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Abstract

In vitro models that can faithfully replicate critical aspects of kidney tubule function such
as directional drug transport are in high demand in pharmacology and toxicology. Accordingly,
development and validation of new models is underway. The objective of this study was to
characterize physiological and transport functions of various sources of human renal proximal
tubule epithelial cells (RPTECs). We tested TERT1-immortalized RPTEC, including OATL1-,
OCT2- or OAT3-overexpressing variants, and primary RPTECs. Cells were cultured on transwell
membranes in static (24-well transwells) and fluidic (transwells in PhysioMimix™ T12 organ-on-
chip with 2 plL/s flow) conditions. Barrier formation, transport, and gene expression were
evaluated. We show that two commercially available primary RPTECs were not suitable for
studies of directional transport on transwells because they formed a substandard barrier even
though they exhibited higher expression of transporters, especially under flow. TERT1-parent, -
OAT1 and -OAT3 cells formed robust barriers, but were unaffected by flow. TERT1-OATL1 cells
exhibited inhibitable para-aminohippurate transport, it was enhanced by flow. However, efficient
tenofovir secretion and perfluorooctanoic acid reabsorption by TERT1-OAT1 cells were not
modulated by flow. Gene expression showed that TERT1 and TERT1-OAT1 cells were most
correlated with human kidney than other cell lines, but that flow did not have noticeable effects.
Overall, our data show that addition of flow to in vitro studies of the renal proximal tubule may
afford benefits in some aspects of modeling kidney function, but that careful consideration of the

impact such adaptations would have on the cost and throughput of the experiments is needed.
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Significance Statement:

The topic of reproducibility and robustness of the complex microphysiological systems is
looming large in the field of biomedical research; therefore, the uptake of these new models by
the end-users is slow. This study systematically compared various RPTEC sources and
experimental conditions, aiming to identify the level of model complexity needed for testing renal
tubule transport. We demonstrate that while tissue chips may afford some benefits, their

throughput and complexity need careful consideration in each context of use.
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Introduction

Drugs and chemicals can have adverse effects on renal function by acting on a variety of
cell types, potentially resulting in hemodynamic, inflammatory, and metabolic effects (Schreiner,
1965; Zager, 1997). While a number of kidney injury biomarkers have been recently proposed,
and some have been qualified for clinical use (Vaidya et al., 2008; Bonventre et al., 2010), there
is a continuous need for early prediction of nephrotoxicity in pre-clinical and safety pharmacology
studies (Faria et al., 2019). Animal models of acute and chronic kidney injury and disease have
been widely used but suffer from a number of limitations, primarily their high cost, species
differences, low throughput, high complexity, and ethical reservations, as well as the lack of
sensitivity of blood and urine biomarkers for mild to moderate kidney injury (Fuchs and Hewitt,
2011). To improve prediction of nephrotoxicity and to better characterize toxicity and disease
mechanisms, many in vitro models of kidney have been proposed (Nieskens and Wilmer, 2016;
Faria et al., 2019; Bejoy et al., 2022). A recent systematic literature review of in vitro models of
drug-induced kidney injury concluded that advanced models have mainly been focused on
mimicking the proximal tubules, with cytotoxicity as the common endpoint (Irvine et al., 2021).

Two principal modes of research for development for in vitro models for the proximal tubule
are: (1) engineering of immortalized or pluripotent stem cell-derived cultures of various cell types
known to constitute the tubule, both individually or as organoids (Balzer et al., 2022), and (2)
improving the microphysiological environment in which these cells reside by modulating
flow/shear stress and extracellular matrices (Chen et al., 2021). Shear stress via fluid flow is
thought to be especially important for creating physiologically-relevant kidney models because
the maintenance of directional transport of fluids, electrolytes, and chemicals is critical for both
optimal function, polarization and response to drugs and other xenobiotics. Shear stress can be
modelled in vitro by introducing lateral medium movement across a monolayer of cells which is
critical for correct organization of renal proximal tubule epithelial cell (RPTEC) cytoskeleton and

tight junctions (Duan et al., 2008). Indeed, most advanced 3D cultures of RPTECs focus on
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introducing shear stress into either membrane-based (Gao et al., 2011; Jang et al., 2013; Kim et
al., 2022; Shaughnessey et al., 2022; Specioso et al., 2022), or tubule-based (Weber et al., 2016;
Vormann et al., 2018; Ross et al., 2021) microfluidic designs.

Many kidney-focused organ-on-chip devices have been created and tested with various
drugs and disease conditions (e.g., ischemia-reperfusion), which span a very wide range of flow
rates and shear stresses. Physiological ranges for shear stress in vivo range from 0.3 to 1.2
dyne/cm? in healthy individuals, with values <0.5 generally regarded as corresponding to renal
disease (Ross et al., 2021). In continuous flow-based kidney-focused organ-on-chip devices,
reported values vary from 6.5x10* (Specioso et al., 2022) to 0.7 dyne/cm? (Shaughnessey et al.,
2022). In some tubule-based models, the shear could be highly intermittent, reaching as high as
1.7 dyne/cm? for a few seconds, then quickly decaying over the next 1-2 min to nearly static
condition (Vormann et al., 2018). The differences in shear stress across models and studies, as
well as the use of different RPTEC sources in different reports, make it difficult to determine the
advantages that may be afforded by the flow on both physiological and transport functions of
RPTEC. Based on a number of recent studies on flow-based systems for renal proximal tubules,
which encompassed both static and fluidic conditions (with some involving varying fluid flow
rates), it remains unclear whether the advantages of introducing flow are readily apparent (Kim et
al., 2022; Lee et al., 2022; Specioso et al., 2022).

Therefore, the objective of this study was to investigate barrier formation, directional
transport, and gene expression with various sources of human RPTECs that were cultured on
transwell membranes in two conditions — static (conventional 24-well transwells) and fluidic
(transwells placed into the PhysioMimix™ TC12 organ-on-chip platform with 2 uL/s flow). Multiple
sources of RPTECs were used as prior studies in different organ-on-chip platforms indicated that
cell source selection often introduces the greatest variability between experiments (Sakolish et
al., 2018; Sakolish et al., 2023). For transparency, all data and protocols from this study are

publicly available using the database links listed in Supplemental Table 1.
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Materials and Methods

Cell Sources and Medium Information

Human RPTEC sources (TERT1, TERT1-OAT1, TERT1-OCT2, and TERT1-OAT3) were
obtained from ATCC (#CRL-4031, CRL-4031-OAT1, CRL-4031-OCT2, and CRL-4031-OAT3;
Manassas, VA). These cells were cultured in DMEM:F12 (ATCC #30-2006) supplemented with
the hTERT Immortalized RPTEC Growth Kit (ATCC #ACS-4007), and a G418 supplement (final
concentration of 0.1 mg/mL; Geneticin G418 Sulfate, Gibco, Billings, MT). Human primary
RPTECs were obtained from Lonza (CC-2553, lot# 18TL117405; Basel, Switzerland), and were
cultured in REGM™ Renal Epithelial Cell Growth Medium (CC-3190, Lonza) supplemented with
the “BulletKit” (CC-4127, Lonza) containing fetal bovine serum (0.5%), human transferrin
(10 mg/mL), hydrocortisone (0.5mg/mL), insulin (5mg/mL), triiodothyronine (5x 1012M),
epinephrine (0.5 mg/mL), epidermal growth factor (10 mg/mL), and antibiotics (100 U/mL penicillin
and 100 mg/mL streptomycin). Another human primary RPTEC was obtained from Biopredic
(HRPTECS, lot RPT101037; Saint Grégoire, France); these cells were cultured in a basal media
consisting of 1:1 DMEM (11966-025, Life Technologies, Carlsbad, CA) and Ham’s F-12 nutrient
mix (11765054, Life Technologies), supplemented with either the Biopredic “ADD582C”
supplement for thawing media, or “ADD583C” supplement for seeding and culture media. Primary
RPTECs were shipped from vendors at passage 2 and were expanded prior to testing for an

additional 1-2 passages.

Cell Seeding and Culture Conditions

All RPTECs were cultured in their respective medium (see above) at 37°C and 5% CO: in
Tissue Culture-treated 75 cm? flasks (CLS430641U, Corning, Corning, NY) prior to seeding onto
Transwells (#3413, Corning). On the day of seeding, Transwells were coated in the top well (“top

seeded conditions”), or inverted and coated on the bottom surface of the membrane (“bottom
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seeded conditions”) with 90 yL of 100 pg/mL fibronectin (# F1141-5MG Sigma-Aldrich, St. Louis,
MO) in phosphate buffered saline (PBS; Gibco) for 1 hour at 37°C. After coating, excess solution
was removed, and RPTECs were seeded onto the coated surface at a density of 625,000 cells/mL
in their respective cell culture medium (50,000 cells in 80 pL) and allowed to attach for 4 hours at
37°C. In bottom seeded conditions, after this incubation, wells were re-inverted into the culture
plates. Cell culture medium was added (750 L to the bottom, and 150 pL to the top well) to all
cell-seeded wells. Transwell cultures were incubated overnight, then either left in the plates as-is
(“static culture conditions”) or transferred to the MPS-T12 Barrier plate (“fluidic culture conditions”,
2 pL/s flow rate) of the PhysioMimix™ organ-on-chip platform (CNBio, Cambridge, UK). Cell
culture media was exchanged in both static and fluidic cultures every 48 hours. Figure 1 shows
the timelines and other details of different experiments conducted in this study. A schematic of

the device is shown in Supplemental Figure 1.

