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Aberrant activation of the complement system contributes to solid-organ graft dysfunction and failure. In kidney transplantation, the complement system is implicated in the pathogenesis of antibody- and cell-mediated rejection, ischemia-reperfusion injury, and vascular injury. This has led to the evaluation of select complement inhibitors (e.g., C1 and C5 inhibitors) in clinical trials with mixed results. However, the complement system is highly complex: it is composed of more than 50 fluid-phase and surface-bound elements, including several complement-activated receptors—all potential therapeutic targets in kidney transplantation. Generation of targeted pharmaceuticals and use of gene editing tools have led to an improved understanding of the intricacies of the complement system in allo- and xeno-transplantation. This review summarizes our current knowledge of the role of the complement system as it relates to rejection in kidney transplantation, specifically reviewing evidence gained from pre-clinical models (rodent and nonhuman primate) that may potentially be translated to clinical trials.
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Introduction


Overview of the complement system

The complement system—made up of many protein mediators, regulators, and cellular receptors (Table 1)—has a diverse range of functions such as immune complex clearance, macrophage activation, opsonization, and modulation of the adaptive immune system (1, 2).


Table 1 | Major components of the complement system and their function.



There are three pathways through which the complement system is activated: classical, lectin, and alternative. Initiation of these pathways occurs in response to unique molecular signals. The classical pathway is triggered in response to antibody-antigen binding to form an immune complex. C1q is a protein with six globular heads, each of which binds to the Fc region of IgG or IgM, resulting in the complexing of C1q with proteases C1r and C1s. Activated C1s cleaves C4 and C2 into split product C4a, C4b, C2a, and C2b. This allows for the formation of C4b2a, a C3 convertase (i.e. classical C3 convertase) (2). The lectin pathway is initiated following recognition of pathogen-associated molecular patterns (PAMP) and altered self-antigens by mannose-binding lectins (MBL), collectins, and ficolins. The binding activates proteases MASP-1 and MASP-2, in turn cleaving C4 and C2 and resulting in the formation of classical C3 convertase (C4b2a) (3, 4). The alternative pathway is spontaneously activated by constant hydrolysis of the C3 protein. Factor B recognizes C3(H2O) and is then cleaved by Factor D to generate C3(H2O)Bb, which in turn cleaves C3 allowing for the generation of C3bBb, the alternative C3 convertase (5, 6). Properdin, a plasma glycoprotein released by neutrophils, monocytes, and endothelial cells in response to stress, stabilizes the alternative C3 convertase. Conversely, factor H, promotes degradation of C3b thus downregulating the alternative pathway (7). All three pathways converge with the creation of a C3 convertase which cleaves C3 into split products C3a and C3b in the common pathway.

C3b complexes with the C4b2a and C3bBb convertases, forming C5 convertases which then cleave C5 into C5a and C5b. C5b complexes with C6-9 to form the terminal membrane attack complex (MAC) (2). The MAC is a cylindrical protein that embeds itself in the cell wall allowing for the entry of extracellular fluid and subsequent cell lysis (8, 9).

Complement split products C3a, C4a, and C5a, also known as anaphylatoxins, serve as mediators of inflammation, resulting in increased vascular permeability, vasodilation, histamine release, and smooth muscle contraction (10, 11). C5a is also implicated in neutrophil chemotaxis. C3b, in addition to its role in the formation of C5 convertase and alternative C3 convertase, binds complement receptors on phagocytes, assisting in opsonization and clearance of immune complexes (11). Anaphylatoxins have their own receptors, C3aR, C5aR1 and C5aR2 (12). C3aR is expressed on neutrophils, basophils, eosinophils, monocyes, mast cells, and certain T and B cell populations, and is involved in chemotaxis of innate cell populations (13–15). C5aR1 is similarly expressed on neutrophils and monocytes, although at higher concentrations than C3aR (16). Additionally, C5aR1 is expressed on T and B lymphocytes and is involved in chemotaxis of both innate and adaptive immune cells (17–20). C5aR2 is involved in modulation of inflammation, and thus innate and adaptive immune responses (21).

