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Abstract: Glomerulopathy, characterized by a dysfunctional glomerular capillary wall, results in proteinuria, leading to end-stage
renal failure and poor clinical outcomes, including renal death and increased overall mortality. Conventional glomerulopathy research,
including drug discovery, has mostly relied on animal experiments because in-vitro glomerulus models, capable of evaluating
functional selective permeability, was unavailable in conventional in-vitro cell culture systems. However, animal experiments have
limitations, including time- and cost-consuming, multi-organ effects, unstable reproducibility, inter-species reliability, and the social
situation in the EU and US, where animal experiments have been discouraged. Glomerulus-on-a-chip, a new in-vitro organ model, has
recently been developed in the field of organ-on-a-chip research based on microfluidic device technology. In the glomerulus-on-a-chip,
the podocytes and endothelial cells are co-cultured in a microfluidic device with physical stimuli that mimic the physiological
environment to enhance cell function to construct a functional filtration barrier, which can be assessed by permeability assays using
fluorescently labeled molecules including inulin and albumin. A combination of this glomerulus-on-a chip technology with the culture
technology to induce podocytes and endothelial cells from the human pluripotent stem cells could provide an alternative organ model
and solve the issue of animal experiments. Additionally, previous experiments have verified the difference in the leakage of albumin
using differentiated podocytes derived from patients with Alport syndrome, such that it could be applied to intractable hereditary
glomerulopathy models. In this review, we provide an overview of the features of the existing glomerulus-on-a-chip systems, focusing
on how they can address selective permeability verification tests, and the challenges they involved. We finally discuss the future
approaches that should be developed for solving those challenges and allow further improvement of glomerulus-on-a-chip
technologies.
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Plain Language Summary

This review article discusses an overview of the features of the existing glomerulus-on-a-chip techniques used for studying
glomerulopathy, focusing on their selective permeability verification tests. Moreover, it discusses the challenges involved in the
implementation of this technology as well as the approaches for solving those challenges. Glomerulopathy with high proteinuria is
associated with end-stage renal failure requiring renal replacement therapy. It can also lead to an increased overall mortality and has
implications for the global health economy. The glomerulus-on-a-chip method develops a new in-vitro organ model through which a
functional filtration barrier is constructed by co-culturing podocytes and endothelial cells in a unique micro 3D space with physical
stimuli that mimic the physiological environment. In addition, leakage assays can evaluate the selective permeability of filtration
barrier with fluorescently labeled molecules including inulin and albumin. The integration of podocytes and endothelial cells derived
from human pluripotent stem cells, including those from patients with intractable genetic diseases, into glomerulus-on-a-chip is
expected to solve the problems of animal experiments and enable the development of efficient treatments for intractable genetic
glomerular disorders.
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Introduction
In recent years, kidney diseases have become a worldwide social problem. Kidney diseases reportedly affect approxi-
mately 10% of the world population, incurring high expenditure between $35,000 to $100,000 annually for dialysis
treatment and kidney transplantation for patients with end-stage kidney disease.' Over the past two decades, guidelines,
including diet (eg, low salt intake) to organ protection strategies (eg, renin-angiotensin-aldosterone system inhibitors),
have significantly improved kidney disease management.> However, little progress has been made in the management
and treatment of glomerular diseases, especially for those with a poor prognosis, such as idiopathic focal segmental
sclerosis and Alport syndrome.*> Although there have been advances, such as the indication of rituximab for treating
nephrotic syndrome,’ the options for the treatment of glomerulopathy with massive proteinuria remain limited to
immunosuppressive therapy and renin-angiotensin-aldosterone system inhibitors.” Thus, there is a serious demand for
the development of effective and preventative therapies to improve the prognosis of patients with glomerulopathy.

The health of the filtration barrier in the glomerular capillary wall is directly linked to proteinuria, which is a
clinically important surrogate endpoint. Therefore, it is necessary to evaluate the selective permeability function of the
filtration barrier with high performance for studying the glomerular disease.® '° Traditionally, approaches are limited to

1% and experiments with animals'>'®

2D cell culture system in research fields of nephrology and non-clinical drug
discovery. The conventional 2D cell culture system has been used to study gene and protein expression changes in
response to chemical and culture condition stimuli.'"'™'* Although there have been reports of the construction of
glomerular filtration barriers by co-culturing podocytes and endothelial cells in transwell™ culture inserts and their

19,20

use in leakage assays, it has not been possible to reproduce the physiological and physical environment that is

considered beneficial to the cells.?' In contrast, animal experiments are used to study the roles of specific genes, chemical
efficacy in diseased conditions, and drug testing in non-clinical tests to monitor the degree of proteinuria.'>'®
Nevertheless, animal experiments are not only time- and cost-consuming but can also lead to uncontrolled multi-organ
effects, individual variation, unstable reproducibility, inter-species poor reliability, and low throughput.**** Moreover,
considering environmental pollution, adverse impacts on biodiversity, and public health associated with animal experi-
ments, the US Environmental Protection Agency has proposed to eliminate all the animal experiments by 2035.%*
Subsequently, the past decade has witnessed the emergence and development of culture methods of lineage-specific
differentiation with pluripotent stem cells like kidney organoid®>>° and organ-on-a-chip (OoC) technology.>' ** The
kidney organoid culture approaches are advantageous over the 2D cell culture system as they highly express tissue-
specific phenotypes in general. However, it has not attained an adequate level for evaluating the selectively permeable
function of the filtration barrier owing to the lack of glomerular endothelial cell (GEnC) infiltration beneath the
podocytes and capillary loop formation in the glomerulus.*

