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Abstract

Renal disease represents a major health problem that often results in end-stage renal failure
necessitating dialysis and eventually transplantation. Historically these diseases have been studied
with patient observation and screening, animal models, and two-dimensional cell culture. In this
review, we focus on recent advances in tissue engineered kidney disease models that have the
capacity to compensate for the limitations of traditional modalities. The cells and materials
utilized to develop these models are discussed and tissue engineered models of polycystic kidney
disease, drug-induced nephrotoxicity, and the glomerulus are examined in detail. The application
of these models has the potential to direct future disease treatments and preclinical drug
development.
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1. Introduction

Tissue engineering can be broadly defined as the application of engineering principles to
biological systems. A fundamental goal of tissue engineering is the regeneration of damaged
or diseased organs which has been significantly advanced towards clinical use for organ
systems such as skin, bone, bladder, and cartilage [1]. However, the regeneration of more
challenging organs, such as the kidney, is not as advanced due to the complex composition
and highly controlled functionality of the kidney. As such, the current strategy towards
kidney tissue regeneration has focused on the development of simple building blocks that
consist of a single cell type in a three dimensional (3D) environment in vitro. These
simplified tissues are currently being applied to in vitro modeling of kidney diseases such as
polycystic kidney disease (PKD), preclinical drug screening for nephrotoxicity, and
understanding early kidney development. While these tissue engineered models will not
replace the traditional experimental methodologies of 2D cell culture and animal models,
they can provide relevant information that may compensate for the limitations of those
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methodologies. In this review, we summarize the techniques utilized to form tissue
engineered kidney disease models and examine the models being developed to study PKD
and drug-induced nephrotoxicity (DIN) and other kidney diseases (Table 1). While this
review will focus primarily on the tubule region of the nephron, where the bulk of previous
work has been concentrated, we will conclude with a discussion of the steps being made
towards developing disease models of the glomerulus.

2. Why Tissue Engineering?

Traditionally, human disease has been studied using human patients, animal models, and
cells cultured two-dimensionally (2D) on plastic dishes in the laboratory. These modalities
have all contributed significantly to the understanding of kidney diseases such as PKD and
DIN. However, these modalities have limitations which need to be compensated for in order
to continue the progression of our understanding of kidney diseases and the development of
more effective, less toxic therapies.

Studying kidney disease in human patients through patient clinical information is the gold
standard for studying human diseases as it allows for exact replication of patient physiology,
genetics, and environment. However, this approach has significant limitations. Patient data
often represents the later or end stages of disease, can vary drastically between patients due
to a plethora of uncontrollable genetic and environmental factors resulting in the need for
very large sample sizes, and is subject to the availability and willingness of patients to
divulge information and/or allow tissue biopsies. Additionally, since genetic and
biochemical experimentation on humans is rarely an option, the acquired data is often
limited to patient observation and screening. Tissue engineered kidney models offer the
possibility of examining the early stages of disease progression by using human cells in a
traceable, controlled environment. The use of human cells in these models and the ability to
manipulate the environment and genetics of these cells allows scientists to better understand
the factors involved in the development of disease phenotypes.

Animal models are commonly used as a replacement method for the study of disease in
humans. They provide a more controllable experimental system compared to human patients
while still maintaining both the overall complexity of in vivo physiology and the
organization of cells and other factors within organ systems. However, animals vary
significantly from humans in terms of gene expression and physiology and the extremely
controlled nature of animal experiments are not representative of human life [2]. These
limitations often make it difficult to translate animal experimental results to human
treatments [3]. Animal experiments are also expensive relative to 2D cell culture, highly
regulated, and pose numerous ethical issues. Recently, the ethical principle of the 3Rs,
replace, refine, and reduce, for animal experimentation has undergone a major push by the
European Union and is also beginning to make significant progress in the United States [4].
The replacement of animal models with tissue engineered models has achieved progress in
the European Union where cosmetic testing on animals has been replaced by the use of
engineered skin models [5]. Meanwhile, funding agencies within the United States have
recently made a push for the development of tissue engineered models of human organs for
preclinical drug testing. Although these systems will not be used to completely replace
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animals in drug testing, they will contribute to a reduction in the number of animal studies
performed and have the potential to generate significant experimental results.

Unlike animal models, 2D cell culture of human cells provides human data in easily
exploitable, genetically controlled environments. This experimental methodology is simple,
low in cost, and potentially high-throughput thus enabling the testing of numerous
conditions and/or treatments in relatively short timeframes. However, cells in 2D lack the
complex 3D tissue architecture and interactions found in vivo that are necessary for proper
gene expression and function in the kidney [6], other organ systems [7,8], and different
disease states [9-11]. Additionally, these cultures can only provide data on acute responses
as both time and culture space limit their life span. Tissue engineered disease models have
the potential to overcome the limitations of 2D cell culture by combining human cells in a
genetically and environmentally controllable experimental system that is capable of
mimicking the complex 3D architecture and interactions found in vivo. Furthermore, these
tissues are capable of modeling both acute and chronic kidney disease as they are
sustainable for weeks in static culture [6,12] and the use of bioreactor systems has the
potential to extend culturing time further [13].

3D tissue engineered disease models are not, however, the answer to all the problems
associated with current experimental modalities and their development includes many
challenges. Currently, the specialized culturing conditions often require the purchase of
disposables that are more expensive than traditional cell culture dishes along with
bioreactors and fluid pumps that are costly and utilize specialized incubator space.
Additionally, most traditional assays have been developed for 2D cell culture models. They
are often incompatible with the 3D nature of engineered tissues. Further work needs to be
performed to validate and standardize traditional assays for engineered tissues. As more
academicians and companies develop these 3D tissue models, costs will be reduced and
assays will be adapted for the unique aspects of 3D tissue models.

3. Engineering Strategies

The kidney is organized into numerous nephrons, each consisting of a renal corpuscle linked
to a tubule region interlaced with the renal vasculature (Fig. 1) [14]. The renal corpuscle
consists primarily of the glomerulus surrounded by Bowman’s capsule and functions
through the exact organization of glomerular endothelial cells, podocytes and mesangial
cells around the specialized glomerular basement membrane to filter blood. The tubule
region of the nephron is composed of a spatial alignment of epithelial cells that have
location specific functions to remove water and other solutes from the glomerular filtrate.
The vasculature and stromal tissues combine with the cells of the nephron to contribute to
the overall function and complexity of the organ. Tissue engineering strategies combine
three major components to mimic this complexity, a cell source, a scaffolding material, and
the chemical solutes necessary to ensure cell growth, organization, and functional
differentiation. In this section we will examine the source of the biological materials and
different scaffolding strategies.
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3.1 Sources of Biological Materials

There are two major strategies for using cells in engineered kidney tissues. The first is to use
individual cell types that can be coaxed into reforming the architecture and cell-cell contact
found in vivo. The second is to use excised portions of organs thereby maintaining the
overall architecture and correct spatial alignment of epithelial cell-cell contact found in vivo.
This section will focus on the use of single cell suspensions while in vitro organ culture will
be discussed in the section on DIN where it is most often utilized [15]. Non-adherent
spheroid cell cultures used to study the mechanisms of renal cell carcinoma [16] and organ
slice cultures [17-19] used to study DIN are not within the scope of this review and will not
be discussed.

