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Abstract End-stage kidney disease (ESKD) is one of the
most prevalent diseases in the world with significant morbid-
ity and mortality. Current modes of renal replacement therapy
include dialysis and renal transplantation. Although dialysis is
an acceptable mode of renal replacement therapy, it does have
its shortcomings, which include poorer life expectancy com-
pared with renal transplantation, risk of infections and vascu-
lar thrombosis, lack of vascular access and absence of biosyn-
thetic functions of the kidney. Renal transplantation, in con-
trast, is the preferred option of renal replacement therapy, with
improved morbidity and mortality rates and quality of life,
compared with dialysis. Renal transplantation, however, may
not be available to all patients with ESKD. Some of the key
factors limiting the availability and efficiency of renal trans-
plantation include shortage of donor organs and the constant
risk of rejection with complications associated with over-
immunosuppression respectively. This review focuses chiefly
on the potential roles of bioengineering in overcoming limita-
tions in renal transplantation via the development of cell-
based bioartificial dialysis devices as bridging options before
renal transplantation, and the development of new sources of
organs utilizing cell and organ engineering.
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Introduction

End-stage kidney disease (ESKD), defined as a glomerular
filtration rate of less than 15 ml/min/1.73m? or upon initiation
of renal replacement therapy [1], is one of the most prevalent
diseases in the world.

In the USA, the point prevalence of ESKD in the pediatric
population was 9,721 patients as of 31 December 2014, com-
pared with 9,921 in the preceding year [2, 3]. Although the
incidence of ESKD in the pediatric population in 2014 was
comparatively lower compared with 2013, almost 1,400 chil-
dren, nevertheless, had new onset ESKD in 2014 [2].
Likewise, in Europe, based on the data from 24 registries in
15 countries, the point prevalence of pediatric patients on
renal replacement therapy was 1,430 patients as of 31
December 2014 and was similar to that of the preceding year
[4]. This represented an incident rate of 8.2 per million age-
related population (pmarp) [4]. In the Asia—Pacific region,
there is also a notable prevalence of ESKD in the pediatric
population. In 2008, the prevalence of children on renal re-
placement therapy varied from 34 pmarp in Japan to 65 pmarp
in Australia and Malaysia [5]. The incidence of children on
renal replacement therapy in the same year varied from 4.3
pmarp in Japan [5] to about 8 pmarp in Australia and New
Zealand [6].

Current available modalities of renal replacement therapy
include dialysis and renal transplantation. Both modalities,
however, have their limitations.

Although dialysis is life-saving, it cannot replicate the bio-
synthetic and metabolic activities of the normal kidney and
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there are several risks and limitations associated with dialysis,
including risk of infections [2, 7-10], vascular thrombosis [11,
12] with subsequent loss of vascular access in hemodialysis
patients.

Renal transplantation seems to be a better alternative than
renal dialysis in terms of quality of life [ 13—15], morbidity and
mortality rates [16—18], and financial expenditure [19, 20].
However, the scarcity of donor kidneys (secondary to increas-
ing prevalence of ESKD, together with stable or declining
rates of organ donation) [21], limited graft survival [22, 23],
and complications associated with immunosuppression (op-
portunistic infections [24], post-transplant lymphoprolifera-
tive disorder [25]) and the immunosuppressants themselves
(e.g., calcineurin inhibitor- and corticosteroid-associated new
onset of diabetes after transplantation [26]), limit the availabil-
ity of this option.

In recent years, tremendous progress has been made in
terms of the development of novel bridging options before
transplantation and potential new sources of transplantable
kidneys secondary to technological advancements and break-
throughs in the fields of tissue engineering and regenerative
medicine. This review focuses on the progress and potential
solutions offered by bioengineering in resolving the key issues
facing renal transplantation.

