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Introduction

  Vasculitides are a heterogeneous group of diseases characterized by inflammatory cell infiltrates and structural injury of blood vessel walls. The clinical significance of vasculitic syndromes directly relates to their potential to threaten the integrity of blood supply to tissues. In essence, blood vessel wall inflammation and destruction can cause aneurysm formation, rupture, and hemorrhage or can lead to stenosis and occlusion with subsequent infarction of dependent organs. The risk of life-threatening complications and the systemic nature of inflammatory blood vessel diseases emphasize the need for prompt diagnosis and treatment in patients suspected of suffering from vasculitis.

   To standardize the diagnostic and therapeutic approach to patients with inflammatory vasculopathies, a series of major vasculitis categories has been defined . This categorization makes use of a unique feature of these entities, namely their tendency to target specific vascular beds, usually defined by the size of the affected arteries and veins . Small blood vessels, such as capillaries, venules, and arterioles, are the primary sites of inflammation in cutaneous leukocytoclastic angiitis, essential cryoglobulinemic vasculitis, and Henoch–Schِnlein purpura. Most commonly, these small-vessel vasculitides cause manifestations in the skin, but also affect major organs, particularly the kidneys, when they display a more generalized pattern of involvement. Small to medium-sized blood vessels, including muscular arteries, are attacked in Wegener’s granulomatosis, Churg–Strauss syndrome, and microscopic polyangiitis. Consequently, these are often associated with major organ disease. Necrosis of the walls of medium-sized vessels also occurs in polyarteritis nodosa (PAN) and Kawasaki disease. Inflammation of the aorta and its major branches is a characteristic feature of two vasculitic entities, giant-cell arteritis (GCA) and Takayasu’s arteritis (TA). Categorizing the systemic vasculitides according to the size of the affected blood vessel has proven clinically useful. Pathophysiological criteria were not included in the definitions of the vasculitic entities. However, it can be assumed that this categorization of the vasculitic syndromes is also mechanistically relevant and that each follows its own pathogenic rules with uniqueness in etiology and pathomechanisms. The last decade has seen remarkable progress in approaching these clinically fascinating diseases. New concepts have been developed that have permitted a novel pathogenic view of inflammatory vasculopathies
Histological Features of Major Vasculitides

  The two major partners in vasculitis, the blood vessel wall and the infiltrating inflammatory cells, are connected by complex molecular pathways that define the biological principle of leukocyte adhesion, migration, and extravasation. To fulfill their tasks in tissue surveillance, leukocytes must be able to adhere to and migrate through the blood vessel endothelial layer. Under physiological conditions, leukocytes leave the vessel wall and the perivascular region and migrate into the a vascular areas of the dependent tissue.
Figure showing Vasculitic syndromes and their preferential vascular involvement.
   This process is obviously critical in vasculitis, and abnormal regulation of adhesion molecule expression has been proposed to play a pathophysiological role in small vessel disease. Another area of progress relates to the definition and improved functional characterization of autoantibodies, such as antineutrophil cytoplasmic antibodies (ANCA), that possibly have direct involvement in mediating inflammation inside and outside the vessel wall. Finally, attention has been drawn to the particular type of vessel destruction associated with large artery disease. In the large vessel arteritides, tissue damage not only emerges from the structural disruption of wall components but, more importantly, from the response of the artery to the inflammatory injury. Specifically, an abrupt hyperproliferative response of the arterial media and intima leads to the formation of hyperplastic intima and subsequent luminal occlusion. Arteritis-induced intimal hyperplasia possibly shares a pathogenic mechanism with atheromatous disease, so far defined as a Non-inflammatory vascular disease, raising the interesting possibility that the response pattern of the attacked blood vessel is a critical determinant in the clinical manifestations of vasculitis.

Leukocyte-Endothelial Interaction, Leukocyte Extravasation, and Vasculitis
   Leukocytes are a mobile tissue and have the remarkable ability to leave the circulation, to enter peripheral lymphoid organs, and penetrate into inflamed tissue. The processes of adherence and extravasation are governed by a multitude of molecules that act in a coordinated fashion. An appealing disease model proposes that homing mechanisms regulating the physiologic extravasation of leukocytes are aberrantly regulated in small-vessel vasculitis, leading to the accumulation of inflammatory cells in the blood vessel wall. Most of the molecules involved in leukocyte adhesion and migration can be assigned to one of five superfamilies: selectins, sialomucins (ligands for selectins), integrins, immunoglobulin-like molecules (bind to integrins), and proteoglycans. The current paradigm holds that adhesion of leukocytes to endothelial cells is a multistep cascade. The majority of leukocytes flow freely in the bloodstream at a high velocity. Some cells in the marginal stream make transient contact with the vascular lining and start tethering and rolling. This initial binding is mediated by selectins and sialomucins expressed on leukocytes and endothelial cells, respectively.