Cultured kidney cells are the simplest source of biological material for the development of
tissue engineered models. There are numerous animal kidney cell lines that have been in use
for decades, including cells from dog, pig, rabbit, rat, and opossum. More recently, human
proximal tubule cell lines, HK-2 and RPTC/TERT, have also been developed, through
different cell immortalization techniques. The gold standard continues to be primary cultures
of human proximal tubule epithelial cells due to the genetic changes that result from the
techniques used in cell immortalization and long-term cell passaging [20,21]. In this section
we will discuss human primary versus immortalized tubule epithelial cells as well as the
different animal cell lines used in tissue engineering strategies. Glomerular cells will be
discussed within the context of glomerular tissue engineering.

3.1.1 Human Cells—The complex organization of the tubule region of the nephron and
the heterogeneity of the epithelial cells involved makes it difficult to study specific epithelial
cell types. Therefore, most 2D cell culture based kidney research has been performed with
primary renal proximal tubule epithelial cells (PTC) which are relatively easy to isolate from
the cortex of the kidney [22-24]. These cells are often isolated from the non-cancerous pole
of kidneys removed due to renal cell carcinoma. However, they may also be removed from
non-transplantable kidneys, normal kidney biopsies, or for the study of kidney diseases such
as PKD, biopsies of diseased kidneys. These primary cells have been shown to lose the
expression of key genes during passaging, so their use is limited to only 2-5 passages [25].
This restriction poses a significant problem in kidney research as new isolates must be
obtained frequently leading to differences in the genetic background of the cells used
between experiments.

To overcome these limitations, some groups have immortalized human renal PTCs. Ryan et
al. immortalized renal PTCs with human papilloma virus (HPV16) E6/E7 genes in 1994
resulting in the cell line HK-2 [26]. They were able to show function representative of the
proximal tubule and the expression of genes found in PTCs. However, work by other groups
has shown improper gene expression of important functional markers. Baer et al. and Tang
et al. both showed that HK-2 cells express aquaporin 3 which in vivo is only found in the
collecting duct [27,28]. Additionally, toxicity studies have shown that HK-2 cells do not
respond to nephrotoxins in a dose response manner similar to in vivo nephrotoxicity
responses [29,30]. HK-2 cells have been shown to require extremely high doses to achieve a
toxic response. For example, Wu et al. showed that cisplatin was not significantly cytotoxic
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to HK-2 cells, requiring a dose of 1000uM and gentamicin has been shown to not be toxic to
HK-2 cells even at a concentration of 1mM [30,31]. This may be due to the loss of particular
transport channels or other cellular machinery needed to process drugs in order to induce
cytotoxicity. Despite these limitations, HK-2 cells have been used in a number of tissue
engineering strategies [32-34]. When HK-2 cells are overlayed with a porcine collagen |
matrix, they form tubular structures [33], and when induced to form tubules in microfluidic
devices, they are more polarized, increase gene expression and kidney-like function, and are
capable of forming calcium phosphate stones [32,34]. Future studies may show that HK-2
cells are not relevant for DIN, but they may be useful for understanding kidney
development.

Other methods of cell immortalization have also proven successful for kidney epithelial
cells. Wieser et al. immortalized renal PTCs using the human telomerase reverse
transcriptase (nTERT) system resulting in the cell line RPTEC/TERT1 [35], which is
capable of maintaining proximal tubule functions such as hormone mediated CAMP
expression, pH-dependent ammonia production, sodium-dependent phosphate uptake, and
protein endocytosis. While RPTEC/TERT1 cells have yet to be utilized in tissue engineering
strategies, DesRochers et al. utilized an hTERT immortalized proximal tubule cell line,
NKi-2, in a 3D tissue engineered model of kidney tubules [6]. These cells were able to
maintain the expression of PTC markers and function between 2D and 3D culture indicating
no change between 2D and 3D in this respect. However, in 3D they were capable of forming
tubule structures, responded to nephrotoxins in a manner more similar to in vivo conditions
than HK-2 [30], and, significantly, expressed specific transporters not expressed in 2D
culture [6]. While immortalization with hTERT appears to provide a more in vivo-like renal
PTC line, these cells lines have not been as extensively tested as HK-2 cells and more
studies are needed. Additionally, the initial data by DesRochers et al. indicates that 3D
culture of kidney cell lines may change their phenotype and help to make them more in vivo-
like in comparison to their growth in 2D cell culture.

Recent advances in immunomagnetic cell isolation and a better understanding of markers of
specific kidney epithelial cell types have allowed the isolation of other kidney epithelial cell
types, including the thick ascending limb and the early distal convoluted tubule. Using
Tamm-Horsfall glycoprotein (THG) and immunomagnetic beads, Baer et al. were able to
isolate cells with gene expression patterns similar to the thick ascending limb of the Loop of
Henle and the early distal tubule which they named TALDC [27]. Prior to passaging, these
cells maintained gene expression patterns similar to in vivo. However, passaging of the cells
quickly resulted in the loss of expression of genes such as THG and the epithelial calcium
co-transporter (ECaC). Other groups have tried to exploit the differential expression of
lectins across the epithelial cells of the kidney tubule to isolate different subgroups [36,37].
These cells have remained as primary cell isolates and no current immortalized epithelial
cell lines exist beyond that of the proximal tubule. It is important to be able to isolate these
different cell types for tissue engineering because of the controlled roles of the different
epithelial cells composing the tubule portion of the kidney nephron (Fig. 1). These
controlled roles also result in differential responses to nephrotoxic agents making the
isolation of these different cell types critical for DIN studies.
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While proximal tubule cells have comprised most of the current kidney tissue engineering
studies, eventual engineering of a complete kidney nephron will require the isolation and/or
generation of all cells of the kidney nephron. Future studies must be performed to develop
robust methods of isolating the different cell types of the tubule region and maintaining
them in culture conditions capable of retaining key protein expression. It may be necessary
to generate these different cell types as immortalized cell lines in order to avoid the potential
complications added by the genetic diversity of patients which is a concern with the constant
isolation of primary cells. iPSCs also represent an option for the generation of the different
cell types in the kidney. Work in this direction is relatively new and should continue to
progress [38,39].

3.1.2 Animal Cells—While there are a number of animal kidney cell lines available,
Madin-Darby canine kidney cells (MDCK) isolated from the kidney tissue of a dog are one
of the most utilized in tissue engineered kidney models because of the tendency of the cells
to form polarized cysts with the apical side facing the central lumen in collagen I hydrogels
[40,41]. This is critical as it correctly mimics the polarity of cells in vivo and indicates
correct contact orientation with the extracellular matrix (ECM). These cells branch and
migrate into collagen | hydrogel in the presence of hepatocyte growth factor (HGF) [42], are
used to study the mechanisms involved in polycystic kidney disease [43,44], and have been
utilized to study ifosfamide induced nephrotoxicity in microfluidic devices [45,46].
However, these cells are a heterogeneous population of kidney epithelial cells, they are not
of human origin, and they do not have the same phenotype in 3D tissue culture as human
renal PTC [47]. As human kidney cell lines increase in number and specificity, researchers
may move away from the study of MDCK.