Bioartificial dialysis devices as a bridging option
before renal transplantation

The word “dialysis” is a direct borrowing from the Greek
word for “loosening” and describes a process of separation
of solutes from the blood, which is essentially the underlying
principle of dialysis. The first dialysis machine, or “artificial
kidney,” was built by Willem Johan Kolff, a Dutch physician,
during the Second World War in 1943 [27]. The crude ma-
chine, built from salvaged car and washing machine parts,
orange juice cans, and sausage skins was used to treat 16
patients with acute renal failure, but without much success,
until 1945, when a 67-year-old woman in uremic coma
regained consciousness following 11 h of hemodialysis
[28-30]. Since the inception of dialysis as a modality of renal
replacement therapy, the technology involved has progressed
tremendously.

As previously discussed, dialysis does not offer the endo-
crine, metabolic, and immunomodulatory functions compared
with a native kidney. Another chief limitation of dialysis is its
restriction on mobility. The decline in mobility after initiating
dialysis has been demonstrated to be associated with increased
short-term mortality [31]. The restriction in mobility is of even
greater consequence in the pediatric population as that could
lead to frequent school absences and impair the learning pro-
cess in pediatric ESKD patients. To overcome the above, di-
alysis machines need to be more compact and recapitulate the
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functions of the native kidneys. This may be achieved via the
development of a self-sufficient bioartificial kidney or a more
compact portable bioartificial dialysis device.

The renal assist device (RAD) is one of the potential solu-
tions that may be utilized to solve the above challenge. The
device was developed by Humes and team and consisted of
living human renal tubule cells seeded into the fibers of a
standard hemofilter to simulate the solute clearance, fluid ho-
meostasis, endocrine and metabolic functions of the native
kidney [32]. The hollow fibers of the hemofilter acted as an
immunological barrier and provided a mechanical scaffold for
the living renal tubule cells. In a phase II multicenter, random-
ized controlled open-label trial involving 58 patients with
acute kidney injury, of which 40 patients received both con-
tinuous venovenous hemofiltration (CVVH) + RAD and 18
patients received CVVH alone, it was demonstrated that pa-
tients in the RAD arm had a lower mortality rate than patients
in the CVVH only group at 28 days (33% vs 61% respective-
ly) [33]. In the same study, patients with RAD also demon-
strated faster renal recovery rates than patients who received
CVVH alone [33]. Unexpectedly, a follow-up phase IIb study
was discontinued after an interim analysis revealed a surpris-
ing high survival rate in patients treated with sham RAD with-
out the living renal cells [34]. The RAD remains, thus far, the
only bioartificial renal device that has been successfully tested
in humans.

The successful utilization of the RAD in humans has
prompted the search for and development of a miniaturized
version of the RAD that can be implanted into the human
body—the implantable renal assist device (iRAD). The use
of microelectromechanical system (MEMS) technology has
allowed the production of silicon nanopore membranes
(SNMs) for use as a hemofilter and a scaffold for
immunoisolation of renal cells [35-38]. The SNMs have a slit
pore design that closely resembles that of the glomerular fil-
tration barrier and the pores can be as small as 5 nm [39]. The
SNMs also have higher performance with greater selectivity
compared with the standard hemofilter membranes [40]. The
high permeability of these membranes allows for filtration to
occur utilizing only the arterial-venous pressure difference,
obviating the additional need for a pump. The other chief
component of the iRAD is the renal cells seeded on the
SNM scaffold that provide the endocrine, metabolic, and im-
munomodulatory functions of the native kidney. A step for-
ward in the application of these SNMs as hemofilters involved
the successful implantation of these SNMs in dog models
[41]. Further mechanistic studies, however, are required to
further define the ideal membrane characteristics and limita-
tions before trialing them in humans.