Non-anaphylatoxin complement receptors are expressed on a multitude of cell populations and serve a wide range of purposes depending on ligand and cell type, which range from complement system regulation to opsonization to T and B cell modulation. Complement receptor (CR1) is expressed on both innate and adaptive immune cells such as erythrocytes, neutrophils, monocytes, dendritic cells, B and T cells (22). Soluble CR1 (sCR1) arises when membrane-bound CR1 is cleaved from secretory vesicles or the cell membrane (23). CR1 regulates the lectin pathway by binding MBLs and inhibiting MASP activity. CR1 also binds C3b and C4b split products (22). CR2 is a B cell co-receptor expressed on B cells and follicular dendritic cells that binds C3 products and enhances B cell maturation via enhanced antigen presentation (24–27). CR3 and CR4 are expressed mainly on monocytes, macrophages, dendritic cells, NK cells, and neutrophils; however, they are also involved in T cell regulation. Primarily, these receptors are involved in C3 split-product-mediated opsonization (28). CRIg is a structurally distinct complement receptor that contains an immunoglobulin domain (29). It is another receptor of C3 split product receptors expressed primarily on tissue macrophages involved in phagocytosis (30).

The majority of complement regulators inhibit proteins at different steps of the complement cascade. C1 inhibitor is a circulating serpin protease inhibitor that primarily prevents spontaneous activation of the classical pathway via irreversible binding to C1r and C1s, and the lectin pathway via inactivation of MASP-1 and MASP-2 (31). As mentioned above, factor H downregulates the alternative pathway via C3b inactivation while properdin upregulates this pathway through C3 convertase stabilization. Factor I is another soluble protein that when activated by certain cofactors facilitates inactivation of C3b (iC3b). Membrane cofactor protein (MCP, CD46; Crry in mice) is one such membrane-bound regulator that disrupts C3 convertase assembly by facilitating factor I-mediated C3b inactivation. Decay accelerating factor (DAF, CD55) and protectin (CD59) are two complement regulators bound to the cell membrane via a GPI tail that disrupt the common and terminal pathways respectively. DAF prevents complement activation on self cells by promoting C3 and C5 convertase decay (32, 33). Particularly, DAF enhances dissociation of C2 and factor B, thus blocking all three C3 convertases (34). Protectin binds C9 thus preventing MAC formation (35). Finally, complement receptor 1 (CR1) regulates both the classical and alternate pathway by promoting C3 and C5 convertase decay and cleavage of C3b and C4b (36).

Broadly, complement-targeting therapies act via direct downregulation or inhibition of complement elements or potentiation of regulatory proteins thus suppressing various complement functions. As complement activation is implicated in the pathophysiology of many injuries and diseases, such therapies may be applied in a variety of contexts.



Role of the complement system in rejection in kidney transplantation

The complement system is involved in the pathogenesis of ischemia-reperfusion injury, antibody- and cell-mediated rejection, and vascular injury. Following implantation, ischemia-reperfusion injury generates neo-antigens, which in turn are recognized by either preformed IgM or MBL. This initiates the classical or lectin pathway (Figure 1) (37). Additionally, donor-specific antibodies (DSA) bind to donor MHC molecules and initiate the classical pathway (38). This review focuses on the involvement of the complement system in the pathophysiology of rejection; the role of the complement system in ischemia-reperfusion injury (39–42) and vascular injury (43–45) has been recently and extensively reviewed elsewhere.




Figure 1 | Complement activation cascade and complement-targeting therapies in small animal, NHP, and clinical studies of IRI, TCMR, and ABMR.



