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Introduction and outline of the thesis

INTRODUCTION
KIDNEY ANATOMY AND FUNCTION
The kidneys are organs with a central role in homeostasis [1]. In a nutshell, they regulate
electrolytes homeostasis, acid-base balance and produce hormones [2-7]. Their
principal function is the excretion of the organic and inorganic wastes of metabolism
and the reabsorption of valuable nutrients.
The human kidney consists of approximately 1 million nephrons, the functional
constituents of this organ [8]. Unfiltered blood will enter the glomerulus and small solutes
and water will be excreted via ultrafiltration into Bowman’s space, which is connected
to the lumen of the proximal tubule (PT). Proximal tubular epithelial cells (PTEC) are
equipped with a range of transporters that cooperate in basolateral uptake and luminal
excretion of xenobiotics, as well as transporters and receptors mediating reabsorption
of essential nutrients from the ultrafiltrate [9, 10]. Additionally, 65% of the total amount
of electrolytes will be reabsorbed via paracellular pathways [8]. Downstream the PT
segment the Loop of Henle, the distal convoluted tubule and collecting tubule and duct cells are localized. In brief, these cell types are equipped with specific pores and
ion channels to maintain water and electrolyte balance, finally contributing to a healthy,
multi-organ, microenvironment [8-11].
Also important, about 22% of the cardiac output goes to the kidneys and approximately
20% of the plasma is being filtered, producing about 170 L of glomerular filtrate per
day of which 99% is being reabsorbed by the nephrons. This results in about 1.5 L of
urine being produced per day. The glomerular filtration barrier is both size- and chargeselective [12]. In fact, a substantial amount of albumin does get through the barrier,
from the sub-podocyte space through the podocytes by transcytosis [13]. Almost all the
filtered albumin is reabsorbed by receptor-mediated endocytosis by PTEC [14].
DRUG-INDUCED KIDNEY INJURY (DIKI)
Acute kidney injury (AKI) occurs mostly after surgery, such as bypass interventions, and
may result in substantial morbidity and mortality [15]. AKI tends to occur more frequently
in patients with intravascular volume depletion, diabetes, heart failure and sepsis [15].
AKI can also be caused by drugs (over)exposure, also known as drug-induced kidney
injury (DIKI), which is a major clinical problem where the use of nephrotoxic drugs is
often unavoidable [16, 17]. Hence, early detection of drugs adverse effects is important
to prevent irreversible damage and subsequent progression to end-stage renal disease
(ESRD) [16, 18].
DIKI may involve damage to different nephron segments, and the mechanism is strictly
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drug toxicity and continuous exposure to such compounds may lead to development
of chronic kidney disease (CKD) [19]. In a healthy kidney, the proximal tubule is often
a main target as this segment plays a crucial role in the renal handling of endo- and
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related to the drug type. Both glomerular and tubular injuries are recognized targets for

xenobiotics.
Additionally, DIKI is an important cause of failure in clinical trials during (late) drug
development. It has been reported that more than 80% of novel entities failed at preclinical
stage due to safety concerns, with 8% due to nephrotoxicity issues. Moreover, more
than 50% of the studies failed in the clinical phase due to safety, with 9% due to renal
issues [20]. Therefore, DIKI is responsible for the attrition of approximately 30% of drug
candidates and is one of the contributors to the high costs of drug development. Mostly
because the risk is not recognized until the late phases of clinical development [21].
Furthermore, a part of drug discovery and development studies during the preclinical
and clinical phases fail due to nephrotoxicity [20].
CHRONIC KIDNEY DISEASE (CKD) AND UREMIC TOXINS: WHAT`S THE CONNECTION?
Aging of the population in combination with an increase in diabetes and hypertension
prevalences lead to an ever-higher number of patients with kidney malfunction. This
can evolve into CKD and eventually ESRD. CKD means progressive renal function
decline, where cardiovascular disease is the primary cause of morbidity and mortality
of CKD patients [22-24].
CKD is classified in five different stages, based on the glomerular filtration rate (GFR)
and the level of proteinuria [25, 26]. ESRD, represents the final stage of CKD, in which the
kidneys no longer function well enough to meet the daily needs and, as a consequence,
ESRD patients need renal replacement therapy. The therapeutical approches include
dialysis – a procedure that helps eliminating excess water, salts and inorganic chemicals
from the body, partly mimicking the native organ’s function. There are two dialysis
methods: haemodialysis and peritoneal dialysis. Both approaches can only replace the
renal filtration capacity (glomerulus), while the excretion capacity and the endocrine
functions are not restored [27].
Another therapeutical solution is renal transplantation. Although the best treatment
option [28], transplantation is limited by the extensive waiting list for donor organs and,
after transplantation, the organ rejection risk [29]. Moreover, at the end of 2014 only 36
per million Europeans received a kidney transplant whereas 1041 per million needed
renal replacement therapy, according to the ERA-EDTA Registry Database [30]. Because
of the shortage in donor kidneys, patients with ESRD receive a transplant after an
average waiting time of three years, accompanied by immunosuppressive treatment.
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However, there is 20% chance that the patient rejects the organ within five years posttransplantation, and in 10 years there is a 40% chance that patient dies or loses the
functionality of the graft [31].
Based on the removal pattern during dialysis, uremic retention solutes (URS) are
subdivided into three major classes [32]: (1) the small water-soluble compounds
(molecular weight (MW) limit of 500 Da, easy to remove by any dialysis technique); (2)
the larger middle molecules (MW >500 Da) only removed through high flux dialyzer
membranes via increased transport capacity and larger pores; and (3) Protein bound
uremic toxins (PBUTs) (MW <500 Da) highly bound to serum albumin (MW: 66,5 KDa),
hardly removable via dialysis due to the large molecular weight of the albumin [3335]. The third class, including indoxyl sulfate (IS), p-cresyl sulfate (pCS) and kynurenic
acid (KA), are highly bound to plasma proteins, have been extensively studied and are
of interest of this thesis. In CKD the accumulation of the variety of UTs is associated
with a broad range of pathologies constituting the uremic syndrome. Patients
undergoing chronic hemodialysis (3-4 times weekly) or peritoneal dialysis have a
markedly reduced survival attributable to cardiovascular disease, hypertension, bone
disorders and reduced cognitive function [36-39]. Above all, IS seems to be connected
to the acceleration of vascular dysfunction, suggesting that IS might contribute to
high prevalence of cardiovascular disease risk in CKD patients [40-43]. IS was found to
be accumulated in kidney tissue with a reduction in renal function, leading to kidney
fibrosis, endothelial dysfunction and serum IS concentration was significantly increased
in patients with dialysis and cardiovascular event [41].
Therefore, research towards alternative therapies is rapidly evolving, one of which is the
bioartificial kidney (BAK). The BAK is a promising approach which combines the dialyzer
device with PTECs in order to replace essential renal functions, including excretory,
metabolic and endocrine pathways. Although major progresses have been made over
the last decades, a clinically applicable system has, as of yet, not been realized.
DECELLULARIZATION: A TOOL FOR THE GENERATION OF NATIVE KIDNEY
SCAFFOLDS
For the above described reasons, it is fundamental to develop new therapeutical
strategies to treat CKD and ESRD patients. Also, novel drug screening platforms are
needed to improve the (early) drug development process.
Decellularized organs constitute a promising field within regenerative medicine. In the
last few years, several decellularized allogenic and xenogeneic structures (e.g. bladders,
human dermal matrices, intestine, pericardium, mesothelium or heart valves) have
been introduced for clinical use [44-46]. These newly generated scaffolds can provide
an alternative to synthetic ones, as the native extracellular matrix (ECM) is expected to
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native scaffolds with human cell sources can better recapitulate the in vivo situation.
Recellularized native scaffolds represent novel expedients for organ transplantation,
drug screening and disease model platforms [47-49].
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guide tissue development in a physiologically relevant manner. Recellularizing these

The ECM consists, irrespective of the organ’s species origin, mostly of type I collagen,
glycosaminoglycans (GAGs), fibronectin, laminin and different growth factors. It
supports vasculature and nerves, it favours the diffusion of nutrients reaching the
organ via blood vessels and it is also involved in inter- and intracellular signalling
[50]. Moreover, it has an important role in inducing cell migration and differentiation.
The GAGs and collagen ensure integrity of the scaffold, while growth factors (such
as fibroblast growth factor and vascular endothelial growth factor), integrins and
cytokines advance adherence and growth of the cells seeded [51]. These properties
make xenogeneic transplantation a feasible idea, hypothesizing that it might also rule
out host-immune response issues [52-54].
The decellularization involves a few steps to make it highly efficient. The first one is
the removal of biological materials using combinations of detergents (e.g. sodium
dodecyl sulphate (SDS) and Triton-X100 or SDS combined with peracetic acid) [55-58].
The scaffold can be perfused with [55, 56] or immersed in decellularization reagent,
with a preference for perfusion (e.g. manual injection or a constant flow) because this
results in better penetration into the scaffold [53, 59-62]. Following, the newly generated
scaffold needs to be rinsed thoroughly with saline solutions (e.g. phosphate-buffered)
and additionally sterilized (using e.g. peracetic acid, gamma radiation and U.V.) to
become suitable for the recellularization process [51, 57].
For these reasons, decellularized native kidney scaffolds (DS) represent an alternative
base for three-dimensional (3-D) cell culture, aiming to grow 3-D renal tissues, with
improved functions, for drug screening, disease modeling and getting more insights on
kidney regeneration.
OUTLINE OF THE THESIS
The first aim of this thesis was to develop and characterize the functionality of an in
vitro bioartificial kidney device (BAK), in terms of UT removal. To reach this goal, in
Chapter 2 we describe the general topics to taken care of in BAK engineering. More in
details, the history of BAK developments, suitable cell lines (in mono or co-cultures)
and biomaterials (uncoated or coated) used are described. Moreover, a sight on
the future of BAK engineering is mentioned. Following, in Chapter 3, we show the
development of the bioartificial tubules as an in vitro platform for protein-bound IS and
KA removal. This novel tool, named bioengineered kidney tubules, is the combination of
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polyethersulfone hollow fiber membranes (PES-HFM) with conditionally immortalized
proximal tubules epithelial cells (ciPTEC) overexpressing the organic anion transporter
1 (OAT1). The bioengineered tubules functions were thoroughly characterized, and
their potential as an up-scalable BAK device demonstrated. One of the main discoveries
was the beneficial effect of human serum albumin (HSA) on IS clearance. In Chapter
4, we further characterized the effect of HSA on IS transepithelial transport using the
bioengineered tubules, with attention given to the modified form of HSA as present
in CKD patients. In this chapter, we characterized the transport kinetics of IS in free
and bound, to either healthy- or CKD-HSA, fractions. Moreover, bioengineered tubules
were perfused with plasma from healthy donors and CKD patients to determine their
clearance capacities in a more clinically relevant context. In Chapter 5 we describe the
first BAK upscaling attempt. In this respect, a three-PES-HFM bioreactor with a total
surface area of 4 cm2 was built and characterized. Sequentially, ciPTEC were cultured in
the upscaled devices and organic cation transporter 2 (OCT2) function was determined.
This study was a proof-of-concept to come closer to in vivo studies.
The second aim of this thesis was to use natural scaffolds instead of synthetic ones for
kidney tissue development. This was achieved by first developing a protocol for the
decellularization of native (rat) kidneys for which the matrix obtained can be used for
recellularization with human cells. Chapter 6 reports an overview of the decellularization,
sterilization and recellularization methods published. Moreover, attention was given to
the power of such three-dimensional (3-D) culture platform and its possible applications.
In Chapter 7, the platform was applied in nephrotoxicity testing by culturing ciPTECOAT1 on decellularized native kidney scaffolds from rats and compared to standard
2-D ciPTEC-OAT1 cultures. To validate the platform, three different nephrotoxicants
were studied: cisplatin (CDDP), tenofovir (TFV) and cyclosporin A (CsA). The 3-D model
demonstrated more sensitivity to CDDP and TFV, related to improved physiology of the
platform.
Finally, a general discussion, in terms of relevance of BAK and nephrotoxicity research
and their future directions, are reported in Chapter 8, followed by a summary of the
thesis in Chapter 9.
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ABSTRACT
With the world-wide increase of patients with renal failure, the development of functional
renal replacement therapies have gained significant interest and novel technologies
are rapidly evolving. Currently used renal replacement therapies insufficiently remove
accumulating waste products, resulting in the uremic syndrome. A more preferred
treatment option is kidney transplantation, but the shortage of donor organs and the
increasing number of patients waiting for a transplant warrant the development of
novel technologies. The bioartificial kidney (BAK) is such promising biotechnological
approach to replace essential renal functions together with the active secretion of
waste products. The development of the BAK requires a multidisciplinary approach
and evolves at the intersection of regenerative medicine and renal replacement
therapy. Here we provide a concise review embracing a compact historical overview of
bioartificial kidney development and highlighting the current state-of-the-art, including
implementation of living-membranes and the relevance of extracellular matrices. We
focus further on the choice of relevant renal epithelial cell lines versus the use of stem
cells and co-cultures that need to be implemented in a suitable device. Moreover, the
future of the BAK in regenerative nephrology is discussed.
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The kidneys play a crucial role in the health balance of organisms by the excretion
of waste products, the reabsorption of essential compounds and its endocrine and
metabolic activities [1-5]. The complex organ contains functional components, the
nephrons, consisting of numerous cell types to fulfill its vital tasks (Fig. 1). Onset of
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1.1 THE NEED FOR NOVEL RENAL REPLACEMENT THERAPIES

Chapter

1. INTRODUCTION

acute kidney injury (AKI) or chronic kidney disease (CKD), can be multifactorial and
caused by e.g. hypertension, aging, obesity, diabetes mellitus, auto-immune disease or
drug-induced nephrotoxicity [6-11]. In CKD the retention and accumulation of a variety
of endogenous metabolites is a hallmark, associated with a broad range of pathologies
constituting the uremic syndrome. Patients undergoing chronic hemodialysis (3-4
times weekly) or peritoneal dialysis have a markedly reduced survival attributable to
cardiovascular disease, hypertension, bone disorders and reduced cognitive function.
Progression of renal disease through fibrosis can eventually lead to anuria [12-16].

Fig. 1 Renal physiology from organ to cell. (left and middle) A cross-section of the human kidney which
approximately consists of 1 million nephrons, the functional components of this organ. (middle) Unfiltered
blood will enter the glomerulus (G) and small solutes and H2O will be excreted via ultrafiltration into
Bowman’s space which is contiguous with the lumen of the proximal tubule. Subsequently, the proximal
tubule epithelial cells (P) will reabsorb H2O and compounds such as amino acids, glucose and albumin from
the filtered fraction, next to the active excretion of endo- and xenobiotics into the pro-urine mediated by inand efflux transporters. In addition, 65% of the total amount of electrolytes will be reabsorbed via paracellular
pathways. Downstream the proximal tubule segment the Loop of Henle (L), the distal convoluted tubule (D)
and collecting tubule and - duct cells (C) are localized. In brief, these cell types are equipped with specific
water and ion channels involved in the homeostasis of water and electrolyte balance, finally contributing to
a healthy multi-organ microenvironment. (right) Endogenous and exogenous solutes will be excreted into the
lumen mediated via proximal tubule specific ATP-binding cassette - and solute carrier transporter proteins (e.g.
basolateral influx organic anion transporter-1 and -3 (SLC22A6/OAT1, SLC22A8/OAT3), solute carrier organic
anion transporter 4C1 (SLCO4C1/OATP4C1), organic cation transporter-2 (SLC22A2/OCT-2) and apical efflux
breast cancer resistance protein (ABCG2/BCRP), P-glycoprotein (ABCB1/P-gp), multidrug resistance protein-2
and -4 (ABCC2/MRP2, ABCC4/MRP4), solute carrier 47A1 (SLC47A1/MATE1), solute carrier 47A2 (SLC47A2/MATE2K), organic anion transporter-4 (SLC22A9/OAT4), organic urate transporter-1 (SLC22A12/URAT1)).

Current dialysis therapies only partly replace renal excretion, suggesting that the waste
products (putative uremic toxins) are actively being secreted by the kidneys rather
than filtered. Vanholder and colleagues pioneered in establishing the European Uremic

25

517741-L-bw-fedecostante
Processed on: 30-3-2018

PDF page: 25

Biotechnological challenges of bioartificial kidney engineering

Toxin Workgroup Database (EUTox; http://www.uremic-toxins.org), and defined a list
of over 150 compounds divided in three classes: 1) small water-soluble compounds (<
500 Da) that readily pass dialysis membranes, 2) middle molecules (>500 Da) for which
filtration is limited due to size and charge, and 3) the protein-bound solutes which are
a class of compounds difficult to clear by current dialysis modalities. The removal of
the latter group depends on active tubular secretion shifting protein binding to the
free fraction. For this, the renal proximal tubule cells of the kidneys are equipped with
multiple transporters with overlapping substrate specificities that vigorously cooperate
in basolateral uptake and luminal (urinary) excretion [17]. In addition to the limited
clearance capacity of the current renal replacement therapies, the lack of metabolic and
endocrine functions contribute further to disease progression, morbidity and mortality
[18]. Best treatment option is organ transplantation but a major shortage of donor
organs (in Europe and the United States, the waiting list for a new patient nowadays
is 4 years [19]), as well as complications related to immunosuppressive therapy after
transplantation warrant novel approaches such as BAK development [7, 8, 20].
1.2 HISTORICAL OVERVIEW OF THE BAK
The BAK is a promising biotechnological approach to replace essential renal functions,
including excretory, metabolic and endocrine pathways. Although major developmental
progress has been made over the last decades, a clinically applicable system has,
as of yet, not been realized. The development of BAKs evolves at the intersection
of regenerative medicine and renal replacement therapy. As shown in Fig. 2, BAKs
combine a haemofilter used in conventional dialysis with a bioreactor unit containing
renal proximal tubule epithelial cells (PTEC), termed a renal assist device (RAD) [21].
An historical overview of pioneering studies in the field of artificial and bioartificial
kidney engineering is presented in Fig. 3, and started in June 1947 with the presentation
of the rotating drum dialyzer at the Scientific Session of the Annual Meeting of the
American Medical Association by Drs. Kolff, Fishman and Kroop [22]. Forty years later,
Aebischer et al. proposed the combination of an ultrafiltration device with an exchanger
whose semi permeable hollow fibers are covered with renal epithelial cells as a design
for a BAK [23]. Aebischer and co-workers demonstrated that continuous ultrafiltration
can be maintained for relatively long periods in the absence of anticoagulation, using
non-human kidney epithelial cells (dog or porcine derived) [23].
In 1999, Humes et al. enriched and adapted the BAK concept, utilizing porcine renal
proximal tubule cells (LLC-PK1) cultured on semipermeable polysulfone (PSF) hollow
fiber membranes upon which extracellular matrix (pronectin-L) was layered to enhance
cells attachment and growth [24]. They successfully achieved tissue engineering of a
bioartificial tubule as a confluent monolayer in a single hollow fiber bioreactor system.

26

517741-L-bw-fedecostante
Processed on: 30-3-2018

PDF page: 26

In the same year, Humes et al. successfully scaled-up from a single-fiber system to

it was demonstrated that the cells in the device were metabolically active, and capable
of ammoniagenesis, glutathione metabolism and 1,25-dihydroxyvitamin D3 synthesis
[25].
Five years later they started applying renal cell therapy in the treatment of patients with
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bicarbonate, glucose and organic anions, enabling functional maintenance. Moreover,

Chapter

a multifiber bioreactor, which also allowed active vectorial transport of sodium,

acute and chronic renal failure. For these studies, the BAK comprised of a continuous
venovenous haemofiltration circuit connected to a synthetic haemofiltration cartridge
and the RAD. Despite demonstrated metabolic activity and systemic effects, the RAD
treatment was discontinued for safety reasons because platelet count levels reached a
lower limit of 35,000 per mm3 [26, 27].

Fig. 2 BAK composition and mechanism. Separated in- and outlets for the patient’s blood and the dialysate
are incorporated in a BAK. The device will consist of numerous hollow fiber polymeric membranes with
hemocompatible properties. The inner surface of the hollow fiber membrane will be modified in order to
induce cytocompatibility to stimulate monolayer integrity. A homogeneous and polarized cell monolayer will
stimulate excretion of endo- and xenobiotics (e.g. protein-bound uremic toxins) and reabsorption of solutes (e.g.
phosphate). Importantly, host albumin and IgG components will be retained due to appropriate molecular cut-off
values of the membrane. Furthermore, potential metabolic and endocrine functions of the cells can contribute to
an improved homeostasis of the patient.
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Fig. 3 Bioartificial kidney development timeline. Pioneers in the field of artificial and bioartificial kidney
engineering are represented. In June 1945, Willem Johan Kolff performed the first successful treatment of
acute kidney injury in a female suffering from acute kidney injury using an artificial kidney. In the next decades,
devices improved and became more sophisticated by implementing renal epithelial cells cultured on hollow fiber
membranes in order to replace transport, metabolic and endocrine functions.

In 2011, Ni et al. extended the BAK concept with the characterization of the membrane
materials and coatings adapted in bioreactor units [28]. The BAK bioreactor unit
consisted of different porous membranes (Polyethersulfone/polyvinylpyrrolidone
(PES/PVP), polysulfone/polyvinylpyrrolidone (PSF/PVP) and PSF only)) seeded with
human primary PTEC. For clinical applications, it is mandatory that PTEC remain
a tight differentiated epithelium on membranes. In vitro results demonstrated that
human derived PTEC showed unsatisfactory adhesion and proliferation on a variety
of polymeric membranes or a combination of PSF/PVP materials, which was used in
the bioreactor unit after coating with an extracellular matrix (ECM). In concert, single
ECM molecule coating showed insufficient improvement of cell performance on nonPTEC-compatible membrane materials either. On the other hand, a double coating with
3,4-dihydroxy-L-phenylalanine (L-DOPA) and an ECM molecule (collagen IV) markedly
improved PTEC performance and resulted in the formation of differentiated epithelia on
PSF/PVP membranes [28].
In 2012, Buffington et al. introduced the Bioartificial Renal Epithelial Cell System (BRECS).
This is a regular cell bioreactor designed to be fully cryopreservable at -80°C or -140°C.
This unique design allowed for long-term storage and on-demand use for acute clinical
applications. The BRECS was designed to maintain a dense population of adult human
renal epithelial cells grown on porous, niobium-coated carbon disks within the system.
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After the cells reach an optimal density, the BRECS can be cryopreserved, transported,

human renal epithelial cells.
One year later, Oo et al. introduced a novel model of BAK with improved cell performance
and haemocompatibility for large animal studies [30]. It was demonstrated that PTEC
performance was improved on the outer non-haemocompatible polyarylethersulfone
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based therapies [29]. This design represented the newest technology in conservation of
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and stored, thereby alleviating many practical limitations previously encountered by cell-

surfaces. Moreover, under these conditions membrane coatings were not required [30].
This new BAK design greatly improved haemocompatibility and safety, and allowed the
bloodline to discontinue to the bioreactor rapidly in case of problems.
All the devices proposed here have the promise to be combined to produce a wearable
or implantable BAK for renal replacement therapy that may significantly diminish
morbidity and mortality in patients with acute or chronic kidney disease. However,
those systems have, as of yet, not shown to fully embrace the ability to excrete proteinbound uremic retention solutes.

2. REQUIREMENTS FOR RENAL CELL MODELS
2.1 CHARACTERISTICS OF PROXIMAL TUBULAR EPITHELIAL CELLS
For optimal urinary excretion of endo- en xenobiotics, the renal tubular epithelium
is equipped with an organic anion and an organic cation system. These systems
comprise of transporters belonging to the solute carrier family (SLC; e.g. Organic Cation
Transporter 2 (OCT2; SLC22A2), Organic Anion Transporter 1 and 3 (OAT1/3; SLC22A6
and SLC22A8), Organic Anion Transporting Polypeptide 4C1 (OATP4C1; SLCO4C1),
the Multidrug and Toxin Extrusion proteins (MATEs; SLC47A1/2)) and the ATP-binding
cassette transporter family (P-glycoprotein (P-gp also termed MDR1; ABCB1), Multidrug
Resistance Proteins 2 and 4 (MRP2/4; ABCC2/4), and Breast Cancer Resistance
Protein (BCRP; ABCG2)), as schematically depicted in figure 2.1 [17, 31, 32]. Roughly
distinguished, basolateral uptake of organic anions is mediated by OAT1 and OAT3
and their urinary efflux by MRP2, MRP4. For organic cations, OCT2 is the predominant
carrier for facilitated transport into renal proximal tubule cells and MATE1, MATE2K and
P-gp mediate their urinary efflux. BCRP and OATP4C1 might handle both organic anions
and cations in renal proximal tubule epithelial cells [17].
2.2 RENAL CELL CULTURE MODELS
Diverse cell lines and primary renal PTEC cultures have been used to study BAK
engineering as a potent therapeutic approach [26, 28, 30, 33-38]. Various research
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groups applied the porcine derived LLC-PK1 cell model for BAK engineering [23, 30].
The functionality of the cationic influx transporter OCT2 in LLC-PK1 was confirmed by
unidirectional transport of creatinine and tetraethylammonium using regular cell culture
techniques [39, 40]. However, limited expression and function of other transporters,
such as the efflux pumps BCRP and P-gp, was demonstrated [41, 42]. In addition, its
non-human origin limits the suitability of LLC-PK1 for BAK approaches.
For clinical applications, human origin of the cells is highly preferred but very few
models are available. Human primary tubular cell cultures (HPTC) reflect most
closely the physiological demands and functionally express various organic anion
plus cation transporters essential for uremic retention solutes excretion. Moreover,
essential reabsorptive mechanisms, such as phosphate and albumin endocytosis, were
demonstrated to be present [43-45]. Nevertheless, HPTC application is hampered by the
large batch-to-batch variability in quality and function. Most transport systems were
found to be down-regulated upon cell culturing. Moreover, the isolation and culture
of a sufficient number of primary cells required for a BAK with maintained epithelial
characteristics, is highly challenging.
To overcome these hurdles, (conditionally) immortalized PTEC of human origin have
been developed, including HK-2 [46] and ciPTEC [47, 48]. The immortalization strategies
allow for sufficient cell numbers, and cells remain stable in expression and function
of essential proteins upon prolonged culturing [47]. A variety of functional SLC and
ABC-transporters, known to be involved in protein-bound uremic toxin excretion,
have proven to be present. In 1994, HK-2 was successfully established by Ryan et al.
by transduction of renal epithelial cells using recombinant retrovirus containing the
human papillomavirus type 16 E6/E7 genes. This cell line has been widely distributed
and applied for studying renal pharmacology and physiology, although the lack of
OCTs, OATs and BCRP was demonstrated [49-53]. In contrast to HK-2, ciPTEC displays
specific functional influx and efflux systems in line with primary HPTC [47, 48, 54]. A
potential uremic toxin influx transporter is OCT2, which was demonstrated to be present
and found predictive for human renal organic cation handling [54]. The interaction
between several anionic uremic toxins and two important efflux pumps present at the
apical membrane of the proximal tubule, MRP4 and BCRP, was demonstrated as well.
Moreover, the interaction of the uremic toxins with an important class of metabolism
enzymes, namely UDP-glucuronosyltransferases (UGT), and mitochondrial succinate
dehydrogenase activity was confirmed [55]. The latter results presented a novel
pathway via which uremic retention solutes affect the metabolic capacity of the kidney
and might affect drug disposition during CKD. This functionality in ciPTEC is a great
breakthrough which allows us to have a translational model predictive for studying
renal excretory function through the transport machinery. One drawback of all renal
cell lines is the lack of OAT1 and OAT3 expression on gene, protein and functional level.
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Although the expression of OATs has been observed in primary HPTC [43], the levels
This phenomenon has already been described in 1992 by Miller et al. [56] and has, as
of yet, not been solved.
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decrease dramatically during the first days of culturing and are lost after cell passaging.
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3. MEMBRANES AND MATRIX BIOLOGY: HOW TO MAINTAIN
FUNCTIONALITY
3.1 BIOACTIVE MEMBRANES
Nowadays, the development of synthetic biomaterials rapidly progresses and their
applications depend on their controlled, well-characterized composition, degradation
and physical properties [57, 58]. PSF describes a family of thermoplastic polymers and
are known for their toughness and stability at high temperatures. In addition, PSFs are
used in specific applications and often are a superior replacement of polycarbonates.
PSF allows easy manufacturing of membranes with reproducible properties and
controllable pore size, explaining their current use in hemodialysis [59]. PES is derived
from PSF with low protein retention and, when combined with PVP, an ideal balance can
be realized between hydrophilicity and biocompatibility due to PES’ hydrophilic nature.
Their asymmetric pore structure offers a perfect balance between highly selective
filtration characteristics and high fluxes with minimized flux barriers [60].
Mimicking the basement membrane including a native extracellular matrix (ECM)
with its fiber-like morphology and display of bioactive signals is a prerequisite for
optimal epithelial cell function in vitro. However Nur, E.K.A., et al. and Schindler, M.,
et al. demonstrated the cells did not respond to specific bioactive signals, but were
only influenced by the topology provided by the fiber-like structure [61, 62]. Moreover,
Dankers et al. [38] developed a membrane more suitable for BAK systems. Promising
results with respect to cell viability, brush border enzyme activities, tight cell monolayer
formation and the expression of various transporters and ECM proteins were observed
when cultured in static conditions in HPTC cultures on bioactive supramolecular
membranes. These characteristics were improved further in perfusion conditions
[38]. The benefits of this membrane was contributed to the unique properties of the
supramolecular polymer used. The electro-spun microfibers resemble the structure of
the ECM, composed of nanofibers formed by stacking of ureido-pyrimidinone (UPy)
dimers in the lateral direction assisted by additional urea functionalities [38, 57].
Furthermore, Khan et al. provided a clear insight on the attachment of bioactive peptides
and proteins to self-assembled peptide amphiphile nanofibers via a chemo-selective
native chemical ligation reaction. This allowed functional peptides integration in order
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to design an optimal biomaterial for cell attachment, creating a ‘living membrane’ [58].
3.2 THE EXTRACELLULAR MATRIX
The native ECM is a key factor in inter- and intracellular signaling, regeneration and
support, and forms a depot for growth factors. The ECM composition can be divided into
two major components: the basement membrane (BM) and the stromal matrix (SM; Fig.
4). The BM is a sheet-like scaffold for tissue’s peripheral cells, including the vasculature
as a scaffold for endothelial cells. The SM is made up of larger, fibrous structures, which
provide much of the structural support of the ECM. Glycosaminoglycans (GAGs) are most
representative ECM molecules, and are long unbranched polysaccharides consisting of
repeating sugar dimers. GAGs can be divided in heparan sulfates, chondroitin sulfates,
dermatan sulfate and hyaluronic acid. Hyaluronic acid is the only GAG that is not bound
to core proteins. When a GAG is covalently bound to a core protein, it is named a
proteoglycan (PG) [63]. The major biological function of proteoglycans is to provide
hydration and swelling pressure to the tissue giving the resistance to compression
forces [64]. Proteoglycans and GAGs, also known as the proteoglycan glycomatrix, play
an important role in the modulation of the innate immune system, as well as in tissue
remodeling during inflammatory disease processes [65].

Fig. 4 Essential extracellular matrix components. The native ECM is a key factor in inter- and intracellular signaling,
regeneration, support and is a depot for growth factors, indicating its high relevance in cell maintenance. The cellECM adhesion and signaling is mediated by integrins, which are transmembrane receptors located in the PTEC
plasmamembrane. The ECM composition can be divided into two major components: the basement membrane
(BM) and the stromal matrix (SM). The BM is a sheet-like scaffold and is mainly characterized by fibronectin,
proteoglycans, laminin and collagen IV. The SM is made up of larger, fibrous structures, which provide the major
structural support of the ECM. Collagen I, proteoglycans and GAGs belong to this layer.

Fibers are other important ECM components. Type I collagen is the predominant
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component of the SM and of the ECM. Native collagen I is porous, adhesive to many cell
is a non-fibrillar collagen and exists in small sheets as a predominant component of the
BM. Collagen IV is known to be able to augment smooth muscle cell differentiation from
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types, and provides a strong scaffold upon which cells can attach and grow. Collagen IV

various stem cell populations [63]. It has been localized also to the dermal-epidermal
it has been shown to be a specific component of the lamina densa [66]. ECM also
constitutes of other molecules, including fibronectin,
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junction, in capillaries, and beneath endothelial cells in larger vessels. Ultrastructurally
which is a high molecular

glycoprotein present in blood, connective tissue and at the cell surface. It is believed to
be involved in cells attachment to the surrounding ECM, collagen and GAGs [67].
Most BMs are rich in α1 and α2 chains, suggesting that these chains may be required
for embryonic development. The α3-α6 (IV) chains, however, are selectively expressed
in small subsets of BMs and are expressed in late development. Thus, their loss might
be expected to cause tissue-specific defects. Mutations of the α3-5 (collagen IV) genes in
humans have been associated with Alport syndrome, a hereditary glomerulonephritis
that leads to end-stage renal disease [68].
Cell adhesion to extracellular components can occur either by focal adhesions,
connecting the ECM to actin filaments of the cell, or hemidesmosomes, connecting the
ECM to intermediate filaments, such as keratin. This cell-to-ECM adhesion is regulated
by specific cell-surface cellular adhesion molecules known as integrins. Integrins bind
cells to ECM structures, including fibronectin and laminin, and also to integrin proteins
on the surface of other cells [63].
Taken together, the constant interchange between cells and the ECM determines cell
fate and triggers the shift from proliferation to structure formation [69]. Integrating
core ECM components into cyto- and hemocompatible biomaterials will contribute to
maintaining renal epithelial cell functionality upon prolonged appliance.
3.3 HK-2 AND HUMAN PTEC GROWTH ON BIOACTIVE MEMBRANES
Optimal renal cell performance on biomaterials is dependent on the presence of an
appropriate ECM. In vivo, the native ECM is a key factor in inter- and intracellular
signaling, support and regeneration. To advance cell attachment, supportive membranes
can be coated using ECM components, i.e. bioactivating the membrane. In the past few
years some research groups tested different ECM compounds as BAK coating (table
1 and 2) using a cell line (HK-2) or HPTC. In general, a ECM coating is applied to the
BAK membranes for 1-2 hours [34], prior to seeding the renal epithelial cells onto the
membranes. The ECM coating stimulates cell adhesion and differentiation; successful
cell differentiation causes ECM production by the epithelium [47] eventually increasing
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their adherence and phenotype on the membrane with prolonged durability. Zhang
et al. demonstrated that after 2-3 weeks with a maximum of 4 weeks [34], the cell
monolayer is still viable and intact on the BAK membrane. The monolayer integrity is
in relation with the ECM coating combination used (collagen IV was always present in
those successful combinations).
Table 1 – Successful ECM coating used in HK-2 monolayer formation
Coating type and
concentration

Source

Surface material

Seeding density
(cells/cm2)

Monolayer
formation:
ZO-1

Ref.

Laminin
(100 µg/ml)

Human

24-wells plate
polystyrene

1.4x105

2

[34]

Gelatin (1 mg/ml)

Porcine

24-wells plate
polystyrene

1.4x105

2

[34]

Matrigel (70x diluted)

Mouse

24-wells plate
polystyrene

1.4x105

2

[34]

3,4-Dihydroxy-Lphenylalanine (DOPA)

NM

PES/PVP
membranes

1x105

5

[28]

Optimal monolayer formation and cell attachment can be studied by the ZO-1 staining using a scoring system
ranging from 1 to 5, accordance to Zhang et al. [28] The ZO-1 pattern scores are reported in relation with different
ECM coatings and surface materials used until now. NM= not mentioned

Table 2 – Successful ECM coating used in HPTC monolayer formation
Coating type and
concentration

Source

Surface
material

Seeding density
(cells/cm2)

Collagen IV (150 µg/ml)

Human

24-wells plate
polystyrene

1.4x105

Laminin (100 µg/ml)

Human

24-wells plate
polystyrene

1.4x105

Gelatin (1mg/ml)

Porcine

24-wells plate
polystyrene

1.4x105

collagen IV (150 µg/ml) +
3,4-DihydroxyLphenylalanine (DOPA)

Human

PES/PVP
membranes

5 x104

Collagen IV (150 µg/ml )

Human

PET

Collagen IV (150 µg/ml )

human

tissue culture
polystyrene
(TCPS)

Monolayer
formation:
ZO-1
4-5
4-5

Ref.

[34]
[34]

2-3

[34]

3

[28]

1x105

4

[28]

1x105

4

[28]

Optimal monolayer formation and cell attachment can be studied by the ZO-1 staining using a scoring system
ranging from 1 to 5, accordance to Zhang et al. [28] The ZO-1 pattern scores are reported in relation with different
ECM coatings and surface materials used until now.