The OoC based on microfluidic device technology has been recently developed in micro-total analysis systems
(uTAS) as an application of in-vitro analysis to provide novel organ models.”' ** Among the many types of OoC, such as
lung-on-a-chip,*' liver-on-a-chip,** brain-on-a-chip,>> glomerulus-on-a-chip (GoC) have also been under development in
the last decade. Researchers have been focusing on the development of GoCs, which are capable of recapitulating the
filtration barrier in the glomerular capillary wall by co-culturing podocytes and endothelial cells in various forms, either
on both sides of a porous membrane or on a gel wall containing an extracellular matrix (ECM) while allowing the
perfusion of medium in a three-dimensional micro-space in order to mimic the body fluids flow, but also the actuation of
physical stimulations, such as stretching of the cell base. Selective permeability can be measured by perfusing the device
with a medium containing fluorescently labeled molecules with various molecular sizes from the vascular to urinary
compartments through the filtration barrier.***® Furthermore, reports of the integration of podocytes and endothelial cells
derived from human stem cells, including those from patients with hereditary diseases, into a GoC are remarkable in that
they suggest the feasibility of human GoC applications, including models of refractory inherited rare diseases.*****® This
review aims to enhance the understanding of the current level of technology and the challenges raised for assessing the

permeability using GoCs and finally discusses the approaches for further improvement.
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Figure | Structure and function of the glomerulus in kidneys. (A) Macro-glomerular structure: B is an enlargement of boxed area in A. red arrows indicate bloodstream. (B)
The three-layered structure of the glomerular capillary wall: The glomerular capillary wall is three-layered inside out, comprising the glomerular endothelial cell (GEnC),
glomerular basement membrane (GBM), and podocyte. Blood is filtered by effective filtration pressure of around 20 mmHg. (C) The nanoscale structure of the glomerular
capillary wall and blood filtration mechanism with selective permeability: (C) is an enlargement of boxed area in (B). The cytoplasm of GEnC has numerous fenestrated
structures without septa. GBM, thought to be a rigid gel plate, is an assembled extracellular matrix gel plate comprised of laminin a5B2y1, type IV collagen a304a5, heparan
sulfate, and nidogen. The foot processes extending from the primary process of the podocyte form a scrum structure with those of the neighboring podocytes, and a slit
diaphragm is formed between the foot processes. The selective permeability of the blood filtration in the glomerulus is maintained by negatively charged properties of the
GEnC and GBM and size-selective properties of GBM and podocyte slit diaphragm. Pink arrows represent the blood filtration flow. (D) Podocytes contribution to the size-
selective properties: podocytes press down on the GBM with their foot processes and regulate their sieving coefficient. According to this theory, the podocyte slit
diaphragm contributes little to the size-selective barrier.

The Glomerular Selective Permeability

Glomerular tissue is a ball-like mass of capillaries (Figure 1A). The glomerular capillary wall is three-layered inside out,
comprising GEnC, glomerular basement membrane (GBM), and the podocyte layer (Figure 1B).*”** The histological and
structural characteristics of each of the three layers are as follows: the GEnCs, lining the vessel walls with a thin
cytoplasm, bear numerous septum-free fenestrations of about 100 nm in diameter.*° The GBM is a rigid gel plate
bearing several extracellular matrices with a thickness of approximately 300 nm in humans (Figure 1C).”"->* Podocytes
have several primary processes extending from the cell body floating in the primary urinary space (Figure 1B), and
numerous foot processes branching from the primary processes and form a scrum structure with their neighbors
(Figure 1A).°*>* The slit diaphragms are located between the foot processes, comprising several membrane proteins,
as shown by electron microscopy and immunofluorescence staining (Figure 1C).>> >’ Each of these three layers acts as a
barrier for the selective filtration of blood.”® ®' The effective glomerular filtration pressure acting through the filtration
barrier has been reported to be around 20 mmHg.®*®® This filtration pressure affects the sieving coefficient of molecules
passing through the filtration barrier (Figure 1).**

There are several theories as to how these three layers contribute to the selective permeability of the filtration barrier.
Selective permeability refers to that smaller molecules, such as water and electrolytes can cross the barrier, whereas
larger molecules such as albumin are prevented.’*%*>"*® One of the theories has suggested that selective permeability
consists of a negatively charged properties of the GEnC and GBM and a size-selective properties of the basement
membrane and podocyte slit diaphragm (Figure 1C).58’67’68 In contrast, one of the other theories has suggested that the
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size-selective properties are mostly due to the basement membrane, with no role of the podocyte slit diaphragm. In this
view, podocytes assist in maintaining the sieving coefficient of the basement membrane by pressing down on it with their
foot processes (Figure 1D).%%¢°

Previous in-vivo studies have described the histopathological changes associated with impaired glomerular capillary
walls to have abnormalities in proteinuria such as fusion of numerous branched podocyte foot processes, decreased
expression and altered localization of slit diaphragm proteins, irregularities in the glomerular basement membranes with
large and small thickening, loss of endothelial cell fenestrations, and hypertrophy of the endothelial cells.**”°

Various diseases and drugs damage the glomerular filtration barrier. Although glomerular diseases have been
classified histologically and clinically into various types, all of them can develop the symptom of proteinuria.
Regardless of the causes and pathological changes in glomerulopathy, the symptom of proteinuria has been clinically
considered as one of the few early detectable markers for recognizing the damaged glomeruli filtration barrier in