Simulations of the Shear Stress by Computer Fluid Dynamics (CFD)

Shear stress in the experiments using MPS-T12 Barrier plate (2 uL/s flow rate) on the
PhysioMimix™ organ-on-chip platform was calculated using 3D models based on measured
dimensions of the transwells and T12 plate. These models were generated using SimFlow 4.0
CFD software (SIMFLOW Technologies, Warsaw, Poland; https://sim-flow.com). The software
was used to perform the model flow simulations and estimate the flow rate at the bottom surface
of the transwell membrane within the T12 plate. After creation of the 3D models, the SimFlow
“MESH” panel was used to create a high-resolution mesh, defining the inner surfaces of the
volumetric model. This mesh was loaded into the solver panel, and the SIMPLE (Semi-Implicit
Method for Pressure Linked Equations) algorithm was selected for vector calculations with steady
state and incompressible fluid settings. Turbulence modeling was not considered, as we assumed
mostly laminar flow within the microfluidic system. The Newtonian transport model was utilized,

using “water” as the input material for the simulation as the closest approximation for cell culture
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medium. Lastly, the inlet “boundary condition” was set to 2 pL/s, matching the flow rate used in
our testing with the proximal tubule model. Monitor “probes” were placed at 25 evenly spaced
locations on the bottom surface of the transwell membrane to output the calculated XxY fluid
vectors at each of these locations. This model was run until solution residuals converged (final
residuals 3.01e-7 in 548 iterations), and raw vector values were exported from the CFD program.
Vectors from iterations 100-548 (when model had reached steady state) were averaged, and
shear stress was calculated as FSS = 6nQ/h?w with the following parameters: n, viscosity = 0.84
Pa/s; Q, volumetric flow rate was calculated from outputted CFD vectors; h, height = 2 mm; and
w, width = 10 mm). Height and width were measured as the transwell membrane diameter, and
the space between the bottom of the T12 plate well and the membrane, respectively. See
Supplemental Figure 2 for the description of the fluidic model and spatial distribution of the shear

stress based on the modeled flow rates at different locations on the transwell in this device.

Evaluation of Barrier Formation

The barrier integrity of RPTEC monolayers was monitored over time by measuring the
transepithelial electrical resistance (TEER) in Transwell experiments. TEER was tested using an
epithelial voltmeter with Ag/AgCl probes (EVOM2 with STX-2 electrodes, World Precision
Instruments, Sarasota, FL). TEER values were calculated by subtracting the resistance value (Q)
of blank membranes and multiplying by the growth area of the Transwells used herein (0.33 cm?).
TEER results are reported as Q*cm?.

Barrier function was also evaluated using fluorescein isothiocyanate (FITC)-tagged
dextran (70 kDa; FD70S, Sigma-Aldrich). FITC-dextran was dissolved in corresponding cell
source-specific medium (0.25 mg/mL) and added to the basolateral side (bottom well of “top
seeded”, and top well of “bottom seeded” transwells), and fresh untreated culture medium was
added to the apical side. Cells were cultured for 1 hr at 37°C and 5% CO:. in either static or fluidic

(2 pL/s) conditions. After this, medium was sampled from both sides of the membranes and
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fluorescence was measured using a multi-mode microplate reader (SpectraMax iD3, Molecular
Devices, San Jose, CA) at 485/535 nm. Results are reported as “% blank”, where FITC-dextran
was added to the top or bottom well of cell-free Transwells, depending on the corresponding cell

seeding configuration (top or bottom) and medium was collected after identical incubation period.

Immunocytochemistry Analysis of ZO-1, AQP1 and SGLT2 Expression

At the end of the experiments, medium was aspirated and Transwells were rinsed 2x with
phosphate buffered saline (PBS), then incubated at room temperature for 10 minutes in 4%
paraformaldehyde (10% formalin, J61899; Alfa Aesar, Haverhill, MA). After fixation, cells were
permeabilized with 0.25% Triton X-100 (BP151-100; FisherScientific, Waltham, MA) in PBS for
10 minutes, then blocked with 2% bovine serum albumin (BSA) in PBS for one hour at room
temperature. Primary antibodies against ZO-1 (33-9100; Invitrogen, Carlsbad, CA), and
transporters AQP1 (TA502357, Life Technologies) and SGLT2 (PA5-101893, Life Technologies)
were added to the cell-seeded side of membranes. All primary antibody solutions were added at
1:200 dilution in a 2% BSA solution, and cells incubated for two hours at 37°C. After incubation,
cells were washed three times with PBS, and incubated for two hours at 37°C in the dark with a
cocktail of secondary antibodies Goat anti-Mouse IgG (Alexa Fluor 488, A-11001; Life
Technologies) and Donkey Anti-Rabbit IgG (Alexa Fluor® 647; ab150075; Abcam, Waltham, MA)
at a 1:1000 dilution in a 2% BSA solution. Cells were rinsed 3x with PBS, then membranes were
carefully cut from Transwells® using a scalpel and mounted on glass slides using ProLong™ Gold
Antifade Mountant with DAPI (P36935, Life Technologies). Images were captured using
ImageXpress Micro Confocal High-Content Imaging System (Molecular Devices). Images were
qguantified for positive staining by measuring average fluorescence per defined field in each

fluorescent channel (FITC, Cy5) and normalizing to those in corresponding control conditions.

Water Transport

10
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Throughout culture, it was observed that some of the RPTEC sources exhibited noticeable
volumetric and colorimetric changes to the cell culture media in the top and bottom chambers.
Concentration of phenol red in the cell culture medium was used to noninvasively monitor water
transport across the membrane, as it appeared to be concentrated in the apical compartment as
water was reuptaken by the cells from the basolateral compartment. Concomitantly, as water
was pumped by cells into the basolateral compartment, absorbance was decreased as phenol
red appeared to be diluted. Samples of media (50 uL) from apical and basolateral compartments
were collected, and the absorbance was measured at 560 nm using a multi-mode microplate
reader (SpectraMax iD3, Molecular Devices). Results are reported as a ratio of the absorbances

measured in the top and bottom chambers.

para-Aminohippurate (pAH) Secretion

Secretion of pAH was measured via two different methods. In the first experiment (Figure
1A), TERTL1 lines (parent, -OAT1, -OCT2, -OAT3) and primary RPTECs (Lonza and Biopredic)
were treated with 1 mM pAH on either the apical side, or basolateral side. After 2 hours of
exposure at 37°C, media samples were collected and tested via colorimetric methods adapted
from (Waugh and Beall, 1974). Briefly, samples were treated 1:10 in protein precipitant solution
(1 M dichloroacetic acid (Sigma-Aldrich, D54702)), 0.3 M p-toluenesulfonic acid (Sigma-Aldrich,
T35920), 0.85 M NaOH, pH 1.4) and incubated for 15 minutes at room temperature. Samples
were centrifuged at 12,000x G for 10 minutes, and supernatants were collected to remove any
protein precipitate. A 50 uL sample of the supernatant was treated with an equal volume of 1%
p-dimethylaminobenzaldehyde in 57% ethanol. The resulting yellow color was measured at an
absorbance of 450 nm and compared against a standard curve of pAH created in culture media.

Results are reported as “transport ratio” of moles of pAH secreted/moles of pAH reabsorbed

11
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(B>A/A->B). If this ratio was equal to 1, then transport was equal in both directions, and if >1
transport was geared toward secretion.

In the second transport evaluation method (Figure 1B), pAH was added at the same
concentration (5 uM) to both the top and bottom compartments in the presence or absence of
OAT1 inhibitor probenecid (100 uM; Sigma-Aldrich, P8761). TERT1 and TERT1-OAT1 RPTECs
were seeded on the bottom surface of Transwells and cultured in either static or fluidic conditions
for 7 days prior to this experiment. Media were sampled from both compartments at 2, 4, 24, and
48 hours after addition of pAH, and concentrations were determined using LC-MS/MS methods

as detailed below.

Bidirectional Chemical Transport Studies

To evaluate directional transport, tenofovir (100 uM, Sigma-Aldrich, SML1795), cisplatin
(10 uM, Sigma-Aldrich, 1134357) or perfluorooctanoic acid (PFOA, 1 uM, Sigma-Aldrich, 171468)
were added to the bottom well (750 L, apical) or top well (200 uL, basolateral) of the inverted
RPTEC cultures (Figure 1C) after 10 days in culture. Fresh RPTEC culture medium was added
to the opposite (recipient) well in either treatment configuration. Cultures were then returned to
the incubator and cultured under static or fluidic (2 uL/s) conditions. Media were sampled (50 pL)
and re-dosed at day 1, 2, 3, 5, and 7 of treatment. Chemical concentrations in the medium were
determined as detailed below. After the final timepoint, cultures were removed from their
respective platforms, all medium was removed, cells were rinsed with PBS, then lysed with
TempO-Seq™ Enhanced Lysis Buffer (60 uL, SU-01-100, BioSpyder Technologies, Carlsbad,
CA) for 10 minutes at room temperature to collect lysates for gene expression studies. Media and

lysate samples were stored at -20°C until analysis.

Analytical Chemistry Methods

12

¥20Z ‘02 Jequisoa uo Seuinor 134S Y e BIo'sjeulno fldse:puwip wo. ) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on April 16, 2024 as DOI: 10.1124/dmd.124.001488
This article has not been copyedited and formatted. The final version may differ from this version.

C3-Caffeine was purchased from Supelco (C-082-1ML; Bellefonte, PA), and used as an
internal standard for tenofovir. C*-PFOA was purchased from Wellington Labs (MPFOA, Guelph,
Ontario, Canada), and used as an internal standard for PFOA. Bismuth (GF61155682) and
acetaminophen (PHR1005) were purchased from Sigma-Aldrich and used as internal standards
for cisplatin and pAH, respectively.

For the analysis of tenofovir, PFOA, and pAH samples were first extracted using
liquid/liquid extraction with protein precipitation. Briefly, 50 uL of spent culture media sample was
added to 100 pL of chilled acetonitrile (A998-4, FisherScientific) containing corresponding internal
standard (0.1 uM for PFOA, and 1 uM for tenofovir and pAH), then vortexed before centrifuging
and supernatant was transferred to new 1.5 mL microcentrifuge tube. The supernatant was then
evaporated to dryness using a Savant SpeedVac (SPD1010, ThermoFisher) and reconstituted
with 50 pL of mobile phase A (see below). Samples were then transferred to autosampler vials
containing 200 uL fused inserts (A998-4, Ibis Scientific, Las Vegas, NV) and stored at -20°C until
analysis.

Analysis was performed on a triple quadrupole mass spectrometer (Agilent 6470, Santa
Clara, CA). For tenofovir and pAH, the instrument was operating in positive ion mode using an
electrospray ionization source. For PFOA, analyses were performed using negative ion mode
using an electrospray ionization source. Capillary voltage, sheath gas temperature, and sheath
gas pressure were set to 4500V, 300°C and 50 psi respectively. Samples (10 yL for pAH, 8 yL
for tenofovir, and 20 uL for PFOA) were auto-injected onto a ZORBAX SSHD Eclipse Plus C18
column (3.0 x 50 mm, 1.8 um, 959757-302, Agilent) with a guard column (2.1 x 5 mm, 1.8 ym,
821725-901, Agilent) using a 1290 Infinity Il LC (Agilent).

