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Abstract:

There is a severe shortage of human organs available for transplantation and xenotransplantation – use of animal organs has long

been suggested to overcome this problem. Recent advances in understanding rejection in xenotranplantation and development of

genetically engineered pigs that reduced hyperacute rejection were fundamental steps forward but other unresolved mechanisms

remain an obstacle. Endothelium is a major target for all rejection mechanisms in xenotransplantation. This is caused not only by

location of these cells at the first line of contact but also because endothelium is a very variable cell type across different species. This

variability affects not only its immune characteristics but also physiology and metabolism. Nucleotide metabolism is particularly variable in

endothelial cells of different species. We attributed particular importance to one such difference – much lower activity of ecto-5’-nucleotidase

(E5’N) in pig endothelial cells as compared to human. To study its significance our group developed pig endothelial cell line stably expressing

human E5’N. This allowed us to determine that E5’N controls the rate of adenosine formation from extracellular nucleotides even with ATP

as the substrate. Expression of human E5’N in pig cells attenuated several mechanisms involved in xenotransplant rejection such as

cytotoxicity induced by human NK cells, human platelet aggregation or human platelet adherence to endothelium. We conclude that species

differences of endothelial nucleotide metabolism could contribute to rejection following xenotransplantation. These studies suggests that

expression of human ecto-5’-nucleotidase in pigs genetically engineered for xenotransplantation could help to prolong graft survival.
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Abbreviations: ADA – adenosine deaminase, AMPDA –

AMP deaminase, E5’N – ecto-5’-nucleotidase, E-NTPDase –

ecto-nucleoside triphosphate diphosphohydrolase, hDAF – hu-

man decay accelerating factor, HUVEC – human umbilical vein

endothelial cells, LDH – lactate dehydrogenase, PAEC – pig aor-

tic endothelial cells, PNP – purine nucleoside phosphorylase

Xenotransplantation and its current obstacles

Xenotransplantation – a procedure of using animals as

donors to replace function of the failing human organs

has long been considered a therapeutic opportunity.
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This procedure has received special attention in recent

years because of increased demand and shortage of

human donors for transplantation, so that only a small

percent of those who would benefit from transplanta-

tion are undergoing this procedure. Pigs are consid-

ered optimal candidates as organ donors for humans

because of ethical acceptability, anatomical and

physiological compatibility as well as because of eco-

nomical reasons. However, numerous immune and

thrombotic mechanisms that are elicited following

cross species transplantation invariably led to com-

plete destruction of organ within minutes in the early

trials of this procedure. These problems were consid-

ered initially impossible to resolve, but recent years

brought major advances in the understanding of the

mechanisms and ways to overcome it.

Hyperacute rejection following transplantation of

pig organs into primates is a fulminant reaction that is

triggered by natural IgM antibodies circulating in hu-

man blood [10]. These antibodies bind to unique

gal-�(1,3)-gal epitope that is present on endothelial

surface in pigs. This in turn leads to an uncontrolled

activation of complement and lysis of grafted cells –

endothelium in particular. Destruction of endothelium

triggers thrombosis and oedema that finally leads to

occlusion of the vascular bed, ischemia and organ de-

struction. However, several means had been devel-

oped to effectively block this response. The earlier

strategy includes expressing human complement

regulatory molecules such as human decay accelerat-

ing factor (hDAF) on surface of pig endothelium [44].

This approach that involved just single gene alteration

caused spectacular improvement in survival of pig or-

gans following transplantation into primates. Organ

survival was extended from minutes in unaltered do-

nors to days or weeks in case of pigs expressing

hDAF. Even more effective attenuation of hyperacute

rejection was reported in organs from recently estab-

lished knockout pigs for alpha-1,3-galactosyl-

transferase [22–24, 39], the enzyme responsible for

formation of gal-�(1,3)-gal bond in pig endothelial

surface polysaccharides.

Despite success in addressing hyperacute rejection,

there are other mechanisms that ultimately lead to

dysfunction of organs following xenotransplantation.

Longest survival of kidney or hearts from hDAF ex-

pressing pigs or galactosyltransferase knockouts fol-

lowing transplantation into primates are several

months, which is considered to be insufficient for

clinical trial. These other mechanisms predominantly

include the process known as acute vascular rejection

or delayed xenograft rejection [17] which is mediated

by a broad spectrum of immune and hemostatic

mechanisms including xenoreactive antibodies, com-

plement, macrophages, NK-cells and neutrophils. Be-

yond that, processes known as cellular rejection and

chronic rejection occur that are even less clearly char-

acterized.