3.2 Scaffolding

Engineering a tissue requires 3D growth that facilitates the formation of complex
architecture in vitro and/or the incorporation of other factors such as shear forces due to
fluid flow and proper cell compartmentalization. The use of hydrogels and microfluidic
chips will be examined in this section. Other scaffolding systems such as decellularized
kidneys have also been utilized to grow kidney cells in vitro and these will be discussed
briefly.

3.2.1 Hydrogels—In order to facilitate 3D growth, the scaffolding material used must be
capable of remodeling and must provide a signaling mechanism to promote proper cell
function, gene expression, and organization. Biopolymer based hydrogels have been the
overwhelming choice for kidney tissue engineering due to their ability to be remodeled
while still presenting cell signaling cues similar to that found in vivo. These hydrogels take a
number of forms including different animal derived collagens [33,48], Matrigel, a basement
membrane protein mixture extracted from Engelbreth-Holm-Swarm (EHS) mouse sarcoma
[49], a mixture of collagen type | and Matrigel [6], or hyaluronic acid [50,51]. Cells or
tubule pieces are most often embedded within these gel systems and form randomly spaced
and aligned structures on their own. The benefit of this random seeding is that it allows for
the observation of how the cells will behave in 3D and their response to the surrounding
cues. However, hydrogels may also be used to examine other factors of kidney tubule
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morphogenesis and disease progression. Manivannan et al. patterned collagen type | into
channels using polydimethylsiloxane (PDMS) molds. These channels were then seeded with
MDCK cells and covered with a collagen type I lid [42]. This system enabled controlled
tubule formation and allowed the tracking of cell migration in 3D. Moll et al. adapted a
hydrogel model often used for the development of organotypic skin [52] where fibroblasts
were seeded within a collagen type I hydrogel and human kidney PTC were grown on top of
the hydrogel [48]. This system allowed the examination of the change in fibroblasts upon
DIN in the presence of epithelial cells towards an activated myofibroblast phenotype as
assessed by RTPCR. Examining the same cells in all these systems has the potential to
provide extensive insight into cell growth in 3D and the factors involved in their
organization and interaction with other cell types.

There are numerous factors that play a role in 3D cell morphology within hydrogels,
including mechanical signals and protein interactions. Stiffness and tension are known to be
a factor in cell response and can be modulated by changing the protein concentration of the
hydrogel [53,54]. A second major factor is the protein-protein interactions that may occur
between proteins on the cell surface and the proteins found in the hydrogel [55,56]. Collagen
and Matrigel based hydrogel systems use biological materials extracted from animals, and
their complexity makes it difficult to directly determine the specific protein-protein
interactions involved in cell 3D morphology. Chung et al. developed a hydrogel based
system that has allowed some of the protein-protein interactions to be clarified [41]. By
tethering bioligands such as the integrin ligands RGD and laminin to protease-sensitive
cross-linkers attached to a PEG-based hydrogel, the authors were able to find evidence of a
role for integrin binding in renal cyst formation in 3D. These customizable hydrogels have
the potential to reveal the cell-ECM interactions necessary for tubule morphogenesis,
glomerular disorders, and cancer progression.

The major limitation of collagen based hydrogels is fast degradation due to cellular
remodeling and relatively low mechanical integrity, which reduces their ability to withstand
shear forces imposed by fluid flow and limits their utility for sustained cultivation [57]. To
overcome these issues while maintaining the in vivo like signaling mimicked by these
systems and the 3D cellular organization, Subramanian et al. [13,58] combined a collagen
based hydrogel with a porous silk scaffold. The cells did not interact with the silk scaffold
but formed structures within the hydrogel that filled the pores. The relative rigidity and very
slow degradation of the silk scaffold allowed the cultures to survive for at least 6 weeks in a
perfusion bioreactor with retention of tissue structure and function. These porous silk-based
scaffolds may facilitate the formation of tissue engineered kidney that can be used to study
chronic kidney disease over extended periods of time.

Most tissue engineered models of the kidney last less than a week in culture. This eliminates
the ability to fully mimic the development of chronic kidney diseases such as PKD in which
cysts develop over the course of decades in patients or DIN caused by long-term repeat
dosing of drugs. The goal of kidney tissue engineering for disease modeling should be to
develop a tissue engineered kidney that can survive in culture and be studied at least as long
as an animal study would run. However, in vitro culture length has remained a problem for
all tissue engineered organ systems. The combination of cells capable of remaining
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functional, alive, and nonproliferative for long periods of time, scaffolding materials capable
of directing and/or facilitating this long lifespan, and bioreactors capable of facilitating
proper nutrient delivery is necessary for achieving this goal. Both Subramanian et al. and
DesRochers et al. described culturing systems that lasted 6 weeks or more without cellular
overgrowth even in systems comprised of immortalized cells [6,13]. This may indicate an
inherent property of the 3D system capable of maintaining kidney epithelial cells in a more
senescent state than the 2D system. The combination of these 3D systems with the fluid flow
technology of microfluidics may lead to long-term sustainable culture systems capable of
mimicking chronic diseases.

3.2.2 Decellularized Kidneys—While decellularized kidneys are a relatively new
advance, techniques have been developed to decellularize rat [59-61], porcine [61-63],
rhesus monkey [64-66], and human [61] kidneys with the benefit being that decellularized
organs maintain the complex architecture and native biological signatures of in vivo organs.
Numerous groups have shown the ability to seed these decellularized kidneys with either
mouse [59,60] or human [66] embryonic stem (ES) cells. The ES cells were capable of
migrating and proliferating in the decellularized organs, could remodel the ECM [60], and
were shown to express some markers of different lineages, including kidney-specific
cadherin [59], Pax-2 [59], and the endothelial specific lectin, BsLB4 [60]. However, there is
some question as to the specificity of the differentiation of ES cells in decellularized organs
as little difference was seen in the expression of specific genes between human ES cells
grown on decellularized kidney or lung [66]. The ability to maintain native architecture,
ECM function, and mechanical integrity make decellularized organs specifically appealing
for tissue regeneration. Song et al. recently implanted into a rat, a decellularized rat kidney
that had been reseeded with human unbilical vein endothelial cells (HUVECS) and a
heterogeneous mix of rat neonatal kidney cells [61]. Blood perfused throughout the system
in vivo with no evidence of parenchymal bleeding or clot formation. The implanted kidneys
produced less urine with lower creatinine and urea that the native kidney, but they had
improved glucose and albumin secretion into the urine compared to implanted decellularized
kidneys. Future studies should examine the ability to reseed and implant larger kidneys such
as porcine that may have a more direct application to human patients and may assist in
reducing the number of patients waiting long periods of time for transplant organs. These
decellularized organ systems also have the potential to serve as modeling systems for
diseases such as PKD, however they inherently lack the capacity for high-throughput
studies.

