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 Mac-1    macrophage-1 antigen  

 LFA-1    lymphocyte function-associated antigen 1  
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 PDGF   platelet derived growth factor 

 bFGF    basic fibroblast growth factor 

 SMC    smooth muscle cell    
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 Abstract 
 

 

Arteriogenesis (collateral vessel growth) is triggered by fluid shear stress in case of 

an arterial occlusion. It is an important focus in current cardiovascular research as 

it might provide new therapeutic opportunities. Although the molecular mechanisms 

underlying arteriogenesis are not yet completely understood, it has been shown 

that monocytes/macrophages and lymphocytes, in particular NK- and T-

lymphocytes, play an important role in arteriogenesis. The present literature study 

was designed to gain more insight into the precise role of the latter cells in the 

onset and progression of collateral vessel growth and the interaction between both 

cell types. Based on the mechanistically similar process angiogenesis, in which the 

inflammatory response has been investigated in more detail, we suggest here that 

as a first step in the process of arteriogenesis lymphocytes interact with monocytes 

to trigger a cascade of biochemical processes eventually leading to collateral artery 

growth. 
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Introduction 
 

The term cardiovascular disease summarizes all conditions characterized by 

complications of the heart and/or blood vessels. Clinically, the most important 

subgroup is formed by vascular occlusive diseases, caused by the chronic 

inflammatory process atherosclerosis [3]. During atherosclerosis, low density 

lipoproteins and monocytes accumulate in the arterial wall of blood vessels 

resulting in the development of an atherosclerotic plaque. This, eventually, can lead 

to either plaque rupture or stenosis (the narrowing of arteries) resulting in an acute 

or respectively chronic lack of blood supply often followed by heart or organ failure. 

Due to unhealthy lifestyle habits in the industrial world (fat diets, lack of exercise 

and smoking) the number of patients suffering from diabetes, obesity and 

hypertension increases every year [4]. The high mortality rate in this population is 

frequently related to an accelerated development of atherosclerosis associated with 

an increased incidence of cardiovascular complications. Blood flow restoring 

therapies as angioplasty, artery bypass grafting and drugs are available, however, 

1 out of 5 to 3 patients cannot be treated or does not benefit from the existing 

therapies [5]. Hence, cardiovascular diseases are still the leading cause of death 

throughout the world [6]. Finding novel therapeutic targets therefore are a very 

important focus in current research.  

 

Understanding the underlying mechanisms of vessel growth is the key to develop 

such new therapeutic options. The body has two major repairing mechanisms that 

increase vessel growth, angiogenesis and arteriogenesis (Figure 1. [1]). 

Angiogenesis is characterized by the sprouting of new blood vessels from existing 

ones, triggered by a hypoxic environment. Angiogenesis has been studied 

extensively for several decades now, though it has not yet resulted in a true pro-

angiogenic therapy for cardiovascular disease [7-9]. Arteriogenesis (collateral 

artery growth) preserves organ function if normal blood flow in a main artery has 

been blocked by an occlusion. Arteriogenesis seems a promising natural rescue 

mechanism to ensure blood flow and therefore a lot of effort has been made to 

increase the knowledge on its fundamental mechanisms [10].  
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Accumulating evidence shows that inflammation, an important mechanism for the 

defense of the human body against invaders, is essential in both angiogenesis and 

arteriogenesis [11]. Especially monocytes/macrophages, key regulators of 

inflammation, are crucial in the development of collateral vessels. They regulate the 

inflammatory response and stimulate vessel growth by releasing growth factors, 

cytokines and chemokines and stimulating their production in other cells. Recently, 

it has been shown that in addition to monocytes, lymphocytes are also involved in 

regulating arteriogenesis, though in a way that has yet to be unraveled [12-15]. As 

lymphocytes are often found in close proximity to monocytes and are known to 

interact with these cells during inflammation, this suggests that a similar interaction 

might be of importance in arteriogenesis. Therefore, the major focus of this thesis 

is this interaction during collateral artery growth. Due to the limited data available 

on this topic, potential clues will be sought in angiogenesis, atherosclerosis and 

rheumatoid arthritis, where both cell types have been shown to be critical as well.  

 

 

 

 

Figure 1. Angiogenesis (A) and arteriogenesis (B). (A) During angiogenesis, endothelial cells 
are activated by ischemia and grow into the direction of angiogenic signals. The endothelial cells 
fuse and develop a lumen, thereby forming a new, small capillary vessel. (C) In arteriogenesis, 
circulating leukocytes (green) are attracted to the activated endothelium. They assist in enlarging 
collateral anastomoses. Activated endothelial cells (blue), activated vascular smooth muscle cells 
(yellow), quiescent endothelial cells (grey), quiescent smooth muscle cells (brown) (adapted from 
van Oostrom et al., [1]). 
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2. Neovascularization 
 

In order to maintain the body’s homeostasis, a constant and sufficient amount of 

oxygen and nutrients has to be delivered via the blood vessels to all tissues. If 

oxygen is deprived, these tissues become ischemic and new blood vessel formation, 

also referred to as neovascularization, is stimulated to restore tissue oxygenation. 

