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Introduction


Although the major risk factors for atherosclerosis have been identified, the cellular and molecular mechanisms of atherosclerotic lesion initiation and progression are still not understood.  The recruitment of blood monocytes and lymphocytes to the arterial intima is a key feature of early as well as advanced atherosclerotic lesions (1-3).  Adherent monocytes transmigrate into the intima, transform into macrophages, engulf lipids and become foam cells.  Monocyte recruitment contributes to the growth and expansion of early lesions and in advanced lesions recruited monocytes may directly participate in plaque destabilization, resulting in thrombotic complications that are associated with significant morbidity and mortality.  In humans, atherosclerosis develops indolently for decades prior to the onset of complications and clinical manifestations.  Understanding the pathogenesis of early atherosclerotic lesions may lead to appropriate interventions in populations at risk, which may prevent or delay future complications.


A critical feature of an inflammatory disease process, including atherosclerosis, is the recruitment of leukocytes to the site of inflammation.  This process involves the emigration of leukocytes from blood into the extravascular tissues, where leukocytes migrate along chemotactic gradients and can cause tissue damage by releasing enzymes, chemical mediators and toxic oxygen free radicals.  Leukocyte-induced injury occurs in many acute and chronic inflammatory diseases and may be subject to therapeutic intervention.


The nature of the inflammatory response and the type of leukocyte subpopulations that are recruited are regulated by the repertoire of cytokines and chemokines that are produced locally by the inflammatory stimulus.  Cytokines modulate the biological properties of endothelial cells that form the interface between blood and tissues and have important homeostatic functions, including maintenance of a nonadhesive and antithrombotic surface, and regulation of protein and lipoprotein permeability (4).  Endothelial cells can respond to stimuli derived from the vessel wall as well as blood.  Examples include inflammatory cytokines, oxidized lipoproteins trapped in the subendothelium and even hemodynamic forces of flowing blood.  Many of these stimuli can induce a phenotype change in endothelial cells.  For example, in response to the inflammatory cytokines interleukin-1 (IL-1) or tumor necrosis factor-( (TNF-(), endothelial cells synthesize and express on their surface adhesion molecules, which are transmembrane proteins, and present chemokines, which are bound to cell surface proteoglycans.  Adhesion molecules and chemokines promote the recruitment of leukocytes from blood into the artery wall.

Role of leukocytes in the formation of atherosclerotic lesions


The recruitment of blood monocytes and lymphocytes to the arterial intima is one of the earliest events in the formation of an atherosclerotic lesion and persists even in advanced lesions (1,3,5-8).  Adherent monocytes transmigrate into the intima, transform into macrophages, engulf lipids and become foam cells.  Monocyte recruitment, particularly at the periphery of lesions (9), may contribute to their lateral growth.  Monocytes and macrophage foam cells may also contribute to the progression of atherosclerotic lesions by producing cytokines and growth factors.  These, in turn may amplify mononuclear leukocyte recruitment, induce migration of smooth muscle cells into the intima and stimulate cell replication. Since early fatty streaks are composed almost entirely of macrophage foam cells, recruitment of monocytes to the intima may be a critical event in lesion initiation and expansion.


The importance of leukocytes in atherogenesis was illustrated in osteopetrotic (op/op) mice.  These mice are deficient in macrophage-colony stimulating factor (M-CSF or CSF-1) due to a point mutation in the M-CSF gene.  Through binding to its receptor c-fms, M-CSF functions as a monocyte chemotactic factor and regulates the growth, survival and expression of genes in macrophages, including the class-A scavenger receptor.  Op/op mice have impaired production of blood monocytes, and deficiency of peritoneal and tissue macrophages.  A lack of osteoclasts accounts for osteopetrosis and an inability for teeth to erupt impairs consumption of solid food and requires feeding of a special liquid diet.  When bred into an atherosclerosis-susceptible background, op/op mice have markedly reduced atherosclerotic lesions formation (10-12).   Even heterozygous (op/+) mice have dramatically reduced lesion size despite only a 20% reduction in circulating monocytes and absence of osteopetrosis (13).  Mice deficient in macrophage class-A scavenger receptors also have reduced lesion formation (14), which highlights the importance of monocyte/macrophages in atherosclerotic lesion formation.


Lymphocytes also participate in atherogenesis.  CD4+ Th1 cells are the predominant T cell subtype in atherosclerotic lesions, and respond to antigenic challenge by releasing pro-inflammatory cytokines, including interferon-( (IFN-(), TNF-( and lymphotoxin (15).  ApoE-/- mice deficient in the recombinase activating gene 1 (Rag-1-/-) lack adaptive immunity and develop 2-fold less atherosclerosis when fed standard chow, but had lesions comparable to immunocompetent ApoE-/- mice when fed a Western-type diet (16).  In the LDLR-/- background, lesion development in Rag-1-/- mice was reduced by 54% after 8 weeks of feeding a Western-type diet; however, significant differences in lesion area gradually subsided as the diet was continued for 12 and 16 weeks (17).  ApoE-/- mice with severe combined immunodeficiency (SCID) developed 75% less atherosclerosis and reconstitution of these mice with CD4+ T cells increased atherosclerosis (18).  This pro-atherogenic activity may be exerted at least partly through secretion of the cytokine IFN-(, since mice deficient in IFN-( or IFN-( receptor develop smaller atherosclerotic lesions (19-22).

Mechanisms of leukocyte emigration from blood into tissues

Leukocyte emigration - a multi-step process:


Intravital microscopy experiments and in vitro modeling have determined that leukocyte emigration in post-capillary venules and arteries involves several distinct interactions between leukocytes and endothelial cells (Fig. 1).  These include tethering and rolling, arrest, firm or stable adhesion and transendothelial migration (diapedesis).  Each of these sequential steps is mediated by binding and detachment of adhesion molecules expressed on leukocytes and endothelium. Endothelial cell adhesion molecules and their respective leukocyte ligands or counter-receptors belong to several families, including  selectin, selectin carbohydrate ligands on mucins, immunoglobulin gene superfamily and integrin (Table 1).  The adhesive interactions between leukocytes and endothelium initiate signaling in both cells that are critical for emigration.  For example, during rolling, chemokines presented on the surface of inflamed endothelial cells activate leukocyte integrins, which upregulates their adhesive function and enables them to bind efficiently to their endothelial ligands.  In this chapter, key features and concepts of inflammatory adhesion molecule and chemokine biology will be reviewed.  Primary references are too numerous to be cited comprehensively, and reviews of this area with abundant citations are available (23-26).

Endothelial cell activation and identification of adhesion molecules


The discovery in the 1980's and early 1990's of endothelial cell adhesion molecules relevant to leukocyte emigration was largely dependent on the development of efficient and reproducible techniques for culturing of human umbilical vein endothelial cells.  Early experiments showed that IL-1 treatment of cultured endothelial cells elicited a protein synthesis-dependent phenotype change, resulting in a prothrombotic and hyperadhesive cell surface properties, which was one of the first examples of endothelial cell activation in vitro.  Subsequent studies involved production of monoclonal antibodies to IL-1-inducible endothelial cell antigens and antibody adhesion blocking assays to determine which of the activation antigens were leukocyte adhesion molecules.  This approach identified a neutrophil adhesion molecule designated endothelial-leukocyte adhesion molecule-1 (ELAM-1) and subsequently renamed E-selectin.  Monoclonal antibodies to E-selectin were also used to characterize its biochemical properties, expression patterns in human and experimental tissues and in expression cloning of the cDNA (27).  Vascular cell adhesion molecule-1 (VCAM-1) was discovered using a novel expression cloning strategy, in which a cDNA library from cytokine-activated endothelial cells was expressed in COS cells and plasmids were extracted  from transfected cells that supported leukocyte adhesion (28).  Other endothelial cell adhesion molecules were initially identified in other cell types.  These include P-selectin, identified in platelets and intercellular adhesion molecule-1 (ICAM-1), in leukocytes (reviewed in (23)).


Leukocyte adhesion molecules expressed by endothelial cells can be classified into three general categories based on their expression pattern (Table 2).  Adhesion molecules, such as ICAM-2 and PECAM-1, are expressed constitutively on the endothelial cell surface and their expression levels are not upregulated by treatment with inflammatory cytokines.  PECAM-1 is unique in that it is localized to endothelial junctions, a feature that may contribute to its role in leukocyte transendothelial migration.  Expression of E-selectin, VCAM-1 and ICAM-1 is upregulated by inflammatory cytokines or LPS through induction of transcription, although the kinetics and duration of induced expression of each molecule is different.  P-selectin was originally described in alpha granules of platelets.  In endothelium it is present constitutively on the membrane of Weibel-Palade granules and can be rapidly translocated to the plasma membrane on exposure of cells to thrombin, histamine, PAF, oxidants and hypoxia.  This occurs within minutes, does not require protein synthesis, and depends on increased concentrations of cytosolic calcium.  P-selectin molecules can be recycled back to the cytoplasmic storage pool.  Activation of endothelium by inflammatory cytokines induces P-selectin transcription and increases its expression on the cell surface.

