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Abstract
Xenotransplantation could provide an unlimited and elective supply of grafts, once mechanisms of
graft loss and vascular injury are better understood. The development of α-1,3-
galactosyltransferase gene-knockout (GalT-KO) swine with the removal of a dominant xeno-
antigen has been an important advance; however, delayed xenograft and acute vascular reaction in
GalT-KO animals persist. These occur, at least in part, because of humoral reactions that result in
vascular injury. Intrinsic molecular incompatibilities in the regulation of blood clotting and
extracellular nucleotide homeostasis between discordant species may also predispose to
thrombophilia within the vasculature of xenografts. Although limited benefits have been achieved
with currently available pharmacological anti-thrombotics and anti-coagulants, the highly complex
mechanisms of platelet activation and thrombosis in xenograft rejection also require potent
immunosuppressive interventions. We will focus on recent thromboregulatory approaches while
elucidating appropriate anti-platelet mechanisms. We will discuss potential benefits of additional
anti-thrombotic interventions that are possible in transgenic swine and review recent developments
in pharmacological anti-platelet therapy.
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Introduction
The generation of α-1,3-galactosyltransferase gene-knockout (GalT-KO) pig organs has
dramatically improved graft survival and has been an important step in preclinical studies
[1–4]. However, even after the removal of this dominant xeno-antigen, graft failure still
results. Xenotransplantation will not become clinically feasible until mechanisms of
rejection that limit graft survival are better understood [2,5].

Delayed xenograft or acute vascular reaction in GalT-KO animals is characterized by
thrombosis together with progressive xenograft microangiopathy. These are considered due
at least in part to secondary “natural” or elicited non-Gal antibodies (Abs) [6]. Consumptive
coagulopathy (CC) and platelet sequestration in xenotransplantation might be further
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exacerbated by intrinsic molecular incompatibilities in the vascular regulation of blood
clotting and extracellular nucleotide homeostasis between discordant species [7].

Because of these immunoreaction-mediated thrombotic processes and molecular barriers,
limited benefits have been achieved with currently available pharmacological approaches.
Established anti-thrombotic approaches might not be effectively translated to the setting of
xenotransplantation. More novel and effective use of anti-thrombotics together with the
development of GalT-KO animals either transgenic for defined human thromboregulatory
factors or null for porcine procoagulants might provide effective alternative approaches.

The purpose of this review is to focus on complex mechanisms of platelet activation and
thrombosis in xenograft rejection and detail recent discussions of thromboregulatory
approaches and appropriate anti-platelet concepts. We will therefore discuss potential
benefits of additional genetic interventions and list recent developments in pharmacological
anti-platelet therapy.

General aspects of platelet activation and thrombosis
Coagulation, in general, is mediated by an interaction between activated endothelium, serum
proteins, e.g. serine proteases, platelets, and leukocytes. Initially, tissue factor (TF) and
collagen are exposed by the injured vessel. TF binds to activated factor VII (FVIIa) and
initiates the generation of thrombin; subendothelial collagen triggers the accumulation and
activation of platelets [8] (Fig. 1). Three different phases are postulated with (i) initiation,
characterized by binding and activation of FVII by TF on cells or microparticles (MPs), (ii)
amplification with the activation of platelets by small amounts of thrombin (as a result of the
TF/FVIIa complex), and (iii) consolidation via heightened thrombin actions mediated via the
prothrombinase complex [8].

At sites of vascular activation, platelets adhere in a highly coordinated manner. Shear forces
initiate a platelet–endothelium interaction, which is characterized by the binding of
glycoprotein Ib (GPIb) to von Willebrand Factor (vWF) [9,10]. This is referred to as
tethering (or transient adhesion). After the distinctive stage of rolling, as a consequence of
low-affinity interactions between collagen and GPVI, paracrine- and autocrine-mediated
signaling leads to the stable adhesion and activation of platelets.

In this context, thromboxane A2 and the nucleotide adenosine diphosphate (ADP) are
released from platelets, along with thrombin activation by TF from the vessel wall [11]. GP
IIb/IIIa finally mediates thrombus formation together with fibrinogen and vWF [9].
Interested readers are referred to an excellent recent review of this process [12].