3.2.3 Microfluidic Devices—Organ on a chip technology utilizing microfluidics in which
cells are seeded into defined channels has been recently developed to examine the effects of
fluid induced shear forces on cells [67]. This is particularly significant for the kidney
nephron as changes in fluid flow have been linked to kidney cell function and diseases such
as PKD [68-71]. There are two major strategies for the formation of these devices involving
seeding kidney epithelial cells on replica molded PDMS [45,46,72] or onto porous
membranes underlying patterned, microfluidic channels [34,73-75] although Mu et al. have
recently developed a technique to form microfluidic channels within a hydrogel [76]. Often
these devices are coated with an ECM protein to enhance cell attachment, proliferation,
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and/or phenotype. Baudoin et al., and Choucha-Snouber et al. used fibronectin [45,46,72],
Jang et al. used collagen type 1V [34], and Gao et al. used Matrigel after comparing it to
collagen type I, laminin, and gelatin [74]. The cells utilized have included HK-2 [32,75],
primary human renal proximal tubule epithelial cells [34,74,75], MDCK [45,46,72], and rat
inner medullary collecting duct cells [73]. In all cases, the epithelial cells formed confluent
monolayers within the microfluidic channels as they do in static culture. The addition of
shear stress from fluid flow induced a columnar shape to the cells and increase their height
[34,73]. Cells cultured under shear stress also increased the expression of ion channels,
transport proteins, and the number of cells expressing primary cilia compared to static
culture [32,34,46]. Jang et al. also showed an increase in functional responses such as
albumin uptake and glucose transport compared to static culture [34]. The increase in gene
expression and function caused by fluid flow induced shear stress indicates that they have
the potential to function as relevant kidney disease models. Wei et al. has explored this issue
by using their model to look at the formation of kidney stones [32]. Through the addition of
CaCl, and NagPOy to the system lined with HK-2 cells, they were able to monitor the
formation of calcium phosphate deposits with Confocal Raman microscopy. While the direct
addition of these compounds removes some of the natural in vivo influence, this system may
serve in the future as method for understanding the kinetics and mechanism of kidney stone
formation. In addition, both Jang et al. and Choucha-Snouber et al. have applied their
systems to the study of DIN [34,45,46]. The results of these studies will be discussed further
in the section on DIN.

For the most part, these devices remain similar to 2D cell culture in the fact that the cells are
still seeded in a monolayer without surrounding support cells or encasement in ECM. The
technique developed by Mu et al. however represents a hybrid of 3D hydrogel models and
microfluidic models by incorporating the microfluidics within a hydrogel thereby ensuring
that the cells are surrounded by and in contact with ECM [76]. The authors were able to
show the ability to seed different cell types in different compartments and that passive
diffusion from one compartment to another was possible. While this has the possibility to be
a 3D-microfluidic hybrid model, much work is necessary. Further research should include
functional and structural examination of different kidney epithelial cells within the system in
conjunction with endothelial cells in the adjoining compartments. It could be that the
crosstalk will facilitate better, more in vivo like kidney cell function and induce more
relevant structural aspects such as tight junction formation and transporter expression. This
represents a step forward in the increased complexity of microfluidic systems.

3.3 Bioreactors

Fluid filtration is the key function of the kidney. This is accomplished in vivo through the
regulation of fluid flow throughout the glomerulus and the tubule region of the kidney
nephron. The shear stress induced by this fluid flow is critical for proper cell function and is
detected in vivo by cilia on the surface of epithelial cells [77,78]. Replication of this fluid
flow invitro is critical for the study of diseases such as Autosomal Dominant Polycystic
Kidney Disease (ADPKD) that are characterized by the formation of fluid filled cysts and
are due to the loss of genes that encode proteins associated with cilia function [79].
However, most in vitro systems use static culture conditions in which media is changed
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every few days. Perfusion based fluid flow is better suited for the in vitro replication of in
vivo kidney function and is accomplished in vitro through the use of bioreactor systems.
Microfluidic systems are good examples of these systems, as they have revealed differences
in cell morphology [34,73], gene expression [32,34,46] and cell function [34] when fluid
flow is utilized. Additional benefits of perfusion bioreactor systems are the ability to sustain
cultures for longer periods of time [13] and subject cells to drugs and other substances under
conditions more representative of in vivo conditions [34]. A major factor of perfusion based
fluid flow that must be considered is the force generated by that flow and how it relates to
different kidney disease states in vivo. Proper regulation of fluid flow may lead to
bioengineered models that better replicate different disease states.

3.4 Summary

We have described work being performed in three major areas, cells, scaffolds, and
bioreactors, that will need to be combined in the future for the generation of more accurate
tissue engineered kidney disease models. The cellular complexity of the kidney makes the
generation of functionally relevant and genetically accurate cell lines critical for further
work. These cell lines must be capable of performing specific functions thus reflecting the
roles of their in vivo counterparts, and long-term culture will be an eventual requirement as
models move towards chronic testing. Additionally, in order to standardize systems, it will
most likely become necessary to move away from the genetic diversity inherent to primary
cells that come from different donors. These criteria may be achieved through the
development of better immortalization systems or further work in the differentiation of iPS
cells. Progress towards more accurate models capable of long-term culture will also require
the development of scaffolding systems that reflect the in vivo ECM, including protein
composition and organization and material stiffness. Hybrid systems, such as the silk/
hydrogel system described by Subramanian et al. [13,58] and the hydrogel/microfludic
system described by Mu et al. [76] represent the direction necessary for accurate, chronic
disease modeling. Finally, the development of bioreactors capable of mimicking the fluid
flow of the kidney must be combined with scaffolding/cellular systems to induce the
phenotypes mediated by fluid flow as well as facilitate long-term culture and chronic disease
modeling. The pieces of the puzzle are in development and continuing work will slowly
bring the pieces together with the eventual goal being the development of accurate,
sustainable kidney disease models.

4. Polycystic Kidney Disease

The term polycystic kidney disease (PKD) describes a group of inheritable disorders which
result in the formation of fluid filled renal cysts that can lead to end stage renal disease [80].
ADPKD, the most common form of PKD, affects over 600,000 people in the United States
[80,81]. Over 4 percent of ADPKD patients require renal replacement therapy and while
there are ongoing clinical trials there are currently no therapeutic treatments for ADPKD
[80,82]. Mutations in the genes PKD1 and PKD2 are the source of 85% and 15% of clinical
cases of ADPKD, respectively [83]. The primary methods for investigating the pathogenesis
ADPKD include patient data, animal models, cell culture studies, and tissue engineered
models. In vitro tissue models have been critical for advancing the understanding of the
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disease pathogenesis with respect to cyst fluid secretion, cell proliferation pathways, and
extracellular matrix interactions. This section will touch on the most prevalent PKD models
and the utility of these approaches.

4.1. Animal Cell Models

Animal models of PKD benefit from utilizing readily available, well characterized cell
sources that either naturally form polarized cysts, as is the case for MDCK cells, or can be
genetically manipulated to present the desired phenotypic characteristics [58,84]. The
transition from the underlying genetic mutation to a cystic phenotype is the result of a
complex molecular signaling cascade that is not yet fully understood [83]. Due to the ready
availability of animal cells, tissue engineered animal cell models have been the primary
models utilized to elucidate the effects of specific signaling pathways on cyst development.

