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Abstract The use of animals as donors of tissues and
organs for xenotransplantations may help in meeting the
increasing demand for organs for human transplantations.
Clinical studies indicate that the domestic pig best satisfies
the criteria of organ suitability for xenotransplantation.
However, the considerable phylogenetic distance between
humans and the pig causes tremendous immunological
problems after transplantation, thus genetic modifications
need to be introduced to the porcine genome, with the aim
of reducing xenotransplant immunogenicity. Advances in
genetic engineering have facilitated the incorporation of
human genes regulating the complement into the porcine
genome, knockout of the gene encoding the formation of
the Gal antigen (ol,3-galactosyltransferase) or modifica-
tion of surface proteins in donor cells. The next step is two-
fold. Firstly, to inhibit processes of cell-mediated xenograft
rejection, involving natural killer cells and macrophages.
Secondly, to inhibit rejection caused by the incompatibility
of proteins participating in the regulation of the coagulation
system, which leads to a disruption of the equilibrium in
pro- and anti-coagulant activity. Only a simultaneous
incorporation of several gene constructs will make it pos-
sible to produce multitransgenic animals whose organs,
when transplanted to human recipients, would be resistant
to hyperacute and delayed xenograft rejection.
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Introduction

At present, transplantation of cells, tissues and organs is an
effective and frequently the only method to save the lives
of patients with end-stage organ failure, victims of acci-
dents and patients suffering from cancers of the
hematopoietic systems or complex immunodeficiencies.
The main problem in contemporary transplantology is
connected with the existing disproportion between the
volume of available organs and the number of patients
qualified for transplantations (Mulligan et al. 2008). Nei-
ther rationalization of the systems for registering and
distributing organs for transplantation, nor improving the
health in society by promoting healthy lifestyles are suf-
ficiently effective to alleviate the critical deficit of
available organs and tissues for transplantations. This sit-
uation has persisted for many years. The problem may be
solved, thanks to the use of animal-origin cells, tissues and
organs for transplantation, i.e. xenotransplants. The
domestic pig (Sus scrofa) is an optimal donor for transplant
organs due to its anatomical and physiological similarities
to humans, unlimited availability, good breeding potential,
short period to reproductive maturity, relatively short
pregnancy and high number of offspring (Cooper et al.
2002). However, the considerable phylogenetic distance
between this potential donor and the human recipients
causes tremendous immunological problems following
transplantation. It is therefore necessary to introduce
genetic modifications and incorporate human genes into
the porcine genome, which may reduce immunogenicity of
xenotransplantations.
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The primary cause of transplant rejection in the pig-
human system is connected with the Gal antigen
(Galal,3Gal) present in glycolipids and glycoproteins
found on the surface of porcine cells. The Gal antigen is
formed as a result of the galactose molecule attaching to N-
acetyllactosamine (N-lac) with the ol,3-glycoside bond
and involving the al,3-galactosyltransferase enzyme
(Sandrin and McKenzie 1994). Neither the enzyme nor the
sugar unit is found in humans or the Old World monkeys
(Galili et al. 1988). Identification and binding of the Gal
antigen by xenoreactive antibodies triggers a series of
reactions, which lead to transplant rejection as a result of
“hyperacute rejection” (Daniels and Platt 1997).

Hyperacute Rejection

The necessary condition to provide organs suitable for
interspecific transplantations is to remove the Gal antigen
from the surface of xenotransplant cells. In 2001 two
cooperating research teams, one headed by Randall Prather
and the other composed of researchers employed at
Immerge BioTherapheutics, managed to produce pigs with
the GGTA1 gene inactivated in the heterozygous system
(Dai et al. 2002). A similar achievement was recorded in
the same year by PPL Therapeutics (Lai et al. 2002). In
July 2002 the first piglets with two knockout alleles of the
GGTALI gene were born at PPL Therapeutics (Phelps et al.
2003), while a similar success was reported by researchers
from Immerge BioTherapeutics. A small, but detectable
amount of the Gal antigen is found on the surface of
fibroblast cells from porcine embryos with the inactivated
gene encoding ol,3-galactosyltransferase in the homozy-
gous system (Sharma et al. 2003). It is estimated that cells
synthesize the Gal antigen at 1-2 %, in comparison to the
amount of the Gal antigen produced in heterozygous cells
in relation to the inactivated gene. In 2005 the first xeno-
transplantation was performed with the use of porcine
organs with the inactivated ol,3-galactosyltransferase
gene. Pig hearts were transplanted to baboons subjected to
immunosuppression. The mean length of xenotransplant
survival was 92 days, with one of the hearts functioning for
179 days (Kuwaki et al. 2005; Tseng et al. 2005a; Yamada
et al. 2005). None of the organs was rejected as a result of a
hyperacute immune reaction. Transplant rejections were
caused by other, less intense reactions.

