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Enhanced podocyte differentiation and changing drug
toxicity sensitivity through pressure-controlled mechanical
filtration stress on a glomerulus-on-a-chip

A microfluidic device that incorporates a commercially
available culture insert has enabled precise control of
filtration flow and user-friendly manipulation. The novel
experimental setup with the device opens up novel insights
into the mechano-stress biology of filtration flow on
podocytes and advances glomerulus-on-a-chip research in
the pursuit of overcoming kidney disease. This artwork was
illustrated by Takashi Ando.
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Introduction

Enhanced podocyte differentiation and changing
drug toxicity sensitivity through pressure-
controlled mechanical filtration stress on a
glomerulus-on-a-chipf

Kotaro Doi, @2 Hiroshi Kimura, ©° Soo Hyeon Kim, 2 Shohei Kaneda,®
Takehiko Wada,® Tetsuhiro Tanaka,® Akira Shimizu,” Takanori Sano,?
Masamichi Chikamori, ©2 Marie Shinohara, 2 Yukiko T. Matsunaga, ®-
Masaomi Nangaku? and Teruo Fujii @ *"

Podocytes, localized in the glomerulus, are a prognostic factor of proteinuria in kidney disease and are
exposed to distinct physiological stimuli from basal to apical filtration flow. Research studies on drug
discovery and disease modeling for glomerulopathy have developed a glomerulus-on-a-chip and studied
podocyte mechanobiology to realize alternative methods to animal experiments. However, the effect of
filtration stimulus on podocytes has remained unclear. Herein, we report the successful development of
a user-friendly filtration culture device and system that can precisely control the filtration flow using air
pressure control by incorporating a commercially available culture insert. It allows mouse podocytes to
be cultured under filtration conditions for three days with a guarantee of maintaining the integrity of the
Using our system, this study demonstrated that podocyte damage caused by
hyperfiltration resulting from glomerular hypertension, a common pathophysiology of many
glomerulopathies, was successfully recapitulated and that filtration stimulus promotes the maturation of
podocytes in terms of their morphology and gene expression. Furthermore, we demonstrated that

podocyte layer.

filtration stimulus induced different drug responsiveness in podocytes than those seen under static
conditions, and that the difference in drug responsiveness was dependent on the pharmacological
mechanism. Overall, this study has revealed differentiating and pharmacodynamic properties of filtration
stimulus and brings new insights into the research field of podocyte mechanobiology towards the
realization of glomerulus-on-a-chip.

blood filtration, producing the glomerular basement
membrane (GBM) in cooperation with glomerular endothelial

Podocytes are highly differentiated epithelial cells located at
the outermost layer of the glomerular capillary wall. They are
an important component of the permselective barrier in
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cells (GEnCs)." Impairment of the permselective barrier in the
glomerular capillary wall leads to the occurrence of
proteinuria, resulting in glomerulopathy which can progress
to end-stage kidney disease requiring renal replacement
therapy. The function of the permselective barrier is of great
interest in nephrology, as proteinuria is also an early
indicator of asymptomatic glomerulopathies and is associated
with total mortality.””® Glomerulopathy is involved in the
major pathophysiology of kidney disease, which affects one-
tenth of the world's population and is associated with social
problems including low quality of life, huge medical costs
between $35000 to $100000 annually for end-stage kidney
disease, and high mortality rates.”

Clinical practice guidelines that have improved the
management of kidney disease, including glomerulopathy,
such as the importance of salt reduction, weight control, and
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strategies to suppress the renin-angiotensin-aldosterone
system, have become prevalent in clinical practice over the
past two decades.”® Nevertheless, glomerulopathies remain a
serious problem and little progress has been made in the
development of therapies that improve patient prognosis,
such as early decliner in diabetic kidney disease, primary
focal segmental sclerosis, and Alport syndrome, where most
patients progress to end-stage kidney disease.”°

Animal experiments are mainstream in research on drug
discovery related to glomerular toxicity and disease models of
glomerulopathy as there were no useful in vitro tools that
could assess permselective barrier function.’™® However,
animal experiments have issues such as multi-organ effect,
species differences with humans, individual differences, poor
reproducibility, and increasing tendency for social
exclusion."*'® Kidney organoids, which have been developed
in the past decade, are also promising tools for assessing
permselective barrier function, as they contain highly
differentiated nephron component cells."®*® However, that
function cannot be assessed due to the immaturity of the
glomerular capillary structure."’

Various studies in the past decade have utilized
glomerulus-on-a-chip (GoC), which aims to recapitulate the
glomerular capillary wall by co-culturing podocytes and
GenCs and evaluate the permselective barrier function in a
microfluidic device.>**® GoC research, together with other
organ-on-a-chip research,** has reported that a unique
culture environment mimicking the in vivo physiological
environment can elicit more potential in cultured cells than a
conventional static culture, and thus is a promising
alternative tool for animal experiments. Shear stress alone,**
a combination of shear stress and a cyclic straining cell
adherent substrate,”® and a topographical micro-convex
scaffold**?® have been reported to promote podocyte
maturation through maturation marker expression and/or
cellular process elongation of podocytes compared to
conventional ~static culture.*® Meanwhile, glomerular
filtration flow is generated upon hemofiltration and is
considered a vertical shear stress acting on the podocyte. It is
distinct from horizontal shear stress because it is a force
pulling away from the basal to the apical side for the cell.
The mechanobiology of filtration flow, such as how it affects
podocyte differentiation, is of interest; however, it has not
been studied in detail.>”*® Furthermore, the difference
between drug sensitivity under physical stimulation and
conventional static culture is a problem in drug discovery
research that has not been studied in GoC.