For analysis of tenofovir and pAH, liquid chromatography flow rate was set to 0.4mL/min
and the column temperature was 40°C with an initial condition of 90% mobile phase A (Water with
0.1% (v/v) formic acid) and 10% mobile phase B (Acetonitrile with 0.1% (v/v) formic acid). Initial

conditions for sample injection were 90% mobile phase A (water with 0.1% (v/v) formic acid) and

13
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10% mobile phase B (acetonitrile with 0.1% (v/v) formic acid). For analysis of tenofovir, after 3
minutes the gradient was increased to 80% mobile phase B until minute 4. Conditions then
returned to 90% mobile phase A and 10% mobile phase B for the remainder of the run. For
analysis of pAH, after 3 minutes, the gradient changed to 20% mobile phase A and 80% mobile
phase B. At minute 4, binary pump conditions returned to 90% mobile phase A and 10% mobile
phase B before the method ended at minute 6. The limits of quantitation were 0.0626 uM and 0.1
MM for pAH and tenofovir, respectively (based on the standard curves that were concurrent with
samples).

For analysis of PFOA, column temperature was 50°C, flow rate was 0.4mL/min, and initial
chromatographic conditions were 90% mobile phase A (HPLC-grade water containing 5 mM
ammonium acetate) and 10% mobile phase B (95% MeOH with 5 mM ammonium acetate). At
two minutes, mobile phase B increases to 30% until minute 14 when this increases to 95%. At
14.5 minutes, this was changed to 100% mobile phase B before returning to 10% at 15.5 minutes.
This condition remained for the rest of the method which ended at 17 minutes. The limit of
guantitation for PFOA in these experiments was 0.078 pM.

For cisplatin (Pt) analyses, samples were first digested by adding 2.4 mL of 1% nitric acid
(Omnitrace Ultra Nitric acid) spiked with 10 ng/mL bismuth internal standard. The samples were
shaken with loose covering to allow any gases to escape in a ventilated chemical safety hood.
Then the samples were allowed to stand overnight at room temperature to ensure complete
digestion. Cisplatin calibration standards were freshly prepared daily from certified standards in
cell culture media to adjust for any matrix effects. Calibration concentrations ranged from 0 to 100
MM, and blanks containing media only (100 uL) and acid (2.4 mL) were analyzed with each sample
batch. To avoid carryover, 2% nitric acid was used as a wash between sample analyses.
Continuing calibration standard checks were performed after every 15 samples followed by a
blank analysis. Samples and calibration standards were analyzed on an Inductively Coupled

Plasma-Mass Spectrophotometer Nexlon 300 (Perkin Elmer, Waltham, MA). Concentrations
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were determined as Pt!%, the most abundant isotope, to provide most optimal sensitivity and were
based on a near-linear calibration curve (r>>0.99). Sample concentrations were then determined
based on the calibration curve considering the sample dilution factor (1:25). The method’s

guantitation limit in these experiments was 0.013 pM.

Gene Expression Library Preparation and Sequencing

Cell lysates (see preparation above) were used for the Templated Oligonucleotide
Sequencing Assay (TempO-Seq™, BioSpyder Technologies, Carlsbad, CA) as the mRNA
guantitation technology of choice (House et al., 2017). Detailed protocols for TempO-seq are
provided by the manufacturer and were previously detailed elsewhere (House et al., 2022).
TempO-seq libraries were prepared using the human S1500+ targeted transcriptome panel (Mav
et al., 2018) consisting of 2,982 transcripts according to the manufacturer’s instructions. Briefly,
hybridization of the mRNA content of cell lysates was achieved by incubating 2 uL of the lysate
with 2 pL hybridization mix as follows: 10 min at 70°C, cooling ramp from 70°C to 45°C for 49 min,
and 1 min at 45°C. Excess oligonucleotides were then digested in a nuclease catalyzed reaction
for 90 min at 37°C. Next, hybridization products were incubated with DNA ligase for 60 min at
37°C. Nuclease and ligase were then denatured using a heat denaturation step (80°C for 30 min).
A total of 10 ul of each ligation product were then mixed with an equal volume of PCR amplification
mix and amplified in a LightCycler 96 (Roche, Basel, Switzerland) using the manufacturer
recommended settings. Amplicon samples (5 ul) were then pooled and purified using a
commercial PCR clean-up kit (Clontech, Mountain View, CA). Pooled libraries were sequenced
in 75 single-end read mode dual index run with custom primers using NextSeq 550 sequencing

(lumina, San Diego, CA).

Gene Expression Data Analysis

15

¥20Z ‘02 Jequisoa uo Seuinor 134S Y e BIo'sjeulno fldse:puwip wo. ) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on April 16, 2024 as DOI: 10.1124/dmd.124.001488
This article has not been copyedited and formatted. The final version may differ from this version.

The raw sequencing reads for each pooled sample, which included four lanes of single-
end sequencing reads that were 76 base pairs in length, were combined to generate a single
FASTQ file for each sample. Then, we used Fastp (version 0.21.0) approach (Chen et al., 2018)
to process the FASTQ files, trimming the sequencing reads to 50 base pairs with default
parameters. These processed FASTQ files served as input for the TempO-Seq data analysis
pipeline (House et al., 2017), which utilized the human S1500+ probe manifest file. To facilitate
further analyses, we aggregated the resulting raw count matrix data to the gene level if a gene
was associated with more than one probe in the TempO-seq assay. The FASTQ files were
uploaded to Gene Expression Omnibus (GEO; accession #GSE246180; reviewer token
wdsdsgayfnkrjcv).

Before conducting differential gene expression or other transcriptomic analyses, quality
control steps were applied to filter the raw counts: (i) exclusion of samples with fewer than 200,000
total counts and (ii) removal of genes with average counts lower than 5% of the number in the
remaining samples, except for the genes listed in Supplemental Table 2 that were retained for
subsequent analyses. Following these steps, principal component analysis (PCA) was employed
for sample grouping visualization and potential outlier identification using the built-in R function
prcomp. PCA analysis did not reveal any additional sample outliers and the final dataset contained
a total of 69 samples (n = 30 for fluidic and n = 39 for static conditions) and 2,311 genes. The
count data was visualized with clustering using the R package pheatmap.

Differential expression analysis was performed using the DEseq2 package in R (Love et
al., 2014) through a two-step approach. Initially, the full model was employed to investigate the
apical-basolateral effects of each chemical treatment compared to the corresponding untreated
samples, while controlling for platform and cell line differences. The results of these apical-
basolateral effects for chemical treatments guided the formulation of a final model. While no
apparent variances in differential gene expression between apical and basolateral treatments

were observed for PFOA and cisplatin, tenofovir, when added basolaterally, exhibited
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considerable effects in the fluidic conditions with TERT1-OAT1 cells (Supplemental Figure 3).
Several cisplatin-treated samples were not available for transcriptomic analyses; therefore, the
effects of cisplatin in fluidic experiments for TERT1-OAT1 cells could not be evaluated.
Consequently, samples treated with tenofovir and cisplatin in the fluidic condition for TERT1-
OAT1 were excluded from all subsequent modeling. The final model combined apical and
basolateral treatments of the same chemical for differential expression analysis to evaluate
platform effects and controlled for cell line and treatment differences. This model resulted in five
pairwise comparisons for differential expression between platforms in the following conditions (i)
TERT1-OAT1 treated with PFOA, (ii) TERT1-OATL1 untreated; (iii) TERT1 treated with cisplatin;
(iv) TERTL1 treated with PFOA, and (v) TERT1 untreated. Significant differentially expressed
genes (DEGS) for each of these pair-wise comparisons were determined using the DESeq2 result
function, specifying the contrast groups, and applying cutoffs of false discovery g-values <0.05
and absolute log.-fold-change values >1.5. The union of DEGs (normalized counts) was utilized
for clustering and visualization of the DEGs between platforms using the R package pheatmap.
To interpret clusters of DEGs through pathway analyses, the xgr package version 1.1.8 in R (Fang
et al., 2016) was employed, considering all pathways (ontology = "MsigdbC2CPall") as gene sets.
The background gene list for this analysis comprised all genes retained after low-count removal
(2,311 genes; see above for selection).

In addition, to compare the transcriptional profiles obtained in our study with those
reported by the GTEx Consortium across various human tissues (GTEx Consortium, 2017), rank-
based (Spearman) correlation analysis was performed between platforms for TERT1 and TERT1-
OAT1 cells. This involved comparing the mean expression levels of individual genes across
different experimental conditions (24-well transwells in static or fluidic condition, and cell sources)
with the mean expression levels observed in various human tissues from the GTEx Portal (GTEX

Consortium, 2017). Additionally, previously published Spearman correlation coefficients similar
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analyses conducted with TERT1 and TERT1-OATL1 cells cultured in 384-well plates (Sakolish et

al., 2023) were compared with the results of the current study.

Results

Figure 1 shows the experimental designs and timelines for the studies described herein
that compared RPTEC cultured on Transwells® under static conditions or flow enabled by the
PhysioMimix™ T12 platform. These studies were conducted to address the context of
investigating chemical transport/drug effects in an in vitro model replicating the proximal tubule of
the human kidney. Specifically, we investigated (i) barrier formation, (ii) water secretory function
(tested with pAH), (iii) directional transport of chemicals (tested using cisplatin, tenofovir, and

PFOA), and (iv) gene expression profiles as an indicator of the physiological state of RPTEC.

Effects of media flow on epithelial barrier formation with various sources of RPTECs

A number of immortalized and primary human RPTEC sources are available for in vitro
studies of the proximal tubule. In this study, we first aimed to compare the widely used TERT1-
immortalized RPTEC lines (parent line and OAT1-, OCT2-, and OAT3-overexpressing cells) as
well as several sources of primary RPTECs (Biopredic and Lonza). Immortalized cells were
cultured under either static or fluidic (2 uL/s) conditions for up to 8 days, while primary RPTECs
were cultured for 14 days to account for differences in growth rates among the immortalized cell
lines that are proliferating more rapidly than primary cells (Figure 1A). Computationally estimated
values of the peak shear stress in the fluidic conditions were estimated at the cell surface to be
0.126 dyne/cm? with an average shear of 0.053 dyne/cm? across the entire membrane
(Supplemental Figure 2). In additional experiments, cells were seeded on either the upper or
lower surface of the membranes in both static and fluidic conditions to assess whether growing
cells in the direct path of fluid flow (as enabled by PhysioMimix™ T12 platform) influenced barrier

formation and/or molecular transport. Subsequent experiments detailed in Figures 1B-C were
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streamlined to include only "bottom-seeded" cultures and only TERT1 and TERT1-OAT1 RPTECs
to enable the throughput required for compound exposures and additional endpoints as detailed
below.