4.1.1 MDCK Models—Typical tissue models of PKD involve culturing MDCK cells in
collagen type | hydrogels [44,84-86]. MDCK cells are a heterogeneous cell source with
varying morphologies and functional phenotypes between clones [87]. In order to
reproducibly work with MDCK cells as a model system, Granthem et al. established a
homogenous cell population by collagenase digestion of MDCK containing hydrogels and
subculturing cells derived from a single cyst [84]. MDCK cultures assume a cystic
phenotype in collagen hydrogels and can be stimulated to undergo tubulogenesis through the
addition of HGF [44]. Localization of polycystin-1 (PC1), the gene product of PKD1, has
been shown to vary depending on the morphology of these cultures; PC1 was shown to be
diffusely expressed in the cystic phenotype but localized to the membrane during lumen
formation [44]. A strength of the MDCK model is that this localization pattern observed in
vitro mimics the presentation of PC1 in vivo [43]. However, it is important to note that this
approach does not capture the full complexity of PC1 expression associated with the disease
phenotype. ADPKD develops due to a somatic cell loss of heterozygosity in PKD1 or PKD2
that subsequently reduces the level of functional polycystin below the threshold required for
normal cellular behavior [88]. To better mimic the disease phenotype genetic alterations
have been made to the initial MDCK PKD to include physiologically relevant pathways. Liu
et al. stably over-expressed membrane-bound type 1 metalloproteinase (MT1-MMP) in
MDCK cells which has been found at higher serum levels in PKD patients [89,90]. This
addition of matrix remodeling ability to the culture resulted in greater cyst growth which
was reversible in the presence of an MMP inhibitor.

Early implementation of these models demonstrated the usefulness of this approach for
studying the role of transepithelial fluid secretion in cyst expansion. Systematic testing of
transporter inhibitors such as ouabain, which targets the sodium potassium pump,
demonstrated the basolateral to apical transport of chloride and water [84]. Appropriate to
the disease phenotype, chloride mediated cyst expansion has been shown to be dependent on
the cystic fibrosis transmembrane conductance regulator (CFTR) in MDCK models after
CFTR inhibition [86]. Based on the feasibility and the functional relevancy of the MDCK
model, recent studies have characterized the effect of novel therapeutic targets on cyst
development [91-93]. Takiar et al. slowed cystogenesis in three models of PKD using the
adenosine monophosphate activated protein kinase (AMPK) activator metformin [93].
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AMPK targeted both cell proliferation and secretion through inhibition of mammalian target
of rapamycin (mTOR) signaling and CFTR activity. The consistency of the result between
the MDCK model, metanephritic nephron culture, and inducible PKD1 inactivation in in
vivo mouse models supports the efficacy of the MDCK model. At the same time, the need to
simultaneously test therapeutic targets in tissue culture explants and in vivo demonstrates the
need for a more complex in vitro model. MDCK based models automatically undergo
cytogenesis without genetic perturbation, currently utilize only a single cell type and do not
incorporate the fluid induced shear stresses that kidney epithelial cells experience in vivo.

4.1.2 Mouse Cell Models—Recently developed PKD models using mouse cells are less
established but incorporate a greater level of complexity not found in prior MDCK cell
models. Montesano et al. established a tubule to cyst conversion model using immortalized
mouse collecting duct cells (mCCD) in a collagen-Matrigel drop culture [94]. After selecting
a subclone, identified as N21, of the mCCD cells which formed organized tubular structures,
well-defined lumen and polarized epithelium, cyst formation was induced through the
addition of a cyclic adenosine monophosphate (CAMP) agonist. CAMP agonists such as
forskolin are known to increase cyst enlargement and formation in 3D cystic cultures [85].
Although cAMP levels are elevated in renal cells of PKD animals the physiological source
is not yet fully understood [95].

The small matrix volume of the model developed by Montesano et al. makes the system
amenable to high-throughput measurements but also limits the potential culture length [94].
Cyst development in vivo is gradual thus extended culture length is a relevant characteristic
to consider with respect to understanding cytogenesis and long term testing of therapeutics.
By infusing a mixture of collagen type | and Matrigel into a porous silk protein scaffold and
culturing in a bioreactor, Subramanian et al. were able to maintain viable co-cultures of
PKD1ul/null mouse embryonic kidney cells and fibroblasts for 8 weeks [13]. This approach
yielded both tubule and cystic structures and functional organic anion transporter
expression. To further investigate this approach, Subramanian et al. adapted the model by
utilizing mouse Inner Medullary Collecting Duct cells (mIMCD) with stable knockdown of
PC1 within their collagen type I/Matrigel/porous silk scaffold construct [58]. This model
demonstrated the involvement of abnormal ECM deposition, integrin interactions, and cell
cycle control in cyst formation similar to the in vivo human disease phenotype. Further
investigation of transporter functionality and cell signaling activity in this model is needed
to understand its utility for investigating pathways implicated in PKD. To date, there have
been no drug targets tested in this model.

4.2 Human Cell Models

There have been relatively few changes to the human cell based models of PKD over the last
two decades [96]. The most prevalent bioengineered approach for modeling PKD using a
human cell source is the use of primary epithelial cells isolated from cysts of ADPKD
patients cultured in collagen type I gels [97-101]. Cyst formation by primary ADPKD cells
is typically induced using forskolin and epidermal growth factor [97]. Although ADPKD
epithelial cells can assume a cystic phenotype when cultured in gels they are unable to
undergo tubulogenesis as seen with normal human kidney cells [6,96]. The lack of a tubule
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phenotype limits this model to analyzing pathways associated with cyst expansion. Kher et
al. has established a tubule to cyst model, where HK-2 cells form tubule structures in
collagen gels, before microinjecting adenovirus expressing cadherin-8 into the tubule space
to induce cyst formation [33]. While cadherin-8 expression is found to be present in cystic
epithelia this approach did not result in phenotypical cysts consisting of a single epithelial
cell layer.

Human ADPKD cystic models demonstrate cAMP driven chloride secretion and repressed
cyst growth in the presence of CFTR inhibitors such as glibenclamide [97,98]. This
functionality significantly adds to the utility of the model. Jansson et al. were able to
stimulate cyst growth in the presence of endogenous concentrations of ouabain using this
approach [101]. Recently the functional phenotype of the model has been used to test
potential treatments for PKD such as tolvaptan and sorafenib [99,100]. The small molecule
raf inhibitor sorafenib was shown to reduce extracellular signal regulated kinase activity and
subsequently cAMP dependent cell proliferation which ultimately blocked cyst formation
[99]. Other studies using an alternative small molecular raf inhibitor produced the same in
vitro results but additionally observed increased renal fibrosis in rat models [102]. This case
highlights the limitations of using in vitro models which do not capture the complexity of in
vivo kidney tissue. Swenson-Fields et al. recently established a co-culture of ADPKD cystic
epithelial cells with a mouse RAW macrophage cell line [103]. While this approach did
yield a greater total number of microcysts it did not investigate whether the macrophages
were stimulated to polarize to an M2-like phenotype as observed in 2D and in vivo.
Macrophages are typically associated with kidney tissue repair after injury and recent
studies suggest macrophages stimulate cystic epithelial cell proliferation in PKD [104].
While further studies are necessary to understand the complete role of macrophages in PKD
progression the addition of macrophages to in vitro tissue models further adds to the
signaling complexity of the model.

4.3 Additional Considerations

The current available tissue engineered models are largely used in studies in conjunction
with 2D cell culture, metanephritic nephron culture, animal models, or patient data. To
increase the relevancy of in vitro models future models should seek to incorporate more
pathophysiological components such as fluid flow and genetic mutation. The inclusion of
fluid flow is particularly pertinent to PKD modeling considering the localization of the
polycystin proteins to the primary cilia which is known to act as a mechanotransducer in
kidney epithelial cells [105,106]. A model which incorporates the appropriate genetic
foundation is also desirable considering that the loss of haplosufficiency is not completely
understood [107]. As of now there are currently no approaches which achieve tubule to cyst
conversion through genetically mimetic mechanisms thus limiting the ability to use in vitro
tissue models to study disease pathogenesis.

