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Organ grafts developed in the xeno-
geneic pig scaffold are expected to 

resolve most issues of donor safety and 
ethical concerns about living-donor liver 
transplantation in Japan. We have been 
working on so-called “Yamaton” projects 
to develop transplantable organs using 
genetically engineered pigs. Our goal is 
to produce chimeric livers with human 
parenchyma in such pigs. The Yamaton-
Liver project demonstrated the proof of 
concept by showing that rat–mouse chi-
meric livers could develop in mice and be 
successfully transplanted into syngeneic 
or allogeneic rats. Under conventional 
immunosuppression, the transplanted 
livers showed long-term function and 
protection against rejection. Because 
chimeric liver grafts have xenogeneic 
components, additional strategies, such 
as humanization of pig genes, induction 
of hematopoietic chimeras in donors, and 
replacement of pig endothelial cells with 
human ones, might be required in clini-
cal use. Our projects still need to over-
come various hurdles but can bring huge 
benefits to patients in the future.

The transplantation of livers harvested 
from living donors is a well established, 
widely used surgical technique in Japan. 
More than 6000 patients have already 
received this treatment with high graft 
and patient survival rates.1 Living-donor 
liver transplantation was introduced 
in Japan as a last resort to rescue many 
patients who were waiting to die at a time 
when “brain-death” donors were unac-
ceptable in our society. The program of 
living-donor liver transplantation started 
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for pediatric patients, for whom parents 
volunteered as donors. The outcomes have 
been wonderful.2,3 However, as the appli-
cation expanded to adult patients, the roles 
have been reversed. Adult children donate 
their livers to their parents who need larger 
grafts, thereby putting themselves at risk 
of developing liver insufficiency.4

Alternative organ grafts are believed to 
resolve most concerns in organ transplan-
tation.5 Various approaches have already 
been tried to safely obtain sufficient num-
bers of functional organs, and organ engi-
neering by using regenerative technology 
is regarded as a promising approach.6 To 
create an organ, an appropriate scaffold 
for regeneration is vital to turning cell 
sources (stem cells, progenitor cells, and 
so on) into clinically available organs.7 
In addition to various biomaterials, the 
scaffold of xenogeneic animals has been 
attracting attention and widely studied 
today. Because of their size and anatomy,8 
pigs are regarded as the major candidate 
for clinical applications and have been 
investigated, following the studies with 
rodent models. The recent achievements 
in both rodent and pig models are sum-
marized in Table 1.9-22

One of the approaches is to utilize the 
organogenetic potential of scaffold ani-
mals. Although it is still hard to control 
complex of signals and interactions for 
organ development, this concept allows 
cells to make use of almost optimal envi-
ronment. Scaffold animals have genetic 
impairment of specific organ develop-
ments and injected normal cells comple-
ment the niche of host animals. Kobayashi 
et al. injected rat wild-type pluripotent 
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hepatocytes in vitro.22 However, this strat-
egy still requires further advancement in 
control of cell engraftment, proliferation 
and differentiation in scaffolds in vitro.

Our projects to develop new thera-
peutic methods reliant on pig organ 
donors have been dubbed “Yamaton” by 
Eiji Kobayashi, from the Japanese words 
“yamato” (an old word for Japan) and 
“ton” (pig). Our final goal is, using such 
pigs as scaffolds, to develop transplant-
able humanized organs (Fig. 1). We have 
been focusing on the chimeric organs 
produced by repopulation of transplanted 
cells within the xenogeneic organ which 
has impaired parenchyma, and work-
ing with proof-of-concept studies using 
rodent models as well as development of 
transgenic pigs.

To verify our concept to create and 
transplant the chimeric organ of liver, we 
developed a xenochimeric liver (XCL) in 
a mouse by repopulation with rat hepato-
cytes and successfully transplanted these 
rat–mouse XCLs into rats, with vessel 
reconstruction.10 Hepatocytes from lucif-
erase transgenic or luciferase/LacZ dou-
ble-transgenic rats were transplanted into 
20- to 30-d-old uPA/SCID mice, whose 
native hepatocytes were damaged by accu-
mulation of uPA, to create XCLs with rat 
hepatocytes. The XCLs were then trans-
planted into wild-type Lewis (syngeneic 
recipient) and Nagase analbuminemia 
(allogeneic recipient) rats. Conventional 
immunosuppression with tacrolimus and 
cyclophosphamide significantly improved 
graft survival and reduced histological 
rejection of XCLs relative to transplanta-
tion without immunosuppression. Rat 

transplantation. In our collaborating kid-
ney production group, Matsumoto et al. 
transplanted rat metanephroi into mouse 
omentum and demonstrated successful 
development of erythropoietin produc-
ing tissue from host mesenchymal stem 
cell population.15 They also succeeded 
in eliminating the tissues of xenogeneic 
metanephroi using the suicide-inducible 
mouse as metanephron donor. Embryonic 
primordium also has lower transplant 
immunogenicity. Using pig pancreatic 
primordium, Hammerman transplanted 
it to diabetic rats and rhesus macaques and 
shown the improvement of glucose toler-
ance.16 He also demonstrated xenogeneic 
islet cell transplantation without immu-
nosuppression following primordium 
transplantation.

