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Picture on the front page: 

Microscopic image of the adhesion and migration of circulating monocytes into an atherosclerotic 

lesion. Inflammatory signals from the  lesion activate neighbouring circulating monocytes thereby 

promoting their transmigration through the endothelium.  

www.mc.vanderbilt.edu/lens/article/?id=104&pg=999 
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Abstract 

 

Atherosclerosis is an inflammatory disease which develops very slowly and, in most cases, will not 

give rise to any symptoms for a very long time. Several risk factors have been found that enhance its 

progression like diabetes, hypertension and hypercholesterolemia, but to date, the identification of 

patients with unstable lesions that are at high risk of a cardiovascular event remains difficult. The use 

of biomarkers expressed by inflammatory cells, and especially circulating biomarkers, has gained a 

lot of attention because of their ability to reflect disease progression and predict the risk of a 

cardiovascular event. However, until now, no biomarkers, have been found that can detect high-risk 

patients with a good positive prognostic value. Therefore, novel sources of biomarkers are needed 

and one of the high-potential sources are circulating cells. Because macrophages play a crucial role in 

the development of atherosclerosis, a high focus has been placed on its precursor, the circulating 

monocyte. Recently it has become clear that the expression patterns of circulating monocytes 

changes in response to alterations in the diseased vessel wall, and multiple markers expressed by 

circulating monocytes have already been associated with disease progression like TLR, TNFα and IL-8. 

But more research and large trials are needed. With the circulating cell program of the CTMM project 

the expression of biomarkers on circulating monocytes and others cells will be investigated. 

Furthermore, a biosensor will be developed that is capable of measuring these biomarkers, so the 

development and progression of atherosclerotic disease and the identification of high-risk patients 

will be more accurate and easy to measure.  
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Introduction 

 

Pathogenesis of atherosclerosis 

Atherosclerosis is generally accepted as an inflammatory disease 
2, 5

. LDL particles infiltrate the 

arterial intima and are modified through oxidation which initiates an inflammatory response. 

Accumulation of oxidized LDL (oxLDL) particles in the early lesion promotes the expression of several 

adhesion molecules on endothelial cells and the production of leukocyte-chemoattractants 
6
. As a 

result, inflammatory cells, which mainly consists of monocytes and some T-cells, migrate into the 

intima. Monocytes, like all other blood cells, derive from the hemapoietic stem cell located in the 

bone marrow. Once released from the bone marrow, they circulate in the blood stream for 1-3 days 
7, 8

. After their infiltration into the diseased vessel wall, monocytes differentiate in macrophages 

under the influence of multiple cytokines and other factors. Macrophages play a central role in the 

innate and adaptive immune system. Their function is to recognize and ingest dead or damaged cells 

and foreign substances and organisms and present these antigens to lymphocytes to trigger an 

immune response 
7, 8

. Scavenger receptors that are abundantly expressed on the surface of 

macrophages, are responsible for the uptake of oxLDL, turning these cells into foam cells. This is one 

of the most important steps in the initiation of an atherosclerotic plaque 
2
.  Also toll-like receptors 

(TLR) are able to bind pathogens. However, unlike scavenger receptors, these interactions activate 

the monocyte/macrophage. As a consequence, multiple inflammatory cytokines and other factors 

are produced, which feeds the process further 
2
. The progression is characterized by the infiltration 

of even more inflammatory cells and thickening of the arterial wall. Smooth muscle cells from the 

media migrate into the plaque and also contribute to the formation of the early lesion. As the 

atherosclerotic lesion grows, a large lipid core is formed, covered with a fibrous cap containing 

smooth muscle cells and collagen-rich matrix. This prevents the exposure of the lipid content to the 

circulation and are called stable lesions. However, the action of inflammatory cells infiltrated into the 

fibrous cap destabilize the lesion and make it vulnerable to rupture 
2
.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Under the influence of cytokines and 

chemokines, circulating monocytes adhere 

and migrate through the vessel wall where 

they differentiate in macrophages. Both 

activated circulating monocytes and  

macrophages release chemokines, cytokines 

and many other inflammatory mediators 

thereby promoting the recruitment of even 

more inflammatory cells 
2
.    
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Already from childhood on, every individual develops small and stable atherosclerotic lesions in their 

vasculature. The progression of these lesions generally happens very slowly and won’t give rise to 

any symptoms for a very long time. We know that several risk factors are able to enhance this 

process like smoking, diabetes, hypertension and hypercholesterolemia. These factors contribute to 

a faster development of an unstable lesion. The unstable lesion can ultimately rupture, thereby 

exposing pro-thrombotic factors which results in clinical manifestations such as myocardial infarction 

(MI) or stroke.  