Here, we have developed a user-friendly glomerular-
mimicking filtration fluidic device (FFD) wusing a
commercially available culture insert that can reproduce a
precisely controlled vertical filtration flow by regulating the
basal compartment pressure (Pp.) in the device. Using the
FFD system, podocytes could be cultured for three days under
filtration flow conditions with the optimized Py, maintaining
the integrity of the podocyte layer, where the culture
conditions promoted podocyte differentiation in terms of
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morphology and multiple maturation marker expression.
Studies of disease conditions have demonstrated that
hyperfiltration recapitulates the podocyte detachment and
propagation of podocyte damage and that physical filtration
stimulus alters the sensitivity of podocytes to toxic drugs,
with the alterations varying according to pharmacological
mechanisms.

Materials and methods
Filtration fluidic system

We designed the FFD system (Fig. 1C and D) to incorporate
commercially available culture inserts with a removable
format. To obtain reproducible performance from the
filtration flow passing through the cell layer, we used culture
inserts with a porous membrane certified as cell culture
grade. An air phase in the basal compartment of the device
allowed Pp. to be precisely controlled and monitored. The
culture inserts were fixed in an airtight manner to the holder
by means of an elastic sealing ring with the inside of the
culture insert assigned to the apical compartment and the
outside of the culture insert assigned to the basal
compartment. Three independent tubes were applied to the
basal compartment surrounded by the holder, one each for
culture medium supply, air pressure regulation, and air
pressure measurement, with a syringe pump (MFS-SP1, MFS
Works, Tokyo, Japan), an air pressure regulator (MFS-APU1,
MFS Works, Tokyo, Japan), and a pressure sensor
(TruStability, Honeywell, Charlotte, NC, USA) connected to
the origin of each tube. A gas filter (SLFGL25BS, Merck
Millipore, Burlington, MA, USA) was inserted in the middle
of the air pressure control and sensing lines to avoid
bacterial contamination. To continuously record the sensed
pressure, a pressure logging system (HSCDRRT Logger
version 2.0, MFS Works, Tokyo, Japan) was connected to the
pressure sensors.

For fabricating FFD, the top (Fig. S1Abf) and bottom
glass plates (Fig. S1Acf) were made from glass slides
(S9111, Matsunami, Osaka, Japan), which were cut with a
glass knife and/or had holes cut using an ultrasonic
abrasive grain processing machine (UM-2-7D, UE-100F20S-
1B model, Ultrasonic Engineering Co., Ltd., Tokyo, Japan)
for insertion of a culture insert and connection of two air-
lines in the top glass plate. Silicone tubes (SR1554, Tigers
Polymer Corporation, Osaka, Japan) were used for the three
tubes (Fig. S1Adf) connected to the basal compartment of
the holder. A silicone tubing stabilizer (Fig. S1Agf) was
made by cutting a 2 mm thick polydimethylsiloxane (PDMS)
(Silpot 184, DuPont Toray Specialty Materials K.K., Tokyo,
Japan) plate into a cylinder with an inner diameter of 2
mm and an outer diameter of 4 mm, and then providing a
skirt structure with non-cured PDMS glued to the outer
side of the cylinder. The elastic seal (Fig. S1Ahft), top
holder (Fig. S1Ait), and bottom holder rings (Fig. S1Ajf)
were made by curing the PDMS using aluminum molds
with an acrylic plate lid (Fig. S1Bt). All aluminum molds

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Filtration flow in glomerulus and reproducing filtration mechanical stress with a filtration fluidic system. (A and B) Physiological filtration
flow in the glomerulus. (A) Macro-structure of the glomerulus: the glomerulus is a ball-like mass of capillaries connected from the afferent artery
and into the efferent artery encapsulated by Bowman's capsule. (B) Blood filtration flow acting on podocytes: the filtration flow is vertical and
directed against the podocyte's adhesive substrate, flowing from the basal to the apical side. (C and D) The design of the filtration fluidic device
and regulation system. (C) The design of the filtration fluidic device. A: apical compartment, B: basal compartment, pink arrow: culture medium
supply, blue arrow: air pressure flow. (D) The configuration of the filtration system. (E and F) Real images of the filtration fluidic device. (E) Real
image of the assembled filtration fluidic device. (F) Real image of the filtration fluidic device when culturing: two filtration fluidic devices were
placed in a single dedicated package. The package includes a lid (not shown here) to avoid bacterial contamination and a drain tube for
overflowing medium. The basal and apical compartments of the device are colored yellow and green, respectively.

were manufactured by machining an A5052 plate (Misumi,
Tokyo, Japan). When bonding the components, oxygen
plasma bonding (RIE-10NR, Samco, Kyoto, Japan) was used
to bond PDMS to the glass, PDMS was glued to bond
PDMS to PDMS and a silicone tube to PDMS. All PDMS
curing procedures were performed at 75 °C for 120 min.
FFDs, except for culture inserts, were sterilized by autoclave
before use.

This journal is © The Royal Society of Chemistry 2023

FFD mechanical actuation

To generate filtration flow in the FFD, two methods were
compared: only medium supplied and direct regulation of Py,
assisted by medium supply. When the filtration flow was
reproduced with only the medium supply, one of the air-lines
was closed. When directly regulating Py, to keep the medium
level constant in the basal compartment during the culture
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filtration, the culture medium was supplied at a flow rate of
0.07 puL min™!, 0.17 uL min™', and 0.35 pL min* for the Py,
conditions of 0.10 kPa, 0.25 kPa, and 0.50 kPa, respectively.
In addition, the Py, of all samples was measured every 5 min
and recorded during filtration culture to demonstrate the
actual Py.