Under modern immunosuppression, antibody-mediated rejection (ABMR) is the dominant mode of allograft injury (46, 47). DSA bind donor MHC molecules in the allograft, forming immune complexes that activate the classical complement pathway. Following C4 cleavage, C4b covalently binds target sites such as endothelial cells, and is again cleaved into C4d which remains deposited to peritubular capillaries. C4d staining is thus part of the diagnostic criteria for ABMR (46, 48) and is included in routine evaluation of tissue biopsies taken to evaluate for rejection. Importantly, the 2017 Banff criteria incorporates C4d deposition as a surrogate for DSA, highlighting the importance of complement in ABMR pathophysiology and diagnosis (48). In recent years, widespread use of Luminex-based assays has allowed for the precise characterization and quantification of DSA against HLA, in particular allowing for characterization of complement-binding HLA-specific antibodies—those that bind C1q and C3q and activate the complement cascade. Patients with complement-activating DSA are more likely to undergo ABMR, with more extensive microvascular injury and increased C4d deposition on histology (38). These findings were confirmed in a meta-analysis showing that presence of complement-fixing anti-HLA DSA is associated with increased graft loss and allograft rejection, with respective hazard ratios of 3.09 and 3.75 compared to patients with non-complement-fixing anti-HLA DSA (49). Accordingly, the ability to discriminate between complement-fixing (both C1q-binding DSA and C3q binding-DSA) and non-complement-fixing DSA leads to improved prognostication (50, 51). Complement-fixing DSA allows for characterization of one’s response to ABMR treatment, with the presence of C1q-binding DSA portending to increased allograft loss (52). Finally, the complement system is involved in the maturation of B cells in the germinal center, a key step in the humoral response. C3a-C3aR and C5a-C5aR signaling is required for positive B cell positive selection (53).

The complement system is also involved in T cell-mediated rejection (TCMR). Several groups have reported that the complement system is activated during TCMR in kidney transplantation with increased intra-graft C3 mRNA expression (54, 55), as well as increased expression of C1q, C1s mRNA and several complement regulatory genes (55). Furthermore, the complement system is intimately involved with T cell function. It is now well characterized that locally produced C5a and C3a, interacting with their cognate receptors, provide costimulatory signals critical to T cell activation, proliferation, and differentiation (56). Activation of C3a-C3aR and C5a-C5aR promote expansion of the T effector repertoire by suppressing programmed cell death (57). Congruent with those findings, deficiency of DAF accelerates TCMR of cardiac allograft by augmenting strength of the T cell response through pro-proliferative and pro-survival effects on alloreactive CD8+ T cells (58). Conversely, genetic or pharmacologic blockade of C3a-C3aR and C5a-C5aR promotes T regulatory cells (59), a well-described subset of T cells involved in limiting immune activation and linked to tolerance (60).

Additionally, the complement system also contributes to graft loss via the recruitment of inflammatory cells such as macrophages, neutrophils, and NK cells, which deposit in the graft and can lead to rejection with reduced or absent C4d staining. C5a-CraR1 interactions regulate intragraft migration of suppressive myeloid cells (61). Additionally, sublytic levels of MAC on endothelial cells stimulate NF-κB and subsequent IL-1α and IL-8 production, further increasing inflammation (62–64).

Thus, complement-based therapeutics may be applied to transplantation in the prevention and treatment of multiple pathologies that result in graft dysfunction and failure in kidney transplantation such as ABMR, TCMR, and inflammation. This review focuses specifically on the utility of complement-targeting strategies in kidney transplant rejection.




Clinical use of complement inhibitors to prevent rejection in kidney transplantation

There are several FDA-approved complement-targeting therapies that have been used off-label in kidney transplantation. C1-INH (Cinryze, Takeda & Berinert, CSL Behring), a recombinant C1 esterase inhibitor, is approved for treatment of hereditary angioedema (65). In February 2022, Sutimlimab, an anti-C1 monoclonal antibody, was approved for treatment of cold agglutinin disease. Finally, Eculizumab (Soliris, Alexion), a humanized monoclonal antibody against C5, is approved for treatment of paroxysmal nocturnal hematuria, atypical hemolytic uremic syndrome, and neuromyelitis optica. These drugs have been used experimentally for ABMR treatment and prevention, as well as to prevent ischemia-reperfusion injury and delayed graft function (66, 67).


