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CHAPTER 2 

LITERATURE REVIEW 

2.1. Atherosclerosis 

The arterial wall is a regulated system, but noxious element can disturb normal 

homeostasis and trigger the way for atherogenesis. Inflammatory agents can 

activate vascular cells to produce cytokines IL-1 and TNF-α, contrary to past 

dogma stating that only cells of the immune system synthesize such cytokines 

(1). Fundamental research has identified several key components that contribute 

to the atherosclerotic inflammatory process, including endothelial dysfunction, 

accumulation of lipids within the intima, recruitment of leukocyte and smooth 

muscle cells to the vessel wall, formation of foam cells (2, 5, 31-33). 

 

2.1.1. Fatty Streak 

Fatty streaks represent the earliest visible lesion of atherosclerosis. On gross 

inspection, they appear as areas of yellow discoloration on the inner surface of 

artery, but they neither protrude substantially into the arterial lumen nor impede 

blood flow. They do not cause symptoms, and in some locations in the 

vasculature, they may regress over time. Although the precise initiation of fatty 

streak development is not known, observations in animals suggest that various 

stressors cause early endhotelial dysfunction. Such dysfunction allows entry and 

modification of lipids within the subendothelial space, where they serve as 
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proinflammatory mediators that initiate leukocyte recruitment and foam cell 

formation (1, 5, 32). 

 

2.1.1.1. Endothelial Dysfunction 

Injury to the arterial endothelium represents a primary event in atherogenesis 

(32). Such injury can result from exposure to diverse agent, including physical 

forces and chemical irritants (1). The predisposition of certain regions of arteries 

to develop atheroma supports the role of hydrodynamic stress. In straight 

sections of arteries, the normal laminar shear force favor the endothelial 

production of nitrit oxide, which is an endogenous vasodilator, an inhibitor of 

platelet aggregation, and an anti-inflammatory substance. Moreover, laminar 

flow also accentuates expression of the antioxidant enzyme superoxide 

dismutase, which protects against reactive oxygen species produced by chemical 

irritants or transient ischemia. Conversely, disturbed flow occurs at arterial 

branch point, which impair these locally atheroprotective endothelial functions. 

Accordingly, arteries with few branches show relative resistance to 

atherosclerosis, whereas bifurcated vessels are common sites for atheroma 

formation (1). 

 

Endothelial dysfunction may also result from exposure to a toxic chemical 

environment. For example, tobacco smoking, abnormal lipid levels, and diabetes 

can promote endothelial dysfunction. Each of these states increases endothelial 
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production of reactive oxygen species which interact with other intracellular 

molecules to influence the metabolic and synthetic functions of the endothelium. 

In such an environment, the cells promote local inflammation (1). 

 

When physical and chemical stressors interrupt normal endothelial homeostasis, 

an activated state ensues, manifested by impairment of the endothelium, release 

of inflammatory cytokines, increase production of cell surface adhesion 

molecules that recruit leukocytes, altered release of vasoactive substance, and 

interference with normal antithrombotic properties (1, 32). These undesired 

effects of endothelial dysfunction lay the groundwork for subsequent events in 

the development of atherosclerosis. 

 

2.1.1.2. Lipoprotein Entry and Modification 

The activated andothelium no longer serves as an effective barrier to the passage 

of circulating lipoproteins into the arterial wall. Increased endothelial 

permeability allows the entry of LDL into intima, a process facilitated by an 

elevated circulating LDL concentration. Once within the intima, LDL 

accumulates in the subendothelial space by binding to components of 

extracellular matrix known as proteoglycans (34). This trapping increases the 

residence time of LDL within the vessel wall, where the lipoprotein may undergo 

chemical modifications that important to the development of atherosclerotic 

lesions (5). Hypertension, a major risk factor for atherosclerosis, may promote 
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retention of lipoproteins in the intima by accentuating the production of LDL-

binding proteoglycans by smooth muscle cells (1). 

 

Oxidation is one type of modification that befalls LDL trapped in the 

subendothelial space (35, 36). It can result from the local action of reactive 

oxygen species and pro-oxidant enzymes derived from activated endothelial or 

smooth muscle cells, or from macrophages that penetrate the vessel wall (35). In 

the fatty streak, and likely throughout plaque development, mLDL promotes 

leukocyte recruitment and foam cell formation (5). 

 

2.1.1.3. Leukocyte Recruitment 

Recruitmet of monocytes and T lymphocytes to the vessel wall is a key step in 

atherogenesis (3). The process depends on the expression of LAM on the 

normally nonadherent endothelial luminal surface, and on chemoatractant signals 

that direct diapedesis into subintimal space (1). Two major subsets of LAM 

persist in the inflamed atherosclerotic plaque: the immunoglobulin gene 

superfamily and selectins (1). Despite the central role of T lymphocytes in the 

immune system, plaque LAM and chemoattractant signals direct mainly 

monocytes to forming lesion. mLDL and proinflammatory cytokines can induce 

LAM and chemoattractant cytokines (chemokine) expression independently, but 

mLDL also potently stimulates endothelial and smooth muscle cells to produce 

proinflammatory cytokines, thereby reinforcing the direct action (5, 33). This dual 
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ability of mLDL to promote leukocyte recruitment and inflammation directly and 

indirectly persists throughout atherogenesis. 

 

2.1.1.4. Foam Cell Formation 

After monocytes adhere to and penetrate the intima, they differentiate into 

phagocytic macrophages and imbibe lipoproteins to form foam cells (5). It is 

important to note that foam cells do not arise from uptake of LDL by the classic 

cell-suface LDL-receptor mechanism, because the high cholesterol content 

within these cells actually suppresses expression of the receptor. Furthermore, 

the classic LDL receptor does not recognize chemically mLDL. Rather, 

macrophages rely on a family of scavenger receptors that preferentially bind and 

internalize mLDL. Unlike uptake via the classis LDL receptor, mLDL ingestion 

by scavenger receptors evades negative feedback inhibition and permits 

engorgement of the macrophages with cholesterol and cholesterol ester, resulting 

in the typical appearance of foam cells, as compared to the amount of influx, 

leads to local accumulation in the plaque, mitigating their protective role and 

fueling foam cell apoptosis and release of proinflammatory cytokines that 

promote atherosclerotic plaque progression (33). The lipid-rich center of plaque, 

formed by necrotic foam cells, is often called the necrotic core (37). 
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2.1.2. Plaque Progression 

Whereas endothelial cells play a central role in formation of the fatty streak, 

smooth muscle migration into the intima dominates early plaque progression 

(32). During decades of development, the typical atherosclerotic plaque acquires 

a distinct thrombogenic lipid core that underlies a protective fibrous cap (5). Not 

all fatty streaks progress into fibrofatty lesions, and it is unknown why some 

evolve and others do not (38). 

 

Early plaque growth shows a compensatory outward remodeling of the arterial 

wall that preserves the diameter of the lumen and permits plaque accumulation 

without limitation of blood flow, hence producing no ischemic symptoms. These 

stages can even avade detection by angiography. Later plaque growth, however, 

can outstrip the compensatory arterial enlargement, restrict the vessel lumen, and 

impede perfusion. Such flow-limiting plaques can result in tissue ischemia, 

causing symptoms such as angina pectoris or intermittent claudication of the 

extremities (1). 

 

Most acute coronary syndrome result when the fibrous cap of an atherosclerotic 

plaque ruptures, exposing prothrombotic molecules within the lipid core and 

precipitating an acute thrombus that suddently occludes the arterial lumen (39). 