5. Drug-induced Nephrotoxicity

Clinical drug trials are incredibly expensive, costing between 0.8 to 1.7 billion dollars, time
consuming, lasting on average 9 years, and have a low success rate with only about 8% of
drugs reaching the market [108]. Relevant and accurate preclinical screening of drugs is
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imperative to reduce the number of unsuccessful drug candidates that enter clinical trials.
The FDA'’s Critical Path Initiative calls for the development of better tools to improve the
success of drug candidates that proceed from pre-clinical testing to clinical trials [108].
Included in this process is the development of tissue engineered models better capable of
predicting drug-induced toxicity in human subjects. The kidney is especially susceptible to
drug-induced toxicity as it receives about 25% of cardiac output which upon ultrafiltration
by the glomerulus becomes highly concentrated as it flows through the nephron on the path
towards excretion [109]. About 7% of drug candidates fail due to nephrotoxicity in
preclinical testing with traditional methodologies [110], while it is estimated that 30-50% of
all cases of severe acute renal failure in patients are due to drug-induced nephrotoxicity
[110,111], thus indicating a disconnect between the data generated by traditional methods
and human in vivo response [112,113].

The ultimate goal of tissue engineering for the prediction of drug toxicity is the development
of model systems that have the ability to accurately indicate human patient responses. The
current approach consists of combining the data obtained from 2D cell cultures and animal
models. However, this method is not very predictive as indicated by the low success rates of
drugs that make it to clinical trials [2,108,113]. 2D cell cultures are only capable of
mimicking an acute response due to their limited growth in vitro and animal models often
represent only ideal conditions which are not indicative of relevant human physiological
conditions [2]. Tissue engineered models containing human cells have the potential to better
mimic the human response due to their ability to reveal both acute and chronic responses. In
this section we will examine the limited number of tissue engineered models being
developed to specifically study DIN and the challenges involved in translating those models
to in vivo data.

5.1 Animal Cell Models

Tissue engineered animal cell models to study DIN may seem redundant as in vivo models
already exist. However, if these methods can be developed to be high-throughput and reliant
upon immortalized cell lines rather than the continuous isolation of cells or tubules from
animals, they have the potential to cut down on costs and ethical dilemmas through the
reduction of the number of animals required to get a drug past preclinical testing of drug
absorption, distribution, metabolism, and excretion (ADME). The traditional methods have
been 2D culture of animal cells, suspension cultures of animal tubule fragments [114-116],
and animal kidney organ slices [19]. Astashkina et al. has recently made progress towards a
tissue engineered system by combining a 3D hydrogel based method with excised mouse
kidney tubules that are traditionally used to study DIN when cultured ex vivo [50,51]. They
were able to grow the tubules in 3D for up to 6 weeks and maintain a more in vivo-like
nephrotoxic response that immortalized cell lines. That same group went a step further and
examined how their organoid cultures compared to the secretion of predictive kidney injury
markers such as kidney injury marker 1 (Kim-1), neutrophil gelatinase-associated lipocalin
(NGAL), clusterin, and N-acetyl-p-(D)-glucosaminidase (NAG) [50,117]. The model may
be improved through the addition of fluid flow through the tubules. One of the main
problems with whole tubule in vitro cultures is that the basolateral side tends to be in contact
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with the tested compound as the ends of the tubules can close up over time; however this is
not the side that would be in contact with the drug in vivo [15].

As mentioned previously, one way to mimic directed fluid flow through a tubule in vitro is
through the use of microfluidics. Choucha-Snouber et al. has developed such a model using
MDCK cells to examine ifosfamide DIN [45,46]. They were able to show that the genetic
response to ifosfamide differed between MDCK cells in static 2D cell culture and those
exposed to fluid flow in the microfluidic device [46]. Importantly, ifosfamide is only
nephrotoxic after it is metabolized in the liver. To study the interaction of the liver and the
kidney, Chocha-Snouder et al. linked a liver microfluidic chip to a kidney microfluidic chip.
The nephrotoxicity of the ifosfamide metabolite chloroacetaldehyde was previously studied
by applying it directly to kidney cells. This co-culture microfluidic model allowed for the
application of ifosfamide to the liver cells, HepRG, which metabolized it as it flowed
through to the MDCK cells. They were able to show that the MDCK cells experienced the
same level of toxicity when ifosfamide was applied to the liver/kidney co-culture model as
when chloroacetaldehyde was applied to the kidney monoculture microfluidic model, while
direct application of ifosfamide to the kidney monoculture did not result in toxic cell loss.
Importantly, they also showed that this was specific to the cell type they chose to use for the
liver portion of the co-culture as HepG2/C3a cells did not produce the same results. This is
most likely due to differences in the expression of metabolizing enzymes between the two
liver cell lines and highlights the importance of cell line selection.

5.2 Human Cell Models

Tissue engineered human models have been used for toxicity testing for both human liver
[118-121] and skin [122-124], but very few tissue engineered kidney models have been
applied to the study of human DIN. DesRochers et al. used a suspension of immortalized
human PTCs in a hydrogel consisting of a mixture of collagen type | and Matrigel to study
the toxic effects of cisplatin, doxorubicin, and gentamicin over a two week time course with
multiple dosing [6]. Lactate dehydrogenase (LDH) secretion was used as the main readout
and revealed a difference in the overall toxicity and timing of toxic events between 2D and
3D culture conditions of the same cell line. Additionally, they examined the secretion of two
predictive kidney injury markers, Kim-1 and NGAL. The authors were able to show the
usefulness of the markers for the tracking of DIN in 3D versus 2D cultures. Significantly,
this work revealed that 3D tissues tend to be more sensitive to lower concentrations of drugs
than 2D cultures which has been a problem noticed by other groups examining gentamicin
toxicity in 2D cell cultures and patients [30,125]. This tissue engineered model requires
further validation to show that this response is due to the ability of the engineered tissues to
better mimic the process of drug uptake, metabolism, and toxicity found in vivo.

The difficulty in translating in vitro 3D tissue work to in vivo data remains a major
roadblock. The addition of bioreactor systems that will allow for continuous fluid flow that
better mimics the exposure of the nephron to drugs than a static culture system may help
overcome this problem. Microfluidic systems are currently being developed that have the
potential to address this need [34]. Jang et al. looked at a 100 pM concentration of cisplatin
applied for 24 hours in a microfluidic device containing primary human PTCs compared to

Adv Drug Deliv Rev. Author manuscript; available in PMC 2015 April 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

DesRochers et al.

