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Abstract 1 

Xenotransplantation is emerging as one of several potential solutions for addressing organ 2 

donor shortages, with significant progress bringing it closer to clinical application. However, 3 

challenges remain, particularly concerning complement system dysregulation caused by 4 

species differences, as well as xenoantigens and coagulopathy. Complement regulatory 5 

proteins expressed on endothelial cells of donor xenografts are less compatible with 6 

complement components in recipients. These difficulties contribute to hyperacute rejection, 7 

characterized by antibody-mediated complement activation that destroys the graft within 8 

24 hours. Moreover, because molecules are incompatible across different species, ischemia-9 

reperfusion injury or infection can easily elicit complement activity via all three pathways, 10 

resulting in xenograft loss via complement-mediated vascular injury. Complement activity 11 

also stimulate innate and adaptive immune cells. To address this issue, genetic 12 

modifications in donor pigs and the development of novel medicines have been tested in 13 

preclinical models with promising results. Pigs modified to express human complement-14 

regulating molecules such as CD46, CD55, and CD59 have shown longer kidney xenograft 15 

survivals over years in preclinical models with nonhuman primates, paving the way for 16 

clinical trials. Anti-complement component agents such as C1 esterase and C5 inhibitors 17 

have also been shown to increase xenograft survivals. This review examines the role of the 18 

complement system in kidney xenotransplantation, emphasizing new research and clinical 19 

trial advancements. 20 
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1. Introduction 1 

 Xenotransplantation is considered to be one of several potential solutions for donor 2 

organ shortages. Although significant progression has been made recently, several concerns 3 

must be resolved before clinical use. One of the challenges to overcome is dysregulation of 4 

the complement system, which is caused by differences between species as well as 5 

xenoantigens and coagulopathy hyperactivity [1,2]. Dysregulation and incompatibility 6 

produce hyper acute rejection (HAR), commonly characterized as antibody-mediated 7 

complement activation that leads to destruction of the graft within 24 h [3,4]. To address 8 

these limitations, in addition to novel immunosuppressive regimens, numerous types of 9 

gene-modifications have been attempted in donor pigs, as have new developments in 10 

genetic engineering such as clustered regulatory interspaced palindromic repeats and 11 

CRISPR-associated protein 9 (CRISPR/Cas9). Pigs engineered to express human regulatory 12 

molecules such as CD46, CD55, and CD59, have produced promising results in preclinical 13 

models using nonhuman primates (NHPs) as recipients in combination with other human 14 

transgenes and costimulatory blockade-based immunosuppressive regimens [5–7]. Given 15 

this quantum leap forward, it is expected that clinical applications will soon commence. This 16 

review examines the role of the complement system in kidney xenotransplantation, 17 

including research updates and recent preclinical investigations.  18 

 19 

2. Mechanism of hyperactivity of complement cascades in kidney xenograft 20 

 
AMR, acute antibody-mediated rejection; AP, alternative pathway; ATG, anti-thymocyte immunoglobulin; C1-INH, C1 
esterase inhibitor; CP, classical pathway; CR, complement receptor; CRISPR, clustered regulatory interspaced palindromic 
repeats; CRISPR/Cas9, CRISPR-associated protein 9; DAMP, damage-associated molecular pattern; DKO, double-xeno 
antigen knock-out; DSA, donor-specific antibody; GTKO, 1,3-galactosyltransferase knock out; HAR, hyper acute rejection; 
IRI, ischemia-reperfusion injury; IVIG, intravenous immunoglobulin; LP, lectin pathway; MAC, membrane attack complex; 
MASP, mannose-associated serine protease; MBL, mannose binding lectin; MGH, Massachusetts General Hospital; MMF, 
mycophenolate mofetil; NHP, nonhuman primate; PAMP, pathogen-associated molecular pattern; SLA, swine leukocyte 
antigen; TCMR, T-cell mediated rejection; TKO, triple-xeno antigen knock-out; TMA, thrombotic microangiopathy  



 The kidney is known to be particularly susceptible to complement activation owing 1 

to its glomerular structure, immune complex deposition in the mesangium and capillary 2 

wall, increased local complement protein production, and a lack of complement regulator 3 

expression [8–10]. The complement system is composed of more than 30 distinct serum- 4 

and membrane-associated proteins that are produced in the liver and circulate in the blood 5 

in an inactive form [11]. Complement activation occurs via three biochemical pathways: 6 

classical (antibody-dependent), alternative, and lectin, all of which contribute to both innate 7 

and adaptive immune responses [12,13]. When activated, the complement system 8 

generates a membrane attack complex (MAC), causing cell lysis, destruction of the graft 9 

vasculature, and ultimately graft failure. In xenotransplantation, the influencing factors are 10 

more likely to be activated, resulting in activation of the complement cascade, which is 11 

more difficult to control. Natural antibodies against three carbohydrate antigens, known as 12 