Neovascularization can be divided into three distinct mechanisms; vasculogenesis, 

angiogenesis and arteriogenesis (reviewed by Carmeliet [16]). This chapter gives a 

description of of the current stand of knowledge on arteriogenesis.  

As angiogenesis and arteriogenesis share many common features, including the 

important role of the inflammatory response, angiogenesis will be briefly discussed 

as well. Vasculogenesis, the process of new vessel formation by angiogenic 

progenitor cells especially during embryogenesis, has been reviewed elsewhere and 

will not be included in this thesis [16]. 

 

 

2.1 Arteriogenesis  

It is known that patients suffering from occlusive vascular diseases can 

spontaneously develop collateral vessels, bypassing the obstructed artery resulting 

in an improved blood flow [17]. Several studies have been performed since then, 

showing the beneficial effects of collateral vessels [18-20]. Interestingly, Prior et 

al., [21] show that arteriogenesis does not depend on the presence of vascular 

narrowing, but can occur in healthy individuals with an increased oxygen demand 

as well. Recently, collateral vessel growth was distinguished as a separate process 

from angiogenesis and vasculogenesis. Therefore, the term arteriogenesis was 

proposed by Werner Risau, Ramon Munoz-Chapuli and Wolfgang Schaper [22]. 

Arteriogenesis is now defined as a natural rescue system that circumvents 

occlusions by the enlargement of pre-existing arteriolar anastomoses into a 

collateral artery. It has been a hot topic in many debates whether the collateral 

arteries are pre-existent or formed de novo. Most evidence suggests however, that 

arteriolar anastomoses, which interconnect arterial beds are already present in the 

human body and mature into large conducting arteries in response to an occlusion 

[23, 24]. On the other hand, it has been hypothesized that newly sprouted 

capillaries are able to form muscular collateral arteries by recruiting muscle cells 

[16]. This might be a possibility, though, real evidence is lacking. A more likely 

theory is that arteriogenesis and angiogenesis can occur at the same time. This 

might especially be the case in the heart where arteries and small capillaries are in 
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Figure 2. Collateral 
artery growth in 
pre-existent 
arterioles. A laser 
Doppler image of 
collateral blood flow in 
an anesthetized mouse 
with exposed upper 
thigh skeletal muscles 
and chronic occlusion 
of the left femoral 
artery. 1 indicates 
aorta; 2, A. iliaca; 3, 
A. femoralis; 4, A. 
pudenda externa; 5, 
A. profunda femoris; 
6, A. tibialis posterior; 
and 7, A. Saphena. 
Arteriogenesis occurs 
proximal of 
angiogenesis, in the 
upper leg (adapted 
from schaper and 
Buschmann  [2]). 

close proximity and where it is difficult to distinguish between both processes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fluid Shear Stress as initial trigger 

The occlusion of a main artery, results in a high pressure gradient due to a 

decreased distal pressure. As can be seen in the right upper leg in figure 2, under 

normal circumstances the pre-existing anastomoses that interconnect the arterial 

beds have minimal blood flow. As the pressure gradient rises, an increase in blood 

flow is induced in these anastomoses. The elevated blood flow causes an increase in 

fluid shear stress (FSS) and is sensed by endothelial cells lining the anastomoses. 

FSS has been suggested to be the initial trigger for arteriogenesis (figure 2, left 

upper leg) [22, 25]. Opponents of this hypothesis however argued that fluid shear 

stress is a much weaker force compared to other pressure related forces as for 

example circumferential wall stress, which is also known to modulate vessel walls. 

Besides that, it is almost impossible to measure FSS in small collaterals, which 

makes it extremely difficult to prove that FSS initiates arteriogenesis. Convincing 

evidence that FSS is indeed the driving force behind collateral artery growth came 

from studies by Pipp et al., [26] and Eitenmuller et al., [27]. They showed that 

artificial high levels of FSS induced a strong arteriogenic response, characterized by 

a normalized maximal conductance. It was already known that collateral growth 

usually stops long before the optimal adaptation is reached [28, 29]. It was 

suggested that this is caused by the fast expanding properties of collateral vessels, 

resulting in a normalizing pressure gradient. As a consequence, the FSS drops and 
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arteriogenesis is terminated under physiological circumstances before the collateral 

artery can completely replace the occluded artery.  

 

Vascular remodeling 

As mentioned, the increase in FSS in the collateral anastomoses is sensed by the 

endothelial cells via largely unknown mechanisms. Several cell–matrix molecules, 

cell junction molecules and membranal structures as well as the endothelial cell 

cytoskeleton have been proposed to function as shear stress sensors (reviewed by 

Resnick et al., [30]). Normally quiescent endothelial cells, get activated as a result 

of a shear stress-induced intracellular signaling cascade, which involves the Ras-

ERK-, Rho-, and NO- pathway [27]. This activation leads to an increased expression 

of vascular cell adhesion molecule/intracellular adhesion molecule (VCAM/ICAM) 