Page 16

the same cells in static culture. The results revealed that cells under fluid flow are just as
responsive to cisplatin as cells in static culture, but are healthier to begin with as indicated
by lower levels of LDH release at baseline compared to static culture cells, thus resulting in
a more representative toxicity response than static culture. Additionally, they showed that
the cells under fluid flow were almost completely protected from a toxic response to
cisplatin when an OCT-2 inhibitor was administered at the same time as drug. The toxic
response of cells in static culture was only partially inhibited under the same conditions. To
further show the relevance of the model to in vivo data, Jang et al. showed that the cells
under fluid flow were better at recovering from cisplatin toxicity than the cells in static
culture. In conjunction with the microfluidic system, the 3D kidney model by DesRochers et
al., revealed that the 3D static cultures were similar to 2D static cultures in their overall
toxic response to cisplatin while the rate of peak toxicity was different [6]. In contrast to the
microfluidic model by Jang et al., the 3D tissue model by DesRochers et al. was capable of
tracking DIN over the course of 2 weeks while the microfluidic model was only dosed with
drug for 24 hours. This may be due to the differences in culture conditions that result in cell
overgrowth similar to 2D cultures in the microfluidic model which is not an issue with the
3D model. The combination of a 3D microenvironment and fluid flow induced shear stress
may be necessary to truly mimic in vivo DIN and may result in a more physiologically
relevant in vitro model of chronic DIN.

5.3 Additional Considerations

A physiologically relevant human tissue engineered model of DIN will accurately predict
human toxicity levels, the mechanism of drug metabolism and toxicity, acute versus chronic
responses, and the response of patients already suffering from acute kidney injury or chronic
kidney disease. Precise recapitulation of the mechanisms of drug metabolism and toxicity
may be accomplished through future work towards the development of more relevant cell
lines and microenvironments. The ability to reveal chronic responses has the potential to
emulate the toxicity of repeat drug doses which may be more relevant to clinical practice.
Finally, DIN is often far worse in patients who are already suffering from acute kidney
injury or chronic kidney disease and these patients are rarely modeled in 2D or animal
models and are often also left out of clinical trials [126]. Tissue engineered models using
human cells and mimicking these conditions hold the potential to help these patients and
better guide dosing in the administration of drugs to patients at high risk of developing DIN.
Accurately predicting human toxicity levels from in vitro cultures will remain a major
roadblock until in vitro tissue engineered models of DIN are fully developed and
understood.

6. Other Kidney Disease Models

Other models of kidney disease and function exist aside from ADPKD and DIN, but they
have not been as extensively developed. These include models designed to study renal
fibrosis [48], renal cell carcinoma [12,127-129], and nephronophthisis [130]. Renal fibrosis
leads to the loss of functional nephrons within the kidney resulting in an increase in
workload for the remaining nephrons which then results in an increase in tubular cell injury
and inflammation triggering more fibrosis correlating with the progressive loss of kidney
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function [131]. Moll et al. adapted a method previously described for bioengineering skin to
examine the process of injury-induced renal fibrosis [48]. Dermal fibroblasts were
embedded within a collagen type | hydrogel and human renal PTCs were grown on top of
the hydrogel in a monolayer allowing the visualization of the interaction of the two different
cell types during drug-induced injury. Dermal fibroblasts were used because of their ability
to respond to fibrosis inducing insults, but are a limitation of the model as renal fibroblasts
would be more representative of the in vivo environment. The use of a monolayer of
epithelial cells rather than a tubule structure with a lumen and fluid flow may alter key cell
signaling pathways thus also biasing the findings. However, the study did show that injury
to the epithelial cells did result in a phenotypic change in the fibroblasts to that of
myofibroblasts which did not occur if the 3D culture were uninjured or epithelial cells were
not present, thus justifying the model for further study.

A few different bioengineered renal cell carcinoma (RCC) models have been developed
using different strategies. These include hydrogel systems similar to the 3D breast cancer
models developed over the last two decades [127,128], slow, 3D rotary cell culture methods
[129], and fibrin microbeads [12]. The hydrogel models have relied upon the embedding of
RCC cells in either collagen type I [127] or Matrigel [128]. The benefit of these hydrogel
models is similar to that of the normal kidney models used for ADPKD and DIN in that they
allow for the visualization of cell invasion throughout the matrix environment upon different
stimulations. The slow, 3D rotary cell culture method allows for the study of apoptosis in
RCC cells upon matrix deprivation by eliminating the formation of spheroids which occur in
matrix-deprived static culture systems and protect cells from anoikis [129]. By inhibiting
spheroid formation, this model may be more useful for examining RCC in vitro. Finally,
fibrin microbeads (FMB) have been shown to allow for cell differentiation and a higher
culture volume due to increased surface area. This system has been used to examine the
impact of gene therapy upon RCC survival [12]. Gene therapy has the potential to aid in the
treatment of numerous kidney diseases including RCC where oncolytic adenovirus could be
used to kill RCC cells. However, the kidney is barely targeted by current vectors for two
possible reasons; first the glomerulus blocks the particles from accessing the kidney tubule
due to size exclusion and second, the liver rapidly clears the particles from circulation. To
examine the potential of oncolytic adenovirus for RCC treatment, Shimony et al. cultured
RCC cells on FMB and showed that the RCC cells grown on FMB were slower to respond
to oncolytic adenovirus both in terms of transduction and cell death than the same cells
grown in monolayer culture. This may indicate the potential of this bioengineered system
over simple monolayer 2D culture.

Nephronophthisis (NPHP) is an autosomal recessive cystic kidney disease which leads to
end-stage renal failure in children and young adults [132]. The phenotype of the disease, in
terms of cyst localization and secondary effects, differs from PKD. Ghosh developed a 3D
model of the disease that is similar to the models used for PKD, by embedding cells in a
hydrogel [130]. However, this model was developed for NPHP by inducing stable
knockdown of the genes responsible for NPHP in mIMCD cells. As with the PKD models,
this model allows for the monitoring of cyst formation. This study revealed the utility of
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these hydrogel-based 3D models for studying different kidney diseases that are defined by
the formation of cysts from the epithelium.

7. Glomerular Tissue Engineering

The renal corpuscle which consists of the glomerulus, a tuft of capillaries surrounded by
Bowman’s capsule, is responsible for the ultrafiltration of the blood. The glomerulus
consists of three major cell types, glomerular endothelial cells, mesangial cells, and
podocytes, a specialized epithelial cell type. These cells function together in conjunction
with the specialized mesangial membrane and glomerular basement membrane (GBM) in
the ultrafiltration of blood. It is difficult to study the glomerulus in vitro due to its
complicated structure and exacting function rendered by the specific, highly controlled
interaction of cells and ECM. Tissue engineered models of diseases of the glomerulus do not
exist and current efforts are being made to stably and reproducibly culture cells in vitro,
mimic the GBM, and combine the cell types and GBM. In this section we will discuss
efforts being made to establish cell cultures and engineer co-culture 3D models (Fig. 2).