Selectins and Selectin Ligands


Selectins are highly homologous type 1 transmembrane glycoproteins that share structurally related domains, which include a N-terminal calcium-dependent lectin, EGF-like, variable number of compliment regulatory repeats, transmembrane and C-terminal cytoplasmic domain (23,29).  Selectins are designated as E (endothelial), P (platelet) and L (leukocyte) based on their expression and the genes are clustered on the long arm of chromosome 1.  E-selectin expression is restricted to activated endothelial cells, and L-selectin to leukocytes.  Although L-selectin is expressed constitutively, stimulation of leukocytes by chemoattractants induces its proteolytic cleavage and shedding.  P-selectin is expressed by platelets and endothelium.  The cytoplasmic domain of each selectin is distinct.  This domain targets P-selectin molecules to ( granules in platelets and Weibel-Palade bodies in endothelium, and L-selectin to the tips of lymphocyte microvilli and ruffles on myeloid cells.  Selectins bind ligands via the N-terminal lectin domain.  Their ligands are sialylated carbohydrate determinants closely related to sialyl-Lewisx (sialyl-CD15) and its isomer sialyl-Lewisa, which are linked to mucin-like molecules, such as P-selectin glycoprotein ligand (PSGL-1).  PSGL-1 is a 120 kD disulfide-linked dimer expressed on leukocytes and the preferential ligand for P-selectin, although it can bind other selectins.  E-selectin ligand-1 (ESL-1) has been identified, however it is not clear if it is expressed on the leukocyte surface and thus whether it is relevant to leukocyte emigration.  L-selectin recognizes sulfated and sialylated CD15 on several mucin-like molecules expressed by lymph node high endothelial venules.  Several have been identified, including glycosylation-dependent cell adhesion molecule 1 (GlyCAM-1), which is secreted, and CD34 and podocallixin, which are on the cell surface (30,31).

Immunoglobulin Gene Superfamily and Integrins


VCAM-1, the ICAMs and PECAM-1 are members of the immunoglobulin gene superfamily.  They are type 1 transmembrane proteins that contain multiple domains homologous to variable and constant domains of the immunoglobulin genes.  These domains are composed of a sandwich of 2 (-sheets stabilized by a conserved disulfide bond.  VCAM-1, ICAM-1 and ICAM-2 bind leukocyte integrins, whereas PECAM-1 supports homotypic adhesive interactions (23).  The biological function of immunoglobulin gene superfamily members is regulated primarily by their expression patterns.


Leukocyte integrins are heterodimeric transmembrane proteins composed of non-covalently associated ( and ( chains.  Over 20 different integrins have been identified; however two groups of integrins are relevant to leukocyte emigration.  These include (2 integrins, which are exclusively expressed by leukocytes and (4 integrins.  Four types of (2 integrins have been identified.  Of these, (L(2 (LFA-1) and (M(2 (Mac-1) have been studied most extensively.  Integrins are expressed on the cell surface of leukocytes and are also stored in cytoplasmic granules of granulocytes and monocytes.  LFA-1 and (d(2 are expressed by all leukocyte types, whereas Mac-1 and (X(2 are expressed by myeloid cells.  (4 integrins include (4(1 and (4(7.  They are expressed on the cell surface of all circulating leukocytes except mature human neutrophils and like L-selectin are localized to the tips of microvilli of lymphoid and ruffles of myeloid cells.


Integrins are highly dynamic molecules.  Their activition state determines binding of ligands (32).  Modulation of integrin function provides a regulatory mechanism by which leukocyte adhesion to endothelium is strengthened or weakened at different stages of emigration.  Integrins have low ligand-binding activity on circulating leukocytes, however they are “activated” in a highly regulated manner while undergoing emigration during inflammation or physiological trafficking.  The process by which extracellular stimuli modulate integrin adhesive function has been referred to as inside-out signaling.  Inside-out signals are produced by stimulation of a wide array of leukocyte receptors.  During leukocyte emigration, potential mechanisms of integrin activation include signaling by chemokine or chemoattractant receptors (Fig. 2), binding of L-selectin to endothelial ligands and outside-in signaling by other integrins.  Integrin ligand-binding capacity can be up-regulated in two ways – by increasing integrin affinity and/or avidity.


The affinity of an integrin is determined by its molecular conformation, since this influences the nature of the bond between each integrin molecule and its ligand (Fig. 3).  A number of recent advances have provided insights to the structural basis for integrin conformational changes (REFs).  High affinity integrins form persistent bonds with ligands, whereas low affinity bonds are transient.  Therefore, high, but not low, affinity integrins can be detected by binding of soluble ligands or peptides (reviewed in (33)).  Conformation changes and ligand binding by integrins result in exposure of previously masked epitopes that can be detected with monoclonal antibodies.


Integrin avidity refers to the number of simultaneous bonds that integrins on a cell can form with ligand.  Multiple simultaneous bonds strengthen cell adhesion irrespective of whether each bond is transient or persistent (low or high affinity).  Relatively few high affinity bonds can mediate persistent cell adhesion, whereas alignment of many receptor-ligand pairs is necessary for adhesive interactions mediated solely by increased integrin avidity (32).  Multivalent ligand binding can be enhanced by the release of integrins from the cytoskeleton resulting in rapid diffusion in the cell membrane, by active clustering of integrins, by increased cell spreading and contact area, and by a high density of ligand (Fig. 4).

Adhesion Molecules and Leukocyte Emigration


Different adhesion molecules mediate each stage of leukocyte emigration (Table 3).  This knowledge is based on intravital microscopy experiments, in which function blocking antibodies or genetically engineered mice lacking specific adhesion molecules were used, as well as in vitro studies where interactions between leukocytes and purified adhesion molecules immobilized on a surface were observed.  Interactions of selectins with sialyl-Lewisx,a and VCAM-1 with (4 integrins mediate leukocyte tethering and rolling  (23-26).  L-selectin, PSGL-1 and (4 integrins are localized on the tips of leukocyte ruffles or microvilli; thus they are strategically positioned to mediate the initial interactions with endothelium.  The transition from rolling to arrest, firm (stable) adhesion and transendothelial migration is mediated by leukocyte integrin binding to members of the immunoglobulin gene superfamily.  At these stages, leukocyte activation and modulation of integrin ligand binding activity plays a key role.  PECAM-1 and CD99 contribute to leukocyte transendothelial migration.

Chemokines


Chemokines are small, heparin-binding proteins that direct the migration of circulating leukocytes to sites of inflammation or injury (reviewed in (34-37)).  There are 40-50 human chemokines, and these can be divided into four families, based on differences in their structure and function (Table 4).  The largest family is known as the CC chemokines, because the first two of the four conserved cysteines residues that are characteristic of chemokines are adjacent to each other.  CC chemokines tend to attract mononuclear cells and are found at sites of chronic inflammation.  The most thoroughly characterized CC chemokine is monocyte chemoattractant protein 1 (MCP-1), which is a potent agonist for monocytes, memory T cells, and basophils.  As we will see in the sections that follow, MCP-1 has been recently implicated as a key player in the recruitment of monocytes from the blood into early atherosclerotic lesions.  Other members of the CC family include RANTES, MIP-1(, and MIP-1(.  The CXC family of chemokines, of which IL-8 is the prototypic member, mediate acute inflammation, and attract polymorphonuclear leukocytes.  CXC chemokines have a single amino acid residue interposed between the first two canonical cysteines.  Lymphotactin is the sole member of the C family of chemokines, and attracts lymphocytes.  The fourth family is the CX3C family, of which fractalkine is the only known member.   In fractalkine, a soluble chemokine domain similar in structure to other chemokines is fused to a mucin-like stalk and a transmembrane domain.  Thus, unlike other chemokines, fractalkine is a type 1 transmembrane protein.  Fractalkine can be cleaved from the cell membrane to release a soluble protein which is a potent chemoattractant for monocytes and T cells.  Finally, CXCL16 a second chemokine with an architecture similar to fractalkine, has been identified.


Many of the chemokines are rapidly inducible, early response genes; MCP-1 and IL-8 are examples of these.  These chemokines have little or no constitutive expression, but are rapidly upregulated in response to cytokines such as TNF-( or LPS.  These chemokines have been referred to as “inflammatory chemokines”, in part because they are often present at sites of inflammation.  Virtually any parenchymal cell can synthesize and secrete these chemokines if activated by the appropriate cytokines.  Fractalkine is expressed on activated endothelial cells and smooth muscle cells, and as discussed in ensuing sections, is also likely to be involved in monocyte recruitment to the vessel wall in atherosclerosis.  Other chemokines are produced constitutively to regulate normal homeostatic processes.  Examples of these are the CC chemokines SLC and ELC, which are made in secondary lymphoid tissues, and direct the trafficking of naïve T cells in the lymph nodes and the spleen.


Chemokines exert their effects on cells through activation of seven transmembrane domain G-protein coupled receptors.  Whether or not a leukocyte responds to a particular chemokine is determined by its complement of chemokine receptors.  Chemokine binding activates a signal transduction cascade that results in activation of PI3 kinase to increase levels of IP3, elevation of intracellular calcium, activation of Rho, and MAP kinases, and eventually leads to actin re-arrangement, shape change and cell movement.  The precise signaling pathways that lead to chemotaxis are not yet fully understood, but rely on activation of the G(i protein as the initial link to the activated receptor, and appear to be dependent upon activation of one or more isoforms of PI3-kinase.  Treatment of cells with pertussis toxin, which prevents receptor coupling to G(i, blocks chemotaxis.


As discussed earlier, the movement of leukocytes from the blood to the subendothelial space can be envisioned to be a four-step process.  Chemokines can facilitate at least two steps of this process.  First, certain chemokines can directly capture cells rolling along the blood vessel wall, and thus complement the function of the selectins.  Fractalkine does this particularly well, in part because its unique architecture serves to position the chemokine domain above the glycocalyx of the cell, and in good position to interact with its cognate receptor on monocytes and T cells.  Cell capture by fractalkine is not dependent upon receptor activation, and is not blocked by pertussis toxin. IL-8 is also very efficient at capturing cells under flow conditions.  How IL-8 and other typical soluble chemokines are presented to circulating cells is not firmly established, but they may be transported by endothelial cells from the extravascular space to the luminal surface, where they can associate with heparin sulfate proteoglycans (38,39).