Several biomarkers are nowadays used in the clinic to detect patients with a MI like  troponins and 

creatine-kinase-MB (CK-MB) 
9
. But until now we are unable to detect patients with unstable 

atherosclerotic lesions. Identification of these patients in an earlier stage would prevent a possible 

cardiovascular event. In the last couple of years, the use of biomarkers and especially those 

measured in blood samples, has gained a lot of interest, because of their ability to reflect the state 

and progression of disease. However, multiple inflammatory markers, which all have a different 

biologic activity, contribute to the formation of unstable plaques. This makes it very difficult to 

identify markers that are mainly involved in the development of an unstable plaque.  

    

Biomarkers 

Due to increasing knowledge in the pathophysiology of atherosclerotic disease, we have a better 

understanding which cells are involved and markers that are expressed during their activation. In the 

last couple of years many researchers have tried to find biomarkers that enable us to diagnose the 

progression of disease and can predict the risk of developing a cardiovascular event at an individual 

level.  But the use of biomarkers could also enable us to give a more individualized approach of 

treatment and monitor on-treatment risk, so medication could be adapted. 

A bulge of biomarkers has been identified and all of them are possibly able to make a difference in 

risk stratification. However, for most of these markers, although a significant relation with a disease 

has been demonstrated in some studies, the downfall is that they are not specific for a certain type 

of disease, organ or cell. It is therefore hard to find a good biomarker that can predict a certain 

disease outcome with a good positive prognostic value. In table 1 the characteristics of a good 

biomarker are described as defined by Abdullah et al. 
9
.  

 

 

 

 

 

 

 

 

 

Table 1 The characteristics of a good biomarker as defined by Abdullah et al. 
9
  

One of the potential biomarkers that has been extensively studied, is C-reactive protein (CRP). CRP is 

an acute-phase protein originally produced in the liver although it has become clear that it can also 

be secreted from cells within the atherosclerotic plaque and other tissues 
3
. Its production is 

primarily stimulated by IL-6 
2
. Many studies demonstrate that high levels of CRP and IL-6 are 

predictive for coronary events in patients with stable or unstable lesions and in healthy populations, 

although some state that they are not a strong marker 
10, 11

. But until now, no biomarkers have been 

found that can indentify high risk patients with a strong positive predictive value. Therefore, none of 

these markers, except for CRP in some centers, are routinely assessed in clinical settings. 
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For that reason, new sources of biomarkers are currently being explored and one of these sources 

are circulating cells. Because monocytes and macrophages play a crucial role in the development of 

atherosclerotic disease, a high focus has been placed on biomarkers expressed by circulating 

monocytes. Multiple biomarkers expressed by circulating monocytes have already investigated and 

for some of them an association with disease progression has been found.  

 

In this thesis, markers (adhesion molecules, chemokines and other membrane-bound molecules and 

soluble markers) expressed by circulating monocytes will be described. These markers could 

potentially serve as good biomarkers for atherosclerotic disease progression and predict the risk for a 

cardiovascular event in the future. Also the possible role for biomarkers expressed by circulating 

monocytes in other inflammatory diseases will be discussed briefly.    

 

 

Preliminary studies  

 

Several studies have indicated that circulating monocytes can be activated by progressive 

atherosclerotic disease and that this results in altered function and expression patterns. 

In one of these studies the effects of percutaneous coronary intervention (PCI) on the expression and 

responsiveness of TLR2 and TLR4 of monocytes was investigated. This study demonstrated that TLR 

responsiveness increases with higher degrees of stenosis and multiple vessel disease. In addition, 

patients with a significant (<0,75) fractional flow reserve (FFR) outcome, which is a measure for 

myocardial ischemia, had a higher TLR response (fig. 2) 
4
. Furthermore, they showed that 

responsiveness measured by TNFα levels, decreased immediately after vascular injury. Monocytes 

isolated two hours after a PCI procedure were less responsive to stimulation with Pam3Cys or LPS 

than before the procedure. This phenomenon is referred to as tolerance. Earlier research also 

demonstrated that a second stimulation of TLRs on cells results in an attenuated proinflammatory 

response as compared to the first stimulation 
4
. Based on these results it is suggested that the 

expression on monocytes alters very fast with changes in the diseased vessel wall. The exact 

mechanisms for this are unknown. It might be possible that oxLDL are released from the plaque 

during a PCI procedure and that they cause this tolerance after binding to TLR. The functional reason 

for this might be that it protects the vessel wall against additional damage by inhibiting the action of 

inflammatory mediators.    

