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Chapter 1

Introduction






Introduction

For safety determination of new drugs, animal studies are still required by the U.S. Food and Drug
Administration (FDA) prior to clinical trials on humans [1]. Also, the European Medicines Agency
(EMA) and the Japanese Pharmaceuticals and Medical Devices Agency (PMDA) require animal
studies before allowing the release of new drugs [2], [3]. However, the EMA recently published a
document which includes opportunities for alternatives [2] and since 2013 animal testing is not
allowed anymore in Europe in cosmetic products when known ingredients are used [4], [5]. The
fact that more than 80% of the drugs which were tested in animal models failed during clinical
trials in humans [6] supports the huge impetus to refine and replace animal testing, which is also
known as the 3Rs: Replace, Reduce and Refine. The goal of this endeavor is replacing animal
testing whenever possible, and reducing the number of animal tests. When strictly necessary,
refining animal tests in order to use a minimum amount of experiments and animals is desirable
[7]. The reasoning of using animals for drug testing goes back to the declaration of Helsinki 1964,
which recommends animal testing when appropriate and when the welfare of animals is
respected [8]. The benefits of animal testing are obvious: In animals, drugs can be tested in
complete organisms. In several other types of drug testing, such as in cell cultures dishes, testing
can only be performed on a single or on several cell types, depending on the culture-possibilities.
Animals possess functioning vascular networks which supply the tested organ(s) with nutrients
and oxygen. This also has the additional benefit of these vascular networks eliminating waste
products. An example of a combination between animal testing and human tissue is when
immunodeficient mice can be used for xenografting. Here, human tissue is implanted into an
animal model which then has the possibility to vascularize the tissue. These models are known as

patient-derived xenografts [9].

Nonetheless, considering the surprisingly huge number of clinical failures which could not have
been predicted by animal testing, alternatives need to be investigated as Human cells sometimes
respond quite differently to certain substances (medication or cosmetics) than animals cells [10].
Other important reasons why different testing possibilities should be considered are grounded in
ethics: not only because of compassion for the animals used for testing but also for humans who

participate in clinical trial studies and first patients that receive the new drug [11], [12].

For reducing animal testing primarily in the early stages of pre-clinical testing, 2D cell models have
already been used for years [13]. The problem with these 2D models is not difficult to grasp: Cells
are cultured on flat plastic or glass surfaces in an environment which does not resemble their
natural environment very accurately. In a living organism, cells are encapsulated by a complex
network of an extracellular matrix (ECM) in which they grow in close proximity to several other

cell types [14].



In this thesis, a 3D in vitro model of the kidney will be developed, which should be able to play a
big future role in not only the reduction and replacement of animal testing, but also to make
medical compound testing more predictable for humans and more cost efficient. The model
should be available for pharmaceutical, industry, and academic research to be utilized for
studying nephrotoxicity, compound excretion, drug-drug interaction studies, disease modeling,

and tests regarding the safety of cosmetics and chemicals.

The importance of the kidney during drug research

Kidney disease is a huge problem in our society which causes many deaths, mainly in hospitalized
patients. Each year worldwide around 1.7 million people die of acute kidney injury (AKI) [15]. AKI
is characterized as a rapid decrease of the kidney excretory function and urine production [16],
[17]. AKI is commonly diagnosed by measuring the concentration of serum urea and creatinine,
decreased urine output, or a combination of both to determine the glomerular filtration rate
(GFR) [16]. However, the serum creatinine concentration only changes after already half of the
GFR is gone, and often renal injury starts before GFR can be measured [16]. To overcome this
problem, new biomarkers, such as such as albumin and total protein, neutrophil gelatinase-
associated lipocalin (NGAL), and kidney injury molecule 1 (KIM-1), were discovered and are
already used for diagnosis. [15], [16]. The use of such markers will eventually lead to an early

treatment of AKI and will help to prevent severe cases [15]

AKl is mainly found in one of the four most important structures of the kidneys: the interstitium,
the renal blood vessel system, the glomeruli, or the tubules [17]. In this thesis we will focus on
the damage to the tubules which can be caused by two major factors: Drug-induced by exogenous

and endogenous compounds, and renal ischemia (loss of perfusion) [17].

Around 30% of applied drugs for multiple target conditions relinquish the body unchanged
through the kidneys [18] which are therefore vulnerable to (drug-induced) toxicity [19].
Approximately 20% of AKl is induced by drugs in community- and hospital-obtained occurrences.
This percentage increases rapidly to more than 60% for older patients [20].To decrease this high
rate of cases, compound studies of drug libraries as well as the interactions among drugs need to
be studied before a drug is approved to enter the market [21]. Until now only a fraction of
potentially nephrotoxic drug candidates are rejected because of nephrotoxicity in pre-clinical
studies [21], [22]. Reasons are diverse as the toxicity usually is a result of a combination of factors
which involve interaction of the organism with the drugs itself, drug metabolites, and drug—
protein conjugates [21]. Elimination of drugs in the kidney is mainly facilitated by membrane
transporters. When this pathway is restrained by improperly functioning transporters, drug-
transporter interaction, or by drug-drug interaction compounds can accumulate in the cell

cytoplasm leading to cellular and tubular damage [23], [24].

10



In other cases, AKI can be caused due to a comorbidity that disrupts renal perfusion, either
because of pre-renal hypoperfusion (e.g. heart failure, hemorrhage) or post-renal obstruction
(e.g. cancer, blood clot) [17], [25]. As a result of reduced renal perfusion, the kidney cells suffer
from cell damage. Renal ischemia/reperfusion injury (rIRl) initiates a cellular response leading to
cell damage, cell death, inflammation, and ultimately AKI [26] [27]. Therefore, assessment of the
possibilities of compounds which act in a protecting way during the event of AKI should not be

disregarded either.

The diversity of reasons causing AKI makes the requirements for future test platforms complex:
Models are needed which need to be predictive for humans, but which also should be available
in a high-throughput fashion to test this enormous number of compounds. Both of these
conditions require a deeper understanding of the mechanisms of how the kidneys function in
order to create a model that can predict the potential of drugs, or drug-drug combinations, to
induce AKI.

The kidney

The kidneys are two bean-shaped organs which are found on the left and right side in the
retroperitoneal space of the human body. They are responsible for filtering and cleaning the blood
from toxic metabolites like urea, uric acid, as well as from (metabolized) drugs. All these
compounds are eventually collected in the bladder and removed from the body as urine.
Furthermore, the kidneys are responsible for maintaining the homeostasis of the extracellular
fluid (pH, sodium, potassium, and calcium concentrations, osmotic pressure), for the regulation
of the fluid circulation, and for the production of hormones. The functional units of the kidneys
are called nephrons. Each kidney consists of around 1.2 million nephrons, of which each single
nephron is able to produce urine as its end product (fig. 1A). Blood capillaries are covered by the
Bowman’s capsule which is the beginning of the tubular system of the kidneys (fig. 1B). In the
glomerulus, blood is mainly filtered from blood cells and proteins by specialized cells called
podocytes. In the tubular system behind the glomerulus, further excretion of toxic compounds
from the interstitial fluid into the glomerular filtrate takes place. Also, reuptake of water, glucose,
nutrients, and electrolytes is a process which happens in the tubular system. These processes
make sure the filtrate is concentrated more and more into urine. The filtrate first enters the
proximal tubules, then the loop of Henle which is followed by the distal tubule before it flows into

the collecting duct and is excreted as urine.

The proximal tubules

Proximal tubules are the part of the nephron where drugs and metabolites are actively eliminated
from the body [30]. This pivotal role makes them of high importance during drug development.
The proximal tubules are represented by an polarized epithelial layer which functions as a passive

and active filter membrane (fig. 2 A).
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Figure 1: Anatomy of the Kidney, nephron, and transport function of the proximal tubule. A Sagittal
Cross section of one kidney. B Schematic of an individual nephron. The proximal tubule is positioned
directly behind the glomerulus. Both are located in the cortex, while the rest of the nephron is primarily
located in the medulla. Images adapted from [28)] and produced using templates provided by Servier
Medical Art [29].

The basal side of the proximal tubule attaches to the ECM via its basement membrane and the
apical side of the cells faces the tubular lumen. In the proximal tubules approximately 75% of salts
and water and up to 100% of organic solutes, such as glucose and amino acids, are reabsorbed.
To be able to facilitate this reabsorbing function the luminal surface is covered by a brush boarder
packed with microvilli, enlarging the surface in the range of 20-fold [31]. Each cell is endowed
with a single primary cilium, which has a sensory function, recognizing flow or mechanical
stimulation [32], [33] (fig. 2 A). The proximal tubule cells are connected to each other by tight

junctions which facilitate the barrier function of the proximal tubule layer [34].

The transport of most solutes is facilitated by transport proteins which are located on both the
apical and basal side of the proximal tubules [23]. These transporters are classified into two main
families: transporters of the solute carrier (SLC) family which use an electrochemical gradient and
transporters of the ATP binding cassette (ABC) family which are functioning by hydrolyzing ATP to
receive the energy needed [28], [37]. SLC transporters are capable of importing or exporting
substrates depending on concentration gradients, while most ABC transporters are mainly

responsible for the efflux.

12



A primary
glomerular filtrate cilium glomerular filtrate B
o 9 00 o0 o O

lumen
e %0 ® 5 O
\ \
‘ o o ]
Ig J 2 g ( It § l g /\4 Transcellular > g
o @0 - 9, ,YO — = o
@ 00 o o9 OO @ 3
P-gp BCRP  MRP  Mate SGLT2 / (./\)tigh( S o
2/4 1/2k - : = a4
(XD junctions = O =
tight = g
junctions C © 4 E m > =
receptor @ ol 2 aracellular @
mediated @ cat (] Q
endocytosis I E -
il ) Tight £
Gre 20 junctions

OAT1 OAT3 ocT2 GLUT2 ATPase
00 _o e (0O
) % - L
interstitial p ’ \I} IO: e
; o 'o
fluid ®s o Q Oo

Figure 2: Mechanisms of compound and fluid and transport between the proximal tubular lumen
with the glomerular filtrate and the interstitial space. A Via active processes, cells secrete anions
(blue) and cations (red) from the interstitial fluid into the cells and emit them out of the cells on the
apical side of the cells into the glomerular filtrate. Glucose (yellow) is reabsorbed from the glomerular
filtrate and released back into the interstitial fluid. Ligands (green) are reabsorbed by receptor
mediated endocytosis. Adapted from [28], [35]. B Transport mechanisms of the proximal tubule on
cellular level showing the difference of transcellular transport and paracellular transport. Adapted
from [36]. Figures are produced using templates provided by Servier Medical Art [29].

Reabsorption function of the proximal tubule

Glucose is the main energy supply of the human body. During the filtration of the blood via the
glomerulus, glucose is not removed and therefore available in the glomerular filtrate in the same
concentration as in the blood. However, almost all the glucose in the filtrate is reabsorbed by the
proximal tubules [38]. The proximal tubules therefore play a crucial role regulating the glucose
levels in the blood plasma. 90 % of glucose is taken up from the glomerular filtrate into the cell
cytoplasm via SLC transporters sodium-glucose transport protein (SGLT/ SLC5A) 2 and 10 % via
SGLT1 [38]. Studies using SGLT2 knock out mice show that even though SGLT2 plays a
predominant role in the uptake of glucose [39], [40] it seems that sodium-glucose transport
protein 1 (SGLT1) can serve as a partial substitute for SGLT2 [40]. Transport via SGLTs has to follow
a sodium (Na+) gradient while Na+ and glucose are co-transported across the apical cell
membrane [35]. The Na+ concentration gradient is restored via the sodium—potassium pump
(Na+/K+-ATPase) which maintains the Na+ and K+ gradient across the cell membrane while
hydrolyzing adenosine triphosphate (ATP) [41]. Transport across the basolateral membrane into
the interstitial space and the blood stream is facilitated by diffusion glucose transporter (GLUT/
SLC2A2) 2 [35] (fig. 2A).

Similar to the reabsorption pathway of glucose, amino acids, phosphate, citrate, and lactate are

transported by also using Na+ co-transporters of the SLC family to enter the proximal tubule cells
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and diffusion via passive transporters back into the bloodstream [42].Re-uptake of nutrients,
proteins such as carrier proteins like albumin, and other small bioactive molecules is facilitated
via receptor-mediated endocytosis through multi-ligand receptors cubilin and megalin, which are

expressed on the apical side of the proximal tubules [28], [43] (fig. 2A).

Reabsorption of water is facilitated via auquaporin-1, the most important water-transporting
protein in cell membranes of the kidney proximal tubule [44](fig. 2A). The extensive water
reabsorption leads to a high concentration of chloride (Cl) ions in the filtrate. Reabsorption is
facilitated by Cl-formate exchangers into the cells followed by diffusion back into the blood

stream, before the filtrate leaves the proximal tubule [44].

Renal clearance function

Next to the reabsorption function of the proximal tubules, substances are cleared from the body
into the urine. These include waste metabolites, endogenous and exogenous toxins, such as
drugs. The epithelial cell membrane of the proximal tubules functions as a selective barrier
between the interstitial fluid on the basal side of the cells and luminal fluid on the apical side. The
epithelial cells are connected to each other by tight junctions (fig. 2 A). There are two main
transport pathways: paracellular transport and transcellular transport (fig. 2 B). As the proximal
tubules are not completely leak tight [31], [34], fluids and solutes are not only transported via the
transcellular transport, but also paracellular [36] (fig. 2 B). Transcellular transport is mediated
across both the apical and basal membrane through the cellular cytoplasm. Most drugs and waste
metabolites are eliminated from the body into the pre-urine cells via transcellular transport. Influx
via the basal membrane into the cell cytoplasm and efflux into the glomerular filtrate is mediated
by different transport mechanisms. Downregulation or variations of the transport function of one
of these transport pathways can lead to either drug accumulation in the plasma or in the proximal
tubules itself, which makes the proximal tubule cells a target for drug-induced toxicity [30], [37],
[45], [46].

[28], [37]The most abundant influx transporters located on the basolateral membrane of the
proximal tubules are organic anion transporter 1 (OAT1/SLC22A6), organic anion transporter 3
(OAT3/SLC22A8), and organic cation transporter 2 (OCT2/SLC22A1) (fig. 2 A). Apical secretion into
the lumen is facilitated via the P-glycoprotein 1 (P-gp/ABCB1), breast cancer resistance protein
(BCRP/ABCG2), multidrug resistance-associated protein 2 (MRP 2/ABCC2) and 4 (MRP 4/ABCC4),
and multidrug and toxin extrusion protein 1 (MATE1/SLC47A1) and 2-k (Mate 2-k/SLC47A2) [28].
Influx of organic cation into the cells is generally facilitated via OCT2 and excreted via MATE1 and
MATE2k [28]. An example of such an organic cation is the well-known nephrotoxicant cisplatin.
The transport function for cisplatin of the MATEs is less potent then the transport function of
OCT2, resulting in an accumulation of cisplatin inside of the cells causing nephrotoxicity [23], [46].

Organic anions are typically transported into the cells by OAT1 and OAT3 followed by a release
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into the glomerular filtrate via P-gp, BCRP, or MRP2/4. An example of a drug which is eliminated
from the body via OAT1 and MRP4 is the antiviral drug tenofovir [47].

The characterization of a functional proximal tubule model

Before being able to perform advanced experiments on in vitro systems it is of high importance
that the cultures are phenotypically characterized. Throughout this thesis all developed models
were analyzed for the characteristics mentioned in the previous chapter using
immunofluorescent (IF) stainings. IF utilizes fluorescent-labeled antibodies in order to identify
specific target proteins (antigens) in biological tissue [48]. These antibodies can be then visualized
using a fluorescent microscope. For the visualization and correct localization of the primary cilia,
stainings were performed using an antibody against acetylated tubulin [49]. To detect the
microvilli of the epithelial cells an antibody against ezrin was used, as this protein is concentrated
in the microvilli [50]. Zonula occludens (Z0O)-1, also known as the tight junction protein [51], was
used to visualize the barrier formation of the tubules. Next to a visualization of the tight junctions
their functionality can be tested using assays which assess the barrier function of the cell layer. A
tight barrier formation of proximal tubule layers is important to be able to monitor the effect of
compounds on the barrier formation, but it is also crucial when the transport of compounds
across the cell layer is assessed. The barrier formations can for example be monitored by studying
a fluorescent labeled compound (e.g. a Fluorescein isothiocyanate (FITC) dextran) under the
microscope, which was added to the lumen of the tubule. If the dye does not leak through the
cell layer of the tubule, the cell barrier can be considered to be leak tight. A good barrier integrity
and correct polarization of the tubule is essential for assessing transport and directional toxicity
as it allows interrogation and exposure of the apical and basolateral sides independently from
one another [31]. Another possibility to assess the barrier function of the proximal tubule layers
is by measuring the TransEpithelial/Endothelial Electrical Resistance (TEER). Here, the tightness
of the barrier function of the cell layer is assessed by measuring the associated electrical
impedance [52]. In addition, assays which can be used to analyze an expected response of the
model to certain compound treatments need to be tested or evolved. This can for instance be
done using compounds which are known to trigger AKI or inhibit the transport function across the
cell barrier. Only when all these examinations are successful, the model can be used for the

investigation of a variety of compounds and eventually disease models can be developed.

High-throughput in vitro models of the proximal tubule - from 2D to 3D

Up to today the gold standard of in vitro models are 2D models, with and without a supporting
ECM. These 2D models can be cultured at a large scale in multi-well plates which offer up to 1536
separate identical cell cultures for drug testing. Cells are seeded in these plates and after a few
days compound screenings can be performed. This kind of upscaled tests offer important insights
in early drug discovery as well as predicting possible drug concentrations in further experiments.

However, these systems lack the complexity of the human body as cell monolayers are attached
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to (coated) surfaces with their basal side attached to the culture dish (fig. 3A). These models
clearly lack the third dimension on the basal side of the cells which, among others, receives all
reabsorbed water and glucose in the proximal tubules [53]. Moreover, the proximal tubules play
an important role in eliminating drugs into the luminal fluid on the apical side. Therefore, it is
crucial for these cultures to be grown in a way that they can be accessed from both the basal and
the apical sides. In the last years, a more complex in vitro system started to dominate the market:
the Transwell® system. Cells in these systems are grown on ECM-coated artificial porous
membranes, enabling access to the cell layer from the apical as well as from the basal side [54],
[55]. An example of such a culture system can be seen in figure 3B. In Transwell systems, up to 96
cultures can be grown in parallel. This is still a high number of replicates per plate, which means
that these systems can be used for high-throughput studies. However, models of proximal tubules
cultured on these devices lack the renal proximal tubule typical phenotype and behavior (e.g.
correct polarization or significant receptor-mediated transport) which is shown to be a deficiency

of shear stress the cells need to experience [56]-[58].

apical
Compartment
A with flow
apical
compartment
apical & basal . ) porous 1
e— | compartment membrane I%
S basal /.
compartment ECM and basal
ERNEREREAN compartment

Figure 3: From simple to complex: High-throughput culture systems for proximal tubule epithelial
cells based on a standard multiwell plate layout. A Typical 2D culture system in a standard multiwell
plate. A monolayer of epithelial cells is grown on a plastic surface of a culture dish. Medium supply is
offered from one side (top) only. Slightly more physiologically-relevant models provide a layer of
extracellular matrix (ECM) between the cells and the surface. Multiwell plates can offer up to 1536
separate culture chambers. B Transwell® system with up to 96 culture chambers. In a Transwell system,
cells are cultured in an insert on top of an ECM-coated porous membrane. This way of culturing enables
access to the basal as well as the apical side of the cell layer. C OrganoPlate® 2-lane system containing
96 culture chambers. The OrganoPlate is a newly developed system which enables the possibility to
culture epithelial cells against an ECM in a perfused, membrane- free 3D setting.

In 2013 the OrganoPlate® 2-lane (Figure 3C) was launched which enables parallel cultures of up
to 96 tissues to be grown in a membrane-free 3D environment with perfusion flow. This system
was a breakthrough for culturing endothelial vessels membrane free in a high-throughput fashion
against a collagen 1 gel [59]. Though the cells do grow layers against a freestanding ECM, this
system was not suitable for culturing proximal tubules, as it lacks the possibility to access the cell
layer growing against the ECM from the basal side of the cells. This access is particularly important

for the proximal tubules as they actively transport compounds via the cell membrane.
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Using microfluidic high-throughput systems for the culture of proximal tubules

In the last decade, a variety of 3D cultured models of proximal tubules has been developed. The
majority of these models is cultured in microfluidic channel structures on chip systems. These
microfluidic channels can be fabricated using different approaches. Jang et al. [57] for instance,
published a model of a kidney-on-a-chip device with cultured renal proximal tubule cells (RPTEC)
on a perfused porous polyester membrane microfabricated on a polydimethylsiloxane (PDMS)
chip. Fluid sampling can be performed from the apical chamber containing the RPTECs and the
adjacent basal chamber. Jang et al. compared their model directly with the Transwell system and
could conclude from the results that the presence of flow is crucial for a wide range of
physiological functions. Using a model of perfused hollow fibers made of ECM-coated
polyethersulfone, Jansen et al. [60] could demonstrate active transport via the OCT2 transporter
across the membrane. Homan et al. [56], as well as Weber et al. [58] both used a system where
cells from the proximal tubules were successfully grown against an interface of an ECM gel. What
all these systems have in common is that the lumen of the proximal tubules could be perfused
with exposure to shear stress, the cells were constantly supplied with nutrients and oxygen and
waste products were removed. All these models offer access to the basolateral side of the cell
membrane, which is of high importance for transport studies across the membrane or

independent exposures of the apical or basal cell membrane.

As was discussed in the previous subchapter, one important aspect which all these models lack is
the possibility to use these microfluidic systems in a high-throughput fashion similar to the
OrganoPlate 2-lane. The patterning of the channel structure on the OrganoPlate is not fixed but
can be modified, as long as the design allows access to the channels via the 384 top-well plates.
This offers the opportunity to develop different models. One of these models, which offered the
high throughput possibilities of the OrganoPlate 2-lane in combination with the possibility of
growing tubules with access to the apical and basal side of the cell barrier was the OrganoPlate®
3-lane system. The OrganoPlate 3-lane was developed and continuously improved during the
research of this thesis. This development can be also reviewed in more detail in the doctoral thesis
by S.J. Trietsch [61].

In short: the OrganoPlate 3-lane (figure 4A) comprises 40 chips (figure 4B) in one platform with a
microfluidic channel system that is embedded between two microscope-grade glass plates.
Access to this system is enabled via the wells of the top plate. These wells are also functioning as
reservoirs, which provide fresh medium and waste product dilution for the cultures in the
microfluidic system. For establishing 3D cultures in the chips, a liquefied ECM is added to the
middle channel (fig. 4 C). By microfluidic forces, the ECM is guided into the system and patterned
via meniscus pinning between the two phaseguides. After polymerization of the ECM, cells are

seeded to one of the adjacent channels and medium is added to all wells which are connected to
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the perfusion channels. By placing the plate on a rocker platform, perfusion flow through the

system is started by passive leveling of the medium (figure 4D).

A B

Top wells
- Culture
Vs apicl medium
—~\, compartment
with perfusion 0=
A == _ Microfluidic
ECM - channels

compartment

basal
compartment
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Figure 4: The OrganoPlate® 3-lane. A Bottom view on the modified bottom of the OrganoPlate 3-lane
system containing 40 microfluidic cell culture chips embedded in between two microscope grade glass
plates. Each single chip can be accessed from the top via the microtiter plate. BZoom in on one 3-lane
chip comprising the three channels in the center (green circle). C Artist impression of the center of the
OrganoPlate 3-lane. Channels are divided by small ridges called PhaseGuide (grey). After loading a gel
(light blue) in the middle channel, cells (red) are seeded to one of the adjacent channels. After cell
attachment, medium is perfused (indicated by white arrows) in both the lumen of the tube and the
second perfusion channel (light red). D Side cut view of the top wells connected by one of the
microfluidic channels. Perfusion of cell culture medium through the system is created by placing the
plate in an angle position on a rocker platform. This results in positioning the wells of the plate on
different heights enabling a gravity-driven flow though the channels.

Triggered by the perfusion, monolayers of the epithelial cells grow against the interface with the
ECM and the walls of the microfluidic channels until a confluent tubule is grown. These tubules
can be used for further experimental studies, including the assessment of the cell barrier against
the ECM.

In this thesis the use of the OrganoPlate 3-lane system for the culture of the proximal tubules is
described. The 3-lane system offers the possibility to grow proximal tubule cells against an ECM

gel. To mimic the tubulointerstitium of the kidney collagen type |, which is one of the most
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abundant proteins in the tubulointerstitium of the kidney [62], [63], was used. Cells were seeded
into the top channel of the OrganoPlate 3-lane and under bidirectional flow through the perfusion

channels confluent tubules were grown. Assays were performed from day 6 to day 10.

Scaling up of the model complexity to a higher physiological relevance: Cocultures of the
proximal tubule

The proximal tubules are only one part of the nephron; they are surrounded by a panel of other
cell types which also play a role in its function. They interact most closely with endothelial vessels
(peritubular capillaries, fig. 1B) which directly provide all compounds that need to be eliminated

into the urine via the proximal tubules.

There is a growing number of research papers that describe the importance of adding endothelial
cells to the proximal tubule monoculture models. The first papers which demonstrated the
benefits of culturing cells in cocultures were already published before 2000. Linas and Repine for
example could showed in 1999 [64] that the function of the proximal tubules is controlled by
endothelial cells. Aydin et al. demonstrated in 2007 [65] that the human microvascular
endothelial cell line HMEC-1 influences the behavior of the renal epithelial cell line HK-2 when
grown in a coculture separated by a filter membrane. They measured a significantly higher barrier
function of the epithelial cells. Tasnim and Zink in 2011 [66] published that essential transporters
of the proximal tubules got upregulated in primary renal proximal tubular cells when cocultured
with endothelial cells. Anion transporter OAT 1 showed relative expression levels of a fold change

of around 5 when cells were cultured in a coculture compared to the monoculture.

In the studies mentioned above endothelial cells and epithelial cells were cultured in the same
system. Mainly Transwell-like systems (fig. 3 B) were used with one cell type cultured on the
surface of the bottom compartment and the second cell type on the filter membrane of the top
compartment. These systems lacked at least one of two physiological relevant aspects: perfusion
flow on the apical sides of both membranes and the correct physical constellation with the basal

membranes of each of the structures facing each other.

A handful of systems, which combine both requirements for culturing renal epithelial tubules in

a coculture set up with endothelial tubules have been published in recent years (fig. 5).

Vedula et al. [67] developed a device which offers the possibility to culture two different cell types
in chambers separated by a polycarbonate membrane under perfusion flow (fig. 5 A). In their
device, interaction between both cell types is possible as the membrane is permeable for liquids
and solutes, which enables the reabsorption and the transport function across both cell barriers.
The membrane itself is topographically-patterned to facilitate tissue organization and function,

which they demonstrated by performing a glucose reabsorption study. Rayner et al. [68] (fig. 5 B)
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Figure 5: Microfluidic devices developed for culturing perfused cocultures of renal epithelial tubules and
endothelial cells. A Vedula et al. developed a device where the two perfused channels (green for RPTEC and
purple for the endothelial cells) are separated by a polycarbonate topographically-patterned membrane with
pore structure. [67] B Parallel channel networks of two separately perfused units embedded and separated by a
collagen gel only. In one of the two channel networks renal cortical cells were seeded, the other network was

utilized for endothelial cells [68]. C Proximal tubules (PTECs, green) and endothelial cells (GMECs, red) grown in

close proximity in a bioprinted ECM network with no artificial barriers present [69].

and Lin et al. [69] (fig. 5 C) used a similar approach to culture both epithelial and endothelial cells
in close proximity by patterning the tubules and vessels inside of an ECM network. Rayner et al.
used collagen whereas Lin et al. used a mixture of gelatin and fibrinogen. Both research groups
could show that the ECMs were permeable for albumin and glucose by performing successful
reabsorption studies. However, so far none of the introduced devices for cocultures can be used
in a high throughput fashion which would enable the possibilities to examine the toxicity of broad
concentration ranges and compound libraries. Remarkably, Rayner et al. could show that their
device is not only suitable for culturing cocultures, but they also already performed triple culture
experiments by incorporating pericytes embedded into the ECM [68]. This approach is already a
first interesting step in the direction of a complete nephron on a chip as the interstitial cells such
as fibroblasts, pericytes, or immune cells are expected to support the regeneration and function

of the renal epithelium [70].

Aim and outline of the thesis

Current pre-clinical studies assessing nephrotoxicity lack human-derived in vitro models which
accurately predict the response of the in vivo situation. The aim of the research described in this
thesis was to develop a physiologically relevant 3D in vitro model of the human renal proximal
tubule which combines its physiological complexity with a robust high-throughput organ-on-a-
chip system. This proximal-tubule-on-a-chip model should be able to mimic the in vivo situation
for a variety of applications, such as drug assessment in nephrotoxicity studies, drug-drug
interaction studies including drug transport studies, and the assessment of compounds which
protect against tubular damage. This thesis focused on the establishment and characterization of
such a model and relevant assays. The ultimate aim was to offer a tool for drug research and

development of novel medications that is accessible to academia and industry.
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In chapter 2 our aim was to develop a 3D perfused human proximal tubule model that can be
used for nephrotoxicity and renal transport assessment. We investigated whether renal proximal
tubule cells (RPTEC) can be cultured as tubular structures with correct polarization in the
OrganoPlate 3-lane. We elaborated on the need for shear stress, and how fluid flow rate and
induced shear stress in the microfluidic channels of the OrganoPlate can be calculated.
Furthermore we examined if the model can be used to evaluate the nephrotoxic effect of cisplatin,
a drug which is known to show a damaging effect on the proximal tubules in vivo as well as in
vitro. Moreover, our aim of this chapter was to show that the model can be used to study the
transport function of the proximal tubule. We demonstrated the transport function using two
different approaches: transport of compounds which are taken up into the cells, as well as
transepithelial transport assessment across the membrane. In this chapter, a model of the
proximal tubule was developed which can be used for drug screening studies and can serve as a

solid foundation for further model development of the proximal tubules.

The development of the proximal tubule model described in chapter 2 was part of the
Nephrotube challenge cracklT which was organized by the National Centre for the Replacement
Refinement & Reduction of Animals in Research (NC3Rs) [7] and sponsored by GSK, Pfizer, and
Roche. The aim of the challenge was to develop a high-throughput, 3D microfluidic platform
(Nephroscreen) for the detection of drug-induced nephrotoxicity [71]. In parallel with the work
described in chapter 2, Vriend et al. [72] developed a screening platform for drug transporter
interaction using their conditionally immortalized proximal tubule epithelial cells overexpressing
organic anion transporter 1 (ciPTEC-OAT1) seeded in the OrganoPlate. Suter-Dick et al. [73]
developed a method which combined the determination of miRNA and the usage of the
OrganoPlate system. The aim of chapter 3 was to develop an advanced proximal tubule on a chip
model combining different cell types and readout assays. This was achieved by a joint study of all
three research lines within the Nephroscreen to integrate all assays in one platform to study
nephrotoxicity induced by known and unknown drugs. Tubules grown in the OrganoPlate were
exposed to four model compounds and a panel of eight unknown compounds provided by the
sponsor consortium. Proximal tubules grown in the 3-lane system can be used for a complex drug

screening combining different cell types with a huge panel of different assays.

In chapter 4 the aim was to investigate whether in vivo observations can be replicated with our
model developed in chapter 2 and chapter 3. For the study, the effects of the two HIV-
medications Stribild and Genvoya on the proximal tubules of the kidney were analyzed. Both
drugs contain two different pro-drugs of the known nephrotoxicant tenofovir (Stribild, tenofovir
disoproxil (TDF) and Genvoya, tenofovir alafenamide (TAF)) in combination with the same
concentrations of Elvitegravir, Cobicistat, and Emtricitabine. In the recent years Stribild was
replaced by Genvoya as a result of a better side effect profile. Toxicity of the tenofovir variant

used in Genvoya was picked up at only physiologically irrelevant concentrations suggesting that
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our model is able to pick up the reduced nephrotoxic effect of TAF compared to TDF. Next, we
investigated whether our model is suitable to pick up cumulative toxicity when combining the
tenofovir variants with either Elvitegravir, Cobicistat, or Emtricitabine. Additive to super-additive
synergistic toxicity could be clearly shown for some combinations, whereas single dosages of each

of the compounds showed a lower toxicity.

After using a mono-culture model of proximal tubule cells in chapters 2 to 4 our aim in chapter 5
was to explore whether an endothelial vessel alongside the proximal tubule can be added to
investigate if AKI induced by ischemia can be studied on this co-culture model. The use of the
coculture as an acute kidney injury (AKI) model was characterized by an immunofluorescence
staining and validated by a nephrotoxicant study. Subsequently, the ischemic AKI model was
developed by exposing the coculture to different ischemic conditions. Two ischemic conditions
(condition 1: glucose-free basal medium, static, low oxygen and condition 2: glucose-free basal
medium, perfusion, low oxygen) were selected. A co-incubation with potential protective
compounds succeeded to show a significant protection against tubular damage after addition of
adenosine to the culture medium. This study led to a functional coculture of epithelial tubules
and endothelial vessels which can be used to study renoprotective compounds on an ischemic
induced AKI model.