NK cells have long been implicated as the pre-

dominant cause of acute vascular rejection in different

experimental models [6, 18, 51]. It was the predomi-

nant type of cells infiltrating concordant hamster-to-

rat heart transplants [29], discordant guinea pig-to-rat

heart transplants [3] and in ex vivo models of rat or

pig hearts perfused with human blood [16].

In addition to immune mechanism, thrombosis

plays an important role in organ destruction following

xenotransplantation. Specific mechanisms that are in-

volved include platelet activation combined with en-

dothelial damage or retraction and adherence and acti-

vation of membrane-binding blood clotting factors.

This creates a thrombogenic environment within the

transplanted organ that could lead to complete occlu-

sion of the vascular bed within minutes [30]. In addi-

tion, surgical trauma or hypoxia during transplant pro-

cedure leads to thrombin release into the recipient

blood and the loss of anti-thrombin activity which

normally inhibits blood coagulation, complement ac-

tivation and oxidant-mediated injury [15].

Species differences in biochemical pathways or

changes induced after xenotransplantation have re-

ceived very little attention so far. Fundamental life

supporting metabolic processes seems to be similar

but there are number of specific mechanism and mi-

nor pathways that are different. This in particular con-

cerns nucleotide metabolism. Comparison of pig and

human blood concentrations of nucleotide metabolites

presented on Table 1 [46] indicates that e.g. uric acid

concentration is more than 200 times lower in pigs

while adenine, hypoxanthine, inosine and uracil con-

centrations are much higher. The precise role of these

differences has not been established but it clear that it

may distort nucleotide metabolism and affect all de-

pendent mechanisms in the transplanted organ. In ad-

dition to differences in blood levels of nucleotide me-

tabolites significant differences have been found in

the activities of enzymes of nucleotide metabolism

(Tab. 2) [46]. The difference in the activity of ecto-

5’-nucleotidase (E5’N) – much lower activity in pigs

than in humans could be of particular importance
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since the product of the reaction – adenosine has nu-

merous physiological effects that are of particular in-

terest in the field of transplantation. This include cy-

toprotective, immunosuppressive and anti-inflam-

matory effects that are induced by vasodilation [26],

antagonism of the chronotropic and inotropic effects

of catecholamines [45], effects on endothelial barrier

function [27], inhibition of platelet aggregation [34],

inhibition of tumor necrosis factor � (TNF�) [38], re-

duction of the C2 complement component level [25]

and inhibition of neutrophil adhesion and free radical

generation [11]. NK cells have long been shown to re-

spond to adenosine. These effects are mediated by

surface adenosine receptors that mediates inhibition

of exocytosis [33] and attenuation of tumour recogni-

tion/adhesion [52]. Adenosine can be produced from

AMP by intra- and extracellular pathway. Intracellular

adenosine is formed mainly by cardiomyocytes, but

only in response to distorted balance between oxygen

demand and supply [5]. Extracellular adenosine is

predominantly made by endothelial cells that express

highest activity of E5’N [48]. Major factors that con-

trol amount of adenosine produced in this pathway is

nucleotide substrate supply and activity of E5’N.

There is uncertainty regarding exact source of nucleo-

tides inside vascular space. In addition to well estab-

lished mechanisms such as non-specific disruption of

cell membrane, release from nerve endings or with

platelet granules several controlled mechanisms have

been proposed [7–9, 42]. This includes long recog-

nized endothelial release of nucleotides triggered by

thrombin or shear stress and the more recently elabo-

rated process of nucleotide release from erythrocytes that

is triggered by hemoglobin deoxygenation [13]. The latter

two assume the existence of a specific ATP release chan-

nel that may be structurally related to connexins [28].

Role of endothelium

in xenotransplantation

Endothelium within the transplanted organ is the pri-

mary target for rejection for all the mechanisms de-

scribed in xenotransplantation. These cells represent

the direct contact point between the recipient environ-

ment and the graft. Two pathological processes in-

volving endothelium are of particular relevance to xe-

notransplantation. These include destruction of endo-

thelial cells by necrosis or apoptosis and activation of

the endothelium. Activated endothelial cells maintain

viability but much of their function is changed. The

most important is loss of endothelial antithrombotic

properties. However, production of growth factors,

cytokines and expression of adhesion molecules in ac-

tivated endothelial cells also plays an important role

in triggering rejection [4, 40]. In the recent years, our

group has focused on the importance of the biochemi-

cal differences in the endothelial cells derived from

different species and its importance for xenotrans-

plantation. We highlighted that some of these differ-
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Tab. 1. 	������������� ��  ���� ����+������ �� �� ��� � ��� +����0 3�� �� ��� ����� 4 �5�
 � 6 ,780 /�+�� ��$�� ���� 9:�;0