A key limitation preventing the widespread use of alloge-
neic renal epithelial cells within an extracorporeal environ-
ment is the lack of a cryopreservable system and the need to
maintain an anticoagulated blood circuit, which is the
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conventional modality for solute clearance and supporting cell
viability. This prohibited large-scale device manufacturing,
storage, and delivery. An important breakthrough in an at-
tempt to overcome the above limitation is the development
of the bioartificial renal epithelial cell system (BRECS),
whereby cells and cell function could be sustained by perfu-
sion fluids aside from blood [42]. The system consisted of
porous carbon disks seeded with renal epithelial cells in po-
rous polycarbonate housing. Perfusion fluid flows through the
disks to maintain cell viability and remove cell products [42].
In a demonstration of the potential utility of BRECS in ESKD,
anephric sheep were attached to a continuous flow peritoneal
dialysis circuit that included a BRECS, and cell viability was
noted to be sustained by the extracorporeal peritoneal fluid at
the end of the study [43]. In another separate study, BRECS
seemed to confer a survival advantage in a porcine model of
septic shock [44].

Another portable dialysis device of interest is the portable
artificial kidney, jointly developed by Debiotech of
Switzerland, AWAK of Singapore, and Neokidney
Development (an initiative of the Dutch Kidney
Foundation), with clinical trials stipulated to be carried out
in 2017 [45].

Cell and organ engineering in the development
of novel sources of cells and organs for renal
replacement therapy

As highlighted above, renal transplantation offers the best
option for patients with ESKD, but is, however, limited by
the scarcity of organs, which remains the greatest limitation
to widespread transplantation in these patients. In addition,
although current immunosuppressive regimens have kept
acute rejection rates low, the long-term graft survival in renal
transplant recipients remains a significant problem [46]. In
addition, in low-income countries, cost, lack of infrastructure,
infectious diseases, and malnutrition further complicate and
limit organ transplantation.

The above issues may be solved with the development of a
bioengineered kidney. However, the challenges that face the
development of a bioengineered kidney lie in the anatomical
complexity [47] in addition to the need to replicate the myriad
kidney functions, which include fluid and electrolyte homeo-
stasis, endocrine functions via secretion of erythropoietin and
hydroxylation of vitamin D and immunomodulatory func-
tions. Cellular engineering, which is of less complexity than
organ engineering, may provide a bridging solution between
ESKD and organ transplantation/implantation of a
bioengineered kidney. A number of different approaches in
cell and organ engineering have been investigated as alterna-
tives to dialysis and kidney transplantation.

Stem cell transplantation as a potential mode of renal
reparative and replacement therapy

Stem cells are inherently involved in the reparative process
during kidney injury [48, 49]. Augmentation of the reparative
process through direct stem cell supplementation seemed like
a promising and possible approach in the therapy of kidney
injury, as demonstrated in several studies [S0-57]. A key lim-
itation in this renal stem cell-based therapy is the limited
source of renal stem cells. Several strategies have been devel-
oped to overcome this limitation.

Transdifferentiation of stem cells or reprogramming of
stem cells from one lineage to another may be a plausible
approach to obtaining more renal stem cells. In a study by
Jia et al. [58], it was reported that bone marrow stem cells
when transplanted into mice with acute kidney injury acquired
properties similar to those of renal stem cells.

Mesenchymal stem cells (MSCs) may be another source of
stem cells that can be utilized in acute and chronic renal injury
therapy. MSCs have been noted to transdifferentiate to renal
cells, together with a host of other properties beneficial to
renal repair, when applied to in vivo models of both acute
kidney injury and chronic ischemic kidney disease [59].

Embryonic stem (ES) cells hold great promise as a poten-
tial source of renal stem cells. Mouse ES cells were noted to
differentiate into renal tubular cells when transfected with
specific transcription factors or cultured with certain growth
factors [60—63]. ES cells, however, have experienced little
progress in view of underlying ethical considerations.

Induced pluripotent stem cells (iPSCs), terminally differen-
tiated cells reprogrammed to become pluripotent stem cells, as
first illustrated by Takahashi and Yamanaka [64], are another
potential source of stem cells that are able to undergo differ-
entiation into kidney-related cells. An advantage of iPSCs is
that they do not face the ethical constraints encountered with
ES cells. The major limitation in iPSCs lies with their low
induction efficiency. Strategies to overcome the low induction
efficiency include improvements in reprogramming, for ex-
ample, the addition of vitamin C during iPSC generation,
and have increased induction efficiency and enhanced the
progression of cells to pluripotency [65].