The extracellular matrix plays a pivotal role in fortifying the fibrous cap, 
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isolating the thrombogenic plaque interior from coagulation substrates in the 

circulating (40). 

 

2.1.2.1. Smooth Muscle Cell Migration 

The transition from fatty streak to fibrous atheromatous plaque involves the 

migration of smooth muscle cells from the arterial media into the intima, 

proliferation of the smooth muscle cells within the intima, and secretion of 

extracellular matrix macromolecules by the smooth muscle cells (5). Foam cells, 

activated platelets entering though microfissures in the plaque surface, and 

endothelial cells all elaborate substance that signal smooth muscle cell migration 

and proliferation (5, 39). 

 

Foam cells produce several factors that contribute to smooth muscle cell 

recruitment. For example, they release PDGF which likely stimulates the 

migration of smooth muscle cells across the internal elastic lamina and into the 

subintimal space, where they subsequently replicate (1, 5). PDGF additionally 

stimulates the growth of resident smooth muscle cells in the intima (41). Foam 

cells also release cytokines and growth factors that further incite smooth muscle 

cell proliferation and synthesis of extracellular matrix proteins (5). Furthermore, 

these stimulatory cytokines induce smooth muscle cell and leukocyte activation, 

promoting further cytokine release, thus reinforcing and maintaining 

inflammation in the lesion (33). 
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According to the traditional concept, plaques grow gradually and continuously, 

but current evidence suggests that these the progression may be punctuated by 

subclinical events with bursts of smoth muscle replication. For example, 

morphologic evidence of resolved intraplaque hemorrhages indicates that small 

breashes in plaque integrity can occur without clinical symptoms or signs. At the 

cellular level, such breaches expose tissue factor from foam cells, which activates 

coagulation and microthrombus formation (39). Activated platelets within such 

microthrombi release additional potent factor that can spur a local wave of 

smooth muscle cell migration and proliferation (1). Moreover, other forms of 

lumphocytesmmy produce factors, including TGF-β1 and IL-10, respectively, 

which can inhibit smooth muscle cell proliferation and thus regulate plaque 

growth (42). 

 

2.1.2.2. Extracellular Matrix Metabolism 

As the predominat collagen-synthesizing cell type, smooth muscle cells should, 

through their proliferation, favor fortification of the fibrous cap (37). Net matrix 

deposition depends on the balance of synthesis by smooth muscle cells and 

degradation, mediated in part by a class of proteolytics enzymes known as MMP 

(37). While PDGF and TGF-β stimulate smooth muscle cell production of 

interstitial collagens (43, 44), the T-lymphocyte-derived cytokine IFN-γ inhibits 

smooth muscle cell collagen synthesis (1). Furthermore, inflammatory cytokines 
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stimulate local foam cells to secrete collagen- and elastin-degrading MMP, 

thereby weakening the fibrous cap and predisposing it to rupture (37). 

 

2.1.3. Plaque Disruption 

2.1.3.1. Plaque Integrity 

The tug of war between matrix synthesis and degradation continues over decades, 

but not without consequences. Death of smooth muscle and foam cell, either 

owing to excess inflammatory stimulation or by contact activation of apoptosis 

pathways, liberates cellular contents, contributing imbibed lipids and cellular 

debris to the growing lipid core. The size of the lipid core has biomechanical 

implication for the stability of the plaque. With increasing size and protusion into 

the arterial lumen mechanical stress focused on the plaque border abutting normal 

tissue, the socalled shoulder region. In addition to bearing increased stress, local 

accumulation of foam cells and T lymphocyte at this site accelerates degradation 

of extracellular matrix, making this region the most common site of plaque 

rupture (37). The net deposition and distribution of the fibrous cap is an important 

determinat of overall plaque integrity. Whereas lesions with thick fibrous caps my 

cause pronounced arterial narrowing, they have less prospensity to rupture. 

Conversely, plaques that have thinner caps tend to be fragile, and more likely to 

rupture and incite thrombosis. Current clinical terminology describes the extreme 

spectrums of integrity as stable plaques or vurnurable plaques (1). 
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2.1.3.2. Trombogenic Potential 

Rupture of atherosclerotic plaque does not inevitably cause major clinical events 

such as myocardial infarction and stroke. Small non-occlusive thrombi may 

reabsorb into the plaque, stimulating further smooth muscle growth and fibrous 

deposition. It is in large part the balance between the thrombogenic and 

fibrinolytic potential of the plaque, and the fluid phase of blood that determines 

whether disruption of the fibrous cap leads to a transient, nonobstructive mural 

thrombus or to a completely occlusive clot. The probability of a major thrombotic 

event reflects the balance between the competing processes of coagulation and 

fibrinolysis. Inflammatory stimuli common in the plaque microenvironment elicit 

tissue factor, the initiator of the extrinsic coagulation pathway, from many plaque 

components, including smooth muscle cells, endothelial cells, and macrophage-

derived foam cell. Beyond enhancing expression of the potent procoagulant tissue 

factor, inflammatory stimuli further support thrombosis by favoring the 

expression of antifibrinolytics over the expression of anticoagulants and 

profibrinolytic mediators. Moreover the activated endothelium also promotes 

thrombin formation, coagulation, and fibrin deposition at the vascular wall. A 

person’s propensity toward coagulation may be enhanced by genetics, comorbid 

condition, and/or lifestyle factors. Consequently, the concept of the vulnerable 

plaque has expanded to that of the vulnerable patient, to acknowledge other other 

contributors to a person’s vascular risk (1). 
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2.1.4. Plaque Stabilization  

In early human atherosclerotic plaques, phagocytic clearance of apoptotic core by 

macrophages is very efficient (45). Conversely, phagocytosis in advanced human 

atherosclerotic plaques is defective, resulting in secondary necrosis, expansion of 

the necrotic core and increased plaque vulnerability (46). 

 

The mechanisms of defective phagocytosis in advanced atherosclerotic plaques 

are not entirely clear, although in vitro experiments have put forward several 

plausible explanations (46). It is unlikely that overwhelming apoptosis is a major 

factor, since phagocytosis is very efficient in early plaques, where phagocytosis 

is not defective, when excessive apoptosis is induced through genetic 

manipulation (47). Most likely, phagocytosis itself becomes ineffective in 

advanced plaques. 

 

The accumulation of apoptotic core has a number of consequences that promote 

plaque progression and destabilization. Firstly, impaired phagocytosis of 

apoptotic core results in enhanced secretion of proinflammatory cytokines 

including TNFα and IL-6 by the phagocyte, and a reduced release of anti-

inflammatory proteins such as TGF-β1 and IL-10 (8). Secondly, tissue factor 

expression colocalizes with apoptotic core, especially around the lipid core of 

human atherosclerotic plaques, suggesting that uncleared apoptotic cores are an 

important source of this molecule (48). Tissue factor is a key element in the 
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initiation of the coagulation cascade and mediates thrombus formation after 

rupture of an unstable plaque, when free apoptotic cores are exposed to the blood 

stream. Thirdly, macrophages that have ingested cholesterol-loaded apoptotic 

core show a remarkable set of survival responses, some of which are not present 

during the loading of macrophages with lipoprotein-derived cholesterol (49). 