Also LPS-induced Il-6 release from circulating monocytes is higher in patients with unstable angina 

than in patients with stable angina or controls 
12

. NFκB is an important transcription factor which is 

not only involved in the induction of IL-6 but also of other pro-inflammatory genes like TNFα, IL-1α, 

chemokines, adhesion molecules and tissue factor. It has been shown that NFκB is activated in 

circulating leukocytes of patients with acute coronary syndrome but not in patients with stable 

angina 
13

.  

Furthermore, in vitro expression of several mediators by monocytes and macrophages in both 

hyperlipidemic and control subjects was analyzed and this study showed that not only macrophages 

but also circulating monocytes of hyperlipidemic patients had a higher expression of adhesion 

molecules and cytokines as compared to controls. For this study, monocytes were isolated and split 

into two groups. One groups represented the circulating monocyte and its expression patterns were 

observed at day 1 after stimulation with LPS. The other group was further cultured to differentiate 

into macrophages for 7 days and then loaded with acetyl LDL. Although the expression patterns of 

macrophages might be different under these conditions as compared to the environment of the 

atherosclerotic lesion, these data strongly suggest that both macrophages and circulating monocytes 

become pro-atherogenic in a hyperlipidemic environment 
14

.   
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Taken together, these data suggest that there is some kind of communication between the diseased 

vascular wall and circulating monocytes, and that circulating monocytes are highly responsive to 

changes in the atherosclerotic lesion. The detection of good biomarkers expressed by activated 

circulating monocytes could provide information about the state of disease, so vulnerable patients 

can be indentified in a better way.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Expression of biomarkers of circulating monocytes in atherosclerosis 

 

The expression of multiple molecules like adhesion molecules, chemokines and cytokines by 

circulating monocytes has been investigated by many researchers. For most of these molecules an 

important role in the pathogenesis of atherosclerosis has been described. Although a link between its 

expression and disease severity for some of them has been reported, it is not yet known whether 

they serve as good biomarkers in risk stratification. Below, these different types of molecules will be 

discussed.  

 

Adhesion molecules 

The recruitment of monocytes to the inflamed vessel wall is a critical step for further development of 

an atherosclerotic plaque. Various adhesion molecules (e.g. VCAM-1, ICAM-1, P-selectin and E-

selectin) are able to bind circulating monocytes and T-lymphocytes and help their transmigration into 

the plaque. Until now, researchers have mainly focused on the expression of adhesion molecules 

within the atherosclerotic plaque, and several studies have described an association between sICAM-

1 and sVCAM-1 levels and atherosclerosis but these results are not very consistent 
10

.  

Only little is known about the expression of adhesion molecules on circulating monocytes and most 

evidence is received from animal models and in vitro studies. In mice, monocytes express CD62L (L-

selectin), LFA-1 (CD11a/CD18), Mac-1 (CD11b/CD18), Pecam-1, PSGL-1 and VLA-4, which are all 

involved in adhesion and migration into the atherosclerotic lesion 
6, 15

. Multiple studies have 

demonstrated that mice deficient in one of these adhesion molecules or blockade of the interactions 

between adhesion molecules and their ligands with antibodies results in decreased monocyte 

recruitment and/or a reduced lesion size 
6
. Particularly  P-selectin glycoprotein-1 (PSGL-1), ligand for 

P-selectin, and very late antigen 4 (VLA-4), ligand for VCAM-1 seem to be crucial for monocyte 

adherence and migration 
6, 15

. Although most of these adhesion molecules are also expressed in 

Fig. 2 TNFα production in monocytes after stimulation with Pam3Cys or LPS before PCI in relation to 

FFR outcome. In patients with a significant FFR outcome (<0.75) production of TNFα after stimulation 

was significantly higher than in patients with FFR >0.80 
4
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human monocytes, one should keep in mind that the abovementioned observations might differ in 

human in vivo conditions. There are indications that the expression of these adhesion molecules on 

human circulating monocytes is altered with severe atherosclerosis. One study showed that the 

expression of CD11b but not VLA-4 on monocytes is significantly increased in hyperlipidemic patients 

as compared to controls 
14

. However, it is unknown whether these hyperlipidemic patients also had 

more severe atherosclerosis even though hyperlipidemia is an independent risk factor for 

atherosclerotic disease.     

