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PAST

The history of xenotransplantation

A xenotransplantation is the transplantation of
organs, tissues or cells from one species to
another.”> The first report of such a transplant
was a bone zoograft in Russia, 1682. After that, an
attempt was made in England to engraft frog's
skin at the end of 19th century. Princeteau first
attempted a kidney xenotransplantation to a
human body.” A rabbit kidney was transplanted
in a patient with end stage renal disease. Surpris-
ingly, he observed that the uremic symptoms had
reduced. Since then, the kidneys from pigs, goats,
and monkeys have been transplanted into
humans.” However, cases actually with a good
clinical result are rare. Nevertheless, Reemtsma,
who is known as the father of xenotransplan-
tation, transplanted the kidney of a chimpanzee
into the human body, and the human recipient
survived 9 months.’ At autopsy, there was no
transplantation rejection reaction, and this patient
was found to have died from a water-electrolyte
imbalance.

Until the mid 1960s, the kidneys of primates
such as chimpanzees, baboons, and rhesus mon-
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keys were transplanted to human. In 1964, Hardy
transplanted a heart of a chimpanzee for the first
time.* Thereafter, heart transplants from primates
were performed, but the survival rate was very
low.” This was because of the ABO blood type
incompatibility. The blood types in baboons
mainly consist of A, B, and AB, with type O being
quite rare. However, Bailey successfully trans-
planted a baboon’s heart to baby Fae, who had a
congenital anomaly of the development of the
right side of the heart, and survived 20 days.”’

Xenotransplantation has some benefits over
allotransplantation. Many graft organs can be-
come available for xenotransplantation, which
means that there is no need to exclude some
patients for health reasons, e.g. the age of the
recipients. In addition, transplant operations are
not emergencies, and the graft maintains a patho-
gen free condition. However, the degree of rejec-
tion is more severe than that of an allotrans-
plantation.8 Therefore, during 1970s, due to the
successful allotransplantation, there has been less
need for xenotransplantation.

Nevertheless, the demand for graft organs has
increased by 15% every year in the United States
only, where 50% of patients waiting for a com-
patible kidney donor can be treated, and 10-15%
of patients die waiting for heart or liver donors.
Consequently, there is still some need for devel-
opments in the field of xenotransplantation. Fur-
thermore, there is an urgent need for developing
in the field of xenotransplantation, because
Koreans have a culture of Confucianism, where it
is difficult to find acceptance for cadaveric
donations.
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A source of xenogenic organ supply

Based on the patient survival rates, primates
appear to be the most suitable for the source of
the supply of xenografts. Above all, chimpanzees
are known to be almost the same as human
beings. However, chimpanzees, are threatened
with extinction and are not easy to breed. They
have a long gestation period, reproduce few
offspring, can not meet the demand for organs,
and the refusal of animal care groups are quite
severe. Moreover, chimpanzees might be a source
of infective pathogens, including viruses such as
ebola, human immunodeficiency virus (HIV), JC
virus (JCV), which exist in the chimpanzees in the
wild. Baboons also are a source of infection e.g.
Toxoplasma gondii, Mycoplasma tuberculosis,
Encephalomyocarditis virus, Filovirus (Marburg,
Ebola), Monkeypox, Simian hemorrhagic fever,
lymphocytic  choriomeningitis virus (LCMYV),
parasites and bacteria of the digestive system.”’
In addition, they have few individuals with blood
type O, are difficult to breed, and can only
produce infants less than 70 Ib (about 32 kg) with
a proper organ graft because the body size of a
baboon is small. On the other hand, the size of
body of pigs varies, according to the species,
which make it is possible to provide organs for
infants to adults. In addition, their breeding is
economical and convenient, and they produce 6 -
12 offspring, after a short pregnancy of 114 days.
However, there is a little chance that these ani-
mals contain pathogens that are harmful to the
human body. Overall, a pig is the most suitable
source for xenotransplantation.

PRESENT
Xenograft rejection

When an organ graft from a pig is transplanted
to the human body, a serious multistep rejection
process, as shown in Fig. 1 occurs, and this
rejection process is the main problem to be solved.