Consequently, impaired phagocytosis of apoptotic core renders the phagocyte 

more susceptible to cholesterol-induced death (50). Finally, expansion of the 

necrotic core is stimulated due to secondary necrosis of free apoptotic core. The 

interaction of macrophages with necrotic cells or compounds released from 

necrotic cells (alarmins) often results in an additional inflammatory response 

(51). Necrotic cells also passively release matrix degrading proteases. In this 

way, post-apoptotic necrosis may contribute to plaque instability through 

enlargement of the necrotic core, matrix breakdown and stimulation of 

inflammation and neovascularization. 

 

2.1.4.1. Cytokines in Atherosclerosis 

2.1.4.1.1. TGF-β1 

There are a number of studies which demonstrate the role of TGF-β1 cytokine in 

atherosclerosis. TGF-β1 is produced by both inflammatory and vascular cells and 

is expressed in human and mouse atherosclerotic plaques (52). There is some 

controversial information regarding the role of TGF-β1 in atherogenesis. One 

group of papers show anti-atherogenic role of TGF-β1 cytokine. Inhibition of 
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TGF-β1 activity by various approaches results in pro-atherogenic changes in the 

vessel wall in animal models of atherosclerosis (53). Deletion of a single allele of 

the TGF-β1 gene, which reduces the amount of TGF-β1 protein in the vessel 

media by ~50%, results in reduced SMC differentiation, and increased 

susceptibility to endothelial cell activation and vascular lipid lesion formation in 

response to pro-atherogenic stimuli such as a lipid-rich diet (54). Moreover 

treatment with neutralizing anti-TGF-β1 antibodies led to increased vascular 

inflammation, accelerated lipid lesion formation and a shift in plaque morphology 

towards an unstable phenotype (52). Inhibition of TGF-β1 with a recombinant 

soluble TGF-β receptor fusion protein was associated not only with increased 

inflammation but also with intraplaque hemorrhage (55). Additionally, TGF-β1 

has been shown to increase BAEC and HUVEC steady-state eNOS mRNA 

expression (56), suggesting the protective role of this cytokine in the vessel 

endothelium. Moreover, smooth muscle cells in stable lesions express greater 

amounts of TGF-β1 than unstable lesions (57). Furthermore, disruption of TGF-

β1 signaling specifically in T-cells also results in increased lesion size and 

development of an unstable phenotype (58). Additionally, TGF-β1 attenuates 

macrophage foam cell formation, increases cholesterol efflux (13) and inhibits 

lipoprotein lipase expression (14). Furthermore, TGF-β1 reduces cytokine-

stimulated iNOS expression (59) promotes iNOS protein degradation (60), and 

inhibits expression of cell adhesion molecules (61). 
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On the other hand, there have been some reports discussing a possible atherogenic 

activity of this cytokine. Elevated TGF-β1 levels have been found in vessel wall 

lesions (62). Moreover, TGF-β is a potent stimulator of proteoglycan biosynthesis 

in human SMCs (63), its presence in fatty lesions is likely to contribute to the 

synthesis of lipoprotein-trapping proteoglycans, which can contribute to 

accumulation of lipoproteins in the vessel wall (64) and their subsequent chemical 

modification (54). Moreover TGF-β1 stimulates leukocyte chemotaxis (65), 

suggesting that TGF-β contributes to early macrophage migration and lipid 

accumulation. When infused into rats with preexisting vascular lesions, TGF-β1 

caused an 80% increase in lesion size due to extracellular matrix accumulation 

(62). Localization of TGF-β1 correlated with areas of neointimal formation, 

where increase in expression of fibronectin and collagen types I and III was 

observed (62). Antibodies against TGF-β1 suppressed intimal hyperplasia in a rat 

model (66). Similarly, Schulick et al. demonstrated that overexpression of active 

TGF-β1 in uninjured rat arteries results in the development of a matrix-rich 

neointima (67). All these data generally suggest a strong participation of TGF-β1 

in the development of atherosclerosis.  

In summary, TGF-β1 seems to participate in the development of atherosclerosis, 

but maybe more interestingly promote a stable lesion phenotype, suggesting its 

role in the protection of acute ischemic situations like myocardial infarction. 

TGF-β1 is secreted in a latent form, where it is associated in a complex with LAP 
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and LTBP. Latent TGF-β1 can be activated by a number of physical processes, 

including heat, acid, reactive oxygen species, and biological processes such as 

proteolysis or integrin-mediated activation. A number of proteases, including 

plasmin, thrombin, elastase, MMP-2 and MMP-9, have been shown to be capable 

of directly activating latent TGF-β1 in vitro (68). 

 

2.1.4.1.2. IL-1α 

The IL-1 family comprises four proteins that share considerable sequence 

homology and contain αβ-pleated sheet structure (69): IL-1α, IL-1β, IL-1Ra, and 

IL-18 (also known as IFNγ-inducing factor). Release of mature IL-1α requires 

extracellular calpain-mediated cleavage of a pro-IL-1α, whereas mature IL-1β is 

derived proteolytically from pro-IL-1β by ICE or caspase-1 activity. Upon 

binding of IL-1α or IL-1β to IL-1RI, IL-1RIAcP is recruited by the receptor 

complex, and intracellular signal transduction is triggered through a p38 MAPK-

activated phosphorylation cascade. Due to extensive signal amplification, minute 

amounts of IL-1 can have considerable biological activity, and as little as 1 ng/kg 

intravenous IL-1β causes symptoms in humans. The signaling cascade culminates 

in the nuclear translocation of the transcription factors NF-κB and AP-1 and the 

ensuing transcription of a variety of proinflammatory genes, including autocrine 

amplification of IL-1 production (70). In addition to the IL-1RI, IL-1 may also 

bind to the so-called type II interleukin-1 receptor, the expression of which 
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appears to be regulated by IL-4 (71). Binding of IL-1 to this receptor does not 

result in cellular activation, and IL-1RII is therefore presumed to act as a decoy 

that negatively regulates IL-1 activity.  

A further member of the IL-1 cytokine family, IFNγ-inducing factor, has been 

termed IL-18, on the basis of its pleiotropic Th1-inducing effects (72). It has been 

assigned to the IL-1 family on the grounds of sequence homology (26% with IL-

1β) and similarity of the IL-18 receptor to IL-1R (73). Like IL-1β, IL-18 is 

dependent on ICE for proteolytic processing, and on nuclear translocation of NF-

κB for transcriptional activation. Owing to its proinflammatory effects on 

endothelial cells (70), smooth muscle cells (11), and macrophages (74), and due to 

its production by all of these cell types in atherosclerotic lesions (75), IL-1 was 

one of the first cytokines to be considered instrumental in the propagation of 

vessel wall inflammation in atherosclerosis. It is thought to facilitate early lesion 

formation by increasing leukocyte adhesion to endothelial cells (9) and mediating 

leukocyte transmigration (10). Subsequently, locally produced IL-1 may serve to 

maintain an inflammatory milieu by autocrine and paracrine stimulation of 

cytokine (11) and adhesion molecule expression (76). In the advanced plaque, IL-

1-induced up-regulation of matrix metalloproteinases may destabilize the 

proteinaceous scaffold of the cap and thereby have a hand in plaque rupture (77). 