“xenoantigens,” cause HAR in NHP recipients immediately after kidney xenograft perfusion 13 

[4]. Xenoantigens consist of three carbohydrate antigens found in all mammals except 14 

primates. They activate the complement cascade by binding to natural antibodies in 15 

humans, or NHPs. The interaction of preexisting antibodies against xenoantigenic epitopes 16 

on porcine endothelial cells triggers the complement cascade activation. This activation 17 

causes additional stimulation and lysis of endothelial cells, resulting in damage to the graft 18 

vasculature and graft failure [14]. Histologically, HAR is described as the loss of vascular 19 

integrity followed by edema, thrombosis, hemorrhage, and extensive vascular deposition of 20 

antibodies and terminal complement components [15].  21 

 22 

2.1. Classical pathway 23 



 The classical pathway (CP) is initiated primarily by the binding of antibodies, such as 1 

IgM and IgG, to antigens. This binding causes the formation of the C1 complex, which 2 

consists of C1q and two molecules, C1r and C1s, resulting in the cleavage of C4 and C2 to 3 

form C4b2a (C3 convertase) (Figure 1) [11]. C4b2a cleaves C3 into C3a and C3b, while C3b 4 

combines with tC4b2a convertase to form C5 convertase, which splits C5 into C5a and C5b. 5 

C5b complexes with C6-9 to create the terminal membrane MAC, resulting in cell lysis and 6 

tissue damage. During xenotransplantation, the CP is activated when preformed antibodies 7 

in the recipient bind to xenoantigens present on the surface of the transplanted organ. 8 

Those antibodies are known as donor-specific antibodies (DSAs), specifically xeno-9 

antibodies in xenotransplantation. This pathway contributes significantly to antibody-10 

mediated rejection (AMR), including HAR. AMR occurs when the recipient’s immune system 11 

attacks the transplanted organ after recognizing xenoantigens. The binding of DSAs to these 12 

antigens activates the CP, initiating a rapid immune response that causes vascular injury, 13 

thrombosis, and ultimately graft failure. Swine leukocyte antigens (SLA) can be targets of 14 

antibodies secreted by recipients. Other antigens, such as xenograft-derived neoantigens 15 

and damage-associated molecular patterns (DAMPs), are generated by ischemia reperfusion 16 

injury (IRI) [16]. These neo-antigens are also generated during infection, and attach to 17 

preformed IgM antibodies, which activate the following cascade. The CP not only causes 18 

direct damage through MAC formation but also acts indirectly by enhancing inflammation 19 

and recruiting other immune cells (neutrophils, monocytes, dendritic cells, and T and B cell) 20 

to the site of the graft, as the details are described below.  21 

 22 

2.2. Lectin pathway 23 



 The lectin pathway (LP) is initiated by the binding of mannose-binding lectin (MBL) or 1 

ficolin, which is associated with MBL-associated serine protease 1 (MASP1), MASP2, and 2 

MASP3, to a pathogen-associated molecular pattern (PAMP) on the surface of an invading 3 

microorganism such as bacteria[17]. Furthermore, it can be activated by detecting DAMPs in 4 

damaged cells or transplanted tissues [18]. MASPs can cleave C4 and C2, similarly to C1s, 5 

and the same C3 convertase (C4bC2a) is produced (Figure 1) [17]. In xenotransplantation, 6 

MBL can detect neo-antigens expressed on the surface of pig following IRI, triggering the LP 7 

and the formation of inflammatory mediators (C3a and C5a) and the MAC [19]. This process 8 

contributes to xenograft rejection by causing cell lysis, inflammation, and immune cells 9 

recruitment, all of which can damage the transplanted organ. The LP functions alongside the 10 

CP and the alternative pathways (AP). Although antibody-antigen complexes generally 11 

initiate the CP and contributes significantly to HAR in xenotransplantation, the LP also plays 12 

an important role in complement activation through inflammation induced by infection, or 13 

IRI [16]. It can act to amplify immune responses either independently or in conjunction with 14 

the CP. 15 

 16 

2.3. Alternative pathway 17 

 The AP is unique in that they can activate spontaneously without a target 18 

recognition molecule [20]. This pathway remains active at a low level due to the continuous 19 

hydrolysis of C3, a process known as "tick-over."[21] Activation can escalate rapidly when it 20 

encounters non-self surfaces, such as those presented by xenografts, particularly pig organs 21 

in primate recipients. When activated, the AP produces the C3 convertase (C3bBb),  22 

resulting in the MAC formation and cell lysis (Figure 1). Because the tick-over process occurs 23 

spontaneously, complement regulatory proteins play an important role in modulating the 24 



