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The Complement System and Antibody Mediated Transplant Rejection

Complement activation is an important cause of tissue injury in patients with antibody mediated rejection (AMR) of transplanted organs. Complement activation triggers a strong inflammatory response, and also generates tissue-bound and soluble fragments that are clinically useful markers of inflammation. The detection of complement proteins deposited within transplanted tissues has become an indispensible biomarker of AMR, and several assays have recently been developed to measure complement activation by antibodies reactive to specific donor human leukocyte antigens (HLA) expressed within the transplant. Complement inhibitors have entered clinical use and have shown efficacy for the treatment of AMR. New methods of detecting complement activation within transplanted organs will improve our ability to diagnose and monitor AMR, and will also help guide the use of complement inhibitory drugs.

Transplantation is the best treatment for end stage disease of the kidneys, heart, liver, or lungs. Acute rejection events are associated with worse graft outcomes, and AMR imparts a poorer prognosis compared to cellular rejection (1-3). AMR is now the leading cause of late graft failure in kidney transplant recipients (4-7). Complement activation within allografts is caused by ischemia at the time of transplantation, and also by immunoglobulin bound to antigens within the allograft during acute and chronic AMR (8).

Antibody mediated rejection

AMR is a clinical and histopathologic diagnosis based on detection of allograft dysfunction with evidence of endothelial inflammation, and it is mediated by circulating antibodies directed against donor antigens in the allograft [START_REF] Haas | Banff 2013 meeting report: inclusion of c4d-negative antibody-mediated rejection and antibody-associated arterial lesions[END_REF]. Allelic variation in the genes for ABO blood group antigens and HLA cause these proteins to be recognized as foreign by the recipient's immune system [START_REF] Colvin | Antibody-mediated renal allograft rejection: diagnosis and pathogenesis[END_REF]. Recipients of organs that are mismatched at these loci can develop antibodies (referred to as donor specific antibodies, or DSA) that bind these antigens on the surface of endothelial cells in the microvasculature and activate the classical pathway of complement (Figure 1A). Although protocols for desensitizing patients to the ABO antigens have shown some promise, ABO-incompatible transplantation is not widely performed; thus, class I and class II HLA antigens are the most common targets of DSA. Preformed DSA can exist prior to transplant due to exposure to the antigens though pregnancy, blood transfusions, or previous transplants. De novo DSA can develop after transplantation. Recipients can also generate a humoral response to non-HLA antigens [START_REF] Zou | Antibodies against MICA antigens and kidney-transplant rejection[END_REF][START_REF] Jackson | Endothelial cell antibodies associated with novel targets and increased rejection[END_REF].

Terasaki and Patel first observed the high incidence of immediate graft failure due to widespread capillary thrombosis and necrosis in sensitized recipients over 40 years ago [START_REF] Patel | Significance of the positive crossmatch test in kidney transplantation[END_REF]. Terasaki assessed preformed DSA by mixing recipient sera with donor lymphocytes. This method became known as the complement-dependent cytotoxicity (CDC) crossmatch and was the gold standard for assessing donor/recipient compatibility for decades [START_REF] Gebel | Technical aspects of HLA antibody testing[END_REF]. The rapid occurrence of rejection and poor outcomes of transplantation across a positive CDC crossmatch highlighted the importance of preformed antibodies and complement activation in hyperacute rejection and graft loss.

Prior to the early 1990s, acute rejection events were widely thought to be primarily due to Tcell mediated immunity [START_REF] Terasaki | Humoral Theory of Transplantation[END_REF]. However, several studies later showed that acute rejection in renal transplant recipients who developed DSA after transplant was clinically and pathologically distinct from rejection events in patients without DSA. Rejection events with DSA were associated with swollen and detached endothelial cells, glomerulitis (inflammation of glomerular capillaries), small-vessel vasculitis, neutrophil infiltration, and vascular occlusion. Acute rejection with DSA was also more severe and resulted in worse outcomes. Interestingly, deposited immunoglobulin was rarely seen in the allografts [START_REF] Halloran | The significance of the anti-class I response. II. Clinical and pathologic features of renal transplants with anti-class I-like antibody[END_REF][START_REF] Trpkov | Pathologic features of acute renal allograft rejection associated with donor-specific antibody, Analysis using the Banff grading schema[END_REF]. A similar pattern of endothelial inflammation is also seen in cardiac and lung transplants with DSA and antibody-mediated injury [START_REF] Kobashigawa | Report from a consensus conference on antibodymediated rejection in heart transplantation[END_REF][START_REF] Wallace | Update on pathology of antibody-mediated rejection in the lung allograft[END_REF].