In chapter 6 a general conclusion was given, including a summary of each of the chapters. Finally,
this was followed by an outlook on how to address future research on the culture of proximal

tubule in vitro models.
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Abstract

Proximal tubules in the kidney play a crucial role in reabsorbing and eliminating substrates from
the body into the urine, leading to high local concentrations of xenobiotics. This makes the
proximal tubule a major target for drug toxicity that needs to be evaluated during the drug
development process. Here, we describe an advanced in vitro model consisting of fully polarized
renal proximal tubular epithelial cells cultured in a microfluidic system. Up to forty leak-tight
tubules were cultured on this platform, that provides access to the basolateral as well as the apical
side of the epithelial cells. Exposure to the nephrotoxicant cisplatin caused a dose-dependent
disruption of the epithelial barrier, a decrease in viability, an increase in effluent LDH activity, and
changes in expression of tight-junction marker zona-occludence 1, actin and DNA-damage marker
H2A.X, as detected by immunostaining. Activity and inhibition of the efflux pumps P-glycoprotein
(P-gp) and multidrug resistance protein (MRP) were demonstrated using fluorescence-based
transporter assays. In addition, the transepithelial transport function from the basolateral to the
apical side of the proximal tubule was studied. The apparent permeability of the fluorescent P-gp
substrate rhodamine 123 was decreased by 35% by co-incubation with cyclosporin A.
Furthermore, the activity of the glucose transporter SGLT2 was demonstrated using the
fluorescent glucose analog 6-NBDG which was sensitive to inhibition by phlorizin. Our results
demonstrate that we developed a functional 3D perfused proximal tubule model with advanced

renal epithelial characteristics that can be used for drug screening studies.

Introduction

Renal proximal tubules play a crucial role in reabsorbing salt, water, and organic solutes such as
glucose from the glomerular filtrate as well as eliminating endogenous and exogenous waste
products from the body [1]. The transepithelial transport of substrates and the concentration of

xenobiotics in the tubular lumen make the proximal tubule a target for drug-induced toxicity [2].

Currently, preclinical assessment of nephrotoxicity is mainly performed in animal studies.
However, due to ethical concerns and the limited translatability of these models to the human
situation, in vitro modelling is rapidly becoming important for studying solute transport, drug-
induced toxicity and disease-related kidney failure [3]. Current-day in vitro models typically
comprise human renal proximal tubule cells (RPTECs) grown on a permeable membrane support.
But, these systems often lack elements such as flow or embedding in an extracellular matrix (ECM)
structure and are not compatible with image-based readouts. Moreover, the permeable support

membrane is a crucial barrier influencing both transport parameters and physiology of cells.

In recent years, the use of microfluidics has gained significant interest for building human tissue
models of enhanced physiological relevance. These techniques, popularly referred to as Organ-

on-a-Chip, add flow to cell culture systems, enable gradient formation, facilitate a 3D architecture
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of tissues, allow engineering of tissue complexity through layered co-cultures, and are typically
compatible with ECM-embedded cultures. Various model systems for the renal proximal tubule
have been reported over the past few years [4]—[7]. Although they represent powerful examples
of the added value of microfluidics to the realm of in vitro kidney modelling, these chips are largely
prototypes, yield single data points per chip, require external tube and pump connections for each

chip and are typically constructed of materials that absorb hydrophobic compounds [8].

The current challenge is to implement these prototypes into platforms combined with protocols
and assays for routine use in an end-user environment [9], [10]. Robust cell culture protocols are
needed that can be performed in parallel in order to test dilution series, including several
replicates and appropriate controls. Furthermore, the platform needs to be compatible with a
range of assays that are typically used in an in vitro environment, including fluorescence-based
methods, immunohistochemical staining, barrier integrity monitoring, transport studies, viability
assays, gRT-PCR, ELISA’s and many others. Last but not least, operation of the platform should
straightforward to the level that expert microfluidic skills are not required for end-users.
Therefore, the organ-on-a-chip platform needs to be compatible with standard lab equipment
such as pipets, (confocal) microscopes, plate readers, and other microwell-plate compatible

equipment.

In this research, we used the OrganoPlate [11], a microtiter-plate based microfluidic chip platform
enabling forty tissues per plate. A proximal tubule-on-a-chip was modeled with renal proximal

tubule epithelial cells [12] (RPTEC, SAK 7 clone) grown as perfused tubules against an ECM.

The cells used for this study were developed and characterized by Li et al [12] and showed similar
expression levels of several uptake and efflux transporters when compared to human primary
proximal tubule cells. The RPTEC line further showed improved uptake and efflux compared to
the HK-2 cell line, with a more sensitive detection of nephrotoxicants. Two of the efflux
transporters, P-glycoprotein (P-gp) and multidrug resistance-associated protein 4 (MRP4),
showed high levels of expression. Furthermore, the morphology of cell monolayers showed a

typical cobblestone structure which is important for tight barriers.

After optimization of growth conditions of RPTEC in the OrganoPlate, tubules were analyzed for
polarization of the epithelial layer by immunostaining, and barrier integrity through a live
fluorescent dye assay. Next, the platform was evaluated for its suitability in studying (trans-
epithelial) transport and drug-induced toxicity. The technology can be implemented in every basic
cell laboratory with standard laboratory equipment and can be assessed with multiplexed

readouts.
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Materials and methods

Cell culture

Renal proximal tubule epithelial cells (RPTEC, Kidney PTEC Control Cells, SA7K Clone, Sigma,
Germany, MTOX1030) were cultured on PureCol-coated (Advanced BioMetrix, 5005-B, diluted
with 1:30 in HBSS (Sigma H6648), 20 min incubation at 37 °C) T75 flasks in MEME alpha
Modification (Sigma, M4526) supplemented with RPTEC Complete Supplement (Sigma,
MTOXRCSUP), L-glutamine (1.87 mM, Sigma, G7513), Gentamicin (28 ug/ml, Sigma, G1397) and
Amphotericin B (14 ng/ml, Sigma, A2942). Cells were incubated in a humidified incubator (37 °, 5
% CO3), and every 2-3 days, medium was changed. At 90-100 % confluency, cells were washed
with HBSS (Sigma, H6648), detached with accutase (Sigma, A6964), pelleted (140 g, 5 minutes),

and used for seeding in the OrganoPlate. Cells for experiments were used up to passage 3.

OrganoPlate culture

For all experiments a three-lane OrganoPlate (Mimetas BV, 4003 400B) with a channel width of
400 um and a height of 220 um was used. 1.6 puL of extracellular matrix (ECM) gel composed of 4
mg/ml collagen 1 (AMSbio Cultrex 3D Collagen | Rat Tail, Cat. 3447-319 020-01), 100 mM HEPES
(Life Technologies, 15630) and 3.7 mg/mL NaHCOs (Sigma, 320 S5761) was injected into the
middle inlet (fig. 1a) of all 40 chips. After a polymerization time of 20 minutes, 20 puL HBSS was
added on top of the collagen 1 and the plate was incubated in a humified incubator at 37 °C over
night. After polymerization of the ECM, the plate could be also stored in a humified incubator (37
°C) for up to a week. RPTEC were detached and resuspended in medium at a concentration of 10
x 10° cells per mL. 2 pL of the cell suspension (20 x 103 cells) was injected into each top inlet,
followed by an addition of 50 pL medium to the same well. For control chips, 2 puL of medium was
injected into the top inlet instead of the cell suspension. Subsequently, the OrganoPlate was
placed for 5 hours at an angle of 70 degree into the incubator (37 °C, 5 % CO,, humidified). After
attachment of the cells 50 pL of medium was added to the top outlet, bottom inlet, bottom outlet
(fig. 1a), and HBSS on the gel was removed. The OrganoPlate was placed flat in an incubator on
an interval rocker platform (+/- 7 degree angle, 8 min interval) enabling a bidirectional flow
though the perfusion channels (See fig. 5S). At day 3 antibiotics (gentamycin and amphotericin B)
were removed from the medium. Medium was replaced every 2-3 days. 48-hour toxicant
exposures were started at day 6, all other experiments were performed at day 7, 8,9, or 10. To
show the effect of flow in the system an OrganoPlate was taken off the rocker platform from day
1 to day 4. At day 4 medium was refreshed and the plate was rocked again under same conditions

as the control experiments.
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Immunohistochemistry

RPTEC tubes were fixed by replacing the medium with 3.7 % formaldehyde (Sigma, 252549) in HBSS
(Sigma, 55037C) for 10 minutes. Tubules were washed with washing solution (4 % fetal bovine serum
(Gibco, 16140-071) in HBSS) and permeabilized (0.3 % Triton X-100 (Sigma, T8787) in HBSS) for 10
minutes. Next, cells were incubated for 45 minutes in blocking solution (2 % FBS, 2 % bovine serum
albumin (BSA) (Sigma, A2153), and 0.1 % Tween 20 (Sigma, P9416) in HBSS).
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Figure 1: Proximal tubule-on-a chip model in the 3-lane OrganoPlate platform. a Seeding RPTEC
against collagen 1: After loading collagen 1 into the middle channel cells were seeded in the adjacent
channel. By gravity cells are triggered to attach to the gel. After inducing flow RPTEC start growing a
perfused tubular structure. Dimensions of the channels are in um. b Phase contrast images at day O,
day 4, and day 6 after seeding of RPTEC. Images show that RPTEC form a tubular structure in the top
channel in 6 days. Scale bar = 200 um. c,d 3D reconstruction images of RPTEC tubules in the
OrganoPlate showing a view into the lumen of tubules (apical side). The magnification shows a single
z-slice of the cells growing against the ECM. Nuclei in blue. Scale bars = 30 um. ¢ Image of the tubule
showing the presence of cilia (acetylated tubulin, red) pointing into the direction of the lumen. The
confluent tubules express ZO-1 at the cell borders which confirms the tight junction formation between
neighboring epithelial (green). d Ezrin expression (red) on the apical side and ZO-1 (green) expression
at the cell borders of the tubules shows the correct polarization of the cells.

34



Hereafter cells were incubated with the primary antibodies, diluted in blocking solution, for 60
minutes at room temperature. Primary antibodies against Ms-a-ezrin (BD Biosciences, 610602,
1:200), Ms-a-acetylated tubulin (Sigma, T6793, 1:4000), Rb-a-Zonula occludens-1 (ZO-1) (Thermo
Fischer, 61-7300, 1:125, rabbit), Rb-a-Phospho-Histone (H2A.X) (Cell Signaling Technology, 97188,
1:200, rabbit), Mouse isotype (Life technologies, 86599), Rabbit isotype (Life technologies,
86199), were used. Subsequently, cells were washed 3 times with washing solution and then
incubated for 30 minutes at room temperature with secondary antibodies Gt-a-Ms IgG (H+L) Alexa
Fluor 555 (Life Technologies, A21422,1:250), Gt-a-Rb IgG (H+L) Alexa Fluor 488 (Life Technologies,
A32731, 1:250) diluted in blocking solution. After washing the tubules three times, nuclei were
stained with DraQ5 (Abcam, ab108410, 1:1000) or Nucblue fixed cell stain (Life Technologies,
R37606, 2 drops/mL) or Actin red (Life Technologies, R37112, 2 drops/mL) in the last washing
step. Fluorescent images for the 3D reconstructions were taken with the Leica SP5-Sted Confocal
Microscope. A z-stack of 220 um with 2 um between each image plane was imaged with Alexa
488, Alexa 555 and Alexa 647. Fluorescent images for the analysis of the protein expression after
a toxicant exposure were taken with the ImageXpress® Micro Confocal High-Content Imaging
System (Molecular Devices). A z-stack of 5 um between each image plane was imaged with for
DAPI, FITC, TRITC and Cy5 channels. A maximum projection was created for depicting the images

and a summary projection was used for quantifying the fluorescent intensity of the markers.

Barrier integrity assay

The barrier integrity assay (Bl assay) was performed by replacing the medium of the perfusion
channel with medium containing 0.5 mg/ml TRITC-dextran (4.4 kDa, Sigma, FD20S) and 0.5 mg/ml
FITC-dextran (155 kDa, Sigma, T1287). Next, the plate was imaged every two minutes for 12
minutes with the ImageXpress Micro XLS-C High Content Imaging System (Molecular Devices) at
37 °C. Leakage of the dyes from the apical side of the tube to the basal side into the ECM was
measured and the ratio between the basal and the apical was analyzed with Fiji [13]. The labeled
dextrans can be washed out after each measurement. The permeability of the membranes was
analyzed by measuring the amount of molecules which leaked though the membrane into the
adjacent gel lane over time. From these measurements the apparent permeability index (Papp:
initial flux of a compound through a membrane, normalized by membrane surface area and donor

concentration) was calculated by the following formula:

_ ACreceiver X Vryeceiver (Cm)

o =
pp At XAparrier XCdonor \ S

ACreceiver is the measured normalized intensity difference of the ECM to the donor channel (fig.
2b) (value of FLecm/ value of Flpers) at tomin and tiomin, Vreceiver is the volume of the measured region
in the ECM channel (fig. 2b, c; channel height x channel with x channel length = 220 um x 2304
pm x 204.8 um = 0.0001 cm?), At is the time difference tiomin-tomin = 10 minutes, Aparrier (0.0057 cm?
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) is the surface of the ECM interface with the medium channel, and Cyonor is the donor concertation

of the dextran dye (0.5 mg/mL).
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Figure 2: Barrier Integrity assay on tubular culture in the 3-lane OrganoPlate platform. a The barrier
integrity of the cell layer against the ECM was examined by perfusing the lumen of the tubule with
dextran dyes. In healthy, leak-tight tubules dyes remain in the lumen, whereas in leaky tubules the dye
enters the ECM channel. b The proportion of dye leaking through the tubule was monitored by
measuring the fluorescence of the leaking dye into the gel. The gel channel intensity (FLecw) was
normalized for the intensity of dye in the perfusion channel (Fiper). ¢ Vertical illustration of the dye in
the lumen of the tubule. Aparier is the area of the cell layer against the interface, Vieceiver (Vre) is the
volume of the ECM behind the barrier which receives the dye. d Fluorescent images of the 10 minutes
timepoint. Images were taken at day 1, day 3, and day 6 after seeding of RPTEC. At day 1 tubules did
not form a barrier yet, whereas at day 3 the barrier is already partially formed. From day 6 the barrier
is leak tight. e Apparent permeability (P.p) of the RPTEC tubules at different days. For all
measurements, the same chips were analyzed over time (n=4). Error bars represent the standard
deviation.

Cisplatin exposure

To determine the toxic effect of cisplatin on RPTEC tubules in the OrganoPlate medium of both
channels (apical and basal) was replaced at day 6 after seeding with TOX medium (MEME alpha
Modification (Sigma, M4526) supplemented with RPTEC Tox Supplement (Sigma, MTOXRTSUP),
L-glutamine (1.87 mM, Sigma, G7513)) in the presence of 0, 5, 15, 30, 90, 135, or 270 uM cisplatin
(Sigma, P4394, stock: 5 mM in 0.9 % NaCl (Sigma, S7653) in H20). After 48-hour incubation on the
rocker platform phase contrast images were taken and medium was sampled from the top

channel. Samples from in- and outlet were pooled and used for the LDH activity assay. Next, tubes
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were incubated with WST-8 to determine cell viability. The barrier integrity of the exposed tubules
was assessed consecutively of the WST-8 assay. After the exposures and viability measurements,
the tubules were fixed with formaldehyde and stained with H2A.X, actin and ZO-1.

Lactate Dehydrogenase Activity Assay

Lactate dehydrogenase (LDH) activity of the samples was determined using the Lactate
Dehydrogenase Activity Assay Kit (Sigma, MAKO066) according to manufacturer protocol. In short:
The medium of the top in- and top outlet was pooled and 2 pL was added in duplicate to a 384
well plate. In parallel a concentration curve of the NADH standard was added. Next, 18ulL LDH
Assay Buffer was added to all sample wells to bring to an initial volume of 20ul. After a short
centrifugation of the plate, 20ul Master Reaction Mix were added to each well and mixed on a
horizontal shaker in the plate reader. After one minute, the absorbance was measured at 450 nm.
While the plate was incubated it was measured every 2 minutes until the value of the most active
sample was higher than that of the highest standard (12.5 nmol/well). For the analysis the LDH
activity was determined using the following formula

B x Sample Dilution Factor

LDH activity =
activity (Reaction time) x V

Where B is the amount (nmole) of NADH generated between tinitial and tfinal, the reaction time is

tfinal — tinitial (in Minutes), and V is the sample volume (in mL) added to the well.

Cell viability (WST-8 assay)

The cell viability of the cells was determined using the Cell Counting Kit — 8 (Sigma, 96992). The
WST-8 solution was diluted 1:11 with TOX medium and added to the channels of the OrganoPlate
(30 pL in- and outlets). After 18 minutes on the rocker platform and a 2-minute flat incubation,
the absorbance in the top in- and outlets was measured with the Multiskan™ FC Microplate

Photometer (Thermo scientific) at 450 nm.

Calcein-AM efflux inhibition

Medium in all perfusion channels was replaced with 1 uM calcein-AM (Life technologies, C3099,
stock: 1 mM in DMSO) in KHH buffer (Krebs-Henseleit (Sigma, K3753) + 10 mM HEPES (Gibco,
15630) adjusted to pH 7.4) in the presence of 10 uM cyclosporin A (Sigma, 30024, stock: 5 mM in
DMSO), 500 uM Digoxin (Fluka, 4599, stock: 100 mM in DMSO), or 0.5% DMSO (Sigma, D8418,
vehicle control). After a 60 minutes incubation on the rocker platform chips were washed one
time with ice cold KHH buffer. In the next washing step Hoechst 33342 (2 drop/ml, Life
Technologies, R37605), 10 uM PSC833 (Sigma, SML0572, stock: 5 mM in DMSO), 10 uM Ko143
(Sigma, K2144, stock: 10 mM in DMSO), and 10 uM MK571 (Sigma, M7571, stock 10 mM in H,0)
were added to the washing solution and the plate was imaged with the ImageXpress® Micro

Confocal High-Content Imaging System.
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MRP2/4 efflux inhibition

Medium in all perfusion channels was replaced with 1.25 uM CMFDA (Molecular Probes, C7025,
stock: 2.5 mM in DMSO) in the presence of 0, 10, 20, and 30 uM MK571 (Sigma, M7571, stock 10
mM in H,0) in KHH buffer. After 30 minutes incubation on the rocker platform the chips were
washed one time with ice cold KHH buffer. In the next washing step Hoechst 33342 (2 drops/ml,
Life Technologies, R37605), 10 uM PSC833 (Sigma, SML0572, stock: 5 mM in DMSO), 10 uM Ko143
(Sigma, K2144, stock: 10 mM in DMSO), and 10 uM MK571 (Sigma, M7571) were added to the
washing solution and the plate was imaged with the ImageXpress® Micro Confocal High-Content

Imaging System.

6-NBDG influx inhibition

Medium in the apical channel (fig. 1) was replaced with OptiHBSS (1/3 Opti-MEM (Gibco, 11058-
021), 2/3 HBSS (Sigma, H6648)) containing 500 puM 6-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-
yl)amino)-6-Deoxyglucose (6-NBDG, Molecular Probes, N23106, lot 1704487, stock 10 mM in H,0)
and 0, 20, 100, or 500 puM Phlorizin (Sigma, P3449, stock 200 mM in Ethanol (JT Baker,
8025.2500PE)). All conditions contained 0.25% Ethanol as vehicle control. Medium in the basal
channel was replaced with 6-NBDG free medium, concentrations of phlorizin matched apical
channel concentrations. After a 30 minutes incubation on the rocker platform cells were washed
two times with ice cold OptiHBSS. In the second washing step Hoechst 33342 (2 drops/ml, Life
Technologies, R37605) was added to the washing solution and the plate was imaged with the

ImageXpress® Micro Confocal High-Content Imaging System.

Image acquisition and analysis of the transport experiments

For the in-cell transport assays plates were imaged with the ImageXpress® Micro Confocal High-
Content Imaging System. A z-stack of 220 um with 10 um between each image plane was imaged
with the FITC and the DAPI channel (fig. S1). The intensity of the FITC signal of the cells growing
against the ECM was analyzed with Fiji [13] and corrected for the background and cell number.

Treated chips were normalized against vehicle control.

Trans-epithelial transport assay

Medium in the apical channel was replaced with medium containing 20 uM cyclosporin A or 0.4%
DMSO. Medium in the basal channel was replaced with TOX medium containing 10 pM
Rhodamine 123 (Sigma, 83702, stock: 50 mM in Ethanol) together with 20 puM cyclosporin A or
0.4% DMSO. To determine the concentration of rhodamine 123 a concentration curve was added
to unused chips. Tubules were incubated for 5 hours on the rocker platform. After 3 hours and
after 5 hours rhodamine 123 concentration was measured by imaging the top inlets with the FITC
filter on the ImageXpress Micro XLS-C High Content Imaging Systems. The apparent permeability
(Papp) Was calculated by using the formula

__ ACreceiver X Vyeceiver (€M
Popp = —.
At XA XCqonor s
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Creceiver is the measured intensity difference in the top wells between tsn and tsp, Vieceiver is the
receiving volume in the reservoirs of the top inlets, t is the time difference tss-tsn = 2 hours, A is
the surface of the ECM interface with the medium channel, and Cgonor is the donor concertation
of 10 uM rhodamine 123.

Flow simulation and experimental verification

The platform described in this work uses a gravity-based perfusion system. The fluid flow rate and
induced shear stress in the microfluidic channels of the OrganoPlate was estimated using a
numerical model simulated in Python (Python Software Foundation, USA). This model calculates
the induced pressure difference between two volumes of fluid, which are present in two
microtiter plate wells that are connected by a microfluidic channel. The numerical model is
described in more detail in the supplementary information. To validate the numerical model the
gravity driven flow in the OrganoPlate, absorption was sequentially measured at 494 nm using a
Fluorescein solution (Sigma, 46960, 10 pg/ml in water). For the verification a 96032008
OrganoPlate (2-lane plate with 120 x 200 um, w x h channels) was used. The FITC solution was
added to the channel system with 50 pL in each in- and outlet. After tilting the plate at a set angle
the fluorescence of both wells was measured and compared with the associated simulated

volumes.

Statistics and data analysis

Images were analyzed using Fiji [13]. Data analysis was performed using Excel (Microsoft office
2016) and GraphPad Prism (GraphPad Software Inc., version 6.07). Error bars represent the
standard deviation. Data were analyzed using one- way ANOVA followed by a Dunnett multiple
comparison test which compares all treated chips to the control chips. Comparisons of two groups
were done using the t-test. A p-value of < 0.05 was considered to be significant. At least 3 technical

replicates per data point were obtained.

Results

Development of a proximal tubule-on-a-chip

The platform we used to develop perfused 3D proximal tubules was the 3-lane version of the
OrganoPlate (fig. 1a). The top part of this plate is a standard 384-well plate with a modified glass
bottom. In the bottom of the OrganoPlate, 40 microfluidic chips are embedded. One chip consists
of three 400-um-wide and 220-um-high channels separated by ridges, the phaseguides [14]. First,
an extracellular matrix (ECM) gel was loaded to the middle channel of the OrganoPlate. The
liguefied ECM entered the channels by capillary action and did not overflow to the adjacent
channel through meniscus pinning on the phaseguide. The ECM is free-standing, allowing
interrogation of the epithelial barrier function without interference of an artificial membrane. For
the seeding procedure, a single cell suspension of RPTEC was added to one of the adjacent

channels and cells could attach to the ECM by placing the plate on its side, in vertical position (fig.
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1a). After attachment of the cells, the plate was placed flat on a rocking platform. By positioning
the in- and outlets of one chip on different heights, liquid flow was induced through the channels
by leveling between the reservoirs (fig. S5a). Fluid flows are bidirectional and pulsatile. Flow
profiles have been simulated and experimentally verified (fig. S5b). The change in fluorescence
due to flow of FITC solution between wells showed a high correlation with the associated
simulated volumes. Results show that mean flow rates of 2.02 uL/min could be achieved with a

mean shear of 0.13 dyne/cm? (fig. S5 c,d).

The seeding and culture conditions for proximal tubules-on-a-chip based on RPTEC cells were
optimized by testing different settings for parameters, such as seeding density, ECM composition,
medium composition, and perfusion height and angle. Figure 1b shows optimal tube formation of
RPTEC over time. As seen in figure S3 the flow is crucial for the tubule formation. Without any
flow, tubule formation is not possible. In figure S4 the long-term viability of the RPTEC in the
OrganoPlate is depicted. RPTEC are stable in the OrganoPlate up to day 11. After this time period,
cells start invading the ECM which makes barrier dependent assays impossible. Therefore, it was

decided to perform all assays from day 6 to day 10.

Proximal Tubules-on-a-chip form polarized tight barriers

RPTEC tubules were cultured in the OrganoPlate for 7-10 days. As depicted in figure 1c, RPTEC
formed a tubular structure with cells lining the ECM (curved part of the tubule) and the walls of
the channel, thus having an open, perfused lumen. Confluent tubules formed tight-junctions as
visualized by the zona-occludence 1 tight junction (ZO-1) expression [15], and display primary cilia
visualized by acetylated tubulin staining [16]. A single cilium per cell was observed, located at the
apical side of the cell layer pointing towards the lumen of the tubule (fig. 1c,d). The tubules were
also stained for Ezrin [17] that was expressed on the luminal side of the tubule (fig. 1d). It is thus
confirmed that the tubes are polarized in a correct manner, with the lumen being the apical side
(corresponding to the pre-urine side in an in vivo situation) and the basal side being against the

extracellular matrix (corresponding to the blood side in and in vivo situation).

Subsequently, the integrity of the epithelial barrier was investigated. To this end, a fluorescently
labeled dextran was administered to the lumen of the tube. Leakage of the fluorescent dextran
from the perfusion channel into the gel compartment was monitored and quantified in order to
have a measure for the integrity of the epithelial cell monolayer (fig. 2a-c). To monitor the tubule
formation over several days, a higher molecular weight dextran (150 kDa FITC) and a lower
molecular weight dextran (4.4 kDa TRITC) were used and leakage was assessed at day 1, 3, and 6
days after seeding. At day 1, no barrier formation could be detected, whereas at day 3 the tubes
were partly leak-tight. At day 6, the tubules were fully leak-tight for both dyes (fig 2d). After
quantification of the signal at day 6, the calculated Pa.pp (apparent permeability) of the tubules
were 6 x 10 cm/s for the 4.4 kDa dextran and 2 x 10 cm/s for the 150 kDa dextran (fig. 2e). A

good barrier integrity of the tubule is crucial for assessing transport and directional toxicity as it
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allows interrogation and exposure of the apical and basolateral sides in independently from one

another.

The proximal tubule-on-a-chip allows nephrotoxicity assessment

Next, kidney tubules were assessed for toxicity response to cisplatin. Cisplatin is an anti-cancer
drug, which is used for the treatment of tumors of the lung, ovary, testicles, and head and neck
[18]. The main route of the excretion of cisplatin is via the proximal tubules, which leads to a
higher accumulation of the drug in the cells compared to other organs [19]. Kidney tubules were
exposed six days after seeding for 48 hours to cisplatin at concentrations ranging from 5 to 270
UM. The toxic effect of cisplatin on the proximal tubules was determined through multiplexing
several assays: phase contrast imaging, barrier integrity assessment, WST-8 viability
measurement, LDH release and immunohistochemical staining of tight junctions, DNA damage
and cytoskeleton integrity. The morphology of the tubules was analyzed by phase contrast
imaging and visually started to change at 270 uM cisplatin concentration, at lower concentrations
no significant differences were observed (fig. 3a). Cisplatin showed a dose-dependent disruption
of the barrier integrity of the tubes as determined by leakage of fluorescent dextran 4.4 kDa and
150 kDa (fig 3b,c) with a matching increase in calculated Papp for both the small and large dextran
(fig. 3d).

In addition to measuring the impairment of the barrier integrity of the tubules, the cell viability
was assessed using the live cell enzymatic activity WST-8 assay. A decrease in cell viability was
observed at cisplatin concentrations of 30 uM and higher, which was reduced to approximately
76% compared to the vehicle control at the highest concentration of 270 uM (fig. 3e). Consistent
with this, a significant increase in LDH (lactate dehydrogenase) release into the lumen was
detected at cisplatin concentrations of 30 uM and higher (fig. 3f). Immunohistochemical analysis
of the exposed tubules further confirmed the toxicity of cisplatin. At concentrations of 30 uM and
higher, cisplatin caused increased DNA-damage (detected by H2A. X DNA-damage marker staining
[20], Fig. 3g,h) and reduced expression of ZO-1 protein in the tight junctions (fig. 3g and 3j).

Changes in the actin cytoskeleton were observed from 5 uM onwards (fig. 3g,i).

Active substrate transport across the epithelial membrane
The kidneys play a crucial role in eliminating drugs and metabolic waste products through
excretion into the urine [21]. Many compounds require active transport by dedicated enzymes,

the efficiency of which can be compromised by different drugs [2], [22].

To study the transporter functionality of kidney tubules in the OrganoPlate, calcein-AM and
CMFDA were used to monitor P-gp and MRPs, respectively. These two transporters, that transport
substrates into the apical lumen, are from the ATP-binding cassette family of transporters. P-gp
mainly transports cationic as well as unconjugated xenobiotics whereas MRP is responsible for

removing conjugated compounds from the body [22], [23].
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Figure 3: Toxicant readouts after 48 hours cisplatin exposure. a visual break down of the tube after
48h treatment at highest concentrations. Scale bar = 100 um. b-c Perfusion of the lumen in the top
channel with a lower sized dextran dye of 4.4 kDa and a higher sized dextran dye of 150 kDa. From a
concentration of 90 uM the ECM behind the barrier is filled with dye, whereas at concentrations of 5
UM and 15 uM no difference compared to vehicle control can be seen. Scale bar = 200 um. d For
quantification of the barrier function the apparent permeability (Papp) was calculated. For both
dextran sizes a significant increase of the Papp could be detected from 90 uM (p<0.0001) compared to
vehicle control. e To quantify viability of the cells a WST-8 assay was used. WST-8 is reduced by the
cells to an orange formazan product which can be measured with an absorbance reader at 450 nm.
Viability was significantly reduced (p<0.0001) from 30 uM compared to vehicle control. f LDH activity
in the medium indicated the number of dead cells. The LDH assay detected, similar to the WST-8 assay
a significant effect of cisplatin from 30 uM (p<0.05). g Maximum projections or the Immunostaining
against H2A.X (DNA damage), actin (cytoskeleton) and ZO-1 (tight junction marker). Scale bar = 200
um. h-j Fluorescent intensity analysis of the summary projections of DNA damage marker H2A.X, actin
cytoskeleton marker, and tight junction marker ZO-1. The intensity of all three markers is corrected for
the background and nuclei count. Graphs show data of 3 chips per condition. Error bars represent the
standard deviation.
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Calcein-AM is a substrate for P-gp which is often used to assess the functionality of the transporter
[23]. Cell tracker reagent 5-chloromethylfluorescein diacetate (CMFDA) is a compound for the
MRP transporters [24]. Both compounds enter the cells passively and are converted inside of the
cells to the green fluorescent dyes calcein and GS-MF, respectively [23], [25]. Cyclosporin A is an
inhibitor of the P-gp transporter, whereas digoxin, which is a medication used to treat various
heart conditions, is a substrate for P-gp [2] (fig. 4a). MK571 is an inhibitor of the MRPs [2] (fig 4d).

To measure the influence of compounds on transport activity in the proximal tubule-on-a-chip we
set up fluorescent substrate-based activity assays (fig. S1). For the analysis of the uptake of
fluorescence inside of the cells lining the ECM, a z-stack of the tubule was imaged, and planes of
the desired area are selected (fig. S1e). After removal of the signal from out-of-focus cells, stacks

were compressed, and the signal was integrated (fig. S1f).
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Figure 4: Evaluation of P-gp, MRP and SLGT2 transporter activity in proximal tubule-on-a-chip. a
When the non-fluorescent calcein-AM enters the cell membrane esterases in the cytoplasm cleave the
acetoxymethyl (AM) ester group, which results in fluorescent calcein. Calcein-AM is pumped out of the
cell by the P-glycoprotein-transporter (P-gp). b Inhibition of calcein-AM efflux: RPTEC were incubated
for one hour with 1 uM calcein-AM # inhibitors. 10 uM cyclosporin A showed the highest inhibitory
effect followed by 500 uM digoxin. ¢ Z-Projections of representative images of the calcein-AM exposed
RPTEC area. A higher fluorescent signal could be observed in the presence of transport inhibitors. Scale
bar =200 um. d Similar to calcein-AM non-fluorescent CMFDA enters the cells passively. Inside the cells
CMFDA is transformed to fluorescent MRP substrate GS-MF. e Dose-dependent efflux inhibition of GS-
MF by MK571 resulted in a significant increase of fluorescent signal inside the cells. f Influx of
fluorescent glucose analog 6-NBDG is inhibited by phlorizin. 6-NBDG influx is mediated by the sodium
dependent SGLT2 transporter. g 6-NBDG influx into RPTEC was significantly inhibited by 500 uM
phlorizin and a dose dependent trend was observed when inhibited with 20 and 100 uM phlorizin. **:
p<0.01 ***: p<0.001 and ****: p<0.0001 one-way Anova with Dunnett's comparison test. Each of the
three graphs shows combined data of two independent experiments with 2-5 chips per condition. Error
bars represent the standard deviation.