The other approach to use animal scaf-
folds is to utilize their organ for decel-
lularization. Organ framework after 
decellularization provides appropriate 
architecture of organ and potential inter-
actions as a scaffold for cell regeneration. 
Ott et al. decellularized rat heart17 and 
lung,20 and recellularized them with rat 
cardiocytes and lung cells, respectively, 
demonstrating their functions. Ross et al. 
transplanted murine embryonic stem cells 
into rat decellularized kidney.18 Uygun et 
al. also demonstrated engineering liver 
using rat decellularized liver matrix and 
rat primary hepatocytes.19 In porcine 
models, Orlando et al. decellularized 
porcine kidney and transplanted the acel-
lular scaffold to pig recipients with vessel 
reconstructions.21 Yagi et al. demonstrated 
the decellularization of porcine liver 
and successful engraftment of primary 

stem cells into the blastocyst of Pdx1(−/−) 
pancreatogenesis-disabled mouse, generat-
ing rat pancreas in the scaffold Pdx1(−/−) 
mouse.9 Usui et al. also demonstrated the 
kidney generation by injecting wild-type 
mouse pluripotent stem cells into the 
blastocyst of Shall1(−/−) nephrogenesis-
disabled mouse.11 We transplanted rat 
primary hepatocytes into urokinase-type 
plasminogen activator/severe-combined 
immunodeficiency (uPA/SCID) mice 
and created chimeric livers with rat-ori-
gin parenchyma and mouse-origin non-
parenchymal components.10 Using a pig 
as a larger animal scaffold, Matsunari et 
al. injected blastomeres derived from allo-
geneic donor pig with normal pancreas 
development into the embryo from pan-
creatogenesis-disabled pig and produced 
normal pancreas in host pig.12 Fisher et 
al. injected human hepatocytes directly 
into the fetal pig liver on gestational day 
40 and again 1 week after birth, resulting 
in successful engraftment of human hepa-
tocyte in postnatal pigs.13 Although this 
concept enables effective development of 
organs, it is inevitable that some xenoge-
neic components remain in the engineered 
organs. Furthermore, the maintenance of 
transplanted human cells in a pig scaffold 
is also important. Suzuki et al. recently 
reported the generation of SCID pig14 
and this kind of transgenic advancement 
might resolve this issue.

Another approach is to utilize embry-
onic primordium derived from xenoge-
neic animals. Since such primordium has 
potential to develop a matured organ, it 
could continue the developmental pro-
cess using recipient’s components after 

Table 1. Applications of pig as humanized-graft resource

Category Proof-of-concept rodent model Pig model

Whole animal (in vivo organogenesis)a

pancreas Kobayashi T et al.9 pancreas Matsunari H et al.12

liver Hata T et al.10 liver Fisher JE et al. 13

kidney Usui J et al.11 SCID pig Suzuki S et al.14

Donor of embryonic primordiumb kidney Matsumoto K et al.15 pancreas Hammerman M.16

Donor of decellularized organc

heart Ott HC et al.17

kidney Ross EA et al.18 kidney Orlando G et al 21

liver Uygun BE et al.19 liver Yagi H et al.22

lung Ott HC et al.20

aBy blastocyst complementation or injection of human stem cells or progenitor cells to generate human organs in a living pig. bImplantation of pig 
embryonic primordia with human stem cells to achieve human organogenesis in the patient. cReconstruction of human organs in vitro by use of decel-
lularized organ scaffold with human stem cells.
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possible to reduce the immunogenicity of 
XCLs by induction of hematopoietic chi-
merism in donor pigs with bone marrow 
cells derived from human recipients. In 
addition, further improvement of immu-
nosuppression would be beneficial.26

Recent dramatic advances in regenera-
tive technology now provide us a variety 
of new techniques and insights, and give 
us hope and motivation to open new fron-
tiers of therapy. Chimeric organ engineer-
ing has the large advantages in effective 
development of target organ with appro-
priate three-dimensional structure, trans-
plantable vessel system and physiological 
human parenchyma. Although it is still 
required to overcome the issues of xeno-
antigenicity and xenozoonosis, once they 
are resolved, human-pig chimeric organs 
can replace the current human grafts.
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of the technology, it would be necessary 
to combine supportive therapies to pre-
vent rejection at the time of transplant 
into human recipients since the blood 
vessels come from the pig. Modifications 
of major pig genes, such as knockout of 
α-1,3-galactosyltransferase and insertion 
of human decay accelerating factor, have 
already been achieved, but other genes 
still cause rejection.23 Unlike harvesting 
organs from human donors, engineering 
chimeric organs gives us opportunities for 
preconditioning or for additional modifi-
cations in the scaffold pig. Therefore, we 
might replace the pig vascular endothelial 
cells with human cells in vivo before har-
vest by ablation of the host endothelium 
and transplantation of recipient-derived 
endothelial progenitor cells.24 Beschorner 
et al. demonstrated in sheep and pig xeno-
combination that heart grafts, harvested 
from pigs receiving sheep marrow cells 
during their fetal stage, showed prevention 
of acute vascular rejection after transplan-
tation into sheep recipients.25 It might be 

albumin production was maintained in 
the recipients for 4 mo after transplanta-
tion, and ultrasonography revealed patent 
circulation in the transplanted grafts for 6 
mo. Ki67 staining revealed the regenera-
tive potential of transplanted XCLs after 
hepatectomy of the host native liver; how-
ever, immune reactions still remained in 
the mouse-origin structures. These results 
indicated that tissue specific impairment 
of liver facilitated development of chi-
meric organs and such organ grafts were 
transplantable. It is also suggested that 
rat-origin parenchyma could maintain its 
functions and regenerative capacity after 
transplantation. Although the immu-
nosuppression was effective, our results 
showed the importance of additional strat-
egies to prevent severe rejection from the 
recipient toward xenogeneic components.

Although technological advances have 
encouraged us to create human chimeric 
livers in pigs, we still need to overcome 
the important issue of rejection as shown 
in our rodent work. At the present state 

Figure 1. Clinical strategy of chimeric liver development and transplantation.
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