Collagen IV appeared to be one of the best ECM coatings in both PES/PVP and PET
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membranes. Interestingly, optimal results were obtained when collagen IV was coated
noradrenaline, and adrenaline) obtained via tyrosine biosynthesis from the amino acid
L-tyrosine and shown to be involved in the formation of mussels adhesive proteins
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after a first layer of L-DOPA [28]. L-DOPA is the catecholamine’s precursor (dopamine,

[70]. L-DOPA is negatively charged, and the combination with collagen IV, positively
(table 1 and 2) [28]. Apart from that combination, other ECM molecules combinations
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charged, create the optimal condition, up to now, for attachment and differentiation
showed no cells attachment superiority. Although collagen IV itself may play an optimal
role for HPTC attachment (table 2), stressing the fact that a more “biological” ECM
coating is needed instead of a synthetic one.
Optimal monolayer formation and cell attachment can be studied by the tight junction
protein zonula occludens-1 (ZO-1) staining using a scoring system ranging from 1 to
5, accordance to Zhang et al. ([34], table 1 and 2). Few studies were conducted using
different cell models, but in tables 1 and 2 we show only the studies related to cells from
human origin (HPTC and HK-2). In particular, we focused on optimal cells attachment
using varying surface materials and ECM coatings. Less favorable ECM coatings data
were collected as well and shown in suppl. table 1. The application of these coatings,
including pronectin F, Poly-D-Lysine, Poly-L-Lysine and collagen I, resulted in poor
monolayer formation and no positive ZO-1 staining [28, 34].

4. RENAL EPITHELIUM IMPROVEMENT USING CO-CULTURE
AND STEM CELL APPROACHES
4.1 CO-CULTURE APPLICATIONS
BAK engineering could be improved further by applying more than one renal cell type
within a device. This requires a more comprehensive approach, but might enable to
maintain differentiated epithelium during prolonged application. In vivo, paracellular
pathways across the leaky proximal tubular epithelium are mediated along the tight
junction proteins of the cells in order to reabsorb solutes and water [71]. The combination
of proximal tubular cells with endothelial cells or epithelial cells from down-stream
nephron segments might be favorable in order to improve monolayer tightness and
maintain or even enhance transport and metabolic activity. Finally, this might result
in improved resistance against uremic conditions and enhanced PTEC functionality in
BAK. In table 3 relevant co-culture studies are summarized for HK-2 or HPTCs combined
with various cell lines and growth factors. Aydin et al. [72], showed the co-culture of
HK-2 and HPTCs with endothelial cells (HMEC-1; a human dermal microvasculature
cell line) and HK-2 cells cultured on HMEC-1 extracellular matrix conditioned filters,
which resulted in monolayer integrity improvement as measured by transepithelial
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resistance and paracellular leakage of inulin. In total, 99 genes were found to be upor downregulated in co-culture which are involved in various cellular pathways, such
as extracellular matrix signal transduction, cell-cell communications (i.e. through
release of the cytokines IL-6 and IL-1α). No enhanced effects on monolayer integrity was
observed when HK-2 was co-cultured in HMEC-1 conditioned medium [72]. In addition,
as described by Tasnim et al., an increased mRNA expression level of drug transporters,
such as OAT1, OAT3 and OCT, as well as increased activity of the metabolic enzyme,
α-glutamyltransferase (GGT), was found when HPTC were co-cultured with HUVEC [73].
In addition, as studied by Bertocchi et al., the co-culture of HK-2 with EA.hy 926 cells
(Human Umbilical Vein Endothelial Cells (HUVECs) fused with a bronchial carcinoma cell
line) showed a positive effect on cell integrity and viability when nitric oxide (NO) was
inhibited, suggesting a cytoprotective effect caused by epithelial and endothelial crosstalk [74]. Inducible NO synthase (iNOS) is constitutively expressed in the kidney tubular
epithelium and is involved in the maintenance of diverse physiological processes, but
upon induction involved in renal pathologies [75]. Ameliorated but also attenuated NO
levels contribute to various disorders, such as cardiovascular disease and acute or chronic
kidney disease. Culturing epithelial cells in more physiological conditions using bilayer
formation with endothelial cells resulted in improved monolayer integrity. As shown by
Miya et al., next to the co-culture using HUVEC cells, hepathocyte growth factor (HGF),
solely or accompanied by HUVEC cells, appeared to play an exclusive and cumulative
role in cell proliferation, invasion, migration and tubulogenesis (i.e. the formation of
tubules in epithelial or endothelial cells) of primary cells cultured in Matrigel. This gel is
a rich ECM culture environment stimulating the development of 3D cellular structures
[76]. Particularly enhanced proliferation and migration properties detected in these coculture applications revealed interesting characteristics that could be favorable in BAK
approaches. For example, recovery of cells in uremic conditions might be enhanced in
the presence of HGF to enable proliferation and, as a consequence, prolong functional
BAK platforms. Obviously, the animal-derived Matrigel as a potential HFM coating
strategy is not compatible with human treatment approaches and should be replaced
by appropriate surface modifications (e.g. L-DOPA in combination with collagen IV [28]).
To date, the effect of uremic conditions in co-culture approaches has not been studied.
Interestingly, the favorable co-culture effects observed in monolayer integrity, cell
metabolism and transport capacity as reviewed here might indicate opportunities for
BAK applications to maintain or even enhance proximal tubule epithelial characteristics
upon prolonged usage when exposed to uremic conditions. Therefore, future research
is required to study protein-bound uremic toxins effects on PTEC monoculture versus
co-culture of PTEC combined with, for example, cells from up- or down-stream nephron
segments or specific growth factors.
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Proximal tubule
line

Cell Lines/
growth factors

Results

Comments

Ref.

HK-2 cells (ATCC,
Rockville, MD)

Human dermal
microvascular
endothelial cell
(HMEC-1)

- TEER and inulin
leakage
- 99 altered gene
expression levels

- Exclusive role for
endothelium-derived ECM
- Altered genes related to
cell-cell communication,
ECM proteins, transport
proteins.

[72]

Primary
glomerular
microvasular
endothelial cells
(GMEC)
EA.hy 926
(HUVEC fused
with bronchial
carcinoma cell
line )
HUVEC +/- HGF
(20 ng/ml)

- TEER and Inulin
leakage

HUVEC and
HRGEC

Human primary
proximal tubular
cells (HPT)

HK-2 cells (ATCC,
Rockville, MD)

Primary
human renal
PTEC (Lonza,
Walkersville, MD)
HPTC (ScienCell
Research
Laboratories,
Carlsbad, CA)

Chapter

Table 3: Monolayer integrity and maintenance effects of HK-2 and human primary tubule epithelial cells in coculture

Chapter

2

[72]

- Monolayer integrity
and vitality

- Injurious effects of nitric
oxide synthase inhibited

[74]

- α tubular structure
- α cell proliferation
- α cell invasion and
migration

- Cumulative effect of
HUVEC and HGF

[76]

- mRNA of GGT, CD13,
AQP1, OAT1, OAT3,
OCT1, GLUT5, NA+/
K+ ATPase, NBC1 and
SGLT2 transporters
- GGT activity
- cell proliferation

- Altered mRNA expression
levels in co-cultured
HUVEC of VEGF, FGF-2,
HGF, TGF-α1, PDGF-A, A2M,
DCN, FST, FSTL-3 and
FGFR-2 HUVECs.

[73]

HK-2: human kidney cell line -2; TEER: transepithelial electric resistance; ECM: extracellular matrix; HUVEC: Human
umbilical vein endothelial cells; HGF: hepatocyte growth factor; HRGEC: human renal glomerular endothelial
cells; GGT: α-glutamyltransferase; CD13: aminopeptidase-N; AQP1: aquaporin 1; OAT1: organic anion transporter
- 1; OAT3: organic anion transporter - 3; OCT1: organic cation transporter - 1; GLUT5: glucose transport protein
- 5; NBC1: Na+/HCO3- cotransporter - 1; SGLT2: sodium/ glucose cotransporter - 2; VEGF: vascular endothelial
growth factor; FGF-2: fibroblast growth factor - 2; TGF-α1: transforming growth factor - beta 1; PDGF-A: plateletderived growth factor alpha chain; A2M: alpha-2-macroglobulin; DCN: decorin: FST: follistatin; FSTL-3: follistatinlike 3; FGFR-2: fibroblast growth factor receptor 2

4.2 RENAL REGENERATION USING STEM CELLS
In the past few years, various research groups developed and characterized CD133+
multipotent cells isolated from human kidney able to differentiate into renal epithelial
cells [29, 77, 78]. These cells are capable of high expansion of at least 108 cells in
perfusion culture and high viability, glucose transport and glutathione metabolism
were established. Moreover, after lipopolysaccharide stimulation of these cells, active
1,25-di-hydroxyvitamin D3 derivative was found confirming endocrine function [29, 77].
Furthermore, its immunologic activity was demonstrated by IL-8 production [29, 37],
signifying the relevance of these cells for BAK applications. Moreover, it was shown that
extra renal stem cells, including embryonic stem cells (ESCs), bone marrow-derived
stem cells (BMDCs) and amniotic fluid-derived stem cells, are capable of differentiating
in renal epithelial cells using specific nephrogenic factors [79-83]. For BAK purposes,
Narayanan et al. demonstrated functional differentiated hESC (i.e. GGT activity and

37

517741-L-bw-fedecostante
Processed on: 30-3-2018

PDF page: 37

Biotechnological challenges of bioartificial kidney engineering

intracellular cAMP response to parathyroid hormone) when cultured in perfusion
bioreactors, indicating opportunities for hESC in BAK development [82]. Though ESCs
and BMDCs showed promising regenerative capacities, ethical concerns, mainly for
ESCs, and tumor formation risk hamper a short-term application. In contrast, amniotic
fluid-derived stem cells are relatively easy to get from routine clinical amniocentesis
specimens, and phenotypic and genotypic characteristics upon prolonged culturing
were shown to be maintained as well as self-renewal properties [84]. Renal regeneration
and survival in AKI mice was enhanced after amniotic fluid-derived stem cell treatment,
indicating a promising avenue in future research [81]. In addition, the use of induced
pluripotent stem cells (iPSCs) as a source for cells restoring tubule epithelium is
a relatively new era. The application of human iPSC is potentially a powerful tool in
regenerative medicine and toxicology screening programs [85-88], but their use in
regenerative nephrology has, as of yet, to be demonstrated. iPSC can be generated
from cells exfoliated in urine followed by reprogramming cell cultures [89], indicating
high suitability for autologous BAK development or for establishment of appropriate
disease models.

5. PRECLINICAL AND CLINICAL BAK APPLICATIONS IN AKI
PATIENTS
In a preclinical study, HPTCs were cultured in a RAD and ex vivo performance was
successfully applied in acutely uremic dogs [37]. Next, the FDA approved Phase I/II
clinical evaluation was performed, in which the effect of RAD treatment for 24h in ten
patients suffering from AKI and multiorgan failure with predicted hospitality mortality
rates above 85%, was studied [27]. Five out of ten critically ill patients were able to
complete 24h RAD treatment and encouraging results were obtained which reflected,
for example, ameliorated endocrine functions whereas proinflammatory cytokines
(i.e. IL-6, G-CSF) and plasma creatinine levels diminished after treatment. A promising
feature should be stated regarding the device itself as well. The cell viability, integrity
and metabolic functions were still retained after 24h of use and cell loss during therapy
appeared to be less than 0.01%. However, 40% of the patient group passed away in
the post-RAD treatment period due to comorbidities within 30 days. To investigate
safety and efficacy of RAD treatment in greater detail, more multicenter clinical studies
were performed in ICU patients suffering from AKI and multiorgan failure [90-92]. In
these trials, ameliorated kidney function and reduced cytokine levels were observed
resulting in reduced mortality. Interestingly, an altered inflammatory response was also
observed in a selective cytopheretic inhibitory device (without cells) indicating possible
immunomodulatory effects of this synthetic membrane on circulating leucocytes in
patients suffering from sepsis and multiorgan failure [90]. A follow-up study has been
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designed to specifically address the latter phenomenon [93].

6.1 CONCLUDING REMARKS
The development of a BAK requires a complex interaction of functional cells and a
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6. CONCLUSION AND FUTURE PERSPECTIVES

fine-tuned ECM coating on cyto- and hemocompatible biomaterials. Here, we concisely
described the current status of BAK engineering with an overview of key factors. In the
field of regenerative nephrology, the need for stable cell models that remain functional
upon prolonged culturing time is still present. Although primary renal epithelial cells
[29] or stem cell applications might embrace the possibility of high cell expansions,
stable expression and maintained functionality of waste eliminating transporters is
still challenging. The application of primary proximal tubular cells in a BAK system is
hampered by their limited availability as human kidney material is sparse. Even when
cell proliferation can be stimulated by optimal application of growth factors, a high
batch-to-batch variability in expression and function of primary renal epithelial cells is
a major drawback for primary cells in BAK development. Future research needs to be
directed towards the elucidation of optimal surface modifications using a well-defined
ECM complex to enhance proliferation and allow stable expression of relevant proteins
in primary renal epithelial cells [94]. On the other hand, using primary renal epithelial
cells permits to isolate autologous cells from kidney biopsies, paving the way to develop
a valuable tool in personalized medicine. However, the number of cells isolated from
a kidney biopsy will be limited and a direct obstacle to develop a fully functional BAK
device. A solution to overcome this hurdle, is to immortalize cells using transduction
strategies. Obviously, an application containing immortalized cells cannot longer be
classified as an autologous approach. From an autologous point of view, hESC or
iPSC applications might offer suitable alternatives in future BAK development [82, 88].
To overcome current limitations of renal primary epithelial cells, implementation of
human ciPTEC, which showed stable functionality of PTEC specific transporters [47,
48, 54], might be favorable in BAK devices. To date, transcellular transport in ciPTEC of
uremic cationic and anionic uremic toxins in 2D and 3D approaches is in progress and
interesting data have been obtained ([47] and unpublished data). In addition to BAK
applications, such models are potentially predictive for renal drug handling by studying
the role of transporters in disposition of new pharmaceutical entities, to identify possible
drug-drug interactions and potential (drug-induced) nephrotoxicity [95]. Obviously, the
application of immortalized cell lines, with a potential risk of provoking oncogenic
responses upon disruption, will require extensive research to eventually establish a
safe and solid device. Consequently, detailed risk assessments prior to any clinical trial
will be crucial.
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The improvement of renal replacement therapy using BAK systems seemed to be
promising in uremic animals, but also in patients suffering from AKI [27, 36, 37, 90-92,
96]. Multicenter randomized clinical trials are currently ongoing in AKI patient groups
and outcomes will be analyzed thoroughly [93], prior to any further assessment in CKD
or end-stage renal disease patients BAK treatment. A major difference between AKI and
CKD or end-stage renal disease treatment is related to the inflammatory status of the
patient. In AKI patients, a BAK device appeared to result in increased survival rate due
to immunomodulation [26]. In CKD or ESRD patients the inflammatory response will
influence disease progression, which is related to the accumulation of protein-bound
uremic retention solutes as well [14, 15, 97]. Therefore, cells applied in a BAK should
actively secrete retention solutes and, in the end, induce clearance of protein-bound
uremic retention solutes below a certain threshold to diminish disease progression.
Maintenance of the functional capacity of cells upon prolonged BAK application is the
ultimate prerequisite.
A more long-term objective is to reduce the BAK size without affecting its functionality.
The implantable bio-artificial kidney hypothesis has been drawn up in the last few
years [98, 99]. Up to now, the bioartificial haemofilter devices implantation has been
performed in small animal studies. The main problem encountered in these studies
was cells long-term viability in the system. Even though it will be a valuable perspective
for clinical purposes as this might improve patients physiological condition because
current dialysis treatment is not sufficient for that purpose. Moreover, implanting a bioartificial kidney will ultimately decrease the burden of wearing an extra-corporal renal
device improving further patients quality of life [98-100].
An optimal ECM surface is favorable to support and maintain proximal epithelial
cell proliferation and differentiation when cultured in 2D and 3D applications. So far,
maintaining a tight functional renal epithelium in vitro is highly challenging and is a
hurdle to overcome

prior to enabling a stable functional BAK. For future research,

synthetic biomaterials are of high interest to enable prolonged renal epithelial cell
functionality in a BAK. This type of ECM mimics a comprehensive and dynamic
environment in comparison to more straightforward and commonly used collagen,
laminin and gelatin coatings. In the end, decellularized ECM surfaces might result in
enhanced differentiation and maintenance of PTEC characteristics and might even be
a more dynamic environment compared to synthetic biomaterials. Decellularization of
whole organs, is commonly used to facilitate the constructive remodeling of a variety
of tissues [101]. The procedure is characterized by the perfusion of the whole organ
with a detergent, mainly SDS, which completely remove the nuclear material leaving
the ECM construct intact that can be used as a biological scaffold [102-107]. In kidney
regeneration studies, this approach was recently described and applied in various
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properties when recellularized using embryonic stem cells [102, 107]. A successful
cell attachment and hematopoietic differentiation was demonstrated in these studies.
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the native membrane in order to stimulate cellular adhesion and functional renal

Translating this decellularization technique into a human BAK system would be a major
on bio-compatible membranes. Yet, such approach is highly elaborative and definitely
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breakthrough and could further enhance cell viability and functionality when cultured
requires more research.
Moreover, combining endothelial or other epithelial cells from downstream nephron
segments with PTECs resulted in improved cell monolayer integrity [72-74, 76] and may
possibly enhance resistance against uremic conditions. Obviously, elucidating optimal
combinations of cell types is of high interest and further research is required. Based
on recent studies reviewed here, this is a promising avenue for BAK platforms as well.
Interestingly, Kusuba et al. [108] and Smeets et al. [109] demonstrated that almost
any proximal tubular cell is able to dedifferentiate upon injury to stimulate tubular
repair and this characteristic is not restricted to a fixed CD133+ progenitor stem cell
population within the kidney. This finding is a promising aspect to aid BAK engineering
and regeneration. For future applications, if renal progenitor cells express a stable and
broad range of proximal tubule specific transporters, then the implementation and
maintenance of autologous cells in a bioartificial cell system device might be possible.
However, invasive techniques are required to extract cells from a patient’s kidney, which
implies obvious restrictions. Moreover, the feasibility of autologous cell applications
depends on the condition of a patient’s kidney and may not be applicable in patients
suffering from AKI. An appropriate, and favorable, alternative for autologous cell
procedures in a BAK to treat CKD patients might be the use of pluripotent stem cells
isolated from urine samples [89]. Human iPCs isolated from urine samples showed
multi-differentiation properties, potentially indicating valuable autologous cell sources
for application in regenerative medicine. The immunologic response will probably not
be triggered upon regular autologous cell device treatment compared to non-autologous
cell approaches, improving health conditions in patients suffering from renal disorders.
6.2 FUTURE PERSPECTIVES
For future applications the translation towards a wearable BAK for CKD patients would
be highly favorable and will remarkably increase the quality of life. A sophisticated
but efficient and non-invasive treatment might result in a substantial reintegration in
professional and social environment. Although the development of appropriate BAK
devices is expensive, the rapid development currently seen in up-scaling and automation
techniques for cell therapy purposes indicates that current cost estimates may well be
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outdated in few years’ time. Obviously, a thorough evaluation should be applied based
on FDA guidelines to investigate the potency of a BAK in public health care [110]. Other
applications, such as disease modeling, drug discovery and drug development, may
also contribute to the final economic value of a BAK.
To date, encouraging BAK results were obtained by various outstanding research groups
[29, 30, 96]. However, the implementation of BAK in public healthcare on short-term is
challenging and not yet foreseen. Limiting aspects of BAK development are related to
restricted cell sources and functional transcellular transport properties in 3D approaches,
as reviewed here. Insight in current approaches contribute to comprehensive future
research in order to stimulate the development of stable and functional BAK devices for
prolonged applications in various patients groups.
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SUPPLEMENTARY MATERIALS
Suppl. Table 1 – Unsuccessful ECM coating used with HK-2 and HPTC

Coating type and
concentration

Cells
used

source

Surface
material

Seeding density (cells/cm2)

ZO-1

Ref.

Poly-D-Lysine
(100 µg/ml)

HK-2

NM

24-wells plate
polystyrene

1.4 . 105

2

[34]

Poly-L-Lysine
(10 µg/ml)

HPTC

NM

24-wells plate
polystyrene

1.4 . 105

1

[34]

Pronectin F
(NM)

HPTC

NM

24-wells plate
polystyrene

1.4 . 105

-

[34]

Collagen I
(750 µg/ml)

HPTC

murine

PES/PVP

1x105 cultivated for up to
four weeks

-

[28]

Collagen IV
(150 µg/ml )

HPTC

human

PES/PVP

1x105 cultivated for up to
four weeks

-

[28]

Collagen IV
(150 µg/ml )+
Laminin
(100 mg/ml)

HPTC

human

PES/PVP

1x105 cultivated for up to
four weeks

-

[28]

Optimal monolayer formation and cell attachment can be studied by the ZO-1 staining using a scoring system
ranging from 1 to 5, accordance to Zhang et al. [28] The ZO-1 pattern scores are here reported in relation with
different ECM coatings and surface materials used until now.
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ABSTRACT
The development of a biotechnological platform for the removal of protein-bound waste
products (e.g. uremic toxins) is a prerequisite to improve current treatment modalities
for patients suffering from end stage renal disease (ESRD). Here, we present a newly
designed bioengineered renal tubule capable of active uremic toxin secretion through
the concerted action of essential renal transporters, viz. organic anion transporter-1
(OAT1), breast cancer resistance protein (BCRP) and multidrug resistance protein-4
(MRP4). Three dimensional epithelial monolayer formation of human conditionally
immortalized proximal tubule epithelial cells (ciPTEC) on biofunctionalized hollow
fibers with maintained barrier function was demonstrated. Using a tailor made flow
system, the secretory clearance of human serum albumin-bound uremic toxins, indoxyl
sulfate and kynurenic acid, across the renal tubule was confirmed. These functional
bioengineered renal tubules are promising entities in renal replacement therapies and
regenerative medicine, as well as in drug development programs.
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BACKGROUND
Chronic renal failure (CRF) is a severe health problem with a high morbidity and mortality
rate as adequate therapy is currently not available. Impaired renal function results
which are associated with a broad range of pathologies that constitute the uremic
syndrome [1-3]. The preferred treatment option for end-stage renal disease (ESRD) is

Chapter

in the accumulation of various endogenous uremic metabolites (i.e. uremic toxins),

organ transplantation, however, the worldwide organ shortage is profound and many
dialysis) is currently the best alternative treatment option, which is widely applied and
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patients experience graft failure [4, 5]. Chronic dialysis (hemodialysis or peritioneal
efficient in removal of small water-soluble and middle molecular weight molecules, but
it insufficiently removes larger and protein-bound uremic toxins [6, 7]. The latter class
comprises end-metabolites that originate from dietary breakdown amino acids, such
as tyrosine, phenylalanine and l-tryptophan, for which their pathological role in the
progression of the uremic syndrome has gained substantial interest in the last decade
[6].
The majority of dietary protein derived l-tryptophan is metabolized to l-kynurenine,
which in turn can be converted into kynurenic acid. Accumulation of kynurenic acid was
found to correlate to several symptoms of uremia, including neurological disturbances,
lipid metabolism disorder and anemia [8]. Tryptophan can also be metabolized by
intestinal bacteria into indoles, which are processed further in the liver into indoxyl
sulfate, indole-3 acetic acid and indoxyl-α-D-glucuronide [9]. Indoxyl sulfate as well as
the tyrosine end-metabolites p-cresyl sulfate and p-cresyl glucuronide are associated
with the development of cardiovascular disease via the activation of leukocytes, ROS
production and their interaction with the vascular endothelium [10-12]. Furthermore, the
p-cresol derivates demonstrated cytotoxicity and a pro-inflammatory response in renal
epithelial cells [13], possibly contributing to CRF progression. Also, drug disposition is
altered in patients with CRF, not only because of diminished kidney function but also
due to a direct inhibition of drug transporters and drug-metabolism enzymes by uremic
toxins [14, 15].
The residual renal function in ESRD patients is not only associated with the remaining
glomerular filtration capacity, but also the ability of the proximal nephron segment to
facilitate active secretion of protein-bound uremic toxins into the pro-urine [16, 17].
To this end, proximal tubule epithelial cells (PTEC) are equipped with a broad range
of transport proteins that accept a wide range of xenobiotics, including exogenous
compounds, such as drugs, and endogenous (waste) metabolites. At the basolateral
membrane the organic anion transporters - 1 (OAT1; SLC22A6) and -3 (OAT3; SLC22A8)
of the solute carrier family (SLC), are highly efficient in the uptake of protein-bound
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anionic uremic toxins such as the l-tryptophan, tyrosine and phenylalanine endmetabolites [8, 18, 19]. At the luminal side, the ATP binding cassette (ABC) transporters
breast cancer resistance protein (BCRP; ABCG2) and the multidrug resistance-associated
proteins 2 and - 4 (MRP2/4; ABCC2/4) are involved in their urinary secretion [20].
As the removal of protein-bound uremic toxins via PTEC is associated with better
patients survival, the engineering of a bioartificial kidney (BAK) containing PTEC
cultured on hollow fiber membranes (HFM) could be a promising platform to
advance uremic toxin clearance. This was the focus of the current study using human
conditionally immortalized PTEC (ciPTEC), expressing a broad range of endogenous
functional transporters associated with uremic toxin handling [21, 22]. Recently, the
influx transporters organic anion transporter - 1 (OAT1) and -3 (OAT3) were successfully
incorporated in ciPTEC using an overexpression system and were functionally
characterized [23]. Altogether, this model represents a valuable tool for studying renal
clearance processes as required for BAK engineering.
In the present study, we demonstrate the development of functional bioengineered
renal tubules that efficiently clear protein-bound anionic uremic toxins. First, the
essential role of in- and efflux transporters in the removal of uremic toxins was studied
in flat monolayers. Subsequently, three dimensional, polarized, ciPTEC monolayers on
biofunctionalized polyethersulfone hollow fiber membranes were developed. Finally,
as a crucial next step in BAK engineering, the secretory clearance of human serum
albumin-bound indoxyl sulfate and kynurenic acid was confirmed.

METHODS
CHEMICALS AND CELL CULTURE MATERIALS
Chemicals were purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands) unless
stated otherwise. The uremic toxin p-cresylsulfate was synthesized via a modified
literature procedure [24]. NaOH was used instead of KOH to afford pCS as its sodium
salt. 1H-NMR (500 MHz, D2O) α 7.10 (d, J = 8.0 Hz, 1H), 6.78 (d, J = 8.0 Hz, 1H), 2.22 (s,
1H). 13C-NMR (126 MHz, D2O) α 148.85, 136.49, 130.17, 121.33, 19.95. p-Cresylglucuronide
was synthesized according to a procedure by Desai and Blackwell et al. using a modified
workup [25]. The crude product was purified by silica flash column chromatography
(gradient: 0-15% H2O/MeCN), after which the appropriate fractions were combined and
concentrated in vacuo. The purified product was subsequently freeze dried to afford pCG
as a white solid (60.5%). 1H- and 13C-NMR spectra matched the reported data. MicroPES
type TF10 hollow fiber capillary membranes (wall thickness 100 µm, inner diameter
300 µm, max pore size 0.5 µm) were obtained from Membrana GmbH (Wuppertal,
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Germany). Cell culture plates were purchased from Greiner Bio-One (Monroe, NC).
CELL CULTURE OF CIPTEC-OAT1 AND -OAT3
The transduction of OAT1 and OAT3 in ciPTEC [22] was performed as previously
media as described by Jansen et al.[21]. In standard cell culture approaches, cells were
seeded in well plates or Transwell inserts using a density of 63,000 cells/cm2 or 110,000

Chapter

described by Nieskens et al. [23]. The cells were cultured in supplemented PTEC culture

cells/cm2 for ciPTEC-OAT1, respectively, and 82,000 cells/cm2 for ciPTEC-OAT3 and were
37°C, 5 % (v/v) CO2 for 7 days to mature.
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cultured for 24 h at 33°C, 5 % (v/v) CO2, to proliferate and subsequently transferred to

Prior to ciPTEC-OAT1 seeding on the outside of HFM (1.0 x 106 cells/ml), fibers were
biofunctionalized using a coating combination consisting out of 3,4-Dihydroxy-Lphenylalanine (L-DOPA; 2 mg/ml) and collagen IV (25 µg/ml), as previously described
by Jansen et al. [26], and cells were seeded and cultured accordingly.
FLUORESCEIN INHIBITION ASSAY
The potency of a panel of eight anionic uremic toxins to inhibit OAT1- and OAT3mediated fluorescein uptake was investigated in flat monolayers using an inhibition
assay as previously described by Nieskens et al.[23] . Briefly, a concentration range
(mM – nM) of indoxylsulfate, indole-3-acetic acid, indoxyl glucuronide, L-kynurenine,
kynurenic acid, hippuric acid, p-cresylglucuronide and p-cresylsulfate were exposed to
ciPTEC-OAT1 and -OAT3 cells in the presence of a known OAT substrate, fluorescein
(1 µM), for 10 min at 37°C, 5 % (v/v) CO2. After uptake arrest, intracellular fluorescence
was detected at excitation wavelength 485 nm and emission wavelength 535 nm, using
a VictorTM X3 multilabel platereader (Perkin-Elmer, Groningen, The Netherlands). Blank
were subtracted and relative data compared to control were plotted.
UPTAKE OF INDOXYL SULFATE AND KYNURENIC ACID BY CIPTEC-OAT1
Active OAT1-mediated uptake of indoxyl sulfate and kynurenic acid was investigated
using a µM concentration range of toxins. Prior to the uptake, matured cells cultured
in 48-well plates were pre-incubated using Krebs-Henseleit buffer supplemented with
10 mM Hepes (KHH buffer, pH 7.4) in the presence or absence of probenecid (100
µM), kynurenic acid (100 µM) or indoxyl sulfate (100 µM) for 30 min at 37°C, 5 % (v/v)
CO2. Next, the cells were exposed to either indoxyl sulfate (100 - 30 - 10 - 1 - 0 µM) or
kynurenic acid (30 - 10 - 1 - 0 µM) for 10 min at 37°C, 5 % (v/v) CO2 and the uptake was
arrested using ice-cold KHH buffer. Finally, cells were lysed using perchloric acid (3.3 %
(v/v)) for 1h at room temperature (rT). The samples were analyzed using a LC-MS/MS
system (Thermo scientific, Breda, The Netherlands) following the method described
by Mutsaers et al. [14]. Data processing was performed using the Thermo Xcaliber
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software (Thermo scientific, version 2.1) and absolute data were plotted.
CELL VIABILITY ASSAY
An MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) cell proliferation
assay was performed as previously described by Nieskens et al. [23]. Briefly, ciPTECOAT1 were exposed to a concentration range (mM - µM) of indoxyl sulfate or kynurenic
acid in serum-free culture medium in the presence or absence of the BCRP and MRP4
efflux pump inhibitors, KO143 (10 µM) and MK571 (5 µM) [27], for 24h at 37°C, 5 % (v/v)
CO2. After 4 hours of incubation, the intracellular accumulated precipitate was detected
by measuring samples at a wavelength of 570 nm from which the background was
subtracted, using a Benchmark Plus plate reader (Bio-rad Laboratories, Veenendaal, The
Netherlands).
MONOLAYER POLARIZATION AND TRANSEPITHELIAL BARRIER FUNCTION
To investigate the barrier function of matured ciPTEC-OAT1 cultured on HFM, the fibers
were mounted on a separated inlet and outlet glass cannula (DMT Trading, Aarhus,
Denmark) stabilized by a frame glued to a petri-dish, forming a separated basolateral
(inner HFM) and apical compartment (outer HFM), containing KHH buffer (pH 7.4). A
syringe pump (Terumo STC-521, Terumo Europe N.V., Leuven, Belgium) was connected
to the inlet cannula by tubing, whereas the outlet cannula was connected by tubing
to a depot to collect the perfusate. The chamber was installed on the Zeiss LSM510
META microscope (Zeiss, Oberkochen, Germany). Double coated HFM in the presence
or absence of matured ciPTEC were perfused with FITC-inulin (0.1 mg/ml in KHH buffer)
and diffusion was measured real-time for 13 min at 37°C, 5 % (v/v) CO2. From each
single replicate 4 different regions in focus were analyzed. Semi-quantification of realtime data was performed using Image J software (version 1.40g) and normalized data
were plotted.
To determine the polarization of the ciPTEC-OAT1 monolayer on HFM, the expression
of tight junction protein zonula occludens-1 (ZO-1) was investigated according to the
protocol as previously described by Jansen et al. [26]. In short, fixed and permeabilized
cell monolayers were blocked and subsequently incubated against ZO-1(1:50 dilution
in block solution; Invitrogen, Carlsbad, CA) for 1h at room temperature (rT). Next, cells
were incubated with goat-anti-rabbit-Alexa488 conjugate (1:200, Abcam, Cambridge,
UK) and finally nuclei were stained using DAPI (300 nM, Life Technologies) for 5 min
at rT. Images were captured using the Olympus FV1000 Confocal Laser Scanning
Microscope (Olympus, Tokyo, Japan) and the Olympus software FV10-ASW version 1.7.
DETECTION OF OAT1, BCRP AND MRP4 MRNA EXPRESSION
The mRNA expression of OAT1, BCRP and MRP4 was examined in ciPTEC-OAT1 when
cultured in flat monolayers and as bioartificial renal tubules. To extract RNA from
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matured cells cultured on fibers, the RNAqueous®- Micro Kit (Ambion, Carlsbad, CA)
was used. RNA extraction from cells cultured in well plates was performed using the
RNeasy® Mini Kit (Qiagen, Venlo, Netherlands), both kits were used according to
the manufacturer’s protocol. Subsequently, cDNA was synthesized using the M-MLV
ciPTEC transporter genes were detected using gene specific primer-probe sets (Suppl.
Table 2) and TaqMan Universal PCR Master Mix (Applied Biosystems, Branchburg, NJ).
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reverse transcriptase kit (Invitrogen, Carlsbad, CA). The mRNA expression levels of

The quantitative PCR reactions were performed using the CFX96 Real Time PCR system
Manager software (Bio-Rad Laboratories, Veenendal, Netherlands). Gene expression
levels were normalized to expression levels of the reference gene GADPH and were
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(Bio-Rad Laboratories, Veenendaal, Netherlands) and data were analyzed using the CFX

expressed as fold increase compared to matured cells in well plates.
FLUORESCEIN ASSAY
To determine the OAT1 as well as BCRP and MPR4 transport activity in matured ciPTECOAT1 cultured on HFM, the fibers were connected to a similar perfusion set-up as was
used for the barrier function assay. To measure active fluorescein uptake, the fibers
were perfused using 1 µM fluorescein in KHH in the presence or absence of specific
drug transporter inhibitors (OAT1 inhibitor probenecid (100 µM), and efflux pump
(EP) inhibitors KO143 (5 µM, to block BCRP), PSC833 (5 µM, to block any minor P-gp
contribution) (Tocris Bioscience, Minneapolis, MN) and MK571 (5 µM, to block MRP4))
for 13 min at 37°C, 5 % (v/v) CO2. Prior to fluorescein perfusion, fibers were pre-incubated
using similar concentrations of inhibitors in KHH for 5 min at 37°C, 5 % (v/v) CO2. To
investigate the interaction of fluorescein (1 µM) and the uremic toxins indoxyl sulfate
and kynurenic acid in ciPTEC cultured on HFM, fibers were exposed to indoxyl sulfate
(100 µM) or kynurenic acid (30 µM) in combination with EP inhibitors for 13 min at
37°C, 5 % (v/v) CO2. The fluorescein uptake was examined in real-time and imaging was
performed using the Zeiss LSM510 META microscope (Zeiss, Oberkochen, Germany).
Semi-quantification of real-time data was performed using Image J software (version
1.40g). From each single replicate 4 different cellular regions in focus were analyzed.
Background was subtracted using imaging data of fluorescein perfused non-cell
double-coated fibers. Data were normalized against fluorescein uptake in the absence
of inhibitors and were fitted according to one-site total binding saturation curve using
non-linear regression analysis. In addition, Vmax values (i.e. the maximum initial rate of
a reaction) were calculated from the corrected AFU data according to Michaelis-Menten
kinetics using non-linear regression analysis.
TRANSEPITHELIAL TRANSPORT OF INDOXYL SULFATE AND KYNURENIC ACID
Transepithelial transport of indoxyl sulfate and kynurenic acid through the HFM with
matured ciPTEC was studied using a similar perfusion set-up as was used for the barrier
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function assay. First, fibers were pre-incubated using efflux pump EP inhibitors (5 µM)
or probenecid (100 µM) for 15 min. Next, the fibers were perfused using 100 µM IS
or 30 µM KA in the presence or absence of inhibitors for 10 min and samples from
the apical compartment were collected (100 µl). To determine the ability of ciPTEC to
initiate a shift from the toxin protein-bound fraction to a free fraction for transport,
similar conditions were investigated in the presence of human serum albumin ((HSA),
1mM). In addition, the binding efficiency of IS and KA to HSA was determined with
an ultrafiltration technique usinga 30 kDA cut-off filter (Merck Millipore, Amsterdam,
the Netherlands). The mixture was centrifuged for 15 min at 6,500 x rcf at rT and the
ultrafiltrate containing the free toxin fraction was collected. The percentage albuminbound (Cbound) of indoxyl sulfate and kynurenic acid was calculated according to:
Cbound= [(Ctotal-Cfree)/ Ctotal] * 100
Where Ctotal is the total concentration of toxin solution and Cfree the free toxin concentration
present in ultrafiltrate, both in µmol/l. All samples collected from the binding analysis
and the apical compartment after the transport experiment were analyzed using a
LC-MS/MS system as described earlier in this section. In vitro clearance values of the
transepithelial transport of both toxins were calculated according to:
Cl = (U * V) / P
Where U is the apical concentration in µmol/ml, V the volume in the apical compartment
in ml and P the basolateral concentration in µmol/ml.
Next, the in vitro clearance was calculated according to:
Clin vitro = (Cl / T) / A
Where Cl is the calculated clearance, T is the time in min and A the surface of the fiber
in cm2.
DATA ANALYSIS
All data are expressed as mean ± S.E.M of multiple replicates. Inhibition data were
fitted according to one-site total binding saturation curve using non-linear regression
analysis and Vmax values were calculated according to Michaelis-Menten kinetics
using non-linear regression analysis. Statistical analysis was performed using oneway ANOVA analysis followed by Dunnett’s or Tukey’s multiple comparison test, or,
when appropriate, an unpaired t test with GraphPad Prism version 5.02 (La Jolla, CA). A
p-value of <0.05 was considered significant.
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RESULTS
UREMIC TOXINS INHIBIT OAT1 AND OAT3 ACTIVITY AT CLINICALLY RELEVANT
CONCENTRATIONS
anionic uremic toxins was selected to study their affinity to inhibit OAT1- and OAT3mediated uptake in ciPTEC. These toxins were selected based on their structure and
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To evaluate the role of uptake transporters in uremic toxin handling, a panel of eight

potential PTEC-mediated urinary secretion, and their previously suggested association
was used to evaluate transporter function [23]. A concentration-dependent inhibition

