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Abstract

Xenotransplantation ( xeno-Tx) is considered as an alternative solution to overcome the shortage 

of human donor organs. However, the success of xeno-Tx is hindered by immune reactions against 

xenogeneic cells (e. g. of porcine origin). More specifically, activation of innate immune 

mechanisms such as complement and triggering of the coagulation cascade occur shortly after 

xeno-Tx, and adhesion of human leukocytes to porcine endothelium is another early critical step 

mediating the immune attack. To investigate the therapeutic potential of complement inhibition in 

the context of xenogeneic interactions, we have employed a whole-blood model in the present 

study. Incubation of human blood with porcine endothelial cells (PAECs) led to activation of 

complement and coagulation as well as to increased leukocyte adhesion. The observed responses 

can be attributed to the pig-to-human xenogeneicity, since the presence of human endothelium 

induced a minor cellular and plasmatic inflammatory response. Importantly, complement 

inhibition using a potent complement C3 inhibitor, compstatin analogue Cp40, abrogated the 

adhesion of leukocytes and, more specifically, the attachment of neutrophils to porcine 

endothelium. Moreover, Cp40 inhibited the activation of PAECs and leukocytes, since the levels 

of the adhesion molecules E-selectin, ICAM-1, ICAM-2, and VCAM-1 on PAECs and the surface 

expression of integrin CD11b on neutrophils were significantly decreased. Along the same line, 

inhibition of CD11b resulted in decreased leukocyte adhesion. Taken together, our findings 
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provide a better understanding of the mechanisms regulating the acute innate immune 

complications in the context of xeno-Tx and could pave the way for complement-targeting 

therapeutic interventions.
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Introduction

The transplantation of non-human organs to human recipients (xeno-transplantation; xeno- 

Tx) is regarded as an alternative approach for bridging the gap between the increasing 

number of patients with end-stage organ failure waiting for transplantation and the limited 

availability of grafts [1]. Pig-derived xenografts, such as isolated islets of Langerhans, can 

be suitable because of the anatomical and physiological similarities they share with human 

organs [2, 3].

Nevertheless, several complications of porcine organ transplantation have been described, 

principally the hyperacute rejection (HAR), which occurs shortly after xeno-Tx and induces 

vigorous innate immune responses that can result in rapid graft loss. HAR is largely 

mediated by the binding of naturally occurring antibodies (nAbs) of human recipients 

against the carbohydrate galactose-α(l-3)-galactose [Galα(l-3)Gal] epitope on the porcine 

endothelium, with subsequent complement activation [4, 5].

Xeno-Tx of islets is associated with rapid innate immune reactions taking place 

intravascularly as a result of the exposure of porcine islets to human blood. These reactions 

include a series of thrombo-inflammatory processes termed Immediate Blood-Mediated 

Inflammatory Reaction (IBMIR). More specifically, activation of complement and 

coagulation cascades together with platelet activation and binding thereof to the islet 

surface, as well as adhesion of leukocytes to the graft orchestrate IBMIR resulting in 

disruption of islet integrity and massive islet loss [6–8].

The complement system can be activated through 3 principal routes: The classical pathway 

(CP), induced by the binding of complement-fixing antibodies, and the lectin pathway (LP), 

initiated by surface interactions of mannose-binding lectin or ficolins [9], converge at the 

CP/LP C3 convertase. The alternative pathway (AP) is constantly activated, albeit at a low 

rate. Nascent C3b is deposited on cell surfaces and induces the generation of AP C3 

convertases. In the absence of sufficient regulation, this generates more C3b and amplifies 

the complement response, eventually leading to the formation of C5 convertases. Cleavage 

of C5 releases the pro-inflammatory anaphylatoxin C5a and initiates assembly of the 

membrane attack complex (C5b-9) on target cell surfaces. Interestingly, thrombin or other 

proteases can also directly activate C5 independent of C3 [10]. Membrane-bound and 

soluble complement regulatory proteins (CRPs) such as Factor H, CD46, CD55, and CD59 

tightly control complement activation on healthy host cells [11].
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Although the CP is the dominant initiator of complement activation in HAR, amplification 

of C3b generation by the AP-driven positive feedback loop is also critical [12]. The degree 

of involvement of the LP in xenograft rejection is less clear [13]. Moreover, the failure of 

complement regulation in the foreign organ also affects the overall complement activation. 

