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Tissue engineering is a rapidly growing field in biotech- 
nology. The use and packaging of synthetic materials, 
biologic compounds, and cellular components of specific 
tissues can be envisioned to replace physiologic function 
of diseased organs. Long-term ex vivo therapy for kidney 
failure has been achieved, so that the kidney may be 
the first solid organ in which tissue engineering con- 
cepts can produce an implantable device for long-term 
in vivo replacement therapy. To replace the kidney's 
excretory function, an implantable bioartificial kidney 
requires both a device to replace blood ultrafiltration 
performed by renal glomeruli and a device to replace 
transport regulatory function of the renal tubule. The 
initial concepts for these devices are just beginning to 
be considered and developed. 0 1994 John Wiley 81 Sons, 
Inc. 
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INTRODUCTION 

Tissue engineering is a rapidly developing field in 
biotechnology. Recent progress towards ex vivo ker- 
atinocyte growth for skin grafting, ex vivo growth of 
hematopoietic cells for blood production, and ex vivo 
growth of hepatocytes for liver replacement have been 
d o c ~ m e n t e d . ~ ~ , ~ ~ , ~ ~  In this regard, support of renal function 
with hemodialysis or chronic ambulatory peritoneal dialysis 
(CAPD) has been the only successful long-term ex vivo 
replacement therapy to date.8,16 Accordingly, the kidney 
may well be the first solid organ in which tissue engineering 
concepts can produce an implantable device for in vivo 
replacement therapy, thereby replacing renal function in 
patients with end-stage renal disease (ESRD) to circumvent 
the need for long-term dialytic therapy. 

Although long-term chronic renal replacement therapy 
with either hemodialysis or CAPD has dramatically changed 
the prognosis of renal failure, it is not complete replace- 
ment therapy, because it only provides filtration function 
(usually on an intermittent basis) and does not replace 
the homeostatic, regulatory, and endocrine functions of the 
kidney. Because of the nonphysiologic manner in which 
dialysis performs or does not perform the most critical renal 
functions, patients with ESRD on dialysis continue to have 
major medical, social, and economic problems.* 

Accordingly, this new technology would most likely 
have substantial benefits for the patient by increasing life 
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expectancy, increasing mobility and flexibility, increasing 
quality of life with large savings in time, less risk of infec- 
tion, and reduced costs. This approach could also be con- 
sidered a cure rather than a treatment for patients. 

STEM OR PROGENITOR CELLS 

Critical to the advancement of the tissue engineering field 
is the need for the isolation and growth in vitro of specific 
cells from adult tissue. These cells are those that possess 
stem cell-like characteristics with a high capacity for self- 
renewal and the ability to differentiate under defined condi- 
tions into specialized cells to develop correct structure and 
functional components of a physiologic organ s y ~ t e m . ~ ~ " , ~ ~  
Stem cells have been extensively studied in only three 
adult mammalian tissues: the hematopoietic system, the 
epidermis, and the intestinal epithelium. Recent work has 
also suggested that stem cells may also reside in the adult 
nervous system.23 Little insight into possible renal tubule 
stem cells had been developed until recent data demon- 
strating methodology to isolate and grow renal proximal 
tubule stem or progenitor cells from adult mammalian 
kidneys.l3,I4 This series of studies was promoted by the 
clinical and experimental observations suggesting that renal 
proximal tubule progenitor cells must exist, because they 
have the ability to regenerate after severe nephrotoxic or 
ischemic injury to form a fully functional and differentiated 
 epithelium.'^" Whether proximal tubule progenitor cells are 
pluripotent, possessing the ability to differentiate into cells 
of other segments (such as loop of Henle, distal convoluted 
tubule) as in embryonic kidney development, is presently 
unclear; the clinical state of acute tubular necrosis certainly 
supports the idea that proximal tubule progenitor cells have 
the ability to replicate and differentiate into proximal tubule 
cells with functionally and morphologically differentiated 
phenotypes. 