In the setting of xenotransplantation, ischemia–reperfusion and/or Ab-mediated activation
result in pro-inflammatory changes in the xenograft endothelium (Fig. 2). Such vascular
responses represent important factors that alter the coagulation balance. Further
immunological responses to activated xenograft endothelium may lead to CC, graft
thrombosis, and finally graft failure. A detailed understanding of the process of coagulation,
mediated by interactions between activated endothelium, coagulation factors, and platelets,
is crucial for approaches to improving graft survival by preventing thrombosis.

Control points in platelet activation and thrombosis
Heparan sulfate and anti-thrombin

Coagulation factors are regulated by physiological natural anti-coagulants viz. tissue factor
pathway inhibitor (TFPI-1), the protein C pathway with thrombomodulin (TBM), and anti-
thrombin (AT) [13], (Fig. 2). Heparan sulfate proteoglycan is located on the surface of the
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vascular endothelium and inhibits intravascular coagulation by localized activation of AT, a
potent inhibitor of thrombin generation [14,15]. Platt et al. have demonstrated that the
exposure of cultured porcine endothelium to human serum caused cleavage and release of
endothelial cell proteoglycan [15]. The loss of endothelial cell proteoglycan may be critical
in other diseases involving humoral injury to vascular endothelium.

von Willebrand Factor and glycoprotein Ib
von Willebrand Factor is a multimeric glycoprotein produced by the endothelium and
present in subendothelial connective tissue and αgranules of platelets. Under shear stress, at
sites of injury or endothelial activation, human vWF contributes to tethering and adhesion of
human platelets by interacting with platelet GPIb, VI, and Ib-V–IX, respectively, and
together with GPIIb/IIIa and fibrinogen leads to thrombus formation [8,12].

Porcine vWF has been observed to both aggregate and activate human platelets in an
enhanced manner via GPIb interactions, in vitro. However, in contrast to human vWF, these
enhanced reactions are independent of shear stress and of further platelet stimulation [16–
18]. Schulte am Esch et al. have demonstrated that such spontaneous interactions of porcine
vWF can be ascribed to the GPIb-binding vWF-A1 domain [19,20]. Interestingly, loss of O-
linked glycosylation seems to abolish differences in aggregatory responses between isolated
human and porcine vWF-A1 domains [19].

Using a left single-lung transplant model, where baboons were depleted of anti-GalT Ab,
Cantu et al. [21] could show that vWF plays a major role mainly in delayed dysfunction of
these grafts. In this setting, where around 2/3 of pulmonary intravascular macrophages are
depleted, vWF-deficient grafts survived longer than any previous reported pulmonary
xenograft [21]. These data further underline the importance of porcine vWF as a regulatory
protein in the setting of xenotransplantation and show vWF as a promising target for
modification or for deletion.

Glycoprotein IIB/IIIa
The glycoprotein complex GPIIb/IIIa is located on the platelet membrane. GPIIb/IIIa
functions as a receptor for adhesive proteins like fibrinogen, fibronectin, and vWF, and
activation represents the final pathway for platelet aggregation. Interestingly, ADP acts as a
major agonist by initiating intracellular signaling and imparting ligand competency to the
extracellular domain [22]. Among the large family of integrin adhesion receptors, the GPIIb/
IIIa complex is of major clinical importance as inhibitors are already used in the clinic [23].
The role of GPIIb/IIIa inhibitors in xenotransplantation will be discussed later.

Thromboregulation, extracellular nucleotides, and ectonucleotidases
The endothelium contains at least three thromboregulatory mechanisms, namely nitric oxide,
prostacyclin, and the ectonucleotidase CD39/ectonucleoside triphosphate
diphosphohydrolase1 [24]. The latter ectoenzyme hydrolyzes extracellular adenosine
triphosphate (ATP) to ADP and adenosine monophosphate that in tandem with CD73
generates ultimately adenosine. Extracellular nucleotides (e.g. ATP, UTP, ADP) are released
by both activated endothelium and platelets and bind to specific cell-surface type-2
purinergic (P2) receptors. CD39 plays a major thromboregulatory role by decreasing the
amount of extracellular ADP, which in turn reduces the activation of platelet ADP receptors
P2X1, P2Y1, and P2Y12 [25].