70-72

asymptomatic kidney diseases, and its severity has been widely recognized as a predictor of future decline of the

glomerular filtration rate. Moreover, a decreased glomerular filtration rate eventually leads to end-stage renal failure,

which incurs high total mortality and necessary renal replacement therapy.®'°

Organ-on-a-Chip; Glomerulus-on-a-Chip

The microfluidic device technology used in OoCs has been developed over the past two decades in the uTAS field. The
technology is based on micro-electromechanical systems (MEMS), employing photolithography and soft lithography to
mold microscale channels, pillar structures, and micropores. Polydimethylsiloxane (PDMS), a type of silicone rubber, is
mainly used for ease of handling, transparency and biocompatibility.”*:’* Recently, other materials have been developed
to build the devices, such as the use of resins to avoid drug sorption in PDMS,*****”> and the use of alginate hollow fibers
fabricated by sheathed microfluidic devices as topographically accurate culture platforms.45 In the OoC research field, it
has been shown that the physical stimuli and physiological environment reproduced by unique specifications of the
device can accelerate cell functionalities in the device.>**”-""” Therefore, it is also expected to construct more matured
filtration barriers in GoC by promoting cell functionalities and applying them to selective permeability assays.

The difficulty in GoC research lies in culturing the glomerular cells, especially podocyte cell sources in relevant
culture conditions. As a result, progress in this research field has been relatively behind other organs. Although the
devices used in the GoC discussed in this review are similar to those used in other organs, the development of the GoC in
the last decade involves strong expertise in culturing human pluripotent stem cell-derived podocytes and kidney
organoids.*>***¢ Moreover, the study of applying the podocyte derived from Alport syndrome patients into the device,
reproducing a pathological filtration barrier, and testing its selective permeability, suggests the feasibility of establishing a
model for refractory inherited rare diseases.*’

Microfluidic Devices of Glomerulus-on-a-Chip

Since most of the devices employed in GoC have been widely used for OoC in other organ models, it is important to
understand not only the structural features of each device but also how it has been used (ie, how the filtration barrier has
been reproduced and how the selective permeability has been tested in the device) in order to understand the current GoC
technology, its remaining challenges and further developments. Hereafter, the previously reported microfluidic devices in
GoC study were classified into four types of simplifications (Table 1, Figures 2-5).

Two-Layered with Porous Membrane Device

The device is characterized by a porous membrane sandwiched between two layers of vertically aligned microfluidic channels
(Figure 2A). This porous membrane forms the basis for the cultured cells, coated on both sides into an ECM (Figure 2B and C).
The podocytes and endothelial cells are cultured on both sides of the porous membrane to mimic the glomerular filtration barrier,
with the podocyte-side channels assigned to the urinary channel and the endothelial cell-side to the vascular channel.*****° The
porous membranes used here are generally made of PDMS,”® polycarbonate (PC),” or polyethylene terephthalate.* The device
employed by Musah et al and Roye et al has microchannels on either side of the central channel that can be deformed by

intermittent negative pressure, allowing the porous membrane to stretch to mimic vascular pulsation (Figure 2D1).*%4¢
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Table | Summary of Glomerulus-on-A-Chips Reported in Literature

Device Device Scaffold Cells for Reproducing | Shear Stress/Other Assay Culture Period
Material Structure; the Filtration Barrier | Mechanical Stimli
Product Name (Culture Media)*
(Manufacturing
Company)
Petrosyan | Glass, Bilateral flow with | Cultrex 3-D E: Primary human 1.7 mPa Albumin permselectivity with PAN, high glucose, M: 28 days
et al proprietary | central gel Culture Matrix | GEnCs® /- patients’ serum of MN, FSGS, AS, or PKD for A: 28 days
(2019)*® polymers channels; Rat Collagen | | P: hAKPC-derived diseased models
OrganoPlateTM (R&D systems) | podocytes, Human
(Mimetas BV) immortalized podocytes,
or human primary
podocytes®
Wang etal | PDMS Bilateral flow with | Matrigel Isolated glomeruli from -/- Estimating barrier coefficient with two different M: IS5 days
(017)* central gel (Corning) 4-week-old rat* labeled IgG perfusion A: 4 days
channels Albumin permselectivity under high glucose
mimicking diabetic kidney diseased model
Zhou et al | PDMS, PC Two-layered with Cultrex BME E: Immortalized mice 0.1 to 0.3 mPa Permselectivity with fluorescently labeled inulin, M: -
(2016)* porous porous membrane | (R&D systems) | GEnCs /- albumin, and IgG A: 24 hours
membrane P: Immortalized MPC-5 Hyperperfusion assay mimicking hypertensive
dCommon for E and P nephropathy
Musah PDMS, Two-layered with Laminin-511 E: Primary human 0.07 mPa for P Promoted podocytes differentiation by mechanical | M: 8 days
etal PDMS porous membrane; | (BioLamina) GEnCs*® 1.7 mPa for E strain and fluid flow stimuli Urinary clearance on A: 6 hours
(2018)* porous ORGAN-CHIPS P: hiPS-cell-derived /10%, | Hz cyclic straining | inulin and albumin DOX induced urinary clearance
membrane (emulate) podocytes,"8'®'8 of cellular base increasing on inulin and albumin
Roye et al | PDMS, Two-layered with Laminin-511 E: hiPS-cell-derived 0.07 mPa for P Personalize GoC by podocyte and GEnC induction | M: 8 days
(2021)% PDMS porous membrane; | (BioLamina) endothelium” 1.7 mPa for E from single donor hiPS A: 6 hours
porous ORGAN-CHIPS P: hiPS-cell-derived /10%, | Hz cyclic straining | DOX induced albumin clearance increasing
membrane (emulate) podocytes’s'® '8 of cellular base
Xie et al RGD- Hollow fiber with None E: Lewis rat primary vein | 0.3 to 0.9 Pa Permselectivity with fluorescently labeled inulin, M: 14 days for B, 7
(2020)* conjugated micro-concave endothelial cells’ Ficolls, and BSA days for E
alginate topography knot P: Murine immortalized A: 8 hours
podocyte!
(Continued)
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Table | (Continued).

