipoteichoic acid (LTA), peptidoglycan (PG) and flagellin. TLRs are 
transmembrane proteins that have been shown to initiate signaling cascades that 
ultimately regulate the immune response via nuclear factor (NF)-κB. Of the eleven 
members of the TLR-family, TLR1, TLR2 and TLR4 expression is markedly enhanced in 
human atherosclerotic plaques [10]. Recently, we observed that TLR4 [11] and TLR2 [12] 
ligation accelerates neointima formation in arteries of mice. In addition, we previously 
observed that PG, a bacterial TLR2/nucleotide-binding oligomerization domain 
(NOD) receptor ligand, is prevalent in atherosclerotic lesions with an inflammatory 
unstable phenotype. The presence of PG was mainly observed in macrophage-rich 
atheromatous regions [13]. PG is the major constituent of Gram-positive bacteria and 
is known to induce production of pro-inflammatory cytokines. In a clinical study, 
we demonstrated a significant relation between PG-specific IgM antibody levels and 
carotid intima-media thickness [14]. 
The mechanisms by which TLR2 ligation could enhance initiation or progression 
of atherosclerotic plaque formation are unknown. Considering the aforementioned 
relation of PG staining with vulnerable inflammatory plaque characteristics, we 
hypothesized that stimulation of monocytes by PG affects the adhesive and migratory 
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properties of these cells contributing to lesion growth. Some controversy exists 
whether PG is a genuine TLR2 ligand, in addition to its uncontested NOD engagement 
[15, 16]. Therefore, we systematically compared activity of our Staphylococcus	aureus 
PG preparation [17] with the commercial synthetic TLR2 ligand, Pam3Cys-SK4. In the 
present study, we investigated the effect of PG and Pam3Cys-SK4 on adhesion molecule 
expression, adhesion to endothelial cells in an in	vitro flow chamber model and on 
migration of primary human monocytes.

MAterIALS AND MethODS
 
Antibodies
mAb’s IB4, DREG56 and control antibody W6/32 (anti HLA-A, -B, -C) were isolated from 
the supernatant of hybridoma obtained from the American Type Culture Collection 
(Rockville, MD). BBA2 (clone 5D11) was purchased from R&D systems (Minneapolis, 
MN) and ENA2 was kindly provided by Dr W.A. Buurman [18]. TLR2 blocking antibody 
(clone TLR2.1) was obtained from eBiosciences (San Diego, CA). Anti-CD18-FITC, anti-
CD11b-PE and anti-CD62L-FITC antibodies were purchased from DAKO (Glostrup, 
Denmark). mAb’s were incubated with monocytes (4x106 cells/ml) or with confluent 
L-cell layers on cover slips at 10 µg/ml during 15 min before the experiments. The cell 
suspensions were diluted once with HEPES incubation buffer (final concentration of 5 
µg/ml mAb at 2x106 cells/ml). HEPES incubation buffer contained 20 mM HEPES, 132 
mM NaCl, 6 mM KCl, 1 mM MgSO4, 1.2 mM KH2PO4, supplemented with 5 mM glucose, 
1.0 mM CaCl2 and 0.5% (w/v) human serum albumin (HSA).

TLR2	ligands
Since commercial PG preparations are routinely contaminated with LPS (and vice versa), 
PG was isolated from S.	aureus using a special methodology, as described previously 
[19] and kindly provided by Prof. Dr. U. Zähringer (Leibniz-Center for Medicine and 
Biosciences, Borstel, Germany). This isolated PG is a crude PG preparation containing 
lipopeptides that show TLR2 activity as well but most likely not related to LTA. 
Importantly, the preparation was rigorously checked for LPS contamination which 
was below detection limit (15 pg/mg). We compared activity of our PG preparation 
with the commercial synthetic TLR2 ligand, Pam3Cys-SK4 (Novabiochem, Cambridge, 
MA). This is a cell-permeable, water soluble cationic lipohexapeptide analog of the 
immunologically active N-terminal portion of bacterial lipoprotein known for its 
ability to activate monocytes and macrophages [20]. Monocytes (2x106 cells/ml) were 
stimulated with the PG preparation (3 µg/1x106 cells) and Pam3Cys-SK4 (1 µg/1x106 
cells) for 30 min at 37°C unless stated otherwise.

Isolation	of	monocytes
Blood, anti-coagulated with 0.4% trisodium-citrate (pH 7.4), was obtained from healthy 
volunteers from the University Medical Center Utrecht, The Netherlands. Mononuclear 
cells were separated from granulocytes and red blood cells by centrifugation over 
isotonic 1.077 g/ml ficoll-paque (Pharmacia, Uppsala, Sweden). Monocytes were 
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further purified from peripheral blood mononuclear cells by depletion of non-
monocytes (negative selection) via magnetic cell sorting using a human monocyte 
isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany). After isolation the cells 
were resuspended in HEPES incubation buffer (4x106 cells/ml) and kept on ice. 

Flow	cytometry
Flow cytometry analysis was carried out as described before [21]. In short, monocytes 
were incubated with either PG or Pam3Cys-SK4 for 5-60 min at 37°C. After washing 
with cold PBS, antibodies against mβ2-integrins (CD11b-PE and CD18-FITC) and 
L-selectin (CD62L-FITC) were added to the cells and incubated in the dark for 45 
min at 4°C. After washing the cells, fluorescence was quantified for 10.000 cells 
with a FACSvantage flowcytometer (Becton Dickinson immunocytometry systems, 
Mountain View, CA). To exclude the possibility of LPS contamination in the PG batch, 
15 µg/ml polymyxin B sulphate (Calbiochem, San Diego, CA) was added to control and 
PG-activated monocytes. Monocytes were incubated with the antibodies described 
above and fluorescence was quantified with the flowcytometer. The results showed no 
decrease in fluorescence when polymyxin B was added, further confirming that our 
PG batch did not contain biologically relevant traces of LPS.

L-cells
L-cells were kindly provided by Dr. W. Smith (Baylor College of Medicine, Houston, 
TX). These L-cells transfected with ICAM-1 and E-selectin were cultured in RPMI-1640 
medium supplemented with glutamine and neomycin. L-cells coated on Thermanox 
coverslips (18x18 mm, confluent cell layer) were used in perfusion assays.

Monocyte	perfusion	and	evaluation
Perfusions under steady flow were performed in a modified transparent parallel-
plate perfusion chamber as described by Van Zanten et	al [22]. In	vitro flow chamber 
experiments were performed as described previously [23]. In short, monocytes 
in suspension (2x106 cells/ml in HEPES incubation buffer, preincubated with PG, 
Pam3Cys-SK4, or control mAb W6/32 for 30 min at 37°C) were aspirated from a 
reservoir through the perfusion chamber (for 5 min at shear stresses of 0.8 dyn/cm2 
and 1.6 dyn/cm2) and were recorded on videotape. Video images were evaluated for the 
number of adherent cells, cluster index and percentage of rolling cells using dedicated 
routines made in the image-analysis software Optimas 6.1 (Media Cybernetics 
systems, Silverspring, MD). 

Fluorescent	beads	adhesion	assay	
Functionality of β2-integrins was measured using ICAM-1 coated fluorescent 
microbeads. TransFluorSpheres (488/645 nm, 1.0 µm; Molecular Probes) were coated 
with adhesion ligands and the fluorescent beads adhesion assay was performed 
according to Geijtenbeek et	al [24]. In short, monocytes were resuspended in HEPES 
incubation buffer. Fifty thousand cells were preincubated with control anti HLA-ABC 
(W6/32) mAb or with anti β2-integrin blocking mAb IB4 (10 µg/ml) and 0.6 µg/100 
µl PG or 0.2 µg/100 µl Pam3Cys-SK4 for 30 min at 37°C. The ligand-coated beads 
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(40 beads/cell) were washed twice and added together with the recombinant human 
complement factor C5a (10-8 M) (Sigma, St. Louis, MO) in a 96-well V-shaped–bottom 
plate. Next, the preincubated monocytes were added and incubated for 30 min at 
37°C. The cells were washed and resuspended in HEPES incubation buffer (4°C) and 
kept on ice until measurement. Binding of the fluorescent beads to the monocytes was 
determined by flow cytometry using the FACSvantage and is depicted as the percentage 
of monocytes positive for ICAM-1-coated beads.

Boyden	chamber	migration	assay
Monocyte migration was measured in the modified Boyden chamber assay as described 
[25]. Briefly, monocytes (1x106 cells/ml) were preincubated with control mAb (W6/32), 
β2-integrin blocking mAb IB4, or a TLR2 blocking mAb for 10 min at 37°C, followed 
by incubation with PG, Pam3Cys-SK4 or control mAb W6/32 for 30 min at 37°C. The 
chemoattractant C5a (at the physiologically relevant concentration of 10-8M) and 
control HEPES incubation buffer were put in the bottom chamber and the monocytes 
in the upper chamber. The monocytes were incubated for 3 h in the Boyden chamber 
at 37°C. Filters were fixed in 80% EtOH/20% BuOH, stained with Weigert solution and 
embedded in malinol. Analysis of the filters was done by an image analysis system 
(Quantimet 570 C) and an automated microscope to score the number of cells at 15 
intervals of 10 μm in the Z-direction of the filters. The results are expressed as the 
mean migrated distance in µm, excluding cells with migration 0. 

  CD18
time
(min) control PG Pam3Cys-SK4

0 384 ± 12 384 ± 12 384 ± 12
5 398 ± 24 419 ± 23 446 ± 39
15 452 ± 23 566 ± 48 * 631 ± 10 *
30 484 ± 21 693 ± 73 * 680 ± 42 *
60 521 ± 31 657 ± 37 * 661 ± 34 *
   
   
  CD11b
time
(min) control PG Pam3Cys-SK4

0 419 ± 85 419 ± 85 419 ± 85
5 494 ± 92 593 ± 33 830 ± 66
15 591 ± 97 926 ± 20 * 1167 ± 179 *
30 772 ± 238 1467 ± 90 * 1551 ± 23 *
60 929 ± 55 1551 ± 14 * 1568 ± 30 *
   
   
  CD62L
time
(min) control PG Pam3Cys-SK4

0 224 ± 21 224 ± 21 224 ± 21
5 183 ± 21 147 ± 21 122 ± 11
15 144 ± 18 45 ± 4 * 22 ± 4 *
30 144 ± 37 30 ± 3 * 27 ± 5 *
60 134 ± 26 27 ± 6 * 26 ± 3 *

Table 1. Peptidoglycan stimulation induces L-selectin (CD62L) shedding from the monocyte surface and 
increases αmβ2-integrin (CD18 and CD11b) expression
The expression of CD18, CD11b and CD62L on monocytes was measured after 5-60 min of PG or Pam3Cys-SK4	
stimulation at 37°C. After stimulation with both ligands, monocytes were stained for the adhesion molecules, 
washed, and measured by flow cytometry (n=7). The results are expressed as mean fluorescence intensity ± SEM. 
*p<0.05 compared to control
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Statistical	analysis
Results are expressed as mean ± standard error of the mean (SEM). Statistical analysis 
of the data was performed using Student’s T test. A p-value <0.05 was considered to 
be significant. 

reSULtS

Peptidoglycan stimulation increases mβ2-integrin expression on and induces 
L-selectin shedding from monocytes
To investigate whether PG and Pam3Cys-SK4 affect expression levels of adhesion 
molecules on monocytes, the cells were incubated with these compounds at 37°C 
for 5-60 min. The expression of adhesion molecules CD18, CD11b and CD62L was 
measured by flow cytometry. Table 1 shows expression levels of CD18, CD11b and 
CD62L in time. PG as well as Pam3Cys-SK4 activation resulted in a time-dependent 
increase in expression of mβ2-integrins CD18 and CD11b with a maximal expression 
at 30 min. CD62L expression decreased upon stimulation with PG and Pam3Cys-SK4, 
with a maximal inhibition that was reached after 30 min of incubation. The pattern 
of adhesion molecule expression on the PG-stimulated monocytes was comparable to 
the pattern of Pam3Cys-SK4-stimulated cells, suggesting that stimulation with both 
ligands resulted in an increased functionality state of the adhesion molecules.

Peptidoglycan leads to a decrease in total adhesion but increase in firm adhesion 
and polarisation of monocytes under flow conditions
The observed L-selectin shedding by PG stimulation suggested that this would affect 
monocyte recruitment to endothelial cells. L-cells constitutively expressing E-selectin 
and ICAM-1 were used to test this hypothesis since this surface is known to support 

Figure 1. Peptidoglycan stimulation results in decreased total adhesion but increased firm adhesion of 
monocytes to L-cell layers
Monocytes (2x106 cells/ml, 30 min, 37°C) were perfused over confluent L-cell layers at a shear stress of 0.8 dyn/
cm2. A) depicts the total number of adherent cells (=rolling and firmly adherent cells) and B) shows the percentage of 
rolling cells after blocking of L-selectin (DREG56) on monocytes, E-selectin (BBA2) on L-cells or blocking both (n=3). 
Figure C) depicts the total number of adherent cells and D) shows the firm adhesion of control, PG- or Pam3Cys-SK4-
stimulated monocytes and monocytes incubated with the L-selectin blocking antibody DREG56 to confluent L-cell 
layers (n=10-16). Results are expressed as mean ± SEM. *p<0.05 compared to control
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L-selectin mediated rolling of neutrophils [26]. Indeed, Figure	1A shows that blocking 
L-selectin (DREG56) on monocytes or E-selectin (BBA2) on L-cells or blocking both, 
resulted in a decrease in total adhesion compared to control mAb-treated cells (389 ± 
69 cells/mm2, 327 ± 63 cells/mm2, and 358 ± 71 cells/mm2 versus 729 ± 74 cells/mm2; 
p=0.01, p=0.006, and p=0.01, respectively). Also, a significant decrease in percentage 
of rolling cells was seen when L-selectin, E-selectin or both were inhibited (Figure	
1B). When the monocytes were pre-stimulated with PG or Pam3Cys-SK4 for 30 min 
at 37°C the total number of adherent cells to the L-cell layer decreased to similar 
levels as DREG56-treated monocytes (PG, 309 ± 50 cells/mm2, p<0.001; Pam3Cys-SK4, 
394 ± 44 cells/mm2, p=0.003; DREG56, 402 ± 78 cells/mm2, p=0.004, compared to 
control, 718 ± 71 cells/mm2; Figure	1C). This suggests that the PG- and Pam3Cys-SK4-
induced L-selectin shedding is responsible for the decrease in total adhesion. Similar 
experiments were performed at a shear stress of 1.6 dyn/cm2 and the results were 
comparable to 0.8 dyn/cm2 (PG, 212 ± 34 cells/mm2, p<0.001; Pam3Cys-SK4, 172 ± 
63 cells/mm2, p<0.001; DREG56, 216 ± 78 cells/mm2 p=0.004, compared to control, 
538 ± 52 cells/mm2). Furthermore, the percentage firm adhesion of monocytes to the 
L-cell layer of PG- or Pam3Cys-SK4- treated cells compared to control monocytes was 
greatly increased (92 ± 3%, 96 ± 1% versus 52 ± 7%, p<0.001 and p=0.004, respectively 
(Figure	1D). This was comparable to the DREG56-treated monocytes (89 ± 4%, p=0.01 
compared to control). 

However, a clear difference between the DREG56-treated and the PG-treated cells was 
the appearance of the cells. Unstimulated, control mAb-treated monocytes appeared 
as round, bright white-centered cells (Figure	2A), indicating that these cells were non-

Figure 2. Spreading of monocytes on endothelial cells under flow is induced by peptidoglycan 
stimulation
Video microscopy of adherent monocytes on L-cells under flow conditions. The monocytes were untreated (A), 
pre-treated	with	PG	(B)	or	Pam3Cys-SK4 (C), or incubated with DREG56, an L-selectin blocking antibody (D), and 
perfused over the L-cells at a shear stress of 0.8 dyn/cm2. Images were recorded on video during 5 min. The images 
depicted were taken after 3 min of monocyte perfusion. The firmly adhering control monocytes remained round, 
white-centered	cells,	whereas	the	PG-	or	Pam3Cys-SK4-stimulated	monocytes	spread	within	a	few	moments	(arrows	
indicate spreading cells) indicative of active migration. Once firmly adhered, the DREG56-incubated monocytes 
remained	rounded.
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activated. Similarly, the DREG56-treated cells that were firmly attached also had a 
rounded morphology (Figure	2D). In contrast, the PG- and Pam3Cys-SK4-stimulated 
cells polarized immediately after attachment to the endothelium (Figures	2B and 2C for 
PG- and Pam3Cys-SK4-stimulated cells, respectively). This suggests that TLR2 ligation 
in addition to its effect on functional L-selectin shedding also induces activation of the 
cells resulting in cell spreading. This prompted us to further determine the activation 
of integrins and the migration capacities of PG- and Pam3Cys-SK4-ligated monocytes.

Peptidoglycan-induced inside-out signaling leads to activation of β2-integrins.
It has been well documented that not the increased expression levels of β2-integrins 
but instead the activation of the integrins via inside-out signaling leads to increased 
adhesion of monocytes to ICAM-1. Therefore, we determined the binding of monocytes 
to ICAM-1-coated fluorescent beads using a flow cytometry based adhesion assay. 
Monocytes were pre-incubated with a control mAb or a blocking β2-integrin mAb 
and then stimulated with PG or Pam3Cys-SK4. Stimulation by PG or Pam3Cys-SK4 
significantly increased binding of monocytes to the ICAM-1 coated beads compared 
to control monocytes (38 ± 6% and 37 ± 3% versus 18 ± 3%, p=0.02 and p=0.01, 
respectively; Figure	3). Incubation of the monocytes with the β2-integrin blocking mAb 
IB4 abrogated monocyte binding to the fluorescent beads showing that the interaction 
is β2-integrin-specific (PG, 7.3 ± 2.0%, p=0.002; Pam3Cys-SK4, 6.0 ±0.5%, p=0.007; 
control, 4.5 ± 0.7%, p=0.002, compared to control mAb).

tLr2-dependent priming of monocytes by peptidoglycan results in increased 
β2-integrin-dependent migration towards C5a
Activated integrins are a prerequisite for chemotaxis. Although chemokines can activate 
integrins this does not always lead to optimal migration. For eosinophils for example it 
is known that priming with IL-5 is needed for migration to suboptimal concentrations of 
PAF. Therefore, we tested whether PG and Pam3Cys-SK4 could prime the monocytes for 
enhanced migration towards C5a in a Boyden chamber assay. Indeed, PG or Pam3Cys-
SK4 greatly enhanced migration towards C5a (10-8M) compared to unstimulated cells 
(PG; 45 ± 5 µm and Pam3Cys-SK4; 61 ± 9 µm versus unstimulated; 24 ± 3 µm, p=0.01 
and p=0.02, respectively; Figure	4A). A trend in increased chemotaxis of the control 

Figure 3. Peptidoglycan stimulation increases monocyte binding to ICAM-1 coated fluorescent beads
The percentage binding of the control, and TLR2-stimulated monocytes to fluorescent ICAM-1 coated beads, 
measured by flow cytometry, is shown. Monocytes were pre-incubated with a control mAb or a β2-integrin	blocking	
mAb	and	were	either	not	stimulated	or	stimulated	with	PG	or	Pam3Cys-SK4 for 30 min at 37°C. Results are expressed 
as mean ± SEM (n=6). *p<0.05 compared to control monocytes and **p<0.05 compared to control mAb
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monocytes towards C5a compared to HEPES incubation buffer was observed (24 ± 3 
µm versus 18 ± 3 µm). Moreover, chemotaxis of the monocytes stimulated with PG or 
Pam3Cys-SK4 towards C5a was significantly increased compared to HEPES incubation 
buffer (PG; 45 ± 5 µm versus 19± 3 µm, p=0.01 and Pam3Cys-SK4; 61 ± 9 µm versus 23 
± 4 µm, p=0.007).
Since PG is known to bind to TLR2 but also contains minimal motifs that can bind 
to intracellular NOD receptors leading to cell activation [27], we determined whether 
the priming-effect of our PG preparation was TLR2-specific. Figure	 4B shows that 
incubation of monocytes with a blocking TLR2 mAb (PG, 25 ± 3 µm versus 41 ± 2 µm, 
p=0.004; Pam3Cys-SK4, 26 ± 3 µm versus 43 ± 6 µm, p=0.036; anti-TLR2 mAb versus 
control mAb, respectively) or a blocking β2-integrin mAb (PG, 18 ± 2 µm versus 41 ± 
2 µm, p<0.001; Pam3Cys-SK4, 22 ± 1 µm versus 43 ± 6 µm, p=0.001; anti-β2-integrin 
mAb versus control mAb, respectively) resulted in a significant decrease in PG- and 
Pam3Cys-SK4-primed migration towards C5a. Thus, the PG and Pam3Cys-SK4 effects 
are TLR2-specific and totally β2-integrin-dependent. 

