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Chapter 8
Tissue Bioengineering in Transplantation

Ravi Katari, Lauren Edgar, Kevin Enck, Andrea Peloso,
Riccardo Tamburrini, and Giuseppe Orlando

Abstract Organ transplantation has emerged in recent decades as one of the most
effective modalities for the treatment of end-stage organ disease. Over 100,000
transplants are performed worldwide each year; however, the supply has not been
able to keep up with increasing demand. Furthermore, transplant recipients are
committed to a lifelong regimen of brutal immunosuppressive medications that them-
selves carry significant side effect profiles, influencing clinical outcomes. Recent
advances in the fields of tissue engineering and regenerative medicine are beginning
to offer alternative solutions that could potentially improve the longevity, functional-
ity, and biocompatibility profiles of transplants. Decellularization technology to pro-
duce extracellular matrix scaffolds represents one of the most promising strategies
currently under investigation. Such methods can produce bioengineered, transplant-
able organs using autologous cells that would bypass the need for immunosuppression
and its associated side effects. Furthermore, bioengineering strategies in general are
not bound by supply constraints imposed by organ donation.
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MSC  Mesenchymal stem cell
PEG  Polyethylene glycol
TE Tissue engineering

8.1 Introduction

In recent decades, organ transplantation technology has progressed substantially,
which has paved the way for its emergence as the gold standard treatment for a
myriad of clinical settings characterized by end-stage organ disease [1]. Although
medical management has made impressive strides as a treatment modality, surgical
transplantation remains the best and only means of permanently restoring the origi-
nal function of chronically or acutely irreversibly damaged organs. The aim of this
chapter is to review relevant concepts in the science and practice of modern trans-
plantation along with related important developments in tissue engineering (TE).

Over 100,000 solid organ transplants are performed every year worldwide, includ-
ing approximately 70,000 kidney and 20,000 liver transplants [2]. End-stage renal
disease, for example, represents an extraordinary public health burden worldwide,
which has contributed to the kidney being the most commonly transplanted organ. In
2014, about 15,700 people received kidney transplants in the United States, while
over 100,000 candidates remained on the waiting list because of limited supply [3, 4].

Success rates have been improving incrementally over the years, but the chal-
lenges of donor organ supply and complications relating to immunosuppressive
medications remain major obstacles in the way of further progress for the treatment
of irreversible end-organ damage. Temporizing measures, such as dialysis, extends
life expectancy, which predictably contributes to a growing demand for donor grafts
and an ever-expanding waiting list. But candidates who do ultimately receive a
transplanted organ can develop secondary neoplasms or other adverse sequelae
associated with prolonged immunosuppression.

In light of these shortcomings, developing methods of tissue engineering (TE)
has been very promising as a potential solution to the challenges associated with
modern transplantation. TE, often touted as a subfield of regenerative medicine,
refers to approaches that attempt to restore physiological or anatomical function by
either regenerating cellular material or replacing diseased cells with healthy cells in
tissues that might not perform this task spontaneously or sufficiently [S]. TE can be
accomplished in experimental and clinical settings by administering cellular mate-
rial, noncellular biomaterials, or a combination of the two [6]. Biomaterials, natu-
rally derived or synthetic, are often employed, as are anatomically relevant
“scaffolds” on which cells can be distributed or that allow for the migration and
proliferation of cells in vivo as a way to replace damaged tissue.

The introduction of cellular material for the purpose of regeneration or
replacement arguably can be a natural extension of the current donation system
underlying modern transplantation. Indeed, ithas been recognized that transplantation
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shares many of the same guiding principles that now guide developing TE
methodologies [7]. For example, the idea of replacing diseased tissue by the direct
administration of bioactive, cellular material underlies present surgical transplanta-
tion. A TE alternative may merely involve seeding cellular material within a
biocompatible, organ-shaped scaffold to bioengineer a functional organ for use as a
replacement [8]. Further, whether by direct healing, via administration of cellular
material and biomaterials, or ex vivo fabrication of whole organs for subsequent
transplantation, TE—though still its early stages—enjoys the advantage of not
being limited by organ shortage because cell cultures can be expanded in the
laboratory and biomaterials can be manufactured on industrial scales without donor
morbidity or mortality.

8.2 Major Challenges in Transplantation

8.2.1 The Organ Shortage

The dramatic success of organ transplantation for the treatment of organ failure
has stoked an overwhelming demand without a corresponding supply for donor
grafts. Kidney transplantation, for example, has proven itself to be superior to
dialysis as a modality of renal replacement therapy in terms of both cost-
effectiveness and clinical outcomes [9, 10]. Life expectancy for dialysis patients
in the United States is approximately 8 years for patients between 40 and
44 years and 4.5 years for patients between 60 and 64 years. Transplantation
offers a superior life expectancy profile of 85% at 5 years, 70% at 10 years, and
449 at 20 years postoperatively.

Thus, modern transplantation can be considered a victim of its own success [11].
In 2014, only 15,700 patients received a kidney transplant, while over 100,000
remained on waiting lists at the end of the year [12, 13]. According to the Global
Observatory on Donation and Transplantation (GODT), approximately 114,690
solid organs were transplanted worldwide in 2012, representing a modest increase
of 1.8% from the previous year. The effort fell short, however, and met less than
10% of the global need [14].

To offset some of the growing demand, transplant operators have widened the
donor pool by expanding the criteria for acceptable donors with limited success.
For example, the expansion of living and deceased donor acceptance criteria to
include donation after cardiac death, paired donations, altruistic donations, immu-
nologically suboptimal donations, and donation from people with comorbidities
has helped improve the probability of receiving an organ in the critical time frame
while on a waiting list [15, 16]. Nevertheless, the rising incidence of chronic non-
communicable diseases such as diabetes and hypertension—leading causes of
kidney disease—is projected to limit supply further and exacerbate discrepancy
with demand [17].
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8.2.2 A Halfway Technology

Though representing one of the greatest achievements of modern medicine,
transplantation can be usefully described as a “halfway technology” in light of inherent
major obstacles. Lewis Thomas, a renowned pathologist, first articulated this concept
by referring to technologies that compensate for the adverse sequelae of various dis-
ease processes as opposed to actually curing them [18]. He anticipated the laborious
burden of “incomplete” technologies that complicates the overall treatment regimen.

It is readily apparent how modern transplantation in its current state fits Thomas’
description of an “incomplete” technology [19]. For example, although replacing
native kidneys with donor grafts reconstitutes the filtration and hormonal functions
of a healthy kidney, intervention does not eradicate the baseline disease that first led
to the procedure in the first place: thus the stage remains set for secondary organ
failure. Preventing graft failure, moreover, requires a lifelong commitment to antire-
jection medications, which also cause acute and/or chronic toxicity, leading to addi-
tional clinical syndromes [20]. Consequently, meticulous long-term management is
necessary to prevent side effects or graft failure and to optimize quality of life.

A clear example of the incompleteness of transplantation is seen in transplants
performed for end-stage kidney disease caused by diabetes mellitus [21]. Although
transplantation is a lifesaving intervention in these cases, it does not cure the base-
line disease which instead will recur after the operation.