Device Device Scaffold Cells for Reproducing | Shear Stress/Other Assay Culture Period
Material Structure; the Filtration Barrier | Mechanical Stimli
Product Name (Culture Media)*
(Manufacturing
Company)
lampietro | Silicone, Upper and lower None E: Primary human 8 pPa Comparison of albumin permselectivity between M: 2 days
et al ABS, cover | cylindrical GEnCs* podocytes from AS patients and normal kidneys A: 3 hours
(2020)* glass, PET chambers P: Human immortalized
porous separated by a podocytes, immortalized
membrane porous membrane urinary podocytes
derived from AS patients'

Notes: *Human endothelial cell medium, (Cell Biologics, c# H1168); "YRADD media, RPMI-1640 (Gibco, c#11875093) supplemented with 5% FBS (Gibco, c#26140079), 1% antibiotic (Gibco, c#15070063), 1.25(OH)2D3 [100 nM,
cholecalciferol] (Sigma,c#C9756), all trans retinoic acid (ATRA) [ uM], dexamethasone [100 nM] (Sigma, c#D4902); “endothelial culture medium (Sciencell Company) with 5% FBS, 100 unit/mL of penicillin and streptomycin; “RPMI-1640
medium supplemented with 10% FBS (Thermo Scientific, Waltham, MA, USA), 100 U/mL penicillin and 100 p g/mL streptomycin; *complete medium with CultureBoost-R (Cell Systems); DMEM/F12 (GIBCO) with GlutaMax (GIBCO)
supplemented with 100 ng/mL BMP7 (Thermo Fisher Scientific), 100 ng/mL activin A (Thermo Fisher Scientific), 50 ng/mL VEGF (Thermo Fisher Scientific), 3 uM CHIR99021 (Stemgent), | x B27 serum-free supplement (GIBCO), and 0.1
1t M all-trans retinoic acid (Stem Cell Technologies); Zcomplete Serum-Free Medium Kit With Recombinant RocketFuel-R™ (SF-4Z0-500-R, Cell Systems); "StemPro-34 supplemented with 10% HI-FBS (Invitrogen), 2 ug/mL heparin, and
50 ng/mL VEGF165; 'EGM-2 (Lonza), 5 mM CaCly; 'DMEM/FI2 (1:1) media (11330-032), 10% (v/v) FBS, 1% (v/v) penicillin-streptomycin (15140122) (Thermo Fisher Scientific), 5 mM CaCl,; “EndoGRO medium (Merck Millipore); 'DMEM/
F-12 (Life Technologies, Carlsbad, CA, USA), 10% FCS (Invitrogen, Carlsbad, CA, USA), 50 IU/mL penicillin, 50 g/mL streptomycin, 5 mM glutamine, 5 g/mL insulin, 5 g/mL transferrin, and 5 mg/mL selenium (all from Sigma-Aldrich, St

Louis, MO, USA).

Abbreviations: PDMS, Polydimethylsiloxane; PC, Polycarbonate; PET, polyethylene terephthalate; BME, basement-membrane extract; E, endothelium; P, podocyte; GEnCs, glomerular endothelial cells; hiPS, human induced pluripotent
stem, MPC, mice podocytes; S, shear stress; PAN, puromycin aminonucleoside; MN, membranous nephropathy; FSGS, focal segmental glomerulosclerosis; AS, Alport syndrome; PKD, polycystic kidney disease; hAKPC, human kidney
progenitor cells derived from amniotic fluid; DOX, doxorubicin; BSA, bovine serum albumin; M, maturation period; A, assay period.
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Figure 2 Glomerulus-on-A-chip (GoC) of two-layered with a porous membrane device (A) Fabrication: Polygonal line fold for flow channel was molded into the top and
bottom plates made of polydimethylsiloxane. Between the top and bottom plates, the porous membrane was sandwiched. (B) Detailed structure and manipulation of the
device: media perfused channels were colored red. Media inflow (red arrows) and outflow (blue arrows) were perfused through the inlet and outlet, connected with the
media supplying lines (not shown), respectively. Vacuum chambers (asterisk) were integrated into the GoC by Musah et al and Roye et al and aspirated cyclically (as evident
by the green arrows) to realize stretching the mechanical stress shown in (D). (C) Scheme of co-culture in GoC: (C) is an enlarged image of yellow boxed area in (B).
Endothelial cells and podocytes were seeded on both sides of the porous membrane, followed by co-cultured after the extracellular matrices (not shown). (D) Physiological

environment in GoC: (D) Stretching was realized in a fashion described in (B); (D2) shear stress was regulated by medium perfusion as described in (B); and (D3)
compressing was regulated by increasing the vascular channel flow than urine channel flow.