 

Chemokine receptors and other membrane-bound molecules 

Although adhesion molecules are essential for the recruitment of circulating monocytes, multiple 

other factors such as chemoattractants enhance this process. These factors, which are mainly 

secreted by cells in the atherosclerotic lesion, bind to several receptors on the membrane surface  of 

circulating monocytes. 

 

Chemokine receptors  

CCR2 receptors are highly expressed on circulating monocytes and serve as the most important 

receptor of MCP-1/CCL2 which is a important mediator for monocyte recruitment 
6, 9

. Mice lacking 

MCP-1 or CCR2 show a significant reduction in lesion size and in patients with CAD MCP-1 plasma 

levels and the percentage of CCR2
+
 monocytes are found to be increased as compared to controls 

6, 

16, 17
. Interestingly, a downregulation of CCR2 in monocytes of CAD patients was observed after in 

vitro stimulation with oxLDL 
17

. This might suggest that further migration of these newly recruited 

monocytes is inhibited in this way, allowing their differentiation into macrophages.    

Besides the CCR2 receptor, MCP1 is a ligand of the CCR1 and CCR5 which are also expressed by 

circulating monocytes, but it seems that these receptors mainly serve as the receptor for other 

monocyte chemoattractant molecules like MIP-1α/CCL3, MIP-1β/CCL4 and RANTES/CCL5. However, 

their functions seem to be more important for the differentiation of monocytes already present in 

the lesion 
6
, although polymorphism studies have demonstrated that a deletion of the human CCR5 

gene is associated with reduced severe CAD and a reduced risk of early MI 
16

. 

Another member of the chemokine family which has been related to atherosclerosis is CXCL16. 

Several studies have demonstrated that the proinflammatory cytokine IFNγ stimulates the expression 

of CXCL16 on monocytes. Interestingly, CXCL16 seems to have atheroprotective properties. In a 

clinical trial, lower CXCL16 levels were associated with CAD and also mice lacking CXCL16 showed a 

faster development of atherosclerosis 
16

. 

 

Other membrane bound receptors 

Furthermore, monocytes are able to produce both CD40l and its corresponding receptor, CD40 

receptor, and the CD40-CD40l signaling has proven to be important in atherosclerosis. CD40l 

stimulation on monocytes results in an increased expression of pro-inflammatory cytokines, adhesion 

molecules matrix degrading enzymes and procoagulants 
18

. For example, ligation of CD40 on 

monocytes stimulates the expression of MMP-1 and MMP-3. These proteases are capable of 

degrading major components of the plaque fibrous cap, making it more vulnerable to rupture 
19

. Also 

surface expression of tissue factor (TF) on monocytes is induced by CD40 ligation. Because TF is a 

prominent activator of the coagulation cascade, this increased expression contributes to an 

increased risk of thrombotic complications 
19

.   

But besides the CD40 receptor mice studies have demonstrated that CD40l also binds to the integrin 

receptor, Mac-1 (CD11b/CD18) and that this interaction mediates leukocyte adhesion and migration, 
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and induces the release of myeloperoxidase (MPO) 
18

. Furthermore, mice treated with an anti-Mac-1 

antibody developed smaller atherosclerotic lesions compared to controls 
18

. 

 

As mentioned earlier, TLR are expressed on the surface of monocytes. Especially TLR2 and TLR4  play 

a major role in the development of atherosclerosis. Ligand binding to these receptors stimulate the 

production of multiple pro-inflammatory cytokines like tumor necrosis factor α (TNFα) and Il-6. 

Medical literature has demonstrated an elevated TLR response with an increasing degree of stenosis 

or plaque instability 
4
. Although CD14 was thought to be unable of inducing monocyte activation, 

recent evidence has suggested that once CD14 is bound to LPS it is able to activate TLR4 
6
.   