As both dyes enter the cells passively, RPTEC tubules were exposed to the dyes as well as their
respective inhibitors from the apical as well as basal side. A 2.2 £ 0.1 or 1.5 £ 0.2 fold increase in
calcein accumulation was observed after co-incubation with cyclosporin A or digoxin,
respectively, confirming P-gp activity as both drugs competitively interact with the efflux pump
(fig. 4b-c). To monitor MRP-function, an efflux inhibitor cocktail of PSC833, MK571 and Ko143 was
used to avoid redundancy of other transporters [23]. A dose-dependent inhibition of GS-MF efflux
was observed upon increasing MK571 concentrations, as shown in Figure 4e, confirming MRP

activity.

In addition to the efflux transporters, the glucose uptake by the sodium-glucose linked transporter
SGLT2 [26], [27] was evaluated using the fluorescent glucose analogue 6-NBDG [28]. SGLT2-
mediated influx from tubular lumen into the cells was sensitive to inhibition by the SGLT inhibitor

phlorizin [29] (fig. 4f-g). This confirms the presence and activity of the SGLT2 transporter.
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The proximal tubule-on-a-chip allows transepithelial transport assessment

To further examine the capability of transepithelial transport across the epithelium of the 3D
perfused proximal tubules, the flux of rhodaminel23 from the basolateral to the apical
compartment was assessed. Rhodamine123 is a substrate of P-gp and its transport was analyzed

in absence and presence of the transport inhibitor cyclosporin A [30].
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Figure 5: Transepithelial transport of rhodamine 123. a 10 uM rhodamine 123 was added solely to
the basal side of the tubule with or without 20 uM cyclosporin A present at both sides of the tube. b
After 3 and 5 hours images were taken from the inlets guiding to the lumen of the tubule (blue squares:
measured wells). The intensity above the glass bottom of the wells was measured (orange square: area
selection). To determine the concentration of rhodamine 123 in the top wells, spiked samples were
added to empty chips on the same plate and analyzed. The resulting concentrations were used to
calculate the Papp of the transport of rhodamine 123. ¢ Images of the top in- and outlets or the
OrganoPlate show the apical fluorescent signals after 5-hour incubation of rhodamine 123 on the basal
side of the tubule. A decreased fluorescent signal was observed after co-incubation with cyclosporin A,
as shown in the top inlets. -: without transport inhibition, +: with 20 uM cyclosporin A addition (apical
and basal). d A significant decrease in Papp was observed when adding rhodamine 123 together with
20 uM cyclosporin A. ****: p<0.0001. Data are combined from two independent experiments with 5-
9 chips per plate and per condition. Error bars represent the standard deviation.

The experimental set-up is shown in Figure 5a-b. Rhodamine123 was administered to the basal
perfusion channel and measured in the perfusion medium on the apical side. In order to have a
highest signal-to-noise ratio, the fluorescent signal was measured in apical-side in- and outlet,
where the liquid column was largest. Inhibition of transport by cyclosporine A reduced
fluorescence signal in the apical-side in- and outlets as shown by representative images in Figure
5c. It is known that cyclosporin A has a toxic effect on the kidney. Therefore, its effect on the
barrier integrity was assessed. It was found that a concentration of 20 uM cyclosporin A was
determined as safe as transport inhibitor, supported by the absence of an effect on barrier
integrity (fig. S2). The Papp of rhodamine123 changed from 3.4*10° + 0.1*10° cm/s without
inhibitor to 2.2*107° + 0.1*10° cm/s with cyclosporin A, indicating (inhibition of) active transport

(fig. 5d). This is a clear demonstration that transepithelial transport can be assessed in the system.
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Discussion & Outlook

We reported the development of a functional proximal tubule-on-a-chip model which can be
implemented for routine assessment of kidney toxicity and drug-drug interaction studies. The
OrganoPlate platform allows parallel culture and assessment of 40 independent kidney tubules.
This is important in toxicological studies or in compound testing as it allows for proper controls,
replica’s and dilutions series. Induction of flow is realized by passive leveling on an interval rocker
system, which is an easy to use alternative to complex pump solutions. Other than the rocking
platform, no further specialized lab equipment is needed. As the format of the platform is a
standard microtiter layout of a 384 well plate it is fully compatible with most readers, microscopes
and robot handling equipment. The platform is fully pipet operated and media changes as well as
reagent additions are non-invasive. Physiologically relevance of the system is enhanced by
culturing epithelial cells directly against an extracellular matrix mimic in a manner that is free of

artificial membranes, under application of perfusion flow and by mimicking the 3D morphology.

A critical aspect in the concept is the selective patterning of extracellular matrix in the chips. In
order to do this surface tension techniques have been employed that allow selective ECM priming
using pipetting means only. As a consequence thereof, only part of the tube is exposed to the
ECM (curved part).

This does not hamper the measurement results as the barrier and the rhodamine transport assay
exclusively consider the cell layer against the extracellular matrix. Other systems are known from
literature that have full ECM embedment [31], however, such systems come at the cost of
throughput and ease of handling, as it is impossible to create a lumen in an ECM gel with pipetting

steps only.

Similar choices were made with respect to the dimensions of the proximal tubule. In this study
the diameter of the tubules are 400 um, which is significantly larger than the in vivo proximal
tubules (approximately 60 um [32]). However, the choice for larger dimensions allowed a greater

sensitivity of assays, particularly those that are executed off chip.

We showed the multiplexing assays in a microfluidic format. The barrier integrity could be
monitored in real time by adding a reporter dye. In parallel cellular enzymatic activity (WST-8)
and LDH release could be measured. All three assays yielded a similar result to cisplatin exposure,
indicating the robustness of the model. Immunohistochemical staining was also used in a
multiplex manner for assessment of the effect of cisplatin on the tight junctions (ZO-1),
cytoskeleton (actin) and DNA damage (H2A.X). Although some showed higher sensitivity than the
live assays, the stains represent an end-point assay and require much more effort to execute
properly. Moreover, only a limited number of stains could be multiplexed in the same model,

requiring replica’s to be used for different analyses.
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The multiplexed live assays used for acute kidney toxicity detection here are compatible with
chronic toxicity assessments. For example the barrier integrity assays was previously used to
study 5-days exposure of gut tubules to toxicants [33]. Non-invasive assays are important to study
chronic effects of drugs that only exert negative effects after prolonged use. The proximal tubule
model developed here together with multiplexed assays and the possibility for repeated dosing

of the model allows for future longitudinal studies.

In this publication we used the microfluidic system for growing tubular structures. In addition to
that, other cell types can be embedded into the ECM. An example of functional 3D networks of
neurons and glia embedded in the ECM of one channel with an adjacent medium channel is shown
by Wevers et al. [34] and Lanz et al. studied the behavior of breast cancer cells grown in an ECM
[35]. The method of culturing cells embedded in the ECM can be easily combined with the model
presented here: instead of culturing the RPTEC against a pure ECM, supporting cells can be added
into the ECM. In addition to this the complexity of the model could be further increased by
growing an endothelial tubule in the basal-side perfusion channel. Ultimately, we aim to combine

endothelium, fibroblasts and podocytes to have a fully functional kidney-on-a-chip model.

We showed two different possibilities to monitor the transport of the proximal tubules. First, we
measured and analyzed the signal of compounds retained by the cells lining the ECM layer.
Second, we showed feasibility of transepithelial transport studies on the RPTEC containing tubules
using the fluorescent substrate, rhodamine123. Both types of experiments show clear transporter
functionality, whereas the latter is the most complex functional assay. We have not assessed
organic anion transporter (OAT) expression by the RPTEC used in this study, but 2D evaluation by
Suter-Dick [36] showed no response to Tenofovir, indicating absence of the OAT1 transporter.
This limits the use of the cell line for assessment of transport of organic ions. To compensate for
this, we also implemented a cell line over expressing the organic anion transporter 1 (ciPTEC,
[37]). In future work we will compare the performance of both cell models in response to a range

of blinded compounds.

For future studies, transport capabilities will be shown also for non-fluorescent substrates. To
achieve this goal, radiolabeled compounds or mass spectrometry can be used to analyze and
quantify transport. In this manner a much wider range of compounds and transporter
functionality can be investigated. These off-plate assays will require sampling of the perfusate
instead of the microscope-based read outs used here. The use of microfluidic chips requires
limited amounts of cells and medium, which is positive in the light of use of valuable materials
with restricted access. However, for certain analysis methods the small sample volumes could be
limiting. Detection of transported compounds will depend on the sensitivity of the analysis
method (e.g. mass spectrometry). Other off-plate analyses as e.g. gRT-PCR are feasible through
pooling of chip lysates. Such functional assays will be of great support for in vitro to in vivo

extrapolation.
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In summary we developed a user-friendly, functional kidney-on-a-chip model that can be used to
study the effect of compounds in 40 parallel cultured renal tubules. The tubules could be assessed
for barrier function by fluorescent imaging and multiplexed with a range of assays including
viability, LDH leakage and immunohistochemical staining. In addition, transporter activity was
shown by means of transport inhibition studies for both substrate uptake, as well as transcellular
transport. The functionality of the platform in combination with the ease of handling and decent
throughput makes this a useful platform for studying nephrotoxicity, compound excretion, drug-

drug interaction studies and disease mechanisms.
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Supplementary figure S1: Cellular transport assay. a Perfused tubules in the top channel of the
OrganoPlate. b Exposure of the tubule with a fluorescent compound either transported through influx
transporters into cells, or by efflux transporters out of cells. Both transport mechanisms can be
inhibited by specific inhibitors. b.1 Apical exposure with fluorescent compound from the apical side
(inside of the tubule). b.2 Basal exposure from the basal side of the tubule. c¢ Self-fluorescent
compounds need to be washed out of the ECM, whereas compounds which are only fluorescent in the
cells can be measured without washing. Compound retention in the cells is measured in the cells
against the ECM surface (red square). d Fluorescent image of a tube with a green fluorescent
compound retained in the cells. e Vertical illustration of the area imaged for the analysis. The black
stripes indicate the planes of the z-stack images. f Image analysis: z-stack of the tubule is acquired,
and the out of focus light is removed. Subsequently the stack is compressed, and the intensity of the
image is measured. After blocking the transport of the compound, the nuclei of the cells are stained
and the FITC signal is corrected for the nuclei count.
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Supplementary figure S2: Apparent permeability (Papp) after cyclosporin A exposure. RPTEC tubules
were exposed for 24 hours to 5 uM and 30 uM cyclosporin A. Both concentrations did not show a

significant increase of the Papp after exposure. Each error bar represents the standard deviation of 4-
5 chips.
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Supplementary figure S3: Importance of flow for tube formation. a Tubules were seeded and kept on
the rocker platform for 24h hours. From day 1 to day 4 no flow was applied. The plate was placed back
on the rocker platform from day 4 to 8. b Culturing the tubules without flow resulted in a lack of tubule
formation at day 4 compared to the standard condition with flow (see fig. 1b). After reintroduction of

flow the tube formation process recovered which resulted in a fully-grown tubule at day 8 (instead of
day 6 as shown in fig. 1b). Scalebars = 200 um.
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Supplementary figure S4: Stability of RPTEC tubules in the OrganoPlate. RPTEC tubules are stable up
to day 11. After this time period RPTEC start invading the ECM and the tubules are not leak tight
anymore. Therefore, experiments should be performed during day 6 and day 11.
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Supplementary figure S5: Validation of the hydraulic resistance. a Schematic of how the flow is
generated in the system. The OrganoPlate was placed in an incubator on an interval rocker platform
(+/- 7 degree angle, 8 min interval) enabling a bidirectional flow though the perfusion channels. By
placing one inlet to the microfluidic system higher than the other inlet gravity-based perfusion can take
place. When the liquid levels in connected wells the plate is tilted and the liquid flows into the opposite
direction. b Empirical validation of a numerical model of gravity drive flow in an OrganoPlate. Change
in fluorescence due to flow of FITC solution between wells in a 96032008 OrganoPlate (2-lane plate
with 120 x 200 um, w x h channels) (Solid line) showed high correlation with the associated simulated
volumes (dashed line). ¢ Sheer stress in the microfluidic channel over time simulated for the 3-lane
OrganoPlate with 400 um wide channels. d Simulated flow rate over time calculated for the
microfluidic channel of the 3-lane OrganoPlate with 400 um wide channels.

52



Supplementary Information

Flow rate and sheer stress

The platform described in this work uses a gravity-based perfusion system. When the liquid levels
in connected wells are level, no difference in potential energy exists between the two wells, since
the gravitational pull on the both volumes of fluid is identical, and no pressure difference exists

between the two wells (fig. S5 a).

By periodically tilting a well plate with microfluidically connected wells, a height difference is
imposed between the liquid levels in connected wells. The resulting pressure difference causes a

fluid flow and associated shear stress.

The fluid flow rate and induced shear stress in the microfluidic channels of the OrganoPlate can
be estimated using a numerical model simulated in Python (Python Software Foundation, USA).
This model calculates the induced pressure difference between two volumes of fluid, which are
present in two microtiter plate wells that are connected by a microfluidic channel. This pressure
difference induces a fluid flow, with a flow rate that depends on the hydrodynamic resistance of
the microfluidic channel and the fluid properties. This numerical model will be described in more

detail below.

When a microfluidic chip is fully seeded, the inlet and outlet well of the perfusion channel are
both filled with identical volume (50 pL). When the microtiter plate is levelled (0°) and both
volumes are equal, an equilibrium is present: the gravity-induced pressure of both volumes of
fluid is identical. The pressure, which is caused by the gravitational pull on a volume of fluid, is

calculated by:

mg pVg
P: —_—— h
n A - P8

In which pressure P (Pa) is calculated by dividing the weight of the fluid by the surface area of the
microfluidic well. The weight is calculated by multiplying mass m (kg) with the gravitational
constant g (9.81 m/s? or N-m?/kg?). Since m can be calculated by multiplying volume V (m3) with

fluid density p (kg/m?3), the pressure is calculated by pgh.

Now, the induced pressure of both volumes of fluid can be calculated. When the microtiter plate
is tilted under a certain angle (e.g. 7°), the induced pressure of both volumes is different, resulting
in a pressure difference. This difference results in the flow of fluid, whom flow rate can be

calculated by:
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In which flow rate Q (m3/s) is calculated by dividing the pressure difference AP (Pa) by the R

(kg/(m*s)). This resistance is calculated by:

12uL

Rn = h3(1 = 0.6300/w)

In which w is the width (m) of the microfluidic channel, h the height of the channel (m), u the fluid
dynamic viscosity (0.001 kg/(m:-s) or Pa-s), L the channel length (m) and R is the hydrodynamic
resistance (kg/(m*s))) of a channel with a rectangular cross-section (valid when h < w). This is
validated by sequentially measuring the absorption at 494 nm of a 10 ug/ml Fluorescein in water
(fig. S5 b). As the volume in the well changes over time, the absorption changes correspondingly.
Now, this flow rate can be used to calculate the shear stress, which is exerted on the cells in the

perfusion channel. This shear stress t (Pa) is calculated by:

.
T[] = —;l,?lgl]

The flow of liquid from one well to the other reduces the difference in liquid level height and thus
reduces pressure and flow rate. Numerical integration is used to approximate the flow and

resulting shear stress and flow rate over time (fig. S5 c,d) for the settings used in this research.
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Abstract

Proximal tubule epithelial cells (PTEC) are susceptible to drug-induced kidney injury (DIKI). Cell-
based, two-dimensional (2D) in vitro PTEC models are often poor predictors of DIKI, probably due
to the lack of physiological architecture and flow. Here, we assessed a high throughput, 3D
microfluidic platform (Nephroscreen) for the detection of DIKI in pharmaceutical development.
This system was established with four model nephrotoxic drugs (cisplatin, tenofovir, tobramycin
and cyclosporin A) and tested with eight pharmaceutical compounds. Measured parameters
included cell viability, release of lactate dehydrogenase (LDH) and N-acetyl-B-p-glucosaminidase
(NAG), barrier integrity, release of specific miRNAs, and gene expression of toxicity markers. Drug-
transporter interactions for P-gp and MRP2/4 were also determined. The most predictive read
outs for DIKI were a combination of cell viability, LDH and miRNA release. In conclusion,
Nephroscreen detected DIKI in a robust manner, is compatible with automated pipetting, proved
to be amenable to long-term experiments, and was easily transferred between laboratories. This
proof-of-concept-study demonstrated the usability and reproducibility of Nephroscreen for the
detection of DIKI and drug-transporter interactions. Nephroscreen it represents a valuable tool
towards replacing animal testing and supporting the 3Rs (Reduce, Refine and Replace animal

experimentation).

Introduction

Renal proximal tubules are susceptible to drug-induced kidney injury (DIKI) [1], which can be a
dose-limiting factor in pharmacotherapy and lead to kidney failure in patients. Up to 14—26% of
acute kidney injury cases are caused by DIKI [2], [3], [4]. This clinical observation is in stark
contrast to the low number of drug candidates, 2% of total, that fail in preclinical development
due to nephrotoxicity [5]. This disparity demonstrates the need for better clinically predictive
models for nephrotoxicity for use in discovery and early development. Screening-friendly, human-
relevant in Vitro test systems will also help replace animal studies in drug discovery and
contribute to the 3 Rs (Replacement, Reduction and Refinement of animal studies). One third of
drugs and drug candidates tested are (partially) excreted via the urine following dosing to humans
[6], [7]. Active secretion of xenobiotics in the kidney takes place mainly via the proximal tubule
epithelial cell (PTEC) of the nephron [8]. A polarized monolayer of PTECs, joined by characteristic
epithelial tight junctions, separates the vasculature on the basolateral side from the tubular fluid

on the apical side and regulates solutes and water by active transport mechanisms.

In recent years, three-dimensional (3D) microfluidic in Vitro models of PTECs, also referred to as
proximal tubule-on-a-chip, gained significant interest as predictive platforms for nephrotoxicity
in drug development [9]. Currently employed in vitro two-dimensional (2D) PTEC models lack
important in vivo characteristics, such as cell-extracellular matrix (ECM) interaction and fluid

shear stress (FSS), which limits their relevance and predictivity with regards to nephrotoxicity [1],
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[9], [10]. Renal proximal tubule-on-a-chip showed improved characteristics, such as increased
tight-junction formation (ZO-1 expression), and increased number of cilia and microvilli at the
apical membrane [11], [12]. Features like albumin uptake and increased P-glycoprotein (P-gp)
activity in renal proximal tubule-on-a-chip, and nephrotoxicity induced by cisplatin showed close

resemblance with in vivo observations [11], [12].

Implementation of renal proximal tubules-on-a-chip in large-scale nephrotoxicity screening is
limited due to the complexity and low throughput of most models, often consisting of one chip
connected to pumps to generate flow [11], [12]. Furthermore, most renal proximal tubules-on-a-
chip described lack basolateral and apical compartments or make use of a two-compartmental
model separated by cells cultured on a semi-permeable membrane ignoring cell-ECM interaction
[12]. Choice of renal cell source is another important factor in the proximal tubule-on-a-chip.
Although freshly isolated primary PTECs show more physiological characteristics in a
nephrotoxicity screening proximal tubule-on-a-chip model [13], availability of primary PTECs
limits the throughput of this model. Using immortalized renal PTECs would not only overcome

this problem but would also enhance reproducibility across different laboratories [13].

This study aimed to assess a high throughput, 3D-microfluidic platform (Nephroscreen) for the
detection of drug-induced nephrotoxicity: This platform was specifically designed to fulfill
requirements of pharmaceutical companies and promote alternative methods to animal testing
in support of the 3Rs. Nephroscreen was first challenged with four selected model human
nephrotoxic drugs (cisplatin, tenofovir, tobramycin and cyclosporin A) that affect the proximal
tubule. This was complemented with eight additional compounds provided by three
pharmaceutical companies for evaluation in a blinded manner. The data were generated at

several laboratories to ensure that the platform is robust and transferable.

In Nephroscreen we combined a microfluidics platform with suitable cell lines and appropriate
assays. An automatable, microfluidic plate consisting of multiple chips, the OrganoPlate, was
combined with renal PTEC cell lines, exposed to FSS induced through passive levelling by gravity
[14, [15], [16]. The chosen cells, conditionally immortalized PTEC overexpressing OAT1 (ciPTEC-
OAT1) or pseudo-immortalized renal PTEC (RPTEC), are able to establish a polarized epithelium
expressing functional transporters [15], [16]. The ciPTEC-OAT1 has been engineered to
overexpress OAT1, in addition to other transporters, such as P-gp and OCT2, expressed in the
parental ciPTEC line [17], [18]. Therefore, they are an ideal cell line to study the toxicity of
substances requiring transport into the cell via these transporters. RPTEC, on the other hand,
were chosen due to their performance in establishing leak-tight epithelial barriers. Thus, both
implemented cell lines show different, complementary strengths that were exploited by
measuring suitable endpoints: ciPTECs were utilized for cytotoxicity, biomarker, and transporter
activity measurements while RPTECs performed very well in functional assays such as barrier

function.
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Cellular damage was studied using various read-outs, such as enzymatic production of formazan
(WST-8 assay), indicator of cell viability and release of lactate dehydrogenase (LDH) and N-acetyl-
B-p-glucosaminidase (NAG), measures for membrane integrity. Molecular markers of cellular
stress included extracellular levels of specific miRNAs: mir34a, mir21, mirl92, and mir29a [14],
[15], as well as gene expression of heme oxygenase 1: HMOX1 and neutrophil gelatinase-
associated lipocalin: NGAL [19]. Functional parameters for the epithelial monolayer consisted of
barrier integrity testing as well as interactions with P-gp and multidrug resistance-associated
proteins 2 and 4 (MRP2/4) [15], [16].

This study was part of the NC3Rs (https://www.nc3rs.org.uk/) crackIT challenge Nephrotube,
launched to generate predictive, animal free-systems for the detection of nephrotoxicity. The
results showed the potential of the Nephroscreen for predictive, animal free-detection of

nephrotoxicity and drug-transporter interactions.

Materials and Methods

Experimental Workflow: Multi-laboratory Collaboration

The combination of assays described previously [14], [15], [16], used towards a functional
Nephroscreen, were performed in laboratories at the School of Life Sciences, University of Applied
Sciences Northwestern Switzerland in Muttenz, Switzerland (lab B), the department of
Pharmacology and Toxicology, Radboud University Medical Center, Nijmegen, The Netherlands
(lab N) and Mimetas, Leiden, The Netherlands (lab L). Transferability, robustness and
reproducibility of Nephroscreen was established by performing experimental procedures in the
three laboratories using two renal cell lines (ciPTEC and RPTEC). The experimental workflow is
depicted in Fig. 1. For cell viability assessment, tubules of both cell lines were cultured and then
exposed to nephrotoxicants for 24 or 48 h (lab L), Measurement of cell viability included
enzymatic production of formazan using WST-8 (Lab L), LDH release (lab N) and gene expression
of toxicity markers (lab L and N). In addition, RPTEC were tested for their barrier function (Lab L).
In lab N, the effect of the nephrotoxicants on the transporter functionality of P-gp and MRP2/4
was assessed in ciPTEC-OAT1. The release of selected miRNAs (mir-21, -29a, —34a and -192) and
secretion of the enzyme N-acetyl-B-p-glucosaminidase (NAG) in ciPTEC-OAT1 were measured in
lab B.

Cell Culture

CiPTEC-OAT1 cells (Cell4Pharma, Oss, NL) were cultured in T75 flasks in a 1:1 mixture of
Dulbecco's modified Eagle's medium and nutrient mixture F-12 without phenol red (DMEM-F12,
Gibco, ThermoFisher Scientific, Carlsbad, USA, 11039-021) supplemented with insulin-transferrin-
sodium selenite media supplement (Sigma-Aldrich, 11884, insulin 5 pg/mL; transferrin 5 ug/mL;
sodium selenite 5 ng/mL), 36 ng/mL hydrocortisone (Sigma-Aldrich, H0135), 10 ng/mL epidermal
growth factor (Sigma-Aldrich, E9644), 40 pg/mL 3-iodothyronine (Sigma-Aldrich, T5516),
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10% V/V fetal bovine serum (FBS, Gibco, 16140-071 or Greiner Bio-One, Alphen aan den Rijn, The
Netherlands, 758093), and 1% V/V penicillin/streptomycin (P/S, Sigma-Aldrich, P4333), referred

to as ciPTEC complete medium.
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Figure 1: Overview of the microfluidics platform, the cell culture, exposure, and read-out methods
performed on ciPTEC-OATI1 tubules and RPTEC tubules. (a) Image of the back side of the OrganoPlate
3-lane. The microfluid network is positioned in-between a glass sandwich of two microscope grade
glass plates which are attached to the bottom of a standard 384 titer well plate. Access to the
microfluidic system is facilitated via the top wells. One OrganoPlate comprises in total 40 chips as 8
“wells” compose one chip. Green arrows indicate the inlets used for compound dosing. (b) Schematic
of one chip presenting two perfusion channels and the extracellular matrix (ECM) channel in the
middle. Channels are divided by 55 um high ridges called PhaseGuide (grey bars) with act as pressure
barriers. (c) Artist impression of one chip. The chip was loaded with collagen 1 (blue) to the ECM
channel and proximal tubule cells (yellow) were seeded to the top channel. After cell attachment
medium was added to both perfusion channels and perfusion was started (indicated by white arrows).
(d) and (e) Flow charts indicating the culture of RPTEC and ciPTEC-OATI, respectively. Each cell line
was cultured following optimized conditions before exposure to compounds for 24 and 48 h. (d)
Readouts for RPTEC included lactate dehydrogenase (LDH)-release, cell viability assay using WST-8
assay, determination of barrier integrity (Bl) and collection of total RNA for quantitative PCR (qPCR).
(e) Readouts for ciPTEC-OAT1 included lactate dehydrogenase (LDH)-release, N-acetyl-8-d-
glucosaminidase (NAG) release, cell viability assay using WST-8 assay, determination of drug-
transporter efflux assay, collection of release RNA for miRNA determination, and collection of total
RNA for quantitative PCR (qPCR). Assays were performed and optimized in three laboratories and the
obtained results are colour coded: Lab B, orange, Lab L (green), Lab N (blue).

Cells were incubated in a humidified incubator (33 °C, 5% V/V CO,) and every 2-3 days ciPTEC

complete medium was changed. At 90-100% confluency cells were washed with HBSS (Sigma-
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Aldrich, H6648 or Gibco, 14025-100), detached with accutase (Sigma-Aldrich, A6964), pelleted
(200-300xg, 5 min), and used for passaging (10,000-20,000 cells/cm?) or for seeding in the

OrganoPlate. Cells were used for experiments between passage 52 and 65.

RPTEC cells (Kidney PTEC Control Cells, SA7K Clone, Sigma-Aldrich, Schnelldorf, Germany,
MTOX1030) were seeded in T75 cell culture flasks coated with PureCol (Advanced BioMetrix,
5005-B, diluted 1:30 in cold Hank's balanced salt solution (HBSS, Sigma-Aldrich, H6648), 20-min
incubation at 37 °C) in MEME alpha Modification (Sigma-Aldrich, M4526) supplemented with
RPTEC Complete Supplement (Sigma-Aldrich, MTOXRCSUP), t-glutamine (1.87 mM, Sigma-
Aldrich, G7513), Gentamicin (28 pg/mL, Sigma-Aldrich, G1397) and Amphotericin B (14 ng/mL,
Sigma-Aldrich, A2942), referred to as RPTEC complete medium. Cells were incubated in a
humidified incubator (37 °C, 5% V/v CO;) and every 2-3 days RPTEC complete medium was
changed. At 90-100% confluency cells were washed with HBSS, detached with accutase (Sigma-
Aldrich, A6964), pelleted (140xg, 5 min), and used for seeding in the OrganoPlate. Cells for

experiments were used up to passage 3.

OrganoPlate Culture

For all experiments, plates were seeded as described in our previous work [14, [15], [16]. Biefly,
a three-lane OrganoPlate (Mimetas BV, 4003 400B, Fig. 1) with a channel width of 400 um and a
height of 220 um was loaded with 1.6—2 uL of ECM gel composed of 4 mg/mL collagen | (AMSbio
Cultrex 3D Collagen | Rat Tail, 3447-020-01), 100 mM HEPES (Life Technologies, ThermoFisher
Scientific, 15630), and 3.7 mg/mL sodium bicarbonate (Sigma-Aldrich, 320 S5761) to the middle
inlet of all 40 chips. After polymerization of the ECM, HBSS was added on top of the collagen I and
the plate was incubated in a humidified incubator (37 °C, 5% V/v CO-) overnight. RPTEC or ciPTEC-
OAT1 were detached from culture flasks and resuspended at a concentration of 10 x 106 cells per
mL in RPTEC complete medium or 20 x 10° cells per mL in ciPTEC complete medium, respectively.
Of the cell suspension, 2 pL was injected into each top inlet, followed by an addition of 50 pL
medium to the same well. For control chips, no cell suspension was added. Subsequently, the
OrganoPlate was placed for 4 h at an angle of about 75° into a humidified incubator (37 °C,
5% V/Vv CO: for RPTEC or 33°, 5% V/Vv CO; for ciPTEC-OAT1). After attachment of the cells, which
was confirmed by light microscopy, 50 uL medium was added to the top outlet, bottom inlet and
bottom outlet. The OrganoPlate was placed flat in an incubator (37 °C, 5% V/v CO- for RPTEC or
33 °C, 5% V/v CO; for ciPTEC-OAT1) on an interval rocker platform ( +7° angle, 8 min interval)
enabling a bidirectional flow though the perfusion channels. At day 3, antibiotic free medium was
used to refresh the medium in the chips, and the ciPTEC-OAT1 plates were transferred to a
humidified incubator (37 °C, 5% V/V CO.).
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Compound Exposure

Cells were exposed for 24 or 48 h to four model nephrotoxicants and eight blinded compounds
following the general experimental design depicted inFig. 1. The selection of the test
concentrations was based on doses where toxicological effects were seenin vivoand on
preliminary cytotoxicity data in 2D obtained with ciPTEC-OAT1. Briefly, cells were seeded in 96-
well flat-bottom plates at 35000 cells/cm?, maintained until confluency, subsequently exposed for
24 or 48 h to a concentration range of each of the compounds diluted in ciPTEC complete medium
and viability was determined (WST-8 assay). For Nephroscreen testing, a low and a high toxicity
concentrations were selected. In absence of detectable toxicity, the two highest concentrations
were chosen (data not shown). Detailed solvent, dilutions, and culture conditions for each
substance are described in Table S1, while data on previous studies used for the determination of
potential test concentrations are listed in Table S2, together with relevant toxicity information
disclosed after data acquisition and analysis of data had been completed. For compounds R1 and
R2, additional experiments including more concentrations and additional time points were
performed in lab B. For R1, cells were exposed for 48 h and for R2, cells were exposed for 11 days,

with medium changes every 2—3 days.

Using a pipette, 50 uL of the model compounds (cisplatin, tenofovir, tobramycin and cyclosporin
A) or the eight blinded compounds (G1, G2 and G3; R1, R2 and R3; and P1 and P2) diluted in
medium were dosed via each of the 4 inlets guiding to the microfluidic channels (details in Fig. 1).
Medium from both the apical and basolateral perfusion channels was refreshed before exposure
to the nephrotoxicants. For RPTEC, the exposure was started at day 6 and dilutions of
nephrotoxicants were prepared in TOX medium (MEME alpha Modification (Sigma-Aldrich,
M4526) supplemented with RPTEC Tox Supplement (Sigma-Aldrich, MTOXRTSUP), t-glutamine
(1.87 mM, Sigma-Aldrich, G7513). For ciPTEC-OAT]1, cells were exposed on day 9 and dilutions of

nephrotoxicants were prepared in ciPTEC complete medium.