C1 inhibitors

C1-INH has been trialed as ABMR therapy in multiple contexts (68). Vo et al. (69) first reported results of a randomized control trial (RCT) in which C1-INH was administered to highly sensitized patients following desensitization to prevent the development of ABMR. At one month, no patients in the C1-INH group and one in the placebo group had developed ABMR. Following the study endpoint, there was no statistically significant difference in the incidence of ABMR between the two groups, with two patients in the C1-INH and three in the placebo group developing ABMR. Montgomery et al. (70) reported a phase 2b multicenter RCT in which C1-INH was administered as an add-on to standard of care (SOC) for ABMR treatment in 18 patients. There was no difference between groups with respect to pathology or graft survival at day 20 (primary endpoint). However, biopsies taken at six months showed transplant glomerulopathy in three out of seven patients in placebo group, compared to zero out of seven in the C1-INH group, suggesting sequela of chronic ABMR in the placebo group but not in the C1-INH group. Finally, Viglietti et al. (71) performed a prospective, single-arm study to evaluate efficacy and safety of C1-INH in patients with ABMR unresponsive to conventional treatments. Patients underwent six months of treatment with C1-INH and IVIg. All six patients had improved GFR at six months and reduction of complement-fixing DSA. Accordingly, histology showed decreased C4d deposition; however, no other changes in histology were noted. Importantly, a phase 3 multicenter RCT (NCT02547220) to evaluate the efficacy and safety of C1-INH (Cinryze) as an adjunct to SOC for ABMR treatment was terminated after meeting pre-defined criteria for futility. Another phase 3 multicenter RCT (NCT03221842) to evaluate C1-INH (Berinert) as an add-on to SOC for refractory ABMR was discontinued. Therefore, the potential utility of C1-INH as an ABMR therapy is still unclear, given heterogeneous study outcomes, differing drug regimens, and small sample sizes (68).

Sutimlimab (Enjaymo, Sanofi), an anti-C1 mAb, was recently evaluated in a phase 1 clinical trial (72). Ten kidney transplant recipients with evidence of late active ABMR and classical pathway activation (C4d deposition, complement-fixing DSA) received four weekly doses of sutimlimab. All 10 patients had improvement in C4d deposition: five out of eight turned C4d-negative while the remaining two patients had a decrease in their C4d scores. There were overall no changes in renal function or DSA.



C5 inhibitors

The use of C5 inhibitors in kidney transplantation was first described in 2009 by Dr. Montgomery’s group, who reported a case of eculizumab and splenectomy as salvage therapy for severe ABMR following HLA-incompatible transplant (73). Orandi et al. (74) expanded on the use of eculizumab and splenectomy as salvage therapy: five out of five patients treated with eculizumab/splenectomy/plasmapheresis saw graft survival and minimal transplant glomerulopathy at one year. However, four out of five patients treated with eculizumab/plasmapheresis had graft failure and TG on histology at one year. Stegall et al. (75) explored the utility of eculizumab as ABMR prevention in HLA-incompatible kidney transplantation. Twenty-six highly sensitized recipients received eculizumab post-transplant, and ABMR rates were compared to historic cohorts. ABMR incidence (7.7% vs. 41.2%) and rates of TG on one-year biopsy (6.7% vs. 35.7%) were lower in the eculizumab group compared to historical cohort. However, long-term follow-up of this cohort revealed no differences on one-year protocol biopsies, suggesting that eculizumab does not prevent chronic ABMR in patients undergoing HLA-incompatible transplants (76). A phase 2 multicenter RCT (NCT01399593) to assess safety and efficacy of eculizumab as ABMR prevention following HLA-incompatible kidney transplantation was terminated due to lack of superiority at primary endpoint (biopsy‐proven acute ABMR, graft loss, death, or loss to follow‐up) (9.8% in eculizumab group vs. 13.7% in SOC, p=0.76) (77). However, biopsies were evaluated by a central pathologist without clinical information at hand; post-hoc reassessment by central pathologists with clinical context yielded a larger observed difference between eculizumab and SOC (11.8% and 21.6%, p=0.28) and significant difference if grade 1 AMR scores were included (11.8% vs. 29.4%, p=0.048). Interestingly, another phase 2 (NCT01567085) open label single-arm multicenter trial with 80 highly sensitized patients undergoing deceased-donor kidney transplantation and post-transplant receiving a 9-week course of eculizumab showed a 8.8% treatment failure rate at 9 weeks post-transplant, compared to 40% expected treatment failure rates with SOC (78). In this study, only 6.3% of eculizumab treated patients showed histological evidence of ABMR within 12 months (78). Unfortunately, this study’s conclusion is dampened by the single-arm design and the use of central pathology biopsy assessment without clinical information or grade 1 ABMR for primary end point decision. In summary, the evidence in support of eculizumab as ABMR salvage or prevention remains unconvincing.