Cell culture

Heat-sensitive mouse podocytes (HSMPs)*° are conditionally
immortalized mouse podocyte cell lines and were kindly
gifted by the Shankland Lab at the University of Washington.
Podocytes were grown in a basal medium consisting of RPMI
1640 medium (30264-85, Nacalai Tesque, Kyoto, Japan)
containing 10% FBS (Sigma-Aldrich, St. Louis, MO, USA),
with 100 U mL™ penicillin, 100 pg mL™ streptomycin
(Thermo Fisher Scientific, Waltham, MA, USA), 1 mmol L™
sodium pyruvate (Thermo Fisher Scientific, Waltham, MA,
USA), and 10 mmol L™ HEPES-KOH buffer (Dojindo
Molecular Technologies, Kumamoto, Japan) in a 5% CO,
incubator. Podocytes were propagated under permissive
growth conditions at a temperature of 33 °C in the presence
of 50 U mL™" murine interferon-gamma (mIFNy) (315-05,
Peprotech, Cranbury, NJ, USA). Accutase (Nacalai Tesque,
Kyoto, Japan) was used for cell dissociation in all the
subculture processes.

Validation of the optimal extracellular matrix

Basement membrane matrix (Matrigel®) (354234, Corning,
New York, USA), mouse type IV collagen (COL4) (354233,
Corning, New York, USA), recombinant human laminin
a5p1y1  (L511) (NP892-012, Nippi, Tokyo, Japan) and
recombinant human laminin a5B2y1 (L521) (354221,
Corning, New York, USA) were used to validate the optimal
extracellular matrix (ECM) for podocytes. Matrigel diluted
with RPMI 1640 medium, COL4 diluted with 0.05 mM HCI,
L511 diluted with RPMI 1640 medium, and L521 diluted with
RPMI 1640 medium were coated onto tissue culture-treated
48-well plates (3830, AGC Techno Glass, Tokyo, Japan) at a
concentration of 1 pug em™ for Matrigel and COL4 and 0.1 pg
em™® for L511 and L521 and incubated overnight at 4 °C
according to the manufacturers’ instruction. All ECM-coated
wells were rinsed three times with FBS free medium
consisting of Advanced RPMI 1640 medium (12633012,
Thermo Fisher Scientific, Waltham, MA, USA) containing 10
mmol L' HEPES-KOH buffer and 2 mmol L™ i-alanyl--
glutamine, which was prepared for the ECM validating test to
avoid the effect of cellular attachment factors included in
FBS. Podocytes were seeded at a density of 4 x 10* cells per
em® in FBS free medium and cultivated under non-
permissive growth conditions at 37 °C excluding IFNy for four
days. The control group was cultivated without ECM coating
and in the basal medium. Phase contrast microscopy and cell
viability analysis using WST-8 assay (the method is described
in the WST-8 assay section) were performed to verify which
ECMs would be most optimal to podocytes. The absorbance
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of the WST-8 assay for all groups was standardized to the
control group.

Cell culture in the FFD

To transplant the podocytes into the FFD, podocytes were
cultured in the culture insert (3470, Corning, New York,
USA). Cells were seeded into the culture insert in the
supplied 24-well plates. Prior to cell seeding, the porous
membrane of the culture insert was coated with L521,
selected based on the results of validation of optimal ECM
(shown in Fig. S27). Upon cell seeding, the culture insert was
replaced with 100 puL of basal medium from L521 solution,
then podocytes were seeded at a density of 1.5 x 10° cells per
em?, resulting in a final medium volume of 300 pL in the
culture insert. Podocytes in the culture insert were cultivated
under non-permissive growth conditions with the 24-well
plate in basal medium changed every other day and then
transferred to the FFD three days after cell seeding.

TEER measurement

Transepithelial electrical resistance (TEER) was measured to
assess the effect of filtration flow on podocyte barrier
function before and after filtration (fluidic) culture with
culture inserts set in 24-well plates using a Millicell® ERS-2
Voltohmmeter combined with STX03 electrodes (Merck
Millipore, Burlington, MA, USA). The measured resistance
was corrected to the surface area of the culture inserts and
then subtracted from the resistance without cells. The
pressure-dependent changes in podocyte barrier function due
to filtration flow as a cell integrity marker was compared by
subtracting the resistance before from the resistance after the
filtration culture and then expressing the difference as a ratio
to the static culture group.

WST-8 assay

A WST-8 assay was performed to verify the survival rate of the
podocytes. WST-8 solution (Cell Counting Kit-8, Dojindo
Molecular Technologies, Kumamoto, Japan) was mixed with
basal medium at a ratio of 1:10. The mixed medium was
replaced with the original medium at a volume of 110, 120,
and 200 pL for the 96-well plates (3860, AGC Techno Glass,
Tokyo, Japan), culture inserts, and 48-well plates, respectively,
taking into account the culture surface area. Samples were
incubated for four hours in a 5% CO, incubator, followed by
collection of 100 pL of the reactive mixture into 96-well plates
and absorbance was measured using a microplate reader
(InfiniteF50R, TECAN, Minnedorf, Switzerland).

Immunocytochemistry

Cultured cells in the culture inserts or multi-well plates were
fixed with 4% paraformaldehyde in PBS for 10 min and
subsequently permeabilized with 0.3% Triton X-100 in PBS
for 5 min at room temperature. Anti-vimentin antibody (1:
300) (ab92547, Abcam, Cambridge, UK) and Acti-stain 488

This journal is © The Royal Society of Chemistry 2023
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phalloidin (98 nM final concentration) (PHDGI-A,
Cytoskeleton, Inc., Denver, CO, USA) were used to evaluate
podocyte cytoskeletons. Primary antibody staining was
performed via blocking preparation using an animal-free
blocker (Vector Labs, Newark, CA, USA) diluted with Milli-Q
water (1:5) overnight at 4 °C. Secondary antibody staining
was performed using donkey anti-rabbit IgG and Alexa Fluor
568 (A10042, Thermo Fisher Scientific, Waltham, MA, USA)
diluted with PBS together with Acti-stain and DAPI (1:1000)
(D523, Dojindo Molecular Technologies, Kumamoto, Japan)
overnight at 4 °C. Samples were washed with PBS after each
antigen-antibody reaction at room temperature for 5 min
three times. Anti-fading agents (ProLong Glass Antifade
Mountant, P36980, Thermo Fisher Scientific, Waltham, MA,
USA) were coated on both sides of the porous membrane,
then culture inserts were incubated overnight at room
temperature with a cover glass (2-176-08, Matsunami, Osaka,
Japan) stuck to the bottom side of the porous membrane
under light shielding.