AP activation. Notably, C3b produced by the CP or LP can also contribute to this process. 1 

Even when the CP initiates complement activation, the amplification loop of the AP may 2 

generate the majority of the downstream fragments [22]. Studies have demonstrated that 3 

IRI can trigger the AP through releasing of complement components, particularly C3, from 4 

renal tubular epithelium. Thereby, it is suggested the AP can be likely amplified on xenograft 5 

surfaces due to less compatibility of complement regulatory proteins and porcine organ 6 

vulnerability to IRI [23–26]. 7 

 8 

2.4. The complement roles in innate and adaptive immunity 9 

 All three pathways lead to the formation of a C3 convertase, which cleaves C3 into 10 

the split products C3a and C3b in the common pathway, resulting in C5 convertase cleaving 11 

C5 into C5a and C5b (Figure 1). The complement fragments such as C3a and C5a, collectively 12 

known as anaphylatoxins, mediate inflammatory responses by increasing vascular 13 

permeability, vasodilation, and the recruitment of immune cells such as neutrophils and 14 

macrophages [27,28]. The complement receptors C3aR, C5aR1, and C5aR2 are expressed on 15 

a variety of immune cells, including neutrophils, monocytes, dendritic cells, and T and B 16 

cells, where they help modulate immune cell chemotaxis and activation (Figure 1) [29–32]. 17 

The interactions of C3aR and C5aR with immune cells have direct implications in transplant 18 

rejection and inflammatory diseases [33,34].  Furthermore, complement activation can 19 

occur at specific sites within transplanted organs, such as the tubulointerstitium or 20 

peritubular capillaries [35,36]. In xenotransplantation, DAMPs and PAMPs are released from 21 

xenograft and subsequently phagocytosed by primate antigen-presenting cells such as 22 

dendritic cells and macrophages. This process transmits information to adaptive immune 23 



cells independently of inflammation, often in conjunction with complement-mediated 1 

opsonization[37].  2 

 3 

3. Specific responses causing or caused by complement activity in kidney 4 

xenotransplantation 5 

 Given the action of mechanisms, the specific responses that can cause or be caused 6 

by complement activity in kidney xenotransplantation are described below. 7 

3.1. Antibody-mediated rejection 8 

 The complement system is pivotal role in AMR in kidney xenotransplantation. AMR is 9 

primarily driven by the CP of complement activation, which results in anaphylatoxin release 10 

and vascular cell lysis through MAC formation of the xenograft (Figure 1). AMR is 11 

significantly more likely to occur in xenotransplantation than in allotransplantation, because 12 

humans and NHPs naturally acquired DSAs against xenoantigens. In earlier experiments 13 

using preclinical models without genetically modified donor pigs, the natural antibodies 14 

caused AMR immediately after perfusion, resulting in HAR and graft loss during surgery [3]. 15 

Even if a recipient does not develop HAR, AMR is more likely to happen despite the use of 16 

heavier immunosuppressants. Antigen-antibody binding forms immune complexes that 17 

activate the complement cascade, culminating in the cleavage of C4 and the deposition of 18 

C4d on endothelial surfaces. The presence of C4d in peritubular capillaries is a well-19 

established marker of complement activation and is routinely used in the diagnosis of AMR 20 

[38–40].  21 

3.2. Thrombotic microangiopathy 22 

 Thrombotic microangiopathy (TMA) is an example of endothelial injury characterized 23 

by the formation of microthrombi in various blood vessels such as arteries, arterioles, 24 



venules, and glomerular capillaries. This process is distinguished by the detachment of 1 

endothelial cells from the basement membrane, which results in the vascular exposure of 2 

thrombogenic surfaces and the activation of coagulation cascades. TMA can be triggered by 3 

AMR in both xeno- and allograft kidney transplantation (Figure 1) [41,42]. The deposition of 4 

complement proteins such as C4d and the presence of DSA is one of findings demonstrating 5 

AMR[43]. AMR from TMA can be difficult to be distinguish due to overlapping histological 6 

features, such as microthrombi consisting of fibrin and platelets. They can also arise 7 

independently, resulting in kidney graft loss [41,44–47], particularly in kidney 8 

xenotransplantation [48]. TMA also can be triggered by immunosuppressant drugs, 9 

infection, and IRI [41]. Furthermore, xenografts are more prone to cause TMA because of 10 

less compatibility of complement regulatory proteins expressed on porcine vascular cells. 11 

Additionally, coagulation dysregulation can cause TMA in kidney xenotransplantation 12 

