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Abstract

:

Kidney transplantation offers a longer life expectancy and a better quality of life than dialysis to patients with end-stage kidney disease. Ischemia–reperfusion injury (IRI) is thought to be a cornerstone in delayed or reduced graft function and increases the risk of rejection by triggering the immunogenicity of the organ. IRI is an unavoidable event that happens when the blood supply is temporarily reduced and then restored to an organ. IRI is the result of several biological pathways, such as transcriptional reprogramming, apoptosis and necrosis, innate and adaptive immune responses, and endothelial dysfunction. Tubular cells mostly depend on fatty acid (FA) β-oxidation for energy production since more ATP molecules are yielded per substrate molecule than glucose oxidation. Upon ischemia–reperfusion damage, the innate and adaptive immune system activates to achieve tissue clearance and repair. Several cells, cytokines, enzymes, receptors, and ligands are known to take part in these events. The complement cascade might start even before organ procurement in deceased donors. However, additional experimental and clinical data are required to better understand the pathogenic events that take place during this complex process.
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1. Introduction


Kidney transplantation (KT) offers a longer life expectancy and a better quality of life than dialysis to patients with end-stage kidney disease (ESKD). In 2022, 2033 kidney transplantations were performed in Italy, 336 of whom were living-donor KTs. To face the large number of candidates on the waiting lists, most countries considered enlarging the pool of donors by accepting extended criteria donors (ECD) and donors after circulatory death (DCD) [1]. ECD is referred to as donors > 60 years or >50 years with two additional features (serum creatinine > 1.5 mg/dL, cerebrovascular accident as death cause, history of hypertension). Many studies highlighted that ECD carried a higher risk of delayed graft function (DGF), primary nonfunction (PNF), and acute rejection with chronic graft failure [2]. Delayed graft function is attributed to grafts that regain function after a few days to weeks, whereas those organs that never function are indicated as primary nonfunction (PNF). Graft nephrectomy is usually indicated for PNF [3]. The risk of DGF is reported to be two-fold higher in organs from DCD than from donation after brain death (DBD) [4,5]. Ischemia–reperfusion injury (IRI) is thought to be a cornerstone in delayed or reduced graft function and increases the risk of rejection by triggering the immunogenicity of the organ [6]. The initial acute tubular necrosis (ATN) is followed by the repair of acutely injured structures and progressive functional stabilization of the organ. During this period, ATN can be exacerbated by nephrotoxic drugs such as calcineurin inhibitors. Severe IRI and immune response can even cause irreversible nephron loss (glomerular sclerosis and proximal tubular injury) that eventually triggers chronic allograft dysfunction. It has been largely described as the poorer long-term graft survival in recipients who experienced DGF or acute rejection.




2. Pathophysiology of IRI


Ischemia–reperfusion injury (IRI) is an unavoidable event that happens when the blood supply is temporarily reduced and then restored to an organ. Depending on the clinical setting, kidneys are vulnerable to cold or warm ischemia. Cold ischemia happens during transplantation following organ procurement and during its static preservation, while warm ischemia happens during vascular anastomosis. IRI is the result of several biological pathways, such as transcriptional reprogramming, apoptosis and necrosis, innate and adaptive immune responses, and endothelial dysfunction. Reduced blood supply alters cell metabolism because of reduced oxygen supply and removal of end-products. The switch toward anaerobic cell metabolism leads to lower adenosine triphosphate (ATP) production, lactate accumulation, and intracellular acidosis. Morphological rearrangement occurs because of limited Na+/K+, Na+/H+, and Ca2+ATPase activity and cytoskeletal protein disruption. Sodium and calcium ions accumulate: Ca2+-dependent proteases (as calpains) and lysosomal enzymes activate. Intracellular acidosis limits calpains activity, which is fully restored during reperfusion. Restored oxygen supply (normoxemia) is responsible for the harmful production of reactive oxygen species (ROS). Indeed, it has been supported that ROS production is higher during reperfusion because of reduced cytochromes and xanthine oxidase and the activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. ROS can alter membranes and DNA through lipid peroxidation and protein carbonylation. Calcium and ROS overload in association with mitochondrial dysfunction cause the opening of mitochondrial permeability transition pores (mPTPs) and the subsequent release of cytochrome C, mitochondrial DNA (mtDNA), and succinate. Necrosis, apoptosis (both intrinsic and extrinsic pathway), and necroptosis events initiate [7]. The extrinsic pathway seems to predominate during the reperfusion phase. In this scenario, the peritubular capillaries in the kidney have a restricted capacity to repair after damage. During ischemia, the conformational changes of endothelial cells and their loss of cytoskeleton and glycocalyx increase their permeability, so fluids accumulate in the interstitium. Vasoconstriction is further supported by lower nitric oxide levels (nitric oxide synthase is downregulated) whereas endothelin-1 (ET1) and platelet-derived growth factor (PDGF) are synthetized from endothelial cells. The latter are more vulnerable to the vasoconstrictive action of thromboxane-A2, prostaglandins, and angiotensin-II. Endothelial-to-mesenchymal transition (EndMT) can support interstitial fibrosis and tubular atrophy (IFTA) after capillary damage. Like inflammation, IRI in the kidney causes P-selectin to be expressed on endothelial cells. This glycoprotein causes leukocyte chemotaxis and immune cell transmigration to the interstitium by interacting with P-selectin glycoprotein 1 (PSGL1), which is expressed on the surface of leukocytes. Leukocytes can adhere to endothelial cells through the β2-integrins and intercellular adhesion molecule 1 (ICAM1) interface, and they can transmigrate into the interstitial compartment through the platelet endothelial cell adhesion molecule (PECAM1) relationship.



Ischemia and reperfusion also affect the genomic level since ROS may affect the expression of mRNA and non-coding RNAs. Many of the up-regulated genes are involved in cell survival, cell surface signaling, response to oxidative stress, and inflammatory response. In turn, genes involved in ion transport are typically downregulated [8]. Park et al. performed RNA sequencing (RNA-seq) to examine gene expression variations separately during ischemia and during the reperfusion phase, compared to normal tissue. This study showed that during ischemia, metabolism-related pathways were enriched, such as melatonin/serotonin degradation (scavengers of free radicals), lipid metabolism (FXR/RXR pathway), bupropion/acetone degradation, and estrogen biosynthesis. Ischemia also enhanced pathways related to apoptosis, fibrosis, and adipogenesis. In the reperfusion phase, immune-response pathways (inflammasome and antigen presentation) were dysregulated. Additionally, processes related to cell development, growth, and migration were affected [9]. Recently, Zhang et al. investigated the role of endoplasmic reticulum stress (ERS) during renal IRI. The endoplasmic reticulum (ER) plays a crucial role in protein synthesis, folding, and definitive maturation. Unfolded and misfolded proteins accumulate because of impaired ER following hypoxia, ischemia, oxidative stress, or metabolic abnormalities. The role of ERS during IRI appears discrepant, nevertheless. Transcriptomic analysis revealed that inducers and downstream targets of ERS were upregulated: PPP1R15A, JUN, and ATF3 above all. These three genes might interact with kidney injury-related pathways (apoptosis, inflammatory response, oxidative stress, and pyroptosis), and their inhibition alleviated IRI. Additionally, higher levels of these genes were associated with poor graft outcomes [10] (Figure 1).