 

Role of CRP on the expression of biomarkers  

Montecucco et al. elucidated the role of CRP on the secretion and expression of molecules crucial for 

the development of the atherosclerotic plaque of adherent and ‘circulating’ monocytes. They found 

that CRP promoted the secretion of CCL2, CCL3, CCL4 in monocytes in adherent but not circulating 

conditions (fig. 3). Furthermore, CRP inhibited monocyte migration to CCL2 and CCL3 by down-

regulating its receptors CCR1 (CCL3 receptor), CCR2 (CCL2 receptor) and CCR5 (CCL3 and CCL4 

receptor) not only by internalization but also by a reduction of their mRNA levels in adherent but not 

circulating cells 
3
. The latter was also observed after stimulation with oxLDL as described earlier. This 

might indicate that CRP promotes the release of mediators important for chemoattraction of new 

circulating monocytes from monocytes already attached to the vascular wall, but prevents its own 

further migration.       

CD11b (subunit of MAC-1) which is highly expressed on monocytes is capable of binding ICAM-1 and 

is therefore important adhesion to the endothelium. CRP induced an up-regulation of both MAC-1 

and ICAM-1, making adhesion of monocytes more easy (in adherence not suspension conditions) 
3
. 

So, these data suggest that adhesion alters the expression of monocyte activation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 The secretion of CCL2, CCL3 and CCL4 

from adherent versus circulating monocytes. 

High concentration hCRP (10 µg/mL) 

significantly stimulates the secretion of CCL2, 

CCL3 and CCL4in adherent but not circulating 

monocytes 
3
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Soluble biomarkers 

To date, more than 100 different molecules are known to be secreted by monocytes/macrophages 
6
 

and many of these soluble biomarkers show an association with an increased risk of cardiovascular 

events or death. The best-studied secretion marker is TNFα. Activation of multiple surface receptors, 

like TLR, CD11a, CD18 and P-selectin have demonstrated to induce the production of TNFα in vitro 
6
. 

But the role of this cytokine has also been reported in several clinical trials. Schlitt et al. 

demonstrated that serum levels of TNFα are increased in patients within the upper quartile of  pro-

inflammatory CD14
+
CD16

+
 monocytes 

20
. Furthermore, the release of TNFα is increased after 

stimulation of TLRs in patients with unstable angina 
4
. TNFα also serves as an autocrine activator; its 

production by monocytes stimulates the synthesis of tissue factor and other cytokines such as IL-1β 
6
.   

Along with TNFα, Il-1β is one the principal proinflammatory products generated in 

monocytes/macrophages. IL-1β is a chemoattractant for neutrophils and, like IL-6 which is also 

released by circulating monocytes, it promotes the release of acute phase proteins in the liver 
6
. 

Schirmer et al. found that the genes for IL-1α, IL6, IL-8, MIP1α, -2α, -3α, CCL2, PAI2, IFNβ and TNFα 

are all up-regulated in monocytes after LPS stimulation 
21

.  

  

Other important biomarkers secreted by circulating monocytes are MCP-1, MPO and several 

interleukins like IL-6 and IL-8, which in turn lead to the production of even more pro-inflammatory 

and pro-thrombotic mediators. Monocyte chemoattractant protein-1 (MCP-1) is a chemokine majorly 

important for the recruitment of monocytes into the developing atherosclerotic plaque. Not only is it 

produced by cells within the plaque such as smooth muscle cells and endothelial cells, also 

monocytes themselves are able to secrete MCP-1 
9
. Mice lacking either MCP-1 or its receptor have 

less monocyte/macrophage accumulation and reduced plaque rupture as compared to control mice 
9
. Furthermore, monocytes activated by MCP-1 express tissue factor, which further contributes to 

plaque instability . The clinical use of MCP-1 as a potential biomarker remains unclear. Although 

some studies did find an association between plasma MCP-1 levels and a risk of coronary artery 

events, others did not 
9
.      

Another biomarker recently discovered is myeloperoxidase (MPO) which is secreted by multiple cell-

types including monocytes. MPO plays a major role in the oxidation of LDL particles. Multiple clinical 

trials have found an association between plasma MPO levels and atherosclerosis 
9
. 