Figure 2 shows representative examples of membrane coverage by different cell sources
on days 8 (TERTL lines) and 14 (primary RPTECS) for cultures grown in static or fluidic conditions,
as well as when cells were seeded on the top (Figure 2A) or bottom (Figure 2B) surface of the
membranes. In all conditions, TERT1 RPTEC lines grew to a confluent and uniform monolayer
by day 8. By contrast, primary RPTECs from 2 commercial sources appeared clustered and failed
to form contiguous monolayers, except for Biopredic primary RPTECs in static conditions (both
top and bottom seeded conditions). The addition of fluid flow (in the bottom chamber only)
appeared to induce cell clumping of Biopredic primary RPTECs, even when cells were grown on
the top surface of membranes and out of the direct path of fluid flow. Lonza primary RPTECs
exhibited a “patchy” morphology in all tested culture conditions.

Transepithelial electrical resistance (TEER) measurements are a common method used
to evaluate barrier function of a cell monolayer and a widely accepted indicator of the confluence
of an epithelial layer. We evaluated TEER prior to media changes every 48 hours in all conditions
detailed above (Figure 3A). TERT1-immortalized RPTEC lines rapidly attained TEER levels that
are considered physiological in the proximal tubule (Wieser et al., 2008; Secker et al., 2019) within
the first 8 days of culture, with the exception of the OCT2-overexpressing line which showed a
trend of increasing TEER but lagged behind other lines. Primary RPTECs did not exceed a TEER
level of 20 Q*cm? in any culture condition, even after 14 days of culture, likely due to the “patchy”
nature of the cell layer (Figure 2). TERT1, TERT1-OAT1, and TERT1-OAT3 RPTECSs exhibited
similar patterns in TEER values, albeit the values were generally higher in static culture conditions
as compared to fluidic conditions and in "bottom-seeded" cells as compared to "top-seeded" ones.

In addition to TEER measurements, we used FITC-dextran (70 kDa) permeability to

assess barrier formation. These experiments were performed on day 8 for TERTL1 lines and day
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14 for primary RPTECs (Figure 3B). The results are presented as “% blank” where acellular,
extracellular matrix-coated membranes in either static or fluidic conditions were treated with the
same dextran solution through either the top or bottom chambers as a direct point of comparison.
TERT1-immortalized cells showed the lowest permeability (greatest barrier), regardless of culture
condition. One exception was the TERT1-OAT3 line that did not form as tight of a barrier when
seeded on top of the membrane in either static or fluidic conditions. Both primary RPTECs showed
patterns similar to that of TERT1-OATS3 cells but their barrier formation was generally lower than
that of TERT1-immortalized cells. These differences were less pronounced in the fluidic condition.
When comparing static and fluidic conditions in only the “bottom seeded” cells, on the side of the
membrane where cells would experience fluid movement, permeability appeared slightly lower in
fluidic conditions, albeit not reaching statistical significance.

At the end of these experiments (Figure 1A), cells were fixed and stained for ZO-1, AQP1,
and SGLT2 to investigate tight junction formation and membrane-bound transporter expression
under the various growth conditions (Figure 4). Figure 4A shows monochromatic images for
each stain in bottom-seeded TERT1 and Lonza RPTECSs as representative cell sources (images
for other experiments can be viewed using the links to the full data repository as shown in
Supplemental Table 1). Both static and fluidic conditions are presented. Qualitative evaluation
of microscopy images revealed a uniform and well-defined ZO-1 staining at the cell junctions of
TERT1 cells. In Lonza cell cultures, because of the non-uniformity of the cell coverage, there were
several areas of higher staining, but cell borders were still clearly marked throughout. AQP1 and
SGLT?2 staining was uniformly distributed across the monolayer in TERT1 cells, but similar to ZO-
1 patterns these displayed areas of high staining across the entire field of view. Expression of all
three markers appeared to be greater in Lonza cells, especially under fluidic conditions.

Quantitative image analysis was performed by measuring total probe-specific
fluorescence per field (Figure 4B). Data was normalized to TERT1 cells under static growth

conditions and expressed as relative image intensity for other groups. This image analysis was
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performed for all RPTEC sources and statistical comparisons were made within cell source
between static and fluidic conditions. In all TERTL1 cell lines (TERT1, TERT1-OAT1, TERT1-
OCT2, and TERT1-OAT3), the expression levels of ZO1, AQP1, and SGLT2 were comparable
between static and fluidic conditions and were largely uniform across all TERT1 lines. By contrast,
in primary RPTECs, ZO-1 and SGLT2 expression (in Lonza RPTEC only) as well as AQP1 (in
both Lonza and Biopredic RPTEC) was significantly greater. This significant increase was only
observed in “bottom seeded” conditions and was not evident in "top seeded" conditions (data not
shown). These findings suggest that fluidic conditions may induce polarization and increase
transporter expression in primary RPTECs when they are positioned directly in the path of fluid
flow; however, because normalization could not be performed to the cell number and monolayers
in primary RPTECs appeared thicker, the difference in staining intensity could be due to

differences in the cell number between conditions.

Effects of media flow on RPTECs secretory functions

RPTECs secretory functions were then assessed (Figure 1A); directional transport of
water (Secker et al., 2019) and para-aminohippurate (pAH) (Chasis et al., 1945) were tested. Cell
culture media were exchanged in all cultures every 48 hours, and noticeable changes in media
volumes were observed between top and bottom media chambers in cells of different source
(Figures 5A-C). To quantify these changes, samples of media were collected, and absorbance
was tested at 590 nm (absorbance of phenol red), because a noticeable concentration of phenol
red pH indicator was observed concomitantly with changes in media volume (Figure 5D). These
changes in absorbance are depicted in Figure 5E as a ratio of absorbance between the apical
and basolateral chambers. An increase in the ratio of apical/basolateral absorbance was
indicative of water reabsorption by the cells. Water transport was observed in TERT1 and TERT1-
OAT1, and to some extentin TERT1-OCT2 cells. In contrast, TERT1-OAT3, Lonza, and Biopredic

RPTEC cultures exhibited an absorbance ratio of approximately 1, suggesting a lack of water
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transport. The lack of noticeable water transport in primary RPTECs was inconsistent with our
finding of the substantial expression of AQP1 in fluidic cultures of these cells (Figure 4). We
attribute this to the suboptimal barrier formation by these cells demonstrated by TEER and FITC-
dextran permeability.

Comparable trends were evident in experiments with pAH, which was also detected using
colorimetric methods. Here, pAH (1 mM) was added to either the apical or basolateral chambers,
and the transport ratio was measured (Figure 5F, ratio of B> A transport/A->B transport in nmols
of pAH) after a 2 hour incubation. A ratio of 1 is indicative of passive diffusion (no active transport
in either direction), a ratio >1 is indicative of active secretion by the cells. The results indicate that
only TERT1 and TERT1-OAT1 cells exhibited active secretion of pAH, with 15-20% higher
secretion under fluidic conditions (significant only in TERT1 cells).

A major limitation of the typical pAH transport studies is the high concentration (1 mM)
required to detect pAH transport using colorimetric methods and the limited dynamic range of the
assay. Therefore, a follow-up pAH transport study (Figure 1B) was conducted at a lower
concentration (5 uM) utilizing LC-MS/MS detection; this study also tested whether pAH transport
was inhibited by probenecid (Hosoyamada et al., 2004). Based on the outcome of the studies
detailed in Figures 2-5, the number of conditions was reduced to include only static and fluidic
“bottom seeded” ones. We also proceeded with testing two cell sources, TERT1 and TERT1-
OAT1 because the primary RPTECs did not form an acceptable barrier on transwells, limiting the
utility of these cells for transport studies. In this experiment, pAH, with and without inhibitor
probenecid (100 uM) was added in equal concentrations to both the top and bottom chambers,
and media were sampled from both sides at 2, 4, 24, and 48 hours to determine if RPTECs could
establish directional transport of pAH. Figure 6 shows the transport ratio apical/basolateral
concentrations normalized to TERT1 without inhibitor in either static or fluidic conditions at 2
hours. TERTL1 cells showed no pAH gradient in either static or fluidic condition and addition of

the inhibitor appeared to non-significantly increase the pAH gradient with time. In contrast,
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TERT1-OAT1 cells showed a robust response indicating directional pAH secretion to the apical
side of cells that was inhibited by probenecid. The transport ratio increased to >40 at 24 hours,
and >50 by 48 hours in static condition, and was as high as 166 at 48 hours in fluidic condition,
indicating that flow contributed to the function of over-expressed OAT1, but had no effect on the

TERT1 cells.

Effects of media flow on RPTEC directional transport of chemicals

We tested directional transport of the drugs tenofovir and cisplatin, both known to be
secreted into the kidney tubule (Filipski et al., 2009; Kohler et al., 2011), as well as a ubiquitous
environmental pollutant PFOA that is known to be efficiently reabsorbed in the human kidney
(Harada et al., 2005) (Figure 1C). TERT1 and TERT1-OAT1 cells were grown on the bottom
surface of membranes in static or fluidic conditions for 10 days prior to addition of these
compounds at concentrations known to be without overt adverse effect on RPTECs (as
determined through earlier dose-response testing, data not shown). Tenofovir (100 uM), cisplatin
(20 uM) or PFOA (1 uM) were added to the apical or basolateral side of the transwells, and were
re-dosed during media collections on days 1, 2, 3, 5, and 7. At each of the sampling times,
medium from both sides was collected and transport rates were measured using LC-MS/MS
(pmol/hr). The net secretion, reported in Figure 7 as [secretion — reabsorption], was determined
by subtracting reabsorption (A—B) from secretion (B—A). A net secretion of zero suggests a
bidirectional transport of the compound at comparable rates, indicative of a more passive
transport mechanism. When the net secretion was negative, the compound was being actively
reabsorbed by the cells; conversely, a net positive secretion indicates active secretion of the
compound by the cells.