Of interest, CRPs have been reported to control the activation and the subsequent damage of 

the xenogeneic endothelium as a result of complement activation [14–17]. However, the 

crosstalk between complement and the endothelium is broad with complement components 

affecting endothelial cell functions related to inflammation or angiogenesis [18–21].

It is also evident that thrombotic complications are a major issue in xeno-Tx [22, 23]; 

especially they are considered a key element of IBMIR that is elicited upon islet xeno-Tx. 

Tissue factor is considered an initiator of xenograft thrombosis [22]. It is expressed on 

activated endothelial cells (ECs), monocytes, platelets, and microparticles; its binding to 

activated factor VII (VIIa) triggers thrombin generation and clot formation [24]. In addition, 

tissue factor is expressed by islets and its levels were found elevated after islet exposure to 

xenogeneic blood, thereby contributing to the effects of IBMIR [25].

The vascular endothelium of transplanted organs including islets makes up the interface 

between donor and recipient, and therefore it is the primary target of the immune response. 

Activation of the endothelium results in increased surface expression of cellular adhesion 

molecules (CAMs), thereby triggering the adhesion of recipients’ leukocytes to the donor 

endothelium [26–28]. Leukocyte adhesion to the porcine endothelium is key for the 

establishment and propagation of the host’s immune attack on the graft.

Whereas the role of complement has been investigated in the xeno-Tx setting, and a role for 

complement inhibition in the activation of xenogeneic endothelial cells has been described 

[29], its involvement in the early steps of leukocyte adhesion to the donor endothelium is 

less well studied. In this report, we utilized a relevant whole-blood model to demonstrate 

that complement inhibition regulates the xenogeneic adhesive interactions between human 

blood leukocytes and the porcine endothelium.

Materials and Methods

Endothelial cell cultures

Porcine aortic endothelial cells (PAECs) were obtained from PELOBiotech (PB-P304K-05) 

and were maintained in 0.2 % gelatin- treated culture plates in medium (PELOBiotech, 

P211–500) at 37 °C, in 5 % CO2. Human umbilical vein endothelial cells (HUVECs, Lonza; 

C2519A) were cultured with supplemented medium (PromoCell; C220–10, C39245). In all 

experiments, endothelial cell cultures were used between passages 2–5.

RNA extraction and quantitative real-time PCR analysis

Total RNA was isolated using the TRIzol reagent (Molecular Research Center Inc.) 

according to the manufacturer’s instructions. cDNA was synthesized from 2 μg of isolated 

RNA with the iScript Advanced cDNA synthesis kit (Biorad, CA, USA). Quantitative real-

time PCR was performed in a Biorad CFX384 Real time system (Biorad) using the SsoFast 

EvaGreen Supermix (Biorad). The amplification conditions were: one cycle of denaturation 
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at 95 °C (30 s), followed by 45 cycles of 5 s at 95 °C, 5 s at 60 °C, and 5 s at 70 °C. Melting 

curve analyses were performed to ensure the specificity of the qPCR products. The 2−ΔΔCT 

method was used to quantify the target gene expression. For each sample, the following 

primer sequences were used: porcine E-selectin (FWD: 5-

TGCTCTCCCTTTGGTGCTTC-3, REV: 5-GGTTTCTGTAGAGGCGCTGT- 3); vascular 

cell adhesion protein 1 porcine (VCAM-1) (FWD: 5-TGCGGGAAATTGAAAGGGGA-3; 