 



24 

 

2.1.4.1.3. IL-6 

Endothelial cells, smooth muscle cells, and macrophages are capable of 

elaborating IL-6, and its expression has been observed in atherosclerotic lesions in 

humans, hypercholesterolemic rabbits, and apoE-deficient mice (78). Although 

the endothelium is largely unresponsive to IL-6 (79). addition of the sIL-6R 

enables endothelial cells to mount an inflammatory response to IL-6, by 

interacting with membrane-bound gp130 (80). This process has been termed 

“trans-signaling”, and it may lead to increased endothelial cell adhesiveness by 

the up-regulation of E-selectin, ICAM-1, and VCAM-1, and the release of 

inflammatory mediators, including MCP-1, IL-8, and IL-6 itself (12). Thus, sIL-

6R present in serum and/or elaborated locally by cells in the intima may serve to 

augment endothelial adhesion and extravasation of leukocytes into the 

atherosclerotic plaque. Monocytes and macrophages, on the other hand, produce 

IL-6R autonomously and therefore do not depend on ambient sIL-6R levels for 

IL-6-mediated modulation of gene expression (81). The effector functions of IL-6 

in cells of the monocyte/macrophage lineage include the differentiation of 

monocytes to macrophages (82), the up-regulation of acute phase response gene 

expression in hepatocytes and macrophages (83), and the priming of macrophages 

for enhanced TNFα production in response to lipopolysaccharide administration 

(84). In smooth muscle cells, IL-6 induces proliferation directly (85) and 

indirectly through the initiation of an autocrine loop mediated by the up-

regulation of gp130 (86). In addition, smooth muscle cells are stimulated by IL-6 
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to express ICAM-1 (87) and to evolve into foam cells (86). Whereas homozygous 

deletion of gp130 in mice leads to intrauterine death due to myocardial hypoplasia 

(88), IL-6-deficient mice develop normally despite an attenuated acute phase 

response and impaired cellular immunity to virus infection (89). This is a 

reflection of the functional redundancy in gp130-mediated signaling and thus of 

the extent to which the other members of the gp130 family can take over IL-6-

mediated functions. IL-6 was initially described as a lymphocyte stimulatory 

factor but has since been found to exert a plethora of inflammatory effects (90). 

With the possible exception of IL-1, IL-6 is the cytokine with the most 

extensively studied pro-atherogenic profile. Causality has been established 

through the exacerbation of early atherosclerosis by recombinant IL-6 in various 

atherosclerosis-prone murine models (91). Interestingly, the progression of 

atherosclerotic lesions to an advanced phenotype appears to be inhibited by IL-6 

in apoE-deficient mice, uncovering a potentially biphasic mode of action in 

atherogenesis (92), which is perhaps partly explained by its observed anti-

inflammatory properties (93) and its inhibition of macrophage class A scavenger 

receptor expression (94). Nonetheless, inhibition of IL-6 signaling may be 

considered to constitute an attractive therapeutic strategy for the prevention of 

coronary heart disease (95). Clinically, elevated levels of IL-6 and its hepatic by 

product C-reactive protein (96) are associated with increased risks of coronary 

and peripheral atherosclerosis (97), myocardial infarction (85), and the risk of 

death of patients with cardiovascular disease (98), and IL-6 has been suggested to 
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mediate the pro-atherogenic properties of cytomegalovirus (99). In a large 

multicenter study, IL-6 gene polymorphisms were found to correlate with the 

severity of coronary artery disease and the risk of myocardial infarction (100), and 

carotid atherosclerosis has been shown to be independently linked with an IL-6 

promoter polymorphism (101), as has the risk of coronary artery disease (102). In 

addition, lower levels of soluble IL-6 receptor, a naturally occurring IL-6 

antagonist, are linked with the risk of myocardial infarction (103). Although these 

clinical findings do not establish causality, they have identified a strong 

association between IL-6 levels and atherosclerosis. 

 

2.2. Mesenchymal Stem Cell 

2.2.1. Introduction 

MSC are adult stem cells that can be isolated from many adult tissues on the 

basis of plastic adherence and clonogenicity (106). They have been shown to be 

multipotential, becoming mesodermal derived bone, cartilage, and adipose cells 

(27). Recent studies have also suggested that certain subpopulations of MSC 

have the ability to become cells of nonmesodermal origin, such as nerve and 

liver, implicating that MSC could be defined as pluripotent stem cells (107).  

 

MSC are like adult stem cells in that they can proliferate extensively in culture 

(108). One of the most exciting features of these cells that might result in many 
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successful therapies is their immunomodulatory activity (109). Their ability to 

regulate and evade the immune system (110) will enhance ability to transplant 

them into patients. In addition to their ability regulate environment, MSC are also 

under intimate control by their environment (111). 

 

The normal microenvironment of a stem cell has been termed as niche (112). It 

describes the natural habitat of the stem cell. It is that specialized location in the 

body, made of mature cells, extracellular matrix, and soluble factors, where a 

given type of stem cell resides. At niche, stem cell can divide asymmetrically, 

both maintaining its population and creating daughter cells capable of 

proliferating and differentiating into the type of cells the body needs. A special 

characteristic of the niche is its ability to maintain the stemness of the resident 

stem cells, i.e. it helps to maintain the naivete and plasticity of the stem cell and 

prevent its differentiation. Understanding the mechanisms behind this niche 

effect will provide the tools needed to manipulate adult stem cells (111). 

 

2.2.2. The biology and originality of mesenchymal stem cells 

MSC are a self-renewing heterogeneous population of multipotent cells, 

originally isolated from bone marrow as shown in pioneer experiments by 

Friedenstein and colleagues and first referred to as colony-forming unit 

fibroblasts (113). Since then, MSC have been isolated from many other adult 

tissues such a umbilical cord blood, placenta, amniotic fluid, peripheral blood, 
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adipose tissue and various other somatic tissues sharing the regenerative as well 

as the immunomodulatory properties of MSC (114-116) but have mainly been 

characterized after isolation from bone marrow. 

 

MSC can be expanded in vitro as plastic adherent cells with a fibroblast-like 

morphology and can be differentiated into cells of mesodermal lineage 

(osteocytes, chondrocytes and adipocytes) (27) as well as cells from other 

embryonic lineages (117, 118). At present, MSC lack a definitive marker and no 

single marker has been identified distinguishing MSCs however the International 

Society for Stem Cell Research has outlined minimal criteria to characterize 

human MSC, these cells have been reported to be positive for CD73, CD90, 

CD105 and major histocompatibility complex class I (HLA-ABC). They are 

devoid of the hematopoietic markers such as CD14, CD 19, CD34, CD45 and for 

major histocompatibility complex class II, (HLA-DR) (119).  

 

An attractive characteristic of MSC is that they can be easily expanded 

maintaining a relatively stable phenotype and karyotype along with their 

potential to differentiate into multiple mesodermal tissues. The possibility that 

MSC might undergo malignant transformation does exist, however this might be 

directly linked to the origin of the tissue. Interestingly, it has been shown that 

human bone marrow derived MSC could be expanded in vitro and despite 

decreased proliferative capacity upon prolonged expansion and eventual cell 
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senescence, no chromosomal abnormalities were detected rendering these cells 

suitable for cell therapeutic approaches (26). However, there is a general 

consensus that MSC should be used at low passages when applied in cell therapy 

as chromosomal modifications and loss of function can occur after prolonged in 

vitro expansion. 

 

2.3. Environmental Signals Regulating MSC Growth and Differentiation 

Mesenchymal stem cells are widespread in the organism and are implicated in a 

variety of physiological and pathological processes (15). Hence, they should be 

able to respond to microenvironmental signals. Mesenchymal stem cells are 

progenitors that give rise to mesodermal derivatives such as bone, muscle, and 

fat (15). They are assumed to perform many cellular functions such as regulation 

of immune responses, and maintenance and repair of damaged tissues (16, 120). 

