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Abstract
The recent years have brought breathtaking advances in the biomedical sciences and biomedical
engineering. These advances offer the promise that diseases responsible for most disability and early
death may soon be addressed by replacing damaged organs with bio-engineered substitutes.
Application of these technologies, however, is impeded by the immune response directed against
foreign cells and tissues. Here we consider the potentiality and the limitations of these new
technologies and how the technologies might be combined to generate novel approaches to organ
replacement that overcome immunological barriers to success.
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The most prevalent causes of death and disability involve failure of the heart, lung, liver and/
or kidneys [1]. Organ transplantation remains the preferred approach to treating these diseases;
but, application is limited by a severe shortage of organ donors [2] and by the immune response
of the recipient against the graft. Recent advances in biomedical science, such as the derivation
of stem cells from various sources [3, 4], the reprogramming of somatic cell nuclei to allow
therapeutic cloning [5], the manufacturing of matrices that support tissue histogenesis, the
construction of mechanical devices [6] and the engineering of pigs to yield organs that evade
human immunity [7] would seem to indicate that approaches other than organ transplantation,
some pursued for nearly a century [8], may soon become available to treat organ failure. Here
we review how the immune system limits the technologies that might be used to replace or
augment the function of the heart, lungs, liver and kidneys.

Organ transplantation
Transplanted organs provide immediate and full replacement of organ function. The main
limitations to organ transplantation are damage to organ caused by the immune response of the
recipient against the graft and short supply of human organs [2, 9]. The immune response to
allotransplants can be controlled by administration of immunosuppressive agents. However,
while immunosuppression prevents rejection in most cases, it does not prevent chronic
rejection of grafts and it heightens susceptibility to infection, cancer and premature
atherosclerosis. Accordingly, much effort has been devoted to developing safe and effective
ways to induce allogeneic tolerance, i.e. specific immune non-responsiveness. However, non-
toxic and reliable means of inducing tolerance are not yet available.

The short supply of organs might be addressed by using lower animals such as pigs as a source,
i.e. xenotransplantation [2, 10–12]. Xenotransplants might also resist infection by human
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viruses and provide the opportunity to plan the transplant in advance, allowing customization
of the donor or the recipient according to specific needs [13]. Success of xenotransplantation
requires, however, overcoming a number of challenges, including the immune response of the
recipient against the graft [10] and the possibility that infectious organisms might be
transmitted from the transplant to the recipient and potentially from the recipient to others
[14].

We believe that cell and tissue xenografts are much less susceptible to immune-mediated injury
than organ xenografts (Figures 1A and 2)[10]. Xenogeneic cell and tissue transplants are mainly
susceptible to cell-mediated rejection and have thus been carried out successfully in
experimental animals [15, 16] and in human subjects [17, 18] using immunosuppression similar
to what would be used to sustain an allograft. Xenogeneic organ xenografts, on the other hand,
are subject to cellular rejection and also to humoral rejection, owing to the action of anti-donor
antibodies and complement as summarized in Figure 1B. Humoral rejection of organ
xenografts is quite severe and resistant to treatment.

More than ten years ago, we suggested that the hurdles to organ xenotransplantation might be
overcome by genetic engineering [19]. Efforts toward that end initially focused on expressing
human complement regulatory proteins as the product of transgenes in pigs [20, 21]. Organs
from pigs expressing human decay accelerating factor or CD46 are not subject to hyperacute
rejection [22–24], the most severe immune reaction known. However, these organs still are
subject to acute vascular rejection [25] caused by antibodies directed against Galα1-3Gal
[26], a blood group-like sugar. To deal with this problem, recent efforts have focused on
disrupting α1,3-galactosly transferase (α1,3GT) [7, 27, 28], the enzyme that catalyzes synthesis
of Galα1-3Gal, the preeminent target of humoral immunity to organ xenografts [26, 29, 30].
While eliminating expression of Galα1-3Gal and inducing expression of human complement
regulatory proteins will undoubtedly improve the outcome of xenografts (the best survival of
porcine organ xenografts before genetic engineering was 23 days, and since is longer than 100
days), daunting problems, such as production of antibodies against other antigens [31] and
incompatibilities between coagulant and inflammatory cascades [32], may preclude enduring
graft function, as discussed elsewhere [33]. These concerns appear to be confirmed by
anecdotal reports that organs transplanted from α1-3GT-deficient pigs into non-human
primates still undergo acute vascular rejection.