WST-8 Assay

Cell viability was determined using the Cell Counting Kit-8 (WST-8, Sigma-Aldrich, 96992) as
described previously [14, [15]. Briefly, the WST-8 solution was diluted with ciPTEC complete
medium or RPTEC TOX medium (ciPTEC-OAT1 or RPTEC respectively) and added to the channels
of the OrganoPlate. After 20-60 min, absorbance was measured at 450 nm with a Multiskan™ FC
Microplate Photometer (ThermoFisher Scientific) or with a Benchmark Plus microplate
spectrophotometer (Bio-Rad, Veenendaal, The Netherlands). Viability was expressed as % of the

control.

LDH Activity in Medium
LDH activity in the culture medium is a measure for membrane integrity. Medium was collected
on ice after compound exposure and stored at —80 °C until further processing. After thawing, LDH

activity was measured using an activity assay kit (Sigma-Aldrich, MAK066), following the
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manufacturer's protocol. In brief, 5 UL per sample was added to a flat bottom 96-well plate. In
addition, a calibration curve using a NADH (1.25 mM) standard was prepared. Assay buffer was
added to a final volume of 50 uL per well and then a master reaction mix was added per well
(1:1, v/v). After 3 min, absorbance was measured at 450 nm on a Benchmark Plus microplate
spectrophotometer (Bio-Rad) every 5 min until absorbance measured in a sample was higher than
the highest level of NADH in the calibration curve (12 nmol/well). Extracellular LDH activity was

expressed as mU/mL.

NAG Measurement in Medium

The levels of B-N-acetylglucosaminidase (NAG) in supernatant are a measure for membrane
integrity and are also used as a biomarker of kidney damage in vivo. They were determined using
the NAG-Assay Kit (BioVision, K733-100), following provider's instructions. Briefly, 30 uL of the
supernatant (cell culture medium) where adjusted to a volume of 70 uL with NAG assay buffer in
a 96-well plate. To this, 55 uL substrate where added and incubated for 30 min at 37 °C, followed
by the addition of 25 pL stop solution. After another 10 min at 37 °C, absorbance was measured
at 400 nm in a Flexstation 3 (Molecular Devices). Absorbance of a standard dilution series of pNP
(0-20 nmol of pNP/well) was measured in parallel and used for the calculations. Extracellular NAG

activity was calculated (mU/mL) and expressed as % of the control.

Barrier Integrity Assay

The barrier integrity assay was performed as previously published on RPTEC [15]. Briefly, the
medium of the perfusion channel (apical side of the cells) was replaced with RPTEC TOX medium
containing 0.5 mg/mL tetramethylrhodamine (TRITC)-dextran (4.4 kDa, Sigma-Aldrich, FD20S)
and 0.5 mg/mL fluorescein isothiocyanate (FITC)-dextran (150 kDa, Sigma-Aldrich, T1287).
Subsequently, plates were imaged with the ImageXpress Micro XLS-C High Content Imaging
System (Molecular Devices). Leakage of the dyes from the lumen (apical compartment) to the
basal compartment into the ECM was measured over time, and the ratio between the basal and
the apical compartment was analyzed with Image J version 1.51n [20]. From these measurements,
the apparent permeability index (Papp) was calculated as previously described [15], using the

following formula:

_ ACreceiver X Vryeceiver (Cm)

o =
pp At XAparrier XCdonor \ S

ACreceiver is the measured normalized intensity difference of the ECM to the donor channel (apical
compartment) at tomin and tiomin, Vreceiver is the volume of the measured region in the ECM channel
(0.0001 cm?), At is the time difference (10 min), Avarier is the surface of the ECM interface with the
medium channel (0.0057 cm?), and Caonoris the donor concertation of the dextran dyes
(0.5 mg/mL).
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Gene Expression of Toxicity and Nephrotoxicity Markers

Total intracellular RNA was isolated from cells harvested from perfusion channels in the
OrganoPlate using the RNeasy Micro Kit (Qiagen, Venlo, The Netherlands) as previously described
[16]. Complementary DNA (cDNA) was synthesized with Moloney Murine Leukemia Virus (M-
MLV, Promega, M1705) reverse transcriptase, according to the manufacturer's protocol. Gene
expression levels of heme oxygenase 1 (HMOX1) and neutrophil gelatinase-associated lipocalin
(NGAL), encoded by the lipocalin-2 (LCNZ2), were measured using quantitative PCR (gPCR)
with GADPH as reference. TagMan Universal PCR Master Mix (Life Technologies, 4304437) and
gene specific primer-probe sets (HMOX1: Hs01110250 mi, LCN2: Hs01008571 _m1l
and GAPDH: Hs99999905_m1) were purchased from Applied Biosystems (ThermoFisher
Scientific). The real-time PCR was carried out using a fluorometric thermal cycler (Qiagen, Rotor-
Gene Q 3000 or Celtic Diagnostics, Corbett research PCR Rotorgene 6000). The PCR program
consisted of 10 min of initial denaturation at 95 °C followed by 45 cycles of 15 s at 95 °Cand 1 min
at 60 °C. Fluorescence was detected at the end of each cycle at 510 nm (excitation 470 nm). Ct
values were determined using the second derivative method. For each sample, dCt was calculated
using Ct values of the gene of interest and the housekeeping gene (GAPDH). Treatment induced
differential gene expression was calculated using the -ddCts -(dCt treatment-dC tcontrol) and fold

changes as 274,

Detection of miRNAs in Medium

Total RNA was extracted from 80 pL supernatant using the miRNeasy® Serum/Plasma Kit (Qiagen,
217184) following the manufacturer's protocol. miRNAs were reverse-transcribed using the
TagMan® MicroRNA Reverse Transcription Kit (Applied Biosystems®, 4366596) and the miRNA-
specific stem-loop primers for the miRNAs-21, -34a,-29a and -192 (Applied Biosystems™,
TagMan microRNA Assays #002438, #000426, #002112, and #000491, respectively). The reaction
mix was prepared according to the manufacturer's instructions for a final reaction volume of 10 pL
with 3 pL RNA extract. The conditions for reverse transcription were set for 30 min at 16 °C
followed for 30 min at 42 °C and 5 min at 85 °C.

The real-time PCR was carried out using a fluorometric thermal cycler (Qiagen, Rotor-Gene Q 3000
or Celtic Diagnostics, Corbett research PCR Rotorgene 6000). The reaction mix contained
TagMan® Fast Advanced Master Mix 1x (Applied Biosystems™, 4444557), TagMan microRNA
Assay primer 1x (Applied Biosystems™) and 1.3 puL cDNA in a final reaction volume of 20 uL. The
PCRs were run at 95 °C for 20 s followed by 40 cycles of 1 s at 95 °Cand 20 s at 60 °C. All extracted
RNAs were analyzed in technical duplicates; Ct-values of these two measurements were averaged

and considered a single value.
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Drug Transporter Assays

Drug-transporter interactions with P-gp and MRP2/4 were studied in ciPTEC-OAT1 using calcein-
acetoxymethyl (calcein-AM, 2 uM, Life Technologies, C1430) and 5-chloromethylfluorescein
diacetate (CMFDA, 1.25 uM, Life Technologies, C7025), respectively [16], [21]. Both calcein-AM,
a P-gp substrate, and CMFDA are permeable to the cell membrane and are intracellularly
metabolized into calcein or glutathione-methylfluorescein (GS-MF), substrates for MRP2/4.
PSC833 (10 uM, Tocris, Bristol, UK, 4042/1) was used as model inhibitor for P-gp, included as
positive control for inhibition in each experiment. Transport of calcein and GS-MF is by MRP2/4,
P-gp and BCRP and therefore, a mixture of PSC833 (10 uM), MK571 (10 uM, Sigma-Aldrich,
M7571) and KO143 (10 uM, Sigma-Aldrich, K2144) was used to selectively inhibit efflux, again as
positive control [21]. Stocks of calcein-AM, CMFDA, PSC833 and KO143 were dissolved in DMSO
(Sigma-Aldrich, D5879), MK571 was dissolved in milli-Q water. Test compounds were dissolved as
described in Table S1. Work solutions were prepared in freshly-prepared Krebs-Henseleit buffer
(Sigma-Aldrich, K3753), supplemented with 10 mM HEPES (Sigma-Aldrich, H3375) at pH 7.4,
referred to as KHH. All conditions contained a final concentration of DMSO of 0.6% V/V. Perfusion
channels were washed with 50 pL in the medium-channel inlet and outlet and then perfused twice
with KHH. Cells were incubated with calcein-AM and CMFDA with or without the presence of
model inhibitors or nephrotoxicants at 37 °C for 1 h. Next, efflux was arrested using PSC833
(10 uM), MK571 (10 uM) and KO143 (10 uM) in cold (4 °C) KHH. Perfusion during washing and
incubation was ensured by adding 80 uL or 20 pL to the medium-channel inlet and outlet,

respectively.

Intracellular accumulation of calcein and GS-MF in ciPTEC-OAT1 in the OrganoPlate was
measured IN Situ on a spinning disk confocal Becton Dickinson (BD) Pathway 855 high-throughput
microscope (BD Bioscience, Breda, The Netherlands). A x 10 objective was used with excitation
and emission filters set at 488 nm and 520 nm, respectively. Subsequently, bright-field images of
each chip were acquired. Fluorescence intensity was determined at the ECM-medium interface in
Image J. Intensity per chip was then normalized to fluorescence measured in vehicle in same

experiment.

Data Analysis

Data are presented as mean % SD for at least three chips (n = 3-5) per condition, unless stated
otherwise. Statistics were performed using GraphPad Prism version 8 (San Diego, CA, USA). Data
was found to be significantly different compared to medium control or corresponding vehicle

if p < 0.05 using a one-way ANOVA followed by a Tukey's multi comparison post hoc test.
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Results

Robustness of the System

Cisplatin, tenofovir, cyclosporin A and tobramycin have previously been shown to cause mild to
severe cytotoxicity in confluent monolayers of ciPTEC-OAT1 in a 96-well plate [14]. In our work,
cell viability was measured upon a 48-h exposure to cisplatin (5 and 30 uM), tenofovir (15.6 and
1000 pM), cyclosporin A (5 and 30 uM), and tobramycin (7.5 and 15 mM) in ciPTEC-OAT1 in the
OrganoPlate at three different research sites. At the chosen concentrations, these
nephrotoxicants caused a significant reduction in cell viability (Fig. 2) and increased LDH release
for tobramycin and cyclosporin A at the highest concentrations tested (Figure S2). As depicted
in Fig. 2, we observed similar effects in viability of ciPTEC-OAT1 at all three laboratories, in line
with earlier findings reported by lab B [14]. The other PTEC line used in the Nephroscreen, RPTEC,
showed decreased viability, assessed with WST-8 and LDH-release, after exposure to tobramycin
only, thus appeared to be less sensitive than ciPTEC-OAT1 (Figure S2). ciPTEC-OAT1 exposed to
tenofovir in the compound screen showed a higher viability compared to the vehicle control when

exposed to the low concentration but a significant loss in viability at 1000 uM (Fig. 2).
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Figure 2: Side to side comparison of viability data received from the WST-8 assay. Data are from
three different labs, performed at FHNW (Lab B), Mimetas (lab L), or at department of Pharmacology
and Toxicology, Radboud University Medical Center (lab N). In each site, 1-3 independent experiments
with 2—6 replicates (chips) were analyzed. Abbreviations: CDDP, cisplatin; CSA, cyclosporin A; DMSO,
dimethyl sulfoxide; TBR, tobramycin;, TNV, tenofovir; WST-8, 2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt; VC, vehicle control. #: in lab L
slightly different concentrations for tenofovir were used, 15 uM instead 15.6 uM and 1215 uM instead
of 1000 uM. Statistically significant compared to corresponding vehicle: #p < 0.05, **p < 0.01.

Assessment of Cytotoxicity and Tubular Damage
Based on the data generated with the model nephrotoxicants, we performed experiments to
ascertain the potential nephrotoxicity of eight test substances. These compounds were provided

by the pharmaceutical companies GlaxoSmithKline (GSK), Roche and Pfizer in a blinded manner,
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referred to as unknown nephrotoxicants, and named as G1, G2 and G3 for compounds provided
by GSK, R1, R2 and R3 for compounds provided by Roche, and P1 and P2 for compounds provided
by Pfizer.

In a first step, cell viability in confluent monolayers of ciPTEC-OAT1 in 2D was assessed to
determine appropriate starting concentrations of the unknown nephrotoxicants in the
OrganoPlate (data not shown). Cytotoxicity parameters provided a consistent picture and showed
reduced cell viability (WST-8) and increased LDH release caused by five of the unknown
nephrotoxicants (G1, G3, R1, R3, P2) in both cell lines tested (Fig. 3a—h). NAG release was only
determined in ciPTEC-OAT1 and yielded concordant results (Fig. 3i and j). In general, toxicity was
more marked after 48 h than after 24 h exposure. Interestingly, G2 increased cellular production
of formazan in RPTECs, while R2 increased this production in ciPTEC-OAT1. The sensitivity of both

PTEC cell lines to the treatments was, however, comparable.

In addition to cytotoxicity measurements, the impact of treatments on the functionality of the
tubular epithelial layer (i.e. barrier integrity in RPTEC in the OrganoPlate) was determined by
assessing the apparent permeability to the low-molecular weight marker dextran-TRITC (4.4 kDa)
and high-molecular weight marker dextran-FITC (155 kDa). Impaired barrier function was
observed after exposure to tobramycin, and five test substances (G1, G3, R1, R3 and P2). The
latter were the same five compounds that caused a decrease in cell viability. The effects were

generally more marked after 48 h than after 24 h exposure (Fig. 4).

Drug-Transporter Interactions

Drug-transporter interaction with P-gp and MRP2/4 is another important feature that can result
in high intracellular concentrations in PTEC leading to renal toxicity of substances. Drug-
transporter interactions were determined in ciPTEC-OAT1 as stable expression of these drug
transporters has been previously confirmed in this model [16]. For MRP2/4, interactions were
found for cyclosporin A, G2, G3 and P2 (Fig. 5a and c). Cyclosporin A, G3, P1 and P2 resulted in
interactions for P-gp (Fig. 5b and d). It is interesting to note that the compound G2 clearly
impaired MRP2/4 transport but did not cause any cytotoxicity based on other assays performed,

suggesting competition for transport solely.

miRNA-Release

Released miRNAs can act as biomarkers of toxicity that are detectable in cell culture medium
before other toxicity biomarkers. The medium of the cells treated with the eight blinded
compounds was collected after 24 h of exposure and levels of four selected miRNAs determined
as described in materials and methods. Most tested compounds led to increases in the miRNA
panel at both tested concentrations (Fig. 6a—d). Exceptions to this assessment were compounds
G2 and R2 that did not cause significantly increased release of any of the tested miRNA into the

medium. Interestingly, compound R3 led to an increase in all four miRNAs at the lowest tested
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concentration (25 uM) while the cells treated with 100 uM did not show changes in miRNA

release.

Specific Exposures to Compounds R1 and R2

Due to the lack of toxicity observed in most parameters with compound R2 and to the high
concentrations required to elicit a response with R1, tailor-made subsequent experiments were
planned in discussion with the sponsors, who knew the identity of the compounds. To this end,
ciPTEC-OAT1 in the OrganoPlate were exposed to several concentrations (ranging between 15
and 1000 puM) of R1 and R2 for 48 h and 11 days, respectively. At 48 h, compound R1 showed a
dose dependent loss in viability assessed with the WST-8 assay with an EC50 of 214.5 and 277.3
UM (results from two independent experiments). This toxicity was accompanied by a dose
dependent induction of HMOX1 (Fig. 7a and b). The results confirm that concentrations > ~100
UM lead to toxicity with an EC50 214 and 277 uM (two independent experiments), whereas
HMOX1 expression levels increased in a concentration-dependent manner from a concentration
of 62.5 uM (>2-fold induction; Fig. 7). R1 did not lead to any change in expression of NGAL or in
NAG released into the medium (Fig. 7b and c). Based on information provided by the sponsors,
compound R2 was additionally tested after long-term (11 days) of incubation. Cytotoxicity assay
at 11 days showed a decrease in cell viability with an EC50 of 367.5 and 267.4 uM (results from
two independent experiments) (Fig. 8a). As with compound R1, HMOX1 expression increased in
a dose dependent manner from a concentration of 30.25 uM (22-fold induction; Fig. 8b). The
compound, however, did not cause an increase in NGAL expression or led to a release of NAG
release into the medium at any of the tested time points (48 hours or 11 days of exposure, Fig. 7b

and c).
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Figure 3: Cell viability and lactate dehydrogenase (LDH) release in compound screen. (a) Cell viability
in ciPTEC-OAT1 after 24 h and (b) 48 h exposure. (c) Cell viability in RPTEC after 24 h and (d) 48 h
exposure. (e) Release of LDH, as measure of membrane integrity, in ciPTEC-OAT1 after 24 h or (f) 48 h
exposure. (g) LDH release in RPTEC after 24 h or (h) 48 h exposure. (i) N-acetyl-6-d-glucosaminidase
(NAG) release by ciPTEC-OAT1 treated with sponsor compounds screen after 24 h (i) and 48 h (j)
exposure. Abbreviations: VC, vehicle control; WST-8, 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-
(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt; DMSO, Dimethyl sulfoxide; NaOH, Sodium
hydroxide. Statistically significant compared to corresponding vehicle: #p < 0.05, **p < 0.01.
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Figure 4: Barrier integrity of RPTEC tubules. (a) Leakage of high-weight molecular marker (155 kDa)
fluorescein isothiocyanate (FITC)-dextran after 24 h or (b) 48 h of exposure to model nephrotoxicants.
(c) Leakage of low-weight molecular marker (4.4 kDa) tetramethylrhodamine (TRITC)-dextran after 24
h or (d) 48 h of exposure to model nephrotoxicants cisplatin (CDDP), tenofovir (TNV), tobramycin (TBR)
and cyclosporin A (CSA). (e) Leakage of FITC-dextran after 24 h and (f) 48 h of exposure to unknown
nephrotoxicants. (g) Leakage of TRITC-dextran after 24 h or (h) 48 h of exposure to unknown
nephrotoxicants. Abbreviations: D-F12, Dulbecco's modified Eagle's medium and nutrient mixture F-
12; VC, vehicle control; Papp, apparent permeability;, DMSO, Dimethyl sulfoxide; NaOH, Sodium
hydroxide; kDa, kilodaltons; n.a., not available. Statistically significant compared to corresponding
vehicle: #p < 0.05, »#p < 0.01.

74



GS-MF

Fluorescence GS-MF
(fold difference)

CDDP, 5
CDDP, 15
TNV, 15.6
TNV, 1000
TBR, 7500

VC (0.5% DMSO)

GS-MF

£
1

* %

N
1

Fluorescence GS-MF
(fold difference)

G1, 50
G1, 100
G2, 250
G2, 500

G3,25

G3, 50
R1,125
R1, 500
R2, 500

R2, 1000

VC (0.5% DMSO)

o

Fluorescence calcein-AM
(fold difference)

TBR, 15000
CSA, 5
CSA, 30

Q

Fluorescence calcein-AM
(fold difference)

R3, 25
R3, 100
P1, 500

P1, 1000
P2, 250
P2, 500

Calcein-AM

- - N
oo, o
—t
B :

*

10T
8-
6- *k
4
24
o_
- wow 8 8 8 2
‘g % o - - ~ I % <
o a [=] > r 2 o [$] (2]
. 0 8 z 3 & ¢ o
5 © F F ¢ o
P =
I
>
Calcein-AM

TO0OO0OO0OO0OWO WOOOWO ©O0 0 O
OnWowmoOoANd NOOONS OOWwo
N ~TNWBL . . "TOWOWO .+ ®ON®
SHCNNBY T N LEG LN
Qo000 rereo o oroo
< 4 o

3

n

=)

(=3

(8]

>

Figure 5: Drug-transporter interaction at multidrug resistance protein 2/4 (MRP2/4) and P-
glycoprotein (P-gp) in ciPTEC-OAT1 after co-incubation with compounds at 37 °C for 1 h followed by
arresting of efflux with PSC833, MK571 and KO143 (all 10 uM). For model nephrotoxicants cisplatin
(CDDP), tenofovir (TNV), tobramycin (TBR) and cyclosporin A (CSA) (a) interactions at MRP2/4 and (b)
P-gp and for unknown nephrotoxicants (c) interactions at MRP2/4 and (d) P-gp. Abbreviations: GS-MF,
Glutathione methylfluorescein; AM, acetoxymethyl; VC, vehicle control; DMSO, Dimethyl! sulfoxide.
Statistically significant compared to corresponding vehicle: »p < 0.05, »#p < 0.01.
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#p <0.05, *#p < 0.01.
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Figure 7: Exposure of ciPTEC-OATI1 to R1 (Colistin). Data represent cell viability with the IC50 value of
each experiment. (a), Gene expression of toxicity markers (b) and release of NAG into the medium after
48 h (c). Abbreviations: HMOX1, heme oxygenase (decycling) 1, LCN2, Lipocalin-2 (LCN2); NGAL,
oncogene 24p3 or neutrophil gelatinase-associated lipocalin; NAG, N-acetyl-8-d-glucosaminidase.
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Figure 8: Exposure of ciPTEC-OAT1 to R2 (Cefepime) for 48 h and 11 days. Data represent cell viability.
(a), Gene expression of toxicity markers (b) and release of NAG into the medium after 48 h (circles) and
11 days (squares) (c). Abbreviations: HMOX1, heme oxygenase (decycling) 1; LCN2, Lipocalin-2 (LCN2);
NGAL, oncogene 24p3 or neutrophil gelatinase-associated lipocalin, NAG, N-acetyl-6-d-
glucosaminidase.
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Discussion

We demonstrated the use of Nephroscreen, a proximal tubule-on-a-chip platform for the
screening of nephrotoxicity and drug-transporter interactions. The robustness and transferability
of this platform, a key requirement for broad implementation in industry, was established by the
highly comparable results obtained at three different sites as depicted in Fig. 2. Two human renal
cell lines, ciPTEC-OAT1 and RPTEC, were exposed to two concentrations of each substance (four
model nephrotoxicants and eight blinded compounds) at two exposure times (24 and 48 h).
Subsequently, tailor-made assays were performed for two of the compounds (R1, colistin and R2,
cefepime), exposing ciPTEC-OAT1. Experimental procedures were carried out in three different

laboratories as depicted in Fig. 1, following established standard operating procedures (SOPs).

Concordant with the goal of the study, Nephroscreen was specifically designed to fulfill
requirements of pharmaceutical companies. In pre-clinical toxicity studies, multiple drug
candidates, typically up to 200 compounds, are assessed in vitro and/or in vivo in animal
experimentation [22]. In this study, we implemented well-characterized PTEC lines, considered
relevant for nephrotoxicity and drug-transporter interaction studies, as potential alternatives to
animal experimentation [14], [15], [16], [17], [18], [23], [24]. Supply and reproducibility (low
batch-to-batch variability) of these commercially available cells are guaranteed. The PTECs were
cultured in the OrganoPlate, generating a proximal tubule-on-a-chip consisting of 40 chips on a
384-well microtiter plate format [15]. This model enables the culture of the cells as a tubular
structure kept under flow, without the use of support membranes. Perfusion was generated by
passive leveling resulting in a bidirectional, oscillating flow allowing significant levels of shear
stress circumventing the use of pumps [15], [25]. The diameter of the tubule (approximately 400
um) is larger than in the human proximal tubule. However, it represents a useful model that
allows the long-term culture of polarized cell layers against the ECM with significant barrier
function [15].

Effect of the treatments on the PTECs was determined by measuring functional and biochemical
parameters. Functional parameters focused on the capacity of compounds to interact with
transporters and to impair barrier function. Membrane drug transporters are an important
characteristic of PTECs and expression and activity of transporters have been demonstrated
previously [6], [17], [18], [24]. Differences in response towards toxicant exposures between
CiPTEC-OAT1 and RPTEC could be explained by different expression levels of drug transporters.
For instance, ciPTEC-OAT1, but not RPTEC, functionally express OAT1. This explains the lack of
sensitivity of RPTEC towards tenofovir, as this substance requires the OAT1 transporter for cellular
uptake [18], [24]. Epithelial barrier function is also a key functional parameter, as a leaky
epithelium is often an indicator of impaired kidney function, previously demonstrated in this
model [15].
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Regarding biochemical parameters, cell viability, LDH release and gene expression of toxicity
markers were determined on both PTEC lines to assess the effect of the compounds. For ciPTEC-
OAT1, assays for drug-transporter interaction, NAG release and miRNA secretion were also
performed [14],[16], while RPTEC tubules were more suitable for the assessment of barrier
integrity [15]. Cell viability, as measured by enzymatic production of formazan (WST-8 assay), and
cell membrane integrity, determined by LDH release into the medium, performed well as in vitro
markers for cytotoxicity, although with different kinetic profiles (Table 1, Figure S2). In ciPTECs,
leakage of NAG into the medium displayed a slightly higher sensitivity in detecting the totoxicity
caused by compounds G1 and P2 than LDH release (Fig. 3), but a larger data set would be
necessary to corroborate this claim. Decreased barrier integrity was almost always coupled with
decreased cell viability and increased LDH release. Thus, we assume that the loss of barrier

integrity was directly associated with increased cytotoxicity (Table 1).

The four model nephrotoxicants (cisplatin, tenofovir, tobramycin, cyclosporin A) assessed in this
study elicited a response in at least four of the end-point read-outs (Figure S2, Table 1), in
agreement with previous results [26], [27], [28], [29], [30]. Furthermore, our data show that
cyclosporin A interacts with P-gp, corroborating that Nephroscreen results reflect its known P-gp
inhibition [31]. Nephrotoxicity of tobramycin, on the other hand, could only be observed at
concentrations that were up to 1500-fold higher than plasma concentrations generally found in
patients (0.01 mM) [30]. This is probably due to the low expression of cubilin and megalin
receptors in ciPTEC-OAT1 [17], [32], [33] a limitation that needs to be taken into consideration for
compounds known to be dependent on this cellular uptake mechanism. During the second phase
of the study, eight substances selected and provided by the sponsors were assessed in a blinded

manner.

1000 uM and unpublished in vitro results with PTEC toxicity at concentrations >500 uM (Table
S2).

The ideal set-up for a screening tool requires short-term incubation in order to generate results
quickly. Our results show that for most compounds, exposure during 24 and 48 h suffices to detect
compound-induced damage to renal tubular cells. However, as demonstrated with the results
obtained with R2, the developed platform can also be implemented as a second tier assay for
selected substances of interest that may require subchronic or chronic exposure. The sensitivity
and specificity of Nephroscreen cannot be determined as only a small set of test compounds was
included. Future testing should expand the number of compounds and include compounds with
other toxicity target organs (non-nephrotoxic) as well as non-toxic compounds to further
characterize the model. Also, side-by-side comparison with conventional 2D cell cultures may be
performed to achieve direct comparison and therefore show the value in this model over more
simple models. Other proximal tubule-on-a-chip models have, however, demonstrated that 3D

microfluidic models increase in vivo physiology and sensitivity of PTECs towards nephrotoxicant
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exposure [11], [12], [13]. Additional future improvements could include the corroboration and
systematic assessment of HMOX-1 induction as an earlier biomarker and its implementation as a
FRET-based assay for HMOX1 expression [19]. The implementation of cell lines expressing more
types of functional transporters relevant, such as ciPTEC-OAT1/OAT-3 could also be envisaged
[18]. Moreover, data on additional compounds could support the creation of intelligent decision
algorithms to evaluate the multiparametric data provided by Nephroscreen in an unbiased

manner.

Preliminary knowledge such as clinical data (for R1, R2, R3) or in vivo toxicity data were provided
by sponsors after the Nephroscreen data collection and analysis had been finalized. The
compound concentrations selected and applied to Nephroscreen unveiled nephrotoxic potential
at concentrations that are considered relevant for toxicological assessment (Table S2). For R1, R2,
and R3 there is clinical data available; these compounds are used at very high concentrations and
administered parenterally, so that a high systemic exposure is reached in patients. For the other
blinded compounds, there is no clinical data but preclinical data on at least one animal species
show that the exposure (Cmax) at which nephrotoxicity was observed in a subset of the animals
was slightly lower, but in a similar range to that eliciting a positive flag in Nephroscreen. In our
experimental set-up, prediction of nephrotoxic liability was highest when combining results of cell
viability, LDH release, and miRNA release. Additional functional effects of the compounds were
uncovered by the drug-transport interaction measurements. The majority of the unknown
nephrotoxicants (G1, G3, R1, R2, R3, P1, and P2) resulted in toxicity detected by at least one of
the parameters or in drug-transporter interactions. Interestingly, an interaction at MRP2/4 was
observed for G2, despite the lack of toxicity. This could be explained by the fact that G2-induced
nephrotoxicity was only observed upon long-term exposure in vivo (one month, highest tested
dose) as compared to short-term (up to 48 h) exposure tested in Nephroscreen. The compound
P1 showed a particularly mild effect on Nephroscreen, as it only led to increased levels of miRNAs
(mir192, mir29a, and mir34a) in the medium and an interaction at P-gp, without causing
cytotoxicity. This is consistent with the existing animal data showing that this vasopressin 1-a
antagonist caused tubular degeneration/regeneration only in female rats treated with a high dose

(125 mg/kg/day) for two weeks.
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In the last phase of this study, tailor-made experiments were performed including expanded
concentration ranges of two compounds after their identities had been uncovered: R1 (colistin)
and R2 (cefepime). For R1 (colistin) we repeated the cytotoxicity assay and determined gene
expression of HMOX-1 and NGAL, as well as the release of NAG in the medium. The EC50 for
cytotoxicity obtained in this experiment was in line with the results of the first round of
experiments (~200 uM). The in vitro cytotoxicity of colistin has been reported by others in the
high micromolar range, around 690 uM.34 Preliminary gene expression data, however, uncovered
a dose-dependent increase in HMOX-1 from a concentration of 30 uM (>2-fold induction).
Transcriptional upregulation of heme oxygenase-1 is a well-known indicator of cellular stress in
several cells and tissues, including PTECs and may be a more sensitive biomarker of toxicity [19],
[26]. This was also supported by the long-term (11 days) exposure of the Nephroscreen to R2
(cefempime). Cefepime had an EC50-value for cytotoxicity of approximately 300 uM, while the
concentration-dependent transcriptional induction of HMOX-1 was observed at concentrations
from of 62 uM (>2-fold induction). These results also show that a long-term exposure is required
for this compound, as the short-term experiment failed to show toxicity up to a concentration of
1000 pM and unpublished in vitro results with PTEC toxicity at concentrations >500 uM (Table
S2).

The ideal set-up for a screening tool requires short-term incubation in order to generate results
quickly. Our results show that for most compounds, exposure during 24 and 48 h suffices to detect
compound-induced damage to renal tubular cells. However, as demonstrated with the results
obtained with R2, the developed platform can also be implemented as a second tier assay for
selected substances of interest that may require subchronic or chronic exposure. The sensitivity
and specificity of Nephroscreen cannot be determined as only a small set of test compounds was
included. Future testing should expand the number of compounds and include compounds with
other toxicity target organs (non-nephrotoxic) as well as non-toxic compounds to further
characterize the model. Also, side-by-side comparison with conventional 2D cell cultures may be
performed to achieve direct comparison and therefore show the value in this model over more
simple models. Other proximal tubule-on-a-chip models have, however, demonstrated that 3D
microfluidic models increase in vivo physiology and sensitivity of PTECs towards nephrotoxicant
exposure [11], [12], [13]. Additional future improvements could include the corroboration and
systematic assessment of HMOX-1 induction as an earlier biomarker and its implementation as a
FRET-based assay for HMOX1 expression [19]. The implementation of cell lines expressing more
types of functional transporters relevant, such as ciPTEC-OAT1/0OAT-3 could also be envisaged
[18]. Moreover, data on additional compounds could support the creation of intelligent decision
algorithms to evaluate the multiparametric data provided by Nephroscreen in an unbiased

manner.
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Conclusion

An advanced screening tool is needed to increase speed, reduce costs and animal testing while
assessing the potential nephrotoxicity of new drug candidates. Taken together, our results
indicate that Nephroscreen, consisting of a microfluidic organ-on-a-chip system coupled with a
multiparametric biomarker analysis is able to identify potential nephrotoxicants. Nephroscreen is
a reliable medium-throughput, standardized, automatable system that proved efficacious in

identifying nephrotoxicants and provided insights into their mode of toxicity.
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Figure $1: Release of lactate dehydrogenase (LDH) (B, D)) and Cell Viability (A, C) upon exposure to
model nephrotoxicants cisplatin (CDDP), tenofovir (TNV), tobramycin (TBR) and cyclosporin A (CSA) in
CiPTEC-OAT1 after 48 hours. Abbreviations: D-F12, Dulbecco’s modified Eagle’s medium and nutrient
mixture F-12; WST-8, 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium, monosodium salt; HMOX1, heme oxygenase (decycling) 1; LDH, lactate dehydrogenase;
DMSO, Dimethyl sulfoxide; VC, vehicle control; n.a., not available. Statistically significant compared to
corresponding vehicle: *p<0.05, **p<0.01.
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Introduction

Renal proximal tubules play a huge role in the elimination of waste products and drugs from the
body and are known to be a common target of drug induced toxicity [1]. Tenofovir (TFV) is such
an antiretroviral drug of which drug-related nephrotoxicity is widely accepted [2]. TFV is a
nucleotide reverse transcriptase inhibitor in the treatment of human immunodeficiency viruses
(HIV) and Hepatitis B infected patients [2]. It is transformed by intracellular phosphorylation into
the active metabolite tenofovir diphosphate. This metabolite is then incorporated into the viral
deoxyribonucleic acid (DNA) where it functions as a DNA-chain terminator [3]. TFV itself is not
membrane permeable, thus not suitable for oral administration and needs to be delivered as a
prodrug [4] (fig. 1). Since 2012 the prodrug tenofovir disoproxil fumarate (TDF) has been used to
treat HIV in combination with the antiretroviral agents elvitegravir, cobicistat, and emtricitabine
in the single-tablet regimen Stribild [5]. However, TDF has now been replaced by a newly
developed prodrug of TFV: tenofovir alafenamide (TAF). TAF is delivered for the treatment of HIV
with the same three antiretroviral agents and available for patients since 2015 under the trade
name Genvoya [6]. Measured by revenue Genvoya was the most used HIV medication in 2017
and 2018 [7]. The main reason why TDF was replaced by TAF is the limited risk for nephrotoxicity
and reduced loss of bone mineral density [8]. In our recent work we were already able to show
the toxicity of TFV on proximal tubule cells, however the prodrugs TDF and TAF were never tested

in our model before (chapter 3, [9]).