Microscopy

Phase contrast images of cells cultured in 48-well plates were
taken wusing an Olympus IX71N-22PH microscope.
Fluorescence images were taken from the cell-free side of the
porous membrane of the culture insert using a Keyence BZ-
X700 fluorescence microscope with optical sectioning and
Z-stack modes. Z-stacking images were processed using Fiji
software v.1.53q.*°

Scanning electron microscopy

Cells in culture inserts were fixed with 2.5% glutaraldehyde
(Electron Microscopy Sciences, Hatfield, PA, USA) in 0.1 M
phosphate buffer (pH 7.4) for two hours at room temperature
followed by post-fixation with 1.0% osmium tetroxide
(Electron Microscopy Sciences, Hatfield, PA, USA) in 0.1 M
phosphate buffer (pH 7.4) for two hours and then
dehydration in ascending grades (50%, 70%, 80%, 95% once
for 10 min and 99.5% 3 times for 10 min) of ethanol.
Samples were transferred to 100% t-butyl alcohol (Fujifilm
Wako Pure Chemical Corporation, Osaka, Japan) for three
changes and then frozen at -20 °C with a t-butyl freeze-
drying device (VFD-21, Vacuum Device Co. Ltd., Ibararki,
Japan). The cell-free side of the membrane of the culture
inserts was fixed on an aluminum specimen mount (S-AM,
Nisshin-EM, Tokyo, Japan) with carbon double-sided tape
(7300, Nisshin-EM, Tokyo, Japan), and the non-membrane
part of the culture insert was cut off using a 6 mm diameter
biopsy punch (BP-L60K, KAI-Medical, Tokyo, Japan). Gold
sputter coating was performed using a magnetron sputter
(MSP-10, Vacuum Device Co. Ltd., Ibararki, Japan)
immediately  before observation. Scanning electron
microscopy images were taken with an S-3000N instrument
(Hitachi, Tokyo, Japan).

This journal is © The Royal Society of Chemistry 2023
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Transmission electron microscopy

The renal cortex tissues from 8-week-old C57BL/6 male mice
were cut into small pieces and fixed in 2.5% glutaraldehyde
in 0.1 M phosphate buffer at 4 °C overnight. The specimens
were postfixed in 1% osmium tetroxide for four hours,
dehydrated in ascending grades (50%, 70%, 80%, 95% once
for 20 min and 99.5% 3 times for 20 min) of ethanol. The
specimens were then embedded in propylene oxide (no. 311,
Nisshin-EM, Tokyo, Japan), a substituting agent, for 10 min
followed by incubation overnight in an equal mixture of
propylene oxide and Epok 812 (02-1002, Okenshoji Co., Ltd.,
Tokyo, Japan), followed by the solidification of embedding
resin consisting of EPOK812, DDSA (02-1005, Okenshoji Co.,
Ltd., Tokyo, Japan) and MNA (02-1006, Okenshoji Co., Ltd.,
Tokyo, Japan) at a ratio of 8:7:6 with DMP-30 (02-1009,
Okenshoji Co., Ltd., Tokyo, Japan) at 1.5%. Serial ultrathin
sections were cut using an ultra-cut S ultramicrotome (Leica,
Wetzlar, Germany) with a diamond knife and picked up on
nickel grids (Okenshoji Co., Ltd., Tokyo, Japan). The sections
were double-stained with uranyl acetate and lead citrate. The
sections were observed at 80 kV using H7650 (Hitachi, Tokyo,
Japan).

All animal experiment protocols were approved by the
Ethical Committee on Animal Experiments of the University
of Tokyo (M-P16-125) and were conducted in accordance with
institutional guidelines.

Quantitative real-time PCR

For RNA extraction, culture inserts of both the static and the
fluidic groups were collected from FFDs into a 24-well cell
culture plate after filtration culture. Cells in culture inserts
were washed with 1 mL of serum-free RPMI 1640 culture
medium before cell lysis. RNA extraction was performed
using ReliaPrep™ RNA Miniprep Systems (Promega,
Madison, WI, USA). RNA was reverse-transcribed into cDNA
using ReverTra Ace® qPCR RT Master Mix (Toyobo, Osaka,
Japan) and Veriti™ Thermal Cycler (Applied Biosystems,
Waltham, MA, USA). Real-time PCR was performed using a
THUNDERBIRD® SYBR® PCR Mix (Toyobo, Osaka, Japan)
and LightCycler® 96 System (Roche, Basel, Switzerland), with
initial denaturation at 95 °C for 1 min followed by 40 cycles
of 15 s at 95 °C, 30 s at 60 °C, and 45 s at 72 °C. The primers

Table 1 Primers used for quantitative RT-PCR

Gene Sequence (5’-3”)

GAPDH F AGGTCGGTGTGAACGGATTTG
R TGTAGACCATGTAGTTGAGGTCA

SYNPO F GGCCGATTGACAGAGCATCC
R TTCGGTGAAGCTTGTGCTCCG

PODXL F GCTGCTACTGTCGCCTGCAT
R TGTTGTGGCACTTTGGTGGCT

CD2AP F CCTCCTCCTGCAAAAGGTCC
R GCTTTGGGTACACTGCTCCA

VEGFA F GCACTGGACCCTGGCTTTAC
R ATCGGACGGCAGTAGCTTCG

Lab Chip, 2023, 23, 437-450 | 441
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used were designed using Primer-BLAST (NIH, Bethesda, MD,
USA) and shown in Table 1. Expression levels of mRNA were
expressed as a ratio of threshold cycle to GAPDH.