For tenofovir, we observed some reabsorption in the fluidic conditions at early time points

(days 1-2) in TERTL1 cells, but by the end of the week-long exposure a net secretion of 0 was

23

¥20Z ‘02 Jequisoa uo Seuinor 134S Y e BIo'sjeulno fldse:puwip wo. ) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on April 16, 2024 as DOI: 10.1124/dmd.124.001488
This article has not been copyedited and formatted. The final version may differ from this version.

measured. Conversely, TERT1-OAT1 cells indicated strong secretion of tenofovir (observed only
in static conditions), which was expected given that tenofovir is an OAT1 substrate (Kohler et al.,
2011). Cisplatin was initially secreted in the TERTL1 line; however, this secretion was not
maintained over the week of exposure. A lower rate of secretion was observed in the TERT-
OAT1 overexpressing line, but this effect was not sustained beyond the initial 48 hours of
exposure. Cisplatin is an OCT2 substrate (Filipski et al., 2009), and neither TERT1 nor TERT1-
OAT1 lines express sufficiently high levels of this cationic transporter to enable secretion of
cisplatin. Lastly, the addition of PFOA in the TERT1 cells did not result in transport in either
direction under both static and fluidic conditions. However, in both static and fluidic cultures of the
TERT1-OAT1 cells, PFOA was actively re-absorbed, favoring transport in the A—B direction, as
indicated by a negative net secretion. This result is aligned with the long half-life of PFOA in
humans (Olsen et al., 2007), a phenomenon that is largely attributed to efficient renal re-uptake

in the proximal tubule (Harada et al., 2005; Loccisano et al., 2011).

Effects of media flow on RPTECs gene expression profiles

Finally, we used gene expression profiling to evaluate the differences between cell
sources (TERT1 and TERT1-OAT1), chemical treatments, and the effects of shear stress. We
correlated (Figure 8A) overall gene expression profiles of these two cell sources when cultured
in 384-well plates [data from (Sakolish et al., 2023)], or in transwells without and with flow, with
gene expression profiles of various human tissues (GTEx Consortium, 2017). Rank-based
Spearman correlation indicated that TERT1 and TERT1-OAT1 cells most closely resembled the
transcriptome of human kidney medulla (kidney cortex was the fifth-top correlated tissue type).
Furthermore, while there was not a large difference in correlation coefficients between static and
fluidic transwell cultures, both of these conditions correlated better with human kidney medulla
than the same RPTECSs cultured in 384-well plates. Correlation coefficients of TERT1 cells were

consistently higher than those of TERT1-OAT1 cells.
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Principal component analysis of gene expression data (Figure 8B) showed that individual
samples clustered primarily based on the cell source (TERT1 vs TERT1-OAT1) but showed little
difference between static and fluidic conditions, except for tenofovir-treated TERT1-OATL1 cells
under flow. Clustering analysis of the gene expression data from all samples and genes
(Supplemental Figure 4) showed overall similarity in gene expression patterns; nevertheless,
the differences between cell sources were the primary driver in clustering of the samples.
Secondary grouping by assay condition (static vs fluidic) was also evident within each cell source.
Tenofovir samples in TERT1-OATL1 cells were also clustered. Because the main goal of these
analyses was to determine whether a transcriptomic signature could be established between
static and fluidic cultures, we further examined if chemical-induced effects were evident or
whether samples could be combined to increase statistical power. Supplemental Figure 3 shows
that only tenofovir-treated samples exhibited marked transcriptional effects; for other treatments,
the differences between apical and basolateral addition of a chemical were negligible. Therefore,
we excluded tenofovir-treated samples from further analyses and combined apical and
basolateral-treated samples for PFOA and cisplatin separately in further analyses.

Figure 8C shows an unsupervised clustering heatmap from the analysis of the
differentially expressed genes (DEGS). A total of 257 genes that were differentially expressed
between static and fluidic conditions (in pair-wise analyses among 5 comparison groups: (i)
TERT1-OAT1 treated with PFOA; (ii) TERT1-OAT1 untreated,; (iii) TERT1 treated with cisplatin;
(iv) TERTL1 treated with PFOA, and (v) TERTL1 untreated) were included. While it is not surprising
that the samples within each of these comparisons clustered into groups, the uniformity of
transcription patterns among samples in each group is notably showing consistency of the effects
between experimental replicates. Among these 257 DEGs, we examined whether static or fluidic
condition had a greater effect on gene expression. Figure 8D shows that within each comparison
group, static cultures showed consistently higher numbers of DEGs as compared to fluidic

cultures. A total of 24 DEGs were shared among at least 3 comparison groups (Figure 8E). These
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genes are expressed in human kidney to a moderate or high extent and are known to play several
physiological roles (Supplemental Table 3). A pathway analysis of the transcripts in each of the
comparison groups also showed that glycolysis/gluconeogenesis, cell signaling, and hypoxia
inducible response were enriched in static cultures (Supplemental Table 4). Finally, we
examined expression of xenobiotic metabolism and transporter genes separately as they did not
appear in the DEGs. Supplemental Figure 5 shows that little difference was evident between
static and fluidic cultures within each cell source, with the exception of much higher expression of
three transporters (SLC22A6 (OAT1), SLC10A2 and SLCO1B1) in TERT1-OAT1 cells, but
independent of flow. It is notable that according to the gene expression data across human tissues
(GTEx Consortium, 2017), SLC22A6 and SLC10A2 are expressed in the proximal kidney tubules
(SLC10A2 is expressed the most in the small intestine); however, SLCO1BL1 is a liver transporter
with lower expression in the proximal tubules at the physiological state. The observed marked
induction of SLC10A2 and SLCO1B1 in TERT-OATL1 cells may thus be the result of the well-
known phenomenon of dynamic expression of the functionally-relevant transporters in the kidney
upon injury or drug treatment (Nigam et al., 2015), or in this case supra-physiological levels of

SLC22A6 expression.

Discussion

Many organ-on-chip models of the renal proximal tubule aim to create a perfused tubule
lined with RPTEC by using various device designs where a hollow tubule is created using a gel
substrate (Weber et al., 2016; Wilmer et al., 2016; Vormann et al., 2018; Lin et al., 2019; Ross et
al., 2021). An alternative is to introduce media movement into a membrane-based system where
RPTEC are seeded on the side of the membrane where lateral flow is introduced (Gao et al.,
2011; Jang et al., 2013; Kim et al., 2022; Shaughnessey et al., 2022; Specioso et al., 2022).
Indeed, most advanced 3D cultures of RPTEC focus on enabling shear stress in either

membrane-based, or in-gel tubule microfluidic designs. The amount of shear stress in each model
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is dependent not only on the flow rate, but also on the configuration of the device and can vary
by more than an order of magnitude across studies. It is also noteworthy that while the
consumables and peripherals for some of the published kidney organ-on-chip models are
commercially available, others may not be easily accessible. Consequently, the degree of
standardization of each model, and their accessibility to the wider scientific community, or to the
end-users in the pharmaceutical and chemical companies, also varies. Together, these factors
represent serious barriers to the wide adoption of these organ-on-chip models because their
reproducibility, robustness and utility to specific contexts of use remains uncertain (Marx et al.,
2020; Ewart and Roth, 2021; Hargrove-Grimes et al., 2021).

Kidney organ-on-chip models may have utility in a number of drug development and safety
contexts and are of great interest to both drug developers and regulators (Phillips et al., 2020).
Prospective end-users are interested in the overall technical feasibility of implementing these
models in their laboratories, model reproducibility, as well as the functionality in terms of kidney-
specific features such as physiological and transport function, and response to xenobiotics
(Phillips et al., 2020). Commercially-available models are typically more attractive to the end-
users because of easier access to the devices and associated equipment, as well as greater
guality assurance of the manufacturing process and experimental conditions (e.g., flow rates).
However, the need to standardize the protocols and demonstrate the model’s utility in specific
contexts remained out of reach for many individual manufacturers and has typically been
conducted by industry consortia (Phillips et al., 2020; Rusyn et al., 2022). With regards to the
kidney organ-on-chip models, studies of reproducibility and robustness of several commercial
platforms have demonstrated that careful consideration of the cell sources and intra-study
comparisons of various organ-on-chip and multi-well plate conditions, accompanied by the
transparency with data access, provide important information for the end-users and fitness to a
specific purpose (Sakolish et al., 2018; Maass et al., 2019; Sakolish et al., 2020; Sakolish et al.,

2023). Therefore, the studies detailed herein aimed to evaluate the PhysioMimix™ T12 plate, a
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commercially available flow-enabled transwell system. In this study, the platform was
characterized with respect to its reproducibility, robustness, and human translational relevance
as a flow-enabled model of the renal proximal tubule in several regulatory-focused contexts of
use (Avila et al., 2023). These included testing of the effects of shear stress and RPTEC cell
sources on barrier formation, directional transport of water and small molecules, and similarity to
human kidney gene expression profiles.

By comparing different cell sources and culture conditions, we observed considerable
differences in monolayer formation between different RPTECs. While TERT1 lines demonstrated
efficient growth and achieved a confluent, even monolayer by day 8, primary RPTECs faced
difficulty with monolayer formation when grown on transwells, and the introduction of fluid flow
appeared to further exacerbate this issue. In addition, primary cells exhibited significant
“clumping” on the membrane, which contributed to the challenge in forming an even monolayer.
This variability in monolayer formation was confirmed through TEER measurements. Reported
TEER values for mouse and rat isolated tubules range from 5-20 Q*cm? (Bello-Reuss, 1986; Plain
et al., 2020). In cell culture, primary RPTECs and immortalized cell lines exhibit an even wider
range of TEER, from 5-170 Ohm*cmz (Brown et al., 2008; Wieser et al., 2008; King et al., 2017;
Secker et al., 2019; Shaughnessey et al., 2022). In general, primary cells exhibit lower TEER
values while RPTEC lines achieve higher TEER values, aligning with our own observations.
Notably, we found higher TEER values when cells were seeded on the bottom or the transwell;
however, medium recirculation did not improve the barrier, in fact, static cultures showed higher
TEER. Additionally, permeability to 70 kDa FITC-dextran was lower in bottom-seeded cultures
and higher in primary RPTECSs, aligning with the data on TEER.

A comparative analysis of cellular markers ZO-1, AQP1, and SGLT2 in TERT1 lines and
primary RPTEC provided further insights into the response to fluid shear stress. In TERTL1 lines,
the expression of these markers was relatively consistent across all cell lines, indicating that fluid

shear stress did not affect transporter expression (in the case of SLGT2, it appeared that fluid
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shear stress decreased expression). However, in primary RPTEC, exposure to fluid shear stress
resulted in an increase in ZO-1, AQP1, and SGLT2 staining. Previous publications suggested that
fluid shear stress may have differential effects on these markers. In our study, ZO-1 expression
increased with the addition of flow, whereas other publications report a more fragmented,
depolarized expression of ZO-1 under shear conditions (Maggiorani et al., 2015) or no effect
(Jang et al., 2013). Conversely, AQP1 and SGLT2 showed significantly increased abundance
under fluidic conditions in our study, aligning with previous reports (Jang et al., 2013; Pohl et al.,
2015).

