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Abstract

Background—Coagulation disorders remain barriers to successful pig-to-primate organ

xenotransplantation. In vitro, we investigated the impact of pig genetic modifications on human

platelet aggregation in response to pig aortic endothelial cells (pAEC).

Methods—In comparison to human (h)AEC and wild-type (WT) pAEC, the expression of human

complement- (CD46, CD55) or coagulation (thrombomodulin [TBM], endothelial protein C

receptor [EPCR]) -regulatory proteins on pAEC from WT or α1,3-galactosyltransferase gene-

knockout (GTKO) pigs was studied by flow cytometry. Using platelet-aggregometry, human

whole blood platelet aggregation was evaluated after co-incubation with various AEC. Further, the

inhibitory effect on aggregation of heparin, low molecular weight heparin, and hirudin was

assessed.

Results—Heparin, low molecular weight heparin and hirudin almost completely prevented

platelet aggregation induced by WT pAEC. The level of expression of human CD46, CD55, TBM

and EPCR on pAEC was comparable to that on hAEC. Platelet aggregation induced by all

genetically-modified pAEC was significantly less (p<0.05) than that by WT pAEC (which was

54%). GTKO/CD46/TBM pAEC induced the least platelet aggregation (27%) – a reduction of

almost 50% - but this remained significantly greater (p<0.01) than aggregation induced by hAEC

(4%). There was significant positive correlation between reduction of aggregation and TBM or

EPCR expression on pAEC (r2=0.89 and r2=0.86, respectively; p<0.01). Platelet aggregation

induced by GTKO/CD46/TBM pAEC in the presence of hirudin (1IU/ml) was comparable to

platelet aggregation induced by hAEC.
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Conclusions—Genetic-modification of pAEC is associated with significant reduction of human

platelet aggregation in vitro. With concomitant thrombin inhibition, platelet aggregation was

comparable to that stimulated by hAEC.
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INTRODUCTION

The increasing shortage of human organs for transplantation has focused research on the

possibility of transplanting animal organs and cells, especially from pigs, into humans (1, 2).

The current major barrier to successful transplantation of pig organs and cells in humans is

coagulation dysregulation, which results in the development of thrombotic microangiopathy

(TM) in α1,3-galactosyltransferase gene-knockout (GTKO) pig xenografts (3–5) and

consumptive coagulopathy (CC) in the recipient (6–8).

Coagulation dysregulation is at least in part related to molecular incompatibilities between

pigs and primates (9–11), which result in impaired anticoagulation (12). This may relate to

expression of pig (rather than human) tissue factor pathway inhibitor (TFPI),

thrombomodulin (TBM), endothelial protein C receptor (EPCR), CD39, and/or heparan

sulfate on the surface of pig endothelial cells (EC), particularly when these cells are

activated, e.g., by reperfusion or acute humoral xenograft rejection (12).

Pig TBM can bind human thrombin, but cannot effectively convert human protein C into

activated protein C (13,14), which inactivates factors (F) Va and VIIIa (15). Furthermore,

pig aortic endothelial cells (pAEC) can directly interact with human prothrombin without

anti-pig antibody binding or complement activation (16) or with human platelets (17). It is

well-known that complement is associated with inflammatory and coagulation responses

(17–19). For example, in vitro experiments have demonstrated that complement can regulate

tissue factor (TF) activity in ECs (20).

In pig-to-baboon kidney transplantation, CC (steadily decreasing fibrinogen and platelet

count) developed within 6 to 10 days (6–8) before histopathological evidence of rejection

was advanced (7, 8). Hearts from GTKO pigs or pigs expressing a human complement-

regulatory protein transplanted into baboons developed TM, leading to myocardial fibrosis

(3, 4). The histopathology was different from typical acute humoral xenograft rejection, and

revealed microvascular thrombosis in arterioles, capillaries, and venules, with only rare

interstitial mononuclear cells (5).

Although platelet activation and aggregation have been shown to be important factors in the

development of TM after xenotransplantation (21), the effect of pig genetic modification on

pAEC-induced platelet aggregation has not been fully studied. Therefore, we examined the

impact of genetically-modified pAEC and the expression of human complement- and/or

coagulation-regulatory proteins (Table 1) on human platelet aggregation by using whole

blood platelet aggregometry in vitro (22).
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In xenotransplantation experiments, anticoagulants have been used for preventing TM

and/or CC. We also examined the inhibitory effect of anticoagulants (heparin, low molecular

weight heparin [LMWH], and hirudin) on pAEC-induced human platelet aggregation.