In this regard, recent data13 have demonstrated, using 
renal proximal tubule cells in primary culture, that the 
growth factors, TGF-P1 and EGF, along with the retinoid, 
retinoic acid, promoted tubulogenesis in renal proximal 
tubule progenitor cells in tissue culture. These observations 
defined a coordinated interplay between growth factors and 
retinoids to induce pattern formation and morphogenesis. 
This finding is one of the first definitions of inductive 
factors which may be important in the organogenesis of 
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a mammalian organ. In addition, using immunofluores- 
cence microscopy, retinoic acid induced laminin A- and 
B1 -chain production in these cells and purified soluble 
laminin completely substituted for retinoic acid in kidney 
tubulogenesis. These results clearly demonstrate the manner 
in which retinoic acid, as a morphogen, can promote pattern 
formation and differentiation by regulating the production 
of an extracellular matrix molecule. 

Further work has demonstrated, in fact, that a popu- 
lation of cells resides in the adult mammalian kidney 
which have retained the capacity to proliferate and mor- 
phogenically differentiate into tubule structures in vitro.14 
These experiments have identified non-serum-containing 
growth conditions, which select for proximal tubule cells 
with a high capacity for self-renewal and an ability to 
differentiate phenotypically, collectively, and individually, 
into proximal tubule structures in collagen gels. Regarding 
the high capacity for self renewal, genetic marking of 
the cells with a recombinant retrovirus containing the 
IucZ gene and dilution analysis demonstrated that in vitro 
tubulogenesis often arose from clonal expansion of a single 
genetically tagged progenitor cell. These results suggest 
that a population of proximal tubule cells exist within the 
adult kidney in a relatively dormant, slowly replicative 
state, but with a rapid potential to proliferate, differentiate, 
and pattern form to regenerate the lining proximal tubule 
epithelium of the kidney following severe ischemic or 
toxic injury. The methodology to purify and grow renal 
tubule progenitor cells allows for the possibility to provide 
better therapeutic alternatives to current expensive medical 
substitution therapies for the treatment of end-stage renal 
failure by replacing filtering, regulatory, and endocrine 
properties of kidney tissue. 

TISSUE ENGINEERING FORMULATION 

In designing an implantable bioartificial kidney for renal 
replacement function, essential functions of kidney tissue 
must be appreciated to direct the design of the tissue 
engineering project. The kidneys are solid organs critical 
to body homeostasis due to their excretory, regulatory, 
and endocrinologic functions. The excretory function is 
initiated by filtration of blood at the glomerulus, which is an 
enlargement of the proximal end of the tubule incorporating 
a vascular tuft. The structure of the glomerulus is designed 
to provide efficient ultrafiltration of blood to remove toxic 
wastes from the circulation and retain important compo- 
nents within the systemic circulation, such as a l b ~ m i n . ~ ? ~  
The regulatory function of the kidney, especially with 
regard to fluid and electrolyte homeostasis, is provided 
by the tubular segments attached to the glomerulus. The 
ultrafiltrate emanating from the glomerulus courses along 
the kidney tubule, which reabsorbs fluid and solutes to 
finely regulate the excretion of various amounts of solutes 
and water in the final urine. The functional unit of the 
kidney is, therefore, composed of the filtering unit, the 
glomerulus, and the regulatory unit, the tubule. Together 

they form the basic component of the kidney, called the 
nephron. Therefore, a bioartificial kidney requires two main 
units, glomeruli and renal tubules. 

Bioartificial Glomerulus 

The potential for a bioartificial glomerulus has been 
achieved with the use of polysulphone fibers ex vivo with 
maintenance of ultrafiltration in humans for several weeks 
with a single de~ice.'~,'' The availability of hollow fibers 
with high hydraulic permeability has been an important 
advancement in biomaterials for replacement function of 
glomerular ultrafiltration. Conventional hemodialyses for 
ESRD have used membranes in which solute removal is 
driven by a concentration gradient of the solute across 
the membranes and is, therefore, predominantly a diffusive 
process. Another type of solute transfer also occurs across 
the dialysis membrane via a process of ultrafiltration of 
water and solutes across the membrane. This convective 
transport is independent of the concentration gradient and 
depends predominantly on the hydraulic pressure gradient 
across the membrane. Both diffusive and convective 
processes occur during traditional hemodialysis, but 
diffusion is the main route of solute movement. 