The link between complement and rejection was solidified when Feucht demonstrated the complement split product C4d in transplant biopsies, implicating the classical complement pathway in acute and chronic rejection [START_REF] Feucht | Vascular deposition of complement-split products in kidney allografts with cell-mediated rejection[END_REF][START_REF] Feucht | Capillary deposition of C4d complement fragment and early renal graft loss[END_REF]. This landmark observation revealed that C4d is a durable biomarker of AMR. These and subsequent, corroborating studies led to the development of consensus diagnostic criteria in renal allografts for acute AMR at the 2001 Banff Conference on Allograft Pathology [START_REF] Racusen | Antibody-mediated rejection criteria -an addition to the Banff 97 classification of renal allograft rejection[END_REF], and for chronic, active AMR at the 2007 Banff conference [START_REF] Haas | Banff 2013 meeting report: inclusion of c4d-negative antibody-mediated rejection and antibody-associated arterial lesions[END_REF]. These criteria included detection of DSA in serum and C4d in tissues as part of the diagnosis of renal AMR, and similar criteria have been proposed for monitoring cardiac AMR [START_REF] Colvin | Antibody-mediated rejection in cardiac transplantation: emerging knowledge in diagnosis and management: a scientific statement from the American Heart Association[END_REF].

Classical pathway activation by immune-complexes

Classical pathway activation is initiated when plasma C1q binds to the Fc segments of IgM and IgG [START_REF] Duncan | The binding site for C1q on IgG[END_REF]. The relative ability of human immunoglobulin to activate the classical pathway is: IgM > IgG3 > IgG1 > IgG2 >> IgG4 [START_REF] Bindon | Human monoclonal IgG isotypes differ in complement activating function at the level of C4 as well as C1q[END_REF]. Although the C1q binding sites on free IgG are ordinarily exposed, the relative affinity of C1q for a single IgG is low (the Kd is approximately 100 μM) [START_REF] Hughes-Jones | Reaction between the isolated globular sub-units of the complement component C1q and IgG-complexes[END_REF][START_REF] Diebolder | Complement is activated by IgG hexamers assembled at the cell surface[END_REF]. C1q is hexameric, however, and when IgG is aggregated on a target surface C1q can bind multiple IgGs, greatly increasing its affinity (~10 nM) [START_REF] Hughes-Jones | Reaction between the isolated globular sub-units of the complement component C1q and IgG-complexes[END_REF]. The affinity of C1q for IgG is even greater if the Fc regions of IgG are packed in a hexamer conformation, leading to effective classical pathway activation [START_REF] Diebolder | Complement is activated by IgG hexamers assembled at the cell surface[END_REF]. Thus, antibody isotype, antigen density, and conformation of aggregated IgG all affect C1q binding affinity and classical pathway activation.

Complement regulatory proteins also affect the degree of complement activation (Figure 1A). C4 binding protein (C4bp) is a soluble regulatory protein that inactivates C4b and the classical pathway convertase [START_REF] Blom | Complement inhibitor C4b-binding protein-friend or foe in the innate immune system?[END_REF]. Membrane cofactor protein (MCP, or CD46) and decay accelerating factor (DAF, or CD55) control activity of the classical and alternative pathway convertases, and are expressed on endothelial cells. Antibody mediated complement activation on endothelial cells may upregulate the expression of MCP and CD59, increasing the resistance of the cells to complement-mediated injury [START_REF] Song | Complement inhibition enables renal allograft accommodation and long-term engraftment in presensitized nonhuman primates[END_REF]. Complement receptor 1 (CR1, or CD35) is another membrane-bound regulator with both classical and alternative pathway regulatory activity. CR1 is not expressed on endothelial cells constitutively but has been shown to be inducible in vitro [START_REF] Collard | Hypoxiainduced expression of complement receptor type 1 (CR1, CD35) in human vascular endothelial cells[END_REF]. The alternative pathway amplifies complement activation, even when activation is initially triggered by the classical pathway, and this process is limited by a soluble protein called Factor H and also by a cell surface regulator called CRIg (Figure 1A) [START_REF] Ollert | Classical complement pathway activation on nucleated cells. Role of factor H in the control of deposited C3b[END_REF]. Efficient complement regulation limits downstream complement activation [START_REF] Gershov | C-Reactive protein binds to apoptotic cells, protects the cells from assembly of the terminal complement components, and sustains an antiinflammatory innate immune response: implications for systemic autoimmunity[END_REF][START_REF] Trouw | C4b-binding protein and factor H compensate for the loss of membrane-bound complement inhibitors to protect apoptotic cells against excessive complement attack[END_REF], and it is possible to have abundant C4 fragment deposition on a surface in the absence of detectable C3 [START_REF] Renner | B cell subsets contribute to renal injury and renal protection after ischemia/reperfusion[END_REF].