MATERIALS AND METHODS

Cell sources

pAEC were collected from wild-type (WT) pigs and from different genetically-modified

pigs (Table 1) provided by Revivicor, Inc., Blacksburg, VA (2, 23, 24). All pigs were of

blood type O (non A) and of Large White/Landrace/Duroc cross-breed (but were not from

identical clones), except the CD46 transgenic pigs which were derived from a different herd

of Large White pigs (25).

Vectors were constructed to provide either endothelial-specific expression of human TBM

using the porcine ICAM-2 enhancer/promoter region (n=2), or human TBM expression from

the endogenous pig TBM promoter region (n=2). Two TBM expression vectors were

constructed. Endothelium-specific expression of the human TBM coding DNA sequence

(CDS) was driven by a 0.9kb porcine ICAM-2 promoter fragment, preceded by a 1.4kb

porcine ICAM-2 enhancer originating from intron 1 of the pig ICAM-2 gene. The

expression cassette was flanked by multiple copies (two copies at the 5′ end and 4 copies at

the 3′ end) of chicken beta-globin insulator. An additional TBM expression vector was built

using an 8.9kb region upstream of the porcine TBM gene as promoter for expression of the

human TBM CDS. This vector also contained a neomycin-resistance cassette located

downstream of the bovine growth hormone polyadenylation cassette inserted behind the

hTBM CDS.

Human CD55 and EPCR CDS were expressed using the ubiquitously-expressing CAG

enhancer/promoter. The EPCR expression cassette was also flanked by insulator/MAR

regions to optimize expression.

Linear plasmid fragments were prepared and used to transfect GTKO/CD46 porcine

fibroblast lines, in which human CD46 is expressed as a minigene under control of the

endogenous promoter (25). Transfected pig fibroblasts were sorted by flow cytometry or

selected and screened for the presence of the transgene by polymerase chain reaction, then

used for nuclear transfer. Derived fetuses or live pigs were screened by Southern analysis for

the presence of the transgenes. Southern-positive fetuses or pigs were screened for transgene

expression by RT-PCR, immunofluorescence, and/or flow cytometry.

Two high-expressing ICAM-2-TBM lines, and one moderate-expressing TBM-TBM line

were used to produce the pig lines used in these studies. EPCR pigs were founder animals,

such that while EPCR expression was relatively high across cloned pigs, differences in

expression from pig-to-pig from integration site effects were both expected, and observed.

All pigs, including those expressing the human coagulation-regulatory proteins (TBM, TFPI,

and EPCR), were born alive and survived without hemorrhagic complications until

euthanized for procurement of pAEC and gene expression analysis (Ayares D, personal
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communication). Human aortic endothelial cells (hAEC) (as an allograft control) were

purchased from Cambrex (Walkersville, MD). pAECs from the pigs with the highest

expression of hTBM and hEPCR were used for the platelet aggregation assay in Figures 1,

4B, and 6.

Endothelial cell culture

pAEC were isolated from fresh aortas and cultured in collagen I-coated tissue culture flasks

in pAEC culture medium (10% heat-inactivated FBS [Sigma, St. Louis, MO], antibiotic–

antimycotic [Invitrogen, Carlsband, CA] and endothelial growth factor [30 lg/ml, BD

Biosciences (BD), San Jose, CA) at 37°C in a humidified atmosphere of 5% CO2, as

previously described (17). Cell aliquots were frozen and stored in 10% DMSO culture

storing medium (Invitrogen) at −80°C until used for in vitro assays. Cryopreserved pAEC

were thawed, washed twice with washing medium, and cultured for in vitro assay. EC

suspensions had a viability of >90%. hAEC were cultured to monolayers in EBM-2 medium

(Lonza, Walkersville, MD, which included endothelial growth medium-2 [Cambrex]) under

the same conditions. Confluent cultures of both pAEC and hAEC were characterized by

their cobblestone morphology and were used before passage 7 in all experiments.

Flow cytometry for Gal and human protein expression

In vitro characterization of expression on EC has been described previously (19, 26–28).