Chemokines also contribute to cell capture by activating integrins on the leukocyte.  Integrin activation results in the firm adherence of leukocytes to the endothelium, and chemokine receptor activated signaling pathways result in inside-out integrin activation.  Unlike direct cell capture, chemokine-dependent activation of integrins is dependent upon receptor activation, and is blocked by pertussis toxin.  An example of this is the activation of Mac-1 ((M/(2, CD11b/CD18) for ICAM-1 binding by the chemokine RANTES.  In addition to increasing integrin affinity, chemokines can facilitate cell capture by inducing clustering of integrins on the leukocyte surface, without direct effects of integrin-ligand affinities.  Microclustering of (4/(1 integrins is also dependent upon G(i signaling.

Specificity of Leukocyte Emigration


A combination of factors determines which leukocyte subtypes are recruited in different inflammatory responses.  Neutrophils are the predominant leukocytes recruited in acute inflammation, whereas in chronic inflammation it’s lymphocytes and monocytes, and in allergic reactions and parasitic infections it’s eosinophils.  The specificity of leukocyte recruitment is regulated by the inflammatory stimulus, repertoire cytokines and chemokines that are produced, the expression pattern of endothelial cell adhesion molecules, and the type of vascular bed that is involved.  Chemokines orchestrate the movement of virtually all types of leukocytes throughout the body.  Specificity of emigration is achieved through a combination of the chemokine produced in response to the inflammatory stimulus, the expression pattern of receptors on different leukocytes, and the particular selectins and integrins present on endothelium.  This paradigm applies equally well to normal homeostatic processes such as the re-circulation of lymphocytes through lymph nodes and spleen, to classic inflammatory settings, such as acute and chronic infection, and as discussed below, to diseases in which leukocyte recruitment contributes to pathogenesis, such as atherosclerosis.


The anatomic features and hemodynamic conditions of the blood vessel involved by inflammation can influence the functions of adhesion molecules at different stages of leukocyte emigration.  Rolling is an essential step for leukocyte recruitment when blood flow is laminar, as in postcapillary venules.  Selectins mediate leukocyte tethering and rolling under these conditions, but are only minimally functional if blood flow decreases to near static conditions.  In contrast, LFA-1 usually does not contribute to early leukocyte-endothelial interactions, but can mediate rolling when stress is low.  During acute inflammation in lungs, a significant component of neutrophil emigration occurs through the capillary plexus.  Because the diameter of capillaries is slightly smaller than that of neutrophils, these leukocytes must deform during passage through this vascular bed and rolling is not an important feature of emigration.  In arteries, hemodynamic conditions, such as high shear forces and regions of disturbed flow, may also influence early stages of leukocyte emigration.  Finally, adhesion inhibitors, such as nitric oxide, transforming growth factor ( and lipoxins participate in regulating leukocyte emigration.

Functions of adhesion molecules and chemokines in atherosclerosis


During atherogenesis, the trapping and oxidation of low density lipoproteins in the arterial intima (40) initiates an inflammatory response leading to the emigration of mononuclear leukocytes from the blood, which is a key feature of initiation and progression of atherosclerotic plaques.  The paradigms for leukocyte recruitment to the arterial wall during atherogenesis are likely similar to those proposed for a variety of inflammatory and immune processes in postcapillary venules; however, there may be important differences in the contribution of individual adhesion molecules and chemokines.  In the last decade, research has progressed from descriptive studies on the expression patterns of adhesion molecules and chemokines in atherosclerotic lesions to functional studies predominantly using mice with an engineered molecular overexpression or deficiency.  Because experimental atherosclerotic lesions develop over a period of weeks to months, genetic approaches were used for evaluating functions of molecules.  However, leukocyte recruitment has not been directly evaluated in mouse models of atherosclerosis.  Instead, atherosclerotic lesion size, area, cellular composition and histological features are assessed and an assumption is made that lesion size directly correlates with the magnitude of leukocyte recruitment.  In many instances, this reasoning is probably correct, however adhesion molecules and chemokines are expressed by cells within plaques in addition to endothelium and may influence the biology of leukocytes within lesions.  The recruitment of leukocytes versus their survival and proliferation in atherosclerotic lesions has not been addressed.  In spite of this limitation, important insights have been gained into the role of different adhesion molecules and chemokines, and these data will be reviewed in this section.

Expression of adhesion molecules and chemokines in atherosclerosis


The formation of foam cell-rich lesions during hypercholesterolemia appears to be a highly regulated process during which the vascular endothelium remains intact and regulates leukocyte recruitment into the intima.  Studies in the early 1990s identified upregulated expression of VCAM-1 on endothelial cells overlying early atherosclerotic lesions in rabbits and provided the first molecular evidence of endothelial cell activation during atherosclerosis (41).  Subsequent studies characterized the expression patterns of VCAM-1 and other adhesion molecules in rabbit and mouse models of atherosclerosis.  In aortas of normal chow-fed rabbits and wild-type mice, VCAM-1 and ICAM-1, but not E-selectin, were expressed by endothelial cells in regions predisposed to atherosclerotic lesion formation, such as the lesser curvature of the aortic arch and downstream of artery ostia (42).  In the setting of hypercholesterolemia, VCAM-1 and ICAM-1 protein expression is increased in endothelial cells (42-44) and increased steady-state mRNA levels of VCAM-1 and ICAM-1, but not E-selectin, were detected in the aorta (42).  Increased VCAM-1 expression in endothelium is an early event in atherogenesis, occurring within one week following the initiation of a hypercholesterolemic diet in rabbits and preceding detectable intimal monocyte/macrophage accumulation (Li et al., 1993).  Endothelial cell expression of VCAM-1 and ICAM-1 is prominent at and adjacent to lesion borders and variable over the surface of lesions.  ICAM-1 staining extended into the uninvolved aorta, in contrast to VCAM-1, which was generally restricted to lesions.


In early lesions, VCAM-1 and ICAM-1 are expressed predominantly by endothelium, whereas in more advanced lesions abundant expression is found in intimal cells (42).  Neointimal smooth muscle cells near the surface and base of intimal lesions and in the medial smooth muscle cells adjacent to the internal elastic lamina express VCAM-1 as do cultured rabbit and human arterial vascular smooth muscle cells when treated with appropriate cytokines (45).  The pathophysiological function of VCAM-1 in smooth muscle cells remains unknown.  Possibilities include retention of mononuclear leukocytes within lesions, signaling via (4 integrins on leukocytes to activate cytokine and protease production, or simply it may be a marker of smooth muscle cell migration, activation, or differentiation.


Several studies utilized immunohistochemistry to examine the expression patterns of leukocyte adhesion molecules in human atherosclerotic plaques obtained at autopsy or from hearts of transplant recipients.  Unlike the rabbit models, where early lesions were examined, the human atherosclerotic plaques were generally advanced.  In all cases, ICAM-1 expression was found in endothelial cells over plaques and in intimal smooth muscle cells and macrophages (46-50).  In advanced human coronary artery plaques, VCAM-1 was expressed focally by luminal endothelial cells, usually in association with inflammatory infiltrates (50,51).  Focal endothelial VCAM-1 expression was also found in uninvolved vessels with diffuse intimal thickening.  Within plaques, VCAM-1 was expressed by subsets of smooth muscle cells and macrophages and by endothelial cells of neovasculature.  The variability of VCAM-1 expression in human atherosclerotic lesions, apart from possible technical difficulties with detection, may reflect states of plaque activity or quiescence with regard to leukocyte recruitment.  In contrast to rabbit models, where relatively high levels of hypercholesterolemia are maintained by an atherogenic diet and intimal lesion growth is progressive, humans with atherosclerosis generally have low levels of hypercholesterolemia and human plaque expansion as a result of leukocyte recruitment may develop at intervals.


In rabbit models, increased expression of P-selectin by endothelium precedes lesion formation and is sustained (44).  In contrast, E-selectin expression was found in only occasional cells overlying lesions (42,44), but may be more prominent in an alloxan diabetic model (52).  E-selectin expression was variable in human atherosclerosis (48-50).  Caution should be applied to the interpretation of these data, since one of the antibodies to human E-selectin used in these studies (BBA 1) was subsequently found to cross-react with P-selectin.

Mononuclear leukocytes can respond chemotactically to numerous substances including peptides, lipids and modified plasma components.  Monocyte chemotactic activities have been isolated from atherosclerotic lesions in hypercholesterolemic swine and pigeons (53,54).  These activities may result from modification of plasma lipoproteins, and from chemokines produced locally in the arterial wall by endothelium, smooth muscle and infiltrating leukocytes.  MCP-1 is a key mediator of monocyte chemotaxis and its expression has been detected in human and experimental atherosclerotic plaques (55,56).  Many other chemokines and chemoattractants have been found in human and experimental atherosclerotic lesions, including IL-8 and RANTES, fractalkine and M-CSF (57-63).  In addition to acting locally, M-CSF may stimulate increased monocyte production by the bone marrow and account for the monocytosis in hypercholesterolemic animals (64).

Mouse models of atherosclerosis


Mouse models are currently at the forefront in the study of atherosclerosis due to the availability of multiple genetic approaches to overexpress or suppress the expression of genes in mice in a global or tissue-specific manner.  These include conventional and conditional tissue-specific transgenesis, conventional and tissue-specific (Cre-lox) gene inactivation through homologous recombination in embryonic stem cells, and bone marrow transplantation.  Normal mice are resistant to developing diet-induced hypercholesterolemia.  Some strains, such as C57BL/6, develop foam cell lesions only in the aortic root when placed on a hypercholesterolemic diet containing cholate.  In contrast, low density lipoprotein receptor deficient (LDLR-/-) (65) and apolipoprotein E deficient (ApoE-/-) mice (66,67) develop marked hypercholesterolemia and atherosclerotic lesions throughout the aorta.  Their lesions have morphological features that closely resemble human atherosclerosis (68-70), suggesting that pathogenic mechanisms similar to human atherosclerosis may be involved.  LDLR-/- mice fed a normal chow diet have only a two-fold elevation in plasma cholesterol (primarily IDL/LDL fraction) and do not develop lesions (65).  When fed a cholesterol-enriched diet these mice develop marked hypercholesterolemia, with increased VLDL, IDL and LDL and decreased HDL, and readily develop lesions throughout the aorta (71,72).  Therefore, cholesterol feeding in the LDLR-/- model enables precise timing of lesion initiation.  ApoE-/- mice spontaneously develop hypercholesterolemia (400-500 mg/dl, predominantly VLDL) and atherosclerotic lesions when fed a normal chow diet; however, on a “Western-type” diet (0.15% cholesterol, 21% fat), the hypercholesterolemia is pronounced (>1500 mg/dl) and lesions develop more rapidly (66).