[42,49]. The expression of multiple human transgenes of complement regulatory proteins 13 

and coagulation-related proteins in donor pig organs may help prevent TMA and AMR in 14 

xenotransplantation by mitigating complement-mediated endothelial damage and lowering 15 

the incidence of TMA [6]. Furthermore, regulating coagulation incompatibility has the 16 

potential to lower the risk and severity of TMA by expressing coagulation regulatory 17 

proteins on porcine endothelial cells [50,51]. 18 

3.3. T-cell mediated rejection 19 

 Although T-cell mediated rejection (TCMR) is not directly associated with 20 

complement systems such as AMR, there are significant links [13,52–54]. C3 is markedly 21 

upregulated in the tubules of kidney allografts and is deposited on the tubule surface 22 

adjacent to the T-cell infiltration [55]. Complement receptors, such as C3aR and C5aR, found 23 

on various immune cells, have also been linked to TCMR (Figure 1). Increased C5aR 24 



expression on infiltrating cells during acute cellular rejection is associated with higher 1 

monocyte/macrophage infiltration and shorter graft survival [33]. Furthermore, C3aR on 2 

dendritic cells attenuates T-cell stimulation, whereas C3aR/C5aR activation weakens 3 

regulatory T-cell suppression, promoting pro-inflammatory responses [34,56] . The different 4 

C3 allotypes produced by the allograft may influence rejection, with donor-recipient 5 

complement mismatches influencing the severity [57,58]. Although C3 polymorphisms 6 

between pigs and primates have not been investigated, locally generated C3 in xenografts 7 

may be important in TCMR, influencing graft survival. Targeting complement receptors or 8 

regulating complement mismatches in donor pigs using human transgenes could improve 9 

xenotransplant outcomes. 10 

 11 

3.4. Ischemia reperfusion injury 12 

 IRI can trigger complement activation through the release of endogenous ligands 13 

from necrotic and apoptotic cells, which activate the complement system via all three 14 

pathways (Figure 1) [59] . This activation leads to the formation of terminal complement 15 

components like C3a, C5a, and MAC, which amplify the inflammatory response and cause 16 

direct tubular cell injury [60]. IRI induces secretion of DAMPs from xenograft or surface 17 

expression of neoantigens on xenograft endothelial cells, leading to activate the 18 

complement cascade by binding to natural IgM antibodies and producing the antigen-19 

antibody complex (Figure 1) [16,18,61,62]. Similarly, MBL binds to neoantigens, causing 20 

complement-mediated injury [63,64]. Activation of the complement system is crucial in the 21 

progression of kidney IRI. Research has demonstrated that the AP is also involved, as it can 22 

be triggered without the need for immunoglobulins [35,54,65,66]. Studies have shown that 23 

the renal allograft is a significant source of complement components such as C3, which is 24 



upregulated during ischemia/reperfusion and contributes to inflammatory processes 1 

[25,65]. Conversely, the complement system can exacerbate IRI by promoting inflammation. 2 

The anaphylatoxins C3a and C5a, products of complement activation, interact with 3 

receptors on immune and non-immune cells, promoting leukocyte activation, chemotaxis, 4 

and increased vascular permeability, which contribute to tissue inflammation and injury 5 

[60]. C5aR and C3aR signaling have been shown to have deleterious effects[67,68].  An 6 

exposure of the porcine endothelial cells to human and NHP blood impairs production of 7 

extracellular cryoprotective, antithrombotic, and immunosuppressive adenosine, increasing 8 

the risk of IRI [69]. Porcine organ susceptibility to IRI may be attributable to this or an 9 

unknown feature of pig physiology [26]. 10 

3.5. Infection 11 

 Both bacterial and viral infections can cause vigorous complement activation, which 12 

poses a significant threat to xenograft survival owing to species incompatibility. During 13 

bacterial infections, the complement system identifies pathogens using two key 14 

mechanisms: the LP and the CP (Figure 1) [70]. Complement activation in the CP begins 15 

when C1 binds to antibodies on the bacterial surface, leading to MAC assembly. Similarly, 16 

bacterial cells are recognized by soluble-pattern recognition in the LP [70]. Similarly, viral 17 

infections can activate the complement system, particularly through the LP [71]. This 18 

promotes the deposition of C4 activation fragments in infected cells, which contributes to 19 

complement-mediated inflammation [72]. The CP also plays a role in viral infections, where 20 

immune complexes formed by viral antigens and antibodies activate C1, triggering 21 

complement activation. Cytomegalovirus, especially, porcine-derived cytomegalovirus can 22 

be transmitted to primate recipients [73]. The virus can activate the CP by promoting C1q 23 

binding to infected cells, resulting in the formation of the terminal complement complex 24 