[26, 31, 32], transforming growth factor-β (TGF-β) [33] and several cytokines like 

monocyte chemotactic protein-1 (MCP-1) [34] and granulocyte macrophage-colony 

stimulating factor (GM-CSF) [35]. As a result, circulating monocytes are attracted 

towards the endothelial cells situated at the site of collateral growth. Subsequently, 

monocyte binding is mediated by their integrin receptors macrophage-1 antigen 

(Mac-1) and lymphocyte function-associated antigen 1 (LFA-1), which bind 

VCAM/ICAM expressed by endothelial cells [31]. After adhesion, the monocytes 

infiltrate the arterial wall and mature into macrophages, which start producing and 

secreting a variety of growth factors and cytokines such as tumor necrosis factor-α 

(TNF-α) to create an inflammatory environment in the collateral vessel [32, 36, 

37]. It is thought that the monocyte clusters in the arterial wall, together with the 

increase in length of the collateral vessels between two fixed points, are responsible 

for the typical corkscrew pattern observed during arterial growth [38]. Platelet-

derived growth factor (PDGF) and basic fibroblast growth factor (bFGF), produced 

by monocytes, stimulate mitotic activity in endothelial cells and vascular smooth 

muscle cells (SMCs), which is necessary for the remodeling phase of collateral 

growth [37, 39, 40]. Furthermore, the extra space required by the expanding 

vessel is provided by macrophages that express proteases as matrix 

metalloproteases (MMPs) [41, 42] and urokinase plasminogen activator (u-PA) [43, 

44]. These factors are responsible for the breakdown of the extracellular matrix and 

elastic lamina, resulting not only in additional space, but also in making the 

migration of SMCs possible. Moreover, a phenotype switch results in synthetic and 

proliferative endothelial cells and SMCs, which regulate the formation of new wall 

structures [32]. This is followed by the maturation of the collateral vessel, 

characterized by low levels of proliferation, migration and proteolytic activity and a 
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transformation of SMCs back to the contractile phenotype. At this point, most of the 

smaller anastomoses will regress, while a few larger ones will complete the entire 

process and mature into conducting arteries. For a more detailed description, we 

refer the reader to Schaper, 2009 [45].  

 

 

2.2 Angiogenesis 

As mentioned above, the knowledge on inflammation in relation to vessel growth 

gained in angiogenesis research might help to improve our understanding of 

arteriogenesis. Angiogenesis is defined by the sprouting of new capillaries from a 

pre-existing arteriole. Capillaries are small vessels characterized by their simple 

structure; one layer of endothelial cells, lacking additional wall structures like 

smooth muscle cells. This makes the newly sprouted vessels very fragile and likely 

to collapse or regress [46]. During angiogenesis a dense network of capillaries is 

formed in oxygen deprived areas, resulting in increased blood perfusion in the 

affected tissues. This is an important mechanism to restore the oxygen and nutrient 

supply under ischemic conditions, which can result from physiological processes as 

for example wound healing, ovulation and pregnancy or from pathological 

processes, such as cancer growth [47], atherosclerosis [48] and rheumatoid 

arthritis [49].  

 
Ischemic areas are often found in inflamed tissues, where macrophages are 

accumulating in the surrounding tissues. The degradation of hypoxia-inducible 

factor-1 (HIF-1) is down regulated, while its transcription is amplified [50]. The 

transcription factor HIF-1 binds to specific enhancer elements in the promoter 

region of certain genes, regulating their expression. About 40 proteins are known to 

be regulated this way and stimulate angiogenesis, amongst others, a variety of 

growth factors (PDGF, bFGF and TGF-β) but the most prominent and crucial factor 

in this process is thought to be vascular endothelial growth factor (VEGF) [50, 51]. 

Many of these proteins that stimulate angiogenesis, have pro-inflammatory 

functions; the same is true for the other way around [52]. VEGF, expressed by 

inflammatory cells including macrophages and T-lymphocytes [53], has been 

demonstrated to be a chemotactic agent for monocytes [54] and stimulates MCP-1 

production by endothelial cells [55]. VEGF induces the proliferation of endothelial 

cells and increases the permeability of the endothelial layer, necessary for 

endothelial and white blood cell migration. When the endothelial cells get activated 

and migrate towards the growing capillary, proteases are secreted resulting in a 

partial destruction of the adjacent basement membrane. Eventually, the 
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proliferation and migration of the endothelial cells leads to the formation of a new 

capillary network (in more detail reviewed by Carmeliet, [16]).  

 

 

2.3 Arteriogenesis and angiogenesis; differences and similarities 

During arteriogenesis, collateral anastomoses connecting pre-occlusion with post-

occlusion sites form a natural bypass capable of taking over the function of an 

occluded artery. Angiogenesis, in contrast, results in a network of small capillaries 

distal of an occlusion and is not sufficient to overcome an occlusion. Furthermore, 

arteriogenesis is thought to be triggered by fluid shear stress, while the driving 

force behind angiogenesis is ischemia. Several research groups demonstrated that 

arteriogenesis occurs independently of hypoxia or ischemia [22, 56-60]. In 

addition, Deindl et al., [56] showed that there is no increased expression of HIF-1 

during collateral growth. In summary, this proves that arteriogenesis is triggered 

independently of hypoxia, although, it cannot excluded that hypoxic signaling might 

have a beneficial effect. Despite their differences (summarized in table 1), the 

inflammatory response that occurs in angiogenesis and arteriogenesis is quite 

similar. Monocytes/macrophages and lymphocytes accumulate in the vessel wall 

and create an inflammatory environment necessary for vascular growth. The 

production of growth factors and cytokines that orchestrate the inflammatory 

response is comparable, although, small differences in subsets and function of 

inflammatory cells and their cytokine production have been identified.  