Hyperacute Rejection
Xenotransplantation is divided into two types,

concordant and discordant, according to discre-
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Fig. 1. Multistep rejection process in xenotransplantation.

pancy in species. Concordant xenotransplantation
is the case where there is no crossreactive
antibodies between the donor and recipient, e.g.
the cases where the organs from primates are
transplanted to humans or the organs from guinea
pigs are transplanted to rats. Discordant xeno-
transplantation is where there are crossreactive
antibodies between two species e.g. the case
where the organ from a pig is transplanted into
a human.? Humans, apes, and old-world monkeys
have antibodies against galactose- a(1,3)-galactose
(Gal- ¢(1,3)-Gal), which is widely distributed on
the porcine vascular endothelial cells."" This anti-
body is probably against enterobacteria, which is
presumed to have been obtained during the evo-
lution process, and is called the xenoreactive
natural antibody (XNA), because these animals
have it from birth. If the organ of a pig is
transplanted, human XNA binds to Gal- ¢(1,3)-Gal
immediately, activates the serum complement,
attracts platelets, induces thrombus formation,
and interrupts the graft function."" This is known
as the hyperacute rejection. The XNA is com-
prised mainly of IgM antibodies and is known to
be the cause of the hyperacute rejection is XNA.
It was also shown that if the antigen binding site
is blocked by a pretreatment with Galactosyl-1-
sugar, the hyperacute rejection diminishes," and
if the (1,3) Gal transferase gene is expressed on
the COS cell lines, the gene products bind with
the human XNA and activate the complement.”

The complement activation pathway on porcine
endothelial cells is known as the ‘classical path-
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way’, where the grade of injury of the vascular
endothelial cells depends on the degree of com-
plement activation. The terminal complement
complex is procured as a result of the classical
pathway and acquires vascular endothelial cells to
have a tilt towards a procoagulant posture.”

In general conditions, the complement is acti-
vated, and the complement regulatory proteins
(CRPs) are expressed on the vascular endothelial
cells. The function of the CRPs is to inhibit cell or
tissue injury subsequent to excessive complement
activation. Decay accelerating factor (DAF/CD?55),
the membrane inhibitor of reactive lysis (CD59),
the membrane cofactor protein (MCP/CD46), and
the homologous restriction factor (HRF) belong to
CRPs."*™ When the complement is activated, the
CRPs are released from endothelial cells to protect
its own tissue. In xenotransplantation, however,
the CRP’s from endothelial cells of the donor, can
not inhibit the activated complement of humans
due to the difference in the molecular structure.”
Therefore, the graft is damaged more seriously as
a result of the complement-mediated cytotoxicity.
As a result, the heparan sulfates on the endo-
thelial cells disappear and the platelets are acti-
vated to form a fibrin clot.® This leads to the
hypercoagulate state, which finally interrupts the
blood flow.

Two methods to control the hyperacute rejec-
tion have been reported, namely, (1) a method to
reduce the XNA reaction, and (2) a method to
block the complement activation.

(1) At first, there are two ways to reduce the
XNA reaction, one is to remove the XNA from the
human recipient and the other way is to inhibit
the expression of the Gal-e(1,3)-Gal epitope. The
most widely known method of removing XNA, as
reported by Cooper and Galili, is that the Gal-«
(1,3)-Gal specific antibody or IgM antibody from
the blood can be eliminated using a extracor-
poreal circulation column.”" In addition, XNA
can be eliminated through an intravenous injec-
tion of certain carbohydrates of using anti-idio-
tope antibodies””' The effect increases if com-
bined with a splenectomy and immunosuppres-
sant therapy.

In order to inhibit the expression of the Gal-a
(1,3)-Gal epitope, many researchers tried to pro-
duce Gal-(1,3)-Gal knock out pigs. However,

these works were not easy because it was too
difficult to obtain porcine embryonic stem cells.
Accordingly, a method for the competitive inhibi-
tion of Gal-a(1,3)-Gal expression by the overex-
pressing I-transferase was attempted. That is,
a-1,2-fucosyltransferase is an enzyme that acts
competitively with a-1,3-galactosyl 1 transferase.”
If transgenic pigs for this enzyme can be pro-
duced, and Gal-(1,3)-Gal can be inhibited, a good
supply of these pigs with the H-transferase gene
can be produced within one to two years.

(2) Second, there are two ways to block the
complement activation, one way is to remove the
complement in the serum, and the other is to
reinforce the function of the CRPs. The serum
complement can be removed with drugs, such as
the cobra venom factor (CVF), the soluble com-
plement typel (sCR1), FUT175, K76-COOLH, but
side effects are inevitable because of the systemic
administration.” An alternative plan is to pro-
duce genetically manipulated pigs, which over-
express human CRPs, DAF, CD59, etc. Through
these techniques, the hyperacute rejection does
not occur, and it is possible to survive for 5 days
using no extra immunosuppressants, when the
organ graft of the pig is transplanted to primates.
The XNA is restored to the original state at the
fifth day after extracorporeal hemofiltration. How-
ever, the graft survival increases to 17.5 days if all
methods are used, such as extracorporeal circula-
tion, immunosuppressants, removal of the com-
plement.