One major blind side of current MSC research is the lack of specific markers 

shared by cultured MSC and their in vivo counterparts. The lack of specific MSC 

markers limits the ability to follow endogenous MSC. This is the reason that 

most factors that effect MSC functions were studied ex vivo (15). The inability to 

detect and follow endogenous MSC in vivo has lead to the use of animal models 

in which cultured MSC are transplanted into inflicted animals. MSC engraftment 

is less extensive than engraftment into damaged sites at the time of acute 

inflammation. MSC have been shown to engraft into injured neural tissue, 
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myocardium, hepatic, muscle, and sites of graft rejection and heart infraction 

(121-131). 

 

For doing their functions, MSC must sense multiple aspects of their surrounding 

microenvironment. MSC have been shown to express chemokine receptors, 

growth factors receptors, cytokine receptors, adhesion proteins, and immune 

system related proteins (15). MSC respond to microenvironmental signals 

including external and internal factors. The growing receptor expressed by MSC 

may implicate the factors that affect MSC functions. Following their discovery 

by Friedenstein (113), function of MSC, especially their differentiation, was 

shown to be regulated by cytokines and growth factors that induce the activation 

of lineage specific genes (132, 133). 

 

2.3.1. Effects of Inflammation on Migration and Mobilization of MSC 

Inflammation following tissue damage recruit MSC into the inflicted sites where 

MSC possibly participate in tissue regeneration and modulation of immune 

responses (109, 134, 135). Cytokines are small, secreted proteins that mediate 

and regulate hematopoiesis, immunity, and inflammation (15). Cytokines have 

been proposed to regulate migration of MSC into damaged and inflamed tissues. 

Cytokines such as TGF-β, IL-1β, TNF-α, MMP-2, MMP-9, MT1-MMP, MPC-1, 

MIP-1, and IL-8 induce human MSC chemotactic migration (128, 136). The 

effects of cytokines on migration of MSC were assayed predominantly using in 
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vitro migration chamber systems. Therefore, direct evidence of migratory MSC 

response toward cytokines in vivo is still missing (15). 

 

Chemokines are secreted low-molecular-weight proteins that are defined by their 

ability to induce directed migration (15). MSC expresses many chemokine 

receptors on their membrane (137). The most studied MSC receptors are CXCR4 

and CX3CR1, the receptors for SDF-1 and fractalkine. These chemokines 

stimulate migration of MSC in vitro and in vivo (138-144). Some studies 

demonstrating MSC responsiveness to SDF-1, these cells were infused either to 

injured (142) or irradiated (138) mice causing SDF-1 and fractalkine expression 

and resulting MSC recruitment.  

 

HGF acts as a potent mitogen, motogen, and morphogen on different cell types 

(145, 146). Its levels are increased in damaged and inflamed tissues (147, 148). 

There are indications that HGF acts as a mobilizing agent to stimulate MSC 

migration and recruitment to the inflamed sites. HGF induced human bone 

marrow- or cord blood-derived MSC (149) chemotaxis. HGF also induced the 

expression of myocyte-specific genes in MSC (149-151). 

 

2.3.2. Role of Toll-Like Receptor on MSC 

An additional way by which MSC can detect infection or danger signals in their 

surrounding microenvironment is by sensing pathogen molecules or stress-
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released intracellular constituents through TLR (15). In mammalians, the TLR is 

important in the innate immune system for the recognition of pathogen associated 

molecular patterns. TLR activation initiates primary responses towards invading 

pathogens and the following recruitment of the adaptive immune response (152-

156). TLR can be activated by pathogen components from mammalian 

endogenous molecules such as heat-shock proteins and extracellular matrix 

breakdown products such as HSP60 and fibronectin (157-159). 

 

Culture of mouse MSC expresses TLR molecules 1–8. Expression of TLR was 

also demonstrated in human adipose tissue and bone marrow–derived MSC 

(160). Pam3Cys, a ligand for TLR-2, induced proliferation of MSC and inhibited 

their differentiation. These findings suggest that TLR ligands may control the 

balance between MSC proliferation and differentiation (15). In addition to this 

role, TLR may be involved in the generation of MSC during development (15). 

MyD88, a protein which signals downstream from most TLR molecules (161), 

was required by MSC to differentiate into osteocytes or chondrocytes under the 

conditions that were permissive for differentiation of their normal counterparts. 

TLR signaling may therefore be required for MSC multipotency (162). 

 

2.3.3. MSC Interactions with the Extracellular Matrix 

Integrins are family of receptors that facilitate the interactions between cells and 

the surrounding ECM. These receptors activate intercellular signaling pathways 
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and control gene expression to many cellular processes, including proliferation, 

differentiation, survival, motility, and apoptosis. During injury and inflammation, 

various stimuli alter the composition of ECM from a latent to an activated form. 

New combinations of ECM are formed, and mediators such as inflammatory 

cytokines, chemokines, and growth factors bind the ECM (163). ECM 

remodeling by MSC can result from synthesis and deposition of newly formed 

components and degradation by MMP. MMP and TIMP were involved in MSC 

differentiation (164), migration (149), angiogenesis (165), and invasive behavior 

(166). Thus, MSC may remodel ECM that affects MSC functions. Interactions 

between cells and their ECM are important for repairing of wound and tissue 

regeneration, processes in which MSC are participate in it. That is why MSC 

have been shown to express integrin receptors, which when activated, they can 

control differentiation, proliferation, survival, adhesion, and migration.  

 

Human bone marrow MSC express many integrin molecules as receptors for 

fibronectin, collagen type I, laminin, and vitronectin (167). ECM affects MSC 

osteogenic differentiation; rat MSC cultured with type I collagen showed high 

ALP activity, mineralization, collagen synthesis, and up-regulation of 

osteoblastic gene expression. Osteoblastic differentiation was dependent on α2β1 

receptor, which is the functional receptor for type I collagen in osteoblasts (168). 

Seeding human MSC on purified vitronectin and collagen type I, was sufficient 

to induce osteogenic differentiation either with or without the addition of 
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induction medium. Moreover, blocking the β1 integrin subunit diminished 

osteogenic differentiation of MSC (169, 170). ECM deposited on titanium 

scaffolds induced osteoblastic differentiation of MSC in the absence of 

osteogenic supplements (171). Other ECM components that have been shown to 

promote MSC osteogenic differentiation include laminin-5 (172) and 

phosphophorin (173). ECM components can also regulate chondrogenic 

differentiation of MSC. Collagen type I and II were suggested to promote 

chondrogenic differentiation of human, rabbit, and bovine MSC (174, 175). In 

addition to regulation of MSC differentiation, ECM components including 

fibronectin, vitronectin, and collagen type I were shown to induce chemotaxis 

and haptotaxis of human and rabbit MSC (176). This might indicate that ECM-

integrin interaction is one of the mechanisms involved in the recruitment of MSC 

into tissue repair sites. 