Disease recurrence after liver transplantation is, in fact, virtually inevitable.
Histological evidence of infectious damage is detectable often within weeks, and
progression to cirrhosis requiring another transplant occurs in 25% of cases within
5-10 years following transplantation. Consequently, the recurrence of hepatitis C
presents one of the major challenges to successful modern liver transplantation and
is one of the most frequent causes of recurrent disease resulting in graft failure, for
all organs [22]. Naturally, the chief exacerbating factor in recurrent hepatitis C cases
is immunosuppression secondary to antirejection therapy. There is, indeed, evi-
dence to suggest that weaning from antirejection therapy in hepatitis C liver trans-
plant recipients delays the recurrence of disease and consequently improves overall
morbidity and mortality outcomes [23]. Although there are rare cases in which
transplantation has been fully curative without the need for immunosuppression,
that technology is entirely consistent with Thomas’s description.

Thomas’s concept of a “halfway” or “incomplete” technology is useful because
it provides boundaries and benchmarks by which alternative solutions can be mea-
sured. TE, for example, can be compared to transplantation and profitably evaluated
using Thomas’s conceptual framework because it shares with transplantation over-
lapping ancestry and methodology [24, 25]. The essential goal to restore tissue and
organ function via the introduction of bioactive materials is a shared attribute, albeit
with different parameters.

As will be discussed in later sections, TE allows for the use of recipient-derived
cellular material to manufacture functional tissues and organs ex vivo for autologous
reimplantation thereby obviating the need for toxic immunosuppressive therapy.
Without transplantation’s associated side effects, a TE-derived graft would be more
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temporally durable and less susceptible to complications resulting in graft failure.
TE methods could move transplantation closer to being a “complete” technology
than organs obtained from conventional sources presently allow.

8.2.3 The Burden of Immunosuppression

Although advances in the transplantation sciences have dramatically improved mor-
bidity and mortality outcomes, subsequent immunosuppressive protocols remain a
massive burden for patients following surgery because of the need to address associ-
ated infectious, neoplastic, and end-organ complications [26, 27]. For this reason,
tolerance to organ allografts has traditionally been the ultimate goal for transplant
practitioners and researchers. Indeed, achieving an immunosuppression-free state
(IFS) that avoids all complications and costs associated with lifelong immunosup-
pression is often referred to as the “Holy Grail” among affiliated clinicians [28].

Infections are among the most common causes of hospitalization following kid-
ney transplantation and are, in fact, the major cause of hospitalization in pediatric
transplant patients postoperatively [29]. Chronic immunosuppression also contrib-
utes to adverse cardiovascular events, which represent the chief cause of death in
recipients [30]. Solid organ transplant recipients also have a higher risk of develop-
ing cancer because of immunosuppression and oncogenic viral infections.

Engels et al. evaluated medical data from over 175,000 transplant recipients from
1987 to 2008 (approximately 40% of all organ recipients in the United States) and
found an overall doubling of cancer risk compared with the general population [31].
Standardized incidence ratios were significantly elevated for most infection-related
malignancies including non-Hodgkin’s lymphoma, Kaposi sarcoma, Hodgkin lym-
phoma, and cancers of the stomach, oropharynx, anus, vulva, and penis in kidney,
liver, heart, and Iung recipients. The risk of liver cancer was only elevated among
liver recipients, partly because of recurrent hepatitis B or C or diabetes—showing
the efficacy of Thomas’s concept of the halfway technology.

Ultimately, the duration of immunosuppression along with the intensity of treat-
ment is the most powerful predictor of malignancy [32]. Achieving a balance
between the risk profile of antirejection therapy and the need to prevent graft rejec-
tion is a supremely difficult task of critical importance. In this context, it is no won-
der that the IFS is considered the Holy Grail among transplant clinicians.

To ensure graft survival and function, patients must adhere to long-term immu-
nosuppression. It can be estimated that over 300,000 patients in the United States
alone are currently transplant recipients committed to brutal immunosuppressive
regimens, with the attendant burden of close and frequent monitoring, which
adversely impact health and quality of life in an unusually severe manner. There are
over 1000 individuals presently living with an intestinal transplant, approximately
14,000 patients with pancreas grafts, 11,000 with lung transplants, 27,000 with
heart transplants, almost 200,000 with kidney transplants, and over 59,000 with
liver transplants [33-38].
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Organ transplantation is also one of the most expensive medical therapies currently
available and has a major impact on hospital and health system expenditures, in addi-
tion to a patient’s personal finances. Countries in which national health services are
overburdened by the increasing medical needs of aging populations resort to strict
cost-optimizing policies to limit access to organ transplantation and to limit expenses
[39]. Thus, one of the primary challenges associated with transplantation is devising
management strategies that lower the cost of the procedure without adversely
impacting clinical outcomes [40].

The cost of immunosuppressant drugs and requisite frequent follow-up visits con-
stitute an immense financial burden. For those without long-term insurance coverage,
drug costs may represent a significant out-of-pocket expense that is unaffordable.
Patients who depend on Medicare for health insurance face a coverage cliff at
36 months after transplant for immunosuppression drugs, a policy widely regarded as
shortsighted given the massive expense incurred in the case of graft failure [41, 42].
Evans et al. surveyed kidney transplant programs in the United States and found that
70% reported that their patients have an extremely or very serious problem paying for
their medications [43]. Astoundingly, 68% of the programs reported deaths and graft
losses attributed to cost-related nonadherence to immunosuppressive medications.

8.3 Tissue Engineering Solutions in Transplantation

TE efforts have resulted in successful manufacture of relatively simple, hollow
organs (e.g., bladder, airway, etc.) from autologous cellular sources and subsequent
implantation in over 200 patients with various medical conditions without the need
for subsequent antirejection therapy. (In contrast, the number of transplant recipients
who have been successfully weaned off of immunosuppressive drugs in the postop-
erative period is much lower.) At present, the production of more complex, modular,
solid organs such as the kidney, liver, pancreas, heart, and lung has not yet occurred
to a clinically relevant degree. Nevertheless, methods in TE are constantly being
refined and updated; consequently, the field offers a promising new arena for trans-
plant research that could ultimately undergo a paradigm shift as it seeks to remove
the obstacles described above. Proof of concept has already been established, and
the transition from hollow to solid, complex organs should be the next milestone.

8.3.1 Cell-Scaffold Technology

TE approaches typically involve the use of cellular material either alone or in
conjunction with a supporting scaffold [44]. The latter approach typically involves the
manipulation of biomaterials into geospatially appropriate scaffolds. When seeded with
cells and allowed to mature, these constructs are implanted as functional organoids
with the bioengineered graft assuming the role of the transplanted organ. The use of
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autologous cellular material circumvents immunosurveillance, and, thus, antirejection
therapy is not warranted: a theoretically supported concept that has been observed
empirically [45].

Determining the cell type most suitable for regeneration and/or reseeding onto a
scaffold remains a critical objective for investigators in each organ system.
Experimental and clinical investigations have commonly employed fully differentiated
adult cells, organ-specific progenitor cells, or pluripotent stem cells [46], all of which
can be acquired from a recipient.