Podocyte toxicological sensitivity assay

Puromycin aminonucleoside (PAN) (169-20681, Fujifilm Wako
Pure Chemical Corporation, Osaka, Japan) and doxorubicin
hydrochloride (DOX) (D558000, Toronto Research Chemicals
Inc, Toronto, ON, Canada), also known as Adriamycin, were
employed to verify alterations in the drug sensitivity of
podocytes by mechanical filtration stress. For dose-response
experiments, PAN and DOX were dissolved in distilled water
and then mixed with basal medium for five doses in serial
dilutions (1.2 to 750 uM for PAN, and 0.01 to 100 uM for
DOX). Cells in 96-well plates as the static culture condition
and FFD as the fluidic culture condition were exposed to PAN
and DOX in mixed medium three days after cell seeding,
three days for PAN and one day for DOX, according to the
protocol described in a previous report.** Under the fluidic
culture condition, the medium in the culture insert was
replaced with a drug-containing medium when the culture
insert was transferred to the device.

The values of LD,s, LDsy, and LD;s were estimated by
fitting the following four-parameter log-logistic model to
three independent values under each experimental condition:

d-c
1+ exp(b(log(x) - log(LDsg)))

y=c+ 0

where y, x, LDs, b, ¢, and d represent experimental data, the
concentration of the drug, the median lethal dose, the slope
at the median lethal dose, the lower-limit response, and the
higher-limit response, respectively. These parameters and LD
values were estimated and compared using the drc package®*>
in R version 4.1.2.%

Statistical analysis

All values were obtained from multiple technical replicates
using at least two biologically independent experiments.
Student's ¢test was used for comparisons between two
groups. ANOVA with Tukey HSD test, Welch's ANOVA, and
Kruskal-Wallis were performed for comparisons of three or
more groups when the data set involved both normality and

equivariance, normality only, and nonparametric,
P : Media density
g * Gravity
h,  * Height of culture insert cylinder
hy, : Height difference between permeable membrane
Patm and basal media level
t ™ Q : Flow rate at permeable membrane
R : Permeable membrane resistance
hq Q|| Poc P, : Pressure acting on apical side of
.i A | permeable membrane
P P,  : Pressure acting on basal side of
I_ Permeable . permeable .membrane
membrane Patm * Atmospheric pressure
resistance P,. : Basal pressure

Fig. 2 Parameters related to filtration flow through the permeable
membrane.
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respectively. Differences were considered significant when p
< 0.05.

Results and discussion

Verification of the mechanical actuation method to precisely
control filtration flow

To quantitatively evaluate the filtration flow in the FFD
system, we clarified the relationship between individual
parameters related to the filtration flow. The following
equation, with reference to Darcy's law,** was used to identify
the determinants that regulate filtration flow through the
permeable membrane consisting of a porous membrane and
a podocyte culturing layer (Fig. 2),

_Pb_Pa

O="%

(2)

where Q (m s') is the filtration flow rate passing through the
permeable membrane consisting of a porous membrane and
cultured podocytes, P, (Pa) and P, (Pa) are the apical and
basal pressure on the permeable membrane, respectively,
and R (Q sq ') is the resistance of the permeable membrane.
Furthermore, P, and P, are formulated as follows.

P, = pgha + Patm (3)
Pb = pghb + Pbc (4)

where p (kg m™) is the density of the culture medium, g (m
s?) is the gravitational acceleration, h, (m) and &, (m) are
the water column heights from the porous membrane surface
at the apical and basal compartment, respectively, and Pae,
(Pa) and Py, (Pa) are the pressures of the atmosphere and the
basal compartment in the FFD, respectively. In practical
experiments, Py, (Pa) is the only factor that determines Q (m
s "), as h, (m) and &y, (m) are regarded as constant by initially
filling the culture insert with culture medium and a certain
medium supply in such a way that 74, (m) remains stable,
respectively, and R (Q sq ') is relatively invariant under the
same culture conditions.

In comparing the methods of only supplying medium and
directly regulating Pp. by supplying medium, the Ilatter
showed a constant measured Pp. with higher repeatability
than the former (Fig. S3f). Hence, the method of directly
controlling the P, in FFD using the air pressure regulator
was employed to precisely control the filtration flow in this
system.

Optimization of the extracellular matrix

The filtration flow in the basal to apical direction is a force
for podocytes to be detached from the adhesive substrate in
the FFD; thus the most optimal ECM as a scaffold should be
selected. However, there has been no consensus on which
ECM should be used in previously reported GoC>*?1:2%:25:27:35
and podocyte mechanobiology studies.*

This journal is © The Royal Society of Chemistry 2023
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Phase contrast images of podocytes at day four under the
culture conditions of each ECM demonstrated incomplete
cellular growth in Matrigel and COL4, resulting in the
apparent disaffinity of Matrigel and COL4 to podocytes (Fig.
S2At). Additionally, the WST-8 assay clarified that L521 had
the highest absorbance ratio compared to the control group,
significantly demonstrating the most optimal ECM of L521 to
podocytes (Fig. S2Bft), and thus, L521 was employed as a
scaffold of podocytes.