In xenotransplantation, ischemia–reperfusion and Ab-mediated activation of the xenograft
endothelium lead to important pro-inflammatory changes in the expression of
thromboregulatory factors, e.g. with the loss of CD39 bioactivity [26]. Our group showed
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that the anti-thrombotic effects of the ATPDase, like heparan sulfate and TBM, are lost after
EC activation and that the loss of the ATPDase is crucial for the progression of vascular
injury [26].

Using a heterotopic cardiac xenotransplantation model from GalT-KO swine to baboons,
Shimizu et al. [27] showed that thrombotic microangiopathy develops in parallel with
decreased levels of CD39 and an increased expression of TF and vWF. This study confirmed
changes after pig-to-baboon kidney transplantation, characterized by decreased levels of
CD39 and an upregulation of TF and vWF; these changes were closely associated with the
formation of multiple fibrin–platelet microthrombi [28].

Ashwell–Morell asialoglycoprotein receptor
The Ashwell–Morell asialoglycoprotein receptor is located on the surface of hepatocytes and
to a lesser extent on sinusoidal endothelial cells. This lectin removes circulating
glycoproteins and has recently been shown to play a major role in the clearance of aged or
altered platelets in mice [29,30]. Rumjantseva and co-workers [30] showed that both the
density and concentration of galactose residues on membranes are dramatically increased
after refrigeration of donor platelets, as mediated by the loss of sialic acid; this results in
rapid clearance from the circulation of stored platelets after transfusion. Additionally, the
increased vWF plasma half-life and higher levels of circulating vWF in Asgr-1-deficient
mice indicate that the receptor might be involved in vWF-linked hemostasis [29].
Desialylated platelets are also recognized and cleared by the receptors, which thereby
demonstrate a protective effect against disseminated intravascular coagulation [29].

Cyclooxygenase
Thromboxane A2 is produced by activated platelets and has pro-thrombotic properties
increasing platelet aggregation. Expression of platelet GPIIb/IIIa, which interacts with vWF,
is mediated by thromboxane A2. Non-selective inhibition of the enzyme cyclooxygenase
(COX) or selective inhibition of the iso-enzyme COX-1 prevents the formation of
prostaglandin H2 and finally thromboxane A2. Pharmacologically targeting COX-1 is
therefore widely used to inhibit platelet aggregation and thrombus formation [31].

Complement
The complement system may be activated in the GalT-KO xenograft setting via three
different pathways: (i) the classical pathway, by binding of non-Gal antibodies and/or
ischemia–reperfusion injury (IRI), (ii) the alternative pathway, and (iii) the lectin pathway
and represents an important mechanism of acute humoral xenograft reactions (AHXR) [32].
Influences of complement on B-cell responses and the importance of complement-dependent
T-cell recognition, expansion, and differentiation have recently been reviewed by Sacks
[33].

CD154/CD40L
CD154/CD40 ligand is primarily expressed on activated T cells; however, engagement of
CD154/CD40L on platelets has been implicated in thrombosis. We recently noted that
patients with IRI with orthotopic liver transplantation (OLT) develop parameters of platelet
activation 48 h after OLT, characterized by an increased surface presentation of P-selectin,
thrombospondin-1, TF, and CD154/CD40L [34].
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Possible therapeutic approaches
Heparan sulfate and anti-thrombin

Heparan sulfate is shed from the endothelial cell membrane after activation, which leads to a
loss of anti-coagulant and anti-inflammatory properties of the endothelium [15]. Dextran
sulfate (DXS) is a semisynthetic glycosaminoglycan analog and an efficient inhibitor of
complement activation [35–37]. Several studies have shown that DXS binds to xenograft
endothelial cells in vitro and in vivo and acts as an endothelial cell protectant by at least
functionally replacing shed endothelial heparan sulfate [35–37].

Studies investigating the use of recombinant AT failed to show significant benefits. Even
high daily doses of recombinant human AT (500 U/kg twice daily), administered in a pig-to-
primate model, did not influence survival or prevent fibrin formation and deposition in the
graft [38]. Similarly, co-administration of AT with recombinant human-activated protein C
did not prevent the eventual occurrence of AHXR [39].

von Willebrand Factor and anti-glycoprotein Ib antibodies
Porcine vWF plays a major role in the pathogenesis of xenograft dysfunction and aggregates
human platelets independent of further stimulation [16–20,40]. Gaca et al. [41] have targeted
the GPIb-A1 domain interaction by administering mouse anti-human GPIb monoclonal
antibody in baboons before orthotopic pulmonary xenotransplantation. Although anti-GPIb
Abs prevented platelet deposition, there was no improvement in the vasoconstriction
associated with the loss of xenograft function, compared to controls [41].