 

The ECM serves as a specialized reservoir of factors that promote cell 

proliferation, differentiation, activation, andmigration. ECM moieties such as 

heparan sulfate, fibronectin, and laminin among others were shown to bind 

cytokines such as bFGF, TGF-β, IFN-γ, and TNF-α and growth factors such as 

IGF (177). These factors can be either released enzymatically by MMP secreted 

by cells including MSC, or may act while bound to ECM. The ECM-bound 

growth factors and cytokines might target immune cells and cells such as 

epithelial cells, hematopoietic stem cells, keratinocytes, and possibly MSC (178). 
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Cytokines and growth factors in association with ECM create high local 

concentration, thereby increasing cellular responses and restricting the response 

to a limited site. In addition, combination of cytokines, growth factors, and ECM 

signaling might induce combinatorial signals, altering MSC responses. 

 

2.3.4. Regulator of MSC Immune-Suppressive Activity 

In recent years it has become evident that MSC, also termed mesenchymal 

stromal cells, have potent immunomodulatory effects in addition to their known 

ability of organ regeneration and recruitment to sites of injured or inflamed tissue 

(179-183). While the ability of MSC to mediate tissue and organ repair replacing 

damaged tissue has initially been attributed to their multilineage differentiation 

potential, it is now widely attributed to their ability to home to site of injury 

secreting cytokines and growth factors that mediate the repair process inducing 

proliferation and differentiation of progenitor cells (184-186). Whether MSC 

migrate from the bone marrow in case of injury or if the stem cell niche available 

in the diseased organ replaces dying cells remains to be elucidated. MSC have 

been demonstrated to exhibit a profound immunomodulatory effect on T cells, B 

cells, and NK cells. This effect has been recently shown to be mediated via 

soluble factors, and this can be enhanced further if direct cell–cell contact 

between the MSC and immune cells is allowed (187). Via these factors, MSC 

inhibit T cell proliferation (188), maturation and differentiation of B cells (189), 

maturation of dendritic cells (181), generation of cytotoxic T cells (190) and 
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proliferation and cytotoxic activity of NK cells (191), while inducing Tregs 

(192). 

 

MSC have been shown to induce immunologic peripheral tolerance, suggesting 

their potential application in a therapeutic approach for immune mediated 

disorders. In this context, MSC can be used to support the function of standard 

pharmacological immunosuppressants to reduce their dosage or even replace 

such toxic immunosuppressants promoting long-term survival of the transplanted 

organ (193). Limited information is available about the molecular mechanisms 

responsible for the immunomodulation By MSC and there is no single 

mechanism responsible for their observed tolerogenic effect. However, MSC 

have been considered to potentially work through multiple mechanisms and have 

the ability to affect immunological, inflammatory and regenerative pathways 

supporting or replacing current pharmacological agents. Considering their 

immunosuppressive properties in addition to their low inherent immunogenicity 

(194) makes MSC an attractive treatment option in cell and organ transplantation 

potentially improving the graft outcome and eliminating a long 

immunosuppressive treatment regimen (195). Both the immunosuppressive 

effects of MSC and their regenerative potential participate to facilitate grafting of 

a transplanted organ as well as repair and regeneration of the organ after 

transplantation. In both allogeneic hematopoietic stem cell transplantation and 

organ transplantation setting, major problems exist due to the lack of suitable 
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donors. High histoincompatability between donor and recipient is often 

associated with an increased risk of graft rejection or graft versus host disease 

which MSC might ameliorate if infusion of MSC along with the organ transplant 

increases organ engraftment making this immunoprivilege useful for 

transplantation. 

 

Furthermore, the immunosuppressive properties of MSC, in addition to their low 

immunogenicity features, have prompted researchers to investigate co-

transplantation of these cells in AHSCT setting to promote HSC engraftment and 

to prevent graft versus host reactions as well as host versus graft reactivity. 

Additionally, MSC provide support for the growth and development of HSC 

further promoting engraftment. In this, MSC were shown to interact with HSC 

through production of growth factors that influence HSC-homing and -

differentiation (196). This effect was attributed via either cell-cell contact or 

production of soluble factors by MSC such as the CXCL12 chemokine which 

may attract HSC through its interaction with the CXCR4 ligand (196) hence 

improving HSC engraftment. First clinical trials have been undertaken to assess 

the safety of MSC administration as well as a potential treatment option for 

GvHD. Encouraging results have been obtained in patients with steroid resistant 

GvHD and in the management of chronic GvHD after AHSCT. Interestingly, 

MSC treatment improved the overall outcome and successfully attenuated GvHD 

in these patients (197). 
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MSC were shown to attenuate graft rejection and in combination with 

immunosuppressive therapy were able to prolong cardiac allograft survival when 

co-administered with immunosuppressive therapy. Indeed, they promote donor-

specific graft tolerance and ameliorate the alloimmune response where the use of 

low dose therapy alone was not sufficient to maintain the graft; only combination 

therapy with MSC maintained the cardio graft (198). 

 

MSC have also been suggested as a promising cell immunotherapy tool to 

promote tolerance for organ transplants and to control allograft rejection in post-

transplant therapy settings facilitating both transplant acceptance and physiologic 

functions (193). MSC have also been recently shown to have an ameliorating 

effect in a model of acute lung injury were transplantation of MSC resulted in a 

significant increase in the level of protective/immunomodulatory Tregs (199). 

 

2.3.4.1. The Immunomodulatory properties of MSC 

Understanding the mechanisms by which MSC exert their immunomodulatory 

effects will have profound therapeutic implications in designing new therapies 

that can lead to more efficient use of these cells in novel treatment regimens. 

Currently, there is no single clear mechanism which clearly clarifies the 

immunomodulatory effect of MSC and several mechanisms which sometimes 

seem paradoxical, have been suggested. Several in vitro experimental studies 
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have shown that the immunosuppressive effect of MSC is sustained in transwell 

experiments suggesting that soluble factors are responsible for such inhibition 

(188), while other studies have claimed a required cell-cell contact which may be 

due to the use of different systems and cells by the individual research groups 

(187). 

 

MSC have been shown to modulate the immune response mainly by inhibiting the 

proliferation of effector immune cells preventing further damage to injured tissue 

allowing repair after injury (200). Moreover, MSC can stimulate the activation 

and proliferation of Tregs which in turn have a beneficial immunosuppressive 

effect (201). When MSC home to site of tissue inflammation or injury, they 

release various growth factors which enhance repair at site of defect including: 

fibroblast growth factor, epidermal growth factor, platelet-derived growth factor, 

transforming growth factor-β, vascular endothelial growth factor and insulin-like 

growth factor (202). MSC mediated inhibition of effector T cell proliferation 

seems to be dependent on the microenvironment. In this respect, the presence of 

pro-inflammatory cytokines such as IFN-γ activates MSC and this was more 

effective for the treatment of GvHD (203). Indeed, it has been shown, that the 

immunosuppressive capacity of MSC was enhanced strongly under inflammatory 

conditions while their differentiation capacity was preserved and suggested that in 

vitro preconditioning provides MSC with improved properties for immediate 

clinical immune therapy (201). 
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MSC have been shown to affect almost all cell types of the immune system. It has 

been demonstrated that MSC can alter the cytokine secretion profile of immune 

cells such as decreasing TNF-α and IFN-γ secretion and increasing the secretion 

of suppressive cytokines (IL-4 and IL-10) and this shift from a pro-inflammatory 

to a beneficial anti-inflammatory response is of therapeutic advantage for the 

management of GvHD (185). Moreover, several studies have demonstrated that 

the MSC immunoregulatory properties are partially mediated by TGF-β, PGE2, 

HGF and IDO secreted by MSC in addition to their induction and activation of 

Tregs all of which can lead to amplification of an effective immunosuppressive 

response (204). 