3
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with complications of CRF [13-15, 19]. The OAT1 and -3 model substrate fluorescein
of fluorescein uptake was shown for all anionic uremic toxins tested (Fig. 5), with most
potent interactions found for kynurenic acid and hippuric acid (Fig. 5D and F, resp.).
The inhibitory potencies of the toxins, as reflected by their IC50 values (Table 4), were
higher for OAT1 compared to OAT3, except for p-cresylglucuronide. The renal excretion
of indoxyl sulfate and kynurenic acid is OAT1-, BCRP- and MRP4-mediated
Indoxyl sulfate and kynurenic acid were selected for further studies using the ciPTECOAT1 model, as both showed a strong OAT1-mediated inhibition and have been
associated severely with ESRD progression and its related complications [8, 15, 28,
29]. Next to their inhibitory potency, we studied PTEC transport processes. A dosedependent uptake of indoxyl sulfate by ciPTEC-OAT1 monolayers was observed (Fig.
6A, 1.2 ± 0.1 and 6.7 ± 0.9 pmol.min-1.cm-2, at 3 and 30 µM respectively), which was
sensitive to probenecid inhibition (by 83 ± 6 and 63 ± 5 % for 3 and 30 µM, respectively;
p< 0.001). Indoxyl sulfate uptake was also inhibited by kynurenic acid (100 µM; by 64 ±
13 and 61 ± 5 % for 3 and 30 µM, respectively; p< 0.001), while kynurenic acid uptake
by OAT1 was not significantly affected by indoxyl sulfate (100 µM), most likely due to a
higher affinity of kynurenic acid than indoxyl sulfate [8]. But dose-dependent kynurenic
acid uptake (Fig. 6B, 2.7 ± 0.3 and 5.9 ± 0.5 pmol.min-1.cm-2, respectively) in ciPTECOAT1 was also sensitive to probenecid (53 ± 10 and 52 ± 12 % inhibition, respectively;
p< 0.05).
Table 4 Uremic toxins inhibit OAT1- and OAT3-mediated fluorescein uptake
Uremic toxin

Cm (µM) in
ESRD patients1

ciPTEC-OAT1
(IC50 - µM)

R square

ciPTEC-OAT3
(IC50 - µM)

R square

110
6
1
4
398
9
44
675

25 ± 4
65 ± 8
6±1
19 ± 2
5±1
492 ± 68
2650 ± 922
79 ± 14

0.92
0.92
0.95
0.93
0.95
0.67
0.28
0.84

83 ± 41
219 ± 66
6±1
148 ± 60
22 ± 9
527 ± 218
588 ± 81
112 ± 19

0.42
0.54
0.83
0.49
0.78
0.55
0.36
0.80

Indoxyl sulfate
l-Kynurenine

Kynurenic acid
Indole-3-acetic acid
Hippuric acid
Indoxyl-β-glucuronide
p-Cresylglucuronide
p-Cresylsulfate

The eight tested anionic uremic toxins inhibit OAT1- and OAT3-mediated fluorescein uptake in a concentrationdependent manner. Mean plasma levels of uremic toxins in ESRD patients were extracted from Duranton et al.
[6]. R square: goodness of fit values extracted from non-linear regression analysis.
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Figure 5. Concentration-dependent inhibition of OAT1- and OAT3-mediated fluorescein uptake by anionic
uremic toxins. (a-h) A concentration range of eight uremic were exposed to matured ciPTEC-OAT1 (•) and -OAT3
(o) in the presence of fluorescein, a known OAT model substrate. The intracellular fluorescent signal was detected
by measuring samples at excitation wavelength 485 nm and emission wavelength 535 nm. Blank data were
subtracted and data were normalized to control (absence of uremic toxin). Nonlinear regression analysis was
performed using Graphpad Prism 5.02. Data are shown as mean ± S.E.M. of three independent experiments
performed, at least, in duplicate.
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Using a vesicular transport assay for evaluating the activities of BCRP and MRP4 [14],
Mutsaers et al. showed previously that indoxyl sulfate and kynurenic acid are potent
inhibitors of both efflux pumps. Moreover, the intrinsic PTEC toxicity of the uremic toxins
was demonstrated by their ability to reduce renal metabolic capacity and to increase
and MRP4 in indoxyl sulfate and kynurenic acid detoxification was studied further using
a cell viability assay (Fig. 6C and D). CiPTEC showed to be slightly more sensitive to

Chapter

free radical production in proximal tubule epithelial cells [15, 19]. Here, the role of BCRP

both uremic toxins when BCRP and MRP4 were inhibited by KO143 and MK571 (resp.),
acid: 9.0 ± 3.0) compared to the TC50 values in the absence of inhibitors, though not
significant (Indoxyl sulfate: 3.6 ± 0.6 mM; Kynurenic acid: not applicable). To support

3
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as demonstrated by decreased TC50 values (indoxyl sulfate: 2.0 ± 0.7 mM; kynurenic

the importance of the combined effort of in- and efflux transport pathways especially
in indoxyl sulfate detoxification, parent ciPTEC models lacking OAT1 demonstrated
enhanced resistance against indoxyl sulfate in the presence of efflux pump inhibitors
(TC50 3.0 ± 0.5 mM).

Figure 6. Handling of indoxyl sulfate and kynurenic acid by OAT1, BCRP and MRP4 in flat monolayers. In matured
ciPTEC-OAT1, a concentration-dependent uptake of (a) IS and (b) KA (white) was shown using LC-MS/MS
analysis of the uremic toxins. In the presence of probenecid (P, grey), the uptake of both toxins was attenuated.
Moreover, the IS uptake was inhibited in the presence of KA (100 µM; black), and vice versa. The role of BCRP and
MRP4 in the efflux of IS and KA was shown using a MTT assay. The experiment was performed in the absence
(•) or presence (β) of efflux pump inhibitors (KO143 (10 µM) and MK571 (5 µM)). Nonlinear regression analysis
was performed using Graphpad Prism 5.02. Data are shown as mean ± S.E.M. of three independent experiments
performed in triplicate. *= p<0.05, ***= p<0.001 using one-way ANOVA analysis followed by Dunnett’s multiple
comparison test.
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THE BIOENGINEERED RENAL TUBULE SHOWS A THREE DIMENSIONAL TIGHT AND
DIFFERENTIATED EPITHELIAL MONOLAYER
Further development of a biotechnological platform for the removal of protein-bound
waste products requires an optimal three-dimensional configuration, as a twodimensional system poorly predicts renal xenobiotic handling. We recently successfully
developed a three-dimensional bioengineered tubule system [26], which we here
optimized and determined monolayer integrity by analyzing paracellular diffusion prior
to transport experiments. The transepithelial barrier function was measured using a
custom-made flow system and inulin as a leakage marker labeled with fluorescein
isothiocyanate (FITC), allowing life imaging of hollow fiber membranes (HFM). Matured
ciPTEC-OAT1 on double-coated HFM were compared to unseeded coated HFM (Fig. 7A).
Within 1 min of perfusion, unseeded-HFM showed a sustained leakage compared to the
fully PTEC covered HFM (Fig. 7B-C, no cells: 89 ± 4 % vs. cells: 10 ± 3 %; p<0.001). This
effect remained stable until the end of the perfusion experiment, thereby confirming
the formation of a three-dimensional, efficient and stable transepithelial barrier by
ciPTEC-OAT1 on HFM. To further elucidate polarization characteristics of ciPTEC-OAT1
monolayers when cultured in a 3D HFM environment, the barrier function was also
evaluated in 2D monolayers cultured on Transwell® filter inserts. When exposed to
FITC-inulin, monolayers on transwell inserts showed a limited barrier function of 20 ±
4 % (p= 0.08) compared to unseeded filters (Suppl. Fig. 1), confirming poor monolayer
formation of ciPTEC-OAT1 using 2D systems. In addition, the presence of the tight
junction protein ZO-1 along the boundaries of the cells (Fig. 7D) further endorsed the
epithelial character of a homogenous and polarized cell monolayer on HFM. In addition
to monolayer polarization, the mRNA expression of OAT1, BCRP and MRP4 in ciPTEC
when cultured in 3D and 2D was investigated. Interestingly, significantly increased
expression levels of OAT1 were observed (Fig. 7E) as compared to flat monolayers and
a trend towards an increase in BCRP and MRP4 (Fig. 7F – G) was shown, respectively.
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Figure 7. Bioengineered renal tubules show transepithelial barrier function and polarized characteristics. FITCinulin leakage was measured in matured ciPTEC-OAT1 seeded on coated HFM. (a) Schematic presentation of the
experimental set-up in the absence (upper panel) or presence (lower panel) of cells. (b) Representative real-time
images of the two different conditions are shown; unseeded (square) and seeded (circle) HFM. In the absence
of cells, a bright green fluorescent signal was detected at the apical membrane, whereas in the presence of
cells the signal was clearly attenuated. Representative real-time images of the two different conditions were
shown. (c) Semi-quantification of FITC-inulin diffusion in the absence (square) and the presence of ciPTEC-OAT1
(circle) on HFM. Seeded HFM showed significantly less FITC-inulin leakage demonstrating monolayer tightness.
From each single replicate 4 different regions in focus were analyzed. (d) The expression of ZO-1 (green) was
demonstrated in a homogenous cell monolayer cultured on HFM. Scale bar: 10 µm. (e-g) The OAT1, BCRP
and MRP4 mRNA expression levels were investigated in matured ciPTEC-OAT1 cultured in well plates and on
HFM. Gene expression levels were normalized to expression levels of the reference gene GADPH (h) and were
expressed as fold increase when cultured on HFM (black) compared to matured cells in well plates (white). Data
are shown as mean ± S.E.M. of three independent experiments performed, at least, in duplicate. *** = p< 0.001,
using an unpaired t test.

BIOENGINEERED RENAL TUBULES SHOW ORGANIC ANION TRANSPORT ACTIVITY
To study the activity of OAT1, BCRP and MRP4 in the bioengineered renal tubules,
the tubules were perfused with the substrate fluorescein (Figure 8A). Perfusion of
the tubes with fluorescein (Fig. 8B) solely (I) resulted in an in intracellular fluorescent
signal, which increased significantly in the presence of efflux pumps inhibitors (II). In
the presence of indoxyl sulfate (III) and kynurenic acid (IV), the fluorescein uptake was
inhibited resulting in a less intense intracellular fluorescent signal. In the final condition
(V), fluorescein uptake was studied in the presence of probenecid, a blocker of OAT1,
which resulted in a strongly diminished uptake. Semi-quantification of the normalized
time-lapse experiment is presented in Figure 8C. For statistical analysis, maximum
uptake (Vmax) values were calculated from background corrected AFU data (Fig. 8D). A
significant accumulation of fluorescein uptake in the presence of efflux pumps inhibitors
(208 ± 10 %; p<0.001) was detected when compared to fluorescein only. Fluorescein
uptake, in the presence of efflux pumps inhibitors, was inhibited by indoxyl sulfate (45
± 13 %; p<0.001) and kynurenic acid (83 ± 3 %; p<0.001). In the presence of probenecid,
fluorescein uptake was clearly attenuated as well (96 ± 3 %; p<0.001). These findings
are compatible with the formation of a functionally active bioengineered renal tubule.
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Figure 8. OAT1-mediated fluorescein uptake in bioengineered renal tubules. Fluorescein was used as a model
substrate in an advanced fiber perfusion system. (a) Schematic presentation of the experimental set-up: I.
Fluorescein perfusion, II. Fluorescein perfusion in the presence of efflux pump inhibitors (EP; (5 µM)), III and IV.
Fluorescein perfusion in the presence of efflux pump inhibitors and indoxyl sulfate (III; 100 µM) or kynurenic acid
(IV; 30 µM), V. Fluorescein perfusion in the presence of probenecid (P; 100 µM). (b) Representative real-time
images of the five different conditions. Scale bare: 10 µm. (c) Semi-quantification of fluorescein uptake data in
the absence or presence of the efflux pumps inhibitors solely, in combination with IS and KA, and in the presence
of probenecid. From each single replicate 4 different regions in focus were analyzed. Data were fitted according
to one-site total binding saturation curve using non-linear regression analysis. (d) Vmax values from all
conditions were calculated from the corrected AFU data according to Michaelis-Menten kinetics using non-linear
regression analysis. For statistical analysis, the Vmax values obtained from condition EP and P where compared
to only fluorescein uptake (F). Conditions IS + EP and KA + EP were compared to EP. Data are shown as mean ±
S.E.M. of three independent experiments performed in duplicate. *** = p<0.001, using one-way ANOVA followed
by Dunnett’s multiple comparison test.

BIOENGINEERED RENAL TUBULES MIMIC RENAL PHYSIOLOGICAL UREMIC TOXIN
SECRETION
Lastly, we investigated the capability of the bioengineered renal tubules to actively
secrete protein bound uremic toxins. Active clearance of indoxyl sulfate and kynurenic
acid in the absence of human serum albumin was studied by perfusing the tubules
with 100 µM of the uremic toxin and measuring transport into the apical compartment.
This revealed a clearance of 44 ± 6 µl.min-1.cm-2 and 72 ± 20 µl.min-1.cm-2 for indoxyl
sulfate and kynurenic acid, respectively. This secretion was attenuated by probenecid
(by 55 ± 6, p<0.05 and 71 ± 7 %, respectively) and by the efflux pumps inhibitors (68
± 5, p<0.001; 68 ± 6 %, respectively), indicating active transepithelial transport of both
uremic solutes across the epithelial cell monolayer. In a separate experiment we
observed that clearance of the uremic toxins was fully restored after the probenecid
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treatment, when the bioengineered tubules were re-perfused with the toxins (data not
shown). These findings confirmed that the cell monolayer is still viable after multiple
treatments, including probenecid incubation, and that probenecid has an inhibitory
effect on transport protein level solely. To further mimic the clinical situation, the ability
of the bioengineered tubules to facilitate protein-bound toxin transport was shown.
In this setup, we achieved a clinically relevant protein binding of indoxyl sulfate (73
± 3 %) [30] in the presence of 1 mM HSA. Under the same conditions, kynurenic acid
showed a protein binding of 63 ± 5 % . Interestingly, the clearance of protein-bound
indoxyl sulfate (74 ± 10 µl.min-1.cm-2, p<0.01) and kynurenic acid (101 ± 23 µl.min-1.cm, ns) was enhanced when compared to the clearance of both toxins in the absence

2

of albumin. Again, transport was attenuated by probenecid (99.4 ± 0.2, p<0.001; 49 ±
15 %, respectively) and by the efflux pumps inhibitors (98.9 ± 0.2, p<0.001; 58 ± 14
%, respectively). These findings suggest that protein binding is a requirement for
the renal tubular clearance of the uremic toxins. To study the mechanism of protein
bound uremic toxin handling further, we not only performed a basolateral perfusion
with FITC-bovine serum albumin (BSA-FITC), but also studied the uptake of BSA-FITC
from the apical site. Wilmer and Jansen et al. previously reported on the presence of
a megalin-mediated albumin reabsorption mechanism in ciPTEC, located at the PTEC
apical membrane [21, 22]. Figure 9e–g shows BSA-FITC uptake in renal tubules after
basolateral or apical exposures. Upon basolateral perfusion, intracellular BSA-FITC
could not be detected (Fig. 9e). This observation is in agreement with the retention of
albumin in the blood compartment under physiological conditions to prevent protein
loss [31]. Figure 9f shows that active uptake of BSA-FITC was detectable when exposed
to the apical compartment at 37 °C, thereby confirming that reabsorption is functional
in renal tubules (red arrows). Importantly, this uptake was highly reduced when apical
exposure took place at 4 °C (Fig. 9g), thereby further confirming the presence of an
active endocytosis process in the bioengineered kidney tubules. Note that the BSAFITC reabsorbed at 37 °C binds to collagens present in the tubules [26]. As described
by Rueth et al., albumin is known to bind hydrophobic compounds like collagen [32].
Concurrently, the pattern observed in ciPTEC upon BSA-FITC reabsorption indeed
showed high similarities to the pattern observed when stained against collagen IV (Fig.
9h). As a consequence, the typical endocytosis BSA FITC particles, which are usually
detected in this reabsorption mechanism, are less clear in this setting. Nevertheless,
these data show that albumin is actively reabsorbed by the apical membrane and not
transported along with uremic toxins from the basal compartment across renal tubules.
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Figure 9. Transepithelial clearance of indoxyl sulfate and kynurenic acid in the presence of human
serum albumin, and albumin-FITC handling in bioengineered renal tubules. Transepithelial
clearance of indoxyl sulfate and kynurenic acid. Schematic presentation of the experimental set
up of IS and KA transepithelial transport in the absence (a) or presence (b) of HSA is reported.
Quantification of IS (c) and KA (d) clearance in the absence (−) or presence (+) of HSA. The protein
bound fraction of IS was 73 ± 5% and 63 ± 8% of KA was bound to albumin. Data are shown as
mean ± S.E.M. of three independent experiments performed in duplicate. * p < 0.05, ** p < 0.01
compared to IS in the absence of HSA, ### p < 0.001 compared to IS in the presence of HSA.
Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple comparison
test. (e–g) Endocytosis-mediated albumin uptake in bioengineered renal tubules. Cellular BSAFITC uptake (green) in renal tubules (nuclei: blue) after 30 min exposure from the (e) basolateral
compartment at 37 °C (f ) apical compartment at 37 °C and (g) apical compartment at 4 °C. Active
uptake was detected solely when BSA-FITC uptake was performed at 37 °C, as indicated by the
red arrows. (h) Collagen IV expression (green) in renal tubules showed a highly similar pattern as
BSA-FITC uptake as shown in b. Scale bare: 10 µm.

DISCUSSION
The renal clearance of organic anions, including protein bound endogenous metabolites,
highly depends on active secretion, which is confined to the tubular system. In
ESRD, this function is severely compromised resulting in the accumulation of these
metabolites in patients. Current dialysis therapies insufficiently remove the protein
bound uremic toxins, which contributes to the high morbidity and mortality rates of the
disease [33] , therefore, alternative treatment strategies are warranted. In this study, a
bioengineered renal tubule was successfully developed and transepithelial transport of
albumin-bound uremic toxins was demonstrated. Key in this process is the concerted
action between (basolateral) uptake and (apical) efflux performed by transporters
with designated membrane localization. In exchange for intracellular β-ketoglutarate,
the OATs efficiently translocate organic anions from the blood compartment into the
intracellular space against an electrochemical gradient. The efflux pumps belonging
to the ABC family of transmembrane transporters then couple ATP hydrolysis to their
urinary excretion in a unidirectional fashion. Using a unique, robust and complete
human cell model, we first identified eight anionic uremic toxins for their interaction
with OAT1- and OAT3-mediated transport in flat cell monolayers. Next, the essential
role of the ABC transporters BCRP and MRP4 in cellular detoxification through efflux
was demonstrated. Finally, a three-dimensional bioengineered tubule containing a
polarized cell monolayer with a clear epithelial barrier function was developed. These
human bioengineered tubules demonstrated active clearance of albumin-bound anionic
uremic toxins as a next step in BAK engineering.
The concept of BAK engineering was initiated in the late 80’s of last century by Aebischer
et al. with non-human cell models (i.e. the canine derived MDCK or pig originating LLCPK1 cells) cultured on HFM [34]. Follow-up studies by Humes and co-workers used cells
of human origin, but with a major focus on the immunomodulatory effects for treatment
of critically ill patients suffering from acute kidney injury [35-37]. Phase I and II clinical
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trials showed reduced cytokine levels and long-term survival improvement compared
to the non-treated group. However, a follow-up clinical phase IIb trial failed due to
difficulties in the manufacturing process of the BAK and the clinical study design [38].
One of the challenges to successfully develop a BAK is a suitable cell source to replace
batch-to-batch variability in quality and function and dedifferentiation upon prolonged
cultivation, and therefore hamper reproducibility. Moreover, to obtain a sufficient number
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transport functions of the kidneys [36, 39]. Primary renal epithelial cells show a high

of primary renal epithelial cells for a BAK approach is another hurdle to overcome [39].
pluripotent cells) into a PTEC-like type is a promising alternative [40-42] , but this has,
as of yet, not been sufficiently characterized nor their capability to maintain the OATs
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Recent advances in the application of stem cells (i.e. of embryonic origin or induced

in culture has been proven. Human renal cells loose the expression of these essential
transport proteins and (in part) their proximal tubular phenotype upon culturing [21,
43]. This phenomenon has already been described in 1990 [44] and has, as of yet, not
been solved, however, stable expression of OATs in renal cell lines is a prerequisite for
renal functional replacement therapies as emphasized in a BAK. Here, we applied a
recently optimized, robust and translational human renal cell model that endogenously
expresses a panel of renal xenobiotic transporters successfully complemented with
the OATs [21-23] . This appeared to be an asset, as we demonstrated for the first time
active renal tubular secretion of the protein-bound uremic toxins indoxyl sulfate and
kynurenic acid.
Using a conventional two-dimensional approach, the potency of eight uremic toxins to
inhibit basolateral OAT1 and -3 mediated transport at clinically relevant concentrations
was demonstrated [6, 20]. The inhibitory potencies are in good agreement with previously
published data obtained in animal models or in transfected cell systems expressing
OAT1 or OAT3 [18, 20]. We selected two uremic toxins because of the highest inhibitory
potency (kynurenic acid, this study) and widely described associations with uremic
syndrome complications (indoxyl sulfate)[8, 11]. Indoxyl sulfate has been considered
to be a causative factor in CRF progression [45], with most likely a dominant role of
hOAT1 as its affinity for this transporter is at least 3-fold higher as compared to OAT3
(this study and [18]). Parent ciPTEC, lacking OAT1, were more resistant against indoxyl
sulfate, but in ciPTEC-OAT1 a concentration-dependent reduction in cell viability was
found. This effect was amplified when inhibitors of the efflux transporters, BCRP and
MRP4, were applied, confirming the concerted action of uptake and efflux transporters
in uremic toxin handling. Kynurenic acid showed a lower intrinsic toxicity as compared
to indoxyl sulfate, despite its higher affinity for OAT1 (this study), BCRP and MRP4 [14].
The molecular mechanisms through which both uremic toxins exert their cytotoxic
potential is largely unrevealed.
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The high affinity of kynurenic acid for OAT1, BCRP and MRP4 was demonstrated further
by the higher bioengineered renal tubular clearance as compared to the elimination
of indoxyl sulfate, either in the presence or absence of albumin. Interestingly, in the
presence of albumin the transport of indoxyl sulfate and kynurenic acid was enhanced,
and thereby emphasized the ability of ciPTEC to shift in protein-binding and allow for
active secretion of the free fraction. These data support that albumin may stimulate
transport of organic anions, as was suggested earlier in the 80’s of last century by
Besseghir and Depner et al. They showed that albumin facilitates para-aminohippurate
uptake in isolated rabbit proximal tubules and rat kidney slices [46, 47]. Moreover,
Pichette et al. demonstrated altered dynamics of furosemide in hypoalbuminaemic
rabbits [48]. Furosemide is a known diuretic agent, and organic anion, which targets the
Na+-K+-Cl− cotransporter – 2 (NKCC2) located downstream of the proximal segment in
the apical membrane of the thick ascending limb of Henle’s loop. Furosemide is highly
protein bound (approx. 98%, [48]) and actively secreted via the proximal tubules into
the apical compartment. In hypoalbuminaemic rabbits, higher furosemide doses were
required to achieve a similar diuretic effect as in control rabbits [48], supporting the
important role of albumin in facilitating active transport of organic anions. This may
be the result of electronegative to -neutral transition of the compounds when bound
to albumin and/or post-translational modifications of albumin when toxins are bound
[49, 50]. The tertiary structure of albumin may also stimulate the binding and transport
of metabolites across the capillary wall into the interstitial compartments. As shown
recently, the binding capacity of albumin was demonstrated to be diminished in CRF
patients, most likely due to post-translational guanidinylations of albumin sites [51].
The attenuated albumin binding capacity in CRF patients will probably contribute to
less efficient transport of uremic toxins by PTEC, thus resulting in elevated plasma
levels and their known consequences. Note that the double-coated HFM used in our
bioengineered renal tubules allow albumin to reach the target transporters [26] ,
emphasizing further the potential of the device in BAK applications. Future research
should elucidate the impact of modified albumin as observed in uremic patients in the
removal of uremic toxins using a BAK platform.
Altogether, a successful bioartificial renal tubule was established which presented
a clear barrier function and facilitated transepithelial transport of protein-bound
indoxyl sulfate and kynurenic acid. This provides an innovative basis for regenerative
nephrology through advanced function replacement and paves the way to progress
towards potential clinical applications focusing at: i) optimization and up-scaling of
the system with the aim of maintaining the best possible cell function under sterile
conditions for extended time periods; ii) in vitro validation of the bioreactor with respect
to uremic toxin kinetics; iii) the safety aspects as ciPTEC are classified as GMO’s, for
which thorough research in agreement with European guidelines for advanced therapy
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medicinal products (European Medicines Agency) is needed to enable the applications
of GMO in medicinal products [52]; iv) preclinical validation of the model, and v)
prediction of uremic toxin clearance by the bioengineered system in clinical settings, for
which research should be directed at building a physiologically-based computational
most suitable application strategies in function of solute kinetics. Hence, such model
would not only apply to uremia treatment, but can be used for mimicking 3D scenarios

Chapter

model allowing predicting the capacity needed for treatment of uremia and defining the

of kidney disease modeling as well as for drug- toxicity and - efficacy testing.
Chapter
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SUPPLEMENTARY MATERIALS
Transepithelial barrier function of ciPTEC-OAT1 monolayers in 2D
To investigate the barrier function of matured ciPTEC-OAT1 cultured on 2D Transwell
ml in KHH buffer) exposure basolaterally for 1h at 37°C, 5% (v/v) CO2. Fluorescence
was detected by measuring samples (75 µl) at excitation wavelength 485 nm and

Chapter

inserts, both compartments were washed once using KHH prior to FITC-inulin (0.1 mg/

emission wavelength 535 nm, using a VictorTM X3 multilabel platereader. Blank data

3

Chapter

were subtracted and normalized data were plotted.

Suppl. Figure 1. FITC-inulin diffusion in matured ciPTEC-OAT1 monolayers cultured in 2D systems. The FITCinulin leakage was measured in matured ciPTEC-OAT1 seeded on coated Transwell® filter inserts. A limited
transepithelial barrier function was observed in the presence of cells (white) compared to unseeded Transwell
filters (black) after 13 min. Data are shown as mean ± S.E.M. of three independent experiments performed in
triplicate.

Suppl. Table 2: Taqman primer-probe sets.
Gene

Catalogue number

OAT1 (SLC22A6)

Hs00537914_m1

BCRP (ABCG2)

Hs00184979_m1

MRP4 (ABCC4)

Hs00195260_m1

GAPDH

Hs99999905_m1
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ABSTRACT
We recently developed bioengineered renal proximal tubule for the removal of proteinbound uremic toxins (PBUTs), endogenous metabolites that accumulate in plasma
when kidney function is compromised. Here, the role of human serum albumin (HSA)
on indoxyl sulfate (IS) clearance, as prototypical PBUT, was investigated in healthy
and in uremic conditions. Bioengineered renal proximal tubules were perfused with
IS in absence or presence of commercially available HSA (healthy-HSA), or in vitro
guanidinylated HSA (CKD-HSA). Moreover, IS clearance was studied in healthy and
uremic plasma. IS in presence of healthy-HSA showed the highest transport rate (Vmax:
10.2 ± 4.1 nmol.min-1.cm-2) when compared to CKD-HSA-bound IS (Vmax: 5.6 ± 1.4 nmol.
min-1.cm-2) and unbound IS (Vmax: 2.1 ± 0.2 nmol.min-1.cm-2). The percentage of IS bound
in healthy-HSA, CKD-HSA, and uremic plasma appeared to be 90 ± 1, 74 ± 1 and 64 ± 1%,
respectively. Moreover, IS also has a higher affinity for the organic anion transporter 1
(OAT1) in healthy-HSA (Km: 16.1 ± 1.6 µM) when compared to CKD-HSA (Km: 22.6 ± 2.5
µM) and unbound IS (Km: 29.5 ± 2.9 µM). Finally, we demonstrated that bioengineered
renal proximal tubules were capable of actively secreting IS from healthy spiked and
uremic plasma, again with a higher rate in healthy conditions. In conclusion, active,
OAT1-mediated, secretion of IS is compromised in uremic conditions due to changes in
plasma protein binding as well as altered OAT1 kinetics.
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INTRODUCTION
Chronic kidney disease (CKD) poses as a worldwide problem, although current long-term
renal replacement therapies, such as hemodialysis, hemodiafiltration and peritoneal
dialysis have profoundly improved the prognosis of patients with renal failure. Still,
the average life expectancy of end stage renal disease (ESRD) patients after initiation
of chronic hemodialysis is only four years [1]. This persistently poor prognosis may be
primarily free water-soluble small solutes are removed [2], leading to the accumulation
of large and protein-bound uremic toxins (PBUTs) in the circulation [3]. The preferred

Chapter

explained by the inefficiency of conventional dialysis in replacing renal function since

treatment for ESRD, on the other hand, is organ transplantation. However, donor
immunosuppressive therapies, hamper this treatment option [4].

4

Chapter

organ shortage and graft rejection, along with complications associated with life-long

The accumulation of PBUTs has been profoundly implicated in the progression of CKD [57]. The majority of PBUTs arise from the breakdown of dietary proteins, such as tyrosine,
phenylalanine and tryptophan. For instance, indoxyl sulfate (IS) originates from the
breakdown of tryptophan by intestinal bacteria into indole which is processed further in
the liver into IS [8, 9]. Studies suggest the involvement of PBUTs in the progression of
renal failure due to their ability to reduce renal metabolic capacity and to increase free
radical production in proximal tubule epithelial cells (PTECs) [5, 10]. Furthermore, IS
has been associated with cardiovascular disease development by activating leukocytes
and reactive oxygen species (ROS) production, as well as interaction with the vascular
endothelium [11, 12]. Moreover, drug disposition may be affected in CKD patients
beyond renal clearance reduction, due to direct inhibition of drug transporters and drug
metabolism enzymes by UTs [13].
Despite significant advances in dialysis technology, the need for a treatment option that
attenuates the accumulation of the PBUTs remains. In a healthy kidney, the proximal
tubule plays a crucial role in the excretion of these solutes. PTECs are equipped with
a range of uptake transporters, such as the organic anion transporters 1 and 3 (OAT1;
SLC22A6, and OAT3; SLC22A8) as well as efflux pumps, including the ATP-binding
cassette superfamily of transmembrane transporter members, multidrug resistanceassociated proteins 2 and 4 (MRP2/4; ABCC2/4) and breast cancer resistance protein
(BCRP; ABCG2), that cooperate in transepithelial excretion [14, 15]. In fact, residual renal
removal of PBUTs is suggested to be associated with improved patient survival [15, 16]
For this reason, knowledge of the transepithelial transport kinetics of PBUTs in healthy
and uremic conditions is essential for developing novel strategies on their removal.
In line with this, Jansen et al. recently developed functional bioengineered renal
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proximal tubules that are able to efficiently excrete PBUTs by a well-characterized
conditionally immortalized human PTEC line (ciPTEC). In brief, ciPTECs were cultured
on biofunctionalized polyethersulfone (PES) hollow fiber membranes thereby creating
a three-dimensional, tight and differentiated epithelial monolayer [17]. Using a tailor
made flow system, the secretory clearance of human serum albumin (HSA)-bound IS
and kynurenic acid across the bioengineered renal proximal tubules was demonstrated.
Moreover, the transepithelial transport was shown to be facilitated by the joint action
of OAT1, BCRP and MRP4 [18]. Remarkably, the transport of IS in presence of HSA
appeared to be higher than that in absence of HSA [18], despite 90% binding to albumin.
However, this was studied using ‘healthy’ HSA. In CKD, albumin binding of UTs may be
altered due to modifications to the protein as recently demonstrated by Rueth et al. [19].
Albumin isolated from CKD patients appeared to be guanidinylated which resulted in a
reduced binding of IS compared to albumin isolated from healthy subjects (74 ± 10 vs
88 ± 3%, p < 0.01) [19].
The present study was designed to unravel the role of HSA in transepithelial transport
of IS in healthy and uremic conditions. To this end, we performed transport studies
with IS in bioengineered renal tubules in presence of either commercially available
HSA (healthy HSA), in vitro guanidinylated HSA (CKD-HSA) or human plasma (uremic
and healthy spiked with IS), and determined kinetic parameters for each conditions.
Our data revealed that active, OAT1-mediated secretion of IS is compromised in uremic
conditions due to changes in plasma protein binding as well as altered OAT1 kinetics.

MATERIALS AND METHODS
CHEMICALS
All chemicals were obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands)
unless stated otherwise. MicroPES TF10 hollow fiber capillary membranes (HFM) were
purchased from 3M – Membrana GmbH (Wuppertal, Germany). In vitro guanidinylated
human serum albumin was developed according to Rueth et al.[19] .
CELL CULTURE OF CIPTEC-OAT1
For the two-dimensional transport experiments, ciPTEC-OAT1 developed by Nieskens et
al. [20] were cultured in 12 well plates (IS uptake) or 96 well plates (fluorescein uptake)
using a density of 63,000 cells/cm2 and kept in culture as described by Jansen et al. [21].
The bioengineered renal proximal tubules were cultured as previously described by
Jansen et al. [17, 18].
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TRANSPORT STUDIES
A tailor-made system consisting of a 3D-printed chamber assembled with glass cannulas
on each side was used to study IS transport, as previously described [18]. To assess the
transepithelial transport kinetics, bioengineered renal proximal tubules (1.1 cm length
– area = 0.173 cm2) were perfused with IS (ranging from 5 - 200 µM, dissolved in Krebs
Henseleit buffer (KHB) (supplemented with 10 mM Hepes buffer pH=7.4, adjusted with
hydrochloric acid 1 M), in free fraction or bound to either CKD-HSA (1 mM) or healthy
or absence of probenecid (500 µM), a potent OAT1 inhibitor [22]. After perfusion of each
concentration point of the test solute, the fluid in the chamber was collected and the
amount of IS was quantified by liquid chromatography mass-spectrometry (LC-MS, see
the section below).