REV: 5-ACTGGCTTCCCAACTTCTGG-3), intercellular adhesion molecule 1 porcine 

(ICAM-1) (FWD: 5-ACTTATGTCCTGCCAGCCAC-3, REV: 5-

GTTCACAGAAACGGGTGTGC-3); intercellular adhesion molecule 2 porcine (ICAM-2) 

(FWD: 5-CCTGGGGACTGTTCATGGC- 3, REV: 5-GGTTTCTCGAACGCCTCCTT-3); 

and glyceraldehyde 3-phosphate dehydrogenase porcine (GAPDH) (FWD: 5-

ACATGGCCTCCAAGGAGTAAGA-3, REV: 5-GATCGAGTTGGGGCTGTGACT- 3).

Treatment of blood with inhibitors

The potent peptidic C3 inhibitor Cp40 (dTyr-Ile-[Cys-Val- Trp(Me)-Gln-Asp-Trp-Sar-His-

Arg-Cys]-mIle-NH2) [30, 31], a compstatin analogue, was used to block complement 

activation. For the inhibition of C5a receptor (C5aR), the cyclic hexapeptide PMX53 (AcF-

[OPdChaWR]) [32], or its inactive control, AcdChaP-WFRO- NH2 (both synthesized in-

house), were used. Blocking of integrin Mac-1 was performed with an anti-human antibody 

against CD11b (Biolegend, 301312, clone ICRF44) or the appropriate mouse IgG1 isotype 

control (Biolegend, 400124). Blood samples were pretreated for 10 min with either 20 μM 

Cp40, 10 μM PMX53, or the inactive control for PMX53, 10 μg/ml anti- CD11b, or its 

isotype control prior to incubation with PAECs.

In vitro whole-blood model

Blood samples were obtained from healthy donors (n = 6) in heparin- washed syringes. 

Samples pretreated with either inhibitors or their respective controls (1 part blood/1 part 

culture medium) were then added to confluent EC monolayers (in 12- or 24-well plates) and 

incubated for 2 h at 37 °C with shaking. After the incubation, blood was collected for the 

assessment of neutrophil activation and for plasma isolation. Wells were washed once with 

PBS, and adherent cells were trypsinized. Afterwards, lysis of red blood cells was 

performed, and the cell suspensions were either stained with a mouse anti-human CD45 

antibody (BD Pharmigen, 555483) or used for RNA isolation. The relative adhesion of 

blood leukocytes to the PAEC monolayer was measured by FACS and is presented as the 

ratio of CD45+ leukocytes to CD45− PAECs. Adherent neutrophil and monocyte 

subpopulations were identified according to their FSC/SSC characteristics and CD14+ 

staining, respectively. Activation of neutrophils was determined by assessing the presence of 

CD11b using flow cytometry. In brief, lysis of red blood cells was performed, and 

leukocytes were stained with a mouse anti-human antibody against CD11b (BD Pharmigen, 

558123). Results are given as mean fluorescence intensity (MFI).

Measurement of activation of complement and coagulation pathways

Levels of complement activation were examined by measuring the soluble terminal 

complement complex (TCC) in EDTA-treated samples (Hycult, HK328). Formation of 
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thrombin-antithrombin (TAT) complexes was used to assess the activation of the 

coagulation cascade (American Diagnostica, ADG833).

Statistical analysis

Data are presented as means ± SE of the means. Paired t-tests or Wilcoxon matched-pairs 

tests were used to assess statistical significance between the analyzed groups. All statistical 

analyses were performed with GraphPad Prism (GraphPad Software, Inc., San Diego, CA, 

USA), and values of p ≤ 0.05 were considered significant.

Results

Porcine endothelium induces activation of complement and coagulation cascades in a 
whole-blood model

The recognition of porcine xenografts and their immune attack by the host via complement 

are critical initial steps that shape the subsequent host immune responses [12]. We therefore 

developed a whole-blood model in order to study the possible effect of complement on the 

interactions taking place between the leukocytes of the recipient and the porcine 

endothelium of the donor (Fig. 1a). Incubation of human blood with a confluent monolayer 

of PAECs induced the formation of both TCC and TAT complexes (as a measure of 

activation of complement and coagulation pathways in isolated plasma, respectively) (Fig. 