C5b-9, which ultimately causes cell lysis and death [74].  Due to need of heavy 1 

immunosuppressive regimen including anti-CD154/CD40 blockades to regulate rejection 2 

including HAR, xenotransplant recipients are usually susceptible to bacterial or viral 3 

infection[75]. To control infection is one of keys for xenotransplant recipients from the 4 

aspects of prevention of complement-mediated rejection. 5 

 6 

  4. Inhibitory strategies of complement activity in xenografts 7 

 Complement activity is crucial and causes significant complement-mediated damage 8 

in xenografts through the numerous mechanisms mentioned above. Moreover, in the 9 

context of xenotransplantation, it is indicated that complement regulatory proteins 10 

expressed on donor endothelial cells are far less compatible with complement system in 11 

recipients [76,77]. Several attempts have been made to overcome these concerns. In 12 

addition to gene-modification in donor pigs, some complement-targeting drugs approved by 13 

the Food and Drug Administration have been attempted in kidney xenotransplantation 14 

(Table 1). 15 

  4. 1. Complement regulatory proteins  16 

 Donors with xenoantigen knockouts have been used to inhibit complement 17 

activation and establish stable long-term survival as a result of gene engineering using 18 

CRISPR/Cas9 technology. Multiple human transgenes, including complement regulatory 19 

proteins, coagulation regulatory proteins, and inflammation/innate immune regulatory 20 

proteins, have also been inserted into donor pigs using gene editing. Along with 21 

development of immunosuppressive medications, these gene modifications have prolonged 22 

survival days in kidney xenotransplant NHPs (Figure 2) [37].  23 



 Transgenes encoding human complement regulatory proteins in pigs that have 1 

shown encouraging results in preclinical models include CD55 (decay-accelerating factor), 2 

CD46 (membrane cofactor protein), and CD59 (membrane inhibitor of reactive lysis). CD55 3 

inhibits complement activation by promoting the decay of C3 and C5 convertases (Figure 1) 4 

[78,79]. Human CD55 transgenic pigs served as the vanguard for the successfully extending 5 

kidney xenograft survival in an NHP model (Figure 2) [80–82]. CD46 is a membrane-bound 6 

regulators that disrupts C3 convertase assembly by C3b inactivation [83,84]. Porcine kidneys 7 

with the human CD46 transgene into non-immunosuppressed baboons survived significantly 8 

longer than normal pig kidneys, with only minor macroscopic damage and focal tubular 9 

infarctions with viable renal tissue elsewhere (Figure 2) [85].  CD59 inhibits the formation of 10 

C5b-9 and MAC in cell membranes [86]. When kidneys from transgenic pigs expressing 11 

human CD59 and human CD55 were used, NHP recipients survived longer in the absence of 12 

immunosuppression than wild-type kidneys, indicating protection against HAR (Figure 2) 13 

[87]. Although these human complement regulatory transgenes reduced complement 14 

activity and alleviated HAR in preclinical models, the modifications were unable to 15 

counteract the hyperactivity of the complement system. To obtain long-term results, a 16 

combination of several additional transgenes and drugs must be used in addition to the 17 

human complement regulatory transgenes. 18 

 19 

4.2. Complement inhibitory agents 20 

4.2.1. C5 inhibitors 21 

 Therapeutic strategies that target the complement pathways have shown the 22 

potential to manage AMR. C5 inhibitors, particularly eculizumab, have shown promise in 23 

allotransplantation for decreasing complement-mediated immune responses, such as AMR 24 



[88–91]. Eculizumab is a humanized monoclonal antibody that binds to the C5 complement 1 

protein, inhibiting the terminal complement pathway, and blocks the formation of C5a 2 

(Figure 1). This potent anaphylatoxin triggers neutrophil recruitment and inflammation. 3 

Complement inhibition has emerged as an important method for protecting xenografts from 4 

immune-mediated injury in xenotransplantation. In brain-dead model, Locke et al. observed 5 

that xenograft biopsies did not show TMA or MAC deposition in the cases treated with 6 

eculizumab, although the appropriate interpretation of complement activity is difficult in a 7 

brain-dead model in which the complement system is usually activated [92]. In a study using 8 

porcine kidneys with double-xeno antigen knock-out (DKO), tesidolumab, another anti-C5 9 

inhibitor, was used to block C5 activity and effective in preventing early acute AMR [93] .  10 

However, further research is needed to clearly define their roles in xenotransplantation.  11 

4.2.2. C1 esterase inhibitors 12 

 Other inhibitors targeting upstream components of the complement cascade, such 13 

as C1 esterase inhibitors (C1-INH), are being investigated, with preliminary evidence 14 

indicating their potential benefits in preventing and treating AMR. Administration of C1-INH 15 

in xenotransplantation models has shown efficacy to prevent complement deposition and 16 

tissue damage [94–97]. This approach is particularly useful for blocking HAR and AMR 17 

through the CP, which is a significant challenge in xenograft rejection. However, Le Bas-18 