3. Metabolic Reprogramming during IRI


A large amount of oxygen is constantly required for renal physiological functions. Different factors are supposed to make the kidneys vulnerable to hypoxia, such as low medullary blood flow to support urinary concentration, limited angiogenesis, and limited vasodilator response to hypoxic conditions. Under hypoxia, proximal tubular cells (PTC) secrete several inflammatory mediators such as IL-8, monocyte chemoattractant protein 1 (MCP-1), tumor necrosis factor α (TNFα), and regulated upon activation, normal T-cells expressed and secreted (RANTES) [8]. Tubular cells mostly depend on fatty acid (FA) β-oxidation for energy production since more ATP molecules are yielded per substrate molecule than glucose oxidation [11,12,13,14]. FA are oxidized into acetyl-coenzyme A (CoA), and most of the reactions occur in the mitochondria. Mitochondrial damage includes a lower number of organelles, their swelling, and disruption of cristae during IRI, and other forms of acute kidney injury (AKI). As mentioned above, disrupted mitochondria release ROS, cytochrome C, and mtDNA. Lipidomic analysis revealed the accumulation of FA, triglycerides, and ceramides, while acyl-CoAs and acyl-carnitines decreased. The suppression of β-oxidation is suggested by the downregulation of carnitine palmitoyltransferase 1A (CPT1A), long-chain acyl-CoA dehydrogenase (LCAD), and medium-chain acyl-CoA dehydrogenase (MCAD). Ma et al. showed a significant reduction in the activity of AMP-activated protein kinase (AMPK), a normal sensor of energy conditions. ATP depletion and AMP accumulation result in the activation of AMPK and its myriad of downstream effectors to enhance ATP-producing catabolic reactions and to abolish anabolism. The synthesis of ceramides has been associated with AMPK downregulation and the activation of protein phosphatase PP2A, that PP2A further dephosphorylates AMPK. Injured mitochondria are normally discharged via mitophagy/autophagy and are promptly replenished via biogenesis. Mitochondria and NADPH oxidase (NOX) are the main sources of ROS. Superoxide anion is regarded as the most dangerous mitochondrial ROS (mtROS). Mitophagy is the autophagic mechanism of removal of aged and damaged mitochondria [15,16,17]. A ubiquitin-dependent and a ubiquitin-independent pathway are classically described. PTEN-induced putative kinase 1 (PINK1) and Parkin control the first one. PINK1 is a serine/threonine kinase that is normally shuttled into the mitochondria and is cleaved by the intramembrane serine protease presenilin-associated rhomboid-like (PARL). Upon injury, the loss of membrane potential results in PINK1 accumulation at the level of the mitochondrial outer membrane (MOM). Then, Parkin (PRKN- a cytosolic ubiquitin E3 ligase) is recruited and targets several substrates as mitofusin 2 (Msn2), voltage-dependent anion-selective channel protein (VDAC) and dynamin-1-like protein (DRP1). Thus, mitophagy receptors (optineurin, p62, and NBR1) are activated by ubiquitinated proteins. Mitochondria can bind to autophagosomes through LC3 and are finally engulfed by lysosomes [18]. The ubiquitin-independent pathway depends on mitophagy receptors on MOM as BNIP3 (BCL2 interacting protein 3), BNIP3L/NIX (BNIP3-like), FUNDC1 (FUN14 domain containing 1), AMBRA1 (autophagy and beclin 1 regulator 1), or on the inner membrane as PHB2 (prohibitin 2). Through LC3, they directly link damaged organelles to autophagosomes [19,20,21]. Increased ROS production, apoptosis, and tubulointerstitial inflammation were noted in mice models of IRI with deficient BNIP3, PINK1, and/or PRKN [22,23]. Consequently, the PINK1-Parkin pathway’s upregulation of mitophagy increased cell survival, reduced ROS generation, and enhanced mitochondrial function [24]. However, other networks have been identified as cardiolipin-mediated and ubiquitin-mediated mitophagy. Cardiolipin (CL) is almost exclusively located at the inner membrane. Phospholipid scramblase 3 (PLSCR3) allows its translocation to the outer leaflet of the membrane to interact with LC3 under stress conditions [25]. Additional ubiquitin-ligases other than PRKN can take part in this process, such as MUL1 (mitochondrial E3 ubiquitin protein ligase 1) [26]. Mitophagy regulator proteins are also involved in mitochondrial fusion and fission. Through fusion, two previously independent structures combine to form a single mitochondrion. When the potential of the mitochondrial membrane is diminished, fission creates one or more daughter organelles and separates them so that autophagy can remove them. FUNDC1 seems to orchestrate fission/fusion with mitophagy. This receptor anchors optic atrophy 1 (OPA1), a dynamin-related GTPase, toward the inner surface of the MOM under normal conditions. Disassembly of the FUNDC1–OPA1 complex and recruitment of DRP1 facilitate mitochondrial fission and mitophagy in response to mitochondrial stress [27]. Guanine is most likely to be oxidized to 8-oxoguanine (8-oxoG) under stress conditions. 8-Oxoguanine DNA glycosylase (OGG1) removes 8-oxoG via base excision repair of DNA and has been found to be upregulated in renal IRI, albeit its role remains unclear. Human OGG1α isoform is located in the nucleus, cytoplasm, and mitochondria, whereas OGG1β is only in the mitochondria. Recently, Zhao et al. investigated the role of OGG1 during renal IRI. OGG1 expression rose continuously as reperfusion time increased, but there was no corresponding increase in its base repair activity. They also reported that OGG1 interferes with mitophagy by limiting PINK1 translocation to the mitochondria. Accordingly, OGG1 inhibition or knockdown alleviated renal IRI-enhancing mitophagy [28]. Evidence supports the interaction between mitophagy and other forms of cell death (apoptosis, pyroptosis, and ferroptosis) during acute kidney injury (AKI). Iron accumulation, lipid peroxidation, and plasma membrane rupture define ferroptosis. During IRI, the activation of ferroptosis is contributed by several pathways. Ferritin is an intracellular iron-storage protein, and its degradation (ferritinophagy) is indirectly triggered by ischemia/reperfusion [29]. As a result of the oxidative stress, lower glutathione (GSH) content blocks the activity of glutathione peroxidase 4 (GPX4) with subsequent accumulation of dangerous lipid peroxides and the induction of ferroptosis. Pannexin 1 is a membrane channel and can activate apoptosis and autophagy. In a rodent model of IRI, its silencing decreased lipid peroxidation and decreased tubular cell apoptosis [30]. On the other hand, the administration of recombinant human augmenter of liver regeneration (ALR) also improved renal function because of its anti-apoptotic and anti-oxidative properties on tubular cells [31]. PGC-1α is referred to as a master regulator of mitochondrial biogenesis. Even histologically normal renal areas show its suppressed expression during AKI. Moreover, AMPK silencing has been linked to lower levels of pSer555-unc-51, like autophagy activating kinase 1 (ULK1), which controls autophagy. The authors also recognized that AMPK enhances β-oxidation and improves autophagy/mitophagy, thus supporting tubular cell recovery from energy stress and survival. Considering that AMPK activators (i.e., AICAR and metformin) can exert a protective role during IRI, they encouraged their putative therapeutic approach [32]. Hypoxia-inducible factor (HIF) plays a key role during hypoxia. Under normoxic conditions, HIF-1α is rapidly degraded in the proteasome after ubiquitination. Prolyl hydroxylases (PHD) hydroxylate specific proline residues in the presence of 2-oxoglutarate (2OG), O2 molecules, and ferrous iron (Fe2+). PHD activity is required for E3-ubiquitin ligase von Hippel–Lindau (VHL). Therefore, under hypoxia, HIF-1α is stabilized, and it dimerizes with HIF-1β to form HIF-1. The latter translocates to the nucleus and modulates gene expression by binding to hypoxia response elements (HRE). The expression of HIF-2α is further induced under this environmental condition. HIF-1 facilitates the transition to anaerobic glucose metabolism (glycolysis) and may hinder mitochondrial biogenesis and enhance mitophagy, whereas HIF-2α controls the autophagic removal of damaged peroxisomes (pexophagy) [33].