Adhesion molecules in atherosclerosis


During the 1990s, many lines of mice with an endothelial cell or leukocyte adhesion molecules deficiency have been developed (reviewed in (73)) and the contribution of these adhesion molecules in atherogenesis has been investigated.  Mice were backcrossed into the ApoE-/- or LDLR-/- background and the extent of atherosclerotic lesion formation was assessed by estimating the volume of lesions in the aortic root or determining the surface area of the aorta occupied by lesions.  The histological features of lesions and their cellular composition were also determined.


P-selectin deficiency in the LDLR-/- background had a modest effect in male but not female mice (74) and the effect was greater in the ApoE-/- background (75-77).  For example, at 4 months of age in the ApoE-/- background, P-selectin-deficient group had 3.5-fold smaller aortic sinus lesions than P-selectin wild type group.  In the P-selectin deficient group, lesions were limited to fatty streaks and contained fewer macrophages (76).  By 15 months, progression to fibrous plaques was observed throughout the aorta in both groups, although lesions in the aortic sinus were smaller and less calcified in the P-selectin deficient group.  E-selectin deficiency had a relatively small effect on lesion formation (75).  Mice with combined P- and E-selectin deficiency had less lesion formation that P-selectin-/- alone (78).  Platelets may also contribute to atherogenesis (77,79-81).  P-selectin is involved in mediating the adhesion of activated platelets to endothelial cells and leukocytes (81), deposition of platelet chemokines (82), and soluble P-selectin, derived primarily form endothelial cells, induces the formation of procoagulant microparticles (77).


Deficiency of VCAM-1 or (4 integrin results in embryonic lethality (83-85).  During embryogenesis these molecules mediate the fusion of the allantois to the chorion.  This is because VCAM-1 is normally expressed on the tip of the allantois, which subsequently forms the umbilical cord and the fetal vasculature of the placenta, whereas 4 integrin is expressed on the chorion.   The embryonic lethality of VCAM-1 null mice was circumvented by generating mice that express a mutant form of VCAM-1 at markedly reduced levels.  Approximately 25% of these VCAM-1 domain 4-deficient (VCAM-1 D4D) mice were viabile, which was sufficient for breeding them into the LDLR-/- background.  Mice were fed a 1.25% cholesterol-enriched diet for 8 weeks and en face analysis of oil red O-stained aortas revealed reduced lesion area compared to VCAM-1+/+ mice (86).  VCAM-1 D4D mice were also bred into the Apo E-/- background and lesion formation in the aortic root was quantified.  These studies revealed a VCAM-1 gene dosage effect on aortic root atherosclerotic lesions at 16 weeks of age.  The aortic root lesion area was reduced by 84% and 56% in VCAM-1D4D/D4D and VCAM-1+/D4D mice, respectively, and lesions in VCAM-1D4D/D4D mice were limited to very small nascent fatty streaks (87).  Together these studies suggest that VCAM-1 has a critical role in atherogenesis.  Similarly its ligand, the (4 integrin, should have an important function in atherosclerosis.  This has been difficult to test, since mice deficient in (4 integrin are not viable.  However, data supporting this have been generated using infusion of (4 integrin blocking peptide, which reduced lesion formation in mice (88).  VCAM-1 and (-4 integrin were also key mediators of U937 cell rolling and adhesion in an ex vivo perfusion model of the carotid artery bifucation harvested from ApoE-/- mice (89).


In contrast to VCAM-1, ICAM-1 appears to have minor role in the formation of early atherosclerotic lesions.  In experiments carried out in parallel with VCAM-1 D4D mice, ICAM-1 deficient mice in the LDLR-/- background had comparable lesion formation in the aorta to wild-type littermate controls (86).  In the ApoE-/- background, deficiency of ICAM-1 reduced the extent of aortic lesions, but to a lesser degree than P-selectin (75).  Leukocyte CD11b expression was not essential for the development of atherosclerosis (90).

Chemokines in atherosclerosis


Fatty streaks, the hallmark of early atherosclerotic lesions, are composed of lipid-laden macrophages, or foam cells.  Studies in swine, nonhuman primates and mice indicate that circulating blood monocytes are the precursors of these foam cells (91-93).  Recent work has revealed that several members of the chemokine family play important roles in recruiting monocytes from the blood to the vessel wall.  Insights into the mechanism governing monocyte migration into the blood vessel wall initially came from studies in which MCP-1 was found in macrophage-rich atherosclerotic plaques (94,95).  Oxidized lipids have long been implicated as important mediators of atherosclerosis and foam cell formation (96), and minimally oxidized LDL, but not native LDL, induces MCP-1 production in vascular wall cells such as endothelial cells and smooth muscle cells (97).  Chemokines thus emerged as a possible molecular link between oxidized lipoproteins and foam cell recruitment to the vessel wall.


Studies in transgenic mice overexpressing MCP-1 and mice in which either MCP-1 or CCR2 have been genetically deleted have provided strong evidence in support of this hypothesis. In bone marrow transplantation studies in mice, overexpression of MCP-1 in the blood vessel wall macrophages leads to increased foam cell formation, and increased atherosclerosis (98).  Similarly, deletion of MCP-1 in mice blocked the progression of dietary-induced atherosclerosis  ADDIN EN.CITE <EndNote><Cite><Author>Gosling</Author><Year>1999</Year><RecNum>12516</RecNum><MDL><REFERENCE_TYPE>0</REFERENCE_TYPE><AUTHORS><AUTHOR>J Gosling</AUTHOR><AUTHOR>S Slaymaker</AUTHOR><AUTHOR>L Gu</AUTHOR><AUTHOR>S Tseng</AUTHOR><AUTHOR>C H Zlot</AUTHOR><AUTHOR>S G Young</AUTHOR><AUTHOR>B J Rollins</AUTHOR><AUTHOR>I F Charo</AUTHOR></AUTHORS><YEAR>1999</YEAR><TITLE>MCP-1 deficiency reduces susceptibility to atherosclerosis in mice that overexpress human apolipoprotein B</TITLE><SECONDARY_TITLE>J. Clin. Invest.</SECONDARY_TITLE><VOLUME>103</VOLUME><PAGES>773&#x2013;778</PAGES><KEYWORDS><KEYWORD>JG773</KEYWORD></KEYWORDS></MDL></Cite></EndNote>(99)(100,101).  CCR2 is the only known receptor for MCP-1, and deletion of CCR2 in mice afforded significant protection from both macrophage accumulation, and atherosclerotic lesion formation in response to a high-fat diet (102,103).  Finally, recent studies have shown that treatment of mice with an MCP-1 antagonist resulted in a reduction in dietary induced atherosclerosis (104).  Collectively, these studies provide strong evidence that activation of CCR2 by MCP-1 plays an important role in monocyte recruitment into early atherosclerotic lesions and suggest that interruption of the MCP-1/CCR2 axis can reduce lesion formation.


The degree to which monocytes respond to MCP-1 is influenced by the number of CCR2 receptors on their surface, and recent studies indicate that lipoproteins contribute to the regulation of CCR2 expression. Individuals with hypercholesterolemia have higher levels of CCR2 on their monocytes; CCR2 expression correlates positively with plasma LDL cholesterol levels, and negatively with plasma high density plasma lipoprotein (HDL) levels (105,106). These findings suggest that high cholesterol levels lead to increased sensitivity of monocyte/macrophages to MCP-1, thereby increasing the movement of blood monocytes into early atherosclerotic lesions. The subsequent downregulation of CCR2, as monocytes differentiate into macrophages, might then serve to keep the monocyte/macrophages in the lesion. 


Oxidized lipids, which accumulate in early atherosclerotic lesions and induce production of MCP-1, also influence the level of CCR2 expression on monocytes.  Unlike native LDL which upregulates CCR2, oxidized lipids downregulate CCR2 (105).  The mechanism for this downregulation may involve the binding and internalization of oxidized lipids by CD36, a scavenger receptor, and subsequent activation of the peroxisome proliferator-activated receptor (PPAR)-, a member of the nuclear hormone receptor family.  Indeed, purified components of oxidized lipids, such as 9-hydroxyoctadecadienoic acid (9-HODE) and 13-HODE are known to activate PPAR-  Furthermore, rosiglitazone, a synthetic ligand that activates PPAR-, decreases CCR2 expression on monocytes (107).  Systemic administration of rosiglitazone inhibits the development of atherosclerosis in mice, consistent with its effects on CCR2 expression (108).  Further evidence for the importance of MCP-1/CCR2 in atherosclerosis comes from the observation that individuals who are homozygous for the –2518 G/G allele in the MCP-1 regulator region, a change that leads to increased levels of MCP-1 mRNA, have a higher incidence of coronary artery disease (109). Although provocative, this study included relatively small groups of patients, and the clinical relevance of this polymorphism will have to be verified in larger studies. 