Bernardet, et al. found IgM, C3, and C5b deposition in rejected xenograft without C4d 19 

staining, indicating that C1-INH blocked the CP but activated the AP (Figure 2) [98]. The 20 

results showed that regulating the AP and LP is also crucial for achieving long-term 21 

xenograft survival as well as regulating the CP.  22 

4.2.3. C3 inhibitors 23 



 More clinically approved medicines may affect kidney xenotransplantation. 1 

Narsoplimab, a human monoclonal antibody targeting MASP-2, is a clinically approved LP 2 

inhibitor [99,100]. Pegcetacoplan, which blocks the AP by preventing C3 from generating 3 

C3b, has also been approved to treat IgA nephropathy and paroxysmal nocturnal 4 

hemoglobinuria [101]. In a human brain-dead decedent as a model of kidney 5 

xenotransplantation research, the agent was administered for AMR treatment along with 6 

steroids and plasmapheresis.  The treatment successfully showed preservation of xenograft 7 

function [102].  Pegcetacoplan was also administered in the first clinical case as anti-8 

rejection therapy due to the C3 deposition in xenograft biopsy specimen, and serum 9 

creatinine level was successfully recovered [103]. Cp40, another anti-C3 antibody, showed 10 

prevention of AMR and prolongation of graft survival in a highly sensitized NHP 11 

allotransplant model [104]. Moreover, cobra venom factor, depleting circulating C3, 12 

effectively suppressed AMR in NHP kidney allo- or xeno-transplant models (Figure 2) 13 

[105,106]. Although it requires further investigation in clinical use, it is indicated that 14 

inhibition of C3 is a potential strategy to prolong xenograft survivals by inhibition of 15 

complement mediated rejection or AMR. 16 

4.2.4. Intravenous immunoglobulin 17 

Intravenous immunoglobulin (IVIg) infusion provides various advantages for the prevention 18 

and/or treatment of AMR in sensitized kidney allo-transplant recipients [107–109]. IVIg 19 

suppresses both innate and adaptive immunity by reducing complement-mediated 20 

inflammation by inhibition of C5b-C9 and the MAC, increasing IgG clearance by interfering 21 

with the recycling system, and inhibiting cytokines and IL-10 production [110,111]. IVIg 22 

improves survival length of pig kidneys perfused with human blood [112]. Nevertheless, 23 

caution is advised, as it has been observed that high-dose IVIg significantly reduces the 24 



exposure to concomitantly administered anti-C5 monoclonal antibodies [113]. Moreover, 1 

Mohiuddin M, et al. reported that IVIG bound strongly to porcine endothelial cells, which 2 

were observed in different lots of the product [121]. Although no complement-dependent 3 

cytotoxicity was observed against porcine endothelium, their data suggested that 4 

endothelial damage caused by anti-pig antibodies in IVIG might be more important in 5 

xenotransplantation than in allotransplantation. Despite these findings, further research is 6 

required to properly determine the efficacy and disadvantage of these innovative drugs in 7 

preventing long-term rejection in human xenograft recipients. 8 

 9 

5. Recent progression in preclinical models 10 

 To overcome complement dysregulation and other challenges in 11 

xenotransplantation, gene modification in donor pigs has been tested using knockout or 12 

knock-in of various genes as well as combinations of immunosuppressive drugs including 13 

costimulatory blockades.  In addition to the necessity of removing carbohydrate 14 

xenoantigens, human transgenes encoding complement regulatory proteins have helped to 15 

achieve long-term kidney xenograft survival in NHP models. After achieving a 90-day 16 

survival with pig kidneys with αGal knock-out (GTKO) [105], inserting the human CD55 17 

transgene into GTKO pigs resulted in consistent long-term survival over a year (Table 2 and 18 

Figure 2) [7]. The advancement of gene engineering technology permitted the simultaneous 19 

editing of multiple genes in porcine donors, such as CRISPR/Cas9. Iwase, et al. demonstrated 20 

successful long-term survival of up to 260 days using pig kidneys with six human transgenes, 21 

including CD55 and CD46, as well as GTKO [114]. Deletion of three carbohydrate 22 

xenoantigens (αGal, Neu5GC, and Sda) (TKO) is considered the most appropriate for humans 23 

due to the lowest levels of complement-dependent cytotoxicity tests and anti-porcine IgG 24 



or IgM antibodies [115–117]. However, preclinical results in NHPs using kidney xenografts 1 

with TKO have been inconsistent, even when multiple human transgenes, including 2 

complement regulatory proteins are inserted [118,119]. Yamamoto T, et al. found that even 3 