The development of synthetic membranes with high 
hydraulic permeability and solute retention properties in 
convenient hollow fiber form has promoted ESRD therapy 
based upon convective hemofiltration rather than diffusive 
h e m ~ d i a l y s i s . ~ ~ ' ~  Removal of uremic toxins, predominantly 
by the convective process, has several distinct advantages, 
because it imitates the glomerular process of toxin removal 
with increased clearance of higher-molecular-weight solutes 
and removal of all solutes (up to a molecular weight cutoff) 
of the same rate. The comparison of the differences between 
diffusive and convective transport across a semipermeable 
membrane is detailed in Figure 1. This figure demonstrates 
the relationship between molecular size and clearance by 
diffusion and convection. As seen, the clearance of a 
molecule by diffusion is negatively correlated with the 
size of the molecule. In contrast, clearance of a substance 
by convection is independent of size up to a certain 
molecular weight cutoff. The bulk movement of water 
carries passable solutes along with it in approximately the 
same concentration as in the fluid. 

Development of an implantable device which mimics 
glomerular filtration will thus be dependent upon convective 
transport. This physiologic function has been achieved 
clinically with the use of polysulphone hollow fibers 
ex vivo. Major limitations to the currently available 
technology for long-term replacement of filtration function 
include bleeding associated with required anticoagulation, 
diminution of filtration rate due to protein deposition in 
the membrane over time, and large amounts of fluid 
replacement required to replace the ultrafiltrate formed 
from the filtering unit. The use of endothelial cell seeded 
conduits and filtration surfaces may provide improved long- 
term hernocompatibility and hemofiltration in 
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Figure 1. Relationship between solute molecular size and clearance by 
diffusion (open circles) and convection (closed circles). Left curve shows 
solute clearance for a 1.0 m2 dialyzer with no ultrafiltration where solute 
clearance is by diffusion. Right curve shows clearance for a 1.6 m2 
ultrafilter where solute clearance is by convection. Smaller molecules 
are better cleared by diffusion; larger molecules by convection. Normal 
kidneys clear solutes in a pattern similar to convective transport. (Figure 
adapted from Reference 17.) 

In this regard, endothelial cell seeding of small caliber 
vascular prosthesis has been shown experimentally to 
reduce long-term platelet deposition, thrombus formation, 
and loss of graft paten~y. '~ Recent results in humans 
have demonstrated success in autologous endothelial cell 
seeding in small caliber grafts after growth of these cells 
along the graft lumen ex vivo to achieve a confluent 
monolayer prior to implantation. Long-term persistent 
endothelialization and patency of the implanted graft has 
been reported.18 

For differentiated endothelial cell morphology and func- 
tion, an important role for various components of the 
extracellular matrix (ECM) has been demon~trated.~?~ The 
ECM has been clearly shown to dictate phenotype and 
gene expression of endothelial cells, thereby modulating 
morphogenesis and growth. Various components of ECM, 
including collagen type I, collagen type IV, laminin, and 
fibronectin have been shown to affect endothelial cell ad- 
herence, growth, and differentiation. Of importance, ECM 
produced by MDCK cells, a permanent renal epithelial 
cell line, has the ability to induce capillary endothelial 
cells to produce fene~trations.~,~' Endothelial cell fenes- 
trations are large openings, which act as channels for 
convective transport through the endothelial monolayer, and 
are important in the high hydraulic permeability charac- 
teristic of glomerular capillaries. Thus, the ECM compo- 
nent on which the endothelial cells attach and grow may 
be critical in the functional characteristics of the lining 
monolayer. 