Organ engineering as a potential mode of renal
replacement therapy

As previously discussed, the major obstacle in the develop-
ment of a bioengineered kidney lies in the anatomical com-
plexity of the kidney with various kidney-related cellular sub-
types. Several technological advances have emerged that may
potentially enable the fabrication of an organ ex vivo, namely:

1. De novo renal organogenesis
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2. Organogenesis via decellularization and recellularization
3. Three-dimensional (3D) bioprinting

De novo renal organogenesis involves the transplantation of
the metanephros, which is the embryonic renal tissue, into the
recipient for in situ organ development. Embryologically, the
metanephric (permanent) mammalian kidney starts develop-
ment around gestational weeks 4—5 [66]. The metanephros
consists of cells derived from the metanephric blastema (giving
rise to the nephron) and the ureteric bud (giving rise to the
collecting ducts, renal pelvis, and ureter). Unlike pluripotent
stem cells, these are embryonic cells committed to the develop-
ment of the mature kidney [66]. The plausibility of utilizing
metanephroi to supplement the function of a kidney was initial-
ly demonstrated via the implantation of metanephroi into the
cortex of newborn mice with subsequent growth and develop-
ment of the donor embryonic cells into glomeruli and tubules,
with demonstrable glomerular filtration function [67]. In anoth-
er study that examined the potential role of metanephroi in
augmenting the renal function of the recipient rat, in addition
to similar findings from the preceding study by Woolf et al.
[67], it was also demonstrated that transplanted metanephroi
had a decreased immune response, possibly attributable to poor
human leukocyte antigen expression in these cells [68]. Besides
the implantation of metanephroi into the kidneys for growth
and differentiation, the transplantation of metanephroi into the
omentum has also shown some promise, the metanephroi de-
veloping into mature glomeruli and tubules, with vasculariza-
tion of the tissue from the omentum [69].

Despite the promising nature of metanephroi transplantation
as a mode of renal replacement therapy, a key challenge facing
this option is the availability and source of embryonic renal
stem cells for transplantation, for which the currently available
option is aborted human fetuses. The development of new
sources of embryonic cells via novel cell engineering tech-
niques may hold the key to overcoming this major limitation.

In the process of organogenesis via decellularization and
recellularization, the native cells are first removed via a mix-
ture of physical, chemical, and enzymatic means, leaving be-
hind only the extra-cellular matrix [70]. The resultant scaffold
is subsequently repopulated with cells creating the reseeded
organ. The ability of the extra-cellular matrix to direct differ-
entiation of pluripotent stem cells to renal cells was illustrated
in a study by Ross et al. [71]. In another study by Nakayama
et al., it was further verified that the 3D decellularized scaf-
folds could indeed provide the signaling and attachment for
cellular repopulation [72]. The feasibility of application of
decellularization and recellularization processes in organogen-
esis for utility in the clinical setting was further demonstrated
in a breakthrough study by Song et al., which showed the
ability of reseeded decellularized kidney scaffold to produce
urine and basic solute transport function after orthotropic im-
plantation into rats [73]. The urine produced by the
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regenerated kidneys was, however, lesser, and of lower uri-
nary urea and creatinine concentrations, compared with native
kidneys [73]. This may be attributable to the partial seeding of
the scaffold and the immature state of the repopulated cells.
More work, however, is required to improve the cell seeding
efficiency, increase the scale of organ culture, and improve
solute transport characteristics.

Chief considerations in the widespread application of this
method include the source of stem cells and the source of the
scaffolds. Although the supply of stem cells may be limited,
the advent of iPSC may be the underlying solution to over-
coming this limitation. Hence, the key limitation for organo-
genesis using the decellularization and recellularization tech-
nique lies with the scaffold. There are a few options pertaining
to scaffold availability.