4. Immune Response during IRI


Upon ischemia–reperfusion damage, the innate and adaptive immune system activates to achieve tissue clearance and repair. Several cells, cytokines, enzymes, receptors, and ligands are known to take part in these events. Toll-like receptors (TLRs) are expressed in the cytosol and on the plasmatic membrane of leukocytes, monocytes, dendritic cells, and endothelial cells. TLRs are considered the main pattern recognition receptors (PRRs) and can bind to a plethora of microbial products that are generally referred to as pathogen-associated molecular patterns (PAMPs). Besides PAMPs, TLR4 and TLR2 also recognize endogenous ligands named danger-associated molecular patterns (DAMPs): heat shock proteins, high mobility group box 1 (HMGB1), and breakdown products of fibronectin, hyaluronic acid, and heparan sulfate. mRNA for all TLRs can be detected during IRI, albeit TLR2 and TLR4 are constitutively expressed in proximal and distant tubules, in the thin limb of the loop of Henle, and in the collecting ducts [34]. Interestingly, tubular epithelial cells upregulate TLR4 and TLR2 during ischemia, which is responsible for the activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), IFN-regulatory factor 3 (IRF3), an inhibitor of nuclear factor-kB kinase (IKK) and TANK-binding kinase-1 (TBK1) [35]. Both TLR4 knockout mice and kidneys from donors with TLR4 loss of function exhibited lower levels of cytokines and better immediate graft function [36]. TLR4 activation results in the release of many proinflammatory mediators (IL-1β, IL-6, TNF-α, macrophage inflammatory protein 2- MIP2) and the expression of molecules involved in leukocytes rolling and migration toward renal interstitial space (E-selectin and vascular cell adhesion molecule 1-VCAM1). Neutrophils and macrophages are also activated by this transmembrane receptor: cytokines, proteolytic enzymes, and ROS are released and further foster kidney damage. So, in the case of TLR4 knockout, their expression was silenced, and interstitial infiltration of macrophages and neutrophils was reduced [37,38]. Upregulation of TLR2 also supports the burst of the inflammatory response during IRI [39]. Transgenic mice were also used to assess the role of TLR2 during IRI: TLR2 knockout were better protected. Rusai et al. compared the results of single TLR2 or TLR4 knockouts to double TLR2/4 ones. Surprisingly, no increased protection was noted when both TLR2 and TLR4 were deleted. TLR2 silencing was also associated with reduced graft fibrosis (collagen I and III); therefore, it may ameliorate kidney chronic allograft dysfunction [40,41].



The first immune cells that arrive at the site of damage are neutrophils, which may play a role in causing renal injury by secreting ROS and proteases and clogging renal microvessels. In addition, they can also release cytokines that draw in additional neutrophils to form a positive feedback loop, which exacerbates tissue damage. While uncommon in healthy kidneys, macrophages become predominant in postischemic kidneys. Then, in a mouse model of renal IRI, suppression of macrophage infiltration reduced kidney damage [42]. Once DCs are activated, they synthesize many soluble mediators such as TNF-α, IL-6, monocyte chemoattractant protein 1 (MCP-1), and chemokine ligand 5 (CCL5). DCs activation was highlighted to start already in the donor after brain death because of oxidative stress and complement cascade. Poorer graft outcome has been associated with a higher density of DCs [43]. Dendritic cells (DCs) play a pivotal role to induce the adaptive immune response by processing and presenting antigens to B and T lymphocytes. T-cell activation demands T-cell receptor (TCR) to bind major-histocompatibility complex (MHC) on APCs. During transplantation, T cells can either directly interact with allogenic MHC on the donor APCs or indirectly with donor antigens after being processed and exposed to recipient MHC. Nevertheless, CD4 and CD8 co-stimulation is necessary to fully activate T cells. CD4+ (Th) cells bind to class II MHC, whereas CD8+ (T cytotoxic) cells bind to class I MHC. Non-polymorphic domains of MHC are recognized by these coreceptors. CD8+ T lymphocytes eliminate their targets through the FAS–FASL axis, granzyme, or perforin-mediated apoptosis. The cells have the potential to exert opposite effects based on their polarization [44]. It is widely accepted that T cells participate in IRI since T-cell-deficient mice experience reduced kidney injury during ischemia–reperfusion [45]. Th1 cells release IFN-γ, support the activation of macrophages, and the production of lysosomal enzymes, NO, and ROS. Th1 cells appear prevalent during DGF. In Th17 cells, IL-17 and IL-22 are downstream effectors of signal transducer and activator of transcription 3 (STAT3) transcription factor and the retinoic acid-related orphan receptor t (RORγt). Evidence suggests that STAT3 deficiency provides protection against IRI, as STAT3-knockout mice have decreased Th17 activity and a reduced inflammatory response [46,47]. FoxP3 T cells (T regs) have a protective role during IRI owing to anti-inflammatory cytokines (IL-10 and TGF-β), which turn off immune responses and support tissue repair by activating macrophages and fibroblasts. Therefore, graft tolerance and reduced IRI might be induced by T regs [48,49].



Kidneys have been demonstrated to be enriched with activated B cells during IRI that play a role both in the innate and adaptive immune response. CXCL13 possibly orchestrates B cell recruitment. TLRs can recognize damage-associated molecular patterns (DAMPs) and let B cells release polyreactive IgM, cytokines, and chemokines (innate response) [50]. Indeed, B cell-deficient mice revealed lower levels of chemokine CCL7 that recruits neutrophils and monocytes to injured tissues. The transcriptomic analysis further confirmed higher expression of CCL7 in human kidneys during IRI than in physiological conditions [51]. B cell receptor (BCR) stimulation and co-stimulatory molecules are necessary for the activation of naïve B cells, which then participate in adaptive immunity through antibody production. T–B cell interaction exists since Th1 and Th2 can modulate B cell immunoglobulin class switch and their effects. In the later stages of IRI, B and T lymphocytes were the most abundant immune cells and were organized into highly vascularized ectopic lymphoid structures (tertiary lymphoid organs) in clusters of resolved tubular injury. Finally, tertiary lymphoid organs (TLO) in grafts can lead to the transition from AKI to chronic kidney disease (CKD).