Natural biomaterial scaffolds can be fabricated by perfusion of detergents
through animal- or human-derived organs. This method removes the cellular
compartment from the organ and leaves behind an extracellular matrix (ECM).
These ECM-based scaffolds are highly biomimetic because they retain their original
structural architecture in three dimensions including the intricate, internal vascular
networks, adhesion molecules, and cellular signaling proteins [47-51]. Thus, natu-
rally derived scaffolds are particularly suited for cellular seeding.

The idea of fabricating natural ECM scaffolds was pioneered by Harvard
researchers Vacanti et al. in the 1980s. In one of the earliest investigations, fetal
and adult rat cells, mouse hepatocytes, pancreatic islet cells, and cells from the
small intestine were seeded onto synthetically derived scaffolds [52]. The sup-
porting materials consisted of synthetic polymers organized into fiber networks
that simulated the intertwining branching networks of the connective tissue pres-
ent in all organs that allows cells to remain viable by diffusion, promoting vascu-
lar ingrowth and encouraging proliferation [53]. After allowing the cells to culture
on the synthetic scaffolds for 4 days, these constructs were then implanted into
animals of varying species. The investigators recorded six cases of successful
engraftment, each of which demonstrated viable cells, mitotic figures, and vascu-
larization of the cell mass. This was the first report of ex vivo manufacture of
implantable organoid constructs consisting of cellular material seeded on artificial
supporting scaffolds. The report paved the way for further studies that ultimately
led to the first clinical application: a tissue-engineered vascular graft that was
used to replace an intermediate pulmonary artery in a child with right ventricular
and pulmonary atresia [54].

In all successful ECM cases reported to date, autologous cells were isolated and
expanded in vitro prior to seeding. In some cases, multipotent stem cells were
isolated and differentiated toward specific somatic cell types prior to seeding on
scaffolds [55-57]. Macchiarini et al. removed cells and MHC antigens from a human
donor trachea and repopulated the ECM scaffold with epithelial cells and stem cell-
derived chondrocytes that had been cultured from cells acquired by the recipient.
This graft was then used to replace the patient’s left main bronchus. At 5-year follow-
up, the tissue-engineered trachea remained open over its entire length, was well-
vascularized, was completely recellularized with respiratory epithelium, and had
normal ciliary function and mucus clearance [58]. Thus, the investigators provided a
solid foundation for further research into potentially groundbreaking cell-scaffold
technology. Comparable success using biodegradable non-ECM-based scaffolds has
been reported in the urethra [59], the bladder [60], and the vagina [61].



188 R. Katari et al.
8.3.2 ECM-Based Scaffolds

The ideal scaffold in the context of organ transplantation is biomaterial-based and
approximates the three-dimensional structure of the organ to be transplanted. It
should also lend biological and mechanical signals to induce cell growth and
differentiation [62]. Generally, applicable design considerations include minimal
immunogenicity, a degradation profile which parallels tissue regeneration, the
presence of environmental factors appropriate for the seeded cell type, and
appropriate mechanostructural parameters such as stiffness and tensile strength. In
fact, ECM-based scaffolds are an attractive option because they include these con-
siderations and support cells in vivo.

In recent decades, it has become increasingly clear that ECMs play a fundamen-
tal role in the viability and functionality of cells, tissues, and organs. Indeed, one of
the primary goals of TE investigators is to elucidate fully the relationship between
ECMs and cells to facilitate the manufacturing of better cell-scaffold grafts.
Decellularized tissue matrices obtained via detergent perfusion carry the benefit of
preserving the native architecture and mechanical properties of the original tissue,
i.e., the ECM remains virtually intact. These frames can be obtained autologously
and reseeded with autologous cells. They also have been shown to support cellular
regeneration without immunologic rejection: a feature of tremendous importance to
transplant investigators [63].

ECM technology is able to drive differentiation of progenitor cells into organ-
specific phenotypes, indicating the potential use of stem cells for cell-scaffold tech-
nology [64]. Indeed, Remuzzi et al. recently reported on the successful
recellularization of acellular rat kidney scaffolds using embryonic stem cells via
infusion through the renal artery and subsequent pressure-controlled perfusion with
recirculating culture medium [65].

Variations in ECM are likely to parallel the specializations of their corresponding
organ systems. As such, the design of a single, all-encompassing biomaterial is not a
practical design goal. To design the next generation of advanced biomaterial scaffolds,
current investigators must take into consideration that body tissues and organs are
highly specialized in structure and function. Decellularization, recellularization, and
maturation protocols should, instead, be optimized and recent successes expanded on.

8.4 Organ Bioengineering

8.4.1 Cell Types

There are a number of potential approaches that can be used to fabricate organs
ex vivo for eventual implantation into patients. Cell-scaffold technology consists of
seeding cellular material on supporting scaffolds. Determining the proper cell type
most suitable for regeneration and/or seeding on a scaffold remains a chief objective
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for each organ system investigated. Experimental and clinical investigations have
commonly involved fully differentiated adult cells, organ-specific progenitor cells,
or pluripotent stem cells.

Adult somatic cells hold the advantage of being well-defined and readily iso-
lated, but, compared with progenitor and stem cells, their lifespan and regenerative
potential are limited. Further, they lose function and differentiability when removed
from the native environment. Their use is confined to the specific organ from which
they are obtained. For example, cultured hepatocytes or renal tubular epithelial cells
can be used only for liver scaffolds or kidney scaffolds, respectively, and they would
likely be minimally proliferative.

Stem cells, however, possess the notable capacity of self-renewal and differentia-
bility. Their applicability has a broader range than adult somatic cells. Within the
category of stem cells, the two types most commonly utilized are adult stem cells
and embryonic stem cells [66].

Embryonic stem cells (ESCs) are pluripotent stem cells derived from the inner
cell mass of the embryo during the blastocyst stage that have the ability to differenti-
ate into any cell type when induced with specific environmental cues or stimuli.
Furthermore, they can self-renew indefinitely [67]. Researchers have successfully
induced their differentiation into cell types from all three germ layers in vitro
including cardiac cells [68], endothelial cells [69], neurons [70], insulin-producing
cells [71], and renal tubular cells [72]. In the context of abdominal bioengineering,
the use of embryonic stem cells would find wide applicability for experimental and
clinical purposes. Nevertheless, their use is significantly limited by ethical issues
along with potential teratogenicity [73, 74].

Induced pluripotent stem cells (iPSCs) are generated via special reprogramming
of adult cells resulting in their dedifferentiation into pluripotent stem cells. This
process does not involve manipulation or destruction of primordial embryos, thus
avoiding the ethical issues posed by ESCs. iPSCs have been derived from several
cell types in experimental investigations, including human keratinocytes and umbil-
ical cord blood mononuclear cells [75, 76].

Adult stem cells, in contrast to ESCs, benefit from wide availability in the adult
organism and relative ease of acquisition. They are thought to perform a major role
in cellular repopulation and the replenishment process over time [77]. Indeed, adult
stem cells residing in anatomical “niches” are responsible for the continual replace-
ment of damaged or dead tissue compartments in response to microenvironmental
cues [78]. Wound healing and bone remodeling are familiar examples of tissue
systems with high turnover. Adult tissue systems with recognized niche populations
of stem cells include the skin, fat, intestine, and kidney, among others [79-82].