 

 Angiogenesis Arteriogenesis 

Trigger Ischemia Fluid shear stress 

Mediators HIF-1, VEGF Shear stress-induced signaling 

Source Pre-existing capillaries Pre-existing anastomoses 

location Distal of occlusion Proximal of occlusion 

Formation of Capillary network Collateral arteries 

Result Perfusion in ischemic tissue Bypass occluded artery 

 

 

 
 
 
 
 

Table 1. Differences between angiogenesis and arteriogenesis 
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3. The inflammatory response 
 

Inflammation is a tightly regulated process of white blood cells and cytokines acting 

together to protect the body against damage induced by pathogens, toxic 

compounds or injury. Monocytes/macrophages and lymphocytes are key regulators 

of the inflammatory response by mediating the recognition and elimination of 

invading pathogens and preventing the spread of damaged tissue.  

 

3.1 Inflammatory response in arteriogenesis 

The expression of a variety of adhesion molecules, cytokines and growth factors are 

upregulated in activated endothelial cells, with the main purpose to attract 

circulating monocytes to the site of collateral growth. Since Schaper et al., [28] 

demonstrated a correlation between monocyte invasion and collateral growth in 

dogs, multiple studies were performed to further elucidate the role of monocytes in 

arteriogenesis. Several groups have demonstrated an improvement in collateral 

artery growth after MCP-1 administration using different animal hindlimb models of 

femoral artery occlusion [32, 37, 60-65]. In addition, Ito et al., demonstrated that 

this monocyte accumulation was associated with the production of bFGF and TNF-α 

and most importantly with vessel proliferation [37], suggesting that collateral 

artery growth is induced by monocytes. In agreement with the previous studies, in 

MCP-1 deficient mice, a strong reduction in flow restoration was observed, 

coinciding with a reduced monocyte attraction [66]. This was also observed in mice 

deficient in CC-chemokine receptor-2 (CCR2), the major receptor for MCP-1, 

indicating that MCP-1 cannot only be used to stimulate arteriogenesis but that the 

CCR2 signaling pathway is required for efficient collateral artery growth [67]. 

However CCR2 is also expressed on other cell types, in particular on lymphocytes, 

implying that MCP-1 does not act exclusively on monocytes [68]. Bergmann et al., 

[69] performed experiments in osteopetrotic (op/op) mice, which are deficient in 

monocytes/macrophages showing a significantly reduced arteriogenic response. 

This is supported by Heil et al., [70]. They observed that a decreased concentration 

of circulating blood monocytes impairs collateral artery formation and blood flow as 

a result of a reduced monocyte/macrophage accumulation. However, T-

lymphocytes can be affected indirectly as there is no interaction with monocytes 

possible. Furthermore, the observations by Bergmann et al. [69] suggest that GM-

CSF alone in the absence of monocytes is not sufficient to induce a strong 

arteriogenic response. GM-CSF has been shown to improve collateralization via the 

prolongation of the life cycle of monocytes/macrophages [71, 72]. In summary, 
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these data clearly show that the accumulation of monocytes and macrophages is an 

essential element in arteriogenesis. Moreover, factors like GM-CSF, that increase 

the longevity of monocytes/macrophages, amplify the beneficial effects observed in 

collateral growth.  

 

When it was demonstrated that also T-lymphocytes invaded the adventitial space, it 

was suggested that an inflammatory response was important for arteriogenesis 

[73]. Lymphocytes are key regulators during inflammation and are known to 

interact with monocytes during this process. Couffinhal et al., [13] was the first to 

show that lymphocytes might play a role in collateral growth. However, one should 

keep in mind that this was performed in an ischemic hindlimb mouse model. They 

suggest that T-lymphocytes are an important regulator of inflammation by 

expressing VEGF. After femoral artery excision, perfusion restoration was severely 

retarded in immunodeficient ApoE-/- mice, which lack functional T-cells. The 

observed tissue necrosis was associated with a reduced expression of VEGF in the 

ischemic limb, while macrophage accumulation was normal. Furthermore, collateral 

growth was restored by the administration of VEGF achieved by adenoviral gene 

transfer. They hypothesize that the reduction in endogenous VEGF is partly caused 

by an insufficient infiltration of VEGF expressing T-cells. It was long uncertain 

whether the pro-angiogenic factor VEGF played a role in collateral growth as the 

results were controversial. This phenomenon has been recently reviewed by 

Schaper [45]. Another study using a mouse hindlimb model of ischemia confirmed 

these observations [14]. They show that the absence of CD4+ T-cells impairs the 

inflammatory response and collateral development in CD4-/- mice, which was 

reversed by infusion of spleen derived purified CD4+ T-cells. In this rescue 

experiment, the CD4+ T-cells localized selectively in the ischemic limb, 

accompanied with increased macrophage recruitment. They hypothesize that CD4+ 

T cells, after they are recruited to the area of collateral growth, help orchestrating 

and enhancing the recruitment of monocytes and support their paracrine activity. 