with multiple human transgenes including CD46 and CD55, long-term kidney xenograft 4 

survival was not achieved in TKO pigs (Table 2 and Figure 2) [118]. Therefore, despite 5 

advancement of human transgenes including complement regulatory proteins, TKO as the 6 

donor condition encountered another obstacle in the preclinical studies. Then, Ma D, et al. 7 

at Massachusetts General Hospital (MGH) firstly reported long-term survival of over 300 8 

days by using TKO pigs with multiple human transgenes. They demonstrated the relevance 9 

of complement regulatory proteins by comparing TKO pigs with high expression of these 10 

proteins (CD46, CD55, and CD59) to those with low expression (Table 2 and Figure 2) [6]. Of 11 

note, the study also showed the superiority of anti-CD154 monoclonal antibody over anti-12 

CD40 monoclonal antibody in the suppression of kidney xenograft rejection. Although anti-13 

CD154 antibody has not been clinically approved due to thromboembolic side effects, the 14 

MGH group subsequently reported Fc-modified anti-CD154 prevented kidney allograft 15 

rejection without thrombotic events in NHP model [120]. Furthermore, the MGH group 16 

successfully achieved kidney xenotransplantation survival for over two years, a recent 17 

accomplishment using TKO pigs with multiple human transgenes expressing CD46 and CD55 18 

(Figure 3) [5]. The study showed that xenograft survival was significantly longer in recipients 19 

of kidneys from TKO pigs with human transgenes than from those without (Table 2 and 20 

Figure 2). Despite the encouraging results, three out of the 15 recipients lost the xenografts 21 

due to TMA without AMR, indicating that there is still potential for improvement in 22 

complement discordant management. Interestingly, they also found C4d deposition in 23 

glomeruli but not in peritubular capillaries, without any other signs of AMR, even in the 24 



long-term survivors. These findings suggested that C4d deposition may not be related to 1 

typical AMR in xenotransplantation, as C4 activation occurs prior to the intervention by 2 

complement regulatory proteins, as shown in Figure 1. The significance of C4d staining in 3 

the xenografts has yet to be determined. 4 

 Some studies have demonstrated the efficacy of complement inhibitors, such as C1-5 

INH and anti-C5 antibodies. Adams et al. investigated the efficacy of the anti-C5 antibody, 6 

tesidolumab, which was found to reduce early graft loss due to AMR and improved graft 7 

survival in pig-to-rhesus kidney xenotransplantation models when compared to control 8 

recipients who did not receive the anti-C5 therapy (Table 2 and Figure 2) [93]. Although the 9 

kidneys of both groups showed significant IgM binding and C4d deposition, tesidolumab-10 

treated kidneys had much less early C5b-9 staining than control kidneys. Eisenson et al. 11 

recently reported the successful long-term survival of kidneys from TKO pigs with multiple 12 

human transgenes, including CD46 and CD55, in baboons treated with C1-INH, anti-CD40 13 

antibody, and anti-IL 6 antibody (Table 2 and Figure 2) [121]. Although consistent long-term 14 

survival was achieved for up to 337 days, it is unclear whether C1-INH is unavoidable for the 15 

protocol regimen, as no comparative studies regarding C1-INH have been reported in 16 

preclinical models. Further research is needed to determine the necessity for C1-INH and 17 

other complement regulatory agents. 18 

 19 

6. Clinical models 20 

 Preclinical models have demonstrated successful long-term kidney xenograft survival 21 

using a combination of new drugs and donor pigs gene modifications. However, not all 22 

facilities have achieved long-term survival using clinical-grade TKO kidneys. Because pig 23 

gene modification is optimized for human, not NHPs, clinical xenotransplantation is 24 



predicted to produce superior results.  Despite advances in preclinical models, the clinical 1 

use of kidney xenotransplantation has yet to be approved. Some attempts have been made 2 

to use brain-dead models for short-term observations, demonstrating that HAR can be 3 

overcome using genetic engineering and drug development [122–125].  These investigations 4 

revealed a fresh insight: gene-edited pig organs function in the human body without HAR 5 

for a short period, but it is difficult to evaluate complement activity in brain-dead states, 6 

which are associated with immune and inflammatory responses, including complement 7 

activity. As a result, the data obtained from the decedent model is complicated, 8 

interpretation is difficult, and its clinical value is restricted. Four cases of clinical kidney 9 

xenotransplantation were reported at two distinct facilities through the compassionate 10 

approval by the Food and Drug Administration. In the first case performed by MGH, a C5 11 

inhibitor (ravulizumab) was used as maintenance immunosuppression, and a C3 inhibitor 12 