An alternative to the strategy aimed at rendering the
GGTALI gene inactivate is to incorporate in the porcine
genome some human genes encoding enzymes which
modify the oligosaccharide structure of glycoproteins and
glycolipids found on the cell surface in graft donors. The
activity of such enzymes should result in the Gal antigen
being eliminated or markedly reduced. The enzyme al,2-
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fucosyltransferase (H transferase) uses the same acceptor,
N-lac as al,3-galactosyltransferase (Larsen et al. 1990).
This enzyme catalyzes the addition of fucose units, which
leads to the formation of a “H structure”. Additional copies
of the human H transferase gene incorporated in the donor
organisms facilitate modification of surface proteins in
donor cells, which limits the immunogenicity of organs for
transplantation (Costa et al. 1999; Sharma et al. 1996).
Both strategies aim to inhibit hyperacute xenograft rejec-
tion and were successfully combined. The result was
transgenic pigs with the inactivated GGTA1l gene and
expressing human H transferase (Ramsoondar et al. 2003).
Apart from preventing hyperacute rejection, human trans-
ferase expressed in porcine cells might also prevent or
weaken delayed xenograft rejection. The sensitivity of
porcine endothelial cells to lysis caused by the involvement
of human natural killer (NK) cells is reduced as a result of
human H transferase expression (Artrip et al. 1999).
Expression of human H transferase in the endothelial cells
of pigs also limits adhesion and activation of monocytes
(Kwiatkowski et al. 1999). In this way the strategy
involving human H transferase causes reduced binding of
anti-Gal specific antibodies, thus preventing the develop-
ment of hyperacute xenograft rejection. This strategy also
reduces the response involving NK cells and monocytes. It
is assumed that in the case of certain types of cells,
expression of human H transferase may prove sufficient to
provide protection against rejection, whether a hyperacute
or delayed reaction (Costa et al. 1999).

Another mechanism facilitating a reduction in the
amount of Gal antigen on the surface of transplant donor
cells uses o-galactosidase (GLA), which catalyzes the
removal of the o-p-galactose unit from the Gal antigen
found on the cell surface. Incorporating the gene encoding
the human GLA enzyme into the porcine genome made it
possible to produce organs for transplantations with a
reduced amount of the Gal epitope on the cell surface and a
limited complement-dependent cytotoxicity in comparison
with the control cells (Zeyland et al. 2013). Since human
GLA does not eliminate all o-p-galactose units from the Gal
antigen, the suggestion is to simultaneously use GLA and
al,2-fucosyltransferase. The additive effect of applying
both enzymes was observed in the case of co-transfection of
different types of cells with genes encoding human GLA
and ol,2-fucosyltransferase. In such a situation the
expression of the Gal antigen is not observed on the cell
surface (Jia et al. 2004; Osman et al. 1997; Yan et al. 2003).
However, in double transgenic animals with confirmed
integration of both transgenes in the heterozygous system, a
complete elimination of the Gal antigen from the cell sur-
face was not observed (Zeyland et al. 2014).

The incompatibility of porcine complement regulatory
proteins (CRPs) on donor endothelialium with a human
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complement resulted in uncontrolled complement activa-
tion. Therefore, the presence of human CRPs on the pig
endothelium could stop complement activation in the
recipient. The complement is mainly regulated by CD46
(membrane cofactor protein), CD59 (membrane inhibitor
of reactive lysis) and CDS55 (decay accelerating factor)
factors. These proteins belong to a family of structurally
and functionally similar proteins which block complement
activation and prevent the formation of a complex attack-
ing the cell membranes. To date, pigs that express human
CD46 (hCD46), CDS55, CD59 have been produced (Chen
et al. 1999; Cozzi et al. 2000; Deppenmeier et al. 2006;
Diamond et al. 1996; Fodor et al. 1994; Langford et al.
1994; Niemann et al. 2001; Waterworth et al. 1998; Zhou
et al. 2005). In 2005, a team of researchers headed by
McGregor managed to obtain the longest to date mean
survival time of a xenograft originating from monotrans-
genic animals in the pig-to-primate system (McGregor
et al. 2005). Hearts coming from genetically modified pigs
with additional copies of the gene encoding the hCD46
factor were transplanted to baboons and survived on
average 96 days. The maximum transplant survival time
was 137 days. Transplant survival time was influenced not
only by the type of genetic modification applied, but
also the type and doses of drugs administered after the
procedure. It transpired that an increased dose of immu-
nosuppressants (tacrolimus, sirolimus) and a reduced dose
of anticoagulants considerably extended the mean survival
time of a xenogenic transplant in comparison to that of
transplants in groups of animals subjected to other types of
therapy (Byrne et al. 2006). Organs coming from such
modified animals are protected against attack from the
human complement and hyperacute rejection, but are still
subjected to processes of delayed xenograft rejection. To a
considerable degree, prevention against the further devel-
opment of xenograft rejection processes is dependent on
the administration of immunosuppressants. The newest
preparations should be selective in their action so that only
processes connected with xenograft rejection could be
blocked and which would ensure complete immune
response against developing infections (Ingelfinger and
Schwartz 2005).