At least two other chemokines, IL-8 and fractalkine have been directly linked to the development of early atherosclerotic lesions. IL-8 is perhaps the best characterized of the neutrophil chemoattractants, but recent studies have demonstrated that it is also a monocyte agonist and is present in macrophage-rich atherosclerotic plaques.  Bone marrow transplantation has been used to repopulate LDLR-/- mice with cells that either lacked or overexpressed CXCR2, the murine IL-8 receptor (110).  After feeding mice an atherogenic diet, the investigators noted a decrease in both macrophage accumulation and atherosclerotic lesion size in mice that lacked CXCR2.  In addition to its role as a chemoattractant, IL-8 was recently shown to trigger the arrest of monocytes under flow conditions (111).  This effect did not correlate with either chemotaxis or the induction of an intracellular calcium flux and may thus be mediated by novel signaling pathways.  Taken together, these data provide strong evidence that IL-8 plays a pivotal role in monocyte capture and in the initiation of atherosclerotic lesions.


Fractalkine is a novel chemokine composed of a chemokine-like domain fused to a mucin stalk (112).  Fractalkine has a transmembrane domain and exists both as a full-length immobilized protein and, after cleavage at a site(s) near the plasma membrane, as a soluble protein.  Full-length transmembrane fractalkine is an efficient cell-adhesion molecule and can capture cells expressing its cognate receptor (CX3CR1) under physiologically relevant flow conditions (113,114).  Fractalkine is present in atherosclerotic lesions, and the M280 polymorphism of its receptor CX3CR1 has been linked to a decrease in the incidence of coronary artery disease in humans and exhibits lower fractalkine binding (115,116).  Mice with genetic deficiency of CX3CR1 have been created and crossed into the ApoE-/- background, and like the CCR2 and IL-8 receptor null mice, show substantially smaller lesions throughout the aorta in dietary induced atherosclerosis (117,118).  Thus, in addition to MCP-1 and IL-8, fractalkine appears to a third member of the chemokine family intimately involved in fatty streak formation.


It is not clear at this point if each of these chemokines is acting independently, or in concert with each other, and this remains an area of intense investigation.  For example, it is possible that MCP-1 and IL-8 are acting primarily as chemoattractants, and that full-length, membrane bound fractalkine is acting as a cell adhesion molecule.  This is only one of many possible scenarios, however.  Other chemokines may also participate in atherogenesis.  For example, the chemokine KC (mouse GRO-( or CXCL2), but not MCP-1, triggers (4 integrin-dependent monocyte arrest on atherosclerotic endothelium (119).  It should be emphasized that the effects of chemokines in atherosclerosis are not exerted through changes in the cholesterol level or the lipoprotein profile.  While it is clear that lipids are a major factor in the pathogenesis of atherosclerosis, these recent findings suggest that one of the effects of hyperlipidemia may be to cause monocyte/macrophage recruitment through upregulation of chemokines.  


A thorough understanding of mechanisms of leukocyte recruitment to atherosclerotic plaques will provide the basis for effective therapeutic interventions in patients, with the goal of inhibiting lesion formation, reducing the risk of thrombotic complications and diminishing the morbidity and mortality associated with this disease process.

Acknowledgements


Supported by the Heart and Stroke Foundation of Ontario grant T 4608 (MIC), the Canadian Institutes of Health Research grant MOP-14151 (MIC) and the National Institutes of Health, National Heart, Lung, and Blood Institute grants HL52773 and HL63894 (IFC).  Dr. Cybulsky is a recipient of a Career Investigator Award from the Heart and Stroke Foundation of Ontario.

References

1.
Munro JM, Cotran RS. The pathogenesis of atherosclerosis: atherogenesis and inflammation. Lab. Invest., 1988, 58:249-61.

2.
Ross R. The pathogenesis of atherosclerosis--an update. N. Engl. J. Med., 1986, 314:488-500.

3.
Ross R. Atherosclerosis - an inflammatory disease. N. Engl. J. Med., 1999, 340:115-26.

4.
Gimbrone MA, Jr., Cybulsky MI, Kume N, Collins T, Resnick N. Vascular endothelium. An integrator of pathophysiological stimuli in atherogenesis. Ann N Y Acad Sci, 1995, 748:122-31; discussion 131-2.

5.
Lusis AJ. Atherosclerosis. Nature, 2000, 407:233-41.

6.
Glass CK, Witztum JL. Atherosclerosis. the road ahead. Cell, 2001, 104:503-16.

7.
Steinberg D. Atherogenesis in perspective: hypercholesterolemia and inflammation as partners in crime. Nat Med, 2002, 8:1211-7.

8.
Libby P. Inflammation in atherosclerosis. Nature, 2002, 420:868-74.

9.
Walker LN, Reidy MA, Bowyer DE. Morphology and cell kinetics of fatty streak lesion formation in the hypercholesterolemic rabbit. Am J Pathol, 1986, 125:450-9.

10.
Smith JD, Trogan E, Ginsberg M, Grigaux C, Tian J, Miyata M. Decreased atherosclerosis in mice deficient in both macrophage colony-stimulating factor (op) and apolipoprotein E. Proceedings of the National Academy of Sciences of the United States of America, 1995, 92:8264-8.

11.
Qiao JH, Tripathi J, Mishra NK, Cai Y, Tripathi S, Wang XP, Imes S, Fishbein MC, Clinton SK, Libby P, Lusis AJ, Rajavashisth TB. Role of macrophage colony-stimulating factor in atherosclerosis: studies of osteopetrotic mice. American Journal of Pathology, 1997, 150:1687-99.

12.
de Villiers WJ, Smith JD, Miyata M, Dansky HM, Darley E, Gordon S. Macrophage phenotype in mice deficient in both macrophage-colony- stimulating factor (op) and apolipoprotein E. Arterioscler Thromb Vasc Biol, 1998, 18:631-40.

13.
Rajavashisth T, Qiao JH, Tripathi S, Tripathi J, Mishra N, Hua M, Wang XP, Loussararian A, Clinton S, Libby P, Lusis A. Heterozygous osteopetrotic (op) mutation reduces atherosclerosis in LDL receptor- deficient mice. J. Clin. Invest., 1998, 101:2702-10.

14.
Suzuki H, Kurihara Y, Takeya M, Kamada N, Kataoka M, Jishage K, Ueda O, Sakaguchi H, Higashi T, Suzuki T, Takashima Y, Kawabe Y, Cynshi O, Wada Y, Honda M, Kurihara H, Aburatani H, Doi T, Matsumoto A, Azuma S, Noda T, Toyoda Y, Itakura H, Yazaki Y, Kodama T. A role for macrophage scavenger receptors in atherosclerosis and susceptibility to infection. Nature, 1997, 386:292-6.

15.
Hansson GK. Immune mechanisms in atherosclerosis. Arterioscler Thromb Vasc Biol, 2001, 21:1876-90.

16.
Dansky HM, Charlton SA, Harper MM, Smith JD. T and B lymphocytes play a minor role in atherosclerotic plaque formation in the apolipoprotein E-deficient mouse. Proc Natl Acad Sci U S A, 1997, 94:4642-6.

17.
Song L, Leung C, Schindler C. Lymphocytes are important in early atherosclerosis. J Clin Invest, 2001, 108:251-9.

18.
Zhou X, Nicoletti A, Elhage R, Hansson GK. Transfer of CD4(+) T cells aggravates atherosclerosis in immunodeficient apolipoprotein E knockout mice. Circulation, 2000, 102:2919-22.

19.
Gupta S, Pablo AM, Jiang X, Wang N, Tall AR, Schindler C. IFN-gamma potentiates atherosclerosis in ApoE knock-out mice. J Clin Invest, 1997, 99:2752-61.

20.
Whitman SC, Ravisankar P, Elam H, Daugherty A. Exogenous interferon-gamma enhances atherosclerosis in apolipoprotein E-/- mice. Am J Pathol, 2000, 157:1819-24.

21.
Whitman SC, Ravisankar P, Daugherty A. IFN-gamma deficiency exerts gender-specific effects on atherogenesis in apolipoprotein E-/- mice. J Interferon Cytokine Res, 2002, 22:661-70.

22.
Buono C, Come CE, Stavrakis G, Maguire GF, Connelly PW, Lichtman AH. Influence of interferon-gamma on the extent and phenotype of diet-induced atherosclerosis in the LDLR-deficient mouse. Arterioscler Thromb Vasc Biol, 2003, 23:454-60.

23.
Springer TA. Traffic signals for lymphocyte recirculation and leukocyte emigration: the multistep paradigm. Cell, 1994, 76:301-14.

24.
Butcher EC, Picker LJ. Lymphocyte homing and homeostasis. Science, 1996, 272:60-6.

25.
Campbell JJ, Butcher EC. Chemokines in tissue-specific and microenvironment-specific lymphocyte homing. Curr Opin Immunol, 2000, 12:336-41.

26.
Ley K. Pathways and bottlenecks in the web of inflammatory adhesion molecules and chemoattractants. Immunol Res, 2001, 24:87-95.

27.
Bevilacqua MP, Stengelin S, Gimbrone MA, Jr., Seed B. Endothelial leukocyte adhesion molecule 1: an inducible receptor for neutrophils related to complement regulatory proteins and lectins. Science, 1989, 243:1160-5.

28.
Osborn L, Hession C, Tizard R, Vassallo C, Luhowskyj S, Chi-Rosso G, Lobb R. Direct expression cloning of vascular cell adhesion molecule 1, a cytokine-induced endothelial protein that binds to lymphocytes. Cell, 1989, 59:1203-11.

29.
Patel KD, Cuvelier SL, Wiehler S. Selectins: critical mediators of leukocyte recruitment. Semin Immunol, 2002, 14:73-81.

30.
Rosen SD, Hwang ST, Giblin PA, Singer MS. High-endothelial-venule ligands for L-selectin: identification and functions. Biochemical Society Transactions, 1997, 25:428-33.