Unlike somatic cells, adult stem cells can be induced to differentiate along lin-
eages other than the organ system from which they are derived. For example, fat
stem cells have been successfully differentiated into cartilage cells, hematopoietic
cells, neurons, bone cells, and skeletal muscle cells [83]. Nevertheless, their differ-
entiation potential is generally recognized to be limited to the germ layer from
which they are derived, unlike the pluripotency of the ESC.
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Adult cells harvested for regenerative purposes can be heterologous (e.g., porcine),
allogeneic (from a donor patient), or autologous (from the patient). Autologous cells
are beneficial because they are shielded from the recipient patient’s immune system
because they are not recognized as nonself. Given their ability to circumvent rejec-
tion, autologous cells represent the most desirable cell type in TE investigations.
Allogeneic cells are another option; acquired from another individual, their use is
complicated by potential immunogenicity [84]. Heterologous cells derived from non-
human organisms (e.g., porcine) represent another option under investigation.

Ideally, adult stem cells used for TE purposes would be expanded ex vivo and
either (1) introduced directly into the patient to repair the damaged organ system or
(2) seeded onto a supporting scaffold for eventual reimplantation in the patient.
Isolating and expanding these cells at clinically relevant levels remain a challenge
for current investigators.

8.4.2 Gastrointestinal Tract

The intestinal conduits are complex, hollow structures involved in nutrient passage
and absorption, digestion, excretion, and the innate immune system. The human
tract undergoes continuous turnover and renewal throughout life. This process is
governed by the activity of resident stem cells in the gut wall [85].

The preexisting process of regeneration and renewal in the gastrointestinal tract
underscores the unique applicability of methods in tissue engineering for repairing
and regenerating segments of the GI tract. Given the microanatomical and func-
tional characteristics of the gut, such an endeavor would require regenerating
smooth muscle, specialized neuronal tissue, and a mucosal-epithelial bilayer and
meeting one of the most challenging tasks—recapitulating the diverse motility pat-
terns that are essential to proper intestinal functioning. Nevertheless, preliminary
investigations have been quite promising [86].

Speer et al. isolated organoid units from mouse glandular stomach and seeded
them onto biodegradable scaffolds composed of polyglycolic acid (PGA) coated
with poly-L-lactic acid (PLA) and type I collagen [87]. The seeded scaffolds were
implanted into the omentum of adult mice and harvested at designated time points
for analysis. The constructs were found to grow and proliferate as expanding spheres
with simple columnar epithelium organized into gastric glands and an adjacent
muscularis. Mucous, enteroendocrine, chief, and parietal cells were all expressed in
the regenerated epithelium.

Maemura et al. have employed biodegradable polymers seeded with stomach
epithelial organoid units obtained from neonatal rats in various investigations [88].
They replaced recipient rat stomachs with tissue-engineered stomachs and discov-
ered no evidence of stenosis or obstruction at the sites of anastomoses. Histological
evaluation demonstrated well-developed vascularized tissue and stratified smooth
muscle layers [89]. They also used their seeded scaffolds to patch gastric wall
defects in rat models with considerable success [90].
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The small intestine is the primary segment for nutrient absorption within the
gastrointestinal tract. This process depends on the integrity of microvilli structures
that line the intestinal epithelium. Early regenerative investigations employed
autologous tissue patches to repair defects in the intestinal wall, but later studies
underscored the potential use of absorbable biomaterials as a patch scaffold to facil-
itate tissue ingrowth [91]. Commonly used biomaterials have been collagen
scaffolds, PLA, and PGA, among others. Fibrin hydrogels have demonstrated the
sufficient mechanical rigidity to allow self-organization of circular sphincteric and
intestinal smooth muscles, even in humans [92, 93].

The Vacanti group has employed intestinal organoid units acquired from the
small intestine and remodeled them on biocompatible matrices [94]. These
implants were able to reduce morbidity associated with massive bowel resection
in rat models. Chen et al. implanted ECM-derived submucosal tubes in canine
models with small bowel resections without seeding material to ascertain any
regenerative potential [95]. The investigation used four dogs and concluded
that this method was not efficacious, although patch repair showed potential for
wall regeneration.

Numerous studies have reported the use of bone marrow-derived mesenchymal
cells (MSCs) for the regeneration of intestinal tissue. Hori et al. were able to
regenerate intestinal segments by seeding MSCs onto collagen scaffolds [96]. Their
constructs showed a transient distribution of alpha-smooth muscle actin-positive
cells but failed to regenerate a muscle layer, which is essential for peristalsis.

ESCs have also been used to regenerate functional or semi-functional
intestinal tissue, under proper induction by growth factors [97, 98]. Watson et al.
recently reported on the generation of human intestinal organoids procured
in vitro from human embryonic stem cells or pluripotent stem cells that they
were able to engraft and vascularize in mouse models [99]. In vivo transplanta-
tion resulted in marked expansion and maturation of differentiated epithelium
and mesenchyme and even demonstrated digestive functions. Wieck et al.
showed in a recent report that human-derived tissue-engineered colon can be
populated with nervous tissue when cultured with enteric nervous system
progenitor cells to reconstitute motility functions impaired in conditions such as
Hirschsprung’s disease [100].

Detergent-based organ decellularization allows for the manufacture of ECM-
based intestinal scaffolds. Notably, the ECM preserves the villus-crypt architecture
and vasculature that supports intestinal epithelial regeneration [101]. Though clini-
cal translation has not yet proven feasible, recent findings and ongoing studies are
showing great promise.

Given the limited successful results of employing cells or biodegradable scaf-
folds alone, adult or stem cell seeding on ECM-based scaffolds will likely help to
achieve optimal results in future investigations. Identifying the most suitable cell
type remains a primary challenge for future studies, along with establishing a scaf-
fold that recaptures the microenvironmental cues of native intestine.
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8.4.3 Kidney

The kidney is a complex solid organ with important roles in endocrine, metabolic,
and immunologic homeostasis. Functions include filtering the blood, maintaining
adequate blood pressure and volume, and excreting toxic metabolic waste products,
highlighting the crucial role of the kidney.

At present, dialysis and transplantation represent the gold standard treatment
modalities for chronic kidney disease. Dialysis as a modality of renal replace-
ment therapy does not, however, cure kidney damage. Rather, it assumes a por-
tion of the kidney’s functions, particularly filtration. As such, dialysis leaves
much to be desired.

Replacing the organ with a healthy, functioning graft, on the other hand, is a much
more effective treatment. With the worldwide burden of hypertension and diabetes
growing, the prevalence of chronic kidney disease is reaching epidemic proportions,
and the need for functional kidneys is rising correspondingly [102, 103].

Contemporary investigators agree that significant progress for TE approaches to
renal replacement therapy will require further elucidation of the native repair and
regeneration processes occurring in vivo at the cellular and molecular levels [104,
105]. Because of the proportionally increased metabolic demand of the kidney
itself and its waste and toxin filtration functions, renal tubular cells are constantly
under the threat of acute injury and oxidative stress. It has been stipulated that, for
this reason, these cell populations feature unique regenerative abilities to compen-
sate for continuous insult. Indeed, surviving renal tubular cells have been observed
to give rise to a new population of the cells following physiologic kidney damage
[106].