Genetically modified pigs with the inactivated GGTA1
gene facilitate the xenotransplantation of porcine tissues
and organs into primates by preventing hyperacute rejec-
tion due to preexisting antibodies against the Gal antigen.
Although pigs that lack Galo(1,3)Gal particles ensure
prolonged survival of xenografts, other epitopes are still
expressed and may induce acute humoral xenograft rejec-
tion as subsequent rejection. However, the response to non-
Gal antigens is not as robust as the response against Gal
antigens, the non-Gal antigens play a significant role and
suppression of their production is required. Antibodies

other than anti-Gal (anti-non-Gal antibodies) are found in
the pre-transplant sera of most primates. In 2012, baboons
were given hearts coming from pigs produced by crossing
animals with the inactivated GGTA1 gene and expression
of hCD46. The mean transplant survival time was 94 days,
but the application of B lymphocyte depletion extended the
maximum xenotrasplant survival in the organism of the
recipient to 236 days. These results indicate a crucial role
for B cells in the mechanisms of elicited anti-non-Gal
antibodies and xenograft rejection. The efficient depletion
of B cells was obtained by four doses of the anti-CD20
antibody (Mohiuddin et al. 2012). Another antigen occur-
ring on the surface of porcine cells is cytidine
monophosphate-N-acetylneuraminic  acid hydroxylase
(CMAH), which catalyzes the reactions forming the
NeuS5Gce antigen (N-glycolylneuraminic acid). Double
transgenic pigs have already been produced with inacti-
vated GGTA1 and CMAH genes. The lower cytotoxicity of
human serum in comparison to peripheral blood mononu-
clear cells (PBMCs) coming from double transgenic pigs
was shown in that study, in comparison to cells from ani-
mals with the inactivated GGTA1 gene (Lutz et al. 2013).

Coagulation Barrier

Despite the long survival of al,3-galactosyltransferase
gene knockout (GTKO) and/or human CRP pig organs
transplanted into non-human primates, thrombotic micro-
angiopathy finally develops in the grafts (Kuwaki et al.
2005; Shimizu et al. 2008). It is characterized by fibrin
deposition and platelet aggregation, which result in
thrombosis in the vessels of the graft. This is probably
associated with the numerous genetic differences between
the recipient and the donor coagulation systems. The
solution to thrombotic microangiopathy is to overexpress
high levels of cell surface regulators. The main mecha-
nisms that control the coagulation and propagation of
thrombus are the tissue factor pathway inhibitor (TFPI) and
the thrombomodulin (TBM)-protein C pathway. Failure of
GTKO organ xenotransplantation provides evidence of
thrombosis and platelet sequestration, and frequently
development of consumptive coagulopathy in the primate
recipients. Lin et al. (2010b) transplanted GTKO/CD46 pig
kidneys into immunosuppressed baboons and reported that
four recipients died or were euthanased between 9 and
16 days because of the development of consumptive
coagulopathy. Consumptive coagulopathy have the fea-
tures of intense thrombocytopenia, fibrinogen depletion
and increased clotting times (Menoret et al. 2004).
Expression of tissue factor (TF) on activated porcine
endothelial cells induced by the immune response has been
considered the major agent of consumptive coagulopathy.
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The coagulation response depends on the type of xenograft.
Transcriptional assaying has suggested that renal xeno-
grafts may be more likely to initiate consumptive
coagulopathy than cardiac xenografts (Knosalla et al.
2009). GTKO porcine hearts transplanted into baboons
under  immunosuppression  were  rejected  after
59-179 days. Thrombotic microangiopathy developed, but
none of the primate recipients developed consumptive
coagulopathy (Shimizu et al. 2008). Ezzelarab et al. (2009)
demonstrated that the majority of cardiac xenografts show
features of thrombotic microangiopathy in the GTKO pig-
to-baboon xenotransplantation model. Their results sug-
gested that platelets are activated to express tissue factor
soon after xenotransplantation, either in response to
inflammatory factors or by contact with porcine endothelial
cells (Lin et al. 2008).