31.
Sassetti C, Tangemann K, Singer MS, Kershaw DB, Rosen SD. Identification of podocalyxin-like protein as a high endothelial venule ligand for L-selectin: parallels to CD34. J. Exp. Med., 1998, 187:1965-75.

32.
Hughes PE, Pfaff M. Integrin affinity modulation. Trends in Cell Biology, 1998, 8:359-64.

33.
Chan JR, Hyduk SJ, Cybulsky MI. Detecting rapid and transient upregulation of leukocyte integrin affinity induced by chemokines and chemoattractants. J Immunol Methods, 2003, 273:43-52.

34.
Baggiolini M. Chemokines and leukocyte traffic. Nature, 1998, 392:565-8.

35.
Rollins BJ. Chemokines. Blood, 1997, 90:909-28.

36.
Zlotnik A, Morales J, Hedrick JA. Recent advances in chemokines and chemokine receptors. Crit Rev Immunol, 1999, 19:1-47.

37.
Gerard C, Rollins BJ. Chemokines and disease. Nat. Immunol., 2001, 2:108–115.

38.
Tanaka Y, Adams DH, Hubscher S, Hirano H, Siebenlist U, Shaw S. T-cell adhesion induced by proteoglycan-immobilized cytokine MIP-1 beta. Nature, 1993, 361:79-82.

39.
Middleton J, Neil S, Wintle J, Clark-Lewis I, Moore H, Lam C, Auer M, Hub E, Rot A. Transcytosis and surface presentation of IL-8 by venular endothelial cells. Cell, 1997, 91:385-95.

40.
Skalen K, Gustafsson M, Rydberg EK, Hulten LM, Wiklund O, Innerarity TL, Boren J. Subendothelial retention of atherogenic lipoproteins in early atherosclerosis. Nature, 2002, 417:750-4.

41.
Cybulsky MI, Gimbrone MA, Jr. Endothelial expression of a mononuclear leukocyte adhesion molecule during atherogenesis. Science, 1991, 251:788-91.

42.
Iiyama K, Hajra L, Iiyama M, Li H, DiChiara M, Medoff BD, Cybulsky MI. Patterns of vascular cell adhesion molecule-1 and intercellular adhesion molecule-1 expression in rabbit and mouse atherosclerotic lesions and at sites predisposed to lesion formation. Circ Res, 1999, 85:199-207.

43.
Nakashima Y, Raines EW, Plump AS, Breslow JL, Ross R. Upregulation of VCAM-1 and ICAM-1 at atherosclerosis-prone sites on the endothelium in the ApoE-deficient mouse. Arteriosclerosis, Thrombosis & Vascular Biology, 1998, 18:842-51.

44.
Sakai A, Kume N, Nishi E, Tanoue K, Miyasaka M, Kita T. P-selectin and vascular cell adhesion molecule-1 are focally expressed in aortas of hypercholesterolemic rabbits before intimal accumulation of macrophages and T lymphocytes. Arteriosclerosis, Thrombosis & Vascular Biology, 1997, 17:310-6.

45.
Li H, Cybulsky MI, Gimbrone MA, Jr., Libby P. Inducible expression of vascular cell adhesion molecule-1 by vascular smooth muscle cells in vitro and within rabbit atheroma. American Journal of Pathology, 1993, 143:1551-9.

46.
Poston RN, Haskard DO, Coucher JR, Gall NP, Johnson-Tidey RR. Expression of intercellular adhesion molecule-1 in atherosclerotic plaques. American Journal of Pathology, 1992, 140:665-73.

47.
Printseva O, Peclo MM, Gown AM. Various cell types in human atherosclerotic lesions express ICAM-1. Further immunocytochemical and immunochemical studies employing monoclonal antibody 10F3. American Journal of Pathology, 1992, 140:889-96.

48.
Wood KM, Cadogan MD, Ramshaw AL, Parums DV. The distribution of adhesion molecules in human atherosclerosis. Histopathol., 1993, 22:437-44.

49.
van der Wal AC, Das PK, Tigges AJ, Becker AE. Adhesion molecules on the endothelium and mononuclear cells in human atherosclerotic lesions. American Journal of Pathology, 1992, 141:1427-33.

50.
Davies MJ, Gordon JL, Gearing AJ, Pigott R, Woolf N, Katz D, Kyriakopoulos A. The expression of the adhesion molecules ICAM-1, VCAM-1, PECAM, and E-selectin in human atherosclerosis. J. Pathol., 1993, 171:223-9.

51.
O'Brien KD, Allen MD, McDonald TO, Chait A, Harlan JM, Fishbein D, McCarty J, Ferguson M, Hudkins K, Benjamin CD, Lobb R, Alpers CE. Vascular cell adhesion molecule-1 is expressed in human coronary atherosclerotic plaques. Implications for the mode of progression of advanced coronary atherosclerosis. J. Clin. Invest., 1993, 92:945-51.

52.
Richardson M, Hadcock SJ, DeReske M, Cybulsky MI. Increased expression in vivo of VCAM-1 and E-selectin by the aortic endothelium of normolipemic and hyperlipemic diabetic rabbits. Arteriosclerosis & Thrombosis, 1994, 14:760-9.

53.
Gerrity RG, Goss JA, Soby L. Control of monocyte recruitment by chemotactic factor(s) in lesion-prone areas of swine aorta. Arterioscler., 1985, 5:55-66.

54.
Denholm EM, Lewis JC. Monocyte chemoattractants in pigeon aortic atherosclerosis. American Journal of Pathology, 1987, 126:464-75.

55.
Yla-Herttuala S, Lipton BA, Rosenfeld ME, Sarkioja T, Yoshimura T, Leonard EJ, Witztum JL, Steinberg D. Expression of monocyte chemoattractant protein 1 in macrophage-rich areas of human and rabbit atherosclerotic lesions. Proceedings of the National Academy of Sciences of the United States of America, 1991, 88:5252-6.

56.
Kowala MC, Recce R, Beyer S, Gu C, Valentine M. Characterization of atherosclerosis in LDL receptor knockout mice: macrophage accumulation correlates with rapid and sustained expression of aortic MCP-1/JE. Atheroscler., 2000, 149:323-30.

57.
Reape TJ, Groot PH. Chemokines and atherosclerosis. Atheroscler., 1999, 147:213-25.

58.
Reape TJ, Rayner K, Manning CD, Gee AN, Barnette MS, Burnand KG, Groot PH. Expression and cellular localization of the CC chemokines PARC and ELC in human atherosclerotic plaques. Am J Pathol, 1999, 154:365-74.

59.
Wong BW, Wong D, McManus BM. Characterization of fractalkine (CX3CL1) and CX3CR1 in human coronary arteries with native atherosclerosis, diabetes mellitus, and transplant vascular disease. Cardiovasc Pathol, 2002, 11:332-8.

60.
Greaves DR, Hakkinen T, Lucas AD, Liddiard K, Jones E, Quinn CM, Senaratne J, Green FR, Tyson K, Boyle J, Shanahan C, Weissberg PL, Gordon S, Yla-Hertualla S. Linked chromosome 16q13 chemokines, macrophage-derived chemokine, fractalkine, and thymus- and activation-regulated chemokine, are expressed in human atherosclerotic lesions. Arterioscler Thromb Vasc Biol, 2001, 21:923-9.

61.
Rosenfeld ME, Yla-Herttuala S, Lipton BA, Ord VA, Witztum JL, Steinberg D. Macrophage colony-stimulating factor mRNA and protein in atherosclerotic lesions of rabbits and humans. Am J Pathol, 1992, 140:291-300.

62.
Clinton SK, Underwood R, Hayes L, Sherman ML, Kufe DW, Libby P. Macrophage colony-stimulating factor gene expression in vascular cells and in experimental and human atherosclerosis. Am J Pathol, 1992, 140:301-16.

63.
Wang J, Wang S, Lu Y, Weng Y, Gown AM. GM-CSF and M-CSF expression is associated with macrophage proliferation in progressing and regressing rabbit atheromatous lesions. Exp Mol Pathol, 1994, 61:109-18.

64.
Averill LE, Meagher RC, Gerrity RG. Enhanced monocyte progenitor cell proliferation in bone marrow of hyperlipemic swine. American Journal of Pathology, 1989, 135:369-77.

65.
Ishibashi S, Brown MS, Goldstein JL, Gerard RD, Hammer RE, Herz J. Hypercholesterolemia in low density lipoprotein receptor knockout mice and its reversal by adenovirus-mediated gene delivery. J. Clin. Invest., 1993, 92:883-93.

66.
Plump AS, Smith JD, Hayek T, Aalto-Setala K, Walsh A, Verstuyft JG, Rubin EM, Breslow JL. Severe hypercholesterolemia and atherosclerosis in apolipoprotein E-deficient mice created by homologous recombination in ES cells. Cell, 1992, 71:343-53.

67.
Zhang SH, Reddick RL, Piedrahita JA, Maeda N. Spontaneous hypercholesterolemia and arterial lesions in mice lacking apolipoprotein E. Science, 1992, 258:468-71.

68.
Nakashima Y, Plump AS, Raines EW, Breslow JL, Ross R. ApoE-deficient mice develop lesions of all phases of atherosclerosis throughout the arterial tree. Arterioscler Thromb, 1994, 14:133-40.

69.
Reddick RL, Zhang SH, Maeda N. Atherosclerosis in mice lacking apo E. Evaluation of lesional development and progression. Arteriosclerosis & Thrombosis, 1994, 14:141-7.

70.
Ishibashi S, Goldstein JL, Brown MS, Herz J, Burns DK. Massive xanthomatosis and atherosclerosis in cholesterol-fed low density lipoprotein receptor-negative mice. J. Clin. Invest., 1994, 93:1885-93.