Acute vascular rejection

After overcoming the hyperacute rejection,
organ graft from pigs are expected to undergo
acute vascular rejection. Acute vascular rejection
takes several days, accompanies monocytes and
NK cell infiltration, localized ischemic change,
interstitial hemorrhage and intravascular coagula-
tion of microcirculation due to hypercoagulation.”
However, inflammatory cell infiltration is not so
severe.

It is known that the mechanism of this rejection
is via the graft endothelial cells, which are acti-
vated and cause fibrin deposition. At acute vas-
cular rejection, vascular endothelial cells became
activated by XNA, the complement, NK cells,
macrophages, platelets and any other incompati-
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Fig. 2. Typical features of acute vascular rejection. Abnormal thrombomodulation, host NK cell and monocyte/macrophage
infiltration and subsequent their activation and cytokine production and endothelial activation with up-regulation of

adhesion molecules, tissue factor and production of cytokines

bilities of molecular structures between the host
and the xenograft (Fig. 2). Therefore, XNA play
the most significant role in activating the endo-
thelial cells. When XNA binds to Gal-(1,3)-Gal on
the endothelial cells, which are activated and
increase the production of IL-1, induce vasocon-
striction, causing inflammation and ischemic in-
jury. In addition, activated endothelial cells in-
duce platelet activation, vasodilatation, and re-
lease many cytokir1es.27’28 In order to prevent acute
vascular rejection, the following methods have
been attempted: (1) the removal of XNA with
extracorporeal circulation, (2) gene manipulation
on the porcine vascular endothelial cells, (3) inhi-
bition of the inflammatory mediators released
from the porcine endothelial cells, (4) the reduc-
tion of platelet action using drug like cyclophos-
phamide. In the method which uses a transgenic
pig production technique, the inhibition of NF«B
with Ix and RelA, the transfection of anti-apop-
totic genes such as A20, bcl-2, bel-X,® and other
genes including genes for hemoxygenase 1 (HO-
1), thrombomodulin, ATPDase™ have been used.
These gene-manipulated animals can become
available for transplant within two years.

Cell mediated rejection
After controlling hyperacute rejection and acute
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are responsible for acute vascular xenograft rejection.

vascular rejection, the xenoorgan graft maintains
its function. This phenomenon is called “Accom-
modation”. Accommodation is a phenomenon,
where vascular endothelial cells show resistance
to an antibody mediated injury, even though the
XNA level is restored to the original level within
1-3 weeks after removing the XNA prior to
xenotransplantation.”>” If the mechanism of ac-
commodation can be determined, it will be a great
help in improving xenotransplantation. However,
the mechanism is not well known, except that
hemoxygenase-1 plays a role as a ‘protective gene’
based on animal experiments. After accommo-
dation occurs once, the xenograft can undergo
cell-mediated rejection. Both natural killer (NK)
cells and T-lymphocyte participate in cell-medi-
ated rejection. The NK cells exhibit cytotoxicity to
vascular endothelial cells, while the T-lymphocyte
are presented with xenoantigens directly or indi-
rectly and induce a more severe cell mediated re-
jection than that observed with an allotransplan-
tation.™

Unlike human beings, porcine vascular endo-
thelial cells constitutively express CD86, which is
one of the major costimulatory molecules.” In
addition, human T-lymphocytes are presented
with porcine endothelial cells directly or indi-
rectly. The causes of the more severe cell medi-
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ated rejection in xenotransplantation are explained
by the following: (1) the type of xenoantigen
varies, (2) substances such as heparan sulfate is
released from the endothelial cells after the
xenoantigen challenge, and stimulate the antigen
presenting cells (APCs), (3) all types of substances
and molecules released from the endothelium
activate the T-lymphocytes and promote T-lym-
phocyte inflow into the xenoorgan graft, (4) a im-
mune regulatory reaction does not occur between
the host and the xenograft because of a dis-
crepancy in the molecular structure, which func-
tions to control of this immune reaction, is insuf-
ficient, (5) NK cell activation occurs because
surface lectin of the NK cell can recognizes the
Gal epitope of the xenograft, while the receptor
that inhibits the recognition of MHC class I of NK
cells can not inhibit the recognition of xenogeneic
MHC class 1, (6) cell mediated rejection in the
xenotransplant after antibody mediated injury,
occurs in the state where various inflammatory
mediated cells have already flowed in. The mech-
anism or treatment of cell-mediated rejection is
not well known. Some methods to remove SLA,
which is the MHC of pigs, have been attempted.

Chronic rejection

Until now, chronic rejection in xenotransplan-
tation is virtually unknown. It appears, however,
that chronic rejection is likely to occur following
pig organ transplantation in a primate unless
every immune rejection has been overcome.