The proximal tubule is responsible for the reabsorption of over 70% of water filtered
through the kidneys (Feraille et al., 2022) and recreation of this physiological process in vitro
serves as important evidence of human relevance. Previous studies showed TERTL cells cultures
without flow are able to reabsorb water (Secker et al., 2019). The observed water transport,
evident through changes in media color is a simple, non-destructive technigue that shows that as
water is being reabsorbed (apical->basolateral), phenol red is either left behind or is possibly even
secreted (basolateral->apical), leading to the increase in media absorbance that we are observing
on the apical side. It was shown that AQP1 plays a role in water transport (Pohl et al., 2015);
however, we found that AQP1 staining was not concordant with water transport efficiency —
TERTL1 lines showed similar staining for AQP1 but only TERT1 and TERT1-OAT1 lines showed
the greatest reabsorption of water, and this was further increased by the presence of fluid flow.
Furthermore, even though primary RPTEC showed higher AQP1 expression than TERT1 lines
and even larger increases in the fluidic conditions, this did not translate to the actual transport of
water. While it is likely that the primary RPTECs are capable of water transport, the leaky
monolayer (as previously indicated by clumping cells, low TEER, and higher FITC-dextran
permeability) may have allowed for a backflow by gravity.

To study the secretion of pAH, we employed two approaches. In a colorimetric method,

pAH concentrations were high (1 mM) to allow for quantitation in the recipient channel. As
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expected, pAH secretion was highest in the TERT1-OAT1 line, but secretion was also appreciable
in the parent line. Other TERT1 lines, and primary RPTEC showed negligeable pAH secretion.
Indeed, it is well known that primary RPTECSs rapidly lose function of many transporters, including
OATSs (Caetano-Pinto et al., 2022). However, the use of MPS has been demonstrated to recover
some of the transport function, though to a limited extent, and in primary RPTECs (Weber et al.,
2016; Caetano-Pinto and Stahl, 2023). Additionally, it should be acknowledged that other groups
have demonstrated robust and inhibitable OAT expression in fresh primary human RPTECs when
cultured directly post-isolation (Brown et al., 2008). In the context of these experiments, it is
possible that the high treatment concentration of pAH could result in the inhibition/ suppression
of transport, so testing with pAH in the other experiments was performed at much lower
concentrations, utilizing an LC-MS/MS analytical detection method. Because all our previous
studies showed that primary RPTEC were less suitable for studies of the proximal tubule barrier
and transport, in subsequent experiments of directional transport we used only TERT1 and
TERT1-OAT1 cells. pAH secretion was investigated in static and fluidic cultures with a lower test
concentration of pAH (5 uM) and addition of pAH to both the apical and basolateral side. This
design aimed to establish a measurable, polarized concentration gradient. Significant secretion
of pAH was observed exclusively in TERT1-OAT1 cells, with the most pronounced effect
occurring in the fluidic culture conditions. This effect could be inhibited by the addition of the OAT1
inhibitor probenecid. These results confirm the influence of fluid shear stress on renal proximal
tubule secretion. These data are consistent with reports of increased OAT1 and other transporter-
mediated absorption efficiency in fluidic models of the renal proximal tubule, including both
membrane-based (Jing et al., 2022) and tubule-based (Sakolish et al., 2023). Our observations
suggest that the augmented secretion of pAH under fluidic conditions is likely due to heightened
activity in influx (OAT1) and efflux (MRP) pathways, as pAH secretion involves both basolateral
uptake through OAT1 and apical release through MRP2, the latter also known to be affected by

shear stress (Vriend et al., 2020).
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As renal clearance of tenofovir and cisplatin exceeds glomerular filtration rate (due to
active cellular secretion), concentrations in the tubule often significantly exceed serum Cmax
concentrations. Human serum tenofovir Cnax concentrations are around 1.35 uM [401 pg/L
(Fonsart et al., 2017)]; however, due to water reabsorption and active tubular secretion, urinary
tenofovir concentrations are typically 100x higher (Drain et al., 2020). Cisplatin urinary
concentrations can also exceed serum Cpax [8.3 uM, 2.5 ug/mL (lkeda et al.,, 1998)]
concentrations by 10-100x fold (Fukushima et al., 2018); however, we observed significant
cytotoxicity in RPTEC cultures treated with cisplatin at 100 uM and thus a lower concentration of
was selected. In the case of PFOA, human Cnax in different human cohorts has been reported to
range from 0.03-0.5 uM [11.8-241 ng/mL; (Seals et al., 2011)], so a test concentration of 1 uM
was selected.

Our data show that TERT1-OAT1 cells can efficiently secrete tenofovir, commensurate
with known accumulation of this drug in proximal renal tubular cells and primarily elimination
through both active tubular secretion and glomerular filtration (Zimmermann et al., 2006). We
found this only under static conditions and only in OAT1 overexpressing cells. Conversely,
cisplatin, a chemotherapy agent expected to undergo secretion in renal tubules through an OCT2-
mediated pathway (Filipski et al., 2009), showed limited transport outside of some early (day 1)
secretion in the TERT1 parent line. This observation could be attributed to the absence of
appreciable OCT2 expression in TERT1 cells, and the further reduction of OCT2 in the transporter
overexpressing line. This effect has been previously reported in ciPTEC lines where
overexpression of OAT1 or OAT3 led to a reduced sensitivity to cisplatin (Nieskens et al., 2018).
Regarding perfluorooctanoic acid (PFOA) transport, our study demonstrated sustained reuptake
of PFOA in both static and fluidic cultures of the OAT1-overexpressing cells, data supporting
efficient renal reuptake and long half-life of this environmental chemical in humans (Harada et al.,

2005; Loccisano et al., 2011). Although OAT1 is primarily involved in basolateral uptake, the
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overexpression of OAT1 in this cell line is associated with upregulated expression of other
transporters (Sakolish et al., 2023). Specifically, the involvement of OAT4-mediated uptake is the
likely mechanism, given previous studies demonstrating its participation in renal re-uptake of
perfluorinated compounds (Yang et al., 2010). Overall, these drug and chemical transport studies
showed that shear stress in this model may not have resulted in improved directional transport
and that a deeper characterization of the transcriptional profiles of RPTECs in static and fluidic
conditions is needed.

Previous transcriptomic studies of TERT1 RPTEC showed that they express kidney-
specific genes playing a role in transport, tight junction formation, and energy metabolism
(Limonciel et al., 2018). Another recent transcriptomics study of different types of RPTECs
cultured in 384-well plates or in a tubule-based device (OrganoPlate 3-lane 40) with intermittent
medium flow (Sakolish et al., 2023) showed that while primary RPTECs were most concordant in
terms of their gene expression to the human kidney transcriptome, there was little evidence of the
microfluidic conditions in that experimental setup in making RPTECs more physiologically
relevant. Here, we conducted similar experiments to examine transcriptional profiles of TERT1
and TERT-OATL1 cells and compared them to each other, to different human tissues, and between
static and fluidic conditions. We found that when these two cell sources were cultured on transwell
membranes, their gene expression was most concordant to human kidney medulla and to a
somewhat lesser degree cortex; however, the effect of fluidic condition was not apparent. In fact,
there were more kidney-relevant genes and pathways expressed in static transwell cultures. One
other gene expression study that evaluated gene expression effects of fluid shear stress on
TERT1 RPTEC (Ross et al., 2021) observed higher expression of a number of transporters and
xenobiotic metabolism under fluidic conditions (0.1-0.5 dyne/cm?); however, an almost equal
number of transcripts, most also important for renal function, were profoundly down-regulated.
The authors described the transcriptomic effects as “dynamic” and highly dependent on the shear

stress with lower (0.1 dyne/cm?) flow having greater effects than high flow (0.5 dyne/cm?). Overall,
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our data, and those from other published transcriptomic studies, do not provide clear evidence of
an advantage that may be afforded by fluid flow on the gene expression profiles of RPTECSs.
Previous studies have examined fluidic membrane models similar in design to the
PhysioMimix™ T12 plate used herein, with (Lee et al., 2022) and (Kim et al., 2022) utilizing
custom injection-molded polycarbonate chips housing fluidic transwell membranes. Their studies
utilized primary RPTECs cultured on either the upper (Lee et al., 2022) or lower (Kim et al., 2022)
surfaces of the membranes. In their model, fluid flow (0.13 dyne/cm?) was only present in the
lower chamber, exposing cells on the lower side to fluid shear stress. When static and fluidic
conditions were compared (Lee et al., 2022), RPTECs exhibited comparable viability, glucose
reabsorption, and transporter gene expression to controls. A subsequent study (Kim et al., 2022)
showed that relocating RPTECs to the lower (fluidic) side of the membrane improved TEER,
glucose reabsorption, and reduced permeability, emphasizing the need to position RPTECs
directly in the path of flow. Another pertinent study (Specioso et al., 2022), examined the effects
of fluid shear stress when primary RPTECs were cultured on the bottom of transwell inserts,
exposing them directly to fluid shear stress (Vitrofluid device). The results indicated shear stress-
associated decreased RPTEC proliferation, accompanied by an increase in ciliary length,
suggesting a more "mature" cellular phenotype. Notably, while these changes in cell morphology
were observed, barrier function, transporter gene expression, and responses to colistin toxicity
remained largely similar between static and fluidic conditions. However, it is important to note the
authors of this study acknowledged that the shear stress in their model was considerably lower
than the physiological levels (6.5x10* dyne/cm? reported). By contrast, others have investigated
higher shear stress levels (ranging from 0.1 to 1 dyne/cm?) (Duan et al., 2008; Jang et al., 2013;
Ross et al., 2021) and reported favorable outcomes. Collectively, the choice of RPTEC culture
location, shear stress levels, and duration of culture in fluidic models can considerably influence
cell behavior and functional outcomes. However, the optimal conditions for replicating the

proximal tubule microenvironment warrant further investigation, with a focus on achieving a
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balance between mimicking physiological shear stress and maintaining cellular viability and
function. In this respect, we acknowledge several limitations to our study. While healthy
physiological shear stress typically ranges between 0.3 and 1.2 dyne/cm? (Ross et al., 2021), the
maximum shear stress achieved in the fluidic model used in these studies was only 0.126
dyne/cm?, with an average of 0.053 dyne/cm? across the entire membrane. Although adjustments
in the volume at the bottom of the transwell may enhance the average shear stress to 0.1
dyne/cm?, this would still fall within the range considered as "disease levels" (<0.5 dyne/cm?).
Therefore, the PhysioMimix platform may not be the optimal choice for the modeling of the
proximal tubule shear stress under “healthy” conditions. An additional limitation of this study was
the use of “off the shelf” media recommended by the cell providers, it contains serum (0.2-0.5%)
and high D-glucose levels (~3.15 g/L, standard DMEM:F12). Previous studies have demonstrated
that the presence of serum proteins (2% serum) may elicit secretion of proinflammatory cytokines,
leading to tubular injury and fibrosis (Lidberg et al., 2022). Additionally, similar effects have been
observed in RPTECs cultured in media with high levels of D-glucose. For example, a study in
RPTEC/TERTZ1 cells in media containing 5 mM or 30 mM (0.9 and 5.4 g/L, respectively) D-glucose
found that the high glucose condition induced expression of inflammation-related transcripts
(Islam et al., 2019). While investigation of media formulation effects on the cells cultured in
different flow- or static conditions was beyond the scope of this study, these previous reports
consideration in future cell characterization studies, particularly in scenarios such as disease
modeling or renal toxicity.