DISCUSSION

In this study, we examined the effect of PG and Pam3Cys-SK4, which are known TLR2 
ligands, on monocyte-endothelial adhesion and on monocyte migration. We showed 
that PG and Pam3Cys-SK4 stimulation leads to I) shedding of L-selectin from the 
monocyte surface resulting in a decrease in E-selectin-mediated rolling interactions 
under flow conditions, II) an increased expression and function of β2-integrins on 
monocytes leading to polarization of the cells and III) priming of the monocytes resulting 
in increased chemotaxis towards C5a. This study reveals a mechanism by which the 
presence of the TLR2/NOD ligand PG, that is associated with histological markers 
for plaque vulnerability [13], could influence atherosclerotic plaque development and 
progression via monocyte recruitment. 

Figure 4. Migratory capacity of monocytes is increased by TLR2 ligation
The mean migrated distance (µm) of the control and PG- or Pam3Cys-SK4-stimulated	monocytes	towards	HEPES	
incubation buffer and C5a (10-8M)	 in	 a	 Boyden	 chamber	 assay	 is	 shown.	 A)	 shows	 mean	 migrated	 distance	
of	 monocytes	 that	 were	 left	 unstimulated	 or	 were	 stimulated	 with	 PG	 or	 Pam3Cys-SK4 for 30 min at 37°C and 
incubated for 3 h in the Boyden chamber (n=7). Figure B) depicts migration of monocytes towards C5a. Monocytes 
were pre-incubated for 10 min at 37°C with control mAb (W6/32), a β2-integrin	blocking	mAb,	or	a	TLR2	blocking	
mAb,	followed	by	incubation	with	W6/32,	PG	or	Pam3Cys-SK4 for 30 min at 37°C and 3 h in the Boyden chamber 
(n=4). Results are expressed as mean ± SEM. 
*p<0.05 compared to control monocytes, #p<0.05 compared to HEPES incubation buffer, **p<0.05 compared to 
PG-stimulated monocytes, and ***p<0.05 compared to Pam3Cys-SK4-stimulated	monocytes
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L-selectin is constitutively expressed on leukocytes, but is shed by proteolytic cleavage 
following cellular activation [28]. Indeed, after 30 min of stimulation by either PG 
or Pam3Cys-SK4, L-selectin was shed from the monocyte surface. Furthermore, β2-
integrin expression on the monocyte surface was increased. These data are consistent 
with a paper by Sabroe et	 al showing decreased L-selectin and increased integrin 
expression after TLR2 stimulation on neutrophils [29]. In contrast, Saetre et	al showed 
that Streptococcus	pyogenes PG amplified the LTA-induced decrease in expression of 
L-selectin on monocytes, but PG stimulation alone had no effect [30]. An important 
difference with our PG is the bacterial source (S.	aureus versus S.	pyogenes) suggesting 
that the effects of the cell wall components might vary between different bacterial 
species. Using an in	vitro flow chamber model, we analyzed the adhesive behaviour of 
freshly isolated monocytes to E-selectin and ICAM-1 expressing L-cell layers which 
mediate L-selectin-dependent rolling of neutrophils on E-selectin [26]. We obtained 
similar results for monocytes and could therefore asses the role of L-selectin/E-
selectin-dependent interactions after stimulation. Stimulation of monocytes by PG or 
Pam3Cys-SK4 decreased the total adhesive capacities (=rolling plus firm adhesion) to 
L-cells to a similar extent as when L-selectin on monocytes was inhibited. However, 
a clear difference was observed in the polarization of the cells since the PG- and 
Pam3Cys-SK4-treated cells all showed a polarized phenotype after 5 min of perfusion 
whereas the residual firm adherent cells in the anti-L-selectin-treated group remained 
rounded. Indeed, we showed that activation of the monocytes by PG and Pam3Cys-SK4 
resulted not only in an upregulation of β2-integrin expression as detected by flow 
cytometry but also in a functional increase as detected by the increased binding to 
ICAM-1-coated fluorescent beads. Interesting, PG and Pam3Cys-SK4 activation also 
resulted in priming of the monocytes thereby increasing their chemotactic behaviour. 
This effect was TLR2-specific and dependent on β2-integrins. Previously, Ogawa et	al 
showed that bacterial cell walls and PG specimens from bacterial walls caused an 
increase in migration of peripheral blood mononuclear cells towards FMLP [31]. Yipp 
et	al [32] showed that systemic admission of PG in mice resulted in an increased firm 
adhesion and migration of total leukocytes compared to sham-treated mice after 4 
hours. This at least shows that PG induced similar effects in	vivo as we observed in	
vitro. A discrepancy is the observed increase in rolling flux in	vivo rather than the 
decrease in rolling cells in our system which might be explained by the difference in 
experimental set up (e.g. time frame of the experiment, total versus isolated cells). The 
increased chemotactic effect upon PG stimulation resembles GM-CSF and IL-5 induced 
priming of chemotaxis of neutrophils and eosinophils, respectively [33]. It is generally 
accepted that β2-integrins play an important role in the migration of monocytes into 
atherosclerotic sites [34] and therefore it might be that PG and Pam3Cys-SK4 promote 
this mechanism. 

Dziarski et	 al demonstrated that TLR2 is the receptor for isolated S.	 aureus PG 
[15] whereas Pam3Cys-SK4 has been shown to bind and signal through TLR2/6 
heterodimers. TLR2 recognizes several other molecules as well including LTA, 
lipoproteins and lipoarabinomannan. In a recent study, Travassos et	al [16] concluded 
that non-PG contaminants of PG preparations (lipoproteins and LTA) are responsible 
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for recognition by TLR2 and that PG detection is more likely to occur through NOD2 
(CARD15), an intracellular protein. NOD2 is a general sensor for both Gram-positive 
and Gram-negative bacteria, through the recognition of muramyl dipeptide (MDP), the 
minimal motif found in all PGs [35]. In contrast to NOD2, NOD1 (CARD4) specifically 
recognizes DAP-type PG, which is present in all Gram-negative bacteria [36]. In this 
study, we used PG derived from S.	aureus, which does not contain the motif required 
for NOD1 ligation, but does contain the motif necessary for NOD2 ligation. In addition, 
our crude PG preparation most likely contains lipopeptides that have potential TLR2-
activating capacities since the isolation procedure was performed as described in [19]. 
At this moment the exact identification of these lipoproteins is under investigation but 
it can be excluded that the observed TLR2 activity is dependent on LTA contamination. 
Theoretically, PG could exert its function via NOD2 activation of monocytes in our 
study. However, this is unlikely since we showed that stimulation of the monocytes with 
the PG preparation and the TLR2 agonist Pam3Cys-SK4 resulted in the exact similar 
effects in all assays that were performed. Furthermore, we showed PG-stimulatory 
effects on the monocytes after short incubation-time, suggesting that processing of PG 
into small fragments that are necessary for NOD2 engagement is unlikely. Moreover, 
the Pam3Cys-SK4- and PG-induced priming of migration was abrogated by inhibiting 
the TLR2 receptor on monocytes.  

In previous studies, we found that PG was present in atherosclerotic plaques. PG was 
mainly present in macrophage-rich regions in plaques that displayed all features of 
rupture prone vulnerable plaques [13]. PG is composed of two repeating alternating 
amino sugars, N-acetylglucosamine and N-acetylmuramic acid, attached to each 
other by glycosidic bonds. Muramic acid is a unique structural component of PG and 
can therefore be used as a marker for PG detection. Lehtonen et	al described that 
muramic acid can be observed in mononuclear and polymorphonuclear cells in the 
peripheral blood of healthy adults [37]. Recently, we demonstrated that TLR2 is present 
on vascular cells and that TLR2 ligation by Pam3Cys-SK4 is able to induce expression 
of pro-inflammatory cytokines and chemokines by vascular cells [12]. Furthermore, 
using an in	vivo mouse model, local adventitial triggering via TLR2 ligation by both 
Pam3Cys-SK4 and the same S.	aureus PG preparation as used here in the arterial wall 
resulted in increased intimal formation, suggesting an important role for TLR2 in 
arterial obstruction.
TLR2 has also been shown to bind other bacterial structures like fimbriae from 
Porphyromonas	gingivalis, a microorganism described to accelerate atherosclerosis in 
an in	vivo mouse model [38]. P.	gingivalis-derived fimbriae structures induced activation 
of β2-integrins determined by the binding of the CBRM1/5 antibody, recognizing the 
activation epitope of CD11b/CD18 [39].  However, this study did not further address 
the adhesive and migratory implications of this activation. Furthermore, Chlamydia	
pneumoniae has also been implicated in the development of atherosclerosis and 
functionally increased β2-integrin-mediated adhesion and migration of monocytes 
and macrophages in	 vivo [40]. Interestingly, C.	 pneumoniae activates monocytes 
via TLR2 [41]. These data support the hypothesis that TLR2-mediated activation of 
monocytes via PG (our study) or other structures [38] contributes to the development 
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of atherosclerosis.
In this study, we show a potential new role for PG in stimulating increased firm 
adhesion of monocytes to ICAM-1 expressing cell layers under flow conditions and 
increased migratory capacities. Despite the observation that the L-selectin shedding 
caused by PG and Pam3Cys-SK4 stimulation leads to reduced monocyte adhesion to 
the endothelium, the fraction of cells that did bind to the endothelium showed strong 
binding, spreading and TLR2-specific and β2-integrin-dependent migration. The 
present results suggest that TLR2 activation may enhance accumulation of monocytes 
at sites of inflammation like the atherosclerotic arterial wall.
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ABStrACt

Objective: Pattern recognition receptors (PRRs), like Toll-like receptors (TLRs) and 
intracellular nucleotide-binding oligomerization domain (NOD) proteins, play an 
important role in activation of the innate immune system. We previously demonstrated 
that peptidoglycan (PG), an exogenous TLR2/NOD ligand, is present in human 
atherosclerotic lesions that reveal an inflammatory vulnerable plaque phenotype. 
Furthermore, activation of both TLR2 and TLR4 in	vivo results in increased neointima 
formation and arterial remodeling. In the present study, we determined whether PG and 
Pam3Cys-SK4, a synthetic TLR2 ligand, promote atherosclerotic plaque progression and 
characteristics in cuff-induced atherosclerotic lesions of the ApoE*3Leiden transgenic 
mice.
Methods and results: Application of PG and Pam3Cys-SK4 in a periadventitial cuff 
around the femoral artery in ApoE*3Leiden transgenic mice significantly increased 
atherosclerotic plaque formation, medial area and total vessel area. Furthermore, PG 
and Pam3Cys-SK4 administration resulted in atherosclerotic plaques that were enriched 
in smooth muscle cells (SMC) and collagen, whereas macrophage content was not 
changed. Peritoneal macrophages isolated from GFP-transgenic mice and stimulated 
ex	vivo with the two ligands or saline (control) were administered intravenously in 
ApoE-/- mice. Only stimulated GFP cells were observed in atherosclerotic plaques in 
ApoE-/- mice, demonstrating that activation promotes macrophage migration into the 
plaque. 
Conclusion: Progression of atherosclerotic plaques, enriched in SMC and collagen, is 
promoted by PG and Pam3Cys-SK4 stimulation in	vivo. Furthermore, PG and Pam3Cys-
SK4 stimulated macrophages show increased homing into atherosclerotic plaques, 
suggesting a mechanism by which PG promotes atherosclerotic disease in	vivo. 
 



	

	

109Peptidoglycan in atherosclerotic plaque formation and vulnerability 
Manon Oude Nijhuis 

PG induces plaque progression and macrophage homing

7

INtrODUCtION

Toll-like receptors (TLRs) are part of the innate immune system that provides a first line 
of defense against invading pathogens. An innate immune response can be initiated by 
pattern recognition receptors (PRRs), of which TLRs are the most widely studied class 
[1]. TLRs are able to recognize pattern associated molecular patterns (PAMPs) carried 
by micro-organisms and pathogens [2]. TLRs are transmembrane proteins that are 
involved in responses to infection and play an important role in the development of 
sepsis [3]. Until now, eleven human TLRs have been identified [4]. Expression of TLR1, 
TLR2, and TLR4 is significantly enhanced in human atherosclerotic plaques [5]. TLR4 
is the receptor for exogenous lipopolysaccharide (LPS), but also for endogenous ligands 
like heat shock protein (HSP)60 [6] and extra domain A of fibronectin (EDA) [7]. Upon 
ligand binding TLR2 forms a dimer with either TLR1 or TLR6. The heterodimer TLR2/1 
detects tris-acylated lipopeptides [8], whereas the TLR2/6 heterodimer detects bis-
acylated lipopeptides [9] and peptidoglycan (PG) [10]. PAMPs can also be recognized by 
nucleotide-binding oligomerization domain (NOD) receptors, which are intracellular 
PRRs. Two NOD receptors, NOD1 (CARD4) and NOD2 (CARD15), are involved in the 
recognition of PG [11]. 

PG is present in the cell walls of most bacteria; in Gram-positive bacteria PG constitutes 
30-70% of the total bacterial cell wall mass and in Gram-negative bacteria only 10% 
of the total wall mass [12]. Stimulation of the TLR2 by PG results in production and 
secretion of pro-inflammatory cytokines, like IL-1, IL-6 and TNF-, by monocytes and 
macrophages via activation of Nuclear Factor-κB (NF-κB). We previously observed 
that PG is prevalent in human atherosclerotic lesions that reveal an inflammatory 
unstable phenotype [13]. The presence of PG was mainly observed in macrophage-
rich atheromatous regions. In a clinical study, we showed that systemic IgM antibody 
levels against PG are significantly lower in atherosclerotic patients compared to 
control patients and that the IgM antibody levels against PG are inversely related 
with common carotid intima-media thickness [14]. Functionally, our group showed 
in	vivo that local application of Pam3Cys-SK4, a synthetic TLR2 ligand, and the TLR4 
ligand LPS both resulted in accelerated neointima formation [15,16]. In a more recent 
paper Mullick et	al showed that injection of Pam3Cys-SK4 in low-density lipoprotein 
receptor-deficient (LDLr-/-) mice exacerbates atherosclerosis. Furthermore, in the 
absence of known exogenous ligands, cells not of bone marrow-derived origin but 
expressing TLR2 enhance atherosclerotic disease, whereas cells deficient in TLR2 
reduce atherosclerosis, suggesting that endogenous TLR2 agonists influence lesion 
progression.

The effect of PG on plaque growth and plaque characteristics is unknown. In addition, 
it remains to be investigated if and how PG, which is present in most mucosa and 
abundantly in the gut, is capable of eliciting a pro-inflammatory response that induces 
atherosclerotic plaque formation and destabilization. 
ApoE*3Leiden transgenic mice develop diet-induced hyperlipidemia. Following 
placement of a non-constrictive cuff, the ApoE*3Leiden transgenic mice develop 
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atherosclerotic plaques with a necrotic core and a fibrous cap in the aortic arch 
within 14 days [17]. After 3 days monocytes start to adhere, followed by foam cell 
accumulation and near-total occlusion of the lumen after 14 days. In the current study, 
we investigated whether the local TLR2 ligands PG and Pam3Cys-SK4 stimulate plaque 
development and characteristics after placement of non-constrictive polyethylene 
cuffs around the femoral arteries of atherosclerosis-susceptible ApoE*3Leiden 
transgenic mice. Furthermore, we studied whether PG and Pam3Cys-SK4 stimulation 
of isolated peritoneal macrophages harvested from Green Fluorescent Protein (GFP) 
transgenic mice increases homing of these cells into the atherosclerotic plaque upon 
administration in the atherosclerotic ApoE -/- mice.  

MAterIAL AND MethODS

Peptidoglycan
Commercial PG preparations are routinely contaminated with LPS (and vice versa). 
To prevent such a contamination PG was isolated from Staphylococcus	aureus using 
a special methodology, as described previously [18] and kindly provided by Prof. 
Dr. U. Zähringer (Leibniz-Center for Medicine and Biosciences, Borstel, Germany). 
Importantly, the preparation was rigorously checked for LPS contamination which 
was below detection limit (15 pg/mg). However, this crude PG preparation contains 
lipopeptides that show TLR2 activity not related to LTA. Furthermore, since some 
controversy exists whether PG is a genuine TLR2 ligand [19], in addition to its 
uncontested NOD engagement [20], we systematically compared activity of our S.	
aureus PG preparation with the commercial synthetic TLR2 ligand, Pam3Cys-SK4 
(Novabiochem, Cambridge, MA). This is a cell-permeable, water soluble cationic 
lipohexapeptide analog of the immunologically active N-terminal portion of bacterial 
lipoprotein known for its ability to activate monocytes and macrophages.

ApoE*3Leiden	transgenic	mice
All experiments were approved by the committee on animal welfare of TNO (The 
Organization for Applied Scientific Research) and University Utrecht conformed to the 
Guide	for	Care	and	Use	of	Laboratory	Animals published by the U.S. National Institutes 
of Health (NIH publication No. 85-23, revised 1996). Pathogen-free transgenic 
ApoE*3Leiden mice were crossbred for 18 generations with C57Bl/6 mice. Male 
animals, age 8 to 10 weeks, were fed a cholesterol-enriched high-fat diet containing 
0.5% cholate to improve intestinal cholesterol uptake and suppress bile acid synthesis, 
both leading to increased plasma cholesterol levels. This diet was given 4 weeks before 
operation and continued after operation. The high fat and 0.5% cholate-enriched [HFC] 
diet contained: casein 20%, choline chloride 1%, methionine 0.2%, cocoa butter 15%, 
cholate 0.5%, cholesterol 1%, sucrose 40.5%, cornstarch 10%, corn oil 1%, cellulose 
5.1%, and mineral mixture 5.1%.
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Cuff	placement
After 4 weeks of 0.5% HFC diet ApoE*3Leiden transgenic mice were anesthetized with 
Hypnorm (fentanyl citrate 0.315 mg/ml / fluanisone 10 mg/ml; Bayer, 25 mg/kg IP) 
and Dormicum (midazolam 5 mg/ml; Roche, 25 mg/kg IP). The right and left femoral 
arteries were dissected from their surroundings. A non-constrictive polyethylene cuff 
(0.4 mm inner diameter, 0.8 mm outer diameter, and length 1.5 mm, Portex, Kent, UK), 
cut longitudinally, was placed loosely around the femoral arteries, as described before 
[21]. PG (1 µg/µl) or Pam3Cys-SK4 (1 µg/µl) dissolved in 2% gelatin was administered 
between the cuff and the right femoral artery. PBS dissolved in gelatin was injected 
as control between the cuff and the left femoral artery. Mice were terminated 2 weeks 
following cuff placement (PG, n=10; Pam3Cys-SK4, n=8). 