This result is consistent with the fact that L521 is known
to be a major ECM associated with integrin a3p31, one of the
major focal adhesion molecules of podocytes, in the mature
glomerular basement membrane.*> The results also confirm
that Matrigel and COL4, which were also used in previous
GoC studies, are not optimal because of the major cellular
attachment factors in them, type IV collagen alo2 for COL4
and laminin a1B1y1 for Matrigel,*® which correspond to GBM
components in early development.*”

Optimization of mechanical filtration stress

To verify the optimal mechanical filtration flow, the integrity
of the barrier function and cell adhesion, and the viability of
podocytes were compared between Pp. conditions of 0.00
(static), 0.10, 0.25, and 0.50 kPa (Fig. 3A) with TEER
measurement, immunocytochemistry, and WST-8 assay,
respectively. The results of TEER (Fig. 3B) and WST-8 assays
(Fig. 3C) demonstrated a peak at 0.10 kPa and a decrease
above 0.25 kPa, meaning that the conditions above 0.25 kPa
of Py, tended to impair the integrity of the barrier function
and viability compared to static conditions in a pressure-

A B N
06 -,, SV (kPa) g 5.0
05 ..0.50 2 = 45
04 1 2ES 4,
AT RS

£03 1 ..0.25 grFg

802 1 3eg 20
® 0.1 0010 S = 10

0.0 ...0.00 B
0.0

01 1 24 48 72 &

(Filtration loading time: hours)

Static 0.10 kPa

View Article Online

Paper

dependent manner. In addition, immunocytochemistry
images from a macroscopic viewpoint (Fig. 3D) demonstrated
that cell layer integrity was maintained up to 0.25 kPa,
whereas at 0.50 kPa there were scattered areas of cellular
detachment as indicated by yellow arrows, implying a
breakdown of cell layer integrity with cell detachment. Taken
together, we concluded that 0.10 kPa was a practical driving
pressure for Pp..

The practical driving P, was less than one-tenth of the
in vivo glomerular effective filtration pressure (GEFP) of 1.3—
3.0 kPa.*® This is because the current filtration fluidic system
lacks the glomerular basement membrane (GBM), which is
considered to have the greatest pressure loss, based on the
theory that the GEFP acts over three layers including
glomerular endothelial cell, GBM, and podocyte.*’

The increase in the WST-8 assay reflects increased
mitochondrial activity rather than the number of viable
cells.”® Meanwhile, it has been reported that there is a
correlation between mitochondrial activity and intercellular
tight junction.”* In consideration of these two findings, the
present results suggest that the mitochondrial activity of
podocytes was increased by filtration flow, as TEER tends to
increase with the WST-8 assay under filtration conditions at
0.10 kPa.

Filtration pressure-dependent podocyte loss in the filtration
fluidic device

Podocyte detachment from the GBM due to hyperfiltration is
recognized as one of the major pathophysiological conditions

o
o

-
o
)

=
w”

Absorbance ratio
(fluidic/static)

1 =

=
o

0O L2 Q2 L°
e & ',\0‘6 g '.7«6"* " FJQ‘#

Y Q° Q° Q°
RS APPAN AN
o 0P o

)

0.25 kPa

0.50 kPa

Fig. 3 Optimization of mechanical filtration strength. (A) Validated pressure conditions: pressure conditions of 0.50, 0.25, 0.10, and 0.00 (static)
kPa in the basal compartment were validated. (B) Comparison of the post-pre changing ratio in transepithelial electrical resistance (TEER). Kruskal-
Wallis test was performed to determine for significant differences between P, conditions. n = 3 independent samples. (C) Comparison of survival
rates. Welch's ANOVA was performed to determine significant differences between P, conditions. n = 3 independent samples. (D) Integrity of cell
layer after filtration culture. Vimentin (red), F-actin (green), and DAPI (blue), yellow arrows: cell detachment areas. Scale bars: 1000 um.
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Fig. 4 Filtration pressure-dependent podocyte loss in the filtration device. (A) Immunofluorescence analysis of podocytes cultured under filtration
flow conditions. Podocyte cytoskeletons were visualized by vimentin (vimentin, red) and F-actin (green). Under 0.50 kPa conditions, more

podocyte-deficient areas (surrounded by the white dotted lines) were

observed compared with static conditions. Many cell-deficient areas were

large enough to be multiple cell adhesion areas. Cytoskeletal changes in vimentin and F-actin (white arrows) were observed in podocytes adjacent
to areas of podocyte loss. Scale bars: 50 um. (B) Podocyte damage propagation in FFD. (a) The most vulnerable podocytes were primary, detached
by hyperfiltration. (b) A local increase of filtration flow velocity occurs in cell-deficient areas, and surrounding podocytes were more susceptible to
damage from hyperfiltration. (c) Subsequently, secondary damaged podocytes were detached. (d) Consequently, multiple podocyte-deficient areas

were formed.

in the development and progression of chronic kidney
disease in hypertensive nephropathy.>

In experiments validating pressure conditions of Py, there
was a significant difference in the number of cell-deficient
regions between up to 0.25 kPa and 0.50 kPa. Therefore, we
performed observations under 0.50 kPa filtration flow
conditions at high magnification to the
pathophysiology of podocyte detachment in podocyte injury
based on cellular morphology.

Under the 0.50 kPa conditions, many cell-deficient areas were
large enough to form multiple cell adhesion areas (surrounded
by white dotted lines in Fig. 4A). Moreover, pseudopodia-like cell
processes (white arrows in Fig. 4A), characterized by process

examine

444 | [ab Chip, 2023, 23, 437-450

structure with abundant vimentin and F-actin,®® were observed
in podocytes adjacent to the multicellular deficient areas, which
might be a sign of cell migration that occurs in podocytes
during nephrotic syndrome.>

The following pathophysiology can be inferred from these
findings (Fig. 4B): primary single-cell detachment (Fig. 4Ba)
causes the cells surrounding the detached cells to be
susceptible to damage from hyperfiltration. Surrounding cells
migrate with pseudopodia (Fig. 4Bb), resulting in secondary
cell detachment (Fig. 4Bc) and a more enlarged area of cell
defects (Fig. 4Bd).

