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series HAZEAIFE (10)

Micropysiological systems (MPS) to recapitulate kidney functions

Ramin Banan Sadeghian (S63/1998 Z&)

'How stem cell-derived kidney organoids incorporated in
an microphysiological system (MPS) can effectively model

the kidney tubule functions? ]

1. Introduction

The renal proximal tubule (PT) plays a major role in role in reabsorbing essential
substances that are otherwise wasted in urine. While previous models focused on
endothelial vasculature effects [1], optimizing the PT epithelial tissue itself remains
an open topic. Pluripotent stem cell (PSC)-derived kidney organoids are proposed

as a suitable source for PT cells due to their reproducibility and ethical advantages.

Existing protocols often generate The nephron ¢ The proximal tubule
Immortalized
RPTECs

only nephrons or collecting hiPSC-derived | & V/ el_’
_ ) ) kidney organoid %
ducts, lacking the diversity of

progenitor populations [2]. A

MPS

method introduced by Takasato - Sorting

Dissociation MACS or FACS ="

et al. produces kidney organoids Diffrenltiation
MRP S ;3, I\‘\%S

with  all  four  progenitor A g ot

. C C ” @ @ @ - Excretion of
populations, mimicking human el xenobiotics
kidney organogenesis to the best s \ .

Nephrotoxicity
. screening
in our knowledge [3]. Concerns il
_ - Yy .

about assessing cellular function oG QTP _
Uptake of drugs ( TEER

in th rganoi re rai A
ese organoids are raised, \_/Q
including unknown cell polarity,

\

Fig. 1. Application of hiPSC-derived kidney organoids

suggesting a 2D platform to
in modeling the renal proximal tubule.

address proper filtration function.
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The study aims to create a microphysiological system, termed the proximal
tubule on a chip (PToC), using cells from hiPSC-derived kidney organoids.
Immunomagnetic cell separation (MACS) is employed to isolate PT-origin cells.
Fig. 1 shows a synopsis of the research. However, these cells exhibit reduced
marker expression during cultivation, and their aggregation hampers assessment
of filtration performance. Coculturing with immortalized PT cells is explored to
mitigate aggregation, a novel approach. Existing 2D microfluidic and 3D bioprinted
models for drug screening and mimicking PT filtration function are acknowledged,
with a focus on revisiting the superiority of 3D models. The project proposes a 2D
tissue bilayer with a narrower epithelial/endothelial interspace and aims to
guantitatively analyze albumin and glucose reabsorption, transcytosis processes,

and the functionality of the efflux transporter P-glycoprotein (Pgp).

2. hiPSC-derived kidney organoids source pseudo-proximal tubule cells

There has been challenges in sourcing stem cells for nephron reproduction in
adult organs due to the cessation of embryonic nephron progenitors [4, 5]. The
focus is on utilizing human-induced pluripotent stem cells (hiPSCs) to generate
kidney organoids, which mimic late developmental stages and possess a complex
3D structure. The protocol involves adjusting the ratio of metanephric
mesenchyme to ureteric epithelium progenitors to enhance nephron production.
Proximal tubule (PT)-like cells are harvested from hiPSC-derived kidney organoids,
with a specific emphasis on the later CHIR-to-FGF9 switch date during
differentiation [3].

The organoids are characterized on day 22, showing an optimal percentage of
PT cells. Cell suspension from dissociated organoids is exposed to a brush border
marker, Lotus Tetragonolobus Lectin (LTL), and subjected to magnetic-activated
cell sorting (MACS). CDHG6 expression increases during culture, particularly in the
negative fraction (LTL-), indicating the proliferation of PT progenitors as compared
to more mature LTL+ differentiated population [6]. The 2D culture environment
affects marker expression levels, with some dropping or diminishing. Our study

emphasizes the importance of the 3D environment for maintaining marker

-13-
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expression.
As shown in Fig. 2, the tissue cultivated from LTL+ cells in chips forms spheroid-
like agglomerates with abundant PT proteins such as EpCAM, LTL, and megalin,

demonstrating the feasibility of obtaining functional proximal tubule cells from

hiPSC-derived kidney organoids.
D22

ITHTY

hiPSC-derived
kidney organoid

DAPI EpCAM Megalin

. . . “

Positive fraction of MACS (LTL+)

Negative fraction of MACS (LTL-)

D7 D10

Fig. 2. hiPSC-derived kidney organoids source PT-like cells. These cells aggregate upon 2D culture
making it difficult to assess the filtration performance of the tissue.