  Selectins are constitutively expressed proteins that are N-glycosylated and carry a lectin domain. The lectin domain interacts with glycoproteins that contain abundant oligosaccharide augmentation. Sialomucins, which are selectin ligands, have multivalent binding sites presented on a rigid rod that extends above the cell surface into the bloodstream to facilitate binding of circulating cells. The lectin–oligosaccharide interactions are characterized by rapid association and dissociation kinetics and are, therefore, ideally suited to establish transient contact and to slow circulating cells. Initially, leukocyte binding is transient and fully reversible. To firmly adhere to endothelial cells, leukocytes must be activated. Activation signals generally come from chemoattractants that are locally produced and can be trapped on endothelial cells. Chemokines are a group of chemoattractive cytokines that have been subgrouped on the basis of spacing of conserved cysteine residues. C-C chemokines (containing two adjacent cysteines) act on mononuclear cells, whereas C-X-C chemokines mainly target neutrophils. Many chemoattractants bind to proteoglycans that serve as reservoirs and increase the half-lives and local concentrations of these mediators at the site of leukocyte extravasation. As a general rule, neutrophils, monocytes, and T-cell subsets differ in the panel of chemokine receptors they express. Notably, lymphocytes lack cell-surface receptors for some classical chemoattractants such as complement component C5a and platelet-activating factor (PAF), both of which have pivotal roles in neutrophil extravasation. 

    Rolling leukocytes, if activated, come to a stable arrest and stick to the endothelial cells sufficiently to withstand the shear forces of the bloodstream. This firm adhesion is mediated by the interaction of integrins and immunoglobulin-like molecules (ICAMs, VCAMs). Additional receptor–ligand pairs have a role in this adhesion step—in particular, CD44 binding to proteoglycans. Finally, the cells have to penetrate the interendothelial junction and the basement membrane. Proteolytic enzymes are likely to be involved in this process; however, the exact mechanism and its regulation are poorly understood.
   The model of a multistep adhesion cascade has been primarily developed using neutrophils, but has principally been applicable to lymphocyte homing to primary lymphoid organs. It is likely that similar mechanisms apply to leukocyte extravasation in small-vessel vasculitis; however, some important differences cannot be ignored.
   First, physiological lymphocyte homing mainly occurs in small venules, whereas vasculitides such as leukocytoclastic vasculitis, Henoch–Schِnlein purpura, and cryoglobulinemic vasculitis target arterioles, capillaries, and venules. Microscopic polyangiitis and Wegener’s granulomatosis affect small arteries in addition to the microvasculature. Obviously, the blood flow in these vascular beds is greater and the shear forces are less amenable to adhesion. Hemodynamic changes such as vasodilatation, decrease in blood flow, turbulences in the marginal bloodstream, or increased viscosity have to occur to allow for stable endothelial cell–leukocyte interactions. 
 Second, postcapillary venules have an endothelium specialized to facilitate leukocyte extravasation. Endothelial cells in these venules have a plump, cuboidal shape, and the vessels are referred to as highendothelial venules. Normal endothelial cells, after activation, can mimic some of the features of high endothelial cells; however, it is likely that they differ in the genetic regulation and expression of the molecules relevant to blood vessel wall transmigration.
Immune Complex Deposition, Endothelial Cell Activation,

and Vascular Injury in Small Vessel Vasculitis
  Deposition of immune complexes has long been recognized as a mechanism inducing vessel wall inflammation. The mere presence of circulating immune complexes is not sufficient to produce vasculitis; additional factors must be present to elicit a vasculitic response. Formation of immune complexes is a regular feature of any antibody-mediated immune response. However, these complexes are usually rapidly cleared from the circulation. Clearance of immune complexes requires the activation of the classical complement pathway, resulting in deposition of C3b on the antigen–antibody complexes. Immobilized C3b binds to complement receptors on erythrocytes and monocytes that capture and remove immune complexes from the circulation. Reduced clearance of immune complexes is an important factor in their subendothelial deposition in the vascular wall. Other factors include hemodynamic changes, activation of platelets, and the size and nature of immune complexes, all of which contribute to the pathological subendothelial deposition.
  Among the vasculitic syndromes that appear to be primarily immunocomplex related are Henoch–Schِnlein purpura and vasculitis associated with cryoglobulinemia . In Henoch–Schِnlein purpura, immunocomplexes in the circulation as well as in the vasculitic lesions are rich in IgA. The IgA isotype is not effective in triggering the classical complement pathway and in fixing C3b. IgA-containing immunocomplexes are, therefore, poorly targeted by complement