Harvesting	and	administration	of	GFP	peritoneal	macrophages
GFP-mice were sacrificed and their macrophages were harvested by peritoneal lavage. 
The peritoneal cavity was injected with 5 ml of cold isolation buffer, containing Hanks’ 
Balanced Salt Solution (HBSS; Invitrogen, Carlsbad, CA), bicarbonate (pH 7.3) and 
heparin. The fluid-distended peritoneal cavity was massaged, and the cells were 
collected and centrifuged at 1500 rpm for 10 min at 4°C. Cells were washed twice 
with RPMI 1640 medium and resuspended in complete RPMI medium, consisting 
of RPMI 1640 supplemented with 5% heat-inactivated fetal bovine serum, 1% non-
essential amino acids and penicillin/streptomycin. Cells were plated as to adhere to 
culture plates and incubated at 37°C in a humified atmosphere containing 5% CO2. 
After incubation for 2 h, the plates were washed twice with RPMI 1640 medium to 
remove non-adherent cells and the adherent cells were referred to as macrophages. 
Macrophages were cultured in the presence or absence of PG or Pam3Cys-SK4 for 6 
hours. Cells were washed, trypsinized and resuspended in PBS. 

ApoE-/- mice 20-25 weeks of age (Jackson Laboratories, Bar Harbor, Me) were divided 
into 3 groups. The mice were anesthetized with isoflurane and 2x106 macrophages were 
injected in the tail vein. The first group received intravenous injections of peritoneal 
macrophages stimulated with PG at day 1 and day 5. The second group received 
injections of peritoneal macrophages stimulated with Pam3Cys-SK4 at day 1 and day 
5. Group 3 receiving control peritoneal macrophages at day 1 and day 5 served as 
control. Recipient mice from the 3 groups were euthanized after 8 days. The mice 
were anesthetized with KRA cocktail containing ketaminehydrochloride 57.5 mg/ml, 
xylazine 10 mg/ml, atropine 0.5 mg/ml in NaCl 0.9%. The aortic arch was harvested 
and longitudinal cross-sections (7 µm thick) were cut and stained for histological 
analysis.

Histology
ApoE*3Leiden transgenic mice were anesthetized with Hypnorm/Dormicum. The 
thorax was opened, and mild pressure-perfusion (100 mm Hg) with 3.7% formaldehyde 
in 0.9% NaCl (wt/vol) for 10 min was performed by cardiac puncture. After perfusion, 
the femoral artery was harvested, fixed overnight in 3.7% formaldehyde in PBS, and 
paraffin-embedded. Serial cross-sections (5 µm thick) throughout the entire length 
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of the cuffed femoral artery (200 µm intervals) were used for histological analysis. 
All samples were routinely stained with hematoxylin–eosin. A Lawson (Elastin-von-
Giesson) staining was used to visualize the internal and external elastic laminae. In 
each section, we measured the luminal area (LA), area inside the inner elastic lamina 
(IEL), and the area inside the outer elastic lamina (EEL) by using image-analyzing 
software (Soft Imaging Systems, Münster, Germany). The plaque area was defined as 
IEL-LA. The medial area was defined as EEL-IEL.
Immunohistochemical stainings were performed for -SMC actin (monoclonal anti-
-SMC actin antibody, dilution 1:800, Sigma, St Louis, MO), and Mac-3 (monoclonal 
anti-mouse Mac-3, dilution 1:30, Becton Dickinson) to detect monocytes/macrophages. 
The percentage of SMC and monocytes/macrophages was determined by morphometry 
as the percentage -SMC actin-positive or Mac-3-positive area of the medial and 
plaque area. Extracellular matrix deposition was determined using Sirius Red 
(collagen) staining. To assess the amount of proliferation we stained the sections with 
a monoclonal antibody that recognizes the cell cycle associated protein Ki-67. Ki-67 
staining was determined as number of Ki-67 positive cells divided by total number of 
cells in the plaque area. 
Elastin-von-Giesson stained sections were examined for the discontinuities of the 
internal elastic lamina. In each mouse the number of breakdowns of elastic lamina 
was measured in 3 slides and the average number of lamina ruptures/mouse was 
calculated.
 
Longitudinal-cut cross-sections of the aortic arch of ApoE-/- mice were stained with 
haematoxylin-eosin. In consecutive sections, Hoechst was used to stain cell nuclei in 
the plaques. GFP-containing macrophages and Hoechst staining can be visualized by 
immunofluorescence microscopy.

Figure 1. PG and Pam3Cys-SK4 stimulation induce atherosclerotic plaque development
Plaque	 area	 (A	 and	 B)	 and	 plaque-media	 ratio	 (C	 and	 D)	 of	 ApoE*3Leiden	 transgenic	 mice	 treated	 with	 peri-
adventitial cuff containing only gelatin (control) or cuff and gelatin containing PG (A and C, n=10) or Pam3Cys-SK4	(B	
and	D,	n=8)	after	14	days.	The	contra-lateral	side	was	used	as	internal	control	for	the	treated	arteries	and	therefore	
data	are	presented	as	lines	connecting	control	arteries	and	PG-	or	Pam3Cys-SK4-treated	arteries	within	one	mouse.	
*p=0.011, **p=0.012, ***p=0.008, ****p=0.05.
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Statistics
All data are presented as lines connecting control arteries and PG- or Pam3Cys-SK4-
treated arteries within one mouse. Statistical analysis of the data was performed using 
Wilcoxon signed rank test. A value of p<0.05 was regarded as statistically significant.

reSULtS

Atherosclerotic plaque formation after stimulation with PG and Pam3Cys-SK4

To investigate the involvement of TLR2 in atherosclerotic plaque formation we 
performed in	 vivo experiments on ApoE*3Leiden transgenic mice. These mice were 
put on a high-cholesterol and high-fat diet for 4 weeks, followed by placement of a 
non-constrictive cuff with gelatin containing PG or Pam3Cys-SK4 around the right 
femoral artery and a cuff with only gelatin around the left femoral artery (control). 
Treatment of the right femoral artery with both PG and Pam3Cys-SK4 resulted in a 
significant increase in atherosclerotic plaque formation (PG p=0.011; Pam3Cys-SK4 
p=0.012 versus control) and plaque-media ratio (PG p=0.008; Pam3Cys-SK4 p=0.05 
versus control) (Figure	1). Furthermore, the medial area and arterial size (EEL area) 
of the PG- or Pam3Cys-SK4-treated arteries were significantly larger compared to the 
untreated arteries (medial area: PG p=0.009; Pam3Cys-SK4 p=0.05 versus control and 
EEL area: PG p=0.017; Pam3Cys-SK4 p=0.036 versus control). Lumen area did not 
differ between groups (median PG, 8515 µm2 versus control, 7896 µm2; Pam3Cys-SK4, 
5895 µm2 versus control, 9426 µm2).

Plaque phenotype after stimulation with PG and Pam3Cys-SK4

No significant difference was observed in macrophage content in the arterial plaques 
of arteries treated with PG or Pam3Cys-SK4 compared to control arteries (p=0.8 and 

Figure 2. Macrophage content in plaque and media after PG and Pam3Cys-SK4 stimulation
Atherosclerotic	 lesions	 in	 ApoE*3Leiden	 transgenic	 mice	 treated	 with	 a	 peri-adventitial	 cuff	 containing	 gelatin	
(control),	 gelatin	 and	 PG	 (A	 and	 C)	 or	 gelatin	 and	 Pam3Cys-SK4	 (B	 and	 D)	 for	 14	 days	 were	 stained	 for	 Mac-3	
(macrophages).	 Panels	 (A)	 and	 (B)	 demonstrate	 percentage	 of	 the	 plaque	 area	 that	 stained	 positive	 for	 Mac-3.	
Percentage	of	the	medial	area	that	stained	positive	for	Mac-3	after	PG	and	Pam3Cys-SK4	treatment	is	shown	in	(C)	
and (D), respectively. *p=0.009, **p=0.025
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p=0.2 versus control, respectively, Figure	2). However, in the media, the macrophage 
positive area was significantly larger after stimulation with PG and Pam3Cys-SK4 
(p=0.009 and p=0.025 versus control, respectively).

The area that stained positive for -SMC actin in the plaque was significantly increased 
after stimulation with both PG and Pam3Cys-SK4 (p=0.015 and p=0.036 versus 
control, respectively, Figure	3). In contrast, the medial -SMC actin-positive area was 
significantly smaller after stimulation of the arteries with both PG and Pam3Cys-SK4 
(p=0.009 and p=0.025 versus control, respectively). 
We also measured the amount of extracellular matrix deposition in the vessel wall. 
For this we used a Sirius Red staining, specifically staining collagen. Both PG and 
Pam3Cys-SK4 stimulated collagen deposition in the atherosclerotic plaque (Figure	4). 
Extracellular matrix deposition seemed to co-localize with the presence of SMC. 
Fragmentation of the internal elastic lamina is indicated in Figures 5A and 5B. 
Arteries treated with PG or Pam3Cys-SK4 featured a significantly increased frequency 
of internal elastic lamina fragmentation (PG p=0.038; and Pam3Cys-SK4 p=0.046 
versus control, Figures 5C and 5D).
The percentage of Ki-67 positive-stained cells in the plaque of PG- or Pam3Cys-SK4-
stimulated arteries did not significantly differ from control arteries (Figure	6).  

Figure 3. SMC content is increased in plaque area and decreased in medial area after PG and Pam3Cys-
SK4 stimulation
Immunohistochemistry with -SMC actin of arteries treated with only gelatin (control, A), gelatin and PG (B) or 
gelatin	and	Pam3Cys-SK4	(C)	for	14	days	after	cuff	placement	around	the	femoral	arteries.	Percentage	of	plaque	
area that stained positive for -SMC actin in mice that were treated with PG or Pam3Cys-SK4	is	shown	in	panels	
D and E. Panels (F) and (G) depict the percentage of the medial area that stained positive for -SMC actin after 
placement	of	the	cuff	with	gelatin	and	PG	or	gelatin	and	Pam3Cys-SK4, respectively. *p=0.015, **p=0.036, ***p=0.009, 
****p=0.025
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Macrophage homing after PG and Pam3Cys-SK4 stimulation
To determine whether peripheral stimulation of macrophages with PG and Pam3Cys-
SK4 would result in homing of these cells into the atherosclerotic plaque, peritoneal 
macrophages were isolated from GFP-transgenic mice, stimulated or left unstimulated 
and injected into ApoE-/- mice. In the whole aortic arch multiple atherosclerotic lesions 
could be found. 
Unstimulated GFP macrophages injected in the ApoE-/- mouse were rarely detected 
in the atherosclerotic plaques; only a few macrophages could be found in the whole 
aortic arch. However, stimulation with PG and Pam3Cys-SK4 increased homing of 
the macrophages compared to control macrophages. We did not see clusters of more 
than 10 macrophages in an atherosclerotic lesion within the aortic arch, but in each 
captured  picture of the atherosclerotic plaque a few macrophages could be found. 
Representative immunofluorescencent pictures of GFP macrophages, stimulated with 
or without PG and Pam3Cys-SK4, present in the plaque are shown in Figure 7. 

Figure 4. Extracellular matrix deposition in atherosclerotic lesions after PG and Pam3Cys-SK4 
stimulation
Sirius	Red	staining	of	arteries	after	cuff	placement	and	treatment	with	only	gelatin	(A),	gelatin	and	PG	(B),	or	gelatin	
and	Pam3Cys-SK4	(C)	for	14	days.	

Figure 5. PG and Pam3Cys-SK4 induce fragmentation of the internal elastic lamina	
Fragmentation	of	 internal	elastic	 lamina	 in	control	 (A)	or	PG	 (B)	 treated	arteries.	Arrows	show	sites	of	 internal	
elastic lamina disruption. Quantification of mean number of fragmentations per mouse after stimulation with PG 
and	Pam3Cys-SK4	in	ApoE*3Leiden	transgenic	mice	after	cuff	placement	around	the	femoral	arteries	is	shown	in	(C)	
and (D), respectively.  *p=0.038, **p=0.046
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DISCUSSION

To address the hypothesis that PG stimulates atherosclerotic plaque progression and 
development, we studied advanced lesions in an ApoE*3Leiden transgenic mice model 
that shows accelerated plaque formation due to the use of a non-constrictive polyethylene 
cuff placed around the femoral arteries. PG and Pam3Cys-SK4 both significantly 
increased atherosclerotic plaque formation, enlargement of both the media and the EEL 
area, whereas the luminal area did not change. Both PG- and Pam3Cys-SK4-treated 
arteries revealed plaques enriched in SMC and collagen, suggesting that both PG and 
Pam3Cys-SK4 stimulation induce a stable plaque phenotype. Macrophage content in 
the atherosclerotic plaque was not changed after PG or Pam3Cys-SK4 stimulation. 
Interestingly, a switch in cellular content seemed evident in the media: the number 
of -SMC actin-positive cells was strongly reduced following PG and Pam3Cys-SK4 
stimulation, whereas the number of Mac-3 positive macrophages clearly increased.

Previously, we demonstrated that TLR2 stimulation on vascular cells induces the 
expression of pro-inflammatory cytokines and chemokines [15]. Furthermore, 
in	 vivo cuff placement around the femoral artery with local stimulation of either 
TLR2 or TLR4 resulted in increased neointima formation [15,16]. The role of TLR2 
in atherosclerotic lesion formation is relatively unexplored until recently. Mullick 
et	 al showed that in atherosclerosis-susceptible LDLr-/- mice, deficiency of TLR2 
reduced development of atherosclerosis whereas systemic exposure to Pam3Cys-SK4 
dramatically increased lesion severity. However, with bone marrow transplantation, 
loss of TLR2 expression in cells not of bone marrow origin (such as endothelial cells and 
SMC) reduces atherosclerosis in the absence of a known exogenous ligand, whereas 
expression of TLR2 had no impact on disease. This suggests that an unknown TLR2 
agonist influences lesion progression. We previously showed that PG is observed in 
atherosclerotic vulnerable plaques [13]. In the current study we hypothesized that PG 
and the synthetic TLR2 ligand Pam3Cys-SK4 influence advanced atherosclerotic lesion 
progression and plaque characteristics in an atherosclerotic mouse model. 
In accordance with our previous results, histological analysis showed a significant 
increase in plaque and media size following PG and Pam3Cys-SK4 application. 
Importantly, total vessel area was also increased by the PG and Pam3Cys-SK4 treatment, 
thereby preventing a decrease in luminal area. This indicates that TLR2 ligation by 
PG and Pam3Cys-SK4 might promote outward arterial remodeling. Previously, our lab 

Figure 6. PG and Pam3Cys-SK4 do not stimulate proliferation of cells in the plaque
Percentage of Ki-67 positive-stained cells (proliferating cells) in the plaque of ApoE*3Leiden transgenic mice treated 
with	peri-adventitial	cuff	containing	gelatin	(control)	or	gelatin	and	PG	(A)	or	Pam3Cys-SK4	(B)	after	14	days.
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demonstrated that TLR4 activation with LPS in ApoE*3Leiden mice induces outward 
arterial remodeling [22]. Outward remodeling in arteries is an important determinant 
for lumen loss because it can compensate for plaque accumulation in the arterial 
lumen. However, although the luminal area is preserved, in human atherosclerosis the 
plaque beneath the surface of the lumen often has a vulnerable phenotype [23,24]. Next 
to a vulnerable plaque phenotype, outward remodeling is associated with aneurysm 
formation and shear stress–induced arteriogenesis [25,26]. 
Although we found an increase in total vessel area after PG and Pam3Cys-SK4 
stimulation, the plaques did not show an increase in macrophage content compared 
to control (one of the main features of a vulnerable plaque). The plaques were enriched 
in collagen, mainly in the cap but also in the core of the plaques, and in -actin-
positive SMC content. Furthermore, in the media of PG- and Pam3Cys-SK4-treated 
arteries -actin-positive SMC seemed to be diminished and replaced by Mac-3-positive 
macrophages. The SMC are, together with macrophages, the first cells that migrate 
into the subendothelial layer and form the initial plaque. An increase in SMC content 
in atherosclerotic plaques is caused by SMC migration from the media followed 
by proliferation. Our results suggest that in PG and Pam3Cys-SK4 treated arteries 
SMC initially present in the media have been triggered to migrate to the plaque for 
participation in growth of the atherosclerotic plaque. To our knowledge, a decrease in 
arterial medial SMC content as we have observed has not been described earlier in 
atherosclerotic mouse models. Our observations merit careful consideration since, from 
previous studies it is known that vascular SMC are able to re-differentiate towards an 

Figure 7. PG and Pam3Cys-SK4 increase macrophage homing into atherosclerotic plaques
The	ability	of	macrophages	to	migrate	into	the	atherosclerotic	plaque	upon	PG	and	Pam3Cys-SK4	stimulation	was	
investigated	in	ApoE-/-	mice.	Control	GFP-macrophages	could	hardly	be	found	in	the	atherosclerotic	plaques	(only	
a	few	cells	in	the	whole	aortic	arch),	whereas	macrophages	that	were	stimulated	with	either	PG	or	Pam3Cys-SK4	
were	found	easier	(a	few	macrophages	in	each	atherosclerotic	plaque	within	the	aortic	arch).	The	left	panel	shows	
GFP	cells	 in	 the	arterial	wall,	 the	middle	panel	shows	Hoechst	nuclear	staining	and	the	right	panel	shows	the	
merged	picture.	*

*	see	color	supplement
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-SMC actin-negative phenotype and that those cells have been reported to be present 
in atherosclerotic lesions [27]. Therefore, another explanation might be that the SMC 
in the media of arteries treated with PG and Pam3Cys-SK4 differentiated in an -actin 
negative phenotype, which has been shown to be a feature of migrating SMC. The 
substitution of medial SMC by macrophages was an unexpected observation. This is a 
novel observation for which we do not have an explanation at yet. However, it is known 
that there is ample evidence that ligation of TLR and NOD can result in enhanced 
apoptosis of cells [11]. 
 
Adventitial fibroblasts can act as innate immune cells and signaling through TLR4 and 
TLR2 on adventitial fibroblasts leads to production of pro-inflammatory cytokines, like  
IL-1, IL-1β, IL-6, IL-8 and MCP-1 [15,16]. These cytokines are able to activate matrix 
metalloproteinase (MMP)-2 and MMP-9 [28-31]. Both MMP-2 and MMP-9 are important 
enzymes associated with development of atherosclerosis [32] and aneurysm formation 
[33,34], and they facilitate SMC migration and proliferation [35,36]. Although we did 
not measure MMP levels in the atherosclerotic plaques, both PG and Pam3Cys-SK4, 
present around the femoral artery in the cuff, might be able to stimulate adventitial 
fibroblasts. Thereby these ligands promote the production and secretion of pro-
inflammatory cytokines which are able to activate MMPs, and induce the migration 
and proliferation of SMC, resulting in increased atherosclerotic plaque development 
identical to what we demonstrated in the present study. This notion is supported by 
fragmentation of the internal elastica lamina, which may indicate enhanced elastase 
activity. Fragmentation of the lamina thereby facilitates migration of the SMC from 
the media into the atherosclerotic plaques at sites were the elastic lamina is ruptured 
[37,38]. PG and Pam3Cys-SK4 significantly stimulated fragmentation of the lamina 
compared to control arteries, suggesting better opportunities for SMC migration from 
media to plaque and therefore resulting in an increased atherosclerotic plaque. 