The extent of complement activation by immune-complexes is determined by multiple factors, including the isotype of the antibody, the abundance of the target antigen and density of immunoglobulin, and the local concentration of complement regulatory proteins. Prior exposure to the target antigens and treatment with immunosuppressive drugs affects antibody generation. In vitro studies have shown that expression of HLA antigens and complement regulator proteins on endothelial cells is altered by inflammatory stimuli [START_REF] Iwasaki | Comparative study on signal transduction in endothelial cells after anti-a/b and human leukocyte antigen antibody reaction: implication of accommodation[END_REF]. Thus, antibody-mediated allograft injury is not simply a function of the presence of DSA in serum, but is influenced by numerous local and systemic factors.

Mechanisms of complement-mediated endothelial injury

Complement activation produces several biologically active fragments (Figure 1B). C3b is covalently fixed to surfaces and acts as an opsonin. C5b-9 (the membrane attack complex or MAC) forms pores through the outer membrane of cells and can cause cellular activation, signaling, cell lysis, and possibly proliferation [START_REF] Cole | Beyond lysis: how complement influences cell fate[END_REF]. MAC on the surface of endothelial cells rapidly induces activation of the non-canonical pathway of NF-κB, which then induces the expression of several pro-inflammatory proteins including IL-6, E-Selectin, and VCAM-1 [START_REF] Manes | Alloantibody and complement promote T cellmediated cardiac allograft vasculopathy through noncanonical nuclear factor-kappaB signaling in endothelial cells[END_REF]. Although ion flux through the MAC can activate endothelial cells, clathrin mediated endocytosis of MAC from the cell surface was also shown to activate NF-κB via stabilization of NF-κB-inducing kinase on the surface of early endosomes [START_REF] Surovtseva | Complement membrane attack complexes activate noncanonical NF-kappaB by forming an Akt+NIK+ signalosome on Rab5+ endosomes[END_REF].

C3a and C5a signal through G-protein coupled receptors expressed on a wide variety of cells, including hematopoietic cells, endothelial cells, and epithelial cells [START_REF] Klos | The role of the anaphylatoxins in health and disease[END_REF]. These protein fragments, referred to as anaphylatoxins, are potent inducers of inflammation. Signaling through the C5a receptor on endothelial cells causes the release of heparan sulfate from the cell surface [START_REF] Platt | The role of C5a and antibody in the release of heparan sulfate from endothelial cells[END_REF] and it amplifies production of inflammatory chemokines when the cells are also exposed to other cytokines [START_REF] Laudes | Expression and function of C5a receptor in mouse microvascular endothelial cells[END_REF]. C5a also directly triggers the release of pre-formed von Willebrand Factor from endothelial cells [START_REF] Yamakuchi | Antibody to human leukocyte antigen triggers endothelial exocytosis[END_REF]. Although the complement system is often regarded as a downstream effector system for antibody-mediated injury, complement activation also promotes the adaptive immune response. Several studies have shown that complement activation increases T cell alloreactivity against transplanted tissues [START_REF] Vieyra | Complement regulates CD4 T-cell help to CD8 T cells required for murine allograft rejection[END_REF][START_REF] Gueler | Complement 5a receptor inhibition improves renal allograft survival[END_REF]. Furthermore, antibody-induced MAC on endothelial cells enhances the response of alloreactive T cells and increases their production of IFN-γ [START_REF] Manes | Alloantibody and complement promote T cellmediated cardiac allograft vasculopathy through noncanonical nuclear factor-kappaB signaling in endothelial cells[END_REF]. IFN-γ, in turn, increases the expression of HLA I and II by the endothelial cells, leading to further antibody-mediated complement activation on the cell surface. Complement receptor-2 (CR2) is expressed on B cells, and the ligation of CR2 by C3d amplifies the B cell response to target antigens [START_REF] Dempsey | C3d of complement as a molecular adjuvant: bridging innate and acquired immunity[END_REF]. Complement activation within the ischemic kidney was found to amplify the humoral immune response to foreign antigens, possibly via this mechanism [START_REF] Fuquay | Renal ischemia-reperfusion injury amplifies the humoral immune response[END_REF]. Thus, the complement system potentially influences AMR at many different steps. It may promote the development of DSA, it mediates the downstream pathogenic effects of DSA, and it can increase the expression of HLA on endothelial cells.