Hypoxanthine Inosine Adenine Uracil Uridine Uric acid

µM

Human blood 0.95 ± 0.08 0.10 ± 0.10 0.07 ± 0.02 0.35 ± 0.09 2.80 ± 0.30 290 ± 16

Pig blood 17.7 ± 1.5 6.45 ± 1.42 3.95 ± 0.14 17.6 ± 0.9 1.41 ± 0.13 15.0 ± 1.9

Tab. 2. <���!����� ��  ���� ��.���� �� �� ��� � ��� ������ ��� $�����0 3�� �� ��� ����� 4 �5�
 � 6 =7,0 /�+�� ��$�� ���� 9:�;0

E5’N AMPD ADA PNP

nmol/min/mg wet wt

Human heart 1.68 ± 0.30 1.64 ± 0.18 0.73 ± 0.06 1.23 ± 0.09

Pig heart 0.46 ± 0.02 0.21 ± 0.01 0.91 ± 0.03 0.70 ± 0.19

Human kidney 0.74 ± 0.06 1.42 ± 0.11 0.43 ± 0.07 3.52 ± 0.48

Pig kidney 0.11 ± 0.56 1.11 ± 0.10 0.14 ± 0.02 12.3 ± 0.5



ences such as low activity of E5’N in pigs could play

an important role in rejection after transplantation

[47]. The difference in the activity of this enzyme was

even more prominent when endothelial activity has

been compared as opposed to whole organ activity

(Fig. 1). However, yet another broader conclusion

was generated from these comparative studies. It be-

come apparent that many differences noted on whole

organ level may be in fact a consequence of endothe-

lial species variability. This has been highlighted for

morphology, immune properties or antithrombotic

mechanisms [32, 41] but in particular may concern

biochemical characteristics. Considerable variation in

the activity of xanthine oxidoreductase in hearts of

different species is well described. This enzyme is

very active in rat, mouse or guinea pig hearts but ab-

sent in human pig or rabbit hearts [49]. This variation

demonstrated initially in the whole organ is a conse-

quence of species dependent endothelial variation in

expression of this enzyme [35]. We have also estab-

lished that other processes such as adenine metabo-

lism are grossly different between rats and human en-

dothelial cells [20]. Therefore endothelium should re-

main as major focus of research on xeno-

transplantation. Identification of the differences and

development of the procedures to address it by ge-

netic alterations, pharmacological change of pheno-

type or replacement of native cells with human endo-

thelium in hybrid organs could effectively solve the

problem of xenotransplantation.

Endothelial metabolism of extracellular

nucleotides

Endothelial control of levels of circulating nucleo-

tides is tightly coupled to nucleotide-mediated signal-

ing (Fig. 2). There are two main enzymes that are in-

volved in breakdown of extracellular nucleotides. Endo-

thelial ecto-nucleoside triphosphate diphosphohydro-

lase (E-NTPDase, CD39, EC 3.6.1.5) is responsible

for breakdown of ATP to ADP and then to AMP [14].

This enzyme has long been recognized to play a cru-

cial role in vascular damage and thrombosis during

xenograft rejection [43]. Decrease in E-NTPDase ac-

tivity that results in retention of pro aggregatory ADP is

one of the hallmarks of endothelial cell activation. Altera-

tions of the activity of the vascular E-NTPDase, and asso-

ciated changes in levels of extracellular nucleotides, may

represent a crucial thromboregulatory mechanism that is

disrupted in xenograft rejection and reperfusion injury

and is protective if maintained or enhanced [19,31].

Ecto-5’-nucleotidase (E5’N, CD73 and EC 3.1.3.5),

is a membrane-bound 70kD glycoprotein that func-

tions downstream of E-NTPDase. This enzyme is in-

volved in hydrolysis of extracellular AMP to adeno-

sine and in humans is predominantly expressed by en-

dothelial cells. We have previously shown that E5’N

activity is almost ten times lower in pig endothelium

than in human endothelial cells (Fig. 1) [37]. Our other

studies demonstrated that pig hearts experience a fur-

ther loss of E5’N activity when perfused with fresh hu-

man blood [21]. These results highlighted unknown

factors that could exacerbate xenotransplant rejection.

In addition to well established extracellular break-

down pathway for adenine nucleotides an interesting

process of upstream metabolism of nucleotides has

been described [53,54]. This mechanism allows con-

verting AMP to ADP or ATP. However, this is phos-

photransfer reaction rather than phosphorylation, with-

out net gain of high energy phosphates. The enzyme in-

volved – ecto adenylate kinase is currently under in-

vestigation but its role remains to be established.