In this study, it is investigated whether one or both of the TFV prodrugs have a toxic effect on the
proximal tubule cells. Also, we wanted to investigate if any of the TFV-combined antiretroviral
compounds are nephrotoxic by themselves or amplify the toxic effect while co-incubated with the

TFV prodrugs.

TDF is unstable when in contact with blood plasma where it quickly undergoes hydrolysis into TFV
[3], [10] (fig. 1). Only a small part of the drug is therefore taken up by the HIV target cells with
high levels of TFV remaining in the blood plasma [4]. The newly developed prodrug TAF has a
higher stability when in contact with plasma than TDF resulting in a superior efficiency of HIV-
target cell delivery. This results in a higher antiviral activity and reduced dosage compared to TDF
[4], [11], [12]. When patients switched from Stribild (which contains TDF) to Genvoya (which

contains TAF) patients suffered less adverse kidney-related side effects [13].

The elimination of TFV from the blood plasma is mediated via glomerular filtration and secretion
via the renal proximal tubule. It is actively transported through the influx transporters organic
anion transporter (OAT) 1 and 3, and efflux transporter multi-drug resistance protein (MRP) 4 into
the pre-urine [10], [14], [15]. Imbalance of the transporters can result in increased concentrations
of TFV in the proximal tubule cells causing a high likeliness for drug-drug-interaction (DDI) [2],

[16]. When TFV accumulates in the proximal tubule cells, disruption and inflammation of the
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mitochondria in the proximal tubule can be observed [16]. Both prodrugs of TFV are co-
administered with three other active compounds, namely elvitegravir, cobicistat, and

emtricitabine.

Gut Plasma (target) Cell
e TFV-DP
TV~ BY '
TFV
ToF TDF J :
TAF | > TAF

Figure 1: Comparison of the conversion pathways of tenofovir (TFV), tenofovir disoproxil fumarate (TDF), and
tenofovir alafenamide (TAF) into the active metabolite tenofovir diphosphate (TFV-DP), a nucleotide reverse
transcriptase inhibitor. TFV itself is not membrane permeable and is delivered orally by the prodrugs TDF or TAF.
TDF is unstable when in contact with blood plasma where it quickly undergoes hydrolysis into TFV, resulting in a
fraction of the delivered TDF entering the target cells. TAF on the contrary is stable and converted mainly
intracellularly by cathepsin A into TFV. Adapted from [3], [4].

Emtricitabine is, similar to TFV, a reverse transcriptase inhibitor which prevents the virus from
replicating itself [17]. In combination with TFV it showed a high anti-HIV activity [18]. Elvitegravir
reduces the ability of the HIV-1 virus to replicate by preventing the insertion of viral DNA into the
host cell [19]. This effect is enhanced by cobicistat, a cytochrome P-450 (CYP) 3A inhibitor, which

extends Elvitegravir’'s time window, requiring one dose per day only [19].

Emtricitabine is thought to be eliminated similarly to TFV via glomerular filtration and active
tubular secretion [17]. Although extensive research has been carried out on active tubular
secretion of TFV, only a few studies exist which study the renal elimination process of
emtricitabine and its possible role in DDI. Experimental data suggest that emtricitabine could be
a substrate for multidrug and toxin extrusion protein 1 (Mate 1) [20], one of the efflux

transporters of proximal tubule cells.

Around 95% of elvitegravir is recovered in feces and less than 7% in urine, indicating mainly
hepatobiliary excretion of elvitegravir [21], [22]. In addition no metabolites of elvitegravir are
detected in the urine indicating that elvitegravir is unlikely to cause a nephrotoxic event on its
own [22].
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Cobicistat, a booster for elvitegravir, was introduced on the market to replace ritonavir, because
it is associated with reduced DDI [23]. Administration of cobicistat can lead to increased serum
creatinine concentrations which are most probably a result of its inhibition potential of the
multidrug and toxin extrusion protein—mediated efflux of creatinine [23], [24]. However, renal
elimination of cobicistat happens only to a fraction of the compound, most is eliminated through
feces [21].

Until today only a few in vitro studies exist which were used to pick up nephrotoxic effects of TFV
on proximal tubule cells after individual dosing of TFV [25], [26], and even fewer in combination
with elvitegravir, cobicistat, emtricitabine [24]. Considering the low number of studies and models
which are described in literature, there is an urgent need for more research for potential test
platforms which are able to detect nephrotoxic effects, especially in combinatorial drug
exposures. This requires a minimal level of throughput of the testing system. The experimental
work presented here further analyzes the toxicity of the two different TFV variants TDF and TAF.
In our research we will study the toxicity of all single compounds of both drug combinations as
well as potential drug interactions by combining each of the TFV prodrugs with each of the co-

administrated compounds.

We will test the five compounds individually and in combination on our recently developed
kidney-on-a-chip platform in the OrganoPlate 3-lane system (chapter 2, [27]). We could already
assess that this kidney-on-a-chip model can be used as a reliable screening platform which is able
to pick up nephrotoxic effects of known and unknown nephrotoxicants (chapter 2, [27] and
chapter 3, [9]). In this study we will use renal proximal tubule cells where we could not measure
any toxic effect after exposure to mono doses of TFV. Primarily we want to investigate whether
one or both of the TFV prodrugs do have a toxic effect on these proximal tubule cells indicating a
potential other elimination pathway than TFV. Furthermore, the three compounds co-
administrated with the TFV prodrugs are not known to be eliminated via the anion pathway and
therefore could show a toxic effect to the cells, as the cation pathway (if used by the compounds)
was shown to be present in our model including the elimination via efflux transporter P-
glycoprotein. Moreover, we wanted to investigate if any of the compounds does lead to damage
in the proximal tubules or potentially amplifies the toxic effect when co-incubated with the TFV

prodrugs.

Here we describe the use of a kidney-on-a-chip platform to test the effect of single administrated
compounds as well as drug combinations. The model which we use enables compound
assessment on 40 parallel cultured renal tubules. The platform is combined with a range of assays
including the analysis of lactate dehydrogenase (LDH) activity in the medium as a measure of cell
death, viability assays, fluorescence-based barrier integrity = monitoring, and

immunohistochemical staining of DNA damage marker H2AX. The technology can be used for high
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throughput DDI studies which can be used to determine the effects or interaction of drugs on the

kidney.

Methods

Cell culture

Proximal tubules were cultured in accordance with the protocols developed previously [27]. In
short, renal proximal tubule epithelial cells (RPTEC; Kidney PTEC Control Cells, SA7K Clone, Sigma,
Germany, MTOX1030, cultured in the supplier’s medium) were seeded at passage 3 to the top
channel in the OrganoPlate® 3-lane (4003 4008, MIMETAS, the Netherlands) against collagen 1
(composed of 4 mg/mL collagen 1 (AMSbio Cultrex 3D Collagen | Rat Tail, Cat. 3447-319 020-01),
100 mM HEPES (Life Technologies, 15630), and 3.7 mg/mL NaHCO3 (Sigma, 320 S5761)). The
OrganoPlate was placed on a rocker platform (OrganoFlow®, MI-OFPR-L, Mimetas) in the
incubator (37 °C, 5% C02) at an angle of 7 degrees and a rotation interval of 8 minutes to enable

perfusion though the channels.

Toxicant exposure

At day 6 after seeding of RPTEC to the OrganoPlate, medium of the top and the bottom channel
was replaced by TOX medium (Minimum Essential Medium Eagle, Sigma-Aldrich, M4526,
supplemented with RPTEC Tox Supplement, Sigma Aldrich, MTOXRTSUP) containing the
compounds and/or the vehicle control. Cultures were exposed for 48 hours (see Table 1 for all
compound information and concentrations). All compounds were dissolved in Dimethyl sulfoxide
(DMSO, Sigma-Aldrich, D8418, vehicle control) according to the supplier’'s (MedChemExpress)

recommendations.

The highest concentration which was tested for each of the compounds was dependent on the
final DMSO concentration in the exposure medium which was set at 0.5%. This made ensured that
in the follow up experiments combinations of the compounds could be tested at DMSO
concentrations up to 1%. Concentrations higher than 1% DMSO have been shown to influence
results strongly (data not shown). Concentrations were used at a quarter-log dilution range with
9 concentrations (including 0 uM). In follow-up experiments, combinations of each of the three
compounds were tested in combination with the two prodrugs of TFV. The first combination was
chosen at a concentration which did not show a toxic effect on the tubules of the mono-
exposures, whereas in the second combination preferably at least one of the two compounds had

shown a toxic effect.
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Table 1: Compound information. All ordered at MedChemExpress and dissolved in DMSO.

. Highest experimental
Stock concentration o
Compound Order number (mM) concentration in
m
concentration curve (nM)

Tenofovir disoproxil

fumarate (TDF) HY-13782 10 50
aIafeLeann:::Zi{TAF) HY-15232A 60 300
Emtricitabine (Em) HY-17427 40 200

Elvitegravir (El) HY-14740 10 50

Cobicistat (Co) HY-10493 35 175

Furthermore, the drugs were tested in the same ratio as used in the prescribed medication, which
was not possible for TAF, as the concentration of TAF would have been too low to show any effect.
The TAF concentration was kept around the level on which it was just toxic and combined with
the other three compounds in a way to not exceed 1 % DMSO. The chosen concentrations of the

combinations can be found in Table 2.

Table 2: Compound concentrations used for the combinations of the drugs. TDF: Tenofovir disoproxil
fumarate, TAF: Tenofovir alafenamide fumarate, Em: Emtricitabine, El: Elvitegravir, Co: Cobicistat.

Drug brand name Low concentration High concentration

combination (uM) combination (uM)
Stribild 74.4 TDF & 35.5 Em 92.0 TDF & 44.0 Em
Stribild 18.6 TDF & 8.9 El 27.0 TDF & 31.0 El
Stribild 8.0 TDF & 15.9 Co 27.7 TDF & 55.2 Co
Genvoya 287.6 TAF & 6.0 Em 575.2 TAF & 13.0 Em
Genvoya 176.0 TAF & 8.9 El 456.4 TAF & 23.0 El
Genvoya 314.9 TAF & 15.9 Co 515.4 TAF & 45.0 Co

LDH assay

The lactate dehydrogenase (LDH) activity assay was performed as previously described [27]. In
short: For the analysis of the LDH activity, medium from the wells guiding to the apical side of the
tubule was analyzed using a Lactate Dehydrogenase Activity Assay kit (Sigma, MAKQ66). For the
study of the concentration curves the LDH assay was analyzed according to the supplier’s
recommendations, whereas for the combination screen LDH activity was measured at the same

time point for all combinations to be able to directly compare the data.
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WST-8 assay (Viability)

To analyze the viability of the cells the cell counting kit-8 (Sigma, 96992) was used as previously
described [27]. In  short: The 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium, monosodium salt (WST-8) buffer was diluted 1:11 in medium and
added to both perfusion channels of each chip. After a 20-minute incubation on the rocker,
absorbance was measured at 450 nm in the in-and outlets with access to the lumen of the

proximal tubule and averaged per chip.

Bl assay

For the assessment of the apparent permeability index (Papp) of the tubules a barrier integrity
assay was performed as previously described [27]. In short: Medium containing 0.5 mg/ml TRITC
Dextran 4.4 kDa (Sigma, FD20S) and 0.5 mg/ml FITC Dextran 150 kDa (Sigma, T1287) was added
to the lumen of the tubule and leakage out of the tubule into the ECM compartment was

measured using a fluorescent microscope (Molecular devices) and analyzed using Image) [28].

Immunostaining

The barrier integrity assay was followed by a fixation with 3.7% formaldehyde after which an
immunostaining was performed as previously described [27]. Markers Rb-a-Phospho-Histone
(H2AX, DNA damage, Cell signaling technology, 9718S, 1:200), actin (skeleton of the cells, Life
technologies, R37112, 2 drops/ml buffer), and acetylated tubulin (primary cilia and tubulin
structures, Sigma, T6793, 1:4000) in combination with a DNA staining (Hoechst 3342, Invitrogen,
H3570, 1:2000) were analyzed.

Statistics
Data analysis was performed using GraphPad Prism (GraphPad Prism, version 9.0.0 (121)). Data
were analyzed using one-way ANOVA followed by a Tukey’s multiple comparison test which

compares each result with each other result. A p value of < 0.05 was considered to be significant.

Results

HIV-patients are commonly treated with Genvoya which replaced Stribild in recent years. Both
are tenofovir prodrug-containing medications and are supplied as pills which contain a
combination of active, antiretroviral compounds, namely emtricitabine, elvitegravir and

cobicistat, and one of the two prodrugs of TFV, TAF or TDF, respectively.

The proximal-tubule-on-a-chip can be used to determine renal toxicity

Proximal tubules were seeded to the top channel of the OrganoPlate 3-lane (fig. 2 A-D). First,
collagen 1 was loaded to the middle channel. After polymerization of the collagen 1 proximal
tubule, cells were seeded to the top perfusion channel. Next, medium was added to the top wells
guiding to the channel system and the OrganoPlate was placed on an interval rocker, enabling

perfusion. At day 6 tubules were mature and leak tight and toxicant exposures could be started

104



[27]. To determine the renal toxicity of the test compounds, medium of both perfusion channels
was replaced by medium containing the compounds or vehicle control and the OrganoPlate was

placed again for 48 hours on the interval rocker.

Apical compartment
with perfused tubule

ECM compartment

Basal compartment
with perfusion

Figure 2: Proximal tubule-on-a-chip model in the OrganoPlate 3-lane platform. A The top part of the
OrganoPlate is a standard 384-well microtiter plate with 40 microfluidic chips embedded into a modified glass
bottom. B Zoom-in on one chip with three channels convene in the center of the chip (green circle). C Schematic
of the OrganoPlate 3-lane channel system. The three channels are 400 um wide and 200 um high and divided by
50 um high phaseguides which function as liquid pressure barriers. D 3D artist impression of one chip. The chip
was loaded with collagen 1 (light blue) to the ECM channel and proximal tubule cells (red) were seeded to the
top perfusion channel. After cell attachment medium (light red) was added to both perfusion channels and
perfusion was started (indicated by white arrows). For exposures medium of both perfusion channels was

replaced by medium containing the compounds or vehicle control.

Exposure to the TFV prodrugs TDF and TAF

The toxicity of each TFV prodrug was tested by exposing the tubules to a dose range of a quarter-
log concentration curve. The starting concentrations can be found in Table 1. The effect of the
drugs on the proximal tubules was measured in three different ways in a multiplexed fashion: 1)
the loss of tubular barrier integrity (Papp), 2) the loss of cellular membrane integrity (LDH), and 3)

the reduction in enzymatic activity (viability).

The integrity of the tubular barrier after the exposure can be measured through determining the
apparent permeability (Papp). Increasing values indicate a loss of the barrier function [27], [29].
Both TDF and TAF did not show damage of the cell connections after the exposure (fig. 3 A,B). The
viability assay used for this study determines dehydrogenase activity as a measure for cell number
[30] and the LDH activity assay measures the content of the enzyme LDH that is released into the
cell culture medium upon damage to the plasma membrane [31]. In line with the barrier integrity
assay no effect of TDF could be measured in both assays (fig. 3 C-F). TAF did not have an influence
on the viability either, however a significant increase of LDH activity in the medium to 180% of

the control could be measured.
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Figure 3: Exposure of RPTEC for 48 hours to concentration curves of the tenofovir prodrugs TDF (A, C, E) and
TAF (B, D, F). Data represent the Papp of a 150 kDa dextran (A, B),), the cell viability measured using a WST-8
assay (C, D), and the LDH activity in the medium (E, F). Abbreviations: Papp: apparent permeability; LDH: Lactate
dehydrogenase; TDF: tenofovir disoproxil fumarate; TAF: tenofovir alafenamide fumarate. 3-5 chips per measure
point. Data represent the mean with standard deviation. Data were compared to the lowest concentration of the

corresponding compounds, *: p<0.05; **p<0.01.

High concentrations of elvitegravir and cobicistat caused damage to the proximal tubules

Next to the TFV prodrugs TDF and TAF the same readouts were performed on the three co-
administrated compounds. Emtricitabine had no effect on the barrier at the concentrations tested
(fig. 4 A). For both elvitegravir and cobicistat a loss in barrier integrity could be measured for the
two highest concentrations, 28 uM, 50 uM and 98 uM, 175 uM, respectively (fig. 4 B,C). The

barrier loss was highest for cobicistat, at 30 x 10® cm/s compared to 23 x 10 cm/s for elvitegravir.
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No loss of viability could be measured when cells were exposed to emtricitabine (fig. 4 D). When
exposed to elvitegravir only the highest concentration (50 uM) showed a rapid loss in viability (fig.
4 E), whereas the pattern of cobicistat was more comparable to the barrier integrity assay with

the last two concentrations showing a rapid loss in viability (fig. 4 F).
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Figure 4: Exposure of RPTEC tubules for 48 hours to dose ranges of emtricitabine (A, D, G), elvitegravir (B, E,
H), and cobicistat (C, F, 1). Data represent the Papp of a 150 kDa fitc dextran (A-C), the cell viability measured
using a WST-8 assay (D-F), and the LDH activity in the medium (G-I). Abbreviations: Papp: apparent permeability;
LDH: Lactate dehydrogenase; n= 3-5 chips per measure point. Data represent the mean with standard deviation.

Data were compared to the lowest concentration of the corresponding compounds, *: p<0.05; **p<0.01.

In line with the barrier integrity and the viability assay, exposure to emtricitabine did not result in
any release of LDH, whereas the highest concentration of elvitegravir, 50 uM, led to a sudden
increase of more than 1000 % release of LDH into the culture medium, similar to the measured
effect in the viability assay where also only the highest concentration showed an effect. For
cobicistat, LDH activity rose more gradually from a concentration starting at 55 uM to about 750%

at the highest concentration of 175 uM (fig. 4 D-F).

Interestingly, the damaging effects of elvitegravir and cobicistat were measured for the lowest

active concentrations in different assays. While the initial damage of elvitegravir was detected
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with the barrier assay, cobicistat caused first release of LDH into the medium before an effect was

detected by other assays.

DDIs can be picked up by the proximal-tubule-on-a-chip model

The highest concentration of the quarter-log dilution range was set to a DMSO concentration of
0.5%. In the drug interaction study a DMSO concentration of up to 1% was tolerated as this was
the highest concentration which did not influence the behavior of RPTEC during a 48-hour
exposure in previously performed experiments (data not shown). The first combination was
chosen at a concentration which did not show a toxic effect on the tubules, whereas in the second
combination preferably at least one of the two compounds did show a toxic effect. To not exceed
1% DMSO some of the compounds could not be tested at the highest possible concentration,
since all drugs were tested at the same ratio as used in the prescribed medication. The chosen

concentrations of the drug combinations can be found in Table 2.

From each drug combination the compounds were also tested alone and in combination, while
the vehicle concentration was kept the same. The same readouts as for the dose analysis were
chosen and in addition a fourth readout was added, which analyzed the occurrence DNA damage

by immunostaining for a DNA damage marker H2AX [32].

Figure 5 provides the experimental data of TDF combined with each of the compounds
emtricitabine (fig. 5 A,D,G,K), elvitegravir (fig. 5 B,E,i,L), and cobicistat (fig. 5 C,F,J,M).

Emtricitabine did not have a damaging effect on the proximal tubules in any of the assays: neither

alone nor in co-incubation with TDF.

An effect of elvitegravir could be detected at its highest concentration (31.0 uM) in all assays,
though no drug interaction with TDF (27 uM) could be measured, except a slight increase of DNA

damage when dosed together.

Cobicistat caused a damaging effect on the apparent permeability (a 5-fold change compared to
vehicle, fig. 5 C), the viability (reduced to 70%, fig. 5 F), the LDH release (a 8-fold change, fig. 5J),
and the DNA damage staining (increase to around 350%, fig. 5M) when exposed to the higher
concentration (55.2 uM). When co-administered with TDF an enhanced damaging effect could be
measured in the barrier integrity assay, leading to complete loss of the barrier function, a
reduction to 20% of the viability and an increased signal of the fluorescent intensity to 2000%
compared to the vehicle control. A moderate effect of TDF addition could be measured in the LDH
assay where the effect on LDH release was 1.3 times higher compared to an exposure to cobicistat

only.
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Figure 5: Exposure of RPTEC to combinations of the single components of the drugs co-incubated with TDF.
A,D,G,K co-incubation of TAF with emtricitabine (em), B,E,i,L Co-incubation of TAF with elvitegravir (el)), C,F.J,M

co-incubation of TAF with cobicistat (co). A-C Pasp measured with a fluorescent barrier integrity assay. D-F

Viability measured with a WST-8 assay. G-J Analysis of LDH activity in the medium. K-M Fluorescent intensity of

the H2AX immunofluorescence staining which is an antibody which detects DNA damage. Abbreviations: VC:

vehicle control; Papp: apparent permeability; LDH: Lactate dehydrogenase; TDF: tenofovir disoproxil fumarate;

Em: Emtricitabine; El: Elvitegravir; Co: Cobicistat. 3-5 chips per measure point. Data represent the mean with

standard deviation. Data were compared to the vehicle control (VC) when not indicated differently by horizontal

bars. ns: not significant; *: p<0.05; **p<0.01.
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Figure 6: Exposure of RPTEC to combinations of the single components of the drugs co-incubated with TAF.
A,D,G,K co-incubation of TAF with emtricitabine (em), B,E,i,L Co-incubation of TAF with elvitegravir (el)), C,F.J,M
co-incubation of TAF with cobicistat (co). A-C Pupp measured with a fluorescent barrier integrity assay. D-F
Viability measured with a WST-8 assay. G-J Analysis of LDH activity in the medium. K-M Fluorescent intensity of
the H2AX immunofluorescence staining which is an antibody which detects DNA damage. Abbreviations: VC:
vehicle control; Papp: apparent permeability; LDH: Lactate dehydrogenase; TAF: tenofovir alafenamide fumarate;
Em: Emtricitabine; El: Elvitegravir; Co: Cobicistat; n.a.: data not available. 3-5 chips per measure point. Data
represent the mean with standard deviation. Data were compared to the vehicle control (VC) when not indicated

differently by horizontal bars. ns: not significant; *: p<0.05; **p<0.01.

110



The experimental data of TAF combined with each of the compounds emtricitabine (fig. 6
A,D,G,K), elvitegravir (fig. 6 B,E,i,L), and cobicistat (fig. 6 C,F,J,M) is provided in figure 6.

When TAF was tested at a higher concentration than tested during the dose range study, TAF
showed a toxic effect in all assays when exposed to concentrations above 300 uM (fig. 6). This
observation was in line with the results of the dose range study (fig. 3), where a moderate effect
of 300 uM TAF was seen in the LDH assay.

Similar to the exposure with TDF, little or no effect of emtricitabine was measured when co-
exposed with TAF. In the viability assay a slight decreased viability could be measured during co-
exposure of TAF (low) mono dose compared to TAF (low) + emtricitabine (fig. 6 D). This effect was
not measured with any of the other assays. However, an opposite mild effect of the combination
of TAF (high) + emtricitabine was measured in the LDH activity assay (fig. 6 G). These mild effects

indicate that emtricitabine and TAF do not enhance each other in damaging the proximal tubules.

The combination of elvitegravir and TAF did enhance the damage on the tubules when dosed
together at both the low (176.0 uM TAF and 8.9 uM elvitegravir) and the high ( 456.4 uM TAF and
23.0 uM elvitegravir) combinations which could be measured in all readouts with one exception:
the combination of TAF 176.0 uM (low) + elvitegravir 8.9 uM did not increase the LDH activity (fig.
6 i), though an effect was detected with the viability assay (fig. 6 E) and the DNA damage staining
(fig. 6 L).

Exposure to cobicistat alone did not show any damaging effect to the proximal tubules at both
chosen doses of 15.9 uM (low) and 45 uM (high). For TAF 314 uM (low) a damaging effect could
only be detected in the DNA staining (fig. 6 M), whereas an effect of the higher dose (515.4 uM)
could be measured in all assays (fig. 6 C,F,J,M). When cobicistat and TAF were combined, an
enhanced damaging effect could be observed with all assays for the low and the high doses of the

combinations, which in the barrier integrity assay led to a complete loss of the barrier function.

In summary, these results show that elvitegravir and cobicistat have a damaging effect on the
proximal tubules. When TAF was tested at a higher concentration (above 300 uM) than tested
during the dose range study, TAF caused a moderate toxic effect in all assays. Interaction of
compounds leading to increased damage could be seen when cobicistat and TDF were exposed in
the same cocktail. A strong effect of TAF when exposed together with elvitegravir or cobicistat

could be measured with all readout assays.

Discussion

The present study was focused on assessing whether we can use our proximal tubule-on-a-chip
model (fig. 2) in a DDI study using a panel of multiplexed assays to examine the toxicity of mono

and combinatorial dosages of HIV-targeting drugs. Increased toxicity could be clearly shown when
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combining compounds, whereas single compound exposure showed a lower level of toxicity on

the proximal tubules.

Mono doses of TDF did not show any damaging effect for a concentration up to 92 uM (fig. 3, 5).
In our study we exposed the cells in a medium containing around 1% fetal bovine serum (TOX
medium). Callebaut et al. showed that TDF is mostly converted to TFV when in contact with serum
[3]. We presume that in our study TDF was converted into TFV as well after dilution in TOX
medium. TFV toxicity in literature ranges from 10 uM in OAT1 (over-) expressing cells to no toxic

events measurable in human RPTEC at concentrations even above 4 mM [24]-[26] (Table 3).

Table 3: IC50 values after TFV exposure in human proximal tubule cell sources with and without stable

transporter expression

Cell source Stable transporter IC 50 after TFV Reference
expression exposure (LM)
Human RPTEC > 1000, > 4000 [9], [24]
ciPTEC-OAT1 OAT1 189 [25]
HEK293T-OAT1 OAT1 10, 78 [26], [24]
HEK293T- OAT1 and MRP4 299 [24]
OAT1/MRP4

Considering that TDF is converted into TFV when in contact with serum it is likely that the
damaging molecular concentration of TDF will be similar to the damaging molecular
concentration of TFV. In the current study TDF was not tested above 100 uM. Most likely TDF was
not tested at its actual toxic concentration. However, we used human RPTEC without OAT
transporters which, similarly to the human RPTEC used by Stray et al. [24] and us [9], did not show
a cytotoxic response when exposed to TFV. Further research can be undertaken to investigate if
there is a damaging effect of TDF measurable after exposure in serum-free medium. Moreover, it
is recommended to dissolve the TFV prodrugs in an aqueous solutions (for example (serum free)
culture medium) to be able to test the compound at higher concentrations, without exceeding

the maximum vehicle concentration of DMSO.

In contrast to TDF, a damaging effect of TAF on the proximal tubules could be detected from
values of 300 uM and higher (fig. 3 and 6) for the individual dosing and a value of 176 uM when
dosed in combination with elvitegravir. These concentrations fall into the dose ranges which were
reported by us (chapter 3, [9]) and are slightly above the concentrations other groups reported
(Table 3) when exposing proximal tubules cells to TFV. TAF is thought to be stable when in contact
with blood plasma [3] and not a compound for OAT1 transport as it enters cells passively [15].

Our findings support the outcome of these studies, since the exposure to TAF resulted in
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nephrotoxic damage at similar concentrations as TFV when exposed to cells expressing anion
transporter OAT 1.

In the present study we wanted to examine if, next to the TFV prodrugs, one of the additive
compounds had a toxic or enhancing toxic effect on the proximal tubules when combined with
the TFV variants. In the following couple of paragraphs the possible toxicity and toxicity-enhancing

effects of different compounds are discussed, using the results of this research.

Emtricitabine did not show a toxic effect on the proximal tubules (fig. 4, 5, 6). This is in line with
existing literature, where no direct toxic effect of emtricitabine on human RPTEC is found [24].
Even though it is thought that emtricitabine is eliminated similarly to TFV via glomerular filtration
and active tubular secretion, we can suggest from our results that the clearance pathways are
most probably not the same, because co-incubation of emtricitabine and TFV did not show any

interaction in the used readouts.

Elvitegravir did not have an enhancing effect on the cytotoxicity when dosed in combination with
TDF (fig. 5). When dosed together with TAF, elvitegravir strongly enhanced the damaging effect
(fig. 6). Most interestingly, neither elvitegravir nor TAF increased the LDH activity in the medium
individually. When the two were combined at high concentrations, super-additive synergistic
effects occurred with increased LDH activity to more than 450%. This result could be somewhat
surprising, as elvitegravir is not believed to affect the kidneys but is mainly eliminated via
hepatobiliary excretion [22]. It is likely that if this elimination pathway is not available, exposure

to high concentrations of elvitegravir does cause damage to the renal cells.

Cobicistat is transported via the cation pathway (influx via OCT2, efflux via mate 1), whereas TFV
is transported via the anion pathway (influx via OAT 1/3 and efflux via MRP4) [10], [24], [33]. As
we were able to detect damage of drugs transported via the cation pathway previously [27], it is
possible that if cobicistat is having a damaging effect on the proximal tubules this effect would be
measured. When cobicistat was dosed at concentrations of 55 uM, mild damaging effects were
measured. When cobicistat was dosed at 55 uM in combination with 27.7 uM TDF (which by itself
did not show any damaging effect) increased damage on the tubules could be measured with all
assays. Similar results could be detected when cobicistat was dosed together with TAF (fig. 6).
Here, an increase in cytotoxicity was measured for the low dosed combinations as well as the
highly concentrated combinations. Therefore, it can be concluded that the combination of TFV
and cobicistat at high molecular concentrations leads to enhanced cytotoxicity in the proximal

tubule cells.

In the next paragraph the possible interaction of cobicistat with TFV will be discussed. Cobicistat
is generally well tolerated by patients and has limited known side effects. In both drug cocktails
cobicistat is used as a CYP 3A inhibitor for elvitegravir. Elvitegravir is predominantly metabolized

by CYP3A with a short half-life [23]. When elvitegravir is co-formulated with cobicistat the
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elimination of elvitegravir is prolonged, allowing an administration once per day [22]. TFV is not
known to be an CYP inhibitor/enhancer or being metabolized by CYP3A enzymes [34] as TFV is
eliminated via the urine unchanged [35]. It is likely that the increased damage on the proximal
tubules which we observed cannot be attributed to an accumulation of TFV in the cells after a
delayed metabolism when dosed together with cobicistat. Another possible explanation may be
that at high concentrations of cobicistat, TFV can enter the cells by other pathways than the OAT1
transport which is lacking in RPTEC. In a study by Stray et al. [24] the potential of cobicistat to
influence the pharmacology of TFV was assessed. They found that cobicistat did not interact with
the transport of TFV by OAT1, but they could detect a minor inhibitory effect of cobicistat on OAT3
transport. However, they suggested that this effect was unlikely to be clinically relevant as most
TFV transport in the proximal tubules is mediated by OAT1. Next to the influx via OAT1 they also
assessed the efflux transporter MRP4. In our recent work we were able to confirm the presence
of MRP mediated efflux in our model [27]. Stray et al. could show that MRP4 mediated efflux is
sensitive to cobicistat in serum-free medium. However, this effect was eliminated when they
performed the experiments in serum-containing medium. In our study we used much higher
concentrations of both TFV and cobicistat. Therefore, it could be possible that not all cobicistat
was eliminated in the presence of serum (1% in the exposure medium) and was able to inhibit
MRP4 efflux, resulting in higher concentrations of both TFV and cobicistat in the cells leading to

an increase in damage when combining the drugs.