Previously, we demonstrated that stimulation of monocytes with both PG and Pam3Cys-
SK4 resulted in increased integrin expression on the monocyte surface. We also showed 
that those β2-integrins were not only upregulated, but were also functional and able to 
bind to ICAM-1 coated beads. Furthermore, stimulated monocytes showed increased 
firm adhesion to endothelial cells under flow conditions as well as increased migratory 
capacities. In the present study we demonstrated in	vivo that macrophages stimulated 
with PG and Pam3Cys-SK4 were able to home to atherosclerotic plaques more efficiently 
than unstimulated cells. These results suggest once more that TLR2 stimulation of 
monocytes/macrophages by PG might enhance accumulation of these cells at sites of 
inflammation, such as atherosclerotic plaques. 

Based on the previous study by Laman et	 al which showed that PG is present in 
plaques that reveal a vulnerable phenotype and that PG can mainly be found in 
macrophage-rich regions [13], we hypothesized that after PG and Pam3Cys-SK4 
stimulation in ApoE*3Leiden transgenic mice, plaques would reveal a more vulnerable 
phenotype. Surprisingly, we observed that after PG and Pam3Cys-SK4 stimulation 
plaques revealed a stable phenotype, harboring more SMC and collagen compared 
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with control arteries. In the present study we applied the ligands at the outer layer of 
the artery and thereby probably stimulated the cells that are present in the adventitia, 
such as fibroblasts. These cells are able to produce and secrete cytokines that play an 
important role in SMC migration and proliferation. In contrast, stimulation of cells in 
the adventitia might not result in activation of cells in the bloodstream, and thereby 
might not recruit more monocytes and macrophages to the atherosclerotic plaque than 
in the arteries that were treated with only gelatin. However, in the present study we 
showed that macrophages stimulated with PG and Pam3Cys-SK4 and injected into the 
bloodstream more efficiently home into atherosclerotic plaques. We therefore postulate 
that monocytes and macrophages that are stimulated with PG or Pam3Cys-SK4 at 
mucosal or non-mucosal sites and afterwards enter the bloodstream might be able to 
participate in development of vulnerable plaques. It is now established that antigen-
presenting cells can take up bacterial antigens at the mucosa, including sampling 
of the gut [39,40] and can subsequently carry the antigen to other sites of the body, 
including the atherosclerotic plaque. 

In summary, this study demonstrates that progression of atherosclerotic plaques is 
promoted by PG and Pam3Cys-SK4 stimulation in	vivo and that those atherosclerotic 
plaques are enriched in collagen and SMC, suggesting that stimulation is associated 
with formation of a stable plaque. Furthermore, macrophages stimulated with PG or 
Pam3Cys-SK4 showed increased homing towards atherosclerotic plaques, suggesting 
that PG and Pam3Cys-SK4 stimulation enhance accumulation of macrophages, via the 
bloodstream, at sites of inflammation like the atherosclerotic arterial wall. 
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ABStrACt

Objective: Nucleotide-binding oligomerization domain (NOD)1 and NOD2 proteins are 
recently recognized cytosolic pattern recognition receptors that sense the muropeptide 
derivatives of bacterial peptidoglycan and constitute an important part of innate 
immunity. Furthermore, NOD proteins are involved in apoptosis control. The innate 
immune system plays an important role in atherosclerosis and the current study 
aimed at elucidating the implication of NOD in this disease. 
Methods and results: mRNA levels of NOD2 assessed by real-time RT-PCR were 
markedly elevated in human atherosclerotic lesions compared with non-atherosclerotic 
mammary arteries, whereas NOD1 levels were not significantly altered. Western blots 
revealed that both NOD1 and NOD2 protein expression was significantly increased in 
human atherosclerotic lesions compared to normal mammary arteries. Characterization 
of NOD1 and NOD2 protein by western blot in 120 carotid atherosclerotic plaques 
revealed that high NOD1 levels were more prevalent in asymptomatic rather than 
symptomatic patients, as well as in plaques enriched in SMC -actin and collagen. An 
increase in NOD1 levels therefore seemed to be linked with a stable plaque phenotype. 
Despite of increased expression in atherosclerotic plaques, NOD2 was not specifically 
associated with characteristics that have been associated with a vulnerable plaque 
phenotype. Immunohistochemistry revealed that NOD2 protein was expressed in 
macrophages and endothelial cells. 
Functionally, in	vitro stimulation of endothelial cells with pro-inflammatory cytokines 
such as TNF- induced increased expression of NOD2 transcript and protein.
Conclusion: In atherosclerosis, NOD1 and NOD2 protein expression is increased. 
In the atherosclerotic lesions NOD1 and NOD2 can be detected in macrophages 
and endothelial cells. Furthermore, NOD2 activation in endothelial cells might even 
promote the inflammatory phenotype of the atherosclerotic lesion. 
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INtrODUCtION

Atherosclerosis is characterized by chronic inflammation in conjunction with lipid 
retention and lipid accumulation in the vessel wall. Infections have been implicated in 
the pathogenesis of atherosclerosis based on seroepidemiological data and the presence 
of microbial DNA and protein within lesions [1-4]. Infectious agents are able to influence 
atherogenesis by triggering innate immune responses such as secretion of cytokines 
and chemokines by antigen-presenting cells and recruitment of macrophages and 
neutrophils to the site of inflammation. This is followed by induction of an adaptive 
immune reaction, notably activation and expansion of antigen-specific T cells. 

Sensing of infectious agents by the host is mediated by the recognition of microbial 
agent-specific pathogen-associated molecular patterns (PAMPs). These PAMPs can 
be recognized by pattern recognition receptors (PRRs), including Toll-like receptors 
(TLRs) and nucleotide-binding oligomerization domain (NOD) proteins. Mammals 
have two closely related NOD family members -NOD1 and NOD2-, containing 1 or 2 
CARD domains, respectively. NOD1 (CARD4) and NOD2 (CARD15) are members of 
the CATERPILLER [CArd, Transcription Enhancer, R (purine)-binding, Pyrin, Lots of 
LEucine Repeats] superfamily [5]. Both NOD1 and NOD2 are intracellular proteins 
containing three functional domains: a C-terminal leucine-rich repeat (LRR) domain 
serving as ligand-recognition domain, a centrally located nucleotide-binding domain, 
and an N-terminal protein/protein interaction domain involved in signaling. NODs 
are general sensors for both Gram-positive and Gram-negative bacteria, through the 
recognition of minimal motifs found in the bacterial cell wall component peptidoglycan 
(PG). Specifically, NOD1 responds to a Gram-negative-specific ligand, a diaminopimelic 
acid containing dipeptide [6,7] whereas NOD2 is a more general sensor recognizing 
muramyl dipeptide (MDP), a degradation product of PG from virtually all bacteria 
[8,9]. NOD1 is ubiquitously expressed in a variety of adult tissues [10,11], as opposed to 
NOD2 which has been found mainly in macrophages, dendritic cells and Paneth and 
epithelial cells of the intestine [12-15]. Stimulation of the receptors leads to activation 
of the transcription factor nuclear factor-kappa B (NF-κB) [10-12]. This stimulation 
probably occurs through the serine/threonine kinase RIP2 (also known as RICK or 
CARDIAK), thereby inducing the expression of pro-inflammatory mediators [16]. The 
NF-κB pathway plays an important role in inflammation and atherosclerosis [17].

A well-described ligand for TLR2/NOD is PG, a component of the wall of Gram-positive 
bacteria and to lesser extent Gram-negative bacteria. PG is able to induce production 
and secretion of pro-inflammatory cytokines, such as interleukin (IL)-1, IL-6 and 
tumor necrosis factor (TNF)-, by monocytes and macrophages in	vitro via activation of 
NF-κB [18,19]. That PG may stimulate the production of pro-inflammatory cytokines in 
atherosclerotic lesions is supported by our observation that PG is prevalent in human 
atherosclerotic lesions with an inflammatory unstable phenotype. The presence of PG 
is mainly observed in macrophage-rich atheromatous regions [20]. In addition, in a 
clinical study, we demonstrated that systemic IgM-specific antibody levels against PG 
are significantly lower in atherosclerotic patients compared to control patients [21]. 
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Furthermore, the IgM antibody levels against PG are inversely related with common 
carotid intima-media thickness. 

Pathophysiologic functions of NODs are only beginning to be understood. NOD2 
has been implicated in Crohn’s disease (CD) [22,23], an inflammatory bowel disease 
characterized by elevated levels of pro-inflammatory cytokines and inflammation 
in the intestine [24,25]. Individuals with one of the three major disease-associated 
NOD2 alleles have a 2- to 4-fold increased risk of developing CD, whereas homozygous 
or compound heterozygous carriers have a 15- to 40-fold increase in risk [26]. 
Furthermore, at least three reported NOD2 mutations have been shown to cause Blau 
syndrome [27].
To understand the molecular basis of innate immunity involved in atherosclerosis, 
we investigated expression of NOD1 and NOD2 in human atherosclerotic tissue. Our 
results demonstrate that both NOD1 and NOD2 protein expression is increased in 
human atherosclerotic lesions and that NOD2 is present within macrophages and 
endothelial cells in atherosclerotic plaques. Furthermore, NOD2 functions as an 
innate immune receptor in endothelial cells. 

MAterIAL AND MethODS

Study	population
Patients are participants of the Atherosclerotic plaque Expression study (Athero-
Express), which is an ongoing longitudinal multicenter cohort study, initiated in 2002 
and currently being executed in two Dutch hospitals: the University Medical Center 
Utrecht and Sint Antonius hospital Nieuwegein. Recruitment of patients undergoing 
carotid endarterectomy started in April 2002. All cohort members will be followed 
for the occurrence of adverse cardiovascular events for a minimum of 3 years. The 
objective of Athero-Express is to evaluate differential atherosclerotic plaque expression 
of protein in relation to future cardiovascular events and patient characteristics [28]. 
Patients in this study are either symptomatic or asymptomatic. Symptoms associated 
with carotid atherosclerotic disease are (minor) stroke, transient ischemic attack and 
amaurosis fugax. 

In another independent study conducted in the Karolinska Institute in Stockholm, 
13 human atherosclerotic lesions were collected from patients undergoing carotid 
endarterectomy. Ten human internal mammary arteries were obtained from patients 
undergoing coronary artery bypass surgery and used as non-atherosclerotic control 
arteries. 

These studies were approved by the Medical Ethical Committees of the participating 
hospitals, and written informed consent was obtained from each patient. The 
investigation conforms to the principles outlined in the Declaration of Helsinki. 



	

	

127Peptidoglycan in atherosclerotic plaque formation and vulnerability 
Manon Oude Nijhuis 

NOD1 and NOD2 in atherosclerosis

8

Carotid	atherosclerotic	plaque	characterization	
Segments of the culprit lesion of each plaque were cut into 5 µm sections and stained 
for collagen (Sirius Red), smooth muscle cell (SMC) -actin, macrophages (CD68), and 
hematoxylin and eosin. All stained sections were examined semi-quantitatively and 
the degree of staining was classified as no, minor, moderate or heavily stained [28]. 
- Sirius Red using polarized light microscopy: 
1) no or minor staining= staining along part of the luminal border; 
2) moderate or heavy staining= staining along the entire luminal border.
- Alpha-actin positive cells: 
1) no or minor staining = discontinuous over the entire circumference with absent 
staining at parts of the circumference of the arterial wall; 
2) moderate or heavy staining = positive cells along the entire circumference of the 
luminal border, with at least minor staining locally with few scattered cells.
- CD68-positive cells: 
1) absent or minor staining = no or few scattered positive cells; 
2) moderate or heavy staining = stained clusters of cells with >10 cells present.

An overall plaque phenotype was assigned to each lesion based on overall appearance. 
A plaque is considered more active and unstable when it reveals a strong staining for 
macrophages, a large atheroma and when it lacks collagen and SMC. The more fibrous 
stable lesion typically lacks inflammatory cells and fat and reveals strong staining for 
collagen and SMC. Three groups were considered based on the percentage of atheroma 
in the plaque being present: fibrous plaques containing <10% fat; fibro-atheromatous 
plaques containing 10-40% fat; or atheromatous plaques containing >40% fat. 

RNA	and	protein	isolation	carotid	plaques
The segment adjacent to the culprit lesion was used to isolate total RNA and protein. 
For this purpose, frozen arterial segments were crushed in liquid nitrogen. Protein was 
isolated using two techniques. One part of the segment was treated with 1 ml Tripure 
Isolation Reagent (Boehringer, Mannheim, Germany) according to manufacturer’s 
protocol. The other part was dissolved in TrisHCl (pH 7.5 at 4°C). RNA was isolated 
using Tripure Isolation Reagent. After isolation, total RNA was treated with DNAse 
(Amersham Pharmacia, Freiburg, Germany). The presence of genomic DNA was tested 
by PCR without reverse transcriptase. cDNA was created using ‘Ready to go, You prime 
First system’ (Amersham Pharmacia).

Total matrix metalloproteinase (MMP) activities were measured using the Biotrak 
activity assays RPN2631 (MMP-2), RPN2635 (MMP-8), and RPN2634 (MMP-9) 
(Amersham Biosciences, Buckinghamshire, United Kingdom). Extracellular MMP 
inducer (EMMPRIN) expression levels were determined by Western blotting (sc-9753, 
Santa Cruz Biotechnology, CA) [29]. EMMPRIN has been identified as a surface 
glycoprotein on tumor cells that is able to stimulate the production of different MMPs. 
Recently we investigated the relation of EMMPRIN with plaque characteristics and 
the association of EMMPRIN with MMP activity in the atherosclerotic plaque [29]. 
Expression levels of the less glycosylated form of EMMPRIN (45kD) were found to be 
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higher in SMC rich lesions and related to MMP-2 activity, whereas expression of the 
more glycosylated form of EMMPRIN (58kD) was associated with MMP-9 activity.

Western	blotting	for	NOD	protein	in	carotid	plaques
NOD1 and NOD2 protein expression levels were assessed in 120 patient samples from 
the Athero-Express study. Six human internal mammary arteries were used as non-
atherosclerotic control arteries. Samples (15 µg/lane) were separated on a 5% SDS 
polyacrylamide gel and blotted to a Hybond-C membrane (Amersham Biosciences). 
Blocking and incubation steps were done in 5% non-fat dry milk in PBS/0.1% Tween 
20. Blots were incubated with either rabbit anti-human NOD1 (Alpha Diagnostics 
International, San Antonio, TX) or mouse anti-human NOD2 (Cayman Chemical 
Company, Ann Arbor, MI), followed by goat anti-rabbit-HRPO (1:2000, Dako, Glostrup, 
Denmark) or rabbit anti-mouse-HRPO (1:2000, Dako). Bands were visualized with the 
use of ECL kit (Amersham Biosciences). Optical densities of NOD1- and NOD2-positive 
bands were measured with the use of the GelDoc system (Biorad, Hercules, CA) and 
expressed in arbitrary units. 

Immunohistochemistry and immunofluorescence
Acetone-fixed 10 µm cryosections were preincubated for 30 min with 5% normal 
serum. After incubation with mouse anti-human NOD2 at 4°C overnight, sections were 
incubated with biotinylated goat-anti rabbit 7.5 µg/ml or horse anti-mouse 7.5 µg/ml 
followed by avidin-biotin peroxidase complex and developed with diaminobenzidine 
(all from Vector Laboratories, Burlingame, CA). The specificity of the NOD2 antibody 
was confirmed by incubation with isotype-matched control IgG (DakoCytomation, 
Glostrup, Denmark). 

Double-staining was performed using immunofluorescence. After preincubation with 
5% normal serum in 50 mM NH4Cl for 30 minutes, primary antibodies were incubated 
overnight at 4°C followed by goat anti-mouse biotin or goat anti-mouse Texas Red 10 
µg/ml (Molecular Probes Inc, Eugene, Oregon) for 30 min at RT. Subsequently Oregon 
green-streptavidin 1 µg/ml (Molecular Probes) was incubated for 30 min at RT when 
appropriate. A biotin blocking kit (Vector Laboratories) was used after completion of 
staining for the first set of antibodies and prior to incubation of the second set of primary 
and secondary antibodies. Cross-binding between the different sets of antibodies 
was controlled for by incubating consecutive sections without the second primary 
antibody. No difference was observed in staining patterns between consecutive single 
or double-labelled sections. Sections were incubated with 0.003% Sudan black B (BDH 
Laboratory Supplies, Poole, England) in 70% alcohol to block lipid autofluorescence 
followed by thorough washing in PBS. 4,6-diamidino-2-phenylindole dihydrochloride 
(DAPI) (Sigma) was used to stain cell nuclei in the tissue. The following antibodies 
were used for immunofluorescence: mouse anti-human NOD2 (Cayman Chemical), 
mouse anti-human von Willebrand factor, anti-human CD163, anti-human α-smooth 
muscle actin (all from DakoCytomation) and anti-human CD3 (Becton Dickinson, BD 
Biosciences, San Jose, CA). 
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Cell	culture
Human umbilical vein endothelial cells (HUVEC) (Clonetics, Bio Whittaker, Walkersville, 
MD) of passages 5-8 were used. Cells were maintained at 37°C, 5% CO2 in EGM-
2 medium (Clonetics, Bio Whittaker) and seeded into 6-well plates for stimulation 
experiments. HUVEC (80% confluent) were stimulated in EGM-2 with different doses 
or time points of TNF-, IFN-γ, IL-1β or TNF- together with IFN-γ (all from PeproTech 
EC Ltd., London, UK). Proteins were extracted in RIPA buffer supplemented with the 
following protease inhibitors (final concentration): phenylmethylsulfonyl fluoride (1 
mM), pepstatin A (10 µM), EDTA (1 mM) and E64 (10 µM) (all from Sigma). Samples 
(10 or 20 µg/lane) were separated on a 7.5% SDS polyacrylamide gel and blotted to 
polyvinylidene difluoride membranes. NOD2 protein expression was determined as 
described in the paragraph Western blotting for NOD protein in carotid plaques. In 
functional experiments, HUVEC were treated with different concentrations of MDP 
(Sigma-Aldrich, St. Louis, MI) for 24 h. Supernatants were collected and stored at 
-80°C. 

Quantitative	real-time	RT-PCR
RNA was isolated with RNeasy Total RNA Mini Kit (Qiagen Inc., Valencia, CA) according 
to the manufacturer’s instructions, with an additional phenol/chloroform extraction 
step for tissue samples, and treated with RNase free DNase I (Qiagen). Subsequently, 0.2 
or 1 µg RNA was used in a 40 µl cDNA synthesis using hexanucleotides and Superscript 
II reverse transcriptase (Invitrogen Life Technologies, Paisley, UK). Real-time PCR on 
3 µl cDNA was performed in an ABI 7700 Sequence Detector (Perkin-Elmer Applied 
Biosystems, Foster City, CA) using Assay on demand primer and probe for human 
NOD1, NOD2, intercellular adhesion molecule-1 (ICAM-1), monocyte chemoattractant 
protein-1 (MCP-1) and cyclooxygenase-2 (COX-2) (ABI, Foster City, CA). Cyclophilin 
A was used as housekeeping gene with the following sequence for; forward primer 
5’-TGC TGG ACC CAA CAC AAA TG-3’ reverse primer 5’-TGC CAT CCA ACC ACT CAG 
TC-3’ and probe 6-FAM-TTC CCA GTT TTT CAT CTG CAC TGC CA-TAMRA. The data 
was analyzed using Sequence Detection System v 1.9.1 (ABI). 