Matsusaka et al. reported on the propagation of podocyte
damage in vivo, where primary podocyte damage causes

This journal is © The Royal Society of Chemistry 2023
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secondary damage to surrounding podocytes. The authors
hypothesized that the mechanism of podocyte damage
propagation is due to the release of humoral factors that are
toxic to podocytes, such as TGFf, endothelin, and Wnt family
members, from the primary damaged podocytes to the
surrounding podocytes.>”

Our results suggest that our developed FFD system not
only mimics the pathophysiology of podocyte damage
caused by pressure-dependent hyperfiltration but also
reproduces podocyte damage propagation through the most
common  pathogenesis  of  glomerular injury -
hyperfiltration. Propagation of podocyte damage is an
important pathophysiology that causes the decrease in the
number of podocytes per glomerulus leading to
glomerulosclerosis;*® thus this FFD system is informative as
it is capable of providing an in vitro model of that
pathophysiology.

Podocyte morphological differentiation by mechanical
filtration stress

We examined the effect of 0.10 kPa filtration flow on
podocyte morphology using a scanning electron microscopy
approach. As shown in Fig. 5A, several process-like structures
(green arrows) with branching (purple arrows in Fig. 5Ad) at

View Article Online

Paper

intercellular junctions and arched transformation (yellow
arrowheads in Fig. 5Ad) around the protruding parts of the
process-like structure were observed under fluidic conditions,
no such morphological changes were observed under static
conditions.

The morphological hallmark of mature podocytes in vivo
is a process formation with a three-dimensional architecture
as shown in Fig. 5B. The podocyte cell body floats in
Bowman's space, and the primary processes extend from the
cell body and attach to the GBM while extending numerous
secondary processes. Moreover, developmental studies of the
kidney have shown that such morphological changes are
observed after the initiation of filtration flow due to the
fenestration of glomerular endothelial cells.>”*® Considering
these findings, our results indicate that filtration flow is one
of the factors that characterize and maintain the podocyte
morphology.

Korolj et al. and Xie et al. have previously reported that
podocytes adhering to micro-convex topography elongate the
foot processes of cultured podocytes.>>>> However, they did
not confirm the branching or three-dimensional arched
transformation of foot processes observed in this study.
Hence, this study elucidates a mechanobiology that cannot
be revealed by micro-convex topography in terms of its
impact on podocyte foot process formation.

Static

Fluidic

Process

Arched transformation
Porous membrane

Fig. 5 Podocyte morphological differentiation from mechanical filtration stress. (A) Comparison of podocyte morphology between static and
fluidic groups: podocytes in static (Aa and Ab) and fluidic (Ac and Ad) groups were observed by scanning electron microscopy. Ab and Ad are
enlarged images of the white dotted boxed area in Aa and Ac, respectively. In the fluidic group, process-like morphological change (green
arrows) was observed along the cell-cell junction with branching (purple arrows: Ad) at intercellular junctions and arched transformation
perpendicular to the cellar basis of the porous membrane proved by cavities (yellow arrowheads) beneath the structure. The same
morphological findings were not seen in the static group. Scale bars: 10 um (Aa and Ac), 5 um (Ab), 2 um (Ad). (B) Podocyte morphology
in vivo observed by transmission electron microscopy: the primary process extended from the margin of the cell body and formed the arched
structure indicated by red arrows. CL, capillary lumen; BS, Bowman's space. (C) Hypothesis of the effect of mechanical filtration stimulation on
podocyte morphology.
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Fig. 6 Enhancement of podocyte differentiation markers of
filtration mechanical stress. Podocyte maturation markers were
quantified by real-time PCR and compared between static and
fluidic groups. SYNPO, PODXL, CD2AP, and VEGFA expression
levels were significantly higher in the fluidic condition than in the
static condition (p-values by Student's t-test were 0.0015, 0.030,
0.031, and 0.00085, respectively). All data were normalized to
GAPDH and shown as the ratio with the static condition
expression level. Error bars represent standard deviation. n = 6
independent samples.

Enhancement of podocyte differentiation marker by filtration
mechanical stress
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filtration flow on podocyte differentiation. Synaptopodin
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podocyte differential markers, were compared between
static and fluidic conditions with 0.10 kPa filtration flow,
while NPHS1, NPHS2, and WT1 were excluded due to
relative expression ratios to GAPDH of less than 0.005 (data
not shown). All mRNA relative expression levels under
fluidic conditions were significantly increased compared to
static conditions (Fig. 6).

These results demonstrate that filtration, the vertical
shear stress stimulus against the cell adhesion surface,

promotes  the  expression of multiple podocyte
differentiation markers. Moreover, based on the previous
reports that SYNPO, PODXL, CD2AP, and VEGFA

expression contributes to the maintenance of foot process
in podocytes,’®®> these results suggest that
physical filtration stimuli have the potential to induce and
maintain the process-like structure in podocytes, as shown
in Fig. 5, via upregulated SYNPO, PODXL, CD2AP and
VEGFA expression.

Yang et al. previously reported that fluid shear stress
promoted the expression of multiple podocyte
differentiation markers. However, the mechanism has yet to
be addressed from a molecular biological perspective.**
This study suggests that filtration flow may increase the
mitochondrial metabolic activity in podocytes. Previous
reports have also demonstrated that the mitochondrial

structure

metabolic activity of podocytes correlates with their
differentiation.®® Thus, the result suggests that filtration
flow increased mitochondrial activity, which in turn
increased mature podocyte markers.
LD,s LDsq LD/
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Fig. 7 Change in toxicological reactivity in podocytes from mechanical filtration stress. Dose-response curve of puromycin aminonucleoside
(PAN) (A). LD2s, LDsg, and LD5s of PAN (B). Dose-response curve of doxorubicin (DOX) (C). LD,s, LDsg, and LD5s of DOX (D). Significant differences
were determined by Student t-test based on 95% confidence intervals of the mean for each group: error bars represent standard error (A and C) or

standard deviation (B and D) and n = 3 independent samples.
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Change of toxicological reactivity in podocytes by mechanical
filtration stress

Finally, we analyzed the effect of physical filtration stimulus
of 0.10 kPa on the sensitivity of podocytes to toxic drugs. PAN
and DOX were exposed to podocytes in the FFD system to
examine the differences in drug toxicological sensitivity
depending on the  pharmacological = mechanisms.
Pharmacologically, PAN and DOX have been reported to have
oxidative stress mechanisms on podocyte damage,*"®* but
the latter is recognized as more aggressive because it causes
irreversible nephrosis after a single administration in animal
experimental models. In contrast, PAN requires multiple
administration®® and has been reported to cause damage to
cultured mouse podocytes at higher concentrations and in
longer periods of time than DOX.*!