Nagaike et al. observed that unilateral nephrectomy induces mitogenesis and
hypertrophy in the contralateral kidney [107]. When Cochrane et al. created ureteral
obstructions in murine models of renal injury to induce cortical tubular cell atrophy,
tubular dilation, and interstitial macrophage infiltration, they observed a rapid pro-
cess of reconstruction and interstitial matrix expansion upon reversal of the obstruc-
tion which ultimately restored the glomerular filtration rate [108]. However,
continuous and supraphysiologic damage characteristic of chronic kidney disease
overpowers the regenerative properties of these cells, and the growth of new neph-
rons, i.e., frank nephrogenesis, has not been shown to occur [109]. But nephron
progenitor cells derived from human pluripotent stem cells are currently under
investigation for TE purposes given their nephron-forming capacity [110].

Researchers have explored the potential of cell therapy to restore kidney function
in the face of widespread damage. Cell-based approaches seek to achieve kidney
repair and regeneration in situ upon therapeutic administration. They are based on
the observation that exogenously supplied cells can stimulate and/or contribute to
repair and proliferative processes [111]. Progenitor cells harvested from the proxi-
mal tubules, glomerulus, peritubules, and papillae have all demonstrated some level
of regenerative capacity in recent investigations [112, 113]. Stem cells obtained
from the urine have also shown some potential to reverse kidney damage and aid in
the repair process [114].
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A recent study, for example, demonstrated that cultured mesenchymal stem cells
injected into mice with ischemia-induced kidney injuries resulted in improved renal
function, promoted macrovasculature repair, attenuated kidney peritubular capillary
loss, increased the proliferation of parenchymal cells, and significantly reduced
overall mortality [115]. Such approaches are attractive because of the ease of isola-
tion and expansion of mesenchymal stem cells and their potentially autologous use
to reduce the risk of immunogenic rejection. Furthermore, the use of adult cells
circumvents the ethical obstacles encountered when using ESCs. The results of
investigations utilizing amniotic fluid-derived stem cells and induced pluripotent
stem cells have been similarly encouraging [116-119].

Enhanced understanding of the regenerative properties of renal cells has led to
another avenue for treatment of kidney damage: the use of embryonic kidney tissue.
These primordial cells have been shown to integrate within adult organ systems,
richly vascularize, and form new, mature nephrons (i.e., result in frank nephrogen-
esis) [120, 121]. Ureteric bud and metanephric mesenchyme cultures retain the
capability to form collecting ducts through tubulogenesis and epithelization by vir-
tue of the inherent developmental capacities of the mesonephric duct tissue.

Investigators prepared the kidney tissue in vitro and subsequently implanted it in
mice models that survived for over 5 weeks. Microstructural analysis revealed glo-
merular vascularization in vivo, lending support for the therapeutic potential of
these primordial tissues [122]. Imberti et al. implanted renal primordia under the
kidney capsule of male rats with kidney injury [123]. The grafts developed glom-
eruli and tubuli that filtered blood and produced urine in cyst-like structures.
Additionally, newly developed metanephroi initiated a process of regeneration in
host tissue segments, as indicated by increased cell proliferation and vessel growth.

Preliminary and animal model investigations into kidney bioengineering using
cell-scaffold technology also have been highly encouraging. ECM scaffolds pro-
duced from animal and human kidneys have been shown to retain their innate bio-
molecular and biophysical properties in addition to their native external anatomy
[124, 125]. Orlando et al. successfully fabricated renal ECM scaffolds from porcine
kidneys by pumping an aqueous detergent solution through the renal artery, thereby
decellularizing the organ [126]. These scaffolds achieved total cell clearance and
retained their essential architectures. The injection of contrast media through the
renal artery confirmed preservation and potency of a vascular network with hierar-
chical branching structures without extravasation into the parenchymal compart-
ment. Seeded endothelial cells demonstrated steady growth and adherence to
structures on the bioscaffolds. Finally, unseeded scaffolds were successfully
implanted in pigs to assess their in vivo biocompatibility. They were easily reper-
fused, sustained blood pressure, and were tolerated for 2 weeks.

The same group identified the approximately 2600 human kidneys originally
intended for transplant purposes but discarded each year due to anatomical or patho-
logical anomalies as a platform for kidney bioengineering at clinically relevant
scales. Given their human origins, the potential for use of these discarded grafts in
TE investigations is monumental, at least as a stepping stone to realizable clinical
translation. In 2013, they successfully produced ECM scaffolds using these
discarded kidneys [127]. These human scaffolds, like their porcine analogs, were
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completely decellularized and maintained their structural composition. HLA anti-
gen molecules were notably absent: an important indicator of the potential immuno-
compatibility of these constructs. They were able to induce vessel formation in
chick chorioallantoic membranes, suggesting strong angiogenic properties. Lastly,
the innate vascular system was able to resist pressure treatment at physiological
levels, as a marker of compliance. Using a resin casting methodology to carry out
deeper microanatomical analysis, they observed that glomerular shape and capillary
width were preserved following decellularization (Fig. 8.1). Furthermore, the
branching pattern and vessel integrity were unchanged. Protein analysis confirmed
the retention of several growth factors implicated in renal repair and angiogenesis
within the scaffolds [128].

Investigators seeded human amniotic fluid-derived stem cells onto discarded kid-
ney ECM scaffolds and observed their attachment and proliferation thereafter [129].
Furthermore, they synthesized and secreted various growth factors and chemokines
involved in angiogenesis and matrix remodeling, indicating a dynamic, stimulatory
relationship between ECM and seeded cells.

In 2013, Song et al. reported on the novel orthotopic transplantation of bioengi-
neered kidneys in rat models [130]. Acellular rat kidneys were seeded with endothe-
lial and epithelial cells through the renal artery and ureter. Epithelial cells showed
engraftment along with organization into tubular structures expressing Na/K--
ATPase and aquaporin similar to native proximal tubular epithelium. Electron
microscopy showed perfused glomerular capillaries with engrafted podocytes and
formation of foot processes. These bioengineered grafts were perfused by recipient
circulation and produced rudimentary urine via the ureteral conduit in vivo when
transplanted orthotopically.

Fig. 8.1 Acellular ECM scaffolds obtained from a discarded human kidney (a—d) and related
vascular corrosion cast (e-h) (From Peloso et al., Transplantation, 2015, Reprinted with permis-
sion of the American Journal of Transplantation. Copyright © 2017 American Journal of
Transplantation) [128]



8 Tissue Bioengineering in Transplantation 195

8.4.4 Pancreas

The pancreas is functionally composed of two parts, the exocrine pancreas and
endocrine pancreas. Despite deriving from the same embryologic cells, these com-
ponents are structurally different and serve important functions for different physi-
ological systems. Despite accounting for 90-95% of the pancreas mass, the exocrine
pancreas is not essential for survival because of exogenous pancreatic digestive
enzyme replacement therapy [131]. In contrast, the endocrine pancreas only
accounts for roughly 2% of the pancreas mass while serving a vital physiological
role. The endocrine pancreas is not localized to a specific region of the pancreas but
is interspersed around islets of Langerhans (highly vascularized centers) over the
entire tissue. Although here are five main types of endocrine pancreatic cells (alpha,
beta, delta, gamma, and epsilon), the beta cell plays a particularly vital role in glu-
cose homeostasis and energy metabolism, drawing the most attention from bioengi-
neering research related to endocrine pancreatic deficiencies.