Applications of xenotransplantation for organ replacement
Given the hurdles discussed above and the emerging of new technologies reviewed below, we
think that xenotransplantation may be less suitable than other modalities to replace heart and
kidney function. Of particular concern to us is the possibility that immune-induced thrombosis
in coronary blood vessels could cause life threatening arrhythmia. On the other hand we think
xenotransplantation might eventually become the preferred approach to treating severe chronic
pulmonary failure. Although, the hurdles to successful pulmonary xenotransplantation are
formidable, including profound resistance to blood flow caused by immune reactants [34],
significant progress has been made in reversing this problem and other means of replacing the
lungs appear remote.

Xenotransplantation may also be used to treat liver disease. We had once thought that
incompatibilities of coagulation and complement cascades between species would preclude
hepatic xenotransplantation [13]. However, recent experiments in which porcine liver were
transplanted with apparent success into baboons argues against our view [35]. Furthermore,
Ito and co-worker recently found that porcine hepatocyte xenografts restore physiology and
prolong the life of animals with chemically induced cirrhosis [36]. Since porcine hepatocytes
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resist infection by hepatitis c virus, the most common cause of hepatic failure in many parts of
the world, xenografts might soon be used to treat this and other types of viral hepatitis.

Another application of xenotransplantation may be as a means of expanding human cells or
growing human organs for transplantation in human subjects. We discuss this subject in the
section on organogenesis below.

Stem cells for augmentation and replacement of organ function
Stem cells are cells capable of self-renewal and of generating at least one, and often more than
one, differentiated line of cells. Stem cells obtained from the inner cell mass of the blastocysts
are called embryonic stem (ES) cells. Stem cells may also be isolated from mature individuals
or generated by transfer of nuclei from mature cells to immature cell bodies, i.e. cloning. Stem
cells are thought to be capable of regenerating diseased or damaged tissues [37, 38] and of
being coaxed to generate tissues and organs de novo [5, 39, 40]. However, the application of
stem cells for tissue repair and regeneration is limited by: (i) the proliferative potential of the
cells; (ii) the ability of the cells to differentiate into mature, functional tissues; (iii) the
possibility of transformation in culture; and (iv) immune response against foreign antigens
expressed by the cells. How these limitations apply in the replacement of organs will be
discussed below in relation to organ replacement.

The source of stem cells determines the potentiality and the limitations to use. Embryonic stem
cells have the capacity to proliferate indefinitely and generate all tissues and organs [41] and
thus the use of these cells has been greeted with much enthusiasm. However, embryonic stem
cells express allogeneic histocompatibility antigens and their use would therefore require
immunosuppression (Figure 1A). The ideal way to avoid immune mediated rejection is to
generate tissues and organs from cells of the individual needing treatment. This might be
accomplished by using “adult” stem cells or by cloning.

Stem cells from adult subjects can migrate through the blood, take up residence, differentiate
and function in tissues in which injury has been induced [37, 42]. Thus, stem cells would appear
to have a broadly construed mission for regenerating diseased tissues. However, regeneration
of tissue by stem cells does not evidently prevent any of the diseases most responsible for
human mortality and morbidity. Failure of stem cells to naturally avert such diseases may
reflect: (i) the low frequency of such cells in adults; (ii) the kinetics of tissue injury exceeding
the regenerative potential of stem cells; and (iii) pathogenic mechanisms that compromise the
regenerative capacity of stem cells. Effective application of stem cells for treatment of disease
may require identifying which of these factors limits the natural regenerative functions of stem
cells and the development of means to provide the cells in large numbers, and with the capacity
to survive and differentiate under conditions of disease.

Cloning as means of generating autologous stem cells.
The main challenges to using adult stem cells for organ replacement are obtaining sufficient
numbers of stem cells and overcoming the limited ability of these cells to proliferate {in contrast
to embryonic stem cells (ES cells), which have unlimited proliferative potential}. An ideal way
of obtaining an unlimited supply of stem cells of any individual might however be provided
by cloning of somatic nuclei to obtain ES cells.