Chapter

HSA (1 mM) for 10 min at a flow of 6 ml.h-1, for each concentration point, in the presence

Chapter
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PLASMA TRANSPORT
Pooled uremic and healthy plasma from subjects (obtained from the Department
of Nephrology and Hypertension, University Medical Center Utrecht, Utrecht, The
Netherlands) were used for transepithelial transport experiments. Bioengineered renal
proximal tubules were perfused with uremic (IS concentration of 282 ± 4 µM) or healthy
plasma (spiked with IS 282 µM) was performed as reported above.
CELL VIABILITY
To investigate for toxicity and cell death, PrestoBlue cell viability assay was performed.
Fibers were incubated, in an eppendorf tube, with 125 µL PrestoBlue (Thermo Fisher
Scientific, Waltham, MA USA) 1:10 diluted with HBSS at 37 °C for 1 h. Cisplatin (200 µM),
a well-known nephrotoxicant, was used as positive control. Samples were read with
a fluorescence plate reader (Benchmark Plus, BioRad, Hercules, USA), with emission
wavelenght at 530 nm and excitation at 590 nm. Background values were subtracted
and normalized data were plotted.
BARRIER FUNCTION ASSAY
To investigate whether the plasma perfusion could impair the barrier function of
bioengineered renal proximal tubules, inulin-FITC leakage was performed. Inulin-FITC
(0.1 mg.ml-1), dissolved in the plasma samples, was perfused in the same manner of the
transport experiments. Cisplatin (200 µM), a well-known nephrotoxicant, was used as
positive control. Samples were read with a fluorescence plate reader (Benchmark Plus,
BioRad, Hercules, USA), with emission wavelenght at 492 nm and excitation at 512 nm.
Background values were subtracted and normalized data were plotted.
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IS ALBUMIN BINDING
To evaluate the extent of IS binding to CKD and healthy HSA and uremic plasma, IS free
and bound fraction was determined as previously described [18, 19]. Samples were
measured with LC-MS (see the section below).
INDOXYL SULFATE UPTAKE KINETICS IN BIOENGINEERED RENAL PROXIMAL
TUBULES
To determine the influence of protein binding (to CKD- or healthy-HSA) on IS handling
by the OAT1, mature monolayers of ciPTEC-OAT1 were incubated for 5 min at 37 °C
with IS (ranging from 5 - 200 µM) in free fraction or in presence of CKD-HSA (1 mM) or
healthy HSA (1 mM), in the presence of efflux pumps inhibitors (MK571 5 µM, to block
MRP4 and KO143 5µM, to block BCRP)and in the presence or absence of probenecid
(500 µM). The uptake process was arrested by adding ice-cold KHB to the cells. The
buffer was removed and cells were subsequently lysed by incubating with 250 µL of 0.1
M NaOH for 15 min. Lastly, LC-MS was used to quantify the amount of IS present in the
cell lysates.
LC-MS ANALYSIS (IS IN KHB)
IS concentrations were analyzed with 13C6-IS as internal standard using an ultra-high
performance liquid chromatography mass-spectrometry (UHPLC-MS) method modified
from Mutsaers et al. [23]. In brief, the LC-MS system consisted of a 1290 Infinity UHPLC
system (Agilent Technologies, Waldbronn, BW, Germany) connected to an Agilent
Technologies 6560 ion mobility quadrupole time-of-flight mass spectrometer with
an electrospray ionization interface operated in negative ion mode. Separation was
achieved using an ACQUITY UPLC HSS T3 column (100 x 2.1 mm, 1.8 µm particles) with
an ACQUITY UPLC HSS T3 VanGuard pre-column (5 x 2.1 mm, 1.8 µm particles) from
Waters (Milford, MA, USA), which was maintained at 40 °C during analysis. A 7.5-µL
sample volume was injected into the system and the analytes were separated using
gradient elution with a flow rate of 0.35 mL/min. The mobile phase consisted of 10 mM
acetic acid (solvent A) and acetonitrile (solvent B).
The optimal gradient used was: an initial isocratic composition of 5% (v/v) B, held for 1
min, followed by a linear increase to 15% (v/v) B in 1 min, to 20% (v/v) B in 2 min and
subsequently to 100% (v/v) B in 2.5 min. Data were acquired using Agilent Mass Hunter
workstation LC/QQQ acquisition software (version B.04.01) and chromatographic
peaks were subsequently integrated via Agilent Qualitative Analysis software (version
B.04.00).
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LC-MS ANALYSIS (IS IN PLASMA SAMPLES)
Plasma samples were processed prior to UHPLC-MS analysis. For the calibration curve,
standards in 4.2% (w/v) HSA solution in phosphate buffered saline (PBS; pH 7.4) was
used as a surrogate matrix instead of plasma. A 200 µl volume of calibration curve or
sample was added in a 1.5 ml vial to 100 µl of ultra-pure water. Then, 800 µl of cold (4
°C) ACN was added, which contained the internal standard (13C6-IS 2 µM; Cambridge
Isotope Laboratories, Tewksbury, MA, USA). The samples were vortex-mixed for 1 min,

residue was reconstituted in 100 µl of water, of which 7.5 µl was injected for the UHPLCMS analysis (reported above).
DATA ANALYSIS
All data are expressed as mean ± S.E.M of multiple replicates. A Michaelis-Menten

4

Chapter

transferred to a new 1.5 mL vial, and dried under a gentle nitrogen flow at 50 °C. The

Chapter

and subsequently centrifuged for 5 min at 6272 g. Afterwards, 1 mL of supernatant was

equation combined with baseline correction was used to fit IS uptake or transepithelial
transport data with GraphPad 6.07. Statistical analysis was performed using one-way
ANOVA analysis followed by Dunnett’s or Sidak’s multiple comparison test, or, when
appropriate, an unpaired Student’s t-test with GraphPad Prism version 6.07 (La Jolla,
CA). A p value of < 0.05 was considered significant.
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RESULTS
ALBUMIN PLAYS A KEY ROLE ON THE ACTIVE CLEARANCE OF INDOXYL SULFATE
To assess IS transepithelial transport kinetics, which involves both basolateral (OAT1)
and apical transporter proteins (BCRP and MRP-4) [24], tubules were perfused with
a concentration range (5-200 µM) of free IS and the amount appearing in the apical
compartment was determined. Free IS secretion gradually augmented with increasing
concentrations of IS, following Michaelis-Menten kinetics (Fig. 10B), which was sensitive
to inhibition by probenecid. Kinetic parameters calculated are presented in Table 5. As
IS is for approximately 90% bound to plasma proteins, predominantly albumin [4], we
evaluated transport in presence of healthy-HSA and CKD-HSA. In presence of healthyHSA (Fig. 10D), IS transport was higher as compared to the free concentration solely,
but also as compared to the presence of CKD-HSA (Fig. 1 C-D and Table 5). Thereafter,
we determined the extent of IS binding over the concentration range tested, which
appeared to be higher to healthy-HSA in comparison to CKD-HSA (Table 6). Remarkably,
IS fraction in uremic plasma showed a lower binding when compared to IS-bound to
CKD-HSA value (ns).
Table 5. Michaelis-Menten parameters for indoxyl sulfate transport in bioengineered renal proximal tubules.
Km

Vmax

µM

nmol.min-1.cm-2
2.1 ± 0.2

IS free

255 ± 23

IS-CKD-HSA

214 ± 22

5.6 ± 1.4

IS-HSA

186 ± 13

10.2 ± 4.1

IS range (5 - 200 µM) was perfused on bioengineered renal proximal tubules in the presence or absence of
probenecid (500 µM) and transepithelial transport was investigated. Data are expressed as mean values ± SEM
of a minimum of, at least, three independent assays performed in duplicate. Km and Vmax are expressed in µM and
nmol.min-1.cm-2 , respectively. HSA (1 mM), healthy human serum albumin; CKD-HSA (1 mM), chronic kidney
disease patients human serum albumin.
Table 6. Indoxyl sulfate binding parameters

IS-CKD-HSA

IS-HSA
Uremic plasma

Total IS (µM)

IS free (µM)

IS-bound (µM)

IS-bound (%)

5

1.5 ± 0.1

3.5 ± 0.1

69 ± 1 **

50

14.0 ± 0.5

36.0 ± 0.5

72 ± 1*

200

51.1 ± 3.0

149 ± 3

74 ± 1*

5

0.5 ± 0.1

4.5 ± 0.1

91 ± 1

50

4.5 ± 0.1

45.5 ± 0.1

91 ± 1

200

20± 1

180± 1

90 ± 1

282

103.0 ± 1.5

179.1 ± 1.5

64 ± 1**

IS free and bound percentage values were determined in HSA and CKD-HSA (using 3 different concentration
points: 5, 50 and 200 µM) and in uremic plasma. Data are expressed as mean values ± SEM of one experiment
performed in triplicate.* p < 0.05 and ** p < 0.01 compared to IS-HSA, using one-way ANOVA analysis followed
by Sidak’s multiple comparison test.
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Fig. 10. Indoxyl sulfate free and boundfraction transepithelial transport kinetics.
A scheme showing the experimental setup is depicted in panel A. Bioengineered
renal proximal tubules were perfused with
concentration range of indoxyl sulfate (IS;
5 – 200 µM) in free and bound fraction (to
healthy and CKD-HSA). The transport rate
of each concentration point, expressed in
nmol.min-1.cm-2, was determined for IS free
fraction (B), IS-bound to CKD human serum
albumin (CKD-HSA); C) or healthy HSA (D).
IS transepithelial transport rate is expressed
in nmol.min-1.cm-2. Data are shown as mean
± S.E.M. of three independent experiments
performed, at least, in duplicate. Continuous
line: IS alone (Michaelis-Menten non-linear
fitted), dotted line: IS in the presence of
probenecid (500 µM; linear fitted).
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HEALTHY HSA ENHANCES INDOXYL SULFATE UPTAKE
To further delineate transporter kinetics in overall IS secretion, we investigated IS uptake
in ciPTEC in absence and in presence of healthy- and CKD-HSA. Initially, IS uptake was
diminished by probenecid and enhanced when efflux was inhibited, confirming the
contribution OAT1 in uptake and MRP2/4 and BCRP in efflux. In presence of HSA, IS
uptake was 2.9-fold increased (p < 0.01). This was not observed with CKD-HSA which
did not affect IS uptake in 2D monolayers as well as in bioengineered 3D tubules (Suppl.
Fig. 2).
To better understand IS uptake kinetics, we performed an IS dose-range incubation (5
– 200 µM), in the presence or absence of probenecid, a well-known OAT1 inhibitor [22].
Moreover, all the experiments were performed blocking the efflux pumps (BCRP and
MRP4) activity through the addition of inhibitors (KO143, 5 µM and MK571, 5 µM [24]),
to only allow IS uptake via OAT1 and to prevent efflux. Again, in presence of healthy
HSA IS uptake rate was higher (Fig. 11D) when compared to absence of HSA (Fig. 11B)
or in presence of CKD-HSA (Fig. 11C). We determined the Michalis-Menten kinetics
parameters, Km and Vmax, and found a trend towards a higher affinity for IS in presence
of healthy HSA (ns; Table 7), as well as a significantly increased Vmax. Altogether, these
results confirmed that HSA binding is not a limiting factor for IS uptake, but actually it
favors its excretion process by increasing the affinity of the toxin for OAT1 as well as
its transport rate.
Table 7. Michaelis-Menten parameters for indoxyl sulfate uptake in ciPTEC-OAT1.
Km

Vmax

µM

nmol.min-1

IS free

29.5 ± 2.9

35.4 ± 1.2

IS-CKD-HSA

22.6 ± 2.5

36.4 ± 1.2

IS-HSA

16.0 ± 1.6

57.8 ± 1.6****

IS range (5 - 200 µM) was incubated on CiPTEC-OAT1 mature monolayer growing in 12 wells plates in the
presence or absence of probenecid (500 µM) and intracellular IS accumulation was quantified. Data are expressed
as mean values ± SEM of three independent assays performed in duplicate. Km and Vmax are expressed in µM and
nmol.min-1, respectively. HSA (1 mM), healthy human serum albumin; CKD-HSA (1 mM), chronic kidney disease
patients human serum albumin. **** p < 0.0001 compared to IS free, using one-way ANOVA analysis followed
by Sidak’s multiple comparison test.
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Fig. 11. Indoxyl sulfate free and boundfraction uptake kinetics. A scheme showing
the experimental set-up is depicted in panel A.
CiPTEC-OAT1 mature monolayer were exposed
to a concentration range of IS (5 - 200µM) in free
and bound fraction (to healthy and CKD-HSA). The
intracellular uptake of each concentration point,
expressed in pmol.min-1, was determined for IS
free fraction (B), IS-bound to CKD human serum
albumin (CKD-HSA); C) or healthy HSA (D). Data
are shown as mean ± S.E.M. of three independent
experiments performed, at least, in duplicate.
Continuous line: IS alone (Michaelis-Menten nonlinear fitted), dotted line: IS in the presence of
probenecid (500µM; linear fitted).
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Fig. 12. Bioengineered renal proximal tubules secrete IS from uremic plasma. Bioengineered renal proximal
tubules were perfused with human plasma samples for 10 min. Following, cell viability, using PrestoBlue viability
assay (A), inulin-FITC leakage (B) were performed. Also, IS transepithelial transport after uremic (C) and healthy
plasma spiked with IS (282 µM) (D) was investigated. IS transepithelial transport rate is expressed in nmol.min-1.
cm-2. Data are shown as mean ± S.E.M. of three independent experiments performed, at least, in duplicate. ** p
< 0.01 and **** p < 0.0001, using one-way ANOVA analysis followed by Dunnett’s multiple comparison test (A
and B). ** p < 0.01 and *** p < 0.001, using unpaired Student’s t-test (C and D). # spiked with IS 282 µM. CDDP,
cisplatin. P500, Probenecid (500 µM).

BIOENGINEERED RENAL PROXIMAL TUBULES SECRETE IS FROM UREMIC PLASMA
To increase the clinical relevance of the current study, we performed transport studies
of IS from uremic and healthy (spiked with IS) plasma. Bioengineered renal proximal
tubules showed unaltered cell viability (Fig. 12A) and barrier function (Fig. 12B) upon
perfusion with healthy plasma, healthy IS spiked plasma or uremic plasma. As a control,
cisplatin (CDDP, 200 µM), a well-known nephrotoxicant, demonstrated highly reduced
cell viability and impaired cell barrier function in the bioengineered renal proximal
tubules. Next, tubules were perfused with uremic plasma containing an IS concentration
of 282 ± 4 µM. Over 10 min of perfusion, a transport rate of 13.6 ± 1.5 nmol.min-1.cm2
was determined (Fig. 12C). When the same concentration of IS was added to healthy
plasma, again a 1.8-fold higher transport rate was observed (viz. 24.9 ± 0.8 nmol.min-1.
cm2; Fig. 12D). In both cases, the transport could be inhibited by probenecid (by 93 ± 3
and 86 ± 8%, respectively), confirming the activity of OAT1 in IS secretion.
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DISCUSSION
IS in plasma is excreted by the concerted action of glomerular filtration and active
tubular secretion [15]. IS is highly bound to albumin, around 90% [4, 19], which results
in poor removal via hemodialysis, the main therapeutical approach for CKD patients at
the end stage of their disease [2]. Residual renal function may importantly contribute
to removal of PBUTs, including IS, via active secretion by the proximal tubule and is an
healthy and CKD-HSA facilitate the active uptake and secretion of IS in a probenecidsensitive manner. In particular, healthy albumin appears to facilitate IS secretion. This

Chapter

important predictor of survival of CKD patients [15]. Our data demonstrate that both

is probably related to an increased affinity for OAT1 in combination with a reduced
active clearance of IS from healthy plasma (spiked with IS) than from uremic plasma at
similar IS concentrations.
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affinity for HSA. Also, bioengineered renal proximal tubules demonstrated higher

HSA is an abundant plasma protein that binds a remarkably wide range of drugs, thereby
restricting their free, active concentrations [25]. Interestingly, we obtained a lower
percentage of IS bound to CKD-HSA and in uremic plasma as compared to healthy HSA,
in line with other publications [19, 26]. Our findings are also in accordance with those
of Rueth et al. who reported a higher binding capacity for healthy HSA compared to
CKD-HSA. In addition, they reported a higher dissociation constant (Kd) for healthy HSA
than for CKD-HSA (6.1 µM vs. 2.7 µM, respectively)[19]. This implies a lower affinity
and rapid shift to the free IS fraction which can then bind to OAT1, and explains the
difference between the two forms of albumin on IS uptake. How albumin can facilitate
IS clearance remains unclear, but might be due to a better presentation of the organic
anion to the transporter. It was previously demonstrated that the clearance of the
organic anionic drug, furosemide, was reduced by 21% in hypoalbuminemic rabbits
[27]. In addition, the secretion of p-aminohippurate and methotrexate by isolated rabbit
proximal tubules was stimulated in presence of albumin[28]. It was suggested that this
effect might concern only organic anions with a high affinity for the uptake transporter
(viz. OAT1) and might not be related to oncotic pressure nor to the extent of organic
anion plasma protein binding. However, as demonstrated by Rueth et al., HSA isolated
from human plasma showed a stronger binding affinity for IS when compared to CKDHSA [19], suggesting that both alterations in OAT1-mediated transport kinetics as well
as differences in HSA binding may influence organic anion clearance.
In uremic plasma, IS showed a lower percentage of binding when compared to CKDHSA and healthy-HSA, most likely because of the presence of multiple other UTs in
uremic plasma competing for protein binding. This was suggested by Deltombe
et al. who revealed that at high uremic concentrations, mutual competition for HSA
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binding was observed for IS and para-cresyl sulfate (pCS) [29], and underscores further
the importance of studying PBUTs kinetics in CKD plasma samples rather than in
experimental buffers, avoiding possible under/overestimation of the PBUTs clearance.
It was previously reported that post-translational modifications (PTMs) of HSA may
also be involved in the pathogenesis of cardiovascular disease and, eventually, causing
progression of CKD [30]. Carbamylated albumin inhibited the respiratory burst of
polymorphonuclear neutrophils and may thus be involved in infectious complications
in CKD patients [30, 31]. As a consequence, this protective mechanism fails thereby
increasing the oxidative stress. Also, an aggravation of anemia in CKD patients can
result from their erythropoietin’s loss of biological activity, at least in part due to
carbamylation [30, 32]. Accumulation of advanced glycation end products (AGEs) is
detrimental and has been suggested to be associated with progression of heart failure
often related to diabetes/diabetic nephropathy [30, 33]. Also, oxidation of proteins,
lipids and DNA is considered to be one of the most essential processes involved in
pathogenesis of CVD and CKD [30]. Oxidative and carbonyl stress increases as the stage
of CKD progresses [34-36].
CKD may not only lead to the accumulation of PBUTs but also of drugs, as the disease
affects renal drug elimination and other pharmacokinetic processes involved in their
disposition (e.g., absorption, drug distribution, non-renal clearance and metabolism)
[13]. In clinical practice, dosages of drugs renally cleared are being adjusted according to
diminished creatinine clearance or glomerular filtration rate [37]. However, adjustment
based on diminished active tubular secretion may also be important. CKD patients are
at higher risk of drug-related problems since they need complex therapeutic regimens
that require frequent monitoring and dosage adjustments [38]. In addition, they usually
have other comorbidities and the inappropriate use of medications can increase
adverse drug effects. Thus, dose adjustment must be based on the pharmacokinetics
in conjunction with the pharmacodynamics [39]. From our findings, it is clear that
HSA binding properties and albumin-mediated tubular secretion are modified in CKD
patients. Related to this, it is fundamental to investigate pharmacokinetics in CKD
plasma to detect whether drug disposition is altered in CKD beyond GFR, to adjust the
dosage correctly.
In summary, this study showed that bioengineered renal proximal tubules are
suitable for studying IS secretory clearance and disease-modifying factors on this. We
demonstrated that in presence of healthy HSA the active clearance of IS was higher as
compared to CKD-HSA or uremic plasma. This is most likely due to an increased affinity
for OAT1 in presence of healthy HSA, combined with a lower albumin binding affinity.
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SUPPLEMENTARY MATERIALS
INDOXYL SULFATE UPTAKE ASSAY IN 2-D
To determine whether we could establish a preference on IS free or bound fraction
(to CKD or healthy HSA) handling by the OAT1, IS uptake was investigated in ciPTECOAT1 2-D cultures and bioengineered renal proximal tubules. For this experiment, the
following conditions were used: (1) IS (100 µα), IS 100 µM in the presence of either (2)
500 µM probenecid, or (3) 5 µM efflux pumps inhibitors (EPI; MK571 to block MRP-4 and
KO143 to block BCRP), (4) IS 100 µM bound to either 1 mM CKD-HSA, and (5) or to 1 mM
healthy HSA. In all conditions, the compounds were dissolved in KHB supplemented
with 10 mM Hepes buffer pH= 7.4, adjusted with hydrochloric acid 1 M). For condition
3), a preincubation step was performed by incubating the cells with a solution of EPI in
KHB for 30 min.
Fluorescein uptake assay in 2-D

Suppl. Fig. 2. Indoxyl sulfate uptake in ciPTEC-OAT1 2-D culture. Intracellular IS was measured in ciPTEC OAT1 seeded on 12-well plates (A) and bioengineered renal proximal tubules (B). IS intracellular accumulation is
expressed in pmol.min-1. To this goal, the following conditions have been tested: (1) IS (100 µα), IS 100 µM in the
presence of either (2) 500 µM probenecid (P), or (3) 5 µM efflux pumps inhibitors (EPI), (4) IS 100 µM bound to
either 1 mM CKD-HSA, and (5) or to 1 mM healthy HSA. Data are shown as mean ± S.E.M. of three independent
experiments performed in duplicate. ** p < 0.01, *** p < 0.001 and **** p < 0.0001 compared to IS, using oneway ANOVA analysis followed by Dunnett’s multiple comparison test.

To study the eventual competition of IS and fluorescein, a well-known model for OAT1,
fluorescein uptake was performed. Fluorescein (ranging from 0.1 - 25 µM) alone or in
the presence of Probenecid (500 µM), EPI (5 µM), IS free fraction (100 µM) or bound
to either CKD-HSA (1 mM) or healthy HSA (1 mM), were incubated on ciPTEC-OAT1
mature monolayers for 5 min at 37 °C. The uptake process was arrested by adding
ice-cold KHB to the cells. The buffer was removed and cells were subsequently lysed
by incubating with 100 µL of 0.1 M NaOH for 15 min. Lastly, fluorescence intensity
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was measured using a Fluoroskan Ascent fluorescence plate reader (Benchmark Plus,
BioRad, Hercules, USA), with emission wavelenght at 492 nm and excitation at 512
nm. Background values were subtracted and curves were fitted according to Michaelis-
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Menten equation combined with baseline correction, using GraphPad 6.07.
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Upscaling of a living membrane for bioartificial kidney device

ABSTRACT
The limited removal of metabolic waste products in dialyzed kidney patients leads
to high morbidity and mortality. One powerful solution for a more complete removal
of those metabolites is the application of the Bioartificial Kidney Device (BAK) which
contains a hybrid “living membrane” with functional Proximal Tubule epithelial cells.
These cells are supported by an artificial functionalized Hollow Fiber Membrane
(HFM) and are able to actively remove those waste products. In our earlier studies,
conditionally immortalized Proximal Tubule Epithelial Cells (ciPTECs) have been shown
to express functional OCT2 transporter when seeded on small size flat or hollow fiber
Polyethersulfone (PES) membrane. Here, for the first time, we present our upscaled
Living Membrane, with a high surface area available for active uremic toxin removal.
We develop and assess the functionality of modules containing several commercially
available MicroPES HFM supporting ciPTECs. The HFM are optimally coated with
L-Dopa and Collagen IV to support a uniform and tight monolayer of matured ciPTECs
under static culturing conditions. Both abundant expression of zonula occludens-1
(ZO-1) protein and limited diffusion of FITC-inulin demonstrate a clear barrier function
of the monolayer. Furthermore, we study the uptake of 4-(4-(dimethylamino)styryl)N-methylpyridinium iodide (ASP+), an Organic Cationic Transporter 2 (OCT2) specific
fluorescent substrate, in presence of known OCT2 inhibitors: either cimetidine or a
cationic uremic mixture. The ASP+ uptake by the living upscaled membrane is decreased
by 60% in the presence of either inhibitor, proving the active function of the OCT2.
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INTRODUCTION
Within the growing worldwide population of kidney patients undergoing dialysis
treatment, mortality (15–20% per year) and morbidity remain high [1]. One of the
reasons could be limited removal of protein-bound retention solutes [2, 3] and leads to
their accumulation in the patients’ body. Their accumulation is strongly associated with
the fatal outcome in the patients [4]. In the functional kidney, proximal tubule epithelial
cells (PTEC), equipped with a broad range of transporters, mediate the excretion of
those solutes. One of the PTEC transporters involved in the excretion of cationic uremic
metabolites and drugs is the basolateral organic cation transporter – 2 (OCT2; SLC22A2)

existing dialysis therapies for the removal of protein-bound uremic retention solutes [1,
6]. A key requirement for a BAK is the formation of a “living membrane” consisting of a
tight monolayer of renal cells with preserved functional organic ion transporters, grown
on an artificial porous hollow fiber membrane (HFM). One side of these HFM needs to
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The development of a PTEC-based bioartificial kidney (BAK) device could improve
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be highly haemocompatible since it would be in contact with blood, whereas the other
side should be bioactive to support the formation of a cell monolayer.
Several groups have presented their achievements in upscaled BAK systems in recent
years [7-9]. In terms of materials for the HFM, Polyethersulfone (PES), polysulfone (PSF),
polyacrylonitrile (PAN) and cellulose acetate membranes have been mostly evaluated
[10]. Those materials were chosen for their good haemocompatibility properties and
limited fouling, and therefore had to be functionalized by various extracellular-matrixe
(ECM) components, such as laminin, polylysine, pronectin, gelatin, matrigel or collagen
IV [10-12]. As for the renal cell lines, the ones originating from humans are preferred
to those from other species [13, 14]. Several groups showed the presence of several
markers, indicating that the cells preserved their phenotype [15] without characterizing
their function[11, 15-18]. Moreover, the most important drawbacks of primary cells are
limited availability, low proliferative capacity and donor-to-donor variation.
To overcome these drawbacks, the recently developed a well-characterized conditionally
immortalized human PTEC line (ciPTEC) may be a suitable candidate to develop an
efficient BAK system [19, 20]. The ciPTEC were transfected with human telomerase
(hTERT) that limits replicative senescence by telomere length maintenance. In addition,
their proliferation is easily controlled by the temperature sensitive vector SV40tsA58,
allowing proliferation at 33 °C and differentiation in mature PTEC at 37 °C. Two of our
recent studies proved the concept of using the PTECs for BAK application. In fact, when
the cells were cultured on bioactive Polyethersulfone (PES)-based flat sheet membranes
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[12] or small size hollow fibers [10, 21], they presented functional OCT2.
In this work we investigated the upscaling of this concept and developed modules
containing three “living membranes”. The transport properties of the polymeric
membrane and the quality and function of the grown ciPTEC monolayer were
systematically investigated, including the expression of zonula occludens-1 (ZO-1)
protein and the diffusion of fluorescein isothiocyanate (FITC)-labelled inulin (inulinFITC). Moreover, we also studied the uptake of a specific fluorescent OCT substrate in
the presence or absence of OCT inhibitors [5].

MATERIALS AND METHODS
CHEMICALS
All chemicals were purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands)
unless stated otherwise. MicroPES type TF10 hollow fiber capillary membranes (HFM)
(wall thickness 100 µm, inner diameter 300 µm, max pore size 0.5 µm) were purchased
from 3M - Membrana GmbH (Wuppertal, Germany). CiPTECs were cultured as described
previously [19].
MODULE PREPARATION
MicroPES HFM were mounted into mini modules composed of Kartell PP T-shaped
connectors (Fisher Scientific, Landsmeer, the Netherlands) and PE rigid semi-transparent
tubing diameter 6-8mm (VWR International B.V, Amsterdam, the Netherlands), see Fig.
13. The modules were potted with polyurethane bi-component resin (Intercol B.V, Ede,
the Netherlands), allowed to dry for at least 24 h, and cut open. To ensure further ease
of use of the modules, we added Luer Lock fittings and caps (Cole Palmer, Metrohm
Applikon BV, Schiedam, the Netherland) to the inlets and outlets, and connected them
together using silicon tubing (VWR International B.V, Amsterdam, the Netherlands).
Three fibers were mounted in every module, with an effective length of 8.5 ± 0.5 cm and
a surface of 4.01 ± 0.25 cm-2 available for cell seeding. After cell seeding, extra luminary
inlets were supplemented with gas exchange Sartorius Minisart sterile filters (Fisher
Scientific, Landsmeer, the Netherlands).
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Fig. 13. Upscaled “living membrane”. (A) Picture of one module used for upscaled “living membrane” model.
Three Micro PES hollow fiber membranes (HFM)within a housing composed of PE, PP and silicone parts, Luer
Lock fittings and caps.(B) SEM image of three MicroPES HFM.(C) Scheme of a transversal cut of one “living
membrane”. Not at proportional scale.

MEMBRANE STERILIZATION AND COATING
The bioactive coating was performed on the extraluminal side of the HFM, with slight
modifications to the previously established methods [10, 21]. The modules were
sterilized using 70% (v/v) EtOH incubation for 1 h, washed and incubated using sterile
10 mM Tris buffer (pH 8.5) for 1 h. The primary coating component L-Dopa (L-3,4dihydroxyphenylalanine, 2 mg·ml−1) was dissolved in Tris buffer at 37 °C for 45 min.
The L-Dopa solution was sterile filtered and injected in the extraluminal space of the
module, completely filling it. The primary coating was performed at 37° C, on a shaking
device, for 20 h. Afterwards, the L-Dopa solution was removed; the modules were
washed with Hank’s balanced salt solution (HBSS) (Fisher Scientific, Landsmeer, The
Netherlands) buffer and filled with the second coating component - human collagen
IV (25 µg·ml−1 in HBSS). The coating with collagen IV was performed for at 37 °C, on a
shaking device, for 2 h. Finally, the collagen IV solution was removed and modules were
washed with HBSS.
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MEMBRANE CHARACTERIZATION
The membrane topography of both uncoated and coated HFM was visualized using
scanning electron microscopy (SEM), as described previously [12, 21]. We used an
OSMO Inspector automated setup (Convergence B.V, Enschede, The Netherlands) to
quantify the transport of pure water (Merck Millipore, Billerica, MA) and PBS solutions
with 1mg/mL bovine serum albumin (BSA) and 0.02 mg/mL immunoglobulin G (IgG)
solutions through the uncoated and coated cell-free HFMs. The flux through the
membranes (J, in l·m-2·h-1) was plotted as a function of the transmembrane pressure
(ΔP, in bar). The permeance (L, in L·m-2·h-1·bar-1) was calculated from the slope of this
curve. Every pressure step was maintained for 30 min. The sieving coefficients (SC) for
BSA and IgG were determined by dividing the concentration of these proteins in the
permeate by their concentration in the feed protein solution. BSA and IgG concentrations
were measured by spectrophotometric analysis (Agilent Technologies, Cary 300 UV-Vis
system) using quartz cuvettes at 280 nm.
Cell culture
The ciPTEC cell line [19] was cultured at a 33°C proliferating temperature in a ciPTEC
complete medium prepared as follows: phenol red free Dulbecco’s modified Eagle
medium DMEM-HAM’s F12 (Lonza; Basel, Switzerland) was supplemented with 10%
v/v foetal calf serum (FCS; Greiner Bio-One; Alphen a/d Rijn, The Netherlands), insulin,
transferrin, selenium (ITS; I = 5µg/ml; T = 5µg/ml; S = 5ng/ml), 36 ng/ml hydrocortisone,
10 ng/mL epidermal growth factor and 40 pg/mL tri-iodothyronine. Antibiotics were
added only to the medium in the proliferating culture. During maturation at 37°C, the
culture media was antibiotic free. CiPTECs were used up to a maximum of 40 passages,
during which the proximal tubular characteristics remain unaltered [19] .
HFM Modules handling
Prior to cell seeding, modules were incubated for 1 h in ciPTEC complete medium.
Proliferating 90% confluent ciPTEC were detached using Accutase (StemPro®
Accutase®, Life Technologies Europe BV, Bleiswijk, the Netherlands), centrifuged and
suspended at 2.5 million cells /ml density in ciPTEC complete medium. The modules’
extra luminal space was completely filled with the cell suspension. To promote initial
cell attachment, the modules were placed at 33°C, 5% CO2 for 8 h, with a rotation of 90°
every 2 h. Afterwards, modules were washed with ciPTEC complete medium, provided
with gas exchange filters and cellular proliferation was allowed for additional 64 h.
Finally, the temperature was changed to 37°C for 7 days to promote the formation of a
differentiated monolayer. During the whole culture period, ciPTEC were supplemented
with fresh culture media every day.
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IMMUNOCHEMISTRY
The expression of OCT2, zonula occludens-1 (ZO-1) in ciPTEC monolayers on hollow
fibers were investigated using the immunocytochemistry methodology as previously
described [20] and examined under the Nikon confocal A1/ super resolution N-STORM
microscope (Nikon Instruments Europe B.V, Amsterdam, The Netherlands). Images
were captured using the NIS-elements analysis software, version 4.40.000.
TRANSEPITHELIAL BARRIER FUNCTION
Paracellular permeability was quantified in the living membranes following the previously
described method [21]. Shortly: after washing the modules with Krebs-Henseleit buffer
was perfused at 18 mL·h-1 at 37°C for 15 min. The fluorescence of the samples and of a
standard range of concentrations was measured using a Tecan infinite M200PRO plate
reader (Tecan Austria GmbH) at an excitation wavelength of 485 nm and an emission
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wavelength of 535 nm. Coated and uncoated HFM without cells were used as negative

Chapter

supplemented with HEPES (10 mM; KHH buffer), inulin-FITC (0.1 mg·ml−1 in KHH buffer)

controls. The flux of inulin-FITC (J) was calculated in pmol·min-1·cm-2.
FUNCTIONAL ORGANIC CATION TRANSPORT
The activity of OCT2 was evaluated by perfusing the modules with the fluorescent
OCT2 substrate 4-(4-(dimethylamino)styryl)-N-methylpyridinium iodide (ASP+, 10 µM)
in KHH buffer, at 37°C for 30 min. The assay was performed in the presence or absence
of a cationic uremic toxin mix (UT mix; 10 times the uremic plasma concentrations
reported in literature [5]) or cimetidine (100 µM). After the perfusion, the modules were
washed with KHH buffer and fixed for 30 min in a fixing solution (4% Sucrose, 2%
Paraformaldehyde in HBSS). The modules were carefully cut open and the extracted
fibers were mounted on microscopy slides using Dako fluorescent mounting media
(Dako Netherlands B.V, Heverlee, Belgium). Slides were directly analysed at a constant
laser intensity using the Nikon confocal A1/ super resolution N-STORM microscope.
Images were captured using the NIS-elements analysis software (version 4.40.000) and
quantification of the data was performed using Image J software (ImageJ 1.40 g, NIH,
USA). The average pixel intensities of four cells in the focal plan were extracted for the
various conditions.
DATA ANALYSIS
Every experiment was performed at least in duplicate. The number of samples (n)
measured is indicated in each case and presented in each figure legend. The results
are presented as mean ± standard deviation. Statistical analysis was performed in the
SPSS software (IBPM SPSS Statistics version 23.0) using a one-way analysis of variance
(ANOVA) or Student’s t-test where appropriate. A P-value of < 0.05 was considered
significantly different.
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RESULTS
MEMBRANE CHARACTERIZATION
The surface of MicroPES HFM was functionalized via a double coating to allow the
formation of a tight homogeneous cell monolayer. This coating was successfully used
on a flat PES membrane [12] and then on a single small (1-2 cm long) HFM [21]. Here,
we performed the coating on the upscaled system of three HFM with a total surface area
of 4 ± 0.25 cm2. A previous study [22] and preliminary experiments with short coating
time (data not shown) suggested that a prolonged coating of membranes is necessary
to generate a reliable and reproducible cell monolayer. Therefore, in our experiments,
the L-Dopa coating was extended until 20 h instead of 5 h (on small HFM) [21]or a few
min (on flat membranes) [12]. The collagen IV coating was also extended to 2 h instead
of 1 h as was done previously.
Fig. 14 compares the SEM images of the surface and cross-sections of uncoated and
coated HFM in the absence of cells. Although we applied a longer coating time for
L-Dopa, the pores remain open. The slight colour difference between uncoated and
coated HFM is due to the charge of the sample during SEM analysis and does not reflect
the coating state.
The effect of the coating on the membrane transport properties was measured by clean
water and proteins transport experiments. Fig. 15A shows the clean water flux (CWF)
through the uncoated or coated HFM at different pressures and 15B shows the SC of
BSA and IgG at the same pressure range. The clean water permeance of the coated
membranes ((10.6 ± 1.7)·103 l·m-1·h-1·bar-1) is lower (P<0.001) than the permeance of the
uncoated membranes ((18.2 ± 1.9)·103 l·m-1·h-1·bar-1), but is still very high. These results
are consistent with the SEM observation that the pores of the coated membranes are
open (Fig. 14B). Besides, BSA with a molecular weight ~66kDa still passes freely through
the coated membrane, as demonstrated by the SC (0.99 ± 0.00 versus 0.98 ± 0.01) 15B.
The passage of a larger protein molecule, IgG (molecular weight ~166 kDa), is partially
affected (SC 0.79 ±0.04 versus 0.97 ± 0.02 for the uncoated HFM, P<0.001). These results
indicate a slight decrease of the pore size caused by the prolonged coating.
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Fig. 14 SEM images of MicroPES HFM: (A) uncoated and (B) coated with L-Dopa and Collagen IV double coating.
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Fig. 15. HFM transport properties. (A) Clean water fluxes (CWF) for uncoated (black dot) and coated (grey
dot) HFM and (B) sieving coefficients (SC) of bovine serum albumin (BSA) and immunoglobulin G (IgG) for
uncoated (black bar) and coated (grey bar) HFM. (A) The slope of the CWF as a function of the pressure gives
the membrane permeance. Data are shown as mean ± standard deviation of three samples per case. * P<0.001
using an unpaired t-test.