Small genetic differences found between the recipient
and the donor of the transplanted organ may lead to a
disturbance in the equilibrium between pro- and anti-
coagulant activity of the coagulation system. This subse-
quently leads to delayed xenograft rejection.
Ectonucleoside triphosphate diphosphohydrolase-1 (CD39)
is now recognized as a critical thromboregulatory protein
(Kaczmarek et al. 1996). CD39 is an ectoenzyme found in
the vascular endothelium and in blood cells, and plays a
significant role in the regulation of coagulation and infec-
tion processes. Extracellular adenosine-triphosphate (ATP)
and adenosine diphosphate (ADP) released at the site of
cellular damage can induce platelet-mediated thrombosis.
ADP is a potent platelet antagonist which recruits platelets
to the site of injury, and enhances platelet aggregation.
CD39 rapidly hydrolyzes ATP and ADP to adenosine
monophosphate (AMP) and adenosine, which is a strong
inhibitor of platelet aggregation. At the same time, AMP is
hydrolyzed to adenosine by the ecto-5'-nucleotidase
(CD73). The rapid reduction of CD39, resulting from
endothelial cells activation and vascular injury, induces the
activation and aggregation of platelets (Marcus et al. 2005).
It was previously shown that the overexpression of human
CD39 in mice prevents thrombosis, both in the case of
transplantations of allogenic hearts in mice (Dwyer et al.
2004), and murine islets perfused with human blood
(Dwyer et al. 2006), while it also protects transplanted
murine kidneys against ischemia reperfusion injury (Crikis
et al. 2010a). In the swine model, Wheeler et al. (2012)
demonstrated that infarct size is significantly reduced fol-
lowing myocardial ischemia reperfusion injury in
transgenic swine expressing human CD39. Moreover, Iw-
ase at al. (2014) in their review described that initial studies
of heart transplantation in baboons indicated that the
transgenic expression of CD39 in the pig inhibited the early
development of thrombocytopenia and reduction in fibrin-
ogen. In comparison to human cells, endothelial cells in
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pigs have a markedly lower level of CD73, which reduces
their capacity to produce adenosine causing blood coagu-
lation (Khalpey et al. 2005). Expression of hCD39 should
have a advantageous thromboregulatory result. However, it
may also be a condition to express human CD73, which
may increase this effect on the adenosine pathway.

The vascular endothelium produces the strongest natural
inhibitor of the exogenous coagulation system, i.e. TFPL.
The activity inhibiting the blood coagulation process by
TFPI consists in the reversible inhibition of the Xa factor
and formation of the Xa/TFPI complex, which subse-
quently inhibits the TF/VIIa complex. The TF inhibitor
thus plays the role of a double TF inhibitor of the Xa factor
in the coagulation process and the TF/VIIa complex. It is
the only inhibitor acting in the preliminary phase of blood
coagulation, preventing the formation of thrombin. The
porcine TFPI is an ineffective inhibitor of the human Xa
factor and may ineffectively shut the activation of the
major TF (Cowan et al. 2009; Kopp et al. 1997). Overex-
pression of human TFPI has considerable potential to
control the initiation of TF-dependent coagulation in xe-
notransplantation. The hearts of transgenic mice expressing
human TFPI survived for a long time in immunosuppressed
rats (Chen et al. 2004). Transgenic pigs produced using the
same constructs showed lower expression of human TFPI,
but it was sufficient to partially block anti-non-Gal IgG
antibodies mediating in increased TF transcription (Lin
et al. 2010a). Iwase et al. (2013) indicated that human
platelet aggregation induced by swine aortic endothelial
cells expressing human TFPI was significantly lower than
that induced by wild-type.

Thrombomodulin is an integral membrane protein found
on the surface of endothelial cells and participates in the
inhibition of the coagulation process. After binding of
thrombin participates in the activation of protein C, TBM
acts as a strong anticoagulant. Protein C, together with the
participation of protein S as a co-factor, inhibits the Va and
VlIIa factors inactivating the enzymatic cascade leading to
clot formation. Porcine TBM binds human thrombin less
strongly and for this reason it does not activate protein C
(Siegel et al. 1997; van’t Veer et al. 1997). Incorporating
the human TBM gene into the graft donor genome would
prevent inhibition of the activity of protein C involved in
the process mentioned above. Expression of human TBM
in transgenic mice resulted in the graft being protected
without any negative effect on the health of animals in a
mouse-to-rat model (Crikis et al. 2010b). Miwa et al.
(2010) demonstrated that wild-type swine aortic endothe-
lial cells transfected to express human TBM significantly
suppressed prothrombinase activity and delayed human
plasma clotting. Transgenic pigs were produced with the
incorporated human TBM gene with a strong endothelium-
specific expression in different organs, including the heart
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and kidneys (Aigner et al. 2010). However, the functional
consequences have not been described to date. Moreover,
Iwase et al. (2013) indicated that platelet aggregation
induced by GTKO/CD46/TBM pig aortic endothelial cells
was significantly lower than that induced by wild-type or
GTKO.