receptors on erythrocytes and are primarily cleared by the lungs and kidneys, and not the spleen. In the inflamed blood vessel wall, these IgA-containing complexes may, however, activate the alternative complement pathway and form C5a as well as the membrane attack complex. A different mechanism appears to apply to vasculitides associated with cryoglobulins. Mixed cryoglobulinemia is typically associated with hepatitis C infection . In these patients, monoclonal IgM antibodies emerge that have rheumatoid factor (RF) activity and, therefore, bind IgG and form large immunocomplexes. The resulting cryoglobulins may have pathogenic relevance by slowing down the blood flow, favoring platelet and leukocyte binding to endothelial cells.
Neutrophil Activation and Anti-neutrophil Cytoplasmic Antibodies
   Circumstantial evidence supports the notion that antibody-mediated mechanisms have a role in blood vessel wall inflammation. Antiendothelial antibodies have been described, as well as antibodies to matrix proteins; however, the antigens recognized by these antibodies have not been well characterized, and the association with vasculitis is not established. In contrast, evidence has accumulated that anti-neutrophil cytoplasmic antibodies (ANCA) have a pathogenic contribution in some of the vasculitic syndromes . Several antigens have been identified that are recognized by ANCAs, proteinase 3 and myeloperoxidase being the most important ones. Both antigens are contained in neutrophil primary granules. Antibodies to proteinase 3 are characteristic in patients with Wegener’s granulomatosis. They are expressed in the majority of, but not all, patients with this disease, and their titer has been correlated to disease activity, suggesting that they are not absolutely required in pathogenesis but play an important role. Antibodies to myeloperoxidase are predominantly found in patients with microscopic polyangiitis, but they are considered to be less diagnostic for any particular vasculitic entity.
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Figure showing Neutrophil-mediated vascular injury and antineutrophil cytoplasmic antibodies.
     The current paradigm holds that anti-proteinase-3 and antimyeloperoxidase antibodies recognize their antigen on the cell surface of neutrophils and that this recognition event provides neutrophil-activating stimuli . In resting neutrophils, neither myeloperoxidase nor proteinase 3 is detected on the cell surface. However, after exposure to TNF-α, both antigens can be found on the cell surface, where they may interact with ANCA. It has been demonstrated that ANCAs induce respiratory burst and degranulation in neutrophils and that ANCA-activated neutrophils adhere to and kill endothelial cells in vitro . It is therefore possible that ANCAs contribute to the recruitment of neutrophils into vasculitic lesions. Whether these antibodies have a primary role in inducing vasculitis or enhance the vasculitic response remains to be investigated. The excellent specificity of the anti-proteinase-3 antibodies for Wegener’s granulomatosis suggests that this antibody plays a central role in this syndrome.