CELL MONOLAYER INTEGRITY
Fig.16 shows representative image of ciPTEC cultured on MicroPES HFM. Only a few
cells can be found on the uncoated HFM (Fig. 16A). The L-Dopa (5 h) and collagen IV (1
h) double coating strongly improves cellular adhesion of the ciPTEC (Fig. 16B) but does
not lead to the formation of a complete cell monolayer. The prolonged L-dopa (20 h)
and collagen IV (2 h) coating allows the formation of a uniform ciPTEC monolayer (Fig.
16C and D). In this condition, the abundant expression of the Zonula Occludens 1 (ZO-1)
protein along the cell boundaries confirms the presence of tight junctions between the
cells. In addition to a polarized epithelial barrier , the tight junction proteins contribute
to fluid and ion homeostasis mediated by paracellular transport [23]. This tight cell
monolayer is present on the whole length of the HFM within a module and is achieved
on all the three HFM (data not shown).
Fig. 16E shows the paracellular leakage of inulin-FITC as mean ± standard deviation of
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three experiments performed at least in triplicate. Since no active transcellular transport
has been reported for inulin-FITC, its paracellular leakage was used as an indicator of
passive diffusion and thus monolayer tightness [12]. When compared to the uncoated
or coated HFM without cells, the coated HFM with renal cell monolayer, presents a very
low inulin-FITC leakage (778 ± 56 pmol·min−1·cm−2 and 812 ± 2 pmol·min−1·cm−2 vs 301
± 103 pmol·min−1·cm−2, respectively (P<0.001 using an unpaired t-test)). Consistent with
the previous microscopy data, the paracellular low inulin-FITC leakage confirms the
formation of a tight ciPTEC monolayer.

Fig. 16 Monolayer quality
of ciPTEC cultured on HFM.
(A,B,C,D)
Representative
confocal microscopy images
of ciPTEC cultured on HFM
with in blue the DAPI staining
of nuclei and in green the
immunostaining for ZO-1.
A - Uncoated HFM. B - HFM
with short coating time. C
and D – HFM with optimal
coating time. (E) Inulin-FITC
paracellular leakage. Data
are presented as the mean ±
standard deviation of at least
4 samples. *P<0.001 using
an unpaired t-test.
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CELL FUNCTION – ASP+ UPTAKE
To further examine the functionality of the matured ciPTEC monolayers grown on
functionalized HFM modules, we assessed the activity of OCT2, which is expressed
along the basolateral membrane of PTEC. This transporter is responsible for the uptake
of cationic uremic metabolites [5] and may be crucial for their renal secretion. Here, we
perfused the HFM modules intraluminally with ASP+, an OCT2 fluorescent substrate,
in the absence or presence of competitive inhibitors of OCT2 mediated uptake: either
uremic cationic toxin mix or cimetidine [5]. Fig. 17 A shows representative confocal
images of the three conditions. The uptake of the ASP+ alone gives a strong fluorescent
signal, which is significantly reduced in presence of either uremic toxin mix or
is normalized to the signal of the uptake of the ASP+ alone, after 30 min of perfusion.
The ASP+ uptake is inhibited by ~60% by both uremic cation mix and cimetidine (39%
and 36% of the original intensity, respectively), confirming that a functional monolayer
is created on double-coated HFM in the modules.

Chapter

cimetidine. (Fig. 17 B). The intensity of the fluorescent signal in presence of the inhibitor
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Fig. 17 Functional organic cation transporter - 2 transport. (A) Representative confocal microscopy images and
(B) quantification of ASP+ uptake (10 µM) in the absence or presence of specific inhibitors (cationic uremic toxin
mix (UT mix), cimetidine (cim, 100 µM)) in matured ciPTEC cultured on upscaled HFM. The perfusion lasted for
30 min. Data are normalized against ASP+ uptake in the absence of inhibitors and presented as,mean ± standard
deviation of four measurements of the intensity of four cells in the projection plan, from two HFM of each
module. *p < 0.001 using one-way ANOVA.
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DISCUSSION
In this study, we developed upscaled modules of “living membranes” for BAK with a
functional ciPTEC monolayer grown on coated MicroPES HFM. The double coating of
L-Dopa and Collagen IV was thin and preserved the membrane transport properties.
The cells formed homogeneous monolayers with well-expressed ZO-1 protein and low
paracellular leakage. As proof of concept, the obtained ciPTEC monolayers demonstrated
active uptake of a specific OCT substrate, demonstrative of the successful upscaling of a
“living membrane” suitable for a BAK device.
The MicroPES membrane is designed for plasma fractionation and, therefore, has
antifouling properties. Hence, it does not promote cell adhesion and requires a
functionalization on the extraluminal side. The first coating component - L-Dopa - is
enriched in mussel-like adhesive proteins and can adhere to a wide range of surfaces
[24]. The second coating component - collagen IV - is an essential positively charged
component of the extracellular matrix of renal tubular epithelial cells and has previously
been successfully used, in combination with the negatively charged L-Dopa, to establish
a PTEC monolayer both for primary cells [15] and ciPTEC [12]. To support the growth
of ciPTEC on the outer surface of the HFM (4 cm-2), this double coating, initially applied
for a few minutes for PES flat membranes [12], has been later applied for several h
(5 h L-Dopa + 1 h Collagen IV) for single fiber HFM (0.13 cm2) [21]. However, when
such coatings were applied in our module system, no reproducible monolayer could
be obtained (Fig. 4B). Therefore, we prolonged the L-Dopa coating to 20 h, and getting
closer to the coating conditions previously applied for primary renal cells [15]. As to
the collagen IV, the coating was also extended to obtain the desired deposition pattern
to promote the initial cell adhesion. Moreover, a low speed dynamic regime during the
L-Dopa coating (shaking or low flow) was applied to ensure a good homogeneity of the
coating on the whole membrane length and within all the HFM of the same module.
The double coating seems to decrease the membrane pore size as shown by the clean
water flux and the sieving of BSA and IgG experiments. However, the transport trhough
the membrane is still high, allowing transport of nutrients and toxins. Compared to the
previous study with the small HFM [21], both clean water permeance and IgG sieving
coefficients are decreased (10.6 ± 1.7·103 l.m-1h-1bar-1 versus 16.4 ± 0.7·103 l.m-1h-1bar-1
and 0.79 ± 0.04 versus 0.90 ± 0.01, respectively). The fact that both BSA and IgG can
pass through the HFM and reach the ciPTEC monolayer should not be detrimental for a
BAK application, since the ciPTECs tight monolayer is intended to form the functional
barrier against the loss of essential proteins by the patient. Besides, the transport of
albumin through the membrane towards the ciPTEC monolayer may be advantageous
for the elimination of protein bound compounds [1], since those need to be in close
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proximity to the cell transporters.
The ciPTEC monolayer was characterized after 7 days of maturation at 37 °C in the
upscaled modules. The confocal microscopy shows regular nuclei, homogeneous cell
shapes and abundant expression of the tight junction protein ZO-1. This underlines the
epithelial character of the ciPTEC monolayer, which is confirmed further by low inulinFITC diffusion. When compared to the results obtained for the single HFM [21], the
inulin transport through the HFM both with and without cells is similar (without cells:
973 ± 70 pmol·min−1·cm−2 now compared to 1200 ± 193 pmol·min−1·cm−2 previously; with
cells:303 ± 129 pmol·min−1·cm−2 now compared to 373 ± 42 pmol·min−1·cm−2 previously).
A similar range of inulin-FITC permeability was found earlier in vitro, too [25].
affect the Inulin diffusion (973 ± 70 pmol·min−1·cm−2 for the coated HFM versus 1016 ± 2
pmol·min−1·cm−2 for the uncoated HFM). This result was to be expected since the inulin-

Chapter

Apparently, the longer coating time in this study (versus the small scale HFM) does not

FITC is much smaller than BSA (Inulin has a Molecular weight of ~4.5 kDa and BSA has
deviation (303 ± 129 pmol·min−1·cm−2, Fig. 4) obtained for the HFM with cell monolayer
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one of 66 kDa), which passes freely through the membrane. Finally, the high standard
may suggest some local irregularities in the epithelial barrier due to the more complex
handling and characterizing procedures. In other studies, mostly intraluminal seeding
of the PTECs was preferred [7, 26, 27] and required an inverted design of the HFM,
with a selective layer on the extra luminal wall to avoid pore clogging [15]. Though
the extraluminal cell seeding has been reported less frequently [16], it allows the use
of commercial HFM designed for plasma fractionation, having the selective layer on
the intraluminal wall. This, together with compatibility with our imaging techniques,
justifies the configuration used here.
Finally, our upscaled system can preserve the functionality of the OCT-2 of the ciPTECs
monolayer, which is crucial to ensure the clearance of cationic uremic solutes [4, 28]
in a BAK application. We analysed the uptake of the specific fluorescent substrate
ASP+ and its inhibition in the presence of a polyamine and guanidino cationic uremic
toxin mixture [5], as well as in the presence of cimetidine [29-31]. The intensity of the
intracellular fluorescence signal corresponding to the ASP+ uptake alone is very strong
(Fig. 5A). This intensity decreases dramatically in presence of either inhibitor. The
inhibitory effect of the uremic toxin mixture observed here, is slightly stronger than that
for a small fiber [21], probably due to either the prolonged uptake time (30 min instead
of 13 min), or the system upscaling (4.01 cm2 against 0.13 cm2 previously). Indeed, in the
upscaled system, 4.01cm2 of cells received daily 2.5 ml of medium. The small HFM were
cultured in 6 well plates, and thus 0.13 cm2 of cells were receiving 2.5 ml of medium
every 2 or 3 days. In order to compare more accurately both systems, complete analysis
should be performed at several time points.
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CONCLUSION & OUTLOOK
This work presents the upscaling of a “living membrane” comprising of functionalized
MicroPES HFM supporting ciPTEC. This “living membrane”, developed under static
culturing conditions, exhibits a uniform, reproducible and tight ciPTEC monolayers. Our
work shows that PTECs cultured in this upscaled system feature active organic cationic
transport, crucial for the removal of uremic cationic metabolites.
The next step towards a functional BAK device is to culture the cells while exposing
them to a unidirectional flow with relative shear stress to mimic the natural kidney
proximal tubule physiology. There is evidence [32, 33] that ciPTEC brush-border
barrier height, and therefore surface available for uremic metabolites uptake, increases
significantly when culturing cells under shaking conditions in a 2D environment. This
result, supported by similar evidence for other cell lines [34-37], suggests better toxin
removal under dynamic conditions. Finally, a ciPTEC-based BAK device it should also
ensure a sufficient toxin clearance for a prolonged session. Here, the upscaled “living
membrane” has been tested for 30 min. Therefore, future work should evaluate longer
clearance periods.
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ABSTRACT
Patients with end stage renal disease often undergo dialysis as a partial substitute
for kidney function while waiting for their only treatment option: a kidney transplant.
Several research directions emerged for alternatives in support of the ever-growing
numbers of patients. Recent years brought big steps forward in the field, with
researchers questioning and improving the current dialysis devices as well as moving
towards the design of a bioengineered kidney. Whole-organ engineering is also being
explored as possibility, making use of animal or human kidney scaffolds for engineering
a transplantable organ. While this is not a new strategy, having been applied so far for
thin tissues, it is a novel approach for complex organs such as the kidneys. Kidneys can
be decellularized and the remaining scaffold consisting of an extracellular matrix can
be repopulated with (autologous) cells, aiming at growing ex vivo a fully transplantable
organ. In a broader view, such organs might also be used for a better understanding
of fundamental biological concepts and disease mechanisms, drug screening and
toxicological investigations, opening new pathways in the treatment of kidney disease.
Decellularization of whole organs has been widely explored and described; therefore,
this manuscript only briefly reviews some important considerations with an emphasis
on scaffold decontamination, but focuses further on recellularization strategies. Critical
aspects, including cell types and sources that can be used for recellularization, seeding
strategies and possible applications beyond renal replacement are being reviewed.
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INTRODUCTION
Kidneys are organs with a central role in homeostasis; they excrete organic and inorganic
wastes, reabsorb valuable nutrients and keep the endocrine balance [20]. Aging of the
population in combination with an increase in diabetes and hypertension prevalences
lead to an ever-higher number of patients with kidney malfunction. This can evolve into
chronic kidney disease (CKD) and eventually end-stage renal disease (ESRD), treated
mostly with dialysis – a procedure that helps eliminating excess salts and inorganic
chemicals from the body, partly mimicking the native organ’s function. However, the best
treatment option is organ transplantation [20], but at the end of 2014 only 36 per million
Europeans obtained a transplant whereas 1041 per million needed renal replacement
therapy, according to the ERA-EDTA Registry Database [24]. Because of the shortage
in donor kidneys, patients with ESRD receive a transplant after an average waiting time
chance that the patient rejects the organ within five years post-transplantation, and
in 10 years there is a 40% chance that patient dies or loses the functionality of the
graft[26]. Therefore, research towards alternatives is rapidly evolving.
Using a native kidney scaffold repopulated with autologous cells is now considered
as novel treatment option, which involves removing cells from the tissue, a process
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of three years, accompanied by immunosuppressive treatment. However, there is 20%
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called decellularization, leaving an intact extracellular matrix (ECM) scaffold to be
repopulated with cells of human origin [27, 28]. Previous research thoroughly described
different decellularization protocols and cell sources to be used to recellularize scaffolds
from different organs [27-30]. This review summarizes how to obtain decontaminated
decellularized native kidney scaffolds for an efficient recellularization process, and the
possible preclinical applications of the repopulated scaffold.

DECELLULARIZATION OF KIDNEY SCAFFOLDS
Overview
The ECM consists, irrespective of the organ’s species origin, mostly of type I collagen,
glycosaminoglycans (GAGs), fibronectin, laminin and different growth factors. It
supports vasculature and nerves, it favours the diffusion of nutrients reaching the
organ via blood vessels and it is also involved in inter- and intracellular signalling
[28]. Moreover, it has an important role in inducing cell migration and differentiation.
The GAGs and collagen ensure integrity of the scaffold, while growth factors (such
as fibroblast growth factor and vascular endothelial growth factor), integrins and
cytokines advance adherence and growth of the cells seeded [2]. These properties make
xenogeneic transplantation a feasible idea, hypothesizing that it might also rule out
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host immune response issues [31-33].
Rodent scaffolds have been used for optimizing decellularization protocols and
recellularization strategies [7, 9]. Other sources successfully applied include Rhesus
monkey kidneys [34] and discarded human kidneys [35-37]. Pigs may also present
a clinically relevant source for acellular scaffolds to prepare human-compatible
transplantable tissues, for which an SDS-based decellularization protocol was
established that revealed well-preserved matrices [4]. It appeared to be essential that
the vasculature architecture is preserved after decellularization and, ideally, the main
components of ECM should not be affected by this process [4, 7, 9, 39].
Decellularization involves a few steps to make it highly efficient. The first one is
the removal of biological materials using combinations of detergents (e.g. sodium
dodecyl sulphate (SDS) and Triton-X100 or SDS combined with peracetic acid) [1, 3].
While mixtures of chemicals and enzymes have also been tested, these are preferred
for less complex matrices. For the preservation of the kidney’s ECM and vasculature
architectures, detergents were found to perform best [7]. For a comprehensive overview
of various decellularization reagents and techniques, the reader is referred to the work
of Crapo et al [29]. The next step is cleaning the tissue thoroughly with saline solutions
(phosphate-buffered or NaCl), as the matrix must be decontaminated [2, 7].
Two other important steps in the efficiency of the decellularization process are the
method and pressure applied. The scaffold can be perfused with [1, 3] or immersed
in decellularization reagent, with a preference for perfusion (e.g. manual injection or a
constant flow) because this results in better penetration into the scaffold [9, 11, 32, 40,
41].
The last step was introduced while optimizing the decellularization procedure to obtain
a ‘healthy’ scaffold. It was found that SDS has a certain protein affinity that may hamper
the migration, adherence and growth of cells within the scaffold [1, 33]. But, a final
rinsing step with Triton-X100 aids in removing the SDS that remains and adheres to the
ECM, although this should also be performed with caution as Triton-X100 can diminish
cell adhesion as well [1, 33]. An overview of an optimal SDS-based decellularization
protocol can be found in Figure 18. The protocol is based on an initial heparin perfusion,
for the removal of the remaining blood, followed by 21 h perfusion with 1% SDS 1%
(w/v) in Hanks’ Balanced Salt solution (HBSS). Consequently, the protocol proceeds
with a quick rinse with Triton-X100 (to remove the SDS entrapped on the scaffold) and
two washing steps with HBSS enriched with antibiotics (e.g. penicillin, streptomycin
and gentamicin) and antifungals (e.g. amphotericin B). Between the two washing steps
a DNase step is required to further remove the DNA debris left on the scaffold.
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Figure 18. An SDS-based decellularization protocol overview. The protocol shows the progress of a rat kidney
decellularization on a 5 days process leading to a cell-free native scaffold. Experimental research performed on
animals comply with the NIH Guide for the Care and Use of Laboratory Animals.

Decontamination of the scaffolds
Removing the contaminants in a scaffold such as the kidney is a challenge on its
recommendations are that the whole process is carried out in such way that contamination
and cross-contamination are minimized. If available and suitable, methods that can give
a theoretical sterility assurance level of 10-6 (SAL6) should be used, such as gamma
irradiation [42]. The method of choice must not modify the structure of the ECM and it
should interfere with the scaffold’s ability of promoting cells’ adhesion and growth [29].
Decontamination strategies range from immersing the scaffold in acid solutions [12] to
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own; manufacturers must also consider the limitations of biological assays. Thus the
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perfusing with antibiotics [9-11] or different types of irradiation [2, 4]. An overview of
sterilization methods applied in recent studies can be found in Table 8.
Sterilizing a full organ is by far more challenging when compared to thin scaffolds such
as trachea, ureter or small intestinal submucosa [43-46]. Immersion and agitation do
not ensure deep penetration of the decontaminant agent into the tissues, and prolonged
exposure is necessary to remove all cellular content [29].
Most often irradiation and/or perfusion with antibiotics or decontaminant agents
are being applied. Antibiotics, of which aminoglycosides are most commonly used,
are added to the washing solutions and to the medium during recellularization in a
bioreactor [9-11]. One of the most successful decontaminants is peracetic acid, which
can be used as a decellularization agent as well [3]. It has very good anti-bactericidal
and fungicidal properties at low concentrations, and it does not affect major ECM
components such as GAGs and laminin and tissue specific growth factors.
Gamma irradiation is one of the most widely used sterilization methods, offering the
advantage of long-term sterility when used at higher intensity [2, 4]. Sullivan et al.
reported a maintained 6 months sterility when scaffolds were irradiated at 10 kGy units
or decontaminated with a commercial mix (7.35% hydrogen peroxide, 0.53% peracetic
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acid) [4]. In their findings, the latter did not support cell growth. A more recent study,
however, demonstrated that irradiation may also cause irreversible loss of collagen and
GAGs, further hampering the repopulation of the scaffolds [47].
Guyette et al. used a mix of antibiotics often used in basic cell culture media (penicillin,
streptomycin and amphotericin) despite their intrinsic limited effect on certain microbe
strains. However, because the effects of these antibiotics upon the ECM have not been
studied in depth, they opted for rinsing with peracetic acid 0.1% (vol/vol) for 3h [1]. Yet,
previous research showed that none of these methods applied influenced the viral load
[48].
Other methods used for scaffolds’ decontamination are incubation in acids or solvents
[12], ethylene oxide exposure[13], electron irradiation [49] and supercritical carbon
dioxide [21, 22]. Ethylene oxide is used in combination with lyophilization while it
does not affect growth factors, but destabilizes collagen fibres. Furthermore, it might
influence the functionality of the scaffold following implantation [13]. Supercritical
carbon dioxide is used for advanced sterilization, either as such or in combination with
a small concentration of peracetic acid [21]. This technique was applied on rat lungs and
the scaffolds maintained good characteristics, as demonstrated by a well-preserved
structural matrix and unaffected major ECM components (viz. collagen, laminin, elastin,
GAGs). Sterility was maintained for 6 months and the only downside reported was an
increase in the stiffness of the scaffold [21].
To summarize, peracetic acid and supercritical carbon dioxide seem to be the best
sterilization options for decellularized kidney scaffolds in term of sterility duration (14
days and 6 months respectively) and ECM protein structures preservation (Table 8). It
is fundamental to bear in mind that selecting the defined protocol is strictly related to
the intended application of the repopulated scaffold (i.e. transplantation vs pre-clinical
studies).
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Table 8. Decontamination strategies used for sterilizing biological scaffolds.
Method of
sterilization

Documented
sterility

Method

SAL6 Advantages

Disadvantages

Observations

Acids/
Solvents

NA

Immersion

-

Quick and
straight
forward.

Does not reach
the depths of
thick tissues,
leading to
incomplete
decontamination.

Suitable mostly [12]
for thin tissues.
Prolonged
exposure might
damage the
matrix.

Gamma
irradiation

24 h
14 days
6 months

Irradiation

+

Maintains
integrity and
vasculature
of the matrix.

Causes
irreversible loss
of collagen and
GAGs.
Might affect
structural
integrity.
Certain studies
point out cell
proliferation
issues.

From 3 to 9 kGy [2, 4]
sterility was
observed for up
to 14 days.
For 10 kGy
sterility was
maintained for 6
months.

70% ethanol 24 h
14 days

perfusion

-

Organ
architecture
preserved.
No remnant
cytotoxicity.

Causes slight loss
of collagen and
GAGs.
Affects structural
integrity.
Slightly hampers
cell proliferation.

[2, 4]

Commercial 6 months
product
(0.53%
peracetic acid
and 7.35%
hydrogen
peroxide)

perfusion

-

Sterility is
maintained
for a long
period of
time.

Does not support
cell growth.

[4]

No antiviral
properties.

Peracetic
acid

24 h
14 days

perfusion

+

Very good
antibacterial
and
antifungal
properties.

Antibiotics

NA

Perfusion

-

ECM structure Limited effect on
is preserved. certain microbe
strains, no
antiviral effect.
Effects on ECM
not studied
in depth (e.g.
binding to the
surface). Risk for
kidney toxicity.
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Sometimes
[1-4]
used as a
decellularization
agent, in high
concentrations.
Used in 0.1
and 0.2%
concentrations.
Penicillin,
streptomycin,
amphotericin
have been
used.

[9-11]
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Method of
sterilization

Documented
sterility

Method

SAL6 Advantages

Disadvantages

Ethylene
oxide

NA

Exposure

+

Destabilizes
collagen
fibres; might
affect scaffold
functionality after
implantation.

Supercritical 6 months
carbon
dioxide

Nova2200™ +
sterilizer

Does not
affect ECM
growth
factors.

Preserves
main ECM
components.
The scaffolds
maintain
mechanical
properties as
well as sterility
for 6 months.

Observations

Ref
[13]

Used in
[21, 22]
combination
with a low
concentration
of peracetic acid.

Recellularization strategies
Recellularization has to be performed using a cocktail of cells that must include both
parenchymal and non-parenchymal cells. Endothelial cells are essential to repopulate
the vascular architecture [6, 7]. A first proof of concept in developing a bioengineered
kidney was published in 2013, which concerned a rat orthotopic kidney transplant.
The recellularization procedure was performed using two cell types: human umbilical
vein endothelial cells (HUVECs), introduced through the renal artery, and rat neonatal
kidney cells injected via the ureter to repopulate the tubular structure. After culture in a
whole organ bioreactor for 5 days it was implanted in a rat and connected to the local
vasculature system where it appeared to produce urine in vivo [7]. Yet, this strategy,
although promising, has as of yet not led to fully functional organ.
The complex functions of the kidney are ensured by at least twenty different cell types
of which its units, the nephrons, are composed, making a full recapitulation of their
characteristics highly challenging. Major cell types include the glomerular mesangial
cells, podocytes, proximal tubule cells, distal convoluted tubule cells and collecting
ducts cells. Here, an overview of the main cell types and the seeding methods used to
repopulate native kidney scaffolds is given. An overview of diverse cell types currently
being used for kidney recellularization can be found in Figure 19 and Table 9. Moreover,
functional aspects and possible applications are being briefly discussed.
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Figure 19. How to rebuild a kidney: from the physiological cell components to the cell types adopted for native
kidney scaffolds regeneration.

Cell sources
In the majority of other studies published on recellularization, the predominant cell
phenotype studied was of proximal tubular epithelium origin, followed by the epithelial
cells that line the descending part of the loop of Henle. Structures forming the distal
tubules and collecting ducts were not frequently reported. In normal kidneys, proximal
tubules represent 60% of the whole cell population and distal tubules around 20% [50];
the podocytes, however, were around 2%, similar to the percentage found regular in
kidneys [39, 51].
Successful seeding of scaffolds with human proximal tubule epithelial cells (PTEC), such
as the human kidney cell line (HK-2) and primary PTEC, has been demonstrated [51].
Ideally, human PTEC should be harvested from a patient, representing an autologous
source for developing the tissue. However, those sources cannot provide all the cell
types needed to repopulate the whole scaffold.
Stem cells (SCs) or progenitor cells offer the ideal possibility of differentiation into
the various cell types needed for a functional kidney. The human kidney is found to
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have a certain regeneration capacity and scarce progenitor cell populations have been
identified [52], but so far these cells are not available for repopulation. The bone marrow
and peripheral blood are the only sources that provide enough cells avoiding in vitro
expansion. They do proliferate easily in vitro and they have been and are still used in
many clinical studies for autologous cell therapy [53, 54]. Bone marrow-derived cells
were also proven effective in re-endothelialization of the vascular bed, a strategy that
could result in a matrix with reduced immunogenicity [25].
Umbilical cord blood showed to be a valuable source of stem or progenitor cells and has
applications in research ranging from regenerative medicine to disease modelling [55,
56]. Cord blood-derived stem cells possess an important advantage over the use of bone
marrow-derived allogeneic cells, as they are characterized by a more undifferentiated
state which makes them more malleable and suitable for transplantation even against
a higher genetic incompatibility [57]. This, in turn, enables the possibility of finding
unrelated suitable donors [57].
Murine embryonic stem cells (mESC) have been used in recellularization studies, in which
they were perfused at low pressure via the renal artery leading to a uniform distribution
of the cells in the vascular architecture and the glomeruli, but only few cells were found
in the tubular sections of the kidney [9, 15]. The same groups observed growth in the
number of cells upon culturing from 24 to 72 h, indicating proper engraftment, as cells
would only be able to multiply if they are offered support and nutrition via the ECM [9,
15]. Recently, a protocol that led to differentiation of human ESC into a kidney-like selforganized structure, including nephrons, was established [16].
Fetal kidney cells have been used for renal research in recent years as well, presenting
pluripotent cells with the advantage of having a high proliferative capacity [58, 59].
However, like for the ESCs, ethical concerns exist regarding their use as well as worries
related to their in vivo expandability. Fetal cells collected from human amniotic fluid
have come to attention as an easier accessible source[18]. Studies have involved this
type of cells in acute kidney injury models [19]. In addition, neonatal urine harbours
kidney progenitor cells that can provide a valuable source as these cells have the ability
to differentiate into podocytes and tubular cells [60].
Induced pluripotent stem cells (iPSC) share properties of both adult and embryonic
stem cells. These cells, also known as progenitor cells, were introduced in 2006 when
the transduction of four genes successfully reprogrammed mouse fibroblasts into
developing pluripotent stem cells [61]. This technology appeared feasible in human
fibroblasts as well. The Little group played a key role on defining the specific protocol
to differentiate iPSCs in kidney cells[62]. In addition, the Bonventre group focused
specifically on the proximal tubule epithelial cells differentiation [63, 64]. Recent
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advances demonstrate the possibility of reprogramming human fibroblast into mature
renal tubular epithelial cells that are sensitive to nephrotoxic substances [65]. Moreover,
those cells could integrate into kidney organoids and form three-dimensional tubules
when cultured on decellularized kidneys. IPSC can be obtained from virtually any cell
type in an invasive manner (i.e. through a biopsy or surgery) but also non-invasively (i.e.
urine) [38]. The latter source may be of choice for a bioengineered kidney, as the cells
may be more easily directed to differentiate to renal lineages than fibroblast-derived
iPSC with a low immunogenicity risk [11, 38]. Furthermore, patient-derived iPSCs
present tools with which to investigate disease mechanisms and develop personalized
therapies ameliorating disease progression.
The notable disadvantage of iPSC is their intrinsic genetic modification, which might
influence the responsiveness and the safety characteristics of the cells/tissues obtained.

bypassing ethical issues on their retrieval (Table 9). It is essential that the cell source
delivers large numbers of cells with strictly defined characteristics and high plasticity.
These cells must be able to differentiate and grow properly and either be delivered
or migrate to and repopulate locations inside the scaffold. Furthermore, they have
to survive and exert their function in this new environment. Efforts are underway for
developing cell populations with strict differentiation profiles.

Chapter

Overall, iPSC seems to be the best cell choice in terms of differentiation potential,
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Seeding strategies
The way of delivery of the cells to the scaffold is the next decision to be made. The
cells cocktail must reach virtually all areas of the scaffold, a difficult task because of
the complexity and density of the organ. A trial in which direct injection of renal cells
isolated from Yorkshire pigs in different areas of the renal parenchyma was performed,
offered good repopulation results with respect to renal tubular structures formation
[39]. Advantages of direct injection include better control over the recellularization area
and distribution of cells, with the downside of potential damage to the tissue. However,
recellularization is a process to be carried out ex vivo. The optimal technique would be
perfusion with cell suspensions via the renal artery and ureter combined, followed by
organ culture [7]. Perfusion seeding has been performed at negative pressure to enhance
cells engraftment into the renal parenchyma, which revealed at least 10% improvement
when compared to the manual injection of the cell suspension [66]. Furthermore, Song
and colleagues built a custom bioreactor that could be sterilized after manufacturing
and that allowed perfusion through sterile ports. This process involves a number of
variables, such as the pressure to be used, the media to be circulated (and how often
it should be replaced) and the culture time (Song et al., 2013). Static culture methods
have also been reported [4, 67], as well as combinations between static and bioreactor
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perfusion cultures [11].
Epidermal growth factor can be added to promote endothelialization and to prevent
thrombosis, frequently reported in kidney recellularization trials [68-70]. This
phenomenon is circumvented also by adding heparin to the culture media [71].
Bioreactors for tissue engineering are a chapter by themselves, for further insights the
reader is invited to study a few recent reviews on this matter [47, 72, 73].
Functional aspects
Evaluation of the seeded scaffold usually begins with the confirmation of the presence
of various cell phenotypes, using immunostaining or histology. Moreover, the filtration
rate and urine production must be assessed, as well as glycosuria and albuminuriarelated to re-endothelialization and tubular engraftment. Urea and electrolytes levels
are also valuable indicators of the scaffold’s functionality, together with measuring
enzymes activity, such as gamma glutamyl transpeptidase and leucine aminopeptidase
[7, 39].
The secretory function of the kidney is of utmost importance and it must be carefully
assessed. Erythropoietin production by the bioengineered tissue is often used as
functional readout, usually by measuring its levels in the bioreactor media. Other
metabolic functions to be assessed include renin secretion, essential in maintaining
normal blood pressure levels, vitamin D activation and prostaglandins production.
Moreover, the generated tissue must be able to retain the active part that the kidney has
in regulating blood glucose levels, via gluconeogenesis and glycogenolysis as well as
via glucose reabsorption after filtration [74].
In addition, recellularized native kidney scaffolds could be used for drug screening.
This also requires that the physiological aspects associated with renal drug handling,
including transporters and metabolic enzymes relevant for renal excretion, must be
present. Another application would be the use of decellularized human ECM to create
a hydrogel supporting the formation of engineered micro vessels [75]. This approach
can obviously also applied for creating other kidney-related structures, such as renal
tubules.

DISCUSSION AND CONCLUSION
A break-through in the evolution of engineered kidneys using a native scaffold was
achieved by carrying out an orthotopic transplant, as performed by Song et al. in 2013
[6, 7]. The group has shown that careful decellularization and recellularization can yield a
functional scaffold that produces urine, if rudimentary. Further work should be directed
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towards more in depth analysis of the decellularized scaffolds, by quantifying detergent
and antibiotic traces, for instance, and evaluating the possible immune response
issues. Minimizing damage during sterilization is a very important aspect. Most of
the experiments are now performed with irradiated scaffolds, an effective method but
proven to weaken the ECM. Finally, the best option would be to use peracetic acid even
though it does not have a clear antiviral effect.
A fundamental limitation that still remains is that human kidneys are difficult to obtain
for scientific studies, though depending on each country’s legislation [76].
As for the cell of choice, iPSCs showed to be a good candidate in terms of malleable,
autologous cells that could be used together with endothelial cells and fibroblasts for
reseeding the scaffold, without underestimating the difficulty of finding the optimal

Emphasis should be put on investigating further the long-term viability and functionality
of the bioengineered tissue, and the possibility of post-transplant follow-up, by analyzing
the morphology and function of the orthotopic organs during prolonged periods of
time. A few alternatives are also under development, among the most interesting being
kidney organoids [16]. These can be grown from either ESC or human iPSC. For ESC it
was shown that when cells were transplanted below the rat kidney capsule they grew
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towards a functional kidney-like structure [77-79]. Another novel and exciting concept
described involves raising de novo kidneys grown in pigs using human mesenchymal
stem cells [77].
To conclude, while no direction of research is easier than the other, recellularizing kidney
scaffolds and creating a whole engineered organ offers more possible benefits than its
final goal of replacing the necessity of human kidney donors. While acknowledging the
huge complexity of the challenges to be encompassed, the benefits can be found in
understanding fundamental renal biology concepts. If the scaffolds were to be seeded
with patient-derived cell lines, valuable information could be gathered regarding kidney
diseases as the scaffolds offer a 3D platform that can be used for drug screening. Even
though this would be the most ideal option, it is currently not cost-effective and such
approach seems not feasible within the next decade. It would be preferred to use cells
from established and well characterized (e.g. HLA typed) cell banks upscaled by means
of large bioreactors. In addition to finding new drug targets for therapy, the tissue can
also be used for understanding (disease) mechanisms or investigating toxicological
aspects. With such a wide array of potential applications, from developmental biology
and drug discovery to engineering, the recellularization of kidney scaffold is definitely
worth the attention of professionals within life sciences.
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ABSTRACT
Drug-induced kidney injury (DIKI) in drug development accounts for over 20% of clinical
trials failure and involves damage to different nephron segments, mostly the proximal
tubule. Yet, currently applied cell models fail to reliably predict nephrotoxicity nor are
easy to establish. Here, we developed a novel three-dimensional (3D) nephrotoxicity
platform based on decellularized rat kidneys scaffolds (DS) recellularized with
conditionally immortalized human renal proximal tubule epithelial cells overexpressing
the organic anion transporter 1 (ciPTEC-OAT1). A 5-days sodium dodecyl sulfate
(SDS)-based decellularization protocol was used to generate DS slices used for cell
seeding. After 8 days of culturing, recellularized scaffolds (RS) demonstrated 3D tubules
formation. Exposure of RS to cisplatin, tenofovir or cyclosporine A as prototypical
nephrotoxic drugs revealed concentration-dependent reduction in cell viability, as
assessed by PrestoBlue and Live/Dead staining assays. As compared to 2D cultures, RS
showed an increased sensitivity to cisplatin and tenofovir toxicity after 24h exposure
(9 and 2.2 fold, respectively), most likely due to the 3D configuration of the cells better
mimicking the in vivo physiology. Interestingly, cisplatin (CDDP), tenofovir (TFV) and
cyclosporin A (CsA) inhibit the uptake of ASP+ (organic cation transporter 2 (OCT-2)specific), fluorescein (OAT-1)-specific) and calcein (P-glycoprotein (P-gp)-specific), by 72
± 3, 84 ± 4 and 71 ± 4%, respectively. RS could be applied further to screen compounds
on a larger scale, after single or co-treatments, to assess NT in mechanistic detail.
Therefore, our 3D nephrotoxicity screening platform is potentially suitable as a novel
alternative in drug development.
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INTRODUCTION
Drug-induced kidney injury (DIKI) is an important cause of failure in clinical trials
during early drug development. It has been reported that 82% of novel entities failed
at preclinical stage due to safety concerns, with 8% due to nephrotoxicity issues.
Moreover, 52% of the studies failed in the clinical phase due to safety, with 9% due
to renal issues [1]. This subscribes the need for improved screening systems that
can identify nephrotoxicity before drugs reach the clinic. Nephrotoxicity may involve
damage to different nephron segments, and the mechanism is strictly related to the
drug type. Both glomerular and tubular injuries are recognized targets for drug toxicity
and continuous exposure to such compounds may lead to development of chronic
kidney disease [2]. In a healthy kidney, the proximal tubule is often a main target as this
segment plays a crucial role in the renal handling of endo- and xenobiotics. Proximal
tubular epithelial cells (PTEC) are equipped with a range of transporters that cooperate
in basolateral uptake and luminal excretion of xenobiotics, as well as transporters and
receptors mediating reabsorption of essential nutrients [3, 4]. Drugs can compromise

As a prerequisite for drug registration, safety studies have to be performed in animals,
but the clinical translation is difficult as animals do not always reliably predict the

Chapter

these processes through interactions.

human situation. Nephrotoxicity studies are also performed in two-dimensional (2D)
cell cultures although translation towards the in vivo situation is often not possible
as well [5]. A primary concern of in vitro toxicity studies is the different spectrum of
kidney cells, experimental read-outs, selected drug, and drug concentration used for

7

such purpose [6, 7].
In the past few years, researchers have shown an increased interest in developing
three-dimensional (3D) micro-physiological systems that serve as a platform for ex
vivo modeling of renal drug clearance and drug-induced kidney injury (DIKI). These
models can be used for preclinical screening of new drugs prior to initiate clinical trials
improving the drug development processes [8-10].
The first step in developing a 3D micro-physiological system is selecting the matrix that
allows 3D culturing. Decellularizing whole animal organs (e.g. rats and pigs) results in
acellular scaffolds that retain their original 3D architecture and a preserved extracellular
matrix (ECM) [11-13], offering the basis for generating new viable organs. These newly
generated scaffolds can provide a promising alternative to synthetic ones, as the native
ECM is expected to guide tissue development in a physiologically relevant manner.
Selecting the proper cell model is an important factor to establish a nephrotoxicity
platform. In this study, we used human conditionally immortalized proximal tubule
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epithelial cells (ciPTEC). This cell line was previously extensively characterized in terms
of epithelial phenotype, transporters gene and protein expression and function [14-18].
More recently, Nieskens et al. developed ciPTEC-OAT1, the cell model used in the
current study, overexpressing organic anion transporter 1 (OAT1; SLC22A6) for which
its role was demonstrated in tenofovir (TFV)-induced toxicity [16].
In the present study, we optimized and validated a sodium dodecyl sulfate (SDS)-based
decellularization protocol using kidneys obtained from surplus rats, recellularized with
ciPTEC, which were characterized for renal epithelial markers including drug transporters.
For further validation of the applicability in nephrotoxicity screenings, recellularized
native kidney scaffolds were exposed to toxic drugs and compared with ciPTEC 2D
cultures. Specifically, we focused on three drugs: cis-diamminedichloroplatinum
(II) (cisplatin, CDDP), TFV and cyclosporine A (CsA). The results obtained with these
nephrotoxicants in our 3D screening platform show that this tool is potentially suitable
as novel alternative in drug development.