Protective effects of ecto-5’-nucleotidase

expression

Such massive difference in endothelial E5’N between

pigs and humans prompted our studies to investigate
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protective effects of expressing human E5’N in pig

endothelal cells. In a first step endothelial cell line

that was stably expressing human E5’N was estab-

lished and characterized [36, 37]. Effective expres-

sion was confirmed by flow cytometry and immuno-

fluorescnce. We confirmed increased capacity to de-

grade extracellular nucleotides in the intact cell

experiments that included incubation with AMP in

culture wells and in flow through systems as well as

in cell lysates (Tab. 3). This increase in E5’N activity

was specific as none of the other enzymes was al-

tered. Interestingly, the rate of production of adeno-

sine in intact cell experiments was also enhanced with

E5’N expressing cells when ATP was added as the ex-

ogenous substrate to cell medium [36,37]. This is an

important finding indicating that E5’N is rate-limiting

enzyme for adenosine production from extracellular

nucleotides.

Our further studies indicated that increased expres-

sion of E5’N protects pig endothelial cells from hu-

man NK-cell mediated lysis [37]. These experiments

involved exposure of pig endothelial cells transfected,

mock transfected or not transfected with human E5’N

to freshly isolated human NK cells Cytotoxicity of

human NK cells towards pig endothelium was re-

duced from about 10% in non transfected cell to about

5% in transfected cells (Fig. 3) [37]. Interestingly, this

effect was observed even without addition of the ex-

ogenous AMP indicating that supply of endogenous

nucleotides released from either endothelial cells or

NK cells is sufficient. We could speculate that nucleo-

tide release and its breakdown to adenosine could be

a potential mechanism that modulates interaction be-

tween endothelium and cells of the immune system.

As further proof of the important role of enzyme ac-

tivity of E5’N, reduction of cytotoxicity in E5’N-

transfected endothelial cells was abolished by the
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Tab. 3. 5���(,>� ���������� ����!��� �� ���� ������� �� ���(�����������
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��������� ����� ?�<5	@ ��� � ���  �+������ !��� ����������� �����
?��35	@0 3�� �� ��� ���� 4 �5�
 � 6 ,7&0 /�+�� ��$�� ���� 9=�;

Ecto-5’-nucleotidase activity (nmol/mg protein/min)

Non-transfected
PIEC

Transfected PIEC PAEC HUVEC

0.68 ± 0.07 1013 ± 293 2.79 ± 0.36 35.7 ± 2.5



E5’N inhibitor and was mimicked in non-transfected

EC by the addition of adenosine, demonstrating the

key role of adenosine produced by E5’N in inhibiting

NK cell cytotoxicity [37].

In our other experiments we studied the effect of

expression of E5’N on thrombotic, antibody and oxi-

dant stress mediated mechanisms. These experiments

demonstrated profound attenuation of human platelet

aggregation and adhesion in pig endothelial cells ex-

pressing human E5’N. This highlights that not only

immune but also thrombotic component of xenograft

rejection could be attenuated by expressing E5’N in

pig endothelial cells. Antibody mediated mechanism

seems unlikely to be affected by adenosine or E5’N

expression that predominantly targets cell mediated

mechanism. However, some authors proposed mecha-

nism for such protection. As opposed process to endo-

thelial activation induction of protected phenotype in

the endothelial cells has been proposed and adenosine

was suggested as the trigger for such phenotypic

change [12]. Induction of protected endothelial phe-

notype involves increased expression of protective

proteins such as heme oxygenase also known as

HSP32, A20 or BCl-2 [1, 2, 50]. Increased expression

of these molecules may then attenuate a wide range of

destructive mechanisms such as complement attack,

oxidant stress or induction of apoptosis. We were un-

able to demonstrate protection against antibody medi-

ated lysis but we have shown protection of E5’N ex-

pressing pig endothelial cells against oxidant stress

mediated damage.

Concluding remarks

This review highlights the importance of species dif-

ferences in the endothelium. We have described data

indicating that many differences referred as species

variability in organ function could be a consequence

of endothelial species diversity. Although focused on

nucleotide metabolism we suggest that such variation

may exist in other metabolic pathways. The impor-

tance of endothelial species metabolic diversity has

been highlighted here in relevance to xenotransplanta-

tion, but implications seem to be broader. Results of

experimental studies with animal endothelium require

particular attention before extrapolating into human

physiology or pathology.
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