Figure 1. NOD1 and NOD2 mRNA expression level in atherosclerotic lesions
Quantitative real-time RT-PCR assessment of human NOD1 and NOD2 transcripts in normal vessels (normal, n=10) 
and	atherosclerotic	lesions	(atherosclerotic,	n=38).	Box	plots	show	relative	abundance	of	A)	NOD1	transcript	and	B)	
NOD2 transcript normalized to cyclophilin A. *p<0.05
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Statistical	analysis
Data are presented as mean and 95% confidence interval (CI). The Mann-Whitney test 
was used to compare mRNA and protein levels in atherosclerotic lesions and control 
arteries. One-way ANOVA, Mann-Whitney test, or Kruskal-Wallis test was used to 
compare differences among histological sections and NOD1 and NOD2 levels. Data 
from in	vitro cell culture experiments are shown as mean ± standard error of the mean 
(SEM) of three different experiments. A p-value <0.05 was considered significant.

reSULtS

Characteristics of NOD1 and NOD2 transcripts in atherosclerotic lesions 
Levels of NOD1 and NOD2 transcripts in atherosclerotic lesions and mammary arteries 
were determined by quantitative real-time RT-PCR. Our data showed no significant 
change in NOD1 transcript in atherosclerotic lesions compared to normal vessels 
(Figure	1A). The level of NOD2 transcript, on the other hand, increased 2.5-fold in the 
atherosclerotic lesions compared to the control arteries (Figure	1B).

NOD1 and NOD2 protein levels are increased in carotid atherosclerotic plaques 
and associated with plaque phenotype and MMP expression 
Characteristics of the 120 patients are shown in table 1. NOD1 and NOD2 expression 
levels were not associated with patient risk factors or statin use. However, NOD1 
protein levels were higher in asymptomatic patients compared with symptomatic 
patients (p=0.02). 

We measured levels of NOD1 and NOD2 protein expression in samples of the 
Athero-Express and control mammary arteries. NOD1 and NOD2 protein levels were 
significantly increased in atherosclerotic lesions compared to control arteries (NOD1; 
2.5-fold increase, p=0.009 and NOD2; 2-fold increase, p=0.009, compared to control 
mammary arteries, Figure	2). 
NOD1 expression levels were increased in plaques that revealed more collagen staining 
(2-fold increase, p=0.01) and SMC -actin staining (3-fold increase, p=0.006, Figure	3). 
There was no relation between NOD1 expression and macrophage content or plaque 

Patient characteristics  NOD1 expression NOD2 expression
  p-value p-value
Total number of patients 120  
Statin use 69% 0.88 0.37
Hypertension 59% 0.30 0.48
Hyperlipidemia 54% 0.87 0.88
Diabetes mellitus 18% 0.74 0.85
Smoking 60% 0.11 0.22
Symptomatic patients 72% 0.02 * 0.12

Table1. Characteristics of the study population
P-values	 of	 correlations	 between	 NOD1	 and	 NOD2	 expression	 and	 baseline	 characteristics	 of	 the	 patients	 are	
shown. *: p<0.05
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phenotype (atheromatous, fibro-atheromatous, or fibrous plaques). Since, in general, 
SMC are abundantly present in atherosclerotic plaques and NOD1 expression was 
highly associated with SMC staining, we also investigated whether NOD1 expression 
was associated with macrophage staining in cross-sections that revealed minor or no 
SMC staining. Indeed, we observed that moderate/heavy macrophage staining was 
associated with higher levels of NOD1 expression in this selected group of plaques that 
lacked SMC (2-fold increase, p=0.021, Figure	3). NOD2 expression in the plaque was 
not associated with either one of these variables although a tendency was observed for 
SMC -actin (p=0.131, Figure	3). 

An inverse relation was observed between NOD1 expression levels and MMP-2 levels 
in the plaque (p=0.012), while a significant positive relation could be seen with MMP-
8 (p=0.008) and MMP-9 levels (p=0.031, Figure	4A). Furthermore, NOD1 expression 
was related with EMMPRIN 58kD (p=0.007) and inversely related with EMMPRIN 
45kD (p=0.009) which is in line with the previously described association between 
EMMPRIN 58kD and MMP-9 as well as EMMPRIN 45kD and MMP-2. In line with NOD1 

Figure 2. NOD1 and NOD2 protein expression in normal mammary arteries and atherosclerotic 
plaques
NOD1	and	NOD2	protein	expression	levels	were	measured	by	western	blot	in	atherosclerotic	lesions	and	control	
mammary arteries. Data are presented as arbitrary units and shown as mean and 95% CI. *p<0.05

Figure 3. NOD1 and NOD2 protein expression in atherosclerotic plaques 
NOD1	(A)	and	NOD2	(B)	protein	expression	levels	were	measured	by	western	blot	in	sections	stained	for	collagen,	
-actin (SMC) and CD68 (macrophages). Data are presented as arbitrary units and shown as mean and 95% CI. 
*p<0.05
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expression, NOD2 expression levels were inversely correlated with MMP-2 expression 
(p=0.04) and EMMPRIN 45kD (p=0.016), (Figure	4B). In addition, NOD2 protein levels 
were positively associated with both MMP-8 (p=0.015) and MMP-9 levels (p=0.039). 

NOD2 expression is induced in endothelial cells and predominantly located in 
infiltrating macrophages in atherosclerotic lesions
By the use of immunohistochemistry we found strong staining for NOD2 protein 
distributed in the inflamed areas inside the atherosclerotic lesion as well as in 
endothelium lining the lumen of the vessel (Figures 5B and 5C). However, we could 
not confirm NOD2 protein expression in normal arteries, as would be predicted to 

Figure 4. Correlations between NOD1 and NOD2 protein expression and quantitative MMP activity levels, 
EMMPRIN 45kD and EMMPRIN 58kD levels
Continuous	MMP	and	EMMPRIN	variables	were	categorized	into	percentile	groups	(quartiles)	and	plotted	against	
NOD1 (A) and NOD2 (B) protein expression. Data are presented as arbitrary units and shown as mean and 95% 
CI. *p<0.05
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occur on basis of mRNA transcript (Figure 5A). Further investigation allowed us to 
identify which cell types were expressing NOD2 in the atherosclerotic lesion by the 
use of immunofluorescence staining. Macrophages are the most prominent NOD2-
expressing cells as evident by the co-localization of NOD2 staining with that of CD163 
(Figure	6). Some endothelial cells were also positive for NOD2 (Figure	6) but few CD3 
expressing T-lymphocytes and SMC stained positive. Detecting NOD1 protein in 
normal and diseased vessels was unsuccessful in the current study due to lack of a 
specific antibody for immunohistochemistry.

NOD2 expression is induced in HUVEC by TNF- alone and in synergy with 
IFN-γ
To further investigate the induction of NOD2 expression in endothelial cells, HUVEC 
were stimulated with different doses of TNF-, IFN-γ or both. Similar to effects seen 
in intestinal epithelial cells [30], TNF- induced the expression of NOD2 in a dose-
dependent manner with a 20-fold increase in NOD2 transcript at 200 U/ml (Figure 7A). 
In another experiment, IL-1β could also induce NOD2 expression (data not shown). A 
time-course study showed that NOD2 expression could be induced quickly, starting 
already at 3 h after TNF- stimulation (Figure 7B). Furthermore, these experiments 
suggest that expression of NOD2 seems to be a biphasic response with the second 
phase peaking at 9 h after stimulation. In addition, co-treatment of TNF- with IFN-γ 
even further increased NOD2 expression (Figure 7C), whereas IFN-γ alone did not 
induce NOD2 expression in HUVEC (data not shown).
Consistent with the mRNA data, a similar pattern of NOD2 protein expression was 
confirmed by western blot using a mouse anti-human NOD2 antibody on protein 
extracts from HUVEC treated with or without different doses of TNF- or TNF- 
together with IFN-γ for 24 h (Figure 7D). Furthermore, basal levels of NOD2 protein 
could be found in HUVEC. No NOD1 mRNA expression could be detected.

DISCUSSION

The involvement of NODs in human diseases has been investigated by comparison 
of the incidence of disease among people having different polymorphisms in genes 
that participate in NOD signaling. In particular, mutations in the NOD2 gene have 

Figure 5. Immunohistochemical detection of NOD2 protein in normal vessels and human atherosclerotic 
lesions
The	pictures	show	an	overview	of	NOD2	protein	expression	and	distribution	 in	normal	 vessels	 (A)	and	human	
atherosclerotic	lesions	(B).	(C)	shows	a	consecutive	section	to	(B)	that	is	stained	with	isotype-matched	control	IgG	
as negative control. Cell nuclei are counterstained with hematoxylin. Original magnification: 200x.
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been associated with increased susceptibility to CD [22,23], Blau syndrome [27] and 
risk of infant sepsis [31], indicating that alteration in NOD-mediated innate immunity 
is critical to inflammatory and infection-related diseases. The data reported here 
show that both NOD1 and NOD2 are expressed in human atherosclerosis both at the 
mRNA and protein level, suggesting involvement of previously unnoticed PRRs in the 
disease. NOD1 and NOD2 are intracellular PRRs specialized in sensing PG from both 
Gram-negative and Gram-positive bacteria [32]. They constitute an important part of 
the innate immune response and activation of the receptors leads to the activation 
and translocation of the transcription factor NF-κB [10-12,16]. NF-κB subsequently 
induces the expression of pro-inflammatory mediators and represents an important 
pathway in inflammation and atherosclerosis [17]. Expression of NOD1 and NOD2 in 
lesions might reflect a novel activation route for this transcription factor in disease-
affected vessels.

NOD2 is expressed primarily in immune cells and epithelial cells [12-15], while the 
expression of NOD1 is ubiquitous [10,11]. Our findings demonstrate that the normal 
artery expresses both NOD1 and NOD2. We have identified marked enhancement 
of NOD2 transcript in human atherosclerotic lesions compared to normal control 
vessels. Furthermore, both NOD1 and NOD2 protein expression was increased in 

Figure 6. NOD2 is expressed by macrophages and endothelial cells in atherosclerotic plaques
Double immunofluorescent staining for NOD2 (green) and cell markers (red) on atherosclerotic lesions. Cells were 
stained	for	CD163	(macrophages)	and	von	Willebrand	Factor	(endothelial	cells).	Double-positive	cells	are	yellow	in	
the overlay panel. Cell nuclei are stained blue with DAPI. Original magnification: left panel 400x, right panel 200x. 
*

*	see	color	supplement
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the atherosclerotic lesions. NOD2 is primarily expressed in macrophages within 
inflammatory areas inside the atherosclerotic lesions. This is consistent with the lower 
levels of NOD2 expression observed in internal mammary arteries. Also endothelial 
cells of the diseased artery are stained positive for NOD2 protein.

To elucidate the regulation of NOD2 expression we investigated NOD2 expression in 
cultured human endothelial cells and found that HUVEC constitutively express a 
basal level of NOD2. Additionally, NOD2 expression in endothelial cells is induced 
both at the transcript and protein level by the pro-inflammatory cytokines TNF- and 
IL-1β and by TNF- together with IFN-γ. This is in accordance with previous data in 
intestinal epithelial cells in which the NOD2 transcript is upregulated by TNF- via 
activation of NF-κB [30,33]. As TNF- strongly induces NOD2 expression in endothelial 
cells, it is likely that NF-κB signaling also is involved in cytokine-mediated NOD2 
upregulation in endothelial cells. Pro-inflammatory cytokines and chemokines are 
elevated in patients with atherosclerosis and expressed locally in atherosclerotic lesions 
[34]. It is conceivable that NOD2 expression might be induced by these cytokines and 
chemokines present in the lesions.

Furthermore, endothelial cells were stimulated with the NOD2 specific ligand MDP 
to address the functional relevance of NOD2 in these cells. Preliminary data indicate 
that normal endothelial cells respond to rather low doses (1 µg/ml) of MDP treatment 
characterized by upregulation of transcripts of the chemokine MCP-1 and the adhesion 
molecule ICAM-1. MCP-1 and ICAM-1 both have been shown to be important players 
in recruitment of immune cells into and progression of atherosclerotic lesions [35-37]. 
However, MDP apparently lacks effect on induction of COX-2. These results imply 
two things. First, endothelial cells are capable of responding to low dose of NOD2 

Figure 7.  Pro-inflammatory cytokines induce NOD2 expression in HUVEC
Quantitative real-time RT-PCR for NOD2 transcript in HUVEC stimulated with A) different doses of TNF- for 6 
h and B) TNF- 200 U/ml for 3, 6, 9 and 12 h. Data are presented as NOD2/cyclophilin A. C) HUVEC stimulated 
with TNF- 200 U/ml together with IFN-γ 1000 U/ml for 3, 6, 9 and 12 h. Data are presented as NOD2/cyclophilin 
A as percentage of TNF- treatment alone (200 U/ml). All figures presented as mean ± SEM of three different 
experiments. D) Western blot analysis with mouse NOD2 antibody on protein extracts from HUVEC stimulated with 
different doses of TNF- or TNF- + IFN-γ for 24 h. A representative from three different experiments is shown.
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stimulatory MDP indicating the existence of an active innate immunity in cells lining 
the blood vessels. Second, extracellular MDP is allowed entry into endothelial cells by 
a yet unknown mechanism. MDP can be released from bacteria as part of their natural 
synthesis of cell wall components, as well as by actions from host cells mediating the 
breakdown of the bacterial cell wall [32]. NOD proteins are intracellular and therefore, 
the ligands must localise in the cytosol in order to activate the receptors. How NOD 
ligands gain access to the cytosol, however, remains unclear.

Previously, we demonstrated that unstable plaque characteristics are associated with 
clinical symptoms [38] and that MMP-2, MMP-8 and MMP-9 activities differ among 
carotid plaque phenotype [29]. In the current study we found a positive relation between 
NOD1 expression levels and collagen staining and the presence of SMC, suggesting 
that NOD1 expression is associated with a stable plaque phenotype. Since SMC are 
abundantly present in atherosclerotic plaques and NOD1 is highly correlated with SMC, 
we hypothesized that the presence of SMC in those plaques might outshine any relation 
present between NOD1 expression and the less abundantly present macrophages. 
Indeed, we found that in the absence of SMC there was a significant relation between 
NOD1 expression and the macrophage content, suggesting that NOD1 is also expressed 
within inflammatory areas inside atherosclerotic lesions. Furthermore, we showed 
that in human atherosclerotic plaques both NOD1 and NOD2 expression is inversely 
correlated with EMMPRIN 45kD and MMP-2 activity and positively associated with 
MMP-8 and MMP-9. This is somewhat surprising since Sluijter et	al showed that high 
MMP-2 levels are correlated with a stable SMC-rich carotid plaque phenotype and 
high MMP-8 and MMP-9 levels with a macrophage-rich vulnerable plaque phenotype 
[29]. They also showed that MMP-9 levels co-localize with macrophages and MMP-2 
with SMC. Previous studies also showed that MMP-8 and MMP-9 staining co-localize 
with CD68-positive macrophages [39-41]. Both NOD1 and NOD2 protein expression 
are related to or expressed in macrophages and thereby explain a positive association 
between NOD1/NOD2 and MMP-9 and macrophage content. Furthermore, expression 
of NOD1 and NOD2 by macrophages and SMC in the stable atherosclerotic plaque 
increases production of pro-inflammatory cytokines, like IL-1β and IL-6, and thereby 
recruits more macrophages to the atherosclerotic plaque. This will alter the phenotype 
of the plaque towards a more inflammatory, vulnerable plaque, which in turn results 
in downregulation of the MMP-2 levels and explaining the negative association we 
found between NOD1 and NOD2 protein expression and MMP-2 levels. 
In the present study, we also found that NOD1 expression levels are higher in 
asymptomatic patients as compared to symptomatic patients. In combination with the 
positive correlation between NOD1 expression levels and collagen content and number 
of SMC these results are in line with results demonstrated previously by other groups. 
Symptomatic patients typically have a large necrotic core that is rich in lipids [42] and 
lacks SMC and collagen [43]. Furthermore, the percentage of macrophage-rich areas 
is larger in symptomatic compared with asymptomatic patients [44].

Infection has been implicated in the pathogenesis of atherosclerosis [1-4]. However, 
direct evidence for pathogen involvement in cardiovascular disease is still missing. 
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Taken together, our data demonstrate a potential pathway for microbial detection 
in atherosclerotic lesions. Previous studies have identified PG in macrophage-rich 
areas in atherosclerotic lesions [20]. We extend these findings by demonstrating a 
mechanism whereby PG, or rather its minimal breakdown products, could be detected 
by NOD1 and NOD2 in macrophages and endothelial cells in atherosclerotic lesions. 
We speculate that this represents a new innate immune recognition pathway and 
that NOD2 activation in endothelial cells might promote or enhance the inflammatory 
phenotype of the atherosclerotic lesion. Further studies are needed to elucidate the 
functional relevance of induced NOD2 in endothelial cells. 

In conclusion, we show that both NOD1 and NOD2 are expressed in human 
atherosclerotic lesions. NOD1 expression is associated with a stable plaque phenotype, 
containing increased SMC and collagen content, and is more abundant in asymptomatic 
patients rather than symptomatic patients. Furthermore, in the absence of SMC 
NOD1 expression is also associated with macrophage staining. Both NOD1 and 
NOD2 expression levels are associated with MMP-8 and MMP-9 levels and inversely 
associated with MMP-2 levels. In addition, immunohistochemistry revealed that NOD2 
is expressed in macrophages within atherosclerotic lesions and in endothelial cells 
lining those lesions, where it might act as an innate immune pathway promoting 
inflammation.
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DISCUSSION