Surface expression of Gal, CD31 (EC), hCD46, hCD55, hTFPI, hTBM, and hEPCR were

detected by BD™ LSR II flow cytometer (BD Biosciences). pAEC and hAEC were diluted

to 105 cells per tube in FACS buffer (PBS [Invitrogen] containing 1%BSA and 0.1%NaN3)

(12). The following lectins and monoclonal antibodies (mAbs) were used for surface

expression:- B4 from Bandeiraea simplicifolia (BS-IB4, Sigma), anti-hCD46 (clone

MEM-258, Serotec, Raleigh, NC); anti-hTFPI (American Diagnostica, Stamford, CT); anti-

hCD55 (clone IA10, BD); anti-hCD141 (hTBM; clone 1A4, BD); anti-hCD201 (hEPCR;

clone RCR-252, BD). Purity of pAEC was confirmed to be >90% by staining with PE-

conjugated mouse anti-rat CD31mAb (clone TLD-3A12, BD)

Incubation of pAEC or hAEC with human whole blood

The appropriate numbers (1×106) of pAEC and hAEC were cultured in 6-well collagen-

coated culture plates. After the cells had grown to confluence in their respective media,

3.2% trisodium citrated fresh whole blood (1ml) drawn from a single healthy human

volunteer was added to the adherent monolayers of pAEC and hAEC and incubated for 2h at

37°C. (Preliminary studies indicated that 2h was the optimum time for peak aggregation to

occur.) Supernatant fluid (500μl) from co-incubation of blood and AEC was collected,

mixed with saline (500μl) in a plastic cuvette, and used in the platelet aggregation assay. A

single human volunteer was used as a blood donor for all studies. (When platelets are being

isolated, e.g., as platelet-rich plasma, the initial 3–5mL of blood drawn from the donor are

discarded. When whole blood is being used, some groups do discard 1.5mL, but the

manufacturer of the Chronolog device does not recommend this. We therefore did not

discard any blood. As we drew approximately 25mL of blood from the single donor on each
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occasion, of which only 1mL was used in each assay, we do not believe discarding any

blood would have significantly influenced the results.)

Human platelet aggregation assay

Platelet aggregation in whole blood (500μl) incubated with pAEC/hAEC for 2h (which

preliminary studies indicated was the period associated with maximal aggregation) was

measured with the addition of calcium (15μl, 9.3 mg Ca++ per ml), in the absence of any

platelet agonist by platelet aggregometry (two-sample, four-channel, model 592 Whole

Blood Aggregometer, Chrono-log, Harvertown, PA), as previously described (22). No

aggregation occurred in the absence of calcium.

Briefly, after co-incubation with pAEC/hAEC, 500μl of the blood was mixed with 500μl

saline in siliconized cuvettes (Corning, Corning, NY) containing stirring bars (pre-warmed

at 37°C for 5min). By adding a small rotating magnet to each sample, shear stress was

created to simulate intravascular flow conditions. The extent of platelet aggregation in 6min

(based on the manufacturer’s instructions) was evaluated. (In our previous studies exposing

primate blood to platelet agonists (22), the peak rate of aggregation frequently occurred 6

minutes after the initiation of aggregometry. Thereafter, there was variability in the rate of

aggregation.) Aggregation in the whole blood aggregometer is measured in ohms (from 0 to

40), and the maximum change of ohms from baseline is indicated, and is also presented as

the percentage change from baseline. As in our previous study (22), we have chosen to

report our data as percentage change. Importantly, no agonists were used to induce platelet

aggregation. Supernatants of whole blood obtained after incubation (in the absence of any

cells) were used at the beginning of each experiment as a negative control (0% aggregation).

Aggregation associated with each type of EC was tested at least x3 using blood from the

same human donor either on the same day or on different days using a different culture of

the same EC.

Anticoagulants used to inhibit WT, GTKO/CD46, and GTKO/CD46/TBM pAEC-induced
human platelet aggregation

Experiments were performed by co-incubating whole blood with WT, GTKO/CD46, and

GTKO/CD46/TBM pAEC with and without anticoagulants (heparin #504011, APP

Pharmaceuticals, Schaumburg, IL; low molecular weight heparin [LMWH] Fragmin®, Eisai,

Woodcliff Lake, NJ; hirudin; #H7016, Sigma) at 1 or 5IU/ml for 2h at 37°C.