 

2.3.4.2. MSC–soluble factors and immunosuppression induction 

Different studies have attributed the immunosuppressive effect of MSC to several 

immunosuppressive factors leading to different mechanisms of immune cell 

inhibition. These include, IDO (205), PGE2 (206), TGF-β and HGF (188), HLA-

G (207), nitric oxide (208), interleukin (IL)-10 (209). and haeme oxygenase-1 

(210). One important mechanism is that MSC suppression is mediated by IDO, a 

tryptophan catabolising enzyme (205). In this, activated T cells or NK cells 

produce elevated levels of IFN-γ which in turn stimulates MSC to produce IDO. 

IDO metabolizes tryptophan to kynurenine leading to essential tryptophan 

depletion and accumulation of metabolites in the medium which in turn inhibits 
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proliferation of activated T cells and NK cells (205). Competitive inhibition of 

IDO activity did not completely abrogate MSC mediated immunosuppression and 

inhibition of IFN-γ was required for complete abrogation (196). This suggests 

that coadministration of MSC with graft T cells-derived IFN-γ activates the 

immunomodulatory properties of MSC. Furthermore, there is a species variation 

in the immunosuppressive mechanisms mediated by MSC. It has been shown that 

while human IDO is a major effector molecule for MSC immunosuppression, 

mouse MSC mediate their inhibitory effect of immune responses via nitric oxide 

playing a central role in such immunosuppression (208). 

 

2.3.4.3. MSC-immune cell interaction and immunosuppression induction 

MSC have been demonstrated to exhibit a profound immunomodulatory effect on 

Tregs, cytotoxic and T helper cells, NK cells, B cells and dendritic cells. 

 

2.3.4.3.1. Regulatory T cells 

Tregs are a subset of T cells that regulate the immune response by suppressing 

the proliferation and cytokine production of effector T cells. Tregs are thus 

important for protecting our body by suppressing auto-reactive T cells (211). 

Tregs were shown to be upregulated in the presence of MSC suggesting that 

MSC constitute a suitable niche for Tregs (201). MSC have been suggested to 

play a role in Tregs recruitment, regulating and maintaining the T regulatory 

phenotype and function over time (192). Tregs induction has been suggested to 
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be mediated by PGE2, synthesized by COX which are expressed by MSC (212). 

Furthermore, Treg induction has been shown to be mediated by direct cell-cell 

contact between MSC and CD4+ T cells and the presence of soluble MSC 

derived factors such as TGF-β1 and PGE2 (204). In a recent interesting study by 

Sundin (213), it was demonstrated for the first time that MSC share features with 

regulatory T cells , such as the expression of the Tregs specific transcription 

factor FOXP3 (214) at variable levels. However, the MSC immunosuppressive 

function is not as tightly linked to FOXP3 expression as is the case for Tregs 

(213). 

 

2.3.4.3.2. Cytotoxic T cells and T helper cells 

MSCs were shown to inhibit the proliferation of CD4+ T helper cells (188, 206). 

In addition to indirect inhibitory factors produced by MCS such as TGF-β1, HGF, 

IL-10, IFN-γ and TNF-α, there is evidence that cell membrane interaction 

between MCS and T helper cells (215) via the ICAM-1 or VCAM-1 play a crucial 

role in such immunosuppression (187). MSC have also been shown to suppress 

the induction of cytotoxic T cell response to allo-antigens (190). However, once 

cytotoxic T cells are activated, MSC show no inhibitory effect (191, 212). On the 

other hand, it is not clear how helper and cytotoxic T cells affect MSCs 

development and function. It has been shown that MSCs have a low 

immunophenotype as they express low levels of HLA class I, no HLA class II, no 

co-stimulatory molecules such as CD80 and CD86, and therefore do not induce 
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immune responses (194). This should make MSC transplantable across HLA 

barriers (216). However, in contrast to these data, there is evidence that MSC are 

immunogenic and can induce memory T-cell responses both in animals (217) and 

human studies (218). Furthermore, it has recently been reported that MSC are 

susceptible for lysis by CD8+ cytotoxic T cells (219). Designing tools to escape 

allogeneic MSC destruction by cytotoxic T cells should render MSC a promising 

therapeutic option for transplantation across MHC barriers. 

 

2.3.4.3.3. Natural Killer cells 

MSC have been shown to inhibit NK cell proliferation, and cytotoxicity (220). It 

has been demonstrated that MSC can mediate this inhibitory effect trough 

inhibition of cytokine production in addition to the central role played by IDO and 

PGE2 (221). Inversely, it has been shown that MSC are susceptible for lysis by 

NK cells (110, 219) as MSC express the activating NK cell-receptor ligands 

NKG2D and UL16 (222). Moreover, intravenously administered MSC have been 

demonstrated to disappear within days after infusion in immunocompetent mice 

(223). It is possible that lysis by cytotoxic T cells (and not NK cells) is 

responsible for the disappearance of the infused MSC (224). The demonstration of 

tumour engraftment after administration of autologous MSC in immunodeficient 

mice (NK cells intact) further strengthens this possibility. 
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2.3.4.3.4. B cells 

MSC have been shown to suppress B cell terminal differentiation (225) and 

modulate their function (189, 226). Human MSC were shown to inhibit antibody 

production induced in vitro by allostimulation (227, 228). They have the ability to 

regulate Immunoglobulin production by B cells through soluble factors affecting 

B cells directly or through an indirect MSC effect by altering the amount of free 

alloantigen due to the overall suppression of graft damage (198). 

 

2.3.4.3.5. Dendritic cells 

MSC inhibit monocyte maturation into dendritic cells (229), the most potent 

antigen presenting cells, inhibiting their migration to lymph nodes and thereby 

reducing their ability to activate allo-reactive T cells (206). In this, MSC were 

shown to reduce secretion of pro-inflammatory cytokines such as IFN-γ, IL-12 

and TNF-α by DC while IL-10, a suppressive cytokine, was increased leading to 

the inhibition of DC maturation and the inability to activate allo-reactive T cells 

resulting in a state of an immunologic tolerance. The inhibitory effect of MSC on 

DC differentiation is mainly mediated through cell-cell contact involving 

activation of the Notch signalling pathway (230) as well via soluble factors (181). 

Moreover, PGE2 produced by MSC following TNF-α or IFN-γ stimulation blocks 

differentiation of monocytes into DC and stimulates macrophages to produce IL-

10. 
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2.3.4.3.6. MSC-Galectins and immunosuppression induction 

Recently, Sioud et al (231, 232) and Gieseke et al (233) have described another 

mechanism of MSC immunosuppression that involves a family of beta 

galactosidase-binding proteins named Galectins which are involved in immune 

tolerance (180). It has been demonstrated that Galectin-1, Galectin-3, Galectin-8 

and Galectin-9 are constitutively expressed by human bone marrow MSC with 

Galectin-1 and Galectin-3 being further secreted and expressed on the outer 

plasma membrane (234). New evidence has shown the involvement of Galectin-3 

as a regulator of MSC immunosuppression function inhibiting allogeneic T cell 

proliferation by MSC (232). This group demonstrated that gene knockdown of 

Galectin-3 resulted in less immunosuppressive effect on T cell proliferation (231). 

Galectins were also shown to regulate the secretion of proinflammatory cytokines 

and promote expansion of IL-10 producing peripheral Tregs (232). Gieseke et al 

have also reported that galectin-1 is expressed by MSC and has 

immunosuppressive activity on both CD4+ and CD8+ T cells (233). 