Il-8/CXCL8 and its corresponding receptor CXCR2 are originally involved in the recruitment of 

neutrophils but in the atherosclerotic disease they also serve as a chemoattractant for monocytes. It 

has been shown that oxLDL is able to induce the secretion of Il-8 in circulating monocytes 
16

 and 

recently it has become clear that Il-8 levels expressed by peripheral blood mononuclear cells (PBMCs) 

after stimulation with oxLDL are higher in patients with unstable angina than in patients with stable 

angina or controls 
17

. Il-8 is also known as an inhibitor of TIMP-1 expression which an inhibitor of 

matrix metalloproteinases (MMPs) 
17

. So not only do high levels of Il-8 amplify the migration of 

monocytes, its action can also be related to plaque rupture.     

 

 

Pro-inflammatory CD14+CD16+ monocytes 

 

It has been well established that there are different populations of monocytes. Besides the classical 

CD14
++

 CD16
-
 monocytes, another group, CD14

+
CD16

+ 
monocytes, has been brought to the attention 

because of its potential role in various inflammatory diseases . Studies have demonstrated that 

CD14
+
CD16

+
 can develop from CD14

++
 CD16

-
 monocytes, indicating that they are further 

differentiated . As demonstrated in table 2 both types of monocytes express different patterns of 

surface molecules and the surface molecules of CD14
+
CD16

+
 monocytes largely resemble those seen 

in tissue macrophages. Whereas the migration of classical monocytes is largely dependent of 
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CCL2/MCP-1, CD14
+
CD16

+ 
do not, because they lack its receptor. It seems that their migration is 

mediated by the receptor for CX3CL1 /fractalkine (CX3CR1), CXCL12 (CXCR4) and CCL3/ MIPα  (CCR5) 
1, 15

.    

Growing evidence has strengthen the suggestion that CD14+ CD16+ monocytes are pro-inflammatory 

monocytes. Higher levels of major compatibility complex (MHC) Class II receptor are observed in 

CD14
+
CD16

+
 monocytes, predicting a higher antigen presentation activity. And also TLR 

responsiveness seems to be increased in CD14
+
CD16

+ 
monocytes. One study demonstrated that 

stimulation of TLR2 (with Pam3Cys) and TLR4 (with LPS) of CD14
+
CD16

+ 
monocytes results in higher 

expression levels of TNFα and lower levels of anti-inflammatory IL-10 as compared to CD14
++

 CD16
-
 

monocytes 
1
. Furthermore, a large clinical trial showed that patients with coronary artery disease 

(CAD) have higher levels of CD14
+
CD16

+
 monocytes and that patients with CD14

+
CD16

+
 monocyte 

levels in the highest quartile had an odds ratio of 4,7 for CAD even after adjustment for other 

potential confounders 
20

. This strongly suggests that the action of these pro-inflammatory monocytes 

is increased with more severe atherosclerosis and that they are associated with an increased risk of a 

cardiovascular event. A search for good biomarkers expressed by CD14+ CD16+ monocytes in 

particular may be of great interest. Given the fact that the migration of these monocytes is mainly 

dependent of CX3CR1 signalling, the expression of this receptor might be worth further investigation.       

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Role of genomics in biomarker identification 

 

Until now, biomarker studies have mainly focused on proteins of which its biological function is 

(partly) understood. But due to advanced technologies we are also able to investigate the expression 

of novel genes in circulating monocytes and measure changes in monocyte gene expression. Possibly, 

the use of these gene expression analysis could provide new insights into the pathophysiology of 

atherosclerosis and identify biomarkers 
21

.    

 

Several studies have investigated the expression of genes in monocytes of patients undergoing 

carotid artery endarterectomy (CAE) and control subjects with different gene expression techniques. 

In all of these studies it was found that two genes, FOS and DUSP1, are differentially expressed 

between patient and control monocytes. Moreover, FOS even appeared to identify patients with 

Table 2 Differential expression 

of surface markers by the 

classical CD14
++ 

and pro-

inflammatory CD14
+
CD16

+
 

monocytes 
1
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more extensive atherosclerosis with greater sensitivity and specificity than CRP 
22

. Also the 

transcription factor EGR1, which has earlier been associated with atherosclerosis, is more expressed 

in monocytes of CAE patients than in healthy controls 
22

.  