Statistical analysis

Data are presented as mean ± SEM. Significance of the difference was determined by paired

Student’s t-test or the Mann-Whitney U test for two groups, and nonparametric statistical

analysis of variance by Kruskal-Wallis test for multiple comparisons. Monotonic association

analysis was evaluated using Spearman’s rank-order correlation. Statistical analysis was

performed using social sciences software GraphPad Prism 5.0 (GraphPad Software, San

Diego, CA). Values of p<0.05 were considered statistically significant.
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RESULTS

Human platelet aggregation induced by wild-type (WT) pAEC is reduced by anticoagulants

Human whole blood co-incubation with WT pAEC resulted in 54% aggregation, but with

only 4% aggregation with hAEC (Figure 1). (NB. Even the addition of the platelet agonist

thrombin [in the absence of any EC] does not result in 100% aggregation.)

When anticoagulants (heparin, LMWH, or hirudin) were added to coculture of WT pAEC

and human whole blood, all three anticoagulants reduced WT pAEC-induced platelet

aggregation (Figure 2). In the presence of heparin at 1IU/ml, LMWH at 5IU/ml, and hirudin

at 5IU/ml, the aggregation of human platelets was almost completely inhibited (3%, 3%, and

4%, respectively), whereas LMWH and hirudin (both at 1IU/ml) only partially inhibited

aggregation (15% and 29%, respectively).

Expression of Gal and human proteins on genetically-modified pAEC

The purity of isolated EC was assessed by the expression of CD31, and was consistently

>90%. Human (h) AEC, WT pAEC, and genetically modified pAEC were examined by flow

cytometry for expression of the Galα1,3 Gal (Gal) antigen and for expression of human

transgenes (CD46, CD55, TFPI, TBM, EPCR) (Figure 3). Gal expression was absent on all

types of GTKO pAEC. The expression of hCD46 on WT/CD46, GTKO/CD46, GTKO/

CD46/CD55, GTKO/CD46/TBM, and GTKO/CD46/EPCR pAEC was comparable on

hAEC. The expression of hCD55 on GTKO/CD46/CD55 pAEC was comparable on hAEC.

Expression of TBM and EPCR on hAEC and pAEC expressing TBM or EPCR were

comparable. Human TFPI expression on WT pAEC has been previously reported (19). Since

TFPI expression was low (as it was also on hAEC, with only 6–15% expression [not

shown]), the pig with the best expression of TFPI on pAEC was selected for platelet

aggregation assays.

Effect of genetic modification of pAEC on human platelet aggregation

Human whole blood co-incubated with WT pAEC resulted in a prompt aggregation of

platelets (54%) (Figure 4A). In contrast, hAEC induced minimal platelet aggregation (4%).

The difference in platelet aggregation between WT pAEC and hAEC was statistically

significant (p<0.001).

Human platelet aggregation induced by pAEC is reduced by absence of
expression of Gal antigens—Human platelet aggregation induced by GTKO pAEC was

significantly less than that induced by WT pAEC (44% vs. 54%, p<0.05) (Figure 4A).

Human platelet aggregation induced by pAEC is reduced by expression of
human complement-regulatory proteins—To determine whether pAEC expressing a

human complement-regulatory protein are associated with reduced platelet aggregation,

WT/CD46, GTKO/CD46, and GTKO/CD46/CD55 pAEC were incubated with blood. WT/

CD46 pAEC induced significantly less platelet aggregation than WT pAEC (38% vs. 54%,

p<0.05) (Figure 4A). GTKO/CD46/CD55 induced significantly less platelet aggregation in

comparison to GTKO pAEC (39% vs. 44%, p<0.05) (Figure 4B), but there was no
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significant difference in platelet aggregation induced by GTKO/CD46 (41%) as compared to

GTKO (Figure 4B).

Human platelet aggregation induced by pAEC is reduced by expression of
human coagulation-regulatory proteins—The expression of hTFPI on WT (WT/

TFPI) pAEC was associated with significant reduction of human platelet aggregation as

compared to WT pAEC (54% vs. 38%, p<0.05) (Figure 4A).

Human platelet aggregation induced by GTKO/CD46/TBM pAEC was significantly less

than that induced by GTKO pAEC (27% vs. 44%, p<0.05) (Figure 4B) or by GTKO pAEC

expressing one or two complement-regulatory proteins (CD46 [41%] or CD46+CD55

[39%], both p<0.05). The platelet aggregation induced by GTKO/CD46/TBM pAEC

correlated significantly with the cell surface expression of TBM on the pAEC (r2=0.89,

p<0.01) (Figure 5A).