Atherosclerosis is a chronic inflammatory disease of the vascular wall that leads to 
myocardial infarction (MI), heart failure and stroke. Atherosclerosis develops over 
decades and progresses from intimal thickening and formation of fatty streaks, the 
earliest lesions in atherosclerosis, to more advanced atherosclerotic lesions, called 
fibro-fatty plaques. Fatty streaks consist of T-lymphocytes and monocyte-derived 
macrophages that are able to ingest oxidized LDL (OxLDL) particles and thereby change 
in lipid-laden foam cells. The fibro-fatty plaques are the result of continued monocyte, 
macrophage and T-lymphocyte recruitment, together with smooth muscle cell (SMC) 
migration and proliferation. The presence of a thick fibrous cap containing SMC and 
collagen stabilizes the lesion and walls off an atheromatous lipid core. The macrophage-
derived foam cells accumulate in this lipid core and as the lesion progresses these 
lipid-laden foam cells undergo apoptosis. In combination with necrosis, increased 
proteolytic activity and more lipid accumulation inside the lipid core this will lead 
to the formation of a necrotic core. The concept of stable and unstable/vulnerable 
atherosclerotic plaques is clearly stated during the last few years. Stable plaques are 
characterized by a thick fibrous cap overlying a plaque that does not contain a lipid-
rich necrotic core. Unstable plaques, however, have a thin fibrous cap, contain more 
macrophages than SMC and have a lipid-filled necrotic core. Unstable plaques are 
more prone to rupture, which exposes the thrombogenic material of the lipid-rich core 
to the blood, resulting in platelet aggregation and formation of an arterial thrombus. 
Small pieces of thrombus material can break away from the wall and, as an embolism, 
can be transported to other sites of the arterial tree where it may lead to blockage of 
smaller arteries, thereby causing heart attacks or strokes. 
This discussion aims to describe the role of bacterial peptidoglycan (PG) derived 
from the intestinal mucosa in systemic immune responses in severe atherosclerotic 
disease, in inflammatory mechanisms promoting atherosclerotic plaque initiation and 
in progression of already existing atherosclerotic lesions. Thereto, we first compared 
antibody levels against PG in patients with severe atherosclerosis and healthy controls 
and investigated whether these antibody levels are predictive factors for the development 
of adverse clinical events after coronary angioplasty. Second, we determined whether 
TLR2 stimulation of vascular cells in	vitro induces an inflammatory response and in	
vivo promotes atherosclerotic plaque development and plaque characteristics involved 
in plaque vulnerability. Third, we assessed whether stimulation of monocytes with 
PG promotes the ability of monocytes to adhere to endothelial cells and subsequently 
migrate into sites of inflammation and whether stimulation of macrophages with PG 
increases homing into atherosclerotic plaques. And Forth, involvement of NOD1 and 
NOD2 in atherosclerosis was determined in a biobank study. The general premise of 
this thesis is that PG acts as an inflammatory cofactor influencing plaque development, 
as well as vulnerability. 
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Peptidoglycan and inflammatory diseases
Involvement of PG in atherosclerosis has been suggested since PG was identified 
as a potential trigger for inflammatory responses in another inflammatory disease, 
rheumatoid arthritis. PG is present in large amounts in the Gram-positive bacterial 
cell wall and in small amounts in the Gram-negative bacterial wall. PG is composed 
of alternating N-acetyl glucosamine (GlcNAc) and N-acetyl muramic acid (MurNAc) 
residues thereby forming sugar chains that are interlinked by peptide bridges resulting 
in a large, complex macromolecule [1]. PG is present in healthy and chronically inflamed 
tissues and is able to activate T-lymphocytes, B-lymphocytes and macrophages resulting 
in the induction of proliferation, the synthesis of antibodies and the production of 
cytokines and matrix metalloproteinases (MMPs) [2-4]. PG isolated from bacteria 
from the intestinal flora induces arthritis in a rat model [5]. In the central nervous 
system of multiple sclerosis patients, accumulation of PG can be detected [6,7] and 
in mice, Staphylococcus	aureus PG facilitates an autoantigen-specific inflammatory 
immune response in the central nervous system, which results in EAE development 
[7]. These results suggest that PG plays an important role in the pathogenesis of 
chronic inflammatory diseases, such as multiple sclerosis and rheumatoid arthritis. 
Like atherosclerosis, these diseases are characterized by infiltration of T-lymphocytes, 
antigen presenting cells (APC) and blood cells. The inflammatory process in these 
diseases is the result of interactions between antigens, cells of the immune system and 
cells of the diseased tissue. Cytokines, chemokines and MMPs are crucial mediators 
in these inflammatory processes. 
A requirement for our hypothesis that PG is involved in atherosclerosis is that this 
bacterial cell wall antigen is present in the arterial wall. Several groups reported 
that PG can be detected in leukocytes [8,9] and human blood serum [10] using a 
monoclonal antibody that recognizes peptidoglycan-polysaccharides (PG-PS). Our 
group previously demonstrated that PG can be found in atherosclerotic plaques [11]. In 
addition, the presence of PG is associates with characteristics of plaque vulnerability, 
notably, a large lipid core, a thin fibrous cap, decreased collagen and SMC content 
and increased macrophage content. In addition, in the atherosclerotic plaques PG can 
mainly be found in the macrophage-rich areas. 
Clearly it can rightly be argued that other microbial compounds could act as cofactors, 
but in this thesis we focused on PG since 1) PG has been shown to play an important 
role in other inflammatory diseases, 2) some pro-inflammatory responses of PG have 
already been shown, 3) PG is ubiquitously present at al mucosa and especially in the 
intestinal mucosa, and 4) PG is resistant to intracellular degradation (except some 
degrading enzymes) and therefore is consequently persistent in APC. 

Systemic antibody levels against PG
To investigate whether the atherosclerotic process influences immune responses 
induced by PG, we compared antibody levels specific for PG between atherosclerotic 
patients and healthy subjects (Chapter 3). Some studies have already reported that PG 
is able to induce antibody formation [12,13] and circulating IgM, IgG and IgA antibodies 
against PG isolated from human faeces can be detected in all healthy humans [14,15]. 
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Patients with severe atherosclerotic disease have significantly lower IgM antibody 
levels against PG compared to control patients with increased cardiovascular risk 
but without clinically manifest disease. In addition, the level of IgM antibodies 
against PG negatively correlates with common carotid intima-media thickness and 
a risk score for atherosclerotic disease. Based on these results, we hypothesized 
that low IgM antibody titers against PG would be predictive for the occurrence of 
adverse cardiovascular events after elective coronary angioplasty (Chapter 4). Adverse 
cardiovascular events are defined as cardiovascular death, non-fatal MI, non-fatal 
stroke or any cardiovascular intervention. The risk of a first cardiovascular event 
after angioplasty is not associated with IgM, IgG and IgA antibody levels against 
PG. The presence of antibodies against PG has already been described in relation 
to rheumatoid arthritis. Systemic IgG antibody levels against PG are significantly 
lower in rheumatoid arthritis patients compared to healthy controls. However, to 
our knowledge the relation between antibodies against PG and atherosclerosis has 
not been studied before. Several studies suggest that an association exists between 
antibody responses against bacterial infections and atherosclerosis. High-titre IgG 
antibodies against Chlamydia	pneumoniae are associated with an increased risk of 
death from coronary heart disease and MI [16,17] and in patients with end-stage renal 
disease seropositivity for C.	pneumoniae IgA strongly associates with the presence of 
coronary stenosis [18]. In contrast, a strong body of evidence suggests that such an 
association does not exist [19-21]. These results demonstrate that defining markers 
or immune responses that are involved in development of atherosclerotic disease 
will always remain a problem, since different study populations and therefore other 
research results might be difficult, if not impossible, to interpret and compare between 
studies. Although we do not find PG to be a prognostic factor for cardiovascular events 
in patients undergoing angioplasty, this does not preclude a prognostic application 
of anti-PG antibodies in other patient groups. Furthermore, several lines of evidence 
from both human material and from animal studies do convincingly support a role for 
PG in atherosclerosis, as will be discussed in this chapter.

Autoantibodies are part of the adaptive immune system. The immune system is divided 
into two layers; the innate and the adaptive immune systems. The innate immune 
system is the first line of defense and provides an immediate response against invading 
pathogens [22]. Pathogens carry microbial-specific pattern-associated molecular 
patterns (PAMPs) that can be recognized by pattern recognition receptors (PRRs). Toll-
like receptors (TLRs) play an important role in innate and adaptive immune responses 
against invading pathogens and therefore could even cause disease by inappropriate 
activation. The adaptive immune system provides the generation of different kinds 
of T-lymphocyte and B-lymphocyte receptors that determines specificity and high 
affinity against pathogens. The T-lymphocytes play a role in cellular immunity while 
B-lymphocytes secrete immunoglobulins upon activation. The adaptive immune 
response is a slow response taking in general days or weeks. 
Animal studies showed that immunization with OxLDL is correlated with inhibition 
of the progression of atherosclerosis. Immunization of hypercholesterolemic and low-
density lipoprotein receptor-deficient (LDLr-/-) rabbits with homologous MDA-LDL and 
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OxLDL leads to the induction of high-titered IgM and IgG antibodies to both MDA-LDL 
and OxLDL and strongly reduces atherosclerosis [23,24]. In addition, in a mice model 
the atheroprotective effect of immunization is confirmed [25]. In general, immunization 
results in the production of high antibody levels which prevent development of 
atherosclerosis, probably because the pathogens or antigens that are the mediators 
of the atherosclerotic process are removed via antibody-antigen complexes that can 
be formed within the body. The low antibody levels against PG that we found in 
atherosclerotic patients might either suggest that many antibody-antigen complexes 
are formed and that PG is efficiently removed from the circulation. It can also imply 
that an efficient immune response is absent, resulting in accumulation of PG in the 
circulation. An increase in accumulation of PG in the circulation suggests that PG can 
still exert its pro-inflammatory effects, for example in the vascular wall. 

Peptidoglycan and atherosclerosis
Because our group previously showed that PG is present in atherosclerotic plaques, it 
is important to know whether PG present in the human vascular wall is able to induce 
or contribute to inflammation. The role of inflammation in atherogenesis has been 
increasingly recognized [26,27]. For the development of therapies and identification 
of patients-at-risk understanding of the mechanisms that link inflammation to 
atherosclerosis and plaque instability is crucial. 

Inflammatory capacities of peptidoglycan
In Chapter 5 we showed that the TLR2 is present in non-stimulated vascular adventitial 
fibroblasts and human coronary arteries. However, TLR2 protein expression is not 
homogenously expressed over the whole atherosclerotic artery. TLR2 stimulation of 
the adventitial fibroblasts results in increased mRNA and protein expression of the 
pro-inflammatory cytokine interleukin (IL)-6 and the chemokines IL-8 and MCP-1. 
Previous studies showed that stimulation of TLR2, TLR4 and TLR5 on uterine epithelial 
cells results in the secretion of IL-6, IL-8 and MCP-1 [28]. 
IL-6 is an acute inflammatory cytokine that can be produced by macrophages, 
lymphocytes, fibroblasts, endothelial cells and SMC. IL-6 levels are related to 
traditional risk factors; they increase with age and are associated with high blood 
pressure and smoking [29,30]. High IL-6 levels are associated with an increased risk 
of MI [31], death [32] and cardiovascular disease events. Many studies showed that 
IL-6 plasma levels are increased in patients with unstable angina compared to those 
with stable angina or healthy subjects, and that it could be useful as a prognostic 
marker of cardiovascular disease outcome [33,34]. IL-6 mRNA is present within 
human atherosclerotic arteries [35]. IL-6 is even able to stimulate MCP-1 expression by 
macrophages [36] and it promotes expression of adhesion molecules and secretion of 
other cytokines by endothelial cells [37]. Taken together, IL-6 may exert an important 
direct pathogenic role in atherosclerosis development and progression.

Many important human diseases, including asthma, rheumatoid arthritis and 
atherosclerosis are characterized by acute or chronic recruitment of leukocytes from 
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the blood into affected tissues. Some chemokines have been implicated to play an 
important role in leukocyte recruitment, inflammation and immunity. Chemokines 
are a family of potent chemotactic cytokines that are rapidly upregulated at sites of 
vascular inflammation [38,39]. Chemokines can be divided into three major families; 
CC chemokines, CXC chemokines and CX3C chemokines. 
As the name implies, monocyte chemoattractant protein (MCP)-1 (or CCL2) is a potent 
agonist for monocytes and has been implicated as the key player in the recruitment of 
these cells from the blood into early atherosclerotic lesions, the development of intimal 
hyperplasia after angioplasty and in development of thrombosis. Other chemokine-
members of this family include RANTES (CCL5) and macrophage inflammatory 
protein-1 (MIP-1, CCL3). MCP-1 can be produced by multiple cell types, including 
endothelial cells, SMC and macrophages [40] and is present in macrophage-rich 
human atherosclerotic plaques [38,41]. OxLDL present in the atherosclerotic plaque 
induces MCP-1 production by endothelial cells and SMC [42], thereby recruiting more 
monocytes/macrophages towards the atherosclerotic plaque. The receptor of MCP-1, 
CCR2, is expressed on circulating monocytes and is upregulated in hypercholesterolemia 
[43]. Monocytes from CCR2-/- mice have an abnormality in their migratory ability [44] 
and significantly reduced intimal hyperplasia after femoral arterial injury [45]. When 
these mice are crossed onto the atherosclerosis-prone ApoE-/- background, they 
display decreased lesion areas with less macrophage infiltration in the intimal lesions 
[46,47] as has also been shown for LDLr-/- mice [48]. Addition of MCP-1 and IL-8 can 
cause rapid arrest of human monocytes rolling on E-selectin-expressing endothelial 
cells under flow conditions [49]. All these in	vitro and in	vivo experiments suggest that 
MCP-1 could play an important role in monocyte recruitment by mediating monocyte 
chemoattraction and firm adhesion of rolling monocytes to activated endothelial cells, 
thereby participating in the development of atherosclerotic plaques.
IL-8 (CXCL8) is a member of the CXC family of chemokines and is a potent 
chemoattractant for polymorphonuclear leukocytes [50], SMC [51], T-lymphocytes and 
natural killer cells [52]. IL-8 activates monocytes and may direct their recruitment 
to vascular lesions [49,53]. During adhesion of monocytes to endothelial cells in	vitro 
IL-8 expression is induced [54]. OxLDL increases IL-8 expression in monocytes and 
macrophages [55,56] and IL-8 can be found in macrophage-rich atherosclerotic plaques 
[56-58]. Furthermore, IL-8 is able to promote growth of endothelial cells [59], but is 
also able to induce migration and proliferation of vascular SMC [51]. The chemokine 
receptor CXCR2 signals in response to several CXC chemokines, including IL-8. In 
mice whose blood contains CXCR2-/- monocytes, the size of atherosclerotic lesions is 
reduced. Repopulation with CXCR2+/+ monocytes results in increased atherosclerotic 
lesions associated with an accumulation of macrophages [60]. The above studies 
clearly establish a role for IL-8 in the trafficking of monocytes into the intima and 
thereby pointing to this chemokine as an important participant in the pathogenesis 
of atherosclerosis. 
The third family, the CX3C family, has only one member, fractalkine (FK, CXC3CL1). FK 
is a transmembrane protein that can be cleaved resulting in a soluble protein [61]. When 
cleaved from the cell surface, soluble forms of FK are chemoattractants for monocytes, 
T-lymphocytes and natural killer cells [62]. FK is expressed in atherosclerotic lesions 
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and FK-dependent firm adhesion of monocytes and T-lymphocytes can occur under 
flow conditions [63,64]. 

Peptidoglycan	and	monocyte/macrophage	recruitment
Recruitment of leukocytes (e.g. neutrophils, eosinophils, monocytes) is involved in the 
early phase of atherosclerosis [65] and is mediated by cellular adhesion molecules 
expressed by the vascular endothelial cells and the circulating leukocytes. The 
adhesion molecules can be upregulated by inflammatory stimuli [66] and adhesion 
molecule expression has been observed in human atherosclerotic lesions [67-69]. The 
mechanisms by which PG could enhance initiation or progression of atherosclerotic 
plaque formation are unknown. Since PG is present in macrophage-rich regions 
within human atherosclerotic lesions and macrophages in atherosclerotic plaques are 
mainly monocyte-derived, we hypothesized that in	vitro stimulation of monocytes by 
PG affects the adhesive and migratory properties of these cells contributing to lesion 
growth (Chapter 6). 
Selectins participate in the early steps of leukocyte recruitment. The selectin family 
consists of three members; L-selectin (CD62L) expressed by leukocytes, E-selectin 
(CD62E) expressed by endothelial cells and P-selectin (CD62P) that can be found on 
platelets and endothelial cells. Under shear forces selectins are involved in leukocyte 
rolling over and tethering to endothelial cells. Rolling is observed only under flow 
conditions and is the consequence of shear forces acting on the leukocyte and 
adhesive interactions between the leukocytes and the endothelial cells. The major 
ligand for all selectins is P-selectin glycoprotein ligand (PSGL-1, CD162), that is 
expressed by leukocytes [70]. It is the main ligand for P-selectin [71], but can also 
bind to L- and E-selectins though with lower affinity [72,73]. P-selectin/PSGL-1 
binding triggers leukocyte activation, integrin mobilization and induces inflammation 
and thrombosis. Firm adhesion of the tethering and rolling leukocytes is mediated 
by integrins on the leukocyte surface and immunoglobin-like molecules on the 
endothelial cells. Intercellular adhesion molecule-1 (ICAM-1, CD54) and vascular cell 
adhesion molecule-1 (VCAM-1, CD106) are widely expressed by endothelial cells and 
can be upregulated by pro-inflammatory cytokines. Stimulation of monocytes isolated 
from human peripheral blood with PG results in significantly increased expression 
of adhesion molecules CD11b and CD18, whereas CD62L expression is significantly 
decreased (Chapter 6). CD11b (m-integrin) forms a complex with CD18 (β2-integrin) 
resulting in the heterodimer MAC-1 (mβ2-integrin). These molecules mediate adhesion 
of leukocytes to the activated endothelium and thereby participate in leukocyte 
extravasation. Integrins are transmembrane proteins comprised of non-covalently 
associated  and β subunits. In resting cells integrins are non-functional and non-
adhesive. They are present on the cell surface but in a conformation that provides low 
affinity for ligands. Activation of the cell triggers signals that modify their conformation 
to develop a higher affinity. This is called “inside-out” signaling, whereas “outside-in” 
signals are delivered within the cell after ligation between an integrin and its ligand 
[74]. The integrins on tethering and rolling leukocytes are activated by endothelial 
membrane-bound chemokines, locally secreted chemoattractants [75] or bacterial 
products. Stimulation of monocytes with PG not only increases the expression but 
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also the function of β2-integrins. Binding of the stimulated monocytes to ICAM-1 
coated beads is significantly increased compared to control monocytes. This monocyte 
binding to the fluorescent beads can be abrogated by monocyte incubation with a 
β2-integrin blocking antibody. VCAM-1 interacts with integrin 4β1, also known as very 
late antigen (VLA)-4, and then induces signals in endothelial cells that trigger changes 
in shape and allow leukocyte migration [76]. Firm adhesion of the monocytes to the 
endothelium is significantly increased after PG stimulation due to the increased β2-
integrin expression and function on the monocytes. PG stimulation induces activation 
of the monocytes resulting in cell spreading over the endothelial surface, suggesting 
that monocytes are able to migrate to sites of inflammation [77]. In a Boyden-chamber 
migration assay we demonstrated that chemotaxis of monocytes stimulated with PG 
towards C5a is significantly increased compared to control monocytes. Furthermore, 
the effects of PG on monocyte migration are TLR2-specific and totally β2-integrin-
dependent. The process of transendothelial migration involves several junctional 
proteins, such as platelet endothelial cellular adhesion molecule (PECAM)-1 that can 
be found on leukocytes, platelets and endothelial cells [78]. 
In Chapter 7 we demonstrated that isolated peritoneal macrophages stimulated with 
PG and Pam3Cys-SK4 in	vitro are able to home to atherosclerotic plaques in ApoE-/- 
mice. Homing of macrophages towards atherosclerotic plaques in ApoE-/- mice has 
already been described by Patel et	al [79]. Homing of macrophages was significantly 
decreased when ApoE-/- mice were pretreated with blocking monoclonal antibodies 
against 4β1-integrin and ICAM-1, implying that these specific cell adhesion molecules 
play an important role in macrophage adhesion to endothelial cells overlying 
atherosclerotic lesions in	vivo, the same as we described in	vitro. Our data support the 
hypothesis that TLR2-mediated activation of monocytes or macrophages with PG via 
the bloodstream contributes to enhanced accumulation of monocytes/macrophages at 
sites of inflammation like the atherosclerotic arterial wall. 