In another study, gene expression analysis was performed in patients with severe triple-vessel CAD 

and matched with control patients with similar symptoms and medication but who were free of 

visible CAD. Surprisingly, in this study, FOS and EGR1 next to some other genes were more strongly 

expressed in the control group than in the patient group 
21

. Moreover, monocytes of the control 

group seemed to be generally more active than those in the patient group. The reasons for this is 

unknown but a possible explanation might be that very severe atherosclerotic disease suppresses 

inflammatory signaling in circulating monocytes via FOS and EGR1 to attenuate damage to the 

vascular wall. Furthermore, these studies confirm that matching of groups need to be carefully done, 

since changes in groups could result in a different outcome. To date, only a few gene expression 

studies in circulating monocytes have been done so further research in this field is needed before we 

know whether they have any clinical value. 

 

 

Biomarkers of circulating monocytes in other inflammatory diseases   

 

The prominent role of monocytes has also been described for many other chronic, inflammatory 

diseases. The best studied diseases, rheumatoid arthritis (RA) and the metabolic syndrome, will be 

discussed below. Although the relation between some general biomarkers and disease progression 

has been investigated, biomarkers specifically expressed by circulating monocytes have not yet been 

extensively studied in these diseases.      

 

Rheumatoid Arthritis 

RA is a disorder which is characterized by the infiltration of inflammatory cells in the joints where 

they inflame the synovial membrane (synoviocytes). This ultimately results in the destruction of bone 

and cartilage 
23

. The recruitment of circulating monocytes in RA is almost equal to the process 

observed in atherosclerosis and roughly the same adhesion molecules and chemokines seem to be 

involved 
23, 24

. In RA, monocytes migrate into the synovial tissue where they differentiate into 

macrophages. CCR1 and CCR2 seem to be particularly involved in their recruitment, whereas CCR3 

and CCR5 seem to play a major role in the retention of  monocytes in the joint. In addition, the 

secretion molecules MCP-1, IL-6, IL-8 and MIP-1 also appear to play a major part in the development 

of RA. But next to these adhesion molecules great focus has been placed on the role of macrophage 

migration-inhibitory factor (MIF) in RA 
24

. In macrophages it has been shown that MIF promotes the 

expression of TNFα, Il-6, Il-8 and MMPs in vitro and that serum levels of MIF correlated with 

increased severity of RA.  Whether circulating monocytes also express MIF is unknown.  

In general, IL-10 is known as an anti-inflammatory cytokine. However, in RA IL-10 has some pro-

inflammatory properties. It appears to induce CX3CR1 expression and the expression of TNFα 

receptors on monocytes 
25

.   

Furthermore, the differential role of both CD14
++

 CD16
-
 monocytes and CD14

+
CD16

+ 
monocytes has 

been described. It was reported that CD16
-
 but not CD16

+
 can give rise to osteoclasts, which are  

crucial for the destruction of bone in RA. This is in contrast to observation found for atherosclerosis 

where CD16
+
 monocytes are described as pro-inflammatory monocytes 

24
. However, another study 

showed a higher expression of CX3CL1  on circulating CD16
+
 monocytes in RA patients. This CX3CL1 

was capable of inducing IL-1β and IL-6 by activated monocytes which might indicate that CD16
+
 

monocytes do contribute to prolonged inflammation 
25

.    
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Taken together, the inflammatory processed involved in RA resemble those observed in 

atherosclerosis. This would suggest that different inflammatory disorders can be induced by common 

processes. It is therefore not surprising that atherogenesis is accelerated in patients with RA, 

indicating a possible strong association between RA and atherosclerosis 
26

. 

Until now, the detection of good predictive biomarkers related to disease progression has not been 

reported. Only one study showed that active RA is characterized by an enhanced CCR2 density on 

circulating monocytes. Administration of methotrexate resulted in a decrease in CCR2 and decreased 

disease severity 
27

. But given the important role of abovementioned mediators in the pathogenesis of 

RA, some of these mediators may give a good predictive value of disease progression. For this large 

trial are needed in which expression patterns on circulating monocytes are investigated in different 

stages of disease. 

 

Metabolic syndrome 

The metabolic syndrome (MS) includes a clustering of abdominal obesity, insulin resistance, 

dyslipidemia and elevated blood pressure and these factors are associated with an increased risk of 

diabetes and coronary heart disease 
28, 29

. MS is characterized by an infiltration of macrophages in 

the adipose tissue which produce multiple inflammatory mediators together with the adipocytes. 