Bilateral Flow with Central Gel Channels Device
This device features a central ECM gel with a thickness of several hundred micrometers, which serves as a scaffold for
cultured cells. Two perfusion channels are arranged on both sides of the central gel channel in the XY direction
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(gel), and urinary channel. There are micro-pillars (Al) or phase guides at both side edges of the scaffold channel (A2) to support the gel structure. (Al and A2) are enlarged
images of the red line vertical section, respectively. (B) Cell culture at the gel-media interface: Seeded isolated glomeruli were stuck between the micropillars by crescent-

like gel structure followed by outgrowth (Bl). Sequential seeding podocytes followed by glomerular endothelial cells (B2): (Bl and B2) are enlarged images of boxed areas in
(Al and A2), respectively.

(Figure 3A). Pillar-like guides are placed to sandwich the gel, whereby the gel is retained only in the central channel and
interfaces between the medium perfusion channel and the gel are formed along the guides (Figure 3A1 and A2). This
structure allows the cultured cells seeded through the perfusion channel to adhere to the gel scaffold.*'**> The isolated
glomeruli can be placed between the pillars (Figure 3B1),*! or cells can be seeded into one perfusion channel in the order
of the first podocytes, then endothelial cells to mimic the glomerular filtration barrier in the device (Figure 3B2).*
Accordingly, the medium perfusion channel in which glomeruli or cultured cells are embedded is assigned to the vascular

channel and the cell-free one to the urinary channel (Figure 3A)414

Hollow Alginate Fiber Devices

Hollow alginate fibers, also widely used in cell fiber applications,®’ can be produced by a microfluidic device with a
sheath structure and a calcium ion solution (Figure 4). To mimic a glomerular topography, Xie et al have modified a
hollow alginate fiber fragment with a knot in the center made of multiple micro-convex surfaces. The hollow alginate
fiber is placed in the chamber such that its ends are connected to the inlet and outlet chamber (Figure 4B1). The
endothelial cells are seeded from the inlet into the hollow alginate fiber and podocytes onto the surface of the fiber using
a hanging drop technique to recapitulate the glomerular filtration barrier. This device mimics the glomerular topography
more than the other GoC devices (Figure 4B2). Meanwhile, this device does not allow for the exogenous coating of the
ECM and requires the continuous addition of 5 mM CaCl, to the cell culture medium to maintain the alginate cross-

linking.*>

Larger Scale Fluidic Devices

This device is characterized by a scale larger than the other devices wherein the cylindrical chamber is separated from the
top and bottom by a porous membrane of around 20 mm in diameter. The porous membrane is tightly sandwiched
between the elastic sealing elements and removable. The upper and lower cylinders, mostly made of resin, are connected
to inlet and outlet medium perfusing tubes, driven by peristaltic pumps (Figure 5). The large scale of this device
facilitates the operation compared to the other microfluidic devices.**
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Figure 4 Glomerulus-on-A chip with hollow alginate fibers (A) Topographical hollow alginate fiber fabrication, (Al) A microfluidic system develops knotted hollow alginate
fiber: a microfluidic device with a sheath structure was used to make alginate fibers with a hollow and knotted structure. CaCl, solution was used for cross-linking alginate.
CacCl, solution and alginate solution were injected into the inner and outer cylinders to form a laminar flow, and the CaClI2 solution in the sink fully cross-links the dropping
uncross-linked alginate fiber. The accumulation of moderately cross-linked alginate at the tip of the device forms a knot structure. (A2) Technique for glomerular topography:
CaCO; in the alginate solution reacted with HCl to produce CO,, forming a micro-convex topography at the knot. The CO, bubbles were removed by degassing. The
micro-convex surface mimics the glomerular topography to a high degree. (B) Leakage test using alginate hollow fiber, (BI) Experimental set up: alginate hollow fibers were
inserted into the central chamber. Chambers at both sides are only accessible to the hollow of the alginate fiber, that is, the vascular channel. The podocytes were seeded
using a hanging drop technique. The glomerular endothelial cells were seeded by infusing the cell suspension into the hollow from one of the chambers on each side. The
cells were cultured under medium perfusion with a 3-hourly tilt of the chamber and medium changing every other day. Arrows indicated medium flow. (B2) Functionality and
permeability assay: In this system, the interdigitation and elongation of podocyte foot processes were encouraged compared to a fiber without knot and topography (not
shown). To evaluate the selectively permeable function of the filtration barrier, chambers on both sides were filled with a medium containing various fluorescently labeled
molecules with different molecular sizes. The medium in the central chamber was collected to observe the degree of leakage of the fluorescently labeled molecules.

Cell Culture in Glomerulus-on-a-Chip

The use of various types of podocytes has been attempted in GoC development. Additionally, the choice of ECM is
important because the ultrastructural changes in the GBM in Alport’s syndrome lead to a deterioration of the glomerular
filtration barrier.*>® We present an overview of cell culture in GoC, focusing on the podocytes.

Urinary chamber
o Pormfs membrane =

Vascular chamber.

s
Fluorescently
labeled BSA

Figure 5 Glomerulus-on-a-chip with larger-scale fluidic device: for larger fluidic devices, porous membranes with a diameter of around 10 mm or more were used as a base
for the cultured cells. The filtration barriers were constructed by culturing the endothelial cells and podocytes on both sides of the porous membrane and were cultured by
the perfusion of the medium through vascular and urinary channels. The fluorescently labeled albumin was perfused from the sides of the vascular chamber to assess the
selective permeability function of the filtration barrier. Black arrows indicate the perfused medium flow.