Overall, clinical trials of complement-based therapies have yielded mixed outcomes, and interpretation of these trials has been limited by small sample sizes, heterogeneity in treatment regimens, and varying definitions of ABMR. Nevertheless, several promising complement-based therapies have been investigated in pre-clinical models that may yield translatable strategies in humans. The rest of this review summarizes promising complement-based strategies tested in pre-clinical models that offer potential solutions for organ rejection in humans.




Rodent studies


Common pathway

The three initial complement pathways all converge on the formation of a C3 convertase. C3 split products play multiple important roles, such as C5 convertase formation, opsonization, inflammatory mediation, and alternative pathway activation; thus, C3 is an appealing target for inhibition with the potential to quiet the entire complement cascade and several of its functions. In 2002, Pratt et al.’s breakthrough paper elucidated the role of C3 in modulating acute rejection and regulating T cell responses in a C3 knockout (KO) murine kidney transplantation model, further supporting the potential of C3 as a therapeutic target (79). The transplanted C3 KO mice had longer graft survival compared to the WT controls, with less tubular and vascular inflammation on graft histology. Furthermore, C3 KO mice displayed defective T cell priming, and in vitro experiments showed the activation of T cell complement receptors CR1 and CR2 by fragments C3b, iC3b, C3dg, and C3d (80). This paper put forth several hypotheses regarding the role of C3 in T cell activation. First, C3 may bind covalently to tissue, thus activating alloreactive T cells through complement receptors—a response not seen in C3 KO tissues. Second, antigen processing and display by APCs may be more efficient in response to C3-opsonized antigens. Lastly, complement-activated APCs may have higher expression of MHC and costimulatory molecules, resulting in more robust T cell activation.

C3 has also been targeted in small animal xenotransplantation: Malassagne et al. assessed the impact of C3 degradation on hyperacute rejection in a guinea pig to rat heterotopic heart transplant model (81). Hypodermin A (HA), a serine esterase, was administered prior to transplant to trigger C3 degradation and was found to significantly delay onset of hyperacute rejection. In vitro experiments showed lower deposition of terminal complement products C6 and MAC in HA-transfected cells, while serum CH50 levels decreased with HA administration in vivo.

Several rodent studies have used blockade of other steps in the common complement pathway in transplantation. For example, anti-C5 mAb treatment in a murine heart transplant model resulted in increased graft survival (82). C5 blockade inhibits the proinflammatory actions of anaphylatoxin C5a and MAC, C5b-9, without inhibiting upstream proteins. The combination of anti-C5 mAb and cyclosporine resulted in reduction of DSA below detection threshold and indefinite graft survival, with less evidence of acute vascular rejection and acute cellular rejection on histology. Interestingly, long-term survivors had low levels of antibody deposited in the allograft. Anti-C5 mAb treatment in a pre-sensitized heterotopic heart transplantation model resulted in permanent graft survival with no evidence of rejection on histology, despite persistently elevated DSA titers and complement levels (83). Interestingly, the authors rechallenged recipients with re-transplantation and found that accommodation required C5-depletion of both the graft and recipients.

Furthermore, C5 blockade, in conjunction with costimulation blockade, prevents TCMR in a heterotopic heart transplant murine model by limiting induction of donor-specific T cells and inhibiting the response of allo-primed T cells (84). C5 blockade also reduced trafficking of allo-primed T cells to the graft.

Both activation of the classical and lectin pathways leads to cleavage of C4 into C4a and C4b. As such, C4 constitutes an appealing target to prevent activation of the complement system. Li et al. (85) surprisingly found no effect of C4 knockout, either in the recipient or donor, on allograft survival and alloantibody responses in a murine model of MHC mismatched kidney allotransplantation. Presumably, complement activation seen in their model resulted from activation of the alternative pathways and underlines the importance of blocking all 3 pathways to achieve meaningful blockade of the complement system.

Therefore, targeting elements that are common to all 3 complements pathways—namely via inhibition of C3 and C5—has resulted in robust and effective suppression of multiple immune processes in small animal models, such as prevention of hyperacute rejection, TCMR, ABMR, and graft infiltration.