In comparison between the static and the fluidic
conditions, with regard to the pharmacodynamics of PAN,
there were no significant differences in toxicant sensitivity
between static and fluidic conditions (Fig. 7A and B). On the
other hand, DOX demonstrated no difference at LD,5, and a
significant leftward shift at LD5, and LD (Fig. 7C and D).

The LDs, of DOX in this study was considered to be
significantly lower than the C,x of the mouse nephrotic
model, based on the report by Lundgren-Eriksson et al,®”
although it is not possible to mention PAN. This supposed
divergence between in vivo and in vitro drug concentrations is
due to the susceptibility to drug metabolism in vivo.

The reason for the leftward shift of fluidic conditions
relative to static conditions in DOX might be that the
filtration flow from the basal to the apical side exacerbated
podocyte damage wunder toxic drug-induced injured
conditions. The difference in the exacerbation of damage by
filtration in DOX but not in PAN might be consistent, with
DOX being more toxic to podocytes than PAN.%*%°

Previous reports have shown that mechano-stress caused
by medium flow has the potential to alter the drug response
of cultured cells, which raises the issue of the inadequacy of
conventional Petri dish-based static cell culture as an
alternative drug discovery testing tool to animal
experiments.”””! However, no studies have been conducted
to date on cultured podocytes regarding changes in drug
response due to mechano-stress. This study not only raises
the issue of differences in drug sensitivity due to physical
stimulus to static cultures, focusing on filtration flow to
podocytes, but also shows that drug sensitivity differs
depending on the pharmacological mechanism.

Conclusions

This study outlines the successful development of a user-
friendly filtration culture system that allows precise control
of filtration flow which enabled us to culture podocytes
under filtration conditions for three days with a guarantee of
maintaining the integrity of the podocyte layer. This system
not only mimics podocyte damage caused by hyperfiltration
but also reproduces a drug response different from that of

This journal is © The Royal Society of Chemistry 2023
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static culture conditions while promoting podocyte
maturation in morphology and gene expression.

The findings of this study were brought about by
achieving two seemingly conflicting requirements employing
removable inserts with an elastic ring: the
airtightness for precise regulation of P,. and the ease of
access to cells exposed to filtration flow. The specification
of the removable culture insert in pressure-controlled fluidic
devices represents a higher user-friendliness in terms of
bridging the two research fields of conventional life science
research and organ-on-a-chip: compatibility with both
approaches of conventional life science such as TEER
measurement with fork-type electrodes, WST-8 assay, qPCR,
and electron microscopy and organ-on-a-chip using
mechanical filtration flow stimulation. This application,
encouraged by its user-friendliness, will facilitate the
validation of the mechanobiology by filtration flow in
tissues with pressure-dependent molecular permeability,
such as blood vessels, as well as other types of cultured
podocytes.

In this study, the immortalized mouse podocyte was
employed. As GoC research is essentially aimed at human
drug discovery research and disease modelling, the
mechanobiology of filtration flow should be examined in the
future using human podocytes. In addition, although the co-
culture of GEnCs with podocytes is possible by seeding and
culturing GEnCs on the bottom side of the porous membrane
prior to podocyte seeding, it was excluded to pursue the
mechanobiology of podocytes by filtration flow in a simple
system. However, this limitation, as well as reproducing the
GBM structure, must be required to construct a filtration
barrier with selective permeability to realize the practical
application of GoC. In general, the filtration flow reproduced
by a porous membrane is not as fine as that of the GBM, an
in vivo ECM gel plate. Although the mechanobiology of
podocytes with filtration flow through the ECM gel plate is
inherently desired, innovation in integrating novel ECM gel
biomaterials with both GBM components and rigidity to
resist filtration flow into culture inserts will solve this
limitation.

Furthermore, the differentiation of podocyte morphology
by filtration flow shown in this study is not as fully
differentiated as the interdigitating foot process formation
observed in vivo. Under the conditions including highly
interdigitated foot process formation, the responsiveness of
podocytes to filtration flow is expected to significantly differ
from that of the conventional cobblestone like morphology
due to sub-podocyte space, increased surface area per
podocyte, and slit diaphragm cell-cell junction. The
mechanobiological insights from filtration flow based on
such more sophisticated podocyte morphology will be useful
for the practical application of GoC. A culture method to
induce the interdigitating foot process formation of cultured
podocytes has already been reported by several groups,
including ours. Thus, this limitation will be resolved in the
near future.

culture
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In the current filtration flow system, the dose-response
curve of podocytes with filtration flow did not show a
significant leftward shift of PAN. However, with the
improvements of co-culture with GEnCs, reproducing GBM
structure, and highly interdigitated foot processes formation,
a significant leftward shift might occur. Furthermore,
selective permeability tests with filtration flow and
comparative verification of vertical and horizontal shear
stresses should also be validated under such refined
experimental conditions while developing mathematical
models in collaboration with mathematicians for comparison
with in vivo physiological data on filtration pressure and drug
concentrations in the FFD system.

Overall, we are confident that the insights from this study
into the mechanobiology of podocytes due to filtration flow will
be of great benefit for the future practical application of GoC.
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