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Abstract

Renal proximal tubules are a major target for drug-
induced kidney injury (DIKI) that needs evaluation during
drug development. Two-dimensional in vitro proximal
tubule epithelial cell (PTEC) models are often poor
predictors of DIKI, because of the lack of physiological
architecture and flow. Conditionally immortalized
PTEC overexpressing OAT1 (ciPTEC-OAT1) form a
polarized epithelium when cultured in the OrganoPlate
NephroScreen model. The stable expression of both
organic anion (OAT) and organic cation transporters
(OCT) makes NephroScreen an ideal model to study
the potential toxicity of drugs and other substances
involving active uptake via these transporters.

NephroScreen was validated using known nephrotoxic
drugs and blindly administered pharmaceutical
compounds followed by a range of assays to determine
the level of biomarkers for toxicity and to demonstrate
drug interactions. Biomarkers for DIKI could be detected
for most compounds of different classes in a robust
manner. We proved that our assays are amenable to
long-term experiments and could easily be transferred
between laboratories. Together, this demonstrated the
usability and reproducibility of our platform for the
detection of DIKI and drug-transporter interactions in a
medium-throughput and automatable manner.

Benefits

* Robust and validated 3D
organ-on-a-chip proximal
tubule model

+ Wide range of compatible
readouts, showing
identification of
nephrotoxicants in line with
(pre)-clinical compound
profiles

Ideal model to study the
potential toxicity of drug
substances involving active
uptake via both organic
anion and organic cation
transporters

Materials

« CiPTEC-OAT1 cells (Cell4Pharma)

« OrganoPlate® 3-lane 40 (MIMETAS)

+ Known nephrotoxic compounds (cisplatin,
tenofovir, tobramycin, and cyclosporin A)

« Compounds provided by pharma partners

+ Cell Counting Kit-8 (WST-8, Sigma-Aldrich, 96992)

+ LDH activity assay kit (Sigma-Aldrich, MAKO66)

* RNeasy Micro Kit (Qiagen, 74004)

+ Moloney Murine Leukemia Virus (M-MLV,
Promega, M1705)

+ TagMan Universal PCR Master Mix (Life
Technologies, 4304437)

+ HMOX1, LCN2 and GAPDH primers
(Applied Biosystems)

* NAG-Assay Kit (BioVision, K733-100)

« miRNeasy Serum/Plasma Kit (Qiagen, 217184)

+ ImageXpress Micro XLS-C High Content Imaging

System (Molecular Devices)
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Fig. 1. Overview of the microfluidic platform, the cell culture, exposure, and read-out methods performed on ciPTEC-
OAT1 tubules. (a) Image of the bottom of the OrganoPlate 3-lane. The microfluidic network is positioned between a sandwich
of two microscope grade glass plates which are attached to the bottom of a standard 384-well plate. Access to the microfluidic
system is facilitated via the top wells. One OrganoPlate 3-lane comprises 40 tissue culture chips as 9 wells compose one chip.
Green arrows indicate the in- and outlets used for compound dosing. (b) Schematic representation of one chip comprising
two perfusion channels and the extracellular matrix (ECM) channel in the middle. Channels are divided by 55mm high ridges
called PhaseGuide (grey bars) which act as pressure barriers. (c) Artist impression of the model in a single chip. The chip was
loaded with collagen 1 (blue) in the middle channel and proximal tubule cells (yellow) in the top channel. After the cells attached,
medium was added to both perfusion channels and perfusion was started (indicated by white arrows). (d) Immunofluorescence
staining of ciPTEC-OATT in the OrganoPlate: F-actin (red), nuclei (DAPI, blue), ZO-1 (b, green), and acetylated tubulin (c,
green). (e) Flow charts indicating the culture of ciPTEC-OATT and subsequent readouts using biomarkers for DIKI which were
performed across 3 different laboratories (indicated by color). The cells were cultured for 9 days using optimized conditions
followed by exposure to compounds for 24h and 48h. Readouts included lactate dehydrogenase (LDH)-release, N-acetyl-b-D-
glucosaminidase (NAG) release, cell viability assay using WST-8, drug-transporter efflux assays, collection of secreted RNA for
miRNA determination, and collection of total RNA for quantitative PCR (qPCR) to demonstrate differential gene expression.
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Results

Establishment of perfused renal tubular epithelial structures with functional drug
transporter activity

The NephroScreen model comprises ciPTEC-OAT1 cultured against a collagen | ECM in the OrganoPlate 3-lane
and showed to form tubular epithelial monolayers with cells lining the ECM and walls of the perfusion channel.
Additionally, a clear lumen is present with access to both the apical and basolateral sides of the tubule. (Fig
1a-d). Immunofluorescent imaging revealed expression of tight junctions (ZO-1) between cells and primary cilia
located solely on the apical side of the cells demonstrating polarization (Fig 1d).

