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ABSTRACT

An immunoisolated collection of cells, which communicate and ex-
change essential factors, co-stimulatory hormones, as well as providing
immunoprotection and immunomodulation, can be prepared, given
existing scientific and medical know-how, within two decades. These
‘‘Bioartificial Organ Grafts’’ have advantages relative to isolated cell
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therapies, including B-cell encapsulation for diabetes treatment, and
xenotransplantation, which has a de facto moratorium. This paper
documents that the majority of the research for the bioartificial organ
grafts has been concluded, with the remaining hurdles minimum in
comparison. The use of co-encapsulation and the induction of local
immune-privilege will provide a more sensitive humoral hormonal
response and graft survival, without systemic immunosuppression. A call
for the staged implementation of bioartificial organ grafts, based on the
best available medical practice, materials, tissue and technology
available, is advocated. The implementation of bioartificial organ grafts
can begin within the next two years, based on allografts succeeded by
genetically modified human tissue, without the need to pass through a
xenograft stage.

Key Words: Allograft; Bioartificial organs; Cell transplantation;
Diabetes; Pluripotent stem cells; Xenotransplantation.

INTRODUCTION

The economic costs for standard medical treatment have contributed to
the re-evaluation of the affordability of public and private health care
options in many countries. In the United States alone hundreds of billion
dollars, and approximately 10% of GNP, are spent on the treatment
neurodegenerative and endocrine diseases, inborn errors of metabolism, as
well as a variety of acute and chronic organ failures. Eighty five percent of
these expenses are due to the morbidity associated with the diseases. For
diabetes alone, the incidence of which increases by three to four percent per
year (EURODIAB ACE Study Group, 2000), the annual direct and indirect
costs exceeds ninety billion dollars in the US (NIH Implementation of the
Recommendations of the Congressionally Directed Diabetes Research
Working Group). Selected countries reporting higher per capita costs re-
lated to long-term monitoring and care as well as secondary complications.
Given the potential of bioartificial organs to treat these diseases, the
societal and pharmacoeconomic impact of such devices would be important.
In North America, this includes six million patients which have
neurodegenerative diseases such as Alzheimer’s and Parkinson’s, sixteen
million with diabetes and thousands of others with hemophilia or renal and
liver failure.

Present therapies can, in certain situations such as the treatment of
diabetes, regulate the disease through hormone and drug treatments, though
morbidity and mortality remain high. Furthermore, despite excellent recent
results (Shapiro et al., 2000), islet allotransplantation is not a cure since the

270 Madison Avenue, New York, New York 10016



Bioartificial Organ Grafts 367

tissue can be ultimately rejected despite immunosuppression. In addition,
due to the side effects of immunosuppression, islet transplantation can be
applied only to worst-case patients such as brittle diabetics. Moreover, the
number of patients waiting for such a transplantation proceeding exceeds,
by far, the available number of human organs and tissue. Therefore, given
the need for continuous immunosuppression and the lack of donors for
allogeneic organ, tissue or cell transplantation, research has blossomed in
the area of bioartificial organs,” following pioneering efforts by various
groups (Arkadopoulos et al.,, 1998; Chang, 1964; Lim and Sun, 1980)
including the very successful long-term studies recently reported by
Duvivier-Kali et al. (2001).

To date, bioartificial organ research has been directed toward specific,
isolated freely or immunoprotected transplanted cells, predominantly
hepatocytes (Arkadopoulos et al., 1998; Sundback and Vacanti, 2000),
islets (Lim and Sun, 1980; Sun et al., 1996), keratinocytes (Hollander et al.,
2001; Ronfard et al., 2000), and chondrocytes (Ibarra et al., 2000; Jackson
et al., 2001). There have been some spectacular early successes in rodent
models, with limited preclinical testing in dogs (Humes et al., 1999) and
primates (Sun et al., 1996) and some anecdotic clinical reports (Soon-
Shiong, 1999; Soon-Shiong et al., 1994). These include the extracorporeal
immunoisolated hepatocytes, which contact plasma indirectly, and bioarti-
ficial skin for extensive burns. However, both are used as bridging
technologies when comatose patients are on the waiting list for liver
transplants, or appropriate natural skin is unavailable.