Non-immunologic problems of xenotransplanta-
tion

When xenotransplantation of the heart was
accomplished, the mean survival of dogs with the
xenotransplanted heart was 103 days, and the
longest survival time was 250 days. The first
human xenotransplant recipient survived 18 days.
Currently, the longest survival rate of xenotrans-
plantation using pigs is 78 days and the human
recipient of xenotransplanted heart, baby Fae,
survived for 20 days. Therefore, the success rate
of xenotransplantation is much lower than that of
allotransplantation. It is believed that xenotrans-
plantation can be used as a bridge transplantation
until an allotransplant can be found, and there

Table 1. Incompatibilities between Human and Pig

Anatomical incompatibility
Physiological incompatibility
« Regulation of blood circulation
+ Respiration
« Rheology
» Hormon system
Immunological incompatibility
Microbiology and Infection
« Z00nosis
« Porcine endogenous retroviruses
« Prions: transmissible spongeforn encephalopathy
Molecular incompatibility
« Protein metabolism
+ Receptors
Pharmacological incompatibility

needs to be a treatment for reversible graft failure.
However, the xenoorgan supply using pigs itself
is not available due to the requirement for
expensive equipment, technologies such as gene
manipulation, and sterile facilities.

Besides, systems other than an immune system
have a considerable difference between humans
and pigs.” Compared with allotransplantation, it
is assumed that there are considerable physio-
logical differences, e.g. the blood flow direction, a
hormone system, protein metabolism or drug
response according to the discrepancy in the
molecular structures such as enzymes and re-
ceptors, etc. as well as anatomical differences
(Table 1).”° Finally, a pig also has human patho-
gens, bacteria, fungi, parasites, virus, etc. In
particular, viruses have a rapid self-modification
capacity, for which is no adequate remedy. It was
demonstrated that the porcine endogenous retro-
virus (PERV) can also infect humans.”

The current status of studying in Korea

Koreans have a culture of Confucianism, which
makes it difficult to Koreans to accept cadaveric
donations. Consequently, there are few organ
donors in Korea. Organ transplantation will be-
come increasingly dependent on xenotransplanta-
tion, as the nuclear family becomes more com-
mon. In particular at the acute phase of life threat-
ening serious organ function failure, the best way
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is to replace a failed organ with a xenogenic organ
transiently, until an allotransplantat becomes
available.

In Korea, the scientific infrastructure, which can
realize xenotransplantation in clinical fields, has
advanced considerably. In 1996, the first born of
a transformed cow at the Korea Research Institute
of Bioscience and Biotechnology (KRIBB) initiated
the study of xenotransplants in Korea. Since then,
transgenic goats and pigs were born in 1998. A
Korean research group succeeded in producing
the somatic cloning animals in 1999, the fifth such
result in the world. In 2002, world’s second
transformed pigs that express green fluorescent
protein (GFP) were successfully produced.” Tt is
expected that a-Gal knockout pigs will also be
produced in the near future and will be able to
supply organs for xenotransplantation in great
numbers.

FUTURE
Xenogeneic organ transplantation

In order to solve the immunological problems
associated with xenotransplantation, (1) the estab-
lishment and application of “accommodation”, and
(2) insurance of the technology-producing knock
out pigs, needs to be settled.”’ Regarding pigs, the
technique for establishing embryonic cells with
the germline transmission is possible. Therefore,
there is the possibility of using stem cells to this
field.

Xenogeneic cell transplantation

While there are problems with xenogeneic
organ transplantation, xenogeneic cell transplan-
tation is not invasive, induces immune reactions,
which are less severe than the case of a xenoge-
neic organ, and there is no need to remove the
graft cells because of cell death, even if rejection
occurs. Moreover, it is easy to manipulate the
required genes, and it is easy to amplify the cells.
Therefore, they are easier to apply clinically than
xenoorgan transplantation. Indeed, in 1995 an
AIDS patient, ]. Getty recovered his immune func-
tion after a transfusion of baboon’s lympho-
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cytes."*" Since then, the xenotransplantation tech-
nologies using xenogenic cell lines such as myo-
cardial cells for myocardial infarction patients,
hepatocytes for familiar hypercholesterolemia
patients, insulin secreting cells for diabetes, dopa-
minergic neuron cells for Parkinson’s disease
patients and retinal cells for retinal degeneration
patients, are under development.”* On the other
hand, tissue engineering technology using xeno-
genic cells are also under development.

Xenogenic cells, tissue, organs have consider-
able differences from those of humans. In parti-
cular, cell mediated rejection or discordance of
molecule/protein cannot be prevented comple-
tely, although Gal-(1,3)-Gal can be perfectly
removed.”” These problems leave room for an
up-to-date-technology such as cloning, and the
utilization of germ cells.”” Aspects of bioethics will
need to be considered before these technologies
can be implemented.
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