71.
Lichtman AH, Clinton SK, Iiyama K, Connelly PW, Libby P, Cybulsky MI. Hyperlipidemia and atherosclerotic lesion development in LDL receptor-deficient mice fed defined semipurified diets with and without cholate. Arteriosclerosis, Thrombosis & Vascular Biology, 1999, 19:1938-44.

72.
Tangirala RK, Rubin EM, Palinski W. Quantitation of atherosclerosis in murine models: correlation between lesions in the aortic origin and in the entire aorta, and differences in the extent of lesions between sexes in LDL receptor-deficient and apolipoprotein E-deficient mice. J Lipid Res, 1995, 36:2320-8.

73.
Bullard DC. Adhesion molecules in inflammatory diseases: insights from knockout mice. Immunol Res, 2002, 26:27-33.

74.
Johnson RC, Chapman SM, Dong ZM, Ordovas JM, Mayadas TN, Herz J, Hynes RO, Schaefer EJ, Wagner DD. Absence of P-selectin delays fatty streak formation in mice. J Clin Invest, 1997, 99:1037-43.

75.
Collins RG, Velji R, Guevara NV, Hicks MJ, Chan L, Beaudet AL. P-Selectin or intercellular adhesion molecule (ICAM)-1 deficiency substantially protects against atherosclerosis in apolipoprotein E- deficient mice. J Exp Med, 2000, 191:189-94.

76.
Dong ZM, Brown AA, Wagner DD. Prominent role of P-selectin in the development of advanced atherosclerosis in ApoE-deficient mice. Circulation, 2000, 101:2290-5.

77.
Burger PC, Wagner DD. Platelet P-selectin facilitates atherosclerotic lesion development. Blood, 2003, 101:2661-6.

78.
Dong ZM, Chapman SM, Brown AA, Frenette PS, Hynes RO, Wagner DD. The combined role of P- and E-selectins in atherosclerosis. J Clin Invest, 1998, 102:145-52.

79.
Methia N, Andre P, Denis CV, Economopoulos M, Wagner DD. Localized reduction of atherosclerosis in von Willebrand factor-deficient mice. Blood, 2001, 98:1424-8.

80.
Massberg S, Brand K, Gruner S, Page S, Muller E, Muller I, Bergmeier W, Richter T, Lorenz M, Konrad I, Nieswandt B, Gawaz M. A critical role of platelet adhesion in the initiation of atherosclerotic lesion formation. J Exp Med, 2002, 196:887-96.

81.
Huo Y, Schober A, Forlow SB, Smith DF, Hyman MC, Jung S, Littman DR, Weber C, Ley K. Circulating activated platelets exacerbate atherosclerosis in mice deficient in apolipoprotein E. Nat Med, 2003, 9:61-7.

82.
Schober A, Manka D, von Hundelshausen P, Huo Y, Hanrath P, Sarembock IJ, Ley K, Weber C. Deposition of platelet RANTES triggering monocyte recruitment requires P-selectin and is involved in neointima formation after arterial injury. Circulation, 2002, 106:1523-9.

83.
Gurtner GC, Davis V, Li H, McCoy MJ, Sharpe A, Cybulsky MI. Targeted disruption of the murine VCAM1 gene: essential role of VCAM-1 in chorioallantoic fusion and placentation. Genes Dev, 1995, 9:1-14.

84.
Kwee L, Baldwin HS, Shen HM, Stewart CL, Buck C, Buck CA, Labow MA. Defective development of the embryonic and extraembryonic circulatory systems in vascular cell adhesion molecule (VCAM-1) deficient mice. Development, 1995, 121:489-503.

85.
Yang JT, Rayburn H, Hynes RO. Cell adhesion events mediated by alpha 4 integrins are essential in placental and cardiac development. Development, 1995, 121:549-60.

86.
Cybulsky MI, Iiyama K, Li H, Zhu S, Chen M, Iiyama M, Davis V, Gutierrez-Ramos JC, Connelly PW, Milstone DS. A major role for VCAM-1, but not ICAM-1, in early atherosclerosis. J. Clin. Invest., 2001, 107:1255-62.

87.
Dansky HM, Barlow CB, Lominska C, Sikes JL, Kao C, Weinsaft J, Cybulsky MI, Smith JD. Adhesion of monocytes to arterial endothelium and initiation of atherosclerosis are critically dependent on vascular cell adhesion molecule-1 gene dosage. Arterioscler Thromb Vasc Biol, 2001, 21:1662-7.

88.
Shih PT, Brennan ML, Vora DK, Territo MC, Strahl D, Elices MJ, Lusis AJ, Berliner JA. Blocking very late antigen-4 integrin decreases leukocyte entry and fatty streak formation in mice fed an atherogenic diet. Circ Res, 1999, 84:345-51.

89.
Huo Y, Hafezi-Moghadam A, Ley K. Role of vascular cell adhesion molecule-1 and fibronectin connecting segment-1 in monocyte rolling and adhesion on early atherosclerotic lesions. Circ Res, 2000, 87:153-9.

90.
Kubo N, Boisvert WA, Ballantyne CM, Curtiss LK. Leukocyte CD11b expression is not essential for the development of atherosclerosis in mice [In Process Citation]. J Lipid Res, 2000, 41:1060-6.

91.
Gerrity RG. The role of the monocyte in atherogenesis: I. Transition of blood-borne monocytes into foam cells in fatty lesions. American Journal of Pathology, 1981, 103:181-90.

92.
Faggiotto A, Ross R, Harker L. Studies of hypercholesterolemia in the nonhuman primate. I. Changes that lead to fatty streak formation. Arterioscler., 1984, 4:323-40.

93.
Lessner SM, Prado HL, Waller EK, Galis ZS. Atherosclerotic lesions grow through recruitment and proliferation of circulating monocytes in a murine model. Am J Pathol, 2002, 160:2145-55.

94.
Nelken NA, Coughlin SR, Gordon D, Wilcox JN. Monocyte chemoattractant protein-1 in human atheromatous plaques. J. Clin. Invest., 1991, 88:1121–1127.

95.
Yu X, Dluz S, Graves DT, Zhang L, Antoniades HN, Hollander W, Prusty S, Valente AJ, Schwartz CJ, Sonenshein GE. Elevated expression of monocyte chemoattractant protein 1 by vascular smooth muscle cells in hypercholesterolemic primates. Proc. Natl. Acad. Sci. USA, 1992, 89:6953–6957.

96.
Steinberg D. Lewis A. Conner Memorial Lecture. Oxidative modification of LDL and atherogenesis. Circulation, 1997, 95:1062–1071.

97.
Cushing SD, Berliner JA, Valente AJ, Territo MC, Navab M, Parhami F, Gerrity R, Schwartz CJ, Fogelman AM. Minimally modified low density lipoprotein induces monocyte chemotactic protein 1 in human endothelial cells and smooth muscle cells. Proceedings of the National Academy of Sciences of the United States of America, 1990, 87:5134-8.

98.
Aiello RJ, Bourassa P-AK, Lindsey S, Weng W, Natoli E, Rollins BJ, Milos PM. Monocyte chemoattractant protein-1 accelerates atherosclerosis in apolipoprotein E-deficient mice. Arterioscler. Thromb. Vasc. Biol., 1999, 19:1518–1525.

99.
Gosling J, Slaymaker S, Gu L, Tseng S, Zlot CH, Young SG, Rollins BJ, Charo IF. MCP-1 deficiency reduces susceptibility to atherosclerosis in mice that overexpress human apolipoprotein B. J. Clin. Invest., 1999, 103:773–778.

100.
Gu L, Okada Y, Clinton SK, et al. Absence of monocyte chemoattractant protein-1 reduces atherosclerosis in low density lipoprotein receptor-deficient mice. Molecular Cell, 1998, 2:275-81.

101.
Gosling J, Slaymaker S, Gu L, Tseng S, Zlot CH, Young SG, Rollins BJ, Charo IF. MCP-1 deficiency reduces susceptibility to atherosclerosis in mice that overexpress human apolipoprotein B. J Clin Invest, 1999, 103:773-8.

102.
Boring L, Gosling J, Cleary M, Charo IF. Decreased lesion formation in CCR2-/- mice reveals a role for chemokines in the initiation of atherosclerosis. Nature, 1998, 394:894-7.

103.
Dawson TC, Kuziel WA, Osahar TA, Maeda N. Absence of CC chemokine receptor-2 reduces atherosclerosis in apolipoprotein E-deficient mice. Atheroscler., 1999, 143:205-11.

104.
Egashira K, Koyanagi M, Kitamoto S, Ni W, Kataoka C, Morishita R, Kaneda Y, Akiyama C, Nishida K-I, Sueishi K, Takeshita A. Anti-monocyte chemoattractant protein-1 gene therapy inhibits vascular remodeling in rats: Blockade of MCP-1 activity after intramuscular transfer of a mutant gene inhibits vascular remodeling induced by chronic blockade of NO synthesis. FASEB. J., 2000, 14:1974–1978.

105.
Han KH, Tangirala RK, Green SR, Quehenberger O. Chemokine receptor CCR2 expression and monocyte chemoattractant protein-1–mediated chemotaxis in human monocytes. A regulatory role for plasma LDL. Arterioscler. Thromb. Vasc. Biol., 1998, 18:1983–1991.

106.
Han KH, Han KO, Green SR, Quehenberger O. Expression of the monocyte chemoattractant protein-1 receptor CCR2 is increased in hypercholesterolemia. Differential effects of plasma lipoproteins on monocyte function. J Lipid Res, 1999, 40:1053-63.

107.
Han KH, Chang MK, Boullier A, Green SR, Li A, Glass CK, Quehenberger O. Oxidized LDL reduces monocyte CCR2 expression through pathways involving peroxisome proliferator–activated receptor . J. Clin. Invest., 2000, 106:793–802.