In a follow-up study, Stabile et al., [15] demonstrate that also CD8+ T-cells 

contribute to the early phase of collateral development, using a CD8-/- mouse 

model. Their findings demonstrate an impaired collateral development and 

inflammatory response. Infusion of spleen derived purified CD8+ T-cells reversed 

these findings and resulted in the recruitment of CD4+ T-cells and an increased 

blood flow. Furthermore van Weel et al., [12] investigated which subset of T-

lymphocytes are involved in arteriogenesis by depleting NK-cells, NKT-cells and 

CD4+ T-cells in a murine model of acute hindlimb ischemia. They show that the 
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depletion of both NK-cells and CD4+ T-cells influence arteriogenesis negatively. In a 

time course study they demonstrate that NK-cells play a role in the initiation of 

arteriogenesis while the T-cells are important throughout the whole process. 

Arteriogenesis was not affected in Jα281-/- mice, which are selectively deficient for 

type I NKT-cells, suggesting that these cells are not involved. Hoefer et al., infused 

lymphotactin, a lymphocyte chemokine, in the collateral circulation of a rabbit 

hindlimb model, which significantly increased T-cell accumulation, however 

collateral growth was not enhanced [74]. MCP-1 administration again showed an 

improvement of arteriogenesis. An explanation for this phenomenon might be that 

a different subset of inflammatory cells has a different effect, as is known to occur 

in several inflammatory diseases. For example, MCP-1 attracts both monocytes and 

lymphocytes, although the latter in a much smaller amount, resulting in collateral 

growth, suggesting that a small subset of T-cells is sufficient to create a beneficial 

environment for circulating monocytes to accumulate in the arterial wall. In 

contrast, lymphotactin administration led to an increased accumulation of T-cells at 

the site of collateral growth, which might be an unfavorable environment for 

monocyte accumulation in arteriogenesis. In summary these studies showed a 

negative effect on collateral artery growth in the absence of T-lymphocytes and 

that monocytes play a central role in collateral artery growth. However, the precise 

role of lymphocytes in the context of arteriogenesis has not yet been clarified. The 

interaction between monocytes and lymphocytes has been described in several 

inflammatory processes in which angiogenesis plays a major role. Therefore, 

insights from angiogenesis research may help to elucidate the potential interaction 

between monocytes and lymphocytes in arteriogenesis. 

 

 

3.2 Inflammatory response in angiogenesis 

The inflammatory response that occurs during angiogenesis is quite similar to the 

inflammatory response in arteriogenesis. Various experiments have been performed 

in either physiological or pathological angiogenesis that prove that activated 

monocytes/macrophages are essential for capillary growth. A deficiency in 

monocytes or the failure to recruit monocytes reduces angiogenesis [75, 76], while 

the administration of activated monocytes increases capillary growth [77]. In 

addition, several research groups have shown that the administration of monocyte 

chemoattractant MCP-1, stimulates angiogenesis as well [37, 78-81]. Conversely, 

in MCP-1 deficient mice, or specific inhibition of MCP-1, angiogenesis was clearly 

inhibited [82-85]. The main role of cytokines such as TNF-α and interleukin-1 (IL-
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1), growth factors as VEGF and proteases [86, 87] produced by 

monocytes/macrophages in capillary growth is similar to their role in arteriogenesis. 

In short, TNF-α and IL-1 stimulate the production of cytokines and adhesion 

molecules favouring inflammation and tissue destruction by stimulating the release 

of MMPs [88-90]. An accumulation of T-lymphocytes has also been observed in 

angiogenic related diseases such as rheumatoid arthritis [91-98], atherosclerosis 

[99-102] and cancer [103, 104]. T-lymphocytes might induce angiogenesis by 

delivering VEGF to the inflammatory sites [103, 105] or by producing bFGF [104]. 

Moreover, in several conditions like advanced age [106] and angiotensin II receptor 

deficiency [107], the recruitment of T-lymphocytes is impaired. In these conditions 

where there is no accumulation of T-lymphocytes, the angiogenic response is 

reduced [108-110]. Freeman et al., [103] demonstrated that CD4 + T-cells and 

CD8 + T-cells, which synthesize and export bFGF [111] are the main subtypes 

capable of promoting angiogenesis. Th1 cells are found to promote atherosclerosis 

[112-114] and it seems that they are especially important during the early stages 

of plaque development [115]. Furthermore, atherosclerotic lesions of apoE-/- mice 

contained substantial numbers of CD4+ T cells, whereas immunodeficient apoE-/- 

animals showed 70% reduction in lesion size [116]. This reduction was reversed by 

CD4+ T-cell administration [117]. An even higher atherosclerotic response was 

observed after these CD4+ T-cell were activated with LDL [118]. Other cells like 

NKT cells [119, 120] and activated CD8+ T-cells, [121, 122] are thought to 

accelerate and stimulate the development and severity of atherosclerosis as well. In 

contrast, T regulatory cells (Tregs) reduce the development of atherosclerosis [123, 

124], by producing anti-inflammatory cytokines IL-10 and TGF-β [125-127]. We 

refer the reader to reviews by [87, 128-132] for more information about the role 

and accumulation of monocytes and [133-135] about the function and invasion of 

T-lymphocyte during angiogenesis. 