(pegcetacoplan) was administered for anti-rejection therapy since C3 deposition was 13 

appreciated in the for-cause biopsy sample [103] . Two recipients at MGH received a kidney 14 

from exactly the same clone as those that demonstrated 2-year survival in NHPs. 15 

Unfortunately, the first recipient died from cardiovascular disease; however, the pathology 16 

findings of the xenograft revealed no evidence of rejection. These findings imply that 17 

complement-regulating strategies using gene modifications and novel agents are also 18 

effective to some extent. 19 

 20 

7. Conclusion 21 

 The complement system plays an essential role in kidney xenotransplantation, and 22 

the mechanisms of complement activity have been studied. In addition to HAR and AMR, 23 

the complement cascade can activate a variety of immune responses, including TCMR, IRI, 24 



and infection, resulting in xenograft failure. Novel drugs and gene modifications in donor 1 

pigs have been developed to modulate complement activity, allowing for the treatment of 2 

complement dysregulation by interfering with the three pathways. Preclinical investigations 3 

have revealed that complement regulation is critical for long-term survival in kidney 4 

xenotransplantation. The NHP model also suggests that complement dysregulation 5 

contributes to xenograft injury, necessitating a comprehensive strategy to address other 6 

impediments, such as xeno-antibodies, coagulation dysregulation and inflammatory activity. 7 

Future clinical applications will require a better understanding of the mechanisms and 8 

regulation of the complement system. 9 

 10 

 11 

  12 
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Table 1. Complement inhibitors and regulators in kidney xenotransplantation 
Intervention Target Function 
Drug   
C1-INH C1 esterase Inhibits C1 esterase 
MASP-2 inhibitor MASP-2 Inhibits MASP-2 forming complex 
C3 inhibitor C3 Prevents C3 from generating C3b 
C5 inhibitor C5 Prevents C5 cleavage 
IVIg C5b-C9 and MAC Inhibits MAC formation 
Human transgene in donor pigs   
CD46 C3 convertase Cleaves C3b and C4b 
CD55 C3/C5 convertase Promotes decay of C3 and C5 
CD59 MAC Prevents MAC formation 

 1 

Table 1 caption 2 

C1-INH, C1 esterase inhibitor; IVIg, intravenous immunoglobulin; MAC, membrane attack 3 

complex; MASP, mannose-associated serine protease. 4 
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Table 2 Caption 1 

aCD154, anti-CD154 antibody; aCD20, anti-CD20 antibody; aCD4, anti-CD4 antibody; aCD40, 2 

anti-CD40 antibody; aCD8, anti-CD8 antibody; ATG, anti-thymocyte globulin; DKO, double-3 

knock out of xeno carbohydrate antigens; EPCR, endothelial protein C receptor; GHR, 4 

growth hormone receptor; GTKO, gal transferase knock out; MMF, mycophenolate mofetil; 5 

MST, median survival time; PERV, porcine endothelial retrovirus; Rapa, rapamaycin; Tac, 6 

tacrolimus; SLA, swine leukocyte antigen; TBM, thrombomodulin; TKO, triple-knock out of 7 

xeno carbohydrate antigens;   8 



Figure 1 Caption 1 

Figure 1. The complement cascade activation and complement-inhibitory treatment in 2 

xenografts.  3 

Ab, antibody; Ag, antigen; AMR, antibody-mediated rejection; C1-INH, C1 esterase inhibitor; 4 

C5aR, C5a receptor; C3aR, C3a receptor; CR, complement receptor; DAMP, damage-5 

associated molecular pattern; DSA, donor-specific antibody; IRI, ischemia-reperfusion injury; 6 

MAC, membrane attack complex; MASP, mannose-associated serine protease; MBL, 7 

mannose binding lectin; NHP, nonhuman primate; PAMP, pathogen-associated molecular 8 

pattern; SLA, swine leukocyte antigen; TCMR, T-cell mediated rejection; TMA, thrombotic 9 

microangiopathy 10 

 11 

Figure 2 Caption 12 

Figure 2. Recent preclinical advancements associated with gene modifications of donor pigs 13 

and complement inhibitors by chronological order. C1-INH, C1 esterase inhibitor; CVF, cobra 14 

venom factor; DKO, double-xeno antigen knock-out; GTKO, 1,3-galactosyltransferase knock 15 

out; IS, immunosuppressant; TG, transgenes; TKO, triple-xeno antigen knock-out; 16 

 17 

Figure 3 Caption 18 

Figure 3. The kidney xenotransplantation model from gene-edited pigs to NHPs at MGH. 19 

Gene modification of donor pigs included complement regulatory proteins such as CD46 and 20 

CD55. *: Complement regulatory proteins; EPCR, endothelial protein C receptor; TBM, 21 

thrombomodulin. 22 
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