5. Complement System and IRI


A complement system is referred to as a group of approximately 50 elements, including circulating factors, membrane-bound receptors, activators, and regulators. Classical (CP), alternative (AP), and lectin (LP) pathways have been described, albeit all of them lead to the activation of C3 and to the deposition of membrane attack complex (MAC) on the target. Despite being mostly produced in the liver, complement elements can be locally produced by a plethora of cells (including kidney tubular epithelial cells). Rodent models were used to investigate the role of locally produced complement fragments. Grafts from C3-deficient donors developed a weakened immune response against allograft antigens because of defective T cell priming. Likewise, MHC II is not upregulated by DCs from C3, Factor B, or C3aR knockout mice or in DCs exposed to a C3aR antagonist. This results in inadequate alloreactive CD4+ T cell response and deficient T cell priming. Overall, graft survival was prolonged [52]. Additionally, it has been discovered that the key complement proteins C3 and C5, along with their activation components, receptors, and regulators, are active intracellularly as the complosome to control cell metabolism and physiology. Intracellular C3 is cleaved by cathepsin L (CTSL) in resting T cells. Upon T cell activation, intrinsic C3a and C3b translocate to the surface and bind to C3aR and CD46. Intracellularly generated C3b has been unveiled to increase the expression of amino acid transporter LAT1 and glucose transporter 1 (GLUT1) and to trigger mTORC1 signaling for the Th1 response [53]. Moreover, the engagement of C5aR1 contributes to the production of IFN-γ, whereas C5aR2 negatively regulates it [54].



Lasorsa et al. recently provided an extensive review to explore the role of the complement system in kidney diseases, transplantation, and cancer [55]. The complement cascade might start even before organ procurement in deceased donors [56]. Pre-existing medical conditions, hemodynamic changes, and warm ischemia (in DCD donors) account for complement activation after the release of DAMPs and inflammatory responses. Renal biopsies from DBD donors revealed C3d deposition, as well as serum from deceased donors, revealed complement activation via an alternative pathway [57]. Compared to living donors, DBD donors produced higher serum levels of C5a and sC5b-9 and were associated with a higher risk of rejection [58]. High levels of sC5b-9 were measured only in recipients from deceased donors. Consistently, pre-treatment of DBD donors with a C1 inhibitor or with monoclonal antibodies against Factor B improved graft functions in animal models [59,60]. Remarkably, underlying nephropathies (atypical hemolytic uremic syndrome, C3 glomerulopathy, diabetes) and maintenance hemodialysis are responsible for the activation of the complement system in recipients even before an available transplantation [61].



During ischemia, metabolic reprogramming creates an acidic environment that interferes with complement regulation and activates AP. Ischemic tubular, endothelial, and perivascular cells massively release DAMPs (hyaluronic acid, fibronectin, and DNA) which foster complement cascade since they are detected by C1q, mannose-binding lectin (MBL), collectins, ficolins, and C3b. The leading pathways implicated in abnormal complement activation during renal IRI are AP and LP, while the role of CP is limited. C4 deficiency did not ameliorate IRI. As for the AP, Factor B (FB)-deficient mice were protected from kidney damage as wild-type (WT) mice after anti-FB treatment. Severe kidney injury was noted in mice deficient in Factor H (FH), a negative AP regulator [62]. However, detrimental effects have been reported in the case of the lack of properdin (an AP-positive regulator), which might have a protective role in limiting inflammation [63]. During IRI, tubular epithelial cells overexpress collectin-11 (CL11). CL11 is a soluble pattern recognition receptor (PRR) that can detect extracellular DNA and fucosylated molecules on hypoxic cells. Thereafter, CL11 can activate mannan-binding serin protease (MASP), thus the following cascade. One putative effective therapeutic strategy against IRI might be to block the terminal pathway of the complement. Complement regulators CD55 and CD59 are essential during the process. Genetic deficiency aggravated kidney injury, which was reduced by their overexpression or recombinant CD55 administration by preventing C3 and C9 deposition [64]. CD55 deficiency in APC or T cells leads to higher T cell proliferation because of uncontrolled C3 and C5 formation [65].



Anaphylatoxins C3a and C5a are generated during the cascade and bind to G-protein coupled receptors (C3aR, C5aR1, and C5aR2) on a wide range of cells to increase vascular permeability, smooth muscle contraction, immune cell chemotaxis, and activation. APC priming activity on T cells is potentiated by increasing the expression of costimulatory molecules and antigen presentation. Another study highlighted that C3aR/C5aR1 signaling is essential for DCs maturation and for Th1 response. So, C5aR inhibition in both donors and recipients prolonged graft survival [66]. The IgG to IgM switch is also controlled by the complement receptor 2 (CCR2) in B cells [67]. Pericyte-to-myofibroblast (PMT) and endothelial-to-mesenchymal transition (EndMT) are crucial events during renal graft fibrosis upon IRI and could be orchestrated by the complement system [68]. Indeed, microvascular density and capillary lumen were preserved with C1 inhibitor (C1-INH) by limiting PMT [69]. Moreover, endothelial cells underwent downregulation of endothelial markers in favor of fibroblast ones as a result of the Akt pathway under C3a and C5a control. In vitro, epigenetic rearrangements (DNA methylation) have been described in tubular epithelial cells after C5aR activation during IRI. Chromatin remodeling has been associated with the downregulation of BCL9, CYP1B1, CDK6, and Klotho. Cell-cycle arrest markers (p21 and p53) are overexpressed. Klotho has anti-senescence and anti-fibrotic effects; therefore, its downregulation during IRI might contribute to early graft failure and chronic graft dysfunction [70,71]. The lack of C3aR and C5aR conferred protection against IRI, especially in case of C3aR/C5aR1 or C5aR1 deficiency. In mouse models of warm IRI, tissue inflammation and renal function impairment were reduced by inhibiting C5aR1 signaling using either a receptor-specific antagonist or a siRNA silencing strategy [72] (Figure 2).




6. Prevention and Therapeutic Perspective of IRI


Considering B cells’ role, their blockade might be effective in reducing IRI despite carrying a significant risk of immunocompromise and infections. So far, many drugs have been developed to target B cells: anti-CD20, anti-CD19, anti-BAFF (B cell activating factor), and Bruton’s tyrosine kinase (BTK) inhibitors (involved in BCR signaling). Non-selective removal of circulating macromolecules (such as antibodies, complement factors, coagulation factors, etc.) is referred to as plasma replacement. It is considered for antibody-mediated rejections (AMR), but its role in the prevention of IRI is limited [50].



Eculizumab (humanized anti-C5 monoclonal antibody) avoids the production of C5a and the deposition of MAC while keeping early complement activities. Numerous clinical studies have examined the role that complement inhibition (C1, C3, and C5) plays in preventing DGF and acute rejection following kidney transplantation, particularly AMR. Previous trials (NCT01403389, NCT01403389, and NCT01919346) already indicated that while peritransplant Eculizumab treatment is safe for transplant recipients of deceased donor kidneys, it is ineffective in preventing the formation of DGF [73]. The safety and efficacy of C1 esterase inhibitors (C1INH) have been investigated: treatment was associated with fewer dialysis sessions after transplantation, but the primary outcome (DGF prevention) was not met [74]. A better renal function associated with reduced apoptosis has been demonstrated by interfering gene expression (C3, Fas, caspase 3 and 8, Rel B, and CD40) with small interfering RNA (siRNA) and short hairpin RNA (shRNA) [75].



Further investigation might elucidate the role of the WnT/β-catenin pathway during renal IRI, considering its conflicting effects during ischemia and reperfusion phases in other organs. Different studies revealed that the Wnt pathway is active during the reperfusion phase instead of being inhibited as in the heart, liver, and brain [76,77]. Therefore, targeting the Wnt pathway and its crosstalk might represent a putative therapeutic strategy in the future.