 

In summary, it is clear that monocytes/macrophages play a pivotal role in 

arteriogenesis and angiogenesis. As well, the studies performed indicate that also 

T-lymphocytes play an important role, however, their precise role is not yet known. 

Most studies investigating the underlying mechanisms of arteriogenesis, focus at 

the involvement of either monocytes or lymphocytes. However, in most 

inflammatory responses it is known that interaction between these inflammatory 

cells is inevitable. Only little research has been performed about a possible 

interaction between monocytes/macrophages and lymphocytes in arteriogenesis. In 

this perspective, the chronic inflammatory diseases atherosclerosis and rheumatoid 
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arthritis, which are highly associated with angiogenesis, are investigated in more 

detail. It is not really known whether angiogenesis regulates the inflammatory 

response observed in these diseases, still they have a lot in common with 

arteriogenesis. An interaction between lymphocytes and monocytes/macrophages 

has been observed in these diseases. In the next chapter several possibilities will 

be discussed how lymphocytes and monocytes cooperate with each other to acquire 

an inflammatory response and whether this might be true for collateral artery 

growth as well. 
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4. Monocyte-lymphocyte interaction 
 

Monocytes and lymphocytes can interact with each other in several ways, providing 

an inflammatory environment, in the absence of pathogens. First of all, monocytes 

can induce lymphocyte activation and the other way around. This can be performed 

by soluble cytokine secretion or by direct cell-cell contact mediated by cell surface 

receptors. Both ways will induce intracellular signaling cascades resulting in, 

amongst others, the release of even more cytokines and proteases. Either way, the 

activation of monocytes or T-lymphocytes is necessary to induce the activation of a 

variety of other cells, creating an inflammatory environment. Monocytes can get 

activated by endogenous antigens binding to toll-like receptors (TLRs), and T-

lymphocyte activation occurs via binding of the T-cell receptor (TCR). In this 

chapter we will review these possibilities and discuss whether they might occur in 

the inflammatory response stimulating arteriogenesis. 

 

 

4.1 T-lymphocyte and monocyte activation  

 

Toll-like Receptor (TLR) 

In a normal inflammatory response, activation of monocytes/macrophages is often 

mediated by the stimulation of pattern recognition receptors on their surface. These 

receptors recognize molecular patterns on microbial pathogens and include the cell 

surface-bound toll-like receptors (TLRs). The inflammatory cascade is normally 

triggered by infectious agents that activate toll-like receptors and induce a signaling 

cascade resulting in the activation of monocytes/macrophages. On the other hand, 

in arteriogenesis and angiogenesis, the activation of monocytes and lymphocytes 

occurs in the absence of infectious agents. For example, in atherosclerosis 

macrophages are known to get activated by the binding of host-derived molecules 

to TLRs [136]. Oxidized low density lipoprotein (oxLDL), an important protein in 

atherosclerosis, might be the endogenous protein in atherosclerosis [137]. Also, for 

arteriogenesis and angiogenesis it is thought that an endogenous molecule might 

be responsible for the activation of monocytes. In these processes endogenous 

ligands such as fibronectin and other extracellular matrix breakdown products may 

possibly bind TLR, resulting in the activation of monocytes as well [138, 139]. In 

inflammatory circumstances, monocytes and other antigen presenting cells (APCs) 

that are activated via the TLR signaling cascade, prevent a widespread infection by 

delivering foreign peptides on their cell-surface by MHC molecules. These MHC 
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molecules are recognized by T-cell receptors (TCR) expressed on the surface of 

CD4+ and CD8+ T-cells. After this interaction, T-cells become activated and start 

secreting cytokines and cytotoxins, respectively. Also, the production of related 

cell-surface molecules is upregulated. The markedly increased expression of TLR1, 

TLR2, and TLR4 in human atherosclerotic lesions [140], implies that this pathway 

might indeed be partly responsible for the activation of inflammatory cells. In 

addition, it seems that the inflammation in plaques might depend on the nuclear 

factor kappa B (NF-κB) pathway [140, 141]. It is known that activation of the TLR 

induces a pro-inflammatory response as a result of the translocation of NF-κB into 

the nucleus [142]. The real pathological functions were established by Michelsen et 

al., [143] who demonstrated that TLR4 deficiency decreases atherosclerosis. This 

was confirmed by Björkbacka et al., showing that mice deficient in myeloid 

differentiation protein-88 (MyD88), which transduces cell signaling events 

downstream of the TLR, had a marked reduction in atherosclerosis [144].  