One of the problems in immunoisolating a given cell is the lack of
interaction with the complex milieu of neighboring cells, which characterize

*Bioartificial Organ (Synonym: Biohybrid Artificial Organ): A transplantable device
providing a mechanically stable biocompatible, non-degradable host to living cells.
Examples include macro- and microencapsulated cells used for immunoisolation such
as the bioartificial pancreas (islets), liver (hepatocytes), and parathyroid (thyroid).
Applications generally involve allo- and xenografts of exocrine tissues, as well as the
treatment of neurological disorders and hormone deficient diseases. Human tissue is
derived from cadavers with the potential of immortalized cells lines based on
pluripotent stem cell technology at the forefront of biomedical research and ethical
debates. Bioartificial cartilage, skin and bone belong to a second category of
bioartificial organs where cells are seeded to an often biodegradable substrate. The
latter class of bioartificial organs can be considered to be part of the general area of
Tissue Engineering. Overall, bioartificial organs comprised are comprised of cells
immunoisolated by elastic polymers or semi-permeable membranes derived from
synthetic and naturally occurring products such as polysaccharides.
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Sertoli Cell

Omental Pouch

Figure 1. (A) A schematic showing the transplantation site of a bioartificial graft.
The cutout shows the anticipated composition of a bioartificial organ graft for the
treatment of diabetes, revealing microencapsulated islets, sertoli cells and hepatocytes
in a single immunoisolation device. (B) A photomicrograph of a bioartificial islet
graft composed of reversibly immortalized human beta, alpha and sertoli cells in a
microcapsule, transplanted intraportally. (Go to www.dekker.com to view this figure
in color.)
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any given organ. One could, therefore debate if bioartificial organs should
be developed to mimic the body’s complexity, or continue, as at present,
with alternatives, which provide selected, isolated, function. Could not a
defined mixture of cells simultaneously encapsulated and transplanted,
mimic organs such as pancreas, liver and kidney, be equally attractive to
the promise of cell- or tissue-engineering? At present, cell therapy treating
a variety of neurodegenerative diseases such as Huntington’s Corea, are
under investigation in various centers (Freed et al., 2001; Freeman et al.,
2000). However, clinical success has been limited. This is also true for
hormone deficient diseases such as diabetes where the number of
allotransplants carried out to date still numbers in the hundreds and the
average length of post-transplant insulin independence measured in months,
prior to 1998 (Hering and Ricordi, 1999; Oberholzer et al., 2000; Shapiro et
al., 2000). However, this has now been improved to over one year using the
Edmonton Protocol (Ryan et al., 2001). One could question whether an
isolated cell type can restore an altered organ function. Therefore, the
authors postulate that an immunoisolated collection of different cell types
may better mimic the function of a complex organ. This is the core of the
concept of the ‘‘Bioartificial Organ Graft,”” as is schematized in Figure 1.
Bioartificial grafts could be a clinical possibility within the next two
decades, as will be demonstrated herein, based on recent advances and
emerging therapies, including

Alternative Cell and Tissue Sources

« Stem cells display the ability to differentiate in culture into a variety
of cell lineages. They can be of embryonic origin or can be isolated
from different type of tissues. Apart from ethical considerations, the
use of human embryonic stem cells has various legal and political
limitations.

e Cell lines. The demonstration that various cell lines (Salmon et al.,
2000) such as hepatocytes (Kobayashi et al., 2000a) and B-cells
(Ramiya et al., 2000; Soria et al., 2000), can be reversibly
immortalized (Kobayashi et al., 2000b), while maintaining their
specific characteristics.

o Neonatal xenogeneic tissue. This includes porcine islets which are
less expensive to isolate, more robust and offer handling and
stimulation advantages relative to mature porcine tissue (Korbutt
et al., 1997a; Rayat et al., 1999). Neonatal porcine islets are also
expandable in culture.

o Cryopreservation of tissue for banking which is now possible in
high yields (Korbutt et al., 1997b; Rajotte, 1999).
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Immunomodulation

o Coencapsulation of natural and genetically modified cells, which
secrete growth factors and hormones, or provide local immunosup-
pression. For example, in vitro islet survival and insulin production
are prolonged via co-transplantation with sertoli cells (Korbutt et al.,
1997c; Sanberg et al., 1996, 1997; Suarez-Pinzon et al., 2000) or
with Fas-L infected myoblasts (Lau et al., 1996).

o Gene therapy. As an example the transfection of islets with immu-
nomodulatory genes such as Fas L and CTLA4-IG (Brady and Lew,
2000; Gainer et al., 1998) or antiapoptotic genes such as bcl-2
(Contreras et al., 2001).