One of the most common pathologic endocrine deficiencies is type 1 diabetes
mellitus in which beta cells are destroyed by the host’s own immune system. About
1 in 300 individuals in the United States is diagnosed with type 1 diabetes mellitus
by the age of 18 [132]. Therapies for type 1 diabetes mellitus focus on the supple-
mentation of exogenous insulin that is normally produced by the beta cells. This
method requires strict patient compliance, however, and adequate patient education.
Recent innovations remove the need for conscious dosing. Although exogenous
insulin therapy is effective at preventing acute decompensation, less than 40%
achieve and maintain therapeutic targets [133]. The most commonly accepted treat-
ment regimens lower the incidence of diabetic emergency, but they require lifelong
pharmacologic intervention without the possibility of remission. Beta cell replace-
ment, whether by whole pancreas or individual islet cell transplantation, is currently
the only method to restore long-term, stable euglycemia in type 1 diabetics.

Pancreatic transplantation is an invasive option that provides the patient an opportu-
nity to be free from strict glycemic control by way of exogenous insulin. It is, however,
typically only offered to adults in conjunction with kidney transplants because of the
high risk of surgical complications and the subsequent necessity for immunosuppres-
sant medications [134]. Nevertheless, recipients exhibit greater improvements in the
micro- and macro-vascular complications of diabetes while enjoying a better quality of
life. The 5-year organ survival rate for pancreatic transplantations is roughly 50% [34].

An alternative solution involves the ectopic implantation of purified islet cells
and simultaneous depletion of T cells to recapture beta cell function while suppress-
ing the autoimmune component of the disease [135, 136]. Although human islet cell
purification and implantation show the same 5-year insulin independence rate as
pancreatic transplantation, ectopic implantation has been found to have a lower risk
of complication and represents a less invasive solution [137].

Contemporary investigations employ TE solutions for treatment of the disease with-
out the need for lifelong pharmacologic intervention. One of the most heavily
researched areas involves the induction of beta cell regeneration within host islets.
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There is a current debate in the research community regarding the source material of
endogenous beta cell regeneration: it is still unknown whether the existing beta cells or
resident stem cells are primarily responsible [138, 139]. Insulin-producing cells derived
from ESCs are physiologically closer to beta cells than any adult stem cell-based beta
cell. The conversion of human embryonic stem cells toward beta cell phenotypes has
been achieved through the initial differentiation into endodermal cells which can be
further differentiated into insulin-producing endoderm derivatives [140, 141].

To avoid the controversy of ESC procurement, recent advancements in beta cell
replacement have turned toward induced pluripotent stem cells. By using retrovi-
ruses to manipulate gene expressions, adult somatic cells can be reprogrammed and
individualized to specific patients. In animal models, experimental therapy has
already demonstrated long-term correction of hyperglycemia [142]. Though prom-
ising, further success with these cells is challenged by premature senescence, sub-
chromosomal abnormalities, and destruction of patient-derived cells due to
autoimmune phenomena.

The recellularization of ECM-based scaffolds has also been under investigation
for the de novo fabrication of pancreas organs. It has been observed that islets cul-
tured in vitro on ECM increase the longevity of insulin production in response to
glucose, likely because of natural growth factors within the ECM that direct cell
lines toward beta cells [143]. In addition, recent studies have hinted at the potential
use of xenographic transplants. Mirmalek-Sani et al. decellularized the porcine pan-
creas and showed that the ECM scaffold had a patent vasculature and could be
subsequently seeded with human amniotic fluid-derived stem cells [144]. The
seeded islets demonstrated the ability to support normal pancreatic function by
showing an increased metabolic rate and insulin secretion over isolated islets in
culture. Later, similar data were confirmed by the same team on ECM scaffolds
obtained from the human pancreas (Fig. 8.2) [145]. Goh et al. successfully decel-
lularized mouse pancreata and recellularized them with acinar and beta cell lines
[146]. They showed successful engraftment within the three-dimensional decellu-
larized pancreas along with strong upregulation of insulin gene expression. Their
findings supported the utility of whole pancreas ECM for enhancing pancreatic cell
functionality. De Carlo et al. reported similar findings [147].

Although all of these technologies may restore the functionality of destroyed
islets, the primary pathology of type 1 diabetes is autoimmune, which will remain a
persistent obstacle if left unaddressed. Future strategies must incorporate adjuvant
immunomodulation or autologous tissue in current technologies to terminate the
chronic disease state and preserve endocrine pancreas function.

8.4.5 Liver

Liver disease morbidity and mortality outcomes are increasing worldwide. The total
deaths caused by cirrhosis and liver cancer have increased by 50 million per year
since 1990 [148]. At present, liver transplantation is the only curative option for
patients with end-stage liver disease. Twenty percent of this patient population dies
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Organ perfusion circuit

Fig. 8.2 Endothelial cell seeding on acellular ECM scaffolds obtained from the human pancreas.
The ECM scaffold was seeded with human pancreatic endothelial cells and cultured for 6 days in
a bioreactor, consisting in a closed circuit with one chamber for organ housing, a reservoir for
medium oxygenation, and a peristaltic pump (Ismatec), connected by tubing (ID 1/16”, Pharmed
BPT). Pancreatic tail was surgically isolated in order to obtain a smaller volume to seed keeping at
the same time an inflow (SA — red connector) and an outflow (splenic vein —SV — blue connector)
(Panel a). Panel b indicates a schematic representation of the perfusion circuit for seeded pancre-
atic scaffold culture. Panel ¢ shows a representative image of H&E stain showing localization of
infused cells in vessels. Boxes indicate areas reported with high magnification in the panel below.
Panel d illustrates representative images of H&E (left), CD31 (middle), and Ki67 (right) matrix
staining (From Peloso et al., Ann Surg, 2016, Reprinted with permission of the American Journal
of Transplantation. Copyright © 2017 American Journal of Transplantation) [145]

while on a waiting list, however, due to the shortage of transplantable organs [149].
Alternative modalities such as bioartificial livers and hepatocyte transplantation
have been investigated, but without successful yield [150-152]. Given the obstacles
currently facing end-stage liver patients, TE strategies for liver repair and regenera-
tion are particularly attractive for contemporary investigators.

The liver has an innate capability to regenerate beyond the potential of other
abdominal organs. In the event of injury to less than 70% of the organ, the liver can
fully regenerate within 6 months of the trauma [153]. Regeneration occurs through
cellular hyperplasia of the residual liver, however, and is not considered true regen-
eration [154]. Instead, there is an observed compensatory enlargement of the rem-
nant liver to meet the functional demands of the body. From an evolutionary
perspective, liver hyperplasia is a mechanism of repair designed to restore function,
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not anatomy. When damage to the liver reaches a critical threshold, compensatory
regeneration is no longer sufficient, and transplantation is the usual approach in
these circumstances.