Human platelet aggregation induced by GTKO/CD46/EPCR pAEC (33%) was significantly

less than that induced by GTKO (44%) pAEC (p<0.05) (Figure 4B), but not significantly

different from aggregation induced by GTKO/CD46/TBM pAEC (27%). There was a

significant correlation between platelet aggregation induced by GTKO/CD46/EPCR pAEC

and the expression level of EPCR on the pAEC (r2 = 0.86, p<0.01) (Figure 5B).

TBM expression and thrombin inhibition efficiently blocks human platelet aggregation

GTKO/CD46 and GTKO/CD46/TBM pAEC were cocultured with human whole blood in

the absence or presence of 1IU/ml or 5IU/ml hirudin (Figure 6). The aggregation of human

platelets induced by GTKO/CD46 pAEC was almost completely inhibited in the presence of

hirudin at 5IU/ml (4%), whereas hirudin at 1IU/ml only partially inhibited aggregation

(18%). In comparison, human platelet aggregation induced by GTKO/CD46/TBM pAEC

was almost completely prevented in the presence of 1IU/ml (Figure 1), or 5IU/ml of hirudin

(5% and 4%, respectively), which was comparable to human platelet aggregation induced by

hAEC (4%).

In an effort to understand whether the concentrations of hirudin used in these studies were

clinically relevant, we carried out some in vitro measurements. Recombinant hirudin

(lepirudin) is occasionally administered to patients with thrombocytopenia associated with

heparin therapy. The dosage (infusion rate) is adjusted according to the activated partial

thromboplastin time (aPTT) ratio (i.e., the patient’s aPTT during hirudin infusion relative to

the baseline [or reference] aPTT). The target ratio is 1.5 to 2.5, as a higher ratio carries a

higher risk of bleeding. In our in vitro assay, when hirudin was added to human blood at

1IU/ml, the ratio was 2.2. At 5IU/ml, the ratio rose to 3.0. These data suggested to us that

the concentration of 1IU/ml used in our studies was clinically-applicable but that the

concentration of 5IU/ml might be moderately excessive. It is important to note that platelet

aggregation induced by GTKO/CD46/TBM pAEC in the presence of 1IU/ml of hirudin

reduced aggregation to the level seen when human platelets were incubated with hAEC,

namely approximately 4–5%.
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DISCUSSION

To date, xenotransplantation in the pig-to-nonhuman primate organ transplantation model

has invariably resulted in the development of TM and/or CC, even before rejection is

histopathologically advanced (3, 4, 6–8, 29). Long-term survival of discordant xenografts

may depend on the successful inhibition of TM and/or CC.

Platelets have long been suspected of playing a major role in xenotransplantation through

their interaction with endothelium and leukocytes in the form of platelet microthrombi (30–

33). Inhibition of platelet aggregation will almost certainly be beneficial in preventing or

reducing the thrombotic disorders associated with xenotransplantation. We therefore

investigated the effect of various genetic modifications of pAEC and/or anticoagulant/anti-

thrombin agents on human platelet aggregation by establishing a reproducible in vitro assay.

In our studies, pAEC, but not hAEC, were associated with human platelet aggregation,

consistent with other reports (34–36). Although statistically significant reductions were

consistently recorded in the absence of Gal expression on the pAEC, or when a human

complement-regulatory or coagulation-regulatory protein was expressed, whether these

reductions are biologically relevant remains uncertain. However, the expression of TBM on

GTKO/CD46 pAEC reduced platelet aggregation by 50%, and hearts from these pigs

showed delayed features of TM and CC after transplantation into baboons (37).

When WT pAEC were co-incubated with human blood containing an anticoagulant

(heparin, LMWH, or hirudin), human platelet aggregation was inhibited, with heparin being

the most effective. Hirudin reduced human platelet aggregation after co-incubation of blood

with WT pAEC, suggesting that thrombin plays an important role in the platelet aggregation

(38) due to the interaction of pAEC with human plasma, platelets, or monocytes, in

accordance with previous reports (39), and following pig organ xenotransplantation (40)

although mechanisms were not directly examined. Thrombin inhibitors have been shown to

have a potent inhibitory effect on platelet aggregation in humans and nonhuman primates

(21, 22).