Organ preservation and reperfusion techniques have achieved good results. The most used preservation solutions (Collins, Celsior, Histidine–Tryptophan–Ketoglutarate, University of Wisconsin, Hypertonic Citrate–Adenine) are characterized by the addition of metabolic intermediates with the aim of reducing calcium overload, increasing tissue ATP concentration, reabsorbing sodium, and reducing cell damage. Extensive research confirmed that ex vivo machine perfusion can be used as a weapon to treat organs before their implantation. By creating nearly physiological conditions, they can avoid systemic recipients’ treatment and donor therapy to reduce kidney injury. Typically, perfusion procedures are categorized based on the temperature of the perfusate: hypothermic and (sub)normothermic machines. The organ is pumped with perfusion solutions, which contain plenty of components such as oxygen, nutrition supplements, heparin, vasodilators, and antibiotics. These machines present a chance to expand the pool of transplantable organs, enhance outcomes, and overcome the difficulties associated with ECD or DCD kidneys. However, criteria for their use are currently pending. Many experimental and clinical trials assessed pharmacological and biological therapies to be further administered to the graft kidney during reperfusion (gases, cell, and gene therapy) [78].




7. Conclusions


In this review, we have described the entire complex pathophysiological mechanism of ischemia/reperfusion injury, which plays a pivotal role in the outcome of the graft. The activation of the innate and adaptive immune response raises the immunogenicity of the kidney, thus increasing the risk of T-cell and antibody-mediated rejection. No single therapeutic approach can fully address the effects of IRI, but rather, a combination of them (during organ retrieval, preservation, and in the peritransplantation period) might be beneficial. In the future, the modulation of the complement cascade will represent an attractive strategy to reduce the risk of IRI. However, additional experimental and clinical data are required to better understand the pathogenic events taking place in this complex process. Finally, high throughput analysis and multi-omics approaches will be critical in advancing therapeutic strategies to mitigate the effects of IRI during organ transplantation.







Author Contributions


Conceptualization, F.L. and G.L.; methodology, F.L.; software, G.L.; validation, F.L. and G.L.; formal analysis, F.L.; investigation, F.L. and G.L; resources, G.L.; data curation, M.M., F.L., M.R., M.F., F.C., S.D.P., B.B., A.d., M.S., M.B., P.D. and G.L.; writing—original draft preparation, F.L.; writing—review and editing, G.L.; visualization, F.L.; supervision, G.L.; project administration, G.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Boenink, R.; Kramer, A.; Tuinhout, R.E.; Savoye, E.; Åsberg, A.; Idrizi, A.; Kerschbaum, J.; Ziedina, I.; Ziginskiene, E.; Farrugia, E.; et al. Trends in Kidney Transplantation Rate across Europe: Study from the ERA Registry. Nephrol. Dial. Transplant. 2023, 38, 1528–1539. [Google Scholar] [CrossRef] [PubMed]

	



Lucarelli, G.; Bettocchi, C.; Battaglia, M.; Impedovo, S.V.; Vavallo, A.; Grandaliano, G.; Castellano, G.; Schena, F.P.; Selvaggi, F.P.; Ditonno, P. Extended Criteria Donor Kidney Transplantation: Comparative Outcome Analysis between Single versus Double Kidney Transplantation at 5 Years. Transplant. Proc. 2010, 42, 1104–1107. [Google Scholar] [CrossRef] [PubMed]

	



Vavallo, A.; Lucarelli, G.; Bettocchi, C.; Tedeschi, M.; Palazzo, S.; Losappio, V.; Gesualdo, L.; Grandaliano, G.; Selvaggi, F.P.; Battaglia, M.; et al. Allograft Nephrectomy: What Is the Best Surgical Technique? Transplant. Proc. 2012, 44, 1922–1925. [Google Scholar] [CrossRef] [PubMed]

	



Ditonno, P.; Lucarelli, G.; Impedovo, S.V.; Spilotros, M.; Grandaliano, G.; Selvaggi, F.P.; Bettocchi, C.; Battaglia, M. Obesity in Kidney Transplantation Affects Renal Function But Not Graft and Patient Survival. Transplant. Proc. 2011, 43, 367–372. [Google Scholar] [CrossRef] [PubMed]

	



Losappio, V.; Stallone, G.; Infante, B.; Schena, A.; Rossini, M.; Maiorano, A.; Fiorentino, M.; Ditonno, P.; Lucarelli, G.; Battaglia, M.; et al. A Single-Center Cohort Study to Define the Role of Pretransplant Biopsy Score in the Long-Term Outcome of Kidney Transplantation. Transplantation 2014, 97, 934–939. [Google Scholar] [CrossRef]

	



Loizzo, D.; Di Meo, N.A.; Peluso, M.R.; Rutigliano, M.; Matera, M.; Miacola, C.; Palella, G.; Tedeschi, M.; Spilotros, M.; Ferro, M.; et al. Novel Insights into the Molecular Mechanisms of Ischemia/Reperfusion Injury in Kidney Transplantation. Transplantology 2021, 2, 191–207. [Google Scholar] [CrossRef]

	



Pefanis, A.; Ierino, F.L.; Murphy, J.M.; Cowan, P.J. Regulated Necrosis in Kidney Ischemia-Reperfusion Injury. Kidney Int. 2019, 96, 291–301. [Google Scholar] [CrossRef]

	



Movahed, M.; Brockie, S.; Hong, J.; Fehlings, M.G. Transcriptomic Hallmarks of Ischemia-Reperfusion Injury. Cells 2021, 10, 1838. [Google Scholar] [CrossRef]

	



Park, M.; Kwon, C.H.; Ha, H.K.; Han, M.; Song, S.H. RNA-Seq Identifies Condition-Specific Biological Signatures of Ischemia-Reperfusion Injury in the Human Kidney. BMC Nephrol. 2020, 21, 398. [Google Scholar] [CrossRef]

	



Zhang, H.; Zheng, C.; Xu, Y.; Hu, X. Comprehensive Molecular and Cellular Characterization of Endoplasmic Reticulum Stress-Related Key Genes in Renal Ischemia/Reperfusion Injury. Front. Immunol. 2024, 15, 1340997. [Google Scholar] [CrossRef]

	



Rahbar Saadat, Y.; Hosseiniyan Khatibi, S.M.; Sani, A.; Zununi Vahed, S.; Ardalan, M. Ischemic Tubular Injury: Oxygen-Sensitive Signals and Metabolic Reprogramming. Inflammopharmacology 2023, 31, 1657–1669. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.; Devalaraja-Narashimha, K.; Padanilam, B.J. TIGAR Regulates Glycolysis in Ischemic Kidney Proximal Tubules. Am. J. Physiol.-Ren. Physiol. 2015, 308, F298–F308. [Google Scholar] [CrossRef] [PubMed]

	



Moon, D.; Padanilam, B.J.; Jang, H.-S.; Kim, J. 2-Mercaptoethanol Protects against DNA Double-Strand Breaks after Kidney Ischemia and Reperfusion Injury through GPX4 Upregulation. Pharmacol. Rep. 2022, 74, 1041–1053. [Google Scholar] [CrossRef]

	



Kim, J. Spermidine Rescues Proximal Tubular Cells from Oxidative Stress and Necrosis after Ischemic Acute Kidney Injury. Arch. Pharm. Res. 2017, 40, 1197–1208. [Google Scholar] [CrossRef]

	



Su, L.; Zhang, J.; Gomez, H.; Kellum, J.A.; Peng, Z. Mitochondria ROS and Mitophagy in Acute Kidney Injury. Autophagy 2023, 19, 401–414. [Google Scholar] [CrossRef]

	