MATERIALS AND METHODS
KIDNEY RETRIEVAL
For the generation of decellularized scaffolds (DS), ten surplus, untreated healthy
controls, Wistar rats were obtained from the Central Animal Laboratory of Utrecht
(GDL, Utrecht, The Netherlands (NL)) plus ten surplus Wistar rats from the Brain Center
Rudolf Magnus (UMC Utrecht, NL) from own breeding stock. For the first group, heparin
(5,000 I.E/ml, 0.25 ml/kg; Leo Pharma, Ballerup, Denmark) and pentobarbital (1 ml/kg,
Sigma-Aldrich, St. Louis, USA), used as anesthetic, were administered intraperitoneally.
Rats were sacrificed via exsanguination. For the second group, heparin and anesthesia
were not administered as we received already deceased animals. For this group,
carbon dioxide was used for euthanasia. For both groups, the abdominal cavity was
opened and the kidneys, ureters and surrounding vasculature were identified. Systemic
vasculature was closed by suturing the Vena Cava, Abdominal and Caudal Mesenteric
arteries with silk sutures. Next, the renal arteries of both kidneys were isolated and a
custom made steel cannula was inserted and fixed with silk sutures. An incision in the
lower renal vein was made and perfusion with heparin solution (10 units/ml in Hanks’s
buffer solution (HBSS), Life Technologies - Thermo Fisher Scientific, Waltham, MA USA)
was set at 2 ml/min for 15 min. The kidneys were dissected from fat and surrounding
vasculature after which the cannulated kidneys were extracted and frozen at -20°C for
later decellularization.
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PERFUSION DECELLULARIZATION
For the decellularization process, the kidneys were thawed and connected to a perfusion
system while hanging. Decellularization was performed at room temperature (RT) by
introducing 1% (w/v) SDS dissolved in HBSS at a flow rate of 2 ml/min with a peristaltic
pump (Ismatec, Zürich, Switzerland). Visible decellularization could be observed by a
colour change from red to translucent white, approximately after 21 h. Subsequently,
the kidneys were washed with HBSS for 30 min, followed by a treatment of 30 min
with 1% (v/v) Triton X-100 (Sigma-Aldrich, St. Louis, USA) in HBSS to remove excess
SDS. After that, the kidneys were washed with HBSS (on ice) containing 1x pen/strep
(Life Technologies - Thermo Fisher Scientific, Waltham, MA USA), 50 mg/L gentamicin
(Life Technologies - Thermo Fisher Scientific, Waltham, MA USA) and 2.5 µg/mL
amphotericin B (Sigma-Aldrich, St. Louis, USA) for 48 h at a flow rate of 1 ml/min. To
remove potential immunogenic DNA, the kidneys were treated with a DNase buffer
(DNAse I, Sigma-Aldrich, St. Louis, USA, 0.0025% (w/v), 5 mM CaCl2, 5 mM MgCl2 in
HBSS) for 5 h at RT. A final wash with HBSS containing 1% (w/v) pen/strep, 50 mg/L
gentamicin, 2.5 µg/mL Amphotericin B was performed for 24 h, to remove any excess
nuclear material or detergent. Prior to recellularization, the scaffold was sterilized with
sterile HBSS containing 1x pen/strep, 50 mg/L gentamicin, 2.5 µg/mL amphotericin B
under a laminar flow cabinet until a pH of 7.4 was reached (adjusted with hydrochloric
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0.2% (v/v) peracetic acid in 4% (v/v) ethanol for 10 min and rinsed three times with

acid (HCl) 1M).

7

DECELLULARIZED SCAFFOLD ANALYSIS
DNA ISOLATION
Briefly, small pieces of the scaffold and cadaveric rat kidney were lysed in lysis buffer
(milliQ water, 1 M Tris-HCl (pH 8), 0.5 M Na2-EDTA-2H2O, 10 % (w/v) SDS, 5 M NaCl)
with Proteinase K (0.1 mg/ml, Thermo Fisher Scientific, Waltham, MA USA)) for 24 h at
55 °C and with 600 rpm on a thermomixer (Eppendorf, Hamburg, Germany). DNA was
further washed and purified using ice cold isopropanol, 70% (v/v) ethanol and several
centrifugation steps. The DNA pellet was air-dried for 20 min and re-suspended in 100
µl milliQ water. DNA was quantified using a NanoDrop ND-1000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA USA).
HISTOLOGY
For histology and immunofluorescence, sagittal halves of the decellularized, recellularized
or cadaveric kidneys were put in cassettes and fixated in 10% (v/v) formaldehyde for 24
h. Then, the fixed tissue was embedded in paraffin according to standard procedure.
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Tissue sections of 4 µm were cut on a microtome (Leica Microsystems, Wetzlar,
Germany). The slides were deparaffinized in xylene for 30 min, two changes each of
100% (v/v), 96% (v/v) and 70% (v/v) ethanol respectively for 3 min and finally, they were
rehydrated in 1x phosphate buffered saline (PBS) + 1% (v/v) Tween20 (Sigma-Aldrich,
St. Louis, USA). To confirm decellularization and preservation of tissue architecture,
a Masson trichrome staining was performed. This staining is a three-colour staining
protocol used to discriminate collagen fibers from muscular tissues on histological
slides and to determine ECM presence on the specimen. Moreover, the nucleus stains
in black, cytoplasm, erythrocytes and muscle in red, collagens in blue and elastin in
purple.
IMMUNOFLUORESCENCE
For immunofluorescence, 4 µm paraffin embedded tissue sections were placed on
SuperFrost Ultra Plus® microscope slides (Thermo Fisher Scientific, Waltham, MA
USA) and dried for one day. The next day, the slides were deparaffinized as indicated
above and rehydrated in 1x PBS + 1% (v/v) Tween 20 (Sigma-Aldrich, St. Louis, USA).
An antigen retrieval step was done using a microwave heated citrate buffer (pH 6.0)
for 20 min on 98 °C. Subsequently, slides were cooled down to RT. After washing the
slides with 1x PBS, the tissue was incubated in a blocking solution (2% (v/v) fetal calf
serum, 2% (w/v) bovine serum albumin and 0.1% (v/v) Tween20 in 1x HBSS). Primary
antibodies were added for one hour at RT. A dilution of 1:50 was used for all primary
antibodies. The antibodies used, diluted in blocking buffer, were: goat anti-type IV
collagen (Southern Biotech, Birmingham, USA) rabbit anti-laminin (Sigma-Aldrich, St.
Louis, USA) and rabbit anti-fibronectin (Abcam, Cambridge, England). After washing
with 1x PBS, the secondary antibody (donkey anti-goat IgG Alexa 488, goat anti-rabbit
IgG Alexa 488, Life Technologies - Thermo Fisher Scientific, Waltham, MA USA) was
added in a concentration of 1:200 and incubated for 30 min at RT. As second confirmation
of successful decellularization, DAPI (300 nM, Sigma-Aldrich, St. Louis, USA) was used,
as nuclei counterstain. The sections were observed with an Olympus FV1000 (Tokyo,
Japan) confocal microscope.
SDS QUANTIFICATION
To identify the leftover SDS in the scaffold, quantitative assay Stains-All Dye (SigmaAldrich, St. Louis, USA) was used, according to a protocol described previously [30]. In
short, tissue samples were lysed in a collagenase buffer (1-2 mg/ml in TESCA buffer,
pH 7.4) for 48 h at 37 °C at 350 rpm on a thermomixer. Supernatant of 1 µl was mixed
with 100 µl of a Stains-All Dye working solution (1 mg Stains All Dye in 1 ml of 50:50
H2O/isopropanol, 1 ml formamide, 18 ml dH2O). Then, the sample was measured
spectrophotometrically on a plate reader (Benchmark Plus, BioRad, Hercules, USA),
with an absorbance of 438 nm).
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RECELLULARIZED SCAFFOLD ANALYSIS
Cell culture of ciPTEC-OAT1
CiPTEC overexpressing the organic anion transporter 1 (ciPTEC-OAT1) were cultured
as described by Nieskens et al. [16], in supplemented PTEC culture media as described
by Jansen et al. [15, 16]. For ciPTEC 2D model, cells were seeded at a density of 63,000
cells/cm2, grown for 24 h at 33 °C and subsequently at 37 °C for 7 days. ciPTEC required
a temperature shift to mature and grow into fully differentiated epithelial cells forming
a confluent cell monolayer, prior to each assay.
Recellularization of decellularized native kidney scaffolds
Recellularization was performed on 150 µm thick slices of decellularized rat kidney
scaffolds using Leica CM1950 cryostat (Leica Microsystems, Amsterdam, NL).
Sequentially, the slices were sterilized for 10 min with 0.2 % (v/v) peracetic acid and
rinsed 3 times with HBSS. For cell seeding, 500,000 cells were suspended in 30 µl of
medium and added on top of the scaffolds. The cell suspension was incubated for 2 h at
33 °C, after which medium was added for 22 h (also at 33 °C). Finally, the scaffolds were
Chapter

cultured in fresh medium for one week at 37 °C (differentiation step).
Viability assays
Cell passage numbers used for the nephrotoxicity studies were for CDDP 48, 50 and 52,
for TFV 51, 52 and 54 and for CsA 51, 52 and 53. After the 8 days in culture, recellularized
scaffolds and ciPTEC-OAT1 2D cultures were treated with CDDP (24h, dissolved in

7

complete medium), TFV (24 and 48 h, dissolved in complete medium as reported by
previously [16]) and CsA (24 h dissolved in serum-free medium in order to get a proper
drug solubility). Finally, a viability assay (PrestoBlue) was performed to investigate the
nephrotoxic potential of the drugs.
PrestoBlue assay
Recellularized scaffolds (RS) plates were cultured until day 7 and exposed to drugs or
vehicle (control) for 24-48 h, followed by a wash-out period of 1 h before incubation
with PrestoBlue (Thermo Fisher Scientific, Waltham, MA USA) 1:10 diluted with HBSS at
37 °C for 1 h. Prestoblue experiment was not performed in presence of the nephrotoxicants
but applied after exposures for 24-48 h and a wash-out period of 1 h. Samples were
read with a fluorescence plate reader (Benchmark Plus, BioRad, Hercules, USA), with
emission wavelenght at 530 nm and excitation at 590 nm. Background values were
subtracted and normalized data were plotted.
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Live/Dead staining assay
To further determine nephrotoxicity data on RS, matured samples after drugs exposure
were incubated with calcein AM (2 µM; Thermo Fisher Scientific, Waltham, MA USA)
and ethidium homodimer (2 µM; Thermo Fisher Scientific, Waltham, MA USA) diluted
with HBSS at 37°C for 30 min. Imaging was performed with a Leica TCS SP8 confocal
imaging system (Leica Microsystems, Amsterdam, NL). Images were analyzed with
ImageJ version 5.1 and pixel intensities were obtained for each channel (green –
calcein AM uptake, red – ethidium homodimer). Background values were subtracted
and normalized ratios were plotted.
Immunofluorescence
For immunofluorescence, mature ciPTEC-OAT1 monolayers growing in Willco dishes
(WillCo Wells B.V., Amsterdam, NL) and whole recellularized scaffolds were placed in 96
wells plates and fixed with 4% (w/v) PFA dissolved in PHEM buffer 1x (120 mM Pipes, 50
mM Hepes, 4 mM MgCl2, 20 mM EGTA) for 15 min. An antigen retrieval was done using
a microwave heated sodium-citrate buffer (10 mM, pH 6.0, adjusted with HCl 1M) for 1
h. Subsequently, the scaffolds were cooled down to RT. After washing the samples with
1x HBSS, the tissue was treated with a blocking solution [2% (v/v) fetal calf serum, 3%
(v/v) bovine serum albumin (BSA), 3% (v/v) normal goat serum and 0.1% (v/v) Tween
in HBSS]. The primary antibodies used, diluted in blocking buffer, were as follow:
rabbit anti-human zonula occludens 1 (1:200; Invitrogen - Thermo Fisher Scientific,
Waltham, MA USA) and Claudin-2 (1:100; polyclonal rabbit anti-human; Thermo Fisher
Scientific, Waltham, MA USA). The primary antibodies were incubated overnight at 4
°C. After washing 3 times with 1x HBSS, the secondary antibody (goat anti-rabbit IgG
Alexa 568; Life Technologies - Thermo Fisher Scientific, Waltham, MA USA), diluted
in blocking buffer (0.1% (w/v) BSA and 0.1% (v/v) Tween-20 in HBSS), was added in a
concentration of 1:200 and incubated for 1 h at RT. Finally, DAPI anti-fade gold mounting
medium (Invitrogen - Thermo Fisher Scientific, Waltham, MA USA) was used, as nuclei
counterstain, to mount the scaffolds on Willco dishes. The samples were observed with
a Leica TCS SP8 confocal imaging system (Leica Microsystems, Amsterdam, NL).
Gene expression analysis of relevant transporters
Briefly, mature ciPTEC-OAT1 cultured in 6 wells plates and RS (N=20 pooled per each
RNA sample) were lysed and RNA was extracted using RNA micro fibrous kit (Qiagen,
Venlo, NL) according to the manufacturer’s instructions and quantified using the
NanoDrop® ND-1000 spectrophotometer (Thermo Fisher Scientific, Massachusetts,
USA). Reverse transcription of RNA to complementary DNA (cDNA) was performed
using the iScript™ Reverse Transcription Supermix (Bio-Rad Laboratories, Hercules,
CA, USA) following manufacturer’s instructions.
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Quantitative PCR (TaqMan)
The mRNA expression of OAT1, OCT2, P-gp, Breast cancer resistance protein (BCRP),
Multidrug resistance-associated protein 4 (MRP-4), AQP-1, MATE-1, MATE-2K,
OATP4C1, GLUT-1 was examined in ciPTEC-OAT1 when cultured in flat monolayers
and as recellularized kidney scaffolds (RS). The PCR reaction was performed according
TaqMan protocol manufacturer (Invitrogen - Thermoscientific, Waltham, MA USA).
Gene expression levels were normalized to expression levels of the reference gene
GAPDH and were expressed as fold increase compared to matured cells in well plates
using Biorad CFX manager software (Bio-Rad Laboratories, Hercules, CA, USA). Primers
probe set sequences can be found in Suppl. Table 4.
Quantitative PCR (Syber green)
The mRNA expression of Zonula Occludens 1 (ZO-1), Claudin-2 (CLDN-2), was
examined in ciPTEC-OAT1 when cultured in flat monolayers and as RS. The RealTime PCR was performed using the iQ SYBR® Green Supermix (Bio-Rad Laboratories,
Hercules, CA, USA) as indicated in manufacturer’s protocol and by means of CFX96™
Real-Time PCR Detection System (Bio-Rad, Veenendaal, NL). The data were analyzed
CA, USA) and expressed as fold increase compared to ciPTEC 2D model as the
reference sample. HPRT1 was used as housekeeping gene for normalization. Specific
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using Bio-Rad CFX Manager™ Software version 3.1 (Bio-Rad Laboratories, Hercules,

sense and anti-sense primers for HPRT1 (forward: ACATCTGGAGTCCTATTGACATCG;
reverse: CCGCCCAAAGGGAACTGATAG), Zonula Occludens 1 (ZO-1) (forward:
ATGGTGTCCTACCTAATTCAACTCAT;
and

Claudin

2

(CLD-2)

reverse:

(forward:

GCCAGCTACAAATATTCCAACATCA)

ACCTGCTACCGCCACTCTGT;

7

reverse:

CTCCCTGGCCTGCATTATCTC) were synthesized by Biolegio (Nijmegen, NL).
Live imaging of transport activity
To determine transporters function in RS, live imaging has been performed using
specific fluorescent probes for transporters, viz. ASP+, fluorescein and calcein-AM for
OCT-2, OAT-1 and P-gp, respectively. RS and ASP+ (5 µm) in the presence or absence
of cimetidine (100 µM) and CDDP (300 µM) were incubated for 10 min at 37°C. RS
and Calcein-AM (2 µM) alone or in the presence of Zosuquidar (Zsq; 1 µM) and CsA
(1 mM) with Zsq (1 µM), were incubated for 10 min at 37°C. RS and Fluorescein (1 µM)
in the presence or absence of probenecid (100 µM), TFV (500 µM) and the efflux pumps
inhibitors (5 µM) were incubated for 5 min at 37°C. Finally, DAPI anti-fade gold mounting
medium (Invitrogen - Thermo Fisher Scientific, Waltham, MA USA) was used, as nuclei
counterstain, to mount the scaffolds on Willco dishes. Samples were examined with
a Leica TCS SP8 confocal imaging system (Leica Microsystems, Amsterdam, NL) and
respective images of cellular uptake were obtained. From each single image 3 different
regions in focus were selected and pixel intensities were determined using ImageJ
version 5.1.
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Data analysis
All data are expressed as mean ± SD of three independent experiments performed,
at least, in duplicate. For the PrestoBlue viability assay, data were normalized for the
untreated control (100% viability) and the TC50 (the drug concentration leading to a
50% reduction in cell viability) was determined using the nonlinear fit “log(inhibitor)
vs. normalized response with variable slope” with GraphPad 6.07 from the viability %
values. Statistical analysis was performed using one-way ANOVA analysis followed
by Dunnett’s or Tukey’s multiple comparison test, or, when appropriate, an unpaired
Student’s t-test with GraphPad Prism version 6.07 (La Jolla, CA). A p-value of < 0.05 was
considered significant.
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RESULTS
MORPHOLOGICAL ANALYSIS OF DECELLULARIZED RAT NATIVE KIDNEY
SCAFFOLDS
The SDS-based (1%) perfusion for 21 h led to a visible decellularization of rat kidneys
[13]. This step was followed by long wash steps, a short Triton X100 (1%) treatment to
remove remaining SDS and a 5 h DNAse treatment to ensure a complete removal of
remaining rat DNA, a procedure that lasted up to 5 days. Complete decellularization of
rat kidneys was confirmed by the absence of hematoxylin staining (Fig. 20B; specific
for basophilic nuclear material) in the Masson trichrome staining, compared to the
cadaveric kidneys (Fig. 20A). Moreover, the renal ECM, mainly consisting of collagen,
was preserved. Also, the ECM microarchitecture of former tubules, glomeruli and
vessels was retained their ECM architecture.
Immunofluorescence of scaffolds was performed to confirm further the ECM
microstructure preservation, which was demonstrated by the absence of 4',6-diamidino2-phenylindole (DAPI) in the acellular scaffold as compared to cadaveric kidneys.
basements (Fig. 20C, D, G, H). Fibronectin was more intense in the glomerulus of the
cadaveric kidney (Fig. 20E), and more uniformly distributed in the DS (Fig. 20I).
DNA leftover content was determined as proof of complete decellularization, which
appeared to be 0.20 ± 0.07 mg for the DS vs. 2.60 ± 0.21 mg for native kidney (p<0.0001.
Fig. 20L). Finally, also SDS leftover content was determined as this can be harmful to
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Moreover, strong collagen IV and laminin signals were detected in tubular and glomerular

7

the scaffolds and cytotoxic during the later recellularization process. In our DS, the SDS
content was 0.006 ± 0.003% (N=8; Fig. 20M) below the reported threshold level (0.01%,
[19]).
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Figure 20. An optimized SDS-based decellularization protocol reveals rat native kidney scaffolds with
maintained extracellular matrix. Trichrome staining of cadaveric (A) and decellularized rat kidneys scaffolds (DS)
(B) show a complete and efficient decellularization process. Images were acquired using a 20x magnification
objective. Nuclei are depicted in black, cytoplasm, erythrocytes and muscles in red, collagen in blue and elastin
in purple). Immunofluorescence stainings have been performed on both cadaveric and DS against collagen IV (C,
F), laminin (D, G) and fibronectin (E, H). The images show a complete cell removal, demonstrated by the absence
of DAPI staining in the DS (F, G and H). Moreover, a 150 µm section of the DS was double stained against collagen
IV (green) and laminin (red) showing the ECM network prior the seeding with ciPTEC (I). DNA leftover content
was measured in both cadaveric and DS (L). DS retained less DNA when compared to the cadaveric rat kidneys
(p<0.001). DS were lysed and SDS content has been measured (M). DS (green dots) showed low SDS retention.
The average value was lower than the critical line of 0.01% (Red dotted line). Data are shown as mean ± SD of
three independent experiments performed, at least, in duplicate. *** p<0.001, using an unpaired t test.
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PHYSIOLOGICAL CHARACTERIZATION OF THE RECELLULARIZED NATIVE KIDNEY
SCAFFOLDS
The recellularization procedure of 150 µm thick DS sections, sterilized in 0.2% (w/v)
peracetic acid, consisted of four steps (Fig. 21A). First, a concentrated cell suspension
was placed on the DS and incubated for 2 h at 33°C to allow cells to attach to the
scaffolds. Next, medium was added and the RS were kept for another 22 h at 33°C to
allow cell proliferation. Finally, the scaffolds were moved to 37°C for seven days to allow
cell maturation. During the maturation process, the RS shrank and showed a spheroid
shape (Fig. 21A). For epithelial phenotypical characterization in 3D, RS were stained for
zonula occludens-1 (ZO-1), as general tight epithelial marker [20], and Claudin-2 (Cldn2) which is more specific for PTEC [21]. As compared to ciPTEC 2D culture (Suppl. Fig.
3), the 3D RS cultures show a higher expression of ZO-1 (Fig. 21B) and Cldn-2 (Fig. 21C),
and the formation of 3D structures (white arrows on Fig. 21B and C), demonstrative
of confluent proximal tubules formation. In addition, the mRNA expression levels
demonstrated an upregulation of CLDN-2 as well, but a downregulation of ZO-1 (Table
10). Additionally, gene expression of important PTEC proteins was determined by qPCR.
An upregulation of other epithelial markers (AQP-1) and renal transporters involved
and CsA (P-gp) was found (Table 10).To further confirm improved physiology in RS as
compared to 2D cell cultures, we evaluated the function of the relevant transporters,
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in the renal excretion of CDDP (OCT-2, MATE-1 and MATE-2K), TFV (OAT-1, MRP-4)

OCT2, OAT1 and P-gp. To determine OCT2 activity, we conducted an uptake study with
ASP+, as a fluorescent marker substrate [14, 17, 22]. Figure 21 (D-G) demonstrates that
specific uptake of ASP+ was inhibitable by cimetidine, a well-known OCT2 inhibitor, or

7

CDDP, supporting the functional presence of this transporter. Representative images
confirmed a reduced intracellular ASP+ accumulation in the presence of cimetidine (Fig.
21F) and CDDP (Fig. 21G) and in Supplementary Figure 7. To determine OAT1 activity,
we used fluorescein as marker substrate [23-25]. We tested the cellular uptake in the
absence and presence of probenecid (a well-known OAT1 inhibitor), TFV and efflux
pumps inhibitors (EPI: MK571 to inhibit MRP-4, and KO143 to inhibit BCRP; Fig. 21H)
[16]. Representative images show a reduced intracellular fluorescein accumulation in
the presence of probenecid (Fig. 21J) and TFV (Fig. 21K) as compared to control. In the
presence of the efflux pump inhibitors, intracellular fluorescein accumulation increased
(Fig. 21L), supporting their contribution to renal fluorescein handling in RS. Large field
representative images are shown in Supplementary Figure 8.
P-gp activity was evaluated by using calcein-AM, which is effluxed by the transporter [14],
in absence and presence of the competitors zosuquidar (Zsq) or CsA. Upon transporter
inhibition, an increased intracellular fluorescence will be observed due to the conversion
of calcein-AM into the fluorescent calcein. While in the co-exposure of Zsq and CsA, less
calcein was accumulated, demonstrating a decreased cell viability and the direct role of
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P-gp in excreting CsA. Representative images show an increased intracellular calcein
signal in the presence of Zsq (Fig. 21O), while less calcein accumulation was detected
after exposure to CsA together with Zsq (Fig. 21P), most likely due to toxicity. In the
presence of Zsq alone, intracellular fluorescence was increased by 2.1 ± 1.0 fold (Fig.
21M), confirming the inhibitory potency of Zsq [8]. Large field representative images
are shown in Supplementary Figure 9.
Table 10. Table 10. Gene expression profiling of ciPTEC in 2D cultures and at recellularized scaffolds (RS).

Epithelial markers

Physiologically
relevant markers

Relative expression in RS
compared to 2D

Relative expression in HuK#
compared to 2D

ZO-1

0.5 ± 0.3

n.a.

CLDN-2

1.9 ± 0.9

n.a.

AQP-1

1.6 ± 0.5

n.a.

OCT-2

2.2 ± 1.0

636 ± 25

OAT-1

2.0 ± 1.0

34 ± 6

P-gp

2.3 ± 0.6 (**)

49 ± 21

BCRP

1.5 ± 0.7

n.a.

MRP-4

3.5 ± 2.1

134 ± 45
n.a.

MATE-1

2.1 ± 1.1

MATE-2K

9.9 ± 3.5 (****)

n.a.

OATP4C1

4.2 ± 2.1 (*)

n.a.

GLUT-1

1.7 ± 0.4 (**)

n.a.

Gene expression levels, in fold changes compared to ciPTEC-OAT1 2D cultures, were normalized to GAPDH
(physiologically relevant markers and AQP-1; Suppl. Fig. 4A) or HRPT1 (ZO-1 and Cldn-2; Suppl. Fig. 4B). Data are
shown as mean ± SD of three independent experiments performed, at least, in duplicate. *p<0.05, **p<0.01 and
**** p<0.0001, using one-way ANOVA analysis followed by Dunnett’s multiple comparison test. # HuK (human
kidney) data extracted from Vriend, J. et al. (unpublished). n.a. (not available).
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Figure 21. Development of a physiological-like recellularized native kidney scaffolds. (A) Schematic presentation
of the recellularization method and respective light microscopy images. During the maturation process (7 days at
37°C), the recellularized scaffolds (RS) shrink and show a spheroid shape. Mature RS were stained for (B) Zonula
Occludens 1 (ZO-1; 1:200, red) and (C) Claudin-2 (Cldn-2; 1:100; green). DAPI was used to stain the nuclei (blue).
The expression of Zonula-1 and Claudin-2 was more intense in RS showing a tighter proximal tubule when
compared to ciPTEC 2D culture. Scale bar: 100 µm. Images were acquired using 10x magnification objective. ASP+
uptake, using live imaging, has been performed on recellularized kidney scaffolds, to determine OCT2 activity.
Representative images show transmitted light signal (grey) and ASP+ signal (green; 5 µM) in the absence (E) and
presence of cimetidine 100 µM (F) or CDDP 300 µM (G). Relative signal intensities were quantified and % uptake
was calculated (D). The presence of cimetidine and CDDP significantly reduced ASP+ uptake in RS, showing
an active OCT2. Fluorescein uptake, using live imaging, was performed on RS to determine OAT1 activity.
Representative images show transmitted light signal (grey) and fluorescein signal (green; 1 µM) in the absence
(I) and presence of probenecid 500 µM (J) or TFV 500 µM (K) and efflux pumps inhibitors 5 µM (L). Relative signal
intensities were quantified and % uptake was calculated (H). The presence of probenecid and TFV significantly
reduced fluorescein uptake in RS. Moreover, the presence of the efflux pumps inhibitors significantly increased
it. All together these results show an active OAT1. Intracellular calcein fluorescence, using live imaging, was
performed on RS to determine P-gp activity, which effluxes the precursor calcein-AM. Representative images
show transmitted light (grey) and calcein signal (green; 2 µM) in the absence (N) and presence of zosuquidar
1 µM (O) or CsA at 1 mM and zosuquidar 1 µM (P). Relative signal intensities were quantified and % uptake
was calculated (M). The presence of Zsq significantly increased calcein uptake in RS, showing an active P-gp
transporter. Data are shown as mean ± SD of three independent experiments performed, at least, in duplicate.
*** p<0.001, * p<0.05, using one-way ANOVA analysis followed by Dunnett’s multiple comparison test. White
scale bar: 100 µm. Blak scale bar: 250 µm.

RECELLULARIZED SCAFFOLDS IN CISPLATIN TOXICITY EVALUATION
CDDP exerts a specific nephrotoxic effect because it is effectively taken up by OCT2 [26,
27], present at the basolateral membrane of the PTEC. CDDP nephrotoxicity has been
widely studied in various in vitro and in vivo models [28-33], and therefore selected
as model drug. We examined CDDP toxicity using a PrestoBlue viability assay as well
as using a Live/Dead staining assay. The PrestoBlue viability assay is based on the
resazurin-resorufin reaction. Resazurin is a blue dye, itself weakly fluorescent until
irreversibly reduced to the highly red fluorescent resorufin by the reducing living cell
environment. We exposed ciPTEC 2D cultures and RS to a concentration range of CDDP
for 24 h. A clear concentration-dependent reduction in cell viability was observed for
both 2D ciPTEC culture and RS (Fig. 22A; p<0.001). Analysis of the data revealed the drug
concentration leading to a 50 % reduction in cell viability (TC50), which are presented
in Table 11. Overall, our novel ciPTEC 3D model (RS) presented higher sensitivity to
CDDP (Table 11). The Live/Dead assay is based on the conversion of calcein-AM into the
green-fluorescent calcein after acetoxymethylester hydrolysis by intracellular enzymes,
demonstrative of esterase activity in viable cells. Furthermore, the ethidium homodimer
is a weakly membrane-impermeable fluorescent dye until bound to DNA and emits red
fluorescence only in cells with disrupted plasma membranes. The ratio of green over
red fluorescence is an indication of cell viability, which was reduced in a concentrationdependent form after CDDP treatment (Fig. 22B; Table 11). Representative images of
CDDP-treated scaffolds with this assay are presented in Fig. 22C.
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Table 11. Cisplatin toxicity in ciPTEC in 2D cultures and recellularized scaffolds (RS) in this study in comparison
to published in vitro data.

PrestoBlue assay
Live/Dead assay

Literature

Condition

TC50 (µM)

ciPTEC-OAT1 2D (24 h)

108 ± 10

Reference

RS (24 h)

12 ± 5

RS (24 h)

11.4 ± 1.1

ciPTEC-OAT1 2D (72 h)

32 ± 18

[74]

MDCK (24 h)

18 ± 2

[75]

HEK-293 (72 h)

2.3 ± 0.3

HEK-293-OCT2 (72 h)
HEK-293-MATE1 (72 h)
HEK-293-MATE2k (72 h)

1.4 ± 0.2
1.1 ± 0.1

[76]

0.9 ± 0.1

Figure 22. Recellularized native kidney
scaffolds respond to CDDP exposure. Matured
ciPTEC-OAT1 2D and RS were treated with a
concentration range of CDDP (0-300 µM) for
24 h in complete medium, followed by the
PrestoBlue assay (A) or Live/Dead assay (B). The
PrestoBlue assay showed that RS (purple line)
seemed to be more sensitive to the drug when
compared to 2D ciPTEC-OAT1 cultures (green
line). Live/Dead was performed in RS exposed
to CDDP (green line). (C) Representative LiveDead assay images. Ethidium homodimerpositive cells number (red) increased with
increasing
concentrations
of
cisplatin.
Nonlinear regression analysis was performed
using Graphpad prism 6.07. Data are shown as
mean ± SD of three independent experiments
performed, at least, in duplicate. *** p<0.001,
using one-way ANOVA analysis followed by
Dunnett’s multiple comparison test.
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Abbreviations: Madin Darby canine kidney (MDCK), Human embryonic kidney 293 cells overexpressing OCT2 (HEK-293-OCT2), Human embryonic kidney cells 293 overexpressing MATE1 (HEK-293-MATE1), Human
embryonic kidney cells 293 overexpressing MATE2 (HEK-293-MATE2)
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RECELLULARIZED SCAFFOLDS IN TENOFOVIR TOXICITY EVALUATION
The nephrotoxic potential of TVF is due to specific uptake by OAT1 [34, 35], present at
the basolateral membrane of PTEC. This was confirmed earlier in 2D cultures of ciPTEC
overexpressing OAT1 [16]. Here, TVF demonstrated concentration-dependent reduction
in viability in RS as well, using the PrestoBlue assay (Fig. 23A; p<0.001) as well as Live/
Dead staining (Fig. 23B). Moreover, in ciPTEC 2D cultures, increasing exposure time to
48 h resulted in more severe effects conform the nature of intrinsic toxicants [36], while
RS showed similar TC50 values after 24 and 48 h exposure. RS TFV- nephrotoxicity data
(Live/Dead assay) displayed similar TC50 when compared to HEK-293 and CHO cell lines
(Table 12).

Table 12. Tenofovir toxicity in ciPTEC in 2D cultures and recellularized scaffolds (RS) in this study in comparison
to published in vitro data.

PrestoBlue
assay

Live/Dead assay

Literature

Condition

TC50 (µM)

ciPTEC-OAT1 2D (24 h)

212 ± 11

ciPTEC-OAT1 2D (48 h)

85 ± 9

RS (24 h)

97 ± 8

RS (48 h)

93 ± 5

RS (24 h)

11.0 ± 3.0

Reference

RS (48 h)

5.5 ± 2.0

ciPTEC-OAT1 2D (24 h)

114 ± 25

ciPTEC-OAT1 2D (48 h)

189 ± 48

ciPTEC-OAT1 2D (72 h)

223 ± 67

CHO-hOAT1 (24 h)

21 ± 7

[55]

HEK-293-OAT1 (24 h)

10 ± 2

[54]

[16]

Abbreviations: Chinese hamster ovary (CHO), Human embryonic kidney cells 293 overexpressing OAT-1 (HEKOAT1).
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Figure 23. Recellularized native kidney scaffolds respond to TFV exposure. Matured ciPTEC-OAT1 2D and RS
were treated with a concentration range of TFV (0-500 µM) for 24 h and 48 h, followed by the PrestoBlue assay
(A) or Live/Dead assay (B). 2D ciPTEC-OAT1 and RS cultures were exposed to tenofovir for 24 h (green and
purple dot, respectively) vs. 48 h (green and purple square, respectively). Live/Dead assay was performed in
RS exposed to TFV for 24 h (purple dot) vs. 48 h (green square). (C) Representative Live-Dead assay images.
Ethidium homodimer-positive cells number (red) increased with increasing concentrations of TFV. Nonlinear
regression analysis was performed using Graphpad prism 6.07. Data are shown as mean ± SD of three
independent experiments performed, at least, in duplicate. * p<0.05 and *** p<0.001, using one-way ANOVA
analysis followed by Dunnett’s multiple comparison test.
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RECELLULARIZED SCAFFOLDS IN CYCLOSPORINE A TOXICITY EVALUATION
CsA was reported to be effluxed via P-gp at the apical membrane of PTEC [37, 38], and
CsA nephrotoxicity could be enhanced by blocking the transporter with PSC833 [37].
Several attempts have been made to demonstrate CsA nephrotoxicity in PTEC in vitro,
but in most of the studies a clear concentration-dependent effect is not found. Again, a
dose-dependent reduction in cell viability in ciPTEC 2D and in 3D cultures (RS) exposed
to CsA was observed (Fig. 24A and Table 13). The presence of Zsq increased the toxicity
in both cases, supporting the contribution of P-gp in the efflux of CsA as demonstrated
in Figure 21, without exeerting an intrinsic toxicity at the concentrations used (Suppl.
Fig. 5). The Live/Dead assay confirmed the dose-dependent reduction in cell viability on
RS exposed to CsA in the absence and presence of Zsq, respectively (Fig. 24B and Table
13). Representative images of CsA-treated scaffolds demonstrate an increased number
of red cells at increasing CsA concentration (Fig. 24C).

Table 13. Cyclosporine toxicity in ciPTEC in 2D cultures and recellularized scaffolds (RS) in this study in
comparison to published in vitro data.