The preeminent hurdles to xenotransplantation include
thrombosis and inflammation. A potential solution may be
the overexpression of the endothelial protein C receptor
(EPCR) in donor pigs, which provides potent local anti-
inflammatory, anticoagulant and cytoprotective cell sig-
naling. One of the major mechanisms controlling the
coagulation and propagation of thrombus is the TBM-
protein C pathway. EPCR binds protein C on the endo-
thelial cell surface, presents it to the TBM-thrombin
complex and enhances the rate of protein C activation
(Taylor et al. 2001). Activated protein C, together with co-
factor protein S, down-regulates thrombin formation by
inactivating factors Va and VlIlIa, two important acceler-
ators of clotting cascade (Esmon 2003, 2010). This entails
a reduction of platelet activation and a decrease in
thrombotic microangiopathy (Cerchiara et al. 2007). Lee
et al. (2012) obtained transgenic mice expressing human
EPCR (hEPCR), which were protected against warm renal
ischemia reperfusion injury. Hearts from these transgenic
mice demonstrated a significant prolongation of survival
after heterotropic transplantation in rat recipients and
showed less edema and hemorrhage. Iwase et al. (2013)
also investigated the impact of pig genetic modifications
(including hEPCR) on human platelet aggregation in
response to pig aortic endothelial cells (pAEC) and indi-
cated a significant positive correlation between a reduction
in aggregation and EPCR expression on pAEC. Moreover,
pig lungs expressing hEPCR demonstrated a prolonged
functioning and decreased platelet activation in a xeno-
genic lung perfusion model (Burdorf et al. 2013). The
results of these studies indicate that expression of hEPCR
may provide protection against transplant-related
thrombosis.

Porcine the von Willebrand factor (vVWF) is a large
multimeric glycoprotein which spontaneously aggregates
human platelets even in the absence of sheer stress through
an aberrant interaction between its O-glycosylated Al
domain and platelet glycoprotein Ib (GPIb) receptors
(Schulte am et al. 2005). After platelet arrest due to the
GPIb-vWF interaction, intracellular signaling occurs and
platelets become activated. Once activated, circulating
platelets are recruited to the place of endothelial cells
injury and there they become a significant component in
the development of thrombus (Gawaz 2004). The vWF
plays a key role in the pathogenesis of xenograft failure,
especially in pulmonary xenotransplantation because the
lung releases more vWF than the heart or kidneys

(Holzknecht et al. 2001). One of the solutions to these
incompatibilities is to use pigs with von Willebrand disease
characterized by a deficit of vWF in the blood. The use of
pigs with von Willebrand disease in the orthotopic lung
transplantation to baboons had no effect on the strong
activation of coagulation. However, when pulmonary
intravascular macrophages were inhibited, the total sur-
vival time improved from 5 to almost 100 h with a delay in
the onset of coagulopathy (Cantu et al. 2007). Another
potential solution is connected with the fact that the level
of O-glycosylation of the Al domain in the vWF of pigs
regulates the degree of human platelet activation (Schulte
am et al. 2005). A decrease in vWF activity in pigs may be
observed in the elimination of the primary glycosylation
enzyme as in GTKO pigs. Improved compatibility remains
difficult to measure, because thrombotic microangiopathy
is not eliminated in GTKO transplantations (Knosalla et al.
2009; Shimizu et al. 2008).

NK Cells Cytotoxicity

Activated NK cells are capable of destruction of the xe-
notransplant cells, having a cytotoxic effect either directly
or through antibodies in the antibody-dependent cellular
cytotoxicity (ADCC) (Baumann et al. 2004; Kitchens et al.
2006; Rieben and Seebach 2005). To kill the target cell in
ADCC, both antibodies coating the target cell and deter-
mining reaction specificity and effector cells determining
the cytotoxic effect need to be involved simultaneously.
Inactivation of the GGTA1 gene limits ADCC, although it
does not protect against direct cytotoxicity of NK cells
(Baumann et al. 2004). The direct cytotoxic effect of NK
cells is regulated by two types of opposite signals: acti-
vating and inhibitory, transferred by respective receptors
found on the surface of these cells (Lopez-Botet and Bellon
1999). Through activating receptors, lytic mechanisms are
induced, leading to the death of the target cell. In turn, the
inhibitory receptor interacting with a respective molecule
on the target cell leads to the cytotoxic reaction being
blocked. Depending on which signals predominate, the
target cell is either eliminated or saved. Thus it is assumed
that elimination of ligands for receptors activating NK cells
on porcine cells or increasing the level of ligands for
inhibitory receptors might prevent xenograft rejection
involving NK cells.