Following incubation of whole blood with pAEC, a series of events leads to platelet

activation. During the incubation period, we suggest that there is antibody binding and

complement activation, leading to EC activation, promoting tissue factor and fibrinogen-like

protein 2 (Fgl2) expression, loss of natural anticoagulants, and eventually resulting in the

generation of thrombin. Our previous studies indicate that platelet interaction with WT

pAEC (17,19) or genetically-modified pAEC (Ezzelarab M, et al, manuscript under

revision) induces platelet activation (and tissue factor expression) irrespective of antibody

binding and complement activation. The amount of thrombin generated during the

incubation period is likely to be reduced when there are no antigenic targets for binding of

anti-Gal antibodies and by the expression of human complement- and/or coagulation-

regulatory proteins. Additionally, direct (hirudin) or indirect (heparin, low molecular weight

heparin) thrombin inhibition is likely to downregulate further thrombin generation.

Consequently, the amount of thrombin that has been produced during incubation of the

blood with the pAEC will determine the degree of coagulation and platelet aggregation. We
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plan to measure thrombin generation during the incubation phase to determine whether this

hypothesis is correct.

The Chronolog technology involves mechanical stirring of whole blood (platelets), which

additionally enhances platelet aggregation and thrombus formation, which may require some

“lag” time, as we have shown in our previous studies. Using platelet agonists, a one minute

lag time before aggregation was observed. Also, direct activation of platelets may lead to

upregulation of adhesion molecules that further enhances platelet adhesion and aggregation.

In the current study, the whole blood sample was incubated for two hours (of activation)

prior to Chronolog measurement, which may result in slow induction of platelet activation

(with pAEC), rather than strong, rapid activation of platelets.

Furthermore, the delay of approximately two minutes suggests that this period of time may

be required for sufficient thrombin to be produced for aggregation to become obvious. In

this respect, our studies have shown that aggregation begins rather more quickly when the

blood is exposed to wild-type pig EC than to EC expressing human TBM, indicating that

thrombin generation takes longer when the EC express TBM, presumably because the

thrombin being generated is partially being neutralized.

In our study, several mechanisms may contribute to human platelet aggregation. First, anti-

Gal and/or anti-nonGal xenoantibodies and complement could activate pAEC to express TF

(35). Furthermore, anti-pig antibodies may also activate pAEC through a complement-

independent pathway (8, 12). Incubation of blood with GTKO pAEC induced less platelet

aggregation, suggesting the absence of binding of anti-Gal antibody contributes to reduced

platelet aggregation.

Second, previous studies suggested that activation of EC as a trigger to thrombotic graft

failure is dependent on the involvement of complement, mediated by binding of

xenoreactive antibodies (18). Robson et al. demonstrated that human platelet-pAEC

aggregation occurred only in the presence of complement components, with the consequent

generation of thrombin (35). Furthermore, membrane-attack complex (MAC) formation

after complement activation has been associated with thrombin formation (41). Therefore,

the EC of pigs expressing one or more complement-regulatory protein, e.g., CD46 and/or

CD55, would be expected to be protected to some extent. Miwa et al. (42) demonstrated that

expression of human CD55 is associated with a reduction in the up-regulation of TF when

pAEC are activated by complement, inhibiting thrombin generation by 59%, through

classical prothrombinase activity. However, even high levels of CD46 and CD55 will not

completely inhibit formation of the membrane attack complex (42).

Third, molecular incompatibilities of the coagulation-anticoagulation system between pig

and primate may accentuate thrombin generation (11) and contribute to platelet aggregation

and the development of TM and/or CC. Vascular EC possess the capacity to inhibit platelet

activation/aggregation through several mechanisms, e.g., TFPI (9), TBM (43, 44), EPCR

(45), CD39 (36), prostacyclin (PGI2) (46), and nitric oxide (30, 47). The loss of these

anticoagulant properties after activation of pig EC, e.g., by inflammation or rejection (48),

promotes platelet aggregation. Furthermore, pig von Willebrand Factor aggravates the
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thrombotic process. Pig Fgl2, unlike human Fgl2, has been reported to have prothrombinase

activity that generates thrombin directly from prothrombin in the absence of a

prothrombinase (i.e., FVa-Xa complex) (16).