The biggest issue in engineering the glomerulus is the in vitro culture of the different cells
which tend to have a very short lifespan in vitro and require differentiation for proper cell
function which limits cell proliferation. Isolated glomeruli have been previously utilized to
study DIN and the associated changes in contraction [133-135]. Their addition to 3D
hydrogels may be a helpful interim model of glomerular diseases. Recently a small number
of immortalized glomerular cells have been established that rely on conditional
immortalization in order to maintain proliferation and control the timing of differentiation
necessary for cell function, including conditionally immortalized human podocytes [136]
and conditionally immortalized human glomerular endothelial cells [137]. Additionally,
Song et al. have attempted to generate podocytes from human induced pluripotent stem cells
(iPSC) [138]. These cells had many phenotypic and functional similarities to podocytes and
were capable of remaining in cell culture for longer time periods than primary human
podocytes. Primary human mesangial cells are commercially available and an immortalized
cell line has been recently established [139]. The complete characterization of these cell
lines in 2D culture is necessary. Co-culture studies of mesangial cells and endothelial cells
[140] and endothelial cells and podocytes [141] have been utilized to examine cell-cell
interaction. It is possible that 3D culturing of these cells may result in changes in function
and phenotype that may be beneficial for in vitro culture and better mimic in vivo
phenotypes. In support of this hypothesis, Kitahara et al. showed that co-culturing of
mesangial cells in direct contact with HUVECs and Matrigel encouraged the HUVECs to
form a capillary network due to secretion of vascular endothelial growth factor (VEGF) by
the mesangial cells [140].

The cells are not the only complex, unique aspect of the glomerulus. The structure of the
GBM is highly specialized. It is relatively thick ranging between 300 and 350 microns and it
has a unique composition consisting primarily of specific isoforms of collagen type IV
[142]. In order to develop a tissue engineered model of the glomerulus, Slater et al. co-
cultured glomerular endothelial cells and podocytes on opposite sides of a nanofiber
collagen type I/polycaprolactone (PCL) scaffold electrospun onto a micro-photopatterned
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nickel mesh [141]. This tri-layer model had a better barrier function than either cell type
alone and may be used in the future to study how breakdown of either cell function may
contribute to changes in glomerular filtration rates (GFR) that is associated with many
kidney diseases. However, the scaffolding material described does not mimic the GBM in
terms of cell signaling potential and changing the composition may better represent the in
vivo GBM.

8. Conclusions

The past several years have seen a major push towards the development of better in vitro
organ models and a greater appreciation for the utility of tissue engineered models. This
shift has been fueled by an improved understanding of the limitations of animal models and
an ethical desire to limit their use. Tissue engineering, especially kidney tissue engineering,
has begun to benefit from this progress and should continue. In this review we have focused
primarily on tissue engineered models of ADPKD and DIN due to the fact that the most
progress has been associated with these models in the utilization of tissue engineering.

PKD and DIN models provide additional information to researchers. However, their
implementation as reliable, reproducible, biologically accurate tools will require extensive
future research. PKD models have primarily utilized animal cells, and a push towards the
use of human cells has provided some progress. However, by using cells removed from
patients already in the later stages of disease development, the early stages are often lost.
These stages are critical for the development of treatments that may prevent cyst formation,
and animal models are often still utilized for modeling these stages. DIN models are rather
new, but their necessity has recently become better recognized. Current attempts require
extensive further development as these systems must recapitulate in vivo drug metabolism,
uptake, and mechanism of action in order to stand as biologically accurate models. It is not
sufficient to produce an LDsg to describe drug reaction in tissue engineered models.
Researchers also need to be able to show that the system can properly metabolize a drug,
that the transport proteins are present and functional in the cells to allow proper uptake, and
that the mechanism of cell death accurately recapitulates that seen in vivo. Extremely limited
research into these aspects has been performed. Additionally, it remains difficult to define
how the data generated in a 3D model translates to an in vivo environment. Research into
this area is extremely lacking and needs to start immediately if tissue engineered kidney
models of DIN are going to be useful for the development of new drugs.

To achieve the ultimate goal, to fully recapitulate the human kidney with respect to structure
and function, systems that are capable of fully mimicking all key aspects of kidney function
will be needed. This system will require a tubular component, the glomerulus, and a vascular
network, combined with proper compartmentalized fluid flow throughout. We have
described much of the progress towards achieving this goal including the individual
components of cells and scaffolding and the progress made towards the application of these
engineered models for the study of kidney disease. Development of the individual
components must continue with the ultimate goal of combining them into one system. Cell
lines capable of continued passaging, long term cell growth, and maintenance of proper
phenotype and function are a necessity for the development of reliable, controllable, and
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immortalization, iPSC cell differentiation, and cell type specific isolation. The development
and characterization of scaffolding systems capable of promoting cell organization and
function while maintaining the complex architecture of the kidney, as well as maintaining
tissue function for extended time frames to emulate chronic features, are needed in order to
move beyond the current structural randomness of 3D tissues and the cell monolayer nature
of microfluidics. Future work should focus upon the development of hybrid systems that
have 3D tissue structure and complex cell interactions and organization combined with the
fluid flow critical to in vivo kidney function. Incremental steps are needed to reach this goal,

but they are achievable by building upon the successes described within this review.
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Glossary

3D
PKD
DIN

2D

3Rs
PTC
HPV
hTERT
THG
ECaC
MDCK
HGF
ES
EHS
PDMS
RGD
PEG
ECM
ADPKD

three dimensional

polycystic kidney disease
drug-induced nephrotoxicity

two dimensional

replace, refine, reduce

proximal tubule epithelial cells
human papilloma virus

human telomerase reverse transcriptase
Tamm-Horsfall glycoprotein
epithelial calcium co-transporter
Madin-Darby canine kidney cells
hepatocyte growth factor
embryonic stem cell
Engelbreth-Holm-Swarm
polydimethylsiloxane
Arg-Gly-Asp

polyethylene glycol

extracellular matrix

autosomal dominant polycystic kidney disease
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PC1 polycystin 1
MT1-MMP membrane-bound type | metalloproteinase
MMP matrix metalloproteinase
CFTR cystic fibrosis transmembrane conductance receptor
AMPK adenosine monophosphate activated protein kinase
mTOR mammalian target of rapamycin
mCCD mouse collecting duct cells
cAMP cyclic adenosine monophosphate
mIMCD mouse Inner Medullary Collecting Duct cells
FDA Food and Drug Administration
ADME absorption, distribution, metabolism, and excretion
LDH lactate dehydrogenase
Kim-1 kidney injury marker 1
NGAL neutrophil gelatinase-associated lipocalin
RCC renal cell carcinoma
FMB fibrin microbeads
NPHP nephronophthisis
GBM glomerular basement membrane
iPSC induced pluripotent stem cells
HUVECs human umbilical vein endothelial cells
VEGF vascular endothelial growth factor
PCL polycaprolactone
GFP glomerular filtration rate
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Schematic representation of the different cellular components of the nephron and their roles

in vivo.
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Schematic representation of the process of glomerular tissue engineering.
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Table 1

Comparison of different tissue engineered kidney disease models

Disease Cell Source Reference
Polycystic Kidney Disease MDCK [44,84-87,89,91-93]
Mouse

Immortalized [94]

collecting duct

PKD2null/null [13,98]

embryonic kidney

with fibroblasts

Inner Medullary [58]

Drug-Induced Nephrotoxicity

Fibrosis

Renal Cell Carcinoma

Nephronophthisis

Collecting Duct cells

Human primary epithelial cells
from ADPKD cysts

MDCK
Mouse Kidney Tubule
Human

Immortalized
proximal tubule
epithelial cells

Primary proximal
tubule epithelial cells

Human proximal tubule
epithelial cells with dermal
fibroblasts

Human RCC cells

Mouse Inner Medullary
Collecting Ducts cells

[91,96,97,99-101,103]

[45,46]
[50,51]

[6]

[34]

[48]

[12,127-129]
[130]
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