PrestoBlue
assay

Live/Dead assay

Literature

Condition

TC50 (µM)

ciPTEC-OAT1 2D

129 ± 12

ciPTEC-OAT1 2D (+Zsq 1 µM)

35 ± 6

RS

294 ± 13

RS (+Zsq 1 µM)

87 ± 10

RS

15.0 ± 1.2

RS (+Zsq 1 µM)

1.6 ± 0.4

HK-2 (72 h)

>50

hPTECs (72 h )

>50

HRECs (CsA only; 144 h)

7.4 ± 0.5

hRECs (CsA + PSC833 5µM; 144 h)

3.7 ± 0.5

Reference

[7]
[37]

Abbreviations: human kidney cells 2 (HK-2), human proximal tubule epithelial cells (hPTECs), human renal
epithelial cells (hRECs), Cyclosporin A (CsA).
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Figure 24. Recellularized native kidney scaffolds respond to CsA exposure. Matured ciPTEC-OAT1 2D and RS
were treated with a concentration range of CsA (0-1 mM) for 24 h, followed by the PrestoBlue assay (A) or
Live/Dead assay (B). CiPTEC-OAT1 2D cultures and RS were exposed to CsA in the presence (green and purple
square respectively) vs. absence of Zsq (green and purple dot, respectively). Live/Dead was performed in RS
exposed to CsA in the presence (green square) vs. absence of Zsq (purple dot). (C) Representative live-dead
assay images. Ethidium homodimer-positive cells number (red) increased with increasing concentrations of CsA.
Nonlinear regression analysis was performed using Graphpad prism 6.07. Data are shown as mean ± SD of three
independent experiments performed, at least, in duplicate. * p<0.05, ** p<0.01 and *** p<0.001, using one-way
ANOVA analysis followed by Dunnett’s multiple comparison test.
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DISCUSSION
Part of newly developed pharmaceuticals fail during the preclinical and clinical phases
due to nephrotoxicity [1]. In the past years, various PTEC in vitro models have been
developed in 2D [39, 40]. The choice of PTEC source, however, appeared crucial, as
demonstrated by Jenkinson et al. (2012) who compared primary PTEC with the cell
line HK2 that is often used in nephrotoxicity studies. Their main conclusion was that
HK2 are of limited value as a model for drug transporter expression and function in
human kidney [41]. We believe that a 3D model could better mimic the in vivo situation
by enhanced expression levels of the transporters involved in drug handling, closer
to physiological levels [5]. It is rather complex to define an appropriate nephrotoxicity
model. Limited data available (e.g. TC50), transporters expression levels, robustness
and reproducibility of the model often compromise a solid comparison. Up to now,
several 2D and imaging-based high-throughput screening platforms have been
established, underlying the possibility of anaylizing a wide range of compounds [42-45].
On the other hand, most of the newly developed 3D models show renal proximal tubule
function, while nephrotoxicity drug screening has, as yet, not been fully demonstrated
[8-10, 30, 46].
We developed a 3D drug screening platform using DS recellularized with ciPTECOAT1, followed by a validation using three widely described nephrotoxic drugs. The
3D cell culture improved ciPTEC-OAT1 function and resulted in an upgraded model
characterized by many key functions of proximal tubule epithelial cells, in terms
of epithelial phenotype, transporters expression and the demonstration of their
function. This is likely the result of the combination of cells recapitulating major PTEC
functions within the natural renal matrix. Interestingly, our 3D model showed more
intense presence of tight junctions when compared to ciPTEC-OAT1 2D cultures, as
demonstrated by the ZO-1 and Cldn-2 protein expressions. Nevertheless, the formation
of 3D structures is heterogeneous. We believe that this is due to the fact that the scaffolds
harbored originally >10 cell types and we recellularize with only one. PTEC are normally
present in our nephrons as cylindrical, polarized structures with distinct basolateral
(blood side) and apical (pro-urine side) membranes. RS showed active OCT2, OAT1
and P-gp functions using marker substrates and a defined set of inhibitors, which was
confirmed with live imaging. More importantly, CDDP, TFV and CsA could interfere with
the uptake of ASP+ (OCT2), fluorescein (OAT1) and efflux of calcein (P-gp), respectively.
RS showed a clear upregulation of relevant epithelial markers (AQP-1 and CLDN-2) and
all transporters relevant for the nephrotoxicity screenings of the drugs tested (OCT2,
MATE-1 and MATE-2K, OAT1, BCRP, MRP-4 and P-gp). Future research will be designed
to further characterize the RS for drug disposition studies.
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CDDP nephrotoxicity was compared between 2D and 3D cell models. The two viability
assays applied revealed comparable TC50 values in 3D, which was 10-fold lower as
compared to 2D, compatible with an increased sensitivity. Reported TC50 values in
OCT2 overexpression cell systems vary between 1-30 µM (Table 11), and are in line
with our 3D nephrotoxicity findings. The importance of OCT2 in CDDP uptake and
nephrotoxicity development in PTEC have been shown in many in vitro, preclinical and
clinical studies [26, 27], but not so much is known about CDDP efflux. Multidrug and
toxin extrusion 1 (MATE-1) and MATE-2K have been suggested in this respect, which
are both expressed at the brush-border membrane of PTEC [27, 47, 48]. RS showed an
indcreased expression of OCT2, MATE-1 and MATE-2K genes compared to ciPTEC 2D
cultures, however, despite this upregulation in efflux transporters CDDP sensitivity was
not decreased. It is known that MATE-1−/− mice treated with CDDP showed increased
nephrotoxicity and increased renal CDDP accumulation compared to wildtype animals.
Less is known on the specific role of MATE-2K in CDDP efflux [49], neither has the role
of the two transporters in humans been defined [48, 50]. Studies have demonstrated the
uptake of CDDP by human MATEs, but only by reversing the proton gradient [51, 52],
which is not physiologically relevant. Our data are compatible with a minor role of the

TFV-induced nephrotoxicity was recently shown using 2D cultures of ciPTEC-OAT1 and
-OAT3 [16]. In addition, TFV efflux from PTEC is mostly driven via MRP4, reducing its
cytotoxic potential [34]. Here we confirmed that RS express both OAT1 and MRP4 and
that both are involved in renal tubule TFV handling. The Live/Dead assay appeared to be
more sensitive in TFV nephrotoxicity than the PrestoBlue assay, despite that the latter
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should reflect the mitochondrial events associated with TFV toxicity [53]. This might
be explained by the qualitative nature of the Live/Dead assay through the collection
of signal intensities from confocal microscope images, while the PrestoBlue methods
quantifies the reduced metabolic capacity of cells. Also, the sensitivity in ciPTEC-OAT1
in 2D and 3D is less as compared to OAT1 overexpressing CHO or HEK cells [16, 54, 55],
which can be explained by the absence of MRP4 in those cells.
CsA was the third compound of interest in our nephrotoxicity screening study. CsA
nephrotoxicity is being broadly studied in in vivo [56-60] and in clinical studies [61, 62],
while less is known on CsA nephrotoxicity effect in vitro [7, 37]. Here we show that CsA
is actively taken up and effluxed by ciPTECs, but unlike CDDP and TFV, RS showed less
sensitivity to the drug when compared to the 2D model. This could be explained by the
upregulation of P-gp in RS, which is the main CsA efflux transporter [37]. Concerning
CsA uptake into the cells, not much is known. To evaluate overt CsA toxicity, we
optimized the test condition using ciPTEC-OAT1 in terms of time (24h), solvent (serumfree medium) and concentration range (1-1000 µM). In our 3D RS model, CsA uptake is
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likely reduced in comparison to the 2D model, as the reduced nephrotoxicity potential
cannot be explained by the changes in P-glycoprotein activity. Moreover, RS showed less
sensitivity to CsA when compared to other in vitro studies (Table 4), but this is probably
because of the shorter incubation time (24 h vs. 3 [7] and 6 days [37], respectively).
In order to fully understand the nephrotoxic mechanisms, future research should
be directed to resolve the uptake mechanisms for CsA. Overall, the most important
advantage of using ciPTEC in our platform instead of overexpression cell lines such
as CHO and HEK293, is the endogenous expression of multiple transporters in a cell
line that also physiologically more closely resembles the renal tubular epithelium. This
means, a polarized tight monolayer with distinct basolateral and apical membranes.
Activity of drug transporters that are in vivo exclusively localized at the basolateral and
apical membranes were shown to be functional.
Previous work demonstrated that animal experiments provide modest contributions
towards human healthcare [63]. Here, we used kidneys from surplus rats, presenting
a useful way to reuse control animals from other studies. Efforts have been taken to
reduce the use of animals in toxicity screenings, for example by using a virtual resource
(database) to facilitate sharing of surplus animal material developed for breast research
by sharing of resources. Additionally, valid alternative models have been developed
(e.g. embryonic stem cells, rodent whole embryo culture, and zebrafish) that may be
useful in early preclinical safety assessments thereby reducing human health risks and
drug development costs [64] and bypassing the use of large numbers of animals (e.g.
mice and rats). As for kidney research, alternative ways in 3R’s are devoted to develop
engineered tissues to gain a better understanding of normal kidney development to
aid in the search for regenerative treatments [9, 65]. Still, more investments have to be
made for developeing high-throughput in vitro models that mimic the human kidney
with improved prediction of drug-induced nephrotoxicity and to reduce the use of
animals in research [66].
To further improve our 3D model, a dynamic cell culture could be implemented, as shearstress previously demonstrated to be another factor improving tissue performance in
vitro. A continuous low shear stress may induce cell polarization and barrier formation
[10, 67], as well as an increase in CDDP sensitivity [67]. Related to this, the Kidneyon-a-Chip technology is rapidly evolving for (high-throughput) nephrotoxicity drug
screening and to improve preclinical drug discovery and development [6, 68-70].
Moreover, it would be also interesting to use our newly developed platform to perform
chronic exposures (e.g. daily drug exposure for 2-3 weeks), to mimic chronic injury
development [71]. Finally, the in vivo translation of in vitro obtained data is an essential
element in nephrotoxicity screenings (in vitro-in vivo extrapolation; IVIVE). Predicting
drug disposition from in vitro models is very complex and to bypass this issue, in silico
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models are being developed [72, 73]. These models rely on robust experimental data,
which potentially could be provided by our 3D nephrotoxicity platform.
In conclusion, we developed a 3D nephrotoxicity platform by combining decellularized
kidney scaffolds with ciPTEC-OAT1. Our data demonstrate that RS present an epithelial
phenotype with clearly improved PTEC characteristics, and appeared to possess most
of the aspects needed to properly carry nephrotoxicity screenings. In potention, the
platform could be applied for screening new drugs prior to initiating clinical trials,
thereby improving the drug development processes.
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SUPPLEMENTARY MATERIALS
Supplementary Table 4: Taqman® primer-probe sets list.
Full name

Abbreviation

Probe-set ID

P-glycoprotein

Pgp (ABCB1)

hs0106780

Breast cancer resistance protein

BCRP (ABCG2)

hs00184979

Multi-drug resistance protein 4

MRP4 (ABCC4)

hs00195260

Multi-antimicrobial extrusion protein 1

MATE-1 (SLC47A1)

hs00217320

Organic cation transporter 2

OCT-2 (SLC22A2)

hs01010723

Multi-antimicrobial extrusion protein 2

MATE-2K (SLC47A2)

hs00945650

Glyceraldehyde 3-phosphate dehydrogenase

GAPDH

hs99999905

Organic anion transporter 1

OAT-1 (SLC22A6)

hs00537914

Aquaporin 1

AQP-1

Organic anion transporter polypeptide 4C1

OATP4C1 (SLCO4C1)

hs00698884

Glucose transporter 1

GLUT-1 (SLC2A1)

hs00892681

SUPPLEMENTARY FIGURES

Supplementary Figures Suppl. Figure 3. ZO-1 and CLD-2 Immunostainings on ciPTEC 2-D cultures. ciPTEC-OAT1
monolayers grown on Willco dishes were stained for (A) Zonula Occludens 1 (ZO-1; 1:200, red) and (B) Claudin-2
(Cldn-2; 1:100; green). DAPI was used to stain the nuclei (blue). The expression of Zonula-1 and Claudin-2 was less
abundant when compared to RS . Scale bar: 100 µm. Images were acquired using 10x magnification objective.
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Suppl. Figure 4. Live/Dead assay on cisplatin-, tenofovir- and cyclosporine-treated ciPTEC-OAT1 2-D and 3-D cultures. Matured RS were treated with a concentration
range of cisplatin (0 - 300 µM), tenofovir (0 - 500 µM) and cyclosporine (0 - 1 mM) for 24 h and 48 h (only for tenofovir). Following a Live/Dead assay have been performed.
Here we reported the relative Live-Dead assay images for cisplatin- (A), tenofovir- (B) and cyclosporine-treated (C) recellularized scaffolds. For all the compounds it is
possible to detect a dose-response increase of Ethidium homodimer-positive cells (red).
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Suppl. Figure 5. Zosuquidar toxicity on ciPTEC-OAT1 2-D model. To detect the right exposure-concentration of
Zsq, matured ciPTEC-OAT1 2-D cultures on 96 well plate were treated with a concentration range of zosuquidar
(10 nM – 10 µM) for 24h to determine its toxicity prior the co-exposure with cyclosporine. Following PrestoBlue
viability assay have been performed. Data are shown as mean ± SD of three independent experiments performed,
at least, in duplicate.

Suppl. Figure 6: GAPDH and HPRT1 Cycle threshold values in ciPTEC 2-D and RS. Cycle threshold (Ct) values for
GAPDH (A) and HPRT1 (B) in the different experimental conditions used in the present study. GAPDH and HPRT1
expression was stable and no statistically significant differences were observed between ciPTEC 2-D and RS
using an unpaired Student’s t-test with GraphPad Prism version 6.07 (La Jolla, CA). Data are shown as mean ±
SD of three independent experiments performed, at least, in duplicate.
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Suppl. Figure 7. ASP+ uptake with live imaging. Original images taken for the live imaging analysis: A) ASP+
5 µM alone, B) ASP+ 5 µM with
Cimetidine 100 µM and C) ASP+ 5 µM with CDDP 300 µM. Scale bars 100 µm.
Suppl. Figure 7. ASP+ uptake with live imaging. Original images taken for the live imaging analysis: A)
ASP+ 5 µM alone, B) ASP+ 5 µM with Cimetidine 100 µM and C) ASP+ 5 µM with CDDP 300 µM. Scale bars
100 µm.

7

Suppl. Figure 8. Fluorescein uptake with live imaging. Original images taken for the live imaging analysis:

Suppl.A)Figure
8.1 Fluorescein
uptake
with
live imaging.
for250the
fluorescein
µM alone, Scale bar:
250 µm,
B) fluorescein
1 µM withOriginal
probenecidimages
100 µM, taken
Scale bar:
µm,live
C) imaging
fluorescein 1 µM with efflux pumps inhibitors 5 µM, Scale bar: 100 µm and D) fluorescein with Tenofovir
analysis:
A)
fluorescein
1
µM
alone,
Scale
bar:
250
µm,
B)
fluorescein
1
µM
with
probenecid
100
µM, Scale
500 µM. Scale bar: 250 µm.
bar: 250 µm, C) fluorescein 1 µM with efflux pumps inhibitors 5 µM, Scale bar: 100 µm and D) fluorescein
with Tenofovir 500 µM. Scale bar: 250 µm.
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Suppl. Figure 8. Fluorescein uptake with live imaging. Original images taken for the live imaging
analysis:native
A) fluorescein
1 µM alone,asScale
bar: tool
250 µm,
B) fluorescein 1 screening
µM with probenecid 100 µM, Scale
Recellularized
kidney scaffolds
a novel
in nephrotoxicity
bar: 250 µm, C) fluorescein 1 µM with efflux pumps inhibitors 5 µM, Scale bar: 100 µm and D) fluorescein
with Tenofovir 500 µM. Scale bar: 250 µm.

Suppl. Figure 9. Calcein uptake with live imaging. Original images taken for the live imaging analysis: A) calcein
2 µM alone, B) calcein 2 µM with Zsq 1 µM and C) calcein 2 µM with Zsq 1 µM and CsA 1 mM. Scale bars: 100 µm.
Suppl. Figure 9. Calcein uptake with live imaging. Original images taken for the live imaging analysis:
A) calcein 2 µM alone, B) calcein 2 µM with Zsq 1 µM and C) calcein 2 µM with Zsq 1 µM and CsA 1 mM.
Scale bars: 100 µm.
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1. BIOARTIFICIAL KIDNEY RESEARCH
Chronic kidney disease (CKD) is characterized by five different stages, based on the
glomerular filtration rate (GFR) and the level of proteinuria [1, 2]. End stage renal disease
(ESRD), represents the final stage of CKD, in which the kidneys no longer function well
enough to meet the daily needs and, as a consequence, ESRD patients need renal
replacement therapy. The main therapies are dialysis and transplantation. Dialysis is a
procedure by which excess salts and inorganic chemicals are removed from the blood,
partly mimicking the kidney function, by replacing the glomerular filtration capacity,
while the excretion capacity and the endocrine functions are not restored [3]. Moreover,
dialysis allows only small solutes removal, while protein-bound uremic toxins (PBUTs),
which are involved with CKD progression [4-6], remain in patients’ blood causing the
progression of the disease. Another therapeutical solution is renal transplantation.
Although the best treatment option [7], transplantation is limited by the extensive
waiting list for donor organs and, after transplantation, the organ rejection risk [8]. In
addition, transplant-related immunosuppressive therapy is associated with a number
of side effects [9]. Therefore, new therapies are required. To this aim, new strategies
are being implemented in bioengineering field, of which the bioartificial kidney (BAK)
seems to play a significant role [10-12]. The BAK combines a haemofilter with proximal
tubule epithelial cells (PTECs) for an enhanced removal of uremic toxins (UTs).
1.1 MAIN ACHIEVEMENTS
Within this thesis, bioengineered kidney tubules were developed and their function has
been demonstrated. Specifically, bioengineered kidney tubules showed organic anion
transporter 1 (OAT1) activity in terms of fluorescein and indoxyl sulfate (IS) uptake
and IS kynurenic acid (KA) transepithelial secretion. Moreover, we demonstrated an
increased IS and KA transepithelial transport in the presence of humans serum albumin
(HSA). Thereafter, we investigated the effect of HSA and guanidinylated HSA, or CKDHSA, on IS kinetics. Both forms of HSA facilitated the active uptake and secretion of IS
in a probenecid-sensitive manner. In particular, healthy albumin appears to facilitate IS
secretion. This is probably explained by a decreased affinity for OAT1 and an increased
affinity for HSA, when IS is bound to CKD- HSA, impairing IS handling. Additionally,
bioengineered kidney tubules demonstrated active clearance of IS from uremic and
healthy (spiked with IS) plasma samples. Finally, we crafted an upscaled BAK device
(4 cm2) with active organic cation 2 (OCT2) activity, demonstrating a possible way to
upscale the bioengineered kidney tubules.
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1.2 TOWARDS A CLINICAL BAK
1.2.1. Upscaling of a BAK device
Humes was one of the first to demonstrate upscaling of a prototype BAK device.
Specifically, high-flux hollow-fiber hemofiltration cartridges with membrane surface
areas of 97 cm2 or 400 cm2. Porcine PTECs were seeded into the intraluminal spaces of
the device. The cartridge, as a bioreactor system, expanded cells attached to confluent
cell monolayers for the treatment of AKI [13, 14].
Ni et al. subsequently established different ECM coatings to optimize the performance
of human PTECs (HPTC) on BAK device, improving the formation of differentiated
epithelia on polysulfone/polivinilpirrolidone (PSF/PVP) membranes [15]. Later, Oo et al.
improved the BAK design towards hemocompatibility, rendering the device clinically
relevant [16].
Chevtchik et al. successfully developed an upscaled system consisting of three hollow
fiber membranes (HFMs) with a total surface area of 4 cm2. The upscaled system did
not only result in a tight ciPTECs monolayer, but also demonstrated organic cation
transporter 2 (OCT2) activity which is essential for the removal of cationic uremic
toxins (UTs) [17]. A crucial next step in the upscaling of a BAK device is to create a
mathematical model describing the transport process of these uremic toxins in order
mostly protein-bound —with IS being more than 90% bound [5, 18, 19]— it is important
to study the transport capacity of UTs not only in their free forms but in their bound

Chapter

to predict the capacity requirements of a final device. Considering that relevant UTs are

forms.
The above reported BAK devices were characterized by a cell seeding on the HFM outer
layers. The interest in moving towards an inner seeded-BAK configuration is increasing.

8

This is related with the possibility of upscaling the BAK with a larger number of HFM,
to potentially increase the PBUTs removal (Fig. 25). Specifically, the inner seeding could
be performed by applying a low constant flow in order to pump in the cell suspension
and let them adhere first. In addition, ECM coating prior seeding could be applied in the
same manner, to facilitate cell attachment. In order to establish well differentiated renal
cell monolayers, the devices and be connected to a peristaltic pump for a continuous
medium flow, as shear stress is known to improve PTEC functions [20].
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Figure 25. Schematic representation of upscaled BAK devices. External seeding design (A; current set-up)
including three hollow fiber membranes (PES-HFM) with a total surface area of 4 cm2 [17] and an inner seeding
design (B) which could consist of more HFM.

1.1.2 Wearable BAK
The wearable BAK was introduced already in 2000 with Humes, the pioneer of the
bioartificial kidney [21]. In 2004, from Saito et al. [22] proceeded within this field by
optimizing polysulfone membrane modules (56 cm2 and 4,000 cm2) seeded with Lewis
lung cancer-porcine kidney 1 (LLC-PK1) cells (107 cells/ml), demonstrating H2O, glucose
and Na+ transport.
More recent research introduced the Bioartificial Renal Epithelial Cell System (BRECS)
[23] capable of differentiated renal cell function while sustained by body fluids
other than blood. BRECS, loaded with up to twenty cell-seeded porous disks, were
maintained by perfusion culture. Once cells reached confluency (over five million
cells/disk for a total therapeutic dose of approximately one billion cells), the BRECS
was cryopreserved for storage at -80 °C or -140 °C. After rapid thawing and resumed
perfusion culture, near precryopreservation values of cell viability, metabolic activity,
and differentiated phenotype of functional renal cells were confirmed [23], suggesting
a successful application. This technology could be extended to administer other cellbased therapies where metabolic, regulatory, or secretion functions can be leveraged in
an immunoisolated extracorporeal circuit [23].
To evaluate this device for potential use in ESRD, a large animal model was established
that exploited peritoneal dialysis fluid for support of the biological device and delivery
of cell therapy while providing uremic control. Anephric sheep received a continuous
flow peritoneal dialysis (CFPD) circuit that included a BRECS. Sheep were treated with
seeded or acellular BRECS for up to a week. The BRECS cell viability and activity were
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maintained with extracorporeal peritoneal fluid circulation. A systemic immunological
effect of BRECS therapy was observed as cell-treated sheep retained neutrophil
oxidative activity better than sham-treated animals. This model demonstrated that use
of the BRECS within a CFPD circuit embodies a feasible approach to a sustainable and
effective wearable bioartificial kidney [24].
Nowadays, BRECS research is proceeding by improving the design towards the clinical
application. The goal of Pino et al. is to produce an injection-molded BRECS (IMBRECS), decreasing cost (<20 $/unit), and improving manufacturing speed (hundreds of
units/h), while maintaining the same cell therapy function as the previous BRECS. The
finalized IM-BRECS design had a significantly lower fill volume (10 ml), mass (49 g), and
footprint (8.5 cm × 8.5 cm × 1.5 cm), and was demonstrated to outperform the previous
BRECS designs with respect to heat transfer, significantly improving control of cooling
during cryopreservation and reducing thaw times during warming. During in vitro
culture, IM-BRECS performed similarly to previous computer numerical control (CNC)BRECS with respect to cell metabolic activity (lactate production, oxygen consumption,
and glutathione metabolism) and amount of cells supported [25]. Moreover, Westover
et al. demonstrated conserved efficacy with BRECS therapy in a porcine septic shock
model. This is a crucial step toward renal cell therapy to the clinical setting, initially
targeting patients with acute kidney injury (AKI) requiring continuous renal replacement
established by Fissel et al. [27], with the same purpose of downscaling size and costs
in order to improve CKD patients therapeutical approach and quality of life. Altogether,
these innovations represent interesting therapy choices, more likely able to improve life
quality of ESRD patients, even though less is known on the PBUTs removal properties.
1.3 IMMUNOSAFETY ASPECTS

Chapter

therapy [26] . Following the example of BRECS, a wearable artificial kidney have been

8

As BAK applications may reveal safety concerns, it is important to determine the
immunomodulatory profile of the cell source. In this thesis a cell line derived from
human urine or kidney tissue, ciPTEC, was used as the cell source for BAK application
[28, 29]. ciPTEC were immortalized with the temperature-sensitive mutant U19tsA58 of
SV40 large T antigen (SV40T) and the essential catalytic subunit of human telomerase
(hTERT), as already described in literature [30-32]. This allows the cells to proliferate at
the permissive temperature of 33 °C and to fully differentiate to mature PTEC at nonpermissive temperature of 37 °C. Many of the previous studies concerning BAK have
focused on the immunomodulatory function of PTEC, in particular reduction of proinflammatory and increase of anti-inflammatory cytokines plasma and serum levels [14,
33, 34]. In a recent study, Mihajlovic et al. evaluated the in vitro immunosafety of ciPTEC
for BAK application, with particular attention to their direct allogeneic effect. The author
characterized the expression and release of Human Leukocyte Antigens (HLA), as well
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as the expression of several co-stimulatory ligands on two ciPTEC lines [28, 29]. In
addition, the ability of ciPTEC to mediate an inflammatory response by measuring the
production of relevant proinflammatory mediators, such as Interleukin 6 (IL-6), Tumor
Necrosis Factor α (TNF-α), and Interleukin 8 (IL-8), in various stimulatory conditions was
demonstrated. Finally, in order to determine the direct immunogenic effect of ciPTEC,
co-culture experiments with immune cells were performed. In summary, there are no
major differences between the two ciPTEC lines tested with respect to the expression of
HLA and co-stimulatory molecules, cytokine production and direct immunogenic effect,
and neither were able to function as non-professional APC.
Moreover, if we consider the inner seeding BAK design, the concept is to create a ciPTEC
monolayer inside the HFM, for optimal function of BAK in terms of UTs secretion.
Additionally, ciPTEC would be protected by a double-coated membrane from the blood
compartment in the extracorporeal device, which would surely reduce the risk of direct
interaction with blood cells from the patient and immune system activation. These data
provided a first proof-of-concept encouraging further BAK development. Nevertheless,
more research needs to be performed before such a concept can be applied in a clinical
setting. Specifically, further studies should take into consideration the oncogenicity and
tumorigenicity of the cell line in order to proceed with BAK development.
1.4 ALTERNATIVE WAYS FOR PROTEIN-BOUND UREMIC TOXINS REMOVAL
BAK is not the only approach for PBUTs removal. Recent advances have been made
in order to improve the current therapies for CKD and ESRD patients. In the following
section, different alternatives currently in development will be reported (Table 1).
Several extracorporeal dialysis procedures using albumin-containing dialysates have
proven to be an effective tool for removing endogenous toxins or overdosed drugs
from patients [35-37]. An increase in UTs free fraction, facilitating the following removal
via dialysis, can be achieved using chemical displacers that could compete with UTs
for binding to HSA [38-42]. Also using hypertonic predilution hemodiafiltration (HPH),
which is a dialysis technique where the PBUTs are removed more efficiently under
high ionic strength [43]. Additionally, the removal of PBUTs can be increased by raising
the dialysate flow [44] and dialyzer size [45] and using different convective removal
strategies [46].
Alternatively, Tijink et al. manufactured the mixed matrix membranes (MMM), which are
characterized by a macro-porous membrane layer and an additional hemocompatible
and particle-free membrane layer [47]. MMM combines dialysis (diffusion and
convection, provided by the membrane structure) and adsorption (achieved by activated
carbon particles dispersed through the membrane). Moreover, Pavlenko et al. showed
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the peculiar property of binding UTs (e.g. IS, hippuric acid (HA) and cytokines) via the
presence of carbon particles [48, 49] in the MMM.
Table 1. Alternative ways for protein-bound uremic toxins removal.

Method
Chemical
displacers

Device

Experimental read-outs

dialysis

Tryptophan

dialysis

Docosahexaenoic acid

Ref
[38]

dialysis

Carbon particles

dialysis (static)

Zeolite silicalite

[40]

Albumin dialysate

dialysis

Albumin to stimulate binding of UTs by
shifting the UT from free to bound state

[35-37]

Improved dialysis

dialysis

Increased ionic strength to improve
PBUTs removal

[43]

MMM

dialysis

[39]

Different convective removal strategies

[46]

Increased dialysate flow

[44, 45]

IS, pCS, IL-6, IL-8, α-2-microglobulin
absorption

[47-49]

Alternative approaches for PBUTs removal are reported. Recent studies are mainly
focused on improving the dialysis system in order to increase PBUTs absorption or

Chapter

displacement via other chemical compounds.
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2. RECELLULARIZATION OF NATIVE KIDNEY SCAFFOLDS
Drug-induced kidney injury (DIKI) in drug development accounts for over 20% of clinical
trials failure and involves damage to different nephron segments, mostly the proximal
tubule. Yet, currently applied cell models fail to reliably predict nephrotoxicity (NT) nor
are easy to establish. DIKI is an important cause of failure in clinical trials during early
drug development. It has been reported that 82% of novel entities failed at preclinical
stage due to safety concerns, with 8% due to nephrotoxicity issues. Moreover, 52% of the
studies failed in the clinical phase due to safety, with 9% due to renal issues [50]. There
is an urgent need for an improved screening system that can identify nephrotoxicity
(NT) before drugs reach the clinic. NT may involve damage to different nephron
segments, and the mechanism is strictly related to the drug type. Both glomerular and
tubular injuries are recognized targets for drug toxicity and continuous exposure to
such compounds may lead to development of chronic kidney disease [51]. In a healthy
kidney, the proximal tubule is often a main target as this segment plays a crucial role
in the renal handling of endo- and xenobiotics. PTECs are equipped with a range of
transporters that cooperate in basolateral uptake and luminal excretion of xenobiotics,
as well as transporters and receptors mediating reabsorption of essential nutrients [52,
53]. Drugs can compromise these processes through interactions. Most NT studies
have been performed in animals, but the clinical translation is difficult as animals do
not always reliably predict the human situation. NT studies are also performed in twodimensional (2-D) cell cultures although translation towards the in vivo situation is
often not possible as well [54]. A primary concern of in vitro NT studies is the different
spectrum of kidney cells used for such purpose [55, 56]. Another concern is how the NT
mechanism has been demonstrated (e.g. experimental read-outs, selected drug, and
drug concentration) compromising the comparison to available (literature) data.
2.1. MAIN ACHIEVEMENTS
A 3-D cell culture improved ciPTEC-OAT1 function and resulted in an upgraded
model characterized by many key functions of PTEC, in terms of epithelial phenotype,
transporters expression and the demonstration of their function (Fig. 26). This is likely
the result of the combination of cells recapitulating major PTEC functions within the
natural renal matrix. Interestingly, our 3-D model showed more intense presence of
tight junctions when compared to ciPTEC-OAT1 2-D cultures, as demonstrated by the
ZO-1 and Cldn-2 protein expressions. PTEC are normally present in our nephrons as
cylindrical, polarized, structures with distinct basolateral (blood side) and apical (prourine side) membranes (Chapter 7). Recellularized kidney scaffolds (RS) showed active
OCT2, OAT1 and P-gp functions using specific substrates and a defined set of inhibitors,
which was confirmed with live imaging. More importantly, CDDP, TFV and CsA could
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interfere with the uptake of ASP+ (OCT2 specific), fluorescein (OAT1 specific) and calcein
(P-gp specific), respectively. RS showed a clear upregulation of relevant epithelial
markers (AQP-1 and CLDN-2) and all transporters relevant for the NT screenings (OCT2,
MATE-1 and MATE-2K, OAT1, BCRP, MRP-4 and P-gp). We developed a 3-D NT platform
where decellularized kidney scaffolds with ciPTEC-OAT1 were combined. While most
of the newly developed 3-D NT screening studies focused on the creation of the model
itself [57, 58], less attention is given to the drug screening application. In the current
study, we show that RS are capable of handling CDDP, TFV and CsA. Moreover, our
model presented an epithelial phenotype with clearly improved PTEC characteristics,
and appeared to possess most of the aspects needed to properly carry NT screenings.
In addition, the platform could be applied for screening new drugs prior to initiating
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clinical trials, thereby improving the drug development processes.

8

Figure 26. Summary scheme presenting relevant drug transport mechanisms in the recellularized scaffolds. RS
improved ciPTEC-OAT1 function and resulted in an upgraded model characterized by many key functions of
proximal tubule epithelial cells, in terms of epithelial phenotype, transporters expression and the demonstration
of their function. Cyclosporin A (purple triangle), cisplatin (orange triangle), tenofovir (light blue triangle),
zosuquidar (dark blue triangle), probenecid (“P”-red square), cimetidine (“Ci”-red square), fluorescein (“F”green circle), ASP+ (“A”-green circle), calcein-AM (grey circle) and calcein (“C”-green circle).
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2.2. PITFALL AND HURDLES
2.2.1. Vascularization
Generating new autologous tissues available for transplantation is not an easy mission
to accomplish. Many accomplishments have been obtained, for instance with the
urethra [59], vagina [60], trachea [61, 62], skin [63], nasal reconstruction after tumor
resection [64], airway [65] and tooth bud for tooth replacement [66]. On the other hand,
soft organs, such as the liver and the kidneys, are physiologically characterized by an
articulated vasculature on their surroundings.
The vascularization of the newly generated organ is still one of the main hurdles.
Many groups have been driven by the goal to reduce the long waiting lists for organ
transplantation by creating bioengineered tissues [67]. Owing to the importance of
vascularization for the clinical applicability of tissue engineering, many approaches have
been investigated to include an organized vascular network in tissue constructs [68, 69].
Although this is not the only problem at the moment, it is important to draw attention
on how to optimize a method to implement vascularization on newly generated organs.
Laschke et al. demonstrated that three-dimensional spheroids of adipose-derived
mesenchymal stem cells are potent initiators of blood vessel formation in porous
polyurethane scaffolds [70], their vascularization potential is still very limited [71]. More
research need to be performed regarding these issues. Up to now, researchers have
been focused on 3-D bioprinting tissue engineering constructs [72], among those, bone
tissue engineering benefit the most. For instance, Byambaa et al. developed bioprinted
osteogenic and vasculogenic patterns able to support cell survival and proliferation
during maturation in vitro [73].
At the moment, we can only speculate on what would be the best material to promote
vascularization in complex organs, such as the kidney. In this regard, a new method of
preparing water-insoluble silk protein scaffolds with vascularization capacity has been
reported [74]. This method seems to improve cell proliferation than previously reported
silk materials and it could promote cell differentiation into endothelial cells, enhancing
neovascularization and tissue ingrowth in vivo without the addition of growth factors.
2.2.2. Recellularization strategies efficacy
Recellularization has to be performed using a cocktail of cells that must include both
parenchymal and non-parenchymal cells. Endothelial cells are essential to repopulate
the vascular architecture [75, 76]. A first proof of concept in developing a bioengineered
kidney was published in 2013, which concerned a rat orthotopic kidney transplant.
The recellularization procedure was performed using two cell types: human umbilical

182

517741-L-bw-fedecostante
Processed on: 30-3-2018

PDF page: 182

vein endothelial cells (HUVECs), introduced through the renal artery, and rat neonatal
kidney cells injected via the ureter to repopulate the tubular structure. After culture in a
whole organ bioreactor for 5 days it was implanted in a rat and connected to the local
vasculature system where it appeared to produce urine in vivo [76]. Yet, this strategy,
although promising, has as of yet not led to fully functional organ.
The complex functions of the kidney are ensured by at least twenty different cell types
of which its units, the nephrons, are composed, making a full recapitulation of their
characteristics highly challenging. Major cell types include the glomerular mesangial
cells, podocytes, proximal tubule cells, distal convoluted tubule cells and collecting
ducts cells.
Using a native kidney scaffold repopulated with autologous cells is now considered as
novel treatment option, which involves removing cells from the tissue, a process called
decellularization, leaving an intact extracellular matrix (ECM) scaffold to be repopulated
with cells of human origin [77, 78]. Previous research thoroughly described different
decellularization protocols and cell sources to be used to recellularize scaffolds from
different organs [77-80].
2.3. USING PORCINE SCAFFOLDS TISSUES TO UPSCALE THE PROCESS
An interesting approach, and a possible way to proceed within this field would be by
it, for instance by efficiently decellularize whole porcine kidneys [81], but also improving
reseeded porcine cell behavior [82]. Also, Abolbashari et al. successfully repopulated
porcine kidney scaffold using porcine primary renal cells [83]. Functional analysis
revealed that cells within the kidney construct demonstrated normal renal functions
such as re-adsorption of sodium and protein, hydrolase activity, and production of
erythropoietin. These structural and functional outcomes suggest that engineered
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making use of porcine kidneys. In the past, few groups already established the benefit of

8

kidney scaffolds may offer an alternative to donor organ transplant. This study aims to
establish an effective cell seeding method using pig kidney cells for the repopulation of
acellular porcine kidney scaffolds, suggesting that those engineered kidneys may offer
an alternative to donor organ transplant.
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3. FUTURE DIRECTIONS
3.1 FUTURE DIRECTIONS OF BAK RESEARCH
3.1.1 Computational modeling to predict uremic toxins removal
Mathematical models can combine the general physiological knowledge with
information about individual patients yielded by clinical measurements [84]. Already
in 2000, mathematical modeling was proven to be a useful tool to help physicians to
match dialysis therapy to the individual needs of the patient; however, the efficiency
of the models depends on the accuracy of the coefficients. How to select coefficients
in the case of one-compartmental models is known for urea and creatinine. The
one-compartment open model is the simplest way to describe the process of drug
distribution and elimination in the body. This model assumes that the drug can enter or
leave the body and the entire body acts like a single, uniform compartment [85]. In renal
physiology this is often not the case, and two- or three-compartment models might be
a better way to explain active transepithelial transport processes, nonetheless fewer
information is available for two-compartmental models on UTs removal [86].
To improve the significance of BAK studies, the construction of a computational model
of PBUTs clearance is essential. Mechanistic understanding of PBUTs kinetics can
open new avenues to improve their dialytic removal. Maheshwari et al. developed a
comprehensive model of PBUT kinetics that comprises: (1) a three-compartment patient
model, (2) a dialyzer model [87]. On a similar basis, Eloot et al. demonstrated that when
blood and dialysate flow per unit of time and type of hemodialyzer were kept the same,
increasing the amount of processed blood per week by increasing frequency and/or
duration of the sessions distinctly increased PBUTs removal [88].
Nevertheless, the most relevant finding of this thesis (Chapter 4), as has been noted, is
the fact that binding of IS to CKD-HSA still grants its clearance, which is necessary for
the treatment of CKD patients (Fig. 27). Still, a computational model that could predict
the clearance capacity taking the HSA binding properties into account is of high interest.
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Figure 27. Representative scheme of IS removal in health and CKD. Healthy human serum albumin (HSA,
orange) and CKD-HSA (light blue) have different binding and affinity properties towards IS, allowing the release
of higher and lower free IS fraction, respectively. CKD-HSA, with its low binding and high affinity for IS, promote
a lower turnover of free IS fraction, allowing less IS secretion. Free IS fraction can be handled by ciPTEC through
transepithelial transport from the basolateral (via OAT1) to the apical side (via MRP4 and BCRP).