Loizzo, D.; Pandolfo, S.D.; Rogers, D.; Cerrato, C.; Di Meo, N.A.; Autorino, R.; Mirone, V.; Ferro, M.; Porta, C.; Stella, A.; et al. Novel Insights into Autophagy and Prostate Cancer: A Comprehensive Review. Int. J. Mol. Sci. 2022, 23, 3826. [Google Scholar] [CrossRef] [PubMed]

	



Grossi, V.; Lucarelli, G.; Forte, G.; Peserico, A.; Matrone, A.; Germani, A.; Rutigliano, M.; Stella, A.; Bagnulo, R.; Loconte, D.; et al. Loss of STK11 Expression Is an Early Event in Prostate Carcinogenesis and Predicts Therapeutic Response to Targeted Therapy against MAPK/P38. Autophagy 2015, 11, 2102–2113. [Google Scholar] [CrossRef]

	



Kane, L.A.; Lazarou, M.; Fogel, A.I.; Li, Y.; Yamano, K.; Sarraf, S.A.; Banerjee, S.; Youle, R.J. PINK1 Phosphorylates Ubiquitin to Activate Parkin E3 Ubiquitin Ligase Activity. J. Cell Biol. 2014, 205, 143–153. [Google Scholar] [CrossRef]

	



Esteban-Martínez, L.; Boya, P. BNIP3L/NIX-Dependent Mitophagy Regulates Cell Differentiation via Metabolic Reprogramming. Autophagy 2018, 14, 915–917. [Google Scholar] [CrossRef]

	



Strappazzon, F.; Nazio, F.; Corrado, M.; Cianfanelli, V.; Romagnoli, A.; Fimia, G.M.; Campello, S.; Nardacci, R.; Piacentini, M.; Campanella, M.; et al. AMBRA1 Is Able to Induce Mitophagy via LC3 Binding, Regardless of PARKIN and P62/SQSTM1. Cell Death Differ. 2015, 22, 419–432. [Google Scholar] [CrossRef]

	



Wei, Y.; Chiang, W.-C.; Sumpter, R.; Mishra, P.; Levine, B. Prohibitin 2 Is an Inner Mitochondrial Membrane Mitophagy Receptor. Cell 2017, 168, 224–238.e10. [Google Scholar] [CrossRef] [PubMed]

	



Tang, C.; Han, H.; Liu, Z.; Liu, Y.; Yin, L.; Cai, J.; He, L.; Liu, Y.; Chen, G.; Zhang, Z.; et al. Activation of BNIP3-Mediated Mitophagy Protects against Renal Ischemia-Reperfusion Injury. Cell Death Dis. 2019, 10, 677. [Google Scholar] [CrossRef] [PubMed]

	



Tang, C.; Han, H.; Yan, M.; Zhu, S.; Liu, J.; Liu, Z.; He, L.; Tan, J.; Liu, Y.; Liu, H.; et al. PINK1-PRKN/PARK2 Pathway of Mitophagy Is Activated to Protect against Renal Ischemia-Reperfusion Injury. Autophagy 2018, 14, 880–897. [Google Scholar] [CrossRef] [PubMed]

	



Livingston, M.J.; Wang, J.; Zhou, J.; Wu, G.; Ganley, I.G.; Hill, J.A.; Yin, X.-M.; Dong, Z. Clearance of Damaged Mitochondria via Mitophagy Is Important to the Protective Effect of Ischemic Preconditioning in Kidneys. Autophagy 2019, 15, 2142–2162. [Google Scholar] [CrossRef] [PubMed]

	



Dudek, J. Role of Cardiolipin in Mitochondrial Signaling Pathways. Front. Cell Dev. Biol. 2017, 5, 90. [Google Scholar] [CrossRef] [PubMed]

	



Yun, J.; Puri, R.; Yang, H.; Lizzio, M.A.; Wu, C.; Sheng, Z.-H.; Guo, M. MUL1 Acts in Parallel to the PINK1/Parkin Pathway in Regulating Mitofusin and Compensates for Loss of PINK1/Parkin. Elife 2014, 3, e01958. [Google Scholar] [CrossRef] [PubMed]

	



Chen, M.; Chen, Z.; Wang, Y.; Tan, Z.; Zhu, C.; Li, Y.; Han, Z.; Chen, L.; Gao, R.; Liu, L.; et al. Mitophagy Receptor FUNDC1 Regulates Mitochondrial Dynamics and Mitophagy. Autophagy 2016, 12, 689–702. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, F.; Zhu, J.; Zhang, M.; Luo, Y.; Li, Y.; Shi, L.; Huang, J.; Shadekejiang, H.; Dong, S.; Wu, X. OGG1 Aggravates Renal Ischemia–Reperfusion Injury by Repressing PINK1 -mediated Mitophagy. Cell Prolif. 2023, 56, e13418. [Google Scholar] [CrossRef]

	



Tang, D.; Chen, X.; Kang, R.; Kroemer, G. Ferroptosis: Molecular Mechanisms and Health Implications. Cell Res. 2021, 31, 107–125. [Google Scholar] [CrossRef]

	



Su, L.; Jiang, X.; Yang, C.; Zhang, J.; Chen, B.; Li, Y.; Yao, S.; Xie, Q.; Gomez, H.; Murugan, R.; et al. Pannexin 1 Mediates Ferroptosis That Contributes to Renal Ischemia/Reperfusion Injury. J. Biol. Chem. 2019, 294, 19395–19404. [Google Scholar] [CrossRef]

	



Huang, L.-L.; Liao, X.-H.; Sun, H.; Jiang, X.; Liu, Q.; Zhang, L. Augmenter of Liver Regeneration Protects the Kidney from Ischaemia-Reperfusion Injury in Ferroptosis. J. Cell Mol. Med. 2019, 23, 4153–4164. [Google Scholar] [CrossRef] [PubMed]

	



Ma, H.; Guo, X.; Cui, S.; Wu, Y.; Zhang, Y.; Shen, X.; Xie, C.; Li, J. Dephosphorylation of AMP-Activated Protein Kinase Exacerbates Ischemia/Reperfusion-Induced Acute Kidney Injury via Mitochondrial Dysfunction. Kidney Int. 2022, 101, 315–330. [Google Scholar] [CrossRef] [PubMed]

	



Packer, M. Mechanisms Leading to Differential Hypoxia-Inducible Factor Signaling in the Diabetic Kidney: Modulation by SGLT2 Inhibitors and Hypoxia Mimetics. Am. J. Kidney Dis. 2021, 77, 280–286. [Google Scholar] [CrossRef] [PubMed]

	



Arslan, F.; Keogh, B.; McGuirk, P.; Parker, A.E. TLR2 and TLR4 in Ischemia Reperfusion Injury. Mediat. Inflamm. 2010, 2010, 704202. [Google Scholar] [CrossRef] [PubMed]

	



Salvadori, M.; Rosso, G.; Bertoni, E. Update on Ischemia-Reperfusion Injury in Kidney Transplantation: Pathogenesis and Treatment. World J. Transplant. 2015, 5, 52–67. [Google Scholar] [CrossRef]

	



Wu, H.; Chen, G.; Wyburn, K.R.; Yin, J.; Bertolino, P.; Eris, J.M.; Alexander, S.I.; Sharland, A.F.; Chadban, S.J. TLR4 Activation Mediates Kidney Ischemia/Reperfusion Injury. J. Clin. Investig. 2007, 117, 2847–2859. [Google Scholar] [CrossRef]

	