The susceptibility of porcine endothelial cells to lysis
caused by human NK cells is caused, among other things,
by the inability to recognize porcine major histocompati-
bility complex (MHC) class I molecules by inhibitory
receptors of human NK cells. This results from differences
within the MHC of pigs (swine leukocyte antigens) and
that of humans (human leukocyte antigens, HLA) (Sullivan
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et al. 1997). In this context HLA-E molecules are potential
activators of NK inhibitory receptors (CD94/NKG2A).
Bongoni et al. (2014) examined the potential of combined
overexpression of hCD46 and HLA-E in an ex vivo pig-to-
human xenoperfusion model. Double transgenic hCD46/
HLA-E expression evidently reduced four factors: humoral
responses, the terminal pathway of complement activation,
endothelial cell activation and inflammatory cytokine
production. Moreover, Maeda et al. (2013) indicate that
generating transgenic HLA-E pigs might protect porcine
grafts not only from NK cytotoxicity, but also from mac-
rophage-mediated cytotoxicity. HLA-E is accumulated in
the endoplasmic reticulum and is transported to the cell
surface as a stable trimeric complex consisting of the HLA-
E heavy chain, B2 microglobulin and a peptide derived
from the leader sequence of other MHC class I molecules
(Ulbrecht et al. 1999). Surface expression of HLA-E,
specific binding to the CD94/NKG2 dimer and prevention
of NK-related lysis all depend on the nature of the peptide
included in the HLA-E trimeric complex (Miller et al.
2003). To use this mechanism, transgenic pigs were gen-
erated with the HLA-E gene along with the signal sequence
and human B2 microglobulin (Weiss et al. 2009). Lym-
phoblasts and endothelial cells coming from these
transgenic pigs were partly protected against the cytotox-
icity of human NK cells (Weiss et al. 2009). However,
expression of HLA-E influences neither the adhesion of
human NK cells to porcine endothelial cells, nor the for-
mation of bonds between human NK cells and porcine cells
(Lilienfeld et al. 2007). Thus it is suggested that effective
prevention of NK-dependent xenograft rejection requires a
simultaneous application of several protective strategies.

Partial protection against the cytotoxicity of human NK
cells is also provided by the expression of HLA-CwS3,
HLA-Cw4 or HLA-G genes in porcine cells (Forte et al.
2000, 2001, 2009; Seebach et al. 1997; Sharland et al.
2002). Migration of NK cells through the vessel walls
occurs in several successive stages: NK cells rolling over
the endothelium, activation, firm adhesion and transmi-
gration. Expression of HLA-G in porcine cells also disturbs
the rolling of NK cells over the endothelium and transmi-
gration of NK cells between porcine endothelial cells
(Dorling et al. 2000; Forte et al. 2001). To date it has not
been established whether HLA-G expression in porcine
cells may be functionally optimized by expression of
human B2 microglobulin, as was described for HLA-E
(Crew et al. 2005).

The cytotoxic effect on porcine endothelial cells leading
to their lysis is also caused by binding with the NKG2D
receptors of the porcine ULBP1 antigen (UL-16 binding
protein 1), as well as the currently unidentified antigen with
the NKp44 receptor (Forte et al. 2005; Lilienfeld et al.
2006, 2008; Lin et al. 1997; Matter-Reissmann et al. 2002;
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Tran et al. 2008; Tsuyuki et al. 2001). Forte et al. (2005)
showed that lysis of porcine endothelial cells, resulting
from the presence of the freshly isolated human NK cells,
is mainly caused by NKG2D. On the other hand, lysis of
porcine endothelial cells caused by human NK cells acti-
vated by interleukin (IL)-2 (this cytokine enhances
cytotoxic activity) depends on both receptors, i.e. NKG2D
and NKp44. Lilienfeld et al. (2006) demonstrated that
cytotoxicity targeting porcine endothelial cells, which is
caused both by the freshly isolated NK cells and IL-2-
activated NK cells through the NKG2D receptor, was
completely blocked using anti- pULBP1 polyclonal anti-
body. This suggests that porcine ULBPI1 is the primary
functional ligand in pigs for human NKG2D. For this
reason eliminating porcine ULBP1 from pig cells is the
next extremely important step towards protecting pig-ori-
gin xenotransplants against the cytotoxicity of human NK
cells.