3. Kidney organoid derived and immortalized cell coculture and their synergy

We established that a coculture system involving LTL+ (pseudo-PT cells
extracted from hiPSC-derived kidney organoids) and immortalized renal proximal
tubule epithelial cells (RPTECs) can efficaciously develop into a leak-free
epithelium (Fig. 3). Interestingly, the coculture exhibits improved mRNA levels and
filtration capacity. LTL+ cells aggregate but flatten out when cocultured with
RPTECs, forming a confluent layer positive for EpCAM. The coculture
demonstrates enhanced brush border marker expression, secretion of extracellular
matrix (ECM), and increased expression of the tight junction protein ZO-1. The
coculture also shows improved barrier function, as indicated by trans-epithelial
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electrical resistance (TEER) measurements (Fig. 4).

E"“""""—""""""""“"""""““5 LTL+/RPTEC LTL-/RPTEC

'S _E ' — (50% / 50%) -revvrcsy oo (50% / 50%) v
N : F-actin ' F-actin

|¢ - 1 ¢,

e -

@~

122>

.g 8

a

EpCAM  Merged ‘EpCAM  Merged

LTL+/RPTEC
(50% / 50%)

GFP/brightfield merged image of the entire cell-laden membrane

Fig. 3. Kidney organoid derived PT-like cells blend well with immortalized RPTECs making a
quasi-2D tissue than can be subjected to filtration assays

o Coculture e RPTEC
- ==+ Coculture FFT RPTEC FFT Statlc | Perfused

o | s
o |
N
s |
E .
o
: :
os |
|
w |
— |

= 0.30 4 * . = 20] .

= * £ £ Py

= 0.25; | 7‘;7 = 3 3: = 164 ****

£ 020f ¥ ., 3 . 2 12

o = ® o

g 0.15; * % 2 I ° 8

= 0.101 . S 1 = 4

S 0.05; = O 0

=
Static Flow Static Flow Static Flow

Fig. 4. As validated by TEER profiles and TEM micrographs, the coculture forms an impervious
epithelium. Apical microvilli density and length as well as cell height are all favorably affected by
flow induced shear stress.
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The synergistic effect of LTL+ cells with RPTECs is evidenced by early
appearance of ZO-1, shorter contact inhibition period, and slightly higher
resistance compared to RPTEC-only tissue. Mechanical stimulus through flow-
induced shear stress influences cellular morphology and function, affecting
megalin distribution and laminin secretion. Cocultured cells undergo phenotypic
changes with improved geometrical features (Fig. 4).

The cocultured epithelium exhibits elevated mRNA expression levels of key
genes, including transporters SGLT2 and LRP2. While protein expression levels
do not always correlate with mRNA levels, functional assays demonstrate
increased glucose transport and Pgp activity in the coculture. The coculture system
also shows enhanced xenobiotic deposition capacity (Fig. 5). Overall, the
LTL+/RPTEC coculture system demonstrates improved cellular morphology,
barrier function, and active transepithelial transport compared to individual cell
sources, offering potential applications in studying renal physiology and drug

transport.

4. Conclusion

In summary, we report on an engineered 2D proximal tubule tissue by combining
cells from human-induced pluripotent stem cell (hiPSC)-derived kidney organoids
with differentiated human renal proximal tubule epithelial cells (RTPEC/TERT1).
The resulting tissue displayed enhanced filtration and reabsorption capacity
compared to non-iPSC-based counterparts. The coculture also showed increased
MRNA expression of specific proximal tubule genes, indicating higher maturity and
function. The engineered epithelium, composed of merged kidney organoid-
derived and immortalized cells, maintained its conformality for at least 14 days.
The ratio of metanephric mesenchyme to ureteric epithelium progenitors during
intermediate mesoderm differentiation was increased by choosing a later date of
CHIR-to-FGF9 switch (day 5), resulting in more proximal tubule-like cells.

We also explored the effects of flow-induced shear stress on mature contact-

inhibited proximal tubule epithelial layers developed on PET membranes. Our
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coculture system demonstrated advantages over existing models, offering

potential for patient-specific disease modeling, drug screening, and pathogenesis

studies.
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Fig. 5. Improved gene expression levels in the LTL+/RPTEC coculture system, as compared to both
components, lead to improved reabsorption (apical to basal) and excretion (basal to apical) rates.

We also discussed modifications in cell sorting protocols to optimize harvesting
efficiency and addressed the impact of the PET membrane on transport rates in
different conditions. The coculture tissue construct was designed flat for ease of
characterization and quantitative analysis in a microfluidic chip.
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