Chen, J.; John, R.; Richardson, J.A.; Shelton, J.M.; Zhou, X.J.; Wang, Y.; Wu, Q.Q.; Hartono, J.R.; Winterberg, P.D.; Lu, C.Y. Toll-like Receptor 4 Regulates Early Endothelial Activation during Ischemic Acute Kidney Injury. Kidney Int. 2011, 79, 288–299. [Google Scholar] [CrossRef] [PubMed]

	



Jang, H.R.; Rabb, H. The Innate Immune Response in Ischemic Acute Kidney Injury. Clin. Immunol. 2009, 130, 41–50. [Google Scholar] [CrossRef] [PubMed]

	



Leemans, J.C.; Stokman, G.; Claessen, N.; Rouschop, K.M.; Teske, G.J.D.; Kirschning, C.J.; Akira, S.; van der Poll, T.; Weening, J.J.; Florquin, S. Renal-Associated TLR2 Mediates Ischemia/Reperfusion Injury in the Kidney. J. Clin. Investig. 2005, 115, 2894–2903. [Google Scholar] [CrossRef]

	



Rusai, K.; Sollinger, D.; Baumann, M.; Wagner, B.; Strobl, M.; Schmaderer, C.; Roos, M.; Kirschning, C.; Heemann, U.; Lutz, J. Toll-like Receptors 2 and 4 in Renal Ischemia/Reperfusion Injury. Pediatr. Nephrol. 2010, 25, 853–860. [Google Scholar] [CrossRef]

	



Shigeoka, A.A.; Holscher, T.D.; King, A.J.; Hall, F.W.; Kiosses, W.B.; Tobias, P.S.; Mackman, N.; McKay, D.B. TLR2 Is Constitutively Expressed within the Kidney and Participates in Ischemic Renal Injury through Both MyD88-Dependent and -Independent Pathways. J. Immunol. 2007, 178, 6252–6258. [Google Scholar] [CrossRef]

	



Hasegawa, S.; Inoue, T.; Nakamura, Y.; Fukaya, D.; Uni, R.; Wu, C.-H.; Fujii, R.; Peerapanyasut, W.; Taguchi, A.; Kohro, T.; et al. Activation of Sympathetic Signaling in Macrophages Blocks Systemic Inflammation and Protects against Renal Ischemia-Reperfusion Injury. JASN 2021, 32, 1599–1615. [Google Scholar] [CrossRef]

	



Batal, I.; De Serres, S.A.; Safa, K.; Bijol, V.; Ueno, T.; Onozato, M.L.; Iafrate, A.J.; Herter, J.M.; Lichtman, A.H.; Mayadas, T.N.; et al. Dendritic Cells in Kidney Transplant Biopsy Samples Are Associated with T Cell Infiltration and Poor Allograft Survival. J. Am. Soc. Nephrol. 2015, 26, 3102–3113. [Google Scholar] [CrossRef] [PubMed]

	



Lasorsa, F.; Rutigliano, M.; Milella, M.; Ferro, M.; Pandolfo, S.D.; Crocetto, F.; Tataru, O.S.; Autorino, R.; Battaglia, M.; Ditonno, P.; et al. Cellular and Molecular Players in the Tumor Microenvironment of Renal Cell Carcinoma. JCM 2023, 12, 3888. [Google Scholar] [CrossRef]

	



Ysebaert, D.K.; De Greef, K.E.; De Beuf, A.; Van Rompay, A.R.; Vercauteren, S.; Persy, V.P.; De Broe, M.E. T Cells as Mediators in Renal Ischemia/Reperfusion Injury. Kidney Int. 2004, 66, 491–496. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.W.; Bae, E.; Kwon, S.-H.; Yu, M.-Y.; Cha, R.-H.; Lee, H.; Kim, D.K.; Lee, J.P.; Ye, S.-K.; Yoo, J.-Y.; et al. Transcriptional Modulation of the T Helper 17/Interleukin 17 Axis Ameliorates Renal Ischemia-Reperfusion Injury. Nephrol. Dial. Transplant. 2019, 34, 1481–1498. [Google Scholar] [CrossRef]

	



Loverre, A.; Divella, C.; Castellano, G.; Tataranni, T.; Zaza, G.; Rossini, M.; Ditonno, P.; Battaglia, M.; Palazzo, S.; Gigante, M.; et al. T Helper 1, 2 and 17 Cell Subsets in Renal Transplant Patients with Delayed Graft Function. Transplant. Int. 2011, 24, 233–242. [Google Scholar] [CrossRef]

	



Ferrer, I.R.; Hester, J.; Bushell, A.; Wood, K.J. Induction of Transplantation Tolerance through Regulatory Cells: From Mice to Men. Immunol. Rev. 2014, 258, 102–116. [Google Scholar] [CrossRef] [PubMed]

	



Hu, M.; Wang, Y.M.; Wang, Y.; Zhang, G.Y.; Zheng, G.; Yi, S.; O’Connell, P.J.; Harris, D.C.H.; Alexander, S.I. Regulatory T Cells in Kidney Disease and Transplantation. Kidney Int. 2016, 90, 502–514. [Google Scholar] [CrossRef]

	



Fan, H.; Liu, J.; Sun, J.; Feng, G.; Li, J. Advances in the Study of B Cells in Renal Ischemia-Reperfusion Injury. Front. Immunol. 2023, 14, 1216094. [Google Scholar] [CrossRef]

	



Inaba, A.; Tuong, Z.K.; Riding, A.M.; Mathews, R.J.; Martin, J.L.; Saeb-Parsy, K.; Clatworthy, M.R. B Lymphocyte-Derived CCL7 Augments Neutrophil and Monocyte Recruitment, Exacerbating Acute Kidney Injury. J. Immunol. 2020, 205, 1376–1384. [Google Scholar] [CrossRef] [PubMed]

	



Peng, Q.; Li, K.; Anderson, K.; Farrar, C.A.; Lu, B.; Smith, R.A.G.; Sacks, S.H.; Zhou, W. Local Production and Activation of Complement Up-Regulates the Allostimulatory Function of Dendritic Cells through C3a-C3aR Interaction. Blood 2008, 111, 2452–2461. [Google Scholar] [CrossRef] [PubMed]

	



Liszewski, M.K.; Kolev, M.; Le Friec, G.; Leung, M.; Bertram, P.G.; Fara, A.F.; Subias, M.; Pickering, M.C.; Drouet, C.; Meri, S.; et al. Intracellular Complement Activation Sustains T Cell Homeostasis and Mediates Effector Differentiation. Immunity 2013, 39, 1143–1157. [Google Scholar] [CrossRef]

	



Arbore, G.; West, E.E.; Spolski, R.; Robertson, A.A.B.; Klos, A.; Rheinheimer, C.; Dutow, P.; Woodruff, T.M.; Yu, Z.X.; O’Neill, L.A.; et al. T Helper 1 Immunity Requires Complement-Driven NLRP3 Inflammasome Activity in CD4+ T Cells. Science 2016, 352, aad1210. [Google Scholar] [CrossRef] [PubMed]

	



Lasorsa, F.; Rutigliano, M.; Milella, M.; Ferro, M.; Pandolfo, S.D.; Crocetto, F.; Simone, S.; Gesualdo, L.; Battaglia, M.; Ditonno, P.; et al. Complement System and the Kidney: Its Role in Renal Diseases, Kidney Transplantation and Renal Cell Carcinoma. Int. J. Mol. Sci. 2023, 24, 16515. [Google Scholar] [CrossRef] [PubMed]

	