Macrophages in Xenograft Rejection

Macrophages participate in all the three types of xenograft
rejection, both hyperacute rejection, xenograft rejection
and cellular xenograft rejection (Candinas et al. 1996; Lin
et al. 1997; Wallgren et al. 1995). Their activation may
result from the activity of xenoreactive T lymphocytes or
direct interactions of antigens from graft donor endothelial
cells with receptors found on the surface of macrophages
(Yi et al. 2003). It was shown that macrophages in primates
mediate xenograft rejection of porcine pancreatic islets
with removed Gal antigens and cause direct rejection of
xenogenic bone marrow cells even in the absence of
adaptive immunity. This constitutes a tremendous obstacle
in the application of mixed chimerism to induce tolerance
towards a xenogenic graft (Basker et al. 2001; McKenzie
et al. 1994; Tseng et al. 2005b). Moreover, Ide et al. (2005)
showed that human macrophages phagocyte porcine red
blood cells in a manner independent of antibodies or the
complement, and the removal of the Gal epitope from
porcine cells did not prevent their phagocytosis.

The factor limiting phagocytosis is the CD47 (also
known as integrin-associated protein) surface antigen
(Oldenborg et al. 2000). CD47 belongs to the Ig super-
family and is expressed in all tissues. Signaling regulatory
protein (SIRPa also known as SHPS-1, BIT, CD172a or
p84) belongs to the family of membrane proteins and is an
inhibitory receptor expressed on macrophages and den-
dritic cells, which recognizes CD47 as a “marker of self”
(Barclay and Brown 2006; Brown and Frazier 2001;
Kharitonenkov et al. 1997; Seiffert et al. 1999). The
interaction of CD47-SIRPo is a “don’t eat me” signal to
macrophages, and in this way inhibits phagocytosis. The
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CD47 factor found on the surface of endothelial cells in
pigs differs from its equivalent found on the surface of
human endothelial cells. Although Subramanian et al.
(2006) reported that human SIRPa may bind to porcine
CD47, Ide et al. (2007) showed that binding porcine CD47
does not supply the inhibiting signal via SIRPo to human
macrophages. The same research team also demonstrated
that expression of human CD47 in pig cells reduced sus-
ceptibility to phagocytosis by human macrophages in vitro.
Recently, Tena et al. (2013) produced a GTKO miniature
pig with expression of human CD47 to obtain the source
animal for future swine-to-baboon bone marrow transplant
experiments.

Immunosuppressive Agents

Immunosuppressive agents are commonly used to prevent
allograft rejection, but also in experiments on pig organ
xenotransplantation models. Immunosuppressive regimens
should do the following: extend xenograft survival, mini-
mize the side-effects of the immunosuppression and make
clinical trials possible. The most common immunosup-
pressive agents used in xenotransplantation are the anti-
CD154 antibody, mycophenolate mofetil, anti-thymocyte
globulin, tacrolimus, rapamycin, cyclosporine, belatacept,
abatacept, sirolimus, fingolimod and everolimus (Ekser
et al. 2011; Graham and Schuurman 2013). Owing to
immunosuppressive regimens, survival after heterotopic
heart xenotransplantation now extends to 8 months (Mo-
hiuddin et al. 2012) and after life-supporting kidney
xenotransplantation to nearly 3 months (Griesemer et al.
2009).

Cyclosporine and tacrolimus resulted in increase in
platelet aggregation via the serotonin pathway. Cyclo-
sporine diminishes the activity of the immune system by
inhibits T-helper cell production of growth factors impor-
tant for B cell and cytotoxic T-cell differentiation and
proliferation, while allowing expansion of suppressor
T-cell populations. Tacrolimus inhibits T-lymphocyte
activation, blocks activation of nitric oxide synthetase, and
potentiates the cellular effects of steroids. Anti-thymocyte
globulin is an infusion of rabbit-derived antibodies against
human T cells, which is used in the prevention and treat-
ment of acute rejection in organ transplantation. Rabbit
anti-thymocyte globulin effects large reductions in the
number of circulating T lymphocytes, hence preventing the
cellular rejection of transplanted organs. Sirolimus pre-
vents activation of T cells and B cells by inhibiting their
response to IL-2. Everolimus is a inhibitor of mammalian
target of rapamycin that is structurally similar to sirolimus,
but with a number of important pharmacokinetic differ-
ences, including a shorter half-life and time to steady state.