Complement activation on endothelial cells is not always pathogenic, and it may be protective under some circumstances. Transient depletion of DSA in recipients of ABO incompatible allografts leads to long-term graft survival in some patients. Yet DSA titers rebound in these subjects and C4d can be detected within the allografts. This phenomenon is termed "accommodation", and it may require complement activation to occur [START_REF] Park | Accommodation in ABO-incompatible kidney allografts, a novel mechanism of self-protection against antibodymediated injury[END_REF]. In a study of sensitized primates, depletion of C3 with Yunnan-cobra venom factor (Y-CVF) for two weeks prior to kidney transplant prevented accelerated AMR and resulted in prolonged graft survival [START_REF] Song | Complement inhibition enables renal allograft accommodation and long-term engraftment in presensitized nonhuman primates[END_REF]. The animals had persistent DSA and C3 levels returned to normal after Y-CVF was discontinued, yet none of the animals subsequently developed AMR. The acquired resistance to complement mediated injury may involve increased expression of complement regulatory proteins and upregulated mechanisms for removing sC5b-9 from the plasma membrane [START_REF] Song | Complement inhibition enables renal allograft accommodation and long-term engraftment in presensitized nonhuman primates[END_REF][START_REF] Shibata | Complement activation induces the expression of decayaccelerating factor on human mesangial cells[END_REF].

C4d deposition within allografts

A unique feature of the complement system is that circulating C3 and C4 proteins are cleaved and covalently fixed to nearby surfaces during activation, providing a durable marker of inflammation. The detection of C4d deposits in capillaries is a marker of acute and chronic AMR in transplanted kidneys [START_REF] Feucht | Capillary deposition of C4d complement fragment and early renal graft loss[END_REF][START_REF] Collins | Complement activation in acute humoral renal allograft rejection: diagnostic significance of C4d deposits in peritubular capillaries[END_REF] and hearts (50) (Figure 2A). C4d is a more sensitive indicator of AMR than IgG deposition, probably because it is more abundant and it is covalently fixed to the cell surface. Isolated C4d deposition in kidney and heart allografts is not specific for AMR, however. In biopsies performed on patients who did not have evidence of renal allograft injury ("protocol biopsies"), only about half of the C4dpositive patients developed AMR [START_REF] Sund | Complement activation in early protocol kidney graft biopsies after living-donor transplantation[END_REF]. As mentioned above, C4d deposition in ABO incompatible allografts can actually be associated with accommodation and improved outcomes [START_REF] Haas | C4d deposition without rejection correlates with reduced early scarring in ABO-incompatible renal allografts[END_REF]. Thus, detection of C4d without histologic or functional evidence of allograft injury is not sufficient to predict AMR or to guide treatment. The significance of C4d staining in lung and liver allografts is controversial [START_REF] Glanville | Antibody-mediated rejection in lung transplantation: myth or reality? The Journal of heart and lung transplantation : the official publication of the International Society for Heart Transplantation[END_REF][START_REF] Magro | Use of C4d as a diagnostic adjunct in lung allograft biopsies[END_REF][START_REF] Neil | Current views on rejection pathology in liver transplantation[END_REF]. C3 and C4 are produced in the liver, and hepatocytes may be intrinsically resistant to complement-mediated injury [START_REF] Koch | Intrinsic resistance of hepatocytes to complement-mediated injury[END_REF].