 

Recently, it has been revealed that T-lymphocyte subsets express levels of TLR and 

MyD88 on their surface [145], suggesting that TLR ligand may act directly on T- 

cells as well. Other evidence demonstrated that oxidized LDL activates T-cells in 

atherosclerotic lesions [146, 147]. Therefore, it might be that the above mentioned 

results in atherosclerotic research are due to a direct activation of T-lymphocytes 

via oxidized LDL binding to TLRs. However, Xu et al., [148] observed no detectable 

TLR2 and TLR4 proteins on the surface of human CD4+ and CD8+ T-cells, however, 

activation by the T-cell receptor induced high levels of cell-surface TLR2 and TLR4. 

In addition, they showed that activated T-cells produced elevated levels of Th1 

cytokines in response to TLR2 ligand binding. Moreover, in MyD88 deficient mice a 

defect in Th1 response was developed, suggesting that TLR activation plays a role 

in stimulating inflammation by inducing a Th1 response [149]. In summary, these 

data suggest that endogenous proteins can bind TLRs on T-lymphocytes, although 

activation by monocytes or antigen presenting cells is necessary for their 

expression.  

 

 

4.2 T-lymphocyte induced monocyte activation  

Monocyte activation can create an inflammatory response. Activated 

monocytes/macrophages release various cytokines, including IL-1β and TNF-α, 

eventually leading to the secretion of MMPs. Whether monocytes or lymphocytes 

are the first cells to infiltrate surrounding tissues is not exactly known. However, 
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during a normal inflammatory response monocytes become activated and infiltrate 

the tissues. This is followed by activation and accumulation of T-lymphocytes.  

Under normal circumstances T-lymphocytes secrete many anti-inflammatory 

cytokines such as IL-4, IL-10 and IL-13 and TGF-β. They also secrete the pro-

inflammatory cytokine interferon-γ (IFN-γ), although this is not sufficient to induce 

a strong IL-1β and TNF-α production by monocytes/macrophages [154]. As T-cells 

have an anti-inflammatory role under normal circumstances, another pathological 

mechanism needs to be activated to create the inflammatory environment observed 

in rheumatoid arthritis and atherosclerosis. The only other described pathway 

triggering the activation of monocyte-macrophages in the absence of infectious 

agents is a direct cell-cell interaction of T-lymphocytes with monocytes. Several 

studies have been performed that provide evidence for this activation process. 

Direct contact with T-lymphocytes induces a strong release of IL-1β and TNF-α by 

monocytes [155-157]. In addition, Weaver et al., [158] showed that IL-1β 

production by macrophages was mediated by direct cell-cell contact with Th1 and 

Th2. This was shown in the absence of lymphokine release, thereby excluding the 

possibility that activation is mediated by soluble cytokines. This observation was 

confirmed by Landis et al., [159]. Moreover, Burger et al., demonstrated that a 

coculture of activated T-lymphocytes and isolated blood monocytes resulted in a 

massive production of IL-1β and TNF-α [160]. When the cells were physically 

separated by a permeable membrane, this production was not observed. Tao and 

Stout demonstrated that only the plasma membranes of activated T-cells have the 

ability to activate IFN-γ-primed macrophages [161]. Furthermore, direct cell 

contact of a human monocytic cell line, THP-1, with stimulated fixed T-cells 

markedly increased IL-1β and TNF-α production by THP-1. Activation by only IFN-γ 

led to the expression of specific surface glycoproteins and only little IL-1β and TNF-

α production [162]. The cell-surface glycoproteins proteins on stimulated T-

lymphocytes are involved in the activation of the target cells [155]. In summary, 

these data suggest that direct cell contact with either stimulated T-cells or the 

membranes of stimulated T-cells induces a signaling cascade in monocytes, finally 

resulting in their activation. Only little research has been performed on the 

involvement of interleukins in arteriogenesis. IL-1β, one of the most important 

interleukins present in the inflammatory responses during angiogenesis, has not yet 

been investigated in arteriogenesis. TNF-α, on the other hand, has been studied 

and is known to be involved. Future research needs to determine whether 

interleukins and especially IL-1β play a role in arteriogenesis to get more insight 

into the inflammatory component of arteriogenesis.  
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Cell-surface molecules 

A variety of membrane-associated cytokines and other surface molecules have been 

suggested to mediate the activation of monocyte/macrophages upon contact with 

stimulated T-cells. For example, CD40/CD40L interaction was shown to be involved 

in the expression of IL-1 and MMPs by T-lymphocyte activated 

monocytes/macrophages [163, 164]. Additionally, if this interaction is inhibited, 

both rheumatoid arthritis and atherosclerosis are reduced [165-172]. Although the 

CD80/86-CD28 interaction has not yet been investigated for T-cell mediated 

monocyte activation, it might also be a possible candidate, as it alters disease 

progression of arthritis and atherosclerosis [173-176]. Other proteins possibly 

involved in the interaction between monocytes and lymphocytes are lymphocyte 

activation gene-3 (LAG-3) [157], CD23 [177], LFA-1 and CD69 [162, 178]. 

Although it is possible that some of these known surface molecules are important 

for the interaction between T-cells and monocyte/macrophages, inhibition of these 

molecules did not completely abolish monocyte activation. Also, membrane 

associated cytokines as TNF-α were proposed to fulfill this role, however T-cells 

without membrane bound TNF- α are also capable to activate macrophages [179]. 