Endothelial cells and monocytes constitute the main sources of circulating TF, as shown in

inflammation and sepsis models (49), and transfer TF to platelets (50). The expression of TF

on pAEC is up-regulated by xenoreactive antibodies and complement activation (12, 51) and

by activated platelets (51). Lin et al. demonstrated that resting pAEC activated monocytes

and platelets to express TF independent of a humoral immune response (15). In our in vitro

study, thrombin generation induced by TF from pAEC, human platelets, and/or monocytes/

macrophages may be a factor in the development of platelet aggregation (52), which in turn

can be an important factor in the development of TM in vivo following xenotransplantation.

In contrast, pig TFPI and TBM are unable to down-regulate the propagation of thrombus

(10, 53), which leads to uncontrolled thrombin generation and ultimately promotes platelet

aggregation. TFPI is a crucial regulator of the coagulation pathway initiated by TF (26). In

vivo, when transplanted into a rat, overexpression of human TFPI in a transplanted mouse

heart completely inhibited intragraft thrombosis (27). Hirudin was also reported to show

efficacy in a rodent heart xenotransplantation model (27). These and our current data

suggest that expression of human TFPI reduces platelet aggregation by inhibiting the

generation of thrombin through the TF pathway, which correlates with the results of others

(54).

Human TBM is considered to be a potential regulator of thrombin generation through the

capture of thrombin as well as production of activated protein C (55, 56). In our

experiments, pAEC expressing human TBM induced significantly less platelet aggregation.

Miwa et al. (42) showed that expression of human TBM on pAEC was associated with

significant reduction of thrombin production.

Another key player in the protein C anticoagulant system is EPCR, which binds protein C

and presents it to the TBM/thrombin complex for activation, enhancing the generation of

activated protein C approximately 20-fold in vivo (57). In the present study, expression of

EPCR reduced platelet aggregation almost as much as TBM, presumably by enhancing the

effect of pig TBM (as the pig cells did not express human TBM). We would anticipate,

however, that, because of its mechanism of action in enhancing the generation of activated

protein C, EPCR would have a greater effect when expressed on pAEC that also express

human TBM. GTKO/CD46/TBM/EPCR pigs are anticipated to be available soon.

TBM inhibits not only the effects of thrombin by binding thrombin, but also further

thrombin generation by inactivating factors Va and VIIIa through activation of protein C. In

contrast, hirudin (a direct thrombin inhibitor) inhibits thrombin irreversibly through binding

directly to thrombin, which leads to reduction of platelet aggregation. In the present study, in

response to pAEC, TBM expression together with a low concentration of hirudin (1IU/ml,

which would be clinically-applicable) efficiently inhibited human platelet aggregation to a

level that was comparable to that induced by hAEC.
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Our studies were carried out using pAEC. Whether these are representative of microvascular

EC from various organs is uncertain. Nor is it clear whether AEC are representative of EC

from other major blood vessels, e.g., pulmonary artery or portal vein.

In conclusion, our data indicate that genetic modification of pAEC, including expression of

complement- and/or coagulation-regulatory proteins, is associated with significant reduction

of human platelet aggregation initiated by their contact with pAEC, which is at least

partially through thrombin regulation. Whether platelet aggregation can be reduced further

by expression of additional complement- or coagulation-regulatory proteins remains

uncertain, but, as TBM and EPCR have proved to be beneficial in the current study, we are

optimistic that additional expression of hTFPI and/or CD39 will also be beneficial.

However, in addition to genetic modification, systemic approaches, e.g., therapy with anti-

thrombotic/anti-platelet agents, may be necessary to regulate platelet aggregation

completely.
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AEC aortic endothelial cells

aPTT activated partial thromboplastin time

CC consumptive coagulopathy

EC endothelial cells

EPCR endothelial protein C receptor
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LMWH low molecular weight heparin

TBM thrombomobulin
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Figure 1. Human platelet aggregation induced by wild-type (WT) pAEC, human AEC (hAEC)
and genetically modified pAEC
hAEC- and pAEC-induced human platelet aggregation were measured by aggregometry

(Chrono-log). Representative curves of human platelet aggregation induced by hAEC and

pAEC. After human whole blood was incubated with WT pAEC, removed, diluted, and

recalcified, aggregation of human platelets occurred. Incubation of blood with hAEC

resulted in minimal aggregation. Platelet aggregation was reduced when whole blood was

incubated with GTKO/CD46/TBM pAEC. Addition of hirudin (1U/mL) to GTKO/

CD46/TBM pAEC almost completely prevented platelet aggregation in whole blood.
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Figure 2. Anti-coagulant agents inhibit human platelet aggregation induced by WT pAEC
Preincubation of human whole blood and WT pAEC with an anti-thrombin agent (heparin,