The convertases deposit multiple C3b molecules on target surfaces, and the abundance of C3b can be many fold higher than that of C4b [START_REF] Ollert | Antibody-mediated complement activation on nucleated cells. A quantitative analysis of the individual reaction steps[END_REF]. C3d deposits can be seen in an identical pattern to C4d in some, but not all, allografts [START_REF] Haas | C4d and C3d staining in biopsies of ABO-and HLA-incompatible renal allografts: correlation with histologic findings[END_REF][START_REF] Tan | Correlation of donor-specific antibodies, complement and its regulators with graft dysfunction in cardiac antibody-mediated rejection[END_REF]. Cleavage of C3 occurs downstream of C4 in the classical pathway. Consequently, C3d is not seen in the absence of C4d in AMR [START_REF] Haas | C4d and C3d staining in biopsies of ABO-and HLA-incompatible renal allografts: correlation with histologic findings[END_REF][START_REF] Rodriguez | Antibody-mediated rejection in human cardiac allografts: evaluation of immunoglobulins and complement activation products C4d and C3d as markers[END_REF]. On the other hand, the detection C4d in the absence of C3d may represent effective complement regulation (Figure 2B). Thus, C3d may be more specific than C4d as a marker of complete complement activation and AMR [START_REF] Haas | C4d and C3d staining in biopsies of ABO-and HLA-incompatible renal allografts: correlation with histologic findings[END_REF], although this requires further validation.

Although detection of C4d has long considered essential for the diagnosis of AMR, there is emerging evidence that DSA cause injury to allografts in the absence of C4d deposits. Ultrastructural changes and endothelial-specific gene expression profiles characteristic of AMR are observed in some C4d-negative biopsies [START_REF] Sis | Endothelial transcripts uncover a previously unknown phenotype: C4dnegative antibody-mediated rejection[END_REF][START_REF] Loupy | Significance of C4d Banff scores in early protocol biopsies of kidney transplant recipients with preformed donorspecific antibodies (DSA)[END_REF]. Some reports now suggest that up to 20% of acute cases and up to 60% of cases of chronic AMR may be C4d-negative [START_REF] Haas | Banff 2013 meeting report: inclusion of c4d-negative antibody-mediated rejection and antibody-associated arterial lesions[END_REF][START_REF] Sis | Transplant glomerulopathy, late antibody-mediated rejection and the ABCD tetrad in kidney allograft biopsies for cause[END_REF]. The absence of C4d in these biopsies may be due to technical reasons, but DSA may also cause injury through complement-independent mechanisms, such as signaling through FcR receptors on natural killer (NK) cells or other cell types [START_REF] Zhang | Effect of antibodies on endothelium[END_REF][START_REF] Lee | The involvement of FcR mechanisms in antibody-mediated rejection[END_REF][START_REF] Hirohashi | A novel pathway of chronic allograft rejection mediated by NK cells and alloantibody[END_REF]. Based on these observations, a category of C4d-negative AMR was included in the most recent revision of the Banff criteria for the diagnosis of AMR [START_REF] Haas | Banff 2013 meeting report: inclusion of c4d-negative antibody-mediated rejection and antibody-associated arterial lesions[END_REF]. Diagnosis of C4d-negative AMR requires DSA, histologic evidence of injury, and detection of microvascular injury by histology or gene expression profile. Patients with C4d-negative AMR are at risk for long-term graft failure (62) and treatment of these patients improves outcomes, confirming the clinical importance this subgroup [START_REF] Haas | Early ultrastructural changes in renal allografts: correlation with antibodymediated rejection and transplant glomerulopathy[END_REF].

In Vitro Assays for Donor Specific Antibodies

The original CDC assay provides a functional readout of complement activation by DSA (i.e. lymphocyte lysis) [START_REF] Patel | Significance of the positive crossmatch test in kidney transplantation[END_REF]. A positive crossmatch with this assay is highly predictive of acute rejection and is a contraindication to transplantation. The assay is not sensitive and is cumbersome to perform, however, and several other assays for DSA have subsequently been developed [the technical aspects of these assays have recently been reviewed [START_REF] Konvalinka | Utility of HLA Antibody Testing in Kidney Transplantation[END_REF]]. In 1983, flow cytometric crossmatching using recipient serum and donor lymphocytes was introduced as an alternative method (69), and flow cytometry has largely replaced the CDC crossmatch. In addition, methods to detect DSA reactive to specific donor antigens were developed in the mid-1990s [START_REF] Pei | Single human leukocyte antigen flow cytometry beads for accurate identification of human leukocyte antigen antibody specificities[END_REF]. In these assays, recipient serum is mixed with beads coated with either HLA class I or class II antigens, and IgG bound to specific antigens is detected by flow cytometry [START_REF] Sumitran-Karuppan | The use of magnetic beads coated with soluble HLA class I or class II proteins in antibody screening and for specificity determinations of donor-reactive antibodies[END_REF][START_REF] Pei | Simultaneous HLA Class I and Class II antibodies screening with flow cytometry[END_REF].