108.
Li AC, Brown KK, Silvestre MJ, Willson TM, Palinski W, Glass CK. Peroxisome proliferator–activated receptor  ligands inhibit development of atherosclerosis in LDL receptor–deficient mice. J. Clin. Invest., 2000, 106:523–531.

109.
Szalai C, Duba J, Prohászka Z, Kalina Á, Szabó T, Nagy B, Horváth L, Császár A. Involvement of polymorphisms in the chemokine system in the susceptibility for coronary artery disease (CAD). Coincidence of elevated Lp(a) and MCP-1 –2518 G/G genotype in CAD patients. Atheroscler., 2001, 158:233–239.

110.
Boisvert WA, Santiago R, Curtiss LK, Terkeltaub RA. A leukocyte homologue of the IL-8 receptor CXCR-2 mediates the accumulation of macrophages in atherosclerotic lesions of LDL receptor- deficient mice. J Clin Invest, 1998, 101:353-63.

111.
Gerszten RE, Garcia-Zepeda EA, Lim Y-C, Yoshida M, Ding HA, Gimbrone MA, Jr., Luster AD, Luscinskas FW, Rosenzweig A. MCP-1 and IL-8 trigger firm adhesion of monocytes to vascular endothelium under flow conditions. Nature, 1999, 398:718–723.

112.
Bazan JF, Bacon KB, Hardiman G, Wang W, Soo K, Rossi D, Greaves DR, Zlotnik A, Schall TJ. A new class of membrane-bound chemokine with a CX3C motif. Nature, 1997, 385:640–644.

113.
Fong AM, Robinson LA, Steeber DA, Tedder TF, Yoshie O, Imai T, Patel DD. Fractalkine and CX3CR1 mediate a novel mechanism of leukocyte capture, firm adhesion, and activation under physiologic flow. J. Exp. Med., 1998, 188:1413–1419.

114.
Haskell CA, Cleary MD, Charo IF. Molecular uncoupling of fractalkine-mediated cell adhesion and signal transduction. Rapid flow arrest of CX3CR1-expressing cells is independent of G-protein activation. J. Biol. Chem., 1999, 274:10053–10058.

115.
Moatti D, Faure S, Fumeron F, Amara MEW, Seknadji P, McDermott DH, Debré P, Aumont MC, Murphy PM, de Prost D, Combadière C. Polymorphism in the fractalkine receptor CX3CR1 as a genetic risk factor for coronary artery disease. Blood, 2001, 97:1925–1928.

116.
McDermott DH, Fong AM, Yang Q, Sechler JM, Cupples LA, Merrell MN, Wilson PW, D'Agostino RB, O'Donnell CJ, Patel DD, Murphy PM. Chemokine receptor mutant CX3CR1-M280 has impaired adhesive function and correlates with protection from cardiovascular disease in humans. J Clin Invest, 2003, 111:1241-50.

117.
Lesnik P, Haskell CA, Charo IF. Decreased atherosclerosis in CX3CR1-/- mice reveals a role for fractalkine in atherogenesis. J Clin Invest, 2003, 111:333-40.

118.
Combadiere C, Potteaux S, Gao JL, Esposito B, Casanova S, Lee EJ, Debre P, Tedgui A, Murphy PM, Mallat Z. Decreased atherosclerotic lesion formation in CX3CR1/apolipoprotein E double knockout mice. Circulation, 2003, 107:1009-16.

119.
Huo Y, Weber C, Forlow SB, Sperandio M, Thatte J, Mack M, Jung S, Littman DR, Ley K. The chemokine KC, but not monocyte chemoattractant protein-1, triggers monocyte arrest on early atherosclerotic endothelium. J Clin Invest, 2001, 108:1307-14.




Figure legends

Figure 1.  Stages of leukocyte emigration.

Figure 2.   Integrin activation during leukocyte emigration.  (A)  Integrins on circulating leukocytes are inactive and are not capable of firm or prolonged binding of ligands.  Furthermore, adhesion molecules, including selectins VCAM-1 and ICAM-1, are not expressed on the endothelial surface in the absence of an inflammatory stimulus.  (B)  At a site of inflammation, endothelial cells are activated by cytokines to express adhesion molecules and present chemoattractants and chemokines on their surface, which activate leukocyte integrins.  Only active integrins are capable of mediating firm/persistent adhesion, resulting in leukocyte arrest, stable adhesion and diapedesis.

Figure 3.  Integrin affinity modulation.  Integrins are thought to exist in low affinity and high affinity conformations.  A low affinity integrin binds ligand transiently, whereas binding of a ligand to a high affinity integrin is persistent.  Therefore, binding of soluble ligand can be used to detect high affinity integrins.  Manganese binds directly to the extracellular domains of integrins and locks them in the high affinity conformation.

Figure 4.   Integrin avidity modulation.  Release of integrins from cytoskeletal restraint increases their mobility in the plasma membrane and adhesive interactions with ligands results in diffusion trapping and formation of multiple simultaneous bonds.  Attachment to the cytoskeleton is subsequently reestablished.  Depending on the activation stimulus, avidity modulation can occur with or without changes in integrin affinity.

Table 1:  Endothelial and leukocyte adhesion molecules relevant to inflammation:

	Adhesion Molecule
	Cell expression
	Ligands

	(Alternative Designation)
	
	

	
	
	

	Selectins:
	
	

	E-selectin

(CD62E, ELAM-1)
	endothelium
	CD15s (on ESL-1?)

	P-selectin

(CD62P, GMP-140, PADGEM)
	endothelium, platelets
	CD15s on PSGL-1

	L-selectin

(CD62L, LAM-1)
	leukocytes
	GlyCAM-1, CD34, podocallixin,

gp200, MadCAM-1, PSGL-1,

(?inducible endothelial ligand)

	
	
	

	Immunoglobulin  Gene Superfamily:
	

	ICAM-1 (CD54)
	endothelium
	LFA-1, Mac-1

	ICAM-2 (CD102)
	endothelium
	LFA-1

	ICAM-3 (CD50)
	leukocytes
	LFA-1

	VCAM-1 (CD106)
	endothelium
	(4(1, ((4(7)

	MadCAM-1
	endothelium
	(4(7, L-selectin

	PECAM-1 (CD31)
	endothelium, leukocytes
	PECAM-1, heterotypic

	
	
	

	Integrins:
	
	

	(L(2

(LFA-1, CD11a/CD18)
	leukocytes
	ICAM-1, -2 & -3

	(M(2

(Mac-1, CD11b/CD18)
	granulocytes, monocytes
	ICAM-1, iC3b, fibrinogen, Factor X

	(X(2

(p150/95, CD11c/CD18)
	granulocytes, monocytes
	iC3b, fibrinogen

	(d(2

(CD11d/CD18)
	leukocytes

(myeloid>lymphoid)
	ICAM-3, (VCAM-1)

	(4(1

(VLA-4, CD49d/CD29)
	leukocytes (not neutrophils)
	VCAM-1, fibronectin CS-1

	(4(7 (LPAM-1)
	lymphocytes
	MadCAM-1, fibronectin CS-1,

(VCAM-1)


Table 2: Expression patterns of leukocyte adhesion molecules on endothelial cells:

	Inducible, cell surface 
	Constitutive, cell surface
	Constitutive, cytoplasmic granules

	E-selectin
	ICAM-2
	P-selectin

	VCAM-1
	PECAM-1
	

	ICAM-1
	(ICAM-1)
	

	(P-selectin)
	
	


Table 3:  Stages of leukocyte emigration and key adhesion molecules:

	Stage
	Key endothelial molecules
	Key leukocyte molecules

	tethering and rolling
	E-selectin, P-selectin

?

VCAM-1
	selectin ligands (PSGL-1)

L-selectin

(4 integrins

	arrest, firm (stable) adhesion
	VCAM-1, ICAM-1
	integrins: (4, LFA-1, Mac-1

	transendothelial migration

(diapedesis)
	VCAM-1, ICAM-1

PECAM-1

CD99
	integrins

PECAM-1


Table 4:  A partial list of chemokine receptors, ligands and receptor expression patterns:

	Receptor
	Chemokine ligands
	Receptor Expression on Leukocytes

	
	
	

	CCR1
	MIP-1( (CCL3), RANTES (CCL5), MCP-2, 3
	Eo, M, T, NK, D

	CCR2
	MCP-1, -2, -3, -4 (CCL2, 8, 7, 13)
	M, T, NK, D

	CCR3
	Eotaxin-1, -2, -3 (CCL11, 24, 26), RANTES, MCP-2, 3, 4
	Eo, Ba, T

	CCR4
	TARC (CCL17), MDC (CCL22)
	Ba, T, D

	CCR5
	MIP-1(, MIP-1( (CCL4), RANTES, MCP-2
	M, T, NK, D

	CCR6
	MIP-3( (CCL20)
	M, T, D

	CCR7
	SLC (CCL21), MIP-3( (CCL19)
	T

	
	
	

	CXCR1
	IL-8 (CXCL8)
	N, T, NK, D

	CXCR2
	IL-8, Gro-(, -(, -(, (CXCL1, 2, 3), NAP-2 (CXCL7), ENA-78 (CXCL5), GCP-2 (CXCL6)
	N, M, T, B, NK, D

	CXCR3
	MIG (CXCL9), IP-10 (CXCL10), I-TAC (CXCL11)
	T

	CXCR4
	SDF-1 (CXCL12)
	N, T, B (pre & pro), M, NK, D

	CXCR6
	CXCL16
	T

	
	
	

	CX3CR1
	Fractalkine (CX3CL1)
	M, T (human), NK (mouse)


N, neutrophils;  Eo, eosinophils;  Ba, basophils; M, monocytes/macrophages;  T, T lymphocytes;

B, B lymphocytes;  NK, natural killer cells;  D, dendritic cells
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