Another group has investigated the inhibitory effect of the GPIb-binding protein
Trimeresurus mucrosquamatus venom activator (TMVA) on platelet aggregation in a guinea
pig-to-rat cardiac xenograft model [42]. This approach was effective in preventing platelet
microthrombi formation and fibrin deposition and resulted in complete inhibition of platelet
aggregation. Furthermore, the authors also reported a significant prolongation of xenograft
survival [42].

The effects of aurintricarboxylic acid (ATA), an inhibitor of platelet adhesion, were recently
investigated in an ex vivo model of porcine lung perfusion with fresh human whole blood
[43]. Although ATA could be shown to abolish thrombin-induced vWF secretion and
improve pulmonary function, additional in vitro experiments, using porcine endothelial cells
(PECs) incubated with human serum, confirmed detrimental effect on the induction of
endothelial TF and platelet activation [43]. Our studies indicated that clinical use might be
precluded by severe disturbances of coagulation [44].

Glycoprotein IIb/IIIa inhibitors
In xenotransplantation, several platelet GPIIb/IIIa inhibitors have been shown to inhibit
platelet aggregation and prolong xenograft survival [45,46]. Candinas et al. [46] noted that
Lewis rats receiving heterotopic guinea pig cardiac xenografts benefit from therapy with a
putative GPIIb/IIIa antagonist in a dose-dependent manner. Furthermore, our group showed
that high-dose GPIIb/IIIa antagonist led to a significant increase in graft survival in both
acute and delayed rejection groups [46].

In a working-heart model with non-transgenic and human complement regulator (hDAF) pig
hearts, Brandl et al. [47] confirmed a certain impact for tirofiban by showing that this GPIIb/
IIIa inhibitor leads to an improvement in heart performance and reduction in myocardial
damage and intravascular thrombosis. Depletion of fibrinogen was equally diminished by
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tirofiban and hDAF, but the combination of tirofiban and GPIIb/IIIa showed additional
benefits with respect to AT consumption and intravascular fibrin deposition [47].

A beneficial effect of combination therapy could also be shown for ATA (GPIb–vWF
inhibitor) and SC52012A, a synthetic GPIIb/IIIa-inhibiting peptide [48]. In a model using
isolated piglet lungs, perfused with (heparinized) whole human blood, Pfeiffer et al. [48]
showed that addition of ATA or SC before lung perfusion significantly attenuated the rise in
pulmonary vascular resistance, diminished histamine release, and prolonged survival from 8
± 3 min to 31 ± 11 and 31 ± 22 min, respectively. Interestingly, when therapies were
combined, mean survival was significantly longer compared to both agents given as
monotherapy [48].

CD39
The activity of CD39, the dominant vascular ectonucleotidase modulating hemostasis and
thrombotic reactions [49], rapidly decreases in xenografts after transplantation [50].
Consequently, decreased expression of CD39 is noted with the sequestration of platelet-rich
fibrin thrombi in the xenograft microvasculature [27,28]. Recombinant adenoviral-mediated
Cd39 gene transfer ex vivo provides survival benefits in a small animal model in vivo [51],
and intrinsic CD39 upregulation in renal xenografts may have associated protective effects
in the pig-to-primate model [27,52]. These promising results suggest that Cd39 should be
one of the next genes added to the GalT-KO background [52].

In addition to genetic interventions, the soluble form of CD39 (solCD39) might also be a
drug candidate as this causes complete inhibition of ADP-induced platelet aggregation when
added ex vivo to human platelet-rich plasma [53]. Administration of solCD39 increases the
bleeding time to a maximal extent, similar to aspirin, and inhibited platelet aggregation by
>90% in a swine model [53].

CD39 is also contained within plasma MPs that exhibit modulatory roles in the exchange of
regulatory signals between leukocytes and endothelium [54]. Work is ongoing to analyze the
nature and role of MPs in the xenotransplantation context.