 

2.3.5. Homing 

Just as understanding MSC mechanisms of action are important in designing an 

effective therapy regimen, ensuring that MSC will target the proper tissue is 

equally as important. MSC have been heralded for their ability to specifically 

home to areas of tissue damage. The ability to noninvasively transplant MSC and 

then have them specifically home to areas of tissue injury is an intriguing and 
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controversial concept. Much can be gleaned from leukocyte and HSC homing, 

which is a multistage process of chemotaxis, tethering and rolling, firm adhesion, 

and diapedesis. Most MSC targeting studies attempt to evaluate potential 

mechanisms of homing in the context of what is known about leukocyte 

extravasation. 

 

2.3.5.1. Chemotaxis 

Post injury, chemokines activate local endothelial cells to increase expression of 

cell surface P-selectin, E-selectin, and VCAM-1. These chemokines are also 

released into the systemic circulation and selectively activate specific leukocyte 

subsets. Chemokines potentially secreted post-trauma are CXCL12 (SDF-1), 

CCL2, CCL3 CCL4, CXCL8 (IL-8), CXCL1, and CXCL-10. MSC express 

receptors for several of these chemoattractant proteins (140, 141). 

 

The SDF-1/CXCR4 axis has been described to induce MSC mobilization (235). 

Others have found that SDF-1 acts synergistically with other factors, such as 

HGF, to potentiate MSC targeting (149). In vitro transmigration assays identified 

that MCP-1, MIP-1 a , IL-8 as well as ischemic brain tissue extract enhance MSC 

migration (128). PDGF (236) and VEGF-A (237) have displayed similar functions 

in vitro. These factors have also been implicated in directing MSC into the injury 

site locally, once they have adhered to the endothelial lumen. However, in vivo 
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studies directly linking these factors to extravasation efficiency have not been 

reported. 

 

2.3.5.2. Tethering and Firm Adhesion 

Once a leukocyte migrates to its destination, adhesion molecules on endothelial 

cells bind leukocyte receptors to facilitate tethering. Tethering decelerates the 

leukocyte flow and permits strong adherence to the luminal wall. Several protein 

interactions have been identified to govern this phenomenon and include 

endothelial P-, L-, and E-selectin binding to carbohydrates on leukocyte 

transmembrane glycoproteins (238). Leukocyte firm adhesion is mediated by β1 

integrins, particularly α4β1 (VLA-4) and α5β1 (VLA-5) (239). Ruster et al. 

indicated that MSC adhere to endothelial cells via P-selectin and VCAM-1/VLA-

4, similar to HSC and PBMC (240). Firmness of adhesion was increased upon 

TNF-α endothelial stimulation, which likely increased cell surface expression of 

integrin adhering proteins. There is conflicting evidence that MSC do not utilize 

P- or any other selectins as an endothelial tethering mechanism (241). However, 

in that study MSC expression of VLA-4 was detected and found to bind VCAM-

1. Likewise, Steingen et al. showed that antibody blocking of either VCAM-1 or 

VLA-4 significantly diminished MSC-endothelial cell adhesion (242). In vivo , 

preblocking MSC with an antibody against integrin b 1 before transplantation 

significantly reduced MSC homing to myocardial infarct sites (243). Semon et al. 

published a thorough analysis of MSC integrin expression. They indicated that 
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integrin subunits β 1, β 2, and α 3 were expressed on over 80 % of the MSC 

population (243). While the authors highlight the many discrepancies regarding 

integrin expression on MSC, integrin β 1 has unequivocally been detected on 

these cells. While the data supporting MSC use of classical selectin tethering 

mechanisms are debatable, the VCAM-1/VLA-4 axis has consistently been found 

to play a major role in homing. Some have suggested that since MSC are larger 

than HSC, both passive and active homing mechanisms may be involved in 

successful MSC targeting (241). Therefore, MSC may not need to exhibit 

classical tethering mechanisms to attach to the endothelium. Furthermore, 

endothelium from different tissues utilize distinct subsets of these integrins to 

facilitate adhesion (243), suggesting that MSC homing efficiency will depend on 

the specific nature of the targeted tissue. Others have suggested that clotting 

factors such as fibronectin could potentially bind integrin subunits on MSC (244). 

 

2.3.5.3. Diapedesis 

The final step in MSC extravasation is transendothelial migration into the targeted 

tissue. Unlike rolling and adhesion, the mechanisms driving diapedisis are not 

well understood. There is evidence for para- and trans-cellular routes of tissue 

entry (245). However, considering the size of an MSC, transcellular entry would 

be an unlikely route as MSC would need to transverse the basement membranes 

of these tissues. Son et al. demonstrated MSC MMP-2 and MT1-MMP mediated 

transmigration across a Matrigel basement membrane (149). Similarly, Becker et 
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al. also described the MMP-2 mediated transmigrations of MSC (246). Others 

have described the role of the MMP1/PAR1 axis in MSC migration, as blocking 

of this interaction resulted in reduced migration in a glioma model (247). These 

findings suggest that MSC would degrade the endothelial layer to enter the tissue. 

The disparity in the mechanisms proposed to dictate MSC homing capabilities 

may be attributed to several factors. MSC expression of homing mediators begin 

to decline over passage number and is dependent upon culture conditions (248). 

Therefore, depending on the isolation techniques and cultures conditions, MSC 

from different laboratories will display varying homing potential and 

mechanisms. To complicate the issue further, MSC isolated from different tissues 

may also express these homing mediators differently (249). Some investigators 

have suggested that MSC homing mechanisms are trumped by their tremendous 

size (241), as MSC will get trapped in nonspecific locations and will therefore 

display reduced homing efficiencies which are chemotaxis-independent (184). 

This may explain why localized delivery of MSC enhances engraftment 

efficiencies (250, 251) since intravenously injected MSC have been observed to 

be systemically delivered to unintended tissues, mainly the lung and liver (250, 

252). Furthermore, MSC have not been found to persist at a tissue site long term 

and are sometimes indetectable as early as 1 week post transplantation (253). To 

date MSC homing potential and the mechanisms which govern homing control 

continue to be debated.   
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2.4. Side Effect of Stem Cell Therapy 

Until now, there is a little report regarding side effect of stem cell therapy, 

particularly MSC. But base on immunology theory, every foreign protein 

administer to resipien has risk to induce immune reaction. In addition, another 

side effect possibly caused by MSC is tumorogenesis risk. As we now that stem 

cells have high ability to replicate theirself, so it likely trigger tumor in resipien. 

 

The capacity and potential of stem cells to repair the damaged tissues holds great 

promise in development of cell replacement therapeutics for treating various 

chronic and degenerative diseases. However, previous studies show that stem cell 

therapy, in autologous and allogeneic settings, triggers immune responses to stem 

cells as shown by lymphocyte infiltration and inflammation (254). 

Transplantation of allogeneic undifferentiated murine ESCs in the heart cause 

cardiac teratomas, which are immunologically rejected after several weeks of 

transplantation. It has association with increased inflammation and upregulation 

of class I and II major histocompatibility complex molecules (255). Moreover, in 

vivo differentiated ESCs transplanted into ischemic myocardium elicit an 

accelerated immune response as compared with undifferentiated ESCs, 

suggesting ESC immunogenicity increases upon differentiation (256). Immune 

responses are not limited to ESCs. Transplantation of neural stem cells also 

induces immunological responses (257) and lymphocyte infiltration (258). 