In addition, neutralizing antibodies to a variety of known cytokines, failed to alter 

monocyte activation [155, 162, 180]. This suggests that a yet unidentified surface 

molecule might be essential for this interaction. To determine whether monocyte 

activation in arteriogenesis is mediated by direct cell-contact of T-lymphocytes, it 

would be interesting to investigate whether the interaction of known cell-surface 

molecules contribute to the inflammatory response in arteriogenesis. This can be 

performed in models deficient for the above mentioned cell-surface molecules, or 

by the specific targeting of these molecules by antibodies.  

 

Apolipoprotein A-I 

The research done in atherosclerosis and rheumatoid arthritis is focused on 

negatively affecting the T-cell mediated activation of monocytes, as this interaction 

results in an increased disease progression. The studies performed with existing 

drugs demonstrate that anti-inflammatory agents are able to inhibit cytokine 

production, induced in monocytes by direct contact with stimulated T cells [181, 

182]. This suggests that part of the beneficial effects of these therapeutics might be 

attributed to the modulation of contact-mediated activation of monocytes. More 

recently it was discovered that apolipoprotein A-I (apo A-I) inhibits cellular contact 

between stimulated T-cells and monocytes [183, 184]. Apo A-I is the main protein 

of high-density-lipoprotein (HDL) and has, as its main component, a primary role in 
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removing cholesterol from the body tissues and transporting it to the liver. 

Monocyte activation is blocked and there is no production of TNF- α and IL-1β. In 

untreated rheumatoid arthritis patients it has been shown that the levels of apo A-I 

were lower than in normal controls [185-187]. In addition, the gene transfer of apo 

A-I in mice seems anti-atherosclerotic [188], while its deficiency leads to an 

acceleration in atherosclerosis [189].  

 

4.3 Other possible function of T-lymphocytes 

However, the role of T-lymphocytes in arteriogenesis might be different from the 

above said. Monocytes are recruited to the site of inflammation, where they will 

undergo apoptosis, if not prevented by cytokines. MCP-1 recruits monocytes to the 

site of inflammation, but it does not prevent their apoptosis. So unless monocytes 

are stimulated, they will undergo apoptosis. The presence of activated T-cells may 

enhance monocyte longevity through T-cell contact-dependent signaling mediated 

by CD40-CD40L interaction [190]. Also, the cytokines induced by T-cells such as 

TNF-α, IFN- and especially IL-1β, have been shown effective in maintaining 

monocyte survival [191].  

In rheumatoid arthritis and atherosclerosis, T-cells are present in both the synovial 

tissue and atherosclerotic plaques, regulating tissue destruction. Schaper [192] 

suggests that T-lymphocytes are necessary to destroy cells around the collateral 

vessels to create the necessary space for the growing vessel. 
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Conclusion 
 

Inflammation is a tightly regulated process, which is controlled in several ways. 

Soluble cytokines and direct cell contact mediated by cell surface receptors are 

involved in the activation of monocytes/macrophages and T-lymphocytes, which 

eventually leads to an inflammatory environment. Moreover, monocytes can get 

activated by endogenous ligand binding to TLRs. T-lymphocytes, on the other hand, 

are normally activated by binding to TCRs, but may also be activated through TLRs 

as well. All these pathways of activation are likely to be involved in the regulation of 

the inflammatory response in arteriogenesis.  

 

Model 

Based on the studied literature discussed in this thesis, the following model is 

proposed for the onset and development of the inflammatory response that occurs 

during arteriogenesis. Toll-like receptors on the surface of monocytes present at 

the site of an occlusion recognize host-derived molecules, most likely fibronectin. 

Consequently, toll-like receptors are activated by the binding of an endogenous 

ligand and an intracellular signaling cascade is induced, involving the NF-κB 

pathway, leading to the activation of monocytes. In turn, the activated monocytes 

present endogenous peptides to the T-cell receptors, which stimulate T-cells to 

express a variety of cytokines, attracting a second wave of inflammatory cells. 

Then, the activated T-cells bind newly attracted monocytes, mediated by a variety 

of cell-surface interactions. However, the essential molecules for this binding still 

need to be identified. This direct cell contact stimulates monocytes to produce large 

amounts of TNF-α and IL-1β, which in turn regulate the upregulation of proteases 

such as MMPs and u-PAs. Surrounding tissue is broken down, necessary for further 

infiltration of inflammatory cells into the arterial wall, eventually resulting in the 

remodeling and enlargement of collateral anastomoses into conducting arteries.  

 
Future research 

Information about the inflammatory response in arteriogenesis is very limited. 

Much more research focusing on the inflammatory component has to be performed, 

to elucidate the underlying mechanisms of arteriogenesis. One interesting approach 

would be to investigate the effect of administration or deficiency of apoE A-I on 

arteriogenesis, to determine whether the activation of monocytes/macrophages by 

direct cell contact with T-lymphocytes is indeed an important regulator for the 

inflammatory response. If this holds true, identification of the involved cell-surface 
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molecules could be the next step. Eventually, clarifying the underlying mechanisms 

of the inflammatory response might lead to therapeutic opportunities to increase 

arteriogenesis. 
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