Overall, this study systematically compared various RPTEC sources and experimental
(cell seeding and flow) conditions, aiming to identify the optimal configuration for transport testing.
We show that primary RPTECs may not be suitable for studies of directional transport on transwell
membranes even though they show generally more relevant expression of key transporters,
especially when shear stress is present. Studies of TERT1 PRTECs showed that both the parent

line and -OAT1 and -OAT3 overexpressing lines form robust barrier, that TERT1-OAT1 cells
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exhibit robust and inhibitable pAH transport, and that shear stress increases pAH transport
function of these cells. However, we also found that tenofovir secretion and PFOA reabsorption
by TERT1-OAT1 cells are not improved by shear stress. With respect to gene expression profiles,
we found that both TERT1 and TERT1-OAT1 cells exhibit human kidney-like transcriptomes, but
that shear stress does not result in an apparent enhancement of the kidney phenotype. Overall,
our data show that addition of flow to in vitro studies of the renal proximal tubule may afford
benefits in some aspects of kidney physiological function, but that careful consideration of the
impact such studies would have on the cost and throughput of the experiments is needed. As
reported previously, RPTEC source remains the most impactful choice with respect to the utility
of the in vitro models and that cryopreserved primary cells may not be the most optimal choice
despite their more human-like phenotypes. Careful comparison of RPTEC sources and
experimental conditions may be necessary depending on the context of use and in many
instances the use of immortalized RPTEC lines in static cultures may represent the most

appropriate in vitro model.
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Figure Legends

Figure 1. General study designs for the experiments performed. See detailed experimental
protocols for each experiment detailed in Supplemental Table 1. Day -1 corresponded to the day
when the cells were seeded onto membranes, and day O was the day of initiation of fluid flow (in
fluidic models). Medium changes were performed every 48 hours, and timing for assays and
endpoints are indicated (see symbol legends). RPTECs and seeding condition (top/bottom) are
shown for each study design. (A) The study design used to evaluate 6 RPTEC sources. Cells
were seeded on either the top or bottom of membranes. (B) The study design used to evaluate
the renal transport of para-aminohippurate (pAH) by TERT1 and TERT1-OAT1 cells. pAH was
added on day 7 of culture, and sampled at 2, 4, 24, and 48 hours. (C) The study design used to
evaluate the renal transport of various compounds (cisplatin, tenofovir, and PFOA) by TERT1 and
TERT1-OATL1 cells. Cells were seeded on the bottom of transwells, and compounds were added
apically (“lumen”) or basolateraly (“blood”). Treatment day 0 was on day 10 of culture and

exposures were carried out for 1 week.

Figure 2. Nuclear (DAPI) staining of RPTECs to illustrate cell morphology in top (A) and
bottom (B) seeded conditions with and without media flow. All TERT lines were imaged on
day 8, and primary RPTECs (BioPredic and Lonza) were imaged on day 14. All images were

captured at 4x magnification (scale bar = 500 pm).

Figure 3. Barrier formation by TERT1 and TERT1-OAT1 cells under static or fluidic
conditions. (A) TEER was measured every 48 hours of culture in each seeding condition. TERT
lines were cultured until day 8, and primary RPTECs were cultured until day 14. (B) FITC-dextran
permeability (70 kDa) is shown as “% Blank” (transwells with no cells — permeability was 9.4% in

static and 13.2% in fluidic conditions). All values shown are mean£SD (n = 6 for TEERand n=3

a7
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for FITC-dextran). Asterisks (*, **, and ****) denote statistical differences (p<0.05, p<0.01, and
p<0.0001, respectively) between seeding condition within each group using two-way ANOVA

followed by Sidak's multiple comparisons test.

Figure 4. Immunocytochemistry on TERT1 and Lonza primary RPTECs in static and fluidic
conditions (bottom seeded). (A) Representative monochromatic images of immunostaining of
TERT1 and Lonza RPTECs for tight junctions (ZO-1), and transporters (AQP1 and SGLT2) with
and without media flow. Scale bar = 200 um. (B) Image quantitation shows meanzSD (n = 3)
fluorescence per field, normalized to TERT1/static transwell conditions. Asterisks (*, **, and ****)
denote statistical differences (p<0.05, p<0.01, and p<0.0001, respectively) between seeding
condition within each cell source using two-way ANOVA followed by Sidak's multiple comparisons

test.

Figure 5. Water transport functionality of different RPTECs in static and fluidic condition.
(A-B) Schematic diagram of cell seeding and expected media movement if RPTECs are
functioning to transport water between chambers in a transwell. (C) Representative photographs
of the transwells in which TERT1 cells were seeded on either side of the membrane as indicated
by the legend and incubated for 48 hrs. (D) Representative photograph of the medium collected
from either side of the transwell displays difference in both volume and color (dilution of Phenol
Red). (E) Absorbance ratio of medium (590 nm) in apical/basolateral chambers of transwells in
various seeding conditions (RPTEC source indicated in a legend to each chart, top vs bottom
seeded, static (open bars) vs fluidic (gray bars)). (F) pAH transport is shown as a ratio of secretion
(Basolateral->Apical) to absorbance (Apical->Basolateral). All bar graphs show meantSD (n=6
for water transport and n = 3 for pAH secretion). Asterisks (*, **, and ****) denote statistical
differences (p<0.05, p<0.01, and p<0.0001, respectively) between conditions within each group

using either two-way ANOVA followed by Sidak's multiple comparisons test (E), or t-tests (F).
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Figure 6. Secretion of para-aminohippurate (pAH) by TERT1 and TERT1-OAT1 cells in
static and fluidic condition. pAH was added to the top and bottom wells in equal concentration
(5 UM pAH + 100 uM probenecid [Inh]), and the medium was sampled at 2, 4, 24, and 48 hours
to monitor pAH concentrations. Results are shown as a ratio of apical to basolateral
concentration, where values >1 indicate active secretion by the cells. Values (meantSD, n = 3)
are normalized to the TERTL1 line at 2 hours for each culture condition (static vs fluidic). Asterisks
(***, and ****) denote statistical differences (p<0.001 and p<0.0001, respectively) between
exposure conditions within each group using two-way ANOVA followed by Tukey’s multiple

comparisons test.

Figure 7. Directional transport of drugs and chemicals by TERT1 and TERT1-OAT1 cells in
static and fluidic condition. Net secretion of tenofovir (100 uM), cisplatin (10 uM), and PFOA (1
uM) was studied in two RPTEC sources that were bottom seeded in transwells with and without
flow. Net secretion rate (pmol/hr) was calculated as detailed in Methods. Values shown are

mean£SD (n = 8 to 10).

Figure 8. Gene expression analyses for TERT1 and TERT1-OAT1 cells cultured either without
flow in transwells (TW) or 384-well plates (384WP), or in transwells with flow (CN). (A) Rank-
based (Spearman) correlation between transcriptional profiles of TERT1 and TERT1-OAT1 cells
(depicted in different colors) in transwells with flow (circles), transwells without flow (squares), or
384-well plates without flow (triangles) and human tissues [data from (GTEx Consortium, 2017)].
(B) Principal component analysis of gene expression data. Symbols depict chemical treatments
and culture conditions as indicated in the legend. Cell sources (TERT1 and TERT-OAT1) are

depicted in solids or open symbols, respectively. (C) An unsupervised (average linkage clustering)
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heatmap visualizing expression of 257 genes that were differentially expressed between fluidic
(CN) and static (TW) cultures of TERT1 and TERT1-OAT1 cells treated with cisplatin (10 uM,
Cispl), PFOA (1 uM) or untreated (Untr). Colors depict Z-score values for normalized data. Cell
sources and culture conditions (vertical-colored bars) are indicated in the legend. (D) Bar plots
show the number of genes that were differentially expressed between static (TW) and fluidic (CN)
conditions for each cell source/treatment. (E) Bar plots displaying common differentially
expressed genes from a comparison shown in (D). Shades represent the mean fold difference in

expression (on log scale) across all conditions as indicated in the color bar.
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Figure 7
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Supplemental Table 1. List of studies included in each figure and the links to study protocols and

data.

Figure(s)

Study Name in the
Database

Direct Access URLs

2-5

CNBio_Proximal
Tubule_Exp4 (6 cell
comparison)

https://eve.eveanalytics.com/assays/assaystudy/596/

CNBio_Proximal

Tubule Exp9-pAH Transport
[Transwell vs. CNBio,
TERT1-parent, OAT1]

https://eve.eveanalytics.com/assays/assaystudy/1012/

CNBio_Proximal
Tubule_Exp5 (3 Compound
Tox/Transport)

https://eve.eveanalytics.com/assays/assaystudy/670/




Supplemental Table 2. Xenobiotic metabolism genes that were retained for the gene expression
analysis regardless of their expression level across samples.