Nevertheless, the regenerative properties of the liver make it uniquely amenable
to methods in liver bioengineering. Current investigations involve two distinct
regenerative pathways. One involves the manipulation of the existing cellular physi-
ology in liver hepatocytes to induce regeneration. The other option, similar to
approaches used in other organ systems, is use of synthetic scaffolds or ECM-based
liver scaffolds obtained via decellularization technology. These scaffolds would
then be reseeded with host cells and allowed to regrow either in vivo or in vitro.

Unfortunately, the actual system that regulates hepatic regeneration follow-
ing injury remains poorly characterized and obscure. During the native regen-
eration process, cellular hyperplasia occurs spontaneously through a complex
cascade of events and signals. This pathway involves inflammatory signaling,
cellular proliferation, cell migration, and neoangiogenesis. If mature hepato-
cytes are unable to proliferate sufficiently via division, liver progenitor cells
known as oval cells intervene to compensate [155, 156], thereby hinting at
potential TE interventions. In addition, studies have shown that bone marrow
stem cells are also involved in the regeneration and differentiation of functional
hepatocytes [157, 158].

Observations on the natural regenerative capacity of injured livers led to the use
of progenitor liver cells for bioengineering research. As previously mentioned, cel-
lular hyperplasia replaces the lost volume following liver amputation, and current
studies attempt to enhance the innate regenerative ability of the liver through termi-
nal differentiation via resident bone marrow-derived or liver progenitor cells [159—
161]. Infusing autologous bone marrow cells into patients with decompensated
liver cirrhosis has already been demonstrated to be safe and, in some cases, clini-
cally beneficial [162, 163]. Another avenue is the use of cytokine granulocyte-col-
ony stimulating factor (G-CSF) for the activation of hematopoietic stem cell
differentiation and mobilization, increasing the ability of resident progenitor cells
to respond to injury [164]. Stem cells isolated from the peripheral bloodstream of
liver disease patients infused with G-CSF were isolated and infused back into the
patients. These patients showed significant improvements in liver enzyme levels as
well as serum bilirubin when compared with the control group [165, 166]. It is
thought that G-CSF is able to mobilize bone marrow cells and circulating progeni-
tor cells while increasing hepatocyte growth factor, which is prominently involved
in liver regeneration [167]. Despite these findings, researchers are unable to deter-
mine the specific progenitor cell type that is actually aiding, or is primarily
responsible, in the regeneration process.

Recent work has also highlighted the use of cell-scaffold technology for liver bio-
engineering [168]. As in other organ systems, the chief objectives include demonstrat-
ing successful organ decellularization, successful seeding of acellular scaffolds with
hepatocytes or hepatocyte progenitors, and recapitulation of original liver functions
including protein synthesis/breakdown, detoxification, and bilirubin metabolism.
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Investigators successfully converted the murine liver into acellular scaffolds via
perfusion with SDS detergent to remove cellular material and debris. The remaining
constructs retained proper collagen structure, laminin basement membranes, and
internal vascular networks [169]. In the same study, the scaffold had enough
structural integrity to withstand cannulation and perfusion with the reseeding cells.
A follow-up study illustrated the ability of the perfused cells to leave the vasculature
and distribute among the matrix [170]. Using electron microscopy, it was observed
that rodent hepatocytes migrated into decellularized sinusoidal spaces and displayed
levels of urea synthesis, albumin synthesis, and cytochrome P450 expression com-
parable to sandwiched hepatocyte cultures. This is particularly important because
the liver requires a wide range of enzymes, cofactors, serum proteins, and acute
phase reactants to be fully functional. This graft was able to withstand transplanta-
tion for 8 h in a rat host prior to harvesting, which showed that the hepatocytes
retained their morphology, position, and integrity.

Yagi et al. recently reported on the successful decellularization of porcine liv-
ers, thereby producing ECM scaffolds at scales relevant to humans. These scaf-
folds were capable of supporting hepatocyte engraftment and reorganization in
three dimensions [171]. Baptista et al. also observed that it is possible to decellu-
larize whole liver in mice, rats, ferrets, rabbits, and adult pigs and also that they can
be successfully seeded with human hepatocyte progenitors [172]. This study uti-
lized the inferior vena cava for decellularization and used the portal vein, as well
as the vena cava, for perfusion of cells. The decellularized vascular network was
able to withstand fluid flow that entered through a central inlet vessel, branched
into an extensive capillary bed, and coalesced in a single outlet vessel. Discrete
populations of human fetal liver and endothelial cells were found throughout the
matrix in their putative native locations, suggesting that the retention of glycosami-
noglycans and collagen structure provides the necessary environmental signaling
to regulate cell differentiation.

Wang et al. demonstrated that progenitor cells seeded onto a scaffold could
differentiate into hepatocytes and cholangiocytes, illustrating that the scaffold
could dictate the differentiation toward distinct cell lineages [173]. Barakat
et al. decellularized porcine livers and successfully repopulated the scaffolds
with human cells [174]. Analysis revealed that the cells were induced to differ-
entiate into mature hepatocytes while maintaining active metabolism, the ability
to withstand physiologic shear stress from blood flow, and the ability to synthe-
size albumin.

Most recently, Mazza et al. demonstrated the complete decellularization of dis-
carded whole human liver and lobes to form ECM scaffolds with preserved archi-
tecture [175]. These scaffolds were repopulated with human hepatic cells that
thereafter showed excellent viability, motility, and proliferation and remodeling of
the ECM. The group demonstrated biocompatibility by both omental and subcuta-
neous xenotransplantation of liver scaffold cubes into immune-competent mice. No
foreign body response was observed, dramatically underscoring the clinical poten-
tial of bioengineered organs.
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8.4.6 Heart

The inability of cardiomyocytes to regenerate following infarction remains the
primary cause of congestive heart failure [176]. Infarct scar tissue has long been
believed to be acellular and physiologically inert. Recent studies, however, suggest
that cardiac scar tissue is composed of phenotypically transformed fibroblast-like
cells which behave dynamically and undergo continuous turnover. Such bioactivity
suggests possible intervention using TE strategies in order to regenerate functional,
healthy cardiac tissue and minimize adverse accumulation of fibrous tissue. At pres-
ent, there are no available therapies which prevent or reverse cardiac damage and
adverse ventricular remodeling following infarction.

The fabrication of engineered heart tissue was demonstrated for the first time
over 20 years ago using embryonic chicken cardiac myocytes [177]. Since then,
investigators have made enormous strides in the field of stem cell biology suggest-
ing that widespread clinical translation may be rapidly approaching. Recent studies
have demonstrated the therapeutic potential of stem cells to regenerate contractile
cardiac tissue [178]. Contemporary investigators must determine the most appropri-
ate cell type to use to achieve regeneration and choose the most efficacious engraft-
ment technique. During the early years of cardiac restoration research, a common
technique involved a direct bolus of cardiac cells suspended in saline directed into
regions of infarcted tissue [179]. Other cell types used with this technique include
skeletal myoblasts, neonatal cardiomyocytes, fibroblasts, smooth muscle cells,
embryonic stem cells, and bone marrow progenitors with varying improvements in
cardiac function [180]. Nevertheless, the proportion of cells successfully engrafting
at the infarct site tends to be very low using this method [181].