Hyperacute rejection has become rare since the adoption of crossmatching using a combination of flow cytometry crossmatch and the solid phase single antigen bead assay. Unfortunately these assays do not predict or detect AMR as well as originally hoped. Most studies agree that pre-transplant DSA is associated with worse graft outcomes and a higher incidence of acute and chronic AMR in kidney, heart, lung, liver, and pancreas transplantation [START_REF] Otten | Pretransplant donor-specific HLA class-I and -II antibodies are associated with an increased risk for kidney graft failure[END_REF][START_REF] Dunn | Revisiting traditional risk factors for rejection and graft loss after kidney transplantation[END_REF][START_REF] Amico | Risk stratification by the virtual crossmatch: a prospective study in 233 renal transplantations[END_REF][START_REF] Lefaucheur | Preexisting donor-specific HLA antibodies predict outcome in kidney transplantation[END_REF][START_REF] Tait | Consensus guidelines on the testing and clinical management issues associated with HLA and non-HLA antibodies in transplantation[END_REF]. In a study by Amico et al, for example, pre-transplant DSA was associated with an increased incidence of AMR (55% vs 6%) and a reduced 5-year deathcensored graft survival compared with patients without detectable DSA. However, 45% of the patients with detectable DSA did not develop AMR and did not have reduced 5-year graft survival [START_REF] Amico | Clinical relevance of pretransplant donorspecific HLA antibodies detected by single-antigen flow-beads[END_REF][START_REF] Süsal | No association of kidney graft loss with human leukocyte antigen antibodies detected exclusively by sensitive Luminex single-antigen testing: a Collaborative Transplant Study report[END_REF]. The poor specificity of the standard DSA assays for predicting AMR may be due to the fact that they do not capture information about antibody isotype or its ability to activate complement.

DSA assays that measure complement binding/activation

To improve the ability of solid-phase assays to predict allograft injury, the single antigen bead assay has been modified to measure complement activation by DSA against specific antigens. Assays have been developed that measure C1q or C3d binding by the DSA, or that measure C4d deposition onto the bead surface [START_REF] Chen | Novel C1q assay reveals a clinically relevant subset of human leukocyte antigen antibodies independent of immunoglobulin G strength on single antigen beads[END_REF][START_REF] Sicard | Detection of C3d-binding donor-specific anti-HLA antibodies at diagnosis of humoral rejection predicts renal graft loss[END_REF][START_REF] Lachmann | Systematic comparison of four cell-and Luminex-based methods for assessment of complement-activating HLA antibodies[END_REF][START_REF] Wahrmann | C4d]FlowPRA screening--a specific assay for selective detection of complement-activating anti-HLA alloantibodies[END_REF]. The C4d-deposition DSA assay correlates with C4d deposition in renal allografts [START_REF] Bartel | In vitro detection of C4d-fixing HLA alloantibodies: associations with capillary C4d deposition in kidney allografts[END_REF], and it predicts worse allograft survival in cardiac [START_REF] Rose | Clinical relevance of complement-fixing antibodies in cardiac transplantation[END_REF] and renal transplants [START_REF] Wahrmann | Clinical relevance of preformed C4d-fixing and non-C4d-fixing HLA single antigen reactivity in renal allograft recipients[END_REF]. In a recent study of 1016 renal transplant patients, those with C1q-binding DSA had worse graft survival than those who did not: 18% of the patients developed T cell mediated rejection and 48% of patients developed AMR [START_REF] Loupy | Complement-binding anti-HLA antibodies and kidney-allograft survival[END_REF]. However, detection of C1q-binding DSA has not correlated with AMR or allograft failure in all studies [START_REF] Crespo | Clinical relevance of pretransplant anti-HLA donor-specific antibodies: does C1q-fixation matter?[END_REF]. Patients with C3d-binding DSA were found to have worse renal allograft survival than those who do not, even in patients with low overall DSA titers [START_REF] Sicard | Detection of C3d-binding donor-specific anti-HLA antibodies at diagnosis of humoral rejection predicts renal graft loss[END_REF]. The evaluation of C3d-binding DSA was performed at the time of biopsy and was not evaluated over time, so the significance of these findings is limited to acute AMR.