Purinergic receptor inhibitors
Thienopyridines represent a class of ADP receptor inhibitors and are widely used for
thromboregulatory purposes [55]. Clopidogrel (Plavix), a specific and irreversible P2Y12
antagonist, affects the ADP-dependent activation of the GPIIb/IIIa pathway. Prasugrel
(Effient), a third-generation thienopyridine, is a specific and irreversible P2Y12 antagonist
that is characterized by potent antiplatelet effects but also by a higher risk for severe
bleeding. Whereas prasugrel has not been added to anti-platelet regimes in
xenotransplantation, clopidogrel as a part of anti-platelet approaches has been investigated
in two comprehensive pig-to-baboon studies [6,56]. Recent studies have suggested that other
medications metabolized by cytochrome P450 (CYP450), e.g. proton pump inhibitors, could
influence and expand the effect of clopidogrel [57,58]. Whether possible CYP450 alterations
in swine and respective changes of pharmacokinetics might further influence the function of
the pro-drug clopidogrel remain to be investigated.

Schirmer et al. [6] have investigated the effect of combined anti-platelet treatment with
aspirin and clopidogrel in a human CD46 transgenic pig heart transplantation model in
baboons. Combination therapy of aspirin (80 mg/day) and clopidogrel (75 mg/day) starting 2
days after transplantation and in addition to immunosuppression resulted in the inhibition of
platelet aggregation. However, this had no impact on the development of microvascular
thrombosis or on the length of xenograft survival, when compared to a group of animals that
received similar immunosuppression but no anti-platelet therapy [6].
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Using CD46 transgenic pig hearts in baboons, it has been demonstrated that significant
prolongation in xenograft survival was related to stronger immunosuppression rather than to
anti-platelet therapy [56,59]. Comparable median survival for group 1, receiving low-dose
tacrolimus and sirolimus maintenance therapy, with splenectomy, anti-CD20, and daily
alpha-Gal polymer, is also seen in groups 2–4, which received additionally either aspirin and
clopidogrel, enoxaparin or warfarin, respectively [56]. Changing immunosuppressive regime
to include high-dose tacrolimus and sirolimus maintenance therapy (Group 5) increased the
survival independently of administered enoxaparin (Group 6). Neither calcineurin inhibitors
nor mTOR inhibitors have effects on adhesion molecule expression of human micro- and
macrovascular endothelial cells and are unlikely to contribute to EC activation and
vasculopathy [60]. However, data showing that angiogenesis can be blocked by rapamycin
demonstrate that the inhibition of mTOR is characterized by complex effects, which needs
further evaluation in the setting of xenotransplantation [61].

Ashwell–Morell asialoglycoprotein receptor
Injection of refrigerated platelets with a competitor for the Ashwell–Morell receptor into
mice markedly improved the recovery and survival time of platelets [30]. The role of the
Ashwell–Morell receptor and differential sialic acid substitution of platelet glycoproteins in
the setting of platelet consumption seen during xenotransplantation has not been investigated
to date. Whether Ashwell–Morell receptor competitors, given as a component of multimodal
therapy, could also decrease Ab-mediated microangiopathy in the setting of
xenotransplantation is worth investigation.

Cyclooxygenase inhibitors
In two human CD46 transgenic pig-to-baboon heart xenotransplantation models,
combination therapy of the unselective COX inhibitor aspirin alone or with either
clopidogrel, enoxaparin, or warfarin led to an inhibition of platelet aggregation [6,56]. This
approach had little impact on the development of microvascular thrombosis or on the length
of xenograft survival, when compared to a group of animals that received the same
immunosuppression but no anti-platelet therapy [6,56].

In another setting, heterotopic transplantation of GalT-KO pig hearts in eight baboons
resulted in graft function for a period approaching 6 months [3,61]. Thrombotic
microangiopathy developed in all cases; however, the onset of vascular injury was delayed
in two baboons that received aspirin in addition to the anti-human CD154 monoclonal
antibody-based immunosuppressive regimen. The clinical course of one baboon was
particularly promising, as graft survival was noted for 179 days. This animal received
aspirin (40 mg on alternate days) from day 4 in addition to heparin, to be discussed as a
possible factor in the delay of thrombotic microangiopathy [3,62].