Peptidoglycan promotes atherosclerotic plaque progression
Animal models of arterial injury are characterized by the development of intimal 
hyperplasia caused by migration and proliferation of SMC [80,81]. Intimal hyperplasia 
is an important component of the atherosclerotic plaque and is thought to be critical 
for the development of restenosis after coronary artery angioplasty and stenting [82]. 
SMC chemoattractants are key mediators of intimal hyperplasia. The source of these 
molecules is likely to include the major cells of the arterial wall, such as endothelial 
cells, SMC and adventitial fibroblasts. In addition, leukocytes accumulating at the 
surface or migrating into injured or atherosclerotic vessels are rich in growth factors 
and cytokines that can activate SMC. A number of studies have raised the possibility 
that MCP-1 and other chemokines, like IL-8, play a direct role in proliferation of SMC 
[51,83]. Based on these studies and our results a new hypothesis can be formed; if 
TLR2 is able to increase the expression and secretion of pro-inflammatory cytokines 
and chemokines that are known to be involved in the atherosclerotic process, and is 
able to recruit monocytes and macrophages to the site of inflammation, stimulation of 
TLR2 in	vivo should promote development of atherosclerotic lesions.
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Peptidoglycan	and	atherosclerotic	plaque	development
The most widely used small animal model of atherosclerosis is the ApoE-/- mouse 
[84]. The apolipoprotein ApoE is the main protein ligand on the surface of the murine 
LDL particle, which is recognized by the LDL receptor, and mediates the clearance 
of very low density lipoprotein (VLDL), LDL and chylomicrons from plasma. Mice 
that lack a functional gene encoding ApoE have elevated levels of plasma cholesterol 
(hypercholesterolaemia) [85] and spontaneously develop atherosclerotic lesions 
throughout the arterial tree from 10 weeks of age [86]. Plasma cholesterol levels can be 
further elevated by feeding mice a high-fat high-cholesterol ‘western-type diet’. Feeding 
ApoE-/- mice such a high-fat diet, results in the development of atherosclerotic lesions 
in their major arteries, including the aorta and coronary arteries. Another mouse 
model that has been developed is the ApoE*3Leiden transgenic mouse. Compared 
to the normal ApoE gene, the ApoE*3Leiden gene contains a tandem duplication of 
codons 120-126 in the ApoE gene. The presence of a single allele for this mutation 
results in the development of familial dysbetalipoproteinemia in patients [87]. The 
transgenic mouse model, carrying this human ApoE*3Leiden gene, exhibits high 
levels of cholesterol and triglycerides [88,89]. These mice develop initial and advanced 
atherosclerosis, but only after being fed an atherogenic diet [90]. Both ApoE-/- and 
ApoE*3Leiden transgenic mice develop atherosclerotic lesions that share many features 
of early human atherosclerosis, containing a fibrous cap and a lipid core. As in human 
atherosclerosis these lesions contain macrophages, SMC, T-lymphocytes, endothelial 
cells and fibroblasts. However, unlike the situation in human arterial disease, the 
murine lesions show little or no evidence of atherosclerotic plaque rupture with the 
resultant thrombo-embolism that characterizes human cardiovascular disease. 
In both mice and humans the normal blood vessel wall comprises an inner layer of 
endothelial cells (the intima) in contact with the lumen of the vessel, in which the 
blood circulates, a middle layer of SMC and elastic extracellular matrix fibres (the 
tunica media) and an outer layer of connective tissue (the adventitia) in contact with 
the tissues. In an atherosclerotic plaque, a cholesterol-rich lipid core forms within the 
intimal layer and this is infiltrated with cell types such as macrophages, macrophage-
derived foam cells, SMC and CD4+ T-lymphocytes. If the plaque ruptures, the 
thrombogenic core of the lesion is exposed to blood in the lumen of the artery. Platelet 
adhesion and activation initiates the formation of an arterial thrombus. 

Having demonstrated that TLR2 can be activated in vascular cells in	vitro, we performed 
in	vivo TLR2 stimulation studies in mice to investigate neointima or atherosclerotic 
plaque formation (Chapter 5). Adventitial Pam3Cys-SK4 application augments intimal 
lesion formation in C57BL6 wild type mice induced by a cuff. We showed that these 
in	vivo effects are mediated through TLR2 since TLR2-/- mice showed no significant 
increase in intimal hyperplasia after Pam3Cys-SK4 application. In ApoE-/- mice that 
are put on a high cholesterol diet for 3 weeks prior to operation, TLR2 stimulation 
results in dramatically increased atherosclerotic plaque formation. The role of TLR2 
in atherosclerosis has not been extensively studied. The survival rate after MI is 
significantly higher in TLR2-/- mice as compared to wild type mice [91]. Furthermore, 
myocardial fibrosis in the non-infarcted area is significantly lower in the TLR2-/- mice, 



	

	

150  Peptidoglycan in atherosclerotic plaque formation and vulnerability 
 Manon Oude Nijhuis 

Chapter 9

suggesting that TLR2 plays an important role in MI. Chapter 7 shows a further role for 
TLR2 in atherosclerotic plaque formation. After placement of a non-constrictive cuff 
containing either PG or Pam3Cys-SK4 around the femoral arteries of ApoE*3Leiden 
transgenic mice that were on a high-cholesterol and high-fat diet for 4 weeks, 
atherosclerotic plaque formation is significantly increased compared to untreated 
arteries. Furthermore, arterial size is increased after application of the ligands, 
thereby preventing a decrease in luminal area. This indicates that TLR2 ligation by PG 
and Pam3Cys-SK4 might promote outward arterial remodeling, which is an important 
determinant for lumen loss because it can compensate for plaque accumulation in 
the arterial lumen [92]. However, although the luminal area is preserved, the plaque 
beneath the surface of the lumen often has a vulnerable plaque phenotype [93]. We 
have previously shown that TLR4 is involved in both plaque formation and outward 
arterial remodeling [94]. 

Peptidoglycan	and	atherosclerotic	plaque	characteristics
Chapter 7 also describes that atherosclerotic lesions in ApoE*3Leiden transgenic 
mice are not only increased after PG stimulation, the phenotype of these plaques is 
significantly different from the atherosclerotic plaques at the contralateral control side. 
After stimulation the plaques are enriched in SMC and collagen, whereas macrophage 
content is not changed. Interestingly, in the media a switch in cellular content is 
evident; the number of -SMC actin-positive cells is strongly reduced whereas the 
number of macrophages is clearly increased. Since outward arterial remodeling often is 
accompanied by formation of a vulnerable plaque and since we found that PG is present 
in human atherosclerotic plaques that reveal an inflammatory unstable phenotype, we 
expected that application of PG after cuff placement around the femoral artery of an 
atherosclerotic mouse model would induce the formation of vulnerable atherosclerotic 
plaques. Our results show that stimulation of the arterial wall with PG induces a 
more stable plaque phenotype on the luminal side of the arterial wall (at least based 
on macrophage/SMC ratio in the plaque). Ligands that are present on the outside of 
the arterial wall probably do not have the ability to pass the external elastic lamina 
and thereby to enter the media and atherosclerotic plaque. In contrast, ligands like 
LPS and are able to activate adventitial fibroblasts [95]. These fibroblasts in turn act as 
innate immune cells and increase the production and secretion of pro-inflammatory 
cytokines and chemokines, like IL-1, IL-1β, IL-6, IL-8 and MCP-1 (also shown in 
Chapter 5). These cytokines and chemokines are able to activate MMP-2 and MMP-9 
[96,97]. Pro-inflammatory cytokines and chemokines as well as MMPs facilitate SMC 
migration and proliferation and are associated with development of atherosclerosis 
[98]. In our experiments it is likely that PG stimulated the adventitial fibroblasts, 
thereby increasing the production and secretion of pro-inflammatory cytokines, 
chemokines and MMPs, followed by the induction of migration and proliferation of 
medial SMC and resulting in increased atherosclerotic plaque development. Activation 
of cells present in the adventitia and the subsequent pro-inflammatory response might 
be a reasonable explanation by which PG present at the outside of the vessel wall is 
able to induce an increase in migration of SMC from the media to the atherosclerotic 
plaque. This increase in migration of SMC is supported by increased fragmentation 
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of the internal elastic lamina after PG application. Disruption of the internal elastic 
lamina might indicate increased elastase activity, thereby facilitating migration of 
SMC from the media into the atherosclerotic plaques at these fragmentation sites. It 
is likely that the PG at the outside of the arterial wall does not trigger cells that are 
present in the blood stream to migrate into the arterial wall. Therefore macrophage 
content in the atherosclerotic plaque is comparable between the PG-treated arteries 
and the control arteries and the change in plaque phenotype is contributable solely to 
increased SMC migration and proliferation. 

Innate immune receptors recognizing peptidoglycan
PG stimulates the immune system by binding to innate receptors on and within 
APC. Innate immune receptors that recognize PG are TLR2, nucleotide-binding 
oligomerization domain (NOD) receptors and Nalp/cryopyrin (for details see general 
introduction). 

NOD1	and	NOD2	receptors	in	atherosclerosis
We already discussed the involvement of TLR2 in atherosclerosis. Pathophysiologic 
functions of NOD are only beginning to be understood and the role of NOD proteins in 
atherosclerosis is as yet unexplored. NOD1 and NOD2 are expressed in human tissue 
both at the mRNA and protein level (Chapter 8). NOD1 and NOD2 protein expression 
is significantly increased in atherosclerotic lesions. NOD2 is primarily expressed in 
macrophages within inflammatory areas inside the atherosclerotic plaques and in 
endothelial cells lining the vessel wall. NOD1 is ubiquitously expressed in a variety 
of adult tissues [99,100], as opposed to NOD2 which has been found mainly in 
macrophages, dendritic cells, granulocytes and epithelial cells of the intestine [101,102]. 
NOD2 expression in endothelial cells is induced by the pro-inflammatory cytokines 
TNF-, IFN-γ and Il-1β (Chapter 8). This has already been shown before; stimulation 
of human umbilical vascular endothelial cells with LPS, IL-1β and TNF- significantly 
upregulates NOD2 protein expression. NOD2 is localized in the cytoplasm and induces 
NF-κB-dependent transcriptional activity in endothelial cells upon MDP stimulation. 
NOD2 is also expressed in human ocular tissue and endothelial cells from choroid 
demonstrate enhanced release of IL-6 in response to MDP and synergy is observed 
following treatment with MDP and either Pam3Cys-SK4 or LPS. In Chapter 8 we also 
describe a positive relation between NOD1 expression levels and collagen staining 
and the presence of SMC in human atherosclerotic lesions, suggesting that NOD1 
expression is associated with a stable plaque phenotype. Furthermore, in the absence 
of SMC there is also a significant relation between NOD1 expression and macrophage 
content, indicating that NOD1 protein is also expressed within inflammatory areas 
inside atherosclerotic lesions, as we already demonstrated with immunohistochemistry 
for NOD2. Both NOD1 and NOD2 protein expression is inversely correlated with MMP-
2 activity and positively associated with MMP-8 and MMP-9 levels. Both NOD1 and 
NOD2 protein expression are related to or expressed in macrophages and thereby 
explain a positive association between NOD1/NOD2 and MMP-9 and a positive relation 
between NOD1 and macrophage content. Furthermore, expression of NOD1 and NOD2 
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by macrophages and SMC in the stable atherosclerotic plaque increases production 
of pro-inflammatory cytokines, like IL-6, and thereby recruits more macrophages to 
the atherosclerotic plaque. This will change the phenotype of the plaque towards a 
more inflammatory, vulnerable plaque, which in turn results in downregulation of the 
MMP-2 levels and explaining the negative association we found between NOD1 and 
NOD2 protein expression and MMP-2 levels. 
We demonstrated that PG is present in macrophage-rich areas in atherosclerotic 
lesions [103]. In this thesis we extend these findings by demonstrating a mechanism 
whereby PG, or rather its minimal breakdown products, can be detected by NOD1 and 
NOD2 in macrophages and endothelial cells in atherosclerotic lesions and thereby 
promote the inflammatory phenotype of the atherosclerotic lesion. 

Peptidoglycan as active player in atherosclerosis
We have previously shown that PG can be found in atherosclerotic plaques and that 
the presence of PG is associated with characteristics of plaque vulnerability. In this 
thesis we assessed whether pro-inflammatory PG is involved in atherosclerotic plaque 
initiation and progression. Figure	 1 illustrates how PG might be distributed and 
contributes to atherosclerotic plaque progression. 
PG is present in the bacterial flora at all mucosal sites and abundantly in the intestinal 
flora. Bacteria are able to pass the intestinal mucosal epithelium by M cells and APC. 
M cells are specialized epithelial cells that have abundant vesicles with lysosomal 
enzymes [104]. The M cell basolateral membrane is deeply invaginated to form an 
intraepithelial pocket that contains B- and T-lymphocytes and macrophages [105]. 
This invagination brings the basolateral cell surface to within a few microns of the 
apical membrane and thereby shortens the distance that transcytotic vesicles must 
travel to cross the epithelial barrier. After M cell transport, the bacteria are processed 
by macrophages, dendritic cells, and B- or T-lymphocytes. In this way bacteria are 
transported into the circulation and lymphoid organs. Another mechanism which 
might lead to increased distribution of bacteria or bacterial products, and thereby 
higher levels of PG, into the circulation is intestinal injury, which can be caused by 
infections. Whether released PG can pass the mucosal epithelial barrier or translocates 
only within the whole bacterium is not known. PG can also be derived from bacterial 
infections at non-mucosal sites or by release of PG fragments during bacterial 
replication. Transport of PG to atherosclerotic plaques can occur via monocytes that 
are present in the bloodstream. The presence of PG in leukocytes has been confirmed 
by the detection of muramic acid in these cells. Up till now, free circulating PG has 
not been detected in the bloodstream. Leukocytes are able to pass the lymph nodes 
and the spleen where they might activate B-lymphocytes. These B-lymphocytes in 
turn, produce and secrete IgM, IgG and IgA antibodies specific for PG, which can be 
found in serum of healthy and atherosclerotic patients. When IgM antibody levels 
against PG decrease, less antigen-antibody complexes can be formed and tissue may 
be increasingly exposed to PG. The monocytes that carry PG can adhere to activated 
endothelial cells lining the vessel wall at sites of inflammation (also shown in figure 
2). 
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Monocytes express L-selectin (CD62L) and MAC-1 (CD18/CD11b, β2-integrin) on their 
surface. L-selectin is involved in monocyte tethering to and rolling over the endothelial 
cells. Firm adhesion of the tethering and rolling monocyte is mediated by integrins on 
the monocyte surface and ICAM-1 and VCAM-1 expressed by the endothelial cells. The 
monocytes that carry PG and thus are activated by this ligand shed L-selectin from 
their surface and increase expression and functionality of the β2-integrins thereby 
promoting firm adhesion of the monocytes to the endothelial cells (shown in Chapter 
6). ICAM-1 on the endothelial surface binds to MAC-1 expressed by the monocyte 
and VCAM-1 interacts with VLA-4. Once firmly adhered the monocyte changes in 

Figure 1. Pro-inflammatory PG promotes atherosclerotic plaque progression
(This	illustration	is	explained	in	the	text)
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shape, triggered by the endothelial cell, and migrates over and through/between the 
endothelial surface. The migratory process involves proteins like PECAM-1 present on 
monocytes, platelets and endothelial cells and β2-integrins (Chapter 6). 
Once present in the arterial wall the monocytes differentiate into macrophages, 
which in turn digest OxLDL that is present within the atherosclerotic plaque to 
become foam cells. The activated macrophages increase production and secretion 
of pro-inflammatory cytokines and chemokines and subsequently increase SMC 
migration from the media and proliferation and recruitment of more macrophages and 
T-lymphocytes to the atherosclerotic plaque. In this way the activated macrophages 
promote progression of the atherosclerotic lesion and formation of a vulnerable plaque 
phenotype. The lipid-laden foam cells accumulate in large lipid cores and finally will 
undergo apoptosis thereby releasing their lipid content and promoting formation of a 
necrotic core that is prone to rupture. A thick fibrous cap containing SMC and collagen 
prevents rupture of the atherosclerotic plaque. However, activated macrophages secrete 
besides cytokines and chemokines also proteases, protease activators and protease 
inhibitors that facilitate remodeling of the extracellular matrix. The MMPs and other 
proteolytic enzymes cause degradation of the matrix and as a result thinning of the 
fibrous cap covering the lipid core and thereby increasing the risk of rupture of the 
atherosclerotic plaque. When applied on the outside of the arterial wall PG is able to 
activate fibroblasts, which in turn, secrete pro-inflammatory cytokines and MMPs and 
thereby contribute to progression of the atherosclerotic plaque and might even induce 
rupture. 

Future perspectives
Although, as demonstrated in this thesis, bacterial PG promotes inflammation and is 
involved in monocyte/macrophage recruitment to and progression of atherosclerotic 
plaques, the exact mechanism whereby PG exerts its action is not entirely known. 
PG stimulates the innate immune system by binding to TLR2/6, NOD1, NOD2 and 
Nalp3/cryopyrin. The role of TLRs in atherosclerosis has extensively been studied 
the last 10 years, but little is known about the role NOD1, NOD2 and Nalp3 play in 
the atherosclerotic process. In this thesis we already described that NOD1 and NOD2 

Figure 2. Monocyte migration into the arterial wall after PG stimulation
Monocyte	migration	from	the	bloodstream	into	the	arterial	wall	is	a	multistep	process,	involving	tethering,	rolling,	
firm adhesion and subsequently monocyte migration. PG sheds L-selectin from the monocyte surface and increases 
expression of MAC-1, thereby promoting firm adhesion of the monocyte. Furthermore, PG stimulates TLR2- and 
β2-integrin-dependent	monocyte	migration,	suggesting	that	TLR2	stimulation	of	monocytes	by	PG	might	enhance	
accumulation of these cells at sites of inflammation.
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protein is expressed in atherosclerotic plaques. Furthermore, we demonstrated a 
mechanism whereby PG, or rather its minimal breakdown products, could be detected 
by NOD1 and NOD2 in macrophages and endothelial cells. However, further studies 
need to elucidate the functional relevance of induced NOD1 and NOD2 expression 
in these cells. In addition, involvement of Nalp in atherosclerotic disease has not 
been studied either. Another possibility might be that PG promotes an inflammatory 
response by a combination of these receptors. Perhaps experiments in TLR2/ApoE 
double knockout mice could give an answer to this question.
Stimulation of monocytes and macrophages with PG results in increased monocyte 
adhesion to endothelial cells, followed by migration, and macrophage homing into 
atherosclerotic plaques, thereby stimulating formation of a more vulnerable plaque. 
However, the involvement of PG in degradation of the fibrous cap and plaque rupture 
has not been studied yet. Atherosclerotic mice do not develop plaques that are prone 
to rupture and therefore this is difficult to study in a mouse model.
Recent studies already showed that NOD1 and NOD2 are involved in the apoptosis-
pathway. This suggests that PG, or its degradation products play a role in this process 
as well. This has to be studied in more detail. 
As described in the introduction, PG can be degraded by different enzymes; lysozyme, 
NAMLAA and N-acetylglucosaminidase. PG is able to escape degradation when it is 
expressed in cells that do not express the enzymes. It is interesting to investigate 
which cells in the atherosclerotic plaque express these enzymes and whether PG is 
present in those cells as well.
In this thesis we focused on the role of monocytes and macrophages as PG-“carrying” 
cells into the atherosclerotic plaque. After passage of the intestinal epithelial barrier, 
other APC, such as dendritic cells and T-lymphocytes, are also able to take up PG and 
transport it through the circulation. Not only the monocytes and macrophages but also 
these other APC might be involved in the relation that exists between atherosclerotic 
plaque formation and the presence of PG in those plaques.

Concluding remarks
Taken together, the studies described in this thesis suggest that PG is involved in 
initiation and progression of atherosclerosis. IgM, IgG and IgA antibodies against 
PG are present in human serum and decreased IgM antibody levels against PG are 
associated with more pronounced human atherosclerotic disease in a cross-sectional 
study. These IgM antibody levels against PG are not prognostic markers for development 
of adverse cardiovascular events after elective coronary angioplasty. We also showed 
that adventitial fibroblasts and human coronary arteries express TLR2 and that 
TLR2 stimulation of adventitial fibroblasts increases expression of pro-inflammatory 
cytokines and chemokines, like IL-1β, IL-6, IL-8 and MCP-1. In addition, in wild type 
mice Pam3Cys-SK4 stimulation promotes intimal lesion formation, which is clearly 
TLR2-mediated since TLR2-/- mice show no significant increase in intimal hyperplasia. 
In ApoE-/- mice TLR2 stimulation increases development of atherosclerotic plaques. 
In addition to recognition by TLR2, degradation products of PG can also be recognized 
by NOD and Nalp proteins. NOD1 and NOD2 protein expression is significantly 
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increased in human atherosclerotic lesions and in those lesions NOD2 protein is 
present in macrophages within inflammatory areas and in endothelial cells lining 
the vessel wall. NOD1 protein expression is associated with the presence of SMC and 
collagen, but also with macrophages when SMC are absent. Furthermore, both NOD1 
and NOD2 protein levels are inversely associated with MMP2 levels and positively 
with MMP-8 and MMP-9 levels. Previous studies from our group showed that PG is 
present in human atherosclerotic plaques that reveal an inflammatory, vulnerable 
phenotype and that PG is present in the macrophage-rich regions of those plaques. 
In this thesis we extend this finding by showing that peripheral blood monocytes that 
are stimulated with PG increase expression and functionality of integrins on their 
surface, thereby promoting firm adhesion of the monocytes to endothelial cells and 
migratory properties. Furthermore, peritoneal macrophages stimulated with PG in	
vitro show increased homing into atherosclerotic plaques in	vivo. These studies not 
only suggest that PG promotes atherosclerotic lesion development and progression; 
they also show that PG enhances accumulation of monocytes and/or macrophages at 
sites of inflammation thereby promoting the formation of vulnerable plaques.
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Summary

The immune system protects the host against invading microbial pathogens and 
plays an important role in development of atherosclerosis. Transmembrane Toll-like 
receptors (TLRs) can detect pathogen-associated molecular patterns (PAMPs) that are 
carried by infectious micro-organisms and therefore play an important role in optimal 
functioning of our immune system. The TLR2/6 heterodimer detects peptidoglycan 
(PG) and degraded PG fragments or PG motifs released during bacterial replication 
and infection are recognized by intracellular nucleotide-binding oligomerization 
domain (NOD) and Nalp receptors. 