A recent study reported that detection of IgG3 DSA in the single antigen bead assay is associated with a higher risk of allograft loss than other DSA isotypes [START_REF] Lefaucheur | IgG Donor-Specific Anti-Human HLA Antibody Subclasses and Kidney Allograft Antibody-Mediated Injury[END_REF]. This is probably due to the effects of isotype on the ability of immunoglobulin to activate complement. Complement activation is also a function of DSA titer, however, since bound IgG must achieve a certain degree of density to bind C1q. Indeed, positivity in the C1q-binding assay is more strongly correlated with the overall level of DSA than it is with the isotype [START_REF] Schaub | Determinants of C1q binding in the single antigen bead assay[END_REF][START_REF] Yell | C1q Binding Activity of De Novo Donorspecific HLA Antibodies in Renal Transplant Recipients With and Without Antibody-mediated Rejection[END_REF]. Thus, further study will be needed to determine whether the complement binding assays yield clinically useful information beyond that provided by the standard single antigen bead assay and antibody titer, and whether the results of these assays will improve patient care.

Complement-targeted therapies

Currently, the treatment of AMR is based upon strategies to remove pre-formed antibodies (plasmapheresis), or to prevent production of new antibodies (IVIg, rituximab, bortezomib). Unfortunately, the treatment of acute and chronic AMR is often unsuccessful. Inhibition of the complement cascade is an attractive therapeutic option, particularly in patients with acute disease and complement-activating DSA detected by the solid-phase assays [START_REF] Sicard | Detection of C3d-binding donor-specific anti-HLA antibodies at diagnosis of humoral rejection predicts renal graft loss[END_REF][START_REF] Loupy | Complement-binding anti-HLA antibodies and kidney-allograft survival[END_REF].

Eculizumab is a monoclonal antibody to C5 that blocks C5 cleavage and activation. The FDA has approved eculizumab for treatment of paroxysmal nocturnal hemoglobinuria and atypical hemolytic uremic syndrome. The first case report of eculizumab used for AMR involved a highly sensitized kidney transplant recipient who developed severe AMR within days of transplantation [START_REF] Locke | The use of antibody to complement protein C5 for salvage treatment of severe antibody-mediated rejection[END_REF]. The patient was resistant to standard antibody-depleting therapies but recovered renal function after treatment with two doses of eculizumab.

Additional cases have been reported of successful treatment of acute AMR in highly sensitized recipients of kidney [START_REF] Kocak | Eculizumab for salvage treatment of refractory antibody-mediated rejection in kidney transplant patients: case reports[END_REF][START_REF] Orandi | Eculizumab and splenectomy as salvage therapy for severe antibody-mediated rejection after HLA-incompatible kidney transplantation[END_REF], kidney/pancreas [START_REF] Biglarnia | Prompt reversal of a severe complement activation by eculizumab in a patient undergoing intentional ABO-incompatible pancreas and kidney transplantation[END_REF], heart [START_REF] Irving | ABO-incompatible cardiac transplantation in pediatric patients with high isohemagglutinin titers[END_REF], lung [START_REF] Dawson | Treatment of hyperacute antibody-mediated lung allograft rejection with eculizumab[END_REF], and intestine (98) transplants. In the largest published trial to date, prophylactic treatment of sensitized renal transplant patients with eculizumab in addition to plasmapheresis reduced the incidence of acute AMR at one year compared to historical controls (7.7% versus 42.2%), but it did not significantly reduce the incidence of chronic AMR at two years [START_REF] Stegall | Terminal complement inhibition decreases antibody-mediated rejection in sensitized renal transplant recipients[END_REF]100). Of patients with high DSA levels post-transplant, positive C4d staining on biopsy was common in both eculizumab treated and control patients (100% and 91%, respectively), consistent with the downstream position of C5 in the complement cascade (Figure 1B). In patients with high DSA levels and positive C4d staining, however, only 15% of patients in the treatment group had inflammation consistent with AMR compared to 100% of the historical controls.

Further analysis of the two patients in the eculizumab treatment group that developed AMR revealed an association of IgM DSA with eculizumab failure (101). Burbach et al reported two other cases of eculizumab failure, one in prevention of acute AMR and one in treatment of acute AMR (102). Both cases met Banff criteria for acute AMR but were C4d-negative on biopsy. These cases may represent a subset of patients who develop injury through complement-independent mechanisms. It is also unknown how long treatment with eculizumab should continue, and it is possible that prolonged treatment will impede the development of accommodation. These are particularly important issues given the expense of the drug.