Belatacept is a protein composed of the Fc fragment of a
human IgGl immunoglobulin linked to the extracellular
domain of cytotoxic T-lymphocyte antigen 4, which is a
molecule important for T-cell co-stimulation, blocking the
process of T-cell activation. Mycophenolate mofetil
inhibits proliferation of T and B lymphocytes by blocking
the production of guanosine nucleotides required for DNA
synthesis. Abatacept is a selective costimulation modulator
as it inhibits the costimulation of T cells. Whereas fingo-
limod is a sphingosine 1-phosphate receptor modulator,
which sequesters lymphocytes in lymph nodes, preventing
them from contributing to an autoimmune reaction. CD154
is a protein that is mainly expressed on activated T cells
and is a member of the TNF superfamily of molecules.
Ezzelarab et al. (2009) indicated that an immunosuppres-
sion regimen including costimulation blockade with an
anti-CD154 monoclonal antibody prolonged graft survival,
but xenograft failure was associated with activation of the
innate immune system. Consumptive coagulopathy occur-
red in six of nine recipients. Similarly, Mohiuddin et al.
(2012) demonstrated that costimulation blockade via anti-
CD154 antibody significantly prolongs the cardiac xeno-
graft survival in a GTKO/CD46 pig-to-baboon heterotopic
xenotransplantation model. However, many coagulation
disorders were observed with the use of anti-CD154 anti-
body, and recipient survival was markedly reduced by
these complications.

Porcine Endogenous Retroviruses

The transplantation of porcine organs, tissues, or cells is
associated with the potential risk of various pathogen
infections. Most of the potential porcine zoonotic micro-
organisms can be eliminated by careful screening and
qualified pathogen-free breeding. Only porcine endogenous
retroviruses (PERVs) permanently integrated into the
genome of pigs represent a risk. PERV-A and PERV-B are
probably present in all pigs and are able to infect human
cells in vitro (Takeuchi et al. 1998; Wilson et al. 2000).
PERV-C only infects pig cells and is not present in all pigs
(Takeuchi et al. 1998). However, recombination between
PERV-A and PERV-C may result in a high-titer PERV-A/
C strain that is able to infect human cells (Denner 2008).
The International Xenotransplantation Association speci-
fied the conditions which must be established in clinical
trials with pig cells. They are as follows: careful screening
for PERVs in the source pig herd, selection of pigs which
exhibit a low-level expression of PERV-A and PERV-B,
selection of pigs which do not contain PERV-C in their
germ line and screening of xenotransplant recipients for
PERV transmission (Denner et al. 2009). Additionally,
RNA interference technology can be used to inhibit
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expression of PERV genes in transgenic pigs. Efficient
gene-specific small interfering RNAs corresponding to
highly conserved regions in the pol gene of the PERV
genome were selected and were able to inhibit expression
of all PERV subtypes in PERV-infected human cells as
well as in primary pig cells (Karlas et al. 2004).

In contrast to in vitro infection studies, there is no evi-
dence of any pig viruses being transmitted into nonhuman
primate recipients (Bauer et al. 2010; Garkavenko et al.
2008; Loss et al. 2001; Martin et al. 1998; Moscoso et al.
2005; Nishitai et al. 2005; Simon et al. 2003; Specke et al.
2002, 2009; Wilson et al. 2000). However, pig-to-nonhu-
man-primate transplant models to study cross-species
PERV transmission have several limitations, including
differences in viral receptors. A mutation in the PERV
receptor in some nonhuman primates significantly reduces
the efficiency of infection, and the predictive value of this
model system remains unclear.

What is more, there is no evidence of PERV transmis-
sion in clinical trials either. Vital pig skin has been widely
used as a dressing for clinical treatment for burn injuries.
Scobie et al. (2013) investigated the presence of PERVs by
analyzing the blood of burn patients who had received
living pig-skin dressings for up to 8 weeks. No PERV
genomic material or anti-PERV antiobdy response was
found. There was no evidence of infection with PERV or
other porcine microorganisms in recipients of pig islet
transplants for the treatment of diabetes (Elliott et al. 2000;
Garkavenko et al. 2004). Furthermore, no evidence was
found of PERV provirus integration in the DNA from
PBMCs of patients who received porcine fetal neuronal
cells for treatment of Parkinson’s disease, Huntington’s
disease, and epilepsy (Dinsmore et al. 2000; Fink et al.
2000; Schumacher et al. 2000).

Immunological Tolerance

Several problems connected with graft rejection might be
solved by the induction of immune tolerance. In relation to
organ transplantations tolerance is the condition of no
response to graft antigens with no need for long-term
immunosuppression treatment. In the case of xenotrans-
plantation, two approaches are proposed to achieve specific
tolerance. One of them is to induce tolerance by the gen-
eration of molecular chimerism. This method consists in
the autologous transplantation of bone marrow, whose cells
contain the previously incorporated porcine GGTA1 gene.
Production of the Gal antigen by the genetically altered
cells induces tolerance to this antigen. The other approach
is to produce chimerism of hematopoietic cells and by pig
thymus transplantation (Griesemer et al. 2010; Tseng et al.
2005b; Yamada et al. 2005).

@ Springer

In summary, for successfully introducing xenotrans-
plantation into the clinic, further multiple genetic
modifications pigs (to overcome innate, coagulopathic and
inflammatory responses) and more effective immunosup-
pressive and adjunctive regimens are required.
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