The feasibility of obtaining ES cells by nuclear cloning was demonstrated by recent successes
in cloning large animals [43] (reproductive cloning). Cloning was carried out by transfer of
the nucleus from a somatic cell to a recipient enucleated cell capable of reverting the epigenetic
modifications of chromatin characteristic of the differentiated state. Reproductive cloning is
intrinsically inefficient. In mice, only 0.5% to 2% of implanted blastocysts lead to newborn
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animals [44]. Part of the reason for loss of efficiency is that creation of a new individual requires
recapitulation of early embryogenesis and, thus, reprogramming of the chromatin to revert the
epigenetic alterations of differentiation: (i) silencing of differentiated transcripts; (ii) activation
of early genes; (iii) reactivation of both X chromosomes in female nuclei; (iv) maintenance of
imprinting of the maternal and paternal chromosomes; and (v) the reversal of shortened
telomeres. While these events may occur, allowing development to adulthood [44],
reprogramming, as such, is often faulty. In addition, the nuclei used to generate embryos may
have accumulated mutations that preclude normal development. The molecular basis for
reprogramming of chromatin to allow de-differentiation and subsequent re-differentiation has
only now began to be understood [45]. A provocative report suggests that faulty imprinting of
such genes as Igf2, Igf2r, and H19 in the extra-embryonic tissue rather than in the embryo may
underlie low efficiency in cloning [46].

Despite the aforementioned limitations, cloning might be used as a source of cells for
bioengineering of tissues and organs, i.e. therapeutic cloning. Recent studies have suggested
that efficiency in generating blastocysts by nuclear transfer may be inversely related to the
state of differentiation of the donor nucleus source. In one report, nuclei from ES cells generated
blastocysts in 10–20% of cases while nuclei from cumulus cells and fibroblasts generated
blastocysts in 70 % and 58 % respectively [47]. Successful therapeutic cloning for functional
tissue engineering does not require the orchestration of gene expression needed for
development of the body plan, and faulty reprogramming and accumulation of mutations may
not preclude use of nuclear transfer to generate new tissues. One critical advantage of
therapeutic cloning is that tissues or cells so derived are genetically similar to the source of the
nuclei. However, mitochondria and hence mitochondria-encoded proteins are provided by the
oocyte/zygote that receives the nuclei and, thus, may be foreign. This problem can be solved
if nuclear reprogramming can be accomplished without nuclear transfer. Some progress toward
this has been made [45].

So far, therapeutic cloning has only been accomplished by transferring the nucleus from a
somatic cell to an oocyte, egg or zygote. To generate customized ES cells from a patient, nuclei
obtained from somatic cells, such as hematopoietic cells, would be transferred to an enucleated
zygote capable of supporting growth to the blastocyst stage. Custom made ES cells can then
be isolated from the inner cell mass of the blastocyst, propagated in culture and made to
differentiate into the specialized tissues and organs, as needed. As more is learned about nuclear
reprogramming, we anticipate that mature cells might be fashioned into pluripotent or
conditionally totipotent stem cells, thus avoiding ethical problems associated with ES cells and
the immune responses to mitochondrial antigens, as mentioned above.

Tissue engineering
While embryonic stem cells have the capacity to differentiate and contribute to formation of
mature tissues and organs, realizing that capacity depends on cell-cell and cell-matrix
interactions to deliver requisite cues. One way to deliver such cues is through tissue
engineering, the use of scaffolds consisting of synthetic or biological polymers, to coax growth
and development [48]. Tissue engineering has been used to generate blood vessels [49–52],
heart valves [53–55], cardiac muscle [56–58], bone [59], liver [60–62], nerve [63] and islets
[64]. The most successful applications have been engineered cartilage [65, 66] and skin [67–
70]. Tissue engineering is not generally thought to be applicable for organ replacement because
the matrices in current use do not permit the growth of cells into a sufficient mass or anatomic
complexity to yield a whole organ.
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Organogenesis
What is needed for organ replacement is a method to grow organs de novo, i.e. organogenesis.
Fetal mesenchyme and human embryonic stem cells cultured under suitable conditions can
develop into organ-like structures in vitro [40, 71]. Since human fetal cells will not be available,
any effort to apply organogenesis must be based on the driving of stem cells to form the organ
of interest. Ideally, organogenesis using autologous stem cells stimulated in such a way to give
rise to the organ needed, would be undertaken in the individual needing treatment to avoid
vascularization by foreign blood vessels. How stem cells can be driven in this way is not yet
clear and organs grown in vitro are too small to achieve physiological impact and lack blood
vessels [72].