The early successes of eculizumab highlight the potential of complement modulating therapies for preventing and treating AMR, while its failures underscore the heterogeneity of acute and chronic AMR. Clinical trials of eculizumab in transplant patients are ongoing and should provide further insights into the optimal approach to complement inhibition in AMR (NCT01895127, NCT02113891, and NCT02013037). Several novel complement inhibitors are in development, some of which are being investigated as possible therapies for AMR (103). C1 blockade prevented acute AMR of kidney allografts in allosensitized baboons (104), for example, and a recent phase I/II trial of C1 inhibitor infusions showed promise in preventing acute AMR in highly sensitized renal transplant patients (105). Inhibition at the level of C3 may also be an effective approach given the importance of C3 fragments in the innate and adaptive immune responses [START_REF] Song | Complement inhibition enables renal allograft accommodation and long-term engraftment in presensitized nonhuman primates[END_REF]. An agent that prevents C3 activation within the transplanted organs is currently being evaluated in a phase II study (106).

Conclusions

AMR is an important cause of acute and chronic allograft injury. Treatment is not always effective, and chronic AMR is now the most common cause of long-term allograft failure. The degree of tissue injury caused by the humoral immune system is a function of the titer, affinity, and isotype of the DSA, as well as the expression of antigens and complement regulatory proteins within the target tissue. These elements are influenced by tissue injury, illness, and by immunosuppressive medications (or non-compliance). Consequently, the overall tendency of DSA to cause injury varies over time, and the diagnosis of AMR requires the detection of DSA in serum and microvascular injury and/or C4d deposition within the allograft.

In recent years there have been important advances in our understanding of the role of complement in AMR. One innovation has been the development of assays to examine the complement-activating potential of DSA. These assays provide further evidence of the importance of the complement cascade in the pathogenesis of AMR. Eculizumab has shown efficacy for the prevention and treatment of acute AMR, and new therapeutic complement inhibitors are in development. Additional clinical experience with these drugs will provide important information about the benefits and limitations of complement inhibition in this disease. For example, there may be a subset of AMR patients in whom antibody-mediated injury of the allograft does not involve complement activation. Furthermore, C3a and/or C3b may contribute to allograft injury, and complement inhibitors that block the complement cascade at the level of C3 may have advantages over agents that block the cascade at the level of C5.

One of the primary remaining challenges in caring for transplant recipients is detecting and monitoring AMR. An ideal biomarker of AMR would specifically indicate active complement activation and tissue injury, not just future risk of injury. Furthermore, biomarkers that indicate ongoing complement activation could be used to stratify patients to treatment with complement inhibitory drugs. Molecular imaging methods have been developed to non-invasively detect deposition of complement fragments within tissues (107), and these techniques may be useful for monitoring AMR. These diagnostic tools and other future discoveries in the field of complement biology will undoubtedly have an important impact on prevention and treatment of AMR. 

Figure 1 .

 1 Figure 1. Complement activation in antibody mediated rejectionA) The classical pathway of complement is activated when C1q binds to IgG clustered on endothelial HLA. Each C1q deposits multiple C4 molecules on target surfaces. Efficient complement regulation stops the reaction before C3 molecules are deposited. In contrast, complete complement activation results in covalent fixation of multiple C3 fragments to the target tissue. This process is augmented by the alternative pathway amplification loop, although several regulatory proteins control the alternative pathway. Complement regulatory proteins metabolize the C3b to iC3b and then to C3dg. B) Complete complement activation generates several biologically active products, including C3a, C3b, C5a, and C5b-9. Abbreviations: C4bp, C4 binding protein; CR1, complement receptor 1; fI, Factor I; fH, Factor H; MCP, membrane cofactor protein; DAF, decay accelerating factor.

Figure 2 .

 2 Figure 2. C4 and C3 deposition in tissues by the classical pathway of complementA) Linear staining of capillary endothelium for A) C4d and B) C3d in a cardiac biopsy from a patient with AMR. The staining pattern for C4d and C3d was identical in this biopsy. C) C3 and C4 deposition in glomerulus of a mouse kidney. IgM deposition in the mesangium causes C4 deposition (red). Efficient complement regulation prevents C3 deposition (green) at the same location. Some alternative pathway-mediated C3 deposition is seen on Bowman's capsule and in the tubulointerstitium. Glomeruli are indicated with arrowheads. Modified with permission from references[START_REF] Renner | B cell subsets contribute to renal injury and renal protection after ischemia/reperfusion[END_REF] and[START_REF] Tan | Correlation of donor-specific antibodies, complement and its regulators with graft dysfunction in cardiac antibody-mediated rejection[END_REF].
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