Drug transporter expression was determined in ciPTEC-OAT1 cells cultured in the OrganoPlate and compared
to 2D cultures. Results showed that gene expression levels of organic anion transporter 1 (OAT1), organic cation
transporter 2 (OCT2), P-glycoprotein (P-gp), and multidrug resistance-associated protein 2 and 4 (MRP2/4) were
comparable to 2D static cultures indicating a maintained phenotype in the OrganoPlate (Fig 2a).

Transport functionality of the efflux transporter P-gp and MRP2/4 was determined in the OrganoPlate using
calcein-AM and CMFDA as substrates, respectively. In combination with confocal imaging, a 4.4 + 0.2-fold
increased calcein accumulation was observed upon P-gp inhibition using PSC833 (Fig 2b). For MRP2/4, a 3.0 +
0.2-fold increased accumulation was detected upon inhibition with PSC833, MK571 and KO143 (Fig 2c). Overall,
this demonstrates functional transporter activity in ciPTEC-OAT1 tubules in the platform.
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Fig. 2. Transporter expression and functionality of ciPTEC-OAT1 tubules cultured in the OrganoPlate. (a) Expression levels
of HPRT1, OAT1, OCT2, P-gp, MRP2, and MRP4 in matured ciPTEC-OATT cultured in the platform. Gene expression levels were
normalized to GAPDH, used as reference gene, and here calculated a fold difference compared to gene expression levels in 2D
static culture (6-well plate). **p<0.01 compared to 2D ciPTEC-OATT cultures. (b,c) Fold difference in fluorescent calcein or GS-MF
detected using confocal imaging in control, solvent-treated and inhibitor-treated chips. Values were normalized to vehicle per
experiment. Significant differences of the means were compared to vehicle using one-way ANOVA followed by Dunnett’s multi
comparison post hoc test. ***p<0.001 compared to vehicle.
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Wide range of compatible readouts, showing identification of nephrotoxicants in line
with (pre)-clinical profiles of compounds

To validate NephroScreen, we performed experiments to ascertain the potential nephrotoxicity of test
substances, provided by GSK, Roche, and Pfizer in a blinded manner across different laboratories (fig 1e).
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). NAG release was determined
and yielded concordant results (Fig 3a-c). Finally, R1 resulted in a dose-dependent increased HMOX1 expression
determined through gPCR analysis (Fig 3d). The detected nephrotoxicity of these compounds is in line with
(pre-) clinical data.
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Fig. 3. Assessment of potential nephrotoxicity of the test compounds in the NephroScreen model.
(a-c) Cell viability (WST-8), lactate dehydrogenase (LDH) release and N-acetyl-3-D-glycosaminidase (NAG) release by ciPTEC-OATT
treated with test compounds for 48 hours. (d) HMOX1 and NGAL expression in ciPTEC-OATT treated with compound R1 for 48 h.
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Drug interaction studies in ciPTEC-OAT1 cultured in OrganoPlate

Drug-transporter interaction with P-gp and MRP2/4 is an 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.
For MRP2/4, interactions were found for cyclosporin A, G2, G3, and P2 (Fig. 4a,c). Cyclosporin A, G3, P1, and
P2 resulted in interactions for P-gp (Fig. 4b,d). It is interesting to note that compound G2 clearly impaired
MRP2/4transport but did not cause any cytotoxicity based on other assays performed, suggesting competition
for transport.
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Fig. 4. Drug-transporter interaction at multidrug resistance protein 2/4 (MRP2/4) and P-glycoprotein (P-gp) in ciPTEC-
OAT1. Transporter specific substrates were co-incubated with the test compounds for 1h, followed by arresting efflux using an
inhibitor cocktail of PSC833, MK571, and KO143 (all 10 uM). (a,b) Interactions of the model compounds with MRP2/4 and P-gp,
respectively: CDDP, cisplatin; TNV, tenofovir; TBR, tobramycin; CSA, cyclosporin A. (c,d) Interactions of the test compounds with
MRP2/4 and P-gp, respectively. Statistically significant compared to corresponding vehicle: *p < 0.05, **p < 0.01.
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Conclusion

We described the development of a functional proximal tubule-on-a-chip model which can be implemented
forroutine assessment of kidney toxicity with high resemblance to the physiologic conditions such as fluidic
shear stress and extracellular matrix. The OrganoPlate platform allows parallel culture and assessment of
40 independent kidney tubules. This is important in toxicological studies or compound testing as it allows for
proper controls, replicates, and serial dilutions. Taken together, our results indicate that the set-up is a reliable
medium-throughput, standardized, automatable system that proved efficacious in identifying nephrotoxicants
and provided insights into their mode of toxicity within drug development.
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