The study we performed does have some important limitations, which actually can guide future
research. First, when comparing the concentrations of the compounds in the culture medium to
the maximum clinically observed concentrations in plasma, those which showed a toxic effect in
our in vitro model were higher than reported in vivo [36], [37]. Thus, to be able to translate our
results to the in vivo situation, further research on our in vitro model needs to be performed.
Starting with pharmacokinetic modeling to determine drug concentrations and combinations to
be tested [38], many aspects would need to be optimized and standardized: the culture of the
model itself, the assays and the readout methods, exposure concentrations, and exposure
duration. Eventually these data can be used in in silico models to accurately predict the in vivo
situation [39], [40].

Another limitation in this study is that a commercially available cell source was used which does
not express all crucial transporters which are responsible for (part of) the transport of some of
the tested compounds. Nonetheless, we were able to show that TFV delivered in the form of
prodrug TAF has a cytotoxic effect on our proximal tubule model at concentrations similar to
exposure of OAT1-expressing cells when exposed to TFV. In the combination studies additive or
even synergistic damaging effects on the proximal tubules were detected. Using an even broader
panel of assays and a second cell source with OAT1 expression would be a fruitful area for further

work.
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One last limitation in this study which affected the results significantly was that in the combination
study TAF was used in much higher concentrations than would have been adequate when trying
to resemble the ratio of TAF to co-administered compounds in Genvoya. In Genvoya, the
molecular concentration of TAF is only a fraction of the three other compounds. Here it would be
interesting to re-design the initial experiments by dissolving the compounds in, if possible,

aqueous solutions to be able to test the compounds at the correct ratios.

Although we know that the concentrations used in this study were too high to be physiologically
relevant, we could show that the proximal-tubule-on-a-chip platform is a suitable tool that can

be used to study the effect of drugs and drug combinations on the kidney.

Conclusion

The present study was designed to determine if the proximal tubule-on-a-chip can be used to
study compound panels and toxicity-enhancing effects when compounds are co-administered. To
this end different read-out assays were used to study the toxicity of the drugs. We could show
that particularly the combination of the assays can lead to a more complete picture of the
compound’s toxicity. For some compounds, their earliest toxicity can be identified in the barrier
integrity assay because they damage the cell connections first, other compounds affect the cell
membrane initially, resulting in an increase of LDH activity in the medium. The findings of this
investigation complement those of earlier published data (chapter 2, [27] and chapter 3, [9]),
where also the combination of assays offered a broader picture on the toxicity mechanism. For

future studies it could be of high interest to combine the assays from all studies.

In recent years, Stribild, which contains the tenofovir (TFV) prodrug tenofovir disoproxil fumarate
(TDF) was replaced by Genvoya which contains the prodrug tenofovir alafenamide (TAF). TAF is
thought to be taken up by cells passively, whereas TDF is converted into TFV in the presence of
serum containing medium and then enters cells via anion transporter OAT1. The model used in
this research is lacking transporter OAT1 and did not show a response to TFV exposure in previous
studies [9]. However, the present results could show that TAF, when tested individually, is
cytotoxic at similar molecular concentrations compared to the exposure concentrations of TFV
when exposed to cells containing the OAT1 transport mechanism (chapter 3, [9]), while no
cytotoxic effect was detected with TDF. From these results we can conclude that TAF enters cells
passively, whereas TDF converts into TFV and is dependent on active anion transport to

accumulate inside the cells and cause cytotoxicity.

TAF is administered in Genvoya at a fraction of TDF in Stribild (10 mg and 300 mg, respectively,
[41], [42]). When TAF was dosed at the correct ratio compared to the toxic concentration of TFV,

no toxicity was measured in the present study. We can therefore conclude that our experiments
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[1]

[2]

3]

[4]

confirmed that the new drug combination (Genvoya) using TAF instead of TDF does have a

decreased potential for adverse kidney-related side effects, supporting the results seen clinically.

In the present study the combination of TAF and the other three antiretroviral agents was not
dosed at the correct ratio as used in Genvoya because this would exceed the concentration of
solvent DMSO. At correct ratios TAF could have been tested only at a fraction of the concentration
found toxic in the mono dose study. An obvious area for future research could start by focusing
on testing the drugs used in Genvoya at the concentrations which resemble the ratio of TAF to
co-administered compounds in Genvoya. Doing this would grant a better model which can be

used to mimic the influence of TAF and its co-administered compounds on the results.

In most research which study the effect of TFV and its prodrugs, they are tested individually. Our
results indicate that elvitegravir as well as cobicistat also affected the proximal tubule cells. We
suggest that in future studies TFV and its prodrugs should be tested in combination with the drugs
with which they will be co-administered. However, during in vitro experiments some of the drugs
might be incorrectly dosed, as in vivo they would be metabolized quickly by the liver or cleared
via the gut. To overcome this problem a possible solution could be to connect the present model
with a liver-on-the-chip system [43] and/or a gut-on-a-chip system [29], [44]. Or, include

pharmacokinetic modeling to choose proper concentrations for experiments.

We were able to show that the proximal-tubule-on-a-chip model can serve as a steppingstone for
future DDI studies. Our platform is able to distinguish which processes are affected first by the
different drug (combinations) and pick up synergistic (additive and super-additive) effects of co-
administered drugs. Moreover, the platform can be potentially used to assess if these synergistic

effects are relevant or not when used in combination with pharmacogenetic modeling.
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Significance Statement

Renal ischemia/reperfusion injury (rIRl) is one of the major causes associated with tubular
damage leading to acute kidney injury (AKI). In this study we modelled rIRI-induced AKI in vitro in
a reconstituted human renal proximal tubule-on-a-chip with endothelial vessels through the
control of ischemic parameters (i.e. oxygen, nutrients, and flow). The ischemic conditions had a
detrimental effect on the proximal tubule, that was significantly amplified by subsequent
reperfusion. Adenosine was shown to protect from disruption of epithelial cells and caspase 3/7
activation. As the platform is amenable to screening, this model will support pathophysiological

research as well as drug discovery.

Abstract

Background Renal ischemia/reperfusion injury (rIRI) is one of the major causes of acute kidney
injury (AKI). While animal models are suitable for investigating systemic symptoms of AKl they are
limited in translatability. Human in vitro models are crucial in giving mechanistic insights into rIRl,

however, they miss out on crucial aspects as reperfusion injury and the multi tissue aspect of AKI.

Methods We advanced the current renal proximal tubule-on-a-chip model to a coculture model
with a perfused endothelial vessel separated by an extracellular matrix (ECM). The coculture was
characterized for its three-dimensional structure, protein expression, and response to
nephrotoxins. Then, rIRl was captured through control of oxygen levels, nutrient availability, and
perfusion flow settings. Injury was quantified through morphological assessment, caspase 3/7

activation, and cell viability.

Results The combination of low oxygen, reduced glucose, and interrupted flow was potent to
disturb the proximal tubules. This effect was strongly amplified upon reperfusion. Endothelial
vessels were less sensitive to the ischemia-reperfusion parameters. Adenosine treatment showed

a protective effect on the disruption of the epithelium and on the caspase 3/7 activation.

Conclusions A human in vitro rIRlI model was developed using a coculture of a proximal tubule
and blood vessel on-a-chip, which was used to characterize the renoprotective effect of
adenosine. The robustness of the model and assays in combination with the throughput of the
platform make it ideal to advance pathophysiological research and enable the development of

novel therapeutic modalities.

Introduction

Acute kidney injury (AKI) is a severe medical problem with a high mortality rate. Every year around
1.7 million people die of AKI worldwide [1], [2]. Since the kidney is responsible for eliminating

waste products from the blood it encounters high concentrations of xenobiotics and is therefore
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vulnerable for (drug-induced) toxicity [3], [4]. In the kidney, renal proximal tubule epithelial cells
(RPTEC) express many ATP-dependent transporters and play important roles in re-absorption of
essential nutrients. RPTEC have a high energy demand to drive active transporters, and renal
blood flow supplies the required oxygen [5], [6]. Patients with a disrupted renal flow, either
because of pre-renal hypoperfusion (e.g. heart failure, hemorrhage) or post-renal obstruction
(e.g. cancer, blood clot) also suffer from AKI [3], [7]. Renal ischemia/reperfusion injury (rIRI)
causes a loss of function and cell damage of the proximal tubule structure, ultimately leading to
AKI [8]-[10]. Recently, AKI has been extensively researched as a symptom following SARS-CoV-2
infection [11].

For investigating the pathophysiology of rIRI and drug screening for AKI, animal models are widely
used to capture systemic symptoms of AKI [12]. However, here a significant species difference
between animal and human is observed [13]. Not all drug candidates that showed efficacy in
animal models showed efficacy in AKI treatment in clinical trials. In vitro cellular models are also
applied for elucidation of rIRI/AKI mechanistic insights [14]. Unfortunately, traditional 2D culture
settings of RPTEC lack their typical structure and their associated functionality [15], [16]. In vitro
experiments do allow for a controlled environment, allowing manipulation of specific variables,
and enabling higher reproducibility [14] . Finally, replacement of animal models is expected to

reduce costs and time, as well as increase the throughput and predictability [17], [18].

Human cellular models can be valuable tools for tackling rIRl and discovery of AKI preventive
agents [19]. In vitro rIRl models have been reported that enable induction of hypoxia by chemical
induction, enzymatic induction, or anaerobic chambers [14]. However, additional parameters are
important to comprehensively mimic ischemia-inducing insults [20]. Loss of nutrients, loss of flow,
and buildup of waste products, as well as the reset of all parameters upon reperfusion can cause
damage and should be included in rIRI modelling. Recent advances in tissue engineering and
microfluidic cell culture techniques have made significant progress in modelling key aspects of
human organs in vitro [15]. For example, a 3D model of the proximal tubule comprising perfusion
flow was established in a microfluidic chip setup [21]—[24]. Application of shear stress to the apical
side isimportant as it regulates tight-junction and polarized transporter localization [25]-[28]. We
have previously reported a human proximal tubule on-a-chip model comprised of 40 perfused
proximal tubules grown against an extracellular matrix (ECM) [24]. We showed the utility of this
model for assessing kidney toxicity, drug-drug interaction, and transporter function [24], [29],
[30].

In this study, we developed an advanced model to study rIRI comprising a perfused 3D proximal
tubule adjacent to a 3D perfused blood vessel. The proximal tubule and blood vessel are
separated by a collagen 1 surrogate extracellular matrix (ECM). We characterized the culture
using immunostaining for cell type specific markers and ensured correct polarization. We then

validated the response to nephrotoxicants. We modelled rIRI by adjusting culture parameters
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such as oxygen concentration, perfusion flow, and nutrients like glucose, followed by a return to
normal culture conditions. Finally, we assessed the protective potential of adenosine,
nicotinamide, and N-acetylcysteine (NAC) that have been reported to prevent rIRl in animal
models [31]-[35]. We foresee that this new human rIRlI model will provide a springboard for the

development of preventative or curative treatments for ischemic AKI.

Materials and Methods

Cell culture

Human renal Proximal Tubule Epithelial Cells (RPTEC, Kidney PTEC Control Cells, SA7K Clone,
Sigma-Aldrich, MTOX1030) were cultured on PureCol-coated (Advanced BioMetrix, 5005-B,
diluted with 1:30 in HBSS (Sigma H6648), 20 min incubation at 37 °C) T75 flasks (Corning,
431464U) in MEME alpha Modification (Sigma, M4526) supplemented with RPTEC Complete
Supplement (Sigma, MTOXRCSUP), L-glutamine (1.87 mM, Sigma, G7513), Gentamicin (28 pg/ml,
Sigma, G1397) and Amphotericin B (14 ng/ml, Sigma, A2942). Cells were incubated in a humidified
incubator (37 °C, 5 % CO;) and medium was changed every 2-3 days. At 90-100 % confluency, cells
were washed with HBSS, detached with accutase (Sigma, A6964), neutralized with culture
medium, pelleted (140 g, 5 minutes), and used for seeding in the OrganoPlate. Cells were used up

to passage 3.

Human umbilical vein endothelial cells (HUVEC, Lonza, C2519A) were cultured on surface treated
T75 (Thermo Scientific, 156499) flasks in MV2 complete medium (Endothelial Cell Medium MV2,
Promocell, C-22022) supplemented with Supplement Mix Endothelial Cell Growth Medium MV2
(Promocell, C-39226), and 1% Pen/Strep (Sigma, P4333). Cells were incubated in a humidified
incubator (37 °C, 5 % CO;) and medium was changed every 2-3 days. At 90-100 % confluency, cells
were washed with HEPES-BSS (Lonza, CC-5022), detached with 0.025% Trypsin-EDTA (1X) solution
(Lonza, CC-5012), neutralized with Trypsin Neutralizing Solution (Lonza, CC-5002), pelleted (200

g, 5 minutes), and used for seeding in the OrganoPlate. Cells were used up to passage 9.

Establishment of the RPTEC-HUVEC coculture

For all experiments, the OrganoPlate® 3-lane (Mimetas BV, 4003 400B) was used. Figure 1a shows
a photograph of the bottom of the OrganoPlate, demonstrating the 40 microfluidic channel
networks, glued to a standard 384-well plate. A zoom in on a single chip highlights the region of
interest where three microfluidic channels join in the center (green circle, Fig. 1b). The 3 channels
are separated by PhaseGuides, which are small ridges that prevent overflow between adjacent

channels through meniscus pinning [36] (Fig. 1c, grey bars).

As a starting point for the seeding, we took the RPTEC monoculture protocol as previously
described [24] and introduced a seeding procedure for an endothelial vessel alongside the RPTEC

tubule (Fig. 1 d-f). In short, 2 uL of a liquefied ECM gel composed of 4 mg/ml collagen | was loaded
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into the middle inlet of all 40 chips and let to polymerize (Fig. 1d step 1). The following day RPTECs
were seeded against the gel to the top channel and allowed to adhere (Fig. 1d step 2). After
attachment of the cells, medium was added and the OrganoPlate was placed in an incubator on
an interval rocker platform (Mimetas BV, MI-OFPR-L) (+/- 7 degree angle, 8 minute interval)

enabling a passive, bidirectional flow though the perfusion channels (Fig. 1d step 3).

HUVEC were added to the bottom channel of the microfluidic chip on day 2 (Fig. 1d step 4). HUVEC
were detached as described above and re-suspended in MV2 complete medium at a
concentration of 10 x 10° cells per ml. Medium from all bottom in- and outlets was aspirated, and
the plate was turned 180° resulting in RPTEC tubes sitting in the bottom. 2 pL of the HUVEC cell
suspension was added to the (new) top left inlet. Subsequently, 1 uL was aspirated via the outlet
from the top channel to guide HUVEC though the system. The OrganoPlate was placed on its side
at an angle of 75° to let the HUVEC attach to the ECM. After an incubation time of 60 minutes,
medium from both channels was switched to coculture medium (50% CellBiologics complete
human endothelial cell medium (basal medium with the growth factor supplement kit (H1168))
and 50% RPTEC complete medium). Perfusion was applied again resulting in fully grown tubules
of RPTEC and HUVEC at day 6 (Fig. 1c, 1d step 5). Cocultures were used for experiments up to day
12. The timeline of coculture seeding was determined in an optimization study (data not shown)
with RPTEC seeded on day 0, and HUVEC on day 2 (Fig. 1 d-f).

Immunohistochemistry

Cocultures were fixed by replacing the medium with 3.7% formaldehyde (Sigma, 252549) in HBSS
(Sigma, 55037C) for 10 minutes. Tubules were washed with washing solution (4% fetal bovine
serum (Gibco, 16140-071) in HBSS) and permeabilized (0.3% Triton X-100 (Sigma, T8787) in HBSS)
for 10 minutes. Next, cultures were incubated for 45 minutes in blocking solution (2% FBS, 2%
bovine serum albumin (BSA) (Sigma, A2153), and 0.1% Tween 20 (Sigma, P9416) in HBSS).
Hereafter cultures were incubated with the primary antibodies, diluted in blocking solution, for
60 minutes at room temperature. Primary antibodies against Ms-a-ezrin (BD Biosciences, 610602,
1:200), Ms-a-acetylated tubulin (Sigma, T6793, 1:4000), Rb-a-Zonula occludens-1 (ZO-1) (Thermo
Fischer, 61-7300, 1:125) and Rb-a-VE-cadherin (Abcam, Ab33168, 1:1000) were used.
Subsequently, cultures were washed twice with washing solution for 5 minutes each and then
incubated for 30 minutes at room temperature with secondary antibodies Gt-a-Ms IgG (H+L) Alexa
Fluor 555 ( (Thermo Scientific , A21422,1:250) and Gt-a-Rb IgG (H+L) Alexa Fluor 488 ( (Thermo
Scientific, A32731, 1:250) diluted in blocking solution. After washing the tubules two times for 5
minutes, nuclei were stained with Hoechst 33342 (Thermo Fisher Scientific, H3570, 1:2000) in the
last washing step. Fluorescent images for the 3D reconstructions were taken with the
ImageXpress® Micro Confocal High-Content Imaging System (Molecular Devices). A z-stack of 220
um with 2 um between each image plane was acquired for DAPI, FITC, and TRITC channels. 3D

reconstructions and maximum projections were created using ImageJ [37].
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Figure 1: Overview of the seeding method of the RPTEC/HUVEC coculture in the OrganoPlate 3-lane.
a Photograph of the bottom-side of the culture platform showing 40 microfluidic channel networks
underneath a 384-well plate. b Zoom-in on a single microfluidic channel network comprising three
channels that join in the center (green circle). ¢ 3D artist impression of the center of a chip, where two
tubules are cultured in the two lateral channels (green and purple) along an ECM gel in the middle
channel (light blue). Two phaseguides (grey bars) define the positioning of the ECM gel leading to the
three-lane stratified profile. d Artist impression in horizontal projection and vertical cross section, e
associated phase-contrast images and f timeline for setting up the coculture. Pictures show a single
chip and formation of the tubular structures at day 0, 3, and 7.

Nephrotoxicant exposure

Cultures were exposed to a concentration range of cisplatin, tobramycin and cyclosporin A (CysA)
[38] (Table 1). Staurosporine (10 uM), a well-known apoptosis inducer [39], was included as a
positive control, and dexamethasone (30 uM) [40] as a negative control. On day 6 medium of both
channels was replaced with coculture medium complemented with a nephrotoxicant, the positive
or the negative control (Table 1). Following a 48-hour incubation on the rocker platform, medium
was sampled from the top wells connected to the RPTEC tubules. Samples from in- and outlet
were pooled and used for the lactate dehydrogenase (LDH) activity assay. Tubules were thereafter
incubated with WST-8 buffer diluted in medium to determine viability. Phase-contrast and

fluorescent images were acquired using the ImageXpress XLS Micro HCl system (Molecular
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Devices) to assess the morphology of the cells and their nuclei. Moreover, activation of caspase

3/7 activity was visualized.

Table 1: Nephrotoxic compounds used for validation of the model.

catalog no. . . .
) Final vehicle Highest
Compound (Sigma- Solvent .
. conc. (v/v) concentration
Aldrich)

Cisplatin P4394 0.9% NaClin H,0 5.4% 270 pM
Tobramycin T1783 Culture medium - 50 mM
Cyclosporin A 30024 DMSO 0.6% 60 pM
Staurosporine 54400 DMSO 0.1% 10 pM
Dexamethasone D4902 DMSO 0.1% 30 UM

Fluorogenic caspase-3/7 assay and nuclei staining

For acquiring live cell images of cells undergoing caspase-3/7 mediated apoptosis, culture
medium was replaced with medium containing Caspase-3/7 Green Apoptosis Assay Reagent
(dilution 1:1000, Sartorius, #4440). After a 1.5-hour incubation at 37°C, 21% 02, 5% CO2 on the
rocker platform a z-stack of 220 um with 5 um between each image plane was acquired for FITC
using the ImageXpress® Micro Confocal High-Content Imaging System (Molecular Devices) with a
10x objective. The plate was thereafter fixated as described previously [24] and nuclei were
stained with Hoechst 33342 and imaged again for DAPI. One maximum projection per chip was

created for both, DAPI and FITC using ImageJ.

Lactate dehydrogenase activity assay

LDH activity of the samples was determined using the Lactate Dehydrogenase Activity Assay Kit
(Sigma, MAKO066) according to manufacturer protocol. In short, the medium of the top in- and top
outlet or bottom in- and bottom outlet was pooled for RPTEC or HUVEC, respectively. 2 pL was
added in duplicate to a black 384 well plate with a glass bottom. Next, 18 uL LDH assay buffer was
added to all sample wells to add up to an initial volume of 20 uL. In parallel, a concentration curve
of the NADH standard was added. After a short centrifugation step, 20ul Master Reaction Mix was
added to each well. After one minute, the absorbance was measured with the Multiskan™ FC
Microplate Photometer (Thermo scientific) at 450 nm every 2 minutes for 6 minutes. Background
subtraction was performed using the results of cell-free chips exposed to medium without any
additives. The LDH activity was determined using the following formula:

nmol NADH x sample dilution factor

LDH activi l/mi D=
activity (nmol/min/ml) reaction time (min) x sample volume (mlL)
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Cell viability (WST-8 assay)

The viability of the cells was determined using the Cell Counting Kit — 8 (Sigma, 96992). The WST-
8 solution was diluted 1:11 with coculture medium and added to both perfusion channels of one
chip (30 pL in- and outlets). After an 18-minute incubation at 37°C and 5% CO2 on the rocker
platform and a 2-minute static incubation, the absorbance in the top in- and outlets was
measured with the Multiskan™ FC Microplate Photometer (Thermo scientific) at 450 nm. For

background subtraction measurements from cell-free chips were used.

Modeling renal ischemia and renal reperfusion

Renal ischemia was modelled on the OrganoPlate cocultures by exposing the cultures to low
oxygen (5% 02), and/or low glucose and nutrient availability, and/or no perfusion. This was
compared to a normoxic culture: atmospheric O, of 21%, coculture medium, and perfusion. Eight

different setups were tested (Table 2).

Table 2: Conditions used to model Ischemia. N=normoxia, L=low oxygen, P=perfusion, S=static,
+glu=coculture medium, -glu=DMEM w/o glucose.

Condition Glucose and nutrient
(abbreviation) Oxygen Tension Perfusion availability

N+P+glu Normoxia (21% O3) Yes (rocker) Coculture medium
N+P-glu Normoxia (21% O) Yes (rocker) DMEM wy/o glucose
N+S+glu Normoxia (21% O3) No (static) Coculture medium
N+S-glu Normoxia (21% O>) No (static) DMEM w/o glucose
L+P+glu Low oxygen (5% O2) Yes (rocker) Coculture medium
L+P-glu Low oxygen (5% O) Yes (rocker) DMEM w/o glucose
L+S+glu Low oxygen (5% O2) No (static) Coculture medium
L+S-glu Low oxygen (5% O) No (static) DMEM w/o glucose

On day 6 of the coculture, ischemic conditions were induced. For low oxygen, cultures were
placed in a low oxygen incubator (5% CO,, 37°C, 5% O,). Perfusion was stopped by removing the
plates from the rocker-platform. For low nutrient cultures the medium was changed to DMEM
without glucose (Gibco #11966-025). The cultures were exposed to combinations of the ischemic
conditions for 24 hours, after which medium was sampled for the LDH assay and phase-contrast
images were acquired. To model renal ischemic reperfusion injury, the exposure was followed by

a reperfusion of the cultures for another 24 hours in normoxic conditions. Subsequently, medium
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was sampled for LDH assay, WST-8 viability was determined, phase-contrast images were

acquired, and the cultures were stained for DNA and caspase-3/7 activation.

Assessment of potential protective compounds

Prevention of ischemic damage during exposure and reperfusion of the cultures was assessed
upon addition of adenosine, nicotinamide and NAC during exposure and reperfusion to the
culture medium of both channels (Table 3). For testing possible protecting effects of the co-
incubation with the three compounds, cultures were exposed to the selected ischemic conditions
L+P-glu and L+S-glu and compared to the N+P+glu control. The experiment was executed with an
ischemia exposure time of 12 hours or 24 hours, both followed by 24-hour reperfusion. LDH
activity samples and phase-contrast images were acquired after the exposure and after
reperfusion. WST-8 viability assay and DNA and caspase-3/7 staining were performed after

reperfusion only. Staurosporine (10uM) was used as positive control for the viability assays.

Table 3: Protective compounds tested to prevent cell damage during renal ischemia and reperfusion.

Supplier, Stock Exposure
Compound Solvent
catalog no. conc. (mM) conc. (mM)
1M NH40H (heated)
Adenosine Sigma, A4036 180 1
Sigma, 09859

Nicotinamide Sigma, N0636 milliQ 1000 10
N-acetylcysteine Sigma, A9165 milliQ 500 1

Real time imaging

On day 6 of culture, the plate was placed in the EVOS® FL Auto Imaging System (Life Technologies,
5% CO3, 37°C, humidified) and incubated static in DMEM without glucose medium under 5% O,
(L+S-glu) for 24 hours to mimic an ischemic event. Phase-contrast and FITC images were acquired
every 32 minutes for 24 hours. Hereafter, the plate was reperfused with nutrient-rich coculture
medium in normoxia (21% 02) and perfusion was reinstated by placing the EVOS FL Auto Imaging
System on a rocker platform (7 degree angle, 8 minute interval) for another 24-hours, while
phase-contrast and FITC images were acquired every 32 minutes. During the exposure and
reperfusion, cultures were co-incubated with or without 1 mM adenosine. To monitor the
activation of caspase 3/7 the caspase-3/7 green apoptosis assay reagent was added to the
medium (1:1000).
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Data analysis and statistics

Images were processed using Imagel [37]. Data analysis was performed using Excel (Microsoft
office 365 Business) and GraphPad Prism (GraphPad Software Inc., version 8.4.2). Error bars
represent the standard deviation. One-way ANOVA was used for statistical analysis between
groups followed by Tukey’s multiple comparisons test. A log(y) transformation was used to
normalize the data if indicated by Anderson-Darling test or Brown Forsythe test of variances. In
case of negative values, data was transformed using log(y+1). A p-value of < 0.05 was considered

as significant.

Results

A perfused coculture of epithelial tubules and endothelial vessels was established in a
microfluidic chip.

Figure 1 illustrates the setup for the perfused coculture of a human renal proximal tubule-on-a-
chip and a blood vessel. RPTEC are cultured in the OrganoPlate 3-lane system against a collagen
1 ECM mimic and formed a tubular structure upon application of perfusion flow. At the same time
a blood vessel was grown from HUVECs against the ECM on the other side. The 3-lane stratified
setup is achieved by patterning a collagen 1 gel in the center of the chip using capillary pinning

barriers called phaseguides [36].

Figure 2 shows immunohistochemical stainings of the coculture model from a top view (a, d, g)
and a 3D bird’s eye view (c, f, i). Tight junctions were confirmed through ZO-1 expression (Fig. 2a-
f, green) [41]. Acetylated tubulin staining showed one primary cilium per cell on the luminal side
for both cell types, (Fig. 2 a-c, g-i, red) [42], [43]. Epithelial marker and brush border protein Ezrin
[44] was exclusively located on the apical side of the RPTEC layer (Fig. 2 d-f, red). Endothelial
adherence junction protein VE-cadherin [45] was expressed by the endothelial cells at the cell

borders (Fig. 2 g-i, green).

A 3D reconstruction of the coculture obtained by confocal microscopy showed that RPTEC and
HUVEC adhered to the ECM in the central channel and grew to confluency after 6 and 4 days,
respectively (Fig. 2 ¢, f, i). A view on the cross-section of both structures showed lumen formation

on both sides of ECM, with the basal sides of the membranes facing each other.

The perfused 3D renal proximal tubule and blood vessel-on-a-chip is sensitive to
nephrotoxicants.

Next, we assessed the response of the model to cisplatin, tobramycin, and CysA after 48-hours
exposure. Phase-contrast imaging showed rounded-up and clustered cells for high concentrations
of cisplatin and tobramycin, whereas the morphology of the culture upon CysA exposure

remained normal for all concentrations (Fig. 3a).
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Figure 2: Marker expression of the kidney model shows polarized epithelium and endothelium. a, d,
g z-projections of the coculture with the RPTEC tubule in the top channel and the HUVEC vessel in the
bottom channel. b, e, h Zoom of the z-projections in a, d, g. ¢, f, i 3D reconstructions showing a view
into the lumen of the tubules. a-c Primary cilia were visualized by acetylated tubulin staining (red),
present on the apical side of the RPTEC tubule. Tight junction protein ZO-1 (green) was present in both
cell types. d-f Epithelial marker and brush border protein Ezrin (red) was exclusively present on the
apical side of the RPTEC tubule. g-i Endothelial tight junction protein VE-cadherin (green) was
expressed by the HUVEC vessel at the cell border and primary cilia located on the apical side of the
membrane were stained using acetylated tubulin.

DNA staining (Fig. 3b) and activated caspase 3/7 staining [46] (Fig. 3c) confirmed these
observations, showing visible damage for concentration of 27 pM cisplatin or 28.1 mM
tobramycin and higher. Tubules exposed to the highest concentration of CysA showed a slight
increase in the number of caspase 3/7 positive cells, though this effect was less dominant

compared with the other two compounds.

LDH activity released into the medium was measured at the luminal side of RPTEC as an indicator
of cell damage [47]. A trend of dose-dependent increase in LDH release was observed after
treatment with cisplatin and tobramycin, whereas such a trend was not observed with CysA (Fig.
3d).

Dehydrogenase activity was measured as a representation of cell viability through a WST-8 assay
(Fig. 3e, [48], [49]). Cisplatin and tobramycin exhibited a dose-dependent reduction while CysA
did not affect the cell viability.
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HUVEC were damaged to a similar level as RPTEC when exposed to cisplatin and tobramycin,
but more severely after an exposure to CysA (data not shown). Ischemia can be induced
through non-flow, low glucose and/or low oxygen.

To model rIRI in the proximal tubule-on-a-chip with blood vessel, cultures were exposed to
combinations of three different ischemic assaults: low oxygen (5% 02, termed ‘L’), no perfusion
(static, termed ‘S’) and glucose free and nutrient poor medium (termed ‘-glu’) (see Table 2 for an
overview of ischemic parameter combinations). After a 24-hour exposure, cultures were
reperfused under normoxic conditions (21% oxygen, termed ‘N’, perfusion on the rocker, termed
‘P’, and glucose and nutrient rich medium, (5% fetal bovine serum), termed ‘+glu’ for another 24
hours) (Fig. 4).

Phase-contrast images of the proximal tubule after 24-hour exposure are shown in figure 4c.
Among the 8 different combinations of ischemic parameters, N+S-glu, L+P-glu, and L+S-glu
conditions showed rounded-up and clustered morphology. Endothelial vessels showed less
severe or no damage under these conditions (S1a, top). Following the reperfusion, the damage to
the proximal tubules had worsened (Fig. 4c bottom). RPTEC exposed to N+S-glu and L+S-glu were
washed out of most parts of the channels during reperfusion, whereas HUVEC stayed attached

even after the washing steps involved in the staining process (Fig. 4d and S1b, respectively).

Caspase 3/7 activity was determined directly after the reperfusion and showed clear activation in
RPTEC when exposed to L+S-glu (Fig. 4e). A fainter staining was detected in the HUVEC in the same
condition (Sic). In addition to the L+S-glu condition, caspase 3/7 activation of a few cells was

detected in the L+P-glu condition in both cell types, again with a much lower activation in HUVEC.
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Representative images. Scalebar = 200 um. Experiment 2, n=4 chips.
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Figure 3: A panel of assays shows susceptibility of the proximal tubule to AKI in response to
nephrotoxic drugs. Cocultures were exposed to concentrations ranges of cisplatin, tobramycin and
cyclosporin A for 48 hours. a-c Phase-contrast imaging (a), DNA staining (b) and caspase 3/7 staining
(c) showed cell damage after cisplatin and tobramycin exposure in a dose dependent manner.
Representative images. Scalebar = 200um. d LDH release in the medium was measured and showed
cell damage after cisplatin and tobramycin exposure in a dose dependent manner. e Assessment of the
viability relative to the corresponding vehicle control using a WST-8 assay showed a dose-dependent
decrease in viability after cisplatin and tobramycin exposure. Dexamethasone (30uM) was included as
a negative control, staurosporine (10uM) was included as a positive control. Error bars represent
standard deviation. Experiment 1-3 are independent repeats of the experiment, n=2-4 chips per
condition.

Figure 4f displays the LDH activity in culture medium from the RPTEC tubule after 24 hours
ischemia (left panel) and subsequent reperfusion (right panel). Overall, change of LDH activity was
limited in comparison to the positive control staurosporine. Under this premise, N+S-glu, L+P-glu,

and L+S-glu conditions increased LDH activity, while N+P-glu condition decreased LDH activity.
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After 24 hours reperfusion, N+S+glu and L+S+glu treated cultures also displayed increased LDH

activity.