1b, c). The observed induction of TCC and TAT formation in blood that was co-cultured 

with PAECs was much higher than that in blood incubated with human endothelial cells 

(HUVECs). These data indicate that the elicited responses were specific to the xenogeneic 

human-to-pig response. In agreement with previous reports [33], the PAEC-induced 

activation of complement was suppressed when the blood was pretreated with the 

compstatin analogue Cp40 (Fig. 1b). Conversely, complement inhibition did not affect the 

activation of coagulation (Fig. 1c).

Xenogeneic induction of human leukocyte adhesion to PAECs can be efficiently reduced 
by inhibiting C3 cleavage

Given the observed complement activation upon incubation of human blood with PAECs 

and based on the fact that leukocyte activation and adhesion to the donor organ is a key 

component of IBMIR that subsequently leads to graft rejection, we assessed the effect of 

complement inhibition on cell adhesive events. In our model, exposure of blood to the 

xenogeneic porcine endothelial cell layer resulted in profound adhesion of leukocytes, as 

shown by the increased ratio of CD45+ to CD45− endothelial cells; in contrast, the presence 

of human ECs had a minimal effect on leukocyte adhesion (Fig. 2a). Notably, blocking of 

complement activation at the C3 level with Cp40 effectively decreased the adhesion of 

leukocytes to the PAEC monolayer (Fig. 2b).

Neutrophil and monocyte leukocyte subpopulations are major players in xeno-Tx-associated 

immune responses including IBMIR, and both are affected by complement activation [12, 

34, 35]. For this reason, we further analyzed the effect of complement inhibition specifically 

on the adhesion of neutrophils and monocytes to the porcine ECs. Flow cytometric analysis 

revealed that the percentages of neutrophils and monocytes that adhered to PAEC 
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monolayer were clearly increased. However, Cp40 treatment exerted a preferential 

inhibitory effect that was restricted to neutrophil adhesion (Fig. 2c, d).

Complement activation mediates the upregulation of adhesion molecules in PAECs after 
exposure to human blood

Having shown that complement inhibition reduces the adhesion of human leukocytes to 

porcine EC, we next performed a gene expression analysis of adhesion molecules that are 

implicated in leukocyte-endothelial cell interactions. To this end, mRNA expression levels 

of the adhesion molecules ICAM-1, ICAM-2, VCAM-1, and E-selectin were measured in 

PAECs after incubation with blood. Interestingly, the expression of all the tested adhesion 

molecules was significantly elevated after the exposure of blood to PAECs, thus confirming 

the involvement of these molecules in the shaping of immune responses following xeno- Tx 

(Fig. 3a–d). Of particular note was the fact that the preincubation of blood with Cp40 

showed that complement significantly contributes to the activation of PAECs, as the levels 

of ICAM-1, ICAM-2, VCAM-1, and E-selectin were all significantly decreased (Fig. 3a–d).

Blockade of Mac-1 integrin attenuates the leukocyte adhesion to PAECs

C5a anaphylatoxin is generated during the complement activation process and plays a key 

role in immune cell recruitment and function in several inflammatory conditions [9, 36, 37]. 

Therefore, we hypothesized that complement activation and subsequent generation of this 

effector can have an impact on the leukocyte adhesion to porcine ECs. To test this 

hypothesis, we pretreated blood samples with a specific antagonist that blocks C5aR 

signaling. In our model, the inhibition of anaphylatoxin signaling did not interfere with the 

capacity of leukocytes to adhere to PAECs (Fig. 4a). We therefore continued to address the 

potential role of iC3b, which is also generated upon C3 cleavage. The C3 cleavage product 

iC3b interacts with the leukocyte integrin Mac-1 (also known as complement receptor 3, 

CR3), and this interaction participates in many inflammatory processes involving the 

activation of complement [9, 38–41]. For this reason, we evaluated the effect of inhibiting 