3.1.2 CKD and drug disposition
Drug therapy for CKD patients is challenging. CKD affects renal drug elimination and
other processes involved in drug disposition, also beyond the kidneys (e.g., absorption,
drug distribution, non-renal excretion and metabolism) [89]. In CKD patients, dosages
of drugs cleared renally are being adjusted for diminished creatinine clearance or
estimated glomerular filtration rate [90]. However, CKD patients are at higher risk of
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drug-related problems since they need complex therapeutic regimens that require
frequent monitoring and dosage adjustments [91]. In addition, they usually have other
comorbidities and the inappropriate use of medications can increase adverse drug
effects [92].
Uremic states can alter plasma protein binding, specifically affecting acidic drugs
[93]. Hypoalbuminemia can result in an altered plasma protein binding resulting in an
increase in free or unbound concentrations of drugs. From our findings, it is clear that
HSA binding properties and IS clearance capacity is modified in CKD patients (Chapter
4).
CKD can affect multiple organ systems and, consequently, the response to a given
drug may change even though the drug’s PK are not dramatically altered. For example,
furosemide reaches its site of action, the luminal side of the ascending limb of the loop
of Henle, via tubular secretion. CKD patients exhibit an increased maximal response
when the dose is adjusted to the functional status of the kidneys [94-96]. To achieve an
adequate diuretic response in these patients, plasma furosemide concentrations must
be increased by administering larger doses so that adequate amounts of drug reach
the site of action. Adjusting the furosemide dose in a patient with renal dysfunction to
maintain normal plasma concentrations would not be appropriate because of the altered
PD response of furosemide in chronic renal failure. The effect of renal dysfunction on
the PD responses of drugs has not been well studied.
Hemodialysis and peritoneal dialysis are established treatments for patients with ESRD
[97, 98]. High-flux dialysis and hemodiafiltration are more recently introduced renal
replacement therapies in ESRD patients [99, 100]. These procedures are designed to
remove toxic waste products that accumulate in patients with ESRD, however, may also
remove drugs and active drug metabolites requiring dosage adjustment. Also, kinetic
parameters characterizing the efficacy of a dialysis procedure for drugs, administered
to ESRD patients, are determined during the drug development process or in the years
shortly after introduction of the drug onto the market. Recommendations regarding
the PK characterization of drugs in patients with renal dysfunction are published by
both the Food and Drug Administration (FDA) and the European Medicines Agency
(EMEA) [101, 102]. These guidelines recommend that a PK study be carried out during
the development of a drug which is likely to be used in patients with impaired renal
function and when renal dysfunction is likely to significantly alter the PK of the drug
substance [101, 102].
3.1.2 Gut-Kidney axis
Accumulation of UTs, which exert deleterious effects in CKD, is influenced by the
intestinal environment. The microbiota contributes to the production of representative
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uremic toxins including pCS and IS [103, 104]. The host-gut microbiota interaction has
been the focus of increasing interest in recent years [103, 105]. It has been determined
that this complex interaction is not only essential to many aspects of normal physiology
(e.g. amino acids and proteins metabolism) but that it may also contribute to a multitude
of ailments, from the obvious case of inflammatory bowel disease to (complex) diseases
residing in organs outside the gut [103, 105].
A relevant point to focus research is to elucidate the connection between kidney and
gut. There is increasing clinical evidence that patients with CKD have a distinctly
dysbiotic intestinal bacterial community, termed the gut microbiota, which in turn
drives a cascade of metabolic abnormalities, including UTs production, inflammation,
and immunosuppression, that ultimately promotes progressive kidney failure and
cardiovascular disease. As the gut microbiota is intimately influenced by diet, the
discovery of the kidney-gut axis has created new therapeutic opportunities for nutritional
intervention. [104, 106-109].
The analysis of more than six hundred metabolites in OAT3 knockout mice by liquid
chromatography/mass spectrometry (LC/MS), revealed OAT3 involvement in the
movement of gut microbiome products, key metabolites, and signaling molecules,
including those flowing through the gut-liver-kidney axis. Major pathways affected
included those involved in metabolism of bile acids, flavonoids, nutrients, amino
is also critical in elimination of liver-derived phase II metabolites, particularly those
undergoing glucuronidation [110]. Furthermore, Bush et al. demonstrated that OAT1
plays a greater role in kidney proximal tubule metabolism and OAT3 appears relatively
more important in systemic metabolism, modulating levels of metabolites flowing
through intestine, liver, and kidney [110]. Therefore, this opens a new avenue of in
vitro studies characterizing the gut-kidney axis chip, in order to better understand the
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crosstalk between the two organs.
Interestingly, recent evidence has suggested that short-chain fatty acids (SCFAs), which
are primarily originated from fermentation of dietary fiber in the gut, play an important
role in regulation of immunity, blood pressure, glucose and lipid metabolism, and seem
to be the link between microbiota and host homeostasis [111]. Though controversial, an
intimate connection between SCFAs and kidney injury has been revealed, suggesting
that SCFAs may act as new therapeutic targets of kidney injury.
3.1.3. BAK timeline: the next steps
In order to further prove the validity of our device for BAK therapy, more research is
needed. To this goal, BAK device function need to be confirmed in in vivo settings. A
first possibility could be to treat healthy animals (e.g. rats) with uremic plasma (from
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rats and CKD patients) prior and following BAK treatment (e.g. one single 1 h perfusion
on the device). Afterwards, inflammation development and immune response could
be checked to prove a preliminary BAK effect in reducing UTs. Next, a more in depth
in vivo study is necessary. The strategy could involve the treatment of healthy and
uremic goats, as the size of the animal would facilitate the application of the device. The
treatment groups could be the following: BAK, BAK (without cells) and no treatment.
The treatment period could compare the current hemodialysis period (three times per
week) vs. a treatment per month. Following, total UTs blood and urine content could be
quantified in the different groups in order to calculate the clearance capacities
Cell-engineered products, such as a BAK, need to follow guidelines as set for advanced
therapy medicinal products (ATMPs) by the European Medicines Agency (EMA;
Regulation EC No. 1394/2007) [112], and the U.S. Food and Drug Administration (FDA)
[113] of which immune safety is one aspect. Other characteristics of intended cells,
including the extent of replication competence of viruses, long time functionality, ability
to proliferate or differentiate, the risk of oncogenicity, in vivo efficacy, and mode of
administration or application use, have to be determined. Experiments planned in the
near future should address these issues.
From the economic point of view, according to Europe’s Medical Devices Regulation
(MDR 2017/745) approval process [114] only the price for registration for a class II a/b or
III is 15 to 50 thousand euros per device (including registration application fees, notified
body audit fees, submission preparation consulting and translation of documents,
if required). This costs exclude product testing, clinical trials, meaning that several
founding bodies need to be settled decreasing the feasibility of this project. Therefore,
the way towards the final BAK development is still very long and complex, so it is
necessary to involve other parties (e.g. research associations and companies) in order
to proceed with the in vivo testing.
3.2 FUTURE DIRECTIONS OF KIDNEY SCAFFOLDS RESEARCH
Future applications, including organ-specific (e.g. heart, kidney, liver, ovary, muscle
and uterus) decellularized extracellular matrix papers vitro seeded with human
mesenchymal stem cells reveals that all tissue paper types support cell adhesion,
viability, and proliferation over four weeks. [115] This is a promising tool, to be better
tested in terms of cell functionality, to expand the avenue of tissues generation.
Textile technologies [116] are also a interesting future source for generating new 3-D
engineered organs. Mechanically strong fibers have been fabricated from synthetic
polymers and have been loaded with drugs and growth factors and they have been
assembled into 3-D scaffolds with biomimetic physical properties for applications such
as muscle, tendon, ligament, blood vessel, and skin tissue engineering. [117]
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A fundamental aspect of NT studies is the cell model to be used in a drug screening
platform. The importance of developing more complex in vitro kidney models has led
many different approaches, among which, the stem-cell derived organoids containing
multiple regions of the nephron [118, 119]. Organoids can be grown from either
embryonic stem cells (ESC) [120] or human induced pluripotent stem cells (iPSC)
[118], both of which could recapitulate the architecture and function of most of the
renal structures [118, 120-124]. Unfortunately, the differentiated cells still remain in
a more immature (fetal) phenotype, which may limit their utility in toxicity screening
[118], and the structures do not allow easy access to an apical compartment. Future
research should be directed to isolating organoid-differentiated cells for use of seeding
in decellularized scaffolds (DS). This way, multiple cell types can be grown making the
platform applicable to kidney toxicities beyond the proximal tubule.
3.2.1 Other relevant drug screening platform technologies: organs on a chip
technology
The importance of developing more complex in vitro kidney models has also led to
the development of stem-cell derived organoids containing multiple regions of the
nephron. Organoids can be grown from either ESC or iPSC. These cell models showed
the capability of recapitulate the architecture and function of most of the renal structures
[118, 120-124]. While these models display increased architectural and cellular
limit their utility in toxicology screening [118]. Another important developing model
is the Kidney-on-a-Chip Technology, for high-throughput drug NT screening and to
improve preclinical drug development [55].
Finally, to further improve this 3-D platform, a laminar flow can be easily implemented
during the cell culture settings, to determine a better micro-physiological model. PTEC
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in the in vivo situation, are always subjected to a laminar flow inducing a continuous
low shear stress which also induces cell polarization and barrier formation. A recent
study demonstrated an improved PTEC activity when a low shear-stress flow was
present during the culture settings. Moreover, an increased CDDP NT could also be
detected [20].
3.2.2 3-D bioprinting: the bioartificial tubules
Three-dimensional (3D) bioprinting is a technological approach for creating organotypic
constructs for high-throughput screening and regenerative medicine. The major
challenge is the lack of suitable bio-inks. Short synthetic self-assembling peptides are
ideal candidates. Several classes of peptides self-assemble into nanofibrous hydrogels
resembling the native extracellular matrix (ECM). This is a conducive microenvironment
for maintaining cell survival and physiological function. Many peptides possess tunable
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mechanical properties, which facilitates extrusion before dispensing and maintains
the shape fidelity of the printed construct in aqueous media. The biocompatibility and
biodegradability make them available for in vivo applications (e.g. transplantation and
drug delivery) and to perform disease modeling [125, 126].
Additionally, recent advances in the bioprinting gave the possibility to achieve some
rudiments of printed PT with an improved epithelial morphology and demonstrated to
be relevant drug screening models [57, 58]. More in details, this technology allowed the
bioprinted kidney tubules to be maintained for more than two months. Their convoluted
tubular architecture is circumscribed by PTECs and actively perfused through the open
lumen. These engineered 3-D PTECs on a chip show significantly enhanced epithelial
morphology and functional properties relative to the same cells grown on 2-D cultures
(with or without perfusion) and they are sensitive to cyclosporine A (CsA) [57] and
cisplatin (CDDP) [58] in a dose-dependent manner [57].
Moreover the bioprinted PTECs showed the expression of renal uptake and efflux
transporters; the polarized localization and function of P-glycoprotein (P-gp) and
sodium-glucose co-transporter-2 (SGLT2) [57]. Finally, the 3-D tissues also demonstrated
a fibrotic response to transforming growth factor (TGFα), as assessed by an increase in
gene expression associated with human fibrosis and histological verification of excess
ECM deposition [57]. Altogether, these results present how bioprinted 3-D PTECs can
serve as a nephrotoxicity and disease model, making them an important adjunct to
animal studies.
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SUMMARY
This thesis describes the characterization of two different three-dimensional (3D) renal
cell models for the development of a bioartificial kidney device and a drug screening
platform.
The kidneys are organs with a central role in homeostasis. Their principal function is
the excretion of the organic and inorganic wastes of metabolism and the reabsorption
of valuable nutrients. These functions are mediated by a range of transporters and
receptors localized in the proximal tubule epithelial cells (PTEC) containing segment.
These transporters cooperate in basolateral uptake and luminal excretion of xenobiotics,
as well as in the reabsorption of essential nutrients from the ultrafiltrate, thereby
contributing to body homeostasis.
Aging of the population in combination with increasing prevalences in diabetes and
hypertension lead to an ever-higher number of patients with kidney malfunction. This
can progress to chronic kidney disease (CKD) and eventually end stage renal disease
(ESRD). ESRD represents the final stage of CKD, in which the kidneys no longer
function well enough to meet the daily needs and, as a consequence, uremic toxins
(UTs) accumulate in the patients’ blood. The therapeutic approaches to reduce the
blood UT levels include dialysis – a procedure that helps eliminating excess salts and
inorganic chemicals from the body, partly mimicking the native organ’s function – and
transplantation of a donor organ. Because of the shortage in available donors and
the inefficiency of dialysis in fully recapitulating the kidney function, new therapeutic
strategies are needed.
In Chapter 1, an introduction on kidney anatomy and function, drug-induced kidney
injury, CKD and UTs is given. Further, the need for a bioartificial kidney (BAK) device,
based on the combination of the dialysis haemofilter and PTEC, is described. Moreover,
a brief overview on decellularization of native kidneys and their application as 3D
scaffolds for kidney tissue generation is presented. Finally, the outline of this thesis is
included.
The first aim of this thesis was to develop and characterize the functionality of an in
vitro BAK, in terms of UT removal. To reach this goal, in Chapter 2 we describe the
general topics to be taken care of in BAK engineering. More in details, the history of BAK
development, suitable cell lines (in mono or co-cultures) and biomaterials (uncoated
or coated) used, and functional requirements for BAK performance are described.
Moreover, a sight on the future of BAK engineering is mentioned.
Next, we developed the bioartificial kidney tubule as an in vitro platform that was
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validated by studying the protein-bound UTs, indoxyl sulfate (IS) and kynurenic acid
(KA), removal (Chapter 3). This novel tool, named bioengineered kidney tubules, is the
combination of polyethersulfone hollow fiber membranes (PES-HFM) with conditionally
immortalized proximal tubules epithelial cells (ciPTEC) overexpressing OAT1. The
bioengineered kidney tubules showed active secretion of IS and kynurenic acid KA,
stressing their potential to further develop into a functional up-scalable BAK device.
Moreover, an important discovery was the beneficial effect of human serum albumin
(HSA) on IS and KA clearance.
In Chapter 4, we further characterized the effect of HSA on IS transepithelial transport
using the bioengineered tubules, with attention given to the modified form of HSA
as present in CKD patients. In this chapter, we characterized the transport kinetics
of IS in free and bound fractions to either healthy- or CKD-HSA. CKD-HSA, with
its low binding and high affinity for IS, promoted a lower turnover of the free IS
fraction, accompanied with less IS secretion. Furthermore, bioengineered tubules
demonstrated active secretion of IS from plasma of healthy donors and of CKD
patients, demonstrating that, despite unfavorable binding kinetics, plasma can still
be cleared from UTs in patients.
In Chapter 5 we describe the first BAK upscaling attempt. In this respect, a threePES-HFM bioreactor with a total surface area of 4 cm2 was built and characterized.
Subsequently, ciPTEC were cultured in the upscaled devices and organic cation
transporter 2 (OCT2) function was determined. In the presence of cimetidine and a
UTs mixture, less ASP+, a well-known OCT2 fluorescent substrate, was taken up by

The second aim of this thesis was to use natural scaffolds instead of synthetic ones for
the development of a new 3D kidney model. Decellularized organs constitute a promising
field within regenerative medicine. These newly generated scaffolds can provide an
alternative to synthetic ones, as the native extracellular matrix (ECM) is expected to
guide tissue development in a physiologically relevant manner. Recellularizing these

Chapter

ciPTEC in agreement with active transport.
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native scaffolds with human cell sources can better recapitulate the in vivo situation.
Recellularized native scaffolds represent novel expedients for organ transplantation,
drug screening and disease model platforms. Chapter 6 reports an overview of the
decellularization, sterilization and recellularization methods published. Moreover,
attention was given to the power of such 3D culture platform and its possible applications.
The proximal tubule is often a main target of drug-induced kidney injury as this segment
plays a crucial role in the renal handling of endo- and xenobiotics. Hence, early detection
of drugs adverse effects is important to prevent progression to ESRD. In Chapter 7,
the novel platform was applied in nephrotoxicity testing by culturing ciPTEC-OAT1 on
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decellularized native kidney scaffolds from rats and compared to standard 2D ciPTECOAT1 cultures. To validate the platform, three different nephrotoxicants were studied:
cisplatin (CDDP), tenofovir (TFV) and cyclosporin A (CsA). The 3D model demonstrated
increased sensitivity to CDDP and TFV toxicity, related to improved physiology of the
platform.
In Chapter 8, the main achievements of BAK research are discussed. Moreover, the
upscaling of a BAK device, an overview on the wearable BAK research, immunosafety
aspects and alternative ways for protein-bound UTs removal are reported. Additionally,
a general discussion on recellularization of native kidney scaffolds research is
presented. Consecutively, pitfalls and hurdles are also reported, such as the lack of
vascularization within the newly generated scaffolds and recellularization strategies
efficacy. In conclusion, some future perspectives are highlighted, for example how
to use computational modeling to predict UTs removal, as well as other relevant
drug screening platform technologies, such as organs on a chip technology and 3-D
bioprinting of kidney tubules.
Altogether, this work shows two ways of developing 3D renal cell models to study
kidney physiology, pharmacology and pathology, and providing novel solutions within
the regenerative nephrology field.
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NEDERLANDSE SAMENVATTING
Dit proefschrift beschrijft de ontwikkeling van twee verschillende drie-dimensionale
(3D) niercelmodellen voor toepassing in een biologische kunstnier en als platform voor
toxiciteitstesten van medicijnen.
De nieren spelen een belangrijke rol in het handhaven van velerlei processen in het
menselijk lichaam. Een van de belangrijke functies van de nier is het verwijderen
van afvalstoffen uit het bloed die vervolgens worden afgevoerd via de urine, en het
resorberen van essentiële stoffen, zoals glucose, om vervolgens weer opgenomen te
kunnen worden in de circulatie. Deze processen worden in de nier uitgevoerd door
energie-afhankelijke transporteiwitten en receptoren in de proximale tubulus . De nauwe
samenwerking tussen deze processen draagt uiteindelijk bij aan een goed gebalanceerd
intern milieu van het lichaam.
De vergrijzing van de samenleving in combinatie met een toename in patienten met
diabetes en/of hoge bloeddruk, draagt bij aan de stijging van patiënten met een
verminderde nierfunctie. Dit kan ontwikkelen tot chronisch nierfalen en vervolgens
mogelijk lijden tot een eindstadium nierfalen. Tijdens eindstadium nierfalen worden
er vrijwel geen afvalstoffen uitgescheiden, en deze zogenaamde uremische toxins
hopen vervolgens op in het bloed van de patiënt. Deze patiënten worden behandeld
met een nierfunctie-vervangende therapie. Een veel voorkomende behandelmethodes
is dialyse, waarbij zouten en anorganische stoffen uit het bloed worden verwijderd.
Echter dialyse vervangt slechts zo’n 20% van de totale nierfunctie en een groot deel van
effectieve wijze om nierfunctie te vervangen, echter geschikte organen zijn schaars.
Daarom is er behoefte aan nieuwe therapieën, zoals de biologische kunstnier waarmee

Chapter

de afvalstoffen wordt dus niet verwijderd. Een donororgaan is vooralsnog de meest

de nierfunctie (deels) kan worden vervangen.
In hoofdstuk 1 wordt een introductie gegeven over nieranatomie en -functie,
medicijnen-gerelateerd nierfalen, chronisch nierfalen en uremische toxines. Bovendien

9

wordt er ingegaan op andere methodes om nieuw nierweefsel mee te creëren, zoals
het decellulariseren van rattennieren waarna het achtergebleven skelet kan worden
gebruikt voor het opnieuw bekleden met menselijke niercellen. Hoofdstuk 1 sluit af met
een overzicht van de doelstellingen van dit proefschrift en het plan van aanpak.
Het doel van dit proefschrift is de ontwikkeling van een biologische kunstnier en het
bestuderen van de wijze waarop afvalstoffen kunnen worden verwijderd door dit
systeem in het laboratorium. In hoofdstuk 2 wordt een overzicht gegeven van de
eigenschappen die een biologische kunstnier moet hebben en welke stappen er genomen

203

517741-L-bw-fedecostante
Processed on: 30-3-2018

PDF page: 203

Summary, Nederlandse samenvatting, Sommario

zouden moeten worden om dit te bereiken. Hiertoe worden aspecten beschreven zoals
de verschillende typen niercelmodellen die er zijn, geschikte biomaterialen en de
functionele karakteristieken die een dergelijk systeem zou moeten hebben. Daarnaast
wordt de toekomstige ontwikkeling van een biologische kunstnier beschreven.
In hoofdstuk 3 staat de ontwikkeling van bioartificiële nierbuisjes en de validatie van
dit systeem in het laboratorium beschreven. Na optimalisatie van celhechting is het
transport van eiwitgebonden indoxylsulfaat en kynureninezuur door de nierbuisjes
bestudeerd. Deze nierbuisjes bestaan uit een holle buis gemaakt van polyethersulfone
(PES-HFM), waarop niercellen (ciPTEC) zijn gekweekt die een belangrijke transporter
voor de uitscheiding van eiwitgebonden afvalstoffen bezit, namelijk de organischaniontransporter 1. Naast de actieve uitscheiding van het eiwitgebonden indoxylsulfaat
en kynureninezuur door de nierbuisjes wordt ook de gunstige bijdrage van albumine aan
dit transport getoond. Door deze bevindingen is een belangrijke functionele eigenschap
voor de verdere ontwikkeling van een biologsiche kunstnier bevestigd.
In hoofdstuk 4 is het effect van albumine op indoxylsulfaat transport door de
nierbuisjes nader onderzocht. Hiervoor werd gebruik gemaakt van albumine afkomstig
van gezonde individuen en van nierpatiënten, waarbij het eiwit gemodificeerd is. Het
gebruik van albumine afkomstig van nierpatiënten, dat een lagere bindingscapaciteit
heeft voor indoxylsulfaat maar met een hogere affiniteit, resulteerde in minder
transport van indoxylsulfaat door de nierbuisjes in vergelijking met gezond albumine.
Daarnaast werd de verwijdering van indoxylsulfaat uit plasma afkomstig van gezonde
individuen en van nierpatiënten getest in de nierbuisjes. Hiermee werd bevestigd
dat plasma afkomstig van nierpatiënten leidt tot een verminderde uitscheiding van
indoxylsulfaat ten opzichte van gezond plasma, echter de nierbuisjes zijn nog altijd
wel in staat om indoxylsulfaat uit te scheiden. Deze bevindingen rechtvaardigt de
verdere ontwikkeling van een biologische kunstnier met deze nierbuisjes.
In hoofdstuk 5 staat de opschaling van het nierbuisje naar een bioreactor met meerdere
nierbuisjes beschreven. Hiertoe zijn drie PES-HFM buisjes in één bioreactor geplaatst,
dat een totale oppervlakte gaf van 4 cm2, waarna de membranen functioneel zijn
gekarakteriseerd. Vervolgens zijn niercellen in de bioreactor gekweekt en getest op
functie middels organisch-kationtransporter 2 (OCT2)-gemedieerde opname van een
modelstof. In de aanwezigheid van cimetidine, een geneesmiddel en bekend OCT2
substraat, en door een mengsel van kationische uremische afvalstoffen werd er
minder modelstof opgenomen in de nierbuisjes. Deze resultaten bevestigden actief
OCT2-gemedieerd transport in de bioreactor heeft plaatsgevonden.
Het tweede doel van dit proefschrift was de ontwikkeling van een biologisch
kweeksysteem in plaats van synthetische (PES) materialen voor de ontwikkeling
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van een 3D niermodel. Biologische membranen kunnen worden verkregen door het
decellulariseren van organen waarbij alle cellulaire componenten worden verwijderd
en slechts een skelet met een basaalmembraan en de bijhorende eiwitten overblijven.
Deze methode is een veelbelovende strategie voor regeneratieve geneeskunde en heeft
in de afgelopen jaren al de eerste positieve resultaten in de kliniek opgeleverd. De
achterliggende gedachte is dat wanneer deze gedecellulariseerde structuren opnieuw
gekweekt worden met menselijke cellen, de 3D structuur en de eiwitten aanwezig in
de basaalmembraan sturing geeft aan de maturatie van het weefsel. Deze wijze van
weefselontwikkeling is een veelbelovende strategie om in de toekomst de basis te
vormen voor orgaanontwikkeling dat geschikt is voor transplantatie, maar ook voor
het bestuderen van effecten van medicijnen op weefsel en het onderzoeken van
pathofysiologische processen. In hoofdstuk 6 wordt een overzicht gegeven van de
gebruikte methodes voor het de- en recelulariseren van organen. Daarnaast worden de
voor- en nadelen en toekomstige toepassingen van dit 3D platform beschreven.
De proximale tubulus van de nier is gevoelig voor medicijn-geïnduceerde toxiciteit
doordat dit niersegment verantwoordelijk is voor het verwijderen van veel afvalstoffen
en geneesmiddelen uit het bloed, en hiermee ook wordt blootgesteld aan hoge
concentraties van deze potentieel schadelijke stoffen. Vroege detectie van negatieve
effecten van medicijnen op de proximale tubulus draagt bij aan het voorkomen van
ernstige nierschade. In hoofdstuk 7 zijn de biologische, gedecellulariseerde membranen
gevalideerd als testplatform voor detectie van geneesmiddelentoxiciteit. Hiertoe
werden humane niercellen gekweekt op de gedecellulariseerde 3D structuren afkomstig
van rattennieren, en vergeleken met klassieke 2D kweken. Drie bekende niertoxische
zijn getest. In deze

studie werd aangetoond dat de 3D nierstructuren meer gevoelig zijn voor cisplatina en
tenofovir dan het 2D model, vermoedelijk omdat het 3D model de nierfysiologie beter
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medicijnen, te weten cisplatina, tenofovir en cyclosporine A,

weergeeft dan het 2D systeem.
In hoofdstuk 8 zijn de belangrijkste bevindingen van de ontwikkeling van een

9

biologische kunstnier en de toekomstperspectieven bediscussieerd, waaronder de
verdere opschaling van bioreactoren, de veiligheid van een dergelijk systeem in een
klinische toepassing en de ontwikkeling naar een draagbare kunstnier. Ook worden
alternatieve strategieën voor het verwijderen van eiwitgebonden afvalstoffen uit het
bloed nader toegelicht. Daarnaast staat het gebruik van gerecellulariseerde organen
c.q. niermembranen voor nieronderzoek bediscussieerd, en worden de uitdagingen van
dit platform verder besproken, zoals de afwezigheid van bloedvaatjes en de mate van
effectiviteit van recellularisatiestrategieën. Tenslotte worden de mogelijkheden voor
toekomstig nieronderzoek besproken, zoals het gebruik van computermodellen om
de mate van uitscheiding van afvalstoffen door een biologische kunstnier te kunnen
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voorspellen, andere relevante niertoxiciteitsplatformen, waaronder de ‘orgaan-op-eenchip’ technologie en het 3D bioprinten van nierbuisjes.
Algemeen kan worden geconcludeerd dat het onderzoek beschreven in dit proefschrift
heeft geleid tot twee strategieën om 3D niermodellen te ontwikkelen die geschikt zijn
voor het bestuderen van nierfysiologische, -farmacologische en -pathofysiologische
processen, en tevens toegepast kunnen worden in de regeneratieve nefrologie.
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SOMMARIO
Questa tesi descrive la caratterizzazione di due diversi modelli cellulari renali
tridimensionali per la creazione di un rene bioartificiale e di una piattaforma di analisi
farmacologica.
I reni sono organi con un ruolo centrale nell’omeostasi. La loro funzione principale è
quella di eliminare rifiuti organici e inorganici derivanti dal metabolismo e riassorbire
i nutrienti fondamentali. Queste funzioni sono mediate da vari trasportatori e recettori
localizzati nelle cellule del tubulo prossimale, che cooperano nel captare xenobiotici a
livello basolaterale e eliminarle a livello apicale. Inoltre, altri trasportatori e recettori
mediano il riassorbimento di nutrienti essenziali dall`ultrafiltrato, contribuendo cosi al
mantenimento dell`omeostasi.
La combinazione dell’invecchiamento della popolazione e l’incremento dell’incidenza
di diabete e ipertensione comportano a un aumento, ancora maggior di pazienti
con malfunzionamenti renali. Questo può evolvere in malattia renale cronica ed
eventualmente allo stadio finale di malattia renale. La malattia renale cronica significa
un progressivo declino della funzione renale, dove tossine uremiche si accumulano nel
sangue dei pazienti. La prima causa di morte per i pazienti con malattia renale cronica è la
malattia cardiovascolare. Lo stadio finale di malattia renale, che corrisponde allo stadio
finale della malattia renale cronica, è caratterizzato dal completo malfunzionamento
renale; il rene non incontra più le esigenze del paziente, di conseguenza, questi pazienti

Nel Capitolo 1, riporto un’introduzione sull’anatomia e funzione renale, danno renale
indotto da farmaci, malattia renale cronica e tossine uremiche. In aggiunta, riporto il
motivo per la necessita del rene bioartificiale, ossia la combinazione di un filtro per
dialisi con cellule del tubulo prossimale. Inoltre, presento un breve sommario su metodi
di decellularizzazione e la loro applicazione. Infine, ho incluso uno schema della tesi.

Chapter

hanno bisogno di una terapia di rimpiazzamento renale.
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Il primo scopo della mia tesi era quello di sviluppare e caratterizzare la funzione di
un rene bioartificiale in vitro, nello specifico nel validare la rimozione di tossine
uremiche. A tal scopo, nel Capitolo 2 abbiamo riportato le caratteristiche da tenere in
considerazione quando si parla di ingegneria del rene bioartificiale. Più in dettaglio, nel
capitolo vengono descritte la storia della nascita del rene bioartificiale, le linee cellulari
(in mono o co-cultura) e i biomateriali utilizzati a tal scopo. Inoltre, una prospettiva sul
futuro del rene bioartificiale verrà menzionata.
In seguito, abbiamo creato I tubuli renali bioartificiali, come una piattaforma in vitro per
la rimozione delle tossine uremiche, legate all’albumina, solfato di indossile (IS) e acido
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kinurenico (KA) (Capitolo 3). Questo innovativo strumento, il tubulo renale bioartificiale,
nasce dalla combinazione di membrane a forma di cilindro cavo in polieteresulfone
con cellule epiteliali del tubulo prossimale condizionalmente immortalizzate (ciPTEC),
che sovra esprimono OAT1. I tubuli renali bioartificiali hanno dimostrato un’attiva
secrezione di IS e KA, sottolineando il loro potenziale come approccio terapeutico.
Inoltre, una delle maggiori scoperte di questo capitolo fu l’incremento che l’albumina
esercita nella secrezione di IS e KA.
Nel Capitolo 4, abbiamo ulteriormente caratterizzato l’effetto che l’albumina ha
sul trasporto trans epiteliale di IS utilizzando i tubuli renali bioartificiali. In questi
esperimenti abbiamo considerato anche la tipologia di albumina, specifica dei pazienti
con malattia renale cronica, che resulta essere modificata a livello proteico. In questo
capitolo, abbiamo dimostrato le cinetiche di trasporto di IS nella forma libera o legata
alla albumina normale o modificata. Per riassumere, l’albumina normale e quella
modificata hanno diverse proprietà di legame nei confronti di IS. Questa differenza
permette un maggiore rilascio della forma di IS libera nel caso dell’albumina normale e.
di un minore rilascio nel caso dell’albumina modificata. Quindi, l’albumina modificata
possiede una bassa capacita di legame ma una alta affinità per l’IS, promuovendo un
minimo turnover verso la forma di IS libera e permettendo una minore eliminazione
della tossina. Infine, i tubuli renali bioartificiali sono stati perfusi con campioni di
plasma di controlli sani e pazienti con malattia renale cronica, dimostrando una attiva
secrezione di IS. Questo risultato ha incrementato l’applicabilità clinica di questa
piattaforma in vitro.
Nel Capitolo 5 abbiamo descritto il primo tentativo di upscaling del rene bioartificiale.
A questo scopo, abbiamo costruito e caratterizzato un bioreattore con tre fibre in
polieteresulfone avente una superfice totale di 4 cm2. Inseguito, abbiamo coltivato le
ciPTEC e studiato la funzione del trasportatore dei cationi organici di tipo 2 (OCT2).
Utilizzando la cimetidina, noto inibitore del OCT2, e un mix di tossine uremiche
cationiche, l’internalizzazione di ASP+, un noto substrato fluorescente di OCT2, nelle
ciPTEC, dimostrando la presenza di attività di OCT2. Questo studio era una prova per
avvicinarsi agli studi in vivo.
Il secondo scopo di questa tesi era quello di utilizzare questi scaffold naturali per
creare un nuovo modello cellulare renale. A questo scopo, abbiamo ottimizzato un
protocollo per la decellularizzazione di reni di ratto dal quale abbiamo ottenuto scaffold
da poter ricellularizzare con le ciPTEC. Il Capitolo 6 riporta un Sommario delle tecniche
di decellularizzazione, sterilizzazione e ricellularizzazione pubblicati. Inoltre, abbiano
dato importanza delle possibili applicazioni di questi nuovi modelli cellulari renali
tridimensionali.
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Il tubulo prossimale è il bersaglio principale vista la sua funzione nell’eliminazione di
endobiotici e xenobiotici. Nel Capitolo 7, gli scaffold ricellularizzati con le ciPTEC-OAT1
(3D) sono stati utilizzati per lo sviluppo di una piattaforma di analisi farmacologica. Per
effettuare test nefrotossici, confrontandola alle culture cellulari standard. Per validare
questa piattaforma abbiamo selezionato tre farmaci nefrotossici: cisplatino, tenofovir e
ciclosporina A. Il modello 3D ha dimostrato una maggiore sensibilità per i tre farmaci,
dovuto al miglioramento della fisiologia cellulare.
I principali risultati della ricerca sul rene bioartificiale sono riportati nel Capitolo
8. Inoltre, descrivo lo scale up del rene bioartificiale, la ricerca sul rene bioartificiale
portabile, aspetti di sicurezza immunitaria e metodiche alternative per la rimozione di
tossine uremiche. Ulteriormente, riporto una discussione generale della ricerca sulla
ricellularizzazione degli scaffold renali. Conseguentemente, riporto i limiti, come ad
esempio la mancanza di vascolarizzazione all’interno degli scaffold e l’efficacia delle
strategie di ricellularizzazione. Infine, illustro le prospettive future, ad esempio, come
usare modelli computazionali per prevedere la rimozione delle tossine uremiche, altre
piattaforme di analisi di farmaci, come organi su chip, tubuli renali stampati in 3D e una
prospettiva futura finale sul futuro del rene bioartificiale.
In conclusione, questa tesi presenta due metodi per sviluppare modelli renali 3D per
studiare la fisiologia, la farmacologia e le patologie renali, procurando nuove soluzioni

Chapter

nell’ambito della medicina rigenerativa del rene.
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