Recently, investigators have improved engraftment rates by using cultured car-
diomyocytes seeded on biomaterial scaffolds to create transplantable cardiac
“patches.” Scaffolds are not always necessary since cardiac myocytes cultured on
standard plastic dishes tend to detach as intact monolayers. Serially stacking mul-
tiple sheets on top of one another creates three-dimensional tissues that “beat” and
generate force [182]. Cardiac tissue segments thus engineered in vitro demonstrate
organized sarcomeres, electrical conductivity, and contractile characteristics resem-
bling native adult myocardium [183]. These “patches” have been shown to improve
left ventricular performance when implanted in doxorubicin-treated rats as models
of dilated cardiomyopathy [184].

Ott et al. produced acellular ECM-based scaffolds from rodent hearts which
were subsequently recellularized using neonatal rat cardiomyocytes and endothelial
cells [185]. These constructs were then subjected to perfusion treatment in bioreac-
tors for 28 days. By day 4, investigators observed macroscopic contractions, and by
day 8, the maturing organoids were able to sustain pump function under physiologi-
cal load and electrical stimulation.

Biomaterials used to enhance engraftment and regeneration have also been an
important parameter in cardiac tissue engineering. Recent investigators have incor-
porated solidifying gel polymers such as fibrin glue and PEGylated fibrinogen
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hydrogels [186, 187]. The advantage of this technique consists in the ability to
fabricate any three-dimensional architecture and manipulate the structure prior to
implantation. Furthermore, certain biomaterials are able to protect seeded cells from
host inflammation and facilitate functional integration within native myocardium at
the injury site.

8.4.7 Airway

Approximately 2000 lung transplants were performed in 2013 to treat various
diseases including alpha-1 antitrypsin deficiency, primary pulmonary hypertension,
cystic fibrosis, emphysema, and others [188]. TE approaches for airway repair could
potentially improve patient survival and reduce waiting times for transplantation.
Among tissue engineering approaches to transplantation, the airway was one of the
first systems in which clinical success was demonstrated. Macchiarini et al. per-
formed the first bioengineered trachea transplantation in humans [55]. The team
removed cells and MHC antigens from a human donor trachea and reseeded the
resultant scaffold with epithelial cells and MSC-derived chondrocytes which were
acquired autologously. The engineered graft was then used to replace the left main
bronchus in a 30-year-old woman with end-stage bronchomalacia.

Progress with the bioengineered trachea has alluded to potential inroads for lar-
ynx and lung transplantation investigations. At present, only two human laryngeal
allotransplants have been reported, and both patients required lifelong immunosup-
pression regimes thereafter. Baiguera et al. successfully decellularized human lar-
ynxes enzymatically to obtain acellular scaffolds [189]. Electron microscopy
confirmed that their matrices retained the hierarchical structures of the native larynx.
Mechanical testing demonstrated intact biomechanical integrity. Furthermore, cho-
rioallantoic membrane analysis showed that their constructs induced a strong in vivo
angiogenic response, underscoring their integration and engraftment potential. Lung
transplantation, too, is a field particularly amenable to TE strategies for currently
existing problems. Given the limited regenerative potential of the adult lung, investi-
gators have sought to determine whether lung tissue can be regenerated in vitro for
potential subsequent implantation. Petersen et al. decellularized the lungs of adult
rats to obtain acellular matrix scaffolds [190]. They then used a bioreactor to culture
pulmonary epithelium and vascular endothelium on the acellular matrices. Subsequent
analysis showed that the seeded epithelium displayed robust hierarchical organiza-
tion within the matrix. Furthermore, the seeded endothelial cells efficiently repopu-
lated the vascular compartment of the decellularized constructs. In vitro testing
demonstrated that the engineered lungs possessed biomechanical parameters similar
to those of native lungs. These seeded scaffolds were then implanted in rats for
in vivo testing and were observed to participate in gas exchange, remarkably.

Bioengineering strategies for the trachea and larynx differ from those for the
lung given their relatively simpler, hollow architectures. Furthermore, their purpose
is mainly derived from their structural characteristics (i.e., as air conduits) rather
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than their cellular functions, unlike complex solid organs. Synthetic scaffolds, such
as those involving polyester urethane, polypropylene mesh, alginate gel, or
PEGylated hydrogels, were used initially to integrally replace the trachea as they
benefit from not requiring a donor and being easily modified to conform to recipient
anatomy. Nevertheless their use is limited due to their having different biomechani-
cal properties, being more susceptible to infection, and not vascularizing [191].
Vascularization is critical to maintain the vitality of seeded or recruited cells and
subsequent proliferation [192].

Recellularization strategies in these contexts seek to recover the chondrocyte and
epithelial compartments of the native airway. Stem cells, appropriately selected,
have the potential to differentiate into both of these cell types. Berg et al. repopu-
lated a detergent-decellularized human cadaveric donor trachea with autologous
stem cells and implanted the resulting airway construct into a 76-year-old patient
with tracheal stenosis [193]. Within a week the graft was compromised by a thick
fungal infection which nevertheless controlled with local and systemic antifungal
therapy. The patient eventually died after 3 weeks due to cardiac arrest, but the air-
way graft was found to be patent, open, and stable with intact anastomoses.
Histopathological analysis during autopsy showed squamous but not ciliated epithe-
lium, neovascularization, nerve fibers in the submucosa, and intact chondrocytes in
the cartilage. Investigators have also experimented with other stem cell types includ-
ing iPSCs [194], marrow-derived MSCs [195], human ESCs [196], and amniotic
fluid-derived stem cells [197] for regeneration of airway tissue.

8.5 Conclusion

The use of autologous cellular material has the potential to obviate the need for
lifelong antirejection therapies. De novo organ fabrication using cell-scaffold tech-
nology could, theoretically, provide a limitless supply of transplantable organs for
waiting list patients, thus circumventing the challenge of organ shortage.

Large-scale clinical translation of abdominal organ bioengineering remains a
distant possibility, however, because substantial work remains to be done in the
laboratory. The chief obstacles posed by current medical and surgical modalities
(particularly transplantation) are quite concerning and have created a pocket of
necessity within which TE investigations are being conducted.

Further research is needed to identify the most suitable cell type for regenerative
investigations in each organ system. Although adult somatic cells specific to the
organ system being treated have shown promise, stem cells have the advantage of
being multipotent and renewable, which are particularly attractive qualities in the
context of TE. The risks associated with their use, however, need to be further char-
acterized before they can be used safely in patients on a large scale.

The immunogenicity of decellularized scaffolds is another issue that needs to be
assessed. Though their tolerability has been recognized both empirically and theo-
retically, suboptimal decellularization protocols can leave behind residual antigen
activity, triggering an immune response in the host.
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Investigators must also seek to understand better the interaction between ECM
and cells, both endogenous and exogenous. The improved knowledge base would
likely result in improved cellular engraftment, improved migration, and improved
differentiation within the acellular matrix. The source of new understanding could
very well lie in developmental biology and organogenesis, in which ECM-guided
differentiation is paramount.

Though TE solutions for abdominal organ engineering show great promise, cur-
rent researchers must also keep an eye toward research funding limitations and the
role of commercial entities in bringing their innovations from bench to bedside.
With these last obstacles addressed, TE solutions for transplantation may very well
bring about a paradigm shift in the modern era for the treatment of end-stage organ
diseases.
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