Divella, C.; Stasi, A.; Franzin, R.; Rossini, M.; Pontrelli, P.; Sallustio, F.; Netti, G.S.; Ranieri, E.; Lacitignola, L.; Staffieri, F.; et al. Pentraxin-3-Mediated Complement Activation in a Swine Model of Renal Ischemia/Reperfusion Injury. Aging 2021, 13, 10920–10933. [Google Scholar] [CrossRef]

	



Poppelaars, F.; Seelen, M.A. Complement-Mediated Inflammation and Injury in Brain Dead Organ Donors. Mol. Immunol. 2017, 84, 77–83. [Google Scholar] [CrossRef]

	



Bartoszek, D.; Mazanowska, O.; Kościelska-Kasprzak, K.; Kamińska, D.; Lepiesza, A.; Chudoba, P.; Myszka, M.; Żabińska, M.; Klinger, M. Functional Activity of the Complement System in Deceased Donors in Relation to Kidney Allograft Outcome. Transplant. Proc. 2018, 50, 1697–1700. [Google Scholar] [CrossRef]

	



Danobeitia, J.S.; Zens, T.J.; Chlebeck, P.J.; Zitur, L.J.; Reyes, J.A.; Eerhart, M.J.; Coonen, J.; Capuano, S.; D’Alessandro, A.M.; Torrealba, J.R.; et al. Targeted Donor Complement Blockade after Brain Death Prevents Delayed Graft Function in a Nonhuman Primate Model of Kidney Transplantation. Am. J. Transplant. 2020, 20, 1513–1526. [Google Scholar] [CrossRef]

	



Jager, N.M.; van Zanden, J.E.; Subías, M.; Leuvenink, H.G.D.; Daha, M.R.; Rodríguez de Córdoba, S.; Poppelaars, F.; Seelen, M.A. Blocking Complement Factor B Activation Reduces Renal Injury and Inflammation in a Rat Brain Death Model. Front. Immunol. 2019, 10, 2528. [Google Scholar] [CrossRef]

	



Santarsiero, D.; Aiello, S. The Complement System in Kidney Transplantation. Cells 2023, 12, 791. [Google Scholar] [CrossRef]

	



Casiraghi, F.; Azzollini, N.; Todeschini, M.; Fiori, S.; Cavinato, R.A.; Cassis, P.; Solini, S.; Pezzuto, F.; Mister, M.; Thurman, J.M.; et al. Complement Alternative Pathway Deficiency in Recipients Protects Kidney Allograft From Ischemia/Reperfusion Injury and Alloreactive T Cell Response. Am. J. Transplant. 2017, 17, 2312–2325. [Google Scholar] [CrossRef]

	



Wu, Y.; Zwaini, Z.D.; Brunskill, N.J.; Zhang, X.; Wang, H.; Chana, R.; Stover, C.M.; Yang, B. Properdin Deficiency Impairs Phagocytosis and Enhances Injury at Kidney Repair Phase Post Ischemia-Reperfusion. Front. Immunol. 2021, 12, 697760. [Google Scholar] [CrossRef]

	



Bongoni, A.K.; Lu, B.; Salvaris, E.J.; Roberts, V.; Fang, D.; McRae, J.L.; Fisicaro, N.; Dwyer, K.M.; Cowan, P.J. Overexpression of Human CD55 and CD59 or Treatment with Human CD55 Protects against Renal Ischemia-Reperfusion Injury in Mice. J. Immunol. 2017, 198, 4837–4845. [Google Scholar] [CrossRef]

	



Heeger, P.S.; Lalli, P.N.; Lin, F.; Valujskikh, A.; Liu, J.; Muqim, N.; Xu, Y.; Medof, M.E. Decay-Accelerating Factor Modulates Induction of T Cell Immunity. J. Exp. Med. 2005, 201, 1523–1530. [Google Scholar] [CrossRef] [PubMed]

	



Li, Q.; Peng, Q.; Xing, G.; Li, K.; Wang, N.; Farrar, C.A.; Meader, L.; Sacks, S.H.; Zhou, W. Deficiency of C5aR Prolongs Renal Allograft Survival. J. Am. Soc. Nephrol. 2010, 21, 1344–1353. [Google Scholar] [CrossRef] [PubMed]

	



Nauser, C.L.; Farrar, C.A.; Sacks, S.H. Complement Recognition Pathways in Renal Transplantation. J. Am. Soc. Nephrol. 2017, 28, 2571–2578. [Google Scholar] [CrossRef] [PubMed]

	



Sallustio, F.; Stasi, A.; Curci, C.; Divella, C.; Picerno, A.; Franzin, R.; De Palma, G.; Rutigliano, M.; Lucarelli, G.; Battaglia, M.; et al. Renal Progenitor Cells Revert LPS-induced Endothelial-to-mesenchymal Transition by Secreting CXCL6, SAA4, and BPIFA2 Antiseptic Peptides. FASEB J. 2019, 33, 10753–10766. [Google Scholar] [CrossRef]

	



Castellano, G.; Franzin, R.; Stasi, A.; Divella, C.; Sallustio, F.; Pontrelli, P.; Lucarelli, G.; Battaglia, M.; Staffieri, F.; Crovace, A.; et al. Complement Activation During Ischemia/Reperfusion Injury Induces Pericyte-to-Myofibroblast Transdifferentiation Regulating Peritubular Capillary Lumen Reduction Through pERK Signaling. Front. Immunol. 2018, 9, 1002. [Google Scholar] [CrossRef]

	



Castellano, G.; Franzin, R.; Sallustio, F.; Stasi, A.; Banelli, B.; Romani, M.; De Palma, G.; Lucarelli, G.; Divella, C.; Battaglia, M.; et al. Complement Component C5a Induces Aberrant Epigenetic Modifications in Renal Tubular Epithelial Cells Accelerating Senescence by Wnt4/Βcatenin Signaling after Ischemia/Reperfusion Injury. Aging 2019, 11, 4382–4406. [Google Scholar] [CrossRef]

	



Castellano, G.; Intini, A.; Stasi, A.; Divella, C.; Gigante, M.; Pontrelli, P.; Franzin, R.; Accetturo, M.; Zito, A.; Fiorentino, M.; et al. Complement Modulation of Anti-Aging Factor Klotho in Ischemia/Reperfusion Injury and Delayed Graft Function. Am. J. Transplant. 2016, 16, 325–333. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, X.; Zhang, X.; Feng, B.; Sun, H.; Suzuki, M.; Ichim, T.; Kubo, N.; Wong, A.; Min, L.R.; Budohn, M.E.; et al. Gene Silencing of Complement C5a Receptor Using siRNA for Preventing Ischemia/Reperfusion Injury. Am. J. Pathol. 2008, 173, 973–980. [Google Scholar] [CrossRef] [PubMed]

	



Vonbrunn, E.; Büttner-Herold, M.; Amann, K.; Daniel, C. Complement Inhibition in Kidney Transplantation: Where Are We Now? BioDrugs 2023, 37, 5–19. [Google Scholar] [CrossRef]

	



Jordan, S.C.; Choi, J.; Aubert, O.; Haas, M.; Loupy, A.; Huang, E.; Peng, A.; Kim, I.; Louie, S.; Ammerman, N.; et al. A Phase I/II, Double-Blind, Placebo-Controlled Study Assessing Safety and Efficacy of C1 Esterase Inhibitor for Prevention of Delayed Graft Function in Deceased Donor Kidney Transplant Recipients. Am. J. Transplant. 2018, 18, 2955–2964. [Google Scholar] [CrossRef]