T-Cell-Mediated Immune Responses in ANCA-Associated Vasculitides, PAN, and Rheumatoid Vasculitis
   Although cellular immune responses do not appear to have a major role in the vasculitides such as leukocytoclastic vasculitis, Henoch–Schِnlein purpura, and mixed cryoglobulinemia that predominantly affect small-sized blood vessels, they do contribute to the ANCA-associated vasculitides. Wegener’s granulomatosis and Churg–Strauss syndrome are granulomatous diseases. Granuloma formation is a T-cell-dependent process that requires the activation of T-cells as well as macrophages. It has been proposed that a Th1 response is characteristic of Wegener’s granulomatosis, whereas a Th2 response is found in Churg–Strauss vasculitis.
  Cellular immune responses mediated by T-lymphocytes also play a role in PAN and in rheumatoid vasculitis. PAN is characterized by an inflammation of the entire vessel wall of mid-sized arteries with an infiltrate consisting of a mixture of lymphomononuclear cells and varying numbers of neutrophils and eosinophils. PAN has been associated with pre-existing hepatitis B infection. Rheumatoid vasculitis is a complication of rheumatoid arthritis. Histomorphologically, it can resemble PAN. It preferentially affects male patients with production of high titers of rheumatoid factors. Homozygosity for HLA-DRB1*0401 has been identified as a risk factor, suggesting a role for antigen presentation and T-cell recognition. Patients with rheumatoid vasculitis display a striking abnormality in their T-cell repertoire.
The Interplay of T-Cells, Macrophages, and Arterial-Resident Cells in GCA and TA
  Large arteries, such as the aorta and its major branches, are the preferred target for two vasculitic syndromes, GCA and TA. In both diseases, the blood vessel wall is the site of an immune response, and T-cells and macrophages represent the major players. GCA and TA share pathogenetic features that separate them from the other vasculitides, but differences in pathogenesis and clinical presentation between the two forms of arteritis prevail. TA targets the large elastic arteries, whereas GCA primarily affects the medium-sized muscular arteries that have well-defined internal and external elastic laminae. GCA affects Caucasians with the highest risk for individuals of Scandinavian descent, whereas TA is more frequent in patients with an Asian background or in native Mexicans, suggesting a major contribution of genetic factors in the pathogenesis of both diseases. Age appears to be a second important variable in disease expression. The diagnosis of TA requires an age at onset of younger than 40 yr, whereas GCA is a disease of the elderly. The precise role of age in the pathogenesis of these arteritides remains unclear. Macrophages and giant cells are the major effector cells in promoting the structural changes in the vascular wall . The formation of giant cells as well as several of the macrophage functions are under the control of IFN-gamma that is released by T-cells in the adventitia subsequent to recognizing antigen. The nature of this antigen is undetermined and there is no hint as of yet that this antigen is an exogenous pathogen. In contrast to the small-vessel vasculitides, the macroendothelium in GCA remains relatively inert and there is no evidence of thrombus formation and leukocyte extravasation into the intima.
   The sequence of events has been less well studied in TA. However, the inflammatory infiltrate is also likely to be formed via the vaso vasorum in the adventitia. Histopathologically, TA is a granulomatous panarteritis with a variable number of giant cells and a predominantly lymphoplasmocytic arteritis involving the media and the adventitia. Degeneration of the internal elastic lamina and of the media, intimal hyperplasia, tissue fibrosis, and neovascularization are characteristic of later stages of the disease. Marked inflammation of the vasa vasorum is a typical feature of TA. Studies of the effector mechanisms in vascular damage have mainly focused on cytotoxic T-cells . It has been shown that perforin-secreting cells in the inflammatory infiltrate deposit perforin on vascular resident cells. Perforin is a pore-forming protein that is secreted by CD8 T-cells as well as cytotoxic gamma delta  T-cells and NK cells and that allows for the induction of apoptosis of target cells by granzyme B. Thus, the extracellular finding of perforin suggests a cytotoxic mechanism that may be involved in the vessel wall injury in TA. CD4 T-cells and macrophages have been less well studied in TA than in GCA; however, similar effector mechanisms may be functioning in TA that result in the formation of a lumen-obstructing neointima.

Infection and Vasculitis
   The viruses most frequently implicated are hepatitis B and hepatitis C. Hepatitis B infection has been linked to cases of PAN and essential mixed cryoglobulinemia. Hepatitis B surface antigen, immunoglobulin, and complement have been found in lesions of the small muscular artery as well as cutaneous vessels, and deposition of immunocomplexes in the vessel wall has been proposed as the underlying pathomechanism. It is important to stress that only a small proportion of hepatitis-B-infected patients develop vasculitic complications. Risk factors predisposing to this progression of disease have not been identified. Hepatitis C infection is strongly associated with mixed cryoglobulinemia. It is likely that the initial observations of cryoglobulinemia in hepatitis-B-infected individuals was secondary to a coinfection with hepatitis C. Between 70% and 100% of all patients with mixed cryoglobulinemia have been shown to be chronically infected with hepatitis C. Immune complexes are characterized by polyclonal IgG and monoclonal IgM with RF activity. Immune complexes with mixed cryoglobulinemic activities have a high propensity to induce leukocytoclastic vasculitis as well as occasional vasculitis in small and medium sized vessels . How hepatitis C induces a monoclonal proliferation of B-cells with secretion of IgM RF is unclear. However, there is evidence that hepatitis C is a lymphotropic virus that may be able to induce B-cell proliferation and transformation. Thus, these viral infections primarily induce aberrations in the immune system that may, at times, clinically present as vasculitis.
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