International Journal of Nephrology and Renovascular Disease 2022:15 https: 93
Dove:


https://www.dovepress.com
https://www.dovepress.com

Doi et al Dove

Temperature-sensitive immortalized podocytes transfected with the SV40 virus-derived T antigen are widely used due
to their potential to proliferate. However, the immortalized podocytes are generally not recognized as a valid cell source
owing to the loss of maturation markers such as the slit diaphragm proteins, even at culture conditions around 37°C
where the proliferation is expected to be inhibited, and the differentiation to be induced.®**>

The primary cultured podocytes obtained from the isolated glomeruli might be more beneficial than the immortalized
podocytes due to retention of the maturation markers. However, not only are the sources of primary podocytes limited
ethically but also their mitotic potential is negligible. In addition, there is an inevitable loss of the maturation markers
during the cryopreservation and passaging;®> hence, they are unlikely to be a useful source. Here, the development of a

culture technique induces lineage-specific cells, including glomeruli in kidney orgaonid®>>° 42438689 from

or podocytes
human induced pluripotent stem (hiPS) cells, which is a breakthrough in the last decade concerning the problem of cell
sources. Previous reports on GoC by Musah et al** and Petrosyan et al** have exemplified the use of stem cell-derived
podocytes.

Musah et al reported the induction of podocytes from hiPS cells via nephron progenitor cells using chemical
compounds such as Activin A, CHIR99021, BMP7, retinoic acid, and VEGFA.** In contrast, Petrosyan et al showed
the podocytes induced from the human stem-like cells in the amniotic fluid using calcitriol, retinoic acid, and
dexamethasone.**® Compared to the human immortalized podocytes using flow cytometry, both the podocytes were
found to express the mature podocyte markers significantly.***° Additionally, various methods induce podocytes from
hiPS cells, 68 although none have been used for GoC, as we will discuss later in the section of the future issue and
perspectives.

The GEnCs cooperate with podocytes forming the glomerular filtration barrier. The fenestrated structure of GEnCs
contributes to the sieving coefficient of the glomerular filtration barrier*” and requires the cultured GEnCs. The primary
GEnCs employed by Petrosyan et al demonstrate fenestration structures by scanning electron microscopy.*’

Although difficult in humans, isolated glomeruli from rats can be directly seeded into devices.*' This method is
reasonable considering podocytes generally lose their maturation markers during outgrowth from isolated glomeruli.*®

ECM used in GoC is chosen considering both the mature GBM components and the geometry of GoC. Devices,
where the cell adhesion base is a porous membrane, are compatible with both liquid and gel types ECM. The bilateral
flow with central gel channels device is only of gel type. Nowadays, ECM gels are available as basement membrane gel,
Matrigel (Corning), or Cultrex"™ Basement Membrane Extract (BME) (R&D systems) derived from mouse Engelbreth-
Holm-Swarm (EHS) sarcoma,” fibrin gel,”! and type I collagen gel.”> Some heterogeneities, however, exist between
components of mature GBM and basement membrane gel derived from mouse EHS sarcoma concerning the laminin and
type IV collagen: laminin a5p2y1, type IV collagen o304a5 in mature GBM,*">* and the laminin alplyl, type IV
collagen ala203 in gel derived from mouse EHS sarcoma,”® while heparan sulfate and nidogen are almost common
between them.”'”*° In a previous practical example, Cultrex™™ BME and Matrigel, human laminin a5plyl
(BioLamina), and rat type I collagen gel (R&D systems) have been used. Although the type I collagen gels in the
bilateral flow with the central gel channels device seem unreasonable as they are not part of the normal GBM,? they can
be argued to be merely a foothold for podocytes and endothelial cells as the ECM of the GBM components accumulates
between them in a direct contact co-culture environment.*?

Selective Permeability Assays in Glomerulus-on-a-Chip
In previous GoC studies, permeability assays as well as molecular biological assessments have been performed to
evaluate the selective permeability function and maturity of the filtration barrier reproduced by physiological and
physical stimuli in the device. Here, we first outline the methodology of permeability assay in GoC devices and then
discuss the current technology level of GoC, highlighting individual reports.

In the permeability assays, fluorescently labeled molecules, such as inulin (5 kDa), albumin (70 kDa), and IgG (150

kDa), were frequently used for analyzing the selective permeability concerning molecular weight (Figure 6).%0#*4

1™ and dextran of various molecular sizes are also used in some cases.*> The

40-44,46

Likewise, the fluorescently-labeled Ficol
procedure involved infusing the media mixed with the fluorescently labeled molecules from only vascular channels
and subsequently sample media in both channels, which can be used for measuring the fluorescence intensity by means of a
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Figure 6 Summary of the permeability assay: basically, the pathologic stimuli were applied from the vascular channel. All or part of the fluorescently labeled inulin, albumin,
and IgG were infiltrated into the urinary channel from the capillary channel to evaluate the selective permeability of the filtration barrier (A and B). (A) Permeability assay in
the device has two layers with porous membrane: in the diseased model, doxorubicin-induced nephrotic syndrome and hypertensive glomerulopathy with exposure to high
shear stress hyper-perfusion. (B) Permeability assay in bilateral flow with central gel channels device: experimental conditions to mimic clinical pathophysiology were as
follows: Toxic chemicals with puromycin aminonucleoside, high glucose, and serum from patients with membranous nephropathy exposure for the drug-induced nephrotic
syndrome, diabetic nephropathy, and immunological glomerulopathy. The Alport syndrome-human kidney progenitor cells derived from the amniotic fluid-podocyte were
used to demonstrate the hereditary glomerulopathy model.