Assessment of the dehydrogenase activity as an index of viability showed a significant decrease
of 50% in all RPTEC tubules which had been exposed to N+P-glu, N+S-glu, L+P-glu and L+S-glu.
Remarkably also the cultures exposed to the condition N+P-glu showed an 50% decrease of
dehydrogenase activity, which was not reflected in the LDH release. Dehydrogenase activity
measured in the HUVEC cultures was 60% reduced for all conditions exposed to -glu independent

from the other parameters (fig. S1).

Adenosine prevented degradation of proximal tubules under ischemic conditions.
We assessed the protective effect of adenosine, nicotinamide, and NAC in our rIRI model. Cultures
were subjected to the two ischemic conditions L+P-glu and L+S-glu during 12- or 24-hour

exposure, both followed by 24-hour reperfusion.

In phase-contrast imaging, obvious damage of RPTEC was observed in the L+S-glu condition after
12-hour ischemia with 24-hour reperfusion (Fig. 5a). More severe damage was observed after 24-
hour ischemia with 24-hour reperfusion (Fig. 5b). Treatment with 1 mM adenosine retained
RPTEC in the channel (Fig. 5 a, b, red squares), whereas disrupted RPTEC were observed when
treated with 10 mM nicotinamide or 1 mM NAC. The protective effect of adenosine was
confirmed by visualization of the DNA (Fig. 5 ¢, d). In addition, co-incubation with adenosine
limited the increase of caspase 3/7 activity while in the control condition all remaining RPTEC

were caspase 3/7 positive.

LDH activity in the culture medium is shown in figures 5g and 5i. Co-incubation with adenosine
led to a statistically significant LDH activity reduction in four of the ischemic conditions.
Unexpectedly, 10 mM nicotinamide tended to lower LDH activity at any condition including the
control (Fig. 5g). We hypothesize that nicotinamide interferes with the LDH assay as nicotinamide
is part of the LDH coenzyme nicotinamide-adenine dinucleotide (NAD+) [50] and can bind to the
active site of LDH, thereby lowering the LDH activity [51]. To test this hypothesis, nicotinamide
was co-incubated with staurosporine, a potent inducer of apoptosis (Fig. S3). Staurosporine
exhibited renotoxicity as increase of LDH in culture media and decreased cell viability. However,
co-treatment with nicotinamide decreased only LDH activity in culture media but had no influence
on the WST-8 assay. This finding suggests that the LDH assay is not suitable for evaluating a

renoprotective effect of nicotinamide.

Analysis of the viability by quantifying WST-8 reduction showed a decreased viability upon the
ischemic event, to approximately 60% of the normoxic control condition after 12-hour exposure
to L+S-glu and 35% after the exposure for 24 hours to L+S-glu. No compound appeared to be

protective against ischemic damage in the WST-8 assay (Fig. 5 h, j). Results of repetition of the

135



experiments can be found in the supplemental figure S2. Results indicate the reproducibility of

the experiments after both exposure durations, 12 and 24 hours.
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Figure 4: Ischemic conditions lead to AKI in the proximal tubule. Ischemia was modelled on the
OrganoPlate coculture through a combination of low oxygen (L), static incubation (S), and glucose and
nutrient poor medium (-glu) for 24-hours, followed by a 24h reperfusion in normoxia (N), perfusion on
the rocker (P), and in glucose and nutrient rich medium (+glu). a Timeline of the experiment. b Region
of the RPTEC tubule (GREY square) that is used for the images shown in c-e. ¢ Representative phase-
contrast images after 24-hour exposure (top) and subsequent 24-hour reperfusion (bottom). Different
ischemia inducing conditions were tested (columns) and compared to the normal condition N+P+glu.
n.a.= not available. d DNA staining after 24h reperfusion. e Caspase 3-7 staining after 24 hour
reperfusion. Scalebar = 200 um. f LDH release in the medium was measured after 24 hour exposure
(left) and 24 hour exposure plus 24 hour reperfusion (right) respectively. g WST-8 viability relative to
the normal condition N+P+glu was assessed after 24h reperfusion. 10 uM staurosporine was included
as a positive control. Error bars represent standard deviation. One-way ANOVA compares the
conditions to the N+P+glu control condition, ** p<0.01 n=8-16 chips per condition.
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Figure 5: Co-incubation with adenosine decreases ischemia-induced AKI. Cultures were exposed to
the selected ischemic conditions L+P-glu and L+S-glu for either 12 or 24 hours, followed by a 24 hour
reperfusion, in the presence of adenosine, nicotinamide or N-acetylcysteine. N+P+glu medium only
is the normoxic control condition. a-f Images of a region of the RPTEC tubule (see Fig. 4b) after 12-
hour exposure and reperfusion (a, c, e) or after 24-hour exposure and reperfusion (b, d, f). Red squares
indicate a protective effect of adenosine compared to the medium control of the same ischemic
condition in phase-contrast imaging (e, f), DNA staining (g, h) and caspase 3/7 staining (i, j). Scalebar
=200um. g-j LDH activity (g ,i) and WST-8 viability relative to the N+P+glu medium control (h, j) after
exposure to ischemic for 12 hours (g, h) or 24 hours (i, j) followed by reperfusion for 24 hours for both
conditions. One-way ANOVA compares the co-incubations to the medium control of the same ischemic
condition, * p < 0.05, ** p<0.01. # indicates the positive control differs significantly with all medium
controls (p<0.01). Error bars represent the standard deviation. 10 uM staurosporine was included as a
positive control. n=3-8 chips per condition. Both experiments (12 & 24 hour exposure) were repeated
(Fig. S2).

Real time caspase 3/7 imaging confirms adenosine is protective against riRI.
The activation of caspase 3/7 during the ischemia and reperfusion process was investigated

through time-lapse fluorescent microscopy (Fig. 6, and supplemental movie).

While exposed to ischemia (L+S-glu), caspase 3/7 activity increased over time in the medium
control and adenosine treated conditions (Fig. 6a). Upon reperfusion with fresh medium, severe
damage to the RPTEC in the medium control was observed because of cells being washed away
(Fig. 6 b, top left panel), whereas proximal tubules treated with adenosine remained (Fig. 6b top
right panel). After 12 and 24 hours of the reperfusion process, detached RPTEC, as well as an
increase of activated caspase 3/7 in the remaining RPTEC, were observed in the medium control,
while there were no severely disturbed RPTEC observed with adenosine treatment. HUVEC

vessels recovered from the ischemic event, independent of adenosine co-incubation.

Discussion

In this study, we presented a human renal proximal tubule-on-a-chip in coculture with a perfused
blood vessel separated by an ECM with the purpose to model rIRI-induced AKI (Fig. 1). A 3D
reconstruction of histochemical stainings of the cocultures obtained by confocal microscopy
showed that RPTEC and HUVEC adhere to the ECM and the side walls in the shape of
tubular/vessel structures with lumen formation (Fig. 2). Correct polarization of the RPTEC was
shown by a staining against the brush border marker ezrin. Primary cilia labeled with acetylated
tubulin were observed on the apical surface of RPTEC and ZO-1, which is a key molecule of tight
junctions, was found at the borders of the cells. Consistent with prior work [24] RPTEC formed
barriers with limited diffusion of large molecules such as fluorescein labeled dextran (4.4 kDa and
150 kDa; data not shown) suggesting that the barrier function is well maintained. While this model
is used in the present study, there is abundant room for further modifications. For instance,

immune cells could be added to the lumen of the endothelial vessel, allowing the investigation of
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translocation of immune cells by the endothelium, and their role in inflammation of the kidney

microenvironment.
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Figure 6: Real time caspase 3/7 activation and phase contrast imaging shows protective effect of
adenosine upon ischemic exposure. a Cultures, co-incubated with and without 1 mM adenosine were
exposed to ischemic conditions (L+S-glu) for 24 hours and caspase 3/7 activity was monitored over
time. b Medium was refreshed to standard culture medium and cocultures were reperfused under
normal conditions (N+P+glu) for 24 hours. Green = activated caspase 3/7. Scalebar = 500 um.
Representative images of n=3 chips per condition. A corresponding time lapse movie can be viewed in
the supplemental movie.

To apply this new culture setup to in vitro AKI disease modeling, the response of the model to
several renotoxicants was tested and the feasibility to measure cellular damage was assessed
using several assays. Cisplatin, tobramycin, and CysA were capable to affect RPTEC in the
advanced model as shown in figure 3. Tobramycin is an aminoglycoside antibiotic which causes
nephrotoxicity in clinical settings [52]. Our model detected its toxicity from 28.1 mM, which is
higher than concentrations used clinically (around 2 pg/mL) [52]. In clinical settings,
nephrotoxicity of tobramycin is observed after multiple ingestions [52], while in the present study
tobramycin exposure was performed at a single dosing for 48 hours. Using a longer time frame
with repeated dosing a toxic effect might be detected at lower concentrations. CysA treatment
resulted in increased caspase 3/7 activity at 60 uM. Li et al [53] reported caspase 3/7 activation
by CysA with an EC50 of 11 uM in a two-dimensional culture setting of the same cell source (RPTEC
SA7K clone). It would be interesting to compare the expression levels of P-glycoprotein, a ABC-
transporter, between these culture settings as CysA is a substrate of P-glycoprotein [54]. Different
levels could potentially cause a change of the intracellular concentration of CysA. In conclusion,
all assays were suitable to detect reasonable cellular responses and we decided to use the model

for disease modeling of rIRI.
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We modelled an ischemic event on the kidney-on-a-chip by exposing the culture to a combination
of three ischemic parameters: low oxygen (5%) (L), no perfusion (S), nutrient/glucose-poor
medium (-glu), and combinations of the three. After exposure, reperfusion was reinstated under
normal conditions (N+P+glu). When exposed to combined culture conditions (summarized in
Table 2), N+S-glu, L+P-glu, and L+S-glu let to damage after the 24-hour exposure followed the
reperfusion (Fig. 4). A significant change was observed in tubular morphology: cells appeared as
rounded and detached cells were observed. Moreover, increased caspase 3/7 activity was
observed in remaining epithelial cells after ischemia-reperfusion (L+S-glu or L+P-glu). These
observations are in line with clinical observations as the loss of the brush border and detached

epithelium were reported to be found in biopsy samples from AKI patients [8].

We investigated the potential renoprotective effects of adenosine, nicotinamide, and NAC when
co-treated during the rIRI event of the two selected ischemic conditions L+P-glu and L+S-glu. A
protective effect of the co-incubation with adenosine was observed in the morphology and DNA
assessment, caspase 3/7 activation, and LDH release. However, dehydrogenase activity measured
with the WST-8 viability assay showed no effect of adenosine. Based on these results we
hypothesize that adenosine exerts its protection by lowering the cell metabolism [55], including
the dehydrogenase activity. By putting the cells in a resting phase with low metabolism, the
oxygen demand of the cells is minimal, which could prevent damage from ischemic condition.
Overall, our results suggest that adenosine protects death of RPTEC through reduction of caspase

3/7 activation.

In contrast to adenosine, NAC did not show a renoprotective effect. There are positive reports of
NAC being protective in animal rIRl models. Our observation that we did not see a protective
effect in our human rIRI model could point towards a species-to-species difference, and that NAC
in fact does not have a protective effect in humans. In fact, the KDIGO Clinical Practice Guideline
for AKI [56] does not recommend using NAC for prevention of postsurgical AKI. We recommend

follow-up research to further validate this hypothesis.

Nicotinamide is one of the precursors of nicotinamide adenine dinucleotide (NAD+), lately
considered for its therapeutic potential as an NAD booster [57]. Recently, results of a phase 1 pilot
study administrating nicotinamide was reported [31], [58]. In patients undergoing cardiac surgery,
an increase of precursors for NAD+ was observed in their serum and urine accompanied by a
decrease of serum creatinine. In contrast to our expectations, nicotinamide did not prevent
tubular damage in our in vitro rIRl model. A decrease of LDH activity after nicotinamide treatment,
was contributed to the interference of nicotinamide with the assay as described in result section.
Follow-up studies will also help to better understand the translatability of this model to humans.
In this regard, time-lapse imaging (Fig. 6 and supplemental movie) can be a powerful tool for
monitoring the changes of cellular appearance. We selected a 12-hour or 24-hour duration for

mimicking the ischemic exposure, while this duration might be too long to observe the
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renoprotective effect of nicotinamide. Further assay optimization facilitated by such live imaging
should be undertaken to investigate a broader range of various ischemic conditions and

treatments at multiple evaluation time-points.

Endothelium seemed to be more tolerant to ischemia compared to the epithelium, and showed
recovery during reperfusion, independent of the treatment condition (Figs. 4 and 6, Fig. S2).
Further investigation will be needed to investigate the effect of rIRI on endothelial cells including
further readouts such as endothelial marker expression, barrier integrity of the endothelial cell

layer, and release of cytokines.

In an earlier study, it was shown that glomerular specific endothelium is key to mimic specific
aspects of the glomerulus, including glomerular specific extracellular matrix components [59]. We
therefore expect that translatability of our model could be further increased by replacing HUVEC
with endothelial cells of the kidney. Alternatively, inclusion of induced pluripotent stem cell-
derived cells could be done to study different genetic backgrounds and predispositions. We also
anticipate of usage of urine derived tubuloids [60] to capture patient specific responses to

ischemic events.

The current model is sufficiently robust to push forward to a high throughput phenotypic screen
for finding novel protective compounds that protect the kidney during ischemia and reperfusion.
The OrganoPlate platform used in this study is compatible, next to general laboratory equipment,
with high content (fluorescent) microscopes and robotics. Kane et al. have already reported
automation of the system for neuronal cultures [61]. Importantly, we showed that we could
measure response to these effects with various orthogonal assays. This allows internal hit

verification in a single run.

In conclusion, we successfully expanded our human renal proximal tubule-on-a-chip to a
coculture setting with endothelial cells. We were able to study the effect of ischemic conditions
and their role in AKI induction by adjustment of various culture settings (nutrient composition,
oxygen tension, and perfusion flow). We found that ischemic conditions had a strong detrimental
effect on the proximal tubule, but only mildly impacted the endothelium. We furthermore
confirmed that adenosine had a protective effect. We thus conclude that we have established a
powerful platform to study AKl in vitro that will prove useful to advance our understanding of the

pathophysiological nature of rIRl and support development of novel therapies for preventing AKI.
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Figure S1: Modelling AKI upon ischemic parameter exposure showing results of HUVEC. Ischemia was
modelled on the OrganoPlate by exposing the coculture to a combination of low oxygen (L), static
incubation (S), and glucose and nutrient poor medium (-glu) for 24-hours, followed by a 24h
reperfusion in normoxia (N), perfusion on the rocker (P), and in glucose and nutrient rich medium
(+glu). a Region of the HUVEC vessel (yellow square) that is used for the images shown in b-d. b
Representative phase-contrast images after 24-hour exposure (top) and subsequent 24-hour
reperfusion (bottom). Different ischemia inducing conditions were tested (columns) and compared to
the normal condition N+P+glu. N.a.= not available. c DNA staining after 24h reperfusion. d Caspase 3-
7 staining after 24h reperfusion. Scalebar = 200um. e LDH release in the medium was measured after
24h exposure (left) and 24h exposure plus 24h reperfusion (right) respectively. f WST-8 viability relative
to the normal condition N+P+glu was assessed after 24h reperfusion. 10uM staurosporine was
included as a positive control. Error bars represent standard deviation. One-way ANOVA compares the
conditions to the N+P+glu control condition, ** p<0.01 n=8-16 chips per condition.
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Figure S2: Repetition of experimental data presented in figure 5 of the main text. Cultures were
exposed to the selected ischemic conditions L+P-glu and L+S-glu for either 12 or 24 hours, followed
by a 24 hour reperfusion, in the presence of adenosine, nicotinamide or N-acetylcysteine. N+P+glu
medium only is the normoxic control condition. a-d A zoom of the RPTEC tubule (see Fig. 4b) was
imaged after 12-hour exposure and reperfusion (a, c) or after 24-hour exposure and reperfusion (b, d).
Red squares indicate a protective effect of adenosine compared to the medium control of the same
ischemic condition in phase contrast imaging and DNA staining. Scalebar = 200um. e-h After the
ischemic exposure of either 12 hours (e, f) or 24 hours (g, h) and a reperfusion of 24 hours for both,
medium from the RPTEC channel was sampled and analyzed for LDH activity (e, g) and WST-8 viability
relative to the N+P+glu medium control (f, h) was determined. One-way ANOVA compares the co-
incubations to the medium control of the same ischemic condition, * p < 0.05, ** p<0.01. # indicates
the positive control differs significantly with all medium controls (p<0.01). Error bars represent the
standard deviation. 10 uM staurosporine was included as a positive control. n=3-4 chips per condition.

a LDH activity b WST-8 viability
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Figure S3: LDH activity and WST-viability measured on cocultures exposed to staurosporine with and
without co-incubation of nicotinamide (NA). a LDH activity was significant lower when cocultures
exposed to staurosporine were co-incubated with NA. b WST-8 viability was not significant higher when
cocultures exposed to staurosporine were co-incubated with NA, indicating no protective effect of NA.
** p<0.01. ns: not significant. Error bars represent the standard deviation. n=4-8 chips per condition.

Supplemental movie for figure 6 will be available online when published
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Chapter 6

Overall Discussion, Future Perspectives, and
Summary



Model suitable to study AKI, nephrotoxicity, transport function

e Foundation of all subsequent models /‘

idas ¢ ©

Introduction of second cell line, validation of Confirmation of Kidney-on-a-Chip model for
Kidney-on-a-Chip model for toxicant screenings toxicant screenings and DDI studies

Introduction of an endothelial vessel alongside the Development of an AKI model which can be used to
proximal tubule study riRl and prevention of riRI

e LA g

Figure 1: Development of the Kidney-on-a-Chip, the initial model (chapter 2), which was a general foundation for

Chapter 6 |

all subsequent models developed over the course of this thesis. The initial model was validated as a screening
platform through a panel of 12 different compounds on 2 proximal tubule cell sources (chapter 3). To be able to
broaden the sensitivity of the system a second proximal tubule cell source, ciPTEC-OAT1 was introduced. Using
knowledge obtained in the toxicant study a Drug-drug-interaction (DDI) study was performed which confirmed
the stability of the model for testing nephrotoxic drugs (chapter 4) and their interaction. In Chapter 5 a coculture
model was introduced by adding an endothelial vessel adjacent to the proximal tubule. This model was
subsequently used to study renal ischemia reperfusion injury of the tubule and the vessel. In chapter 6 a summary
of the thesis including a general conclusion is provided. Suggestions for new research areas are discussed which

can be undertaken using the model developed here.
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Development of a kidney-on-a-chip platform

The number of 3D human tissue models increased remarkably during the last years. This has been
a development driven by the limitations of 2D cell culture, the strive to reduce and replace animal
testing, and the small percentage of new drug compounds which enter clinical trials. 2D cell
culture models of the kidney have not accurately predicted nephrotoxicity, as cells lack some
physiologically-relevant characteristics. These characteristics include correct polarization and the
possibility to culture on a permeable surface which resembles the extracellular matrix (ECM) with
its interstitial fluid on the basal side and the exposure of the cells to shear stress on the apical side
of the cell membrane [1], [2]. There are both ethical and physiological reasons to reduce animal
testing in drug research. Pressure from society, but also rising costs of animal studies, support the
aim to develop alternatives [3]. In addition to that, there are significant differences between
physiology of humans and animals, as example for the kidney there is a difference in expression
of important drug transporters [4], [5]. Finally, when animal models incorrectly predict human
response to the tested drugs and toxicity is only detected subsequently in clinical testing this can

lead to high costs or even worse to health-threatening problems in humans [6].

The aim of this thesis was to develop an in vitro model with which it is possible to study safety
and efficacy of a range of drugs. We hypothesize that such an in vitro model at the very least has
to offer the following key aspects which we consider crucial for a successful nephrotoxicity-

predicting test platform:

e 3D culture of epithelial cells

e Fluid shear stress

e Correct polarization of cells

e Leak tight barrier formation against a natural surface

e No artificial membranes

e Apical and basal access

e High-throughput platform

e Renal cell source expressing key transporters of proximal tubule cells
e Coculture possibilities

e High reproducibility of experimental outcomes

e Commercial availability

The aim was to characterize the model by testing the safety and efficiency of known drugs. In
chapter 2 we describe the development of a model which combines most of the listed points.
Human renal proximal tubule cells (RPTEC) were seeded to form tubular structures against a
collagen 1 gel into the OrganoPlate® 3-lane. Fluid shear stress was resembled by introducing a
gravity-driven flow through the system after placing the OrganoPlate on top of an interval rocker

system. In the supplementary data set of chapter 2 we showed that perfusion is crucial for tube
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formation. However, the importance of flow is not only important for the tube formation, but it
was also shown that fluid shear stress increased the transport capability of proximal tubule cells
grown in the OrganoPlate [7]. Similar observations were published by several other authors,
showing that shear stress indeed affects the phenotype and transport function of proximal tubule
cells [8]-[13].

For the development of our model, we used a commercially available kidney RPTEC control cell
line (SA7K clone). We could demonstrate that these cells exhibit correct polarization and formed
leak tight barriers. Polarization of cells was confirmed by immunofluorescence staining depicting
one primary cilium per cell pointing to the lumen of the tubules. Cilia function as sensors for fluid
flow and as a controlling unit for cell proliferation [14]. Moreover, microvilli, which are covering
the brush boarder of the epithelial cells, were exclusively present on the apical surface. Microvilli
are responsible for mechanosensing the flow [15] and they play an important role increasing the

apical surface for better re-absorption capabilities [16].

Using an immunofluorescent staining and a barrier integrity assay, it was demonstrated that the
RPTEC formed leak tight barriers. Tight junctions were found at cell-cell connections, which were
visualized using the tight junction marker zonula occludens (ZO)-1 [17]. The tightness of these
junctions was validated by a barrier integrity assay which we developed [18], [19] in the course of
this thesis for the OrganoPlate system. The tubules were flushed with a medium which contained
fluorescent dextran dyes of different sizes. The apparent permeability of the different sizes of
dextran could be calculated by measuring the intensity of the dyes at both sides of the epithelial
barrier, followed by calculating the ratio of the receiving ECM compartment behind the barrier
and the perfused channel. The barrier integrity assay opened a vast array of possibilities which
we could use to analyze our model. We used it to determine at which time point after seeding the
tubules grew tight barriers against the collagen 1 gel and exposures could start. Furthermore, we
could use the barrier integrity assay for time-to-leak experiments by monitoring real-time when
the barrier function was affected by a toxic compound [20]. For the analysis of the proximal
tubules, we mainly used the assay as an endpoint assay after a toxicant exposure. Just recently, a
new device to measure the tightness of barriers was developed for use in the OrganoPlate: A
machine which is able to measure trans-epithelial/endothelial electrical resistance (TEER) of the
cell barriers formed against the collagen 1, called the OrganoTEER® [21]. The OrganoTEER can
already be successfully used to study the differences in tightness of cell barriers with high TEER
values. Proximal tubules are known to be a comparably leaky epithelium with very low TEER
values of 6-10 ohm/cm? [22]. In the first experiments we could already measure values which fall
into this range, though we could not use the device for analyzing the barrier function after
toxicant exposures, as these values are around the detection limit of the analyzing software.

However, further work which will ensure that the OrganoTEER will be able to pick up differences
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in barrier tightness of even small TEER values in the near future is ongoing, and promising results

to this end are already achieved.

The proximal tubule-on-a-chip model was set up in the OrganoPlate 3-lane, which enables access
to the tubule from the basal and the apical side. Combining this important specification with the
characteristics of correct polarization and leak tight barriers as described above, the platform can
be used as an ideal model for trans-epithelial transport experiments. Two different methods were
used to show active transport of cationic compounds : measuring the compound concentration
intra-cellular and trans-epithelial transport across the cell membrane. The transport function
could be successfully inhibited, proving the existence of active transport. Even though the
transport function of cations by the RPTEC (SA7K clone) could be shown, these cells lack some of
the key transporters which are crucial for transporting anions. In chapter 3 a second epithelial cell
source was introduced to overcome this problem: conditionally immortalized proximal tubule
epithelial cells overexpressing xenobiotic organic anion transporter 1 (ciPTEC-OAT1) [23]. Using
CciPTEC-OAT1 we were able to set up a test platform which we could use to detect the toxicity of
both active transport dependent drug types; cations and anions. By combining the two cell types
with a broader panel of compounds and readout assays a screening platform was developed,
called the nephroscreen. We could show that the platform and the protocols are robust and
reproducible. In parallel with the development of the nephroscreen a drug-drug interaction (DDI)
study was performed on RPTEC, as described in chapter 4. The study in chapter 4 was designed
to determine if we can use our proximal tubule-on-a-chip model in a DDI study using a panel of
multiplexed assays to examine the toxicity of single and combined dosages of human
immunodeficiency virus (HIV)-targeting drugs. HIV-patients are commonly treated with the drug
Genvoya which replaced Stribild in the recent years. Both are tenofovir-containing medications
and are supplied as pills with a combination of active compounds, namely emtricitabine,
elvitegravir and cobicistat, and one of the prodrugs of tenofovir, tenofovir disoproxil fumarate
(TDF) or tenofovir alafenamide (TAF). Of all the ingredients in these pharmaceutical formulations,
in particular the drug-related nephrotoxicity of tenofovir is widely accepted. Our goal was to
investigate if we are able to detect a toxic effect on the proximal tubule cells by one of the two
tenofovir prodrugs, especially when combined with one of the additive compounds. One major
difference between these two prodrugs is that TDF is not stable when in contact with human
plasma, where it quickly undergoes hydrolysis into parent tenofovir, whereas TAF has a much
higher stability which results in a higher antiviral activity and reduced dosages compared to TDF.
In chapter 3 we could show that the parent form of tenofovir had a cytotoxic effect on ciPTEC-
OAT1 whereas no effect could be measured on RPTEC. As the parent form of tenofovir is
transported via the anion pathway (mainly via OAT1) into the cells this was an expected result.
However, in the present study we used RPTEC. When we tested the two prodrugs, TDF did not
lead to a damaging effect on the proximal tubules, which was expected considering that TDF is

hydrolyzed into the parent form of tenofovir when in contact with culture medium. Interestingly,
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TAF showed a damaging effect to the proximal tubules at similar concentrations which we found
to be toxic for parent tenofovir in the OAT1 expressing cells. These results showed us, that the
compound TAF is indeed stable when in contact with serum and is not hydrolyzed into the parent
form of tenofovir. Moreover, it is very likely that TAF is not assimilated by the cells via OAT1
transport, which was already suggested before by Bam et al. [24]. Inside of the cells TAF is then

converted to parent tenofovir via hydrolysis by intracellular proteases [24], [25].

The two prodrugs of tenofovir are not administered on their own, but in combination with three
other antiretroviral agents, namely elvitegravir, cobicistat, and emtricitabine [26], [27]. Next to
testing the two prodrugs in single dosages we performed a co-treatment of the prodrugs with the
goal to assess if any of them amplifies the cytotoxic effect of the two tenofovir prodrugs. Our
results suggest, that even at high concentrations emtricitabine did not have a damaging effect on
the proximal tubules, in isolation or in combination with one of the two prodrugs of tenofovir.
Elvitegravir did not have an enhancing effect on the cytotoxicity when dosed in combination with
TDF. However, when dosed together with TAF elvitegravir strongly enhanced its damaging effect,
and super-additive synergistic effects were measured. This result was surprising as elvitegravir is
thought to not affect the kidneys but is mainly eliminated via hepatobiliary excretion [28]. To
develop a full picture of the toxicity of the co-administration of tenofovir and cobicistat additional
research could be undertaken by combining the proximal tubule model with a liver model. When
cobicistat was dosed alone, a damaging effect could be already be detected. A combination with
TDF led to an increased damage which could be picked up in all assays. A combination of cobicistat
and TAF led to an increased cytotoxicity which was detected for the low as well as the high dosed

combinations.

The study in chapter 4 indicates that in future studies drugs should be tested in the cocktail they
will be administered clinically. However, during in vitro experiments some of the drugs might be
incorrectly dosed, as in vivo they would be metabolized quickly by the liver or cleared via the gut.
To overcome this problem a possible solution could be to connect the present model with a liver-
on-the-chip system and/or a gut-on-a-chip system. Or, include pharmacokinetic modeling to

choose proper concentrations for experiments.

In chapters 2-4 we mainly focused on acute kidney injury (AKI) as a result of an acute reaction to
a nephrotoxicant. Next to these toxicant models we were also interested if we are able to develop
a disease model for treatment related toxicity which we can use to screen the protective effect
of drugs. To achieve this, we added 3 new aspects to our model which we described in chapter 5:
coculture with an endothelial vessel, induction of AKI caused by an ischemic insult, and the
assessment of compounds that have a protective effect during the ischemic event leading to AKI.
For the development of the coculture model, we expanded the kidney on a chip developed in
chapter 2 by introducing endothelial cells to the second perfusion channel. We characterized the

culture using immunostaining for cell type specific markers and ensured correct polarization. We
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validated AKl-associated read-outs through exposure of the coculture to known nephrotoxicants.
To study ischemic events in the kidney the coculture was exposed to ischemia through a
combination of low oxygen, reduced glucose, and flow interruption conditions. Subsequently,
cultures were reperfused under normal conditions to trigger reperfusion damage. Injury was
quantified through morphological assessment, caspase-3/7 activation, viability assessment, and
lactate dehydrogenase release. Low oxygen, reduced glucose and interrupted flow were
detrimental to the tubules in any combination of two, whereas the combination of all three led
to the most severe damage. This effect was strongly amplified upon reperfusion. The effect of

ischemic conditions on the endothelium was less severe than on the epithelium.

For the assessment of protective compounds adenosine, nicotinamide, or N-acetylcysteine were
added to the culture medium of the proximal tubule and the endothelial vessel during the
exposure and reperfusion. Adenosine was shown to have a significant protective effect, whereas

no such effect was found for nicotinamide, and N-acetylcysteine.

In chapter 5 we were able to show that AKI induced by Renal ischemia/reperfusion injury (rIRI)
can be effectively modelled in this perfused 3D kidney coculture setup. The robustness of the
model and assays in combination with the throughput of the platform make it ideal to study the

effect of AKl-preventing compounds and enable development of novel therapeutic modalities.

One unique aspect of the system developed in this study is the commercial availability of the
platform, which was also one of the conditions of the crack-IT challenge described in chapter 3.
This opens the possibility that the platform is not only used and improved by our research team,
but it can be rapidly improved, similar to open source software, by an unlimited number of

research groups.

Towards a functional nephroscreen

The model which we developed in chapter 2 as part of a NC3R crack-IT challenge was called the
nephroscreen. The development of the nephroscreen was a joint project of a consortium
consisting of 4 different parties: Mimetas, Fachhochschule Nordwestschweiz, Radboud University
Medical Center Nijmegen, and Utrecht University. The goal of the nephroscreen project was to
develop a proximal tubule-on-a-chip platform capable of accurately identifying nephrotoxic
effects using human cells (chapter 3). The nephroscreen was primarily designed to fulfill the
requirements of the sponsors, which were exclusively pharmaceutical companies: developing a
platform which can be used to reduce the costs and increase the predictability of pre-clinical
studies. During the development of the nephroscreen a second proximal tubule cell source was
used: ciPTEC-OAT1 developed by one of the consortium partners. ciPTEC-OAT1 showed a
significantly higher sensitivity during transport studies while RPTEC were used when the barrier
function of the tubules was of interest. By combining these two cells sources, a compound panel

of the proximal tubule of in total 12 compounds was screened for its toxicity. Four of these
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compounds were known nephrotoxicants which were also used to set up the different assays.
Eight compounds were unknown as they were provided by the sponsors of the study. We could
show that the majority of the provided compounds did have a nephrotoxic effect on the
nephroscreen. The effect of one compound on the nephroscreen could only be detected during
the transport studies as this compound did not have an effect in any other of the other assays. A
second compound showed an interaction with P-glycoprotein (P-gp) and a mild effect on an
increased level of microRNAs (miRNAs), but again no damaging effect on the viability of tubular
integrity of the tubules. One of the compounds did not show any cytotoxicity during the initial
study, therefore we tested it in a long-term experiment where the exposure was performed for
11 days instead of 48 hours. This study showed that for some compounds a long term study is
able to demonstrate toxicity, which was not picked up in the 48 hour experiment. For future
experiments using the nephroscreen it would be recommended to divide the experiments
performed on the nephroscreen into 2 phases. In phase 1, a 48-hour long initial testing of a broad
panel of compounds should take place, followed by a second phase where only compounds are

tested which did not show an effect in the initial phase.