One possible source of scaffold involves the harvesting and
decellularization of the patient’s own kidney, followed by re-
population of the organ using the patient’s own iPSCs in a
bioreactor and finally implantation back into the patient, with-
out the need for immunosuppression. A similar feasible choice
involves the decellularization of discarded cadaveric kidneys
deemed unsuitable for transplant, followed by repopulation
with autologous cells [74]. The use of kidney scaffolds de-
rived from nonhuman primates (semi-xenotransplantation) is
another interesting strategy for overcoming the shortage of
scaffolds. As these animal scaffolds are decellularized, they
are almost antigen-free, hence minimizing the risk of sensiti-
zation and the need for immunosuppression [75, 76]. If this
option is indeed feasible, the organ supply for scaffold deri-
vation will almost certainly be limitless. In addition, with the
inception of 3D bioprinting (see below), scaffold shortage for
organ synthesis may also be a thing of the past.

Additive manufacturing, also known as 3D printing, has
been a major breakthrough innovation in many areas, includ-
ing engineering, manufacturing industry, research, medicine,
and education. Printing technology has evolved from conven-
tional two-dimensional (2D) printing to an additive process in
which successive layers are formed into a 3D shape [77]. 3D
printing was first introduced in 1986 by Charles W. Hull,
whereby layers are added by curing photopolymers with
ultraviolet light lasers. The method was termed
“stereolithography.” 3D printing is the ideal method for the
production of customized and precise medical devices or pros-
thetics, hence bringing “personalized medicine” a step for-
ward. An example of the clinical applicability of 3D printing
is the recent creation of an airway splint using the technology
for use in an infant with tracheobronchomalacia [78].
Compared with nonbiological printing, 3D bioprinting is more
sophisticated with additional complexities, such as the need
for precise 3D imaging of the organ to be printed, the type of
bioink required (choice of biomaterials, cellular subtypes, var-
ious growth and differentiation factors to be incorporated),
and other associated challenges. 3D bioprinting is increasingly
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used in organ engineering to address the unmet need for tis-
sues and organs available for transplantation, whether in terms
of production of acellular scaffolds for cell-seeding or the
synthesis of an entire organ. Although there are as yet no
available published studies on the development of a functional
kidney produced entirely from 3D bioprinting, there has been
encouraging news of an early-stage kidney prototype synthe-
sized using microextrusion bioprinting by the Wake Forest
Institute for Regenerative Medicine [79], suggesting the plau-
sibility of a 3D bioprinting-synthesized kidney.

Conclusion

Dialysis and renal transplantation are the only available, clin-
ically viable options for renal replacement therapy. Numerous
innovative research studies are ongoing to address the various
shortcomings of current renal replacement therapy and to
eventually develop a fully functional, bioengineered kidney
capable of reproducing the metabolic, endocrine, and immu-
nomodulatory functions of the native kidney. Early work on
cell-based therapies and organ engineering has shown promise
by developing functional kidney tissue. Despite these early
encouraging results, there are obstacles that remain to be over-
come before a bioengineered kidney will become standard
care. A major issue for the field is the limited source of cells.
There are ethical concerns over using ES cells from human
embryos for organ development, which fortunately have been
circumvented with the advent of iPSCs. Additionally, logisti-
cal concerns involving large-scale cell-sourcing, large-scale
scaffold design and production, large-scale organ culture,
cryopreservation, storage, and distribution remain to be solved
before gaining generalized acceptance. The solutions created
by bioengineering in the field of renal replacement will also
need to extend beyond validation in small animal models and
demonstrate their practicality in larger animals and eventually
humans. Although still in its juvenile stage, the current land-
scape for the development of a bioengineered kidney remains
encouraging. Numerous obstacles, however, remain to be
surmounted before the dream of having a bioengineered kid-
ney for ESKD patients can be realized.
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