Urinary channel

microplate reader. The clearance of each fluorescently labeled molecule is calculated from its concentration in the vascular
and urinary channels to assess the function of the filtration barrier.***® Various diseased models of pathological filtration

barriers, such as transplanting the podocytes derived from patients with the hereditary disease of Alport syndrome,***

424346 o1 hyperglycemia®! have

perfusing media containing cytotoxic drugs of puromycin aminonucleoside or doxorubicin,
also been studied.

The analyses of the filtration barrier function have been reported in detail in studies by Petrosyan et al and Musah et al
using podocytes derived from human stem cells and focused on these for providing an understanding of the current
technology level.

Musah et al employed a GoC where the podocytes derived from human pluripotent stem cells and primary human
GEnCs were transplanted into all PDMS two-layers with porous membrane device, together with an extracellular matrix
of laminin 511 (Table 1). Interestingly, the podocytes were transplanted into the device at the intermediate mesoderm
stage and were induced to differentiate into podocytes in the device. The cells were cultured under conditions of medium
perfusion corresponding to a shear stress of 0.07 mPa for podocytes and 1.7 mPa for GEnCs, respectively, and 10%, 1 Hz
cyclic straining of cell base for a minimum of 8 days (Figure 2D1 and D2), including the first 2 days of static culture to
promote maturation of the filtration barrier. Fluorescence immunostaining of podocytes demonstrated the basal stretching
stimulation above to promote the expression of nephrin and type IV collagen by less than two-fold compared to the
unstimulated control. In addition, the ELISA revealed that the combined stimulation of shear stress and stretching above
could accelerate the secretion of VEGFA in the podocytes by two-fold compared to no stimulation. Previously, shear
stress of 50 mPa has been shown to promote the maturation of podocytes regarding their height in the cytoskeleton and
the upregulation of various differentiation markers in monoculture fluidic device by Yang et al.?' In contrast, shear stress
alone was not shown to be superior to no shear stress in terms of the maturity of the filtration barrier by Musah et al, but
only one-seven hundredth of the shear stress by Yang et al was found to be applicable here. In the permeability assay, the
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urinary clearances of inulin and albumin (Figure 6A) were comparable to those of in-vivo, and the same clearances could
not be reproduced under experimental conditions of the endothelial cells only fibroblasts and endothelial cells, or the co-
cultured proximal tubular and endothelial cells. This result suggests that clearances in GoC are comparable to those in-
vivo, taking into account the effective filtration area of GoC and that the filtration barrier constructed by podocytes and
endothelial cells is distinctive.** Using immortalized mice cells, Zhou et al studied the permeability of inulin and albumin
using a two-layered PC porous membrane device without strain, comparing no cells, podocytes alone, endothelial cells
alone, and co-cultures of podocytes and endothelial cells. The results demonstrated that the co-culture had the lowest
permeability for both molecules and significant differences in permeability among all the groups compared.*® Thus, the
filtration barrier constructed from podocytes and endothelial cells has a unique permeability. Furthermore, doxorubicin,
used as a model for drug-induced nephrotic syndrome, increased the albumin clearance in a concentration-dependent
manner. However, the clearances were measured only 6 h after the initiation of the fluorescently labeled molecular
perfusion, and the daily course remains unknown. Nevertheless, the study by Musah et al demonstrating the activation of
cell function by mechanical stimulation using a GoC incorporating podocytes derived from hiPS cells is remarkable.*?

Using the same microfluidic device, a study by Roye et al reported that both podocytes and endothelial cells were
derived from a single patient-derived pluripotent stem cell and were transplanted into a GoC, in an experiment similar to
that by Musah et al (Table 1).*® This work provides a blueprint for creating personalized organ models considering
genetic polymorphisms.

Petrosyan et al employed the microfluidic device with a bilateral flow with central gel channels (Figure 3A2) and a rat
type I collagen gel scaffold. The device was allowed to culture the primary cultured GEnCs with fenestration and
podocytes derived from the human stem-like cells in the amniotic fluid (Table 1). The medium for the endothelial cells
was filled in the vascular channel and for the podocytes in the urinary channel, as the podocytes faced the urinary channel
through the gel. The medium was perfused using a see-saw principle, where the tilt of the device would switch every 10
min, thereby eliminating the need for a perfusion pump. In this experimental system, the cellular organism of the
glomerular filtration barrier was cultured for up to 28 days, and the western blotting and immunostaining results
demonstrated that the type IV collagen protein would accumulate in the filtration barrier of the glomeruli-on-a-chip.
This finding indicates the possibility of the cells to form and maintain their GBMs in GoC. In addition, as mentioned by
the authors, the crosstalk between the podocytes and endothelial cells was important for forming the basement
membranes, and the microfluidic devices in which the porous membranes separate the podocytes and endothelial cells
might be inferior in this respect. The albumin leakage study first compared the three combinations of podocytes derived
from the amniotic fluid stem-like cells, primary cultured podocytes, and immortalized podocytes against the GEnCs,
suggesting that the primary cultured podocytes had the lowest albumin leakage and retained stability for 28 days. In
contrast, the immortalized podocytes showed the highest albumin leakage. This albumin leakage suggested that the
immortalized podocytes are unsuitable for assessing the albumin leakage and that the technique for deriving podocytes
from the stem cells could be improved. The studies of albumin leakage under pathological conditions included those
under exposure to puromycin aminonucleoside and serum from the patients with membranous nephropathy and using
podocytes from the patients with Alport’s syndrome (Figure 6B). All of them showed higher levels of albumin leakage
than those in the normals. It is a breakthrough that the GoC model of nephrotic syndrome can be achieved by exposure to
toxic test substances and the immunological mechanisms and genetic abnormalities.