LMWH at 1 or 5IU/mL, or hirudin at 1 or 5IU/mL) reduced platelet aggregation. Heparin at

1IU/mL (3% aggregation), LMWH at 5IU/ml (3% aggregation), and hirudin at 5IU/mL (4%

aggregation) completely prevented aggregation, while LMWH (15%) and hirudin (29%) at

1IU/mL had a partial effect when compared with control (54%). (*p<0.05, **p<0.01).
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Figure 3. Expression of Gal and human proteins on genetically-modified pAEC
(A) Flow cytometry was used to evaluate Gal and human transgene protein expression on

human AEC in comparison to WT pAEC. Human AEC did not express Gal, but expressed

high levels of CD46, CD55, CD141 (TBM), and CD201 (EPCR). In contrast, WT pAEC

expressed Gal, but no human CD46, CD55, TBM, or EPCR. No GTKO pAEC expressed

Gal. (B) In addition to lack of Gal expression, GTKO/CD46 pAEC expressed high levels of

CD46, GTKO/CD46/CD55 pAEC expressed high levels of CD46 and CD55. GTKO/

CD46/TBM pAEC expressed TBM at a level comparable to hAEC. Similarly, GTKO/CD46/

EPCR pAEC expressed EPCR at a level comparable to hAEC.
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Figure 4. The effect of various genetic modifications on pAEC-induced human platelet
aggregation
(A) When human platelet aggregation associated with WT pAEC (54%) was compared with

that to hAEC (4%), a significant difference was observed (p<0.001). WT/CD46 (38%), WT/

TFPI (38%), and GTKO (44%), and pAEC significantly reduced the aggregation associated

with WT pAEC (all p<0.05).

(B) GTKO/CD46/CD55 (39%), GTKO/CD46/TBM (27%), and GTKO/CD46/EPCR (33%)

pAEC induced significantly less aggregation than GTKO pAEC (44%) (all p<0.05).

(*p<0.05, **p<0.01, ***p<0.001), but did not reduce aggregation to that associated with

hAEC.

Iwase et al. Page 18

Xenotransplantation. Author manuscript; available in PMC 2015 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5. Correlation between human platelet aggregation and expression levels of human TBM
or EPCR on GTKO/CD46 pAEC
There was a significant correlation between human platelet aggregation after exposure to

(A) GTKO/CD46/TBM (n=4) or (B) GTKO/CD46/EPCR (n=5) pAEC and the expression

levels of human TBM or EPCR on the pAEC (both p<0.01). The pigs transgenic for TBM

were from two different lines (high- and low-expressing), whereas those transgenic for

EPCR were from a single line.
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Figure 6. Anti-thrombin inhibit human platelet aggregation induced by GTKO/CD46 and
GTKO/CD46/TBM pAEC
Hirudin at 5IU/ml completely inhibited GTKO/CD46 pAEC-induced platelet aggregation in

human blood (4%) while it had a partial effect at 1IU/ml (18%) when compared with control

(41%; *p<0.05, **p<0.01). Platelet aggregation induced by GTKO/CD46/TBM pAEC was

almost completely prevented by hirudin (1 or 5IU/ml; 5% and 4% aggregation, respectively)

(**p<0.01), which was comparable to that induced by hAEC (4%).
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Table 1

Genetically-modified pAEC tested in the human platelet aggregation assay

Genetic modification Effect Promoter

GTKO Deletion of Gal antigen

CD46 Transgenic expression of a human complement- regulatory protein Endogenous

CD55 Transgenic expression of a human complement- regulatory protein CAG promoter

TFPI Transgenic expression of human TFPI antagonizes the function of human tissue factor
(inhibits FXa, thrombin, FVIIa-TF complex)

TIE2

TBM Transgenic expression of human TBM activates protein C Endogenous or ICAM-2
promoter

EPCR Transgenic expression of human EPCR enhances the activation of protein C CAG promoter

EPCR= endothelial protein C receptor

GTKO= a1,3-galactosytransferase gene-knockout

TBM= thrombomodulin

TFPI= tissue factor pathway inhibitor
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