Immunoisolation

o Availability of highly endotoxin-reduced polymeric biomaterials.

o Polyelectrolytes for encapsulation eliciting a minimal host response
(Duvivier-Kali et al., 2001; Schrezenmeir et al., 1993; Soon-Shiong
et al.,, 1992; Wang et al., 1997).

o Alternative transplant sites (Ao et al., 1993), such as intraportal in-
jections of microcapsules (Leblond et al., 1999).

ALLOTRANSPLANTATION VERSUS
XENOTRANSPLANTATION: DIABETES
CASE STUDY

The xenotransplantation debate (Bach and Fineberg, 1998) can be
appreciated by using diabetes therapy as an example, since bioartificial
pancreas research dates to the 1970s. Porcine-based tissue offers scientific
and ethical advantages due to the similarity of human and pig insulin,
which differ by a single amino acid residue. Furthermore, given that over
two hundred millions pigs are slaughtered annually in the US, societal
acceptance of pigs as potential tissue banks is expected. However, there
remains concern in regards to PERV (porcine-endogenous retroviruses) with
the risk of transmission to human recipient (Patience et al., 1997; van der
Laan et al., 2000), although clinical evidence is still lacking (Elliott et al.,
2000; Paradis et al., 1999). Moreover, phylogenetic disparities present a
major immunological obstacle with exposure of isolated islets, to in vitro
and in vivo blood, resulting in acute islet damage (Bennet et al., 2000).
Specifically, van der Laan reported that pig islets can infect human cells in
culture, providing the first evidence that PERV is transcriptionally active

270 Madison Avenue, New York, New York 10016
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and infectious across species. Therefore, several advocates have recently
discussed the advantages of publicly-based allotransplantation over
privately-controlled xenotransplantation as a therapy, from a risk-balance
perspective (Hunkeler et al., 1999).

It has become clear that the fundamental concept of immunoisolation
has to be re-defined as a partial rather than complete barrier. Tissue con-
tained within a barrier membrane® has been shown to frequently produce
an immune response in the host, albeit modified, and this is particularly
true in xenotransplantation. Simply, while a porcine graft may be shielded
from the host, the reverse is not true with the egress from the graft
activating a response from the host. However, the fact that the immune
response is attenuated provides opportunity for effective use of immuno-
modulation, and other maneuvers that may not be effective without the
artificial barrier. The idea to combine immunomodulation, immunoisolation
and more than one transplanted tissue is the basic premise of the
bioartificial organ graft, as will be developed herein. Furthermore, as our
knowledge of the molecular basis for immunological tolerance, and related
phenomena, increases there will be the opportunity to incorporate these
molecular signals on the barrier membrane surface, perhaps then achieving
full protection for the graft.

o A large number of public and private research organizations, world
wide, have dedicated thousands of person years of time to a mostly
xenografts related bioartificial pancreas as is shown in Table 1.
However, there remains little evidence that porcine tissue can
function clinically (Groth et al., 1994), the PERV debate aside. On
the contrary, there have been excellent clinical results involving
allotransplantation of islets for diabetes reversal (Ryan et al., 2001;
Shapiro et al., 2000). Therefore, the xeno—allo debate centers
around one alternative that offers unlimited tissue supply without
the demonstration of efficacy and the second alternative, which is a
clinical therapy, though restricted by the shortage in human tissue.
Furthermore, in regard to the development of the bioartificial
pancreas, which has been the most extensively investigated bio-
artificial organ, the aforementioned advances in cell sources, immu-
nomodulation and immunoisolation have not been implemented. For
example, there has been a preference for bioartificial organ trans-
plantation into the intraperitoneum, despite recent advances which

"Such barrier membranes can be on the exterior of microcapsules (Ramiya et al.,
2000), in sheets (Kobayashi et al., 2000b) or in tubular constructs (Rayat et al., 1999).
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note that the optimum site for microcapsule transplantation of hor-
mone secreting cells, such as islets, is one that drains directly into
the liver (e.g. intraportal injection, omental pouch) (Ao et al., 1993).

The following section will define the concept of, and the agenda for,
bioartificial organ grafts. Bioartifical grafts should take advantage of the
progress in cell sourcing and immunomodulation/isolation while avoiding
mistakes, which delayed the development of the bioartificial pancreas.

BIOARTIFICIAL ORGAN GRAFTS:
THE CONCEPT AND AGENDA

The authors believe that medical professionals and scientists, will,
within two decades, have optimized essential elements in the development
of bioartificial organ grafts, including:

o Immortalized cell lines.

o Long-term protection and banking of primary tissues such as islets
and hepatocytes, either via direct cyropreservation or cyropreserva-
tion after encapsulation.

o Families of immunoprotective materials, including substitution lists
for surgeons specific for various transplant sites and with tunable
permeabilities and mechanical properties (Bartkowiak et al., 1999;
Prokop et al., 1998a,b).

e Appropriate scaled-up technologies for the production of clinically
relevant quantities of immunoisolated cells under sterile conditions
(Wang et al.).