Inflammation seems to be of great importance for the development of MS and several markers of 

inflammation have been associated with its progression. In the PIVUS study 17 different biomarkers 

(interleukins and other cytokines, adhesion molecules and systemic inflammatory markers) were 

investigated in 943 70-year old white Europeans. This study showed that CRP, VCAM-1 and E-selectin 

levels were independently related to the presence of MS 
29

. Because this study searched for markers 

in a specific group of people these findings might be different in other ethic or age groups. Also in 

other studies soluble levels of endothelial adhesion molecules were found to be higher in patients 

with MS as compared to controls 
28

. Furthermore, it was found that an increased expression of TNFα 

and Il-6 induces insulin resistance 
30

. Further evidence for this was provided by a study in rodents 

which showed that the suppression of TNFα reduced insulin resistance 
30

. It has been suggested that 

also other pro-inflammatory mediators such as MCP-1 and IL-1 might play a role in the pathogenesis 

of insulin resistance 
30

.   

The search for biomarkers in the MS is still in its infancy and therefore only a few studies have been 

done in which biomarkers levels were related to disease progression. None of these studies 

specifically investigated biomarkers expressed by circulating monocytes. This is still an unexplored 

field with lots of potential. One study suggests that monocyte migration is facilitated by insulin 
31

. 

This might indicate that the expression patterns on circulating monocytes is altered by high levels of 

insulin. Also adipokines, which are secreted by adipose tissue, are thought to have modulating 

effects on circulating cells . 

 

 

Conclusion 

 

Due to increasing knowledge we understand the different stages of atherosclerosis and what 

happens at a molecular level in a better way. With the help of medication and interventions like PCI 

we can treat patients with clinical manifestations of atherosclerosis, but until now we are unable to 

detect vulnerable patients in an earlier stage of  atherosclerosis and in this way prevent a possible 

event. Because measuring the degree of inflammation in the plaque is impossible without removal, 

large attention has been placed on markers secreted in the blood. Several studies have 

demonstrated an up-regulation of multiple adhesion molecules, chemokines and cytokines during 

the development of the atherosclerotic plaque and for some of these molecules an association with 
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an increased risk of atherosclerotic events has been found. However, for most of these markers 

results are inconsistent among different studies and therefore they are not yet clinically used. The 

only biomarker found until now that shows a strong association with atherosclerotic disease 

progression and clinical outcome is CRP. For a good risk stratification, novel biomarkers are needed 

that can identify high risk patients with a strong predictive value.   

Since monocytes/macrophages play a major role to the initiation, progression and instability of the 

atherosclerotic plaque, its precursor, the circulating monocyte, may be of great value for this. It has 

become clear that circulating monocytes are highly responsive to changes in the vascular wall. The 

identification of altered expression patterns by these cells could provide biomarkers that give a good 

prognosis of disease progression and a risk of possible cardiovascular event. It seems likely that 

circulating cells in each individual respond differently to these stimuli. By measuring the degree of 

activation we might be able to predict which patients have more ‘aggressive’ cells that can ultimately 

lead to a higher thrombotic risk.   

     

The detection of potential biomarkers expressed by circulating monocytes are already under 

investigation. For some of them like TLRs, TNFα and Il-8 an association with disease severity has been 

found, but for most potential biomarkers it remains largely unknown whether the expression 

changes with more progressive disease. Until now no studies have been reported in which the 

biomarkers expressed by macrophages in the lesion are compared to biomarkers expressed by 

circulating monocytes in one patient. Perhaps these kinds of studies could provide information about 

important biomarkers. Also, the exact role of CD16+ monocytes in atherosclerosis is worth further 

investigation since markers expressed by these monocytes resemble those in macrophages.    

 

In conclusion, biomarkers expressed on circulating monocytes may provide crucial information about 

disease progression and identify patients who are at high risk for an event, so preventive treatment 

can be prescribed or intensified. However large trials with unstable, stable and control subjects are 

needed to find out which biomarkers on circulating monocytes are differently regulated and whether 

these changes are related to disease progression. The ‘circulating cell’ program of the CTMM project, 

which will start very soon, will focus on these questions. In high risk patients genetic and protein 

markers will be searched that are related to clinical manifestations of the disease. In addition, 

characteristics from cells obtained from the atherosclerotic plaque and circulating cells in one 

individual will be examined to see whether there are similarities. Furthermore, a biosensor will be 

developed that eventually measures these biomarkers and provides information about the risk for 

the development and progression of atherosclerotic disease in a fast and easy way. 
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