To ultimately install the nephroscreen as a screening platform for drug research at pharmaceutical
companies, steps have to be taken to ensure the reproducibility of the experiments. This can be
done by implementing standard operating procedures which are in line with the guidelines of
Good /n vitro Method Practices, which were published by the Organization for Economic Co-
operation and Development in 2018 [29]. If these guidelines are followed, the platform is ready
to be used in short term to test compounds prior to testing them in vivo. Here, it would be
important to carefully compare the results of each study, in vitro on the nephroscreen, in vivo on
animals and ultimately in vivo in humans in clinical studies to investigate the predictive potential
of the nephroscreen compared to animal studies. We hope that this will ultimately result in

omitting animal tests for drug development and replacing them by in vitro models.

As mentioned before, the nephroscreen, including the protocols, the platform, and the cells are
commercially available. This will help to improve the suitability of the nephroscreen towards a
widely accepted platform during pre-clinical studies. Just recently our system was used to set up
a glomerulus-on-a-chip model [30] which shows that our system aligns with the current research

interests.

Development of an ischemia model which can be used to study the preventive effect of
compounds

Renal ischemia/reperfusion injury, together with nephrotoxicity, is one of the major causes of AKI
caused by tubular damage after an insult. In chapter 5 we continued to develop our model so it
could be used to study renal ischemia. Ischemia is a sudden restriction of blood supply of an organ.
With our model we could show that not only the exposure to renal ischemia caused damage to

the tubules, but also that more severe damage was seen after the reperfusion. During the
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exposure and reperfusion, a co-incubation with potential protective compounds was performed.
One of the compounds — adenosine — showed strong protective capabilities with tubules nearly
completely recovering, whereas the control without adenosine was highly damaged after the
reperfusion period. The protective effect of adenosine was also observed in an in vivo study by
Lee and Emala [31]. Here, rats were preconditioned with adenosine before hypoxia exposure and
reperfusion, which was favorable for renal function and morphology. In addition, Lee and Emala
investigated which of the adenosine receptors (AR) were involved in this effect. By administering
AR agonists and antagonists, they discovered that AR1 is most likely involved in protecting against
ischemic AKI. An interesting follow-up study would be to analyze the gene expression in our
kidney-on-a-chip model, to see if it can be confirmed that AR1 signaling is the pathway which is

responsible for protecting against ischemic AKI.

The most severe scenario of rIRl is when perfusion is stopped completely, radically reducing
nutrient and glucose supply, and applying low oxygen. But it is also possible to test one of these
conditions separately. Hypoxia for example can be caused by multiple events which lower the
oxygen concentration in the blood. Hypoxia is associated with moderate-to-severe pneumonia
which can be a result of an infection with a respiratory virus like the novel acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) [32]. Here the platform could possibly be used to study
compounds which have a potential protective effect. Our kidney-on-a-chip platform which we
developed in chapter 2 was already recognized as a potential platform to study AKI associated
with SARS-CoV-2 [33]. The results obtained in chapter 5 suggest that the use of the kidney-on-a-

chip platform for these types of research could be feasible on short term.

Adding more complexity: Cocultures of the proximal tubule

In chapter 5 the development of a coculture of proximal tubule cells with endothelium is
described. For future investigations of the drug safety, cocultures will play a crucial role during
the development of test models. The developed model could nicely show the suitability of even a
quite simple model using a RPTEC cell line in combination with Human umbilical vein endothelial
cells (HUVECs). Both cell types are not the perfect cell types to be used for the end model. For
future optimization it would be better to use more relevant proximal tubule cells in combination
with endothelium from the kidney. When the model was set up in 2017, endothelial cells from
the kidney were used. Unfortunately, these cells did not form vessel structures and were
therefore not sufficient to be used for setting up the ischemia model. With more companies
offering new cell lines, among others induced pluripotent stem cells (iPSc), new cell sources will

bring the current model to a new stage of predicting nephrotoxicity.

The combination of the kidney model with other organs like the liver or the gut system will likely
be an important research area in the future. These organs also play an important role in the
elimination of waste products from the body. Several systems can be studied: systems which offer

the possibility to connect the different organ systems with each other, so-called body-on-a-chip
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systems, or even simpler systems which are cultured in parallel and where only the conditioned

medium is exchanged.

Future directions for model optimization

Optimization of the proximal tubule-on-a-chip using a more physiologically-relevant cell type

For this thesis two renal proximal cell types were used — RPTEC from Sigma-Aldrich and ciPTEC-
OAT1 developed at Radboud University in Nijmegen. Only the combination of both cell lines was
an adequate model for the validation of the nephroscreen model. RPTEC from Sigma are a
pseudo-immortalized human kidney proximal tubule cell line (SA7K clone) generated via zinc
finger nuclease-mediated knockout of a cell cycle protein [34]. ciPTEC are proximal tubule cells
which were derived from human urine. These cells contain the temperature-sensitive vector
SV40tsA58, allowing the cells to proliferate at 33 °C and differentiate at 37 °C [35]. This cell model
was further optimized by Nieskens et al. [23] who were able to establish two additional cell lines
from ciPTEC which express stable xenobiotic transporters organic anion transporter 1 and 3 (OAT1
and OAT3). OAT1 and OAT3 are the most abundant influx transporters of the proximal tubules
mediating the anion transport into the pre-urine. When we compared the gene expression levels
of the OAT1 expression, expression RPTEC was close to the detection limit and expression of OAT1
in ciPTEC-OAT1 was more than 150 times higher than in RPTEC . However, when ciPTEC-OAT1 are
cultured in the OrganoPlate against collagen 1 cells do not form a barrier against the ECM which

makes them unsuitable for use in barrier assessment.

In Table 1 available cell types and cell sources which have a potential to be cultured in the
OrganoPlate similarly to the RPTEC and ciPTEC-OAT1 are summarized. For seeding cells to the 3-
lane system it is of importance that the cells are added as a single cell solution to the perfusion
channel. In the following paragraphs some of the most promising cell sources for future models

are described in more detail.

In collaboration with the Hubrecht Institute tubuloid-derived adult stem cells from mouse kidney
organoids were cultured in the OrganoPlate 3-lane system [46]. It could be shown that these cells
form polarized tubular structures with clear distinction of the apical and basal side of the cells.
Barrier formation of the cells against the ECM was confirmed by perfusing the lumen of the tubes
with dextran dyes added to the culture medium [18]. We assessed transport function of the
formed tubuloids on a chip using the assay developed in chapter 2 of this thesis by exposing the
cells to calcein-AM in presence or absence of PSC833, a non-immunosuppressant cyclosporine
analogue that functionally inhibits P-gp [47]. Intracellular accumulation of calcein was significantly

higher in the presence of PSC833, demonstrating activity of P-gp [46].
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The trans-epithelial transport function of the cells could be demonstrated using rhodamine 123,
which is transported into the cells from the basal side by organic cation transporters [48] and
released to the lumen by P-gp [49]. Rhodamine 123 was added to the basal side of the tubes in
the presence or absence of the P-gp inhibitor PSC833. In presence of PSC833 the apparent
permeability was reduced significantly, suggesting a P-gp dependent efflux inhibition of
rhodamine 123. Next to using cell lines with defined characteristics like the above introduced
RPTEC, this model has a high potential to also be used with pluripotent stem cell-derived
organoids, which would allow personalized studies on transporter-function and drug-interaction

studies [46] and ultimately replace the RPTEC cell line in the future.

Recently a new promising cell source of RPTEC got commercially available on the market — RPTEC-
tertl [42], [44]. In addition to the parent version of the cells ATCC offers three modified versions
which either overexpress transporter genes OAT1, OAT3, or OCT2. The parent version of RPTEC-
tertl was already used in a kidney-on-a-chip platform with promising results resulting in confluent
tubules growing tight barriers against an ECM [50]. This makes them an interesting cell source to

test in the OrganoPlate.

The market of renal proximal tubule cells is slowly growing and offering various newly developed
proximal cell tubules sources. First studies by K. Kandasamy et al. [45] which use human iPSC from
the kidney suggest a higher accuracy in predicting nephrotoxicity induced by drugs compared with

using primary human proximal tubule cells.

In conclusion, we can say that new proximal tubule cell sources have a high potential. They may
be of assistance to further develop the proximal tubule-on-a-chip model which to its end can
reliably predict renal toxicity and can be used for a broad variety of pre-clinical drug studies and

ultimately for complex disease studies.

ECM composition investigation of the proximal tubule-on-a-chip

3D cell cultures require an environment which is as similar as possible to the in vivo situation. This
environment can be modeled on a huge number of different 3D culture platforms. In the last 15
years the number of publications describing 3D systems grew rapidly [51]. However, the first
studies on 3D culture were already conducted 50-60 years ago, as summarized by Mina Bissell in
1982 [52] who was one of the first researchers studying the importance of the ECM on the cell
behavior in in vitro systems. What all of these culture platforms have in common is that they all
make use of an ECM environment. The ECM in the human body is a non-cellular component,
which serves as a scaffold for diversity of different cell structures but also plays a huge role in the
tissue morphogenesis, differentiation and homeostasis [53]. The ECM is comprised of water,
proteins, and polysaccharides. However, the composition of the ECM is unique for each tissue. In
the tubulointerstitium of the kidney collagen type | and collagen type Il are the most abundant

proteins, whereas in the basement membrane of the proximal tubule collagen type IV and laminin

162



are predominant, which networks are connected via perlecan and nidogen [54], [55]. Collagen of
the interstitial space is produced by fibroblasts [56], whereas the basal laminar is produced by the
epithelial cells themselves [55]. With fluorescent immunohistochemical stainings we could show
that our RPTEC model was positive for the basal membrane proteins laminin, perlecan, and
nidogen. This suggests that the basement membrane is indeed remodeled by the cells (figure 2).
When developing our kidney on a chip model which was eventually used in thesis, we ended up
successfully using an ECM gel made from rat tail collagen 1. We could show that collagen 1
imitates the tubulointerstitium of the kidney quite accurately. Here, it could be of high interest to
investigate if an addition of collagen type Ill to the mixture would offer advantages. Another
important aspect to consider when using ECM is their origin. All ECM components which we used
originated from animal material. Therefore, future studies on animal-free ECMs are highly
recommended. For general research synthetic ECMs could be a solution to overcome batch to

batch variances and pave the way for standardized and reproducible compound investigations.
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Increased brightness of fitc-signal

Figure 2: Marker expression of the kidney model shows presence of basal membrane proteins laminin, nidogen
and perlecan of the coculture of RPTEC and HUVEC. A, C z-projections of the coculture with the RPTEC tubule in
the top channel and the HUVEC vessel in the bottom channel. B, D Zoom-in of the z-projections. A, B Nidogen
(red) is expressed by both cell types, though the expression is more dominant in the epithelium with a higher
expression at the cell/ECM interface. A-C Perlecan (green) expression is significantly higher expressed in HUVEC,
though this appearance is dominated by strings. These strings appeared to be atypical staining. Perlecan was
less expressed by the epithelial cells than endothelial cells. Expression is almost exclusively found at the cell/ECM
interface with an even higher difference compared to Nidogen. A, C Laminin (red) is expressed equally by both

cell types, with no significantly higher expression at the cell/ECM interface.

The use of human derived ECMs could open possibilities to study donor-specific medical
conditions, for instance matrix metalloproteinases which are suggested to play a role in
tubulointerstitial fibrosis [57].

164



Conclusion

Pharmaceutical companies, governments and the general public have become increasingly aware
that animal models used in drug testing lack some vital aspects in the endeavor to serve as an
accurate representation of human biology. As these models of the human body should be more
physiologically relevant, animal models no longer suffice because the response of animal cells
often differs from the response of human cells. In their place, in vitro cell culture models with 3D
architecture, microfluidics and high throughput capabilities are a promising technology and are
currently getting in the limelight of drug research. These 3D models can be developed in such
ways that they will likely surpass animal models on important aspects like resemblance to a
human body, predicting safety and efficacy of compounds, high throughput testing capabilities,

ethical aspects, and costs.

To demonstrate the feasibility of such an advanced 3D invitro model, we used a microfluidic in
vitro platform to develop a kidney-on-a-chip platform which possess the ability to reproduce the
tubular response to known and unknown nephrotoxicants and compounds as seen in in vitro and
in clinical studies. Furthermore, we assessed the response of the model to renal
ischemia/reperfusion injury and could measure the prevention of tubular damage when adding

protective compounds.

These findings show that 3D tissue models are able to compete with alternatives like animal
models and 2D models. We actually expect that 3D tissue models are the test platforms of the

future for developing new drugs.

Since research on 3D tissue models is a relatively new research field there remains a large scope
for improvement. For example, the endeavor to use in vitro findings to confidently predict in vivo
behavior is an area of research where 3D tissue models can play an important role. Ways of
replicating different human organs on 3D chips are likely to greatly improve in the coming years,
combining different chips and creating interactions between them can test the effectiveness of
drugs at a whole new level. In this way the complexity of the in vitro 3D models can be increased,

in ways which better resemble tissue responses in humans.

This could lead to testing a drug simultaneously on different organs while connecting them in
ways resembling real structures in the human body and measuring responses of each different
organ singularly. When these 3D tissue models are cultured in a high throughput environment
huge amounts of data can be produced in short time. These data can serve as a foundation for
mechanistic models using big data approaches that can be ultimately used to rapidly predict in

vivo drug efficacy and safety.

Interesting examples of complex future applications of 3D tissue models are for instance complete

in vitro vascularized organoids, ‘body-on-a-chip’ systems which can be designed for a specific test
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to combine all relevant tissues and their interactions in order to resemble in vivo responses.
Another example is the creation of complex disease models where the response of tissue and
their interactions can be tested in a realistic way. Another potential future application of 3D tissue
models is personalized medicine, where a high number of replicates of patient cell samples can
be cultured in 3D on the microfluidic chips to create patient derived in vitro models. These cell
samples can be subsequently screened for the most effective treatment for this individual patient

using his own cells. In time, the further development of 3D tissue models could mean that these
examples are no longer dreams but become reality.
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Nederlandse Samenvatting

Ontwikkeling van een Kidney-on-a-Chip platform

Het aantal verschillende 3D-modellen van menselijk weefsel gebruikt voor medisch onderzoek is
de laatste jaren opmerkelijk toegenomen. Dit is een ontwikkeling die wordt voortgestuwd door
de beperkingen van 2D-celkweek, het streven om dierproeven te verminderen en te vervangen,
en het kleine percentage geneesmiddelen in ontwikkeling dat in klinische proeven wordt
opgenomen. 2D-celkweekmodellen van de nier kunnen nefrotoxiciteit niet nauwkeurig
voorspellen, omdat de cellen die worden gekweekt in deze modellen enkele fysiologisch relevante
kenmerken missen. Deze kenmerken omvatten correcte polarisatie van de cellen en de
mogelijkheid om te kweken op een permeabel opperviak dat lijkt op de extracellulaire matrix
(ECM) met zijn interstitiéle vloeistof aan de basale zijde en de blootstelling van de cellen aan
schuifspanning aan de apicale zijde van het celmembraan. Er zijn zowel ethische als fysiologische
redenen om dierproeven in geneesmiddelenonderzoek te verminderen. Druk vanuit de
samenleving, maar ook de almaar stijgende kosten van dierproeven, ondersteunen het streven
om alternatieven te ontwikkelen. Daarnaast zijn er significante verschillen tussen fysiologie van
mens en dier, bijvoorbeeld voor de nier is er een verschil in expressie van belangrijke
transporteiwitten van chemische verbindingen zo als medicijnen. Ten slotte, wanneer
diermodellen de menselijke reactie op de geteste geneesmiddelen onjuist voorspellen en
toxiciteit pas achteraf kan worden gedetecteerd tijdens klinische tests, kan dit leiden tot hoge

kosten of zelfs erger tot gezondheidsbedreigende problemen bij de mens.

Het doel van dit proefschrift was om een in vitro model te ontwikkelen waarmee het mogelijk is

om de veiligheid en werkzaamheid van een reeks geneesmiddelen te bestuderen.

In hoofdstuk 2 beschrijven we de ontwikkeling van een model dat de meeste van de hierboven
genoemde punten combineert. Humane Renal Proximal Tubule Epithelial Cells (RPTEC) werden
gezaaid om buisvormige structuren te vormen tegen een collageen 1-gel in de OrganoPlate® 3-
lane. Vloeistofschuifspanning werd vergeleken door het introduceren van een bidirectionele,
door zwaartekracht aangedreven stroming door het systeem na plaatsing van de OrganoPlate
bovenop een interval rocker systeem. In de aanvullende dataset van hoofdstuk 2 lieten we zien
dat perfusie cruciaal is voor buisvorming. Voor de ontwikkeling van ons model hebben we een
commercieel verkrijgbare RPTEC-controlecellijn (SA7K-clone) gebruikt. We konden aantonen dat
deze cellen de juiste polarisatie vertonen en lekdichte barrieres vormen. Polarisatie van cellen
werd bevestigd door immunofluorescentiekleuring die één primaire cilium per cel afbeeldde,
wijzend naar het lumen van de tubulus. Bovendien waren microvilli, die de borstelrand van de
epitheelcellen bedekken, uitsluitend aanwezig op het apicale oppervlak. Met behulp van een
immunofluorescente kleuring en een barriére-integriteitstest werd aangetoond dat de RPTEC
lekdichte barriéres vormden. Er werden tight junctions gevonden bij cel-cel verbindingen, die

werden gevisualiseerd met behulp van de tight junction marker zonula occludens (ZO)-1. De
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dichtheid van deze verbindingen werd gevalideerd door een barriére-integriteitstest die we
ontwikkelden in de loop van dit proefschrift voor het OrganoPlate-systeem. De tubuli werden
gespoeld met een medium dat fluorescerende dextrankleurstoffen van verschillende groottes
bevatte. De barrieretest opende een breed scala aan mogelijkheden dat we konden gebruiken om
ons model te analyseren. We gebruikten deze barrieretest om te bepalen op welk tijdstip na het
zaaien de tubuli een lekdichte barriere tegen de collageen 1-gel groeiden en de blootstelling kon
beginnen. Verder evalueerden we het nefrotoxische effect van cisplatine, een geneesmiddel
waarvan bekend is dat het een schadelijk effect heeft op de proximale tubuli, zowel in vivo als in
vitro. Dosisafhankelijke effecten van de blootstelling aan cisplatine kunnen worden gedetecteerd

in een breed scala aan testen.

Het model werd opgezet in de OrganoPlate 3-lane, die toegang tot de tubulus vanaf de basale en
de apicale zijde mogelijk maakt. Door deze belangrijke specificatie te combineren met de
kenmerken van correcte polarisatie en lekdichte barriéres zoals hierboven beschreven, werd het
platform gebruikt voor trans-epitheliale transportexperimenten. Er werden twee verschillende
methoden gebruikt om actief transport van kationische verbindingen aan te tonen: het meten
van de concentratie van de verbinding intracellulair en trans-epitheliaal transport door het
celmembraan. De transportfunctie kon met succes worden geremd, wat het bestaan van actief
transport aantoont. Hoewel de transportfunctie van kationen door de RPTEC (SA7K-kloon) kon
worden aangetoond, missen deze cellen enkele van de belangrijkste transporters die cruciaal zijn
voor het transport van anionen. In hoofdstuk 3 werd een tweede epitheelcelbron geintroduceerd
om dit probleem te verhelpen: conditioneel onsterfelijk gemaakte epitheelcellen van de
proximale tubulus die xenobiotische organische aniontransporter 1 (ciPTEC-OAT1) tot
overexpressie brengen. Met behulp van ciPTEC-OAT1 konden we een testplatform opzetten dat
we konden gebruiken om de toxiciteit van beide actieve transportafhankelijke medicijnen te
detecteren; kationen en anionen. Door de twee celtypen te combineren met een breder spectrum
van verbindingen en uitleesassays, werd een screeningplatform ontwikkeld, de Nephroscreen. De
ontwikkeling van de Nephroscreen was onderdeel van de Nephrotube challenge crackIT die werd
georganiseerd door het National Center for the Replacement Refinement & Reduction of Animals
in Research (NC3R's). De Nephroscreen was een gezamenlijk project van een consortium
bestaande uit 4 verschillende partijen: Mimetas, Fachhochschule Nordwestschweiz, Radboud
Universitair Medisch Centrum Nijmegen en Universiteit Utrecht. Het doel van het Nephroscreen-
project was om een Proximal Tubulus-on-a-Chip te ontwikkelen dat in staat is om nefrotoxische
effecten nauwkeurig te identificeren met behulp van menselijke cellen in een 3D-microfluidisch

platform met hoge doorvoer.

Hiertoe werd de proximale tubuli op in totaal 12 verbindingen gescreend en de toxiciteit hiervan
word bepaald. Vier van deze verbindingen waren bekende nefrotoxische middelen die ook

werden gebruikt om de verschillende testen op te zetten. Acht verbindingen waren onbekend
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omdat ze werden geleverd door de sponsors van het onderzoek. We konden aantonen dat het
merendeel van de geleverde verbindingen een nefrotoxisch effect had op de Nephroscreen. Het
effect van één verbinding op de Nephroscreen kon alleen worden gedetecteerd tijdens de
transportonderzoeken, omdat deze verbinding geen effect had in een van de andere testen. Een
tweede verbinding vertoonde een interactie met P-glycoproteine (P-gp) en een mild effect op een
verhoogd niveau van microRNA's (miRNA's), maar wederom geen schadelijk effect op de
levensvatbaarheid van de tubulaire integriteit van de tubuli. Een van de verbindingen vertoonde
tijdens het eerste onderzoek geen cytotoxiciteit, daarom hebben we het getest in een langdurig
experiment waarbij de blootstelling gedurende 11 dagen werd uitgevoerd in plaats van 48 uur.
Deze studie toonde aan dat voor sommige verbindingen een langetermijnstudie toxiciteit kan

aantonen, die niet werd gedetecteerd in het 48-uursexperiment.

Parallel aan de ontwikkeling van de Nephroscreen is een drug-drug interaction (DDI) studie
uitgevoerd op de RPTEC, zoals beschreven in hoofdstuk 4. De studie in hoofdstuk 4 was bedoeld
om te bepalen of we onze Proximale Tubulus-on-a-Chip konden gebruiken in een DDI-onderzoek.
Met behulp van enkele multiplex-assays konden wij de toxiciteit van enkelvoudige en
gecombineerde doseringen van op het humaan immunodeficiéntievirus (HIV) gerichte
geneesmiddelen onderzoeken. HIV-patiénten worden vaak behandeld met het medicijn Genvoya
dat haar voorganger Stribild de afgelopen jaren heeft vervangen. Beide zijn geneesmiddelen die
tenofovir bevatten en worden geleverd in pilvorm. Ze bevatten een combinatie van werkzame
stoffen, namelijk emtricitabine, elvitegravir en cobicistat, en een van de prodrugs van tenofovir,
tenofovirdisoproxilfumaraat (TDF) of tenofoviralafenamide (TAF). Van alle ingrediénten in deze
combinaties wordt met name de nefrotoxiciteit van tenofovir algemeen aanvaard. Ons doel was
om te onderzoeken of we een toxisch effect op de proximale tubuluscellen konden detecteren
door een van de twee tenofovir-prodrugs, vooral in combinatie met een van de additieve
verbindingen. Een belangrijk verschil tussen deze twee prodrugs is dat TDF niet stabiel is wanneer
het in contact komt met menselijk plasma, waar het snel hydrolyse ondergaat tot tenofovir,
terwijl TAF een veel hogere stabiliteit heeft, wat resulteert in een hogere antivirale activiteit en
lagere doseringen in vergelijking met TDF. In hoofdstuk 3 konden we aantonen dat de
oorspronkelijke vorm van tenofovir een cytotoxisch effect had op ciPTEC-OAT1 terwijl er geen
effect kon worden gemeten op RPTEC. Aangezien de oorspronkelijke vorm van tenofovir via de
anionroute (voornamelijk via OAT1) in de cellen wordt getransporteerd, was dit een verwacht
resultaat. In de huidige studie hebben we echter RPTEC gebruikt. Toen we de twee prodrugs
testten, leidde TDF niet tot een schadelijk effect op de proximale tubuli, wat verwacht werd gezien
het feit dat TDF in tenofovir wordt gehydrolyseerd wanneer het in contact komt met
kweekmedium. Interessant genoeg vertoonde TAF een schadelijk effect op de proximale tubuli
bij vergelijkbare concentraties waarvan we maten dat deze toxisch waren voor tenofovir in de
OAT1-expressiecellen. Deze resultaten lieten ons zien dat de verbinding TAF inderdaad stabiel is

in contact met serum en geen hydrolyse ondergaat in de oorspronkelijke vorm van tenofovir.
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De twee prodrugs van tenofovir worden niet afzonderlijk toegediend, maar in combinatie met
drie andere antiretrovirale middelen, namelijk elvitegravir, cobicistat en emtricitabine. Naast het
testen van de twee prodrugs in enkelvoudige doseringen, voerden we een gelijktijdige
behandeling van de prodrugs uit met als doel te beoordelen of een van hen het cytotoxische effect
van de twee tenofovir-prodrugs versterkt. Onze resultaten suggereren dat zelfs bij hoge
concentraties emtricitabine geen schadelijk effect had op de proximale tubuli, afzonderlijk of in
combinatie met een van de twee prodrugs van tenofovir. Elvitegravir had geen versterkend effect
op de cytotoxiciteit bij toediening in combinatie met TDF. Wanneer het echter samen met TAF
werd gedoseerd, versterkte elvitegravir het schadelijke effect ervan sterk en werden
superadditieve synergetische effecten gemeten. Een combinatie met TDF leidde tot een
verhoogde schade die in alle testen kon worden gedetecteerd. Een combinatie van cobicistat en
TAF leidde tot een verhoogde cytotoxiciteit die werd gedetecteerd voor zowel de laag als de hoog

gedoseerde combinaties.

In hoofdstukken 2-4 hebben we ons vooral gericht op acuut nierletsel (AKI) als gevolg van een
acute reactie op een nefrotoxisch middel. Naast deze toxische modellen waren we ook
geinteresseerd in het ontwikkelen van een ziektemodel voor behandelingsgerelateerde toxiciteit
waarmee we de beschermende werking van medicijnen kunnen screenen. Om dit te bereiken
hebben we 3 nieuwe aspecten aan ons model toegevoegd die we beschreven in hoofdstuk 5: co-
cultuur met een bloedvat, inductie van AKI veroorzaakt door een ischemische gebeurtenis, en de
beoordeling van verbindingen die een beschermend effect hebben tijdens de ischemische
gebeurtenis die leidt tot AKI. Voor de ontwikkeling van het co-cultuurmodel hebben we het
Kidney-on-a-Chip model dat ontwikkeld is in hoofdstuk 2 uitgebreid door endotheelcellen in het
tweede perfusiekanaal te introduceren. We karakteriseerden de cultuur met behulp van
immunokleuring voor celtype-specifieke markers en zorgden voor correcte polarisatie. We
hebben AKl-geassocieerde uitlezingen gevalideerd door blootstelling van de co-cultuur aan
bekende nefrotoxische stoffen. Om ischemische gebeurtenissen in de nier te bestuderen, werd
de co-kweek blootgesteld aan ischemie door een combinatie van lage zuurstof, verminderde
glucose en het stoppen van de perfusie. Vervolgens werden kweken onder normale
omstandigheden opnieuw geperfuseerd om reperfusieschade te veroorzaken. De schade werd
gekwantificeerd door middel van morfologische beoordeling, caspase-3/7-activering, beoordeling
van de levensvatbaarheid en afgifte van lactaatdehydrogenase. Lage zuurstof, verminderde
glucose en onderbroken doorstroming waren schadelijk voor de tubuli in elke combinatie van
twee, terwijl de combinatie van alle drie tot de meest ernstige schade leidde. Dit effect werd flink
versterkt na reperfusie. Het effect van ischemische aandoeningen op het endotheel was minder

ernstig dan op het epitheel.

Voor de beoordeling van beschermende verbindingen werden adenosine, nicotinamide of N-

acetylcysteine toegevoegd aan het kweekmedium van de proximale tubulus en het bloedvat
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tijdens de blootstelling en reperfusie. Adenosine bleek een significant beschermend effect te

hebben, terwijl een dergelijk effect niet werd gevonden voor nicotinamide en N-acetylcysteine.

In hoofdstuk 5 waren we in staat om aan te tonen dat AKI geinduceerd door
nierischemie/reperfusieschade (rlIRl) effectief kan worden gemodelleerd in deze geperfuseerde
3D nier-cokweek. De robuustheid van het model en de testen in combinatie met de doorvoer van
het platform maken het ideaal om het effect van AKI-voorkomende verbindingen te bestuderen

en de ontwikkeling van nieuwe therapeutische behandelingsmethodes mogelijk te maken.

Conclusie

Farmaceutische bedrijven, regeringen en het grote publiek zijn zich er steeds meer van bewust
dat diermodellen die worden gebruikt bij het testen van geneesmiddelen een aantal essentiéle
aspecten missen om te dienen als een nauwkeurige weergave van de menselijke biologie. Omdat
deze modellen van het menselijk lichaam fysiologisch relevanter zouden moeten zijn, voldoen
diermodellen niet meer omdat de reactie van dierlijke cellen vaak verschilt van de reactie van
menselijke cellen. In plaats daarvan zijn in vitro celkweekmodellen die beschikken over 3D-
architectuur, microfluidica en hoge doorvoercapaciteiten een veelbelovende technologie en
treden ze momenteel steeds meer op de voorgrond van geneesmiddelenonderzoek. Deze 3D-
modellen kunnen op zo'n manier worden ontwikkeld dat ze waarschijnlijk diermodellen zullen
overtreffen op belangrijke aspecten zoals gelijkenis met het menselijk lichaam, het voorspellen
van veiligheid en werkzaamheid van verbindingen, testmogelijkheden met hoge doorvoer,

ethische aspecten en kosten.

Om de haalbaarheid van zo'n geavanceerd 3D-invitromodel aan te tonen, hebben we een
microfluidisch in vitro-platform gebruikt om een Kidney-on-a-Chip platform te ontwikkelen dat
het vermogen heeft om de tubulaire respons op bekende en onbekende nefrotoxische stoffen en
verbindingen te reproduceren, zoals gezien in in vitro en in klinische studies. Verder hebben we
de respons van het model op nierischemie/reperfusieschade beoordeeld en konden we de

preventie van tubulaire schade meten bij het toevoegen van beschermende verbindingen.

Deze bevindingen laten zien dat 3D-weefselmodellen kunnen concurreren met alternatieven
zoals diermodellen en 2D-modellen. We verwachten dat 3D-weefselmodellen de testplatforms

van de toekomst zijn voor het ontwikkelen van nieuwe medicijnen.

Aangezien onderzoek naar 3D-weefselmodellen een relatief nieuw onderzoeksgebied is, blijft er
veel ruimte voor verbetering. Het streven om in vitro bevindingen te gebruiken om in vivo gedrag
met vertrouwen te voorspellen, is bijvoorbeeld een onderzoeksgebied waar 3D-weefselmodellen
een belangrijke rol kunnen spelen. Manieren om verschillende menselijke organen op 3D-chips te
repliceren, zullen de komende jaren waarschijnlijk sterk verbeteren. Door verschillende chips te

combineren en interacties tussen hen te creéren, kan de effectiviteit van medicijnen op een
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geheel nieuw niveau worden getest. Op deze manier kan de complexiteit van de in vitro 3D-

modellen worden vergroot, op manieren die beter lijken op weefselreacties bij mensen.

Dit zou kunnen leiden tot het gelijktijdig testen van een medicijn op verschillende organen, terwijl
ze worden verbonden op manieren die lijken op echte structuren in het menselijk lichaam en
terwijl de reacties van elk afzonderlijk orgaan worden gemeten. Wanneer deze 3D-
weefselmodellen worden gekweekt in een omgeving met hoge doorvoer, kunnen in korte tijd
enorme hoeveelheden gegevens worden geproduceerd. Deze gegevens kunnen dienen als basis
voor mechanistische modellen met behulp van big data-benaderingen die uiteindelijk kunnen
worden gebruikt om de werkzaamheid en veiligheid van geneesmiddelen in vivo snel te

voorspellen.

Interessante voorbeelden van complexe toekomstige toepassingen van 3D-weefselmodellen zijn
bijvoorbeeld complete in vitro gevasculariseerde organoiden, 'body-on-a-chip'-systemen die voor
een specifieke test kunnen worden ontworpen om alle relevante weefsels en hun interacties te
combineren zodat ze zo goed mogelijk lijken op in vivo reacties. Een ander voorbeeld is het maken
van complexe ziektemodellen waarbij de respons van weefsel en hun interacties op een
realistische manier kunnen worden getest. Een andere mogelijke toekomstige toepassing van 3D-
weefselmodellen is gepersonaliseerde geneeskunde, waarbij een groot aantal replica's van
monsters van patiénten in 3D op de microfluidische chips kunnen worden gekweekt om van deze
patiént afgeleide in vitro-modellen te maken. Deze celmonsters kunnen vervolgens worden
gescreend op de meest effectieve behandeling voor deze individuele patiént. Op termijn zou de
verdere ontwikkeling van 3D-weefselmodellen kunnen betekenen dat deze voorbeelden geen

droom meer zijn, maar werkelijkheid worden.
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