Other interesting studies included a work in which glomeruli isolated from rats were cultured in a bilateral flow with
central matrigel channels device for filtration barrier construction and demonstrated increased permeability of their
filtration barriers with exposure to hyperglycemia to build a model of diabetic nephropathy reported by Wang et al
(Figure 3A1 and B1),*! a filtration barrier leakage assay with hyperperfusion of media to mimic hypertensive glomerular
injury in a two-layered with porous membrane device reported by Zhou et al (Figure 2D2 and D3),*’ and encouragement
effect of topographical alginate hollow fiber on the interdigitation and elongation of podocyte foot processes
(Figure 4B2).*> These experimental systems using animal-derived glomerular cells will also be replicated in the future
using human cells.
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Future Issues and Perspectives
From a biological point of view, the main challenge of the current GoC involves the maturity of the filtration barrier,
particularly concentrated in the cell source of the podocytes and their culture conditions.

The human podocytes derived from the stem cells discussed in this review have shown some advantages over the
immortalized podocytes, but their maturation remains a question that has not been compared with that of the human
adults in-vivo.******> Among the various reports on the induction of podocytes and kidney organoids from the stem cells,
the culture technique reported by Yoshimura et al for inducing the podocyte aggregates from the nephron progenitor cells
is noteworthy. Their report demonstrated the high efficiency of podocyte induction and expression of maturation markers
at a protein level comparable to that of the adult human glomeruli in-vivo.®” Although most of the problems with the
podocyte cell sources are due to incompatibility between the podocyte maturation and cell number, this induction
technique can solve this problem.®

Additionally, there is room for improving the culture conditions for the podocytes in the GoCs, as the interdigitated
foot processes and the slit diaphragm formed between the foot processes have not been found to be reproduced in the
GoCs, as the cell cycle arrest’™ and migration quiescence.”” In cellular biology, the foot processes of the cultured
podocytes have been reported to be reproduced under static planar culture conditions, together with the cytoskeletal
reorganization of the intermediate diameter filaments structured into the dendritic processes (Figure 7A—C).”**® The
nephrin and podocin linear staining between the foot processes has been confirmed in the primary rat podocytes
(Figure 7D), suggesting that the serum-free and laminin 521 scaffolds are essential for the structure of the podocyte
foot processes.”™”® The application of these approaches for culturing the podocytes in GoCs and demonstrating the
localization of the dendritic intermediate diameter filaments and slit diaphragm proteins between the foot processes and
cell cycle migration quiescence would be useful for improving the GoCs.

Based on the cell types constituting the glomerulus, the mesangial cells are eliminated from the current GoCs. The
mesangial cells as pericytes mainly provide structural support to the glomerular capillary tuft and do not directly impart a
filtration barrier.”>'%° Moreover, their importance in reconstituting the highly organized filtration barrier has not been

evident. However, the participation of the mesangial cells in the GoC requires the establishment of a model of mesangial
101

proliferative nephritis such as IgA nephropathy.

Immortalized heat-
sensitive mouse TR
podocytes (HSMP) (S5

Rat primary
cultured podocyte

Figure 7 Interdigitating the foot process formation with cultured podocytes (A and B) Induction of the process formation with heat-sensitive mouse podocytes (HSMP),
vimentin (red), F-actin (green), and 4',6-diamidino-2-phenylindole (DAPI) (blue); scale bar 100 um. (A) The disseminated pattern of vimentin and stress fiber pattern of
F-actin are observed in HSMP cultured with the standard media with 10% FBS. (B) Induced highly arborized patterns stemming from the nucleus of vimentin and the absence
of F-actin stress fiber are evident in HSMP. (C and D) Interdigitating process formation with the rat primary podocyte and linear pattern of nephrin localization, vimentin
(red), nephrin (green), and DAPI (blue); scale bar 100 um. (C) Interdigitating cell processes were observed. (D) Nephrin staining showed the linear pattern between the cell-
cell junctions under the same culture condition of (C).
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The structural specification of the microfluidic device needs to clarify whether the podocytes and endothelial cells
should be separated by a porous membrane or cultured in direct contact with each other and whether the pressure is
differential across the filtration barrier (approximately 20 mmHg in vivo)®® should be reproduced. These issues are
related to the physical stimuli that can be reproduced in the device, the cell—cell interactions that drive the maturation of
the filtration barrier, and the differences in the leakage test results between the different molecular sizes. The performance
of the filtration barriers and the leakage test results of each device should be compared with established evaluation
criteria, which are currently confined to the criteria of individual research groups varying from each other.
Interdisciplinary collaborations should be established with mathematicians for developing new mathematical models,
thereby complementing and interpreting the differences between the in-vivo and in-vitro data to achieve this. This
collaboration would ensure the definition of the confidence intervals for the data of GoC, the establishment of the
predictive models for drug discovery research, and thus, the reduction of the development costs in drug discovery
research.'%%!1%3

We believe that the current intensive collaboration between several research disciplines—engineer, cell biologists,
clinicians, pharmacologists, and mathematicians—might evolve practical GoC applications, reconciling the problem of
reducing animal testing and drug development costs, to help patients with rare and incurable diseases by providing
preventive and therapeutic applications.
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