Some of the limitations of in vitro organogenesis might be circumvented if organogenesis could
be carried out in vivo. Indeed, fetal tissues of various types have been found to mature after
implantation into adult animals [73-78]. Organs grown in this way might achieve physiologic
size because the organs are vascularized by in-growth of blood vessels of the “recipient.” The
ideal source of cells for organogenesis would be stem cells originating from the affected
individual grown in the natural environment of the organ, for example, the thorax in the case
of the lungs or the abdomen in the case of the kidney. Growing an organ de novo in an individual
with severe disease might be difficult to envision; however, as an alternative, organogenesis
might be carried out using an animal as a temporary recipient for the human cells [14]. Thus,
human stem cells could be introduced into fetal animals in which the local microenvironment
supports and directs the development of the organ of interest. One limitation to applying this
approach is that the temporary graft of human cells might be subject to immune-mediated injury
[79]. This problem could be overcome by using immunodeficient animals as temporary hosts.
The use of a temporary host for organogenesis does, however, engender another problem, the
blood vessels in the organ derive from the animal host [73] and upon transfer to a human, these
blood vessels would subject to vascular rejection [10, 80]. Unless vascular rejection is avoided,
e.g. by genetic engineering [81] or unless human blood vessels can be induced to grow [82],
this problem may limit application of organogenesis as it has organ xenotransplantation.

Application of cell transplantation, tissue engineering and organogenesis for
augmentation and replacement of organ function

The prospects for effective application of cell transplantation, tissue engineering and
organogenesis for replacement of organ function vary widely. Recent experiments in animals
and humans suggest that muscle cells or stem cells capable of developing into muscle cells
injected into the heart can improve cardiac function. For example, skeletal myoblasts,
precursors of myocytes, were recently shown to engraft in myocardium [83] and take on the
function of cardiac myocytes [84]. Skeletal myoblasts have been implanted in the heart of an
individual with ischemic heart disease, and improvement in cardiac function has been ascribed
to the cellular graft [85]. One limitation of cellular transplantation, rejection of heterologous
myoblasts, might be averted by using autologous skeletal myoblasts [85], or stem cells as a
source of cells for the procedure. Another limitation is that the transplanted cells may not
engraft in the optimal anatomic orientation or in the most severely affected regions. Anatomic
orientation might be improved by tissue engineering, i.e. growing myocytes as sheets or patches
for repairing focal defects. However, sheets of cells cannot replace en entire organ and cells
or engineered tissues may engraft poorly or be subject to ischemia in damaged myocardium.
Since vascular disease is the most common cause of cardiac failure, engraft might require
revascularization, which might in turn be achieved by co-implanting precursors of vascular
cells derived from hematopoietic stem cells [82]. Neither transplanted cells nor engineered
tissues will be suitable for replacing the function of diffusely injured heart. For this purpose,
an artificial device, allograft or xenograft will be needed.
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Augmenting or replacing function of the lung or kidneys is a far greater challenge. The complex
anatomy of these organs (a branching system of ducts associated with air sacs or glomeruli
each with paired blood vessels) makes it difficult to imagine how injection of cells of any type
could give rise to functional tissue. Still, recent studies connecting small defects in kidney
function with heightened susceptibility cardiovascular disease [86] raise in our minds the
possibility that metabolic or endocrine functions of the kidney (or lung) may be critical to
health and these functions in turn might one day be augmented by cellular transplants. These
aspects notwithstanding, full replacement of kidney or lung function will require organogenesis
or xenotransplantation.