Complement pathways
Beneficial effects of complement inhibition and/or depletion have been described in various
studies. Infiltration of macrophages and CD4 (+) T cells was markedly delayed in a pig-to-
mouse corneal xenograft model [63]. However, as described in previous studies
investigating the effects of various soluble complement receptor type 1 and CVF regimens,
rejection could not be effectively prevented [63–65].

Anti-CD154/CD40L
Choi et al. [66] showed that the interaction between human CD40L and porcine CD40
contributes to acute vascular rejection in xenotransplantation by activating PECs through
NF-kappaB signaling. However, we showed previously that anti-CD40L mAb had no effect
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on purified baboon platelet aggregation profiles; the therapeutic benefit of such a therapy is
therefore controversial [67].

Transgenesis
Kolber-Simonds et al. [68] have generated GalT null inbred miniature swine by nuclear
transfer techniques. Putative molecular incompatibilities have been shown between primate
coagulation factors and porcine natural anti-coagulants that would exacerbate the
inflammatory and thrombotic state within the xenograft vasculature of GalT-KO grafts [69]
that could be addressed by transgenic approaches.

Transgenic animals over-expressing human natural anti-coagulants and the
thromboregulatory factor CD39 may be effective in the prevention of graft rejection and
thrombosis [69–71]. Experiments with mice transgenic for human CD39 recently showed
that both systemic and local strategies to increase levels of extracellular adenosine have
beneficial effects in humoral rejection of mouse cardiac allografts and renal IRI [71,72].
This is in agreement with previous studies and may be applied to future strategies [71,72].

Others have proposed the use of anti-coagulant fusion proteins based on human TFPI and
the leech anti-coagulant hirudin and demonstrated functional efficacy in vitro; modification
with P-selectin sequences for localization within Weibel-Palade bodies was used to restrict
cell-surface expression to activated endothelium [73]. Transgenic mice expressing these
anti-coagulant fusion proteins have been developed and benefits demonstrated in small
animal models [74], with ongoing work in pigs [75].

A potential and long-term solution to the xenograft vasculopathy in porcine kidneys
transplanted into primates will likely be the development of GalT-KO, transgenic pigs over-
expressing a hDAF, an anti-coagulant (TBM or TFPI), an anti-thrombotic and anti-
inflammatory factor (CD39), and potentially other cytoprotective genes.

Conclusions
Several approaches have been suggested to address the delayed xenograft rejection
responses in GalT-KO animals. Gene-knock outs have been developed, and several
transgenic swine are now becoming available for study, respectively. Procoagulant and anti-
coagulant genes can be targeted for deletion or modification. Antibody-based
immunosuppressive regimens have been tested, and new mechanisms in thrombosis with the
potential for the administration of soluble anti-coagulants and anti-thrombotics have been
proposed.

The application of molecular genetic approaches to the pathobiology of delayed rejection in
xenotransplantation is becoming increasingly important. Although some of the proposed
approaches may have been beneficial, none of the pharmacological modalities to date have
been validated in terms of significantly prolonged graft survivals on a consistent basis. The
major task in the next years will be to find the appropriate thromboregulatory and anti-
inflammatory genes that should be added to the GalT-KO background and whether such
proposed approaches are adequate alone or require further pharmacological interventions.
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Fig. 1.
Principles of the coagulation cascade in xenograft vascular injury. Tissue factor (TF) and
activated factor VIIa (FVIIa) form an activated complex initiating a series of reactions,
which finally leads to thrombin formation and the parallel process of platelet activation.
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Fig. 2.
Prothrombotic changes associated with acute humoral xenograft rejection, characterized by
increased vascular exposure of the immune coagulant fgl2/fibroleukin, tissue factor (TF),
thrombin production and release of natural anti-coagulants viz. tissue factor pathway
inhibitor (TFPI), the protein C pathway with thrombomodulin (TBM), antithrombin (AT),
and endothelial protein C receptor (EPCR). CD40L-dependent thrombin generation and
release of reactive oxygen intermediates (ROI) are also noted. Loss of endothelial CD39 and
CD73 bioactivity leads to increased levels of extracellular adenosine triphosphate (ATP) and
adenosine diphosphate (ADP), with the latter acting as a major agonist for platelet
aggregation.
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