Mac-1 on leukocyte adhesion in our whole-blood assay. Interestingly, pretreatment of the 

blood with a blocking anti-CD11b Ab resulted in a partial inhibition of leukocyte adhesion 

to PAECs, as compared to samples incubated with an isotype control (Fig. 4b). The 

involvement of Mac-1 signaling in the complement-associated xenogeneic interactions was 

further supported by the finding that complement inhibition using the compstatin analogue 

Cp40 led to decreased surface expression of CD11b (the alpha integrin subunit in Mac-1) on 

neutrophils (Fig. 4c); indeed, CD11b surface expression is an established marker of 

neutrophil activation.

Discussion and Conclusions

In order for the transplantation of pig organs or tissues, such as pancreatic islets, to humans 

to reach clinical practice, several immune-mediated limitations have to be overcome. In 

particular, adverse effects related to the activation of intravascular inflammation and IBMIR 

upon contact between human blood and the transplanted islets still remain the major 

problem [3, 12]. Complement has moved into the spotlight in biocompatibility research in a 

variety of clinical applications, ranging from extracorporeal circulation of blood [42–44] and 
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implant surgery [45] to islet xeno-Tx [12]. Although this system presents a suitable target 

for therapeutic intervention, its role in leukocyte adhesion to the donor endothelium, as 

revealed by relevant whole-blood assays, has not been thoroughly investigated thus far.

In this study, we utilized a whole-blood model to explore the importance of complement 

inhibition in the xenogeneic interactions between leukocytes and pig endothelium occurring 

after Tx. Our model allows the exploration of the xenogeneic interactions in the presence of 

all the partners involved (leukocyte subsets and plasma), which we think offers substantial 

advantages over isolated systems that are based on purified neutrophils or monocytes 

stimulated with either isolated porcine serum or single inflammatory mediators [46–49]. 

Another whole-blood system has been used in the past, in which beads were coated with 

PAECs and then were exposed to human blood [50]. However, in this previous work, the 

authors focused on other aspects within the xenogeneic response rather than the cell 

adhesive interactions that were investigated in the present experimental setting. We have 

demonstrated that complement activation resulting from exposure of human blood to porcine 

endothelium regulates the adhesive events of leukocytes to the porcine endothelium. Of 

note, the inability of blood leukocytes to adhere to PAECs in the presence of the potent 

compstatin analogue Cp40 underscores the critical contribution of complement to the 

process of leukocyte adhesion. We also found that complement inhibition regulates the 

adhesion process not only quantitatively but also qualitatively, since treatment with Cp40 

preferentially decreased neutrophil attachment. Neutrophils are the initiators of the acute 

inflammatory response, and they are capable of releasing inflammatory mediators and 

producing reactive oxygen species, thus fostering the invasion of additional inflammatory 

cells and propagating the immune response [51–53]. The deleterious role of neutrophils is 

also established in IBMIR following islet xeno-Tx [54]. Moreover, we showed that exposure 

of human blood to PAECs caused a profound increase in the expression levels of the 

adhesion molecules E-selectin, ICAM-1 and 2, and VCAM-1, which was dependent on the 

activation of complement. Leukocyte recruitment from the vasculature to the islet xenografts 

dramatically affects the outcome of the Tx [4]. The rolling and adhesion of recipients’ 

leukocytes to porcine endothelium are crucial in this multi-step process and are mediated by 

cross-species interactions. More specifically, pig E-selectin interacts with the neutrophil 

PSGL-1, porcine ICAM-1 and 2 bind to β2 integrins [4, 49], and porcine VCAM-1 interacts 

with the monocyte β1-integrin VLA-4 [49]. Our present findings with regard to the 

complement-dependent expression of porcine E-selectin and VCAM-1 are in line with a 

recent report utilizing different xeno-Tx models [55].