Chapter 1 is a general introduction about the process of atherosclerotic plaque 
formation and immunity and it described the immunologic properties of PG as well 
as the different receptors that can recognize PG in particular. Not only exogenous 
ligands are able to activate TLRs but they can also be stimulated by endogenous 
ligands that are mostly produced during stress and cell damage. Chapter 2 is a 
review in which the role that TLRs and their exogenous and endogenous ligands play 
in innate immunity and in the development of atherosclerotic disease is described. 
Since not only inflammation but also infection has been shown to play an important 
role in development of cardiovascular disease, this chapter also discussed the role of 
infectious pathogens in atherosclerotic lesion development. 
PG is able to induce antibody formation and IgM, IgG and IgA antibodies against 
PG can be detected in serum of healthy humans. In chapter 3 we studied whether 
immune responses induced by PG are related to the atherosclerotic process by 
measuring systemic antibody levels against PG in patients with severe atherosclerotic 
disease. Patients with severe atherosclerosis had significantly lower IgM antibody 
levels against PG compared to control patients with increased cardiovascular risk 
but without clinically manifest disease. Furthermore, the IgM antibody level against 
PG was negatively associated with increased intima-media thickness and a risk score 
for cardiovascular disease. Based on the results of this clinical study, we postulated 
that systemic antibody levels against PG might be prognostic determinants for the 
occurrence of cardiovascular events after coronary angioplasty. In chapter 4 we 
showed that the risk of a first cardiovascular event after angioplasty was not associated 
with IgM, IgG and IgA antibody levels against PG. 
We demonstrated in chapter 5 that the TLR2 is present on vascular adventitial 
fibroblasts and in human coronary arteries. TLR2 stimulation resulted in increased 
mRNA and protein expression of the pro-inflammatory cytokines and chemokines 
interleukin (IL)-1β, IL-Ra, IL-6, IL-8 and monocyte chemoattractant protein (MCP)-1 
by adventitial fibroblasts. Since pro-inflammatory cytokines and chemokines play 
an important role in leukocyte recruitment, inflammation and immunity and above 
all are known to be involved in development of atherosclerosis, we also investigated 
whether stimulation of the TLR2 in	vivo could promote development of atherosclerotic 
lesions. Adventitial application of Pam3Cys-SK4, a synthetic TLR2 ligand, increased 
intimal lesion formation induced by placement of a cuff around the femoral artery in 
wild type mice. These in	vivo effects were TLR2-mediated since TLR2-/- mice showed 
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no significant increase in intimal hyperplasia formation after local Pam3Cys-SK4 
application. In ApoE-/- mice that were put on a high cholesterol diet for 3 weeks prior 
to operation TLR2 stimulation resulted in dramatically increased atherosclerotic 
plaque formation. 
Recruitment of leukocytes is involved in the early phase of atherosclerosis and is 
mediated by cellular adhesion molecules expressed by the vascular endothelial cells 
and the circulating leukocytes. In chapter 6 we demonstrated that stimulation of 
monocytes isolated from human peripheral blood with both PG and Pam3Cys-SK4 
resulted in significantly increased expression of the adhesion molecules CD18 and 
CD11b, whereas CD62L expression was significantly decreased. Since binding of the 
stimulated monocytes to ICAM-1 coated beads was significantly higher compared to 
control monocytes and since this monocyte binding to the fluorescent beads could be 
abrogated by monocyte incubation with a β2-integrin blocking antibody, we concluded 
that stimulation of monocytes with PG and Pam3Cys-SK4 not only increased the 
expression but also the function of β2-integrins. Firm adhesion of the monocytes to 
the endothelium was significantly increased after PG and Pam3Cys-SK4 stimulation 
due to the increased β2-integrin expression on and increased L-selectin shedding 
from the monocyte surface. PG stimulation induced activation of the monocytes 
resulting in cell spreading over the endothelial surface and increased chemotaxis of 
the monocytes towards the chemoattractant C5a, which was TLR2-specific and totally 
β2-integrin-dependent. 
In chapter 7 we demonstrated that isolated peritoneal macrophages stimulated with 
PG and Pam3Cys-SK4 in	vitro were able to home to atherosclerotic plaques in ApoE-
/- mice. In this chapter we also described that cuff-induced atherosclerotic lesions 
in ApoE*3Leiden transgenic mice that were put on a high fat/high cholesterol diet 
prior to operation were not only increased after PG stimulation, but the phenotype of 
these plaques was also significantly different from the atherosclerotic plaques at the 
contralateral control side. After stimulation the plaques were enriched in SMC and 
collagen, whereas macrophage content was not changed. In the media a switch in 
cellular content was evident; the number of -SMC actin-positive cells was strongly 
reduced whereas the number of macrophages was clearly increased. Our results show 
that local PG application on the outside of the vascular wall induced a more stable 
plaque phenotype on the luminal side of the arterial wall. 
The role of NOD proteins in atherosclerosis is as yet unexplored. In chapter 8 we showed 
that NOD1 and NOD2 protein expression is significantly increased in atherosclerotic 
lesions. NOD1 expression levels were positively associated with collagen staining 
and the presence of SMC in human atherosclerotic lesions, suggesting that NOD1 
expression is associated with a stable plaque phenotype. Furthermore, in the absence 
of SMC there is a significant correlation between NOD1 expression and macrophage 
content, indicating that NOD1 protein is also expressed within inflammatory areas 
inside atherosclerotic lesions, as we also demonstrated with immunohistochemistry 
for NOD2. Both NOD1 and NOD2 protein expression was inversely correlated with 
matrix metalloproteinase (MMP)-2 activity and positively correlated with MMP-8 and 
MMP-9 levels. 

Chapter 9 is a general discussion of the results from the aforementioned studies. 

Summary
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Samenvatting

Het immuunsysteem beschermt de gastheer tegen binnendringende pathogenen en 
speelt een erg belangrijke rol bij het ontstaan van aderverkalking (atherosclerose). 
Membraangebonden Toll-like receptoren (TLR) kunnen pathogen-associated molecular 
patterns (PAMP) die aanwezig zijn op en in micro-organismen detecteren. TLR spelen 
daarom ook een belangrijke rol bij het optimaal functioneren van ons immuun systeem. 
De TLR2/6 heterodimeer detecteert o.a. het complete peptidoglycaan (PG) maar ook PG 
dat is afgebroken tot kleinere stukken of PG motieven die vrijkomen tijdens replicatie 
van bacteriën of bij infectie. Deze fragmenten worden herkend door intracellulaire 
receptoren; de nucleotide-binding oligomerization domain (NOD) en Nalp receptoren. 

Hoofdstuk 1 is een algemene introductie waarin het proces van aderverkalking, 
immuniteit, de immunologische capaciteiten van PG en de verschillende receptoren 
die PG kunnen herkennen worden beschreven. Niet alleen exogene (lichaamsvreemde), 
maar ook endogene (lichaamseigen) liganden, die vooral geproduceerd worden tijdens 
celbeschadiging, kunnen TLR activeren. Hoofdstuk 2 is een review waarin de rol 
van TLR en de exogene en endogene liganden in immuniteit en het ontstaan van 
aderverkalking wordt beschreven. En aangezien er is aangetoond dat niet alleen 
ontsteking maar ook bacteriële infecties een belangrijke rol spelen bij het ontstaan van 
hart- en vaatziekten, bediscussiëren we in dit hoofdstuk ook de relatie tussen infectie, 
ontsteking en de pathogenen die daar vaak bij betrokken zijn enerzijds en het ontstaan 
van atherosclerotische plaques anderzijds. 
PG kan de productie van antilichamen induceren en IgM, IgG en IgA antilichamen tegen 
PG kunnen gemeten worden in het bloedserum van gezonde personen. In hoofdstuk 3 
staat beschreven dat patiënten met aderverkalking significant lagere IgM antilichaam 
niveaus tegen PG hadden vergeleken met controle patiënten met risico factoren, maar 
zonder klinische kenmerken van aderverkalking. Daarnaast was het IgM antilichaam 
niveau tegen PG negatief geassocieerd met een toename in intima-media dikte (een 
maat voor de hoeveelheid aderverkalking) en een risico score voor hart- en vaatziekten. 
Gebaseerd op de resultaten van deze klinische studie suggereerden we dat systemische 
antilichaam niveaus tegen PG prognostische (voorspellende) determinanten voor het 
opnieuw ontstaan van hart- en vaatziekten na coronair angioplastiek zouden kunnen 
zijn. In hoofdstuk 4 hebben we laten zien dat het risico op een eerste nieuwe uiting 
van hart- en vaatziekten na angioplastiek niet geassocieerd is met IgM, IgG en IgA 
antilichaam niveaus tegen PG. 
In hoofdstuk 5 hebben we aangetoond dat de TLR2 aanwezig is op vasculaire 
adventitiële fibroblasten en in humane coronair arteriën. TLR2 stimulatie resulteerde in 
de toegenomen mRNA en eiwit expressie van cytokines en chemokines als interleukine 
(IL)-1β, IL-1Ra, IL-6, IL-8 en monocyte chemoattractant protein (MCP)-1 door adventitiële 
fibroblasten. Aangezien deze cytokines en chemokines een belangrijke rol spelen in 
witte bloedcel rekrutering, ontsteking en immuniteit en bovenal betrokken zijn bij 
het ontstaan aderverkalking, hebben we ook onderzocht of stimulatie van de TLR2 in	
vivo het ontstaan van aderverkalking zou kunnen beïnvloeden. Adventitiële toediening 
van Pam3Cys-SK4, een synthetisch TLR2 ligand, zorgde bij wild type muizen voor een 
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toename in intimale verdikking van de vaatwand, geïnduceerd door het plaatsen van 
een cuff om de femoraal arterie. Deze in	vivo effecten waren TLR2-gemedieerd aangezien 
er in muizen met een defecte TLR2 geen significante toename in intima verdikking te 
zien was na lokale Pam3Cys-SK4 toediening. In ApoE knockout (atherosclerotische) 
muizen, die op een cholesterolrijk dieet geplaatst waren, resulteerde TLR2 stimulatie 
in een drastische toename in atherosclerotische plaque vorming. 
Aantrekking van witte bloedcellen vindt plaats in de eerste fase van aderverkalking 
en cellulaire adhesie moleculen tot expressie gebracht door vasculaire endotheelcellen 
en circulerende witte bloedcellen zijn hierbij van groot belang. In hoofdstuk 6 hebben 
we aangetoond dat stimulatie van monocyten, geïsoleerd uit humaan perifeer bloed, 
resulteerde in een toename in expressie van de adhesie moleculen CD18 en CD11b, 
terwijl CD62L expressie juist drastisch was afgenomen. Aangezien binding van de 
geïsoleerde monocyten aan ICAM-1 gecoate beads significant hoger was dan van 
controle monocyten en aangezien deze binding teniet gedaan kon worden met een β2-
integrine blokkerend antilichaam, concludeerden we dat stimulatie van monocyten met 
PG en Pam3Cys-SK4 niet alleen zorgde voor een toename in expressie maar ook in de 
functie van β2-integrines. Door de toegenomen β2-integrine expressie op en L-selektine 
shedding van het monocyt oppervlak, was de stevige binding van de monocyten aan 
endotheel significant toegenomen na PG stimulatie. Stimulatie met PG induceerde 
activatie van de monocyten, resulterende in celspreiding over het endotheeloppervlak 
en toegenomen chemotaxie (migratie) van de monocyten naar de chemoattractant C5a. 
De migratie van de monocyten was TLR2-specifiek en totaal β2-integrine afhankelijk. 
In hoofdstuk 7 hebben we aangetoond dat geïsoleerde peritoneale macrofagen, in	
vitro gestimuleerd met PG en Pam3Cys-SK4, in	 vivo de capaciteit hadden om naar 
atherosclerotische plaques te homen. In dit hoofdstuk hebben we ook beschreven 
dat in ApoE*3Leiden transgene muizen de omvang van de atherosclerotische plaques 
niet alleen toegenomen was, maar ook dat het fenotype van de plaques significant 
verschillend was vergeleken met de plaques aan de contralaterale controle kant. 
Na stimulatie waren de plaques verrijkt met gladde spiercellen en collageen, terwijl 
de macrofaag hoeveelheid niet veranderd was. In de media was zelfs een duidelijke 
omschakeling in samenstelling van het weefsel te zien; het aantal gladde spiercellen 
was sterk gedaald terwijl het aantal macrofagen juist duidelijk was toegenomen. Onze 
resultaten tonen aan dat lokale PG toediening aan de buitenkant van de vaatwand een 
stabieler plaque fenotype aan de luminale kant van de arterie induceert. 
De rol die NOD eiwitten spelen in hart- en vaatziekten en aderverkalking is tot nu toe 
nog niet onderzocht. In hoofdstuk 8 hebben we laten zien dat NOD1 en NOD2 eiwit 
expressie significant was toegenomen in atherosclerotische plaques. De NOD1 eiwit 
expressie niveaus waren positief geassocieerd met een collageen-kleuring en met de 
aanwezigheid van gladde spiercellen in de humane plaques. Dit suggereert dat NOD1 
expressie geassocieerd is met een stabiel plaque fenotype. Daarnaast bleek echter dat 
er in de afwezigheid van gladde spiercellen een significante correlatie is tussen NOD1 
expressie en macrofaag hoeveelheid, aangevende dat NOD1 eiwit ook tot expressie 
komt in de ontstekingsgebieden in de plaques, zoals we ook aangetoond hadden voor 
NOD2 expressie door middel van immunohistochemie. Zowel NOD1 als NOD2 eiwit 
expressie was negatief gerelateerd met matrix metalloproteinase (MMP)-2 activiteit en 
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positief geassocieerd met MMP-8 en MMP-9 niveaus. 
Hoofdstuk 9 is een algemene discussie over de resultaten van de voorgaande 
studies. 
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Color Supplement

Figure 7. PG and Pam3Cys-SK4 increase macrophage homing into atherosclerotic plaques
The	ability	of	macrophages	to	migrate	into	the	atherosclerotic	plaque	upon	PG	and	Pam3Cys-SK4	stimulation	was	
investigated	in	ApoE-/-	mice.	Control	GFP-macrophages	could	hardly	be	found	in	the	atherosclerotic	plaques	(only	
a	few	cells	in	the	whole	aortic	arch),	whereas	macrophages	that	were	stimulated	with	either	PG	or	Pam3Cys-SK4	
were	found	easier	(a	few	macrophages	in	each	atherosclerotic	plaque	within	the	aortic	arch).	The	left	panel	shows	
GFP	cells	 in	 the	arterial	wall,	 the	middle	panel	shows	Hoechst	nuclear	staining	and	the	right	panel	shows	the	
merged	picture.

Chapter 7
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Figure 6. NOD2 is expressed by macrophages and endothelial cells in atherosclerotic plaques
Double immunofluorescent staining for NOD2 (green) and cell markers (red) on atherosclerotic lesions. Cells were 
stained	for	CD163	 (macrophages)	and	von	Willebrand	Factor	 (endothelial	cells).	Double-positive	cells	are	yellow	
in the overlay panel. Cell nuclei are stained blue with DAPI. Original magnification: left panel 400x, right panel 
200x.

Chapter 8
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promotie met de master-opleiding “Clinical Epidemiology” te beginnen. Die opleiding 
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zit, maar ik ben je erg dankbaar voor je belangrijke input in mijn studies en voor je 
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Werk is niet alleen leuk vanwege de werkzaamheden op het lab, maar zeker ook 
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ook al zagen jullie op tegen de stapel papier die ik uitprintte voor de beoordelings-
commissie… toch weet ik zeker dat ook jullie achteraf zullen zeggen dat het niet zo erg 
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plezier en succes toe in Singapore (niet alleen werken hè, je moet ook genieten).
Juan, good luck with finalising your experiments and papers. Thank you for your 
ideas and all the discussions we had during the last four years. I hope your return to 
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Ben, ik ben erg blij met je hulp bij het uitvoeren van de muizenoperaties. Jij bent als 
“muizen-dokter” van groot belang geweest bij een aantal van de geweldige resultaten 
die ik in de afgelopen vier jaren behaald heb. Miranda wil ik bij deze ook even bedanken 
voor haar hulp bij een aantal experimenten toen jij op werkbezoek was in Amerika. 

Astrid en Ineke, heel erg bedankt voor de gezelligheid op het secretariaat. Ik heb 
bewondering voor de manier waarop jullie de organisatie draaiende weten te houden 
en er altijd weer in slagen om jullie door de chaos heen te werken die op het bureau 
gestort wordt. Astrid, we blijven contact houden hoor... ik blijf gewoon naar de 
spelletjesavonden komen.

Imo, Sebastian en Stephan, sinds jullie komst wordt er naast Nederlands en Engels ook 
af en toe Duits gesproken op het lab. Daarnaast hebben jullie je ook de Nederlandse taal 
ontzettend snel eigen gemaakt. Ik weet niet of alle Duitsers zo gemakkelijk Nederlands 
kunnen leren, maar ik heb toch bewondering voor jullie bijna vlekkeloze aanpassing 
aan onze taal. Succes met jullie onderzoeken.

Marie-José, Anke, Corina, Joost, Piet, Sander en Simone; de stamcelgroep. Ik heb de 
afgelopen vier jaren veel veranderingen meegemaakt in het lab. Uitbreiding van het lab 
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Nijmegen toen mijn praktische werk erop zat en ik al aan het schrijven was. Af en toe 
mis ik het schaap en het vrolijke roodkapje-liedje eigenlijk wel…

De MICABG groep wil ik graag bedanken voor de gezellige uitjes, borrels, etentjes en 
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gaat doen.
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mogelijkheid om bij jullie de rol- en migratie-experimenten uit te voeren en voor jullie 
interesse in mijn onderzoek, bereidheid te helpen bij experimenten en het afstaan van 
wat bloed, zo nu en dan.

Ik wil ook de vakgroep Immunologie uit het Erasmus MC bedanken voor hun 
gastvrijheid. Marie-José Melief, bedankt voor je ervaring met het PG onderzoek en dan 
vooral met de ELISA´s. Je efficiënte manier van werken en bereidheid experimenten 
voor mij voor te bereiden hebben me veel tijd bespaard. 

Yolanda van der Graaf, bedankt voor je hulp bij de twee patiënten-studies die ik heb 
gedaan binnen SMART en natuurlijk ook voor je kritische reacties op deze studies. 
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