Terminal pathway

The membrane attack complex (MAC), also known as terminal complement complex (TCC), constitutes the end-product of the complement cascade. MAC deposition on the cell surface of non-nucleated cells disrupts the cell membrane, allowing for influx of fluid, and subsequent cell lysis and death. In nucleated cells, MAC leads to release of pro-inflammatory cytokines and enhanced the immunogenicity (86).

Deficiency of C6, one of the proteins that forms the MAC, results in prolonged graft survival in a model of long-term cardiac allotransplantation model (87). Heterotopic heart transplants were performed between MHC-mismatched rats with either WT or C6 deficient donors. Cardiac allografts in the C6-sufficient recipient rejected between days 21-84 with evidence of vascular lesions from endothelielitis to obliterative arteriopathy in the longest survival grafts, in contrast with rejection between days 60-120s in the C6-deficient recipients and minimal vascular lesions.

MAC-targeting therapies have been extensively used in xeno-transplant studies in small rodents. Using a hamster-to-rat heart heterotopic xenotransplantation model, Suhr et al. (88) demonstrated that genetic or antibody-induced C6 deficiency leads to accommodation, highlighting the potential therapeutic potential of downstream complement targeting. Another terminal pathway inhibitor, Atrase B, is a metalloproteinase isolated from the venom of Naja Atra that potently cleaves complement components C6, C7, and C8, effectively suppressing the terminal pathway while leaving the rest of the complement system intact. Atrase B delays xenograft rejection in a Guinea pig-to-rat heterotopic heart transplantation model (89). Importantly, the authors noted anti-coagulant properties of Atrase B as evidenced by prolonged PT and aPTT, as well as decreased platelet microthrombi and fibrin deposition in the graft. This anticoagulant effect offers a potential benefit given the marked coagulation issues (i.e., thrombotic microangiopathy) described in pig-to-NHP xenotransplantation.

Despite these promising studies, MAC-targeting therapies have yet to be utilized in humans or in non-human primates. This may be in part due to the reliance of experiments on genetic modifications or compounds that are not readily translatable to humans (e.g., venom). Several groups recently described novel monoclonal antibodies that target the MAC: Lin et al. (90) developed a monoclonal antibody that inhibits MAC formation by blocking both free C6 and C6 in the C5b6 complex. Zelek et al. reported the generation of several novel blocking C7 monoclonal antibodies effective across multiple species, including humans. These new antibodies may lay the groundwork for potential translation of MAC-based therapies.



Anaphylatoxins and their receptors

Complement split products are released following activation of the complement cascade. The cleavage of C3 and C5 by their respective convertases results in split products C3a and C5a, which play a major role in inflammation and activation of immune and non-immune cells. C3a and C5a receptors (C3aR and C5aR, respectively) are G protein-coupled receptors that are expressed both in myeloid and non-myeloid cells, where they participate in regulation of the adaptive immune response (91). As such, interventions that target C3a-C3aR and C5a-C5aR may be beneficial in the setting of transplantation.

When combined with tacrolimus, absence or blockade of recipient C3aR1 prolongs cardiac allograft survival in an MHC-mismatched model of heterotopic heart transplantation. This effect was at least partially mediated by reduced expansion of donor-reactive CD8+ T cells, thus more broadly inhibiting the donor-reactive T cell repertoire (92).

Deficiency of C5aR, in either the recipient or donor, prolonged renal allograft survival in a fully MHC-mismatched mouse model (93). Allo-specific T cell proliferation and cytokine production, as well as antigen presenting cell (APC) function (of both donor and recipient) were impaired in the C5aR deficient group. Furthermore, absence of C5aR in both the donor and recipient led to decreased cellular infiltration of the graft. Similar findings were reported with the use of a C5aR antagonist in an MHC-mismatched mouse kidney transplantation model (94). Pre-transplant treatment with a C5aR antagonist led to long-term survival while immediate post-transplant treatment delayed but did not prevent graft failure. The salutary effects of C5aR antagonism are mediated by reduced cellular infiltration of the graft, as well as robust decrease of alloreactive T cell priming. Importantly, a first-in-class C5aR inhibitor, Avacopan (Tavenos, Chemocentryx), was approved by the FDA in October 2021 for ANCA-associated vasculitis, paving the way for potential use in transplantation.