Our study also shows that the specific inhibition of the β2-integrin Mac-1 resulted in 

attenuated leukocyte adhesion and that complement inhibition at the C3 level decreased the 

presence of Mac-1 on the surface of neutrophils. These findings, together with the inability 

of C5aR antagonist to inhibit leukocyte adhesion, suggest a primary role for the interaction 

between Mac-1 and the C3 activation product iC3b in leukocyte adhesive events after 

exposure to PAECs.

Importantly, complement inhibition using compstatin analogues has shown promising 

effects in many disease models, and compstatin derivative Cp40 is in clinical development 

for transplantation and other indications [56]. Together, the present model and current 
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findings contribute to a better understanding of the inflammatory mechanisms involved in 

the rejection of cells and organs of porcine origin and confirm that administration of soluble 

complement inhibitors such as Cp40 could prove beneficial in the clinical setting of islet 

xeno-Tx.
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Fig. 1. 
Activation of complement and coagulation pathways in response to the xenogeneic pig-to-

human interaction. a Depiction of the xenogeneic model, where human whole blood is 

incubated with a confluent PAEC monolayer for 2 h at 37 °C under shaking. b Levels of 

soluble TCC and c amounts of TAT complexes in plasma isolated from blood incubated 

with confluent monolayers of either HUVECs or PAECs. The incubation on PAECs was 

performed in the presence or absence of the complement inhibitor Cp40 (20 μM). The 

soluble TCC levels or the TAT complexes were measured by ELISA (n = 6). * p < 0.05; 

paired t-test. (Color figure available online only).
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Fig. 2. 
Human leukocytes adhere to PAECs in a complement-dependent manner. a, b Relative 

blood leukocyte adhesion to a HUVECs or PAECs (n = 3) and b to PAECs in the presence 

or absence of Cp40 (20 μM) (n = 6). In a, data are shown as % of control; leukocyte 

adhesion to HUVEC was set as the 100 % control. In b, data are shown as % of control; 

leukocyte adhesion to PAEC in the absence of inhibitor (−) was set as the 100 % control. c, 

d Adhesion of c neutrophils and d monocytes to the PAEC monolayer in the presence or 

absence of Cp40 (n = 6). The results are presented as % of control. The relative adhesion to 

PAEC of c neutrophils or d monocytes in the absence of inhibitor (−) was set as the 100 % 

control. * p < 0.05; paired t-test.
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Fig. 3. 
Complement-dependent expression of leukocyte adhesion molecules in PAECs. a–d The 

relative expression of a ICAM-1, b VCAM-1, c ICAM-2, and d E-selectin mRNA in PAECs 

obtained after incubation with human blood in the presence or absence of Cp40 (20 μM) was 

determined with qPCR (n = 6). The 2 −ΔΔCT method was used to quantify the target gene 

expression. Relative mRNA expression is shown as % of control. The mRNA expression of 

cells incubated in the absence of Cp40 (Cp40 –) was set as the 100 % control. * p < 0.05; 

Wilcoxon matched-pairs test.
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Fig. 4. 
The effect of C5aR or Mac-1 antagonism on blood leukocyte adhesion to PAECs. a–c 
Relative leukocyte adhesion to the PAEC monolayer after pretreatment of blood with a the 

C5aR antagonist PMX-53 (10 μM) or its inactive control peptide (10 μM) (n = 6), b the anti-

CD11b antibody or isotype control (10 μg/ml, n = 3). The adhesion of leukocytes is 

presented as % of control. Relative adhesion to PAECs in the absence of inhibitors or their 

respective controls (−) was set as the 100 % control. c The effect of Cp40 on neutrophil 

activation after incubation of blood with PAECs. Cell activation was measured by the 

presence of the subunit CD11b of integrin Mac-1 on the surface of neutrophils obtained 

from blood incubated with PAECs, in the presence or absence of Cp40 (20 μM), using flow 
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cytometry. The results are presented as ratios of the mean fluorescence intensity (MFI) of 

cells stained with an anti-CD11b antibody (n = 3). * p < 0.05; paired t-test.
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