Bioartificial Tubule 

The bioartificial renal tubule is also clearly feasible when 
conceived as a combination of living cells supported on 

polymeric ~ubstrata. '~ A bioartificial tubule uses epithelial 
progenitor cells cultured on water and solute-permeable 
membranes seeded with various biomatrix materials, so 
that expression of differentiated vectorial transport and 
metabolic and endocrine function is attained. With appro- 
priate membranes and biomatrices, immunoprotection of 
cultured progenitor cells can be achieved concurrent with 
long-term functional performance as long as conditions 
support tubule cell ~iabi1ity.l.'~ The technical feasibility 
of an implantable epithelial cell system derived from cells 
grown as confluent monolayers along the luminal surface 
of polymeric hollow fibers has been a~hieved. '~  These pre- 
viously constructed devices, however, have used permanent 
renal cell lines which do not have differentiated transport 
function. The ability to purify and grow renal proximal 
tubule progenitor cells with the ability to differentiate 
morphogenically may provide a capability for replacement 
renal tubule function. 

A bioartificial proximal tubule satisfies a major require- 
ment of reabsorbing a large volume of filtrate to maintain 
salt and water balance within the body. The need for 
additional tubule equivalents to replace another nephronal 
segment function, such as the loop of Henle, to perform 
more refined homeostatic elements of the kidney, including 
urine concentration or dilution, may not be necessary. 
Patients with moderate renal insufficiency lose the ability 
to finely regulate salt and water homeostasis-because 
they are unable to concentrate or dilute, yet are able to 
maintain reasonable fluid and electrolyte homeostasis due to 
redundant physiologic compensation via other mechanisms. 
Thus, a bioartificial proximal tubule, which reabsorbs iso- 
osmotically the majority of the filtrate, may be sufficient to 
replace required tubular function to sustain fluid electrolyte 
balance in a patient with end-stage renal disease. 

Implantable Bioartificial Kidney 

The development of a bioartificial filtration device and 
a bioartificial tubule processing unit would lead to the 
possibility of an implantable bioartificial kidney, consisting 
of the filtration device followed in series by the tubule unit. 
The filtrate formed by this device will flow directly into 
the tubule unit. The tubule unit should maintain viability, 
because metabolic substrates and low-molecular-weight 
growth factors are delivered to the tubule cells from the 
ultrafiltration unit. Furthermore, immunoprotection of the 
cells grown within the hollow fiber is achievable due 
to the impenetrance of immunologically competent cells 
through the hollow fiber. Rejection of transplanted cells 
will, therefore, not occur. This arrangement thereby allows 
the filtrate to enter the internal compartments of the hollow 
fiber network, which are lined with confluent monolayers 
of renal tubule cells for regulated transport function. 

This device could be used either extracorporeally or 
implanted within a patient. In this regard, the specific 
implant site for a bioartificial kidney will depend upon 
the final configuration of both the bioartificial filtration 
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and tubule device. As presently conceived, the endothelial- 
lined bioartificial filtration hollow fibers can be placed 
into an arteriovenous circuit using the common iliac artery 
and vein, similar to the surgical connection for a renal 
transplant. The filtrate is connected in series to a bioartificial 
proximal tubule, which is embedded into the peritoneal 
membrane, so that reabsorbate will be transported into 
the peritoneal cavity and reabsorbed into the systemic 
circulation. The processed filtrate exiting the tubule unit 
is then connected via tubing into the proximate ureter for 
drainage and urine excretion via the recipient’s own urinary 
collecting system. 

The clinical implications of this final product devel- 
opment are substantial. Although long-term chronic renal 
replacement therapy with either hemodialysis or CAPD has 
dramatically changed the prognosis of renal failure, it is 
not complete replacement therapy, because it only provides 
filtration function (usually on an intermittent basis) and 
does not replace the homeostatic, regulatory, and endocrine 
functions of the kidney. Because of the nonphysiologic 
manner in which dialysis performs or does not perform 
the most critical renal functions, patients with ESRD on 
dialysis continue to experience major medical, social, and 
economic problems. These include a life expectancy rate 
one fifth that of a normal cohort group, a five-times-higher 
hospitalization rate than normal, a 60% unemployment rate, 
and a 30% disability rate. Accordingly, this new technol- 
ogy, based upon these bioengineering products, will most 
likely have substantial benefits to the patient by increasing 
life expectancy; increasing mobility and flexibility; and 
increasing quality of life with large savings in time, less 
risk of infection, and reduced costs. This approach could 
also be considered a cure rather than a treatment for 
patients. 
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