Nonhuman primate studies


NHP allotransplantation

Several studies investigated the use of complement-based therapies in nonhuman primate (NHP) models of allo- and xeno-transplantation. A brief course of compstatin (Cp40), a C3 inhibitor, prolonged graft survival and prevented antibody-mediated graft injury in a highly sensitized NHP allotransplantation model. (95). This study did not utilize antibody-reducing desensitization strategies but nevertheless saw prevention of early ABMR with rhesus ATG induction, triple immunosuppression, and the addition of C3 inhibition. Notably, normal graft function was maintained despite the presence of elevated DSA, further supporting the importance of complement blockade in improving transplantation outcomes and the potential to induce accommodation. Despite significantly prolonging graft survival, all animals ultimately developed graft failure in the setting of ABMR. Animals that developed early graft failure had higher levels of IgM, suggesting that the IgM-antigen interaction likely promoted breakthrough complement activation under Cp40 therapy. Further studies are thus needed to assess whether a higher Cp40 dosing regimen or longer course would durably prevent ABMR. C3 was also targeted in a 2011 study, which reported successful prevention of ABMR and subsequent accommodation and long-term survival in sensitized NHPs treated with Yunnan cobra venom factor (Y-CVF) (96). Y-CVF treatment results in depletion of circulating C3 and robust complement blockade (97). Chen et al. showed DSA suppression and survival past 1,000 days in multiple sensitized NHPs treated with Y-CVF and triple immunosuppression. These studies indicate the potential utility of C3 blockade in reducing ABMR and inducing accommodation.

C1-INH has been used to prevent ABMR in NHP studies as well: Tillou et al. (98) sensitized baboons with two PBMC injections from allogeneic donors prior to kidney transplant from the same donor. Rapid acute ABMR ensued following transplantation and untreated animals rejected within 48-72 hours post-transplant. C1-INH was given during the first five post-transplant days in the experimental group, which successfully prevented rejection during the treatment period. However, rejection occurred following C1-INH discontinuation. In a NHP model of kidney allotransplantation after brain death and prolonged cold ischemia, animals treated with recombinant human C1-INH displayed less delayed graft function and also trended towards prolonged antibody-mediated free graft survival (99).



Genetic modifications in xenotransplantation

Xenotransplantation, the use of pigs as organ donors, provides a unique opportunity to genetically engineer the donor organ. Early xenotransplantation studies were limited by hyperacute antibody-mediated rejection (HAR) and rapid graft failure; genetic modification of the donor pig has proved necessary for meaningful graft survival. Antigen deletion and gene insertion—specifically expression of human complement-regulatory proteins (CRP) on the pig endothelium—are two strategies that have been utilized to prevent rejection. These two strategies are not mutually exclusive and many of the pigs used in the pre-clinical trials of pig-to-non-human primate xenotransplantation possess a combination of gene deletion and CRP expression modifications.

Antigen deletion is arguably the preferred approach to xenotransplantat modifications, as the lack of antigen prevents the initiation of the complement cascade, and CRPs are theoretical pathogen co-receptors (100). In total, three carbohydrate xenoantigens have been identified in the pig genome (αGal, Neu5Gc, and the SDa antigen) (101–103). The first xenoantigen, αGal, has been knocked out in pigs via a mutation in GGTA1, the enzyme responsible for αGal, thus extending graft survival significantly in early pig-to-non-human primate (NHP) trials (104, 105). Knockout of the second xenoantigen, Neu5Gc, further decreases human antibody against pig cells; however, the impact of this modification is difficult to evaluate in a NHP model as Old World primates possess the responsible enzyme, CMAH, and a CMAH-KO pig worsens the pig:NHP crossmatch (106, 107). The enzyme responsible for biosynthesis of the third recognized xenoantigen, the SDa antigen, is β4GalNT2 (108). Human antibody against cells from pigs with mutations in the responsible enzymes [GGTA1, CMAH, and β4GalNT2 respectively, termed “triple-knockout” (TKO) pigs] approaches background levels in a proportion of the population (109). Other proposed xenoantigen targets are swine leukocyte antigen class I and II, though there has been no survival benefit to a class I KO pig in the limited trial reported (110–112).