It is anticipated that advances in clinical cell transplantation therapy
will follow an additive scheme implementing, at any given instant, the best
available science, technology and medical practice. Figure 2 illustrates an
example of such a perceived development for the treatment of diabetes via
islet transplantation. At the outset it is anticipated that both immunosup-
pression and immunoisolation will be used in conjunction with allografted
tissue. After some time it is believed that immunosuppression can be
eliminated by appropriately pairing the immunoisolation material and
transplant site. Ultimately, the substitution of primary allografts with hu-
man-based genetically modified cells will take place, first with, then with-
out immunosuppression.

Allotransplantations could treat tens of thousands of allotransplants
per year within five years (Hunkeler, 1999) based on the current availability of
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Objectives Objectives Objectives Objectives
1-3 4-8 9-10 11-12
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Allograft Survivability (Years)
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Modified
Cells

Development Time (Years)

Immunomodulation/
Vascularization

Co-Encapsulation

Encapsulated Islets

/// Immunosuppression

Allografted Islets
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Figure 2. The evolution of a clinical therapy for diabetes based on a bioartificial
pancreas. The earliest strategy will involve the use of encapsulated allografted islets,
under immunosuppression, with graft prolongation due to co-encapsulation as well as
genetic modifications to the islets which provide immunomodulation and vascular-
ization Strategy 1 is basically an immunoprotected extension of the Edmonton Proto-
col (3) which rendered brittle diabetics insulin independent for approximately twelve
months. It is based on over two decades of development. Eventually, due to opti-
mization of islet handling and pretreatment, co-encapsulation and in situ graft pro-
tection, the need for immunosuppression could be eliminated (Strategy 2). Given the
ultimate requirement of replacing allotransplantation with cultured tissue to treat all
type 1 diabetics, genetically modified cell lines will be developed and applied in
combination with the approaches followed in Strategies 1 and 2. Within three decades
genetically modified cells should replace islets, first with immunosuppression (Strat-
egy 3) and ultimately without (Strategy 4).
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cadaver tissue. This will make a significant impact on those requiring organ
transplantation, though it will not be sufficient to treat, for example, all
diabetics. However, given the perceived and demonstrated risks involved in
xenografts, the technical difficulties in immunoisolating xeno-tissue, the
recent evidence of PERV infections (van der Laan et al., 2000) will act as a, de
facto, decade long moratorium on xenotransplantation. Therefore, given the
enormous promise of pluripotent stem cells, and the successes in cell
transplantation in replacing risky whole organ transplantation [e.g. Edmonton
Protocol (Ryan et al., 2001; Shapiro et al., 2000)] it seems reasonable to expect
that allografts will be succeeded by genetically modified human cells without
the need to pass through a xeno-based stage. Therefore, early clinical trials
will quite likely be based on primary human tissue as research on genetically
modified cells advances. From a risk perspective publicly financed, and
practiced, allotransplantation seems to be overwhelmingly preferred to
privately controlled xenotransplantation.

The following plan itemizes objectives, which will likely contribute, in
three largely sequential stages, to the routine clinical implementation of an
immunosuppression-free bioartificial organ graft by 2020.

STAGE I: 2001-6
Cell-Based Research

o Developmental biology for identifying cell-specific markers of stem
cells and progenitor cells of the different target cells.

« Exploration of the potential use of human embryonic or adult stem
cells in the formation of human cell lines.

o Understanding the key signals, signaling pathway components and
transcription factors that regulate the fate of parenchymal cells and
their regeneration.

e The role of interactions between differentiating cells and
extracellular matrices in the morphogenesis of organs, the
development and culture of surrogate cells, which could perma-
nently retain the characteristics of the target cells suitable for
implantation in man.

Materials-Based Research

o The microtechnology to produce clinical quantities of sterile bioarti-
ficial organ grafts requires further development. Laboratory- and
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commercial-prototypes will be needed to move the bioartificial organs
presently in clinical trials through the regulatory® pipeline.

o A risk balance between transplant volume and nutrient/oxygen sup-
ply will also have to be completed.