SYMBOL GENENAME

ABCC4 ATP binding cassette subfamily C member 4
MT2A metallothionein 2A

ABCC5 ATP binding cassette subfamily C member 5
ABCC3 ATP binding cassette subfamily C member 3
PPARGC1A PPARG coactivator 1 alpha

ABCC4 ATP binding cassette subfamily C member 4
NR1H4 nuclear receptor subfamily 1 group H member 4
SLC22A6 solute carrier family 22 member 6

GGT1 gamma-glutamyltransferase 1

SLC22A6 solute carrier family 22 member 6

NR3C1 nuclear receptor subfamily 3 group C member 1
SLCO2B1 solute carrier organic anion transporter family member 2B1
CYP3A5 cytochrome P450 family 3 subfamily A member 5
SLCO1B1 solute carrier organic anion transporter family member 1B1
CYP1B1 cytochrome P450 family 1 subfamily B member 1
ABCC2 ATP binding cassette subfamily C member 2
ABCC2 ATP binding cassette subfamily C member 2
NR1H3 nuclear receptor subfamily 1 group H member 3
ABCC3 ATP binding cassette subfamily C member 3
CYP3A5 cytochrome P450 family 3 subfamily A member 5
ABCB10 ATP binding cassette subfamily B member 10
SLC47A1 solute carrier family 47 member 1

GGT1 gamma-glutamyltransferase 1

CYP2B6 cytochrome P450 family 2 subfamily B member 6
SLC22A7 solute carrier family 22 member 7

ABCG2 ATP binding cassette subfamily G member 2 (Junior blood group)
NR1I3 nuclear receptor subfamily 1 group | member 3
SLC22A2 solute carrier family 22 member 2

SLC47A1 solute carrier family 47 member 1

SLC22A8 solute carrier family 22 member 8

KCNJ18 potassium inwardly rectifying channel subfamily J member 18
ABCB1 ATP binding cassette subfamily B member 1
ABCB1 ATP binding cassette subfamily B member 1
ABCB11 ATP binding cassette subfamily B member 11
ABCC1 ATP binding cassette subfamily C member 1
SLC10A2 solute carrier family 10 member 2

SLC22A1 solute carrier family 22 member 1

DPYS dihydropyrimidinase

MT1G metallothionein 1G

ATP1B1 ATPase Na+/K+ transporting subunit beta 1

FN1 fibronectin 1

ARHGAPS8 Rho GTPase activating protein 8

CDH1 cadherin 1




Supplemental Table 3. Top 9 genes shown in Figure 8E are listed with respect of their gene
function and relevance to kidney function (a PubMed search for “gene” and “kidney”), as well as
relative expression in human kidney as compared to other tissues using information from
GeneCards (https://www.genecards.org/).

Expression
Gene Gene Function Kidney Association level in
kidney
Vasodilation and ADM is expressed in the kidney and is involved in renal
ADM blood pressure S exp : y moderate
. vasodilation and regulation of renal blood flow.
regulation
ENO2 Glycolytic enzyme ENO2 is exp.ressed in various tl_ssues, including the kidney, moderate
where it participates in metabolic processes.
ITPR1 Calcium signaling ITPR1 is expressed in the kidney end contributes te higher
calcium signaling, which is essential for renal function.
Cell differentiation and | NDRGH1 is expressed in the kidney and may play a role in .
NDRG1 ) - higher
stress responses renal cell differentiation and response to stress.
PGKA1 Glycolytic enzyme PGK1 is expressed in the kidney and contributes to energy high
production in renal cells.
PTGS1 Prostag!andln PTGS1 is e).(pressed in the kidney ar!d plays a role in renal moderate
synthesis prostaglandin production and regulation of renal blood flow.
RNASE4 Ribonuclease enzyme RNASE4 may _be expressed in the kidney and participate in moderate
RNA degradation processes.
SPAG4 Sperm quctlon and SPAG4 is not typlcally assomated with kidney function but moderate
male fertility may have a role in other tissues.
CXCR4 Chemokine receptor QXCR4 is expressed in the !(ldney and.may play'a role in moderate
immune cell recruitment during kidney inflammation.




Supplemental Table 4. Significantly affected pathways derived from transcriptomic profiles

shown in Figure 8D.

Significant Pathway Genes in a Pathway Group #Overlap Padj
REACTOME_GLYCOLYSIS égﬁ’(?“’ﬂ’;:/';’oz GAPDH, PGAMT, | t£RT1 untreated 6 7 10E-07
REACTOME_GLUCONEOG | ALDOA, ENO2, GAPDH, PGAMT,
ENESIS PGK1, TPI1 TERT1 untreated 6 1.10E-06
KEGG_GLYCOLYSIS_GLUC | ALDOA, ENO2, GAPDH, LDHA,
ONEOGENESIS PGAM1, PGK1, TPI1 TERT1 untreated ! 1.50E-06
REACTOME_GLUCOSE_ME | ALDOA, ENO2, GAPDH, PGAMT,
TABOLISM PGK1, TPI1 TERT1 untreated 6 3.50E-05
ADM, ALDOA, CXCR4, LDHA,
PID_HIF1_TFPATHWAY NDRGT POK: TERT1 untreated 6 0.00037
PID_P53_ DOWNSTREAM P | BNIP3L, CAV1, IGFBP3, MDM2,
ATHWAY NDRG1. S100A2, SEN TERT1 untreated 7 0.00088
REACTOME_METABOLISM | ALDOA, ENO2, GAPDH,
OF CARBOHYDRATES HS2ST1, PGAM1, PGK1, TP11 | 1ERT1 untreated Y 0.0011
oD HIF1 TEPATHWAYA ADM, CXCR4, NDRG1, PGK1, | TERTA treated with 5 5 40E-05
- - VEGFA cisplatin
ADM, CA9, CXCR4, FOS, LDHA. | TERTA treated with
PID_HIF1_TFPATHWAY2 NDRGT POKS EOA 7 3.00E-04
KEGG_GLYCOLYSIS_GLUC | ENO2, GAPDH, LDHA, PGK(, TERT1 treated with 5 000078
ONEOGENESIS1 TPI1 PFOA :
PID_P53_DOWNSTREAM_P | BNIP3L, BTG2, IGFBP3, NDRG1, | TERT1 treated with . 0013
ATHWAY1 S100A2, TIGAR PFOA :
ENO2, GAPDH, PFKP, PGK1, TERT1-OAT1 treated
REACTOME_GLYCOLYSIS1 | Zn0 e oL on 5 0.00012
CXCL8, MDM2, MMP1, THBS1, | TERT1-OAT1 treated
KEGG_BLADDER_CANCER | X<0° e Eon 5 0.0016
KEGG_GLYCOLYSIS_GLUC | ENO2, GAPDH, PFKP, PGK1, TERT1-OAT1 treated 5 00016
ONEOGENESIS?2 TPI1 with PFOA :
REACTOME_GLUCOSE_ME | ENO2, GAPDH, PFKP, PGK1, TERT1-OAT1 treated 5 00016
TABOLISM1 TPI1 with PFOA :
ADM, CA9, CXCR4, NDRGT, TERT1-OAT1 treated
PID_HIF1_TFPATHWAYS | 52 ) 2ecn e Eon 6 0.0016
REACTOME_INTERFERON_ TERT1-OAT1 treated
oA B SN ERON | IF127, IFI6, IFIT1, MX1, XAF1 R o 5 0.0022
COL12A1, CTGF, CXCLS,
NABA_MATRISOME CYR61, MMP1, MXRAS5, S100A2, Iﬁﬁ&gﬁﬂ treated 10 0.0027
SEMA5A, THBS1, VEGFA
COL12A1, CTGF, CYRG6T, TERT1-OAT1 treated
NABA_CORE_MATRISOME | poo 24T O/ R o 5 0.0091
PID_P53 DOWNSTREAM_P | BBC3, CAV1, MDM2, MET, TERT1-OAT1 treated . 001
ATHWAY2 NDRG1, S100A2 with PFOA :
REACTOME_INTERFERON_ TERT1-OAT1 treated
SIONALING IFI27, IFI6, IFIT1, MX1, XAF1 e oL on 5 0.033
REACTOME_GPCR_DOWN | ADM, CXCL8, CXCR4, MTNRTA, | TERT1-OAT1 treated 5 0.046
STREAM SIGNALING RGS2 with PFOA :




Supplemental Figure 1. Schematic of CNBio PhysioMimix T12 plate. (A) A photograph of a
standard 24-well plate Transwell insert and how they fit into a single T12 plate (CNBio). The T12
plate is shown inserted into a dock that is connected to a controller (not shown) which regulates
the media flow on each T12 plate. (B) A magnified image of the inside of each well of a T12 plate.
Each well has a single inlet and outlet at the bottom (shown by the blue arrows) which allows for
recirculation of the media and fluid flow (see Supplemental Figure 2) against the cells seeded on
the bottom surface of the Transwell membrane. (C) A schematic drawing illustrating a magnified
side view of a Transwell inserted into a well of a T12 plate with cells seeded on the bottom of a
Transwell in the path of a recirculating media flow (dashed black arrow). Inlet and outlet locations
are shown (blue arrows).
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Supplemental Figure 2. Fluid dynamic modeling of shear stress in the PhysioMimix™ T12
platform under our experimental growth conditions (2 ul/s flow rate, 750 uL volume in bottom
chamber). Flow rate is thresholded to a max of 0.5 pL/s to allow for gradient visualization. “Flags”
were placed to probe fluid flow rate at evenly spaced locations across the membrane. Shear
stress (dyne/cm?) was calculated at each of these flagged locations, resulting in a peak of 0.126
dyne/cm? and average of 0.053 dyne/cm?.
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Supplemental Figure 3. A heatmap visualizing expression of 2,311 genes across all samples
passing quality control criteria (see Materials and methods for description). Color intensity
represents logio(count + 1) as input data matrix. Clustering of both genes (rows) and samples
(columns) was performed using correlation distance and complete linkage. Cell sources are
shown using shades of green (TERT1 — dark; TERT1-Oat1 — light). Culture conditions are
indicated as static (TW) and fluidic (CN). Chemical treatments are also indicated by colors.
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Supplemental Figure 4. Differentially expressed genes (DEGs) for pairwise comparisons among
chemical treatments. (Top) The numbers of DEGs resulting from a comparison between
treatment and control for each chemical separately for apical and basolateral treatments. Bars
with patterns represent chemical treatments applied to the apical side, while bars without patterns
represent chemical treatments applied to the basolateral side. (Bottom) The numbers of DEGs
resulting from a comparison between treatment and control for each chemical between apical and
basolateral treatment for each chemical.
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Supplemental Figure 5. Expression levels of select xenobiotic metabolism genes in TERT1 (dark
green) and TERT1-OAT1 (light green) cells cultured in static (TW) and fluidic (CN) conditions.
Color represents relative expressions using logi(count + 1) as input data matrix. Samples
(columns) are arranged in the same order as the row order of Figure 8C, and genes (rows) are
listed alphabetically.
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