In the early phase of xenotransplantation genetic engineering, CRP expression was essential to prolonging graft survival. The three primary CRPs studied in xenotransplantation target different portions of the complement cascade: membrane cofactor protein (CD46) cleaves C3b and C4b with serum factor I, decay accelerating factor (CD55) prevents formation of the C3 convertase (C4b2a), and protectin (CD59) inhibits C9 and membrane attack complex (MAC) formation. Given the difficulty of genetic engineering, breeding, and raising large animals, it has been difficult to directly compare outcomes with CRP alterations, but some conclusions can be drawn. The earliest success with CRP modifications came with CD55-transgenic pigs: NHP trials demonstrated kidney graft survival comparable to GGTA1 single knockout animals (113–115). Next, CD59-transgenic pigs were developed, but ultimately failed to significantly increase survival (116). Finally, CD46-transgenic pigs were produced, (117) and, like CD55 pigs, also extended graft survival. As a result, CD55 and CD46 knock-ins have been further utilized in preclinical studies.

It became widely recognized, particularly in cardiac xenotransplantation, that the combination of CRP(s) and antigen deletion was necessary to prevent early graft losses (118, 119). To this point, the single long-surviving cardiac xenograft in pre-clinical literature, at over 900 days, was a multi-gene transgenic pig (120), and the recent first-ever pig-to-human life-supporting cardiac xenotransplantation was also from a transgenic pig. The mechanism behind the benefit of CRP modifications is unclear, as kidney xenotransplantation studies have demonstrated some success without CRP alterations (121), though this may be an organ-specific phenomenon.



Pharmacologic interventions in NHP xenotransplantation

In addition to genetic modifications aimed at minimizing discordance between the human and xenograft complement system, complement-targeting regimens are commonly used to prevent rejection episodes.

C1-INH successfully reversed acute vascular xenograft rejection (AVR) in a pig (h-DAF knock-in)-to-cynomolgus life-supporting kidney xenotransplantation model. C1-INH was added to cyclophosphamide/steroids and successfully reversed six out seven AVR episodes. In contrast, cyclophosphamide/steroids alone failed to reverse any AVR episodes (122).

Y-CVF was also trialed in pig (wild type)-to-rhesus heterotopic heart transplant model. Addition of Y-CVF to cyclosporine A, cyclophosphamide, and steroids successfully prevented hyperacute rejection in four out of four animals. However, continuous treatment did not ultimately prevent AVR, with all grafts rejecting prior to two weeks post-transplantation (97).

Finally, Adams et al. (112) expanded on the utility of anti-C5 to prevent early ABMR in pig-to-rhesus kidney xenotransplant. Donor kidneys were harvested from either double-knockout (Gal, Sda) or triple-knockout (Gal, Sda, SLA I) pigs. Temporary therapy (up to 70d) of anti-C5 mAb improved graft survival potentially due to reducing rates of early ABMR.




Future directions and conclusion

The pathological involvement of the complement system in kidney transplantation has gained importance in the last decades and it is now well established that complement activation leads to rejection both in allo- and xeno-transplantation. Efforts to dampen the complement-mediated response have thus far enjoyed mixed results in clinical trials. However, preclinical studies hint at promising new therapeutic approaches that could be readily translated to humans. C3 blockade remains the most promising therapeutic avenue given its central role in the amplification of the complement cascade. Furthermore, C3 blockade has been tested in NHP and successfully prevents acute ABMR in a stringent sensitized model (95). Additionally, the FDA recently approved Pegcetacoplan, a C3 inhibitor, for paroxysmal nocturnal hematuria and phase II trials are currently ongoing regarding use in kidney transplant recipients with recurrent C3 glomerulopathy (NCT04572854). MAC-based therapies have thus far not been evaluated in NHP studies or clinical trials despite promising rodent studies both in allo- and xeno-transplantation. Several new monoclonal antibodies targeting components of the MAC have recently been generated (90, 123) and could pave the way for future studies. Finally, blockade of the C5a-C5aR axis successfully prevents rejection in rodent studies by preventing allo-specific T cell proliferation and priming, APC function, and graft infiltration. Avacopan, a C5aR inhibitor, is FDA-approved for ANCA-associated vasculitis and could thus be readily used in kidney transplantation. Overall, complement blockade offers a promising approach to ABMR prevention and treatment, requiring further preclinical and translational study.
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