At the end of Stage-l, it is anticipated that bioartificial organs grafts,
based on primary allotissue, will be in the clinic for the treatment of several
hormone deficient diseases (e.g. diabetes, Parkinson disease) as well as
some cancers (Figure 1). Bioartificial organ graphs are forecasted to be
commercialized within this time for as little as 3 cents per capsule. This is
an expense, which pharmacoeconomically, the insurance firms will likely
advocate relative to other therapies, which have large up-front and con-
tinuing expenses, associated with complicated surgery and morbidity.
Therefore, it is anticipated that, like many medical advances including the
heart—lung machine, the life cycle perspectives in implementing bioartifi-
cial organ graphs, once a certain durability is met, will force their wide
spread implementation. We seem close to this threshold for immunoisolated
allograft based tissue, which is why the present committee of authors is
advocating the bioartificial organ graft agenda.

STAGE II: 2006-20
Biomedical Research

e Genetic modification of the different cell lineages permitting the
elimination of immunosuppression is a mid-term goal.

o Transplant site selection including the evaluation of immunepriv-
leged sites versus traditional internal organs, intraperitoneal and sub-
cutaneous sites, an omental pouch or multiple sites simultaneously.

e« Host modification using different approaches of tolerance
induction.

Materials-Based Research

3

o The evaluation of the ‘‘site—size hypothesis’> which postulates that
the geometry, and chemistry of a bioartificial organ graft, will be

‘It is speculated, by some, that bioartificial organs will be regulated, by the FDA, as a
biologic and a drug.
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Bioartificial Organ Grafts 377

dependent on the transplant site requires investigation. Different
characteristics are anticipated for microcapsules used in internal
organs (e.g. intraportal injection) and in the intraperitoneum
(Angelova and Hunkeler, 1999). Capsule seeding (e.g. with albumin
or oxygen to enhance cell viability), has been demonstrated, though
the optimization of concentration gradients in immunoprotective
devices remains to be achieved.

Many of the aforementioned milestones are under investigation with
developments in medicine, biology, microtechnology and materials chem-
istry all contributing towards the sequential implementation of these new
therapies. By the end of stage II, the authors expect that bioartificial organ
grafts based on genetically modified tissues could be implemented.

STAGE III: LONG TERM RESEARCH (2020 AND
BEYOND) PATIENTS SPECIFIC GRAFTS

Cell source development will likely focus on immortalized and
genetically modified cell lines based on the patient’s own cells. Those
‘‘autografts’’ tailored for the individual patients are aimed at, ultimately,
displacing the transplantation of foreign tissue. If the autograft would re-
quire the co-transplantation of different cell types (bioartificial organ graft)
than immunoisolation devices could be considered as containment vehicles
with relatively open pores so as to not restrict ingress and egress.

CONCLUSIONS

Given the high cost for the treatment of endocrine disorders, the
increasing incidence of the disease, and the overall lack of advancement in
the transplantation of encapsulated single cell lines, bioartificial organ
grafts, and its multiple cell approach, seems to be the most viable path. The
stepwise implementation that the authors advocate herein, using the best
available medical practice, materials, tissue and technology seems prudent.
Simply, the need for therapies to treat the hormone deficient diseases is
sufficiently large that we cannot wait until for two or more decades until a
perfect solution, including infinite cell availability, is upon us prior to
beginning. There are sufficient encouraging advances in allografts to war-
rant a beginning based on primary human tissue, and it is this starting point,
which the authors recommend for the bioartificial organ graft concept.
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Clinical testing of the bioartificial organ grafts can proceed very soon
(within 24 months) in an allograft model. This would be, initially, directed
to patients who have already had a whole organ transplant and are on
immunosuppressive therapy, yet suffer from other hormone deficient
diseases. Although limited by the number of brain-dead human donors,
the allotransplantation solution can provide, in a few years, cures to tens of
thousands of patients though-out the world.

The hypothesis of bioartificial organ grafts is that cell-cell commu-
nication is an essential element in bioartificial organ durability. Therapies
to treat specific diseases such as diabetes (bioartificial pancreas) and
fulminant liver failure (bioartificial liver) should not be discontinued while
awaiting xenotransplantation as the all in one solution. Rather they should
be complimented with research, which aims at a more supple duplication of
cellular function. The authors are recommending funding of both allograft-
based cell transplantation therapy and the development of genetically mod-
ified cells. That is, cell transplantation requires sufficient short term funding
to bring it to the clinic, with long-term support for second generation solu-
tions. Given the promise of cell transplantation, the authors close by calling
for an international bioartificial organ graft initiative, which can coordinate
the necessary developments and provide staged clinical solutions.
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