Considering how organogenesis might be undertaken for replacement of the lungs or kidneys
is a useful exercise. We have recently discussed this subject in detail [87, 88]. In individuals
with failing lungs, organogenesis would likely add prohibitively to respiratory requirements.
Hence, we would envision organogenesis being undertaken in an animal host using human
stem cells – such an organ would have xenogeneic blood vessels but autologous airways and
might thus be less susceptible to acute and chronic rejection. On the other hand, the availability
of dialysis should make it reasonable to consider developing the means to undertake
organogenesis in humans with renal failure.

Cellular transplantation has shown promise for the treatment of liver disease. Hepatocyte
transplantation has been successfully performed in experimental animals [89–92] and in a few
human subjects [93] with metabolic diseases of the liver, such as Crigler-Najar syndrome. In
this setting, the transplanted hepatocytes are infused into the portal vein, which drains into the
liver or into the splenic artery. Once engrafted in the liver or spleen, the hepatocytes need not
replace all of the functions of the liver but only must augment the one deficient function.

Much more difficult would be the treatment of diffuse, destructive liver diseases, such as
cirrhosis, by hepatocyte transplantation. Yet, recent work in experimental animals suggests
that even cirrhosis can potentially be treated by hepatocyte transplantation [36]. The
preeminent challenge to transplantation of hepatocytes is finding a plentiful source of
hepatocytes. Human livers are in short supply, and so hepatocytes are likewise. One approach
to producing large numbers of hepatocytes is to reversibly transform the cells by introducing
“immortalizing” genes, such as the Simian virus large T antigen, flanked by loxP sites, that
can be excised [94]. Another approach is to use hepatic or hematopoietic stem cells [95, 96],
which can be driven to proliferate, although the proliferative potential of stem cells from mature
individuals may not suffice to generate a sufficient number of hepatocytes.

Transplanted human hepatocytes (or stem cells) would of course be subject to infection by
hepatitis viruses. Thus, individuals with viral-induced cirrhosis might be treated by xenogeneic
hepatocyte transplantation, or by engineering human hepatocytes to prevent viral entry and/or
replication. How human cells could be so engineered is uncertain, but likely to be known within
a few years. Another potential limitation of transplanted hepatocytes is the lack of a biliary
tree and thus the likelihood of bile accumulation leading to injury in the site of implantation.
The problem of bile excretion might, in principal, be addressed by tissue engineering. Efforts
are underway to engineer an artificial liver tissue [61, 62] by growing hepatocytes on a scaffold
that would promote formation of tracts through which bile could be drained.

Concluding remarks
The past few years have brought to the fore new technologies such as xenotransplantation,
stem cell biology, tissue engineering, cloning and organogenesis, which are widely seen as
solutions to scourges of human-kind. These technologies are generally studied by distinct
groups of investigators and therefore little consideration has been given to the limitations of
the technologies or how the technologies might be combined. Given the importance of organ
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failure a cause of death and disability, we think that this consideration is due and should be
based on the distinct needs and challenges of each organ system.
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Figure 1. Impact of immunity on outcome of transplants
The nature of the immune response to transplantation depends on the genetic difference
between the donor and the recipient; the impact of that response on the survival and function
of a graft depends to a large extent on the means by which the graft derives its vascular supply,
as summarized here. Transplants consisting of cells, such as hepatocytes, or tissues, such as
pancreatic islets, engrafted outside of the vasculature are not notably injured by humoral
immunity but are subject mainly to cell mediated rejection, whereas organ grafts are attacked
by humoral immune responses directed against donor endothelium as well as cell mediated
immune responses.
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A. Tissue and cell transplants (blue) are vascularized by the in-growth of blood vessels
of the recipient (red). The blood vessels are permeated by lymphocytes, but retain antibodies
and complement within the lumen and away from the graft (A).
B. Organ grafts (blue) are vascularized by surgical connection of donor (blue) and
recipient blood vessels; hence, the vessels in the graft are from the donor. Antibodies and
complement can attach to the foreign vascular cells and lymphocytes can permeate the blood
vessels (B).
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Figure 2. Impact of immunity on various types of grafts
Cell and tissue grafts are mainly susceptible to cellular rejection mediated by T cells. Organ
grafts are susceptible to hyperacute and acute vascular and chronic rejection, which may be
mediated by antibodies and to cellular rejection mediated by T cells.
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